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The Study on the Corrosion Control of Lining

for Mild Steel in Acidic Environment

Pan-Woo Lee

Department of Automotive Engineering
Graduate School of industry
Pukyong National University

Abstract

Industnial development and income increase causes rapid increase in
using fossil energy like coal, petroleum and natural gas, and it results
in accelerating acidic environment owing to the increase of air
pollution substance, such as SOx, NOg, THC, HCl and CO etc.
Therefore, corrosion damage is accelerated in economizer, air preheat,
duct and incinerator that is using acidic environment.

Organic coating to prevent the corrosion on the metal structure is
widely used owing to the advantage of convenience and economical
efficiency. But paint and epoxy used in organic coating are not enough
to prevent the corrosive damage from acidic corrosion of coating
occurred on the energy system.

Therefore, it needs to develope the new coating materials to protect



those acidic corrosion damages.

In this paper, corrosion of epoxy metal, epoxy glass flake and
vinylester glass flake lining for SS 400 was investigated under acidic
environment by electrochemical corrosion tests and sulfuric acid
resistance test.

The main results obtained are as follows ;

1) In case of epoxy metal lining for SS 400, corrosion current density
in the forth acid resistance test is lower than in the third test, but
that is higher than in the third test with increasing the anodic
potential.

2) In the repetitive acid resistance test of epoxy metal lining for SS
400, the crack of lining layer progresses toward depth direction.
And, the crack aspect of lining layer appears clearly and separation
occurs at a time.

3) The corrosion current density of epoxy glass flake lining for SS
400 from the first acid resistance test is high, and the damage,
such as blistering, severe elution and burn, occurs.

4) In the sixth acid resistance repetition test, the corrosion current
density of vinylester glass flake lining for SS 400 is negligibly low.

5) The surface damage of vinylester glass flake lining for SS 400,
such as blistering and micro crack, is not distinct, but micro crack
grows gradually.

6) The acid resistance is good in order of vinylester glass flake lining

> epoxy metal lining > epoxy glass flake lining for SS 400.
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Photo. 1 Appearance of GGH by acidic corrosion
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Fig. 1  Schematic anodic polarization curves for hypothetical

alloy A, B, C and D, illustrating evaluation in
various chemical condition : 1, reducing ; 2,

moderately oxidizing ; 3, highly oxidizing
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3.1 AgA=

1) B2Ae] AdA s

ARl AbgE AlgHe EAQl AW S FAZASS 400)9)
steba A2 2 71AA 54& Table 1o veERW A

Table 1 Chemical compositions and mechanical properties

of used material (SS 400)

Chemical C Si Mn P S Cu
composition
(Wt %) 0.16 0.06 0.58 | 0.018 | 0.01 0.10
Tensile strength| Yield strength Elongation
Mechanical (MPa) (MPa) (%)
properties
426 270 25

2) gtold Ao AdAR
A A s = (Ao seo A Wik etold A 2 AL83lE epoxy metal

ghold Al epoxy glass flake 2ol Al 2 vinylester glass flake }o]yd A

=oetsloy, 7F geold Aol Aie v Zroh
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(1) Epoxy metal €}o]xd A
Table 25 ¥ A&l A}8% epoxy metal gto]ldA[(F)Alo] ZE =

el shstd 248 JeR AL

Table 2 Chemical compositions of epoxy metal lining

Chemical Epoxy | Alumina Ti.tan.ium Zirconium | Reactive
N dioxide .

composition | Resin | (AlO3) (TiOy) (ZrO2) | Ingredients
(Wt %) 70 7 13 8 2

(2) Epoxy glass flake @}o]d A

Table 32 5 A& A} 8% epoxy glass flake 2to]d A[(F)A o] z 6l

Table 3 Chemical compositions of epoxy glass flake lining

Chemical Epoxy Ti‘tan.ium Glass Reactive
. . dioxide R .
composition Resin (TiOy) Flake Ingredients
(Wt %) 74 8 16 2

(3) Vinylester glass flake @}o]xd Al
Table 4= ¥ 23 Al8% vinylester glass flake[(F)#A o] s8] x|

Flel shebd x4 vhehigth

_17_



Table 4 Chemical compositions of vinylester glass flake lining

{ Chemical Vinylester Tlitan_ium Glass Reactive
. . dioxide . i
composition Resin (TiO) I'lake Ingredients
(Wt %) 70 6 21 3

3.2 Ztold A AAA

Table 13 #Z2 3tehA A& 2 71A4 SA4& 7B dubx8 ¢

ZHEAQ SS 400 A HAE

21
e At AgAe iy
A7 - bEstArh o Ad Eimﬁ;

:»)"“—‘“‘\

Bared surface

"o HdEAS sandblastE
!
of 7124171 v}, Table 2,
Table 3 ¥ Table 49 %

-

) B \\\w/_;
g 5, opAMECo R A

ol

a0
o FaA MRS sz
= } st o= F Insulated surface ——+L-3

vinylester glass flake @}o]

., cpoxy glass flake z}o]

Y

9 % epoxy metal #ho|yd < .,_,_’//“
W
= At A71A, et

A 8.9)

Fig. 2 Dimension of mild steel specimen

ol

V' Vl 5 Q . . . .
mylester glass with lining(unit © mm)
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flake, epoxy glass flake @ epoxy metal 2ol A= 0.7 mm FA = €
a7t A e elold sl ojef ol wA Al vinylester glass flake,
epoxy glass flake 3 epoxy metal ztold gt A3 2 d7stehA #+

SAdHe P42 Fig 23 2ot

3.3 ol g3 Ao F-AgA e

AAZA R 2APH

epoxy metal 2Fold A, epoxy glass flake 2to]Yd A 2 vinylester
glass flake gtold A2 A& AldLS ASTM D6137-975 7|+ o =
b

A FolA eold g Ao d, pin hole & A3l digh HFS A

dastdon™ ey Agssid Avlgets E3AE 29

£

Ol

wek AR AR ASTM D6137-97¢] A4 ad 7Ee G
(HS09 20% 8 Fold ARs=s FAstn gou, 24 s
Aa ndele] "ulod BAHE 35 B4 o 40% & 9o
ggata et

wekA BoATel s MAGY AE 2 A71serE P
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@
& Specimen

) Counter electrode

Printer
Corrosion cell

Fig. 3 Schematic diagram
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10 Temperature controller
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& Giit 2] Model 273A DPotentiostat/Galvanostat®} PCE o] &390 M
352/252 corrosion softwares Ab&3dto] 5 SAAEE AAledct F
A e BASEZ FolA A HEL vinylester glass flake 2ho]yd 7+A),
cpoxy glass flake 2FolWd 7 a] @ epoxy metal 2tolW A A= &1, 7|5
H=e  ¥E3p7t2 A (Saturated calomel electrode, SCE), HZH =
(Counter electrode)& 1¥ % &t4% o7 3¢t}

Koo ol MA Ao A2 % vinvlester glass flake @Folwd 7 Ay,
epoxy glass flake 2told A ¥ epoxy metal glold7tz]e) BSAHES
Potentiostat/Galvanostat  Personal computer(M  352/252  corrosion
software % 2H) Monitor &< A * A Printerol A #5234 A0k M ¢
4 EA Data’l V|SHES st on, o] =AY U 35S (flow

chart)& Fig. 40 YeEb A}

2
28 oil bathel He]l& 2d& FUAH,
==

el A7) Ee A RSl QlolAl Fig. 29) eheld A@we
SR FNA 2EHAHAR AN g, opESR @AY F
jelg ARRe Fig 39 2

#gA H2wst o] wAlst, eholdAdRE ARG R A

dTow AFxAHY. o9} o] i1
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Fig. 4 Flow chart of polarization test equipment

Electrochemical Polarization
Reaction

v

EG & G Model 273A
Potentiostat/Galvanostat

v

M 352/252 Corrosion Software
Installed PC

v

Monitor
(Polarization Curves Display)

\’

Printer
(Polarization Curves and Data)

A A fol A 1087 EHAIT7I L F 3 7}

=)
R e B

- .
LS

o

2 Table 5%} 2},
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Table 5 Experimental conditions of the polarization test

Instrument

: EG & G Model 273A
Electrolyte : 40 % H2SO; solution
Material : SS 400

Vinylester glass flake lining for SS 400
Epoxy glass flake lining for SS 400

Epoxy metal lining for SS 400
Temperature : 251 T

Polarization test : Anodic polarization test

332 AAFAE 2dWH

epoxy metal 2] d A, epoxy glass flake @to]lyd7bA 2

% vinylester
glass flake glo|d A2l AbA Al Al8lS ASTM D6137-978 7|#Fo =
sfo] &}9l o,

Ll polAE thedt R HENARY 482 A

= =
Hou, o ASNAGY AGEe e 2ok
HYBA RN FF

F ool FAHS0NE £FH "rhstel 44

[



A1 Bk 40 %(ASTM D6137-97 71+ 32 209%) =2 A ASHA & A 5f
b e

AMAZ, 2} lining 42 Al@He] i+ Holu pin hole 59 &£4%
atetsty] 93he] Photo. 22 Fig. 39 Al &Aoo 2j&l 40 % 3k

BN (25°C) FolA ArIeta FFRINES AASHAh
Y WA 2, Photo. 39 o] 40 % 3} FEA (AR £8) FolA

ASTM D6137-97 712 1A3F 5 AAsARE, 2 AFoA s 7HE5A

A WA, 40 % FA FEfozRE ARAL AW F APALE

Ul HA 5 Photo. 49} 28 odd #7128 (&% :177T)ol 428

Fow ANPAL AAste] 16 AHES A% ol F48%
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oAl WAl 2 Photo. 2 2 Fig. 39 A
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Photo. 4 Appearance of dry furnace equipment
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= L

mj 2}

ol A epoxy metal 2to]d Aol thal A

A8 S

7_|1-

cvcled Y=TRITHONEAYERE A4 2000 mV/SCEE 217h&

Aelstol tebd ZAolth o /|4, ¥ A gl St

2400

2000 +

1600

1200

800 +

400 -

Potential, E(mV/SCE)

400 -

-800 -

' i o | i 1 Mk il oy ki | b |
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p Caramic B cyele
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S—
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Fig. 5 Anodic polarization curves of epoxy metal lining for SS 400

1£-10 1E.9 1E.& 1E.7 1E-H 1E.5 1E.4 1E.3 001

Current density, i{&/cm®)

01

25+1 °Co)t}.

after acid resistance test in 409 H.SO4 solution at 25°C
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A Aldstrl Aol AAsd A" 1 2 2 cycle $9 epoxy
metal 2ol Ale] FAAFATE /HE A (open circuit potential) 3ol
A 1x10 0 ~ 2x107 A/em’® YU, $FA9E 2000 mV/SCEZ 9l
ZFetedle B8t ARSI 2 BAAFEEE YER
&8 & 5 Ak olet o] AR AYZFE 2000 mV/SCERE Q1 7}at=rt)
= Bt FAAFUEE 1x10° ~ 2107 A/em® 2 YERG o2 A
Fataglol A FAZ F dema’™ epoxy metal 2hold @Al #4, pin
hole % blistering 52 Ago] gl Aoz FAHEC

ey AR EA A1E 3 cycleol A epoxy metal ghold e BAA
FUEE ARAYstAA 8x10° A/em® & AAFA A1E 2 cycled] 52
ARdeng oS A FEa 0907 45Tl el RAAFY
=7b Ftstthrt FEE A4S veldla ok ojg) o] ArH A AY
3 cycledl M HFAHFLETE A Al 2 cycled] FAAFLUERG
L =4 vjFEE Y2 epoxy metal ghojd o] wrE A bz 34

ol o] <, pin hole ¥ blistering 52 Zdol 23 Hox FAHA

Fawt AzAsdsAA 2x10° Alem” 2 434 AE 3 cydle o ¥
AAafREuct edlel o 44 dehAw, FFA947 45T we
PAARUEE Fhshs 23S dehia dd 53, 3549 o 250

mV/SCE ol M58 BAdFUEE 435 F7hstdx AAgd Ad 3
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ek A7IAM, st A A AlE 4 cycle o FAAFEEE
A A 3 eycle o FAAFUERG 2388 ¢ AHA Yehyi= o
i AAFA Al 3 cycle 7HA o] RERAQ AAFAFA ) epoxy
metal 2told F9] <, pin hole ¥ blistering 5 Z g5l 29l g4
Al HAMHER SFAHT] fZola, AT AlF 4 cycle 9 dF
A9 oF 250 mV/SCE A58 FAHdFEE
@ A 3ceycle o FAAFEERD O #
Y7t EobA WA epoxy metal o]
o] £%57] wEel Aoz wadt

Tk Ak Al 3, 4 cycledll A FALA7E FEEtHA RAAF
L7t F7kettirt Fs e A4S UetlE ol & Table 29 384 =
Ao A4 Titanium dioxide(TiO») 2 Zirconium (ZrOseo] HEH 3 Az %
g5t7] mEe Hoew Atgdagt
Photo. 5= 40% #A4H-& A Fol A epoxy metal 2oldZdAoll djsf At
Fd A7 epoxy metal gtoldEFo] dH $FS YERd Aol
Photo. 59l X9l nke} o] epoxy metal #Fold %9 AL vEhtA
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Photo. 5 Appearance of epoxy metal lining for SS 400

before acid resistance test in 40% H-SQO4 solution
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Photo. 6 Damage appearance of epoxy metal lining for SS 400

after 1 and 2 cycle acid resistance test in 40% H>SO, solution

2x10 7 A/em’ & EBHSjo) A FAlE 4 9lom epoxy metal 2ho]id 74 2

Al 3tES Photo. 62 a) 1 cycle AFA 3 A

oo

wrh o wol watalAl U

_31_



#RZo] gz QoA wael sz Pale o
ko] WA x] = Aoz wugrt
Photo. 7& 40% kg =

ol 51 epoxy metal 2}olyd 7l s A

a) 3 cycle

b) 4 cycle

Photo. 7 Damage appearance of epoxy metal lining for SS 400

after 3 and 4 cycle acid resistance test in 40% FLSO4 solution

_32_



Agd A 3 cycle E 4 cycle 7HA AAEAE W 7 cycleol A
epoxy metal gtoldZ9] HH &4 S AHglsto] eRd Aolo)
Photo. 7¢] a) 3 cycle AHA & Alge] FAolA blistering ¥4 &
#0°]aL Photo. 62 b) 2 cycle A4HA3 Alge] FHIFNRY AEe
Y o] Wow IPE o g A3 okt g 59 E4FA

Holx o o]#3t £42 Fig. 59 3 cycle BFAEAA A9 n}

Adem’ 2 A} A8 2 cycled] BAAFEERT | A wjEHE AL
AARS Fa 9t}
712l 3L Photo. 79 b) 4 cycle AFA & A& o] FHAA blistering $4

o
th

&£ 0] 1 Photo. 79] a) 3 cycle AHAH & A3
ol MEgow XNPHWA ¢ Hsty v] @ FdF A7t gt
A &S & & Atk o9 Zo] epoxy metal ol dFAAe] EH
of wgo] MatA dojiuli= o]lfE Table 2014 &tz HE ZF 74%92
Epoxy Resino] W53 A A F shabol] os] Fokajd B Po] d2# (A

Hd2Ee ddd "R 2% 77T Aol &b o wde] o A

nSL
==
ue)
0%
ox
2
>
e
v

o]
1N
M—

fl

o,

# Aoz Aggg®
A B At A 639 A E AFEE AAEIE s
o} 4 cycle 2HA A Al Fol A epoxy metal &9 Al d Ao w T

O] }E} {\_}X}TS]— /\] tT_\:Q’— {—g—é}X] ?%3’}‘4

- 33 -



4.2 Epoxy glass flake Zto]ld A Aol AAGdAH AE

Fig. 6= 40% 3489 Fol X epoxy glass flake #}old 7o) o) &)
A AFEt7] H, AT AEE iR Hor HAASAS we 7t
cycled] IFEFFHMONZAYEZHE SF=549 2000 mV/SCEZ <171

Azte]l Yebd glolth o714, RAgele) &5 25+] “Colt},

tio

1 - —
Epoxy 8 cycle
2000 b - .
E leycle
m 1600 |- PoXY Jove tEpoxy Iowsle T
L
3 i
. i .
E; 1200 } ’3:
Epoxy 2 cycle i
£ yiove 2
oot L) 1
- 3 f
= ;
5 400 + 7 { ! 4
o f
2 b
I - o
Q. ’_‘/ ) ;
400 | e Sl it 4
Mwﬁ‘ -
~
e
-800 o
" s it ciaad 1 & ol ul

1tE-11 1E€-10 1E.Q 1E-8§ 1E-7 1E-8 1E.5 1E.4 1E-3
Current density, i{A/cm?®)

Fig. 6 Anodic polarization curves of epoxy glass flake
lining for SS 400 after acid resistance test

in 40% H.SO, solution at 25°C

_34_



AbR e Al SE7 A 9 epoxy glass flake #lold Aol BAAFHE
= R AYs A 1x107Y ~ 2x107 A/em®® vreER R, A9 E 2000
mV/SCER Ql7bstedle #7ata i gdsiolse} e RAAFUE
g den Aee o F El

% 2
Alem® 2 vepdown Fatg9ex] A 4 g

3C
lo
!
kU
3
o]
=
<
©
job]
[47]
w

a2yt AR A 1 cycledl Al epoxy glass flake #hold A 2|
FAMFUEE AzddsedA 1x10° A/em” 2 AT AHAH 0
cycle®] FAARUERT 1S =4 wlFH FFHY7E F53o uat
FAAFL R Frrsivir R @48 e ok mE AbAEA

A 2 9 3 cycledl A BAARUEIL A4 A1F 1 cycle?] F241A

_

oje} Zo] ArHE Algo] wrEHo] wil epoxy glass flake o] Zdl
ojal <, pin hole ¥ blistering 52 A%o] #itd Aoz FAAG,
ole} ol AT AF 1, 2 @ 3 cycled A FFAHT FEsEA
AAFEETE FrbstrE e H AdS JEhE olf-= Table 39 &
st xA oA Titanium dioxide(TiO2) 7} S el 3tA 2 28317 ol

—z

Photo. 8 40% SAFEd Fol A epoxy glass flake @holyd7bafol o)
3 2hA A AglE /1A epoxy glass flake #holw &9 FW

Aot

_35_



Photo. 8 Appearance of epoxy glass flake lining for SS 400

before acid resistance test in 40% H>SQ4 solution
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Photo. 10 Damage appearance of epoxy glass flake lining

for SS 400 after 2 and 3 cvcle acid resistance
test in 409 H>SO4 solution
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_40_



7h& AYstel YERd Zloldh o 714, B g e xi= 25¢] "Colt},
A A Algstr ey AR A" 1, 2 2 3 cycle F9
vinylester glass flake @tolddAle] FAXAFUEE NEA Yol A
110" ~ 2x107 A/em’® U}, FFHYE 2000 mV/SCER 217}
st =78t HEASstolM et 22 FAAFUEE Yeha IS
S & 5 Uk olg o] AERAYZHE 2000 mV/SCERE 217t &
BPea FAARIEEE 1x10° ~ 2x10 7 A/em® 2 debdozy gt
Gl A FAlE 4= 9o g vinylester glass flake #hold A #4
pin hole % blistering 52 ZAgo] gl Aoz FAd}

a8y AR A Al 4 cycleol A vinylester glass flake 2o d 7 A)
o BAAFUEE AzAddstel A 2x107 Alem’ 2 AAFAY A 1, 2
2 3 cycled] FAAFIE=RG b7t =A wiFE 2 =AY A
uet FEe @48 YeERlEA 2000 mV/SCE A 9ste] RAARFY
E o 5x10° A/em’ o2 YERRE itk o)k o] AAFA AF 4
cycleol Al F-AHd 77 A AE 3 cycled] FAAFELE
boEA owlFEE 920 vinylester glass flake #holyd Zo] wrE o] A}
A A Fel 98] <, pin hole 2 blistering 59 "l Agt Ao <3}
Aoz FAHACH

2

of FAAFELEE MEdol At d=dgstlAe FAAFEEE 4
A A 4 cycled FAAFUERT o AAHE S deguyn
ok o71M, R skl A AEA A Al 5 cycle o FAAFHES

5
AR A 4 cycle o FAMRFHERY 23] o AA e o

_41_



v AP AE 4 cycle 7hAle] wREAHS A FGAI A o &)
vinylester glass flake 2told Z2] 3+, pin hole ¥ blistering 5 Al
st AR Fig. 59 epoxy metal 2ho]\d Aol 23k upe} o] B

AR g} B ER $157] Q] Aew Als g
ey bR Al 6 cycledl Al vinylester glass flake @Fo]d 74 )
of FAAFUEE FFHA7E AFHA FAAFEEE I A

5 cycle®] HFAXMFUERYG o F718= A

e QY. olgh 7

mlo

~d ol Al Titanium dioxide(TiO2)7}F
= Atad. 538, A3 AEF FARREEY B =4 deEye
4 cyclel 4l 2000 mV/SCE &F=d9lste]l #AdFEEE ¢ 5<10°
A/em® o8 UE o2 FaaYeH FA S

Photo. 112 40% #4F& 9 Foll A vinylester glass flake #Fe]'d 734
of thall A4 A7 d vinylester glass flake 2holdZ o] ®W <&
e vhERd Aol

vinylester glass flake 2lolyd Zo |Hii'h2 U AwF Aste EelyA] &
o, Fig. 79 2FA A Alg Aol O cycledl Al Bz Hie} o] HAAHF

ez 1x10Y ~ 2107 AJem” ® Feteb9ol A EAE 4 9o e

offt
=
)

- 42 -



p

ol
i
S
|o
Ht

vinylester glass flake 59 ¥ oly pin hole 59 A ¢l

ek

Photo. 11 Appearance of vinylester glass flake lining for SS 400

before acid resistance test in 40% H>SO4 solution

Photo. 12 40% 3AF& o =0 4] vinylester glass flake #}o]Y3 7}
of el A& AEF 1 cycle 2 2 cycle 7HA AASF S weo] 2

428

=

cycledl A vinylester glass flake @}o]Wd =9 T &4} oA}
LHER Zlol T

Photo. 129] a) 1 cycle 2FA 3 AJ3 o] kA
vy el ¥ Wi g Eetk Al el ar AR Fig. 79 1 cycle

A% Helupel o] BAMFEUTs 1x100 ~ 2x10° A/em” &

mlo

rlo

A x1 3}

T [e]

o,

Al AR

M

ok
A%
X
i)

-
|

ol A F-Alsk 4= gl
18] 31 Photo. 122 b) 2 cycle 2FA1&F A M SEALS Photo. 12

a) 1 cycle AFA 3 Algle] g kafoll Ay} My ofato] v z Al o}

10
Kl

i

- 43 -



Bt 2loy Fig. 79 2 cycle A 5o ®Belujel o] RAHRA I}
2

1x10 " ~ 2x107 A/em® 2 ZSrA9oA] FAlEg £ gonm

a) 1 cycle

b) 2 cycle

Photo. 12 Damage appearance of vinylester glass flake lining
for SS 400 after 1 and 2 cycle acid resistance test
in 40% H>S0O4 solution
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Photo. 13 Damage appearance of vinylester glass flake lining
for SS 400 after 3 and 4 cycle acid resistance test
in 40% H»>SO4 solution
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Photo. 16 Macro-graph of glass flake layer after lining in substrate
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Photo. 18 Appearance of epoxy glass flake lining for SS 400

removing oxide after acid resistance test in 40% H>SO.

solution at 25°C
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Photo. 19 Appearance of vinylester glass flake lining for SS 400
removing oxide after acid resistance test in 40% H>SO4

solution at 25°C
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