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AWm& A norigremptivt goal pragtamming (NGP) madel fbr wehhnaal chemical mrnpsition 
opthimtion h m  welding-flux ingredients is proposed. The proposed modeI, which is the first muhi- 
objective mahemah1 programming approach to weMing-flux brtrmhtion, provides ibcrmtsod 
flexibility to the wclding-flux fbmhor in scveml ways: ( I  ) scvwal conflicting objcctivcs can bp 
s i m u b u s l y  wnsidwsd, (2) the best compromise for welding-flux formulation can be achieved with 
minimal expend'- of resources and experimental efforts, (3) the weldiig-flux designer can explore 
various tmdmff options, a d  (4) the l a d  tlme and cost of developing welding wnsumables can be 
drastically reduced, This paper has ext& the work of Wjilal d m-investigators by coupling it 
with the NGP ophhtion technic so as to ~ c r i b c  the wld&flux ingrodht lesl& W will 
achieve optimum vhmmce h r  the flux at minimum experimental efhrts aml wst, The feasibility 
and suitability of tht d ~ l  is ilimtmtd with data h m  the litemure. 

m* welding flux wekmatrl mq~sitboa, mmprwnp4%c goal pmgmrnhg, mhi- 
owfve  opthisation, nuuhi.resp6nse 

Weld-metal mocbanical properties and ~~~l fatum dtpend on the chemi l  
compogkion of the &&posW weld mtaL Servioe mptiremerrts qrd p q m s  in 9tcd tecblogg 
constantly d d  new devtlopmerss in mMbg pmmss and c o m b t e ~  to deposb the weld metal 
with chemical oompolsitios aquivaknt to that of the h u  metal. The &mica1 &ion of the weld 
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b influwnccd by b oonpsition of the b rrpetal, filler mtal and flux [1-5]* A wtmmn peactiea 6 

r ~Wmg-mmmwblt Up is to use a filler -1 with tht same camposition witb &c bmc -1. 
thwvcr, in w m  sicrratkns such a9 joining of diwhihr  -1s ot for mmmb ir#sons, tt may be 
mwsmy that a c h p r  filler metall with co~#po&bn dlilbrmt fhm that of tb basc -1 is wsd, In 
r v o h s ~ ~ i b e t h r r i ~ g n d i n f f s ~ u i l b e l r r r q v n i v r ~ ~ ~ - h l l y s c l e d a d r o t h o &  
wclditlg proms crra deposiit the weJd nwd with the rspufrod chemical c o ~ s i t i o h  % fd step in 
w e k l ~ m b k  design is to d u t m k  the fiiler -1 to b ttsed, Once W choice oftha filler 
motal is nude, the trnd stage of wtldi4mm#mbls dossign b ih devebptnent of the welding flux 
t h e t c a n b G ~ w h h t h c f i U # ~ ~ t o ~ ~ w e # m ~ a l w j t h c h e m i G a l e o m p o s i t i o n t b a r m w t s  
smie qiremcnts. 

The chalktqge cuahrting the w e ~ f f u x  Wier -1 bi not trivW awn when the fik 
~ 1 h a a t h G ~ ~ ~ ~ n w S t h t h t ~ m i e E a l , T h i s i s d u e t o ~ e o m p l ~ ~ ~ ~  
the fiux ingradients and the wead pal during the welding m. In addiiioq the &EX is w 
~ ~ ~ ~ a ~ W m t u r ~ ~ ~ I w h ~ , g o o d a r c ~ d ~ ~ m a i n t e ~ o f  
stubk am ad dinurrrt qwkr, aed .good slag deh&aWity. All these cb=t&lim wmbk to 
&tmdmthc w e ~ l q u a l i t y ~  thepmdti&iviiyoftbmidtngp~ Sirroe 6WmWisre 
wstly, it k ~ t o u p c c ~ f i l l a r ~ ~ i c h ~ y n o t b a w ~ h t ~ 6 o ~ ~ n w i t h  
th b e  matrrL T'k q u k d  cmpsitIoa of the wehi daposh is achieved by p p r  dudgn of the 
w e ~ E n g f l r r x . O B t n , h s a m c t y p e o f f i h m e t a l h d t o ~ h ~ ~ U ~ l ~ d ~  
chernM wqmsltion through the mmipufatiorr ofthe flux oompskimn. Htnca it is pssiMc C u~ the 
~ ~ y p e o f ~ r ~ l ~ w t l d d i f f u ' e t l t b r r s c m ~ 5 f h f l ~ a r e & t ~ t o s u L t h a w ~ o f  
such mtak A well dasiad fhix will d u w  thc cost of welding d anham t k  productivity of tb 
~wzP-- 

I k  objectives a wekhg flux is eapec?d W are ofiee mtitwUy bmqmtible. Tbn 
hrcomptbii&y arks baeausiettat hpmvemmt in om objdive or qu- ~~ can only be 
auhe to the darimna of one or more of dte athv quality c-iu Coapwnisu ad b.lur*E 
~ b f b p ~ ~ ~ a n d & ~ d h k k b y k ~ ~ b W ~ m a n y p s ~ i b k ~ f t i a t q ~ I i t y  
~ b s o t ~ ~ k p ~ ~  mffl,Thetradithml metbdempbydbytk WFDta 
~ v c t k s e w ~ n r i s e 9 d ~ b b y ~ y ~ e ; r c p e r t n s n t s . T h n d m w k ~ o f  
the convent'd welding-flux design 8PPFOtfCb m mny 1671: (1) there k d l y  a very long led 
t E m e h u w o f ~ ~ ~ t e x p e r I m G n t a l w ~ p d ~ a n d t e s t ~ ( l i )  i t i s a o s t l y ~ t 3 c a 4 ~  
labow requhments and colasumption of a considerabet smwnt of a d y  materids and energy h r h g  
the kaghy exprbnts ,  (hi) the wklh &x da\rttop#l by the c~nventlum1 mthd has a rafidoffl 
e ~ a n d i t h d i f f ~ t t t o ~ t t a p t ~ f 6 m n r k l o n & & ~ i n e ~ f h u r w a h ~ ~  
conqmrn~  hrmuhtion, and (iv) tk ksibility or o t k m k  of achWing a desired aompromim 
formhiion cannot be ~~ until a lot ofmmww and *rts h v e  bbFn e d  en - 
m r  txptrimsnk Tfiesc drawhcb have @stad m the &ak+f-tk-w d i g - f l u  design k a w m  
of a paucity of m3tEobjeetive opthihation mrddb icr the waktjng-flux mhnobgy. 

Rcw~~ly, Wibl et al. [a] proposed s mtbdobgy of k l o p h g  analytical mdth k r  tb 
predictha of the wldcmtal chemical conpositma &om weldb-flux hpdknt h l s  using da& 
from experiments m h a e d  aem* to a rype of &signsf-t &hod hmm as 
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mixture ezrperimeat9. b g m s i o n  mdeh Lr the jmdhhn of oxygea, maqgancw nickel, s i l k  and 
sulphw conteatar as a fumtion of ator kgmhm kwh ware prop& The models cdln ody predict the 
~ o f W i d u a l ~ ~ ~ d r t h e L o f t k # r ~ i a a t s m c b s c n . I n ~ $ I t ~ i s  
~ i n d t t e t m m r a g  

. fhc flu mgdiunt bvcL that optimk dl the lrssponscs or d i t y  
~ t k l : ~ i  s i m u b w s b  and not iadividdy. For bmm, he may wnh to achieve 
~ ~ y ~ h i e s f a r ~ m ~ ~ b a t ~ g a r n e t f m e b e m y a b w r u p t t n m a x i m i s a  
deshbk raspDnrscs a d  m i n i  unddtraBk ones. TIM WFD hmbrc needs moduWmg toois that m 
handle mkipIe objectives snd also assist him in exploring d o u s  t n u h f f  o p t h  in order to be abk 
to dutamb.tbe best empmmlse for fluxhulatiin, Goalpmgmmhg ioa  wmtik muhi- 
objecthe o p t ~ i o u  modsf!ii@ tool that has fowl w M e  applkiins in various hdwmb d 
in other areas of aro-wekbg t d m b  except in #reki&fkrx &sign whwe such app1ht'molls am 
-[9),Thisstwtydtere~aend&wwlrofKasjilrrldal. [a] byc~upt'ingAwitht$Cnmpre 
empclve goal pmgmphg (NGP) t d d q p l e  for tk detwmhtion of fSux h p d b a t  levels that give 
the best ompromise for &rx Ibrmulatioa. As far as we b w ,  NGP a p p l k a t b  to th weldhg-iwt 
~ h a v c a o t ~ h t h e ~ ~ h h k b w ~ s e a i o n ~ d ~ b e t h e ~  
pmdw a WFD can fbbw in appliatiob of NGP so wl&mgpfkur h i *  Nczrr, numerial 
-pteS sre mhrod using &a h m  $re work uf ICarljiIaI a d  ~01hmti@oig to i l ~ ~  tk 
apphthn of pl programing to weld i f lux  daiga 

The key cxrrrdithm br  the a p p W n  of the NGP mlmdobgy am (a) a31 tk mpm 
vdables &fining ?he quality of the welding flux dcpsnd on thE sahlt set of ppadictor variables and (b) 
pdkthn eqWh tb describe tbe rubionship b m m  the mqom variabk ad the plradicbor 
~ b l e s c a n b a % s u m a d o v e r ~ ~ m o f ~ T h e p m ~ ~ d e ~ t b p ~ ~ h ~ ~ ~ w  
equations is kyod the scope of this papa. Tbt p c d m  itas k n  b c r h d  elsewhere 1641. O w  
these conditions are met thc p r o d m  oUtUQdd below may be hUowcd to arrive at dm flux 
bmlationthatwillg'nrcthcbdst~bttwatn~tespolrees.Ttrt+~feieIntwoPhgdtWE 
P ~ I i a t t r o ~ n o f t l w ~ ~ s o w h ~ a d d ~ ~ l ~ ~ l e p h a s e u O t h e  
dewlapmeat and m W m  of the NGP model. 

T h c ~ d s t o ~ w d # m l ~ l o n a p a ~ c l e o t h a t t h e ~ o r o ~ o f t r c ~ ~ b  
d C g i d p e & ~ c B n ~ t l ~ t h c ! w r ~ f i u x m b h ~ e a r ~ ~ T h c ~ t h e  'CHFD bbw 
are: 
Step I: 'Ilr WFD dctermincq forescboftk respms, the minimumand maximum vakru, ~ & ( x )  

and r ( s )  -&, wjtbin t b e ~ W  domm by solving equations(la4 Ib) W w .  
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where 
q$ "respoasdjkG4tChI~I 

~ 4 : I f Z t ~ ~ ~ ~ t o ~ l f l t ~ d a g i r c d f h m , ~ ~ ~ t p ~ I J . ~ ~ b s 1 g o e 9  

kck to expdmatb srd mahi nagwary c b g e s  &I& ss the -II' of fiitroatfoya, Nth or 
sthsti* offlw h g d h b  or d m  a~tiarls b c l  oa expieweand prkipkof d l w g y .  

It is not h i b b  to d i v e  all tk W c s  sknubt t s ly  because of rhe conflicting 
mhm of the cplity charadcristia. T h m  thurc will be &viatiom i s m  the targrsZ vahm of the 
qml i  cbaractds&its. Thc dcvhtiom era undedmbk and sfroukl k m b W .  Tht u m a d  
dil?viatkns am weighs -to t&ir mbtive impartawe to the WFD and then m M i d  
as an k h i d a  sum. The Wi tqpmch ofNGP mmW of tbC fbUOWJng steps 1103: 

1: The WFX) agsigns w,+and w,-, to each qw characterkic's deviation (d,'and d,-), 

deviation is not i m p h i t  to the WFD. 
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+ + Minlntfsr,mm - c(w;d, '  + w, d, ) 
h I  

subw to: 

f;(x)+d,'-b,+=q 
X E ~ ,  

w b  kum' b tha whhvcunePt h t h a r &  Adtindm sum of the &viatiom 

~ ~ g a c t i o n i l ~ b w ~ ~ p s a d N G P ~ b % y t a n b e ~ w i t h ~ m o d t ~  
of Kanjikl at aL[S] to establish feasibility and prescribe thc flux ingFedht levels that give th best 
balance betwben canfli&i obwvcs. Kanjilal aid ~Avmtigatorrr  developtd prodktion nwdtb 
for mqpwc, silkon, subhurt axygen and nickel contents in the weld deposit as a function of flw 
ingredient kvds Qr submerged arc w d h g  of GMn steel. The empirical mode$ are s b m n  in Table 
1. The flux ingdhts used wcw tfie raagtilt-grack CaO, MgO, CaFz ad Ah03. The experiments 
were conducad with a lew-bon filltr wire with a diPntter of 3-15 mm at b d  welding p a r a w  
(cmca 4WA. vohgt 26V, q m d  4.65 d s  and e h d e  extension of 25mm). The cornpositom of 
th h metal and filler wire is given in Table 2 while the flux fomhtbns as per the m h r e  
experiment dwigtl are given in Table 3. 

Tbc comrahks of the NGY matkt am bwer and uppr Urnfts of the flux hgdients: 

a flux These puportiom in the Kanjilal cxprhnts a h y s  sum up to W.4 of tbt flux  siti ion. 
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The b a b  was made up of Si&, F e r n  Ni ad bentonitE, all of w h i  are of mnsraat 
a m ~ w t s  throughl tbe experha (Table 3). Henoe there i s  an &itism1 mmtmht given by: 

Table 2. Base -1 and filler wire m m p i t b  

Nitrogen 
(PPml 
50 
60 

Element 

Basemetal 
_Filerwire 

Cdmn 
Cw4%3 
032 
0.10 

w u l g a " ~  
( WL% ) 
0.77 

0.56 

S i b  n 
(WK) 
025 

0.05 

Sulphur 
[wt,%) 

0.03 

0.02 

fhnqhnrs 
(*%I 
0.02 
0.01 

Nbkl  
(M%) - 

- a 

Oxygen 
W) 
350 
330 UNIV
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For m q p e w  content in tbc -sit, tbe ~,*(x),f,"(x)l am detwmined as 

filbws: 
ddfddre, (fJx)) = -0.O2d4xm + O.0S!3xw + 0 , 0 0 1 2 ~ ~  + 0 . 0 0 2 4 ~ ~  - 0 . 0 0 0 4 ~ & ~  + 0.00 1- + 
O&#l3xdoxuA -0a013xWx, - 0 . # 1 4 ~ ~ ~ ~  - O - O O O Z x a  

to comhia  eqUB;tions (4H8) 

SMQly, t b c p ( x ) , r ( x ) ]  Tor Si, S, 0 and Ni ue daannhgd to the Ar~ibk 
9ohtmn space. 

Ikwbpmi mrdmi-~ q f c k  NGP mods1 

Table 4. k h d  dd wmposition 

W t  wttleider two w r t d ~ f I u x  dww situ~ions: 
(0 A l l d w i ~ l o n s m o f ~ i m ~ t o t h e W m 3 ( E x a m p k  I); 
( i  Soma deviations are ofgrater cqncean to the WFD -than otherar (Example 2). 

Exampb 1: AU deviations m of equal concern to the WFD. H e m  ail ttte deviations m assigned 
eqdweights(w,'=w,-=I) f o r d  i ~ X + T h e g o d c o ~ o f t h e p m b h m a y ~ ~ a s  
(Tabla 1 smrd 4): 
j,(x)+ d,'-d,' = 0.760 (mmgane* MI- god ~onst#ht) C11) 
f*(x) + d&- - d,+ 0JgQ (silkon COW god mmaint) (12) 

fi(x)+dd-d,'=0.035 (sulphur~~ntentgoaIcomb&t] (13) 

it k mphd that that the AA- e0 0.7&, kehre ,  d e v i a t b  above d blow the brget are 
umWd and must be &mi&. Si content trhbve Od200 is awqmble to the WFD but values blow 
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~IOwrSitn~~n~deg~kandm~bcmiaim~Sulphur~~inthewekdmudtnot~ 
0.035; h Q r e ,  M n  tlbm th valate t mfnlmisod. For oxygen, dcvMmns h v t  tbc qqm l i d  
arsd blow th h e r  limit m mhhiked, whib for Ni bath tha psithe and mgath &vMmw are 
m i n ' ~ ~ m ~ N W & i l o ~ h ~ 9 m n o f t b t ~ d e p & m b :  

- -mnncnt=d,-+d,++d,-+d;+duh +duh++b-+du* 

SUqitGt to: 
wchBogM cmsminfs ($re cmmh cqdom (4)-(8)) 
goal cwumim{thacoMstrrtint equations(ll).(tB)) 

~ p b 2 : T h e ~ w a n t g @ ~ t h e s a m e ~ t ~ ~ a s m ~ e I b u t h  
deviations are mt of equal mrrccar to him Mmy tnarhods mist by which the WFD my imsign 
weigh to the deviations tn reflact his wmm. In tfrip study, ehe painvise eomprbn natbod is usbd 
(Tabb 5) [I I]. The mnasrlid scaras (-1 h m  Table 5 arc: 

The NQP rnodcl is: 
I 4 Mfnimiss, amm = 0.36,- + O.Obd,'  + 0.1 7d,- + 026ds' + 0.02dmZ- + 0.02dw + 

0, ISd,' +O,02dMS 

sub* to: (1%) 
technobghl constraint9 (the consdraint equations (4)-I&)) 
gaal constdm (the tommint equ&hs(ll).(l6)) 

C 
Note: fbr WED3 relative COW: hi@ comm = 2; mdemte cowern = 1; e q d  comm,- 
0.5; h w m =  0 
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T k  rimdeb wem S~DM with the Lingo 11 so*. The ranges of GM oonvpoaraion 
possible k r  each of tkr: ctumms in dK: weld &I withi the exprhmtal domain defm tbt fwi"b1t 
solution space, whiuh is pmwttd ia Table 6, while thc WGP muh k x  flux fomkbn tbt g* &a 
k t  b a h m  bwem tbc e h m t s  is pmmtcd £n Tabb 7. Any weld-metal wmposition that fills 
wlMtb thii range is ~b idwbl s  with the filler wim. The qpmprhte ~ M i p f l u x  inIgediaat kwh are 
~ m M  by mMng tht MGP model Tk WFD d not nabark oh extensive and q i v e  
experiments when it b rqu$ed that s mmrhabte h t  will &jm& the weld mta1 with di&mt 
~ o q a i t i o n  k made provided srwh composition falIs within th Wilt ablution v. 

The capability to Wlbh feasibility is a gr@t dmitagc of this ndodobgy becaw of the 
wst savirtg in terns of tinac, labur, rnatwials and m q y .  In the casc of tht oonvlentional weldbqpflnx 
design approach, the hib i l l ty  or otkcwise of achieving t)se Wixod fiux porhmrartc~e BNel is  not 
a s y  to axatah until a lot of W, labut and rcwurcca have btm expended om triaGd+mw 
apcrhnt8. For t)le tast under d y ,  t.k b i b l e  sokrtin spracc can kt MfMd with snly 18 
eqmimchts Fable3 3 and 6). The WFD can W w  how hr s given desired composition d e v h  b m  
the fwible solution space m situations where th daked WW composition does not @I within 
the fmhk solution This Itnowlodge can serve a usefir1 guide hr the WFD in ckcmhiing the 
next l k  of e b m  

The NGP m&l mhtbris are ~ n t d  in Table 7. W i u t  any further exprimem the ffux 
levels h d  will giw the best balance b v m  tht various chemim1 eknmts sre mitlidd. ln 
ample  I, whao aU dtvkiim, rm apatly weighted, tk flux formuhition that will give tbe bwre 
tralance or compromise betwe#l tht elements is 28.45% CW* 32.4% hQQ 10.00% W and 9.15% 
&03 frabk 7). M q p a c  target is derachiovod by 2.W while sulphur content is 5,7% abve the 
targct value. C)xy&en conthlt is withii the specifid mgc (2sOc35Q ppm). N i i l  in weld metal 
b rtchkvbd exactly while silicon content wkrc is at an accepmb1~ hl. 

In the case of ~ l e  2, when the n e p h  deviation from the maw- cantent target is of  
ththigheiawmtotheWFI)dIsdgncdtbahighestwc~tht~~etLachbgd 
dike  in example L where it is u-~ved by 20%. Tiw oohqmndhg weldif?dx fmwWmn is 
26.43% CaO, 3240% M@, 10% ClrF2 and 11.17% Am, M i i v e  deviation from* sulphur content 
target is neff in terms of t b  cowm ofthe Wm) with a wmsprpding wight of 0.26. The pwrPdaive 
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TaMs 7. NQP mdel soldon for fknr &rawhion 

deviation fPom the sulphur CUM targe h m  5.m in ample I to 2.W in ommple 2. Thc 
n i E k e l ~ ~ k ~ a G h i t v e d i n ~ 8 b I  ~ m t f t e ~ o f e . x a m p l e 2 , $ r e r e ~ e ~ X i  
d e v h i i n  sf 5 . X  h s e  of tht mutw1 im@i of tht dbjwhs, it is not pwsible to 
h p w  otsct quality c h m a d t i c  witbout mpjlvely aftkdmg one or m of the otha quality 
~ b t b . ' W t m r n h k ~ l ~ ~ n t W @ t b ~ ~ v o d h ~ ~ k  t , t h ~ W M C M h  
W ~ ~ w h l k h ~ k 2 t h e ~ e a n t e n t ~ h w h k d b u t h n & c i ~  
~ b o ~ d . T h c M C S P a p p t O a c h p v W M 2 l i t y b o & W f . P , + w h o c a n d i f f ~  
w i g h t ~ f i a t e h e ~ ~ p O n S ~ r # 6 # t a t g e t s t o ~ ~ ~ ~ f f o ~ f ~ ~ b t ~  
c h o o a i n g t t w m d r a t h ~ b j s ~ .  

Apart fmm w e k h d  c h m k d  c o m p o s h i o n ~ h , N G P  methad m y a h  b e w M  h 
ow mkiplwbjdve welding-flux b i g n  s~~ Tho d c t m i i w n  of welding-flux *&M 
kwIs that wiIl s c h  th dew wtuds of acicular M e *  polygon~l f-, Wi  wrrd gtah 

boundary tttik canhints in tbo weM-metal nhWmtm, or @ the d e s i  b 8 b  bheen  
mchmical ppr& such as yicM stre@, tensite drcngth, Charpy impact mngth, kardness awl 
elongation arc such emmplm~ 

Tar@ NW&l 
~ a l ~ e  W~UC 

0.7a 
0.370 0.365 

0 250-350 2 284 
Ni 0.w 0.460 0.486-0.0 

The NGP app& h r  muti-rqmme opt'hidon of weld-tnctal c h d i l  c o q s i t i i n  h m  
W i - R w c  in@* is p p s d  The major ~ I u s ~  me: 

R is fmsibk ik fw WFb to simubusb wnsida msny mutual&ineompptiblc ~ l p o m s  
or objwtiw with tht NCif method. 

*If~tbe~~depen$mttassrune~of@horwkbbruadtlw:~bthata~ 
tbe relathdip Wwcm tht r e i p ~ ~  ad p r e d k  w i a b k  m be a m a d  oves tha eqmirmntal 

Dcvinth BesteompronriatfE# 
1 

W8ldh&fla mllukbll 
(%) h m  NGF mOdtl 

Example1 

w ( a . 4 5 )  

W(32.w 

caFt(lO*W 
A120s(I9.15) 

Case1 b m p k 2  

fio(x43) 
w@@240) 
CaPz ClO*W 
A a 1  t .17) 

h 

5 

0.01s 
0.0 

- 2  

9 E w -  

0.0 
0.0 

0.0 

3 
$ 
V 

- 
0.002 

0.0 

- 
zo 
0.0 
5.7 

0,jl 

F 

0.0 
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b r r ~ ~ t h e p ~ ~ h g y ~ t r e u s s d t o ~ n e t R e W ~ ~ n ~  

The prop$ed mtbdobgy can be USA to tfw feasible solution space and tfie 
fmibi lw or ~ L F B  of achieving thc d g i  pafonnancc kvml of the walding tlvx befori'i IM of  
mwc#m-on-a 

4 The random chmckr  of th w c M i  flux developed by tmhiinat appmd is climinsted 
b e c a w u t k N G P ~ i ~  t h a t k f l w t h a t ~ k ~ b I s n ~ b e t w c e n h o b ~ w o f ~  
WFD is ~rmu1akd. 

m T h e W F D ~ m u s e d i f f c r e n t d ~ ~ t o ~ l a r e ~ w f f ~ b f i r r e c b o o s ~ n g t b e  
hmlartan tbt best suk bi W s .  
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