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A Study on Stress Corrosion Behaviors in Welded Zone of
the API 5L-X65 Steel for Natural Gas Transmission
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ABSTRACT: This study is on the constant-current stress corrosion test related to the load stress in welded zone and non-welded zone of high
tensile strength steel for natural gas transmission. The sutface corrosion pattern of the welded zone of API 5L-X65 specitnens for natural gas
transmission showed global corrosion and narrow pitting, and the pitting was increased by increasing the load stress. Initially, the average
relative electrode potential and the average relative current of the high tensile strength steel for natural gas transmission specimens was
decreased suddenly, and the average relative electrode potential was higher and the average relative current was lower in welded zone than base
metal. and the average relative electrode potential was decreased by increasing the load stress, and the average relative current was somewhat
increased by increasing the load stress. The corrosion rate was less inn welded zone than base metal, and the corrosion rate was decreased by

increasing the load stress.

1. A

rhu

PHAtEE B EES 7MY AFPAUAZAY A 7
o dAFez 1 ARl FE3] Frbetn on, SN
HZ Aslol] ofdsn Qe HA7EE $45E wiEd olrt A
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oy Ak T A FHo] Aotk Uitdon BAWY
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7 RAZsYo] FAld EAsHA oM oprlHT, $HRAF
goll P viXe T2 e 2%, §99 24, FHAR
a2n g4 23 Fold, F2 oA Yo &FEeM
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& FEYHY w2} APL 5LX65, X2 5 F R uBL F
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F4, FA5E §o FAE vl nFsgh
2. dE3IX R Ay

21 AEH

£ a7 A-E AEE 373 760mm, F7 17mme} HAv}
2 F48 727HAPI 5L-X65)& AR5tk Table 13} Table
28 AIEH AZe] AMRE HAEVEE 48 13 8y =
A3 7)AF 43S Yeld Aoz, Table 3& A|FH AFA9)
$HZ28E JeR Aol

Table 1 Chemical compositions of API 5L-X65 {weight, %)

Division | C | Si {Mn| P | S |G |Mo|Nb| V

API 5L-X65{0.084 | 0.279 | 1.220 (0.014|0.001{0.030( 0.002 | 0.046 | 0.055
Weld metal | 0.073 { 0.525 | 1.060 |0.021|0.005|0.046 0.003 | 0.021 | 0.016

Table 2 Mechanical properties of APl 5L-X65 (20TC)

L Yield point | Tensile strength | Elongation
D 0,
VRO | (kgf/mm) | (kgf/mm) (%)
APl 5L-X65 45 54 36
Weld metal 45 56 28
Table 3 Welding conditions of test specimen
Welding wire Face Voltage | Current| Speed |Heat Input
(mm) W) (&) |(mm/min); (K]
AWS E9016-G
F | 12~23 [80~180| 60~200 9.6~31
(@3.2)*
AWS ER705-G
F 12~18 (80~100| 60~100 5~15
(D2.4y~

* SMAW Welding Method ** GTAW Welding Method

A7 760mm, F7 17mme] HE7t: F58 1ZH7F A&
A AEES HHE F, FHAYBWS: welded specimens)?t 4]
S H A Y HINWS: non-welded specimens)?] 43} EHL A
AlE)(machining center)§ |83l 7}g8lflar, SHAIHAL V-
¥ Axg 0°2 313, FE A 1emmz 7Hed o %
7] 834¢ sack

SHAFHE AAERoNM HA7kE w58 o B3 AF
g g SHYHHA FTYUSHA vl A AeiA EHE
ER705-GE AMg-3td %2 GTAW FAHog £43l1, 1 99
1914, 23z AFiA 848 EN0l63} EN16G 3 Hopa
SAHEE AHeEtd SMAW 33202 o We| HAE Fof nhi
2l £4E Ak &XE AREYE A ol ks vIE
olg3t] §AFE FHoE Zo] 12mmrt HES HHY t,
HAPAE R A EES 742 15mmY 7bg3ta, FWs} ol
222 RN T $EE GTAW 23 522 2mm,

ToE T

SMAW 23 BES 23mmz 3l AAHoz APH FAE
43mm7t HEE 7Tk 7 AdTe] ZHEAE dAsA
&7] st HAAAVNE ol 8t AFHE] FHE HAEE
thg, No. 600, No. 1000, No. 20002} A}¥(sand paper)2 ¥u}s}
of E7) 42+00lmm, Z 18+0.0lmm, Zo] 10mms} HE2 A)g
BE At B EHAFEE S5 AR FYF wiew
7Fgeted Azstth Fg 12 Adae ¥43 X+E vepd A

ol
é_\ Specimen J

Welded butt joints in steel plate

N a—a

Weld metal zone

100

Fig. 1 Dimension of test specimen

AYR SRR 22227 B4L AN Asted 29
3449 do $ANYAY 92 WL AW dvpeta, AL 5w
g JALE 1W00mE FAF F Union F45E0]PMCB1,
metallurgical microscope)S AFE-3le, & 100uf2 ZAHAES
Aok 223, SR AAE B=T Micovikers MXT-a
7e(Digital micro-hardness tester : weight=500gf)& AH&-8lo} &4
St

2.2 AjEEol F51E 32

AA7kx £48 73YF ARY] FEAo| 45kgf/mmio| 22,
Zzke] AWl 12kgf/mm’, 24kgf/mm’, 36kgf/mm’e] ¥
ole) YL Baaly] st 6709 A F(fixture)S FA
30mme] Z#g AHE AR aEx nATF sl o}
FYayli)z A HAUblock) S X3 APRS LelF
e Og, A SRR e FUAREHFS Rk Yat
o M12 TR BES o ZIAYYAE Afstn, ‘0’ ¢ Bl
o olagdz AT FYAE APHH A LA Apolo] B
F9¢ee Ptk 9L Y e RaeiA 21 2YgEe ¥
3% olfre AR AAREr} AN ETWX(torque wrench) S
geshe WHozE 44 e FARFS FY 5 g
fEoltk FHeHEel A&k wHe AFEEL W AWL
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Fig. 2 Detail of corrosion test fixture

Table 4 Stress and torque of specimens

Specimen No. 1 2 3 4
Stress(kgf/mm’) 0 12 24 3%
Torque(kgf-mm) 7811 156.22 234.33

NEog e FUAHS
1332mm” 9 @r)n AeirE ddeolzz oA Atk
g mATe et ofad g sy, A@ue] ¥
Auje] Fobol A= LS T, EIANE AHgslq
pre) nAHBES o] AYNe) Rakgeo] 2tz Okgf/mn,
12kgf/mm?, 24kgf/mm’, 36kgf/mm’7} HE& 8tk

g AR MRATE WA 1332mm'7} HEE
83, dQEolZR g1 HANA AgHe EUOZRE 5mm
ol olad wyvle] nASAT. 221 $o| FatE AY
dit H2ASS FBE YAST, 40839 492 F99 Fg

(a) (b)

Fig. 3 Experimental apparatus of constant-current corrosion test

39 (b)sk #o] dasiyh. Fig. 3& FAF FALEIXE Vel
A Aeolt} Fg 4= HAF FAAPAR MF=E JEPH Aol
th AFHE Y3(anode)o 2, HZ AL SF(cathode) 0.2 3t 4
e d¥xet AFHANAARR, AFARA, 7PAAYE
d2 dAdst Ao FAF FAAH] stedtA s e
o H A EAY HAAYFAT SHAFHA FUI Wes
AxslAck =3 2 AgHY BEAF Alolo AUHITHY ¥
e &£A3817] st AFHn H2AZ Alolo] HAYXAE HE
2 Agsly A9sFE QY FABEE 24890k Table 5+
Ao 42-E Jepd Aol

OC Voltmeter
mv mv mv mv

Fixture C

Specimen Cathode Test tank Electrolyte
{Anode) (Sea water)
mA
OC Ammeter
Slide rheostat }
Volt
DC Regulated power supply

Fig. 4 Schematic diagram of constant-current corrosion test

Table 5 Qualities of natural sea water used for the experiments

Water Specific SPeaﬁc Total Chioride
temp. avi resistance| pH hardness m(C)
© || @m) (ppm, CaCOy)| PP
20 1.0231 215 72 3.555 115
24 MEYY

Fig. 494, ARARFA ARG 7PN GE71E AMEst ¥
o] AFAUEE 0.75mA/cm7} HEE FAHSUA 24047 F<H
AR FAAYEE AABIET o] A7 =F0l vl 1241 GE
ARSI B2ASE) A FHFHY 3 dAFY
HEE AT olde] A¥o] BW & APHS AP
A sAste £2 AH3 o, 0T2 7hEE 20% HSO0, 5894
oA 141 B HANA EHo) B LS AAG L A
FAFEn” 231 A@He] EANAY FAH|ZE AAT
O 922 AHste 38 ASSHo F4E5E: mils per
year(mpy) G9E AHE-SIT, FFUFE FAHETE @93he
A& o ZTHLEA F, 1994).

_(12.000x287xw)
mpy = (Axdxt)

w : Z%7eKgl) A AgHS BTAF(em’)
d : AP Bx(gf/cm’), YHH o2 oA 787g/cm’
t : A=A ZHhour)
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AlGE B9 RGNS goslr] Hstd Az R
APIZIE AHSEl] 859 B8 EHE 93T, FA9
& British Aluminum®} FF4¢& whel #{F8QcHChampion,
1948).

3. 48y R

AWks $58 DYAF $HRS SRPY Be AXY
ATeEe 24247 542 BAW TS, 10N 5 ARF
$YTALYS UAete] APH nEATF) AUjRTAY
s, AUAF A3 FFUR) AT PASE, FAVAPY 58
Aepignt 221 $ehsYl Be $YAYHT HeHAYH
o $4ASE v BHaN

3. B AEREe} IATXY 54

Fig. 55 S0 e $31¢Re 934 FEvze 4
B Zolth. AEEAE S00gf SFolM LHRe FYo2 R
GTAW 2 SMAW $1x014) 05mm o2 =39tk Azt
2 558 2397 $3%9) AREIE $YTENY APy
ol GTAW7} SMAWNT HetHos ¥& AERE fAH0
g, RARAE g B uikd A%e BYen), Ju)
A ZARE HolgE AATINE 4798 AERart a8
Ak o FAe exEUolE UAE w} FelolERe] M
£ Wolpdoz, A WEA oldle] LE JYd) APehe dAT
& WA g A9l (tempering) F0) £33, WY L5} &
242 %7} YolAE INYETN} oz AU I9P
e $UTERRD FUS0 AEe P45 YEe) A
A Uehds, o] Raoln £1FPol 47 BASAY Aol
ASETHAG A, 199; JEA, 1982).

AEH(199) Sol olshel Meaz §84%el WAsEE o
%3} el BT ST o2l Aol 2)3HY, Table 304
SMAW Z3o] GTAW F4] ujald o £& 9oz 435

X0
- GANV
2 r I'-O—SN"
24).
>20t
=
22t
[
C
° 210 +
[}
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Oistaroe(rm)

Fig. 5 Distribution of hardness at welded zone for SMAW
and GTAW specimens with microvickers hardness
tester (weight = 500gf)

ATt @A SMAW 3g0] o R YALEE YehdozH F
20| zUd solEZ YAF ] e AEPS fAEA
€ Holch.

Fig. 69 (a)i= 84AI9 8] SMAW &3 %ol g mazAg
Yehd Zo|tt. AR (base metal)s FAS wlz}o|E(ferrite) F
A2} HeolE(pearlite) xF02 FAHO ok E=F(bond
zone)o] FHEFL FPYF A FIFE wol thapel #AS #H
o|ES} of7he] HelolE 2oz FYAHO Yu, 5 Zuis}
¥ mtEdAolE(martensite) 202 PR o §HIFE&R
(weld metal)e= 840 o3 9EL wol zoiste oz 2
ZH Lo Eaustenite) & w2} slztol B} AEe 233} FYoz
A vl2EAolE 20| EREO e g BRY & Atk

Fig. 69 (b= &AAIYH] GTAW £ 8] i3t oMz e
el otk RAYE zujg szjoleg} HeloEg 2Foe
TFAS0 Qloh BER 2o IYYRE AYPL Wol zojg
8 9oz tere Fajo|es} okte] Belo|E o] Uehdo
o, $5& ZAY B o o4 Hole 2208 49
Ak SHEEFE 22HUOE ZHo] ZogEn ojAo] F
ol o) mAI setolErt FUF A7|2 A=A ok

$ Bond line
Il N Em
i N |

Bond zone Weld metal
(a) Welded zone of SMAW

4 Bord line

Base metal

Bond zone Weld metal
(b) Welded zone of GTAW

Fig. 6 The microstructures in welded zone of specimens(x100)

Base metal

3.2 Hai22io] mE FAIEEL] SAANS

Table 7 §HAIEH €439 FAF RGN AFHng
BEAZH] BEFYYAZAYSY HAANAR, 20T 2 ®
AR AENS Uehd Aojct.

£RAEE 43R AFAYATAYE TR
0054V 713 BRI, Ukgf/mm A E B3geo] Zr184E
A2 FME BEAT, $E3H) 80% dFo] Ry
36kgf/mm'o e ThA] BFANAZ AN} 27180k HFA)
ARE TRESHNN 7HE B%T, RS Yo| ZrHAEE g
Frkske 2A%e BYou, 1kgf/mm’olA 71 e gt g
Wk RA7%e ZE RagHoa 242f AT Ao UFsY
on, BRI HN Razeto] 71F A ehdeh Aukrog
23geo] Z7Me4E  Baze] FAA Uehe FAolxg
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Table 7 The constant-current corrosion test results of welded

specimens
. Electrode | Corrosion| Weight .
Spelfll(r)nen (kgsft;enirsnz) potential | current corrog:)n C;Zf::zn
' v | ma) | @
W51 0 -0.054 0.018 24208 |Ge, Le, N
WS-2 12 0115 0.013 24201 |Ge, Gu, N
WS-3 24 0.187 0.017 24169 |Ge, Gu, M
W54 36 -0.117 0.017 24187 |Ge, Gu, M

36kgf/mm’l N ot F7hske ARE BT

Fig. 7€ $3462o] we §3A98s] 24528 Yehd A
ofth. RA&EE fRagolN 331384mpyE kg ZA e}
i, 24kgf/mm’elA] 330850mpyE 7} A Uebgch 53kS
dolqurhe FRAGYA RALEI A Jepton, Rat
SYME FEeTo] Foil me RALEI) 2ase B
& Holth7h 3ékgf/muiol A Tl F7ksRlEH, ol EARS
AR A3 R WHolr} 7] Bay) fEez AR

331.6

3314

w [A)
@ @
o o
L)

Corrosion rate(mpy)
8
o
®
¥

330.6

330.4

0 12 24 36
Stress(kgf /)

Fig. 7 Relation of corrosion rate and stress for welded
specimens

Fig. 8& HA|A|Zke) Aije] mbe JhASHA ] ¥sE et
@ Aol 533y el =vle] BARl 2VIRE 0ARMIXE
H43] 7Asla, 2 o|Fde 01~-03V HHdA A oy
¥ A9ge vepanh 2ot Akgt/mm’s] 9ol 2709 4
& st 12AF B olF FA3) i S HYoh
Z7)0] AAA7E ZA Ui olfe AP EEAY = ®
o e3d AREE A Tl GEE W7 wEoln, A7te
Baet oA BABE S FFol HA ARtz Rdeld olz2w
A ASAH7 S E Aoz Algdh FRIEHAN 73
B AA%E BT, 2kgl/mm’e) 3o E T1E ge
Mg et $HAEHY Jadsdde Aikgez 4
o) e} o] WA dehten], R3gYe] FHLFE W
olAle 4¥E HIod FESH 80% dFol Had
36kgf/mmiol A F7kshe e ehdT

Fig. 9% AAAIzEe] Zte] e JidFe] wHsts Jehd 2
ot MwtHoE 27|7E AR FAT Tt olojAw,

0.5
A Okgl/mf 0 12kgt/mr
0.4 . g o
4 A 24kgymt @  3pkgimr
0.3 -a '
% 0.2 :
201 - A
2 °a
g 0.0 ®
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8-0.1 A A a
< O:A‘A‘ 8020““‘
0.2 Aoogggiioo..g’g§§
w A A A A A
-0.3 Aab a
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Fig. 8 Relation of electrode potential and time for welded
specimens
ol £E) F7b vehinl 8N A ol REE WA
349 AFHS UEAT: FRISHIN P 2L ARG
HEHE, 12kg/mmiel e 27198 713 e AHRS Uey
o $EAYRY AUAFE QAR BNWAA BAERS
Bgou, A2 oFFHE Rakgdel ZUSE FUIHE
o] S7kh= FdE vl
0.25

A O kgf/m o 12 kgf/mm
0.20 A 24 kgf/m’ @ 36 kgf/mw

0.10

ob>»

0.05

A
ittt raninenann

Corrosion current(mA)

0.00

-0.05

0 24 48 72 96 120 144 168
Time(hours)

192 216 240

Fig. 9 Relation of corrosion current and time for welded
specimens

Fig 10& $PAUHUEMAW 374 32)e] 2004210971 4
¥ FUPAPAE Uehd olth YuHoz FPW F=
239 $UIEE TE2YY Aolsh Y 2o ¥ BF
$9 Soz EAYEG Wa4ge] ok AIPRAME dEn
FEol A% B EsHweld decay)’t WAl & F¥E VA9
(4% 3, 19%). Fig. 109] (@) FH3-&M A1gA #3
PHPAS e Aotk BARINE ANHoR FAY WY
PAGYH F& FANOl ey, $PTEYNE FUS
HARH(Ge)d} FE2os FEF FHR2A(Le)o] etk AY
Ho) 20e $PFEToIN 5oz A9 Falo) Yol F
A% 347432 489 Fg 109 O, © @t
12kgf/mn’, 2kgf/mm’, 36kgf/mm’e] & R&e AYH &
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o] BAgANS Uehd otk RARME FYS AR
Ge)t &2 FAN)o] vehgth 12kgf/mm'e| e F& F2N)
o] Jeht: Ukgf/mmolMe F99 FAM)S Jepd. oel
A §8o] F7HEEE BAFANE F4o] AJE @ AN
SHFTERAAME Fe 830] e WA (Gu)T F2 FAN)
o] Yeigth 1kegf/mmilME F&  FAN)e] Uehdn
36kgt/mm'AME B} He F99 FAMS Jepich ahabA
SHAFERANME §8o] FVIEFE F2o] Axke AL FF
T 4 AN BEFE PAFY Aolz AP YA3S s
447445 Eod tad F4L Holn Yok FARARE
kgf/mmiol X 7bg =27 Uehgm, 24kgf/mm’olM sk A
Uehgeh mebd B JAAASS $5sa Fo)9 pE
o] AxE AFL vehlch REXRoME BARs $4FERe
dAu Y o2 QA AAAZL WS dF oz HHo FL
$4FEFY ARYEI) oAU 424N RARET W
& 458 Fo] Jagony JAAAFo| dAH= Aolth

(a) Okgf/mm’  (b) 12kef/mm’ () 24kef/mm’  (d) 36kgf/mm’

Fig, 10 Corrosion pattern of welded specimens(SMAW, x2)

33 F31320] M2 HIFAIMHS| SAHS

Table 82 uI&HAYHS BAF FAUYoIN AQAT v
A3 RRAUAIAYS BFYUAT, TR B EWL
Agale e oo,

Table 8 The constant-current corrosion test results of non
-welded specimens

No. [(kgf/mm’) V) (mA) & pattern
NWs5-1 0 -0.091 0.022 24340 | Ge N
NW5-2 12 0124 0.030 24398 1Ge, Le, N
NWs-3 24 0.161 0.039 24393 [Ge, Le, N
NwWs4 36 -0.200 0.021 24398 [(Ge, Le, M

v g A G He FFANATAYNE TR 0091V
71 23, BEgoME $8o| Zyhg) w Zashs A%
< Yepdth HFAATE BahgYo] 2L Zikshe A
&9 ug o, kgf/mmoNE FAS Baste TR
Aot vled e Ui FRANAZAS e BFAYAFE
36kgf/mm’o} A} 7 e ke UERTh RAzEe BREey
oM 71 Az, Ra3Ho)ME 244gf FEE A ulsdA U
ettt Fig 118 581330 g2 wggAguy 2a&es

B Aoltk. BA&rE TR 33319ImpyE JHE &
1, 12kgf/mm’s} 36kgf/mm’o)| A 333.985mpy s 7} =AUl
gk Ba-gEdMe 8ol 3718 wal BALET} gashs
A% Rolth7} 3ekgf/mm'o A o] Z7lehe PFe wgE),
ol AXH B o7t A7) g=2r) Yoz AgEn

334.2

334.0 ° °

Corrosion rate(mpy)
W W w
w W W
w W w
S [ o]

333.2 ® o wws

333.0
0 12 24 36
Stress(kgf/mr)

Fig. 11 Relation of corrosion rate and stress for
non-welded specimens
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71el F7Vsich7l 4A174 AnslRA Frela) 60417t ool
FREATE 36kgf/mmc) N gl JHE FolE Brelm
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Fig. 12 Relation of electrode potential and time for
non-welded specimens
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Fig 13 Relation of corrosion current and time for non
-welded specimens

Fig. 145 H1§78A1 9] 2041201097 4
FAE ekl Folth Moz FAH AR
FAMpe] vehgon, $38o] 371848 e 3
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CELE LR
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o
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Fig. 14 Corrosion pattern of non-welded specimens (x2)
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