
PREDICTION	AND	OPTIMIZATION	OF	WELD	BEAD	GEOMETRY	IN	GAS	METAL	ARC	
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ABSTRACT	

Weld	 surfacing	 is	a	method	of	producing	 surfaces	which	have	good	corrosion	resistant	properties	by	 source	of	depositing/	
laying	of	stainless	steel	on	low	carbon	steel	components	with	an	ability	of	gaining	maximum	economy	and	enhanced	life.	Thus	
study	undertaken	was	to	show	off	the	effect	of	given	parameter	process	in	mechanized	GMAW	process	on	different	parameters	
of	 cladding.	Therefore	an	experimental	 technique	bead	on	plate	has	been	used,	which	 includes	 taking	of	a	 single	beads	of	
stainless	steel	using	solid	filler	wire	of	dia.1.2mm	on		8	mm	thick	low	carbon	steel	using	various	welding	conditions	,	as	per	the	
our	design	matrix.	To	give	up	a	perfect	result	in	experimentation	a	statistical	software	Design	expert	9.3.0	was	used	to	carry	
out	 the	model	 tests	 (using	 ANOVA)	 and	 the	 effects	 of	 different	 parameters	 investigated	was	 represented	 in	 the	 form	 of	
response	 surfaces	 and	 contour	 graphs.	 The	 finding	 of	 this	 study	would	 be	 beneficial	 in	 enriching	 the	 data	 bases	 for	 the	
pressure	vessel	industry,	chemical	industry,	petroleum	and	hydrogen	storage	industry	where	surfacing	having	a	very	vital	role.	

Keywords‐	MIG	Welding	process,	RSM,	ANOVA,	Parameter	optimization	process,	304	Steel,	Bead	Penetration.	

1. INTRODUCTION	

1.1.	 Introduction‐	 Modern	 industrial	 products	 which	
have	contributed	to	the	prosperity	of	mankind,	owe	their	
development	 and	 efficient	 performance	 to	 welding,	
which	 is	 now	 the	 universally	 accepted	 method	 of	
permanently	 joining	 metals	 and	 producing	 monolithic	
structures	efficiently	and	economically.	Steels	by	far	are	
the	most	widely	used	and	welded	materials,	chiefly,	due	
to	 the	 realness	 that	 they	 can	 be	 manufactured	
comparatively	 inexpensively	 in	 large	 amounts	 to	 very	
exact	 stipulation	 and	 have	 an	 encompassing	 range	 of	
mechanical	properties.	

1.2.	Surfacing	or	Coating‐	 	 	 	Metal	 surfacing	 refers	 to	
process	 of	 depositing	 a	 metal	 on	 the	 surface	 of	 base	
metal	 either	 to	 meet	 the	 dimensional	 requirements	
(reclaiming	of	worn	out	parts)	components	or	to	impart	
certain	 surface	 properties	 such	 as	 immunity	 to	 wear,	
impact,	 or	 corroding	 .	 The	main	 aim	behind	 both	 these	
situations	is	to	save	money	and	material	by	cutting	costs	
and	reducing	the	consumption	of	expensive	metals.		

Review	of	 available	published	 literature	on	any	 specific	
topic	of	research	is	the	first	valuable	step	to	be	taken	to	
get	 an	 idea	 about	 the	 present	 status	 of	 that	 particular	
topic.	To	get	familiarity	with	the	established	methods	&	
procedures	 of	 conducting	work,	 to	 avoid	 duplication	 of	
work	 &	 wastage	 of	 precious	 time,	 this	 stage	 of	
investigation	must	be	carried	out	as	comprehensively	as	
possible.	

In	 this	 chapter,	 an	 effort	 has	 been	 made	 to	 present	 a	
review	of	the	available	&	relevant	information	related	to	
the	different	aspects	of	 the	 investigation	covered	 in	 the	

present	 dissertation	 work.	 The	 literature	 survey	 is	
carried	on	the	following	topics.	
1. Austenitic	stainless	steel.	
2. Weld	cladding	by	GMAW	of	austenitic	stainless	steel.	
3. Optimization	using	RSM.	

Mechanical	&	metallurgical	studies	of	the	Weldment.	Due	
to	 this	 fact,	 the	 effect	 of	major	micro	 alloying	 elements	
on	 the	 microstructure	 &	 mechanical	 properties	 of	 the	
weld	 &	 HAZ	 has	 been	 the	 subject	 of	 interest	 for	 many	
researchers.	A	brief	review	of	their	work	is	given	below:	

Properties	 of	ASS	 clad	 layer	 is	 of	 prime	 importance	 for	
the	 fabrication	 of	 equipments,	 M.R.EI‐	 Hebeary	 &	 J.	
Rittinger,	 1988	 had	 worked	 on	 the	 factors	 affecting	
toughness	 of	 austenitic	 stainless	 steel	 clad	 layer.	 The	
experiments	 were	 carried	 out	 to	 study	 the	 effect	 of	
welding	 variables	 on	 both	 weld	 bead	 geometry	 &	
chemistry.	 The	 test	 results	 revealed	 that	 the	 clad	 layer	
solidification	pattern,	chemical	&	phase	composition	can	
secure	 its	 freedom	 from	 solidification	 cracking.	 The	
embrittlement	 of	 the	 clad	 layer	 may	 be	 overcome	 by	
decreasing	 the	 PWHT	 temperature	 which	 affects	 the	
ferrite	content	&	morphology	through	segregation	of	the	
alloying	 elements	 &	 thus	 improving	 the	 solidification	
conditions.	

MIG	 cladding	 procedure	 is	 advantageous	 when	 only	 a	
small	surface	of	any	material	is	to	be	cladded,	where	the	
SAW	becomes	uneconomical.	

In	 1988,	 D.K.	 Gautam	 &/M.	 Breazu	 [11]	 detailed	 &	
analyzed	 the	 effect	 of	 weld	 parameters	 like	 welding	
current,	voltage,	welding	speed	&	pulse	frequency	on	the	
bead	geometry.	He	suggested	 that	 for	MIG	cladding,	 the	
best	results	can	be	achieved	by	using	pulse	arc	at	 lower	
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frequency	 (25Hz).	 The	 conventional	welding	 procedure	
should	be	 avoided	when	 single	 layer	 technique	 is	 used.	
For	 special	 cases	 of	 cladding,	 when	 there	 is	 a	
requirement	 for	 higher	 content	 of	 Cr	 &	 Ni	 in	 the	 weld	
deposit,	 a	 wire	 with	 at	 least	 30%	 more	 content	 is	 not	
available,	 thus	 the	 buffer	 layer	 technique	 should	 be	
applied.	

Richard	E.	Avery	&	David	Parsons	[12],	1995	had	worked	
on	 the	 practical	 application	 of	 cladding	 of	 ASS	 to	 the	
cryogenic	 vessels.	 He	 used	 ASS	 with	 9%	 Ni	 for	 weld	
cladding	of	storage	vessels	&	equipments&	observed	that	
mechanical	 properties	 of	 ASS	 can	 be	 maintained	 to	 a	
temperature	 of	 ‐3200	 F	 or	 above	 without	 the	
deterioration	of	mechanical	properties	&	no	tendency	for	
crack	to	propagate	&	no	significant	corrosion.	His	results	
suggest	 that	 toughness	was	not	 expected	 to	deteriorate	
below	 code	 minimums	 after	 much	 longer	 service	 life	
than	 20	 years.	 The	 application	 of	 various	 welding	
processes	 for	 cladding	 using	 Duplex	 stainless	 steel	 has	
been	studied	in	detail	above.	

The	most	 common	 problem	 in	 ASS	 cladding	 is	 that	 the	
weld	 cladding	 cracks	 during	 bend	 test	 &	 first	 layer	 of	
weld	 cladding	 is	 found	 to	 consist	 of	 marten	 site.	 The	
other	problem	encountered	is	the	solidification	cracking	
is	the	centre	line	cracking.	Both	these	problems	relate	to	
excessive	dilution	of	weld	cladding	by	the	substrate.	

In	1996,	Damien	 J.	 kotecki	 [13]	worked	on	 the	welding	
procedure	 that	 limits	 the	 dilution	 &	 provided	 the	 ASS	
cladding,	 containing	 small	 amount	 of	 ferrite	 for	 crack	
resistance	 in	 a	 single	 layer	 over	 mild	 steel.	 The	 other	
major	 problem	 associated	 with	 these	 steels	 is	 their	
susceptibility	 to	 inter	 granular	 corrosion	 (IGC)	 due	 to	
sensitization.	

N.	Parvaha	V.	Arthin	[14],	had	given	detailed	information	
&	 showed	 that	 when	 ASS	 are	 extensively	 heated	 or	
slowly	cooled	in	the	temperature	range	of	1123	K	to	723	
K,	Cr	rich	carbides	precipitates	along	boundary,	 leading	
to	Cr	depletion	 in	 the	 vicinity	of	 grain	boundary.	When	
sensitized	 ASS	 was	 exposed	 to	 the	 corrosive	
environment,	Cr	depletion	zones	leads	to	IGC.	

K.	 Luska	 [15],	 2005	 studied	 the	 influence	 of	 weld	
imperfections	 on	 short	 circuit	 GMAW	 are	 stability.	 He	
studied	that	the	Monitoring	of	welding	process	can	play	
important	 role	 in	 on‐line	 quality	 control	 of	 the	 GMA	
welding	process.	Two	signals,	momentary	arc	power	and	
momentary	arc	resistance	were	included	in	the	analysis	
and	 the	 results	 of	 analysis	 were	 compared	 with	 the	
results	 of	 statistic	 analysis	 of	 welding	 current	 and	
welding	voltage.	 Sensitivity	of	mean	value	and	variance	
of	 signals	 to	 artificial	 disturbances	 of	 welding	 arc	 was	
tested.	The	result	 showed	that	 it	was	possible	 to	detect	
imperfections	 related	 to	 phenomena	 that	 take	 place	 in	
welding	arc	and	affect	 the	gas	shield	of	 the	welding	arc	
or	the	length	of	wire	extension.	

Mr.	se.	Stefanija	karlic	prof.	Dr.	 ivan	samardizic	 in	2008	
by	 using	 RSM	 technique	 ,	 MAG	 process	 with	
experimental	 analysis	 method	 of	 values	 of	 weld	 bead	
width		gives		us	idea	that	the	influence	of	the	two	effects	
heat	input	and	gas	flow	on	the	values	of	the	bed.		

Hyoung	 Jin	 park,Sehun	 ,Phee	 and	Mun	 jin	 karg	 in	 2009	
used	RSM	technique	with	Ac	pulse	MIG	welding	process	
having	various	parameters	such	as	en	ratio,	gap	birding,	
Intermetallic	 compound	 layer,	 direct	 current	 electrode	
positive&	negative	having	experimental	analysis	gives	us	
idea	 that	 EN	 ratio	 increased	 the	 decomposition	 rate	
increased	and	heat	applied	to	the	base		metal	decreased.		

Again	in	year	2009	MR.	Ajeet	Hooda,	Ashwni	and	Satpal	
Sharma	 used	 RSM	 with	 MIG	 welding	 process	 applying	
various	 experimental	 analysis	 method	 along	 various	
parameters	 such	 as	 EN	 ratio,	 gas	 flow	 rate,	 speed	 to	
predict	 Maximum	 yield	 strength	 in	 AISI	 1040	 of	 both	
transverse	 and	 longitudinal	 at	 optimum	 values	 of	
process	 variables,	 the	 longitudinal	 yield	 strength	 is	
greater	than	the	transverse	yield	strength.	

In	present	work,	RSM	 is	 applied	 to	determine	 (1)under	
DOE	 he	 find	 that	 the	 value	 of	 depth	 of	 penetration	
increased	by	increasing	the	value	of	welding	current	and	
grain	boundaries	of	the	microstructure	are	varied,	When	
the	 welding	 	 	 parameters	 	 	 are	 changed.	 (2)ANOVA	
method	 he	 found	 that	 Orthogonal	 array	 gives	 a	 set	 of	
well	balanced	(minimum)	experiments.	

2. EXPERINENTAL	SETUP	AND	METHODOLOGY	

2.1.	Methodology	

To	 achieve	 the	 following	 objectives	 RSM	 methodology	
has	 been	 selected.	 This	 is	 relatively	 a	 new	 technique,	
used	 for	 carrying	 out	 the	 design	 of	 experiments,	 the	
analysis	 of	 variance,	 and	 the	 empirical	 modeling.	 The	
RSM	criterion	was	developed	to	select	design	points	in	a	
way	 that	 minimizes	 the	 variance	 associated	 with	 the	
estimates	of	specified	model	coefficients.		In	a	sense	this	
method	is	more	useful	than	central	composite	design	(a	
conventional	 response	 surface	 method)	 method	 that	 it	
demands	 smaller	 number	 of	 experiments	 to	 be	
conducted	 and	 also	 it	 can	 tackle	 categorical	 factors	
included	 in	 the	 design	 of	 experiments.	 Basic	 steps	 for	
achieving	the	desire	objectives	are:	

 Data	Collection:	 	According	to	design	matrix	based	
on	 RSM	 design	 matrix,	 The	 experiments	 will	 be	
conducted	 on	 mild	 steel	 plate	 using	 304	 stainless	
steel	electrodes.		

 Empirical	 Modeling:	 Development	 of	 empirical	
model	 (relationship	between	GMAW	responses	 and	
the	GMAW	parameters)	using	regression	analysis.		

 Test	 for	adequacy	of	develop	model:	 Checking	of	
model	 significance,	 model	 terms	 significance	 using	
ANOVA	analysis.	This	empirical	model	will	helpful	in	
optimal	selection	of	GMAW	parameters.	

2.2 Optimization	of	GMAW	Parameters	

Design	 of	 experiments	 approach,	 by	 using	 RSM	
technique	 was	 found	 to	 the	 best	 suitable	 optimization	
technique	for	present	work	as	satisfied	by	the	literature	
survey.	I	have	taken	four	numeric	factors	such	as	nozzle	
plate	 distance,	 open	 circuit	 voltage,	 welding	 speed	 and	
wire	 feed	 rate	 being	 identified	 for	 my	 present	 work.	
Based	upon	the	problem	formulated	or	discussed	above	
the	following	objectives	were	formulated	
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1. Parametric	 optimization	 of	 bead	 geometry	
parameters,	Bead	Penetration	

2.3.	Materials	and	equipment’s	used	

2.3.1	Base	material	

Mild	steel	plates	of	8	mm	thickness	of	size	300x	100x	10	
mm	which	were	cut	from	the	flats	using	power	hacksaw	

after	 that	 each	 blocks	 being	 used	 as	 the	 substrate	
material	for	cladding.	

2.3.2	Filler	wire	

The	austenitic	stainless	steel	solid	wire	of	the	type	304	of	
diameter	1.2	mm	is	being	used	in	the	present	work.	The	
physical	and	chemical	properties	of	the	ASS	type	304	are	
as	follows:	

	

Table	2.1	chemical	composition	of	the	solid	wire	304	

	

2.3.3	Shielding	gas	

The	 shielding	 gas	 used	 in	 this	 investigation	 was	
industrially	pure	Argon.		The	shielding	gas	pressure	was	
kept	 constant	 and	 maintained	 at	 22Lt/min	 for	 each	
experimental	run.	

2.3.4	Power	source	

Welding	 were	 carried	 out	 in	 a	 systematic	 and	
mechanized	way	by	using	model	power	wave‐	355	from	
Lincoln	electric	co.,	with	a	constant	voltage,	by	applying	
the	power	source	having	variation	of	wire	feed	rate	and	
ocv	in	steps	of	0.05	m/min	and	0.1v	respectively.	

2.4.1	 Identification,	 selection	 &	 establishment	 of	
ranges	of	parameters	

The	whole	set	up	contains	identification	of	the	important	
variables	 that	 having	 a	 heavy	 influence	 on	 this	 weld	
quality.		The	variables	such	as	ocv,	wire	feed	rate,	nozzle	
plate	 distance	 and	 welding	 speed	 which	 will	 affect	 the	
weld	 bead	 dimensions	 being	 identified	 &	 selected.		
Various	 initial	 trial	 runs	 being	 carried	 out	 in	 order	 to	
find	the	operating	range	of	this	process	variables	THIS	is	
the	following	table	,	which	was	is	being		comes	out	of	the	
trial	runs,	shows	the	range	of	the	process	parameters	at	

two	 level	higher	and	 lower	 levels	as	per	 the	demand	of	
requirement	of	design	matrix	

Table	2.4	process	parameters	varied	at	two	levels	

Input	parameters units	 low(‐)	 High(+)

Nozzle	 to	 plate	
distance(N)	

mm	 6	 14

Open	 circuit	
voltage(V)	

volts	 15	 27

Welding	speed(s) Cm/min	 20	 40

Wire	feed	rate(f) m/min	 4	 12

	
3. RESULTS	AND	DISCUSSION	

T	he	complete	result	of	the	30	experiments	performed	as	
per	 the	 experimental	 plan	 are	 shown	 in	 Table	 3	 along	
with	 run	 order	 selected	 at	 random.	 These	 results	were	
input	 into	 the	 Design	 expert	 9.3.0	 software	 for	 further	
analysis.	 After	 the	 examination	 of	 it	 summary,	 output	
revealed	 that	 the	 quadratic	 model	 significant	 for	
responses	 and	 therefore	 it	 will	 be	 used	 for	 further	
analysis.
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DESIGN	MATRIX	FOR	RESPONSE	(PENETRATION)	Table	3

	

3.1	ANOVA	 analysis	 	 	 As	 mentioned	 above	 ANOVA	 is	
commonly	used	 to	perform	 test	 for	 significance	 	 	of	 the	
regression	 model,	 test	 for	 significance	 on	 individual	
model	 	 coefficients	 and	 test	 for	 lack	 –of‐	 fit	model.This	
analysis	was	carried	out	for	significance	level	of	α	=0.05,	
i.e.	for	confidence	level	of	95%.	ANOVA	test	for	response	
surface	 quadratic	 model	 for	 surface	 roughness	 is	
summarized	 in	 Table	 4.	 Table	 4	 shows	 the	 value	 of	
“prob.>F”	 for	 model	 is	 0.0001	 which	 is	 less	 than	 0.05,	
that	indicates	that	model	is	significant,	which	is	desirable	
as	 it	 indicates	 that	 the	 terms	 in	 the	 model	 have	 a	
significant	 effect	 on	 the	 response.	 In	 the	 same	manner.	
The	 value	 of	 “prob.>F”	 for	 lack‐of‐fit	 for	main	 effect	 of	
nozzle	 to	 plate	 distance,	 open	 circuit	 voltage,wire	 feed	
rate	and	two	level	interaction	of	NPD	and	OCV	,npd	and	
wire	feed	rate,	ocv	and	wire	feed	rate	are	less	than	0.05	
so	these	terms	are	significant	model	terms.	other	model	
terms	can	be	said	to	be	not	significant.	These	mode	term	
can	 be	 removed	 and	 may	 result	 in	 an	 improved	
model.The	 value	 of	 “prob.>F”	 for	 lack	 ‐of‐	 fit	 is	 0.3617,	
which	is	greater	than	0.05	which	indicates	that	lack	of	fit	
is	still	insignificant.	

Table	4:	ANOVA	for	Response	Surface	Quadratic	
model	for	penetration	

	
Sum	of

	
Mean	 F	 p‐value

	

Source Squares df Square	 Value	 Prob	>	F
	

Model 2.22 14 0.16	 30.27	 <	0.0001 significant

A‐NPD 1.04 1 1.04	 197.68	 <	0.0001
	

B‐OCV 0.31 1 0.31	 58.31	 <	0.0001
	

C‐welding	speed 0.19 1 0.19	 35.35	 <	0.0001
	

D‐wire	feed	rate 0.30 1 0.30	 57.45	 <	0.0001
	

AB 0.028 1 0.028	 5.35	 0.0354
	

AC 0.033 1 0.033	 6.35	 0.0236
	

AD 0.033 1 0.033	 6.35	 0.0236
	

BC 1.806E‐003 1 1.806E‐003	 0.34	 0.5662
	

BD 7.656E‐003 1 7.656E‐003	 1.46	 0.2458
	

CD 3.306E‐003 1 3.306E‐003	 0.63	 0.4397
	

A^2 0.25 1 0.25	 46.86	 <	0.0001
	

B^2 0.011 1 0.011	 2.03	 0.1751
	

C^2 0.015 1 0.015	 2.87	 0.1109
	

D^2 0.011 1 0.011	 2.16	 0.1626
	

Residual 0.079 15 5.248E‐003	
	 	 	

Lack	of	Fit 0.058 10 5.839E‐003	 1.44	 0.3617 not	significant

Pure	Error 0.020 5 4.067E‐003	
	 	 	

Cor	Total 2.30 29
	 	 	 	

	 	
Factor	1	 Factor	2	 Factor	3	 Factor	4	 Response	1

Std	 Run	 A:NPD	 B:OCV	 C:welding	speed	 D:wire	 feed	
rate	

penetration	

	 	
mm	 volts	 cm/min	 m/min	

	

20	 1	 10.00	 33.00	 30.00	 9.00	 1.37

15	 2	 6.00	 27.00	 40.00	 12.00	 1.36

24	 3	 10.00	 21.00	 30.00	 15.00	 1.55

7	 4	 6.00	 27.00	 40.00	 6.00	 1.26

9	 5	 6.00	 15.00	 20.00	 12.00	 1.28

1	 6	 6.00	 15.00	 20.00	 6.00	 1.19

30	 7	 10.00	 21.00	 30.00	 9.00	 1.19

14	 8	 14.00	 15.00	 40.00	 12.00	 0.72

18	 9	 18.00	 21.00	 30.00	 9.00	 0.41

19	 10	 10.00	 9.00	 30.00	 9.00	 0.85

17	 11	 2.00	 21.00	 30.00	 9.00	 1.21

13	 12	 6.00	 15.00	 40.00	 12.00	 1.24

4	 13	 14.00	 27.00	 20.00	 6.00	 0.98

21	 14	 10.00	 21.00	 10.00	 9.00	 1.34

29	 15	 10.00	 21.00	 30.00	 9.00	 1.21

27	 16	 10.00	 21.00	 30.00	 9.00	 1.23

2	 17	 14.00	 15.00	 20.00	 6.00	 0.79

3	 18	 6.00	 27.00	 20.00	 6.00	 1.3	

5	 19	 6.00	 15.00	 40.00	 6.00	 1.2	

12	 20	 14.00	 27.00	 20.00	 12.00	 1.2	

10	 21	 14.00	 15.00	 20.00	 12.00	 0.96

23	 22	 10.00	 21.00	 30.00	 3.00	 0.99

25	 23	 10.00	 21.00	 30.00	 9.00	 1.25

22	 24	 10.00	 21.00	 50.00	 9.00	 0.85

16	 25	 14.00	 27.00	 40.00	 12.00	 1.16

28	 26	 10.00	 21.00	 30.00	 9.00	 1.21

8	 27	 14.00	 27.00	 40.00	 6.00	 0.71

26	 28	 10.00	 21.00	 30.00	 9.00	 1.07

6	 29	 14.00	 15.00	 40.00	 6.00	 0.41

11	 30	 6.00	 27.00	 20.00	 12.00	 1.49
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Table	5	

ANOVA	for	Response	Surface	Reduced	Quadratic	model

Analysis	of	variance	table	[Partial	sum	of	squares	‐ Type	
III]	

	
Sum	of	

	
Mean	 F	

p‐
value	 	

Source	 Squares	 df	 Square	 Value	
Prob	>	
F	 	

Model	 2.19	 9	 0.24	 42.65	
<	

0.0001	
Significant

A‐NPD	 1.04	 1	 1.04	 181.96	
<	

0.0001	 	

B‐OCV	 0.31	 1	 0.31	 53.67	
<	

0.0001	 	

C‐welding	
speed	

0.19	 1	 0.19	 32.53	
<	

0.0001	 	

D‐wire	feed	
rate	

0.30	 1	 0.30	 52.88	
<	

0.0001	 	

AB	 0.028	 1	 0.028	 4.92	 0.0383	

AC	 0.033	 1	 0.033	 5.84	 0.0253	

AD	 0.033	 1	 0.033	 5.84	 0.0253	

A^2	 0.23	 1	 0.23	 39.78	
<	

0.0001	 	

D^2	 0.019	 1	 0.019	 3.30	 0.0845	

Residual	 0.11	 20	 5.702E‐
003	 	 	 	

Lack	of	Fit	 0.094	 15	
6.247E‐
003	

1.54	 0.3347	
not	

significant

Pure	Error	 0.020	 5	
4.067E‐
003	 	 	 	

Cor	Total	 2.30	 29	
	 	 	

The	 5	 represents	 the	 ANOVA	 table	 for	 the	 reduced	
quadratic	 model	 surface	 roughness	 by	 selecting	 the	
backward	elimination	procedure	to	automatically	reduce	
the	 terms	 that	 are	 not	 significant.	 Table	 5	 shows	 	 That	
the	 model	 is	 still	 significant	 after	 the	 backward	
elimination.		However	,	main	effect	of	npd,	ocv,	wire	feed	
rate	and	 two	 level	 interaction	of	npd	 	and	 	oc,,npd	 	and	
wire	 feed	 rate	 and	 second	 ‐order	 effect	 of	 npd	 and	 ocv	
are	 the	 significant	 model	 terms.	 The	 main	 effect	 of	
welding	speed	and	second	order	effect	of	welding	speed	
are	 added	 to	 support	 hierarchy.	 The	 results	 show	 that	
the	npd	 	 is	 the	most	dominating	 	 factor	associated	with	
surface	roughness	and	main	effect	of	ocv	and	wire	 feed	
rate	 	 provides	 secondary	 contribution	 to	 the	 surface	

roughness.	 The	 value	 of	 “prob.>F”	 for	 lack	 –of‐	 fit	 is	
0.3347,	which	 is	 greater	 than	0.05	which	 indicates	 that	
lack	of	fit	is	still	insignificant.	

Table	6	

Std.	Dev. 0.076 R‐Squared	 0.9505

Mean 1.10 Adj	R‐Squared	 0.9282

C.V.	% 6.87 Pred	R‐Squared	 0.8870

PRESS 0.26 Adeq	Precision	 25.232

The	R2	value	which	is	the	measure	of	proportion	of	total	
variability	 explained	 by	 the	 mode,	 is	 equal	 to	 9505	 or	
close	 to	 1which	 is	 desirable	 .The	 adjusted	 R2	 value	 is	
equal	 to	9282	 	 it	 is	particularly	useful	when	comparing	
models	 with	 different	 numbers	 of	 terms.	 The	 result	
shows	that	the	adjusted	R	value	is	value	is	very	close	to	
ordinary	 R2	 value	 Adequate	 precision	 value	 is	 equal	 to	
25.23	which	 is	a	 ratio	of	 signal	 to	noise.	A	ratio	greater	
than	 4	 is	 desirable	 which	 indicates	 adequate	 model	
discrimination.	 Adequate	 precision	 value	 compares	 the	
range	 of	 predicted	 values	 at	 the	 design	 points	 to	 the	
average	prediction	error.	The	final	regression	model	for	
surface	 roughness	 in	 terms	 of	 coded	 factor	 is	
represented	 in	 equation	 (1)	 and	 The	 final	 empirical	
models	 in	 terms	 of	 actual	 factors	 are	 given	 in	 equation	
(2)	for	penetration	is	given	below.	

Equation	 (1)	 Final	 Equation	 in	 Terms	 of	 Coded	
Factors	for	

	=	 +1.15‐0.21×A	 +0.11	 ×B	̶	 0.088	 ×C	
+0.11×D	 +0.042×	 AB	̶	 	 	 0.046×	 AC	 +	 0.046×	 AD		̶			
0.089×A2	+	0.026	×	D2	

Equation	 (2)	 Final	 Equation	 in	 Terms	 of	 Actual	
Factor	For		

penetration	 	 =	 +1.24192	 +	 0.023001	 ×	 	 NPD	
+1.37153E	̶	 	 003×	 OCV	 +	 2.61458E	̶	 003	 ×	Welding	
speed			̶	0.052066	×	wire	feed	rate	+	1.74479E		̶	003	×	
NPD	×	OCV		̶	1.14062E	̶			003	×	NPD	×	Wire	feed	rate	+	
3.80208E	̶	003	×	NPD	×	Wire	 feed	rate	 	̶	 	5.58105E	×	
NPD2		+	2.85590E	×	wire	feed	rate2	

3.2	Optimization	of	coating	condition	

In	 the	 present	 study,	 the	 aim	 was	 to	 find	 the	 optimal	
values	 of	 coating	 condition	 parameters	 in	 order	 to	
minimize	 the	 value	 of	 surface	 roughness	 Ra	 during	 the	
coating	 process.	 The	 optimal	 solutions	 are	 reported	 in	
Table7.	

Table	7	

	

3.3	Confirmation	experiments	
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Statistically	 developed	 mathematical	 model	 for	 Ra	 ,	 is	
given	by	equation	was	already	validated	through	F‐tests	
and	 lack	 –	 of‐	 	 fit	 test.	 Fitted	 model	 found	 to	 be	
significant,	 and	 their	 lack	 of	 fit	 is	 insignificant.	 The	
coefficient	of	variation	(R2)	for	model	was	0.9505,	which	
indicates	the	model;	ability	for	making	predictions.	This	
conclusion	 is	 further	 supported	 through	 the	
confirmation	runs.	A	set	of	three	confirmation	runs	been	
performed	 to	 verify	 the	 prediction	 ability	 of	 the	
developed	 surface	 roughness	 model.	 The	 details	 of	 the	
confirmation	are	given	in	Table	8.	The	percentage	error	
between	the	experimental	and	the	predicted	values	of	Ra	
is	 found	 to	be	 less	 than	5%.	 In	 the	other	words,	 all	 the	
experimental	 values	 within	 95%	 prediction	 interval,	
which	 clearly	 demonstrates	 the	 accuracy	 of	 the	models	
developed	in	the	study.	

Table	8	

	
Coefficient	

	
Standard 95%	CI	 95%	CI

	

Factor	 Estimate	 df	Error	 Low	 High	 VIF

Intercept	 1.19	 1	 0.030	 1.13	 1.26	
	

A‐NPD	 ‐0.21	 1	 0.015	 ‐0.24	 ‐0.18	 1.00

B‐OCV	 0.11	 1	 0.015	 0.081	 0.14	 1.00

C‐welding	
speed	

‐0.088	 1	 0.015	 ‐0.12	 ‐0.056	 1.00

D‐wire	 feed	
rate	

0.11	 1	 0.015	 0.081	 0.14	 1.00

AB	 0.042	 1	 0.018	 3.272E‐
003	

0.080	 1.00

AC	 ‐0.046	 1	 0.018	 ‐0.084	 ‐7.022E‐
003	

1.00

AD	 0.046	 1	 0.018	 7.022E‐
003	

0.084	 1.00

BC	 0.011	 1	 0.018	 ‐0.028	 0.049	 1.00

BD	 0.022	 1	 0.018	 ‐0.017	 0.060	 1.00

CD	 0.014	 1	 0.018	 ‐0.024	 0.053	 1.00

A^2	 ‐0.095	 1	 0.014	 ‐0.12	 ‐0.065	 1.05

B^2	 ‐0.020	 1	 0.014	 ‐0.049	 9.796E‐
003	

1.05

C^2	 ‐0.023	 1	 0.014	 ‐0.053	 6.046E‐
003	

1.05

D^2	 0.020	 1	 0.014	
‐9.171E‐
003	

0.050	 1.05
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4. CONCLUSION	

The	following	conclusions	are	as	follows:	

1. With	increase	in	wire	fed	rate,	depth	of	penetration	
will	increase.	

2. When	fire	feed	rate	increases,	its	weld	bead	rate	also	
increases.	In	open	circuit	voltage	and	nozzle	to	plate	
distance	but	decreases	in	welding	speed.	

3. A	 five	 level	 four	 factor	 full	 factorial	 design	 matrix	
based	 on	 the	 central	 composite	 rotatable	 design	
technique	 can	 be	 used	 for	 the	 development	 of	
mathematical	models	to	predict.	

4. Out	 of	 the	 four	 process	 variables	 considered	 wire	
feed	 rate	 was	 the	 most	 significant	 and	 influential	
factor	having	the	positive	effect.	

5. The	value	of	“prob.>F”	for	main	effect	NPD,	Welding	
speed,	 OCV	 and	 	Wire	 feed	 rate	 	 penetration	 were	
found	 	 to	 be	 less	 than	 	 0.05,	 which	 indicate	 their	
significant	effect	on	surface	roughness.	
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