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ABSTRACT

This study explored the difference in the distribution of the
temperature and residual stresses of both the similar and dissimilar weld
metal joints.

Autogenous GTA welding process was conducted on stainless steel
304 and structural steels SI5C. The hole-drilling method was used to
experimentally measure the residual stress. The thermo-elastic-plastic
theory was employed in the finite element model with temperature
dependent material properties.

The results showed that using 54% thermal efficiency of GTA
welding can accurately simulate the welding temperature distributions.
Under the same welding parameters, results showed that the maximum
longitudinal tensile residual stresses increase linearly with the increase of
the thermal expansion coefficient and the increase of the yield stress. The
length of the tensile residual stress zone linearly decreases with the increase
of the thermal conductivity. Finally, based on the relationship between
material properties and welding residual stresses, a very useful and

effective prediction equation is developed and verified in this study.

Keyword dissimilar metal, weld, residual stress, SUS304 stainless steel,

S15C carbon steel
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ANSYS

thermo-elastic-plastic theory
solid eight-node thermo elements
solid eight-node structural elements

temperature dependent material properties

transient thermal

stresses welding residual stresses

2.1 Thermal model

S control

volume



oR, OR, OR T (X,Y,Z,t)
- X+ +—2 [+ Q(x,y,z,t)= — 2-1
[ax oy 8zj QY20 =G, ot
R, : heat flow rate per unit area in x direction
R, : heat flow rate per unit area in y direction
R, :heat flow rate per unit area in z direction
Q  : heat generation rate per unit volume
P :density
C, :specific heat
T :temperature
t  :time
Fourier law
R, =-K, P4 2-2a
OX
T
R, =-K, a 2-2b
oy
R, =-K, or 2-2¢
0z



K, :thermal conductivity coefficient in x direction

K, :thermal conductivity coefficient in y direction

K, :thermal conductivity coefficient in z direction

K, K, K,
p C, 2-2 2-1
E(Kxﬁ)Jri Kyﬁ +£(Kzgj+szCp£ 2-3
OX oX ) oy oy ) oz 0z ot
2-3 governing heat conduction equation
2-3
A.
T(X,y,2,0)=Ty(x,y,2) 2-4



{9} : heat flux field

{7} : unit outward normal vector

h; : film coefficient

Ty : bulk temperature of the adjacent fluid

Ts  : temperature at the surface of the model

2-3
OEARNHARCY

[c1=],p-C, - [E]-[E] -av
[K=[[ET [K]-[E]av + [, -[E][€] -as
{F.}=[ Q-[E]-dv + [ h, -T, -[E]-dS

[E'J=[L]-[ET

2-5

2-5

2-6



{Te} : nodal temperature field

[E] : element shape functions
[K] :thermal conductivity matrix

[L] : differential operator matrix

2-6 {T}

2.1

T(7)

T(r):T(t—At)+é[T(t—At)—T(t—2At)]

2-7

2-8



1

g =E-f_mg[T(f)]-dr

2.2 Mechanical model

221

O :stress tensor

f,  :body force

2-9

[ {5e) lo}-av = [ {au)" - {P}-dS + [ p-fou)" - {f}-av

(o2}~ [B]- v,

10

2-8

(2-9)

2-10

2-11a



{ouf=[N]-{ou. } 2-11b

[B]=[L]-[N] 5 11c
{G } . stress field
{8 } : strain field
{U} : displacement field
{P} : surface force field

{f} :body force field

U.} :nodal displacement field

[B] : strain-displacement shape functions

[N] : displacement shape functions

2-11 2-10

[ [B] {o}-dv ={R} 2-12

Ri=[[N]' -{P}-dS+[ p-[N] -{f}-dv 2-13

11



2-12

[[8] -{ac, }-av="{R}+ {aR} - |, [B] "for, }- v

2-12

[[B]' -{ac,}-dv ={AR}

(m+1)

2-14

2-15

12

2-14a

2-14b

2-15

2-16



2.2.2

isotropic strain-hardening rule ~ von mises yield criterion
Prandtl-Reuss plastic flow rule
{AGe}I[SEp]-[B]-{AUE}—[Sth]-[M]-{ATe} 2-17

5]l 5]

{Ac.} : nodal stress increment field

{AU. } : nodal displacement increment field
{AT,} :nodal temperature increment field
:Se] : elastic stiffness matrix

S p] : plastic stiffness matrix

S th] : thermal stiffness matrix

[M] : temperature shape functions

13



2-17 2-16

THK AU ="K AT ) = {AR) 2-18

"k, =], [B] -[s*]-[B] v
"MK, }=] [B] -[s"]-[M]-dv
217 218 {Au |

{Ac,} 2-14b o}

2.3 [46]

14



2.3.1
2.2

(0,0,0)

0,0, 0) i

a(x, y,z) =4q, exp(— Ax* —By* — sz)

(2-19) A B C

Q=nlU, =4[ ["[alx y zkixdydz

=4q, ["expl- AX Jix| “expl- By’ Jay[ exd-C7 iz

—4 BRARRE Lﬁ}
T2 | VB 2 JJC 2
gl

~ 2JABC

o 2mBC
= Q, ﬂ-\/;

X=4ap, y:bh, 7Z=Cy

d(ay,0,0) =g, exp(~ Aa; )=0.05q,

15

ah bh Ch
(X, ¥, 2)
(2-19)
(2-20)
95%
(2-21)



c==

2
h

(2-20) ~  (2-23)

(2-19)

64/3Q 3x> 3y
X,¥,2)=——""—exp| —— —
9(x.y.2) q.b.c.mv 7 p( a b

2.3.2

(a'h7ar7bh’ch)

(2-24)

2 322
Ch

16

(2-22)

(2-23)

(2-24)

f, f

2.3



q,(x.y.2)= 6\/§(fo) exp(— 3x22 ~ 3y22 ~ 3222J 50 (2-25)
a;b,c, 77w f b, Cy
6/3(£.Q) 3x* 3y? 37
X.y.z)= L - - - X<0 2-26
qr( y ) qrthhﬂ\/; eXp a‘r2 blf Cﬁ ( )

2 J':j: I:qf X, Y, )dxdydz

\/_ff 2 " 2
= qf6b ;”3_] ( 22 jdxj- exp(— %)dyjo exp(— %l]dz
6V36(fQ) a 2 b Jx ¢

=2x ol —><—><—><—><—

afbhchfr«/_ «/_ 32 B2
:E(fo)

III (x,y,2 dxdydz_—Q(ff+fr)

1 1 1
nU, =Q=—(f,Q)+(1.Q)=-Q(f + 1)

= f 4f =2 (2-27)
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3.1

3.2

3.2

350 AC/DC

butt-welded

mm

2.5 mm

SUS 304 S15C
3.1
initial stress
950 3

400

HOBART TIGWAVE™

autogenous gas tungsten arc welding

EWTh-2 24

90° 10 liter/min
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3.3

thermocouple
thermal cycle 3.1 Yokogama

Data Acquisition Unit DA-100

Type K
34
ASTM E837
hole-drilling strain-gage method [47] 3.2
Measurements Group, Inc. RS-200 Milling Guide P-3500

Strain Indicator SB-10 Switch Balance Unit High Speed Air

Turbine Drilling Setup

(MM EA-062RE-120) 3.3
100 600
Switch Balance Unit Milling Guide
1.6 mm 1.92

mm Strain Indicator
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3.5.1

150%x75%3 mm 34
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Poision’s ratio

0.3

20

SUS 304
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3.5.2

3.5.3

6000

110 A
13V
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arc efficiency

3000 3213

6273
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3.5.4

source model

3.5.5

T(X,Y,2,0)=25
o(Xx,Y,2,0)=0

e(X,y,2,0)=0

22

double-elliptic moving heat



3.5.6

u,(xy,z,1)=0
u,(x,y,z,t)=0

u,(xy,z,1)=0

Von-Mises
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X 75 mm

S15C 4.25
SUS304 4.25
4.26 30
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4.32 1600
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4.3

4.3.1 SUS304
SUS304 Oxx
4.33 5 Oxx
4.34 10 Oxx
4.33
4.35 4.36
4.37 25 Oxx
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304 600~1200
33

4.38 50 (0)°9'¢

4.39 4.40 441 4.42 4.43
200 400 800 1600 Oxx

4.44 3150 Oxx
4.43
SUS304 Oyy
4.45 5 Ovyy
4.46 4.47 4.48 4.49 10 15
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25

4.50 50 Oyy
4.49
4.51 4.52 4.53 4.54 4.55
200 400 800 1600 Oovy
4.56 3150 Ovyy
SUS304
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Oyy Oxx

110 A
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5 mm/sec

tensile residual stress zone

Ovy
Oxx
ovyy (89.5 MPa) 2.76
(oxx) (ovy)

457(b)  4.58(b)

4.3.2 S15C

S15C OxX

23.2 mm

(247 Mpa)

[48-52]

SUS304

SUS304
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4.63 25
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4.69 50 OxX
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4.82 3150 Ovyy
S15C
4.83 4.84 S15C
Ovy Oxx
110 A
5 mm/sec 16.3 mm
tensile residual stress zone
Ovyy
Oxx (298 Mpa)

(83.2 MPa)
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(oyy)

483 (b)  4.84(b)

4.85 SUS304 S15C
SUS304
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[58, 59]
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4.3.3

SUS304 S15C OxX
4.86 5 Oxx
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4.4.1

orT— EXOLX T

~QxAX

AT =
K x A

(E)

5.1 )

(4.2)

(o)

10%

o1
(4.1)
4.2)
T=
A= K=
E
(5.1)
Oy
S15C
(K) (cy)
29 (
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4.4.2
4.112 E
2
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4.113 o
4 5
304MPa  292MPa 17.3mm 15.3mm
1 (S15C )
4.114 K
6 7
292MPa  304MPa 16.2mm 16.4mm
1 (S15C )
4.2
4.2
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4.4.3

15.3mm

17.3mm

K. H. Chang, C. H. Lee

4.115 Oy
28 29
352MPa  244MPa
1 (S15C )
Oy
Oy 4.2
[58, 59]
4.4.4
442 443
4.2
4.3
4.4
o - 5400, . 60 _60K_242
™315x10° 11.9x10°  51.9
Ltension = 83 100—)’ 9E loa K

315x10°  205x10° 11.9x10° 51.9

(5.3)
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2
— y —1/2(y/ L'tensiun )2
Ux(y)_amax 1_[ j €
{ I-tension ]

4.116 S15C
S15C

4.5

46

(4.5)

SUS304
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110 A 13V 5 mm/sec

SUS304 23.2 mm

S15C
16.3 mm
110 A 13V 5 mm/sec
SUS304 20 mm
S15C
18.4mm
110 A 13V 5 mm/sec

54% GTAW
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3.1 SUS304 S15C wt-
Steel C Si Mn P S Cr
SUS304 | 0.08 0.75 2 0.045 0.03 18
S15C 0.15 0.22 0.41 0.021 0.029 0.15
3.2 SUS304 S15C
: Modulus of Thermal Thermal
Yield Stress N . )
Steel (MPa) Elasticity | Conductivity | Expansion
(GPa) (W/m-K) (um/m-°C)
SUS304 246 193 16.2 17.2
S15C 315 205 51.9 11.9
4.1
Material | E o K | o, |Material| E o K | o
1 X X X X 16 X I I X
2 I X X X 17 X I D X
3 D X X X 18 X D I X
4 X I X X 19 X D D X
5 X D X X 20 I I I X
6 X X I X 21 I I D X
7 X X D X 22 I D I X
8 I I X X 23 I D D X
9 I D X X 24 D I I X
10 I X I X 25 D I D X
11 I X D X 26 D D I X
12 D I X X 27 D D D X
13 D D X X 28 X X X I
14 D X I X 29 X X X D
15 D X D X - - - - -
[ 1 S15C, X= , 1= 10%, D= 10%]
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4.2

(MPa) (MPa) | (mm) | (mm)

1 298 0 16.3 0 S15C

2 298 0 17.2 0.9 Ig

3 298 0 15.4 -0.9 Dg

4 304 6 17.3 1 I

5 292 -6 15.3 -1 D,

6 292 -6 16.2 -0.1 Ik

7 304 6 16.4 0.1 Dx

8 305 7 18 1.7 Igl,,

9 292 -6 16.2 -0.1 IgD,

10 292 -6 17 0.7 Ielk

11 305 7 17.2 0.9 IDgk
12 305 7 16.2 -0.1 Dgl,

13 292 -6 14.3 -2 DeD,
14 293 -5 15.1 -1.2 DgHg
15 305 7 15.5 -0.8 DgDk
16 299 1 17 0.7 |9 %

17 312 14 17.2 0.9 I,Dxg
18 287 -11 15.1 -1.2 DIk
19 298 0 15.4 -0.9 DDk
20 299 1 17.9 1.6 Il Ik
21 312 14 18.1 1.8 Igl, Dk
22 287 -11 16.1 -0.2 IgD Ik
23 298 0 16.3 0 IgDDx
24 299 | 16.1 -0.2 Del Ik
25 312 14 16.3 0 Dgl Dk
26 287 -11 14.2 -2.1 DeD Ik
27 298 0 14.4 -1.9 DgDDg
28 352 54 15.3 -1.0 Iy
29 244 -54 17.3 1.0 Dy
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NODAL SO0LUTION

AN
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RE¥E=0
DMx =.231E-03
SMH =25
SMK =1787
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Zz20.82 6lz .46 1004 1396 1787
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TIME=15 DEC 10 2009
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SMK =1842
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Zi6.943 630.829 1035 1439 1542
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i | X
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TIME=500 DEC
TEME (ALY 1
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