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Corrosion and Corrosion Fatigue of a Ship Structural Steel in Dilute Sulfuric Acids Substituted for a
Corrosion Environment of a Coal Cargo Hold

by Yuki Kobayashi, Member Yoshihisa Tanaka, Member

Hidenobu Goto Kazuyoshi Matsuoka, Member

Summary

An acid corrosive environment of a coal cargo hold was reproduced experimentally by using
immersions of coal. Immersion tests, crack growth tests, and corrosion fatigue tests were performed
under dilute sulfuric acids on a ship structural steel plate.

A pH decreased with passage of time in an exudation solution from coal, and the end point was pH 2.
5. Corrosion rates were obtained in exudation solution and in dilute sulfuric acids of pH 4, pH 3 and
pH 2. It could be confirmed that the corrosion rate in a dilute sulfuric acid could be substituted for that
in the exudation solution from coal.

The conditions of the fatigue crack initiation, 4dKcr, were obtained from the observations of
corrosion pits by a scanning electron microscope. The 4Kcr was 3.60 and 5.39 MPa+m"? in H.SO, at
pH 4 and at pH 2, respectively. The crack growth rates estimated under corrosive dissolutions were
5.63%107" and 1.90 X10™? m/cycle for 4Kcr in above environments. Concerning corrosion fatigue, S/
N curves, Seq/Nc curves on modified MIL HDBK 5 and 4K /Nc curves were discussed in comparison
with corrosion fatigue in seawater.
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Table 1 Chemical composition of material (mass %, balance: Fe)

C Si Mn P S Cu Cr Ni t.Al Ti
0.14 0.20 1.14 | 0.016 | 0.01 0.03 | 0.029 | 0.02 0.02 0.02
Table 2 Mechanical properties of material
Elastic | Upperyield | Loweryield | Ultimate Elongation
modulus point point tensile stress atSu | at failure
E /MPa Suy/MPa Sty / MPa Su / MPa 61/% 62/%
D - 390 - 496 29 -
2) 204,300 378 364 473 27 35

(L)Mill sheet(JIS Z 2201, Al, t=10mm, W=40mm, GL=200mm)
(2)Plate specimen (t=10mm, W=40mm, GL=100mm)
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Fig.1 Shapes and dimensions of notched specimen
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Fig.2 pH change with passage of time in exudation
from coal at 45°C
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Fig.3 Anion analysis of exudation solution from coal
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Fig.4 Corrosion rate in dilute sulfuric acid at pH 4
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Fig.5 Corrosion rate in dilute sulfuric acid at pH 2
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Fig.6 Corrosion rate and pH change in exudation
solution from coal
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Fig.7 Weight loss in exudétion solution from coal
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Fig.8 Effect of pH on corrosion rate
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Fig.9 S-N curves in HsSO4 at pH 4
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Fig.10 S-N curves in HzSO4 at pH 2
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v MERORE & b I SABREDOK k57 E Y N SkE
WC&E2, ZIT, ZOBIIHTZEAEY NOBRE
SEMEEMSFEALD, BAE Y MES g, LEHE v
FRED1/2% cp L LTFig 47y b Lz, BR
Ey bDTART M A(=apfcy) 1, 0.2~0.81CiF>>
WTW5, ZOFEEEIE, ZIR04BETHZ, £/, &
B pH 2 BRBED AL, FHREBpHABEDZh L D/
WA, BOEBY Y P TEAFEL T2,

Rz, VIREEDBERE Yy MR REXZUL B L&
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Fig.14 Aspect ratio of corrosion pit in dilute sulfuric
acid

D ERFBERM, TRbEERSARLEDOBAY v bioxt
T B HTIRRERBEHPE AKer 2R D 2, AKer 1Z, K F
59 DMENT U 2GSRI TR T 5 L IR 0 R &
HERBREY PERBZ L TR, 2 OBITIHERREIL,
B E MRS O E L TR 5328, YIRSEOAN
JEDKE S SFEESPININT E S, 1T LA T
Ko ThH b, dKer & ap .t OB % % Fig. 1512 & 3%
AKer i, ap WREL ZNITKREL R 2EABH 2, 7
AKer 1213, KiRBEBEOHEL RO D, K 5HE
DOFEIEREIL, FHREpH2 B XU pHLABERZLZH
0.79 BXU0.80CTHY, 7ARZ MEIZIESDEDH
THMERBOIES DX Z/NZ v, Lz 5T, JKa D
Eid, BREY MES ¢, OMBIR L2 b0 EEZ25h
o MG, BHEHARED ap 121, By FREBOFIED
YIR & EDIGH AR EER FIT T 5, HAEE L &
ST 2 €y NRESREIC D W ORI SN ET
HHEFEZD, VWi, FHRBREICETIESESO A
FEFMFL LT, ERD ap 8 AKer 12 RITT B E % 15
U, dKer OFEJERBRAT 2 &, FHEpH 4855
3.60 MPa-m'?, 7% i B pH 2 B2 3% 4% 5.39 MPa-m'? & 7%
%,

4.2.2 SIS & 3 EEESwE

VIR &M OWKERES TI1%, EIE MIL HDBK 5 i
W2 & B EMIEST Seq & Ne DB, K, 12Bb b <,
HAMOFRR 2 2RKOWRICHA SR ET, =8
REBBLEBT 2 2 L8 TERY, ZOFikEERI,
FEREREE I3 1 VIR E HBRT D Seo/N. #XK% Fig. 16
WY, FIBNZIE, KRS, dEkd, REURENTS X
UHERB VAT O Seo/Ne S8R BFED L 1o, & 72, 4
8/ Luy 8 & O Ly % fS8THR LTze R=01 THRIMIREE
PIRET 5L, Luy BEAIETT *Snax DOEFEFRERE D
WUBHICBI 2 € — 7 HOESGHT- 0 F 2BRICB1T 2
BYEBAIAIG T ops & 7% 2 EAHIS ST (440 MPa) TH b,
Ly 13 * Smax 23 FARGABR A O TR Sy & 72 2 Z{HijE S
(340 MPa) Th 3,

L —
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Fig.15 Relationships between 4Kcr and a,
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Fig.16 Relationships between Seq and N in H.SO. at
pH 4 and at pH 2

Table 3 Constants Ce and k for equation Seq= C.NZ
Env. Ce K Applicable
range, Nc
In air 6,500 |-0.2110 | <5.2x10°
In sw 5,350 |-0.2083 <5.5x10°
’ 24,780 |-0.3244 | >5.5x10°
Notched p
specimen | T80, | 5,053 02101 | <3.8x10
atpH4 | 62,670 |-0.4061 | >3.8x10°
thzSO4 5
at pH2 4,893 |-0.2130 | <2.7x10
Butt In air 2,770 |-0.2000 <1x10°¢
welded j. | In sw. 2,770 |-0.2000 | <3x10°
TFillet |\ pogir | 2421 |-0.1967 | <3.5%10°
welded j.*

* (Matsuoka and Fujii Ref. 9)

TS DOBEICBIT D Se/No fIE, (2)XTHRIN,
ZOEK Co B L U £ % Table 312/RT o Seq/Ne
Mix, Ly THIMD B 729, Seg>Lwy & Sea<Luw D #Hi
B2 43T THRETS %,

Seq=CeNc* (2)
(1) Seq>Luy OEIFAD Seq/Ne #1X
Emu,%ﬁ@pH@ﬁéK&O%?@ﬁ@ﬁ%%ﬂé

D0, KEHF, EATS & CEERFICZIFEL Y,
e, ﬁmﬁﬁ&ﬁiDpH@ﬁT&t%u@%
SrnoT D, SRAFKEFEGOITS DX X, pHARE
MAZ O L pH 2 BRSNS K E Vv, pH2 BmiEOxH
FeteFHarid K WA S WIEERHG LR HEND 5.

RSO AR EABERPARFOZICEFEL L
YIX, Z OEBTORTREED & AR LRI
PAGHOFNEERNTEDLLBEVRHDLEEZOND,

Trbb, RBREEREONTECEREESMbY, K&
Yy hip s XENFET 5, xAFKEFGL pH OETE
L yIEERE LD, RBRBECLIEAY Y O
EREDELEZ 5N D, HHEEpH 2 BEO SHRER
S0 e D XHF X, BREESARIGHICRIETREL
Exohd, Thbb, K=371 DYIREEL, K.=12
OFAR E B L THEW R Rix s h, BREEEIKE
Yy NMEENHLL, BET AEY SBICERRLE
{WZEBEZOND,

%72, Luy>Ses> Ly OEWBIZB T 5 SAFEHFROE
5o %1%, WKEAEY TIRAE b OBHHMBRERE
TR/ANE W, TS, FEAVAMRREIEKEE L D AR
BERETASWEDTHY, XEEFHOELLZREPELR
Wi EFEZH6ND,

(2) Seq<Luy DHEFD Sea/Nc #1EH

FHiEE pH 4 BEOAES Ly #BEICLTREL RS-
T3 A, EAERES CEROEMTH S, pHAER
BOARE, EAEEES X VHLERE Y, ZhiE, BR
t/b@&% HENAKS WD EHFZON b, TR
pH 2 BT, EBRAI RV, SIHBEFG B
BpH4 XV EEGTH S, £DON®, ALE, pHAR
BOZNEID EHIWKEL kD bDEHEESNEY, BIE
HEEOEAE T, BREH X 2 &SI DEInL
ML TL b,

PILED X 3, FHEBEEOREY S AREFmHIHEKR
BOZFNEVEEGERLIDE, BERENSREVWILL
L2, BHEC X 2 IEAVARREE ORI, S RAFER
BEoOEAY Yy FNEEEZELVEELEZ TV,

4.2.3 EFTHARAREERE I & B IR AE TR

(1) #FFBESEosZEREE L 4K L OBk

AWM pH4B S UPHIBEICB Y 5 S ZERHA
daldN & AK Q&% Fig. 17 2 7ay ML, KRB &
VAT O % ZE R 2 B THEE L7z, Paris I(3)
ROEH C B & U m ZRMANCR T

daJdN=CAK™ (3)

FoWiEe pH 4 3388 L pH 3 B O S ZERRKMEE, B
%\, ParisBIO CBE U micEHT % &, BERE
BEEL S 2w ClEREL Y, mid/hal A |
FaH 2, UL, MEAERE, FEpH4B8 LU pH3
B8 13 Paris BIO I3 2 @ O S ZERBIEICKE &
FENEWES 23, CheOBREICE 5 X 2ERRME
BIEEAYED S RWERE, XZULROESREREREIC
B faboTWw5, 2ZERICKIZTREOFELLT,
B0, TXRRO 0. T E, CI- DRE &R
4 A OIS £ 3 pH OET (PHEEHFIcBWT
LR Al S0 EBEHOpH FE 3 SVETERTLT
w3) REICLD, XZEMEMNT -k, SREA
V—RELTERL, SZERMEESNS] Ll TY
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10—6 T ] 10'6:|1||| T T T T TTTT T T
o B In H2S04 ° E [da/dN=C K™ 3
Q pH4 & pH3 / > i in corrosion env, ]
(8]
E 107 1 i A E 107k E
g &/ g ¢ ]
g In air 3 - .
g 10 In seawaterlg g 108 3
© fj @ E E
— - M
< 7 £ ' InpH2 -
3 3 T
g 10 &/ 5 109 3
% V4 5 F ]
g / g [ [da/dN]p ]
&) KA32  da/dN=C gK™ G ] .
2 10-10 g : C m g 1p-10 .
k) = . / A|an41a5m011342 ) E
= O InpH32.07x10"" 3.05 © ]
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Fig. 17 Relationships between da/dN and 4K in H.SO,
at pH 4 and at pH 3

b0 LD ERRERBRIZES LTH 2L, fEhkhox
Houinid, W pH 4 £/ pH 38 AEEOER
BEICEo TR EATELEZIRVWEEL 3,

e pH 4 BREE O T BRI 7 K (R BB B AR 12,
KD SN TWLRLD, EEH S 13 0.98 MPa-m'? X b /)
S\, WBARH T, da/dN »1X10 " m/cycle d & &
K 2 MR L T3, Leddo T, FiEpH 45
BD AKw #BRE L C Paris Bl 535K 2 &, dufdN=
1X10™" m/cycle @ 4K 120.82 MPa-m'? ¥ 7 3,

(2) HWEHBRSOBEUEEC B 2 = 2R

BRI UHEE B 5 & ZLERERE & EARHLE
EOBE M 2HETT 3,

Bith ok, EEEY O X AEREE [da/dN s 25, K5
T & BHERMEE [da/dNr L ISBEROD » Iz kS 2
ML [da/dN], OFIE 32 (4) ROBIINER] 522 L
Ty B2

[da/dN)cs=[da/dN1r+[daldN]» (4)
RIS RO S ZHERIC B VT, ERBESZIRN &
2570, (4)RX0D[da/dNTr 20 L B L, BEABED
SHERKEESD, [da/dN]p LR 2EZ2FHThs, %7z,
EHEWTIE, JEY S HOWKETT s LB OvEA LR
DL SUBRBHRTE R VDT dKen=dK ¥ %75 L,
BRI RO S ZEEEE, T 7%bb [da/dN]s 55
B RIGREMEE PGRIC 3 L LCWwW3, X512, PGR
L IR R RHEREE [da/dN]b & O % 5 (Fig. 18 ® 15 P)
&, RS S ZERSHE L AK IREE 2R3 TRA
BETHY, ZOTRMEREAY Y s SZ0TET 2
NFEMED TRAME K \ZIEIRE LW EL TR,
7z, PGRIZ, HARE Y b DBEIRERE 2 EEEE R,

Stress intensity factor range, AK MPa'm1/2

Fig. 18 Long-term corrosion fatigue crack growth rate
in ocean environment

ELT, AEB S/ »o(5)Rickvetgasns,
[da/dN]o=R.[f (5)

LELPGR % 2 5% Fig. 18 1277 L, E¥GEERIE DR
B USRI 381 B A TRERBHE DEIG /RS 0 & B s
BEe2RD 5, Fig. 1812 BT, M3 [da/dN]-AK B
RTH 2, Wiliz, [da/dNle:THY, RFE L lAE
BD da/dN-AK BfR %7 T . LRGBS R &
%% [da/dN]o-AK BT 3., /KBS D PGR (=2X
107 m/cycle) i%, FEERpIFESRBRICBIT2EAE v |
B S REHE D FM#E 1.07 mm/year 12549 3 [da/dN]»
Th 32,

Kiz, HmBpH 4B LU pH 2B D PGR 23Rk 3,
AEFM OFHRBBEBEIC B I 2BRE Y 5 0 X ZUSA4
FMHE, 4.2 1HO SEMBE BT, A pH4 B
& U pH 2 BEED dKcr 232 1211 3.60 MPa » m"2 35 1 18
9.39MPa-m' & K Jeo TN S D AdKer 123 5 2
[da/dN]o, F7b5 PGR X, (4)K5»5Z2h 2 563X
107" m/cycle 3 & 11 1.90X10~° m/cycle ¥ & 0, ¥gEesE
B01THz B 2 MM pH4 B X U pH 2 B DS A
SHERAEE L 2%, Zh oD PGR % Fig. 18 12579,
i pH 4 B X U pH 2 B# © PGR &, ZHnZ ik
BREDIZIZ2.7THEBLU9.5(ETH2,

—77, Akid & Miller™® i3, Byf s EEBRDFE 2 2R
RLTEY, 5)RD R, 2BRABREE,LLEBONLLS
BEREEE L TR T2, 4.1.2 FHb 585 1,500 b5
FMOMER OB AME X, 5 pH 45 & O pH 2 B
BENZN0.2mm/year B X 115.5 mm/year Th %,
NS DRBRHENESAFENCEN S 1 2 B A EsE
WELWELTAKdSOF 2 Hic @A T 2 &,
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[da/dN1o 1& # 1L Z 1 3.73x 107 m/cycle B & UM 1.03X
10 m/cycle & 72 2, Zh 5 BEREROFHEEHE L
SR T: X AEREEE X, FhFh dKs 259 %5 PGR
D6.8%BLUVBLI%THY, HENZ W, ZOHER, Re
WEEAROEEAEELAVTWE LD EFZ
5N, Ll, EBEEBOKRE WHEFE pH2BREOR
BB 5O PGR X, dKer 000 DEI PR VLB 5,

7, B S AR IMABECBI SERY Y MRS
ORREM®E 1.07 mm/year ¥, f#fifi7s £ OEMTFHER
WED 10 5Th 5, BRENTE, BHERER (SCO)
BEURWES, By SHORE LERICH L TR
EAENELS LI LW, $HUNERIRWERIY &
SUERHEBBD TREVLI LY RSN TS, LTz
2o T, ERIEFGO S ZMERIEOHE L, BRE
RE L LT YD LS RYEHERHATRE P BSBROU
FREOLIB LI,

(3) AK-N:BfROBRIET T HE

BROAHRIGST B X NSO S-N L 5, EIG
HESGEAEY O FRMEL R, REHOBR
S RBSNE LR B, 72T, BREN E AK/N. BH%
TETIEOBERIR, ROLDCHATE S,

B S ZUOMEESME, #iEO Paris AlicRohiz &5
o, EEEELAEOBENEEAYRoNE Y, YIREE
O EZFEX 1 mm 1B T Paris lIAEAIL T, B
BB T, JKIN.BROAESBREZMFC LT
—1m O—BECE D ETTH L, A—REBRFO—
FEXORWCE, K b AS ZHEIT 50, sEFE
ek BE L 3 2 AKIN: BRI, S-N BR & BRIk S
ZTEMTE L, S-NBEGOENRER, AK/NBEEOT
BRI S 3k K AR B ] AKy SIS T 5, 25 D
5, BEENT—F D AKIN W L 2 BRI, BEEPD
D, BEENEVESZ L. T, BRBEROBERE
3z 51 5 AK/IN R E M 5.

A pH 4 BB WT, (3)R0 Paris {5, +
SEVWEMR I mmERT 5 JK/N BRI (6)RNEX 5,
AK =313 N~Y" (6)
Paris B0 &85 & OHEEUE, FHEEpH 4, pH3REES
FOVEABETIE EAEED SRV, 2D LD,
B pH 2 BEE 0D = ZLEREEN b 2 L ARE pH 4 REO T
hTRETE2 L0 L, HHiEE pH 2 B0 JK/N K

OEFE, TR pH 4 BEOARZEA T %o

B pH 4 B XU pH 2 BT B % AK/N: BfR % ©
nZN Fig. 19 8L U Fig.20ic7ay b L, K:=1284&
377 O AKIN: SR FRR TR T, NelcBU % 4K I,
FEA 512 & 2 ZKTCIAFRAA 72 7 7 502 & D3R
7z, TIEREO AK/NAGR (T ROEH Co i, HARER
BOBRE LR, BEBEEIHNEZER I RIETRE
NAENDT, FNTHYIREEORKGT A HPEHEEH O
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Fig. 19 Relationships between 4K and Nc in H.S0; at
pH 4
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Fig. 20 Relationships between 4K and N, in H,S0O; at
pH 2

EEMEOTIED SR D Tz, T DORFEFTTEBRI,
Seo/Ne SERIDGAEIESIH Ly LTFWEBT %0 L7cH 2T,
AKIN: RO E8E, FHE pH 4 BREiH Ne>3.8X10°,
FRiRe pH 2 BHESS N >2.7x10° O DT L7z,
1L, FHEE pH 2 B Fig. 20 © K,=3.77 T, &K
AR O ERIEERL Tukwicw, (T)R0
Co ¥, BiRizRT Fig. 21 ® C. & K. DEMRER & s
LTRDTz,

AK = CNY™ (7)
Fig. 19 3 X " Fig. 20 @ BT, JK/N. B DO ERE,
IR & EEORAIS IR 5 2 48 2 2 B O KB X
CHETE2 LR 5, CTOBRE, BEROMEAEE
O AK/N. BIE AR & KO BRI 0SBk g b 5 2
s ko THHEICER 2D LRI TH S, ZOER
Y Ui, RIS OYIR X KO B AE R AR
BOZRLIDKEVWIEDSIRFEZ SRR, T2b5,
e EEEE OSBRI B L, YR X ROBEESIERE
W5 2 LI X DIITEBREAEY y Malmedfis e, &
ZUSEBGFI SN T B EFEZ N5,
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Fig. 21 Relationships between C. and K

REBRICBIF 5 (T)ROEHK C. £ K, D% % Fig. 21
W7y b Ul BRBERED C.1cid, pH4 X pH2 B
BOHEEBSELEALER AR W, Co & K = ORI,
HBABREBIUFRBRE LD OB LV C 2 EHE T
5 (8)RoEMEAFETEZ N2,

Ce=CiK:+ Ce (8)

A ERT Cold, WAKERE X FHBEE L 5 I3I12% L
Vo BEVAL AK BRTER Co 13, FREREE A
BREIpH8.2 L DETLTWE, C W AREE L £
RETIZIZZEL WO, AK/N: B OWE —1/m 281312
FLWDThHS, CGIBBEKET2ERTHY, &
WERBIRD C 0 EABRBEOZh X D/ANS W v i3, &
BB D SAREFGVEABE LV EEGTHL I L %
Ao Licdd> T, WMBED AK/N: KX, 577815
B CHRBERENEES LR 5 VTR ELMEG 7
b0 CDBRIE, Seo/Ne R DA EFHF & H CRENE
BB RL20 B TH 2, FEHOER, (8)RD
Ce/K: BfRIZ, K. 05 (7)ROEKR AK/N. $5BIHHE T
ELZEERLTWVE,

Riz, TIRFIBERIENRE dKer DFG Ler 12 DWT
WS %0 f(Re, y) %, BARE Rc 2k 3 y FHOWE
BYERTBRERERE L, ZOWMERIBZDE = an
IS OWMESI &R+ 60 L Ui AK/N. 8 K13,
Fig. 19 L Fig. 20 DR TR s h %, Fig. 19 X FHi e
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D, Fig. 20 X% #iE pH 2 285D R.=5.5 mm/year 12 5t
T2 AK/N. AR CTH 2, KYIR S HERF OBE, FHER
PHABRBIZ B 2 dKor D 2 RFEE S, K. =377 28
Ne=557x10% K:=1253246X10" L 72 D, Z 4 & 125
T5Lr3BLZ1ITEE L 3, AR, HHE
PH2 BRI B 2 dKer O Ne i, K,=3.77 75 8.4 X107,
K:=12H20xX10°THY, Lo lZZNZTITIT2 -8 &
V4.6 rHERS,

Ak, FRBpH4 B U pH 2 BEOREIZ, T/
ARMEDOM L WEABE S BB L T\ 5, 4.1.2 5T

Nizkowe, FoBARBE pH 2. 5BE L v 2 AR
Bichsedhl, REROFTREEDOEATE» EE
L7 BRIEFOHEE, ZIZESN b0 L HET 3,
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XSO RMEDKA LIBRES L, BREEKD
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(1) HR»S 120 BERIDINICBH I N WL, Bk
EASERE & gL, pH2 5 BEIETT 2, 20
M, ARFPORBIKIC X 25D ThH 2 alEEMESE L,
Fi % 200 RERDL_ L2 L OB S N2 g, 1ZIRR D
BRER S,

(2) FAR»5OBUEBHEOEEEE L, FHEEE
DIFERFEBRCTEETE 2, B 2,000 B 81 2 BAHK
& R{mm/year) & pH ORI, XX TEIN S,

Log R.=—1.19+7.81/[pH]?

(3) FMBRBRBE DRI Seo/Ne 351, FITHER
FrDBRRIGTI25 FRER SRS O ZMfifS /) Ly B cHin
HidS2, Seq>Liw OAEIZ, KEH, WATS X O
ERUF LEDL 520D, Seu< Ly OHITIEKBE X
DREL 2D, HHRIBEREDEY = ZUFERET, ks
BEERRNCED 57200, BREMEENAZ W L
BREE Y b OBR LT S ARECFELTITL TV 5,

(4) ZFi pH 4 5 X U pH 3 B0 = ZUEREEM 1L,
KBS pH 8.2 LIZ L A EED 57210,

(5) MHMBEPpH4IBIUpH2BEIZBVT, EAY
v b SIEH XAMUNFEES &M AKer X FNRF R 3.60
BLU539MPa-m' Th v, EEEMIZEN L& 5
SZERHBE I Z N FN563X107° B L 1.90X10° m/
cycle LHEEEE LB,

(6) SZLERFMUE»SES N3 EL JIK/IN, B AK
=CNe '™, BB C I NETRRBK, » HHEE
Ce=CRAClch b, ZDHE C ITIEAREBE & 75
BHREDEFEEFFELL, CRARBEENEKERE L /)
2,

(7) BEEFEEOTIRME dKer 1233 2 Hiid, &
B OUIR BT % &, RS pH 4 Big
1.1~4.75, pH2BEN 2~4 6 » A TH 2, b D
WIRICET 2 &, EHEEDOFEE L ) EAERENTH &
%5,

2 £ X &
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