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Abstract

The automatic arc welding is generally accepted as the preferred joining technique and commonly chosen
for assembly of large metal structures such as in areas of automotive, aircraft and shipbuilding due to its
joint strength, reliability, and low cost compared to other joint processes. Recently, several mathematical
models have been developed and studied for control and monitoring welding quality, productivity,
microstructure and weld properties in arc welding processes. This study indicates the prediction of process
parameters for the expected welding quality with accordance to the adaptive GTA welding process.
Furthermore, the mathematical models is also develop to aid the selection of an optimal welding process
as the generation of process controls to predict the bead geometry as a function output parameters in the
GTA welding process. The developed models through this study showed comparatively excellent predicted
results, and will extend to other welding processes to integrate an optimized system for the robotic
welding process.

Key Words : GTAW, Multi-pass welding, Mathematical model, Curvilinear model, Main effects plot

H= Z(bead width), H]= =°|(bead height), &

1. A = AdZlo](penetration) 9} 2L SHM| =g} HeEEs &

AR, of2dY, &HEE, 9olo] FFEE, BHort

AARES 2 2FAFTE HE Fx2E o|27] 2 T 2L &3 W o8 2R En. mEkA
A ke AR Z; Foke] AlEFE Al fdt dmd £4EES U 4 v=Egas 4] 9
& 7Ed] 847 BE AYPagelr] dd4 M A 83 HTE AAske Ao] Wlg F8
?l FAHOE APsta Jlon, MEMAE ofZ 8, o AQdolth. &3 WS wE AP A o3
TIG(Tungsten Inert Gas) £8%H, MIG(Metal Inert e 81 T3 2de AskE He Yol gdst
Gas) €39 o] M=o FHs ALl Fa% A 7] WjZel e AE o &4 FAS Usple #
AeR WA 28y sdE A A A 99 2] H3 Aygdde] Aol gukd e
S 13l SRA] ndeE, £45Y wdd 2 A3 A3e Azor Yo oM FE
FARA, g3t Ade A 5 EHTHY EAE O g oW &4 A¥ dddxE &3 e d
eidsty] flotd =R 88 IS W] #Alo] 7doll ©J3] Bad dataZ} THEIAI7] wiiol FHulZ3APH
Topx| 3 gt} mEbA &I 7RIS e AEst & Ags]e ofHuh gHaiHe &3 T4 o
E g5go g, 3 S frakx] oo ©ed] AES FEisie] B

Journal of Welding and Joining, Vol.32 No.1(2014) pp53-60
http://dx.doi.org/10.5781/JWJ.2014.32.1.53



ot
~
i
rg
fol
o
e
&
29
>
2
o
ofN
=5
o
o2
&
3
to

JIdS AT 5 AT, 4 wge] AFet g4y W
Welding carriage

Fo 57k AR mek AR A5k JlsEsEe &

2 A7) i 48 AN AAe] 2] BAlelA " 5 | CTA | Monitoring

A Fedit, w0, 831 3HE O 929 390 —4 machine | erem

3,84 HE 4 A5ES AR 97 =9 )

Fol, Al@EoR o3 4 THNFE 2] 9

s 84 s AL duthe gl Be gy w

Ho gz o) old BANS A & £ Fig. 1 The apparatus for welding experimentation

49l 98 WSk &9 W4 Aolel mdg Tea emploved

)AL o4l &3 FYNGE AYaE WSl

Alek= a glet, o

Drayton 33WGet v =ddake] #AE Jehy
7] 98t ek md de] dete] ddFeton,
HA FAHFE AFT 4 = tolerance box 71
< Mo, o] Wi B2 Ade] Fgsiu 370
olFe] FAWG A7} BrFset o] St} Chandel
2 Hx2 9944 (factorial design) AFWHES &
A3l Agatder], WM, bead-on-plate ¥l =
=ggue) #AE AFaANT Kime GMASH 24 oo D0mm
o A&alo] gry] &xdelAe] FHWGe} B =gt L X2 —
HAE ZAKA ol F{7E =g g 7P 2 9%

*400mm

¥
x S5mm

Fig. 2 Configuration of welding specimen

< A AY Aol =2 o RdE H=Y

A dgel A 4 drke ARE BRIEER Y. & Wy TigedsE Alesld 8He Sdsd 84

HAAbgstel] Azl HA9 4T d5E A T A89e 9o A 2Eo AL Fig 13 2t}

&g 7IHE°l GMA(Gas Metal Arc) 3 GTA(Gas AARC AeA} BAG 9sle] ZHHE= olTAR

Tungsten Arc) &4 HFTHoE AFHL AR w gxgxgte] Haleh AZS ojm ~EEA] L=

AT &4 sl o] &3 w3 Rl B3 AFE pzmio) 9k wasle] TIG £4 A8 BUHY A

obf dishA] b Aotk 53] A& E47] ame o] falo] olmAUNT LAARE ZH GO

ob ddd WeET et &4 Fof ™l 93 gxuw AF folE 2 4E wd sjue] Aled

dFgolut, SRR o dF B EGTAN 2905 o139 P LHARZEL o]2 Esl] AZH uyolE

= Ak @kerm AR HE=EAY] G577 2 o apgeiact

el A 9 el =rbssit 2 A9S 9ste] STS316L Qe 2edlelx 7%
B A7 VEHY AHS 2 STS316Le GTA S ARSI e 400 x 200 x 5mme] Ao A

SHdR (2T R dee)E g3 SHAddsE A 60°2) MAZEE Fofsie] Boj7] AR Fig. 2
] =

= < =
AT olgstel FHH RAE AN o} o] Agtelsint. Aol ALgR AFRL AAA 4
4

Hota 24 A
gomil $HFPU IS PIAE G ¥ 4 9 sk 248 Tables 1-290 242} Uehigie
Atz aFick QML 8405 olmAe A slolo] &
@ XAl S FEEoH, old e FYWULRE HE 23} ol

XM AlS
2 sE=E et wgRsE VAAZe 544 AR 51
[e) [e]

o o] FEHO FET Yol o] FAA ReE

2 Table 1 Mechanical properties of material

A AR} ThelEdY, folo] FEAA|, EUEE ' -
Tensile Yield Eloneation | Hardn
A 2E 58 Edglo] AR Ad A AES TAS AT Material | strength | point O(fj‘) © a(HV)eSS
- k 2 k Hf 0
g e 29l e £330 71 E8Holn 9 (/) | (ke/o)
2 AHEEE GTA 84S Agstdom, 500AF < STS316L | 53 21 i 184

54 Journal of Welding and Joining, Vol. 32, No. 1, 2014



GTA ©}EY] AA T35 v oS At A4 A+ 55
Table 2 Chemical compositions of STS316L Table 4 Results of experiment for root pass
Alloying element (%) Welding Arc Welding | Wire feeding
No. current (A) voltage speed speed
e Si Mn P S Cr Ni Mo (V) (CPM) (CPM)
1 1 .
0.02 | 0.61 | 0.67 | 0.02 {0.002]17.31|12.00| 2.14 00 9 6 0.9
2 100 9 6 1
3 100 9 7 0.9
4 100 9 7 1
5 100 10 6 0.9
‘ 6 100 10 6 1
Electrode rod diameter : 2.40
Filler wire diameter : 1.20) 7 100 10 7 0.9
Electrode vertex angle : 40°
8 100 10 7 1
9 110 6 0.9
£ ’ 10 110 6 1
ey 11 110 7 0.9
Fig. 3 Dimensions of torch part 12 110 7 1
13 110 10 6 0.9
golela AlgHel Aol BAgel G o [ 14 [ 10 [ w0 | 6 1
o] BES] A% APAAL FA A% EX7 b | 10 L 0.0
[ . ° “ 1 11 1 1
wAlsh ol Zmi 90°0lH, solole] FFAwE 0 . S
35°, BlxEl AT AAD dAnpzir: 747} 2 44
° B - e 0 3 Zb gz digh 3zl v =87 E Tables
40° 2 A5t Fig. 3& 2 A ALgd &40
o " 459 vhehiglct.
gx] EXF9 7|98 X 5E YERL i .
A 84 A9 3 1A Agel ol g o
01 2% 2XAH chefo] WG 7ol v EAgE AlE ¢ %L
W, A9ERE V122 S 2% $HeHE AR
& 2% SHdEe g s B S ARG 7] 9% 84 = s o] gagith
o, AN (ERAF, oA, &HEE, oolo] FFE&
=) 3Hee Ay FF(level) # = Table 33 22 CtE 8A4
2t AgddES B8l AFE VETE g8t 8
3 =AY A (CTWD)E 22mmelw], mAjge zp & SHARE 2oxd A4 sdad 22
Ao Imm, =AY AHZE 30 aem Exd e D ST L9AREE APsdon, e HEs
He BErked §3e o 181/ming A ¢ (FHAF, SR, golol SRl dY FE2
R w94 (purging) &)< 93 BEsps . @S Table 69 HERAIT
g ol2z 7118 AMgstgon oF 10~151/mind & GTA &N At SHo st izl
o 2Isle] WAL 9 Awoﬂau FzEd 2 WHsleld® SHAFIE s FAIET] wEedl 470
Bl Ae T SAS FARAL. 3 16309 228 o PANFE £UF 23 §RAYN O=2A 95 &
A zAdz $UAR ANGRen, 248 A9 2 AAFNE SHALS BANSE sl i
Tl olRuE E3} wolo] Hgkst 24Y BAY B ANSE 4% AT, 5 899 daeq =
Az 2743 AX|sle o AL 93 AL
Table 3 Welding parameters and limit for root pass 42 sgdas 4 }M_ M, dEE S AT
Po 2 9 HTAE 23 204y SUUUD 5
Welding Parameter | Symbol Unit Limit A3 W o2 AT
Welding current I Ampere | 100~110 OE-855e] 349 ERHHE E3 zo], ZF Hitgk
7} 88 oy 2 7 exzA 3 Aol Hl=
Arc voltage Vv Voltage 9~10 AT WY A A o -t A<l
_ _ PAFS Tables 7~89A4 HiE utel rom 7 3%
Welding speed S cm/min 6~7 7d°ﬂ EH?'ﬂ- J.n:hj]c ;'L‘J+ =0 ]‘{: Zﬂ‘?l’zﬂ.o_.i ?—;ng'?l
Wire feeding speed SWF | cm/min 0.9~1 LRAT &y B2 THv= AL eI
KU - BRAEeEE 324 F19E, 20144 24 55



56

ju

}n]:@—_ .

R

Table 5 Results of experiment for root pass

Table 7 Results of experiment for root pass

Back-bead Back-bead Welding current | Welding speed Wire feeding
width(mm) | height(mm) No. (A) (CPM) speed (CPM)
No- Tyt | 2na | 1st | 2na | Bead eometry 1 190 10 3
3rd Avg. 3rd Avg. 2 190 10 3.2
4.67 | 4.72 | 0.28 | 0.26 3 190 12 3
! 468 | 4.69 | 0.33 | 0.29 4 190 12 3.9
5 4.86 | 491 | 0.35 | 0.35 5 200 10 3
4.9 4.89 | 041 0.37 6 200 10 39
5 4.01 | 4.06 | 0.27 | 0.31 ; 200 12 3
4.08 | 4.05 | 0.23 | 0.27
349 | 355 | 0.19 | 0.23 8 200 12 32
4 3.58 | 3.54 | 0.21 | 0.21
501 | 494 | 0.55 | 0.51 Table 8 Results of experiment for 2 pass
> 493 | 496 | 0.53 | 0.53
Top-bead Top-bead
6 484 | 491 | 071 | 0.76 width(mm) height (mm)
4.89 4.88 0.69 0.72 No. 1st ond 1st ond Bead geometry
487 | 484 | 0.56 | 0.55
7 3rd Avg. 3rd Avg.
4.84 | 485 | 0.57 | 0.56
477 | 478 | 033 | 036 ) 7.49 | 753 | 0.59 | 0.69
& a6 1277 L o3 | 035 751 | 751 | 0.7 | 0.66
505 51 0.95 1.01 0 777 | 7.83 | 0.89 | 0.92
® 506 507 |09z | 096 777 | 779 | 0.89 | 0.9
1o L5868 | 561 | 074 | 079 5 252 2:? 8:673 gz;
5.68 | 5.65 | 0.78 | 0.77 : : : :
523 | 5.14 104 | 1.06 4 7.57 | 7.61 0.75 | 0.81
U T 52 108 | 106 759 | 759 | 0.78 | 0.78
1y | 501 | 5.06 | 085 | 089 5 :S;l :-22 113;5 12:
5.05 | 5.04 0.9 0.88 : : : :
694 | 715 | 154 | 159 5 9.71 | 9.76 | 1.31 | 1.25
BT 71 152 | 15 9.66 | 9.71 | 1.25 | 1.27
g 657 ] 641 | 126 | 118 7 :ﬁ Zis 1?2 11-221
6.55 | 6.51 1.16 1.2 : : : :
601 | 611 | 101 | 106 q 831 | 824 | 1.09 | 1.15
B T603 | 105 | 1o 8.29 | 828 | 1.03 | 1.09
6.04 | 6.09 | 1.35 | 1.36
611 [ 608 | 137 | 196 3 Ad Z3 # 1nFE
31 STl v = A Attt
Table 6 Welding parameters and limit for 2 pass
3.1.1 25 &3 o|dn|=s} FHs
Welding Parameter Symbol Unit Limit ZFZ 8749 ojHH|E Z3} Fold m|A&= 4719 FF
Welding current I Ampere | 190~200 W] gk A5t MINITAB Z23E o] &
Welding speed S cm/min 10~12 iler, 22 $4dd % dnd i 2d9E 5
@ 2k e FaTERS B4 Sau,
Wire feeding speed SWE cm/min 3~3.2 Figs. 4~50] Uepd uls} o] ojwn= Zo gx

56

Journal of Welding and Joining, Vol. 32, No. 1, 2014



GTA olefi7] A 58452 HI=gd oSl #g 249

T 57

6.0 Welding current Arc voltage
—~
E 5.5 - ~*
= - -
= 5.0 7 7
_‘a’ /// o«
Z 45 <
o 100 110 9 10
8 6.0 Welding speed Wire feeding speed
fal
|
% 5.5 .-
< T — —
M 5.0 ~—

4.5

6 7 0.9 1.0

Fig. 4 Main effects plot on back-bead width

1.2 Welding current Arc voltage
= A
£ 1.0 e .
E 04 // __

~ —

%0 0.6 e -
D 0.4 o
- 100 110 9 10
Fg 19 Welding speed Wire feeding speed
o L.
0
| 1.0
X
o 0.8 — -
© . -
R 0.6

0.4 r :

6 7 0.9 1.0

Fig. 5 Main effects plot on back-bead height

I
= ki
Hlo R $43 Wge 9FgS &
Itk Fig. 6~7< 2709 £4%
= Z3} ool nX|= wH|g Wz} ¥
7 A g ZdA B upe} o)
W2 ofolo] FHEE WA oW

< Ao i, =i SRSt =

ot
S,
_0|L
3R
8

)
4

M m o RS
&
N
iea
=)
=
i

(¢

£ ofo
NI
ied

&Y

Fixed value
Welding current 105
Arc voltage 9.5

Back—bead width

090 g
se?

Welding speed

N

Fig. 6 Surface plot of back-bead width with welding
speed, wire feeding speed

REIEH: - REHaEE 328 B9, 20144F 21

Fixed value

Welding current 105

= Arc voltage 9.5

20

()

<

o

[

[

o

|

s

& 1.00

m TR

e
0
s
7 B Q,&e/z
Welding speed \N‘\(

Fig. 7 Surface plot of back-bead height with
welding speed, wire feeding speed

9 Solof $HEE WANNE oHuIEe] Fol7} 2
Ao

“,
o
o,
rE
iy
=
=
o
oy
°
=
v
=
rir
of
o
o,
N
N
o2l
ol o

"Welding current Welding speed
8.7 Ve
/ .
8.4 y -
—_ / .
g 8l — <
E 73 / ~.
s /
6 7.5 e
g 190 200 10 12
el Wire feeding speed
©
o 8.7
fal
o 8.4 .
(e} ///
= 81 _—
///
7.8 -
7.5]
3.0 3.2
Fig. 8 Main effects plot on top-bead width
\\‘el(lingcurren( Welding speed
P o
1.2 Vs
1.1 /
—~ / -—
g 10 —
E o9
= /
5 08 ‘
35 190 200 10p 12
< Wire feeding speed
k
g 12
a 4
a 1.1
& 1o —
0.9
0.81

3.0 3.2

Fig. 9 Main effects plot on top—bead height

57



58 W - 095 - oA - o - 4GS - e
Fixed value Table 9 Analysis variance tests for root pass
Welding current 195 >
SE R .
= 85 Bead Model | (Standard| (coefficient of Ad]uited
=) geometry .. R
g Error) |determination)
o
[+ 80 ] "
g Bacl.i bead | 2nd order 0.42 99.5 776
2 39 width model
=75 &
e Back-bead | 2nd order
10 o X 0.18 93.2 76.6
11 3.0 N
Welding speed ef@eé\ height model
RN

Fig. 10 Surface plot of top-bead width with welding
speed, wire feeding speed

Fixed value
Welding current 195

0.95 3.2
7 ' 3.1 oe®
10 v B

(s}
. N\
12 3.0 e@é\

Top bead height

Welding speed
elding spee \}\-\(e

Fig. 11 Surface plot of top-bead height with welding
speed, wire feeding speed

Bic)
r'O
N
:
T
kA
¢
=
iy
H
S
1o,
o
—o

oo
i)
S

do
ro
_(;)L
N
o
2
oo
o
s
T

ol
M
X,
i)
o
o
oo
ol
L
=3
g
=)

tlo
oo O mly o
LB ¢S n

[¢}
-

Moo 2 o%

T o o

2,
=

L HE
o
:
Y,

ol
o,
2
}4
2,
=
ot
=)
=
rot
of
o2t
iV
il
=
i)
wn
—
(@)
l
—
—
=2
Oom

EhiTt

0,
EY
DO
o 5 e e -
o o oy ZE Bw
an o ol
it

> 2 oo
5 oo

T

ox

i

Xl

ol

£L

o

ofN

fo

_O|L

ol 2
of
o8k o
lo
poa

¥ o
2,
>
oo
i,
N,
82
rlo
oo
m
ol
o,
L
&
et
>

ol
ol
R

f ol
rr i
it
i
i
o)
(o]
i
ox
i,
)
=)
i
=,
. ojp

R4 oo rE o
@
o,
o
oo
op
il
4P
b
%)
3
il
inss

i
W)
rE
B
rir
o
2
=
(r
I
oy
s
X
(o]
rEon
=
[

o Aola, gEusst FHUS Aolel £94 »

g 4e et ot

By = 42.795—0.5817/— 4.897 V— 0.985.5
+22.4758 -+ 0.0617 V+ 0.0058 1.5
+0.087518 -+ 0.187 V.S
—2.025 VSyp— 2.025 5 S

O]
By = —2.65—0.007/—0.4375 V+0.2975.9
+0.65y+0.01157 V+0.0095 7.8
—0.178y—0.18V.S
+0.75V.Syp+0.3598 1

—_~
~n

22 AR ARAFE 24 2do
o] g-to] WE(variability) o EAHE=S W
© Table 9o Uehdom, 7iakeh w2
afo] A} vl A4S Fsisich. 440

IT.
oy & B
tlo N, Eﬁ:
20 Iy o

FH
o A

_El_:l
)
o
W~
ro
frtl
HiF
rlo
re
jaies
L2
b
i
ol
&
©
(@)
AN
Ne)
W
X

o 28 AARA GBS A JHAsEd S
W4 gguen ohls msAee S0 nelaol 3

Back—bead width (mm)
®

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16
Trial number

Fig. 12 Relationship between measured and calculated
(back-bead width)

Journal of Welding and Joining, Vol. 32, No. 1, 2014



GTA ole|27] A Bh87e) HES g 2o 83t 434 97 59
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Fig. 13 Relationship between measured and calculated Fig. 14 Relationship between measured and calculated
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