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Development of High Performance UOE Pipe for Linepipe
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Abstract:

JFE Steel manufactures high performance steels used for energy development, transportation, and storage

applications. In this paper, high performance UOE pipes for linepipe manufactured from steel plates are introduced.

Keywords for development are high-strengh, heavy wall thickness, high-deformability “HIPER®,” collapse-resistant

for deep sea, sour resistance, and low-temperature toughness. At present JFE Steel is capable of providing high-end

UOE pipes in numerous sizes and for a wide range of conditions.
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Table 1 Longitudinal tensile specification for API X80 (API:
The American Petroleum Institute) high strain

linepipe
YS (MPa) | TS (MPa) | YR* (%) | 0)50/00.50* uEL* (%)
530-650 | 625-770 <85 <1.100 >7.0

*Custumer specifications for high strain linepipe are added to API
specifications.
YS: Yield strength
0 50,/00 50, Stress ratio

TS: Tensile strength YR: Yield ratio
uEL: Uniform elongation
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Fig. 3 Histograms of longitudinal uniform elongation
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Fig. 4 Histograms of stress ratio

&2 APIX80 (APl 1 77 AU HEHHR) BERSIEOMRRMAIEE
Table 2 Examples of mechanical properties of API X80 (API: The American Petroleum Institute) high strain linepipes

o . S Charpy
API Dimension Condition Longitudinal tensile properties impact DWTIT?
Grade |OD WT test SA at 0°C (%
rade |OD (mm) WT (mm) YS(MPa) TS (MPa) YR* (%) 0ys5/05,* WEL* (%) | ;o —e1sd°C(J) at 0°C (%)
As UOE 560 689 81 112 9.2 241 100
1219 2200 1 95000C Coated | 586 705 83 111 7.8 — —
X80
As UOE 544 692 79 1.14 9.0 249 98
1219264 1 500°C Coated | 552 691 80 112 8.6 — —

* Custumer specifications for high strain linepipe are added to API specifications.

DRectangular specimen

YDWTT on 26.4 mm WT pipe was done by reduced ¢19 mm specimen at —11°C.

WT: Wall thickness
uEL: Uniform elongation

OD: Outside diameter
0 504/ 0059, Stress ratio

JFE 4R No. 29 (2012 4£2 H)

YS: Yield strength
DWTT: Drop weight tear test

TS: Tensile strength YR: Yield ratio

JE: Abscrbed energy SA: Share area
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Fig. 6 Stress strain curve of Bauschinger test
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Table 3 Chemical compositions of steels for DNV-1450 linepipe

(mass%)
Grade| C Si Mn P S Others Ceq
DNV-
1450 004 | 03 1.3 | 0.01 | 0.01 |Cr,Mo,Nb| 0.35

DNV: Det Norske Veritas
Mn Cr+Mo+V | Cu+Ni
% " 5 T 15

Cep=C+ 5 5

32 BRZAVINA TEIERER

DL EOMEHERIC L ¥ 5 W TEREIRE 2 Z % L MA FHF%
TIFEEE A7 238 F L 728t 2 FIWC, DNV-LAS0 2 L — FOJE
WT A4 FREE LT, HREIE36.6mm THY, itk

530 Grade: DNV-L450

Size: 773 mmODx*36.6 mmWT

510 Specimen: @20 mmxL60 mm

490
470
450 |
SMYS=450 MPa

430

410

90% SMY S=405 MPa

Conpressive yield strength (MPa)

390

370 L v v v

0 10 20
Frequency

DNV: Det Norske Veritas
OD: Outside diameter WT: Wall thickness
SMYS: Specified minimum yield strength
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Fig. 8 Conpression test record of heavy wall thickness linepipes
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Fig.9 Record of out-of roundness of heavy wall thickness linepipes
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Table 4 Typical mechanical properties of heavy wall DNV-1L450 linepipe (DNV: Det Norske Veritas)

Di . Tensil cties!) L Charpy impact test
nmension cste properties Compreszs)lve yield JE (J)at—13°C DWTT test”
Grade strength” (MPa) o 70
OD,D WT,¢ YS TS El g o SA at =20°C (%)
Dit o Body 180 BM WM FL
(mm)  (mm) (MPa) (MPa) (%)
DNV-L450 | 773.2  36.6 21.1 482 557 32 447 443 267 279 98
YRound bar specimen (¢12.5 mm) Trans. dorection
YASTM E9 (920 mmxL60 mm) specimen (ASTM: The American Society for Testing and Materials)
% t19 mm Reduced thickness specimen
OD: Outside diameter WT: Wall thickness YS: Yield strength TS: Tensile strength El: Elongation

JE: Absorbed energy

JFE ) No. 29 (2012 4£ 2 H)

BM: Base metal

WM: Weld metal

FL: Fusion line

DWTT: Drop weight tear test

SA: Share area
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Fig. 12 Effect of thermo-mechanical control process (TMCP)
condition on toughnessof thick pipe body

3§ 10m

High rolling finishing temp.
MA: Volume fraction 7.5%,
Average size 3.0 yum

B&E3 BN 7 OERH

Photo 3 Comparison of martensite-austenite constituent (MA)
size in the thick pipe body between high rolling finish
temp. and low one

Low rolling finishing temp.
MA: Volume fraction 7.1%,
Average size 1.5 um

IR TIRE AR S €754, [Al—5REC vIrs 2GRN
Uk L7c, BE3ICBIRMEAICOWT, JEMER TIRED &
WIBECERWIGEOEMEM O 2 7 o I OBISSE R 2 R,
LT NG IEE I ICEREAE R T 2 X~ 4 4 MRk A
T, Z0%0 HOP® MEARIC R T 5 MA H350 B L 7 4H#%
PELTWVE, 2OMADOSMIPREIZEHR L, E{&ENT L
TAERE B DR URT, JEEL TIREDEVIZE S, MA
DERERDZEIED LN \0hS, MA ORI v 1 X1
JEIERE CIREDE FIZE bW, NS> TWwE e b,
MA OWHME 2B C TIREDSSGEE SNt ZZ b b,

42 HBE X80 T A VN1 TRIERER

DL EOREHERICH v oW, BERAMORSRHE LU
B SRR LSS O otk 217\, EE 38.1 mm 0 X80 #)
T4 TERBIEL, 231 RO ER S 12
R, BUSHIIE%Z 0.0007mass% ¥ L, Cu, Ni, Mo 72 ¥
DICHENINT Pom % 0.21 ¥ U7z, HEHiEEHEIC & - TGS
ST AT 7 & EMRIELE -Super-OLAC®-HOP® 7 1 + 2 |2
T381mmICFELEL, Hri&E R THE 1216 mm D8
4 FICIE LT, SERMD I 7 oliiz2BEE 41217,
EE/4A0E, 1/20MEOVCTNL A F 4 FHICMA %
MA L2 SR o TE Y, KTEER TIRER,
Super-OLAC®-HOP® 71+ 212 & h X80 Dk ¥ #PE DT
DR SNz, T 6 IHIE OBMNIEE 2 /RT, HETM,
EF/5me b APISL X80 Mk YS (B#fRims), TS (5[5Enh
) OEEHEL, LT YR 8%, —HHU=5%0DE
NrEEEMEEE R LT, 272, e v —iM, DWIT
PEIZHOWTH — 20C TR EE R LTz,

&5 1HE APIX80 DILFR (AP 77 X)) hEHIGR)

Table 5 Chemical compositions of steels for API X80 heavy
gauge high strain linepipe (API: The American
Petroleum Institute)

(mass%)
C Si [Mn | P S B Others Py
0.06 | 0.04 | 1.9 | 0.01 | 0.001 |0.000 7| Cu, Ni, Mo, Nb | 0.21

Quarter portion

Center portion

BE4 APIX80 381 mm D=7 O#fE#E (SEM)

Photo 4 Scanning electron microscope (SEM) micrographs of
38.1 mm thick API X80 pipe body etched by two stage
electrical etching

=6 APIX80 . 38.1mm SHEDHEMAVIEE (APl : 77 X ) AR HHR)
Table 6 Mechanical properties of 38.1mm thick API X80 linepipe (API: The American Petroleum Institute)

Dimensions Tensile properties” Charpy impact test DWTT
o2
Grade oD WT o YS,Y | TS, T YT | Elongation | . . B |SAat—20°C?
(mm) (mm) Direction (Mi’a) (M’Pa) ratio (%) Direction ave. ave.
(%) ’ 0 (%)
Trans. 600 765 78 45
API X80 1219 38.1 - Trans. 131 85
Longi. 605 744 81 47

DRectanglar specimen YFull thickness specimen
OD: Outside diameter WT: Wall thickness
DWTT: Drop weight tear test SA: Share area

JFE $#R No. 29 (2012 4£ 2 )

YS: Yield strength

TS: Tensile strength

JE_5o: Absorbed energy at —20°C
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5. X70 Y O—HE

HeS TR ZLVOP 2 H 7 —BIECHHINSE T 1208
4 7%, Mk FE5FF i # 7 (Hydrogen induced cracking,
HIC) MEREMSEL KD 55, HIC #BAIET 27201213, Q)
EERE 22N 2R L, (2 MoH.OEHT 2L, R
WrEsii s BRI & 2 BINESZ I 2R T 2 082 H 5 Y,
Zow, #oC, P, Mn B & UMM EETEOTRINE S
FIRL T3, —7, 28 754 G « #23Ea 2 Mo
BUE S, MY 7 =54 234 FI2 b bs ko o h
TEY, MEMKRELEICE T 2 M TS (TMCP)
MTOHEHIZ ¥ b 72\, (KEBITRETT APLSLX65 #lt & T
EREPIN TS, LL, 3575 EMELDDIC
BEBCREOINDRETH 525, WORHTE<e 2 DO
BWTMA WL B RS 2HOER LI E, HIC DR
ZHSBALTLES P, AsEcid, KESKRD»OHO
2 7 affkH BT 72 MA AR Y 3 & I R R 1S
52¥T, X65 Xt R 5 EmEL L ERT 570008 L W
TMCP £ifiofifir v, 0@ & 0 8&5&E S e X70 i+
7—UOE J 4 > /84 FIZOWTHEN T 5,

5.1 HICHgEZEY 5% 3 7 QBRI EE
KERRDRET CEHEPORMEEE 571000 2 2

1200°C

75% (Plate thickness: 20 mm)

30°Css Air cooling

Air cooling

HOP®

As accelerated
controlled

cooling (ACC)
13 SREREICHIT B HREESREGDIERX

Fig. 13 Schematic illustration of laboratory hot rolling
conditions

(a) As accelerated controlled
cooling (ACC)

FES5 #7088 (SEM : EERIEFIRME)

Photo 5 Scanning electron microscope (SEM) micrographs of
the steels etched by two stage electrical etching

oA Y LT, hmdEmE e 4 > 5 4 B HOPY'® %
HABDEIZH L TMCP Hiffi#fi¥ L 72, a> & 7 Rig,
O M AENC &9 2 2 niffe X1 74 MRRICARES ¥,
@) IR 71721 B IS RNEN T 2 2 2 iz & D #ifric
BERALY O 2 EHE L, (3) RIFFIC hmdyn AN O ZE B
EREL T IITE DA F A FPHIZERLI MA 21
WS THb,

0.05C-1.25Mn-0.1Mo-0.04Nb-0.045V-Ti 8] % F\>, B 13 (T
T TMCP &6 CHREABLIEFHER 217 > CTHEME L 72, 28R
RIFAEFHERONEISH & & 50 ¢ _E30 HOP® i 40
2 7k#EY Uz,

BERES5 I NTNOEBRELILEM D 2 7 offilfir /R, 2
By 7o 2% o LA RS MBI R E,
W E R34 T4 MBI ALk TIRICE Z 2 MA

700
F |OYield strength
650 " | B Tensile strength

600 F

550
500 |

Strength (MPa)

450

400t .
As accelerated controlled HOP
cooling (ACC)

K14 #HRO5 [FREAERER
Fig. 14 Tensile properties of the steels

T .
,' SN
Row precipitation 3

'\ 1y e B ‘z'

Random precipitation

Nb

Mo

8 10 12 14 16 18 20

(d) 100 nm

15 #tkDFBEETFIEMBEHRER (@), (b) HOP® D
WEERIER, (0 EDX ( TXIVF—2BE X EoE) I
&% HOP® M ODMERGEIEFER , (d) As ACC (accelerated
controlled cooling) ¥ DA ERELER )
Fig. 15 Transmission electron microscope (TEM) analysis
results of the steels ((a), (b): Micrograph of HOP®, (c)
Energy dispersive x-ray spectroscopy (EDX) profile of
HOP®, sprecipitates, (d) Micrograph of as accelerated
controlled cooling (ACC))

JFE £ No. 29 (2012 42 H)
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DEAEL TV 2 OICH L, HOP® @Mz~ 4 F 4 FHuc
MA 2 ARSI N -T2, B 14 ICHBRZBEEM O
5 IR R 2R, MAE $ 2 M0~ T, HOP &M
13 YS T 80 MPa, TS T 50 MPa @i\ iz /R L T\ 5,
B 15 (2R T UM B BISAE R 2 /R 3. HOP I ¢
BEZHONEYI»EZE S, FHIOEREIET > & a8 (K
15 (@) eEIRMT (K15 (b)) O 2 MR S i,
EDX (v =700 X AR R 12 & 2 B R
HPERSHR (K15 () & Y HTHIPIE Nb, Ti, Mo, VO#
ARt TthsreEZNE, —J7, MHEEH % 213,
AR EAERS IS RIETETH - 70k (Nb, T (C, N) 8
bR snos (K15 D) THhH, Lo#Mas
SR OHHIZBIR S N -7,

DL E O EESEE & », HOP® % i\ 72 %7 TMCP £:4fi 1o
& o THIC BINEZ M2 A S €2 MA ORI L,
POEBRYNC & 2RISR LN 2 s, HUb
TR % E 18 LIz hek 3 7 — X65 7' L — F OSSR 7%
FHETT-Th, KD EVI L — FAO@ERE LA REY 72 5
DD 51,

5.2 APIX70 ¥ T —3 4 2 I\A TEIERER

DL EoMEHERIC Y, ¥ 5WnwT, HIC 22K s ¢ 2
T2 OIRIEF I — 2 7 v FERSIEER 2 58 U 7o 8k &
FAWC, APISLX70 7L — FDfit4 v —35 1 >384 7%l
WL, HEIE19.1mm TH Y, Sz T4 > gk
i@ THOP®| %3 L, /R 944mm D 4 > 814 7%

&7 MWHYT— APIX70 (APl 77 X ) hEEHE ) DILFRS

Table 7 Chemical compositions of sour resistant API X70 (API:
The American Petroleum Institute) UOE pipe

(mass%)

Chemical compositions
Grade

C | Si|Mn| P S Others Pey

API1X70/0.05{0.28 |1.13]0.0140.000 5| Mo, Ni, Cr, Nb, Ca |0.14

Peyp = C+S1/30+Mn/20+Cu/20+Ni/60+Cr/20+Mo/15+V/10+5B

260 API X70, 19.1
, 19.1 mm¢ o
L ] Surf: L

= 240 I Tensile strength: 605 MPa —-— Q‘faﬁg thick.
> 220
m N
% 200 S
8 N HRA, v I oS
_% 180 las O S &;AAX‘W%'%A
<
T 160

140

0 500 1 000 1500

Distance from the edge (mm)

16 Mt~ — APIX70 SIARODIRIBS HREE DT

Fig. 16 Hardness distributions along the plate width of sour
APIX70 (APIL: The American Petroleum Institute) steel
plate
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%8 MY 7—APIX70 (APl 7 A1) AHEHHR ) DM E
DY T —48E
Table 8 Mechanical and sour properties of sour API X70 (API:
The American Petroleum Institute) UOE pipes

DWTT HIC?

Pipe | Tensile properties” Impact

property
num- N
ber |YS, Y| TS, T| EL | /T | ,E() |SAat0°C| CLR (%)
(MPa) | (MPa) | (%) | (%) |at—10°C| (%) | 90° | 180°

1 531 | 613 | 23 | &7 373 100 |0,0,01(0,0,0
2 523 | 600 | 22 | &7 343 100 {0,0,0/0,0,0

YISO lecutanglar specimen, trans. direction

Y NACE TM0284-solution A (NACE: The National Association of
Corrosion Engineers)
YS: Yield strength
El: Elongation
DWTT: Drop weight tear test
HIC: Hydrogen-induced cracking

TS: Tensile strength
JE: Absorbed energy
SA: Share area
CLR: Crack length ratio

UOE 7m+t 2|2 CHb& L7z,

PR DRI AR 2 R 7 1" T C, P, Mn BI3HEkK
D7 —X65 7L — FM e R%ET, G8cRiRmELD
FHE SIS Pon b 0.14 XHERD 7 307 —X70 7 1 >3
4 THE VRO ERETE LTWw 3, R VTR
7 ORISR E D <A A FHEMHE Y 2 2 o gD
ICMADIFE AYBIZ S u—Hie k->Twa oy
PR Lo B 16 ISR SR DR RS2 RS, 8
WG S > & MR I 21 ¢, SRR B & O 1/4 J5H
DY v H— RWEEH 180 ~ 200 K 4 > b ¥ WA IEH I
INEL B> TEY, 2 7ofllEEboREERL TV,
& 8121 TOBMIFHEDOH % 75T, APISLX70 Jifg %
WETAMELALTEY, ¥ v v —1HE2E DWIT4E
PERE TR W > TR OB S BEF RS o N Tw 5,
HIC $##1:12>\v>Tid, NACE TM0284 (NACE: The National
Association of Corrosion Engineers) IZHE SN2 A%
100% HaS 77 A Bl S ¥ 72 561 ¢ 96 e RiRIE R 2 17 - 72
R, wInbENnES#E (CLR 130 ¢ &N/ HIC 14
HEZ R L7,

6. X70 ERME:R#FIEME
6.1 EP UOE fE Y — LiBEDRE

AT T4 ORI ERERIC e Lo T, B3NS
S EBECERIE L Tw T, X70 ERSIEICB VLT
bEVHAZ MY AT 2 8EPER SN L, ZOERIIG
25120, HR~NOERILRNINMZ, ERNTHHN
HEIEID S — LA 1 A2 T O TR 28\ HAZ B
WrEs e nfEens ", o — LD BN Z
1322 HAZ M2 m L3 ¥ 2650 PR 5, B
17 3HRE 33 mm OHE ~ — AVEEIC B 2 AR IS
IBHERE (800 ~ 500°C) DBIfRZ /R T, 1K SAW (47
==V 7 — 2R T, NAVE O AR AR
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SAW: Submerged arc welding
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Fig. 17 Relationship between heat input and cooling rate (Wall
thickness: 33.0 mm, Ave. of inside weld and outside weld)
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18 HAZEME (HAZ BHEBVELD) (CNY 2BBARDEY
ZR(% (APIX70/33 mmt)
Fig. 18 Relationship between heat input and heat-affected zone
(HAZ) toughness (API X70, 4 Electrodes Submerged
arc welding (SAW))

88Kk]/mm TH b, VAHEGBOINEIEIZ I 4.0°C /s ¥,

VA ABADBIINC ¥ b 72 5 IHEEEE O F12 ¥, CGHAZ
CKERTTA BN ) %2 ICCGHAZ (MBI FEANEA S UicTs
HEGIBED) v o TR LT AT 5 ¢ ¢ HICIH y KL
BOMHKEET HEEC L, HAZ WM EEE s Kusy 9,
B 18 13 X70 (#x/E 33.0 mm) kT HAZ FH1EIZ 13§74
BABAO B 2 IR T, TEHABDIKIC ¢ b 7 WHEHER
e (vIrs) DMERL, HAZ DM LT 3,

6.2 HRETVAYEERLIEAZR SAW £

TREABRR RN 2 TEY LT, Bfriciigw 1 vz
FA T2 AR SAW Eiifii 2 BIFE L 2, 2N X70 03 — ATA
B o HAZ #1km L2 - 72,

AT~ OMET 1 YHEAORE LTI, Q) 714¥D
BTN 725 ¥ 2 — VHAOEIMZ L), &
WEEERELNE Y, @ BREEEINCEY 7 -2
IR NVF—DEFELED S LA, B FHICEY
TR, BoEAsEELN 2 P TN,
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100

0 i :
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19 DAVRETAVAEREDRER BEER £— N4>
7L—F, 35V-60cm/min)

Fig. 19 Relationship between wire diameter and deposition
rate (Single electrode, Bead on plate, 35 V-60 cm/min)
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15
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Penetration depth (mm)

0 L L
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Wire diameter (mm)
20 TAVREBSIHFEDOBER BB, E—FF2T
L— b, 800A-30V-60 cm/min)

Fig. 20 Relationship between wire diameter and penetration depth
(Single electrode, Bead on plate, 800 A-35 V-60 cm/min)

1912, 1.6mm~40mmoD 7 A ¥IZDOWVWTT A YA
EHEEIINITT VA Y RO Y RT, UOEME Y — 474
FETIE—RIZ40mm o2 723 4.8 mmo V1 YL NS
D, DAY ERMBRIET 5 22 TY A YA I RIRIC
ML, ZoFIKEFRATHEHETDH 5,

202, 1.6mm~48mmoNDV 14 ¥ IZOWLTIAAAGE
SIWKIETIA Y ROBELRT, V1Y flibda 2w
TYIABLRS DI, 74 Y% 2.4 mm LU N THEOLIAAA
PRLND,

DLEOHIR LY, ARGHHClEKEROMAD AT FE TR
HIAAE Y U 1 Y IAZEE OO ED K S v 24 mm ¢
DTA X ZATRUSER Lz, 2 OIS SAW Fiffic & b,
Hesk SAW Hifft & 0 (R ABACOIEHEDAIREY 72 5, 72, W
BN 513 ABMEIRONRIZKE {1 5,

Z DHNEE SAW Hiffit 1z & 3 HAZ #1k B2 5 % WhE
W29 B 720, FERIIC AT SAW Fiii 2 F v ¢ X70(33.0 mmi)
DVRBEMT 2 ERLL, IAEMOREL MG L7z, |9 ICIA
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R9 EBRECORESRM (APIX70)

Table 9 Welding condition of laboratory evaluation

[Hy KR IHAME S 2. F 10 ICHHH B & O REED
HAZ 2 v v & — ik BRAE R 2 7R 9o Al SAW T3 A B

W& ) HAZ BiMEDS I E§ 5 2 ¢ 2hERE L7z,

Igzllj? Wire Diameter Travel Heat
Outside of lead electrode speed input 6.3 JEP X70 UOE SAEDEIELER
weld (mm ) (mm/min) | (kJ/mm)
¥ — LRI HITE SAW Eeffi 2 L, ARIRARRIER X70
Conventional W 4.0 1050 8.2 - o -
SAW ow 40 910 9.4
= o J=aE Sz Az
R R i o0 T 0 £11 BEBEORTREDBERAE (APIX70)
2.4 mmg Wire | ow 2.4 1200 7.0 Table 11 Welding condition of trial production
SAW: Submerged arc welding Inside weld/ Wire diameter Travel Heat
Outside weld of lead electrode speed input
(mm) (mm/min) (kJ/mm)
W 4.0 950 4.5
ow 2.4 1250 6.3
7 100um

(a) Conventional SAW

(b) SAW with 2.4 mm¢ wire
SAW: submerged arc welding

BE6 APIX70/33 mmt D= OB

Photo 6 Coarse grain heat-affected zone (CGHAZ) microstructure
of API X70 (33.0 mmy)

£10 Tv)LE—EHEEEER (APIX70)
Table 10 Charpy impact test results

Absorbed energy at -30°C, E 3,
(J, Ave. of n=3)
Outmdevwel(vi (OW) Root fusion line
fusion line
Conventional
SAW 106 125
SAW with 191 205
2.4 mmgp wire

SAW: Submerged arc welding

st 2R g o PO HE~TEIR A B WAL AR T 30%
TR L T\ 5,

F1o, HEESOMANERIINORIEDHRIAC /s TH L DI
FLU, MR SAW TIFH 10°C /s € %, BE 6 [/ HiTAHE
SEOEE T 7mm I251F % fusion line 1% CGHAZ 3
7 By R, IBHEABOIKRKIC Y 7> T, CGHAZ ®

JFE ) No. 29 (2012 4£ 2 H)

BEH7 APIX70/30.9 mmt E/EHE DAESMEE R
Photo 7 Penetration depth of 30.9 mm¢

xR 12 FEERNEOHEMAIMEE (APIX70/309 mmt)

Table 12 Mechanical property test results of trial production
of API X70 (30.9 mmz)

Pipe body
Tensile test DWTT VE_30:¢
C-direction —-10°C (n=3) ngooolé
YS TS SA Ave. Min. (mm)
(MPa) | (MPa) (%) U] )
19060 0.660
564 660 214 187 0.316
100 0.585
100 )
Seam HAZ (Fusion line)
E-30°c (=6)
Outside weld Root Inside weld gro(c))]g
Ave. Min. Ave. Min. Ave. Min. (mm)
Q) ™) @ @ O ™
0.431
173 141 151 101 230 227 0.268
0.592

YS: Yield strength TS: Tensile strength
DWTT: Drop weight tear test SA: Share area
VE_30°c: Absorbed energy at —30°C

CTOD: Crack tip opening displacement

HAZ: Heat-affected zone
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