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Development of Estimation Model for Arc Stability Considering Arc
Extinction with Multiple Regression Analysis in CO; Arc Welding
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Abstract

Welding quality is closely related to the arc state. So, it is very important to estimate the arc state in real
time. In the short circuit transfer region of CO, arc welding, the spatter, as it is well known, is mainly
generated on an instance of short circuit or on an instance that the arc is ignited after short circuit, or on the
cases of an instantaneous short circuit. If the short circuit period or the arc time is irregular, the spatter is
generated more than it is regular. Thus there is a close relationship of the amount of the spatter generation
with the arc stability. In this paper, to develop the index for estimating the arc stability in short circuit transfer
range of CO, arc welding, the welding current and arc voltage waveforms were measured and the spatter
generated was captured and measured. The correlation analysis of the measured amount of the spatter with the
factors (the components and the standard deviations of the components) was performed, and the factors that
have a considerable influence on the spatter generation among all factors were selected. And some cases of
models consisted of the factors were presented, and a mathematical index model which can make an
estimation the amount of the spatter from these models with multiple regression analysis. Also, it was
compared how much the amount of the spatter generated under the selected welding conditions do these index
models fit, and the index model to estimate the arc stability which represent the spatter generation most
appropriately was developed
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Table 1 Welding conditions and number of experiments
per setting condition

Wire feed rat W elding volta
ire feed rate vollage [No, of welding experiment
(m/min} CTWD (mm) per setting condition
34 15 19V ~ 25V 6
15 20V ~ 26V 6
6.0 20 21V ~ 27V 3
25 21V ~ 27V 3
15 21V ~ 27V 3
73 20 22V ~ 28V 4
25 21V ~ 27V 3
8.6 20 23V ~27V 6
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Table 2 Correlation coefficients between the components of welding current and arc voltage

factors
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s(T,]
s[T;}
si1)
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T (Voc)owe

1
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4.0528
04154
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095742
00752
0.33501
£.091
-0.1568
£0.1363
-0.0437

SET (VoY ] 01628
T (Voc)sum 0,140

spatters

091983

1

0177
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Table 3 Observed probability values of factors in
linear regression model (1)

factors T T I, I, 7 oslT] 7] d1,]

P-value 58E-0 0.0009 0.6203 0.00522 0.7483 7.2E-13 0.135¢ 0.0029
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Table 4 Observed probability values of factors in

linear regression model (2)

factors Y-ntercept 7 7;

a

I, (71 §1,] 1]

P-value 0001478 5E-26 2.1E-19 3E-14 1E-15 6.21E-07 3E-18
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welding voltage (V)

Fig. 4 Number of the arc extinction with respect to
the welding voltages
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SILTs T, mgs SIT(V,) 0] & F&EE] 242}
38.25 %, 2.3 %, 21.7 %, 59.9 %, 99.76 %, 7.97 %,
7.42 %, 40.015 % oAtk mWelA olE UAAEel o
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Table 5 Correlation coefficients between each factor and the amount of the generated spatters, and
between the factors with each other in arc extinction range of linear regression model

fors T T, T I I ] o] L] ST L] S ST) NGLD T, AT T, spaters
T 1
T, 09%8 1
7; 02789 0.1467 1
1 07413 07452 01305 1
I_(; 05487 06039 -0.275 08581 |
1 03413 03636 -0.121 07605 0773 1
S[T}  os: osise ou24s 0555 0525 0009 1
S[T] o812 08787 0081 060002 0558 0.149 09892 1
S[T] 00752 0007 05177 00755 0005 0114 03355 02180 1
L] oo 00021 006 04650 0337 0166 03585 02928 06286 1
S{I] 0095 0122 0165 0118 021 0148 0301 02354 06578 07282 I
S[I] 033 0066 02289 0244 0267 004 03076 02437 0744 08285 09413 1
N(V) 0156 0199 02249 009 0012 0305 02313 01633 06397 06867 09266 08895 1
T(I/oja\'g 0.165 0.158 0.08% -0.2419 -0.122 -0.481 02142 0.1680 04045 0.5254 0.6345 0.5687 06528 1
ATU,),.d 0226 0245 00826 -0.2338 0.197 0446 01091 00615 0467 04971 0652 06046 06873 08258 1
TV, )oum 0182 0.208 01453 0.0612 0007 0342 02175 01514 06056 06847 09195 08722 0973 07336 07335 1
spatiers  0.0593 0.0437 0.1235 0230 0351 -0.006 04312 03666 06504 07650 08886 08816 08436 04949 0483 07945 1
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Table 6 Observed probability values of factors in
linear regression model (4)

facors T T I, I T SIT1ST)s1,]

P-value 0.3825 0.0416 0.0144 1.6E-05 0.023 0.217 0.599 0.99755
facors /] 7] NV TV,),, 4TV),]

oc’ avyg
P-value 0.0797 0.00212 0.0287 0.074288 0.40015

oAE - A

T,.T,, I, I, I, s[T1, s(1,]. s[T,), s(I,].
sll,], s[I1 & 12709 9AEE 7AE AR
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g dgd olM, 12 A AAET AFE @
Ao ZFaAFS Z AAZETY FAATE
Aeste el Aojtt

Table 8 ol UM 2dj8] GAZTH AAE
FASE Table 59 ola BojFo] HAZ I
FTABEN ] AT Wi O E AFE Boln
o 53, T,7,, o], o[T,] % &= ZTAZ
ABASFE Table 5 AAE 2 & YERUA
gk ol EojFe] e HHAA AT Table 2 9
4Rt o & @& JeERATh old watA, &
el dAe] Tt ok FolRe] T FH
Bolgol flt 990 vd2uE o tA W
AU £3 Table 8ol 2)3H¥ Table2 9 vt
A2 T ST, S[T1%s(7,]19 A7 ZaA
Fe A 19 717 W&o AA T

12 788 AAE FAM T 9 S[T]E AAT 10
A JAAES o] &3k, ofa FolFo] LA
e A9l doiA, A (©F ol ot= A
Brhe A HYLe T

¥o, fo o

Y=a+bT, +cl, +di, +el, +fI
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()

Table 7 Observed probability values of factors in
linear regression model (5)
factors Y-intercept 1. 7

s Ay I ST NGV
3.04E-05 0.0011 2E-05 1E-08 7E-04 5.97E-06

P-value

Table 8 Correlation coefficients between each factor and the amount of the generated spatters, and
between the factors with each other in non-arc extinction range of linear regression model

factors T T T 7 / 7

471 {71 7] .;{/p] g1.] L7 spaters

a s p s
T 1
7 09957 1
1 0.067 00883 1
/ 04034 03573 05449 1
[i 03370 03589 0.2968 05803 1
7 02311 02625 03945 0572 05549 1
A7) oemse o0ssss 0aus o2l 0261 03312 1
AT owmo osmo 0141 ozere 0304 0356 oo I
ST 30 03303 05030 04260 0.017 02382 03310 03307 1
7,1 o7z 07565 004 04199 0T 01025 07761 0753 06010 1
5{11] 02885 02556 03802 04640 01332 03327 03062 02778 07753 04703 !
7] 0.1439 02177 09103 06724  0.036 06457 D270 02760 05170 00975 04674 1
spatters 08165 08267 01644 01757 02502 0.2720 07914 07876 02565 05362 01308 0.3033 1
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Table 9 Observed probability values of factors in
linear regression model (6)

factors T, o1, I, 7 sSIZ ]
P-value 235g-12 0.624 0.0005 0.07091 0.0197 1E-14

factors

7] sL7,1 slr]  S1]

Pvalue 00346 2808 0.021548 3.8E-06
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Table 10 Observed probability values of factors in
linear regression model (7)

factors Y-ntercept T, ]p T 51:7:,]
P—-alue 6.2E-05 2E-18 0.0191 3E-05 6.2E-16
factors sL7.] s{1,] s{7]
P-value 4E-06 2E-06 3E-07
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Table 11  Correlation coefficients between each factor and the amount of the generated spatters, and between
the factors with each other in nonlinear regression model (9)

facors N7 7, W7 In/, In/, ;7 Wnd7TInd7] {71 sl/, 1o 7] 7] nMV) 0y, ndR1), Jn ), Inspaters
n7T 1
In7 09877 1
In7, 00855 D.088 1
In/, 05512 05023 04651 1
In/, 03132 04591 0458 05174 1
In7 00024 00058 00505 06402 06605 1
InS71 oo0e3 o0se3s 01381 04220 0224 sy 1
InS71 o030 osoe2 00723 o0uss 02622 0a89  ngo2s 1
Ino{T] o108 o005 0805 03830 0338 0033 04009 036 !
Insl/,} 04009 03362 03773 03982 00945 01002 06122 055427 07194 1
Ins{7] 00034 0.001 06504 02915 0.266 0.092 02812 02264 08430 06954 1
In 5{7] 0.054 {.166 08197 04519 .266 01106 01477 0.0904 08416 0640 09113 1
InMV) 0019 0118 06522 01898 0.436 0.037 02075 01548 07408 04658 07394 07222 1
In 7‘(‘/‘,‘)", 0.014 0.113 06442 01873  {.433 Q.135 02078  0.1554 0.7311 04557 07221 0.7065 0.9995 1
ndT), 0 0031 0133 07078 02663 0.416 0076 giger 049 o7gss 04904 07827 Q7947 09074 09001 1
mn%)mm 0.018 0.117  0.6541 0.1908 0437 . 0.138 02097 0.1569 0.7435 04692 .7426 07255 ! 0.9994 09091 1
Inspatters (6736 (06534 00906 03046  0.1907 40.205 08264 08122 04203 07176 04593 0.278 0.1931  0.1841 0.1906 0.1962 1
Table 12 Observed probability values of factors in Table 13 Observed probability values of factors in
nonlinear regression model (10) nonlinear regression model (11)
facors N7 W7 I/, I/, Wl hoiZlnd{T) factors Y4ntercept In7 WM ST] Insl7,] Insl/] mdTY),,)

P-value 0.32901 0.27862 0.10607 0.63793 0.00721 0.11977 0.28928

P-value 0.03924 1.08E-38 5.83E-12 8.64E-10 7.73E-12 3.07E-12

factors In {7, 1Ind/] In 7] M) Ind7Yy), ]
Pvalue 955807 1.346-06 0.310143 0.25143 0032518
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0.874 20} 23E HAFE ¢ A dF
g T de ALE AAHAS A (1008 74
AEel taA 2ol A FJEEo] Table 12
of YebAth Table 12 & AW B, 1T, T,
Inl,, Inl, Ins[T,], Ins[I], InN ¢ )9 *
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Table 14 Correlation coefficients between each factor and the amount of the generated spatters, and between
the factors with each other in arc extinction range of nonlinear regression model (9)

facors W7 0T, WL il IZ Wl hs{T] hs(Z] bs(7]ns{7,) NS Ins[T] NG T, 06070, 70,0, spatiers
n7T 1
In7, 09917 1
In 7, 03719 02548 1
Ini, 07460 07513 0.(885 |
InJ, ostet 05720 0247 08435 i
Ini 03110 03310 0108 07456 07876 |
Ins[T]  opa09 o8sst o212 05568 04782 00766
ns[T,]  ose1s 08813 01788 05890 0499 00948 09883 1
Ins[T,] ot13 00613 05492 00763 00167 01208 03422 02469 !
Ins[f,] 00000 0099 00549 0l68¢ 03545 02087 03288 02813 05773 1
Ins[/,] 0011 00318 02889 01045 01117 -0.18 03541 03135 07313 07041 1
InsTI]  oosi6 0019 03013 02599 02389 00414 03514 03126 0798 07940 09462 |
InN(,) 00489 -0.0845 03709 -0.0242 01155 03117 02916 02626 07093 05981 09035 0859t 1
INT(V,),, 00726 0053 -0.0586 -02064 D15 04571 03136 03106 03730 04693 06255 05420 06694 1
{7, ),] 00923 00795 01603 00665 -0.0341 0113 oioos 92133 gy390 00773 02719 02449 04589 03287 1
In7(%,),,, -0.0564 -0.0828 03052 -0.0621 -0.1217 -0.3581 03121 02867 06809 06052 08976 08429 09888 07726 0481 |
Wnspatters 02357 02205 03111 02661 02565 00655 05557 05204 06949 07236 . 09025 09006 08342 05906 0260 08313 1
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Table 15 Observed probability values of factors in
arc extinction range of nonlinear
regression model (12)

factors n7, W7 I/, I/, n7bnSLlnd7]
Pvalue 0.04142 0.04054 000055 0.00013 0.2892 0.5532 0.02789
factors mnsl7,1l (7] Ins{7) 1n M) Wm7tyy,, N€7),,])
Pvalue 07642 08208 000033 000028 06461  0.07276

Table 16 Observed probability values of factors in
arc  extinction range of nonlinear
regression model (13)

factors VY-ntercept 7, In7 InJ, Inl/,

P-value 0.03616 1.9E-11 0.00403 3.4E-08 9.4E-06

factors Ind7Z] Ind71 mAMV) Ind707),.]

P-value 0.01781 1.9E-08 1.3E-05  0.03961
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Table 17 Correlation coefficients between each factor and the amount of the generated spatters, and
between the factors with each other in non-arc extinction range of nonlinear regression model  (9)

factors W7 7 W7 W/, In/ =7 Wns7I1hs7]ns{7Ins7]1hs[/])Ins[T] Inspates
nhT 1
In 7, 09930 1
In 7, 01256 00198 1
In 7, 05386 04806 05301 1
In ]: 0.3841 04278 0.2814 05616 1
n7 Q1660 0.2060 03676 06312 05465 1
In s[7] 08539  0963¢ 0066 03659 03170 0.31% 1
Ins{7,] o457 o5t 0.0761 03464 0343 D309 0994 r
In 5[7;] 04550 03733 06323 04896 €.0408 0.2065 0.4456 0.3650 1
In S[ ]p] 0.7559 0.7369 0.1372 0.4645 04371 0.1202 07744 0.7280 06426 1
In s[7,] 03106 0238 03503 04335 01482 0303 03426 02834 07507 04853 1
in S[/—] 0.0010 0.0882  0.9087 05933 .0373 0.6287 ©.1222 0.1711 05582 0.1477 0.4110 1
in spatters 0.8421 0.8674 0.1981 0.2529 0.3850 -0.3120 08984 0.8963 0.3067 0.7427 0.2235 4.270 1
= AY 1 9 S W e ARIHEE A", A Table 18 Observed probability values of factors in
Attt non-arc extm;tio(ri4 )range of nonlinear
_ regression mode
12 A9 AAE FelH T (TS AL 10 g
e AAEL o] &, o}z FolHo] B A factors InT In7 In/, In/, In7
%2 g9 glolA, A (14)9 Zo] oA <AHA P-value 0.08993 0.7063 0.00187 0.49557 0.10224
Bre A9 A E2E TSI factors 7] Ind7] L] Ind7]  Ind7]

InY =a"+cIaT,+dInT, +elnl , +finl
+ gl +ilns[T,]+ jins[T, ]+klns[1 149

+1ns[I ]+ m Ins[I]

ol Fojgo] gle dgd oA, FHRG
(149} FAJNAE e FIHES Table 18 3
7o) ZA}et4ith Table 18 & AHRA ol3 Fol
Fol gle 9499 slojAMe H¥3ARde Az
(Table 9)%t= 22, In7T,, InT,, Inl,, Inl,
Ins(I,], Ins[I,] ¥ FA%E] 247 899 %,
70.63 %, 49.56 %, 10.22 %, 75.86 %, 33.12 %°| AT},

Wetd ol AREd dsiN ATEL A
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4 (1499 74AAE FAM InT,, In7,. Wy,
Inf , ns[T,], Ins{7,], Ins[I,] & AAT AAR

Wl WA EIARNE AASRT, 4 (15)
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2 444 A% MYy FARLe FYsAt
4 (599 AR 2oE LAY 54
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Ins([T.],

P-value 0.041187 0.758605 3.7E-07  0.331216 0.025058

Table 19 Observed probability values of factors in
non-arc extinction range of nonlinear
regression model (15)

In{71 Ind&7] IndA
0.04487 0.03028 2.245-15 1.338-07 8.7E-06

factors Y-intercept In/,
P-value

Y =0.011628- ]pmzws .S[E]n.lm 'S[Ip ]1.45698S[I—]-2.4543(15)
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Fig. 5 Relationship between the estimated arc
stability index and the weight of spatters
with different regression models
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