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I N T R O D U C T I O N 

Meta l s u r f a c i n g is a p rocess in 

wh i ch a m e t a l is d e p o s i t e d on the 

s u r f a c e o f a b a s e m e t a l ( sub-

st ra te) e i the r to bu i ld it up to the 

d i m e n s i o n s requ i red or to impar t 

spec ia l su r f ace p roper t i es such as 

res is tance to w e a r , ab ras ion , im-

pact of co r ros ion . It can be used 

in m a i n t e n a n c e and repa i r app l i -

ca t i ons to r e c l a i m w o r m par ts , or 

it can be used as a part of t he 

p roduc t i on p r o c e s s in t h e m a n u -

fac tu re of n e w ar t i c les (1). T h e 

p r a c t i c e o f s u r f a c i n g has b e e n 

c o m m o n l y used for t he past s ix ty 

y e a r s o r so f i r s t w i t h m a n u a l 

m e t a l a r c w e l d i n g e l e c t r o d e s , 

t hen w i t h s e m i - a u t o m a t i c and au-

t o m a t i c p r o c e s s e s , u s i n g c o n -

t i n u o u s w i r e s , s u c h as g a s -

s h i e l d e d a r c or s u b m e r g e d a rc 

we ld ing . A s s u c c e s s of we ld over -

l a y s e s p e c i a l l y s t a i n l e s s s t e e l 

o v e r l a y s w a s d e m o n s t r a t e d , t he 

use w a s e x p a n d e d to la rger and 

larger a reas wi th the d e v e l o p m e n t 

of new t e c h n i q u e s and p rocesses 

such as add i t i on of co ld or hot 

f i l le r w i res , mu l t i p le w i res , osc i l -

la t ing w e l d i n g h e a d s , s i ng le or 

mu l t i p le s t r ips , add i t i on of me ta l 

p o w d e r s , e tc . T h e i n te rna l sur -

faces of pape r d iges te rs , urea re-

ac to rs , a t o m i c r e a c t o r c o n t a i n -

m e n t v e s s e l s and p ressu r i se rs , 

hyd roc racke rs , to n a m e s o m e of 

the m o r e spec tacu la r e x a m p l e s , 

are o f ten over la id by we ld ing to 

p roduce such a cor ros ion resis-

tant sur face(2) . 

S u b m e r g e d arc st r ip c ladd ing is 

one of the popu la r m e t h o d s e m -

p l o y e d fo r s u r f a c i n g the i ns ide 

su r face of th ick wa l l ed p ressure 

vesse ls (3). H o w e v e r , the p rocess 

cannot be used for c ladd ing al l 

s i zes and shapes and for pos i -

t i ona l su r f ac i ng because of the 

w id th of the st r ip e lec t rode and 

the s ize of the mo l ten pool. O f f e n 

s ing le wi re s u b m e r g e d arc c lad-

d ing is cons ide red as a cost ef-

f e c t i v e t e c h n i q u e to o v e r l a y 

sma l l e r areas. 

In c ladd ing by a we ld ing process , 

the mos t impor tan t aspect is the 

d i lu t ion of the f i l ler meta l w i th the 

base me ta l due to the arc pen-

et ra t ion. D i lu t ion reduces the al-

loy ing e lemen ts and increases the 

c a r b o n c o n t e n t in c l a d l a y e r 

wh i ch leads to dec rease in the 

c o r r o s i o n r e s i s t a n t p r o p e r t i e s , 

pe rcen tages of de l ta fer r i te con-

tent and o ther meta l l u rg i ca l prob-

l e m s (4,5). A lso , cont ro l of d i lu-

t ion p lays an impor tan t role in t he 

e c o n o m i c s of the we ld c ladd ing 

p rocesses b e c a u s e the e c o n o m -

ics of s ta in less s tee l c l a d d i n g are 

d e p e n d e n t on a c h i e v i n g the spe-

c i f i c c h e m i s t r y at t h e p r a c t i c a l 

depos i t i on ra te in m i n i m u m num-

ber of layers. A l t h o u g h e a c h pro-

cess has an e x p e c t e d d i lu t ion fac-

tor , it is essen t ia l to es tab l i sh a 

c l a d d i n g p r o c e d u r e w h i c h w i l l 

m i n i m i z e i ts e f f e c t s , c o n s i s t e n t 

w i th g o o d bond ing and a sound 

depos i t . 

A lso , w i t h the i nc rease in m e c h a -

n i z a t i o n and a u t o m a t i o n in a rc 

we ld i ng and c l add ing , t he se lec-

t ion of w e l d i n g p r o c e d u r e s must 

be mo re spec i f i c to ensu re tha t 

a d e q u a t e we ld bead qua l i t y is ob-

ta ined (6). Fur ther , fo r t he e f fec -

t i ve u t i l i za t ion of a u t o m a t e d we ld -

ing p rocesses it is essen t ia l tha t 

a h igh d e g r e e of c o n f i d e n c e be 

a c h i e v e d in p red i c t i ng the we ld 

bead g e o m e t r y (7,8) to a t ta in the 

des i red m e c h a n i c a l and co r ros ion 

re iss tant p roper t i es because the 

b e a d p r o f i l e d e t e r m i n e s t h e 

a m o u n t o f d i l l u t i o n i n v o l v e d . 

T h e s e r e q u i r e m e n t s necess i t a t e 

the d e v e l o p m e n t of m a t h e m a t i c a l 

m o d e l s or e q u a t i o n s re la t ing the 

we ld bead d i m e n s i o n s to the im-

por tan t con t ro l l ab l e p rocess pa-

r a m e t e r s a f f e c t i n g the bead di-

m e n s i o n s for es tab l i sh ing a c lad-
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d i n g p r o c e d u r e . T h e e q u a t i o n s 

c a n as w e l l be f e d to t h e c o m -

p u t e r w h i c h c o n t r o l s t h e a u t o -

m a t e d c a l d d i n g s y s t e m a n d a l so 

c o u l d be u t i l i zed f o r t he d e v e l o p -

m e n t o f e x p e r t s y s t e m s . 

T o d e v e l o p m a t h e m a t i c a l m o d e l s , 

a 31 po in t c e n t r a l c o m p o s i t e ro-

t a t a b l e d e s i g n m a t r i x w a s e m -

p l o y e d to c a r r y ou t a se t o f e x -

p e r i m e n t s . T h e e x p e r i m e n t a l d a t a 

so o b t a i n e d w a s u s e d to d e v e l o p 

m e t h e m a t i c a l m o d e l s f o r p red i c t -

ing w e l d b e a d g e o m e t r y a n d to 

se lec t w e l d i n g p a r a m e t e r s f o r d e -

pos i t i ng 3 1 6 L s t a i n l e s s s t e e l o n t o 

s t r u c t u r a l s t e e l IS : 2 0 6 2 

T h i s p a p e r d e a l s w i t h t h e re -

s p o n s e s u r f a c e a n a l y s i s o f t h e 

d e v e l o p e d m a t h e m a t i c a l m o d e l s 

c a p a b l e of a c c u r a t e p r e d i c t i o n o f 

w e l d b e a d d i m e n s i o n s v i z . , d e p t h 

of p e n e t r a t i o n , w e l d w i d t h , h e i g h t 

o f r e i n f o r c e m e n t a n d d i l u t i o n f o r 

t h e i n p u t p r o c e s s p a r a m e t e r s o f 

a rc v o l t a g e , w i r e f e e d ra te , w e l d -

ing s p e e d a n d n o z z l e - t o - p l a t e d is -

t a n c e . A l l t h e s e b e a d d i m e n s i o n s 

a re d e p i c t e d in F i g u r e 1. T h e in-

t e r a c t i o n e f f e c t s o f t h e c o n t r o l pa -

r a m e t e r s on d i l u t i o n a n d b e a d ge -

o m e t r y h a v e b e e n p r e s e n t e d in 

g r a p h i c a l f o r m , w h i c h is m o r e 

use fu l in s e l e c t i n g c l a d d i n g p ro -

c e d u r a l p a r a m e t e r s t o a c h i e v e 

t h e o p t i m u m d i l u t i o n in o v e r l a y . 

Development of 
Mathematical models 

T h e p r o c e d u r e fo r t h e d e v e l o p -

m e n t o f m e t h e m a t i c a l m o d e l s to 

p r e d i c t t h e b e a d d i m e n s i o n s 

b a s e d o n r e s p o n s e s u r f a c e 

m e c h o d o l o g y is : 

AREA A IS ADDED METAL g 
AREA B IS BASE METAL MELTED DILUTION A + B 

B 
% DILUTION X 100 

Fig 1 . Weld bead geometry 

* Identifying important process 
control variables 

* Finding upper and lower limits of 
control variables viz., open cir-
cuit voltage (V), wire feed rate 
(F), welding speed(s) and nozzle-
to-plate distance (N) 

* Developing design matrix. 

* Conducting experiments as per 
design matrix. 

* Recording responses, viz., pen-
etration (P) , weld width (W) , 
reinforcement(R), and dilution 
(D). 

* Development of mathematical 
models 

* Calculat ing coeff icients of 
polynomials 

* Checking adequancy of devel-
oped models. 

* Testing significance of regres-

sion coefficients and arriving at 
final mathematical models. 

F o r p r e s e n t s t u d y , w e l d i n g pa -

r a m e t e r s w e r e s e l e c t e d to s tudy 

t h e i r e f f e c t s on b e a d g e o m e t r y . 

T h e l e v e l s o f p r o c e s s p a r a m e t e r s 

w e r e d e c i d e d f r o m t r i a l r u n s con -

d u c t e d by i n s p e c t i n g f o r s m o o t h 

b e a d a p p e a r a n c e a n d a b s e n c e o f 

a n y v i s i b l e d e f e c t s v i z . , s u r f a c e 

p o r o s i t y , u n d e r c u t , e t c . a n d the 

s a m e w i t h t h e i r u n i t s a n d no ta -

t i o n s a re g i v e n in T a b l e 1. A n au -

t o m a t i c s u b m e r g e d a r c w e l d i n g 

s y s t e m w a s e m p l o y e d fo r s u r f a c -

i ng l ow c a r b o n s t r u c t u r a l s t e e l 

w i t h 3 1 6 L s t a i n l e s s s t e e l o f 3 . 1 5 

m m d ia , u s i n g s t a i n l e s s s t e e l f l u x 

g r a d e 1. S u r f a c i n g w a s d o n e 

by l a y i n g f o u r b e a d s e a c h of 

Table 1 
CONTROL PARAMETERS AND THEIR LEVELS OF SA SURFACING 

(3161 WIRE, 3.15 m m DIA) 

Parameter Units Notation 
-2 -1 

Factor Levels 
0 1 2 

Open Circuit Voltage Volt V 36 38 40 42 44 

Wire Feed Rate m/min f 1.26 1.52 1.78 2.04 2.3 

Weldding Speed m/min S 0.04 0.56 0 72 0 88 1.04 

No/le-to-plate 

Distance mm N 30 34 38 42 46 
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150 m m length wi th an ove r lap of 

2 to 3 m m using pos i t i ve polar i ty . 

Al l necessary de ta i l s for conduc t -

ing the e x p e r i m e n t s as per the 

e v o l v e d des ign mat r i x of cent ra l 

c o m p o s i t e ro ta tab le des ign and 

deve lop ing the f ina l ma thema t i ca l 

m o d e l s i n c l u d i n g c h e c k i n g t he 

adequency of those mode ls have 

been we l l de ta i led (9). 

The f inal mode l s re la t ing the var i -

ous p rocess p a r a m e t e r s to the 

w e l d b e a d g e o m e t r y are p re -

sented be low : 

P = 2.763 + 0.0454 F - 0.296S - 0.131 

N - 0.124FS (1) 

R = 2.681 - 0.138V + 0.242 F - 0.319 S 

+ 0.097 VS + 0.147S2 ....(2) 

W = 37.863 + 1.933 v + 0.775 F - 4.542 

S - 0.827 F- (3) 

D = 42.552 + 0.667 V + 2.358 F + 

0 . 1 9 7 S - 1 062^ N - 1 .83 VS 

(4) 

Response Surface 
Analysis 

Based on the m a t h e m a t i c a l mod-

els d e v e l o p e d for p red ic t ing the 

we ld bead d imens ions , the e f fec t 

of ind iv idua l we ld ing pa rame te rs 

and thei r s ign i f i cant in teract ion on 

penet ra t ion depth , re in fo rcemen t 

he ight , we ld w id th and d i l lu t ion 

were ca lcu la ted . The in teract ion 

e f fec ts of we ld ing pa ramete rs on 

v a r i o u s r e s p o n s e r . r a m e t e r s 

have been presented graph ica l l y 

for spon tane i ty ana lyses. Con tour 

p lo ts and p e r s p e c t i v e response 

sur faces were d rawn to v isua l ize 

thei r nature, G raphs cons t ruc ted 

wi th help of such mode ls g a v e 

sat is factory exp lanat ion about the 

e f f ec t of va r i ous w e l d i n g var i -

ables on weld bead geomet ry . 

Direct effects of welding 
variables 

From equat ions (1) to (4), it is ap-

parent that pene t ra t ion (P) de-

creases wi th increases in NPD, 

and open circuit vo l tage(V) has 

no in f luence on P. Re in fo rcement 

(R) inc reases wi th incerases in 

wire feed rate (F) but R is not 

in f luenced by NPD. We ld wid th 

(W) increases wi th increase in 

(V) but d e c r e a s e s w i th we ld i ng 

s p e e d (S ) . W i n c r e a s e s to a 

m a x i m u m va lue wi th increase in 

F, then it dec reases wi th fur ther 

increase in F. D i lu t ion increases 

wi th increase in F but dec reases 

wi th increase in NPD. These di-

rect e f fects of process parameters 

on b e a d g e o m e t r y h a v e been 

pub l ished (9). 

Interaction Effect of 
Welding variables 

Interaction of wire feed rate 
and welding speed on penetra-
tion 

ii 

n 
i 
In 
t 

onx cutcun vcnuot » •ouu -10-n.AU OOUKCI oi m 
wuoM* mia K/IM 

to >1U1) I Mi ll I1UI 101.111 1X1) 
wot Ft to RA1C . M/MIN 

Fig 2 : Interaction effect of wire feed rate and welding speed on 
penetration in submerged arc surfacing 

(316 L wire, 3:15 mm dia) 

n l o u r a o f P , m m 

( N P D 1> 

O l e v e l ) 

Fig 3 : Interaction effect of wire feed rate and welding speed on 
penetration in SA surfacing (316 L wire, 3:15 mm dia) 
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It is obv ious f r om the F igures 2 

and 3 that h igh wi re feed rate and 

low w e l d i n g speed i nc reased P 

but low wi re feed rate and high 

we ld ing speed reduced it. Th is is 

a t t r ibuted to the fact that we ld ing 

current increased wi th the raise 

in F resu l t ing in enhanced heat 

input per uni t length of the we ld 

bead and h igher cur rent dens i ty 

caus ing larger v o l u m e of the base 

plate to mel t and hence deeper 

penet ra t ion. P dec reases wi th the 

increase in S due to the reduced 

heat input per unit length of we ld 

bead as S increases. Due to the 

reduct ion in heat input me l t ing of 

base meta l was s lowed down and 

occured near the sur face of the 

base me ta l resu l t ing in sha l lower 

penet ra t ion. As F and S had en-

t i rely oppos i te e f fec ts on P and 

they got added when S was low 

resul t ing deepe r penet ra t ion and 

thei r e f fec ts got sub t rac ted when 

S was inc reased caus ing shal-

lower penet ra t ion . 

T h e c o n t o u r p l o t in F i g u r e 3 

shows that at any va lue of F in-

crease in S reduces P and the 

rate of dec rease in P and S in-

creases in h igh w h e n F is high. 

S im i la r l y , P inc reases w i th in-

creases in F at all leve ls of S and 

the rate of increase in P as F in-

creases is h igh w h e n S is low. 

The penet ra t ion su r faces shown 

in the f igure are tw is ted p lanes 

and rep resen t tha t P d e c r e a s e 

s l i gh t l y w h e n N P D is c h a n g e d 

f rom lower leve l to upper leve l for 

all va lues of F and S. Th is is due 

to the d i rect e f fec t of N P D on P. 

Interaction of open circuit 
voltage and welding speed 
on reinforcement (R) 

From Figures 4 and 5 wi th rise in 

V ,R drops for the range of speed 

f r om 0.4 m /m in to 0.88 m /m in . 

and wi th in th is speed range R de-

creases as S increases at all lev-

els of vo l tage wh ich is more ap-

parent f rom the contour plot. But 

at h igher leve l of speed i.e. at 

1.04 m. /min . , R increases sl ight ly 

wi th rise in vo l tage. W h e n S is 

h igh its ef fect on reduc ing width 

may be h igher than the e f fec ts of 

increasing width by vo l tage and 

hence very l i t t le increase in R 

could be poss ib le and th is is also 

ev iden t f r om the con tour plot. R 

is m a x i m u m w h e n V and S are at 

thei r low leve ls . A lso f r om the re-

s p o n s e s u r f a c e s s h o w n , R in-

creases wi th rise in F and NPD at 

all leve ls of V and S. 

Interation of open circuit 
voltage and welding speed 
on dilution (D) 

It is apparent f rom F igures 6 and 

7 tha t e i t he r h igh v o l t a g e and 

high speed or low vo l tage and low 

speed d im in i shed D. S im i la r l y , ei-

ther high vo l tage and low speed 

M H (0 11 snxcaun voiiau ,*etu 

Fig 4 : Interaction effect of wire feed rate and welding speed on 
penetration in SA surfacing (316 L wire, 3:15 mm dia) 

Contour* oi X. x 
(F >nd N mjrm 

, l "V»t O 

Fig 5 : Interaction effect of wire feed rate and welding speed on 
penetration in submerged surfacing (316 L wire, 3:15 mm dia) 
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or low v o l t a g e and h igh speed 

ra ised D. But D is not a l t e red 

when both are at the i r in te rmed i -

ate leve l . Th i s is due to the op-

p o s i n g e f f e c t s o f v o l t a g e a n d 

speed on D and the heat input to 

the sys tem inc reas ing w h e n S de-

creases, hence me l t i ng of more 

b a s e m e t a l r e s u l t i n g in m o r e 

d i l lu t ion. A lso , w h e n S increases 

meta l depos i ted per unit length 

dec reases e v e n wi th the increase 

in vo l tage resu l t ing lower d i lu t ion 

as area of me ta l depos i ted de-

creases. T h e e f fec t of S on re-

duc ing P and R is m o r e than that 

of inc reas ing P and reduc ing R 

by V w h e n S is high. Th is is mo re 

c l e a r f r o m t h e c o n t o u r g r a p h 

shown in F igure 7. It is seen f r o m 

the response su r faces that rise in 

F and N P D ra ised D at al l leve ls 

of v o l t a g e and s p e e d and th is 

was due to the net e f fec t of F on 

D and N P D on D in wh ich e f fec t 

of F on D was m o r e p ronounced 

than that of NPD. Lower D is ob-

ta ined w h e n vo l tage , speed and 

wire feed rate are kept at the i r 

low leve ls( -2) and N P D at its h igh 

leve l (+2). 

CONCLUSIONS 

T h e f o l l ow ing .conc lus ions we re 

ar r ived at f r o m the above invest i -

ga t ions :-

(1) Response sur face methodo l -

ogy can be easi ly e m p l o y e d 

to v i s u a l i z e t he e f f ec t s of 

process pa ramete rs on bead 

d imens ions . The two-way in-

te rac t ion e f fec ts can be eas-

ily revea led w i th the help of 

p lof t ino perspec t i ve sur faces 

3"id con to ; , r ' i a g r a n s . 

(2) High wire feed rate and low 

w e l d i n g s p e e d i n c r e a s e d 

penet ra t ion wh i le low wi re 

feed rate and high we ld ing 

speed reduced it. 

(3) R e i n f o r c e m e n t w a s m a x i -

m u m when both vo l tage and 

weld ing speed were at their 

low levels. But increase in 

vo l tage did not af fect rein-

fo rcement s igni f ica l t ly when 

w e l d i n g speed w a s a b o v e 

0.88 m/min . 

I 
s 
t 

M MHI MH1 trtu cuncun 
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(4) E i ther h igh vo l tage and high 

we ld ing speed or low volt-

age and low speed produced 

lower d i l lu t ion. H igh d i l lu t ion 

was p roduced when vo l tage 

w a s h i gh a n d s p e e d w a s 

low. But d i lu t ion was not sig-

n i f icant ly a f fec ted when any 

one fac tor was kept at its in-

t e r m e d i a t e l e v e l a n d t he 

other was a l tered. 

un um m .not 

Fig 6 : Interaction effect of wire feed rate and welding speed on 
dilution in submerged arc surfacing 

(316 L wire, 3:15 mm dia) 
60 

mm fill •inww 
• M i l l - M - K I I M l MCI ' M MM 

Fig 7 : Interaction effect of wire feed rate and welding speed on 
dilution in submerged arc surfacing (316 L wire, 3:15 mm dia) 
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