


Grade
(Typeof steel)

DCEP AC
AWSClass. Productname AWSClass. Productname

Gr.11
(1.25Cr-0.5Mo) E8016-B2 CM-A96

CM-A96MBD E8016-B2 CM-A96MB

Gr.22
(2.25Cr-0.1Mo)

E9015-B3 CM-A105D − −

E9016-B3 CM-A106ND E9016-B3 CM-A106N

Gr.22V
(2.25Cr-1Mo-V) E9016-G CM-A106HD E9016-G CM-A106H

Gr.5
(5Cr) E8016-B6 CM-5 E8016-B6 CM-5

Gr.9
(9Cr) E8016-B8 CM-9 E8016-B8 CM-9

Typeof steel
DCEP AC

AWSClass. Productname AWSClass. Productname

Mn-Mo
Mn-Mo-Ni

E7016 BL-76 E7016 BL-76

E9016-G BL-96 E9016-G BL-96

E10016-G BL-106 E10016-G BL-106

Typeof steel
DCEP AC

AWSClass. Productname AWSClass. Productname

Mn-Mo
Mn-Mo-Ni

F9P4-EG-G PF-200
/US-56B F9P4-EG-G MF-27/US-56B

PF-200/US-56B

F9P8-EF3-F3 PF-200
/US-F3 F10P2-EG-G PF-200/US-63S

Grade
(Typeof steel) AWSClass.

Productname
GMAW GTAW

Gr.11
(1.25Cr-0.5Mo) ER80S-G MG-S1CM TG-S1CM

Gr.22
(2.25Cr-0.1Mo) ER90S-G MG-S2CM

MG-S2CMS TG-S2CM

Gr.22V
(2.25Cr-1Mo-V) ER90S-G − TG-S2CMH

Gr.5
(5Cr) ER80S-B6 MG-S5CM TG-S5CM

Gr.9
(9Cr) ER80S-B8 MG-S9CM TG-S9CM

Typeof steel AWSClass.
Productname

GMAW GTAW

Mn-Mo
Mn-Mo-Ni

ER80S-G MG-S56 TG-S56

ER90S-G MG-S63S TG-S63S

Grade
(Typeof steel)

DCEP AC
AWSClass. Productname AWSClass. Productname

Gr.11
(1.25Cr-0.5Mo)

F8P2-EG-B2 PF-200D
/US-511ND F8P2-EG-B2 PF-200

/US-511N

F8P2-EB2R-B2R PF-200D
/US-B2R − −

Gr.22
(2.25Cr-0.1Mo) F9P2-EG-B3 PF-200D

/US-521S F9P2-EG-B3 PF-200
/US-521S

Gr.22V
(2.25Cr-1Mo-V) F9P2-EG-G PF-500D

/US-521HD F9P2-EG-G PF-500
/US-521H

Gr.5
(5Cr) − − F7P2-EG-B6 PF-200S

/US-502

■ForOilRefineryReactor ■ForEOReactor
SMAW SMAW

SAW

SAW

GMAWandGTAW

GMAWandGTAW
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Process/
Polarity AWSClass. Product

name

Chemicalcompositionsofwiresorallweldmetal(mass%) Mechanicalpropertiesofallweldmetal(YS=0.2%proofstress)
Wire/
W.M. C Si Mn P S Cu Ni Cr Mo V Nb Al Ti Sb Sn As X-bar J-Factor AC/DC YS

(MPa)
TS
(MPa)

EL
(％)

IV
(℃)

IV
(J)

PWHT
(℃×hr)

SMAW/
DCEP
orAC

E7016 BL-76 0.08 0.63 0.98 0.011 0.005 0.14 AC 440 530 33 0 230 620×10
E9016-G BL-96 W.M. 0.06 0.54 1.30 0.005 0.004 0.37 0.53 AC 540 620 26 −12 31 635×26
E10016-G BL-106 0.10 0.53 1.41 0.009 0.005 0.76 0.50 AC 570 670 28 0 120 635×26

SAW/
DCEP F9P8-EF3-F3 PF-200/US-F3 Wire 0.11 0.17 1.65 0.004 0.003 0.09 0.89 0.49 DCEP 568 651 30 −62 78 620×1W.M. 0.07 0.23 1.47 0.007 0.002 0.06 0.80 0.49
SAW/
DCEPorAC F9P4-EG-G PF-200/US-56B Wire 0.10 0.14 1.62 0.007 0.003 0.08 0.84 0.47 AC 490 580 30 −40 182 620×11W.M. 0.08 0.11 1.33 0.007 0.003 0.08 0.83 0.43
SAW/
AC F9P4-EG-G MF-27/US-56B Wire 0.10 0.14 1.62 0.005 0.003 0.08 0.84 0.47 480 560 32 −40 85 635×26W.M. 0.08 0.28 1.05 0.009 0.002 0.08 0.87 0.45 AC

F10P2-EG-G PF-200/US-63S Wire 0.11 0.14 1.70 0.006 0.004 0.08 1.47 0.16 0.47 620 700 28 −20 170 590×3W.M. 0.08 0.10 1.51 0.007 0.004 1.31 0.14 0.47
GMAW ER80S-G MG-S56 0.08 0.41 1.50 0.006 0.007 0.17 0.89 − 0.34 DCEP 500 590 29 −40 69 620×40

ER90S-G MG-S63S Wire 0.08 0.48 1.76 0.007 0.002 0.12 1.02 0.46 570 650 27 −12 150 630×27
GTAW ER80S-G TG-S56 0.10 0.41 1.59 0.007 0.007 0.11 0.66 − 0.50 DCEN 520 590 31 −12 290 620×1

ER90S-G TG-S63S 0.10 0.39 1.23 0.008 0.005 0.10 1.58 − 0.39 566 655 27 −12 256 625×15

Process/
Polarity AWSClass. Product

name

Chemicalcompositionsofwiresorallweldmetal(mass%) Mechanicalpropertiesofallweldmetal(YS=0.2%proofstress)
Wire/
W.M. C Si Mn P S Cu Ni Cr Mo V Nb Al Ti Sb Sn As X-bar J-Factor AC/DC YS

(MPa)
TS
(MPa)

EL
(％)

IV
(℃)

IV
(J)

PWHT
(℃×hr)

SMAW/
DCEP

E8016-B2 CM-A96 0.06 0.29 0.54 0.006 0.001 1.26 0.51 484 579 30 −20 84 698×1
E8016-B2 CM-A96MBD 0.06 0.49 0.79 0.006 0.004 0.02 0.02 1.30 0.56 0.002 0.002 0.002 8 102.4 515 617 27 −20 174 690×1
E9015-B3 CM-A105D 0.10 0.30 0.74 0.004 0.002 0.03 0.14 2.42 1.03 ＜0.002 0.002 0.002 ＜6.0 62 DCEP 504 644 28 −40 100 690×8
E9016-B3 CM-A106ND 0.11 0.42 0.84 0.004 0.002 0.031 0.14 2.42 1.03 0.002 0.002 0.002 6 75.6 501 635 26 −40 151 690×8
E9016-G CM-A106HD W.M. 0.08 0.24 1.12 0.005 0.002 2.48 1.05 0.27 0.012 520 636 24 −18 137 705×26

SMAW/
DCEPorAC

E8016-B6 CM-5 0.08 0.36 0.52 0.008 0.002 5.39 0.58 AC 400 560 33 0 150 750×8
E8016-B8 CM-9 0.08 0.40 0.68 0.007 0.004 9.56 1.03 AC 510 680 26 0 110 740×10

SMAW/
AC

E8016-B2 CM-A96MB 0.06 0.45 0.74 0.007 0.003 1.30 0.54 490 590 30 −18 200 690×1
E9016-B3 CM-A106N 0.11 0.27 0.79 0.008 0.006 0.19 2.42 1.03 0.002 0.003 0.002 10 117 AC 510 650 28 −29 120 690×8
E9016-G CM-A106H 0.08 0.31 1.18 0.004 0.001 2.42 1.01 0.29 0.017 612 713 23 −18 147 705×7

SAW/
DCEP F8P2-EG-B2 PF-200D/US-511ND Wire 0.13 0.09 0.92 0.005 0.003 0.10 0.17 1.49 0.56 477 589 27 −29 116 690×4

W.M. 0.08 0.21 0.82 0.007 0.003 0.09 0.15 1.39 0.56 0.002 0.002 0.002 9 93 522 630 25 −30 150 640×5
F8P2-EB2R-B2R PF-200D/US-B2R Wire 0.14 0.10 0.86 0.004 0.004 0.12 0.15 1.47 0.56 0.004 0.15 0.002 0.001 0.001 0.003

W.M. 0.10 0.21 0.86 0.007 0.002 0.10 0.15 1.44 0.55 0.004 0.03 ＜0.002 ＜0.001 ＜0.001 0.003 ＜8.2 ＜85.6 DCEP 497 610 27 0 181 698×1

F9P2-EG-B3 PF-200D/US-521S Wire 0.17 0.14 0.96 0.004 0.002 0.13 0.14 2.44 1.07 507 621 26 −29 164 690×6W.M. 0.09 0.16 0.81 0.006 0.003 0.13 0.13 2.41 1.07 0.002 0.002 0.002 8 78

F9P2-EG-G PF-500D/US-521HD Wire 0.16 0.21 1.30 0.003 0.001 0.11 2.54 1.03 0.38 0.022 518 634 26 −30 106 *1
W.M. 0.07 0.17 1.26 0.007 0.001 0.10 2.44 1.03 0.34 0.011 603 708 24 −18 125 705×8

SAW/
AC F8P2-EG-B2 PF-200/US-511N Wire 0.13 0.09 0.92 0.005 0.003 0.10 0.17 1.49 0.56 477 589 27 −29 116 690×4W.M. 0.08 0.21 0.82 0.007 0.003 0.09 0.15 1.39 0.56

F9P2-EG-B3 PF-200/US-521S Wire 0.16 0.14 1.00 0.005 0.002 0.12 0.14 2.45 1.05 470 610 27 −29 150 690×8W.M. 0.12 0.10 0.82 0.008 0.001 0.12 0.13 2.34 1.04 AC
F9P2-EG-G PF-500/US-521H Wire 0.13 0.20 1.27 0.004 0.002 0.12 2.55 0.98 0.39 0.02 616 706 24 −18 106 705×7

W.M. 0.08 0.14 1.09 0.004 0.004 2.50 1.03 0.33 0.014 620 710 26 −18 150 705×7

F7P2-EG-B6 PF-200S/US-502 Wire 0.07 0.18 0.50 0.008 0.002 0.12 5.50 0.55 − − 460 590 32 −29 133 720×1W.M. 0.06 0.21 0.78 0.012 0.002 0.12 5.25 0.55 − −
GMAW ER80S-G MG-S1CM 0.09 0.55 1.15 0.007 0.009 0.18 − 1.45 0.55 570 680 22 0 69 620×1

ER90S-G MG-S2CM 0.08 0.56 1.07 0.005 0.009 0.17 − 2.35 1.11 550 670 26 0 110 680×1
ER90S-G MG-S2CMS 0.12 0.39 0.85 0.004 0.003 0.14 − 2.27 0.97 DCEP 600 720 21 −20 120 670×1
ER80S-B6 MG-S5CM 0.08 0.40 0.53 0.011 0.010 0.18 0.08 5.52 0.55 480 640 26 0 78 700×2
ER80S-B8 MG-S9CM Wire 0.07 0.40 0.52 0.007 0.008 0.01 0.02 8.99 1.00 480 640 24 0 130 720×2

GTAW ER80S-G TG-S1CM 0.06 0.50 0.99 0.007 0.005 0.11 0.02 1.22 0.54 540 630 28 0 270 690×1
ER90S-G TG-S2CM 0.10 0.26 0.70 0.009 0.008 2.31 1.04 0.004 0.003 0.003 12 115 610 720 28 0 250 690×1
ER90S-G TG-S2CMH 0.12 0.16 0.43 0.005 0.008 0.11 0.01 2.31 1.06 0.28 0.037 DCEN 623 730 22 −18 300 705×7
ER80S-B6 TG-S5CM 0.09 0.41 0.49 0.006 0.009 0.12 0.04 5.44 0.55 480 600 26 0 280 750×2
ER80S-B8 TG-S9CM 0.07 0.39 0.52 0.006 0.009 0.01 0.18 8.98 1.00 410 590 32 0 220 750×2

■ForOilRefineryReactor

*1 705℃×8hforimpacttest,705℃×26hfortensiletest

■ForEOReactor

W.M.=weldmetal X-bar=(10P+5Sb+4Sn+As)/100(ppm),J-Factor=(Si+Mn)×(P+Sn)×104(%)
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Grade
(Typeof steel)

DCEP AC
AWSClass. Productname AWSClass. Productname

P1/T1
(0.5Mo) − −

F8P6-EA3-A3
(F9A6) MF-38/US-40

F8P6-EA4-A4
(F8A4) MF-38/US-A4

F8P6-EG-A4
(F8A4) MF-38/US-49

P11/T11
(1.25Cr-0.5Mo)

F7PZ-EB2-B2 G-80/US-B2 F7PZ-EB2-B2 G-80/US-B2

F7PZ-EG-B2 MF-29A/US-511 F7PZ-EG-B2 MF-29A/US-511

F8P2-EG-B2 PF-200D/US-511ND F8P2-EG-B2 PF-200/US-511N

P23/T23 − MF-29A/US-2CW − −

P91/T91
(9Cr) F9PZ-EB9-B9 PF-90B9/US-90B9 F10PZ-EG-G PF-200S/US-9Cb

P92/T92
P122/T122 − PF-200S/US-12CRSD − −

Grade
(Typeof steel)

DCEP AC

AWSClass. Productname AWSClass. Productname

P1/T1
(0.5Mo) E7016-A1 CM-A76

CM-B76 E7016-A1 CM-A76
CM-B76

P2/T2 E8016-B1 CM-B86 − −

P11/T11
(1.25Cr-0.5Mo)

E7015-B2L CM-B95 − −

E8016-B2 CM-A96
CM-A96MBD E8016-B2 CM-A96

CM-A96MB

E8018-B2 CM-B98 E8018-B2 CM-B98

P22/T22
(2.25Cr-Mo)

E8015-B3L CM-B105 − −

E9015-B3 CM-A105D
CM-B105D − −

E9016-B3 CM-A106ND E9016-B3 CM-A106N

E9018-B3 CM-B108 E9018-B3 CM-B108

P23/T23 E9016-G CM-2CW E9016-G CM-2CW

P91/T91
(9Cr)

− CM-95B9 − −

− CM-96B9 − CM-96B9

E9016-G CM-9Cb E9016-G CM-9Cb

P92/T92
P122/T122 E9016-G CR-12S E9016-G CR-12S

Grade
(Typeof steel) AWSClass.

Productname
GMAW GTAW

P1/T1
(0.5Mo)

ER70S-A1 MG-S70SA1 TG-S70SA1

ER80S-G MG-SM TG-SM

P2/T2
ER80S-G MG-CM −

− − TG-SCM

P11/T11
(1.25Cr-0.5Mo)

ER80S-B2 MG-S80B2F＊ TG-S80B2

ER80S-G MG-S1CM TG-S1CM

P22/T22
(2.25Cr-1Mo)

ER90S-B3 − TG-S90B3

ER90S-G MG-S2CM
MG-S2CMS TG-S2CM

P23/T23 ER90S-G MG-S2CW TG-S2CW(ER80S-G)

P91/T91
(9Cr)

ER90S-B9 MG-S90B9 TG-S90B9

ER90S-G MG-S9Cb TG-S9Cb

P92/T92
P122/T122 ER90S-G MG-S12CRS TG-S12CRS

■ForBoiler ■ForBoiler
SMAW SAW

GMAWandGTAW

＊Singlepassonly
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Process/
Polarity AWSClass. Product

name

Chemicalcompositionsofwiresorallweldmetal(mass%) Mechanicalpropertiesofallweldmetal(YS=0.2%proofstress)
Wire/
W.M. C Si Mn P S Cu Ni Cr Mo V Nb Al N Mn+Ni W Co X-bar J-Factor AC/DC YS

(MPa)
TS
(MPa)

EL
(％)

IV
(℃)

IV
(J)

PWHT
(℃×hr)

SMAW/
DCEP

E8016-B1 CM-B86 0.07 0.48 0.79 0.012 0.006 0.48 0.48 590 680 28 0 98 620×1
E7015-B2L CM-B95 0.03 0.87 0.71 0.005 0.004 1.20 0.49 470 580 29 0 78 690×1
E8016-B2 CM-A96MBD 0.06 0.49 0.79 0.006 0.004 0.02 0.02 1.30 0.56 8 102.4 515 617 27 −20 174 690×1
E8015-B3L CM-B105 0.03 0.85 0.87 0.006 0.004 2.14 0.95 DCEP 550 650 25 0 79 690×1
E9015-B3 CM-A105D 0.10 0.30 0.74 0.004 0.002 0.03 0.14 2.42 1.03 ＜6.0 62 504 644 28 −40 100 690×8
E9015-B3 CM-B105D 0.06 0.66 0.73 0.011 0.005 0.02 0.01 2.24 0.95 11.4 566 677 27 −20 56 696×1
E9016-B3 CM-A106ND 0.11 0.42 0.84 0.004 0.002 0.031 0.14 2.42 1.03 6 75.6 501 635 26 −40 151 690×8

− CM-95B9 0.10 0.22 0.84 0.007 0.002 0.02 0.51 8.94 1.02 0.23 0.04 0.002 0.039 1.35 651 768 22 20 74 760×2
SMAW/
DCEPor
AC

E7016-A1 CM-A76 0.06 0.49 0.79 0.006 0.002 − − − 0.49 AC 550 630 29 0 210 620×1
E7016-A1 CM-B76 W.M. 0.07 0.46 0.77 0.011 0.004 − 0.53 AC 540 620 26 0 200 620×1
E8016-B2 CM-A96 0.06 0.38 0.72 0.008 0.004 1.31 0.54 AC 570 650 26 0 210 690×1
E8018-B2 CM-B98 0.07 0.68 0.75 0.012 0.006 1.29 0.52 AC 590 690 26 0 66 690×1
E9018-B3 CM-B108 0.07 0.68 0.70 0.012 0.007 2.14 0.95 AC 610 720 23 0 106 690×1
E9016-G CM-2CW 0.04 0.27 0.84 0.009 0.006 0.02 − 2.39 0.07 0.21 0.02 1.70 DCEP 473 582 28 0 158 747×2

− CM-96B9 0.10 0.19 0.85 0.007 0.004 0.03 0.52 9.01 1.05 0.24 0.04 0.002 0.038 1.37 DCEP 657 771 21 20 71 760×2
E9016-G CM-9Cb 0.06 0.31 1.51 0.006 0.003 − 0.94 9.11 1.06 0.18 0.03 − 0.030 AC 600 750 25 0 81 750×5
E9016-G CR-12S 0.08 0.41 0.94 0.008 0.001 0.02 0.52 9.62 0.23 0.37 0.030 0.05 1.63 1.57 DCEP 645 771 22 0 40 740×8

SMAW/
AC

E8016-B2 CM-A96MB 0.06 0.45 0.74 0.007 0.003 1.30 0.54 AC 490 590 30 −18 200 690×1
E9016-B3 CM-A106N 0.11 0.27 0.79 0.008 0.006 0.19 2.42 1.03 10 117 510 650 28 −29 120 690×8

SAW/
DCEP F8P2-EG-B2 PF-200D/US-511ND Wire 0.13 0.09 0.92 0.005 0.003 0.10 0.17 1.49 0.56 477 589 27 −29 116 690×4W.M. 0.08 0.21 0.82 0.007 0.003 0.09 0.15 1.39 0.56

F9PZ-EB9-B9 PF-90B9/US-90B9 Wire 0.11 0.26 0.74 0.004 0.005 0.01 0.51 9.30 1.05 0.23 0.06 ＜0.001 0.04 582 716 23 20 37 760×2W.M. 0.10 0.21 0.92 0.009 0.004 0.01 0.50 9.00 0.97 0.21 0.04 0.01 0.04 1.42 DCEP
− MF-29A/US-2CW Wire 0.04 0.14 1.17 0.006 0.005 0.16 − 2.29 0.12 0.26 0.03 1.80 495 596 28 0 128 747×2W.M. 0.03 0.23 1.14 0.008 0.004 0.16 − 2.28 0.11 0.23 0.02 1.80

− PF-200S/US-12CRSD Wire 0.07 0.35 0.74 0.004 0.003 0.01 0.51 9.92 0.35 0.21 0.035 0.040 1.45 1.01 652 775 23 20 31 745×8W.M. 0.06 0.24 0.88 0.008 0.004 0.02 0.52 9.48 0.32 0.20 0.03 0.04 1.36 0.98
SAW/
DCEPor
AC

F7PZ-EB2-B2 G-80/US-B2 Wire 0.11 0.13 0.57 0.007 0.006 0.11 1.49 0.53 DCEP 425 545 27 20 37 690×1W.M. 0.06 0.45 0.83 0.009 0.005 0.12 1.29 0.54

F7PZ-EG-B2 MF-29A/US-511 Wire 0.09 0.19 0.60 0.008 0.009 1.51 0.54 AC 440 580 28 0 98 650×20W.M. 0.09 0.25 0.78 0.010 0.007 1.32 0.52
SAW/
AC F8P6-EA3-A3 MF-38/US-40 Wire 0.13 0.04 1.80 0.008 0.010 0.12 0.52 560 630 29 −51 58 620×1W.M. 0.08 0.34 1.58 0.017 0.009 0.12 0.45

F8P6-EA4-A4 MF-38/US-A4 Wire 0.09 0.04 1.59 0.010 0.014 0.10 0.52 510 600 29 −51 40 620×1W.M. 0.10 0.39 1.35 0.013 0.013 0.11 0.52

F8P6-EG-A4 MF-38/US-49 Wire 0.09 0.03 1.58 0.014 0.013 0.10 0.52 AC 510 600 29 −51 40 600×3W.M. 0.10 0.37 1.35 0.014 0.014 0.09 0.53

F8P2-EG-B2 PF-200/US-511N Wire 0.08 0.30 0.90 0.004 0.002 0.14 0.17 1.45 0.52 450 560 31 −29 120 690×8W.M. 0.08 0.20 0.88 0.007 0.002 0.11 0.15 1.39 0.55

F10PZ-EG-G PF-200S/US-9Cb Wire 0.08 0.13 1.73 0.007 0.005 0.60 8.91 0.90 0.23 0.05 580 710 24 0 68 740×8W.M. 0.06 0.12 1.58 0.008 0.004 0.55 8.31 0.88 0.21 0.03
GMAW ER70S-A1 MG-S70SA1 0.04 0.51 0.99 0.009 0.012 0.16 0.03 0.49 454 531 33 −20 118 620×1

ER80S-G MG-SM 0.07 0.59 1.10 0.006 0.009 0.17 − − 0.55 520 610 25 0 98 AW
ER80S-G MG-CM 0.06 0.72 1.62 0.005 0.008 0.22 0.53 0.55 Ti:0.18 510 600 25 0 78 620×1
ER80S-B2 MG-S80B2F 0.09 0.51 0.59 0.003 0.005 0.26 0.03 1.32 0.52 549 649 28 −18 144 620×1
ER80S-G MG-S1CM 0.09 0.55 1.15 0.007 0.009 0.18 − 1.45 0.55 570 680 22 0 69 620×1
ER90S-G MG-S2CM 0.08 0.56 1.07 0.005 0.009 0.17 − 2.35 1.11 DCEP 550 670 26 0 110 680×1
ER90S-G MG-S2CMS 0.12 0.39 0.85 0.004 0.003 0.14 − 2.27 0.97 600 720 21 −20 120 670×1
ER90S-G MG-S2CW 0.04 0.39 1.17 0.003 0.007 0.21 0.50 2.29 0.10 0.29 0.04 1.79 551 644 28 0 150 747×2
ER90S-B9 MG-S90B9 0.13 0.23 0.71 0.003 0.004 0.02 0.46 8.34 0.93 0.25 0.05 0.01 0.04 1.17 568 716 23 20 64 760×4
ER90S-G MG-S9Cb 0.08 0.35 1.59 0.007 0.008 0.01 0.45 8.79 0.88 0.17 0.02 570 700 27 0 98 740×8
ER90S-G MG-S12CRS Wire 0.04 0.40 1.19 0.004 0.006 0.01 0.52 10.10 0.40 0.04 0.04 1.59 1.59 592 721 25 20 72 750×8

GTAW ER70S-A1 TG-S70SA1 0.07 0.58 1.08 0.005 0.008 0.13 0.03 − 0.56 0.30 534 611 32 0 267 620×1
ER80S-G TG-SM 0.08 0.54 1.04 0.004 0.007 0.12 0.02 − 0.53 500 580 32 0 280 620×1
ER80S-G TG-SCM 0.08 0.22 0.58 0.004 0.008 0.21 0.01 0.64 0.56 470 570 31 0 190 620×1
ER80S-B2 TG-S80B2 0.11 0.50 0.67 0.004 0.004 0.15 0.01 1.40 0.55 490 625 32 −20 246 620×1
ER80S-G TG-S1CM 0.06 0.50 0.99 0.007 0.005 0.11 0.02 1.22 0.54 540 630 28 0 270 690×1
ER90S-B3 TG-S90B3 0.11 0.64 0.67 0.006 0.006 0.14 0.01 2.44 1.09 DCEN 596 725 27 −20 237 690×1
ER90S-G TG-S2CM 0.10 0.26 0.70 0.009 0.008 2.31 1.04 12 115 610 720 28 0 250 690×1
ER80S-G TG-S2CW 0.06 0.42 0.43 0.006 0.008 0.17 − 2.34 0.48 0.34 0.03 1.19 494 627 31 0 289 747×2
ER90S-B9 TG-S90B9 0.11 0.24 0.69 0.004 0.004 0.01 0.53 8.91 0.94 0.23 0.05 0.003 0.042 1.22 706 809 22 0 160 760×2
ER90S-G TG-S9Cb 0.07 0.16 0.99 0.008 0.006 − 0.68 8.97 0.90 0.18 0.04 − 0.022 700 780 24 0 240 740×8
ER90S-G TG-S12CRS 0.07 0.35 0.74 0.004 0.003 0.01 0.51 9.92 0.35 0.21 0.04 1.45 1.01 686 790 23 0 44 740×8

■ForBoiler

W.M.=weldmetal X-bar=(10P+5Sb+4Sn+As)/100(ppm),J-Factor=(Si+Mn)×(P+Sn)×104(%)
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CM-A96MBshinesinthefabricationofpressurecomponents
wherePWHTuseslowertemperparametersandstrict
controloftemperembrittlementisrequired.

Aworld-class1.25Cr-0.5Moelectrodeofpersistent
qualitysince1952.

Sinceitsinception,CM-A96haspersistentlyearneda
goodreputationinthehigh-temperaturehigh-pressure
fieldssuchasboilersandrefineriesinwhich1.25Cr-
0.5Mosteelisusedatalargeconsumptionratiofor
steampowergeneratingequipmentandreactorvessels.

InweldingCr-Mosteel,theweldmetalshouldhave
theessentialqualities:(1)lowsusceptibilitytocold
cracking,(2)lowsusceptibilitytohotcracking,(3)
resistibilitytoextendedpostweldheattreatmentfor
better mechanical properties, and (4) stable
microscopicstructureforbettercreepresistanceat
elevatedtemperatures.

Inordertofulfilltheseessentialrequirements,CM-A
96isingeniouslydesigned.First,itisoftheextra-low
hydrogentype�consequently,theamountofdiffusible
hydrogenintheweldmetalcanbekeptlowerthan
withconventionallow hydrogentypeelectrodes,
therebyreducingthesusceptibilitytocoldcracking.
Second,thephosphorousandsulfurcontentofthe
weldmetaliskeptlowtodecreasethesusceptibilityto
hot cracking. Thirdly, the elaborate chemical
compositionofCM-A96providesastableweldmetal
microstructure,which allowstheweld metalto
maintain adequate mechanical properties over
extendedpostweldheattreatment(PWHT)ofhigh
temperparameter(Figures1and2)andtoincrease
creepresistance.

Thebestchoiceformoderate-PWHTfabrication
of1.25Cr-0.5Mo components to strictnotch
toughnessandhardnessrestriction.

Withlowertemperparameters(eitherwithlower
PWHTtemperatureorwithshorterPWHTtime),weld
hardnessispronetobehigher―hencelowerductility
― andnotchtoughnesstendstobeloweringeneral.
ThetemperparameterofPWHTwillnecessarilybe
lowerdependingonthethicknessoftheweldment,the
specificationorcodetofollow,andthebasemetal
used.

IncontrasttoCM-A96,CM-A96MBismoresuitable
formoderatePWHToflowertemperparameter.With
moderatePWHT,CM-A96MBprovidesbetternotch
toughnessandlowerhardness― thushigherductility
―comparedwithCM-A96.Inaddition,CM-A96MB
morestrictlycontrolsimpurityelementssuchas
phosphorous(P),tin(Sn),antimony(Sb),andarsenic
(As)tominimizetemperembrittlement.Figure1
showsresultsofCharpyimpacttestsofCM-A96MB
weldmetalthatsustainedlow temperparameter
PWHT.Theweldmetalexhibitsadequatenotch
toughnessovertherangeoftemperparameters.

AsshowninFigure2,thesusceptibilitytotemper
embrittlementofCM-A96MBweldmetalisquitelow
withalmostnotemperatureshiftatthestandard
absorbedenergyof54Jspecifiedforfabricating
pressurevesselsforhightemperatureservice.

Figure1:Charpyimpactabsorbedenergy
ofCM-A96MB(5�)weldmetalasafunctionof
temperparameter.

T:K(=℃+273.15)�t:hours

Figure1:TensilepropertiesofCM-A96(5�)weldmetalvs.
temperparameterbyACweldinginflatposition.

Figure2:TemperembrittlementtestresultsofCM-A96MB
(6�)weldmetalbyACweldinginflatposition
(Stepcoolingisaheattreatmenttoaccelerate
temperembrittlement).

T:K(=℃+273.15)�t:hours

Figure2:CharpyimpactpropertiesofCM-A96(5�)weldmetal
inthePWHTconditionbyACweldinginflatposition.

Heat-resistantlowalloysteelisamainmaterialforcoalfiring
powerplants.
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1.25Cr-0.5Mosteelisusedfortheequipmentoperatedatthe
temperaturesfrom 350-550℃.Forsuchhigh-temperature
applications,thematerialsmustmetallurgicallybestable,
resistingelevatedtemperatureoxidationandcreeprupture.
KobeSteelhasuseditsaccumulatedtechnicalexpertiseto
pursuequalitycontrolofTG-S1CM,maintainingitshigh
performanceforthepipingofoilrefineriesandpowerboilers.

Table1:Typicalchemicalcompositionofweldmetalwithpure
argongasshielding(mass%)

C Si Mn P S Cr Mo

0.06 0.50 0.99 0.007 0.005 1.22 0.54

PWHT
(℃×h)

0.2%PS
(MPa)

TS
(MPa)

El
(%)

IV1
(J)

650×1 550 620 25 270

690×1 540 630 28 270

700×5 510 590 25 260

ASTM
A335P112 205min 415min 22min −

1.IV:Charpyimpactenergyonaverageat0℃.
2.A335P11:1.25Cr-0.5Moseamlesspipe.

Table2:Typicalmechanicalpropertiesofweldmetal
withpureargongasshielding

Elements Wire AWSA5.28
ER80S-B2

C 0.11 0.07-0.12

Si 0.50 0.40-0.70

Mn 0.67 0.40-0.70

P 0.004 0.025max.

S 0.004 0.025max.

Cu 0.15 0.35max.

Ni 0.01 0.25max.

Cr 1.40 1.20-1.50

Mo 0.55 0.40-0.65

Table1:Typicalchemicalcompositionofwire(mass%)

0.2%PS
(MPa)

TS
(MPa)

El
(%)

IVat
−20℃(J)

PWHT
(℃×h)

Weldmetal

499 625 32 Av.246 620×1

476 593 32 Av.256 690×1

440 558 34 Av.242 690×8

ER80S-B2 470min 550min 19min − 620±15×1

Table2:Typicalmechanicalpropertiesofweldmetal
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Figure1:Tensilepropertiesofweldmetalasafunctionof
PWHT(Temperparameter:17.86for620℃×1h�
19.26for690℃×1h�20.13for690℃×8h.

T:K(=℃+273.15)�t:hours

Welding
direction

Change the welding mode
to the crater treatment

Turn onto
the groove
face

Crater treatment

A1.25Cr-0.5MoGTAW fillerwire,unbeatablein
pipeweldinginrefineriesandboilers.

Unlikeconventional1.25Cr-0.5MoGTAWfillerwires
classifiedasAWSE5.28ER80S-B2,TG-S1CM is
classifiednecessarilyasER80S-G becauseofits
uniquechemicalcomposition.TG-S1CMweldmetal
contains,asshowninTable1,comparativelylow
carbon,phosphorousandsulfuralongwithahigher
manganesecontent.Thisimprovesusability(better
fluidityofthemoltenpool)andtheresistancetohot
crackingthatislikelytooccurinroot-passweldingof
pipes.

ThemechanicalpropertiesofTG-S1CM weldmetal
aresufficientfortubularsteelbasemetalssuchas
ASTMA199Gr.T11,A213Gr.T11,A250Gr.T11,and
A335Gr.P11afterextendedPWHT―Table2.

Tipsforwelding
(1)Usedirectcurrentwithelectrodenegativepolarity.

(2)Pureargongasissuitableforbothtorchshielding
andbackshielding.Theshieldinggasflowrateshould
be10-15liter/min.Inapparentambientwindoverl
m/sec,useawindscreentoprotectthemoltenpool
from thewind,orthewindmaycauseporosity,
oxidation,andpoorreversebeadformation.

(3)IntheuseofanautomaticGTAW process,the
weldingprocedureshouldbedeterminedinaccordance
withthequalityoftheweldinadvance.Thisis
because,withahighfeedingrateoffillerwire―
hence a high deposition rate― in automatic
GTAW,thenotchtoughnessoftheweldmetaltendsto
decreasebecauseofcoarsercrystalgrains.

(4)Preheatingandinterpasstemperatureshouldbe
150-200℃ todecreasethecoolingspeedandthereby
minimizethehardnessofweldandpreventcold
cracking.

(5)Postweldheattreatmenttemperatureshouldbe
650-700℃ toremoveresidualstresses,decreasethe
hardnessofweld and improve the mechanical
properties.

(6)Heatinputshouldbeproperlycontrolledbecause
excessiveheatinputcancausehotcracking,and
deterioratethetensilepropertiesandnotchtoughness
ofweld.

A1.25Cr-0.5MoGTAW fillerwire,unbeatablein
pipeweldinginrefineriesandboilers.

Thisnewbrandhasbeendevelopedbymodifyingthe
chemicalcompositionoftraditionalTG-S1CM(AWS
ER80S-G)tomakeiteasierforinternationalcustomers
toselectasuitablefillerwirepertheAWSchemical
requirementdesignation(B2)forwelding1Cr-0.5Mo
and1.25Cr-0.5Mosteels.Theweldingusability,
mechanicalpropertiesandcrackresistibilityofthis
newbrandarecomparabletothetraditionalbrand.
Table1showstypicalchemicalcomposition.

ThemechanicalpropertiesofTG-S80B2weldmetal
matchtheAWSrequirementsasshowninTable2.In
addition,asillustratedinFigure1,thisfillerwire
satisfiestheASTMrequirementfortubularsteelssuch
asA213Gr.T11(1.25Cr-0.5Mo)afterextended
postweldheattreatment(PWHT).

Thesoundnessandbeadappearanceoftherootpass
weldsbyGTAW areessentialperformancesoffiller
wires.TG-S80B2offersgoodweldabilityandusability
in root-passwelding,exhibiting good weld-pool
washingonthegroovefacesandtherebyresultingin
excellentpenetrationbeadappearanceonthereverse

sideoftherootpassweld
withargongasbackshielding.

Tipsforhigherworkmanship
InadditiontotheaforementionedtipsforTG-S1CM,
thefollowingtechniquesareeffectivetopreventweld
imperfectionsinroot-passweldingoftubularwork.
(1)Theweldcratershouldbeterminatedonthegroove
faceinordertopreventhotcracksinthecrater.

(2)Usepropertorchplacementandoscillationfor
makinggoodpenetration.
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JIS G3106
SM490A
(Equiv. ASTM A36)

10mm

10mm

Elements Wire AWS
A5.23EB2R

Allweld
metal

AWS
A5.23B2R

C 0.14 0.07-0.15 0.10 0.05-0.15
Si 0.10 0.05-0.30 0.21 ≦0.80
Mn 0.86 0.45-1.00 0.86 ≦1.20
P 0.004 ≦0.010 0.007 ≦0.010
S 0.004 ≦0.010 0.002 ≦0.010
Cr 1.47 1.00-1.75 1.44 1.00-1.50
Mo 0.56 0.45-0.65 0.55 0.40-0.65
Cu 0.12 ≦0.15 0.10 ≦0.15
As 0.003 ≦0.005 0.003 ≦0.005
Sn 0.001 ≦0.005 ＜0.001 ≦0.005
Sb 0.001 ≦0.005 ＜0.001 ≦0.005
Ni 0.15 − 0.15 −
Al 0.15 − 0.03 −
V 0.004 − 0.004 −
Ti 0.002 − ＜0.002 −

X-bar1 − − ＜8.2 −
J-Factor2 − − ＜85.6 −

Table1:Chemicalcompositionofwireandallweldmetal
(mass%)

1.X-bar=(10P+5Sb+4Sn+As)/100(ppm)
2.J-Factor=(Si+Mn)×(P+Sn)×104(%)

Elements Wire A5.23
EB2

Weldmetal
(DCEP)

A5.23
B2

C 0.11 0.07-0.15 0.06 0.05-0.15

Si 0.13 0.05-0.30 0.45 ≦0.80

Mn 0.57 0.45-1.00 0.83 ≦1.20

P 0.007 ≦0.025 0.009 ≦0.030

S 0.006 ≦0.025 0.005 ≦0.030

Cu 0.11 ≦0.35 0.12 ≦0.35

Cr 1.49 1.00-1.75 1.29 1.00-1.50

Mo 0.53 0.45-0.65 0.54 0.40-0.65

Table1:Chemicalcompositionofwire(mass%)

Alow-impuritySAWflux/wirecombinationforDC
welding,classifiedasAWSA5.23F8P2-EB2R-B2R

AccordingtotheAWSA5.23standard,SAW filler
metals,suchasthoseforoilreactors,mayincludeanR
suffixintheirdesignationiftheysatisfytheimpurity
elementsindex(X-factor�15)forapplicationsthat
requireastep-coolingtesttoevaluatesusceptibilityto
temperembrittlement.Assuch,thiswirecanbe
designatedasEB2RandtheweldmetalasB2R.PF-
200D/US-B2RisaSAW flux/wirecombination
intendedforDCwelding,whoserawmaterialscontain
onlytracesofsuchimpuritiesasP,Sb,Sn,As,Cu,and
StomeettherequirementsofF8P2-EB2R-B2R.The
room-temperaturetensilestrengthofthedeposited
metalcansatisfythespecifiedrangeforthebasemetal
ofASMEA387Gr.11Cl.2steelunderthepostweld
heattreatmentwithinthetemperparameters,19.0-
20.5.Thoughthisflux/wirecombinationexcelsinlow-
temperaturetoughness,theweldingheatinputshould
belimitedto2.5kJ/mmorlowerforbettertemper
embrittlementresistance.

Ausability-refinedSAW flux/wirecombination
correspondingtoAWSA5.23F7PZ-EB2-B2

Weldingconsumablesforone-passfilletweldingof
1.25Cr-0.5Mofintubepanelsforboilers.Conforming
withF7PZ-EB2-B2requirements,G-80/US-B2isa
SAW flux/wirecombinationfor1.25Cr-0.5Mosteel.
Thisbrandoffersexcellentusability,providinggood
beadappearanceandslagremovability,andissuitable
forbothone-passandmulti-passwelding.Inone-pass
filletwelding,theuseofafluxsizeof12×65mesh
producesagoodweldbeadatcarriagespeedsupto
100cm/minunderthecurrentandvoltageconditionsof
460-500Aand24-28V.G-80isaneutralfusedflux
thatabsorbslittlemoisturebecauseitisglassy.
However,asmoistureintheformofcondensationmay
depositonthefluxsurface,itisrecommendedtodry
thefluxbyheatingbeforeuse.

Polarity Welding
Current ArcVoltage Carriage

speed

DCEP 420-500A 24-28V 50,100cpm

Preheat,Interpass
temperature Meshsizeofflux

Roomtemperature 12×65

Carriagespeed Beadappearance Cross-sectionalshape

50cpm

100cpm

Flux
meshsize

Carriage
speed

Slug
detouchability

Bead
ripple

Pockmark
generation

12×65
50cpm Good Good Excellent

100cpm Good Good Good

Figure1:Tensiontestresultsofallweldmetalatroom
temperature Table2:Weldingconditionandsetupforfilletweld

*Dia.ofwire:�2.4mm
*Distancebetweencontacttipandbasemetal:20mm
*Forehand/Backhandangle:0°

T:K(=℃+273.15)�t:hours
Figure2:Tensiontestresultsofallweldmetalatelevated

temperaturebyPWHTcondition
(Heatinput2.3kJ/mm)

Table3:Weldabilityinfilletwelding

*Weldingcurrent:460A,Arcvoltage:28V

Figure3:Notchtoughnessofallweldmetal

Table4:Anexampleofbeadappearanceandcross-sectionalshapeoffilletweld

T:K(=℃+273.15)�t:hours *Weldingcondition:460A-28V
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54J: Standard energy for
evaluating the sensitivity
to temper embrittlement

690°C × 8h SR

SR + SC

- vTr54 after SR = -79°C
- vTr54 after SR+SC = -75°C
- vTr54 was increased by 4°C
  (Embittled as little as 4°C)

690°C × 8h SR

54

300

45

Base metal SS400

9

unit mm

9

Overhead position (PD, 4F)

45

Horizontal position (PB, 2F)

45

45

Hydro-desulfurizationreactorisatypicalpressurevesselfor
whichtemperembrittlementresistanceisstrictlyrequired.

C Si Mn P S Ni Cr

0.11 0.27 0.79 0.008 0.006 0.19 2.42

Mo Sb Sn As X-bar1 J-Factor2

1.03 0.002 0.003 0.002 10 117
1.X-bar=(10P+5Sb+4Sn+As)/100(ppm)
2.J-Factor=(Si+Mn)×(P+Sn)×104(%)

Table1:Typicalchemicalcompositionofweldmetalby
ACweldingintheflatposition(mass%)

Figure1:Averyfinebainitic
microstructureof
weldmetalafter
PWHT.

Aone-passfilletGMAW wirecorrespondingto
AWSA5.28ER80S-B2

MG-S80B2FconformswiththeER80S-B2requirement
anduses80%Ar-20%CO2shieldinggasinthegas
metalarcwelding(GMAW)of1.25Cr-0.5Mosteel.
Becausethiswiremaygenerateporosityinmultiple-
passwelding,itsuseshouldbelimitedtosingle-pass
filletwelding,whichislikelytobedefect-free.MG-S
80B2Fcanbeusedattravelspeedsofuptoabout80
cm/mintoproduceafilletweldwithaleglengthof5
mm atapproximately300Ainthehorizontaland
overheadpositions.

Wheretemperembrittlementresistanceisstrictly
required,CM-A106Nisanunbeatablecovered
electrode.

Temperembrittlement,whichoccursinlow-alloy
steels,suchasCr-Mosteels,isadecreaseinimpact
toughness(oranincreaseintheductile-to-brittle
transitiontemperature)afterlongserviceathigh
temperaturesinthe371to593℃ range.Temper
embrittlementisaprimaryconcerninthefabrication
of2.25Cr-1Mosteelpressurevesselsthatareoperated
atabout454℃,atemperatureatwhichtemper
embrittlementismostlikelytooccur.

Inprincipal,thisform ofbrittlenessisbelievedto
occurduetothesegregationofphosphorous(P),
antimony(Sb),tin(Sn),andarsenic(As)atthegrain
boundariesofthesteelandweldmetal.Manganese
(Mn)andsilicon(Si)arealsobelievedtoaffectthe
embrittlement.Basedonthesecommontheoriesonthe
causesoftemperembrittlement,KobeSteelhas
researchedextensivelytodevelopCM-A106Nthat
fulfillsthestrictrequirementforheavy-wallpressure
vessels.Table 1 shows the typical chemical
compositionofweldmetaldesignedtominimize
temperembrittlement.

In addition to thechemical
elements,themicrostructureoftheweldmetalisan
essentialfactorintemperembrittlement.CM-A106N
isdesignedsoastopossessafinemicrostructureinthe
weldmetalafterpostweldheattreatmenttominimize
temperembrittlement―Figure1.

Thesusceptibilitytotemperembrittlementisevaluated
withastep-coolingtestusingcyclicalthermalagingas
showninFigure2.Typicaltestresultsareshownin
Figure3,revealingexcellentnotchtoughnesswitha
verylittleshiftofimpactenergybetweentheas-SR
andSR+SCconditions.

Current
(A)

Voltage
(V)

Travelspeed
(cm/min)

Leglength
(mm)

Penetlationdepth
(mm)

280
29 80

5.0 3.2

320 3.4 2.3

Product
name

Current
(A)

Voltage
(V)

Travelspeed
(cm/min)

Heatinput
(kJ/mm)

MG-S80B2F
�1．2mm 280~320 29~31 80 0.6~0.7

Polarity Preheat
temp.

Pass
sequence Weldingpositions

DCEP None 1 Horizontal,Overhead

Shieldinggas Flowrate
(L/min) Weldingequipment

Ar-20%CO2 25 PICOMAX-2Z

Current(A) Voltage(V) Travelspeed(cm/min) Beadappearance Macrostructure

280

29 80

320

Current(A) Voltage(V) Travelspeed(cm/min) Beadappearance Macrostructure

280 29

80

320 31

Current
(A)

Voltage
(V)

Travelspeed
(cm/min)

Leglength
(mm)

Penetlationdepth
(mm)

280 29
80

5.1 1.8

320 31 6.1 3.1

PB,PD:ISO6947
2F,4F:AWS/ASME A3.0

Table3:Filletsize(PB,2F)

Table1:Weldingcondition

Figure2:Atypicalstepcoolingcyclefordetectingthe
susceptibilitytotemperembrittlement.

Table5:Filletsize(PD,4F)

Figure3:Temperembrittlementtestresultsofweldmetal
byCharpyimpacttest(AC,flatweldingposition).

Table2:Beadappearanceandmacrostructure(PB,2F)

Table4:Beadappearanceandmacrostructure(PD,4F)
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Dia.(mm�) 5.0
Polarity DCEP

WeldingPosition Flat
Current(A) 210
Voltage(V) 25

TravelSpeed(cm/min) Avg.11
HeatInput(kJ/mm) Avg.2.9

PreheatandInterpasstemp.(℃) 160-190

Table1:Weldingcondition

Elements Weldmetal AWSA5.5
E9015-B3

C 0.10 0.05-0.12
Si 0.30 ≦1.00
Mn 0.74 ≦0.90
P 0.004 ≦0.03
S 0.002 ≦0.03
Cr 2.42 2.00-2.50
Mo 1.03 0.90-1.20
Cu 0.03 −
Ni 0.14 −
Sn 0.002 −
Sb ＜0.002 −
As 0.002 −
X-bar1 ＜6.0 −
J-Factor2 62 −

Table2:Chemicalcompositionofallweldmetal(mass%)

1.X-bar=(10P+5Sb+4Sn+As)/100(ppm)
2.J-Factor=(Si+Mn)×(P+Sn)×104(%)

Outlet nozzle

Flange

Automatic
GTAW welding

Bottom head

Figure2:AnexampleofautomaticGTAWapplicationfor
joiningthe90-degreebendandflangeextended
fromthebottomheadofareactorpressurevessel.

A new stick electrode for DCEP polarity,
corresponding to the AWS A5.5 E9015-B3
classification

CM-A105Disa2.25Cr-1MostickelectrodeforDC
thatwasderivedfromCM-A106ND(E9016-B3)but
hasbeen reformulated to meettheE9015-B3
requirement.
Thisbrandoffersgoodlow-temperaturetoughnessand
temperembrittlementresistancesimilartoCM-A106
ND(forDC)aswellasCM-A106N(E9016-B3)for
AC,andthetensilestrengthoftheallweldmetalcan
meetthespecifiedrangeforthebasemetalofASMEA
387Gr.22Cl.2steelunderthepostweldheattreatment
atthetemperparameterrangeof19.5-20.5.

AhighlyreputedGTAWwirefor2.25Cr-1Motubes
andpipes.

Unlikeconventional2.25Cr-1Mofillerwiresclassified
asER90S-B3,TG-S2CMisclassifiednecessarilyas
ER90S-Gduetoitsuniquechemicalcomposition.As
showninTable1,TG-S2CM weldmetalcontains
comparatively low silicon (Si)compared with
conventionalER90S-B3wires.Inaddition,TG-S2CM
restrictsphosphorous(P),antimony(Sb),tin(Sn),and
arsenic(As).Thiselaboratechemicalcomposition
reducestemperembrittlement(Figure1)andimproves
resistancetohotcrackingthatislikelytooccurinroot-
passweldingoftubesandpipes.

TG-S2CMisavailableinbothcut
rodandspooledwire.Spooledwiresaresuitablefor
mechanizedgastungstenarcwelding.Bend-to-flange
jointsofreactors,tube-to-tubesheetjointsofheat
exchangersandpipe-to-pipejointsofprocesspiping
aretypicalapplicationsfortheautomaticGTAW.

Tipsforwelding
(1)Backshieldingwithargongasisindispensableto
provide a smooth root-passbead with regular
penetration.Thetorchshieldinggasflowrateshould
be10-15liter/min.Inapparentambientwindover1m/
sec,useawindscreentoprotecttheweldpoolfromthe
wind,orthewindmaycauseporosity.

(2)InmechanizedGTAW,theweldingprocedure
shouldbedeterminedinconsiderationofthequality
requirementsfortheweldbeforehand.Thisisbecause,
withahighfeedingrateoffillerwire― thusahigh
depositionrate― inautomaticGTAW,thenotch
toughnessofweldtendstodecreasebecauseofcoarser
crystalgrains.

(3)Preheatandinterpasstemperatureshouldbe200-
250℃ todecreasethecoolingspeedandthereby
minimizethehardnessofweldandpreventcold
cracking.

(4)Postweldheattreatmenttemperatureshouldbe
680-730℃ to remove residualwelding stresses,
decrease hardnessand improve the mechanical
propertiesofweld.

(5)Heatinputshouldbecontrolledtopreventhot
crackingandensurethemechanicalpropertiesof
weldment.

C Si Mn P S Cr Mo

0.10 0.26 0.70 0.009 0.008 2.31 1.04

Sb Sn As X-bar1 J-Factor2

0.004 0.003 0.003 12 115

Figure1:Tensiontestresultsofallweldmetalatroom
temperature

Table1:Typicalchemicalcompositionofweldmetalwithpure
argongasshielding(mass%)

T:K(=℃+273.15)�t:hours

Figure2:Notchtoughnessofallweldmetal
(PWHT:690℃×8.0h) 1.X-bar=(10P+5Sb+4Sn+As)/100(ppm).

2.J-Factor=(Si+Mn)×(P+Sn)×104(%).

Figure1:Temperembrittlementtestresultsofweldmetalby
Charpyimpacttesting.
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Temper parameter = T(20 + log t) × 10-3
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Elements Wire AWSA5.28
ER90S-B3

C 0.11 0.07-0.12

Si 0.64 0.40-0.70

Mn 0.67 0.40-0.70

P 0.006 0.025max.

S 0.006 0.025max.

Cu 0.14 0.35max.

Ni 0.01 0.25max.

Cr 2.44 2.30-2.70

Mo 1.09 0.90-1.20

Table1:Typicalchemicalcompositionoffillerwire(mass%)

0.2%PS
(MPa)

TS
(MPa)

El
(%)

IVat
−20℃(J)

PWHT
(℃×h)

Weldmetal

596 725 27 Av.237 690×1

497 632 30 Av.169 690×8

452 595 30 Av.156 690×32

ER90S-B3 540
min.

620
min.

17
min. − 690±15

×1

Table2:Typicalmechanicalpropertiesofweldmetal

Temper parameter = T(log t + 20) x 10-3
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Figure1:Tensilepropertiesofweldmetalasafunctionof
PWHT.

(Temperparameter:19.26for690℃×1h�20.13for
690℃×8h�20.71for690℃×32h)

Figure2:Abeadappearance
protrudedonthe
reversesideofthe
rootpassweldwith
argongasback
shielding.

Elements Wire AWSA5.28
ER90S-B3

C 0.12 0.07-0.12

Si 0.39 0.40-0.70

Mn 0.85 0.40-0.70

P 0.004 0.025max.

S 0.003 0.025max.

Cu 0.14 0.35max.

Cr 2.27 2.30-2.70

Mo 0.97 0.90-1.20

Table1:Typicalchemicalcompositionofwire(mass%)

AnAWS-typenewbrandofGTAW fillerwirefor
internationalcustomers.

Thisbrandhasbeendevelopedbymodifyingthe
chemicalcompositionoftraditionalTG-S2CM(ER90
S-G)tomakeiteasierforinternationalcustomersto
selectasuitablefillerwirepertheAWSchemical
requirementdesignation(B3)forwelding2.25Cr-1Mo
steels.Theweldingusability,mechanicalproperties
andcrackresistanceofthebrandarecomparabletothe
traditionalbrand.Table1showstypicalchemical
composition.

Themechanicalpropertiesofweldmetalmatchthe
AWSrequirementsasshowninTable2.Inaddition,as
illustratedinFigure1,thisfillerwiresatisfiesthe
ASTMrequirementfortubularsteelssuchasA213Gr.
T22(2.25Cr-1Mo),afterextendedpostweldheat
treatment(PWHT).

Thesoundnessandbeadappearanceoftherootpass
weldbyGTAW areessentialperformancesoffiller
wires.TG-S90B3offersgoodweldabilityandusability
in the root-pass welding,exhibiting a regular
penetrationbeadappearance―Figure2.

SpooledTG-S90B3isavailableinadditiontocutrod.
SpooledwiresaresuitableforautomaticGTAW
(Figure3).Tube-to-tubesheetjointsofheatexchangers
andtube-to-tubeandtube-to-bendjointsofsteam
boilersaretypicalapplicationsforautomaticGTAW.

A time-proven GMAW wire with higher
performanceoverAWSA5.28ER90S-B3wires:
used frequently in heat-resistant low-alloy
applicationsinJapansincethe1980s

MG-S2CMSisasolidwireforgasmetalarcwelding
(GMAW)ofconventional2.25Cr-1Mosteelthatoffers
itsbestperformanceinspraytransfermodewitha
shieldinggasmixtureof80%Ar-20%CO2.The
chemistryofthewireisclassifiedasAWSA5.28ER90
S-GasshowninTable1�however,itbeatsER90S-B3
classGMAW wireinporosityresistanceandX-ray
soundnessinmulti-layerweldsandisthusapplicable
forthick-sectionwork.Thiswirecanalsoexerthigher
impactvaluesandlowersusceptibilityagainsttemper
embrittlementcomparedwiththetraditional2.25Cr-1
MoGMAWwire,MG-S2CM.

Thiswirecanproduceweldmetalthatoffersexcellent
temperembrittlementresistancetomeettheAPIRP
934-Arequirements:CvTr40+2.5ΔCvTr40�50°F
(10℃),whereCvTr40isthe40ft-lbt(55J)transition
temperature.Theweldmetalalsoexperienceslittle
temperatureshiftbytemperembrittlement.

[Notesonusage]
(1)Theroom-temperaturetensilestrengthofdeposited
metalcansatisfytherequirementsforthebase
metalofASMEA387Gr.22Cl.2steelunderthe
postweldheattreatmentattemperparametersfrom
19.5-20.5.

(2)Forobtaininggoodtoughnessinmultiple-layer
welds,weldthicknessofnomorethan3-4mmper
layerisrecommendedinorderforeachpreceding
layertocontainalargerreheatedzonethatis
producedbytheheatofthesucceedinglayer.The

weldingheatinputshouldalso
becontrolledupto3.5kJ/mm.

Figure1:Tensilepropertiesofweldmetalvs.temper
parameter

T:K(=℃+273.15)�t:hours

T:K(=℃+273.15)�t:hours

Figure2:Notchtoughnessofweldmetal

Figure3:AutomaticGTAWoftube-to-tubebuttjointsisa
typicalapplicationforTG-S90B3.
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Figure2:Temperembrittlementtestresults(4�,45-deg.
vertical-upposition).

Stricterrequirementsforweldmetalqualityincreasingly
demandedforDC-spec.Cr-Mofillermetals.

MostfillermetalssuitableforACmaybeusedwith
DC,unlessthequalityrequirementisstrict.When
requirementsarestrict,thematteristreatedseriously,
evenwhenaparticularfillermetalisclassifiedbythe
AWSasanAC-or-DCEPtype.Thisisbecausethe
polarityofweldingcurrentaffectsthechemical
composition(C,Si,Mn,andOinparticular)― thus
themechanicalproperties―oftheweldmetal.

KobeSteelhaslongbeenproducingCr-Mosteelfiller
metalsforoilrefineryreactorvesselsandheat
exchangers,whichincludeCM-A96MB,PF-200/US-
511N,CM-A106NandPF-200/US-521S.Thesefiller
metalshaveahighreputationinthedomesticand
overseasmarkets.Unlikeinthedomesticmarket,DC
powersourcesareoftenusedoverseas,increasing
demandforfillermetalsdesignedforDCcurrentuse
withbetterperformanceinnotchtoughness,resistance
to temper embrittlement and high-temperature
strength.Tomeetthisdemand,KobeSteelhas
developedbrandnewDC-spec.fillermetalsthatare
moresuitableforDCEPweldingandabletomeet
stringentrequirements.

SMAWstickelectrodes
Withtheelaboratechemicalcompositionoftheweld
metal,CM-A96MBD andCM-A106ND exhibit
excellenttensileproperties,low-temperatureimpact
toughnessandresistancetotemperembrittlement,as
wellasgoodusability,withDCEPcurrents.Typical
chemicalandmechanicalpropertiesareshownin
Tables1and2,respectively.

X-barandJ-Factor,showninTable1,aretheindexof
control against the susceptibility to temper
embrittlementoftheweldmetal:thehighertheindex,
the more susceptible the weld metalbecomes,
according to the most commonly accepted
embrittlementmechanism.Toconfirm thetemper
embrittlementsusceptibility,Charpyimpacttestingis
conductedfortheweldmetalintheSRandSR+step-
cooling(Figure1)conditions.Figure2showstypical
Charpyimpacttestresultsofweldmetalsthatconfirm
theirhighresistancetotemperembrittlement.

SAWflux/wirecombinations
Withsophisticatedwireelectrodechemistryanda
uniquebondedflux,PF-200D/US-511NDandPF-200
D/US-521Sofferfirst-classperformanceintensile
strength and ductility, low-temperature notch
toughnessandresistancetotemperembrittlement,as
wellasoutstandingusability,withDCEPcurrents.

Table3showstypicalchemical
propertiesoftheweldmetals.Table4presentstypical
tensilepropertiesoftheweldmetals.Figure3exhibits
theunsurpassedresistanceoftheweldmetalsagainst
temperembrittlement,withacomparisonof54-J
absorbedenergytransitiontemperaturesintheSRand
SR+SCconditions.

Elements PF-200D/US-511ND PF-200D/US-521S
C 0.08 0.09
Si 0.21 0.16
Mn 0.82 0.81
P 0.007 0.006
S 0.003 0.003
Cu 0.09 0.13
Ni 0.15 0.13
Cr 1.39 2.41
Mo 0.56 1.07
Sb 0.002 0.002
Sn 0.002 0.002
As 0.002 0.002
X-bar 9 8
J-Factor 93 78

Productnames PWHT
(℃×h)

Testtemp.
(℃)

0.2%PS
(MPa)

TS
(MPa)

El2
(%)

RA
(%)

PF-200D/
US-511ND

640×5 RT 522 630 25 69
454 408 491 17 64

690×4 RT 477 589 27 73
454 376 465 17 72

691×20 RT 424 546 29 73
454 336 437 21 73

PF-200D/
US-521S

690×6 RT 507 621 26 75
454 414 485 17 70

690×13 RT 484 602 28 73
454 403 472 17 72

690×28 RT 468 584 28 72
454 380 452 20 72

Productnames CM-A96MBD CM-A106ND

Elements 45-deg.
vertical-up Flat 45-deg.

vertical-up Flat

C 0.06 0.06 0.11 0.11
Si 0.37 0.49 0.32 0.42
Mn 0.76 0.79 0.84 0.84
P 0.006 0.006 0.004 0.004
S 0.004 0.004 0.002 0.002
Cu 0.01 0.02 0.032 0.031
Ni 0.03 0.02 0.13 0.14
Cr 1.29 1.30 2.41 2.42
Mo 0.57 0.56 1.04 1.03
Sb 0.002 0.002 0.002 0.002
Sn 0.002 0.002 0.002 0.002
As 0.002 0.002 0.002 0.002
X-bar2 8 8 6 6
J-Factor3 90.4 102.4 69.6 75.6

Product
names

Welding
position

PWHT
(℃×h)

Test
temp.
(℃)

0.2%
PS
(MPa)

TS
(MPa)

El2
(%)

RA
(%)

CM-
A96MBD

45-deg.
vertical-
up

690×1
RT 515 617 27 76
454 394 484 19 73

690×8
RT 469 583 29 76
454 368 456 25 76

Flat
690×1

RT 476 588 29 77
454 371 468 24 76

690×8
RT 435 557 30 76
454 342 438 24 78

CM-
A106ND

45-deg.
vertical-
up

690×8
RT 501 635 26 72
454 402 483 19 73

690×26
RT 440 588 28 72
454 343 446 23 73

Flat
690×8

RT 504 644 28 71
454 405 489 20 73

690×26
RT 435 594 30 72
454 344 449 23 73

Table1:Typicalchemicalpropertiesofweldmetals(mass%)1 Table3:Typicalchemicalpropertiesofweldmetals(mass%)1

1.Basemetal:ASTMA387Gr.11Cl.2,A387Gr.22Cl.2,
Platethickness:20mm�Wiresize:4�.

Table4:Typicaltensilepropertiesofweldmetals1
1.Basemetal:ASTMA387Gr.11Cl.2�A387Gr.22Cl.2,
Platethickness:19mm

2.X-bar=(10P+5Sb+4Sn+As)/100(ppm)
3.J-Factor=(Si+Mn)×(P+Sn)×104(%)

Table2:Typicaltensilepropertiesofweldmetals1

1.Basemetal:ASTMA387Gr.11Cl.2,A387Gr.22Cl.2,
Platethickness:20mm�Wiresize:4�.

2.Gaugelength:4DforRT,5Dfor454℃.

Figure3:Temperembrittlementtestresults(Wire:4�).

1.Basemetal:ASTMA387Gr.11Cl.2�A387Gr.22Cl.2,
Platethickness:19mm

2.Gaugelength:4DforRT,5Dfor454℃

Figure1:Step-cooling(SC)heattreatment.
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Figure1:Refineriesarecomposedofavarietyofsuch
sophisticatedequipmentasreactors,towers,heat
exchangers,andpipelines.

Figure2:Theworld’slargestheavyoildesulfurizationreactor
vessel(Photosource:WeldingTechniquesVol.47,
TheJapanWeldingEngineeringSociety).

Whyhigh-strength2.25Cr-1Mo-V
steelisneeded
Desulfurization reactorsare thick heavy section
pressurevesselsthatremove,bychemicalreaction,
sulfurimpuritiescontainedincrudeoilintherefining
ofheavyhydrocarbonsintolighter,morevaluable
productsinrefineries(Figure1).

Thereactorsforrefineriesareoperatedinahigh-
temperaturehigh-pressurehydrogenatmosphere.In
ordertoefficientlycarryoutthedesulfurization
reaction,theservicetemperatureandpressureare
increased,causingincreasesinthicknessandscaleof
the reactor. The world’s largest heavy oil
desulfurizationreactorthatuseshighstrength2.25Cr-1
Mo-Vsteelhasashellof330-mmthickandweighs
1400tons(Figure2).

Thisexplainstheneedforspecificsteels― advanced
steelwithhigherstrengthandresistancetohydrogenat
higheroperationtemperatures― thataresuperiorto
conventional2.25Cr-1Mosteel.Thehigh-strength2.25
Cr-1Mo-Vsteelistheoneforthisapplication�ithas
beenusedtofabricatereactorssince1998.

Howhigh-strength2.25Cr-1Mo-Vsteeland
thematchingweldingfillermetalsare
specifiedinASME
Table1showssteelgradesandrequirementsfor
chemicalcompositionandmechanicalpropertiesof
2.25Cr-1Mo-Vsteel,asspecifiedbyASMEBoilerand
PressureVesselCodeSec.Ⅷ Div.1Appendix31and
Div.2Appendix26.Inusingthesespecificmaterials
forthefabricationofpressurevessels,theseASME
CodeAppendixesrequiretouseweldingfillermetals
thatsatisfytherequirementsofchemicalcomposition
andmechanicalpropertiesofweldmetal,asshownin
Table1.

Whataretheadvantagesofhigh-strength
2.25Cr-1Mo-Vsteelandfillermetal?
AsshowninTable1,thehigh-strength2.25Cr-1Mo-V
steelandmatchingfillermetalscontainsmallamounts
ofvanadiumandniobium.

Alloyingtheseelementsis,first,tostrengthentheCr-
Mosteelbytheprecipitationofvanadiumandniobium
carbidesinthematrix.Second,stablevanadiumand
niobium carbides improve resistance to high
temperature hydrogen attack.High temperature
hydrogenattackisbelievedtobeoneform of
hydrogen damage, where molecular hydrogen
dissociatesintotheatomicform,atomichydrogen
readilyentersanddiffusesthroughthesteelrapidly,
andhydrogenmayreactwithcarboninthesteel(Fe3C
+ 4H → CH4 + Fe)tocauseeithersurface
decarburization or internal decarburization and
fissuring.Thirdly,fineparticlesofvanadiumcarbide
improveresistancetohydrogenembrittlement,by
trapping diffusible hydrogen to prevent its
concentrationatcracktips.

Withhigherstrength,thewallthicknessofa2.25Cr-1
Mo-Vsteelpressurevesselcanbereducedbyabout
12%whencomparedwithconventional2.25Cr-1Mo
steelbecausetheallowablestresscanbeincreasedby

about12%.Thinnermaterialmeansweldingcanbe
finishedfasterandtimeforpostweldheattreatment
soakingcanbereduced,therebyreducingfabrication
costs.Superior resistance to high temperature
hydrogenattackandhydrogenembrittlementfacilitates
moreefficientoperationofthereactorvesselathigher
temperatures(482℃ max.foroperationtemperature)
andhigheratmospheresofhydrogenpressure.

Howreactorvesselsarefabricated
Figure3showsafabricationprocedureforreactor
pressurevessels.Stainlesssteeloverlayweldingofthe
internalsurfacesoftheCr-Moshellringforgingsis
carriedoutonasingleringforgingortworing
forgingsjoinedbycircumferentialwelding.

OverlaystainlesssteelweldsprotecttheCr-Mobase
metalandweldmetalfrom high-temperaturehigh-
pressurehydrogenduringdesulfurization.Afterthis
process,the shellring forgingsare joined by
circumferentialSAW weldingaccompaniedbySAW
andSMAWofnozzlesintheshellrings.Theheadsof

areactorhaveathicknessaboutonehalfofthatofthe
shell,andtheyareproducedbyhotpressingCr-Mo
steelplateswithoutjoints.Theheadsareprocessedby
stainlesssteeloverlay welding on theirinternal
surfaces,followedbySAW ofnozzlesandSAW of
head-to-shellcircumferentialjoints.Bendpipe-to-
nozzleneckandbendpipe-to-flangepipegirthjoints
areweldedbyautomaticGTAW.

Allthe welds are subjected to nondestructive
examinations(NDE)such asX-ray,ultrasonic,
magneticparticleandliquidpenetranttests,followed
bypostweldheattreatment(PWHT).AfterPWHT,the
soundnessoftheweldsisagaincheckedbyNDEto
ensurenocrackinghasdeveloped.Next,thevesselis
subjectedtoapressuretest,followedbythefinalNDE.
Thecompletedpressurevesselisthenshipped.More
than95%oftheweldingoperationsinfabricationof
reactorvesselsarereportedlyautomatedtoassure
consistentquality.

Steelspec,
andgrade

Chemicalcompositionofsteel(%)1

C Mn P S Si Cr Mo Cu Ni V Nb Ti B Ca

SA-182,F22V 0.11-
0.15

0.30-
0.60 0.015 0.010 0.10 2.00-

2.50
0.90-
1.10 0.20 0.25 0.25-

0.35 0.07 0.030 0.0020 0.015
SA-336,F22V

SA-541,22V Mechanicalpropertiesofsteel2

SA-542,D-4a -Tensilestrength(MPa): 585-760 -Elongation(%): 18min.

SA-832,22V -0.2%offsetstrength(MPa): 415min. -Impactenergyat−18℃(J): 54/47min.3

Welding
process

Chemicalcompositionofweldmetal(%)1

C Mn P S Si Cr Mo V Nb

SMAW 0.05-
0.15

0.50-
1.30 0.015 0.015 0.20-

0.50
2.00-
2.60

0.90-
1.20

0.20-
0.40

0.010-
0.040

SAW 0.05-
0.15

0.50-
1.30 0.015 0.015 0.05-

0.35
2.00-
2.60

0.90-
1.20

0.20-
0.40

0.010-
0.040

GTAW 0.05-
0.15

0.30-
1.10 0.015 0.015 0.05-

0.35
2.00-
2.60

0.90-
1.20

0.20-
0.40

0.010-
0.040

Mechanicalpropertiesofweldmetal2

SMAW -Tensilestrength(MPa): 585-760 -Impactenergyat−18℃(J): 54/47min.3

SAW -0.2%offsetstrength(MPa): 415min. -Creeprupturelifeat538℃and205MPa:4 Exceed900h

GTAW -Elongation(%): 18min.

Table1:Requirementsofchemicalcompositionandmechanicalpropertiesofhigh-strength2.25Cr-1Mo-Vsteelandweldmetal
(ASMEBPVCSec.ⅧDiv.1Appendix31andDiv.2Appendix26)

1.Singlevaluesarethemaximum.
2.Theheattreatmentconditionsfortensiletestarespecifiedbasedonthemaximumandminimumvessel-portiontemperaturesandholding
time.Theheattreatmentconditionforimpacttestisspecifiedbasedontheminimumvessel-portiontemperatureandholdingtimeinfabrication.
Theheattreatmentconditionforcreeprupturetestsisspecifiedbasedonthemaximumvessel-portiontemperatureandholdingtime.

3.ForCharpyimpactenergyrequirement,54Jisforthree-specimenaverageand47Jisforonespecimen.
4.SpecifiedbyASMESec.ⅧDiv.2Appendix26forcategoryAwelds(bothallweldmetalandweldedjoint).

23 24



O/L

W
W

W

W W
W

W

W
W

W
W

W
PWHT

Local PWHT

NDE
PWHT
NDE

NDE

WWW

W

O/L
O/L

O/L O/L

O/L O/L

O/L O/L

O/L
O/L

O/L

Head

Internal

Nozzle Nozzle
Nozzle

Skirt

Internal

Head

Tandem SAW

Tandem SAW

Manway

Strip
SAW
O/L

SAW+SMAW

SAW

Tandem SAW
GTAW-MC O/L

Strip SAW O/L

FCAW O/L SAW O/L

Strip SAW O/L

GTAW+SAW Skirt

GTAW-MC

GTAW-MC

O/L

Tandem
SAW

Unbeatablecharacteristicsof
Kobelco2.25Cr-1Mo-Vfillermetals
KobeSteelhaslongcarriedoutresearchinwelding
metallurgyofCr-Moweldmetalsandhasdeveloped
innovativefillermetalssuitedspecificallyfor2.25Cr-1
Mo-V steel.ThesefillermetalsareSMAW stick
electrodeofCM-A106HandCM-A106HD,SAWflux
andwireofPF-500/US-521HandPF-500D/US-521
HD,andGTAWfillerwireofTGS2CMH.Thesefiller
metalsfulfilltherequirementsofASMESec.ⅧDiv.1
Appendix31andDiv.2Appendix26,whichcanbe
verifiedwiththeweldmetalchemicalandmechanical
propertiesshowninTables2and3.Theseadvanced
fillermetalsarecharacterizedbyasophisticated
chemicalcompositionthatprovidestheweldmetal
with sufficientimpacttoughnessand minimized
temperembrittlement.Theresultingweldmetalalso
containsadequateamountsofvanadiumandniobium
toensuretensilestrength,creeprupturestrengthand
resistancetohightemperaturehydrogenattackand
hydrogenembrittlement.

Inaddition,thecoatingfluxesofCM-A106HandCM-
A106HDaredesignedsoastoperform sufficient
usabilityinallpositionwelding.Thecoatingfluxesare
ofextra-lowhydrogentype�therefore,thesecovered
electrodesdepositverylow hydrogenweldmetal,
thereby minimizing thesusceptibility to delayed
cracking.

PF-500andPF-500Dareultra-lowhydrogenbonded
typefluxesforSAW.PF-500andPF-500Dpickup
moisture at slower rates as compared with
conventionalbondedtypefluxes.Furthermore,these
SAWfluxesofferunsurpassedusabilityprovidingself-
peelingslagremovabilityinthenarrowgrooveof
heavythicksectionwork.TG-S2CMHoffersexcellent
usabilitywithsufficientwettingoftheweldpoolin
narrowgroovework,whichensuresgoodperformance
inautomaticormechanizedweldingprocesses.

Thehighstrength2.25Cr-1Mo-Vweldmetalshave
finebainiticstructuresasshowninFigure4forCM-A
106HandinFigure5forPF-500/US-521H.Thisisthe
reasonwhytheweldmetalexhibitshightensile
strength,adequatecreeprupturestrength,sufficient
impacttoughness,andlowsusceptibilitytotemper
embrittlement.AsshowninTables2and3,AC-spec
fillermetalsandDC-specfillermetalsarecomparable

to each otheraboutchemicaland mechanical
propertiesduetoconsistentfinemicrostructure.

Productnames Polarity
Chemicalcomposition(mass%)

C Mn Si P S Cr Mo V Nb

CM-A106H
AC

0.08 1.15 0.29 0.007 0.003 2.41 1.00 0.28 0.016

PF-500/US-521H 0.08 1.09 0.14 0.004 0.004 2.50 1.03 0.33 0.014

CM-A106HD
DCEP

0.08 1.12 0.24 0.005 0.002 2.48 1.05 0.27 0.012

PF-500D/US-521HD 0.07 1.26 0.17 0.007 0.001 2.44 1.03 0.34 0.011

TG-S2CMH DCEN 0.10 0.38 0.14 0.003 0.004 2.21 1.02 0.21 0.025

Productnames Polarity PWHT
(℃×h)

0.2%PS
(MPa)

TS
(MPa)

EL
(%)

IVat−18℃
(J)

CM-A106H 705×7 612 713 23 147

PF-500/US-521H
AC 705×7 616 706 24 106

705×26 533 639 26 142

CM-A106HD

DCEP

705×26 520 636 24 137

705×8 598 713 21 121

PF-500D/US-521HD
705×26 518 634 26 142

705×8 603 708 24 125

TG-S2CMH DCEN 705×7 623 730 22 300

Figure3:Anexampleoffabricationprocedureforreactorvesselsbyarcwelding.
(Source:WeldingTechniqueVol.47,TheJapanWeldingEngineeringSociety)

Table2:Typicalchemicalcompositionsofweldmetals

Table3:Typicalmechanicalpropertiesofweldmetals

SAW:Submergedarcwelding W:Jointwelding
StripSAW:SAWwithstripelectrodes O/L:Overlaywelding
GTAW-MC:Automaticgastungstenarcwelding NDE:Nondestructiveexamination
FCAW:Fluxcoredarcwelding(CO2shielding) PWHT:Postweldheattreatment
SMAW:Shieldedmetalarcwelding Figure4:Microstructureofthedendriticzoneof

weldmetaloffinebainite(CM-A106H).
Figure5:Microstructureofthedendriticzoneof

weldmetaloffinebainite(PF-500/US-521H).
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Figure8:CharpyimpacttestresultsofTG-S2CMHweldmetal
afterSRandSR+StepCooling
(Weldingposition:flat�Arshielding).

Figure1:Acoal-firedsteamboilerconsistingofthe
sophisticatedpipingsystemfabricatedwithtensof
thousandsoftubesandpipesmadefromcarbon
steel,Cr-Mosteel,andstainlesssteel.
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Figure2:Acomparisonbetween9Cr-1Mo-V-Nbandother
steelsonthemaximumallowablestressfor
high-temperatureequipmentoverarangeofmetal
temperatures.

Resistancetotemperembrittlement
isessentialforfillermetalsforreactor
vessels
Figures6,7and8showCharpyimpactandtemper
embrittlementtestresultsofCM-A106H,PF-500/US-
521H andTG-S2CMH weldmetals,respectively.
Thesetestresultsexhibitquitehighnotchtoughness
satisfyingtheASMECoderequirementofCharpy
impactabsorbedenergyat−18℃ intheSRcondition
andsufficientlylow susceptibilitytothetemper
embrittlementbystepcoolingheattreatment.

Figure9showscreeprupturetestresultsofCM-A106
HandPF-500/US-521HweldmetalsafterSR.Itis
obviousthatthetestresultssatisfytheASMECode
requirement.Inthistest,thetestingtemperatureis538
℃ thatishigherthanthepermissiblemaximum
operationtemperature(482℃)aspertheASMECode.
Theuseofhighertemperatureistoknowthecreep
rupturestrengthwithshorterhours,byaccelerating
creepofthespecimen.

Howadvanced9Crfillermetalshelp
innovatepowerboilers
Steamboilers(Figure1)producehigh-temperature
high-pressuresteam byheatingpressurizedwater
containedin hermetically sealed vesselsthrough
combustionofsuchfuelsascoal,LNG,andoil.Steam
boilersarewidelyusedforsuchvariousapplicationsas
powerplants,ships,steelmills,textileprocesses,
chemicalprocesses,andoilrefineries.

Steamboilers,alsoknownaspowerboilers,usedin
powerplantsgeneratehigh-temperaturehigh-pressure
steam forbetterpowergenerationefficiency.The
steamtemperaturesandpressuresofcoal-firedpower
boilershavebeenincreasingtoimprovethermal
efficiency.Astheefficiencybecomeshigher,the
consumptionoffuelsforgeneratingunitelectrical
powercanbedecreased,therebyhelpingtocombat
globalwarming.

Amongpowerboilers,supercriticalpressureboilers
areoperatedathightemperatures(e.g.538℃)and
highpressures(e.g.24.1MPa).Ultra-supercritical
(USC)pressureboilersareoperatedatevenhigher
steamtemperatures(e.g.593℃)andpressures(e.g.
31.4MPa).Steamtemperatureandpressureareaptto
behigherformoreefficientpowergenerationforthe
future.

Asafactorinthetechnologyofadvancedpower
boilers,modified9Cr-1Mosteel(9Cr-1Mo-V-Nb)is
highlightedduetoitssuperiorhightemperature
performancerelativetoconventional9Cr-1Mosteel
andType304stainlesssteel.Thatis,9Cr-1Mo-V-Nb
steelcanbeusedwithahigherallowablestressin
comparisonwith9Cr-1Moand,upto600℃,in
comparisonwithType304,asshowninFigure2.

※PleasenotethatAWSA5.5inthischapterrefersto2006Edition.

Figure6:CharpyimpacttestresultsofCM-A106H(4�)weld
metalafterSRandSR+StepCooling
(Weldingposition:flat).

Figure9:CreeprupturetestresultsofCM-A106HandPF-500/
US-521HweldmetalsafterSR(705℃×26h)
(Polarity:AC�Testingtemperature:538℃).Figure7:CharpyimpacttestresultsofPF-500/US-521Hweld

metalafterSRandSR+StepCooling
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Gradeofsteel(ASTM) SMAW
(AWSA5.5)

GTAW
(AWSA5.28)Plate Tube/Pipe Forging

A387
Gr.91
CI.2

A199Gr.T91
A213Gr.T91
A234Gr.WP91
A335Gr.P91

A182Gr.F91
A336Gr.F91

CM-9Cb
(E9016-G)

TG-S9Cb
(ER90S-G)

CM-96B9
(E9016-B9)※
CM-95B9
(E9015-B9)※

TG-S90B9
(ER90S-B9)

Table1:Aquickguidetomatchingfillermetalsforthe9Cr-1
Mo-V-Nbbasemetalgrades

※AWSA5.5-2006

Elements
CM-9Cb TG-S9Cb ASTM

A213T91AC DCEN

C 0.06 0.07 0.08-0.12

Mn 1.51 0.99 0.30-0.60

Si 0.31 0.16 0.20-0.50

P 0.006 0.008 0.020max

S 0.003 0.006 0.010max

Cr 9.11 8.97 8.00-9.50

Mo 1.06 0.90 0.85-1.05

Ni 0.94 0.68 0.40max

V 0.18 0.18 0.18-0.25

Nb 0.03 0.04 0.06-0.1

N 0.030 0.022 0.030-0.070

Al − − 0.04max

Table2:TypicalchemicalcompositionsofCM-9CbandTG-S
9CbweldmetalsincomparisonwiththeA213T91
tubechemistryrange(mass%)
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Figure4:High-temperaturestrengthofCM-9Cb(4�)weld
metal,satisfyingtheminimumstrengthofmodified
9Cr-1Mosteel.
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Figure5:CreeprupturestrengthofCM-9Cb(4�)weldmetal,
satisfyingtheminimumrupturestrengthofmodified
9Cr-1Mosteel.

Theuseof9Cr-1Mo-V-Nbsteelisexpandingforultra-
supercriticalpressureboilers.Withferritic9Cr-1Mo-V-
Nbsteel,thecountermeasures(e.g.useofexpansion
joints)toreleasethermalstressesinthetubebundle
structuresofsteamboilerscanbelessenedthanwith
austeniticType304,becausethethermalexpansion
andcontractionofferritic9Crsteelsareless.The
thermalstressesareraisedbythethermalcycleduring
operationaccompaniedbythefluctuationofpower
generationinaday.

Howtoselectsuitableadvanced9Cr
fillermetalsthatmatchthebasemetal
Table1isaquickguidetosuitablefillermetalsfor
shieldedmetalarcwelding(SMAW)andgastungsten
arcwelding(GTAW)of9Cr-1Mo-V-Nbsteels.The
basemetalgradesareinaccordancewiththeASTM
standardbutthisguidancecanalsobeusedforother
equivalentbasemetalgradesperothernational
standards.

Therearetwochoicesfor9Cr-1Mo-V-Nbsteel.Oneis
theKobelcooriginaltype(CM-9Cb,TG-S9Cb),which
satisfiesthemechanicalpropertiesrequirementofthe
AWSstandardbutitschemicalcompositionisunique
andithasbeenusedformanyultra-supercritical
pressureboilersfabricatedbyJapanesemanufacturers.
TheotheroneistheAWStype(CM-96B9,CM-95B9,
TG-S90B9),whichhasbeendevelopedbymodifying
theoriginaltypesoastoconform withboththe
mechanicalandchemicalrequirementsoftheAWS
standard(2006Edition),takingintoaccounttheusual
requirementsofinternationalcustomers.

CM-9CbandTG-S9Cb:fillermetalsfor
ultra-supercriticalpressureboilers
Intheearly1980’swhentheresearchanddevelopment
ofcoal-fired,ultra-supercriticalpressureboilersbegan
among the leading steelproducers and boiler
fabricatorsinJapan,KobeSteeldevelopedsuitable
fillermetalsforthemodified9Cr-1Mosteel.

Thisadvancedsteelisalloyedwithconsiderable
amountsofvanadium,niobium and nitrogen in
additiontochromiumandmolybdenumtoimprove
elevated-temperaturestrength.However,fillermetals,
inherently,cannotaccommodateasmuchniobiumand
nitrogenascontainedinthesteelbecausesuch
elementsresultinpoorweldability.ThisiswhyCM-9
CbandTG-S9Cbhaveuniquechemicalcompositions
thatprovide good performance in mechanical
propertiesandweldingworkabilityinout-of-position
welding.Table 2 shows the typicalchemical
compositionsofthesefillermetals,incomparisonwith
thechemicalrequirementsfora9Cr-1Mo-V-Nbsteel
tubeofASTMA213T91.

Simplealloyingofconventional9Cr-1Mofillermetal
withvanadiumandniobiumcreatesaheterogeneous
microstructureconsistingofcoarse,polygonalferrite
precipitates in the martensitic matrix, thereby
decreasingstrengthandimpacttoughness.However,
CM-9CbandTG-S9Cbofferfine,homogeneous
microstructures(Figure3)createdbytheelaborate
chemicalcompositions.

TypicalapplicationsforCM-9CbandTG-S9Cbare
girthweldingofsuperheatertubes,reheatertubesand
steamheadersofUSCboilersthatareoperatedinthe
hardsteam conditions(e.g.593℃ ×31.4MPa).
Therefore,strengthatelevatedtemperaturesisthekey
propertyofthiskindoffillermetals.Figures4and5
show high-temperaturestrengthandcreeprupture
strengthofCM-9Cbweldmetal,respectively.These
figuresverifythatCM-9Cbsatisfiestheminimum
yieldstrength,tensilestrengthandrupturestrengthof
modified9Cr-1Mosteel.

CM-96B9,CM-95B9andTG-S90B9:
fillermetalsforinternationalapplications
Thesefillermetalshavebeendevelopedbymodifying
thechemicalcompositionofCM-9CbandTG-S9Cbto
makeiteasierforinternationalcustomerstoselecta
suitablefillermetalpertheAWSchemicalrequirement
designation(B9)for9Cr-1Mo-V-Nbsteel.The
weldingusability,mechanicalpropertiesandcrack
resistibilityofthesefillermetalsarecomparabletothe
Kobelcooriginalones.Table3showstypicalchemical
compositionsofSMAWfillermetals(CM-96B9�CM-
95B9)andtherelevantAWSA5.5requirements.A
GTAW fillermetalofTG-S90B9featureselaborate
chemicalcompositioninconformitywiththeAWSA
5.28requirements,asshowninTable4.

Figure3:CM-9Cbdepositshomogeneousmicrostructure
consistingoftemperedmartensitewiththeabsence
ofpolygonalferriteafterPWHT(750℃×5h),
exhibitingadendriticzone(upper)and
apass-to-passtemperedzone(under).
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Elements TG-S90B9 AWSA5.28
ER90S-B9

C 0.11 0.07-0.13

Mn 0.69 1.20max

Si 0.24 0.15-0.50

P 0.004 0.010max

S 0.004 0.010max

Cu 0.01 0.20max

Ni 0.53 0.80max

Cr 8.91 8.00-10.50

Mo 0.94 0.85-1.20

V 0.23 0.15-0.30

Nb 0.05 0.02-0.10

Al 0.003 0.04max

N 0.042 0.03-0.07

Mn+Ni 1.22 1.50max

Elements CM-96B9 CM-95B9 AWSA5.5(2006Edition)
E9016-B9,E9015-B9

C 0.10 0.10 0.08-0.13

Mn 0.85 0.84 1.20max

Si 0.19 0.22 0.30max

P 0.007 0.007 0.01max

S 0.004 0.002 0.01max

Cu 0.03 0.02 0.25max

Ni 0.52 0.51 1.0max

Cr 9.01 8.94 8.0-10.5

Mo 1.05 1.02 0.85-1.20

V 0.24 0.23 0.15-0.30

Nb 0.04 0.04 0.02-0.07

Al 0.002 0.002 0.04max

N 0.038 0.039 0.02-0.07

Mn+Ni 1.37 1.35 1.50max

Polarity DCEP DCEP E9016-B9:AC/DCEP
E9015-B9:DCEP

Table3:Typicalchemicalcompositionsofallweldmetals
(mass%)

Table4:TypicalchemicalcompositionofTG-S90B9
fillerwire(mass%)
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Product
names

PWHT
(℃×h)

Temper
parameter1

0.2%PS
(MPa)

TS
(MPa)

El
(%)

CM-96B9

745×1 20.36 695 814 20

760×2 20.97 658 771 21

775×6 21.78 550 701 29

CM-95B9
760×2 20.97 622 757 22

780×2 21.38 581 724 24

TG-S90B9

745×1 20.36 756 852 21

760×2 20.97 706 809 22

775×6 21.78 631 744 26

AWSA5.5
E9016-B9
E9015-B9

760×2 20.97 530
min.

620
min.

17
min.

AWSA5.28
ER90S-B9 760×2 20.97 410

min.
620
min.

16
min.

1.Temperparameter=T(20+logt)×10-3.
T:K(=℃+273.15)�t:hours

Table5:TensiletestresultsofCM-96B9andCM-95B
(5�,DCEP)aswellasTG-S90B9(1.2�,DCEN)
weldmetalsincomparisonwiththeAWS
requirements

Figure6:TensilepropertiesofCM-96B9weldmetalasa
functionoftemperparameter.
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Figure7:TensilepropertiesofTG-S90B9weldmetalasa
functionoftemperparameter.
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9Cr-1Mo-V-Nbsteelisoftenusedforsuperheatertubes,
reheatertubesandsteamheadersofcoal-firedsteamboilers
inthetrendofhighersteam conditions(Photocourtesy:
NagasakiKogyoshoCo.,Ltd.,Japan).

Table5showsthetensilepropertiesofCM-96B9,CM-
95B9andTG-S90B9weldmetals,whichsatisfythe
AWSrequirements.Inaddition,Figures6and7verify
thatbothSMAW andGTAW fillermetalsfulfillthe
ASTM requirementsforA335Gr.P91eveninthe
stricterconditionofPWHTwithalongersoaking
time.

Tipsforsuccessfulweldingof
modified9Crsteel
(1)Remediestocoldordelayedcracks:

9Cr-1Mo-V-Nbsteelhashigherself-hardenability
relativetosuchCr-Mosteelsas2.25Cr-1Mo,1.25Cr-
0.5Mo,and0.5Mo.Therefore,preventivemeasures
againstcoldcrackingordelayedcrackingmustbe
stricter.Themosteffectivemeasuresarepreheatingthe
workby250-350℃ andmaintainingtheworkatthis
temperatureduringweldinguntilstartingPWHT.
Thesemeasurescanreducethecoolingrateoftheweld
todecreasethehardnessoftheweldandtopromote
hydrogendiffusionfromtheweld,therebypreventing
coldcracking.

Incaseswherethepostweldworkhastobecooledto
room temperaturefornondestructiveexamination
beforePWHT,theworkshouldfirstbeheatedat
temperaturesbetween250-300℃ for30-60minutes
immediatelyafterweldingtoremovethediffusible
hydrogenfromtheweldandpreventdelayedcracking.

SMAWstickelectrodesshouldberedriedat325-375
℃for1hourbeforeusetoremoveabsorbedmoisture,
thesourceofdiffusiblehydrogen.

(2)Preventinghotorsolidification
cracks:

Kobelco 9Cr-1Mo-V-Nb filler metals contain
phosphorousandsulfuratquitelow levelsand
sufficientmanganesetominimizethesusceptibilityto
hotcrackingorsolidificationcracking.However,9Cr-
1Mo-V-Nbweldmetalsareinherentlysusceptibleto
hotcracking.Smalldiametertubeshaving thin
sectionsalsosometimessufferfromhotcracksinthe
weld.Therefore,excessivelyhighweldingcurrents
shouldbeavoided.

(3)ProperPWHTtemperature:

PWHTtemperatureisakeyfactortocontrolthe
qualityofwelds.ASMESec.Ⅷ Div.1,forinstance,
specifiesaminimumPWHTtemperatureof704℃ for
9Cr-1Mo-V-Nbsteel(e.g.A213T91).However,for
betterqualityinductilityandtoughnessofweldmetal,
therange710-780℃ isrecommendedforfillermetals
discussedinthisarticle.
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Atubing/pipingdiagramofawatertubeboiler(Source:K.
Nagumo,BasicKnowledgeofBoilers,Ohmsha,2002)

Productnames CR-12S TG-S12CRS
Polarity AC DCEP DCEN

0.2%PS(MPa) 648 645 686

TS(MPa) 768 771 790

El(%) 26 22 23

RA(%) 64 68 68

IV(J)at0℃ 40 40 44

PWHT 740℃×8h

Table2:Typicalmechanicalpropertiesofweldmetal

note:
・CR-12S�1.2kJ/mm�Preheat&interpasstemp.:200-250℃.
・TG-S12CRS�1.8kJ/mm�Preheat&interpasstemp.:200-250℃.

High-temperaturehigh-pressurecoal-firedpower
boilersrequireforthestructuralcomponentssuch
assuperheatertubesandheaderstobelowerin
fabricationcostsandbetterinweldabilityaswell
ashigherincreeprupturestrength.CM-2CWand
TG-S2CWaretherighttoolsforsuchapplications.

2.25Cr-1Mosteel,atypicaltypeofheat-resistantlow-
alloysteel,haslongbeenusedforpowerboilersdueto
itssuperiorhightemperaturestrengthandworkability.
However,inresponsetothedemandforhighercreep
rupturestrengthmaterialsforhigh-temperaturehigh-
pressurepowerboilers,low-C2.25Cr-W-V-Nbsteel
hasbeendevelopedbyalloyingwithtungstenand
optimizingthecontentofotheralloyingelements.In
theASTM standard,thissteelisspecifiedasA213
GradeT23fortubesandA335GradeP23forpipes
(Table1).

ThisW-enhanced2.25Crsteelofferssuperiorcreep
rupture strength thatisalmostdouble thatof
conventional2.25Cr-1Mosteelandcomparabletothat
of9Cr-1Mo-V-Nb steel.Italso offers better
weldabilityduetoitslowcarboncontent.

ThepipingandtubingofW-enhanced2.25Crsteelfor
steamboilers,includingsupperheatertubes,canbe
weldedbyusingKobelcofillermetalstailoredforthis
steel.Table2 showsthetypicalchemicaland
mechanicalpropertiesofthefillermetalsforindividual
weldingprocesses.Such excellentpropertiesare
provided by the weld metaloffine bainitic
microstructureasshowninFigure1.

Increasedefficiencyincoal-firedpowergenerationhas
reducedthatindustry’sconsumptionoffuels,thereby
decreasingcarbondioxideemissionsassociatedwith
globalwarming.Inarelatedtrend,highperformance
steelshavebeendevelopedtoresisttheincreased
temperaturesandpressuresofsteamintheboilers.W-
enhanced9-12Crsteels(suchasASMEP92andP122)
arenowregardedasstate-of-the-arthigh-Crferritic
steelsthataresuperiorto9Cr-1Mo-V-Nbsteel
(typicallyASMEP91)increeprupturestrength.

Toaccommodatethisgradeofsteel,KobeSteelhas
developedCR-12Sforshieldedmetalarcweldingand
TG-S12CRSforgastungstenarcwelding.Tables1
and2showtheuniquechemicalcompositionsand
excellentmechanicalpropertiesofthesefillermetals. ThechemicalcompositionsofCR-12SandTG-12CRS

aredesignedwiththeproperchromium equivalent
(Creq)soastominimizetheprecipitationofdelta
ferriteinthemartensiticmatrix,therebyassuring
sufficientimpacttoughnessandcreeprupturestrength.

Typicalapplicationsforthesefillermetalsinclude
headersandmainsteampipesinsupercriticalpressure
boilersandultra-supercriticalpressureboilerswhich
operateathighertemperaturesand pressuresas
comparedwithconventionalboilers.

C Si Mn P S Cr Mo

0.04-
0.10

0.50
max.

0.10-
0.60

0.030
max.

0.010
max.

1.90-
2.60

0.05-
0.30

V Nb W B N Al

0.20-
0.30

0.02-
0.08

1.45-
1.75

0.0005
-0.006

0.03
max.

0.030
max.

YS(MPa) TS(MPa) El(%)

400min. 510min. 20min.

Elements
CM-2CW TG-S2CW
Weldmetal(mass%)

C 0.04 0.06
Si 0.27 0.43
Mn 0.84 0.41
P 0.009 0.007
S 0.006 0.008
Cu 0.02 0.14
Cr 2.39 2.39
Mo 0.07 0.48
V 0.21 0.31
Nb 0.02 0.03
W 1.70 1.24

0.2%PS(MPa) 473 494
TS(MPa) 582 627
El(%),4D 28 31
vE0℃(J) 158 289

Creeprupturetime(h)1 11000over2 11000over2

PWHT(℃×h) 747×2 747×2
Polarity DCEP DCEN

Shieldinggas − Ar

Elements
Productnames

CR-12S TG-S12CRS

C 0.08 0.08 0.07

Si 0.36 0.41 0.35

Mn 1.01 0.94 0.74

P 0.007 0.008 0.004

S 0.002 0.001 0.003

Ni 0.49 0.52 0.51

Co 1.58 1.57 1.01

Cr 9.83 9.62 9.92

Mo 0.24 0.23 0.35

Nb 0.032 0.030 0.04

V 0.35 0.37 0.21

W 1.63 1.63 1.45

Cu 0.02 0.02 0.01

Creq3 7.55 7.85 8.40

Sampling Weldmetal Wire
Polarity AC1 DCEP2 DCEN

Table1:Chemicalandmechanicalrequirementsfor
W-enhanced2.25Crsteeltubesandpipesas
perASTM-2009

Table2:Typicalchemicalandmechanicalproperties

Table1:Chemicalcompositionsofweldmetalandwire
(mass%)

Figure1:Mainsteampipesandaheaderinposition
connectedwithabundleoftubes.(Source:
MitsubishiHeavyIndustries,Ltd.andNational
InstituteofMaterialsScience,Japan)

1.Testingtemp.andstress:550℃,98MPa.
2.Nowtesting(Apr’14)

Figure1:FinebainiticmicrostructureofCM-2CWweldmetal
afterPWHT.

1.4.0�:160A�Position:flat.
2.4.0�:140A�Position:flat.
3.Creq=Cr+6Si+4Mo+1.5W+11V+5Nb+1.2Sol.AI+8Ti-40C-2Mn-

4Ni-2Co-30N-Cu(%)
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