Corrosion Resistance of Stainless Steel Thin Plate

Cladded on Steel Plate in Natural Sea Water
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Corrosion Resistance of Stainless Steel Thin Plate

Cladded on Steel Plate in Natural Sea Water

Byoung-Jong, Kang

Department of Marine System Engineering

Graduate School of Korea Maritime University

Abstract

Recently corrosion problem of ocean-going vessels becomes to attract
strong attention. Especially, the main issue is corrosion in the ships
ballast tank. Most of ships, in general, adopt the painting protection
to prevent corrosion in the seawater ballast tank, but deterioration or
damage of painted coating surface caused corrosion of ship’s ballast
tank. Thus International Maritime Organization (IMO) Ilegislates
Performance Standard for Protective Coatings (PSPC), and it will be
enforced from 2008. As a result of PSPC, the protection methods on
paint coating will be more complicated than before. Moreover, it will
be very costly to comply with the strengthened regulation. For this
reason, corrosion resistance on stainless steel thin plate cladded with

steel plate was studied.



In general, the stainless steel is used as some parts of the oceanic
constructions and ships to prevent the corrosion in the environment
of the seawater. Because of superior characteristics against corrosion,
the stainless steel is preferred as material. That is, the stainless steel
has been used with stability by the passivity oxidation films (Cr2Os)
made by oxygen in natural atmosphere. However, the passivity
oxidation films on the surface of the stainless steel occasionally comes
to be destroyed in the seawater affected by an environment with the
halogen ion like CI. Moreover, Heat Affected Zone (HAZ) of stainless
steel has poor corrosion resistance. Therefore, the localization corrosion
comes to occur frequently. An application of the stainless steel in the
environment of sea water requires special attention because of the
severe problems like a safety-accident by the localization corrosion.

For this reason, this study exactly find out the reason of corrosion
which widely occurs on the stainless steel and tries to suggest
guidelines for applied developments by seeking fundamental solution
for corrosion problem.

Through these experiment and study, following results was obtained
-. After immersion test and other experiment, cladded stainless steels
such as STS2205 and Al 29-4C are known as high corrosion resistance.
Thus these materials are suitable in the environment of seawater
ballast tank.

-. But some of defective part or CHAZ(Cladding Heat-stress Affected



Zone) is easily corroded during the immersion of long term in the
seawater. Therefore cathodic protection method using the sacrificial
anode is effective for protection corrosion.

-. Through the comparison and analysis of stainless steel after the
immersion test which remains unprotected and applied to the cathodic
protection respectively, the unprotected stainless steel specimen was
partly corroded. On the other hand, the protected stainless steel
specimen was not totally corroded. This result is assumed to come
from the facts that anodic reaction, Fe — Fe** + 2e’, has been restricted
by the cathodic protection current of the sacrificial anode material.

-. Therefore, in the future, the proper application of above mentioned
cathodic protection method should be recommended for the protection
of cladded stainless steel in seawater environment. Whereas, studies
on the atmospheric environment inside of ballast tank will have to be

carried out.
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Corrosion : @O Separation of atoms from metal surface
©® Reaction with environmental factors

To be Corroded

Atoms must be separated

|

Ionization

(at metal ion and free electron)

|

Differential potential

(because of internal or external inequality)

l

| Movement of free electrons |

l

| Formation of corrosion cell I

l

| Corrosion current |

l

Separation of atoms from metal surface

(Quantity of separation is relate to their equivalent)

(:--Faraday’s law)

|

Corrosion

Fig. 2.1 Processes of corrosion
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electrolyte

4
@ ion @
oxidation reduction
Al> AP’ + 3e” 02 + 2H,0 + 4e —

40K
anode

free electron

eé€
v

current
metal

Fig. 2.2 Schematic diagram of corrosion reaction

e
<—
Electron
¢
-
Electrolyte

Cathode Anode

O0;+2H,0+ 46 ——» 40H Al —» A

P+ 3¢

Fig. 2.3 Anodic and cathodic reactions of steel in electrolyte
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2.0t + 2.0
Passivity
_ FesOOH is stable and coats the iron
1.2} surface, protecting it from corrosion 1.2
\ W
= ate ST
g T OXIdatIOn line
w04} ] : 104
o Corrosion Anodic Protection
= 0 o 1
5 0.4 or 0.4
-1.2} Cathodic Protection 1-1.2

Immunity

Elemental iron(Fe) is stable and
will not corrode in this resign

0 2 4 6 8 10 12 14
pH

Fig. 2.5 E-pH diagram of Fe (steel)
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Hydrogen damage

Surface cracks

Uniform Blister
’—‘V\_’_\\ Internal voids
Galvanic Intergranular
Active Noble
Crevice Dealloying
L — 7 Layer Plug
e
Cavitation

Erosion Fretting

Pitting

=T 6 —

Environmentally induced cracking

Stress—corrosion Corrosion fatigue  Hydrogen—induced cracking

Fig. 2.6 Schematic summary on the various corrosion forms
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Shopprimer
painting

Prefabrication

Qutfitting
painting

Block Stage
painting

Painting stage Before erection

Pre-erection
joint painting

Dock stage
painting

After erection

Quay stage
painting

Fig. 2.7 Processes of painting work procedure for new ship building

Stage Flow chart
Steel Primary surface y .
. Shoppriming
stock preparation
‘ Block assembly
Block »
stage Outfitting
painting
Application Secondary
specified coats surface
[
[
Painting before
launching
Dock and Application of
uay stage top coat

‘ Delivery

Fig. 2.8 Processes of painting work procedure at block and quay stages
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Table 22+ 725 84
& 7t Ao me

21448 YEF Q3L Table 2.3

Table 2.1 The substances and environment which disrupt remaking of

the passive films

Cause material

Action

Environment

1) acid solution such
as HC1, H,SO,,

2) the thingl which
creates the acid in
the solution(SOx etc.)

The drop of pH in
solution lead to a
unstable passivity

chemical for cleaning
, factory exhaust gas,
vehicle exhaust gas, a
hot spring zone etc.

NaCl etc. including
chloride ion

Passive films are
destroyed by dissolved
Cl" in solution

seaside, nearby garbage
dump (vinyl chloride
exhaust gas)

the thing which are
accumulated on STS
surface (sand, dust,
smoke etc.)

The disturbance of
oxygen supply on
surface hardly produce
stabilization of passive
film

factory exhaust gas,
vehicle exhaust gas,
near by construction
work etc.

galvanic couple
materials which
contain iron for its
main ingredients

The is corroded by
corrosion environment
on STS surface and
galvanic corrosion is
generated by this
corrosion product

around railroad, around
an iron foundry, nearby
a steel mill, near by
construction work etc.

_23_



Table 2.2 Level

of corrosion resistance in various solutions

Test

Concentration

Temperature

solution (%) (C) 304 316 410 430
5 20 A A A A
Nitric 20 20 A A A A
acid 50 boiling A A - A
100 boiling D D E D
5 20 C B - C
5 boiling E C - E
Sulfuric 50 20 D C - -
acid 50 boiling E D - E
100 20 A A - A
100 boiling D D - D
) 1 20 +A +A +A +A
Phosphorlc 5 20 A A A A
acid
10 20 C A D D
. ) 5 20~boiling A A B A
Oxalic acid 10 boiling D C : :
5~10 20 A A A A
Acetic acid 20~100 20 A A C B
50 boiling C B - -
5 20 A A C B
Lactic acid 5 65 B A D B
10 boiling B A - -
Chromic 5 20 A A - B
acid 10 boiling C B - D
Chlorine drymg 20 C B - C
gas wetting 20 D C - D
Carbon pure 20 A A - A
Tetrachloride 5~10 20 *C *B D *C
phenol 20 A A - A

*+mgnN w® >

: Excellent corrosion resistance 0.1068 mm/yr
: Good corrosion resistance 0.1068 ~1.068 mm/yr
: Average corrosion resistance 1.068 ~3 mm/yr
: Marginal corrosion resistance 3~10.68 mm/yr
: Poor corrosion resistance 10.68 mm/yr or more
: When the hydrochloric acid is corroded exists
: When it lets negligence, the pitting gets to easy.
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Table 2.3 Corrosion resistance comparison at various environments

Envi Rural area City area | Industry area | Coastal area
nvironment

Type I/L/ M H/I|LIM/H/I|L|M/H|I|L|M|H
corrosion

resistance

STS 316 000|000 @@ 0 ® ® ¢ O e ¢ nm

STS 304 ( B AN BN BN AN AN BEK 2N AR 2K 30 AN BE 2 A |

STS 430 AN FR AR 2N BN BN BE AK 2R B BN BE 2% BR BN |

#¥ Introductory remark

I : Indoor evironment

L : Low gade evironment

M : Medium grade environment

H : High grade environment

© : Excessiveness, @ : Suitability, ll : Incongruence
@ : When cleaning frequency is many, it use possibility
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2.3.3

(1) ¥RHE-2](general corrosion)
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o Ag3m 1 9o REYRIT gFo2 48Y )
G mAnT vE 2452 $AE502 $HT 9 $4ust FIo2 BE
s A%
Table 2.4 Galvanic series
Less noble More noble Gold
Noble \
L i Graphite
I
Less passive More passive STS 304, 316
v v |
Bronze
More active Less active
L L Tin
[

The anode The cathode Al alloy

[
L L Cadmium

Corrodes at
: . Lower or no Pure Al
an increase corrosion Active I
rate i
Zinc

<Form of galvanic corrosion>

<Galvanic series between metal
and alloys in natural sea water>
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AAsteE F& AAE
ojstZ stAY B DA (Ti, Nb)=S @7}(STS 347, STS 321)&Hc}?,

il

= T AT E=F B ES 0.03 %(STS 304L)

(5) &4 (pitting)

T2 e Azsxde] 2 FHo] dAste] F43] F2o] HIH=
ol e Aot FH &3] EAlste FAY FEdol A
A o]l&e FAS fFutsle FO QA EA AgstEd 2HAE 29 o)
F5d fue JHA I e 5459 3RS 43100

FEH 3 5 R gk B9yt delF oz RAEo|(FREA) FH o]
A7IH, o] Fito] wmAaY=oa Agsta 1 99 YW FEH o] 35
o2 Agste] Zuty A @ifo] dASH o=z Fgste FHAA
wEeh BAREgo] A Aot

TS 7HESIA7IE B vinrtel e gt %k JFe] 7 A
JelezZ old 374 dloas Aol 2HQEA AFE LW =57
UEE HALE AFSAY AE ol o T s P9l =2 l(Mo)
< Mg 2ERIYgaAS Ad"e= o] T VIE 34S THEEATI=
2213} WXt & Table 259 2t}

Table 2.5 The main cause and counter measure of pitting corrosion

Environment of acidity

High temperature of solution

Low dissolved oxygen

Many attachment on surface(increment of CI’
concentration)

Main cause

O O O O

O Prevent solution from stagnation or enrichment
and deposition of CI

Counter measure | © Chemical treatment of passitivity

o Addition alloy element activated sacrificial anode
reaction(Mo, ect.)
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(6) 5*-2](crevice corrosion)
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E A

Potential ]
anodic

polarization

OCP

cathodic
polarization

>
log i (current density)

(@) Test method of anodic and cathodic polarization

E 4

Potential

OCP

\j

log i (current density)

(b) Test method of cyclic polarization

Fig. 2.9 Polarization test methods
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Table 3.1 Chemical composition of test materials

(unit : %)
Material
Cr Ni C Mn| P S Si Mo Properties
1D
STS304 | 18-20 | 8-11 [0.08max| 2.0 | 0.045 [ 0.03 1.0 -
Corrosion
STS316 | 16-18 | 10-14 [0.08max | 2.0 | 0.045 [ 0.03 1.0 2-3
resistance
Corrosion
STS2205 [ 21-23 | 4.5-6.5 0.03 20| 0.03 | 0.02 1.0 3-3.5
resistance
Corrosion
A129-4C | 28-30 1.0 0.03 [0.28| 0.04 | 0.03 1.0 [3.6-4.2
resistance
55400
<0.03[<0.035
(Plate)

= Alloy Plate

=» Binder & Flux

= Base Metal

Electro -
¥ Cladding
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Fig 3.2 Photographs of salt spray tester and specimens in salt spray tester
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Fig. 3.3 Measuring photograph of natural potential and pH
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InstrumentA}2] CMS 100A] 2~¥l-S A8 th. £ A (polarization cell)=
AlgdEA FAE A= (working  electrode)? ¥ d] Z=(counter electrode)®]
MZ FF7 S50 Ha 932 7|FHF(Ag/AgCl SSCE)°] dZAs = 34
SAZE FAsAT olw] AP A FANESE (scan rate)= 1 mV/sec At

A9 Ao H8H 233U A 9l (redox potential, Bredo) = NTFEHE T =

P}

A g (Pt) A9 02V/SSCE ©|At}. Fig. 349 Fig. 3.5 & A3

AHEE 718 BRI Mer B O AEARS YEhdth

counter
electrode

N

workin
electrode

Fig. 3.4 Schematic illustration of electrochemical polarization

measurement test
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Fig. 3.5 Photograph of electrochemical polarization measuring test
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Fig. 3.6 Photos of immersion test in natural sea water
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Fig. 3.7 Schematic illustration of current efficiency measurement
for Al and Zn sacrificial anodes
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Timber
carrier

10] Table 4.2 o]}, o|& & F7 §FxH=

Bulk
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Oil tanker

structure part

cargo
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@ Upper member (@ Shell member 3 Trans.& Longl. member
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1 : Corrosion damage
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Fig. 41 Corrosion wear damage rate according to ship’s type and
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Table. 4.1 Corrosion rates of ballast tanks
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. Corrosion & Wear rate (mm/y)

Ship type 05 1.0
Oil tanker 0J63

Ore carrier Q.76

Bulk carrier < 0|84
General cargo 0.48

o
Timber carrier // 0.90
Total 0.61

(@) Max. corrosion & wear rate according to ship type

ohi Corrosion & Wear rate (mm/y)

1p type 0 0.5 1.0
Oil tanker 0.32

Ore carrier \ 0.27

Bulk carrier / | 0-£7

R
General cargo 0.20
Timber carrier 0137
Total 0.25

(b) Average corrosion & wear rate according to ship type

l] : 10 % Above @® :50 % Above O : Average

Fig. 4.4 Corrosion & wear rate according to ship type for one year
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Fig. 4.5 Surface observation of specimen after salt spray test
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Fig. 4.9 Surface observation before and after
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Imml

I9JeM BIS [eINjeU Ul painsealwl suawads 3s9) Jo SoAInd AJIsusap juaiimd-juswainseawr repuajod oneig o1 SLf

U0y PRy ssams-1edl] 3urpped : ZVHD «

(oes)awi|
ooVl ooclt 0001 008 009 (010} 4 00¢ 0
L — Il — Il — Il — Il — Il — Il — Il — ]
99]S palule -

_ p d 5 0-0LX1L
LOLxL O
3
9184 G0ZZSL1S < Y. s L01x 8
ZVHO §022S1S ol o
21eq 91€S1S N“!..(,\r LO0KXL @
a1eq y0E€SLS @,
LoLXL <
~N Loixp 2
3

X

ZVHO v0€S1S rOLX "

yoleldS+ / \\\\\\\U m.OPXF
|991S pajuled
p— N
ZVHO 91€S1S—— _ 0LX}
\ z-

L0LX1

EEIS



No Before After No Before After
B . .
Paint-steel painted
steel+
bare
scratch
STS304 STSSQ4
bare Cladding
Part
STS316 STS3?6
Cladding
bare
Part
E . . ~ . .
bare
Al129-4C A129-4C
bare weld

3cm

Fig. 4.11 Surface observation before and after static potential measurement
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2.75
2.66

1.24
1.28

0.83 (A - h/g) °]Ath
2.52, Al2 =
2.68 , Al-4 =
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o

p

1.35
1.27

Al-3 =

291 (A -h/g) A3 Zn
Al-1 =

e o,



Zn-1 :>—4.22(55186:0.82 , Zn-2 :>74'2i{;é186:0.81

Zn-3 :»%i;%:o.go | Zn-4 @%;;86:0.82

@ 58

Al éz:—gfx 100 = 86.60 % , Al-2 é;:—g?x 100 = 9450 %
Al-3 ég:—gfxloo = 9210 % , Al4 :>§:_S(1SX 100 = 9141 %
Zn-1 :%x 100 = 98.80 % , Zn-2 :%x 100 = 9759 %
Zn-3 ﬁ%x 100 = 9639 % , Zn-4 é%x 100 = 98.80 %

Table. 4.3 Weight change of Al and Zn sacrificial anode

(unit : g)
Type Before After Weight loss
Cathode (for Al) 20.81 24.85 4.04(+)
Cathode (for Zn) 18.95 _epmre, 4.20(+)
Al-1 121.00 119.65 1.35(-)
Al-2 126.03 124.79 1.24(-)
Al-3 123.66 L Ezrmope 1.27(-)
Al-4 123.52 122.24 1.28(-)
Zn-1 249.89 245.57 4.32(-)
Zn-2 246.97 242.59 4.38(-)
Zn-3 24427 239.82 4.45(-)
Zn-4 251.64 247.32 4.32(-)
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Fig. 418 Comparison of cathode specimens (for Al sacrificial anode)
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(a) Before (b) After

Fig. 419 Comparison of cathode specimens (for Zn sacrificial anode)

No.4

Fig. 420 Comparison of specimens before and after experiment

No.1 No.2 No.3

Before

After

for Al sacrificial anodes
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Fig. 421 Comparison of specimens before and after experiment
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Fig. 4.22 Potential change of Al and Zn anodes during efficiency test
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Table. 4.4 Weight change of Al anode for immersion test

(unit : g)
Before After .
Type Anode test 60 days Difference
No.1 44.2102 441007 0.1095
Steel
No.2 44 .307 44.2422 0.0648
Painted- No.1 31.1275 31.0953 0.0322
Siizel No.2 44.2930 442423 0.0507
Painted No.1 43.0851 43.0286 0.0565
steel
+ scratch No.2 31.3877 31.3445 0.0432
Cladding No.1 44.7857 44.6315 0.1542
Slis Sbs No.2 441189 43.9539 0.1650
Cladding No.1 30.9434 30.8507 0.0927
SIS 908 No.2 30.6453 30.5436 0.1017
Cladding No.1 444134 44.2616 0.1518
LS 2205 No.2 43.7649 43.6650 0.0999
Cladding No.1 44.7286 44.6636 0.0650
L No.2 30.9622 30.8840 0.0782
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Table. 4.5 Weight change of Zn anode for immersion test

(unit : g)
Before After
Type Anode test 60 days Rate
No.1 68.8716 68.5095 0.3621
Fe
No.2 68.5137 68.205 0.3087
No.1 70.3264 70.2586 0.0678
Paint-Fe
No.2 69.9375 69.8681 0.0694
Painted No.1 67.4704 67.4333 0.0374
steel
+ scratch | No.2 70.2476 70.1783 0.0693
Cladded No.1 71.0396 70.6675 0.3721
STS 304 No.2 68.5814 68.2065 0.3749
Cladded No.1 68.4685 67.917 05515
STS 316 No.2 70.8809 70.5086 03723
Cladded No.1 67.4129 67.0776 0.3353
STS 2205 No.2 70.0928 69.6096 0.4832
kel No.1 69.9804 69.7179 0.2625
Al29-4C No.2 69.9316 69.6865 0.2451
CO, weld STS 304 69.4731 69.0923 0.3808
CO, weld STS 316 61.2204 60.8446 0.3758
CO, weld STS 2205 67.7857 67.4487 0.337
CO, weld Al29-4C 67.9626 67.694 0.2686
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