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Abstract

This paper provides simulational round robin test results for welding residual stress prediction of
safety/relief nozzle. To quantify the welding variables and define the recommendation for prediction and
determination of welding residual stress, 6 partners in 5 institutes participated in round robin test. It is
concluded that compressive axial and hoop residual stress occurs in dissimilar metal weld and pre-existing
residual stress distribution in dissimilar metal weld was affected by similar metal weld due to short length of
safe end. Although the reason for the deviation among the results was not pursued further, the effect of several
key elements of FE analyses on welding residual stress was investigated in this paper.
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Table 1 Welding procedure specification for safety/relief nozzle

Pass Name Process Size Current Voltage Trv. Speed
(Pass No.) (mm) (A) V) (cm/min)
Buttering _
(1~11) SMAW o 3.2 125 25 5~10
DMW ('ff,o‘,’)t GTAW | ¢ 24 140 12 5-10
Groove
(4~16) SMAW d 3.2 135 25 5~10
Root GTAW | ¢ 24 140 12 5~10
SMW ((31~3)
roove
(4-11) SMAW ¢ 3.2 105 27 5~10
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Fig. 3 (a) Path for residual stress index and (b) position
for temperature history

4 aA wE weEs 84 99%, 84 v=
27] S5, 99 ARk W7 ARE R 7 230] 9l
ok &8 s B wrRe A4 23, 24 B
Fd, 84 F5, 89 EF9 & o {7 vE
R AT R =l P S B PR S S T B
- HAE Vs @ a1 fF sol vk o N
of sjAa} e F7pQl MaeRe 2449 334}
o 3y Aol Aolg & & Stk v g

3. Round robin 344 Zx}

Round robin 3412 ¥ Adl= vro] 423 = ATt
13 A A = mZRbd T Afe]o] o] F w87
s ARE 788 S Fskalen 2 A A
A= P Aleld] sEEEHEF 0] FUIE
e o

daA ARSE NS st
7b wlel e AN AW 2 AvE 3l
A} g},

31 1A sfiM 2ot
1 2} round robin #24] A] RE F Al A= ohAME
HZ T SAAXA A 9 A8 BAo] AT
th o] Bef s FEE 2 ol A5 &H
=2 7Y Al BAKY Fig. 25 BE
AbEo] FEoR AREE & E}ﬁ A5 B4
Elle] o] wle] £ sAle] Pasd erdAS
FdE= AT T AR 40 TO% nok As
S AE AR AEARO A Z=® 2
o) i AL 4= AUAck
Fig. 3-2 12} round robin 814] A] Z7kAF E 9]
84 Bas ‘JrE}”h:} e A Ade =

32
I

&
0_1., 1

L

ME oo pEoglo ov (B A0 m{N'
N

r_?L‘ ox, M

Lo}%‘ﬁk 19l A path A &=
E%_—, path B = °]F=&H83H %771] ]:Q__o]: -5
A

HE ARE, path C = SF584Y 54 U &
o8 HE 4= Yehith 13 siXe] 49 5%
TR 2o gl AeElel® wEbA path A
= BolA e AieH 7"## RIS L e S g
Aell Bz A= vlas 918l Fig. 3b)ellA ek 2ol o]
THEEHN %%’d(Fusmn line)ol M =& Woz

15mm A el o] L= oS wlsmateich,

Fig. 4() % (B o1 ER584 T UolAe] 5
¢ 2 97U AFLAL Yehirl. 2xlolst 2o
WS A4 Ak A BEE AR

U JEFH o 2= B zpolE YeERY =& Ud =
kel 744 HEE 45 2 SFdAE A %
Fogol aglal wEdAE 5 AR-sgo] Agh
o 45 W 2] A MY 855 2 84
5 Holl A b5 FH-8-2 o] kgt :LEM ot
AFe8 BXE= Aorie] vart dE7] ufio] E
AN E 8HHE F94+10mm S PWSCC o 7173t
WP om AT Fig. 4(c)= Gl
Ao, Ha 2 Hd F5EHES HEeRATh



500
— partner A
400 - p
—_ —— partner B
£ 300 - —— partner C
% o |~ partner D
" —— partner E
‘;._4 100
)
e 0
=
'§ 100
2 Lm0
=
= 300
< i
-0 |-Nozzle Buttering _
1 e e P
500 .'.[:.I"!‘h.., i TN AU Pt (LTS Y S -Tb:_]i"lhl}d
=50 -40 =30 =20 =10 (1] 10 20 i 40 0

distance (mm)

@

500
— partner A
400 -~ —— partner B
300 . Groove — partner C
= - partner D
200 1

_—partner E

Hoop residual Stress (MPa)

Nozzle / )
- (Clad) =-——F—— | = Safe End |
-f'()U X 1 1 1 1 n 1 " 1 1 " 1
500 4D <30 2200 -0 0 10 20 30 40 S0
distance (mm)
500 , . ! v .
el solid © Axial stress |
- open : Hoop stress ™ |
00 - 1
E |
200
s = 200,
L] m  108.9W
W b |
g § | 3 2m o ||
Z l B [1-48.0 |
E -Irm- " |] ulm- {519 #_oz‘s [ |
-146.9 SAm | 1
2 a0 [ a |
ket . L= {
o =300 1
400 [
00 L I 1 I 1 L
K & «© <V i ¥
L Pl N = N
S R

(©
Fig. 4 Residual stress distribution at the inner surface.
(@) Axial, (b) hoop and (c) quantitative value
within PWSCC susceptible region

ol F e -5 AuA Zhzke] 3
42 31~200MPa H9l9] UFE YERdH 747}
o Hygtol hdk AA ﬁﬂﬁ—O— 95.3 MPa, ¥+
2= 64.8MPa & UHERWTE ¢ o=
739 147~ -48 MPa W9 <] ?J%—% LHER T
Z7bAre] ot gkel sk AA) 2 -108MPa,
FH A= 38.8MPa & UERTE

Fig. 5 & path BolA o] A7 FEXE5 YEhd
th e A e} o] F ek IFSH A9

O

d

REN)

"ol A Q1S vhehm Sl B FOoE ¢, <
4 EEE et 23 9F 33 4Fgee

213+ Round Robin 314 A3} &4 75

400 b ——— partner A
:5? o L ——— pariner B.
< & ——— partner C
= 200 ——— partner [3
= :
] ariner E
5 106 partner £
@#
ki 0
=]
=
S -0
= 2200 }
= 3
= L300
= !
400 |- . . .
[ =— inner surface outer surface —=
500 L 1 L . 1 g Cf g
0.0 0.2 04 0.6 08 10
Mormalized thickness
(@)
600 :
[ partner A ]
b = partner B
ik partner }
- — partner C
L partner [
200 - partner E

200 b

Hoop residual Stress (MPa)

=400 -

[ =— inner surface
=6y - o
0.0 02 04 06 08 10

outer surface —=
1 N

Mormalized thickness

(b)
Fig. 5 Residual stress distribution along the weld
thickness. (a) Axial and (b) hoop residual stress

1 S,
1 5mm distance to nozzle side from groove edge

— pariner A
partner B
partner C
—— partner [
partner E

300 |

200

Temperature ( C)

B B P R | P S l
o 10000 20000 30000 AT
time (sec)

Fig. 6 Temperature history at the specific point where
the thermocouple is placed



B FEEED. A o)A g A
600 F—— partner A "]
500 |——partncr B Path A |
400 pariner C
—— pariner D
00 pariner E

partner F

Axial Residual Stress (MPa)

Groove (SMW)
L 4

——= Pipe ]

( 25 S0 5 100 123 150

distance (mm)

@

patncr A
patner B
patner C
patner D
pamcr E
patner F

Hoop Residual Stress (MPa)

Graove (DMW) Groove (SMW) |

———= Pipe

25 50 75 [0 25 150

distance (mm)

(b)
Fig. 7 Residual stress distribution at the inner surface.
(a) Axial and (b) hoop

3.2 2%t
Round robin 1 2} Aol e w2 WS nlElo
2 7Y g4 A of W, A¥
zle] A% Z#H (cladding) 52 g gFo] ww]
3 ogrstel o & melshA btk webd @
o] ztol7} JF-gHd WA= FIFS AAs 7] 9
i
al

ofl 4 Zxt

=
=

a2 A MM E BE AAIEC] FA%
& Aget & BE A4S0 2L
et o WY e AL dmm =

Fdstar. =9 WHY SAYE £8FAAY
(PWHT)E 53 #532ol S8utin Frors)
of WA U AREY B TN o o
A4 24 13 8149 FUse,

Fig. 7(a) % (b)+=

<9 o Ao} 7ol = upak
FFsEel 4 olFa&HeAr 2 vFa3584
Howdel A 1 Ai-&ele] wAsty U5 ek
JrsEe] A oleuEHEH A AT &F
Afieol, sFaHEHTAME AFAFSH
o] Br%t}. Fig. 8(a) E (b)E AT HuES
$18] Fig. 4(c)olM ek 2ol HAIG A9 ¢
2 7hS et oA e} o] o] &4 A

o) I~ A= 2= O >~ o
RES g YA o5 A e

W00 - DMW solid : Axial stress |
00 | open : Hoop stress |
£ u
B 00
:._SZ 100 ] 993 m
£ o n | s 78
i 1060 - 5 I| lZﬁ,SI| 191, q _|“§| |
g [ o e LB SSTIE
b 300 0-301 I\ -158.5 -215.6 !
A T 22689 0-319.6
T 00 - | - ad
=500 =
600 1
C &
o ) o o
\\-.\“‘\ J e Q-_\(\"‘ Pt

FSMW N

300 4 T L
g "} o .
£ = |m3| 1244.2 | 012326 4
= 200 | | / |
P | 164.7 IB a0 g 17138
g D167.9 o1 934
a8 1w ) 98.2m g7.8m| ml978
E o - " iy
S 0 _m et
7 168 ]
=

[ solid : Axial stress
[~ open : Hoop stress

at

|\ ™ " G
ot gh A gV a¥
e o i R o o
® e &

&

(b)
Fig. 8 Quantitative values within PSWSS susceptible
region. (a) At dissimilar metal weld and (b)
similar metal weld

FoAel = ek 3ol gk <1919 ~99.3
MPa H$19] o5 T W A4S vehy Zzte
Hagholl gk AA HFS -701 MPa, ¥THA=
1109 MPa = UERATH 93 wral AEode] A -
3014 ~ -191.8 MPa %919 St5-5 Webi™ 72+ 37kt
91 gkl tigh A et -252.3 MPa, E%?ii}
+ 502 MPa & YEldLh w5855 49 &
& A8l gk 87.7~171.3 MPa tg%g 2l
= UERNE Z4zhe] Hargkel oigk dA Wi
05 MPa, ¥HA= 41.2 MPa S YeERITh 5 W
AF-So A9 -16.8 ~ 2442 MPa W= UrF/]'UH
ZF Z7bAbe] Fatgkel ik dA P 1317
MPa, ZZHA}= 1019 MPa & YERITh o]¢} e
A= 1 2} A Aol vwe u SEFELHS

N Tl

'0_3024_,05[‘

k) og

TGO FFHEEY UM & 3T 2L AF
W RSl EHYFOR FolEE AL HlFE

o) mek sa Werh EuA 7

el AT ARE e 5 3
Fig. 9 &= path B 9|~ ¢ = 1

ot aFloA el o] o]FFHERFY AFE

%E% WS A9l FTa58H A9 A%
ELIRIES

| & W7t %i%#

ﬂlO
it
_1
3



A

1l

—— painer A
—— pamner B

/~Path B
J_,;—-"'\_ _\ 4

400

Wi - patner €
—— patner D
patner E
pamer F

2004

100 b\

0
100 e S
~200 F
=300 -
400

=500

Axial Residual Stress (MPa)

Inner Ohuter

-6
00 01 02 03 04 05 06 07 08

0o

Normalized thickness

 P—

Path B

painct A
paincr B
patner C
painer D

painer E
patner F

Hoop Residual Stress (MPa)

Inner Ohter

7 08

0ol 02 03 04 05 06 O 09 10

Normalized thickness

(b)
Residual stress distribution along the dissimilar
metal weld thickness. (a) Axial and (b) hoop
residual stress

Fig. 9

[e)

Fig. 1

o

w2 & ol p

1

path C o] A ¢] AF<

g7

=
&
1l

L r_ﬁ

S
2 ol

)=
-
A

o ol
&
ofo

=N
NEU)
£ R

o d

4. Round robin aff A

3 oA AL wpe} o] T bl AA e
round robin 34 Ax} 7t HriAEe] S|4 A= A
A oA 2 AAFIALE F olF TS5 573

S woll= 54 el F Weko= Q1
S80], 9 UFoRE 4F AFH-SHol LG
on FEEEEHE T HA o|lFHHEHT
o] 7180w ok AEodo] whegth 1
U A E ARt izke dellA] kAt

918 Round Robin 34 ¥} 4] 7
_ St Path C
= 4 _|\n||\'r !.,
b= — s
W patney F
Z
% (1]
E =100
"{/.-
" Innlur Chuter
'U?H 0l 02 3 04 0s 06 07 08 na 1o
MNormalized thickness
(@
oo} o Path C
o &0 patnct €
= I et
'_;_' - _ patner F
P = =
5 . )
é o —
B a0
:‘: 300
Inner Outer
-Iu“'I- ol 0z 03 04 05 06 07 08 09 1o
MNormalized thickness
(b)
Fig. 10 Residual stress distribution along the similar
metal weld thickness. (a) Axial and (b) hoop
residual stress
Axt 5 R FHagke] Aol 2913 MPa, 95 %
o2 127.7 MPa 7} HAEte] ko]l S5 & o 3
ok mpeb] B geAE ole o]l whlsks ¢
QS A7) fsl A Ao gFs mE
EoAsE vdy wd ug, 9 ey g g o
9 34 PR AR Uro] AvnA
41 R B HE A3
Table 2 = 7} F7iAEo] ARG S F=, 84
FH 2 vlE 5 Yehith ZolAe} ol @7t
A5 e HHT2aPS AgEgon 1 A
T 2 AF 845 ARESISITE 1 S A BE
7M1 A = v = 4= w3k (lumping bead method) ™+
S AHEEFlow Table 2 oA 7 FUEAME O] ARE
g oHl= 5 FAY 5 Slvh Fig. 11 2 2 A

round robin 34 Al 7} F7iARbEo] ARESE f3ka
o BdS BojFEr, g Mol ol HriA A
C & Al v=8A3} H23k ey nj= g
&, A7} B, D, E, F= A Y W= S A
sttt w3k 1 7o) Fol 1 1Y =S A3
(A, B) 98 79 H=E A&k A

D rlr oo ox w2k
O o
o
fo



78 SR AEA o) ARG Y S E A W SO ol A - e AR
Table 2 Variables for modeling
tner A B C D E F
Analysis code ABAQUS(2D) | ABAQUS(2D) ANSYS(2D) ABAQUS(2D) ABAQUS(2D) ABAQUS(2D)
DCAX4 DCAX4 PLANE 55 DCAX8 . DCAX8
(linear) (linear) (linear) (quadratic) DCAX4 (linear) (quadratic)
Element type CAXER
CAX4 (linear) CAX4 (linear) PLANE 182 (reduced CAX4 (linear) CAX8R (re_duced
(linear) - quadratic)
quadratic)
No. of DMW 8(8 layer) 10(10 layer) 12 14 13 13
bead
considered SMW 6(6 layer) 7 (7 layer) 10 10 9 11
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Table 3 Variables for thermal analyses
A B C D E F
Heating B.F. + S.F. B.F. + S.F.
method B.F. B.F. (10:1) (7:3) B.F. B.F. +S.F.
Initial temp. of 5 5 5 5 5 5
molten bead 1800 C 1700TC Ta+200 C 2000 C Ta+10 T 1800C
Heating time v (0.5s) vl N/A vl vt vt
Cooling time N/A Div N/A 3600 sec. 2400 sec. 3000 sec.
Cooling Natural Natural Natural Natural Natural Natural
condition convection convection convection convection convection convection
([h]1=W/m*K ) (h=28.4) (h=28.4) (h=15.8) (h=10) (h=10) (h=10)
42 & 54 ﬂJe_ Bl A5k o] N &S 7:3 o2 WA A E 9 AA
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