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Abstract

API(American Petroleum Institute) steel, as a line pipe material, requires the enhanced mechanical and chemical
properties with the environmental severity. Especially, the weld pari(weld metal and heat affected zone) is an important
region for the safety. However, the study for the behavior of microstructure and toughness in multi-pass welding is
seldom. In this study, the relationship between the microstructure and toughness of welds with several welding,
bending and heat-treatment conditions was examined. In particular, HIC property in the weld metal was evaluated. The
microstructure and toughness in multi-passed HAZ seemed to be determined by the final welding thermal cycle and
the low toughness was attributed to the MA constituents formed in the intercritically reheated region. The weld metal
showed very low toughness and it was not improved by the change in bending and heat treatment conditions.
Additionally, the cracks are observed in the weld metal. From these results, it was found that the choice of welding
wire/flux is very important.
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Table 1 Chemical compositions in weight percent

Elements C Mn P S Si Nb

\Y Ti Al Cu Cr Mo Ni

Base metal |0.084| 1.54|0.002| 0.002 | 0.254 ] 0.065

0.031(0.012] 0.041 | 0.139 | 0.012 | 0.238 0.227

Weld metal | 0.056| 1.42]0.009| <0.002 | 0.17 | 0.014

0.011; 0.003 | 0.016 | 0.116 | 0.032 | 0.421 1.59

Table 2 Wire/flux compositions in weight percent

Wire C Si Mn P S Cu Ni Cr Mo

US-255 0.11 0.01 1.79 0.007 0.002 0.14 2.43 0.04 0.55
Flux Ca0 + MgO Fe
PFH-80AK 55.1 14

Table 3 Welding sequences and conditions

(1 inside 2 % Zloutside
Y jo
Ziovenoe (Thnsice
Side | Pass | Welding Dia Wi;‘i/a}?jamde Flux Intzl;l)zss Amps | Volts Speec'i gzitt
process (mm) name Polarity (T) (A) (V)| mm/min kJ/mm
N 1 SAW-1W 4 Us-255 DC+ PFH-80AK 65 630 28 440 2.41
IN 2 SAW-2W 4 US-255 DC+ PFH-80AK 650 29 800 2.72
4 US-255 AC PFH-80AK % 600 29
IN 3 SAW-2W 4 US-255 DC+ PFH-80AK 620 32 750 3.22
4 Us-255 AC PFH-80AK 120 600 34
IN 4 SAW-2W 4 US-255 DC+ PFH-80AK 600 31 660 3.65
4 Us-255 AC PFH-80AK 100 600 36
MILLING FROM OUTSIDE PFH-80AK
OouT 1 SAW-1W 4 US-255 DC+ PFH-80AK 90 550 30 600 1.65
ouT 2 SAW-1W 4 US-255 DC+ PFH-80AK 110 550 32 550 1.92
ouT 3 SAW-1W 4 US-255 DC+ PFH-80AK 125 550 32 550 1.92
ouT 4 SAW-1W 4 US-255 DC+ PFH-80AK 150 600 32 500 2.30
ouT 5 SAW-2W 4 US-255 DC+ PFH-80AK 650 32
180 800 3.00
4 Us-255 AC PFH-80AK 600 32
ouT 6 SAW-2W 4 UsS-255 DC+ PFH-80AK 650 34
220 600 4.13
4 Us-255 AC PFH-80AK 600 32
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Fig. 1 Specimens for Charpy impact V-notch test

Table 4 Thermal cycles for double-pass HAZ simulation

1% pass 2" pass
Heating rate('C/s) | Tw Cooing Time(s) Heating rate(C/s) Tri Cooing Time(s)
CGCG 500 1350 7.28 500 1350 7.28
FGCG 500 1350 7.28 250 950 7.28
ICCG 500 1350 7.28 170 780 7.28
SCCG 500 1350 7.28 118 650 7.28
CGFG 250 950 7.28 500 1350 7.28
FGFG 250 950 7.28 250 950 7.28
ICFG 250 950 7.28 170 780 7.28
SCFG 250 950 7.28 118 650 7.28
CGIC 170 780 7.28 500 1350 7.28
FGIC 170 780 7.28 250 950 7.28
ICIC 170 780 7.28 170 780 7.28
SCIC 170 780 7.28 118 650 7.28
CGSC 118 650 7.28 500 1350 7.28
FGSC 118 650 7.28 250 950 7.28
1CSC 118 650 7.28 170 780 7.28
SCSC 118 650 7.28 118 650 7.28
Table 5 Bending/PWHT simulation

Weld metal Bending temperature(C) PWHT temperature(C) Compression

WO 900 400 30% Compression

W1 1000 450

W2 1000 400

W3 950 450 Non compression

W4 950 400

W5 900 450

W6 900 400
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Fig. 2 Results of Charpy impact V-notch test
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Fig. 3 SEM micrographs for one-pass HAZ. (a)
CGHAZ (b) FGHAZ (c) ICHAZ (d) SCHAZ

Table 6 HIC sensitivity evaluation conditions and sensitivity parameters

Solution pH Temperature Duration
8.1-8.3(start)
i i 25T .
Synthetic sea water saturated with HoS 4854 (end) 96 hr

CTR (crack thickness

W @ width of specimen,
a : length of crack,

CLR (crack length ratio ) =
> (axbh)
CSR (crack sensitivit y ratio ) = =2 %100 %

b
ratio ) = % x 100 %

T : thickness of specimen
b ! thickness of crack

> a
x 100 %
w

W xT)

KEBEHREEIE $23% $2%%, 20054 45

175



70

Q3B PG AFD o1 - WS

3 FGHAZS] 7%, vAR ferrite 2218 A2
olth CGHAZS} FCHAZ 2% peak %7} austenite
G d9dolE BTt ol g 2F9 Ao]E Ho
= A& FGHAZY %<& peak 2x=° g mAg
austenite grain size®} 12 <3 ferrite A9
Al Aoz AzZpEdt ICHAZIAE ferritest
M/A island(Fig. 3(C)9] #A ¢9)7 #&dr}. o]
23t 233 EAL intercritical regionol 333=
peak 2=7HA9 71 Bt 7] ferrited dUHIL
austenite29] HE|7} WA A F2o 29 Wzt
Aol A o]Z3t austenite’} martensiteE FAFA
U ZRap] gEll Ao AzEP® SCHAZ & 27
o Hlal thh 2§ ferrite 2FE Holm Yt}
Fig. 5= &3 packet size®] lath martensite &3
< 7= CGHAZO) tisl] F HA 4 Alo]E& H43
AlHe] wlAzF Atzleltd CGHAZE ©Al 1350C
(Fig. 5(a))9}950C(Fig. 5(b))E A71E3 AjHe
Fig. 3% one-pass &3 FA thEx] &t} o= A
7¥49 peak &%7F BEF austenite W GHolH,

Fig. 5 Results of Charpy impact V-notch test

176

olgjat e austeniteZHE Q] Wz zZo|7] W&
o wAl 29 Wzl 3A] g Aoz FHudr)
Fig. 5(c)& ICCG HAZA #133ts, A WA passell
olgl FAEAY martensite FHOR HAoZ FAZE
R} 22 MA island’t #2-) o] 9A] intercritical
region® 29| A7}E 3 YR austenite FT
Wz Fo Weo] sidldte AR AZbEd Fig.
5(d)= Alelele] 22 peak 2%(650T)E tempered
martensiteE Eo|i r}.

Fig. 6& ICCG$ SCCG HAZS TEM #2 Zz}
2ZX, BARAEA 7IAzAd HE A9 d=rb g2
MA island(Fig. 6(a))¥ tempered martensite<]
Y4 (Fig. 6(b))& & 4 YUt}

Fig. 7€ 3 ¥l 83 @ Alo]29] 938 FG HAZ
£ 343 3 F A 85 4 Alo|ES A AHY
HAZAE Holm gtk GA] T WA passol] <3l
austenite & G71A] 71EHYE CGFGS FGFGE
Fig. 59 CGCG ¥ FGCGS Z°] one-pass CG ¥

i Lem

Fig. 6 TEM bright field images for (a) ICCG and
(b) SCCG HAZ

Fig. 7 SEM micrographs for (a) CGFG, (b)
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1. American Petroleum Institute: Specification for line

Table 7 HIC sensitivity parameters {unit :%)
Parameters 90 from weld 180 from weld Weld
Crack Sensitivity Ratio, CSR 0 0 0.05
Crack Length Ratio, CLR 0 0 2.20
Crack Thickness Ratio, CTR 0 0 0.57
Table 8 Diffusive hydrogen results
Location Hydrogen (ml) Hydrogen (mg/100g)
90 from weld 4.67 1.43
180 from weld 4.53 1.40
Weld 7.3 2.13
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