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A Study on the Characteristics of Corrosion Wear

and Its Control for the Ductile Cast Iron

Dong-Gi Park

Department of Mechanical Engineering,
Graduate School
Pukyong National University

Abstract

Because of a high production system of modern industries, die
industry is increasing gradually. Today, the die industry is related to
most industries such as vehicle, precision machine, airspace, aircraft,
semiconductor, electric field, electronic field and sport industries.

Mechanical parts, tool and die are usually used in contaminated
and corroded environment. The increase of consumption of fossil
energy such as coal, petroleum and gas by overall industrial
development accelerates environmental pollution.

Contamination elements in a field of manufacturing industry
consuming this fossil energy a lot are sulfuride such as SO, SOs;
and H,S, nitride such as NO and NH;, oxide such as CO and
chloride such as HClI and Ci,. These air pollutants always put



mechanical parts, tool and die under corrosion environment.

These air pollution and acid environment accelerates the corrosion
wear of ductile cast iron using as mechanical part, tool and die.
Negligent management of mechanical part, tool and die to be exposed
to these environments produces severe problems as follows by
corrosion : First, manufacturing cost such as material cost and
machining cost is increased by over-design in case of high cost
material with too high wear resistance considering corrosion wear.
Secondly, roughened surface by corrosion wear damage shorten the life
of die, lowers the accuracy of products, damages tool and die and
raises a safety accidents.

So in this paper, to study on corrosion wear and it's protection
for ductile cast iron(GCD 600), polarization test using experimental
instruments such as Potentiostat/Galvanostat is carried out. And
corrosion wear characteristics using a pin on disk type of friction-wear
tester in corrosion environment is investigated. To protect corrosion
wear of GCD 600, electrochemical polarization test in test solution
added inhibitor of NaNQO; is acted.

In these test results, linear polarization, tafel polarization and anodic
polarization behavior of GCD 600 is considered in various pH
solution. And the corrosion rate of GCD 600 is quantitatively
calculated. Also the corrosion wear behavior of GCD 600 vs. sliding
speed, sliding distance and temperature <change in corrosive
environment is considered. Finally, surface aspect of GCD 600 in test
solution added NaNOQO- inhibitor is observed, and behavior of corrosion

wear protection vs. sliding speed is considered.



The main results obtained are as follows:

1) As an corrosive environment is changed from neutrality into
acid, open circuit potential of GCD 600 becomes noble and
polarization resistance becomes low. As an corrosive environment is
changed from neutrality into alkali, open circuit potential of GCD 660
becomes noble and polarization resistance becomes high.

2) As as corrosion environment is acidified, the surface corrosion
of GCD 600 is more sensitive than in alkali region due to graphitic
corrosion.

3) In fretting corrosion, boundary friction occurs in contacting load
under about 15 kggem® and solid friction occurs in contacting load
over about 15 kgf/ch.

4) As as corrosion environment is acidified, graphitization corrosion
and surface crack of ductile cast iron is more sensitive than in neutral
region. Surface uneven and crack is more dull in neutral region than
in alkali region.

5) The lower the adding concentration of inhibitor is, the more
slick the surface is and the more uneven the roughness curve is. The
higher the adding concentration of inhibitor is, the more rough the

surface is and the more even the roughness curve is.
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Ec
EC or

EDS

EW

Ra
RP

SCE

SEM

T

Nomenclature

: Area of specimen (sz)
: Corrosion rate (mmpy)
- Corrosion weight (mg)
: Density of material (g/cm3)
: Potential (mV/SCE)
: Cathodic potential (mV/SCE)

: Corrosion potential (mV/SCE)

: Energy dispersive X-Ray spectrometer
. Equivalent of material (g)

: Friction force (kgr)

. Current density (nA/ecm’)

: Corrosion current density (].lA/CIle)

: Sliding distance (m)

. Contact pressure (kggem®)

: Radius (mm)
. Surface roughness (ym)

. Polarization resistance (kohms)
. Saturated calomel electrode
: Scanning electron micrographs

: Temperature (T)
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Ac

: Sliding speed (m/sec)

: Wear loss (mg)

: Corrosion weigth (mg)

: Wear rate (mg/cm’ kgr m)
: Tensile strength (MPa)
: Friction coefficient
: Elongation (%)

. Cut off (ym)
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Fig. 2-1 Effect of pH on the corrosion of iron using H;SO; and

NaOH to control pH in water containing dissolved oxygen
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Fig. 2-2 Corrosion rate of iron in H2SO4 concentration (207T)
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corrosion (NaOH solution, deaeration, room temperature)
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Fig. 2-4 Example of typical fretting corrosion location
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Table 3-1 Chemical compositions and mechanical properties of GCD

600

Chemical C Si Mn P S Mg Fe
composition
(wt. %) 3.72 | 275 | 0.34 | 0.016 ; 0.018 | 0.041 | Bal.
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Mechanical 0, (MPa) £ (%)
Properties
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Fig. 3-1 Configuration and dimension of polarization test specimen

(unit: mm)
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A% S Fig. 3-29F 71, Photo. 3-12 ¥ AR 9 ot
o] RIAYAAE yIFHTog X379 H F(saturated calomel
electrode, SCE)& AMg8}3l, HEH F(counter electrode)S 1=
AR S A&t 3 EG & G2 Model 273A Potentiostat/Galvan
-osta 2} 7 F-E{(personal computer}E ©] 83} 2.1, M352 Corrosion
SoftwareE AMg83td 5 5AAHEE dAstz, TIEHE FA

2% $3A 9 dolehdaw)7t V1 EHEE B30,

Photo. 3-1 Appearance of electrochemical polarization test

equipment
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of hE ¥AAFE ;s

A2 59 Table 3-29)
=245
SRR
A A Bh 9.

Table 3-2 Experimental conditions of the polarization test

Instrument EG & G Model 273A
pH 0.5, pH 2, pH 3.5, pH 6.5, pH 8,
Electrolyte
pH 10, pH 12.5 solution
Material GCD 600
Area of specimen 0.5 cm”
Scan rate(mV/sec) 1.66
Specimen preparation Emery paper
Temperature control 25+1T

Polarization test

Linear polarization test

Tafel polarization test

Potentiodynamic polarization test
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Fig. 3-2 Schematic diagram of electrochemical polarization test

equipment
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Corrosion cell
Electrochemical polarization reaction
(Specimen + Reference clectrode

+ Counter electrode)

l

EG & G Model 273A
Potentiostat/Galvanostat
M 352/252 corrosion software
Installed personal computer

l

Monitor
(Polarization curves display)
Printer
(Polarization curves and data record)

Fig. 3-3 Flow chart of polarization test equipment
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ole} Zo] &3 A7] Iery F=dd YT 259 FALE 5
He glg 94(tafel extrapolation method) H-=-# 8} (polarization
resistance method)o] @ u}®,

2 delA = Al A S BHE 254" S A
T e A g A838 M352/252 corrosion software i H-E] HA1 3}
a SR FRAAHFC ‘E(uA/cm) o HE A7FE2 & (corrosion
rate, CR)S th& 2 (3-1)ol wel Aabsh g e

- 'corr EW
CR(mmpy) = 0.0033 zd (EW) O ¢ 8 )

o714, {,,, = Corrosion current density (1A/cm®)

EW = Equivalent of material (g)
d = Density of material (g/cm®)o] T},
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Fig. 3-8 Potentiodynamic polarization curves of ductile cast iron in
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Fig. 3-9 Potentiodynamic polarization curves of ductile cast iron in

various pH of alkali solution
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(b) pH 12.5

Photo. 3-2 SEM of GCD 600 after electrochemical polarization

test in pH 0.5 and pH 12.5 solution
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Table 3-3 EDS of GCD 600 after electrochemical polarization test In
pH 0.5 and pH 12.5 solution

pH Chemical C Si Mn S O Fe
0.5 composition 10241 196 | 0.78 | 0.13 | 11.66 | Bal.
12.5 (wt. %) 275 | 275 | 059 | - | Bal
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Fig. 3-10 EDS of GCD 600 after electrochemical polarization test In
pH 0.5 and pH 12.5 solution
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Graphitic corrosion

Photo. 3-3 SPM of GCD 600 after immersion corrosion test at 48

hours in pH 0.5 solution

Photo. 3-4 SPM of GCD 600 deposit after immersion corrosion

test at 48 hours in pH 0.5 solution
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(c)

Fig. 3-12 Modeling of graphitic corrosion process for ductile cast iron

in liquid
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Fig. 3-13 Tafel polarization curves of ductile cast iron in various pH

of acid solution
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Fig. 3-14 Corrosion current density of ductile cast iron in various pH
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2 dAYRE e fske] vy SR we nhdAE, vl
A g rpEAT % HFEAFTA wE vpEAgel fE A=
tA A e AAE. ol dPAAE EdE, W] F 74
SdFdel vndsr, vngdAe, HEGH o nESYE
nAgony J¥7tEE TTE AETA TAFIFE AA,
AZ @ FARFE 9% NEALE AFstas o)

42 NAAs 2 AUy

421 XNJA=

oo AeE F AlgHe ¥ A2 32149 Table 3-13
AR EAE 71 45853 (GCD 600)°]
2, Y AEHEQ taa A8 Table 4-13 3 3hsby A ¥

Table 4-1 Chemical compositions and mechanical properties of SHP 1

Chemical C Si Mn P S Mg Fe

composition
(wt. %) 0.046 | 0.004 | 0.215 | 0.011 | 0.008 { 0.009 | Bal.

Mechanical Tensile strength Elongation
ecnanica
o; (MPa) £ (%)
properties
421 32
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Fig. 4-1 Schematic diagram of pin-on-disk type (unit: mm)
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Fig. 4-2 Configuration and dimension of upper and lower specimen

for wear corrosion (unit: mm)
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Photo. 4-1 Appearance of wear corrosion test equipment
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Fig. 4-3 Schematic diagram of wear corrosion experimental apparatus
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Fig. 4-4 Flow chart of pin-on-disk type test equipment
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Fig. 4-5 Effect of sliding speed on the wear rate of GCD 600
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{(b) V = 1.0 m/sec

Photo. 4-2 SEM of rubbed surface for GCD 600 (P = 20 kgdem’,
L. = 50 m)
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(b)Y V = 1.0 m/sec

Photo. 4-3 SEM of wear debris for GCD 600 (P = 20 kedem’,
L = 50 m)
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Fig. 4-6 X-ray diffraction of wear debris (P = 20 kgifem®, L = 50 m)
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Upper specimen with Lower specimen

4

y Immersion corrosion

Surface roughness tester : ¢

Ultrasonic cleaner

Y

y Dry

v

Ultrasonic cleaner :
Electronic blance

'

Corrosion-wear test

y ;

Ultrasonic cleaner

X

Dry

!

Electronic blance

v

Electronic blance
SEM

Fig. 5-1 Flow chart of corrosion wear experiment
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53 484y ¢ nF
531 AARA F ZPdY wpdAS

53.1.1 ¥ A z7tdste] & FUHEY

Photo. 5-1%= 74t <l pH 05 $8d4 FoA FATATEES
24A17F 9 48AI7E AR A F FAE guAbdoith of7iM,
Photo. 5-19] (a)i= 24A17F AAFAZF Zo[il, Photo. 5-12] (b)i= 48
Az AA AT Aot

Photo. 5-19} (a)y== ZE<3Kgraphitization)® FAHF = AR
(graphitic corrosion) %43 EWFE Fol ¥ it} Photo. 5-1]
(b Azkel Aswa SdsiAo] o HaHT, ERTd] U%
7 el AFEE S Boln 9rk ol olfw SAS
A3} obgel Fet FAMAY Ao gragoz FHS P57
il Ao R ALRET,

Fig. 5-2+= Photo. 5-1 (a) ¥ (b)&l EDS
Table 5-12 Fig. 5-2¢] 332 S 423 Zojr}.

ol

Table 5-1 EDS of GCD 600 after immersion corrosion test at 24 and

48 hours In pH 0.5 solution

pH Chemical C Si | Mn | S O | Fe
0.5 composition 1044 1.28 | 0.52 : 23.26 | Bal.
12.5 (wt. %) 155 | 1.55 | 0.49 | 0.05 |39.29 | Bal.
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(b) After 48hr

Photo. 5-1 SEM of GCD 600 after immersion corrosion test at 24 and

48 hours in pH 0.5 solution
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Fig. 5-2 EDS of GCD 600 after immersion corrosion test at 24 and

48 hours in pH 0.5 solution
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Photo. 5-3& &7le]lAd 9l pH 125 89 FollA 24 2 484
b Az ¥ F FASAFHEY RS RWHAE e Aol
t}. of7]A, Photo. 5-39] (a)t 24A17F FHAFAF He|x, Photo.
5-3¢] (b)i= 48417k A F- 4% Aoltt

Photo. 5-39] ()& IJFAFHd W MFdol dojvz,
Photo. 5-3¢] (by= &7zl & A FAFAF EF MYF4
of #deol A Uk ol¢h o] @] vete ofFE ¢l
2l g Ao A Fer ¥5 HAT 57 Feol HA 3 zel oa o
B peegrl ooss] g Ao Agag®.
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(b) After 48hr

Photo. 5-2 SEM of GCD 600 after immersion corrosion test at 24 and

48 hours in pH 6.5 solution
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(b) After 48hr

Photo. 5-3 SEM of GCD 600 after immersion corrosion test at 24 and

48 hours in pH 12.5 solution
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Fig. 5-3 Corrosion weight of GCD 600 after immersion corrosion test

in the various pH conditions
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Fig. 5-4 Wear loss of GCD 600 after immersion corrosion test in the

various pH solutions
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Fig. 5-5 Corrosion and corrosion wear weight loss of GCD 600 after

immersion corrosion at 24 hours in the various pH solution
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(b) Rubbed surface

Photo. 5-4 SEM of GCD 600 of corrosion and wear corrosion surface
after immersion corrosion test at 24 hour in pH 0.5

solution
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{b) Rubbed surface

Photo. 5-5 SEM of GCD 600 after immersion corrosion and wear
corrosion after immersion corrosion test at 24 hour in pH

6.5 solution
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(b) Rubbed surface

Photo. 5-6 SEM of GCD 600 after immersion corrosion and wear
corrosion after immersion corrosion test at 24 hour in pH

12.5 solution
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Fig. 5-6 Corrosion wear loss of GCD 600 after immersion corrosion

at 24 and 48 hours in the various pH solution
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szAe HavigBe Ed otk os|A, HEgHe 10
kgdem? % 20 kgdem’o] i, W mAAE 500 m, M IHALEE 02
misell A 08 mis7ha] wAH o R wWasgth Ea A4F F vpR

O £E 4Ee oA Aste] B5E AL @A,
% F rInPEE wsd] mE FATEEe 02 mhs > 04

m/s > 06 mis > 08 m/s9] o0& =7 vtelvta 9t A &9
A FAvd e A ey, vjind s Frbe] upel FAot
HaEke Az 7hasta gll. o]= # € & Z(Petroff's equation)?] of

—h

p— . N
# P

...................................................... (5_1)

oabd kAR GAHA RAS 4 7t HWE f (poise)st Fo] A
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Fig. 5-7 Effect of sliding speed on the corrosion wear loss of GCD
600 in pH 6.5 solution
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Fig. 5-8 Surface roughness of GCD 600 at V=0.2 m/s
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Photo. 5-3 (b)ol Al &% npe} o] o ada FATFA Hidl
Aoz Atsddt, £ AR pH 050049 FATPEAFE o

A =712 Hol=d, ¢|= Photo. 5-10]4 Hupe} o] FAE

AF Ao AAAAGANE SARYI FAUAY £ F5E

EHL vjmele AWES KHoli ¢ltl Photo. 57 (b):= pH 12591
P WAz e 2 Photo. 5-3 (b)ol] A ¢}
¥HeHY FUFER At vpEHEE Photo. 57
OHE F2Ho2 "olHquriz el dAdel vehtagth
Fig. 5-102 Photo. 5-7 (a}) @ (b)Z EDS 243t Ze] 1, Table
5-2% Fig. 5-109] EDS #4& Agdte] el Aoty A4
ol pH 0.5% Zatslzldel pH 12.58 nlashd, 7 dors &
AR Aa FAGAYE Ao Asada 93 Fes] o] #HA3la

Col %7} 09) o] Aujdon Zrtalx vk

Table 5-2 EDS of GCD 600 corrosion wear surface in pH 0.5 and

pH 12.5 solution

pH Chemical C Si Mn 9 Fe
0.5 composition 6.21 1.92 0.53 | 17.11 | Bal.
12.5 (wt. %) 3.62 | 2.06 0.6 . Bal.
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(b) pH 12.5

Photo. 5-7 SEM of corrosion wear surface in pH 0.5 and pH 12.5

solution
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Fig. 5-10 EDS of GCD 600 corrosion wear surface in pH 0.5 and pH

12.5 solution
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Photo. 5-8<2 pH 059 pH 125 F& FollA F- Ao He)
ola] g vhEite] Apzlojr

Photo. 5-8 (a)¥= Photo. 5-7 (a)¢] F-Alwbd el olaf 4d=
pE R o2 QlabE A EANA TS F-2E Ho] B
¥ Aeog FAHHE= 532 moke] ¢lxtolr}. ¥ Photo. 5-8 (b)=
Photo. 5-7 ()¢ #AvtdAgd o3 44€ spdPon 4
Photo. 5-8 (a)e} wluts] 24 Rafolrt, o]z ZdvteldeM 74t
TAFHE REHHAY SAF H HxFHEger gty dE
of gojulel FAEA] Ho] RAW vl Ao R AlRHEL

Fig. 5-119 (a) 2 (b)= Photo. 5-8 (a)$} (b)e] P2 ¥ & EDS
B FJojn, o]8 Ae]ste] Table 5-30] e

Table 5-3¢14} pH 05% Fer} 743t O S7t F718tn vt

=

07} 7ttty Re da4nd FHo] ofyn FaEAgy o)

7] W &Eolw, S7} F e AL HSFE pH 058 eV Y4
H.80: 8 #7189 7] diitel A4&E9 Aos Alsdnh E38 pH 125
ol A= 09 Nazk F7hsta Qv O7F F7hsts AL &7tel ol A

Abg s 3, Navh F718be A2 3¢5 pH 1258 wE7] 98
!

NaOHE H7}el2l7] wol vhebyt

Table 5-3 EDS of corrosion wea debris in pH 0.5 and pH 12.5

solution
pH Chemical C Si S 0 Na Fe
0.5 composition 1032 1.93 | 19.33 [40.15| - Bal.
12.5 (wt. %) 3.65  1.12 : 22.82 | 6.59 | Bal.
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(b) pH 125

Photo. 5-8 SEM of corrosion wear debris in pH 0.5 and pH 125

solution
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Fig. 5-11 EDS of corrosion wear debris in pH 0.5 and pH 12.5 solution
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FILTERED

(a) pH 0.5

piLteren T T

he= 4. Bnp /\//\\\
x2888 v \/
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Fig. 5-12 Surface roughness of GCD 600 in pH 0.5 and 12.5 solution
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Fig. 5-13 Corrosion wear loss under various temperature in fresh water
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(b) 85°C

Photo. 5-9 SEM of Corrosion wear surface at 25°C and 85°C in fresh

water
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A6 §-23 FAvid gAE5EA

6.1 A

Ho g ZIAGY £87E =3x8y ot 1Yy RHEET o
& FZFYoly golAAY oy YRrE YyAAxE dag 3

29, 4 GmAY), wAe Ho RAYAE AYAE
Aakol H2lod A A (corrosion inhibitor)E Wellol H7bele] HAHE
g ZAaA7n ok FA A FAd R HrhH oo mEx
G EE FEREE AAleta 1t RAERE HAA
A Bdg wad PAdAAe FRZ: P01 anod
inhibitor), &= 2] 2] #|(cathodic inhibitor), &%+ Al All(mixed inhibitor)
ol . FEYAAE FsESS T/ EN EAHEAE
AW Egor F7AZIt B SSY9AAlE 85 F/HE L
TN & EEAA AL A

oy Welel Wt Jom PHES °@ eFEIe Addel 2

G2 A A== A A (orthophosphate), A4 (silicate), o}
A2} (nitrite), 524 (chromate), 2 3F3F4E (benzoate), 50
ot H59AAEE 43 (lime), v+ (polyphosphate) & o] &
o, EFAAAEE obdAA+AAFAE, AFFDGALTE, Tl
e+ FdE Fol vk
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o @yl sed B34 A gd AEAE 3214¢
Table 313 2 HAH4LH 71AH 542 A FHZAFH
(GCD 600015, B AlgAel |4a A4 Fig 3-13 4o}, =

L
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g ma-ohme] Ag® F AWASl AL 32129 Table 3-1%
2o HerEgRs AAH S4S Y ABzRE W3sd Fig

4-19] ()9 2o] A=egod, Ju AFHS ty4AE Table 4-1
B 2e A dAFHeEFEH HHsA Fig 4-19 (b} ol
A st

6.2.3 A F=H
el 71A] BAAdAA A FoA TFAZAFHY A7 et
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Ax|= 32349 Fig. 3-29F i, B -nd A A= 42329
Fig. 4-33} 72t}
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H(NaNOy)ol FAHESL (AL FAgAAE 4% Holsld %
& Wgstga, old wE §-2A wWHRAFd diste naAstch

gt HAH FA9AE&E YEUE o wxelA 424FH 3 F
g Famid Ao w mngsed o FAubE WA F
S #gAste] Mg FAupbd WA Fd diste 23S HAEG
ol 2elar A7) FEE ES548E0 Table 6-13 o)

Table 6-1 Experimental conditions of the polarization test

Instrument EG & G Model 273A
0%, 1%, 3%, 6%, 10%, 15%, 20%
Electrolyte
NaNQO; solution
Material GCD 600
Area of specimen 0.5 cm*
Scan rate(mV/sec) 1.66
Specimen preparation Emery paper
Temperature control 25¢1TC

i Tafel polarization test
Polarization test )
Potentiodynamic polarization test
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6.3.1 #HAAA H7ltel e FAYA AF

ofe] 7k FAdAAE Frke #§4 FToMd FAEEAFHE
il

317] $l8ld, o} A A (NaNOy) 8l T &

Aurx] EHS o
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Fig. 6-12 pH 652 275 NaNO, 0%, 1%, 3%, 6% 5%

800 | 3% NaNQ,
L 6% NaNO, " ”/V ]
600 { i je 1% NaNO,
U.AJ » H H H i
O
& 400 + —
= L J
é 200 —
o L ]
— 0+ —
= L 4
& -200 - |
o L ]
ot}
-400 |- -
-600 - 0% NaNO, ‘ .
80+ 7 -
SEOVERTIT SRSEWRTTY BN TRTETIT NN TTTT EETSr YT BT ETTI BT R ETYI B S RTTTT

1E-10 1E-9¢ 1e-8 1E-7 1E-8 1E-5 1E-4 1E-3 0.01

Current density, i (A/cm?)

Fig. 6-1 Potentiodynamic polarization curves of GCD 600 in the

various NaNQO, concentration of pH 6.5 distilled water
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Fig. 6-3 Tafel polarization curves of GCD 600 in the various NaNO,

concentration of pH 6.5 distilled water
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Fig. 6-4 Tafel polarization curves of GCD 600 in the various NaNO;

concentration of pH 6.5 distilled water
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PAARUES 4 @D AYse] Tohgth PHFAF
HFH &S 10% NaNO; Fol4 7bg ot FAlHel Zwe wel

6

% NaNO7} EAH A Aoz Aztar,

025

©

[

o
1

j=)
-
(8 4]
I
W

Corroston rate, CR (mmpy)

=

-

o
1

| ! | i 1 L I : i i 1 1 1 A 1

0 3 6 9 12 15 18 21
Concentration of NaNO, (%)

Fig. 6-5 Corrosion rate of GCD 600 in the wvarious NaNO;

concentration of pH 6.5 distilled water
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{a) 1% NaNO,

(b) 10% NaNO,

Photo. 6-1 SEM of GCD 600 in 1% and 10% NaNO; of pH 6.5

distilled water
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(b) After 48hr

Photo. 6-2 SEM of GCD 600 after 24 and 48 hrs in 1% NaNO;

of pH 6.5 distilled water
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(b) After 48hr

Photo. 6-3 SEM of GCD 600 after 24 and 48 hrs in 10%
NaNO; of pH 6.5 distilled water
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Fig. 6-6 Effect of sliding speed on the corrosion wear loss of GCD

600 in 0% and 6% NaNO, solution (p=10 kggcm”)
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Fig. 6-7 Corrosion wear loss of GCD 600 in the various NaNO,

solution
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(2) 1% NaNO;

(b) 10% NaNO;

Photo. 6-4 SEM of GCD 600 in 1% and 10% NaNO; solution
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Fig. 6-8 Surface roughness of GCD 600 in 1% and 10% NaNO;

solution
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Fig. 6-9% ¥ 219AA NaNO, FEw®islel we pH gh& Aot
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Fig. 6-9 Relation pH and added NaNO; concentration
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