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by Linear Elastic Fracture Mechanics

Dong Kyou Kim*, Kyoo Young Kim*, Hyuk Sang Kwon**,
Sung Keun Lee***, In Ok Sim****, Young Woo Kim®****
*Department of Material Science & Engineering, Pohang University of Science & Technology
**Department of Material Science & Engineering, Korea Advanced Institute of Science & Technology
***Dapartment of Metallurgical Engineering, Dong A Um;versity

**x* Agoncy for Defense Development

The stress corrosion phenomena of high strength and high toughness SNi-Cr-
Mo-V steel (DS-130 steel) were investigated for the base metal and weld metal.
The weldment specimens were prepared by GMAW (Gas Metal Arc Welding)
technique. The specimens with two different precrack directions were prepared
from the weldments; One was parallel with the welding direction and the other
was perpendicular to it. DS-130 base metal showed a good resistance to SCC
even though pitting or local corrosion occurred on the metal surface. However,
at Zn-coupled potential where hydrogen evolution reaction was dominant, both
the base metal and GMAW weld metal became susceptible to SCC showing a
low Kisce value of 78 ksi vin . This value is equivalent to or better than Kisce of
HY-130 steel which is the same grade steel as DS-130 steel. Fractographic anal-
yses on the fractured surfaces at crack tip revealed mainly IG (Intergranular)
and QC (Quasi-Cleavage) fracture modes for base metal and IG fracture mode
for weld metal. Fracture surface in the vicinity of fusion line clearly demon-
strated difference in fracture mode between weld metal and HAZ (Heat Affect-
ed Zone). It can be concluded that DS-130 steel weldment is susceptible to
SCC in the order of HAZ, weld metal, and base metal. Fractured surface devel-
oped by MVC (Micro Void Coalescence) in weld metal revealed local inclu-
sions. These inclusions were identified as the initiation site of the microvoid.
Therefore, the SCC property of GMAW weldment of DS-130 steel can be im-
proved by adopting a proper welding process with better shielding efficiency.
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ANA 1A BHE MY S AF A2 HUTH = Table 2. Mechanical properties of DS-130 steel
AAHEE 0.12%9 Fo iy =2 Ni, Mo, Cr (38.1 mm Thickness)
FFE A Avs wIdolt 2AR £ Material o S EL
99 AN 43S BPRYE, ALRE BT Gy fey %)

- ' Base Metal 134 145 22.2
FARSEY zhzk 130 ksi®} 140ksio] A e =& Deposited
=8 7Pt HEge &3 GMAW &4 Metal 137 145 20.7
oz Ho 7igse] Ar, He, CO, 281 (LTEC-140)

0,52 A3 vlgx & 7Az BEFAE A
Hatm uHAFAAME o} a7t ¢+ TIME (Tran-
sferred lonized Molten Energy)&HH 2 & 85
AThID 2y Ao FHHA 271& Table 30 Sl o FaAAH BG B[R Ui
R DS-130% AlHel <lslslobd H9ie] WAE A

Aslz] 93t 2419 (corrosion potential)

23 Moy

22 oM =LA 9 FTEX - . . .
MzHBE % F=RE &7 9 ZHMLAEZT (potentiodynamic polariza-

DS-130 7o} Zzt #98 v xz3 & Jetdn tion) AlEE& ot 249 FH L& DS-130
Aoz #/AdECt B YH L AHE 0.05um7t 74, obed R DS-130 Z 3 ol g Hr|H o o
Z AAulsl F 200uHe) wig = BREGTH AR AAZ AWME Agetgnt. wg DS-130 Fe
¥ Aol (etchant)S 10% tolg (Nital) & gwtd H7188tA A F (electrochemical kinet-
aojdot. mARe] A9 LT, ST, SLe} Al Hoej ics) B A, 74 AW S JEEY] e
it ztzb @G d9ET AL &F AFES A¥E skt =e dHe SCE
Mol mAZozel Agle uzt =Zxo ¥3 (Saturated Calomel Electrode)& 7|02 &%
£ BEsn, Axe ®¥E 94 g HER 3t B Aol ALEE F484 2 ASTM
259 AxE AT 2FH7 (Vie D11419) ﬁ”ﬁ% Q1 Z&) 4 (synthetic seawater)
ker’s Microhardness Tester) & A} &8t 500g &} doo AR 2 T E Table 40] YEMHUT.
zz7A0A 02mm HRog ZFHF oo FHE AY A= EG&G PAR 273 Model®] potentios-
AlZre 1022 stgrh tatg AM&-3H3Th

Table 1. Chemical composition of DS-130 steel( %)

Metal C Mn Si P S Cr Ni Mo A% Cu Ti Al
0.12 075 028 0.01 0.015 055 5.00 048 0.08 - - -
DS-130
max max  max
Deposited
Metal 0.07 1.91 0.36 0.01 0.001 0924 229 064 001 0.043 0.010 0.001
LTEC-140

Table 3. Welding conditions of DS-130 steel weldments
Voltage Current Wire Feed Travel speed Interpass
A% A Rate(mpm) (em/min) Temp.(C)
GMAW LTEC-140 34 300 15 18.9 150

Process Electrode
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Table 4. Chemical composition of synthetic sea-

water
Element Concentration(g/L)
NaCl 24.53
MgCl,6H,0 5.2
Na,S0, 4.09
CaCl, 1.16
KCl 0.695
NaHCO, 0.201
KBr 0.101
H:BO; 0.027
SrCl,6H,0 0.025
NaF 0.003

(ASTM D 1141)

Table 5. Size of modified WOL. specimen used in
this study(mm)

. . . Crack
Specimen Length Thickness Height Depth
Length

Weld
Metal & 81.53 25.4 63.0 35.0 64.7
Base Metal

Weldmg Direction

Fig. 1 Modified WOL Specimen taken from Weld Metal,
HAZ and Base Metal

Wk, HzaE 2@& R=01, Fods=
10Hzz 393, As=L 2.0tond A 1.9 ton,
1.7tong] AN ©AZ gt o] W z gAY K
me DS-130 22l K 20-30% H=Z 79
st ASTM E-399 ANEHEE REHAIZHT. o
BlogFge] AE8 AFAE7 = Instron Mo-
del 85002 A}&31%th.

T8 WOL A& ALET dAHAAHEA
A 3tE L 3FEE(oading bolt)®} ¥ (tip)-&
A&l Aol W 9] (displacement)E X 83
Aozt :L?H_E 271815 & HAsIA ol
HFete HAE RAAD F AIHE A EA
of AAAAFH, A7l met K, gtol 3B &
239 FEgol FHA(arrest)HE Kiseedl =3}
A Bt Kiee &2 383 g8 4ol &50]
D2 fFgo] AAE WY F¥E 4ol (AP
31%F (Pame) = T3HH ol &} 22 A 4o 2
& dojd & JYohib

— 2
K/ = BJ— [30.96(a/w) — 195.8(a/w)* + 730.6

(a/w)3 — 1186.9(a/w)* + 754.6 (a/w)5]----- (1)
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P = Load
a = Crack Length
w = Specimen Depth
B = Specimen Thickness
+4¥ WOL AWl s152EE Agstol o

AU E 7leir] Hel AHA C\’lc} 18718 A&
ge] 52L& 718ta o] w COD(Crack Opening
ZH35e &3 of .CODY ¥A
2 Jeus 224 (calibration curve)& &
gt Z AWl i 2AIHE FI I
%7)8 50 #HFse 2v] CODE 3. 2
F slz=2ES9 EF #AX(torque wrench)E A}
g8ty AW F}FE sistn melazEUH
(micrometer)& o] &3] AHd %7| K, 7} 7}
MAEE 23 ATh 24417k AHRT T AW
o] X% COD7l W3l gtss &dstn
712239 A3 ol FA ST 1000
AlZrol AT F AJHE FxoA 7AW loading
bolt& &1 ol 4% CODE FAsIHrh ol
2% CODYol #Z3tE 3% (Pame) S Instron
85002 ol &3t EZAHsF D, AHE FHAZ
F 3y BEAL 5o HFFEY Aol
sk olgA 2AHY FHFIFH FEAo
Aol tdsted Aol Hede SEFA ¢
ALHGNAT KR AR

ol4e] ML AAA 2A R GMAW &3
Bo tiste]. R4 Ty oldFEHHAY £
AolA SARANF G Atk 27EF =
AL 7z A9 WE ZElsle] 4. EFR
A9 &3 (mixed potential effect)E& #|A3}7)
913to] ol o)A % (Maraging Steel) 2 € A #Hg
32 2E (loading bolt)L ® (tip)o] AF3+
o] A4HR GEEF AHY FIHDY H+F
o] #AZsAETE £ A9 (cathodic potential)
7Ash7) Y& A
o FEAge] BE AW FEWI o
27 FEE FAS AL dHog 9EE
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Ae ZEZ FHAHC.

25 LAY

[+

AFeFF 1000 A|zke] A3t FEol
AT ARE AFAG7I 2 T3t 2 STA A
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Fig. 2 Cathodic Polarization Behaviors of Base
and Weld Metal in Synthetic Seawater



90 St H A8k 5 x] A 24W A2FA 1995. 6

7t AdH e QFs A I 2AA Hrlse Az AMAE Bk dd Wi mg x3
Y 54& olsfsirl flate] SHEF AEE 8§l 8 Aol A A2 QTHY AYHY 3
gt Fig. 20 detgiddse] 248 9 &4%8 FS BEY ¢ Yok AHHoR HHE i
33 EFEAA] UV S BAYNESS Al E7E ti¥&& AAXsta ok Fig. 44
Fglo] THAL WolHS (transition potential) GMAW £¥2e AXNY B3 Azs 72 23
7b & dEhY om0 B F HLE BE EHE* o ARASE G 84 539 HAZ
900 mV 20|tk o] el e ol Fhei Al AN Ee olAYAFoz T 2o § Y
sol WAl BRAAL, £ ATAH H50H2 HoidE AL ¥ 4 Utk 2T RAR 2h
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Table 6. Open Circuit Potential(OCP) and “Transi-
tion Potential” of DS-130 base metal and weld

metal(mV)
Base Metal Weld Metal
oCP -599 -622
Transition -300 -900
Potential

OJE ZAo] REHoz H;IHACH
24 A3E Fig. 594 Bt £§MdA
mm A E7R12] FHoiA oF 330 Hv A E9
BAEE T SUth o] ¥F-2
Fig. 404 &§4 Az E GGZ
(Grain Growth Zone; 3,200X)
i3t} Easterling®o] o8y £8MolA =
HaEl® GGZyx © A% (carbon equivalent)o)
2% A% Ao
M Z2AE 7 mEka o] el vhEd
Aol E Fo AE LW FYHALSE
T A 13‘]‘4 Al HE mARY -
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Fig. 3 Optical Microstructure of DS-130 Steel Base Metal (A) LT Plane (B) ST Plane (C) SL Plane
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x6x1/2 Fig. 5 Transverse Microhardness Profile across

the HAZ Area of GMAW-Welded DS-130 Stee'.

Fig. 4 Macroscopic and Microscopic Observation of GMAW-Welded DS-130 Stéel Showing Various Regions
in the HAZ Area (1:Weld Metal 2: Fusion Line 3: Coarse Grained Zone 4 : Refined Grained Zone 5 :
Partially Transformed Zone 6 : Tempered Base metal)



92

HEE LT

#2434

H23x 1995. 6

Table 70) Felstgith $WHED +4o27d
o AE AW
£ Table 80) B2 Fejatgch Fold HE K

B2

AlH

AHEE YR

A= % 10004 7}
oottt HE K 9o e

radgel A

A% ¥ e
* gAE 7Y

o] YA LA a/Wel ul7} K& A 4rst
B

4§ Wes

Al A

239
£ 09 X2 BASYT 28
Age e
o %

%&&%ﬂ SRR
2 Feshol

=3

] 2 3} g T

) ) o
4 vy KlSCC%}\ =

DS-100, HY-100 @ HY-130 73 ¥

3=
¢ T =

o]

Lo

F4 BFA

xg 23

2 Table 9o JEMIYTES 13 o714 HY-100
7 2 HY-1307 ¢ Zae=
o) A CLT (Constant Loading Test)s}¥ o7 4]

#3§ to)elol® DS-100 &
£45® WOL W¥ &
2E3 HYA Z4E9 &

1=}
SRR

SFH 9 -1000 mV

2 299 59
Ag Aot DSH
ol B8 AT

n@e A4 A48 v At
dx 2ARY 2N PR AWE FE
sie DS-130% =AY §3% Fa 4%
A2 Azkol 1000417 ZHT AW EFo)A
Fdol LANA WA WAH RPAPY 237
o 2ARE 1001 ksi /im o149 K} o
49Tk $HF AW A 2ARY zHAE
Fdol WASHA FRL, Keocks 117 ksi /i)
e oz d4nn. +4u4¥9 24
1 -985 mVel M BARY A§ 2718 %ol
soldol weh F@ol WAs 120 ksiim o
Z2718F2Ao A 78.1 ksiyin - o B Kb
238 S8R E oldg 2248 -1000 mV
ol W73k RW19) £ Al®olq @dol w43}
Qedl o W FE Zolzt A (De] HEHE
dolglch. 2du #@ol AWHA @e % A
A Fold HAF SABUATT 2B Waol A
o] Kgto] 78.0ksi Jin oo g 78.0 ksi Jin
o4 $HRA dASARUASE AT

¢

I‘

S
IS

[¢

Table 7. SCC test results of DS-130 steel using modified WOL specimens

Applied Initial Final SCC Fracture
Potential No. P a K, P a K, Mode at
[kgf] [mm] [Ksiyin] Crack [kgf] [mm] [ksivin] Crack Tip
M2 6980 35.5 112.8 X - 35.5 -
M7 7600 35.0 120.0 X - 35.0 -
Base ocP RM2 7900 33.7 120.0 X - 33.7 -
Metal RM6 8511 32.8 124.9 X 7440 32.8 109.1
Zn- M4 7000 34.5 108.1 X - 345 -
Coupled M5 7600 35.0 120.0 0 4560 36.3 78.1 » QC+IG
(-985mV) M6 8120 35.3 130.0 o) 1970 . 50.3 94.1%- +2nd Crack
oCP W1 9097 33.1 135.3 X 7863 33.1 117.0
Weld Zn- W4 8962 28.1 110.0 X 6357 28.1 78.0
Metal | Coupled W8 9583 30.8 130.0 X - 30.8 -
(-100mV) W7 9438 36.4 162.9 0 398 57.4 39.5 %- 1G
RWI1 8189 38.0 149.9 0 144 61.7 20.1%- +2nd Crack

P: Applied Load
a:Crack Length
K,:Stress Intensity Factor

Ki=

* :Not Vahd Value
due to a/W Limit

W :Specimen Depth

ﬁlj‘a [30.96(a/W)-195.8(a/W)2+730.6(a/W)3-1186.9(a/W )4+ 754.6(a/W)5]

B:Specimen Thickness
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Table 8. Result of experiments using specimens with the crack propagated vertical to welding direction

Pre-Crack Initial Final SCC

Tip No. P a K, P a K, Fracture Mode
Location [kgf] [mm] [Ksivin] Crack [kgf] [mm] [ksiyin] Crack Fusion
HAZ V5 6014 26.7 1284 0 624 42.9 60.3 * Tip Line
Weld V8 6379 267  136.1 0 1702 391 1042% Unclear MVCinWeld,
Metal VL1 6495 43.6 170.8 0 - 60.5 - QC in HAZ
Base V1 6069 272 1331 X - - - N
Metal V2 7270 25.9 148.9 X - - -
P: Applied Load ) * :Not Valid Value N
a.Crack Length due to a/W Limit
K,: Stress Intensity Factor
K, = 57— [30 96(a/W)-195. 8(a/W)2+730. 6(a/W)3-1186. 9(a/W)4+754. 6(a/W)%]

W :Specimen Depth B:Specimen Thickness

Table 9. Comparison of SCC Test Results of Base Metal and GMAW Weld Zones for DS-100, HY-100, DS-
130 and HY-130 Steel at Various Electrode Potentials.[5, 13]

Testing

Specimen i Applied Kisce [ksi ¢ in]
ime _
Region Potential DS-100 HY-100 DS-130 HY-130
[hours]
OCP >>125.0 - >109.1 -
Base Metal 1000 -1000 mV >110.0 120.0 78.1 82.0
(-1100 mV) (-985mV)
OCP >129.6 - 117.0 -
GMAW Z
1000 -1000 mV >117.0 110.0 > 78.0 50.0
Weld Metal
(-1100 mV) ~63.0
OCP >136.0 - - -
HAZ 1000
-1100 mV >137.0 - - -

Bofop ot wabA DS-13073 &3 F &P 3.4 2HEA 0 pHE

AL KeeeZd 23 ZARY fAS 42&

txE Aoz FEEACTH B 8ol FHFAA SEFAAY] Bt F -985 mVe F4
do] 3 AHY 72 R9E FTHAEE FHT WA A A FEo] HAZ ABWE I
APZEE Yl rlAME RE AHE HAA HEE FEREACH Fig. 69 tH &
oA R LA o] FadYxANA AFHAH SEMe =z #A3 AHE BEYn. Fig. 6 A
FLe Vs Ve, zElm VLIS Al A[HAA A 2008 o AARE B3 FEIHT 2
Aatg ot VLI A#EAME KseeE FA A Al HAH (cleavage)?] EAHE Hols
Zilgon Vs Ve =% FEdol7 a/f FaFgaide]l FFHJT o] E thA] 2000
W A2 zAsHnh wets #Eol LA ol go) AR(2E 6B)o R #EIIH FH
3 AHe) FEFATE S B 74 ¥4 7l (quasi-cleavage) A &S 1% FEgio] B

¥ edeage Hrskg ¢ 4 9ith. Fig. 6B} 6D2] 20008 oAb
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& HuiEE o & 35219 Fig. 6D #ol F7FAA NAAH dNg do Fo
l A AT gEade] oS S @ad ol HMHog MVC (Microvoid Coales-
& UEdS ¢ 5 Ut 28y Fig. 6A%) cence)ol &3 AGHAE Hole A Hl;r
6C—4 2008 AHRE M E HusfEw Eo & uf §¥€ P Ao ol NF7F FHHY
Gz Fdadoel FEAGAAEY o & ZalFa v
FEHZ YAFEE Holudth oY & Fig. 7TAo] g R ao] st $HE 3
HRAGHo BHE Falol DS-130%3 = TEHTGE7ANAMY AN FES e
Foll 4 QCut IG(Inter-Granular) 2] =4 3 oY 429 059 AR 9% MVC #
BE Aol st gHFAFH] BANLS S FE FElo] EAg & k. 2EAPEHY
¢ 5 s, o121 Fig. 6 E9 6 Foll 49} BH AR L Fig. 7B, 7Col 2% 13 Fd

Fig. 8 SEM Fractography Observed from Base Metal Tested at Cathodic Potential of -985 mV A, B :
Fractography around Crack Tip C, D : Fractography at Crack Path E, F : Fractography of a specimen
fractured in air
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Fig. 8 SEM Fractography Observed from DS-130 WOL Specimen with the Crack Propagated through Weld
Metal, HAZ and Base Metal, respectively A :in Crack Initiation Zone B, C:in Crack Path(Center) D :in
Crack Path(Edge) E : around Crack Tip(Center) F : at Fusion Line G :in HAZ near Fusion Line H :in Weld

Metal near Fusion Line
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