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A Study on the Characteristics of Corrosion-F atigue-Crack
propagation in the Welded Parts of High Tensile Steels
under Sea Water Environment

Park, Mu-Chang
Department of Marine Engineering, Graduate School,
Korea Maritime University

Abstract

Ships and offshore structures are exposed to the corrosive surroundings, and the ést-
ablishment of the design criteria and the elucidation on the influence by this environment
are requested to maintain the safety and to demonstrate the function of the structure.

In this paper, the fatigue-crack-growth behavior on the compact tension specimens of
quenched, temperaed HT80 grade steels and RA36 high tensile steels having a single edge
fatigue cracked notch respectively, were investigated under the repeated tensile loading in
sea water for the welded parts by shielded metal arc welding. '

Main results obtained are summerized as follows;

1. The fatigue-crack-growth rates da/dN in sea water appeared to be greater behavior than
those in air environment at the same stress intensity factor range AK.

2. On the occasion that the experiments are carried out with annealed specimens, the
fatigue-crack-growth rates of welding metal of HT80 grade plate appeared to be greater
behavior than those of the fusion line, heat affected zone and base metal, while no any
rate difference among the various zones of RA 36 plate appeared.

3. The correlation data of da/dN-AK of the two kinds of high tensile steels in sea water
showed no great difference, however, the correlation data of da/dN-AK/ oy (0y stands
for yield strength of the material) showed that the fatigue-crack-growth rate of HTS0
grade plate appeared to be widely greater behavior than that of RA36 plate.

4. In the sea water environment, the fatiguecrack-growth behavior of RA36 plate is
affected by active path corrosion (APC) mechanism, while that of HT80 grade plate
is mainly affected by hydrogen embrittlement mechanism.
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21 BEMH % BBAERE

& EEo) A MEE QT (Quenched and Tempered) BER #&5|5Rk% A (Ulti-
mate Tensile Strength : UTS) 85kg/mm’ 9 HAEE F7 20mm® &EM= &
BB HE 5 RA36°24% UTS 56.5kg/mm?, 77 20 mm HE ¥HRE &%
Ao 2Fols o MEH HE 9 LBHRSL Tablel s el

Table 1. Chemical compositions and mechenical properties

Chemical compositions Mechanical prcperties
Material '
. , YS TS |E
C | SiiMn} P 8 Mol Vi Cooloommd | Geg/nmd| (%)
RA 36 0.16 [ 0.42]1.38 {0.015 | 0.004 -10.05 [0.416( 413 56.5 | 24
HT 80 0.11 10.27}0.90 |0.003 |0.003 | 0.3910.026 { 0.490 81 85 35
5~ N " S G
Cy =C+ 6Mn+ N Sl+40Nl+5Cr+4Mo+ 14V(A»)

o]g} e 2% MHME BM=E St B (T passes) FHHEM olola 44 (Shielded
Metal Arc Welding : SMAW) 2 Eiistglos ol AR e (BRI BK
B HH-L Table29 Ze}

Table 2. Chemical compositions and mechanical properties of electrode.

Chemical compositions (wt %) |Mechanical prcperﬁes

Material] Electrode ) . YS UTS | E;
C|Si|Mnf P | 5 |Mo|Ni|Ca (kg/mm?)|(kg/mmD (%)

K 016
RA36 SE 3 0.07/0.53{0.98 | 0.014 | 0.01 - -1 -1 4 57 32

(Low hydrogen)

HTS80 |JIS D 8016 |0.07{0.63]0.45|0.009 | 0.006|0.44 (1.81 (0.26 82 85 24

pEERse] 71291 (groove) BT =% (notch) HrE P HEHHAS Fig. |, Fig.2 3



o OE RS BT BRESEE KEHL MY W 169
Table 3o && “epH et

Table 3. Welding condition

Condition Electrode Current Voltage Speed Heat input
Material (A) V) (em /min) (KJ/cm)
RA 36 KS E 5016
165 27 12 22.27
L HT 80 JIS D 8016
120°
s of <
= =
32

Fig. 1. Shape of welding grooves

HAZ— 1= W-M
BOND-

Fig. 2. Notch location of welded joint

- -
-

HBA - BES] K2 JSMESK O olgk C.T #8H (Compact Tension Sp-
ecimen)$ BESld t4%E &M (Welded Metal : WM), L= (Bond), HEE L (Heat
Affected Zone : HAZ) 3 8% (Base Metal : BM)ell »38 mMIste & MW 155
BR BEFES ABSSS sofch 29 714 =] mIk ARG 22 MR
oA @] BASES byl fste kx| Arniel 2mm Folo BEHWHWL MILskn o
BHEBR Ao BHR 3 BERNY HES BRES std 500°CH4 30 9 =
YR (Annealing) ¢ % HEol & Fshglch
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Fig.3-& o]9 zo] Mfedl REA 2ohg vehdl Aolch

¢0.25\W

B N

2L
- ‘ Dimension in mm
{!} ‘ W:47.4
B:18
a: 217
4 . 4.
W B N: 48
1.25W

Fig. 3. Shape of compact tension specimen

22 RBWER % RBRHE

A KBl £ ABBEEE RORBES FASId B3 TN REIRES
HB®# =4 Fig.4 9 Photo. 12 2 BEolch

BE o5l BEHE @F A7 3 BEE O REe T2 E 53t EOMKE
BoA7 T EEES A RBAAE 549 48E] 4l ¥ (Sine wave) & REFI®RME
Eol fEASIEE Skth

=3 @9 72 FHY zetaEif BA ¥HE RESIL R0l K =S
BBz YE $4£E @Sl RREKS ##hsigd o o Bk BAR @2 Fd
HEE £33 2% @2 %579 B9 2oz A (Load cell) 24 2= Ao
X5 FEst] EEPRREBRM kol MRS Kslm o] HIEMKoZ N Skgfd
B (order) & RHol Azt WES WESIHC xx £Hoz iy BRERS o
Hiol Aels WES RO o

REAY HEdE HB BEN BHS WS BRI st BAT A=E 2
=% Aslgon RBH REY BWREEALolE BEEMSE (Travel Microscope ) 22
0.01 mm7+2] BisEstg et BAKE RORSY ROERE =t S8 LAY Rk
MBS BHETozd AL £ ot X MR A$E 04 2 BEAA E®ESIGSH
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Base

. Connecting bar
Reacting spring
Load cell

.2

Ball bearing
Eccentirc ring
Shaft

Pin

N TR NG S
e
== o

5. Sea water chamber Suppoter
6. Specimen

4. Schematic diagram of cyclic-tension fatigue 1ester

s T A S

Fhoto. 1. General view of cyclic-tension fatigue tester

CT OB ivel el @A ER (RO v
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P
K Wi F(Q)  woveereernerremeanmte e e e s (1
f(qy2*a) (0886 + 4640 ~ 13324 + 14720’ = 56a) 2
(1—-a)t
¢ ==
W
o 7lell4, P :HE kg+f (KN)
B : #F5FA mm (cm)
W: EhE mm (cm)

a : #gAol mm (cm)
=Y ESRBVBEEHS ERES BE5SH] 5o ﬁ%iﬁ%ﬂ% WA REESLS
vt2oz REMEMEE RAME P.(Nominal limit load)®] 40 % UT go24 RA
36 89 7% 2000kg, HT 80 7% 3,000kg 2.2 EI3 o™ P& K (3)ell 23k
o F3tdclh

_B-bd-opn

P = (2W+a)

.................................................................. 3)

CEER a,,=9%ﬂ<n¢, o £ QARE), boe B HAEZF (Width of ligament) W-a,
Bi A8 7, WE 3% F,a% xaololch
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3. HEAR o BE

3.1 1R MR Y BEST 2

Photo. 3-& #1%K #cycle -2 wheo}l pebul A o 88 STEEO] fEAR L
od 7)ol 4 IAF S-S WAL, M

Photo. 2
B RAS6H HT 80 f1 §Ff <l clshei ohobd Aol
el RA 36 MESRS s ol BT nio)

Py

Coengrite © #ERCD dRpVE g0 Tof

A o PRI S
< RN - 3

s =38 2

a 2 e o
éf"w, i e

Sooken o
R 2

>l

Photo. Z {hange or continuous micro-siructure of R4 .

Photo. 3. Change of continuous micro-structure of HT 80



174 BEREAE KB R HOW
WAl g a —3A ShEY Y BEY 4 Yo

RE i FZoll 4= ol 2ho] E (ferrite) #&ol #i=o] glow =melolo o o 28 o)
E (prior austenite) #£R9 HKA/ BRS BRI 4 ol HEEFO MM T
ol BLE Bolx glow, BME Foz BHN o wtel zelolo] oo v olE £
fio] #MML =l 3 BEMAM B HolvolE, slelolE RS RomMfio 2/t
st ZHE & 4 vk R=#ERE B 25mm FolR Ryl A4 Béucds o M@
HALE e BEY + 9t o] X 900°C~1100°C 9| HEZ M#SH o] utelo]
% BRERRE 2 A224 of £99 Pt (Toughness)L 1250°C Llleoz m#s
2o §oo N Kl ¥4 mis YL vy Aoz KA

HT 808 459 @RBILs LA HiHs Bosh) BEs- oul BHE &M
o Htol wolx RE AL HA WER QTAEE si6s @2d Aoz 47Weh

Fig.4 = ®%&/78 HT 80 3} RA 364l ‘H%}ﬁ Table 39 HREMEHEHoZ FHER o
oAtk WHESIT HMEBMS) EEBLE REY LRl
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3.1 raiEifol MRR( ¥ WES® Bl

Photo. 2 %' Photo. 3-& 45K #cycle -2 wbol vpelyh A Y = 8 h6ho] HiskAe L

UORA 36 HT 80 % 8fTal cistel uhrplh zlolel o Aol A RE R0 WAL

Vi, Y

RS BV

bolel RA SOHE BT BT 1S T pel ek

e

BT RO Uhendnte T MiERECD

IR 7+ I STt

{Uhange oi confinuous micro-struciure of K/

Photo. 3. Change of continuous micro-structure of HT 80
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A %n B3l S LS BEY £ o

Eo F2el 4L 2ol & (ferrite) fEol Hiislo] glom mezlojo] o048 o]
E (prior austenite) #£&9 HA/l BRS BRI 4 o} HTETO G”KS FT@HMHY
ol LS 2olm o, BHME Foz BES T =t malolo] o028 UolE M
ol BAML 5| BB AT WAool E, setolE ke RAmEoz Wi
St e & 4 ok BEHIEH M 25mm Bojx oolAt BHucs o @
HALEY A#S BEY + sl oL 900°C~1100°C 9 BES M#AS] xtebo)
% BRBZRE d& A224 o] §59 Pk (Toughness)S 1250°C Llloz m#sl
BE $2o) HEEB Hetel U4 ALY PHS Y Aoz BENCLY ®

HT 804 el MMB/Ls Llish Bz BUs B o 8HE 08
ol HEtol Bolx Y= AL MK WES QT BT 197 oF Aoz 4Ach,

Fig.4% H#%77M HT 80 3 RA 36e] o5t} Table 38 fiMfios FHEE of
clamie KT BEGLY EERLE BEY KRl

O:HT80

ol ®: RA36

g

3250-
o
o
e
2 o}
150
< WM Bond HAZ

1 i

0 1 2
Distance from center line of weld metal (mm)

Fig. 4. Distribution of micro-Vickers hardness in shielded metal arc
welding method
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of #Holl wh2w 2 sbx| fETO] AS ds] Eofel M HEZHS dEhiar glo

QT AZBer HT 80 #4%77b RASCHEIF vl 4 Hy T0RE 5 5% 2eoiqn ook ol

70 el EELY OHT R0 A% QT EEY sid 0 B oivla) i EEE (Curbon
equivalent) 5 049 %34 RA36#2 0416% 5.0} 57 =%l %o g MEixci

3.2 WK BMESEH R

—Renrg o F WAL (Crace length) ik a, RERTE®S N Number of svole)

% Crack growin rate) da/db % B IR

v ¢ orange) AR 9bo] FHBIBNG.ol cleld WESLLERITS
7;5 T da/dN 9 AK <= Paris Rule s 28bs] v g 4
Ay akel FaRsjo ™

—— = (AK )r:n [FTPPIRN - BRI C . Y e \4\

Aol 4, ¢ me BEOIH AK =Kpay— Kuin (55, K& BABRKGE) o vl 48

me 05 ~824 Q2 WEE Pasala £ Eekoldlol 4 (Striation) & FEshd %

Fig. 581 6+ & HEol 4 73 FBHHE olotafitic] osicd SEx BT 80W
Rl A e, P8 HAZH 2 B S6ral oS3 =R 9 Bkl 42 de/dN -
AR BEE WEE B BT dois, BOBEAREEE AK gL mEal AR
o RoKBfivker 2isied Bndar LS MASEE Fsigl b

da - dN - Ak BkE 2HEo 2 Rel HT 809 7% Z%diol 44 x4 &
TIFERFEEE AKX 3 8Chg-mm 7t BE B2 BBEEEMEE da/dNI 107 mm
Jevele Sateli Al BARES WEBRE Suo] BEoaNY E MBSO gz 5
o @R (Band) Mol EEslo] 958 deluich 8 BESBE W% FWEEd
=R, AEERT Y B HFR% TRMEN ZFMAED Fd @] o] shlol
ERIANe Blslo] o3& BRI 5 ok md o] BRI BERERES [— AK
el M WERBEZT MEL B MK, Pof o SREBE 2o W GRRESRS
Bol g ol-gol F#o|c}

e



176 BMEEE RS ABE RIK HO6

HT80 B'M B L .
W BoND o | ) BOND ©
HAZ o HAZ o
WM 4 7 WM o
S ri da/dNx219x10%aK™
s o
LW limit \ Lower limit
L of WM
\wfb——' NG
~ Lower limit of - X E  Lower limit of
% 2 r\__t_l__ .3 2 f. [ ]
% iy g (]
z i o dadN=0260NOK § 8 B ookt
R § }
3 N
9
2 o
8
6
i PEETEET | BN EE .zlx, 1 1
) S0 @ W0 10
AK(hg-mei™) OK(kg-mm'®)
Fig. 5. Crack growth rate (da/dN) vs. stress  Fig. 6. Crack growth rate (da/dN) vs. stress
intensity factor range (AK) for HT intensity factor range (AK) for HT
80 in air 80 in sea water

4N SReMB KR TRES K7 M da/dN =136 x 10-°(AK)*" o
2 #RSL BHE, BREEH, LK) FHRE RFEMRLS da/dN =076 x 10
(AK)*“ 2 %Rs™ 549 M-S Paris Ruleol 49 mato] 31424 % A$ =
F 2 3e xelm YUk .

Fig. 72 HT 80 8RS MBREEE da/dN 9 MAOKAFKER AKSI MES =
b3l Wktel 4 RBT BRS LK Yo XBRY% EMS sl BEE Ao
ok o] KBl slal HT 808 #$ Mol 4o MBREXE ZEboIA &
Exct w2 Aoz yehdol

Fig.8 3 Fig.9: RA 369 Rio2 2Eh 3 MKthol4 MBKERE da/dN
o} MABAGEEE AK 9o MHEE Jehd AHoluk

of #Fol o5t HT 80 799 mhabrbx| 2 MBBLHME REBEE T3l
ES=o] MAOKARKKE AK gt 70kg—mm® S2o|4 REHMKS stz 9ok
=3 RRNES L BHE, WEEE, SESRE, L= § B WK i B



AK{ kg -mm' 7}
Fig. 8. Crack growth rate (da/dN) vs. stress
intensity factor range (AK) for RA
36 in air
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4 HT80
i 2000 In o sea water
2_
]]I[H[ In air
o'l
st
6
4
< I
s
£
£ o
Z 8t
T et
=
© 4l
NP AR 1 i
60 80 100 150 X0 00
DK(kg-mm'S)
Fig. 7. Comparision of crack growth rate for
HTB80 in sea water and air
Al RA36 BM ® 4 RA36 B-M m]
L {Air) BOND © L (Seq water) BOND O ¢
HAZ o HAZ oj
WM o 2- WM &
N 'i . .i
UL duidnansga®(ak?™ ; o LUk R ot !
& v i by =efe 6":;9,
hs \ o Gie 3 MO o E
. © ‘... L;' €.
% ) ¢ s
% 8y T e Lot
- 5 I .
N L‘ ; i
TTRTTE TSR %% P T

AK(kg-mm'®)
Fig. 9. Crack growth rate (da/dN) vs. stress
intensity factor range (AK) for RA
36 in sea water
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fo HERFERA o5ty 22> RA36HMO A9 BHME/ BELBE, Lo, KEES
2ot BREKELH e Ao BESD 9o K ERIAE BHE R=04 o]
oL, ESE Rfl FTYRES THoZA HAC) BEEBBAM BEESY BEERS
BEAIH 7] o Foll Bbel BRglol shitel BRRC Fes Aoz 4zsc

Fig. 10 & <koll 4 UL RA3E MO HBKERE BEMo 2 Fo] atolus] 44 ik
& Aolch of #Rel ofsiml RAGHO F9¢ 2ED ¥ Bkt BEEGH REEES
BAH A Aot WE HYL & 4 vt

rlo

Fig. 10. Comparision of crack growth rate
for RA 36 in sea water and air

Fig. 113} 125 Z®+$ 2 ¥Khol42 RA36HMS HT 808RMS MBRE %Kk
<+ HBg Heolch :

o KRl ol5tm ZRFAY WAdANA Ut RA 36 M) A5 HT 80 @M 73
TRk 24 whE GUMK KL Molu Yo 1 ERE ax %L Hoz ek
22

LERF BRNMY RERHE BREE LR Mild: BENEY A9t LEM
BoiE ohE BEHBR REKET volk Aoz o Jou® k MR Po| HE
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In air o In sea water
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%
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%
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~
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~

ST ST | i s S BT | |
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DK kg-mmi'%) DK{g -mm15)

Fig. 11. Comparision of crack growth rate for Fig, 12, Comparision of crack growth rate
for RA 36 and HT 80 in air for RA 36 and HT 80 in sea water

JI 28O AeE HmEe gB SIskeE o of 2 4T 80 ggoy d-%7} RA 36 #§ w.c}
T REWE MREMS voly g oh & EERO #el(sine) A B & A< st
of 78l o} npy =AW (Triangular wave) ol U Py R (Square loading wave)
BE meted fsid g #K ol Ze R chel 4 %5} & Aoz BHsid ™ zg
B, BN ko) wepd s ca/dN=AK BiffE Yoty oz o A=l o
A EEoll 4 s RA 36 # BEfRaspr= 413 kg/mm? o] m HT 80 o] BERampr
= 8lkg/mnt 24 RA 36580 & 2542 olv] Table 1ei4 3o 8b glon, ki
Bob 26590 g WERE S HES) Bl Fig. 133} zte] RA 36 83 HT 80 =
Mol #Akd fmmEsE da/dN S}t <& #glel Bilmmrs e AK / g,912] B
g BRI ] o) Kol ol3lmd HT B0l A RA 36 g 2 o} TS SlA) wlz g
HWE BEHMS yolp oleh. B BR#mE ) 2oy A EHRE e @ g

T e oldg welm g
33 BMESHHME MRH mis

Photo. 4= sk chol) 4 RA368) £#F 559) REBREERES £A5 ErEMsES A
st 1000 fr 2 g5 A |EE Aole},
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5 In sea water B'M ®
5 BOND ©
HAZ o
i WM &
HT
4 o 7 & +RA36
18 P £ Og /
F 8& e®% -
_ ‘oq0M v 9
oF / CL'/ .. :"
ASo’ Qome
— 'y Yoo s i
_06 2 "g .g,"; s N A,'
> K ' 55) "o(’gl
€0 ; s I
E 8t % .
2% .
~ 4 o
3
3t
°
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e
o} by
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6#
.a 1 1 i 1 1
Qi 2 4 5 6
AKIoy( mnfg)

Fig. 13. AK/oy vs. da/dN for HT 80 and
RA 36 in sea water

(a) AK = 78kg-mm™S (b) AK = 170kg-mm '

Photo. 4. Micro-fractographs of fatigue fracture surface for RA 36 base metal in sea
water )
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[

Al = AK=T78kg-mm™"* ¢ =Hels, (b= AK =170kg-mm™** 3 =& yo]=
salvl WBE 25 BEEA gl A GRKE SR BA S8 2 KB (Seconda-
ry crack)yb ozt f-qk A Eglojdlejdo] HES 1 9% W AK O £ = B
Bitlle] #ib A vhebdal ebn olgS BEY F drh

Photo. 5 2t Photo. 6 > ZZ%dhal #ik el 4 o HT 80 #k©] WABHRERAS &
#% weleh ololl 22wl Photo. 5ell v}Ebxd whe} zbo] 4 the] 4= AK = 91 kg—mm™°
of AR = 112 kg-mm™° & 0S5 Bl boll &= a3k #{ksl ool A

slosretefaoisist 2Kl BB 1 3% oF F7F vk 228 d Photo.6oll 1

(a) AK = 91kg-mm*+ (b) AK = 112kg-mm™**

Photo. 5. Micro-fractographs of fatigue fracture surface for HT 80 base metal in air

(a) AK = 82kg-mm* (b) AK = 144kg-mm-S

Photo. 6.  Micro-fractographs of fatigue fracture surface for HT80 base metal in sea water
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ol uhel zto] WAhe) EABBEEMAN AL AK gl 82kg-mm Sl 4 144 kg-
mo 2 BiLgel =heh ZMO) HEBE (Quasi- cleavage) WEMARS BET + vk

PLEsh 7bo) (SME WM Q) RA36HHS RMBESHRE L)L 88 2Eelololo] o]
B U HT80 MMl WS BMESHEL HEERE) BEs: =Ea: oo
3 zo] BEY 4 ok

B ESER BNESC BAY 49 o BAERS 474w Fig 149 2L
Sobx M#E 44T £ Yo ©

1!
i

l']

I NIRRT llt

lll'n“l'
1

A. Active Path Corrosion B. Hydrogen Embrittlement
(APC) CrachE\g
(HE)

Fig. 14. Scheme of cracking by active path corrosion (APC) and hydrogen
embrittlement (HE) mechanisms

2 stuE Fig 14l &ART ule} 2 EHREAMRE (APC X : Active Path Corr-
osion) 0.2 o] AL MBS MAOMho Fuslt £ (lipol A3t} EHER]
Ams] 1 ol Aol kT (Anode) o2 fEMSI o714 @Ml o3} st WHistn &5
(Cathode)ol A W7 Be¥ol & FYukgol Joldeh =eldy MBHBEL o9 2
o oMol e Ama MMM BEHERRY FHEA o3te o] FoiAlch

12 2=3 5]-"4—"& Fig. 14Blol #Tg wio} 2 AKK#H(HEH : Hydrogen Embrittl-
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