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A Study on the Corrosion Characteristics of Steel
by Alkaline Water

Ryoo, haejeon

Department of Material Engineering
Graduate School of
Korea Maritime and Ocean University

Abstract

River and sea have been increasingly contaminated due to
environmental contamination. Therefore a city water has been performed
with high level purification treatment for safe drinking water. However, in
order to do its high level purification treatment, a large amount chlorine
have to be inserted to the city water for sterilization. The inserted
chlorine reacts chemically with water and forms hypochlorous acid and
chlorine ion. And the hypochlorous acid ionizes with hypochlorous ion and
hydrogen. As a result, the city water contains large amount chlorine ion.
When the city water is used to the domestic boiler, many kind of heat
exchangers, engine of vehicle and ships, the corrosion problems of these
machineries have been often occurred due to the chlorine ion contained
in the city water. In this study a alkaline water was electrochemically
made by electrolysis of the city water,
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and corrosion properties between alkaline and city water were investigated
with electrochemical method.

Most of chlorine ion is thought to be not contained in the akaline water
because the alkaline water was made in the cathodic chamber with electrolysis
process, that is, the chlorine ion can be nearly removed by its migration from
cathodic chamber to anodic chamber. Moreover the alkaline water also contained
large hydroxide ion. The alkaline water indicated relatively a good corrosion
resistance compared to the city water and the city water exhibited a local
corrosion pattern due to the chlorine ion created by high level purification
treatment, however, the alkaline water showed general corrosion pattern.
Consequently it is considered that the alkaline water can be used with the
cooling water of the domestic boiler, various heat exchangers and engine for the
ship to inhibit the local corrosion by chlorine ion.
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Fig. 2 Conceptual diagram of corrosion by anodic and cathodic

reaction in seawater electrolyte
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24 5% Fd FF3 50| EAHE 4

241

B
=

o

i

75 489 E4Y
%2 Fes}l Colol o8] 71A TR/ A&o
A% w] FF3 SFo] A F 5 ek

- 6 -

Collection @ kmou

A=t ols A&l



g

242 %29

A & o

T

o]

g

243 399

i
i

—_
o

ol
K

)

H%ol 9

244 o) OF 2=

Far

S|

Ay

£ 2 (waviness)?]

9

FhE 0%

gL
FEL

S|

ob5-e)

o
A

23

r
!

roughness7} |

3k}

il

g

245 849

ﬁo

Holl A H= &

ojo

—

Ho

Q

5:0]
==

!
Njo

2.4.5.1 °]

13 9le o ol est o} A

S|

AM MZ H=

gl

]

A
A

H
T

]

(o]

A4

—_L
=

279

=
-

—
o

(o] 23}57] o

r
!

=
T

, °]&3} i}

™

o
4

_Z,_ﬁ

o

Collection @ kmou



A2A I

1

=42 Al Cu, Zn, Cd, Hg, Ni, Fe, 18Cr-8Ni stainless
steel o]™ F-A% 11

2453 Ld=%Fo] Y

Electrolyte
m
[=] &
Oxidation Reduction
Fe — Fe™st 2e C&*iﬂ_ﬂ'*-le—rm
2 Anode
Eleﬂrun flow
Metal Current

Fig. 4 Corrosion conceptual diagram by Anode and Cathodic reaction
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Spade Type Semi-Spade Type

Fig. 8 Ship’s rudder attached with zinc anode

Fig. 8& Aulo]l AMu](fift )9} ruddere] ¥2Hd zinc anodeE HF11 Ut}

2.6.2.3 AA o] anodeE H-=3F w H Q3 anode 9 4

W.5.A(m?) X Current density X Year < 8760(Time/year)

Anode output X 1000 =k

Anode=

W.S.A(watted surface area); 34 H32
Current density; H+ AF €% 16mA/m’
Year; Docking interval, Ab& A4 H 2.5

Anode output; Sacrificial anode material current capacity
Zn=780A.HR/kg

Al=2300A.HR/kg

_14_

Collection @ kmou



Anode %2 A anodest MA7L A ¥x REE AT = FIY &

A

=

24 BA g1 oA 52 A9 anode Atolol 1 F-FHrubber plate)S
skl ZA7E anodeoll A A A =

TERE F A4 2V HEE Foste F
23t}

Fig. 9 Zinc anode attached on keel plate of hull
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Table 1 Corrosion potential of various metals in seawater

= 5 Z$] V (NHE)
Mg —1.45
. Zn —0.80
() Al1(99.95%) —0.53
Cd —0.52
S EavAS —0.40
Pb —0.30
Sn —0.25
Ni(ZH/3 =) —0.12
&5(30 Zn) —0.11
Cu —0.08
‘ Ag +0.12
(;T:%) Stainless steel(18Cr-9Ni, 5 &) +0.17
Monel +0.17
Pt +0.40
AL =de sl 24, F59 59 29 A g ga 2.
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Table 2 Main components of seawater(g/L)

Chloride(CD 18.9799
SulpHate(SO, * ) 2.6486
Bicarbonate(HCO® ) 0.1397
Bromide(Br) 0.6460
Fluoride(F) 0.0013
Boric acid(H®* BO* ) 0.0260
Sodium(Na™®) 10.5561
Magnesium(Mg* ) 1.2720
Calcium(Ca*® ) 0.4001
Potassium(K*) 0.3800
Strontium(Sr* *) 0.0133

2.7 A7 A=A} Asfd 84

211 A A=A AZA7T 94 olF & 5 U= F5A oI

FI & Aolol WAl @R A ARARA AL A 2 F
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Table 4 Standard potential for various metal - ion, gas or redox electrodes

vs. SHE at 25C

Electrodes Electrode reaction E°/V
Au*/Au Au**+3e = Au + 1.50
CI/Cl, Cl+2e == 2CI + 1.3595
0,/H,O O.+4H+4e = 2H,0 + 1.229
O,/OH Os+2H,0+4e = 40H + 0.401
Pt**/Pt Pt*+2e = Pt + 1.20
Pd*/Pd Pd**+2e = Pd + 0.987
Ag'/Ag Ag'+e = Ag +0.799
PbO,/PbSO4 PbOg+SO4 +2H+2e = PbSO,4+2H,0 + 1.685
Hg,**Hg Hg,>*+2e = 2Hg + 0.789
Fe¥ [Fe* Fe¥+e = Fe* + 0.77
Cu’/Cu Cu'+e = Cu + 0.521
Cu®*/Cu Cu*+2e == Cu + 0.337
Sn*/sn®* Sn**+2e = Sn* +0.15
Pt/Ho/H" 2H+2e = H, 0.0
Pb*/Pb Pb**+2e = Pb - 0.126
Sn®*/Sn Sn*+2e = Sn - 0.136
Ni%*/Ni Ni*+2e = Ni - 0.250
Co*/Co Co**+2e == Co - 0.277
Cd*/cd Cd*+2e = Cd - 0.403
Fe*[Fe Fe?*+2e = Fe - 0.44
Cr*/Cr Cr¥+3e = Cr - 0.74
Zn*|Zn Zn*+2e = 7Zn - 0.76
Nb**/Nb Nb*+3e = Nb - 1.10
Ti*/Ti Ti**+2e = Ti - 1.63
AIP*/AL Al¥+3e = Al - 1.662
Mg** /Mg Mg**+2e = Mg - 2.363
Na'/Na Na™+e = Na - 2.714
Ca%/Ca Ca®*+2e = Ca - 2.870
K*/K K'+e &= K - 2.925
Li*/Li Li'+e = Li - 3.045
- 2‘] -




9 3% 714 AL Zekd A B

29.1 7189 AL

~

t# J), EMF: electromotive force)olg} 3o} 7145 & wbd
A A (half cell potential) F2 4ksh/$H A 9(redox potential) =2 HH
g sh=d 2] EE AA(battery) 28-S oldst=d ¢ F23HT)
ool Al AT 7IHES EFAHAA T 27 E=AF JEd AL 7Y
ADEMF series)o]gtar gtk o] AlFolA Stctol] XA AL Adrho] $x%h
TEET o) 23 AY S F& Aol Art
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Table 5 Electromotive force series of various metals

_ electrode potential (V)
metal/metal electrode potential (V) metal/metal
o S vs normal hydrogen
ion librium | vs normal hydrogen electrode | ion librium
electrode
Pd/Pd? + 0.987 Fe/Fe* — 0.440
Ag/Ag" + 0.799 Fe/Fe** — 0.036
Hg/Hg*" + 0.788 Cr/Cr* — 0.744
Cu/Cu® + 0.337 Zn/Zn* — 0.763
Cu/Cu* + 0.522 Mn/Mn? — 1.029
H,/H?* 0.000 Ti/Ti* — 1.630
Pb/Pb** — 0.126 AlAP? — 1.662
Sn/Sn** —0.136 Mg/Mg*" — 2.363
Ni/Ni?* —0.250 Na/Na* — 2.714
Co/Co* — QU2 K/K* — 2.925
Cd/Cd* — 0.403 Li/Li* — 3.045

2.9.2 74l A ¥Y(Galvanic series)

NAY Ade £5d FEY Ag 7}

_23_
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Table 6 The galvanic series of various metals in seawater

Noble or cathodic

Platinum

Gold

GrapHite

Titanium

Silver

Hastelloy(62Ni, 18Cr, 18No)
18-8stainless steel (passive)
Inconel (passive) (80Ni, 13Cr, 7Fe)
Nickel (passive)

Monel (70Ni, 30Cu)

Cupronickels (60-90Cu, 40-10Ni)
Bronze (Cu-Zn)

Copper

Brass (Cu-Zn)

Hastelloy b(62Ni, 18Cr, 18No)
Inconel (passive) (80Ni, 13Cr, 7Fe)
Nickel (passive)

Tin

Lead

18-8 stainless steel (active)

cast iron

Active or anodic

Steel or iron

2024 aluminum (4.5Cu, 1.5Mg, 0.6Mn)

Cadmium
Zinc

Magnesium and Magnesium alloy

Collection @ kmou
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2.10 59 RA4AA Y FF

2.10.1 o)FEF&EATAX(RESBEEE: dissimilar metal electrode celd

Gol AZ HESEL W A9

| g& =

2.10.2 =2 AX(EyE#: concentration cel)

2| (v B salt concentration cell)

r

Fe 89 %o THAZANA Tt
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Cu — Cu®+ 2e— Cu®>+ 2e— — Cu
2+ =} = a

Fig. 10 Schematic d{i salt concentration cell

@ 2taxEH SV 0TI @ce]l differential aeration
T 5.

Fig. 11 Schematic diagram of oxygen concentration cell
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nc = Ec - Rrev
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sHA Ao 17

£ s "o

)

Ea
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40H™ — O, + 2HO; + 4e~
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2.14.2 SHRH) F4

of F2I(fLfk, pitting)o

_

Ho}

2.14.3 JARA) H-2)(intergranular corrosion))

Fig. 13 Austenite stainless steelol| Al W& g3 o] Ed3} B4HE 5

A7 JAl(grain boundary)oll 450~850C & 7} ¥ FHou}, &H LR (HAZ)
NA dojue =F BAS AWtk o] 18 | 8 :
3 AAH(grain® JACK A, boundary)ol A JEfE Cro A=
oF1 Utk F dWls &% 450~850TC Atololl Al AAIRE FAE uf a4
I Agste] A593ECraCde FAst dAld A5 2HSol 485
S99 AF A¥IFHel FFeE ALt =H HAo] WA Hr.
STS 304, STS 3167} Z2 =HUZ2=F &5 Fjof dAygoh
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Fig. 13 Schematic diagram of intergranular corrosion

austenite stainless steele] YA 2SS WA 517 YA +=

O zHAEg 2% Fo 84 T5FS 0.03% ol3tE ZFo|H H=d. o|8F
A 715 Hel L7t BE& = 304L, 316L= ®7|stal o9} 72e (RS
Ab-8-ghtt.

@ E"/\7]' CI'E.E]' §§8}7] ‘}H‘TOE qu' Nb< 7]'0“ 7'<47]-'§}E]-. = Cr23C67]- & Ad
Zet= g1 TiC &2 NbC7t wlg] RbEo] A =% AZgth KS¢F KR 4
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G wl; FR(HE Y
A, A ACERL)

2789l 0.7-0.9Re] 91l A Al=H_htt
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Fig. 14 Erosion of propeller(cavitation)
Fig. 14 A& =<
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2.14.8 38 -2 FA(stress corrosion cracking, SCC)
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W F2 A% $99 W=

FFol A EAstal &7 HelA
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Fig. 15 Occurrence requirements of SCC
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Fig. 18 Generating equipment for ‘Alkaline water

32 3717 2 NE=

321 &2 70K 4 717

Fig. 19 alkaline water pH tester
Fig. 195 & A3A AH&E pH SA 7|0l

Maker; Lutron, Type; pH-222, Range; 0~14 pH
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3.2.2 AN @%(test specimens)

Fig. 202 Aol AHE-3F A 47l SS400 Al HES HofFa Ut

7F2 25mmX A2 30mm AlEEE vrEof A FElAd AZdste Vs & F
skA &k

AlgH & AbE(sand paper) 100, 320, 600, 1000, 2000 =02 U7 FH(#R G
bare metaDe] & of 7}2 & g 7h&d 10mmx10mmE @7 yez F
B2 silicon £A 2 coatingdtglth. & 10mm X 10mm o] o]gA B2 sl=

2 2A87] $1%olt.
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3.2.3 Test beaker
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3.24 %54 £8 Ag@7](Vibratory rotation corrosion tester)

Fig. 22 Vibratory rotation corrosion tester

Fig. 22 test beakerE 2d#¥1 & % AL F7] 93 AH ot
- 45 -
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Fig. 23 Test beakers for immersion test

Fig. 23& 7} ozhe] o) pH ¥ %#(7.21, 853, 9.67, 10.51) 2]
ERATE 1000ml =7] test beaker <ol Fig. 20¢] test specimensE
free 71 93t Fig. 22% & s &3 AlF7|(Vibratory rotation
corrosion tester)E ©] &3} beakerE 1 $joll &vE31 beakergtol fly ball
< ¥o] &5 IHAHT AMZo] FEA UEue A APHo] FAE
Ao YERAT

3

flo

ur

L—Vi

r$£

A
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Fig. 24 Photograph of corrosion test by test

specimen submerged in alkaline water

Fig. 24& &2l < pH ¥= 9.52¢14 9] o] dojt Ag yepint
beaker ¢ & F&o] F(HI7FFAY Hole A& ¥4 FaEolth
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3.25 A7)3}8 Z=AAX|(Electrochemical apparatus: 54, YEA2x @D Alo]ZE

EEEI)

T AR SR B R

Fig. 25 Experimental apparatus with test specimen, working electrode and
counter electrode

Fig. 25&= test beaker <t ZgAd=3 A @A, Fd5& ¥ Fig 25
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Fig. 26 Computer for electrochemical measurement of corrosion potential,

polarization potential, cyclic voltammogram and impedance
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Cp

Rp

Rs: Solution resistance, Rp: Polarization resistance, Cp: Electric double layer

capacity

Fig. 30 Equivalent circuit diagram by parallel circuit of polarization resistance

and electric double layer capacity
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Fig. 35 Comparison of corroded surfaces after

3 days immerged in various pH solutions
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Fig. 36 Comparison of corroded surfaces(A, B) with flow and non flow after

10 days immerged in various pH solutions

it

< YEie. a8x

&= UEHIT.

ﬁo

ol HlsjA R

 37]9

Sl
yul

o)Al

71l =

A =

S|

R LR CEC IO R

ol

ol

1A Ao

z g3

tol A=l Fig. 364

u
=

a2y Asijd ggol

22

(oo

R

oK
N

g U

o

HAr
ol
i

23 Fig. 36004

_65_

Collection @ kmou



Fig. 37 Comparison of base surfaces removed rust oxide from A area after 10

days immerged in various pH solutions in case of non flow condition.
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Fig. 38 Comparison of base surfaces of B area after 10 days immerged in

various pH solutions with non flow condition
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Fig. 39 Comparison of corroded surfaces(B) after 10 days immerged in

various pH solutions in case of flow and non flow condition
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