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2. dueae Ae|

A7l 38AQ spectroscopys B o v]o) A
34 949 (cyclic voltammetry)® JId A =
A ¥ (impedance spectroscopy)¥ ¥ 3§ 3%t} 53]
aF Jdyds =4 (ac impedance spectrosco-
py)e AVIAEX(0)7l & FF(frequency, w)
o] g2 FAH7 dAEA AF/AHA AW
wea A HEE BT HA/ol5 & A
A #ZE 4 9o nAANY = EFAEA
o AriAd==g 2R 9 HFEA AgEH.
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2.1 & F ¥ (polarization method : steady-state

i-¢ curve)®d

¥ #(dc voltage/current) & Al L3l |E A
® (equilibrium state)2 RE Wz 3VAA
-1 response(current) % current oscillationA]
7 2 response(potential)& #aA3t}. 2L
NN EH-AY T M (0-¢ curve)o] 7|AH A
€ FRAsE R o AN FA5-AYAG-0) T
A2 A5 wge 74 &= U

7bAA g RE& 2o} 4 Z(counter electrode
1 CE)® YA F(working electrode : WE)A}o]
o 7dx Uz 2H AF i& 39 WEY R
EAtele] A9 9,71 @A

eulil=0,[i=0]+7,[7] (1)

#.lil= A7) (high ohmic voltmeter V)9
il ZAEG T= AF QA AYE =w
A9 = (potentiostatic process)e] Fr}. o
o Lol = AR (4, pli])o] TFEE= FA
48l #3 F M (steady-state polarization curve)
o] o}

AFAdez 7e N2 o [i]9 At

()

U
Reference
RE
Electrode
WE CE
Working Counter
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Fig. 1. Schematic diagram of an slectrochemical
three electrode system for measurement of
galvanostatic process.

Egdted dae ANEER)LS AT vz o
o] 4 el ¥ it(steady-state diffusion : mass
transport) ¥+ AW u2-(interfacial reaction
: change transport)d] ZAzls A|ZH(&EE)d &
FHM BE FxAM FEAR AW

22 i YuHA EXNH(ac impedance me-
thod : quasi-steady-state method)

ARYAD2E 2] AAAE 24, m
¥i(ac voltage/current) & = A} £ 38td o & Alel
(equilibrium state)8 K& 08 EPAH o
response(current) Fi& current oscillationA] A
1 response(potential)& #F P}, WA ac
source2 F-E HAF/AA A Alolo AYzato] do
& ZAZ <drtsla

do=A4@ ., sin wt(EE= cos wi) (2

7| w=2xf=2}7 %% (angular frequency),
f=21% < (frequency)o°] t}.

HYGHA A= Ao ZFALL A7Hpote-
ntiostatic circuit ; potentiostatic oscillation)%tc}
€ Aeld n{F HFFE A7} (galvanostatic cir-
cuit ; galvanostatic oscillation)#tlE A& 3
4 AF/AHA AW ZF AE49 2EL
ZAR Foe A& qu @ ojg AdqA
Ay ¥hgd dH AN oL@ go] B Jx
limiting case® A Z4E 4 lm, Zrzdo djs)A
T 22494 AR sATY.

i) AAAFEE Fargo] Aojsi= A
% (diffusion-controlled electrode reaction : slow
diffusion with fast charge transfer)

i) AANASNEE ABNNe Fanpue
o] A o}3l= 7 $(charge transfer-controiled in-
terfacial reaction ! siow charge transfer with
fast mass iransport)

221 IR/ HA/Hee 7|xY

YA W3] LA A2 AF
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o] F2d Walst =& A (resistance), FH
7] (capacitor) ¥ & #7|(inductor) o2 HE
ANE BF Agez AR £ Ao o) F
AR AYsine AFE T aFd o
g AE g 2oz ojge HU|HR
A zt7] W2 Ay s o dct

2A 7t 2 springdl g8 AFVE J1d
= AR fAEA L-Calzd @714 A5Ye
7839 10%Hzz %-¥ 10°Hz7lA A &4 f9
WY B8 7}x= AFQ) 38 (sinusoidal wave)2o] A
) (@=@mersinwt)/ A F 24 (alternating current
source) & TE F At} SineF M (sinwt)2 H
@sl717b B®Wsly] @ 2o rotor diagram® &
TS AAY Py &= w=22f2
Eol7be Yool amplituded] VA& ztE U9
FA49 939 BE HE AHI}E vectorZH
7t A T o AFFE dehdes Ao
H g g

24, A8 R(YZY :ohm(Q))e A79 4=
AR e 713 1D HZ A ohm’s law=
AE & Ut

V=I-RAF Y2); v=i-RIF =Z) (3)

ol ¥He AfFe AF 2R 2F HHI}e
Waolth v walA, iFd2d JFIHEA
Hol 32 QoMel o)ge o] P 2
o AT, 2379 FAE AR BRI
dA G¥e] tiaw, o& rledy] HAHMEs
AFH 2 e ojsizt 2FL ojof ¥

Ac source®] W z}(terminals)E Fig. 2(a)$}
2ol &% RAEE ZEe Ao dFI0n
3zl ZFS olv B A3 YRo] H LAY
A1zt rAe we 2 =377 Fridez We
o, d a2} balele] &2tad HY3}o|(instanta-

neous voltage) gk2

¢ab[ t] “Pmax sin wt (4)

I(t) =ipax Sinwt
@(1) = e Sinot
©-

A, —e—]

a R b
(a)
Le
A
i
®
>
t
(b)
A
i
.................... Tmu
14
--------- ;max
wt
>

(c)

Fig. 2. (a) Resistance R connected across an AC
source. (b) Graphs of instantaneous voltage and
current vs. time {. (c) Rotor diagram ; current
and voltage in phase(phasor diagram).
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e™'=cos wt=j sin wt (6)

& FoJjA 1 o] 42 Euler's formulag} @},

EZ A7IA gt Fr1H oz WEsis A
A FAA /2 B 32/2 € W A= Hug
& 9rlsy e 2" F 4 (angular frequency)
24 2 @e 2tk A4 fiz sl wele
7HAE Ag ol

AU}, papl t10l W& &7Hd F gt (instantane-
ous current) £

i[t]:‘%féﬂ “";?‘" sin wt=i,,, +sin(wt) (7)

T

rir

l[ t] = z.maar ej(wt—@) ¢))

2 Fojdo.
A714 A4, 65 09 e Jdehym, B
Fig. 2(b)3} (c)ol A,

=¢max (9)

qde & = U

#o (A vms v, AdEo ge A
Rl ghell wizt @elxviz six) 9, 497 &g
2 W, ARE 2F7te P4E B, B o]
Ze 914 o2 sine wave function® WEri:
A& ¥+ U

¥, Fig. 3(a)s} o] &49% Y83 C8

Zte Z4d7lo ac sourced AAEWY, 27|
FHHE #7148 AP ggre
Q[t]:C'¢ab[t]=C * Pmaz * SIN Wi (10)

2 Fo]zr.
Q714 Ce HAHdLoln 1 DYE= fara-
day(=F)o|t}. o] o, mfFe] B2t

(L) =ipay sin(wt+x/2)

P(1) =g 4, sinwt

C
|
s X b
(a)
L@
A
i
4
A
>
t
(b)
A
Tmax
(4 ;mux
/2
wt
N
Vad
(c)

Fig. 3. (a) Capacitor C connected across an AC
source. (b) Graphs of instantansous voltage and
current vs. time ¢ (c) Rotor diagram : current
leads voltage by 90°.
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= wC Ppax SIN( wt+%)

=4 gz SIN (wt+§) (1D

Y

o] §& ¢ 4 vtk o HoRFH HFc
29} £/2 radian e AARE AR AU
& o7t ®ch(out of phase). o] Ho| Ao
2 AFY ZA 92 Fig. 3(bedAM =2H
Am AFE BE sine wave function® 2 H
A3, AN A EHstd H¥E it @9 sineX
He r3d s —5 0F &9 BPoz I
3 olF g T2 -4“]@‘4 Fig. 3(c)oll A Kol
= phasor diagram& AlA Wl #Foz A
871 WEA i purHy radian WF YA
ob7ka gith A (1)elA FH,

ot o

tmar= Smwaxc (12)

de ¢ 4 UL, ohm WHo2RE A (12)
A A R ARsE Fe,

X=7 = (13)

7 8¢ ¢ 5 Aok A4 XE nFI=2
& o AYgIYL 3} reactanceo]

=
2
o

e vgie}l e Qg A 43

3

4 w7t goW $84%, C7t =¥ 24%
=

L

ZF A9L IYd B2z {7 2=
o NAe @ed o AF7 EF =
Aol A7 22 A AR A4H/
Bolt}. o9} e HAEL sAe e /A
7] (inductor)&tx 331 Lolgtes ¥x 2 yetd
o I 98lE henryolth. &% self-induc-
tance L& zt= §4A717} Fig. 4(a)sd 2ol ac
sourced] 972 =H%-& o, inductor terminal(E

E ac source terminal) a®t bileolg]l A AE

i(t) =ipax sin(wt—x/2)

@(t) =P paxsinwt

©

v

(b}

n/2

(c)

Fig. 4. (a) Inductance L connected across an AC
source. (b) Graphs of instantaneous voltage and
current vs. time . (¢) Rotor diagram ; ‘current
lags voltage by 90°.

L'%'——¢’mar * sin wt (14)

7] A, L%E— inductor terminals Ato]el &

9 x}o) o1, @, SIn wiE ac source terminal
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Abol e} 9} o] o] o},

di=2m i wt dt (15)

(orax
wL sin{ wit— 2) (16)

ok +F g (+)
HPoz HYolgd sineTANE ,Jn,q_h:}(pig‘
4(b)). ©)ZRA& phasor diagram(Fig. 4(c))o.2
EAed AFE AAug -3 wE A%A )
AL & F 31‘4

A (16)ell A Hd AF e otefo} 2l

:¢mar (17)

A7H Xp=wlez FolXo X, §37]9
reactance®}3le] @l [QJo] "o X & w
9} Lo 2% vld 3o Z713c}l. =, reactance
A& AN AR ulsk gol 3PS 2RH A
7} capacitive reactance®t A 7] ZRE Al
+ inductive reactance’} ¢! EH], capacitive re-
actance?] FA7|& A FF f94 FHIe Z9
uel 8 5151, inductive reactance= 1 ®ldl® &
£ k. Tl BHA, AEST) olE Fe
3% capacitive reactance’l mF 3 2o ¢
AN Ao HEEE ASA Hu, AEF7}

Ade 24718 A9 Ay °"§—°— 3]
i, F2717 Ao d¥L A £ ¢ F
%t o] & Fig. 59 Jehf o).

AEAR 71 WEg 89shd, A
2E uiYdes A% AFE A9y #Hse o
Aee Adez AYsAg, A7 AFd
Y g z2zs AFs AY9E0 90° Y
AP, {1719 BAfodlE 90°8 A0

222 Au|TA NS TA| YHE

(1) Nyquist plot

3]

i

R,X

\* 2

@

0

Fig. 5. Graphs of B X, and X, as functions of
frequency.

oL

BE g9 d29 AEs 4L EAaHU
YERE oi$ Helslo 42 =

nary impedance, #$R )8 y& 02, 7 (real
impedance, 4+ % 2)& x%02 %1 54 E
parameterE A Z}3le] EA#HW diagrame 22
2] XAlghe W€ Nyquist =A% (complex-
plane representation ¥+ Argand diagram)o]
g F-&r}h o] Nyquist Ao FHe @y
s}gtukg-o] B4 R(Rg) . electrolyte resistance,

Ry(Ry) : charge transfer resistance @ Cy:

double layer capacitance® 3dtFd & £ QY=
H AT RS Rye x%e d¥Ew glow He
2 e H4A F8 = 31, 27—2'9 adg=

o] ¥ Z7gel H3nE JeElE A4}
329 Azt % (time constant)e] G421 R, -
Cadll gt mapA

r:Rp- Cdl: wl =—— (18)

& A HZ, ol2RH Cu® €2 & Uth
(2) Bode plot
o] By RN 2 Yo A&, ol &
Ue log [ Z[1 & loglw)dl o3 E*lff}h ‘ﬂ
o:, e BYE F WE e 47,
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A log | Z| 6

_ 1Z 1 {
(\3}/ CDL
N Ro=21| Z|tan Gpy:
g w=2xf
o
g R,/2 0= s 2" Ry+Rp
= 4 =1/Ry Ca
£
g
E /
v f w— 00

\ gmx N RD

: rd
— R R
real impedance, Z' (Q) I T o

High Frequency : Z" — 0,2 —» R,
Low Frequency : Z” — 0,2 - R+R,

Fig. 6. Nyquist plot for a simple electrochemical
system.

log(w)o] tste] mAsE Wgolth o F %
YL Fig. 7¢] =AH A

Fig. 7l =A1€ wael side oes 2o
g 5 Aok Faeoh g dE gl Z] 9 %
e log(R+R)oI™ Fa57t ofF w& wWe
log(RYYE €A ¢ F Ut B4, o8 logl(w)
o daA =ASE o] HAHAE FHEA H
s o] B VEF ot HEYOE HERE
S

1 Rp]lfz
max = 5 1+— 19
o R,,Cdl[ R (19)

J2RHE Cug 44 78 + Uk

g FoA wHE WA AgdE ofE
Jr @ BT AgAA AR IV B
@ A wgel BER Be ANSA 2

71 @7] wjEojct o] &€ W, Nyquist plot&

o Ho @ o fr
to o

A% & A" uwiglo] A A A& A
7} oo o] wel Bode plotg ol &3%
o EAE 4A & & Ao

Fig. 7. Bode plot for a simple electrochemical system.

2.2.3 mciA diagram {4 : 7|2 &l S713
22 3y

AR oz ANZE YolAd YAR2E 48
de do 1 AFHE oBA Y F=uvE 43
s7) Ao 7AE A2 A& do ofd 2
Hda &3 2AE 4& AAVE WHA A4
B, O %4 A wgo T H2E *—;1“”‘6}"7
2 @t A uA 2R A ¥ 2R/
4g 718 g FA4 & AR

BE AL 183 AT £3] L2 dia-
grame #HAE wW R Co HIAH=Z o] %9
Qe obF 9@ FAH2E ARTA). A4 E
=g A AshAl d2AY blocking electrode”}
AA gl 2o )& capacitance?] 7| EE &
oz 478 5 YHRC HEEE). oo do
reversible electrode®] %% RC HY QA 3
dch

AAH A$E S FdzRg 5F
A TAS k. old disiA FnEH
gAE B d7de ge =%g F3dr €9
SprIn,

AFYNUAE 2 szd $4 olF electro-
chemical cell(R 3/ )l FAY ¢lt]E f

R



A7l st af YWds Y de 9 PR §4 127

9] g2 ANEE U o] cell® F3Y z
2 A% [t]8 A8 dolth ol 4 (5)
ol (8)z2 ¥y zZtz,

Pl 1= maz €™ 5)
[ 1=t e/t (8)

Je ¢ 4 Ak
oo o], RFHZAN AARAA Z(w)E
e ol Felgth

Pmar=lImaz® | Z| (20)

e[ £]=i[t]-Z: Ohm’s law in a complex form
(impedance) (21)

etz oz 7= 0o FFolAT g, FH
&l old A9E A% 3] Z(linear circuit)o] 2t
81, B Jd¥P2E 2% 9 e Fe
e HAGAE(£5mV)E oscillationr] A  F7]
o 22 A dA= HEHA L JEd
gn B 4 Uk 28A god HdFAHA
(nonlinear response)2 UENH =6 o] ZA$ of¢
EFE AR-dY #AE Jehdo.

FH, Jdudae 94, ?=%—§— complex con-
ductance ®+ admittanceg} A 9l3lx, ohm¥ %)
& Yz g3,

o] 4gdc}. 18x, V-Z=12 #As 4Ys
og,

Y=Z2"'=1Z|" " (24)

o] t}, Unit circled] A 7,?,,,,,,9}7,,,,,,94 phase angle
o] 6013 (6>001 7 par?} P mer BT} OHF
%7 7tm 9t}), YV & negative phase angle, -8
€ 71N Z o t3dle] phase angle, -208 71X
W, 719 ZoAe |1Z] o Aoy 94
o 23, 74 FE N9 H4AE Fig 84 e
W 2o
Ze thest ol Basrz mA €

Z=a+bj (25)

474 j={~T & vistn Basre 5%
2 w9olo.

Yolt]=:¢]: Ohm’s law in a complex form

YFAAA AAYANE2 Z, &
_Z'se,=2:_3_Z',- 27
PEAZA AANYAUE Z,, =
“Z";,,zg z; (28)

(admittance) (22)

79 V& rotating vector ¥o|22 EAHH |
EANE 4 Utk REZ 87 2 wie mAH
of 8 w7} gk WY A4 (T-2)7 B8
¥ AeE Ak

4 (5), (8), CHEFH

Z=1Z| &* (23)

%2 7§ admittancee] HPAH g HH
admittance Y; = 2] (28)q] 9&to Z}=Y, ol
B2

V=27 (29)

ol 4yd
LRY2A ZE= A AY, A 249
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Imaginary part
A

-
'Pmax

Imax

wt
Z
[/}
_
> Real part
P j
¥

Fig. 8. Relationship between Zand ¥ representa-
tions in the complex plane.

I §d7e dudx ¢,
Zx=R (30)

1 (31)

Z=jwL (32)

2 uehd 4 gltd. 284 self-inductance &
¢ A dAdx ol FA BFHAE
2 4714 4 (3¢ mAsA @3, TR o
2 Fig. 99 2< 3 2(RH CE HE=z A2
¥o e o]52 ddd AW Rl |42 o
% Baguidale] dAdA EAE nEFHEA
t}(Randle’s circuit).

g %= Ay 4dz2 dZHAE Wl admi-
ttance, & A& d59 ¥oz F admittance
2 7§ gL ole A58 HAA F A ¢
& F@uh Fig. 99 Jehd ¥ d9Ex 42
= N8 R A7) C2RH fAse admit
tance?] ¥ 4 (30)37 (31)E ¥FH,

— 3
Z( )—RZ+]CUC (33)

o] HEd o8 Zwdl dstd F & olEH

R,

] —{

Y(w,)
In|Y(e) @
S
1
1,1
RZ Rl
(a)
0
log | Z | 7

-10

loge ——9

(b)

R, : Solution Resistance, R, : Charge Transfer Resistance

C : Double Layer Capacitance

Fig. 9. Electrochemical impedance  spectroscopy
schematically representing (a) Nyaquist plots or Ar-
gand diagrams of the impedance and the admit-
tance, respectively, (b) Bode plot for simple Randes’
circuit.

gz AZ¥ Re ¥AA B

Ry(1—jwC R3)

Z) =R+ R (1—jC Ry

R, _jeRC
ARG 140 RAC

(34)

g 94 9. Z'=Y,; ol=z,
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?=[R1+<7;—+ij) 1]_1
2
“[Rl 1+53?CjJ_1 (3%)

Y AHE Fd Fsd gL go) EHZH
ZZ HBAHT

5o (R\+ Ry +w’RiC'R,
(R +R,)*+ w RC*R?

wRiC .
Z 22 252 /
(R1+Ry))"+w R5C"R;

(36)

Zitar™ Viuar® B2 HAol EAISW Fig
9a)et Bk Zigw diagrame o) 8HERES
g7te oz FU

224 A H7|sEA oM HS Yua

(1) A7153tdA 9 A Pxe) v]A = mass
transport®] < & : Warburg-impedance

olAl, AAZ A F WMo dHeaxE
A 2 A3E MAMEr] A6, £ dee ¢
TAAM AFE utel Zo] Ao deie W
7}A] limiting case FlA A= A

—
=
g8 3hite) Al dte A L (diffusion-con-

—

R

)

trolled electrode reaction : slow diffusion with fast
charge transfer) 2 A9 8 A t}.

g2 e Aags FH AFEAI F
E=8%F° yetdr v =3A AFLESE F9
o wel d=FEP fluxe] 8%o] uvepytoh
Diffusion(mass transport)-controlled reaction?]
A% ¥%29%& Fig. 1004 vedold Rz
Zo] damped(attenuated wave)d] ] Aoz )
2 4832 5 E dAnsiA "ol

o4&zt f@dol sles FEWE ddn
He AF 228 IF (0o dHEeg A7HF
o2 FHEA Bo}7}+ phasorz AT &, dc¢
(r, )& 9 dsld phase shift& }eldc).

@3 redox reactiong] 01]—2—;-;—01 e BAES
gHoz HFsA

Do

Sm_-+ Ze—:—sred (37)

714 S, oxidized specieso] i, S,z re-
duced speciesE& UElATh =, 0] AL Cpo C,un
o tisked Ficke] A28 Hol WEslofo} B},

3Cp — TC,
Eirra
GC,ed_ azCred
ot _Dred axz (38)

AAZHo 2N ofHl AL

C
iZ—ZFDMa

‘bx_“]po: + zFDred%]Fo (39)

T

7t AdE olftd® ZylzdogA wg o
Aol St Ao ol EA3HA] @7 o 2ol

t=0, 20, C,=C,
£20, z—o00, Co=C } (40)

5
tZO, .1'20, C,edz()}

t20, z—00, C, =0 (41

o sRel 4.
Diffusion-controlled reaction®] 3¢ ZF7}&d o

2 DButler-Volmer equationo] concentration-de-

pendent form o 2 t}& 3} zo] A 5 o] o} Fu}s:,

i(u)=io{ ‘C:; cxp[ % 5 |

G e[ 4522, 2

017]}\‘] C:gd‘\o': Sredg‘] E‘E%Eolq
BAE 2EA 37 st A9 FY A
(F9%¥)d Az B3 &,
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f

Aoncentration/mole/cm®
400

- r .

electrode electrolyte
327.241

300

imax . 10Acm™2, D :10"'%em®~!, ©:10"°Hz

@ time : @ : 0s @: 500s (®:1000s @ :1500s
X ® :2000s ® :2500s @ :3000s . 3500s
@

100

Distance/cm
—

-100 |

/’
-zoo/ -

-300 /
-327.241

i=imax exp{jot) atx=0
-400

(/ stz 0=z ool i =) ol i)}
\ /\ /T‘ =4=T1, o=2xf

f: frequency/Hz

D chemical diffusivity lom?s™"'

small damping

Fig. 10. dc(x, t) as a function of x and ¢ at current oscillation 1= ipmax 2t and diffusion-controlled reaction.

KT 4cs,, 4Cs
1<ZF (43) i(ri)=io{%: 77+—Cf’e‘1——c‘+"}
ved or

4 (43)& 4 (2) (4o=APma; sin wHZHH

Adp=7po) 1 equilibrium potential(FE&  corrosion

4 (40)'e) olnlg gHAEA, ¢ Fe

potential at i;=0)2 58 #-& amplitude 4@ max
g Z= nEALE dudd olF Af F: Foge A & 5 U =,
o]Z 3¥d 9 Butler-Volmer equation©] o} 2

2ol w3 EABTHT Cpu=Clpy °1 1, @

4Ch, . 4CL_ .
=—é—°l fdo3). C.. ©'C, =hi
i(ﬂ)=ia{%n+c'eé_:c”" CCC } an ANM, g ke WaARFolT A (45HE
red ox

(44) o YstA

(44)" A&
T 71dd g

rization ol weal FIZER Brle FELF
ACs= po) ma A2 2 AR (pd ¥l
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i=n(%§o—g~m) (46)

ol S, (46)4& poll that EW

p= §£(1+g+h) (47)

o] o, current-potential curve(polarization

curve)d 7] &7l &=

anT

TiTZF ZF

(g+h) (48)

o2 Folath 7], 4 Zse 22 R,
(charge transfer resistance_e), R, (concentration
resistance)e|t}. R,=  diffusion lﬁyer% =%
transport retardation(impediment )<l 3} %€ t}.

A7 B, 40z t)xiolL, wFS B 4
Zimaz € WEd ANHY FEWI 4C(x
NE el HIEHEA ddd iz gas
wave?] U2 Aoz, AFFAN A
WRAAN HEsHes s=Ese 42 FAAA
FTEWsle] 4 (45)9 FALEHA,

ACrefm ) o ACam D) Ly

C;ed C or

o2 FolAi R complex Number(Warburg
impedance) 7} =4,
+4 R-C H¥zd Udd $3928 49

3 AA Y daE

7— R+w—C] (50)

2 FojAoh o7]4 $de AMY RS fre
= 1_ =
Eaﬂtc} wcj L=

quency independent termo] iz,

frequency dependent terme} t}.
M EHAAA (38)& dC,(®™ ACu(Fe W

T 4C2 FsHE)d dsto] FA A

0°4C
%ZD“——Z‘— (51)
ar

o1, ol& ZJIZAI AARALZA (39),
(40), (41) A9

84C _ -t 1 .

oz 2FD}

(+for 4C,eq; —for 4C,)

t=0, =0,

t20, x—oo, 4C=0 & C=C’ (52)

& ZVABD, i(D =i N & Leiste] (51)
Ng BW 29} io Has@sE oen
ol EdHT,

e o] Be]
expj[ wt—\/—%x]} (53)

A9 GIHAE x28 o diste] TAEE Fig 10
7 2.

Fig. 109 A, {p.,=10A4/cm?, D=10"%m?/s, w
=10°Hz¢Y ©} HW % = oscillation amplitude

4C(x, =

(+324.241mol/cm3) 9] %BWQI amplitude& zti=

O 2eg Ags x—‘/ZD —44x10%cm7} 9

o 8 (53)4 9 AEA A+ ot 348
o wa} amplituder} ZFAFL =3 =,

JE2 a4 A amplitudes) Lag gasm

=, <sin( wt—,/%x)) 9 current phasor 79

HE A9 o5 28 £8T ARG 2

7F g mE A x=0EW)Y b b=

0ol "}
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(53)4 02 FE =094

(A= Dipar

4Cn=+ 2Fi2Dw

exp( jwt)

+4=D 54
* FizDw (54)

o Hx, f AL AFFEF ARl 27
A gee duisn, ACH iAtolsl A4
15" ¢ svlgt 3,

| iy |

Re =1 (55)

tan 0=

4 (45)¢} (54)2 FH

(1=, 6
&=he FiiDw (56)

& =1}, 18 3 Warburg impedance FAC A
(48)2] ¢¥leo] T g o5t

7= RT(lL(l

ze C ‘/T fred T_j:) oD

0] E‘]j—, Do.r: redg’] 7g_c’»_ (57)}:‘]% g"?“?"&‘

(R)Z A5R8 (L)22 Ury,

2RT 2RT

TFC [7eD ZFC ZaD’
(58)

Z=R+1=

(s®)4E GOAT FArT (—j=5), F 4
& uas By

Zﬁcm

Rlwl=Ro1 %, Clw]= i o] t}.

4 (58)¢o.2 %€ Warburg impedance?] A&
s} 4nE 5 A 2717 HRIL w0
= Qo] ®©rl YgHez Hol w—oodts
& Azgdoly A A WRAM w3 B

oo

(ks 2 FY)o] vl § el vroABnRZ F
= "3s JehdA fene oo F, g

= (diffusion polarization)o] ApelRtie Hol
t} 4% £2A0 Astudd £ (kinetic-con-
trolled charge transfer polarization) # charge
transfer resistancet UAEIHE VMR ZE fre
quency-independent3lth. 4 (48)¢} 2ol A
%ol Rgy(charge transfer resistance)& S35
ohmic A de)n watrd Ryl i(exchange cur-
rent density ; corrosion rate) AFHFHYLZ
A4ddh

(2) A7)atetdx el U3 xel w2 = charge
transfere] <3 : Charge transfer resistance

=5 extreme limiting case2 A HAA DI
£e Add Al AstmPutgol Awidtes ¢
Z  charge transfer-controlled reaction& .33
2p A A71s8AE UERd Fig. 119 $713
2 2| A mass transport-controlled Warburg im
pedance term& A A&W @t F, double layer
capacitance C 4% €5 ohmic frequency-inde
pendent charge transfer resistance R.ote) BEd
22 goigch B39 Fol AND2E Z

ol 2w,
Zotalz RE+—Zpar (59)

o)1, 7|4 Rge electrolyte resistanceo] o

1

7"

ct
4] (26)% Zo] $HE WA,
— Rct_ WRithI]
"W RCY o
R~ wR%LCyi
7[0'01 RE+__CT_u.)_“d_l] (62)

1+ WRitC?ﬂ
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Double layer

e

Electrode g Diffusion-laver Electrolyte
Av
r'——"_\
Ree Ry Ck
—_ —AAAA—
Rg

1]
11
Cdl
Fig. 11. Equivalent circuit representing the electrode
/electrolyte : Re, electrolyte resistance; R, charge
transfer resistance; Z,, Warburg impedance; C,,
double layer capacitance.

47N R=Rg+t—F%F——,
R Rt R CE
wRC,
| L, | z*“_ic%o]q_
1+w Rdcd,

299 498 nASE w-0d W, R=FRe
+Ry® | I,| =003, w—oo}l HLE= R=Rg

1
o =0019, w= d W= R=Ret+
|Im[ 0] w Rdcdl é Re RE

Ram g1 =Faam,

eREe HFREEd did AAFFE
parameter2 A3l T AR Fig. 128} 2£(9]
ojge HAHL Eiaddolg #rh) “Nyquist
plot”& d&th oW ()HFFEE Evle
oz Feo

(3) 9o~ &3 1y

AA AF/AHA AW Fig. 119 2& &
¢ FrislEa olRolx olu. o]e o] X
3t phase boundary impedancey 9.E5d A=A
AgEA77I2 A &4 2 BHYE £ Adrh
dyere AL FEAHoz A ZFAH
Zong wHFIZAA HFE A3 = Wl
W oEE ALY § Uk TY HAFE AHSEE
o] FEE FAY W FHo] By HEO]

i

£
£

A
g
;QI 2:01“:2' +Z”j
g
£
«
T | R @=1/Re,Cay
E
T4
< /"‘
£
g .
= f 0o

\ a
= >
“— R, —>i Rec —

real impedance. Z' (Q)

Fig. 12. Nyquist plot of the impedance for charge
transfer-controlled electrode reaction.

th Aol RES HAFE Do A &3}
£ Afde dsist dojur] W olF uli
3 wHTHE Algdol @k F dEA ac
bridge = o], oscilloscope® HEH YAt
AX dHdAE T3t WY Y= € 3
7t @3, {9 Faert dow ARE
gitt. A= Phase Sensitive Direction, Fast
Fourier Transform®'¥ 9 Frequency Response
Analyzer$3 5-of g2 AbEEH 3 Sl

i ) Phase Sensitive Direction*§

Lock-in amplifier& A}8 3} phase sensitive
detection®] 2 noisedl dosde= F3tn F713
A Az Fola & wol da] ALgHT.
o] MM AV g8 209 A{FANIE
AoE3 FAd o) A3 E lock-in amplifiers]
reference channeld] A3t 2 A NA Yo
A & & signal channeld] dZTo 24 FH& A
g}, o] T A3zt HAAE de L a/2+
dost d& 3oz vde 49l phase sensitive
detection & AMg3te] AR E FAHST F4
d &AHE AFY & 92 Urd d9d
25 AAE tg o] FE HEH BHYPoz A
4 AEE A dC

of e Y FAEET BE Aol
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YA, BF FoH4rt 1Hz B ¥ FH
Ne g7 Z@3i

ii ) Fast Fourier Transform¥

#HZd =E Wyer HAVIE ALE3H
P NZE FAAZA st Fe=N dAdd
28 ZAse PP T FE ZFRUZ
7t duvel AFFst ol 1= AEFY A
Fuj7t HE 20947tK9 g AEFre nFE
g7 HolAq old HZde TYRE AFF
dde Azz WHAAA A FA 3 (perturba-
tional signal)@ A}&-#it}. o] A Lol spec
trumE & 9 ¥ (inverse Fourier Transform)A]
Aoz Aztgdde RFs} AHst oAz
o] 2 % impedance@ AAgch. oA AHA
38 n{HYD YA ol sine waved]) T4 3}
= Mo ohal, square wave pulse'®, pseudo
random white noise ¥ F24 o2 FEE F A
E ¥rd ALY S A

o] Mo AHE AFFE A HoAN &
Astmg 2FAzte] @E=HAL, By AA 7}
noise& Abg3te Wyolmz AdA = HolH
o] scatteringo] 4 3tt}.

i ) Faequency Response Analyzer®§ 17.18)

A 2o A S 3E(perturbational signal)&
A FolAlE BFAZTE B dzst 4
A% g By ohvg A9 dHdE2e =7
J wal AFE 2t} o] JFTE YA L
Ao 90° e At Ue AIZE UrE
HgozE F /9 EENFQ sine T+ H
cosine @49te] Ar@(correlation)FFE L=
o] gl

9 we AAZ HEAZo| wig Hojopnt
noise® AAY F U, FRAZE ¥l
47 & 4+ g1o9 noised bandwidthe F4
AEF RF7|NE HEsH=bd WA FE
Bd 4 gk B JAFFE AMEHAM FHE
gl = AArgo] w$ Folol - EEOIATL,
ge A4 dgddae "47E ol8dA 4

A 24 £ Aok o] WYPE ALd}E AL
10037] F¢t HEE A4 F23¥Gn A=
1Hz ol 4e] mFEs oA I FAHR ]
g} o] HEE Algdte dEIY FELE €
u} A7A Solartrone 2 GHAAGY7 HZ ol g
€ ©}# Schlumberger 1286 FRA(Frequency
Response Analyzer) %o] 2, o|& ANES
) 22 [EEE-488 GPIB(General Purpose Inter-
face Bus)ol| ¢js] B4zl dA= o] Ut} Fre
quency Response Analyzer#¥& T 2 o Elg]
yn b3 Alzel AA Zdel3, L noise
7} 7188 Aoz %A e, vax 4
A z2a9E F A

3. MM FAMHAe YuEHA ol
3.1 84 gt

Avida 24& T4 ©e& dPLEd v
# vny 4A ¥ + de 4¥F syt ¥
Ago A FA/FE Hele dolz A
o BAge 232 oy ddolsxn &
B dAAR 0 Aol e A @HolHx
g & Aok AP 4 A vay 4A
e N e FAEE FFY £ ATk

F4d &AM g A sEukgol
ga 4R Utk @AM F4Eg FAI
AANE A7138%H o] AgH Ko ¥
g

aw _ ML,

= aF (63)

2 el ed 9714 B2 dVe 850l 4t
7t Sl £4F FACW, M 1 F59 d
A%, 25 FAugd d#d Axsy, ada
= Rygrgol delye Fetd 2% anodic
AFolth waM A& 3L IdHE FH
d4 BE2E anodicHFE FAsA ALE £

ATHY. 2y o WRelE HAFE ALEEH,
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ol W¢ FRBY Astdole 542 AFY
T At A1 RAd z2E AR

=L+ (64)

s

rir

olry, 714 L& cathodicdFYL <7
¢a ot

anodic# L AdFo e =279 ca-
thodicd & Z2EE FozH A¥PAZYA
3% 4 Aok 28U Bvtgo) AdHo
dojues AedE Yoz z2: AF/) Ydx
Wty Z23Y 5 vk ol e ASdgE ¢
NEd2 ZALYNE e Be] g, olg
YR A FHo 2oz By Y8A 4 (64)
o] YL AEZ U¥d

AN
A

Al

1
AEE

&~

_AL
—Z‘E+ (65)

o

o]l oz AF EAE RE FiE EAz
e Re YWY 2 2P oz Ry A P
¥+ ge dW JdFH o 29 R}
ARA FAAFe AAHErE FA AHEy
th olE 9slAM Tafel B4 (A 42)€ anodic
% cathodicd Fo &l 247] ch2A Yehyw

log L=log L— 2.30(13?anF

» E=log I,—b.« E
(66)

g%

2.303an F

log L=log L+ R « E=log I, +b,+ E

(67)

°f Hx, ol2%¥ L9 Lo EHL 78 ug
o2& 4 (65 dUF H A3 P s

%ﬁ:z.sos[ —bl—+bi] (68)

°f & ¢ & Aed H97A 5% b= 7

#l Tafel 4] (66)7 (67)9) 71 &7 &o|}. oln)
AH G vl go]l AARAAN = AN AF
£ 522 ¢omR anodic ¥ cathodicd & 7}
3 ojgo] w2 RAAF e} L=1I
=Lor°l A1, 2AAF R,9}9 BAE

b, b,

o arna B L L O 9
feorr= 3303+ Rty +5) o9

ol 9% ¢ # Utk YA Qe ARY 4
(68)2 B %489 Aito] 7h5atut.

3.2 WA =0

3.2.1 0.5 M NaCl U 304 AgolyA Z
o] F4|(pitting) 72
o] 47+ 0.5 M NaCle&s) U 304 ~g g
& 79 FARYL Yvdagos @Esg
o $4, 0.5 M NaClg) o]s 2Agjdg 2
e BFHAEE #2371 948 anodic polari
zation & AU H(Fig. 13).
S25EH 59 Y4999 g o
WA2E %43 Bode plot¥ 3¢ Fig. 149}

o 4

JRige )

Fig. 15(a)& o] Uodx YL 437
oY DY o2 E Jdeld

A71M R FFeHze] By Qe 2
Haldlx Z Edda doju: Asiagwg
(charge transfer reaction)d] W& 3%, R:=
|99 Agolm, C,A= faradaic capacitance&
77} vebdt. Fig. 14014 -250~-200mVece
o] HH4d9dA F3E UMdaNYge nw
2e AFF A9 A (e.g. 0.0005Hz) 2ahurg o
BEHA 7] g2 o] AFe faradaic im-
pedance, Zp= (RA+R)olth. 4, olHt =&
A (-200mVsce~) A Z3E AN rqge
e e WFFHH oA (0.0005~0.0007Hz)
71€7]7F -0.5¢1 Reo] Holeu o)L i
Wh-§-(diffusion process)& UENIZ, oo o3
Warburg impedance, Z,& 18 8o Ugy S
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1000
0.5MNaCl
pH5.7
a | 25T
g 100 v=5mV/min
2 10} ACImpedance |
a Measuremerit
g | range
=
E 1t
3
| &}
0.1

-300 -200 -100 O 100 200 300 400

Fig. 13. Anodic polarization curve of type 304
stainless steel in & NaCl solution.

1.00E+07
1.00E+06
1.00E+05 Potential
= mV vs SCE
% 1.00E+04 | 227 {38
+~ LOOE+03 f ,,,‘_,_xsg
—_-17
1.00E+02 R
100E+01f 3B
1.00E+00 . .
1.00E—0.4 1.00E-02 1.00E+00 1.00E+02 1.00E-+04
Frequency(Hz)
(a)
1.00E+07
Potential
mV vs SCE
——-100
- - ~125
£ i -150
£ 1.00E+06 175
< 200
-225
.—- -250
1.00E+058 .
1.00E—04 1.00E—03 1.00E—02

Frequency(Hz)
(b)

Fig. 14. Bode plots for type 304 stainless steel at
different potentials (frequency vs impedance) in a
0.5M NaCl solution : (a) in the whole measured re-
gion; (b) at a lower frequency region.

Az e Fig 15(b)s 2ot old Z,& &&3
o] vehd + o

.
—:}— R,

— 11—
(a)
Car
R, — |
———3— R Zu —
(b)

Fig. 15. The equivalent circuit of passivated stain-
less steel : (a) at lower potentials (from -250 to
-200mV): (b) at higher potentials {from -175 to*
-100mV).

Zy=0w*(1—j) (69)

o 71 M, o Warburg impedance coefficient
(ohm sV/2)o}:, w=2xf(rad s*)elct. wWtA
gatubgo] mAE A Zro AR /g
gautgd B Frix weg TR HI,
ol g3 o] e

Z/= R+ R+ 0w /2— jow'/? (70)

Fig. 163 17& A4AFE =732 & fittings}
o 7% Zztel HHAER(Z, Ry )& YE
o]t}

Fig. 16914 -250~-200mVsce?] R& Al
Ne 2EdH o] 348 2HdH= 73] far
.adaic impedance, Z;¢  charge transfer
resistance R e Q7tA917t F71gl wa FAa
#4o. Rel RA2FH B FNEFF ¥
ARGHe] 7ATE T F AL, HAWLEO]
#aEA ge Ao Hol anodic AH o] &
~gdds 7 B FANHYE Z7tst
2 (pit)e] FAHUY A&3A dE 494
o 4 gt} -200mVsce ©l2el AANME

e £ X
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5000000
4500000
4000000
3500000
3000000
2500000 |
2000000

Impedance(ohm)

1500000
1000000
500000 |

0 Il s 1 i

-250 -200 -150 -100 -50 0

Potential(mV(SCE))
Fig. 16. Relationship between the potential and
faradaic impedance (Z;) and metal charge-trans-
fer resistance (R;) for passivated type 304 stain-

less steel in NaCl solution.

250000

200000 }

150000 F

100000 }

o(ohm s'/?)

50000

0
-250 200 -150 -100 -50 0

Potential(mV(SCE))

Fig. 17. Relationship between the potential and
Warburg diffusion coefficient (o) for passivated
type 304 stainless steel in NaCl solution.

HE ¢+ Atk o A Y Bres

gz ZF7beted ok ARse pit EBEol
Q38 Hoh(salt film)o] P4l AFUES

Z437] "ot Fig. 17914 ogtol A9
2}

F7hete olfE Be 9 pito] ¥AH
o] #g3l7] wfE9 salt filmo] 2]3 FArzy
o] 7t F7sIAY 2 BAVL F7187] R
2 AR " o9 o] REHu o] &l

Ce l

R
° Rp Zf

W _ }—

Fig. 18. General equivalent electrical circuit for or-
ganic coated metals.

2HdE 2 Fd dal AAPAE oA £
A pite] &A&87] Al &3} 3, salt filmo] 57
435 AYE -200mVsed & ¢ 4 Ut

3.2.2 Underpaint £4{ofl2] ujciay 2"

299 Yoo FaaAe 254 gy
o2 ¢ EZdch 3 systeme 71A F&3
EdAE azla Nz 9ge 38, 223 4y
A& 7HAE A9 FHFY paintdoz FHHA
o]2] % organic FYH T YdPddrygos
Z3sd  Agd A, AW wg4,
adhesion, B9l & AFAH4A T 4@ Fue
2e F U dEe& Mz dg JAH F49
1Y BAEZ o]FoA A BAHALL or
ganic WY F&AM9 T2 E o) R3y
A7izteta s HYe 23 siMg A
ol o}.

A, Y dE¢ AHE7) A9 organic E
He 49 dwAHql 371328 249, Fig. 18
T} o] @A

9714 Ree AdA AFY, Cv 3y 244
2, R 3¥ A, Z= FEAAAAY Ay
saty wee uehac

(1) Fluoropolymerz zZEl® 7

o] 4¥& 30um FAZ fluoropolymer® g
< mild steel& 0.3% Na,SO, &84 30¢ E<
< ¥ 4839} o] A $9 Nyquist plota}
713 2 & Fig. 19¢] Yehlilo}

G YT HAUr] 2o o] AAQ

off af
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1.50E+09
_ *
“e LOOE+09¢ .
Q
% .
N 5.00E+ 08~ .
~N *
ot ., N
L 1 .|
1.50E+09 1.00E+09 2.00E +09 3.00E+09
Z (ohm cm®)
(a)

Car
(b)

Fig. 19. (a) Impedance measurements in Nyquist
form of a fluoropolymer coated steel (30 ym)
after 30 days of immersion in sodium sulphate so-
lution. (b) Equivalent electrical circuit for fluoro-
polymer coated steel.

a8 2483 Co 29 FAAY Rt W
Az FRE F doh £ 393 AN @
7158t R 7HAT

(charge transfer resistance) Cz(double layer
wazd g8 & U 9%
# 2ol AgAze & 4TI

(2) Zn £ 02 I”Y 7o epoxy coating
o2 ¥XY & A

o] Ayge 3.5% NaCl £l A 0.lmm?9] <1
24 (artificial defect)& AR = AHd o &
o Aystact ol A% Nyquist plot# F7}
3 2= Fig. 209 vebydct.

Nyquist plotdl & 370 2] time constant, 7}

capacitance) &

0.501 (a)
e
(.) o
E 0.25p °
= °
g .
l\ll o
o
0.00 . L

0.25 o.s‘o 0.75
Z' /107 (ohms-cm®)
Fig. 20. (a) Impedance measurements in Nyquist
form of an epoxy coated galvanized steel with
macro-defects in sodium chloride solution. (b}
Equivalent electrical circuit for epoxy coated gal-
vanized steel.

Modulus(chm-cm?):

10
10° 10% 10! 10° 10" 100 10 10' 10°

Frequency(Hz)

Fig. 21. (a) Impedance measurements in Bode
form of an epoxy coated AlSI 430 stainless steel
with macro-defects immersed in 3.5% sodium
chloride solution. {b) Equivalent electrical circuit
for epoxy coated stainless steel.

veldtl. 329 time constanti® Z¥
Zel Cof 28 £AAY Rl 4€& 7
organic ZE& Yemed F WAt A A
time constantd] g ¥ F A EF znc
el BFF wren P AR/g ) @
22 gl 53 5 WA loopEe charge transfer
resistance R, double layer capacitance Czol
o8] ZAAol Hu A WA loops F2ES A
Ao o B AS o 2EE L & F Ak
(3) Anti-corrosive TRZ FHEHUEL A+
o] A% & 12% strontium chromate =8 &

A

3%
7}

Ao
i o
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¥a3tm Q& epoxy primerE 71X = 55% Al-
Zn ¥ Wt Pt o] Fge 4y
Z ¥ Bode plote 24 Fig. 219 Yehlg]on
782 E3Ho U

HZe Rt C2f #EE time costant: T
¢ A Aol AgH EAHL Yehy T
A 2] time constants E89 Mr|Fo)lm Ay
g4 Azl 98] =824 (pigment capaci-
tance) Cu®} =8 * g (pigment resistance) Ry
2X g¥d.

4. 4 2

AF7AA A71884 Agd22ydye £
Ao Hgstsd Aol duPA W@ 7
23 o, A g TAYY A 248
Fol FA4EA3E o 7x U322 EAE
= BRd dis 2o £ Yol ga £
A FEAM JAR2E AL dse =
EollA Aadn oz WHo] oy, 7JEHQ
HE&HH d38E sglenz ¥ Agd 24
AF3Hd iz A zh.

H AAg hege FnEdE 5 233
up g

*1. “perturbation” (&2 82 £o])=“polariza-
tion” (@78 8t=k g-of)

*2. small “perturbation” (&2 &2} £¢])=small
“oscillation” (7} 3} 8} x} & 0])

3. ARAEF w= /% 8 2 2xgo) me
chanical oscillation ¢)7}.(mass=m ; spring con-
stant=4)

. AFRFF w=\/g g 71" 3 =9 elec-
trical oscillation ¢l 7}.( L=self-inductance ; C=

capacitance)

*5. “rotor diagram”(Ee 82 £0))=(“phasor
rotating vector diagram”) (¥ 7] 8} &2} £90])
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