Bull. Mar. Sci & Tech 10(1), 2001 HEEH TR
Research Institute of Marine Science and Technology 19(2), 2001
Korea Maritime University

A9 SRTY @ HFF2E
F2ARVARN 7

PAF EA AU AT PG AR

"YE ok e o] FHAFE A7 A
R ELE IR
et =L DL R E R EARS LT
szt n | AsA TR

4 Cud 22 A 57}
el A Q

_p

A Study of Hydrogen Embrittlement Limit Potential of Cu-Containing
High Strength Low Alloy Steel for Marine Structure by Potentiostatic SSRT Method

Seong-Jong Kim*, Tae-Won Park**, In-Ok Shim**, Jong-Ho Kim***,
Young-Sik Kim****and Kyung-Man Moon**** _
*CIRSE, Nagoya University Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan
** Agency for Defense Development, Yusung-ku, Daejon 305-600, Korea

***Dept. of Engineering, Korea Maritime University, Pusan 606-791, Korea
**+**Dept. of Mechanical & Material Engineering, Korea Maritime University, Pusan 606-791, Korea

Abstract

A marine structural material was well known to have high tensile strength, good weldability "and
proper corrosion resistance. Cu-containing high strength low alloy(HSLA) steel was recently ‘developed
for their purposes mentioned above. And the steel is free about preheating for welding, therefore it is
reported that shipbuilding cost by using it can be saved more or less.

However the marlne structural materials like Cu-containing HSLA steel are being generally adopted
with cathodic protectlon method in severe corrosive environment like natural sea water but the high
strength steel may give rise to Hydrogen Embrittlement due to over protection at high cathodlc current
density for cathodic protection.

In this study, Cu-containing HSLA steel using well for marine atructure was investigated about the
susceptibility of Hydrogen Embrittlement as functions of tensile strength, strain ratio, fracture time,
and fracture mode, etc. and an optimum cathodic protection potential by slow strain rate test(SSRT)
method as well as corrosion properties in natural sea water. And its corrosion resistance was superior
to SS400 steel, but Hydrogen Embrittlement susceptibility of Cu-containing HSLA steel was higer than
that of SS400 steel. However Hydrogen Embrittlement of its steel by SSRT method was showed with
pheonomena such as decreasing of fracture time, strain ratio and fracture mode of QC(quési-cleavage)

Eventually it is suggested that an optimum cathodic protection potential not presenting Hydrogen
Embrittlement of Cu-containing of HSLA steel by SSRT method was from-770mV(SCE) to -
900mV(SCE) under natural sea water. (Received September 21, 2000)
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Table 1 Chemical composition of Cu-containing high strength low alloy steel
C Si Mn P s Ni " Cr Cu Mo Nb
0.034 0.269 0.855 0.008 0.006 35 0.672 1.50 0.368 0.033

Table 2 Heat treatment condition and mechanical properties of Cu-containing high strength low alloy steel

Heat Treatment Tensile Test(MPa) Impact Test
Quenching Tempering YP TS EL(%) | RA{%) (-85C, kg - m)
900t~ 35min, 6607T- ‘
Water quenching [42min, Air cooling 814.4 868.3 22 55 9.6
Table 3 Chemical composition of SS400 steel
C Si Mn P S Ni Cr Cu Mo Nb
0.13 0.24 0.98 0.0027 | 0.020 0.018 0.011 0.023 | 0.0018 | 0.0015
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Table 4 Corrosion properties of Cu-containing high
~ strength low alloy steel and SS400 steel
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Fig; 6 Variation of corrosion potentials with applying
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with Continuous tensile stress by SSRT method.
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Table 5 The datas obtained by SSRT method as
functions of applied cathodic polarization

potentials
Stress at | Stress at Elongation Time to
Max. Load [Offset Yield (5/) Fracture
(MPa) (MPa) ’ (Hrs)
| - 858.8 309.5 25.1 70.3
-770mV 850.3 478.5 271 76.4
-900mV 840.2 339.5 25.8 72.1
-950mV 854.8 621.3 23.2 65.1
-1,000mV | 844.0 564.6 21.2 60.2
-1,200mV | 857.7 600.0 21.1 59.1
-1,500mV | 848.7 397.9 19.8 55.6
Painting 831.7 348.0 26.2 73.4
Zn-Couple 855.4 624.7 26.5 73.1
= 865[
& 860
g | o
2 ool
3! 8451
5 saof
® ggg [ . —:-— Qppl{‘ed cathodic potential
w0 [~ —®~= Paintin;
E’ aask o Zacoudle
@ gool— . . L . . .
E.. 770 -900 950 -1.000 -1,200 -1.500

Applied potential (mV/SCE)

Fig. 8 Relationship betweem max load and applied
cathodic polarization potential

FTHH 22 FEdled Table 59 Vet

Table 594 & & gl%o] A/HEIT Az ¢
HAERE HUYT A 221 o}dFZ L o] &3}o
AAFTHLE BAAS A4 JuAAde,
B2E, d4€ 1231 FdAt 5L vastd Jet
Wi glen HdURZes FEPE A7pE2A
9o dA 3t F@AAT} HolA] oy ANLTH 1t
QA BI3AYI HE54E Asste AngA
IS & F Utk

Fig. 82 Q7/HE3 A e HUAAR =) BA S
Yetl L o}, QAR e 2R G 7}
2 =231 A7HEFAA FAME -900mV(SCE) o A
7 ¥tttk a33n WSS HQlEd AlgHe

BY AR EAA b 3A e ol W

A8 E A7) A8 NEY AL Baay APs
o NPHe FA ZAE AR WEoZ AlRE
o AAAoT A/HEIAY S HAUAZRE Aol
€ 49X 9 A} ke A S ¢ A}

Fig. 9% A7HES A9 482z e] B4 & Uet
Wi glet

-90-

—ua— Applied cathodic potential
—e—Painti
—O—Zn-couple

~T

E. 770 900 950 1000 1200 1300
Applied potential (mV/SCE)

Fig. 9 Relationship betweem offset yield strengh
and applied cathodic potential

TP ZX & 4 AKo] Zn-Couple Znol oI% &
S oA AR Es} JbE Eoken, AARAY
Beiol A 713 A Jepg, a2l3 AR EAgE
dA e -950mV (SCE)oIA gEZE7} 74 ¢ttt
ol9}2<| Fig. 9 dNE FEFE A7/EIFAY A}
oldle UXE FTATA/} APHAA ¥ ¢ & A
Ak, AB71A9) Fig. 83} Fig. 9914 & 4 9d%o]
HUJAAZ =S FEATE F2HHS HI1E 5 A
€ 5ol¢ Auude JehiA gsitde e ¢
T UAALH, ol AYY EA7IEAN FIIYx »
g2 27414389 R. Francis $°] @73 43
Ao} A st QAP

Fig. 102 7MESA 9 G439 FAE et
W g zolct,

JPZN & 4 %] -770mV(SCE)NA |4
&(27.1%)° 7% Etew g e2 Zn-
coupled(26.5%), MU (26.2%), -900mV
(25.8%) 28a HAHHY(25.1%)¢2 2 FolATh
a2x A7HESAY W2 2d -770mV(SCE)
A AAEol 714 BT -950mV(SCE)A
-1.500mV(SCE)E Z+& dilgo] AdsdeS
% & AT 53 -1,500mV(SCE)9M = 19.8%
E A&l A Astlte A & 5 AR
o ole F4HA9 93 71QF Aoz AlgHy,
TaFge dgol F4E ANLY Asrt Ave A
A4S 4 F AU,

Br == Apphied cathodic potential
21F —®-= Painting
26| —i
8 o5t
8 auf
-
§ 2f
S 22t
ot
20
19 e e W
E., 770 900 950 -1.000 -1,200 -1500
Applied potential (mV/SCE)
Fig. 10 Relationship betweem elongation and applied

cathodic potential



A9 SSRTH ¢ AU T+ZE4 CuPft
DAYAR I FLHAATFANSY TFHel *?:‘_tr QT

Fig. 112 A7HEF4 99 W3l 0 Atz
o] #AE Jelg 2 io.

2PN & £ x| FA2FHAY FFYol fle
-770mV(SCE)llA 3AZH(76.4413 )] 743 4
Ron F2FAol 7H 2 -1,500mV(SCE) A =
GAIZH(55.6A13) 0] 713 Bttt 2El: A9 §4
A @& HAYI AT A5 F HAR gdA
ZH73.4431) 0] AU, #HAYZ B35 Hdd=9d
A& 2 B zto] HRIR SR FE AldH] A ¢
Boh g/ vEbd A2 A5 A HAE G A
dHe] A7) w8 ER & AP vl A F4
&9 ZHad g Y E AP o] Frtst7] o
Fo2 Algdd.

oo
=3
=

—=— Applied cathodic potem.iall

:;‘_' Paintx:ﬁ

-3
O
-~

-2
(=3
T T

Time to fracture (Hr)
8 3
t

o
(54
T

L

L i A i 4 L i 1 1
Eo ~770 -900 -950 -1.000 -1.200 -1,500
Applied potential (mV/SCE)

[54]
(=]

Fig. 11 Relationship betweem time to fracture and
applied cathodic potential

4 Fig. 39 SFETZHAGNA §toz F49
WAjo] Fad E3AAGYL -1,000mV(SCE)°l &
Aok, 28U -950mV(SCE)AX 43 A a4
A 2 il go] HEd AL Fig. 394 & £
A%ol -950mV(SCE)N & vl & i) B2 B
o|x ot EFE4 L] FYNE WE FEET
I A £33 349 s A3 LEFCE Foi
I USE AU 9 o] AHAMEEH AFFL
(H*+e — H)9 AAe] ARdrin ddsn, ojdf
AAE A 471 FEHEUFA FYdtd FaHA
9] 99lo] HAttn AlgHY. gwFog Fir0 W
e A 19442 H +e — HY A48 471 A
9FH+H—-H, E&H+ H+e—H ¥4
A Fa7t BAE, s<to g a0 By &l
A @GP, agla £dd 284 F FARAY
< Fole A/ E FYsid 420G Fotedl o
A Fhe TY(EAG F2)HA gov $£49] A
Aol o 4 A7} AsHA dojuiA Erd”. o]
H3 A4 AF A Fat BAS A0
He 294 ¥eE XA e FLaHALGY Fle
AN LA Fa7t FLEHAN R 4A A

A =7 f&oltk. 23U -1,500mV(SCE)elA
F&2349 9o -950mV(SCE)ET & R
-1,500mV(SCE)8 A $ole ool Farta(Fa
271 gol TAsle v 4ad 4o A e
Az B7] 2o F5URE JYste A2 F
A%z v N F7sHA Hol FA2HAY 9 F
7V He Aoz Algdd.

EF -1,500mV(SCE)E2 SEIANAL A% AA
Z7)de =28 Al ERAAN £49 dAo] A
A JEbston] AJzte] Zakel @4 AlEH BH|
qFF9 Ca*??f Mgriol &Lt <9siA
Ca(OH).%+ Mg(OH).7} A=l o589 AFZEE
o] R&=on], 4o WYL EAY FF& F8l
o A&A LA

T AIGHE oldFFo g AL A%
(Zn-coupled) F&#HAY FI&Z AESY] H8A
oldel WAS 7153 AA 3t AlFHe Agr} =
71l -870mV(SCE)olA fAHAoY Azt 7
o} 3 ol g Ho| FUdle] ofAdA LYY
He A7 7t Q@A A Hd e -950mV
(SCEVHA S&FHAT. a3y A9 ofd FFo

A% 2339 A3 AAAR A7t -950mV

(SCE)7HA £¥35¢ 72 %€ =80 nA Zn &
Foll M SFHH L AFle A #4349 o
Fe vz AEEY FgA e oA -950mV
(SCE)°|3t2 "ojd Afoe Fa:AY 98 Hl
A ¢ vty ARdY. W2ty Zn 93 T 9%
Aol M SF3EAE A7le Afddx 9y
A7} -950mV(SCE)°l 87t HA ¥x& HA A ¥
4 AAlghe o] F8% AlRtolgtxn Atg €. 17
3 A& A ZEe Fig. 10, 11904 ¢ £+ A=
o] -900mV(SCE)ellA A3 A} Ao /ARG
#S vehlidcl. o)A Zn-coupledd] 93N =
walgo] FYREAAYA ] F/HEHAY] HELR AL
=220

E3 A2 2E 9 471 -950mV (SCE)°] 3t
AQE o328 wdAzte] At AN S ALE
o Cu¥tf 2ZHAFEZA 3§ 42 (Over
protection)ell && FA2HAYY FF 238 AA
AR 71AAR e S AAgeE A E B
A8 S 53t & ¢ AU

AS7MA SSRTH & 4847 E 435 vlu-

39 A7 AUARRE, FEAEE QAARIAS

kil

o}
8¢ F¥oAe e @2 v dA g, Hd
AP QZMES A 27 ARHAN ASE &

-9]-



-770mV -950mv

-875mV 1.000mV | re

Zn

couple ‘ -1.500mV h

o o Rz Skl ‘u“"-':,

Photo. 1 Fractography of Cu—containing high strength
low ally steel as function of applied cathodic
potentials

A & AN mg ko] o g FgFe 2
P2y E} dobg J)AE B4 S ez Joe
AE & 4 YA, 28 A e gad AT
e 2 FaAe IAAYE FHEYG 43
Aol o g9l sgtwe] S48 Baeln Bl
€ A% F8sltda Alg €9t} Photo 1& 7 <7HA
9 ®stol ot} SSRTH 28 ed FHE SEM
o 3 TEE EH Alzlojt} '
Photo 194 & 4= 91%°] Ecorr, -770mV(SCE),
~900mV(SCE) 283 Zn-Coupled?! %% o &
= ARt Apol= oy AEAHQA AXnn Bl
9 E (Dimple)°] Yetgten, -950mV(SCE).
-1,000mV(SCE), -1,200mV(SCE) ¥ -1,500mV
(SCE)AXE a3l &ol3 7HdAE A HA
A QC(quasi-cleavage)d Fej7} Jehtz gl
=5 € F UAeH, AAYLSGE FAR Gd7ix
A4 Q.CY R=rl SuEe € F Ut maky
Fig. 10, 119 SSRTHd 23 AdAFdNMT
-950mV(SCE)°lgtel e 23 g o3t
AAE, HEA|e] HetElen ®3 AT 4
349 WA B9 Q.co REr} BEFYC)
283 -900mV(SCE)el el e Adns meql
HE°] #EHATE AGT °f -950mV(SCE)e] 5t
A F2A439 Fgdo] B4 LA Yriz A}
0. wety AW AY e $4H9 9%

-92_

oY
o
ot
oY
of
2
Mo
oY
&

€ A gowA WSS -770mV(SCE) ~
-900mV(SCE)Q! Ao 2 Algdt},

4. &84 2

HA9) SSRTHel 98 Y7224 Cudry 18
YARER] RAEAT SAHYAARY FHo
#HF 4TS Eo) 2T 2 ARLS AL 4 AYY

1. Cudrs 2AHAF2HE $S4007] s 2
dAsjgolAe) RaAgE A(®)F e gAA

283 B2IZHN SgAARUEs} Eals)
UEon] 1 e SS4007ET Ae g ek
don BAANSUE A SS4007HT AL e
VR 1T

2. RFEIZAYNN Y FALYPARAE CuF
f DPHAARIAY ALE % -1,000mV(SCE)L
o $84007+2 < -1,200mV(SCE)E Cudts 1
YA FE 4ol SS400248 T ok 200mV A (&)
#E Jehien, oAL Cudts nAFA G} ol
SS4007 8T 444 Wkstin @ 4 gloh.

3. SFRITHAY M2 o3 FTRT g
ol SlE ~770mV(SCE)NA Q4183 shekazho] 7}
3 AQ9en2 F2AM. Ug AFo| 7t 2 A
22 Agew, $471 AdsA) RA4skE -1,500mV
(SCE)olN Q413 siebAzbo] 714 Fro} SAHA
o Ggo] 714 AASH LSS L + YA

4. 3] SEM #4373 dA& 2 Huhize] &
e v n2Y A3 F2HY0] M G o
4 -900mV(SCE)elM & Ao meol dZo] Y
Ehton] E3 A48 s zie] AQ ot FaH
Aol A 99 -950mV(SCE)olstel e HA4
99 Q.C7F YEhon], AN &7 sekalzko] A3}
A ssta .

5.2 A¥e A3 HALIWAANE $2540)
GFL Wx) FowN WSS -770mV(SCE) ~
-900mV(SCE)9l Ao #etgch npeba o)uhs)
o] E2HYE -950mV(SCE)olstz SBIZAA
Aste AL AFa -900mV(SCE)o]e2 §7
st Aol #2249 A¥IAL Hold 4 okn
A

I

3

A
rar

1. C.A Zanis and P.W.Holsberg, American Society for
Metals(1982), p 319
2. XBE. @S KEMl, BEMARNEak £168. 828



10.

CXBE, BRAEO KEMIL.

CAAE AAA,

CHA4F, ARA,

A9 SSRTH 9 YT
aAYAGEH F42HA4

(1992). pp. 57-67

CHRE AN ATE BT, HIY. B, AgTRES

RE367 835 F4A%F % SSRTHA A¢ 71AA §4
T8 A7, §8s1aRA, 22438, A435(2000). pp.
460-468

. H. J. Cialone and J. H. Holbrook, Effects of gaseous

hydrogen on fatigue crack growth in pipeline steel,
Metallurgical transactions A, Vol. 16A, Janu (1985)

. R. Chiba et al. Effect of heat treatment on hydrogen

attack resistance of C-0.5Mo steel for pressure vessels,
heat exchangers and piping, CORROSION, Vol. 41,
No. 7(1985), pp. 415-426

- BREFEKR, ST OKE-REEGRE R & KRBERLE(L), B

L4, $74%, $49(1988). pp. 11-18

QEUIobRE HA T
(1986)

2749, JUARS 5540029 Wa4el o
¢ $REYA BT B A/ A1), BIUE7)
Te}3)A), 239, #63(1999), pp. 806-813

2749, AUARE 5540029 WAA o
¢ $AFYND AT B BA1H4H A1), BINE7)
#83R], #1248, #5%(2000). pp. 596-606

BHERT SN, BRI 5 BRI R R R RS
DSSRTHIC L 5F(E, BAMMEARTHE(AR), 54%, 500
#%(1988), pp. 746-752

l-?ﬂ

11.
. Wilson, A. D, E. G. Hamburg. D. J. Colvin, S. W.

13.

14.

15.

16.

17.

18.

ZE8 Cullft
%’4 el de ar

ASTM Standard, Vol 03.01, E 466(1982), p 465

Thompson and G. Krauss, Properties and
microstructures of copper precipitation aged plate
steels. Proceedings of microalloying 1988, World
materials congress, American society for metals,
Metals park, OH, September (1988)

AT, olBE, A7IE. 2AEY, d4y £5% 9% ¢ oy
A 2237} %51‘71% L FTUYAF L 228 vl
o] AP AF(1), FFH283)4, Vol. 28, No. 6(1999),
pp. 454-463

R. Francis, G. Byrne and G. R. Warburton, The effect of
cathodic protection on duplex stainless steels in sea

water, An official NACE international publication(1999),

pp. 46-59

Y.T.Chen and C.St.John, Met. Trans., 6A(1975).p

1485

G.F.Li, R.G.Wu and T.C.Lei. Met. Trans., 21A(1990).
 p 508

J.F.Lessar and W.W_Gerberich, Met. Trans., TA(1976),

p 953

B.D.Craig and G.Krauss, Met. Trans., 11A(1980). p

1799

19.

-93-

B.D.Craig. Met. Trans., 13A(1982), p 907



