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An Experimental Study on Corrosion Behavior in Steel of Concrete Applied with
Arc Metal Spray Method Surface Treatment Technology Using EIS

Chang-Bok Yoon', Jang hyun Park’, Han-Seung Lee **

Abstract: As an experimental study on the corrosion behavior of steel materials to which ATMS method using EIS was applied in concrete, immersion
of Ca(OH); saturated aqueous solution and NaCl aqueous solution simulating the environment inside concrete The corrosion behavior was tested. The
equivalent circuit was derived through the analysis of the Nyquist plot, and the interfacial resistance and the polarization resistance of the Ca(OH),
aqueous solution were compared, and Al ATMS was the best interfacial resistance and Zn ATMS was the best polarization resistance. After burying
ATMS steel material of cement mortar, the initial immersion impedance measurement value was the highest in the Zn ATMS test body in the impedance
measurement by the immersion time by immersing it in the NaCl aqueous solution. Al ATMS test piece has the highest impedance and is highly reliable.
This is because Al, which has a high ionization tendency, is continuously oxidized in a strong alkaline environment to form a film and protect the steel
from permeation of chlorine ions.
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(Primer) 2 3} A EAFA] &7 + BAFA &8 52 X3
gk T2 =43 W (Heavy duty coating) ¥ &80t Ew3
H (Zinc galvanizing)©] 3101, o]t 2T 5o 7hekgk
7N 8E Table 1] YERA ST
Table 1 Corrosion prevention technique of steel
Name Heavy Puty Zinc . Zn/Al
Coating Galvanyzing Metal Spray
-Rust oceur The base metal The base metal
-Surface
expansion does not does not
Corrosion “Film corrod.e b)./ the corrod§ b}/ the
. sacrificial sacrificial
destruction . .
Corrosion anode action anode action
. of Zn of Zn/Al
promotion
. Oxygen,
CerfreOnstli?)rrll moisture Sacrificial Sacrificial
P . blocking by anode method  anode method
principle .
coating film
2.1.1 A =H
F 2 5% (Heavy duty coating) 3 -2 A 52 37|
A9 F e EFA S EehH 7|29 E-A R 7
S TS AS g U= = 2H o]t (Yoon et al., 2014) 1
P F4 EATHE AA SRS F718 Toe] o
so] Abeahs YelE 18 Sote) BaE HFREA|, 5 &
gl oI A AR, A F717} 108~ 159 02N
u-9- Za A ] Hl-Eo] 4] Bl B EAEE 7HA

31 QItKKitamura, 1997).

88 FFPZSFICLSX|H2|TES =2F M 243 M35 (2020. 06)
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S-S TA EHA e Al 2ol et Mok =
I gFolA T F o2 Utk Zn £39 ¥F9 A7) Zn EF
ZIAl(Electrolytic Galvanized Iron)= 3l ol 28} W3 A7)
T FA7Ae] Rl Zn 352 48 WA S AR
AFoZ dMAHOE &§ 7n EFFIRY &F FAFS
b g = a B =5 & 7] vl =3 g
4, B4 T W2 o] Hold - S VA AL ok ey =
T3 ol = AA| 2 WA o] dojuhr] a1 I Y24
o] Wojx]7] wj ol thRE =F TA 7] A4S AXA Hrk
2] T2 o2+ A=Wo|E I FH, A4k
Ae)EA, =4 54 5ol Aom, o] TN = AZWo|E A
B 3L Zn =59 WA S BH 08 ARRSh= 7
HEARIPH O = 67} AF0| T A = ARS-ETHLee, 2001).
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2.1.3 54-8-AMetal Spray Method)

FEEAS SAA B(FS, AlEkY, ZekaE 5)E 129
Aa e A7]AUAZ 73t 889 AS7F E25 0
v A 5o S-EshiA 31t S5 P4 sk A Holth
(Lee, 2001) TE5-8-AF 217192 A5l =2 2oLt 2
35 7NAdsE7] el ARSEUTE A A 2Bl T B Al s
o] = AHF4 muto] ARSEHA ofZ 8 A}, SRS
AR} 22 A 22 7]zo] /s o] k3 @A) vi-gH e 3
U=z 225k Atk (Lee and Lee, 2005)H] 1% #]-2-0f| A]
BA 9] 4L FAE 7 A om, BAY] A7y Fdl Tk
Agto] Aol 9lan, I8 YL mEr, 34 Aol 4
2 Aol FA Z]&ol whE} vA| 22 A7} H2 Helel 2
2 o] HA 7 A= B2 o] AT Ryu et al., 2014).

2.2 ZA|e| FAln} EIS ueHA9| 2|

EIS<= Ao F-4AF 40| s A o= A

=
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==

2]
< 73 = SHWH O EA EISE o] 83 559] 720
et A77F THelE EdetAl XSE o ok (Walter,
1991) F713}eh4] Ao~ g2 Ay B4 A
FDCO)EZ ti4! 10kHz~10mHzH 9 2] A FHAC)ALS 2
7Fste] theFet F3<(Frequency) @ Soll A =2 SHEA
< dolRE o) BE 2k} H Z{(Working electrode) 7
] Z={(Counter electrode), 18]l 7] Z=H(Reference
electrode) ] 3 A 2Bl 7}A W, {045 HIA| 7]
] A=l QI7VsHA R A= 5 S Aol A o] Wikt o
oJUA =1, o] Mgl Jad s g st 5o 2 YeRd

o) ZRE Aol Falo] PAFE Bt B AFUGEE



9 83 AT} P A=, 1T YYo= M=
I RESEEE, AFulg FYo M= 28 4L o] 5ol T
T ATH Walter, 1986). Y3 ~=Fig. 13 &
o] Ag (resmtance)% Uehle AsRZz)s dst=
(Capacitive) S C"JQ.E]P_(Inductive)% UEll = 555
(2" o= F3E1, A=) FEEA o wef theFstA 7440l
7Fs3h o] & o] g3l 5713 Z(Equivalent circuit) 2 L}E}
d 5 9ok A EISE o] 83k ¢ 2T EL 2 ¢

AFo g IF F4 9] o3-S SH3H, SV EE B3
F2AHES HAY S-S o3l ™ = ATH Walter, G. W., 1986).
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Fig. 1 Electrochemical equivalent circuit and Nyquist plot

Table 2 Outline of Experiments

Experiment

. Ca(OH), saturated solution
environment

Series1 Experiment .
Potentio-stat
apparatus
Measurement Impedance, Polarization resistance
Experiment .
P NaCl 3.5wt% solution
environment
Series2 Experiment .
Potentio-stat
apparatus
Measurement Impedance, Polarization resistance

A WA A (Series 1) 28 E 3738 2 A} Ca(OH),
Z3} g o 4] o] Fe] 4”474?4 ol whE tM‘:*i?/l
HASE JA Y HE A3 2 W, Nyquist plot®] 415
sle] EEAE] W wE 5718 R Aol F ‘{’5‘}3_’

o

Bode Modulus plot®] 415 Fato] 74 o] 1) ubA| gk} &
Agko] MalE nw s} 4Tt T WA A F(Series 2)01]/\1
+ A AYE REEEo] A HEE 55& Hi +
3.5wt% NaCl s=8§-<jofl A5t 25 F<}t ZFA o] T2
o) WE 9P~ Bl w7} 51902 H, Bode Modulus
plot®] #41-& B3t kA 2] Wy ol whE AAl o] A
I w54 WskE A E = gyt etk

of
0\1

32 AEA
B= A FAE SS275 A S A estar st ol A3 E oFtE
o] FAAARER Hut-g A A7 Hste] FALte] A%
% Sand papers ©]-&-3to] WS AnslH oW, o ESR
7R FLo] Al H e FRct.
TEEA A A O] A5 T8 R TS AT
7] 913}t sand blastE ©]-8-3t] FH-E AZAA A 3 F 11
F3} o} =2 F4:-8-AH Arc Thermal Metal Spray, ©] O}ATMS)*
o] g3t FERTE A|o] o BARSIo] FAA AT
t}. Series 1914 = AZE S5 AGAE 12 AL ]—9} S
™, Series 29 A AHEE A A = 60nmx60mnx 22mn =7 2] &
o AWIE R 2El2 5 Bl 3, AA H 2 FA8EL $
7<= YERN7] $15le AAE AIHE Z2EFE 9] 71t
W Pl vl o 2 RE = 10mE E YA g5k A2k
ot A& Al @A Y] 255 Fig. 2 ol YERAATH
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Fig. 2 Schematic diagram of specimen

33 AREXi=Z

AubA o 2 At FH2E 2ol ARS-E=KS D 3504(F
SEIYEL B A H SD400 EH FARRE AE S
7HA AL 1= KS D 3503(EHHFE84A Aol 4 E SS
275 ZAE AHEIITE AMESKS L 520100 789 =
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Table 3 Chemical composotion of Cement

Chemical composition(%o)

LOIL

SiOz A1203 F6203 CaO MgO SO3

19.29 5.16 2.87 61.68 4.17 2.53 2.49

3.3.1 Ca(OH), E3}58- HE (Series 1)

Series 19|41 £ E 37 -& ZARGH Ca(OH), 3§
N el Aol 5o EAAE W e FAATS T
3171 918k 15 5<F Ca(OH), E3}4=gH ol M A549 1L,
24A17E 2HA o = a5 S 3H3 T Table 42} Fig. 39
AR A AR N a s E YERRIth

Table 4 Experimental level of Ca(OH), Solution (Series 1)

Table 5 Experimental level of Cement Mortar (Series 2)

Name Surface treatment method Remark
Bare None -

Al Al ATMS -

Zn Zn ATMS -
ZnAl ZnAl ATMS Al 25% Zn 75%

w
= (3
3
g —
= WE(STEEL,
c | @ RE(Ag/AgCl) ( )
8 | CE(sTS 309 v
g
s @
[ Cement|
Mortar
CE : Counter Electrode
RE : Reference Electrode
WE : Working Electrode 3.5 wt% NaCl Solution

<—>
! 10mm

Name Surface treatment method Remark Fig. 4 Schematic daigram of Series 2 Experiment
Bare None -
Table 6 Mix Propotion of Cement Mortar
Al Al ATMS* -
Zn Zn ATMS . wiC Unit Weight (kg/m’)
ZnAl ZnAl ATMS Al 25% Zn 75% w C S
50% 316 632 1896

Potentiostat

-{ofzzmmzII=I i

| @ |

[ WE i

1 :

! a CE lem
—@ e
\&/ : 7
= Py | . //%

Measured Area —| i)

/'_‘ o i / % e e 3

(e 3.5wt. % NaCl Solution | —Spectuen (WE)
CE i .

@ Corrosion Test Cell «

Fig. 3 Schematic diagram of Series 1 Experiment

3.3.2 Cement Mortar 9| -2 9 (Series 2)

Series 20 A= AA| AlWE m2ELE Mo A Ao &
HA g e & dafiol] o3 FA1A5S vl g7} 5k
3, NAAZS 2597 NaCl 3.5wt% =&l =3 Aej ol
A1 247t 1A 25 S35 Table 59} Figure 4+
A o] 23 7) @ =2 JERN Zojth

AHE REZEFZE W/C 50%, AHES} Z-EA) 2] H|&-S
1302 A A5t oM, R2ELE B 2447 § ZToA &
Foted 7L U 25 20% FHEFE 60%NA] 718 &

FAT AHE 2 2Ek= o] 81| E Table 60| YERA AT

00 SIRPEZEXICLIX|A2|FEE =2F! #2423 H3F(2020. 06)

B A3 oA AM8-H EISA 3 717 Metrohm AutolabA+2]
Potentio-stat (PGSTAT 302N)S o] g3l o wHxz] ©
FEAHE A A=(WE), Ag/AgClE 71 HFRE)E AL
|3+, 4t A=(CE)= 22t Platinum(Series 1) ,STS
304(Series 2)5 A3 3 FAI 2HlS T4 FAH S X8
Sttt Ade] 2o 2= 25T S A 8o X
3 AEE EISARES Ao, A3l ek e s
Table 7 XFeFatA] YERA AT

Table 7 Experimental overview of EIS experiment

Frequency range 10" ~ 10°Hz
WE SS 400 Plate
RE Ag/AgCl
CE Platinum, STS 304

EISA 32 941 7o) 3 8 % 2)(Open Circuit) ol A -8 0]
HEE 4gd0) FHA] 52471 7]th $-of] Potentio-stat-=
o]8-3te] 10'Hz~10°Hz ] M E ACH A4S 178k 1
g AP AARE SHE dd 29| £S5 913+] Metrohm
AutolabA}2] Nova sotfware 1.10-2 A8 3133 01, Yojwl ~9]
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4.1.1 A3}l whE Nyquist plot3} Equivalent Circuit2] A3}

Fig. 5,6,7,8 <= Ca(OH), 8- HX| & 1 YHE] 74714 2]
A @A Nyquist plote] H3le} 5713 25 YERH Zlojth
=78 % Nyquist plotS o] &3] 542] EHA ] Wyl ot
E 7B EE Vst 7| S8 A el A7 o) S84
E Nova softwareE ©]-83+%] Complex Nonlinear Least
Squares(CNLS) fitting= A3 0™, AQkE 5713 29
SAA e} AR SHA N} A8k TR EE =55}
AT} EHA T E 3R] -2 Bare Al gA| Q] 49 27| 5H 9
9] gho] T, A ATto] S7FsAA 27} A
A3] 718 Th o= Few<s AlS-2 Znell ¥Is) AFel&r}
Z1EH o2 27| wiEo|H, Fert 1¢ZE] +8AS Thi
H BEEja S st a2 GA] o] FTehes A
o2 AHETH Al ATMS WA AlgAe 49 32 1Y
Al Wl W2 YA AE B e ol ¢FHEol
Ca(OH), %} RE-3-3FHA] 3EH | B8 3]ute] 717k 413}
TS wEA] P o, 2|53 0 2 QJuE 2v FTshE
Aoz ARHET

Zn ATMS A @Al 27105 W 928 BYAIT3
2B HEEE QAT STV o, 5713 29 -

Zimmagina

1000

500

0 500 1000 1500 2000 2500
Zreal (Qan’)

Fig. 5 Nyquist plot of Bare in Ca(OH); solution(1~7day)

Z7} ¥ g% 2 v 31 W(Warburg Impedance)” } UEFSTE

< Zn°] Ca(OH), 583} Al&2 0 2 §h-g-aFa A Zno]
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1)
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SN

\
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S A \ \
¥ \ Y
200 WK Ve e
SNV Ayl Rre | Rp i
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Fig. 6 Nyquist plot of Al ATMS in Ca(OH), solution(1~7day)
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Fig. 7 Nyquist plot of Zn ATMS in Ca(OH), solution(1~7day)

e Iday | ZnAl ATMS
=== 3day
300 {— -5day /
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B 250 / /
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= y
-E Rs . E X /
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=
B 100 /
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Fig. 8 Nyquist plot of ZnAl ATMS in Ca(OH), solution(1~7day)
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2R3 o] 43k §k-gofl oJ& Zno] ARFHHA FAHE BE

589 AA) 27198 179 A A% 3 0% T APA
of w8l ul A B u g e o m, 1A SUARE
ATFRE Z745he 212 S5

2 FEEAF AIFAI = 2] ZnT AlS] A Alel] &3]
Galvanic corrosion®] Yo A, F2lof tfgl #glo] FA
UEhA] ok 2102 Ak} B3, Zn ATMS A Al 2t
22 WEF 29 5713 £} Warburg Impedance”} UEF:
=, o] Zng] W2 RES-/d o] Al o &l A E v et 2 A
o] WA|uk 7Zno] WS- s} 7 o] T wWol e 71
W7 HEh= 2l o2 AlR T

4.1.2 EHA Y & £5AF] W3}
Fig. 99} 102 ZA| A7) W& AR AE2] Bode Modulus
plot= UERA Zlo]th.

10000
24hr © Bare
= Zn
Al
oy
o ALATMS —LnAl
1000 .‘..-"(__
— Soagasasdlng, Zn ATMS
= °, b
S .°o. -"-.__
= “>— B ",
~N are e,
100 Po950scacsss \ e,
Toreee ey
\ ZnAl ATMS
10
0.1 1 10 100 1000 10000 100000

Frequency (Hz)

Fig. 9 Bode Modulus plot of specimen (24hr)

10000 ek ® Bare
= Zn
o e Al
“..‘-.___ AlATMS X ZnAl
000 | "-( Zn ATMS
L}
T T
S Bare -"‘-_
~N \ i, SO
p
100 ZnAl ATMS
10
0.1 1 10 100 1000 10000 100000

Frequency (Hz)

Fig. 10 Bode Modulus plot of specimen (1week)

Bode Modulus plot-2 21718 Ful<rol| wheh 249 U9d
25 UERA 21 © 2 Nyquist plot Aol A B4 8k2] g2 %1
27 HF)(Half circle) 2] A& gto.2 =g = gl o), A 53}

92 SIRPEZEXICLIX|A2|FEHS| =2F #2423 X 3F(2020. 06)

T FY A 9] 4t 55 312 3HH Bode Modulus plot 3ol A
AT YA aLFaka Gl A atete] A= S 1o
A0 A5 F8h= Al o] o YHbA Q1 Wi o]t Walter, G. W.,
1991).

w}2}A] Bode Modulus plotol| A A F=3}= F-31of| 4] ¢13]
U2 S 179k P A Y YA 2= SA S o] &
sto] kel A o] A3HRp)H EFAFHR,) = AlLtetal o,
Ca(OH), Z3}-8-4 A Y 8 A 2y whE # 3o
H3}E Table 8o YR AT

Table 8 Variation of Polarization resistance (Series 1)

R Ca(OH),
Name Immersion in aqueous solution
(Qecm)
1 3 5 7
R¢ 86 95 97 108
Bare
R, 2187 2855 3239 3603
7n R¢ 98 104 108 114
ATMS R, 231 3018 3314 3699
Al R¢ 160 588 651 693
ATMS R, 418 1584 2003 2570
ZnAl R¢ 172 285 317 349
ATMS R, 40 126 295 265
BEE AI@A A AL o] S71EF ) tol| A o] A3} Ry
9} 243t Rs7} F7 k= A2 XYt Bare A8 A2 7
& RIAYo] 223 Z7451.0m, AlATMS A @A 7
T R} TrEAEA Ol vlg] A 7k ol& Alo]

Ca(OH), T~8-4 3} vht} w2 A 4lslsla A Fgels]dte] 7}
7he Akskalehe B4l Ry 2 S7hE Ao Aa
o, ksta]at g ol ti g WAY S-S Fig. 11 o] YERY AT

Lol
Ol  OH OH

[=]
N VN W

OH OH
o i B
i ATMS

Step 1

oM oM OM DHO e (=]
N Vo N VLT N
) - ATMS

Step 2

e OH

oH
g
i ATMS

O:‘ oM ONN;
Step 3

Fig. 11 Increased performance of ATMS by oxide



4.2 Cement Mortar OHEIA|E (Series 2)

Zn ATMS A @A= Zno| 4Hs}sta A Rp7t A S7FsHA
o1, Rs= YHHH QI Bare Al@ A9} AR 57185 UERY
Atk Zno] 4l o3l ARE A= F9S FA3HA] K3t
= A0 2 AAET ZnAl ATMS Al A 2] 74-$-R,2}Rs 2] =
77k Z7 ko] b Agkow, o= Zno Akslr} AlFe)
Galvanic corrosion® &3] Rp7} ZA| YER= ASE AR
=, Al9] H]&o] 2] o} 4lstu]ut P4 LT 7 Al ATMS
ANPA BT =™ 70 2 AT

4.2.1. NaCl 8- )| 4| &] A FA"H Nyquist plot

A @AES NaCl 3.5 wt% =8 oll A 3 52431 FHol|
S48 32~ Nyquist plot2 Fig. 1201, IA] & $25Y
FHoll =43+ AT 2=2] Nyquist plot-2 Fig. 139 YERJ AT
NaCl =80l 2731 A5k Al@A ] Yo ~E A4S
A3}, Bare A @A 27158 272 7R 7P S o 2~
& A3 AL FRIsIATE o= Clol2] HEZ sy

200 ~&—Bare |24hr
180 {—=—Al
Zn
160 | ——27n
% 140
g Bare ZnAlATMS
g 120 Zn ATMS
£ 100
&
g 80
E 60
N
40
AlIATMS
20
0
0 100 200 300 400 500
Zreal (Qmn’*)

Fig. 12 Nyquist plot of specimen in NaCl solution (24hr)

200
=&—Bare | 2week
180 {—a—ap
Bare
160 Zn
—=7nAl
F 140
S
120 AlATMS
g
= 100
) Zn ATMS
<
80
g
g 60
N
40
20
%
0 - - - -
0 100 200 300 400 500

Zreal (Qmn)

Fig. 13 Nyquist plot of specimen in NaCl solution (2week)

HA 1LAREH A7 F21S 55 AI2E A0 2 Ao
Zn ATMS A &A= A 1€}l = Jad 271 71 =944
Tk A 2350 = 7P We JudAE YeRih Ajdl

=

o

E
R EEFE2} Zn ATMS o] ¥h-g-3te] Zno] &%= IR
om AR 2F Fofl= Ao BE Zno] BT AZIE o] ATMS
vjute] Aiso] A Holzl A0 & AR HTE ZnAl ATMS Al
A 2] 79 Zn ATMS 9} vl 528 H &R B AT Alol| 2] ¢
sstajato] YA EHA Zn] WHEEEE A3l Zno] &
A&7 27 O =513 A2 AR E sHA|9EAL ATMS
AN @A 27|20k 273-9] 927} H & 7S UER
o, o= AW E B ZELZ 9} Alo] §HE-8he] 27]0] 4tsla]
TS A% 202 AR E, A Akska|vto] Crel HE
ZRE ZAE Rasta glom Atslajuke) Bkl w5
F7Fehe A S AlsHTh

4.2.2 AA A7) w2 B3] s}
NaCl 3.5wt% <& ol] A A|7tol] & 3T 22| Bode
Modulus plot2] 3= Fig. 14} 159 YERJATH

1000

24hr <+ Bare

» ® Zn

%0,
Al
®e,
....... / Zn ATMS % ZnAl
e,
'S,

100

10

0.1 1 10 100 1000 10000 100000
Frequency (Hz)

Fig. 14 Bode Modulus plot of specimen (24hr)

L000
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