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Abstract

Prediction and control of the thermal distortion is particularly important for the design and manufacture
of welded thin plate panel. In this study, experiments and computations are performed to analyze effect of
a hole configuration and a specimen size on distortion. In addition, this study aims to develop a thermal
elasto-plastic simulation using finite element method to predict distortion, with particular emphasis on
buckling deformation generated in plates welded around hole.

From the experiments, the severe distortion appeared in the weldments by the laser welding process, in
which the specimen size plays an important role on the distortion but the hole configuration showed little
effect. And the results of numerical analysis were corresponded well with the experiment ones. Thus, a
thermal elasto-plastic analysis model for predicting the weld distortion of thin plate panel was successfully

developed through this study.
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Fig. 1 A separator of fuel cell for electric power
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Fig. 2 Specimen model for welding experiment

Journal of KWJS, Vol. 25, No. 1, February, 2007



glolA &4 o3 v 2B WY A A} AT 51

H}
S

22 A

gk
it

STS 316 AAe §3AHe FAE 0.4 mmo|xn
20 H2]7] Al sl 400We] Nd:YAG #HolAE
ddoz &€ AAdglen, &EAEe 1A

A 7 FHE FHE £ Y=F B4 L AT ,
Zo| 2UTE TPk AT A AFel] A-43 (@ o

2 $9 2230 93 99 238 WA &

BAE oz Yehge

F9 AEe ARl Al#

AA 7} v B moke] 2ZE W] WYy RE :_‘

43401 1%%& LR, \%E‘ﬂﬂ&’iv}. (©) (@
1

AlH| i) Flg
2 Foldd JJr:i%k .
A A= 60(1ength)-4 W7 712 Wk (width) 9
F A Ao

o o
o
rlo

)
[
Jr
2 o
DA
ne

3 oZi
r:i
Eh)
lo

(e) (f)

1 HAE Fig. 4 Deformed specimen after welding

a

23 4

ot

21t
B33 A tig 339 SRR ST ARE
Fig. 6% Fig. 74 Y&t} Fig. 6(a)& A& a
gk A ¥ ol MPRFAY Wiy En 7EFHE HolA
L4328 uo] AFAe] Hyke A HoFh FF
o 2o i FAAAE 1F22 5 A3 A
$E A 1RE, FOEE 71E2E 180° HARAY
73-?:‘% A 2RE9 FHFolzt EFRE 4 U Fig.

b3

6(a)oll UEPA 3235 HE He L 71EL

weld line (3mm from hole) 2 180° A Al A 2xzel FHZFo| o oM Z}
Zh e A m, T 239 S W) g M2
EREOERTCEREDE SRR SR
Fig. 61 U3 79 B o& ¥d2 2
ARe| 2/ vmetdrt. gy T ARG AL
E‘ril—“ T AlEe W] Feleh A7A o B
053 A7e mgon, AEsH AWER At

0]

B 2 AmAds) A e okt Ae AE 4
. | | A% 4 Aot

Fig. 3 Weld 1 f
18 e ne ol specimen Flg 752_ }\]Ji]asq- /\]j:]c _‘j_E] ] % H]ﬂﬂ' -1

KR OB B25% B13, 20074 28 51



AxN-A2AE-ANE

52
4 4
—&——w1 (ellipsoid) —®— a(square)
0 Geveer wl(trqpelgid) 1 =0 c(rectangle)
- —— -+ —-w2{ellipsoid) 2 ~¥— elrectangle)
VV\%‘ — = w2(trapezoid),
g 0] w3 o]
g % . .
8 E 2 AN
= -~ v
_'Ea —41 ‘[2 -4
-61 o -6
-8 -8
-10 T -10 T T T T
0 20 40 60 80 100 120 140 160 0 50 100 150 200 250 300
Width(X), mm tength(Y), mm
(a) Specimen a and b (a) Lehgthwise(L1) distortion
4 4
—— w1 (ellipsoid) —®— a(square)
| w e O w1 (trapezoid) 94 <0 ¢(rectangle)
2 Vv, ——-¥-—~ w2(ellipsoid) =¥~ eflrectangle)
‘&v —»=—- w2(trapezoid)
01 o
g g
E N N% i ] v,
N N
E 4] £ 4 25
% 8
3 o T :
-6 jasy 61 '/1 o
-8 1 -8 1
-10 T -10 T T T T T
[} 50 100 150 200 250 0 50 100 150 200 250 300
Width(X), mm length(Y), mm
(b) Specimen ¢ and d (b) Lengthwise(L2) distortion
4 4
'"Wv —®— a(square)
24 g 4 2 : C((rectanglle))
poﬁ'x» —%— elrectangle,
g vVvWWV'}V of
g 0 o 07
= L E .
S & - -2
= o N
i o =
CE ¢ §° -4 “.O.
5]
-6 m T _54 ‘Mf
——— w1 (eltipsoid) |
-89 O w1 (trapezoid) -8
——¥—=w2(ellipsoid)
=% w2 (trapezoid)}
-10 T T T T -10 T T T T T
0 100 200 300 400 500 0 100 200 300 400 500
Width (X), mm Width(X), mm
(C) Specimen e and f (C) Wldtthse(wl) distortion
4
Fig. 6 Distortion according to the hole shape ' ™o —8— a(square)
2 =0 c(rectangle)
—¥— e{rectangle)
< = g 0]
Azolt). 2, BURelr] $UB 21 AEY 7 e X
~ -21
- = < =
el dial Al 277} o e SR EL AolE 3
= =0l 3= = R
Jehd Relth oj7lN 23zt N1EAAE 4 2
=] = —61
79 PRl e A ANAYel BA
- B - N _g4
ol vla) Azdel WYL FHolA 7 slzHel ML

AR E=3 AR A7)7F AR ut AR ¥
o] Ukl A ed 7l2RE AYo] HIAE Aoz
A9t Fig. 7(a),(b)olA+e AlHad] vja] AlHce
L1 ¢gteln, L2& A 1229 A234E Vel
o2 ZAE A vlE A4 AlEe A2
HEo] ozl AL RgFm Ut} T AlFcdl B3|
AlHed] AMzHel WiFo] gxl AL & 4 Yok
Fig. 7(c).(d)lM= AW 2717} AZ o A73u)7}

52

(‘) 100 200 3‘00 400 500
Width(X), mm
(d) Widthwise(w2) distortion

Fig. 7 Distortion according to the specimen size
ARoZ Q3 FHF rro| Ao B ¥ WY

o] X318 AL B F 3tk ole AATHY FHE
sl o] o o]} dojuhA] 2 At AlEdn

Journal of KWJS, Vol. 25, No. 1, February, 2007



o)

dlolA &4l g MR $HNY Y Ae AT

53

3. getad Al=do|d

Fig. 8& Algacl fiad
e} oj5L sow

2ol @glo] F4L
84 oz FHYNUE 1
W} HRE ool 2ARES ARG, webd 23
4 A4 48T 5 glon, AR WIFL
A3 fale 339 a4 wdo] sttt ol
Akl B AT 349 A 248 AE
4 2de THdgon U $Holn 9ag
g A8 med T

2]

oz

f3tad TS ARSSl] 3x44 v|A Y
AL FPetAct. staggered methodES &
A LS 3IFT}. Fig. 82 X Edae QARS
2394709) A3} 2316702) thin shell 473
A2 AR

LRGN BAHE L Goldak” o} o3 €
T3 Bdo] oY AMREHSIIT 7|A oA
Aol &84 0.8mmell 33k €49 2ds A 83}
Aok BAle} iR AAZRALS ZE AFEWd Bkt
Az HAMES 0.2 Y. exd o=AQ AR
EJAZ Fig. 9(a)e FAEES HEE Yehja?,
Fig. 9b)E @9% Asst 2ASY aga 98¢
898 vehn 9u®. AEe UTkJ/kg T, UEE
7860kg/m’ o o}@*ouﬂe’) RPN A PRFAE
w2l 71 AE 7458 Jheka.

tomfobomﬁ

l

i
% geld] 9 LERE 4 ATE Fig. 100]
enise Zze 28e 8RR F 1%, 20% A
Jepit, 87 A

uA7E AR B &

Fig. 8 Finite element model

REEIE - B ARG B25% H19E, 20074 28

26 700
&
24 650
C,

221 600 ’
o ©
£ 204 Y 5501
) =24
= =
= 184 _ 5007
= S

16 1 450

141 400

124 350 - . — . .

500 0 200 400 600 800 1000 1200 1400 1600

Temparature C

(a) Thermal conductivity and, specific heat

4007 2.le-5 2.2e+5
3504
3007
26071

2.0e—5 2.0e+5
e
19c-54 LSt
1.6¢+5

2004 E 1.8e—57
l.de+5

o, (MPa)
E(MPa )

1501 s 1.7¢-51

wol
. 1.6e 1.0e+5
50

1.2e+5

o4 15e751  so0e+d

1.4e—5 6.0e+4
-200 O 200 400 600 800 1000 1200 1400 1600

Temperature (C)
(b) Young's modulus, thermal expansion and yield strength

Fig. 9 Temperature dependent material properties

(b) at 20sec
Fig. 10 Temperature distribution contour line

(a) at lsec

Adn e AE & Ut
Fig. 11& @o]A Wo] ZAH A (CL)% 2=2F
H 2 mm, 5 mm, 14 mm Bl $Xol|Ae] Alzte|
2 % oldg ekt #olA o] AN $3
e <% 2000°C77P<] FZ43H Zsstiirt Wz
4 9tk 28y % 14 mm 2R AR

A £l 3ool 7S] Qe A % 5 9ok

Fig. 12 U
el 298 vepd 2
B3 & HoEnt 9 29E vis} Zo] A=29) ¥
B 2 93e] o met A% BeR R ¢ 3
o, FAHY Ae AFAAG 2E A 2R #

Aast Agbel the 339 Fead 8
Aoz B2y W) o] v

et



54 A z7-3A 2714
2y WES Jehpgd
sl Fig. 13 AlWash AlHbe] L@l tig A
o oo omtom CL o8 24T S g ANGS vaFd Aol
S o o % 7Y WEE ¥ Dk A2 2 dAske
AL 2 2 gt} U 7l ABsE 2 IAea).
: de £ AAd mde Adel 435 % 20D
Q 5001
° % 9ee HoET 9o
N ses ANANE B AW 2o e WPY
12 11 16 18 20 22 24 26 28 A B9 Ao s E Fig. 14(a)
Time(s) e Z kel Zols} 7101@_4& oA e 44
Fig. 11 Temperature history on the vicinity of

welds

= ) L.
(a) Specimen with ellipsoid (b) Specimen with trapezoid
~hole -hole
Fig. 12 Distorted shape of specimen
4
5
0
£
g
= -2
s
£ -
‘D
oo Y
—®—— L1 (experiment)
—8 1 s Qes L] (computation)
~=—-¥-—— [2(experiment)}
—-=%—-  L2(computation)
-10 T T T T T T T
0 20 40 60 80 100 120 140 160
Length(Y), mm
(a) Distortion of specimen a (lengthwise)
6
4 a 5
. ﬁ
g o
- v
8 o v
5
= =2 Aag 2 X g oo
= v—V.v-V-v-g‘s 300000000
4
——®— L] (experiment)
61 w0 11 (computation)
—=-¥-—— L2(experiment)
— %= L2(computation)
-8

54

] 20 40 60 80 100 120

Length(Y), mm

140 160

(c) Distortion of specimen b (lengthwise)

Height(Z), mm

B4 o] A4E Azl WHe FolEd W
a4 B AS BIFE Ao} gor AR 4l
A < 100mm o1 Lol A2 g9 AT ¥
of e A gt AL B 4 Uk ok 4 7=
2 A9 74 AE4E RS2 ARED, ¥B)
A% 799 79o] Agel gomz shiel PN
9 gguYel T 7Y FAe ¥3 932 713
% gled) 799 83 @AY WA AT ool X
Yo WOl YL IAE A AST 4 U

.l

X
T+

4
—®——  wl(experiment)
““““ O~ w1 (computation)
27 - ——-%-—— w2 (experiment)
~ — ¥~ w2(computation)
o
g
E 27
~
N
= 4
=
.20
D —g
ot 6
—g
-10 T T T r T T T T
0 20 40 60 80 100 120 140 160
Width(X), mm
(b) Distortion of specimen a (widthwise)
6
4
21
01
—24
—41
—&—  wl(experiment)
617 O w1(computation)
——-%~=  w2(experiment)
—==¢—"  w2(computation)
-8 T T T T T T T .
0 20 40 60 80 100 120 140 160

Width (X), mm
(d) Distortion of specimen b {(widthwise)

Fig. 13 Comparison between experiment and computation

Journal of KWJS, Vol. 25, No. 1, February, 2007



HolA 84 g ezl $4¥d sXd A A7

55

Height (Z), mm

51 —®— a(square)
=@ cfrectangle)
~—¥— e(rectangle)

0 50 100 150 200 250

Length(Y), mm
(a) Specimen with ellipsoid hole(L2)

Height (Z), mm

—®— b(square)
~O d{rectangle)
—~¥— f(rectangle)

(r) 5’0 160 1’50 2'00 250
Length(Y), mm
(c) Specimen with trapezoid hole(L2)

Fig. 14 Computational distortion

4.8 =

7o) gl W 79 £98 dolAeUT 2
ol sl &4 WAy 334 fEek e &
A% A7 o3t e AR

g £ 9
& B3] N3 B9Y T AneE 799 o
dol4 $HE A 23} AdtelZ 79 Age] B
3 3 ALY 890 9 A Aol A
Q% % ggieh. Tt 2 Aolrk A ¥H
ol Sons vjyEe 7R WPl %a@%gql
Asl Qe 7104 etk # & ek

2) $9¢ PRl vl 27} BE AR Wz
Sk AzEe $UPAN A HolAe Ko
dehhe Aoz #AEmE Wt B4HE A4S

& & 93, 7tEHe) Ry e gilse] 3k
A Blojgoz <l tﬁ‘tﬂo] o o]} dolukx Em &}
A :fL—‘—E.Jf}i JehdS & 4 9

) aiEY TRsd Be 9ABe da 33
o"]HE‘Q-—EﬂA]—%—s}oq 18 %9t H@E 3 A

_4

ok

PACE S W H25% H19E, 20074 21

Height(Z), mm
(13 <o ne
f

—®— a(square)
0 efrectangle)
~¥- e(rectangle)

é) 1‘00 2’00 300 400
Width(X), mm
(b) Specimen with ellipsoid hole(w2)

Height (Z), mm
N

1| —*— b(square)
O d(rectangle)
~¥~ f{(rectangle)

0 100 200 300 400

Width(X), mm
(d) Specimen with trapezoid hole(w2)

according to the specimen size

£ a7 AT quA-AL71SEA oA
A8 HA (MCFC) 7HE #A9] dger &

ot

0

HO
rok

1. L.E. Lindgren Finite Element Modeling and
Simulation of Welding Part 1: Increased Complexity,
Journal of Thermal Stresses, 24 (2001), 141-192

2. P. Mollicone, T. Comlekci, T.G.F. Gray, D. Camilleri:
Simple Thermo-elastic-plastic Models for Welding
Distortion  Simulation, Journal of Materials
Processing Technology, 2006

3. C. Conrardy and R. Dull : Control of Distortion in
Thin Ship Panels, Journal of Ship Production, 13
(1997), 83-92

4. D. Camilleri, T. Comlekci, and T.G.F. Gray: Thermal

55



56

AzN-AA&-7271 42

6.

56

. P. Michaleris and A. Debiccari

Distortion of Stiffened Plate Due to Fillet Welds
Computational and Experimental Investigation,
Journal of Thermal Stresses, 29 (2006), 111-137

A Predictive
Technique for Buckling Analysis of Thin Section
Panels Due to Welding, Journal of Ship Production,
12-4 (1996), 269-275

P. Michaleris and A. Debiccari Prediction of

Welding Distortion, Welding Research Supplement,
76-4 (1997), 172-181

. J. Goldak, A. Chakravarti, and M.Bibby @ A New

Finite Element Model for Welding Heat Sources,
Metallurgy Transactions B, 18B (1984), 299-305.

. Stahl_Eisen-Werkstoffblaetter(SEW) des Vereins Deutscher

Eisenhuettenleute Verlag Stahleisen mbh, Duesseldorf,
1992

Journal of KWJS, Vol. 25, No. 1, February, 2007



