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Prediction of Welding Deformation and Residual Stress by Elastic FEM Based on Inherent Strain

— (First Report) Mechanism of Inherent Strain Production——

by Hidekazu Murakawa, Member

Yu Luo, Member

Yukio Ueda, Member

Summary

The welding residual stress and the distortion are considered to be produced by the inherent strain.
The plastic strain in a bead welding computed through the thermal-elastic-plastic analysis is an ideal
example of the inherent strain, since there is no glove which may introduce additional mismatch. Such
inherent strain produced in the welding process is primarily determined by the highest temperature
reached and the constraint at each point. Thus, the mechanical phenomena in the bead welding process
are closely analyzed by the thermal-elastic-plastic FEM and the mechanism in which the inherent
strain is produced is clarified from the aspect of the highest temperature reached and the constraint.
Further, based on the knowledge obtained through the study, a simple formula to calculate the inherent
strain distribution is proposed. Using the inherent strain given by the formula, the welding residual
stress and the distortion can be predicted by elastic FEM analysis.
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Fig.1 Bar model with elastic constraint.
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Fig.2 History of stress under thermal cycle.
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Fig.3 Three dimensional constraint model.
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Fig.4 Temperature dependent mechanical properties.

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

742 - HASE# S 25

XA FEI180E

CITHEDEERTFEF 22 L, BEUOTAEROY
NTH LB ERORFREEE S X CHHROE I3
HZE->TER L, ThaTHEDS b, sxonf’m}%
S LT - FTHRCH LTINS RE RS
FLERE T TFHT 5 L 3 BERER Z ETlRE v, —
75, IHIE DD TR R 2 E I T o 72 L L O |
HFR>ASs 0, 22T, BREXELHVTFig.3T
RENT 3 RITHNCBMHTR & hic € 7N OB % B
WL, FEEOT 2EREHEOMRE 2R~

3.2.2 REILERE BRI OBGR
EEERIETT 5 LW ERT, x HRA%EERGA,
Yo 2 TR BERICEERZRKE A AB L VIREFAET 5
&, A THEITART & 5 WCEHERET R ORI TR T
< Be=1.0THY, WEFAAOHEIIIEE NS L, =
0 HBRTIENTE D, I T, material-1 1220V T, By
=0, B:=0 DHFEEFN, REAEFZIRE Thex & IBEHRHH
DEHEICIIELS 0 DEMRERE L, BIR L7z & O Fig. 6
TH5, 88, f,=0, B.=0 D& m~ﬁrﬁﬁ%ttb,
wﬁ@$®%TWkﬁF?%‘W1ﬁﬂr42®%

HY %L, RRBEEED T1:=500CULTOBEI I, E
Yl c;ibmso E7e, IREN Te=1, 000°CLLEDEE
i3, BEICHZBARIEICE L  SElEa e c e
C—ETHY, BEGHSREEERE CKET 2013,
T2 < Toax< Tzx ODFEBRDOATH B, — 7, HHN T A —%
Br WWHEET 2L, R(8), INIWRINZ XDz, FHEH
NELRBZERCERERD T BRE Try To: EEL
3,

3.2.3 BEREUVTARIEYT 25

wE

ERRRHEEEM L, BERICEAFAOHIHUREESS,
BH (8y=0) BLURLE (B=1) DBFITOWVT,

=

P

P

)~—4

L

A

—

FE

HERRES L UHED

BERFRONR L REIEEESBEEFAOEE VT
AICRIETHEERREI L b DM Fig. 7 TH 5%, Fig. 61

250 [ T T T 'l T T T T T T T
/ /3: = 1 I, ex ﬂx = 0 2 ; T
200 / 1 A
= - ' ; :
[V B, =04 -
é 150 / II '// /
&' I ' g B, =013 ]
g —r v
= - ! N 1
& / By=p;=0
50 / ‘ N / madterial-1
L T i
0 ALY BV N
0 300 600 200 1200 1500
Temperature (°C)
Fig.6 Relation between residual stress and maximum

temperature (8y=8-=0, material-1).

DWLTHERS NI D &R, HRIZZFco T s, By
=0 DHETIE, FREFNOFRICB I 2EE V0 FADE
BxRATEZ N5,

e¥r= Tz > Tax (12)
e*r=—aTmaxtev/Be  Thr< Tmax< Tox
e*r=—ev/f: Tax> Tox

12720,
er=o0yv/E
The=0v/Eafrzy, Tez=2T:

COMREY, REFIZRENEEVTH ¥, CHEsr
BAZ 9 #IRIE The< Tnax < Toz OFFH, 501, fIHR S5
A=F TR &, Lur<Be<pBi: DBWEHTH S I L% 5,
g7, Br=08LV By=1DHEELWT 2 &, BEREC
XU CEAHREOWERE B, 43, BERAROBERT O T4 e,

WWE 2 BHENERNEZL L TRDONLD, BEDE
0.000’-| l\‘lT‘S\‘lII!III T T ]
N A
-0.002 [ \ r.._.-" i
< 0.004 : \\\ » & =-al . +&/B]
CEU . i (Tlxdznavax):
=] B * =g /3 i
w2 X Y. X
;a). -0.006 - \y (T > Ta) ]
5 i Tmax=300
E -0.008 [ V Tmax=500
L Tmax=600
| )
- max=
0.010 ¢ Tmax=1200
N Tmax=1450
0012 02 04 06 08 1
B.
(@ (By=0, B==0)
O'OOO T 1"“\ T T T T 71 T ! T T T ! T T T
. -0.002
m‘(
g -0.004
p=]
w
=] -0.006
) - i
iy ~
= -0.008 Tmax=30
L =E
i max=
0.010 [~ max=1000
' m—a—— L l
_0_012 1t 11
0 0.2 0.4 0.6 0.8 1
B.
(b) (,8_1,21, Bz'—_o)
Fig.7 Effect of maximum temperature and constraint

on inherent strain in welding direction.

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

EEO T AEAOLHEEHEIC L 2FBEES L UREIL I OHEE 743

Bk FE <3, B A mofFRIZIER IS L, BL1 TH S
DT, By M ¥ KB BAHEBIINSLI EHNTHEIND,

E7z, BREIZEESEILHEAIIEVLT, HHROmEs L
EHOTAOEOBRICERT % &, IRSEER/DE L
ERTEE VT HOMEMESTRRICZ 2 ERHD, D
BN E & b ICHERHESSIRD L, $0H/85 X — 5 OfiRA
D 1.0 T, EEVTAHDMER, BROTACEL Y,
5T, HEMBEL, T A—F OEI 1.0 T OIEERA
MTIE, BEEVTAOMNHEI/NE <, FHRIVNES OIRIE
HETEZOEBKEwEFHEEND,

E S WEEMERHE BT 120, £,=0.01, B=0(E—F
BEAEELRLE OBEGCOVT, BEHEAEORED
TH et BLIUOBERCEARZFAOBEEV T4 %, &
REREREOBFRERS L2, Fig.8, 9THL, &
B, MEHIBEKESE 27RT LIKEL, material-3 2D
TEHE%IT- 12, Fig. 8 IRENIEEE HEAOEE O3

0.000

C T :\ LA T 17T LR T 1 1 LI ]
: =001 B, =0) :
0,001 g \} 2 i ]
. o OA__;\__<_____\ Y a ]
<0002 F - 3
E - ) \\ E
g -0003 F \ ]
w2 C 3
g -0.004 f ]
g H —e—(,=03 e 3
g 0005 H ——pB,=05 .
H —o— B, =07 ]
-0.006 H -
o —s—-p, =09 3

-0.007 Coov o T ov 00}y a1 Lty L1 11

200 400 600 800 1000 1200 1400
Tmax (°C)
Fig.8 Relation between maximum temperature and
inherent strain in welding direction (8,=0.01,
Bz = O) .
0.005 R T 17T T T I T 7 1 LR L L T 1 T ]
. 0000 [ .
> ]
g -0.005 }
v ]
b=l i
L -0.010

o ]
E g i
— _ A . d
0015 1, g 09 & :
L 1 1 1 i 11 1 i 1 1] 1 1 i 1 1 1 1 . 1 1 1 .

-0.020
200 400 600 800 1000 1200 1400
Tmax (°C)

Fig.9 Relation between maximum temperature and
inherent strain in transverse direction (8,=0.01,

Bz:O)

HeficEET e, RUDHBTRT LS, #EES T il
LOBETHY T 2 WRES TR, BEO T A0,
HNTA—F B EDEEY, REFERECHE VK
Fliw, JHUIIRLT, BERCEARFHOREVT
Hoe*, BHOMBERERL, RS A~ BT A
ERTEE T, REIFBERECHIEEL TV, 512,
PR &, BRIGHPIER IS kB IFERIE
BETH2 50CUTIRBOLTIE e* 2IZIZ¥uThb, H
FHERIBE RZ 5L, BELERCEbR-TCEBVT
HOMIHENIK E L %5, DS R, BESCS
U BEEOT ORI R ERT 3 LIRS
%,

3.2.4 MHRERORE

Yo 7RE L URBRREHDOBREREESERE VT4 %,
WCEZB2HER B=BR=0DBEICDOWTREL 2,
Fig. 10, 11, 1213, SSEREEERED 600°C, 800°C, 1200°C

0-000 ‘Emixl T T T 1 1 ! T T T ! T T T B
v . -0.002 F :
w r H ]
g a REP” :
g 0.004 = —e—— material-1
wn C —&——— material-2
T -0.006 F ——o— material-3
L L
S 0008 [ ]
,-_5:1 ’ o Tmax=600(°C)
-0.010 | .
_0.012 C 1) 1.1 1 11 Lol J R ]

B

Fig. 10 Relation between B: and €*; for three
materials at 600°C.

0‘000 T 1 T 1 T T T T T ! T T T
-0.002 e 1
s ]
5 -0.004 —)
© ——e—— material-1
mb —a—— materail-2
< -0.006 —o— material-3
5 ]
-0.008
E Tmax=800 (°C)
-0.010 | .
_0.012 C o T 1 1 1 1 N 1 1 1 1 1} 1 ]
0 0.2 0.4 0.6 0.8 1

Fig. 11 Relation between A: and &*: for three
materials at 800°C.

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

X

Y

V2 d

400mm

Fig.13 Bead welding model.

1,500

4 HAGIRYESHRTE £1808
0-000 " T ¥ T T T T T T T T T [ T T T
0.002 | ﬁ“ﬁ?ggé
s :X ,éﬁﬁﬁﬁ S
g -0.004 F ] —e— material-1
A - —— materiai-g
e - aterial-
2 -0.006 | ——o— materia
5 - i
g -0.008 .
- j Tmgx=1200 (°C)1
ﬂmo_f :
_0.012 3 d. 1 1 1 1 1 1 1t 1 1 1 1 1 1 ]
0 02 04 06 08 1

B,
Fig. 12 Relation betweeh Bz and &%, for three
materials at 1, 200°C.

DIFE I DT, material-1, —2, =3 2B L DTH
5o REEZREH 6000COBECEE T2 &, Wi/ T 2
=7 B2 7%, 0.1~0.3 DEBICB VW THEERDBEKE
HOHENEZICEN, 20X 2ERE, SEIEEE
BEFRTZOIHE > THE/ AT XA —F B BN S WHAIC
BEIT 2, 2B, FRO X512, BESEAFAOREIZIEIE
B:=1.0ThH2»5, e o2V TIRHEERDBEEKE
HEERTILESENI L2352, L L, BESCHE
B TREESFER NS O T, BEREEDRE
PEND ETFEENZ, ZOZICDWTOEER B,
SEBROFTEL Lz,

4. BRUTHZRAVEBREERS SURERHD
sTEA

4.1 FHRUTHETIL »
ZITRE-FBEOMES, FEOTFAMEB L U3

RITAIE L LT FEM % Fi\> CHBBIERRAT L, WEsiss -

TLTRLCHHUIZREBIZ B 2 Sl B0 2500
ZELPICT B, X512, BB LU 3RTHEEFVLIZD
WTESHIEF VT ADERICET 254 & OGEG
ERETL, ©— FEBCBI2EE0 T A58 E AR
ERFOTHEDAEDSHET 21D OEENHFEETT,
BREREIC X 2B ONR Fig. 13 10RE3A TV 3,
WE 16 mm, HiF 200 mm, £5 200 mm ORI, £
—FNEBREHTLVWIRETHY, BMESYL D DA
BEQMNERZ 47 —R, Thbb,

case(l) : @=533 J/mm, (Q*=5.0)

case(2) : Q=800 J/mm, (Q*=7.5)

case(3) : Q=1067 J/mm, (Q*=10.0)

case(4) ! Q=1333 J/mm, (Q*=12.5)
ZDOWT, FEOTAEED B IE 3 RTIE L U T

— 3 T '*=' T [ T T I—I—I—I—-hl_[_.
O 1,200 b\\ VTR EER0 { Tmax
x 900 T
o - m 1
=) 600 [ ki—

300 prie Ty T 3

0 o 4 I wm
0 20 40 60 80 100
Y(mm)
(a) Distribution of temperature
0.004 —r -
g 6\ —e— E
‘S 0.002 —— g,
(% 5: 0 ——— g ¥ -
= 0.000 TR — — z
=
5 ,,75 —
g -0.002
-0.004 T T Loy
0 20 40 60 80 100 -

Y{(mm)

(b) Distribution of inhernt strains

Fig. 14 Distribution of temperature and inherent
strains in transverse direction.

Lizo &8, Q% i3, AREOMHMIAE & 2R THERT/<
TRA=FT, RATEHIN 3,

Q*=Q/KcoTy (13)
ZIT, hiiRE, ¢ HE o BETH B, L7z, BER
FHTEHEBE S W2 REEERE R, ABIEECIBWIE
R OBRNRE 22 5 DT, BEOBEERS L Ot
GRS 18, IBHEF TR, BREEEEED RO
ERNBE TH 5 1,450°CIHIR L7z, —4, #EHL, Fig. 4
“(C)BIXUFig b RANT-BEKEESET 2 LIRE
L7z,

4.2 FHERUTHEFMIBITZEEUT AN

29, FHRUOTHETNVEBT EE VT 502 HEE
T 57:®IZ FEM BBHET 217> TE s N BV T
&, TROBERVTAD, E— FAXKEORIEFEDS
B L CEER EOREFADSH 2 RS EZRE Thax
EEDIT, case(2) DFFHICDVTRLI L DS Fig. 14, 15
ThHd, INSDOREST 5 Z L2 X D RO HTESE
T3,

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

EH O3 A2 HOREEEEIC L SIEHEEE S L UBRRIEH O E

~1
e
w

1,500

T T T T

0 1,200

Tmax

N\ I

Q*=7.5Y

Tmax (°

600 F

=00  \®T ;

300 F

8 12 16
Z(mm)

(a) Distribution of temperature

0.004 A\‘\l
0.002 5

0.000

0,002 L

Inherent Strain

-0.004

8 12 16
Z(mm)

(b) Distribution of inhernt strains -

Fig. 15

Distribution of temperature and inherent

strains in thickness direction.

(1)

FHRUOTAHECBWL T IREEE A FAOERII5zS

CHERINZDT, ZOFEADOIE AT A —F 13 B
=1.0THV, BERFAOEEFVTAHES ¢*: D
SHCEEHT 5 L, SRIEHEETVICED Shi:

D & [FRE,
( Tmax < TII)

( T‘lz < Tmax < Bz)

( 7‘21‘ < Tmax)

(2)
( Tnax< ﬂx)

(7‘11‘< Tmax< Tm)

WWHRIRT 2 ERER T, B
BIEWC X 2BEERITE kv,
X AHRE TR, BEOLE
Rt 3R EFO T ADMHNE
DRHES NS,
NS 3 ERER TR, BE0Y
BB ¥ OHERHEZ, IZIZHER
VFHRICHELLL—ETH B, 772
bbb, f=1.0%2FET S L,
E*z:“o'y/ﬁxE

=-1.14X10"* (14)

BERCEARAROERT VT AEIZOWTRE,

WIS B BRI T,
e¥y= (15)
XSS IR TR, EERIC
EfALH ORRE By IEE I
<,

By=1P3:< Bz (16)
ThHDDT, y BLU z FADE
BUOTHIELYL, Thbb,

e*=c%, 1mn
ZIT, Tnid, NENEREE Y

£3,

WIS 2 F RIS R T,
REFEREO LR L &I e,
OHEL NS 2,
BERAFRAOEE VT A LEEL T, RIEFAS X
UIREAFOER O A0 ESHEIZA X w28, 8%
VT ADOIEEMEMS FEM BFOERICVED 51
3, $&bb,

( Tm < Tmux)

(3)

e* e, +e*.=0 (18)
4.3 EEUVTHOHER

3 RICHIHE 7NV B & 'Y — FEEEEO FEM TR »
SEBESNIHRE2ERTAZEICLD, E— RGBT
ZEBEVTAEHEMEREHAOCTEET 2 2 L SAEEL
%, 25T, FEOT ALV EENRRESRED
TTOBREVT A OWTEHEEYTT,
FEEVOTARBEIZEEES I UHKEIIXEIAS LW
IEZARETEFRBUVTADEERITY, TDHIT,
REEEEZEICDOWTIZ FEM 2 & 2 BEBINTORBED 5
WIS 7 RIS U AR WA b DL L,
FRETIE, BB ERA L. REEZERE Tha 8525
Nnse, ZEBEOTARDSOMEIZ, UTDO LS R HETHE
ETBIENTE S,
BERAR (FE) OEBFUT &

FHOTHDHE, BERAFACEEHHEIATHE0
T, WHRNT A—F B 81.012%y, KRAD LY,

5*1:0 T12> Trmax
E*x= - a( Tmax‘ Tlr) 7‘1x< Tmax < TZI (19)
E*x:_a’ﬂx:_sy Tmax> nz

28, BEUVTAOEECBWTIR, ERTOMRESS
v, 325,
ov=240 MPa
a=1.14x107%°C™
E=210GPa
Tiz=o0y/aE=100°C
T32:=2Thz=200°C
Tw=750°C
wiEHE (v HE) OEFUT &
BEHE O FADIREAHRKS ety 20w Th, RSIEE
BIV=20F&ka05h, R1A5)~A7) &0,
a)  Tir> Tmax DIESR
e¥y=
b)  T1:< Thmar < Tw DFESR
ZOMETI, REFALESAAOHEIZ b cIEE
ZPNEWDT, INSOAHADEFEVTAIRELW LIRE
T&3%, kbbb,

(20)

e*y=¢*; (21)
7z, BEUOTAOIEEEELD,
e¥r+e*,+e*,=0 (22)

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

746 HASHESHUE B180 8

L7z,
e¥y=e*.=—¢*;/2 (23)
= Tomax— T1z)/2  (Tmex< Toxr D)
=ey/2 (Tmax> Tor DY)
C)  Tmax> T DEEE
3RITHEEFMIZDOWT Fig. 9 TRLIZ L DT, RIF
HHEDHE T A —5 By BFEE NS, REEERE
DHERERBE 2B 255CE, BEVTH
Tex DEFIC & B> THEMT 20T, ZOBREXKD
&5 AR L U GEBIT .

$*y="'Aa'Tmax+ C (24)
Z Z'C“, Tmax: Tn @E%’l: Liy iﬁ(zg) & D ’
e y=ey/2 (25)

THY, ZoO&EFHEVEIEICEY, R@DIEEND
EHCHWEZY, BEUTA:2E525RELT, ADA%:
REEHET DR KE B, Thbb,
e*y=—Ac( Trax— Tn)+ev/2 (26)
KREEH A X, BEISHOERT -5, H 5\ IdBE
TR E DX ED I I LB TE S, 728 2T, case
Q) OEFHREREV 2 &, WEREORER (y=0, z=
0) Tz,
Trmax=1,450°C
e*,=-0.00225
THZDT, ADEELT, A=0.35 8513,
WwEFE (2 FA) OEFUT &
BHEOTHOIEEREEICLD,
e*,=—(e*s+e*,) 27
BMOERUV T
B ENER S L USER O 7 A2 ORI &
D, HOBEEV T2 I3EE y OFHEHE L TEXROED
AHEIRET %,
7*ve= B Tnax— Toz )9/ 1) (Tmax> Toz DFF)
(28)
ZZT, BEREEKTHY, FEM 12 &k 2R ICE
D%, B=1.7TDE2FALIZ, 20 L5, BEEER
EXEAThhE, BEUVTAR2EET IBIIRELR

} z
[-0004 ; V.NO T
»
5 Y T
* b 8*
0012 (a) ex -0.002 ( ) y
0.003 T T 0.005 T
| T
i
0.002 ~ o003 | % .
1 S i 1 1 I O |
* H *
JD.DGI (C) 8z JD,D{H (d) y'y z
Fig. 16 Distribution of inherent strain computed by

thermal-elastic-plastic analysis (case(2)).
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Fig. 17 Distribution of inherent strain computed by
proposed formula (case(2)).
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Fig. 18 Comparison between inherent strain computed
by thermal - elastic - plastic analysis and
proposed formula (case(1)).
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by thermal - elastic - plastic analysis and
proposed formula (case(3)).
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Fig. 24 Distributions of temperature and inherent
strain computed by thermal-elastic-plastic
analysis and proposed formula (case(2)).
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Fig. 26 Relation between heat input @* and inherent
strain €*, on welding line.
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Fig. 27 Comparison between stresses computed by
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Fig. 28 Comparison between stresses computed by
T. E. P. and elastic analyses (case(3)).

5. #%

BRI L DBREICTPHREER, BHAVTATHS
BEEVTENERTECTWE L BT I L8 TE S,
RZ, WEMCHAEOBVLROENEEL R LY — N5
T, BERRZHEEEIEL L UERL-EBIIES>h
SBHEOT AL, EEUVTAZEDbDTHE, —FH, BE
BLYEBRNCECZ2EBVTAIR, ReSEEE LN

il

0.010 T T ] T T T T
+ . Elasic ‘
= r o TEP . 1
£ 0.008 N Experiment ]
g 3 / ]
5 0.005
5 ]
5 0003 L ]
= ’ L ]
&0
5 L |
< L |
0.000 1 I3 1 1 1 1
0 5 10 15
Q*

Fig.30 Comparison between angular distortion

computed by thermal-elastic-plastic analysis
and proposed elastic analysis.
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