
ABSTRACT	

Metal	inert	gas	welding	(MIG)	is	also	known	as	gas	metal	arc	welding	(GMAW).	GMAW	(Gas	Metal	Arc	Welding)	is	a	Welding	
process	used	a	variety	of	materials	Ferrous	and	Non‐Ferrous.	In	the	Gas	Shielded	Arc	welding	both	the	arc	and	molten	metal	
are	shielded	from	the	atmosphere	by	a	stream	of	gas.	In	this	experiment,	welding	was	performed	on	mild	steel	and	the	welding	
parameters	like	nozzle	to	plate	distance	(NPD),	Open	circuit	voltage	(OCV),	Welding	speed,	Wire	feed	rate	were	controlled	to	
achieve	maximum	bead	width.	For	this,	we	used	response	surface	methodology	(RSM)	with	central	composite	design	(CCRD)	
on	the	design	software	Design	Expert.	After	ANOVA	analysis,	we	 found	that	bead	width	 increases	with	the	 increase	 in	NPD,	
OCV	&	Wire	feed	rate	while	it	decreases	with	increase	in	welding	speed.	Maximum	bead	width	is	5.3mm	at	NPD	of	18mm,	OCV	
of	21V,	Welding	speed	of	30cm/min,	Wire	feed	rate	of	9m/min.	
															
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	
metal	 metals	 and	 producing	 monolithic	 structures	
efficiently	 and	 economically.	 Steels	 by	 far	 are	 the	most	
widely	used	and	welded	materials,	primarily,	due	to	the	
fact	that	they	can	be	manufactured	relatively	cheaply	in	
large	 quantities	 to	 very	 precise	 specifications	 and	 have	
an	extensive	range	of	mechanical	properties.	

Weld	surfacing	 is	 increasingly	employed	to	enhance	the	
life	&	to	reduce	the	cost	of	engineering	components.	Gas	
metal	 arc	 welding	 (GMAW)	 cladding	 is	 extensively	
employed	 in	 its	 automatic	 mode	 to	 obtain	 the	 good	
quality	 stainless	 steel	 cladding.	 Cladding	 is	 popularly	
employed	to	increase	corrosion	resistance,	resistance	to	
high	 temperature	 etc.	 at	 the	 surface	 of	 a	 component	 in	
order	 to	 enhance	 its	 life	 and	 to	 reduce	 its	 cost	 by	
depositing	a	suitable	filler	material.	

	
1.1	Metal	Inert	Gas	(MIG)	Process	

In	 Gas	 Metal	 Arc	 Welding	 (MIG),	 also	 known	 as	 Metal	
Inert	 Gas	 (MIG)	 welding,	 an	 electric	 arc	 is	 established	
between	 the	 workpiece	 and	 a	 consumable	 bare	 wire	
electrode.	The	arc	continuously	melts	the	wire	as	it	is	fed	
to	the	weld	puddle.	The	weld	metal	is	shielded	from	the	
atmosphere	by	a	flow	of	an	inert	gas,	or	gas	mixture.	The	
Figure	 1	 shows	 this	 process	 and	 a	 portion	 the	welding	
torch.		

	

Figure	1:	MIG	welding	setup	

The	 MIG	 welding	 process	 operates	 on	 D.C.	 (direct	
current)	usually	with	the	wire	electrode	positive.	This	is	
known	as	 ‘reverse’	polarity.	 ‘Straight’	polarity	 is	seldom	
used	because	of	poor	transfer	of	molten	metal	 from	the	
wire	electrode	to	the	work	piece.	Welding	currents	of	50	
A	 to	 600	 amperes	 are	 commonly	 used	 at	 welding	
voltages	 of	 15V	 to	 32	 V.	 A	 stable,	 self	 correcting	 arc	 is	
obtained	by	using	the	constant	potential	(voltage)	power	
system	 and	 a	 constant	 wire	 feed	 speed.	 A	 constant	
voltage,	DC	 power	 source	 is	most	 commonly	 used	with	
MIG,	but	constant	current	systems,	as	well	as	AC,	can	be	
used.	There	are	four	primary	methods	of	metal	transfer	
in	 MIG,	 called	 globular,	 short‐circuiting,	 spray,	 and	
pulsed‐spray,	 each	of	which	has	distinct	properties	and	
corresponding	advantages	and	limitations.	

1.2	MIG	Variables	

After	 having	 selected	 the	 wire	 and	 gas	 for	 the	 weld,	
operation	condition	must	be	chosen.	The	four	important	
parameters	 are	 the	 nozzle	 to	 plate	 distance,	 wire	 feed	
rate,	 welding	 voltage	 and	 welding	 speed.	 These	
parameters	will	affect	 the	weld	characteristic	 to	a	great	
extent.	Because	 these	 factors	can	be	varied	over	a	 large	
range,	they	can	be	considered	the	primary	adjustment	in	
any	welding	operation.		

1.3	Welding	Voltage	(V)	

It	 should	 be	 re‐emphasized	 that	 the	 voltage	 setting	
directly	 controls	 the	 arc	 length.	 In	 addition,	 a	 certain	
range	 is	 required	 to	maintain	 arc	 stability	 at	 any	 given	
welding	current	level.		

1.4	Nozzle	to	plate	distance	(NDP)	

Nozzle	 to	 plate	 distance	 (NPD)	 is	 also	 important	 in	
controlling	 the	 bead	 shape	 and	 quality.	 If	 NPD	 is	 too	
short,	the	gas	nozzle	is	damaged	due	to	excessive	heating	
but	 if	 NPD	 too	 long,	 the	 shielding	 gas	 efficiency	 is	
affected	 along	with	 the	 chances	 of	 extinguishing	 of	 arc	
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increases.	 Normally	 nozzle	 to	 plate	 distance	 should	 be	
approx	 1	 to	 1.5	 the	 inner	 diameter	 of	 the	 nozzle	 being	
used.		

1.5	Welding	speed	(S)	

The	welding	speed	is	the	linear	rate	that	the	arc	moving	
along	the	work	piece.	Parameter	is	usually	expressed	as	
inches	 or	meters	 per	minute.	 Three	 general	 statements	
can	be	made	regarding	the	arc	travel	speed:	

 As	 the	material	 thickness	 increases,	 the	 travel	speed	
must	be	lowered.	
 For	a	given	material	thickness	and	joint	design,	as	the	

welding	 current	 is	 increased,	 so	 is	 the	 travel	 speed.	
The	converse	is	also	true.	

 Higher	 welding	 speeds	 are	 attainable	 by	 using	 the	
forehand	welding	technique.	

1.6	Wire	feed	rate	

Wire	feed	rate	is	the	speed	at	which	the	wire	electrode	is	
feed	 through	welding	gun.	 It	 is	generally	 set	by	manual	
depends	 upon	 the	 quality	 and	 the	 types	 on	 plate	metal	
structure.	It	is	seen	that	at	the	same	welding	speed,	wire	
feed	 speed	 increase	 bead	 becomes	wider	 and	 the	 bead	
cross	 section	 area	 will	 be	 increase.	 When	 wire	 feed	
speed	 increase	 then	 penetration	 changes	 from	
incomplete	 penetration	 to	 excessive	 melting.	 Another	
fact	is	that	when	maximizing	the	objective	function	value	
the	wire	feed	speed	will	be	optimize	at	welding	speed	of	
0.5m/min,	1.	min.	and	0m/	1.5m/min	

2. RESEARCH	GAP	AND	OBJECTIVE	
	
1. The	 properties	 of	 the	 cladding	 is	 the	 significantly	

influenced	 by	 dilution	 obtained.	 Hence,	 control	 of	
dilution	 is	 important	 in	 cladding	 where	 a	 low	
dilution	 is	 highly	 desirable.	 When	 dilution	 is	 quite	
low,	 the	 final	 deposit	 composition	will	 be	 closer	 to	
that	of	 filler	material	 and	hence	 corrosion	 resistant	
properties	of	cladding	will	be	greatly	improved.		

2. Researchers	have	attempted	 to	optimize	dilution	 in	
stainless	steel	cladding	using	GMAW	process.	While	
doing	 so,	 it	 was	 found	 that	 the	 optimum	 dilution	
conditions	are	achieved	at	lower	wire	feed	rate	and	
lower	 welding	 speed,	 which	 affects	 the	 deposition	
rate	of	the	process,	thus	decreasing	the	productivity	
of	 this	 process	 if	 it	 is	 to	 be	 used	 for	 surfacing	
operations.	

3. High	deposition	rate	 in	 this	process	 is	desirable	 for	
cladding	operations	but	it	has	been	established	that	
deposition	 rate	 is	 achieved	 with	 a	 combination	 of	
parameters.		

Based	 upon	 the	 problem	 formulated	 as	 discussed	
above,	the	following	objectives	were	formulated:	

1.	 To	 develop	 the	 empirical	 model	 between	 GMAW	
Parameters	(Wire	feed	rate,	open	circuit	voltage,	welding	
speed	 and	 NPD)	 and	 responses	 (weld	 bead	 geometry	
parameters	 and	dilution)	during	 surfacing	 of	mild	 steel	
plate	with	304	stainless	steel	electrode.	

2.	 To	 find	 out	 the	 optimum	welding	 conditions	 for	 low	
dilution	using	D‐optimal	design.		

3. METHODOLOGY	

To	 achieve	 the	 following	 objectives	 D‐optimal	
methodology	has	been	selected.	The	D‐optimal	method	is	
relatively	 a	 new	 technique,	 related	 to	 response	 surface	
methodology,	 used	 for	 carrying	 out	 the	 design	 of	
experiments,	 the	analysis	of	variance,	and	the	empirical	
modeling.	 The	 D‐optimal	 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	D‐optimal	design	matrix,	The	experiments	will	be	
conducted	 on	 mild	 steel	 plate	 using	 304	 stainless	
steel	electrodes.		

 Empirical	 Modelling:	 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.	

 Optimization	of	GMAW	Parameters:	Analysis	and	
selection	 of	 optimal	 GMAW	 parameters	 for	 a	 low	
dilution	rate.		

4. EXPERIMENTATION	

4.1	Introduction	

This	 chapter	 discusses	 the	 detailed	 experimentation	
including	 the	 base	 material,	 consumables	 and	 the	
equipment	used	for	the	present	work.	

4.2	Materials	and	equipments	

4.2.1	Base	material	

Mild	steel	plates	of	10	mm	thickness	and	having	size	of	
300x100x10	 mm.	 which	 were	 cut	 from	 the	 flats	 using	
power	hacksaw.		

4.2.2	Filler	wire		

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

Table:	4.1	Chemical	composition	of	solid	filler	wire	
AISI	304	
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Table:	4.2	physical	property	of	the	solid	wire	AISI	
304	

	

4.2.3	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.	

4.2.4	Power	source	

Welding	 was	 carried	 out	 in	 the	 SPM	 (special	 purpose	
machining)	 with	 linear	 manipulator	 robotic	 welding	
machine	 (Badve	 Engg.	 Pvt.	 Ltd.	 Uttrakhand),	 with	
constant	voltage	system.		

4.3	Experimental	set	up	

The	welding	set	up	and	the	power	sources	are	shown	in	
the	fig.	In	this	figure	the	complete	experimental	setup	is	
shown.	

	

Fig:	4.1	Experimental	set	up	

A:	Filler	wire	spool,	B:	Gas	controller	unit,	C:	Linear	
welding	manipulator,	D:	Welding	torch	E:	Programming	
unit,	F:	Fixture,	G:	Work	plate,	H:	Work	table,	I:	Manual	

control	unit	

4.3.1	Experimental	Details	

To	 gain	 an	 overall	 knowledge	 about	 reliability	 of	
austenitic	 stainless	 steel	 cladded	 plates	 it	 was	 found	
imperative	to	investigate	the	following	aspects.	

1. Identification,	selection	&	establishment	of	range	of	
parameters.	

2. To	find	out	optimum	welding	condition	for	welding	
current,	 weld	 bead	 geometry,	 dilution,	 depth	 of	
penetration	and	cladding	index	using	RSM.	

3. Evaluation	of	properties	of	claddings.	

4.3.2	 Identification,	 Selection	 &	 Establishment	 of	
ranges	of	parameters.	

This	 step	 included	 identification	 of	 the	 important	
welding	 variables	 that	 have	 a	 strong	 influence	 of	 the	
weld	 quality.	 The	 independently	 controllable	 variables	
such	 as	 open	 circuit	 voltage,	 wire	 feed	 rate,	 welding	
travel	 speed,	 nozzle	 to	 plate	 distance,	 which	 affect	 the	
weld	bead	dimensions	were	identified	&	selected.	Initial	
trial	 runs	 were	 carried	 out	 in	 order	 to	 establish	 the	
operating	range	of	 these	process	variables.	These	 levels	
were	selected	such	that	they	could	result	in	beads,	which	
were	 free	 from	 various	 visual	 defects	 like	 macro	
cracking;	 non‐uniform	 ripples	 on	 the	 bead,	 excessive	
convexity	 and	 spatter,	 surface	 porosity,	 geometrical	
inconsistency	etc.	

The	 following	 table,	which	was	 the	outcome	of	 the	 trial	
run,	 shows	 the	 range	 of	 the	 process	 parameters	 at	 five	
levels	as	per	the	requirements	of	the	design	matrix.	

Table:	4.3	Process	parameters	varied	at	five	levels	
	

	

	
	

4.3.3	Final	runs	

Bead	 on	 plate	 experimentation	 technique	was	 used	 for	
the	 final	 runs.	 Total	 30	 experimental	 runs	 were	 made	
using	 the	 stipulated	 conditions	 as	 shown	 in	 the	 “Table	
6.4”.	

4.3.4	Weld	bead	geometry	studies	

Specimens	 of	 20	 mm	 width	 (to	 facilitate	 of	 the	 pieces	
while	 polishing)	 were	 cut	 out	 from	 the	 centre	 of	 the	
plates	 as	 shown	 in	 the	 figure	 with	 the	 help	 of	 power	
hacksaw.	 It	 is	 in	 a	 direction	 perpendicular	 to	 the	 weld	
axis.	 The	 specimens	 were	 ground	 using	 a	 surface	
grinder.	 Thereafter	 the	 cross	 section	 of	 the	 weld	 bead	
profiles	 were	 polished	 using	 buffing	 process	 with	 the	
help	of	different	 type	of	buffing	wheel.	This	 is	useful	 in	
viewing	 the	 bead	 profiles.	 Then	 these	 profiles	 were	
traced	 with	 the	 help	 of	 profile	 projector	 to	 a	
magnification	 of	 10	 xs.	 The	weld	width	 (W)	 is	 checked	
out	 with	 the	 help	 of	 different	 type	 of	 measuring	
instrument.		
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Table:	4.4	Experimental	runs	

STD	 RUN	 NPD	 OCV	
WELDING	
SPEED	

WIRE	 FEED	
RATE	

BEAD	
WIDTH	

3	 1	 6	 27	 20	 6	 4.43

25	 2	 10	 21	 30	 9	 4.23

20	 3	 10	 33	 30	 9	 4.5	

11	 4	 6	 27	 20	 12	 4.45

16	 5	 14	 27	 40	 12	 4.86

28	 6	 10	 21	 30	 9	 4.39

14	 7	 14	 15	 40	 12	 4.58

15	 8	 6	 27	 40	 12	 4.21

9	 9	 6	 15	 20	 12	 3.83

29	 10	 10	 21	 30	 9	 4.39

19	 11	 10	 9	 30	 9	 3.24

12	 12	 14	 27	 20	 12	 4.98

8	 13	 14	 27	 40	 6	 4.61

17	 14	 2	 21	 30	 9	 3.77

6	 15	 14	 15	 40	 6	 3.37

24	 16	 10	 21	 30	 15	 4.74

23	 17	 10	 21	 30	 3	 3.95

5	 18	 6	 15	 40	 6	 2.96

22	 19	 10	 21	 50	 9	 3.75

13	 20	 6	 15	 40	 12	 3.31

7	 21	 6	 27	 40	 6	 4.12

4	 22	 14	 27	 20	 6	 4.61

10	 23	 14	 15	 20	 12	 4.78

30	 24	 10	 21	 30	 9	 4.24

27	 25	 10	 21	 30	 9	 4.22

21	 26	 10	 21	 10	 9	 4.65

1	 27	 6	 15	 20	 6	 3.66

26	 28	 10	 21	 30	 9	 4.35

18	 29	 18	 21	 30	 9	 5.3	

2	 30	 14	 15	 20	 6	 4.55

And	the	reinforcement	heights	(R)	were	measured	by	the	
help	of	digital	vernier	caliper	(L.C.	of	0.01mm)	and	Depth	
gauge.		The	measured	values	of	the	responses	were	used	
to	calculate	and	evaluate	the	models.	The	responses	of	all	
the	experiments	are	recorded	in	table.	

	

The	mathematical	models	developed	for	these	responses	
are	 mentioned	 in	 the	 next	 chapter	 on	 Design	 of	
Experiments.	 In	 the	 figure	 we	 can	 see	 that	 first	 one	 is	
showing	 the	 beat	 of	 the	 welding	 created	 by	 the	
experiments	 in	 total	 number	 of	 the	 thirty	 beats.	
Approximately	30mm	distance	 is	 cover	up	between	 the	
two	beats	after	experimental	run	is	over	it	is	further	cut	
out	each	beat	with	the	help	of	the	parting	wheel	with	the	
help	of	grinding	m/c.	and	after	that	it	is	further	send	for	
the	process	of	buffing,	the	main	purpose	of	buffing	is	to	
be	 achieve	 the	 mirror	 like	 surface	 it	 is	 helpful	 in	 the	
categorized	 the	 mild	 steel	 and	 the	 stainless	 steel	 and	
easy	 for	 the	 measuring	 the	 responses	 like	 depth	 of	
penetration,	 area	 of	 penetration	 and	 the	 area	 of	 the	
dilution	 with	 the	 help	 of	 some	 of	 the	 instruments	 it	 is	
given	below;	

 Digital	vernier	caliper	
 Depth	gauge	
 Trace	paper		

	
5. DESIGN	OF	EXPERIMENTS	

5.1	Introduction	

The	 use	 of	 robotic	&	 automatic	welding	 system	 for	 the	
fabrication	 industries	 has	 helped	 in	 improving	
productivity,	 quality	 &	 tackled	 such	 problems	 as	
shortage	 of	 skilled	welders	 &	 stringent	 health	 &	 safety	
requirement.	To	make	effective	use	of	such	system,	 it	 is	
essential	to	select	the	welding	procedures	&	parameters	
that	would	ensure	an	adequate	weld	bead	quality.	A	high	
quality	weld	 can	 be	 obtained	 once	 the	 various	welding	
variables	 are	 in	 proper	 balance.	 To	 find	 the	 desired	
balance,	the	combined	effect	of	different	variables	on	the	
weld	 bead	 dimensions	 must	 be	 determined	 &	 the	 best	
combination	of	the	high	level	of	the	variables	be	selected	
that	 ensures	 the	 high	 quality	 weld.	 Therefore,	 it	 is	
necessary	to	predict	the	combined	effect	of	these	process	
variables	on	 the	 resulting	weld	bead	geometry	&	shape	
relation	in	one	way	or	the	other,	as	these	dimensions	in	
addition	 to	 the	 type	 of	 micro	 structure	 of	 the	 weld	
determine	stress	carrying	capacity	of	the	weld	joint.	

Mathematical	modeling	 that	 can	be	applied	 in	 a	 variety	
of	field	for	investigations	was	adopted	to	accomplish	the	
aim	of	predicting	 the	 effect	 of	welding	 variables	on	 the	
weld	 bead	 geometry	 dimensions	 because	 through	 this	
method	 the	 research	 becomes	more	 economical,	 fast	 &	
versatile.	 The	 statistical	 technique	 of	 central	 composite	
rot	 able	 design	 has	 been	 employed	 to	 conduct	 the	
experiments	 on	 the	 basis	 on	 which	 such	 mathematical	
models	or	equations	could	be	developed.	The	developed	
mathematical	models	 or	 equations	 in	which	 the	 data	 is	
represented	 can	 be	 programmed	 and	 fed	 to	 the	
computer	 to	 develop	 the	 expert	 welding	 systems.	 The	
design	 of	 experiments,	 the	 procedures	 for	 developing	
mathematical	models	for	weld	bead	geometry	prediction	
and	 the	 procedures	 for	 testing	 the	 significance	 of	
coefficient	and	adequacies	of	such	mathematical	models	
are	covered	in	this	chapter.	After	testing	the	adequacies	
of	the	models	and	dropping	the	insignificant	coefficients,	
the	 final	 mathematical	 models	 were	 used	 to	 show	
graphically	 the	 relationship	 between	 the	 welding	
variables	 and	 the	 weld	 bead	 dimensions.	 Finally,	 the	
optimized	 welding	 parameters	 were	 obtained	 using	
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RSM,	 which	 were	 used	 to	 achieve	 good	 quality	 weld	
claddings.	

5.2	Design	of	experiment	

Experimental	design	is	an	important	tool.	In	which	it	add	
the	 experiments	 design	 and	 it	 is,	 helpful	 in	 the	
complexities	 of	 technical	 investigation.	 This	 is	 an	
organized	approach	to	the	collection	of	information.	The	
design	 experiment	 is	 the	 procedure	 of	 selecting	 the	
number	 of	 trials	 and	 conditions	 for	 running	 them,	
essential	and	sufficient	for	solving	the	problem	that	has	
been	set	with	the	required	precision.	

Among	 the	 various	 research	 techniques	 the	 general	
quantitative	approach	is	taken	in	used.	This	is	based	on	a	
more	 sound	 logic.	 Than	 others	 were	 selected	 for	
designing	 the	 experiments.	 One	 of	 the	 important	
statically	technique	that	have	been	recommended	for	the	
design	of	 experiments	 in	 the	 engineering	 investigations	
is	 a	 method	 known	 as	 factorial	 technique	 of	 designing	
the	 experiments.	 This	 technique	 is	 the	 one	 that	 is	
selected	for	experiments	in	the	present	work.	

The	 concepts	 related	 to	 this	 technique	 are	 explained	
below:	

5.3	Terminology	

5.3.1	Factor	

One	 of	 the	 independent	 variables	 that	 can	 be	 set	 to	 a	
desired	 value	 is	 called	 a	 factor.	 Factors	 are	 under	 the	
direct	 control	 of	 the	 experimenter	 during	 the	
experimental	 run.	 There	 are	 quantitative	 factors	 that	
have	 numerical	 values	 and	 qualitative	 factors	 like	
electrode	polarity	or	the	type	of	speed	and	shielding	gas.	

5.3.2	Level	

It	 is	 the	 numerical	 value	 or	 qualitative	 future	 of	 each	
factor.	The	level	of	a	factor	is	its	value	or	setting	during	
the	experimental	run.	

5.3.3	Treatment	

The	 specific	 combination	 of	 the	 level,	 one	 from	 each	
factor,	which	tested,	is	termed	as	combination.	

5.3.4	Response	

It	is	the	numerical	result	of	an	observation	made	with	a	
particular	 treatment	 combination.	 In	 our	 experimental	
work	response	is	taken	as	the	bead	width.	

5.4	Central	composite	rotatable	design	

Cochran	 and	 Cox	 have	 developed	 the	 new	 designs,	
specifically	for	fitting	the	second	order	response	surfaces	
called	 central	 composite	 rotatable	 designs	 which	 are	
constructed	 by	 adding	 further	 treatment	 combinations	
to	 those	obtained	 from	a	2k	 factorial.	The	 total	number	
of	 treatments	 combinations	 is	 reduced	 significantly	 by	
employing	 these	 designs.	 Central	 composite	 rotatable	
designs	for	any	number	k	or	X‐	variables	can	be	built	up	
from	the	following	three	components:	

1. The	points	that	constitute	the	2k	factorial.	

2. The	 extra	 2k	 point	 to	 from	 a	 central	 composite	
design	with	α.	The	value	of	α	must	be	2k/4	in	order	to	
make	the	design	rotatable.	These	are	called	the	star	
point.	With	5	X‐variables,	the	size	of	the	experiment	
is	 reduced	 by	 using	 a	 half	 replicate	 in	 the	 2k‐1	
factorial.	With	 the	 half	 replicate	α	 becomes	 2	 (k‐1)/4,	
the	additional	factor	combinations	introduced	by	the	
extra	 2k	 points	 are	 formed	 by	 keeping	 one	 of	 the	
factor	at	–	α	level	while	keeping	the	remaining	of	the	
factor	at	0	level	and	again	keeping	that	factor	at	+	α	
level	while	keeping	the	rest	of	the	factor	at	the	same	
0	level	till	all	the	factors	have	been	designed	–	α	and	
+	α.	

3. By	 rotatable	 design,	 we	 mean	 that	 the	 standard	
error	of	 the	estimated	response	at	any	point	on	the	
fitted	surface	is	the	same	for	all	points	that	are	at	the	
same	 distance	 from	 the	 centre	 of	 the	 region.	 As	
mentioned	the	value	of	α	must	be	selected	properly	
to	make	the	design	rotatable.	

4. All	 factors	are	at	their	0	 level	on	these	points.	Once	
the	 operating	 ranges	 of	 the	 factor	 are	 established,	
the	upper	and	the	lower	limits	are	coded	as	+2	and	‐
2	level	respectively.	The	ranges	from	+2	and	‐2	level	
are	 divided	 into	 four	 equal	 parts	 forming	 the	
intermediate	level	of	‐1	,	0	,	+1	with	0	level	being	the	
centre	point.	This	as	done	to	facilitate	the	formation	
of	 the	 design	 matrix	 which	 shows	 the	 different	
combinations	 of	 the	 factors	 according	 to	which	 the	
experimental	run	are	to	be	carried	out	randomly	to	
avoided	systematic	errors.	

5.5	Factor	and	their	level	

	

The	various	factor	and	their	levels	are	given	in	the	
table:	5.1	

5.6	Development	of	design	matrix	

Design	 matrix	 was	 developed	 for	 four	 variable	 factors,	
which	 were	 taken	 into	 account	 for	 bead	 geometry	
prediction.	 The	 various	 input	 variables	 and	 the	
responses	 taken	 for	 these	 experimental	 studies	 are	 as	
follow:	

5.6.1	Input	variables	

 Nozzle	to	plate	distance	[NPD]	N	
 Welding	speed	[S]	
 Open	circuit	voltage	[V]		
 Wire	feed	rate	[F]	

5.6.2	Input	constants	

 Base	plate	thickness	=	[300x100x10]mm	
 Torch	angle	=	90*	
 Shielding	gas	=	99.9%	pure	Argon	
 Shielding	gas	flow	rate	=	22Lt/min.	
 Welding	position	=	flat	
 Welding	mode	=	Automatically	
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5.6.3	Response	parameters	

 Bead	width	(W)	

5.6.4	For	four	[4]	factor	[F=4]	

The	 total	 number	 of	 factor	 is	 taken	 as	 F=4.	 So	 total	
number	 of	 run	 is	 created	 by	 the	 2F	 stations	 is	 sixteen.	
Next	 eight	 runs	 is	 created	 by	 2F	 is	 17	 to	 24.	 From	 run	
number	 25	 to	 30	 is	 create	 by	 the	 center	 point.	 And	 so	
because	there	are	30	number	of	run	is	to	be	required	for	
the	 trial	 of	 design	 [CCRD]	 the	 corresponding	 levels	
factors	of	accordance	is	to	be	taken	as	[‐2,	‐1,	0,	+1,	+2.].	
One	estimated	value	of	A0	for	the	average	influence	of	all	
the	 parameter	 is	 provided	by	 design	 for	 four	 [4]	 factor	
i.e.	 A1,	 A2,	 A3,	 A4	 are	 the	 estimated	 for	main	 effects,	 A11,	
A22,	A33,	 A44	 are	 the	 four	 effects	 for	quadratic	 effect	 and	
A12,	A13,…….A34		are	the	effects	for	two	factor	interaction.	X0	
which	has	for	calculation	of	A0	is	a	virtual	variable.	

5.6.5	Expeditions	of	the	mathematical	models	

Mathematical	 model	 gives	 an	 account	 of	 the	
acknowledgement	 to	 the	 rate	 of	 the	 standard	 one	 or	
large	response	 is	an	essential	aid	 in	the	 investigation	of	
the	 results	 from	 an	 investigated	 design	 models.	 There	
are	 a	 lot	 of	 experts	 gives	 opinion	 that	 the	 quadratic	
relations	 is	mostly	 sufficient	 and	 so	 because	maximum	
number	 of	 layer	 design	 in	 above	 literature	 review	 are	
taken	as	quadratic	equation.	

And	 hence,	 these	 are	 second‐degree	 polynomial	
consanguinity	 the	 reaction	 or	 the	 variables	 is	 to	 be	
simulated.	

R=A0+∑ ∑ ∑ 	

J=2,	****************,	k	

Here,	

R‐	 Response	 variable	 e.g.	 bead	 height,	 bead	 width,	
dilution	etc.	

	Zi,	 Zj‐	 Independent	 factor	as	 like	wire	 feed	 rate,	nozzle	
to	plate	distance	gas	flow	rate	etc.	

A0,	Ai,	Aii,	Aj,	Aij	–	Regression	coefficient.	

K‐	Factor	number	

The	 equation	may	 be	 explained	 for	 the	 Four	 [4]	 factor	
variables	as	given	below:	

R	 =	 A0	 	 +	 A1Z1	 +	 A2Z2	 +	 A3Z3	 +	 A4Z4	 +	 A11Z12	 +	
********************	+	A34Z3Z4	

A	model	may	be	expressed	in	the	notation	of	the	matrix	
as:	

R	=	AZ	+	€	

Where	

R	=	Response.					

€	=	Error.	

6. RESULTS	AND	DISCUSSION	

Introduction:		

From	 the	 last	 chapter,	 we	 discussed	 about	 the	
experiment	 performed,	 observations	 taken	 and	 design	
matrix.	With	 the	help	of	design	software,	design	expert,	
we	 got	 the	 design	matrix	 for	 our	 response	 bead	width.	
Design	 matrix	 provides	 us	 the	 ANOVA	 table	 which	
indicates	 the	 significance	 of	 the	model	 In	 ANOVA	 table	
some	terms	are	significant	and	some	are	non‐significant.	
Terms	which	has	P‐value	(probability	>F)	less	than	0.05	
are	 significant	 terms	 for	 the	 response	 and	 terms	which	
has	P‐	value	>0.1	are	non	significant	terms	which	are	not	
suited	 for	 the	model.	 In	 the	model,	 lack	of	 fit	 should	be	
non‐significant.	Our	 experimental	 study	was	performed	
at	 the	 95%	confidence	 level.	 The	 regression	 analysis	 of	
variance	is	shown	below‐	

ANOVA	for	the	response	of	bead	width	(manual)	

Table	‐	ANOVA	for	bead	width	

Response‐‐	Bead	width	

ANOVA	for	Response	Surface	Quadratic	model

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

Squares Mean	 F	 p‐value

Source Squares df Square	 Value	 Prob	>	F

Model 8.514178 14 0.608156	 34.27409	 <0.0001 significant

	A‐NPD 2.961038 1 2.961038	 166.8765	 <0.0001

	B‐OCV 2.502604 1 2.502604	 141.0403	 <0.0001

C‐
welding	
s.	 1.071038	 1	 1.071038	 60.36092	 <0.0001	 		

	D‐wire	
feed	
rate	 0.759704	 1	 0.759704	 42.81498	 <0.0001	 		

	AB 0.174306 1 0.174306	 9.823453	 0.006823

	AC 0.004556 1 0.004556	 0.256779	 0.619709

	AD 0.127806 1 0.127806	 7.202832	 0.017002

	BC 0.232806 1 0.232806	 13.12036	 0.002509

	BD 0.094556 1 0.094556	 5.328947	 0.035637

	CD 0.077006 1 0.077006	 4.339874	 0.054753

	A^2 0.076503 1 0.076503	 4.311494	 0.055458

	B^2 0.352953 1 0.352953	 19.89151	 0.000458

	C^2 0.026253 1 0.026253	 1.479534	 0.242642

	D^2 0.000774 1 0.000774	 0.043627	 0.83736

Residual 0.266158 15 0.017744	 		

Lack	 of	
Fit	 0.232625	 10	 0.023263	 3.468564	 0.091129	

not	
significant	

Pure	
Error	 0.033533	 5	 0.006707	 		 		 		
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Cor	
Total	 8.780337	 29	 		 		 		 		

	

Std.	Dev.	 0.133206	 R‐Squared	 0.969687

Mean	 4.234333	 Adj	R‐Squared	 0.941395

C.V.	%	 3.14586	
Pred	 R‐
Squared	 0.841896	

PRESS	 1.388208	 Adeq	Precision	 25.07759

	

From	 the	 ANOVA	 table	 shown	 below,	 we	 found	 that	
interaction	of	nozzle	to	plate	distance	and	welding	speed	
(AC),	 quadratic	 term	 of	 factor	 welding	 speed	 (C2),	
quadratic	 term	 of	 wire	 feed	 rate	 (D2)	 were	 non‐
significant.	 Lack	 of	 fit	 was	 found	 non‐significant	 which	
was	 good	 for	 our	 model.	 Then,	 we	 applied	 backward	
elimination	to	eliminate	non‐significant	term.		

Final	equation	in	terms	of	coded	factor	

Bead	width	=	+4.30	+0.35*A+0.32*	B	‐0.21	*	C+	0.18*	D	‐
0.10	 *	 AB	 +	 0.017	 *AC	 +0.089	 *AD	 +0.112	 *	 BC	 ‐0.077	
*BD	 +	 0.069	 *CD	 +	 0.053	 *A2	 ‐0.11	 *	 B2	 ‐0.031	 *C2	
+5.313E‐003	*D2	

Final	equation	in	terms	of	actual	factors:	

Bead	width	=	+2.07219	+0.033437	*	NPD+0.20778	*OCV	
‐0.069813	 *	welding	 speed	–	5.48611E‐003	 *	wire	 feed	
rate	 –	 4.34896E‐003*	 NPD	 *	 OCV+	 4.21875E‐004	
*NPD*welding	 speed	+	7.44792E‐003*	NPD	 *	wire	 feed	
rate	+	2.01042E‐003	*	OCV	*	welding	speed	‐4.27083E‐
003	 *	 OCV	 *	 wire	 feed	 rate	 +2.31250E‐003	 *	 welding	
speed	*	wire	feed	rate+	3.30078E‐003	*NPD2	‐3.15104E‐
003*	 OCV2‐3.09375E‐004	 *welding	 speed2	 +	 5.90278E‐
004*	wire	feed	rate2		

The	equation	in	terms	of	coded	factors	exhibits	that	the	
equation	 is	 quadratic	 which	 is	 used	 to	 predict	 the	
response	 that	 is	 bead	 width	 in	 our	 case	 where	 higher	
level	of	factor	is	coded	as	+1	And	lower	level	of	factor	is	
coded	 as	 ‐1.the	 coded	 equation	 is	 useful	 for	 identifying	
the	 relative	 impact	 of	 each	 factor	 by	 comparing	 the	
factor	coefficient.	

ANOVA	 for	 the	 response	 of	 bead	 width	 with	
backward	elimination	

	

	

	

	

	

	

	

	

Table	‐	ANOVA	response	surface	quadratic	model	

Response‐‐	Bead	width	

Backward	Elimination	Regression	with	Alpha	to	Exit	=	0.100

Forced	Terms‐Intersept	

Removed	 F‐value	
p‐
value	

R‐
Squared	 MSE	

		

		

		 		
Prob	
>	F	 		 		

D^2 0.043627 0.837 0.969687	 0.017744	

AC 0.273103 0.608 0.969599	 0.016683	

C^2 1.761473 0.202 0.96908	 0.01597	

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 8.480717 11 0.770974	 46.31724	 <0.0001 significant

	A‐NPD 2.961038 1 2.961038	 177.888	 <0.0001

	B‐OCV 2.502604 1 2.502604	 150.3471	 <0.0001

	C‐
welding	
speed	 1.071038	 1	 1.071038	 64.34391	 <0.0001	 		

	D‐wire	
feed	rate	 0.759704	 1	 0.759704	 45.64017	 <0.0001	 		

	AB 0.174306 1 0.174306	 10.47166	 0.004585

	AD 0.127806 1 0.127806	 7.678119	 0.012596

	BC 0.232806 1 0.232806	 13.98612	 0.0015

	BD 0.094556 1 0.094556	 5.680584	 0.028377

	CD 0.077006 1 0.077006	 4.626246	 0.045319

	A^2 0.089252 1 0.089252	 5.361899	 0.032583

	B^2 0.345646 1 0.345646	 20.76511	 0.000244

Residual 0.299619 18 0.016646	 		

Lack	 of	
Fit	 0.266086	 13	 0.020468	 3.051911	 0.112629	

not	
significant	

Pure	
Error	 0.033533	 5	 0.006707	 		 		 		

Cor	Total 8.780337 29 		

	

Std.	
Dev.	 0.129017	

R‐
Squared	 0.965876	

Std.	
Dev.	 0.129017	

Mean	 4.234333	
Adj	 R‐
Squared	 0.945023	 Mean	 4.234333	

C.V.	
%	 3.046938	

Pred	 R‐
Squared	 0.873548	

C.V.	
%	 3.046938	

PRES
S	 1.110287	

Adeq	
Precision	 28.50553	

PRES
S	 1.110287	
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After	 elimination	we	 found	 that	 From	 the	ANOVA	 table	
shown	 that	 interaction	 of	 nozzle	 to	 plate	 distance	 and	
welding	 speed	 (AC),	 quadratic	 term	 of	 factor	 welding	
speed	 (C2),	 quadratic	 term	 of	 wire	 feed	 rate	 (D2)	 were	
removed	 from	 the	 table	 with	 the	 help	 of	 backward	
elimination	 regression	 method.	 	 The	 value	 of	 pre‐	 R‐
Squared	and	Adj	R‐Squared	is	greater	than	0.8	and	their	
difference	 is	 less	 than	 0.2	which	 is	 good	 for	 fitting	 the	
modal.	Adeq	Precision	ratio	should	be	greater	than	4	and	
our	 value	 is	 28.506	 that	 are	 good.	 The	 value	 of	 pre‐	 R‐
Squared	and	Adj	R‐Squared	is	greater	than	0.8	and	their	
difference	 is	 less	 than	 0.2	which	 is	 good	 for	 fitting	 the	
modal.	Adeq	Precision	ratio	should	be	greater	than	4	and	
our	 value	 is	28.506	 that	 are	 good.	 It	 is	 helpful	 to	 know	
about	 the	 standard	 division	 of	 the	 work	 and	 the	mean	
value	 as	 well	 as	 in	 the	 press	 of	 the	 work.	 It	 can	 be	
suitable	to	know	about	the	ad	equation	precision	of	the	
work.	As	the	lack	of	fit	value	is	0.1126	in	our	case	which	
shows	it	is	not	significant	and	non‐significant	lack	of	fit	is	
good	 for	 our	 model.	 As	 the	 lack	 of	 fit	 F‐	 value	 is	 3.05	
which	 is	not	significant	and	non‐significant	 lack	of	 fit	 is	
again	good.	

Final	equation	in	terms	of	coded	factors:	

Bead	width	=	4.28	+	0.35	*	A	+	0.32	*	B	–	0.21	*	C	+	0.18	*	
D	–	0.10	*	AB	+	0.09	*	AD	+	0.12	*	BC	–	0.077	*	BD	+	0.09	
*	CD	+	0.056	*	A2	–	0.11*	B2.	

Final	equation	in	terms	of	actual	factors:	

Bead	width=	2.20988	+	0.042090	*	NPD	+	0.20404	*	OCV	
‐	0.084156	*	welding	speed	+5.13889E	–	003	*	wire	feed	
rate	 –	 4.34896E	 ‐003	 *	NPD	 *	OCV	+	7.44792E	–	 003	 *	
NPD	*	wire	feed	rate	+	2.010428	–	003	*	OCV	*	welding	
speed	 –	 4.27083E	 –	 003	 *	 OCV	 *	 wire	 feed	 rate	 +	
2.31250E	 –	 003	 *	 welding	 speed	 *	 wire	 feed	 rate	 +	
3.50098E	–	003	*	NPD2	–	3.06207E	–	003	*	OCV2.	

The	equation	in	terms	of	coded	factors	exhibits	that	the	
equation	 is	 quadratic	 which	 is	 used	 to	 predict	 the	
response	 that	 is	 bead	 width	 in	 our	 case	 where	 higher	
level	of	factor	is	coded	as	+1	And	lower	level	of	factor	is	
coded	 as	 ‐1.the	 coded	 equation	 is	 useful	 for	 identifying	
the	 relative	 impact	 of	 each	 factor	 by	 comparing	 the	
factor	coefficient.	

ANOVA	analysis	for	bead	width:	

There	 are	 different	 types	 of	 plots	 are	 shown	 which	
represents	 the	 comparability	 study	 of	 our	 input	
parameters	and	the	response	of	 the	experimental	work.	
By	 the	help	of	 this	we	 can	easily	 study	 the	 solutions	of	
this	experimental	work.	

	

Figure:	Normal	plot	of	residuals	for	bead	width	

Normal	 probability	 plot	 describes	 us	 whether	 the	
residual	 follows	 the	 normal	 distribution	 or	 not.	 In	 our	
case,	plot	indicates	straight	line	except	some	points	lays	
outside	around	straight	line	thus	it	shows	that	errors	are	
distributed	normally.	

	

Figure:	plot	of	residual	v/s	predicted	

The	graph	which	is	shown	above	indicates	that	value	of	
bead	 width	 is	 scattered	 that	 is	 point	 are	 distributed	
randomly	 around	 the	 zero	 level	 which	 is	 essential	
qualification	 for	 a	 good	 model.	 Thus,	 it	 fulfills	 the	
requirements	and	fit	s	the	model.	

	

Figure:	Predicted	v/s	Actual	plot	for	bead	width	

It	is	the	plot	that	indicates	how	well	the	predicted	values	
match	 with	 the	 actual	 one.	 The	 data	 points	 should	 be	
distributed	 evenly	 around	 the	 45°	 line.	 And	 the	 figure	
shows	that	it	is	correct	in	our	case.	

	

Figure:	Box‐Cox	Plot	for	power	transform	for	bead	width	

It	provides	the	guidelines	for	power	transformation	and	
the	 value	 of	 λ	 is	 good	 in	 our	 case	which	 gives	 us	 95%	
confidence	level	which	is	best	suited	for	our	modal.	
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Effect	of	welding	parameters	on	 the	 response	Bead	
Width	:	

We	 employed	 response	 surface	 methodology	 to	 study	
the	 effect	 of	 welding	 parameters	 –	 NPD	 (nozzle	 plate	
distance),	OCV(open	circuit	voltage),	welding	speed,	wire	
feed	 rate	 in	 MIG	 welding	 on	 mild	 steel	 plate	 for	 the	
response	of	Bead	Width	.	

Effect	of	NPD	on	bead	width	
	
From	 the	 graph	 shown	 below,	 we	 found	 that	 the	 bead	
width	 increases	 linearly	 with	 respect	 to	 the	 nozzle	 to	
plate	 distance	 as	 the	 NPD	 increase,	 arc	 length	 increase	
which	results	in	wider	bead.	
	

	

Figure:	one	factor	plot	of	bead	width	v/s	NPD	

Effect	of	OCV	on	bead	width	:	

From	the	graph,	it	 is	also	seen	that	bead	width	increase	
with	 the	 increase	 in	 open	 circuit	 voltage.	 In	 our	 case,	
ranges	of	constant	factors	are‐	

NPD	=	10mm	

welding	speed	=	30	mm/min	

and	wire	feed	rate	=	9	m/min		

We	can	see	in	the	graph,	bead	width	increases	with	open	
circuit	 voltage	 (OCV)	 at	 the	 bottom	 level	 of	 point	
3.85mm	 to	 the	 top	 level	 of	 the	 point	 4.5mm.	 Graph	 is	
shown	below‐	

	

Figure:	bead	width	plot	relative	to	OCV	&	NPD	

Effect	of	Wire	feed	rate	on	bead	width:	

From	the	graph	shown	below,	we	found	that	bead	width	
increase	with	wire	feed	rate	and	the	value	of	bead	width	

ranges	 from	minimum	value	of	2.96	 to	maximum	value	
of	5.3	for	the	wire	feed	rate	of	range		6‐12	m/min.	

	

Figure:		plot	of	bead	width	v/s	wire	feed	rate	

Effect	of	welding	speed	on	bead	width:	

From	 the	 graph,	 it	 is	 found	 that	 when	 we	 increase	
welding	speed,	bead	width	decrease.	In	our	case,	for	the	
welding	speed	range	of	20‐40cm/min,	bead	width	comes	
out	to	be	2.96	to	5.3mm.		

	

Figure:	plot	of	bead	width	v/s	welding	speed	

Interaction	effect	of	input	parameters:	

1. Interaction	effect	of	NPD	&	OCV	on	bead	width:	

From	the	graph	A	&	B,	we	found	that	when	open	circuit	
voltage	(OCV)	and	nozzle	plate	distance	 increases,	bead	
with	 increases	 with	 respect	 to	 both	 of	 them.	 For	 this,	
constant	design	values	are	–	welding	speed=30cm/min,	
wire	feed	rate=9m/min.		

	
Figure:	plot	of	Interaction	effect	of	NPD	&	OCV	

	
2. Interaction	effect	of	NPD	&	wire	feed	rate:	
From	the	plot,	we	found	that	when	NPD	(nozzle	to	plate	
distance)	 increase	and	wire	 feed	rate	 increases.	Both	of	

International Journal of Research, Science, Technology & Management
         ISSN Online: 2455-2240, Volume 19 Issue 1,April 2020

IJ
RS
TM



the	 factors	 contribute	 to	 increase	 bead	width.	 For	 this,	
the	 constant	 design	 values	 are	 –	 OCV=31V,	 welding	
speed=	30cm/min.		
	

	
Figure:	Interaction	plot	of	NPD	&	wire	feed	rate	

	
3. Interaction	effect	of	wire	feed	rate	and	NPD:	
From	 the	 graph	we	 found	 that	when	OCV	 (open	 circuit	
voltage)	increases	and	welding	speed	rate	also	increases.	
Both	of	 these	factors	contribute	to	 increase	bead	width.	
For	 this,	 constant	 design	 values	 are‐	 NPD=10mm,	 wire	
feed	rate	=	9m/min.		

	
Figure:	Interaction	plot	of	OCV	&	welding	speed	

	
4. Interaction	effect	of	OCV	&	welding	speed:	
As	 shown	 in	 the	 plot	 below	we	 found	 that	 as	 the	 open	
circuit	 voltage	 (OCV)	 increase	 and	 welding	 speed	
increase.	 Both	 the	 factors	 contribute	 to	 increase	 bead	
width.	For	this,	constant	design	values	of	NPD=10mm	&	
welding	 speed	 =30cm/min.	 The	 D‐	 	 6.00	 represent	 the	
black	 line	while	D+	 12.00	 represent	 the	 red	 line	 in	 the	
graph	which	 increase	 from	bottom	 level	 to	 top	 level	 of	
bead	width.		

	
Figure:	plot	of	interaction	effect	of	OCV	and	wire	feed	

rate	
	
5. Interaction	effect	of	welding	speed	and	wire	feed	

rate	
As	 shown	 in	 the	 plot	 below,	 we	 found	 that	 as	 welding	
speed	 increase	 and	wire	 feed	 rate	 increase.	Both	of	 the	
factors	 contribute	 to	 decrease	 bead	 width.	 For	 this	
constant	design	values	of	OCV=21V,	NPD=10mm.	

	
Figure:	plot	of	interaction	effect	of	welding	speed	&	wire	

feed	rate	
Effect	on	3D	surface	
1. 3D	 surface	 view	 of	 wire	 feed	 rate	 &	 welding	

speed	factors	on	bead	width:	
From	the	3D‐	Surface	shown	below,	we	found	that	as	the	
wire	 feed	 rate	 increases,	 bead	width	 increases	 sharply.	
But	 bead	width	 decreases	with	 welding	 speed.	 For	 the	
range	 of	 wire	 feed	 rate	 =6‐12m/min,	 maximum	 bead	
width	 found	 to	 be	 4.6mm.	 And	 for	 the	 welding	 speed	
range	 =	 20‐40cm/min,	 we	 had	 constant	 values‐	 NPD=	
10mm,	OCV	=21V.		
	

	
Figure:	3D	surface	of	bead	width	v/s	wire	feed	rate	&	

welding	speed	
2. 3D	 surface	 view	 of	 	 wire	 feed	 rate	 and	 OCV	

factors	on	bead	width:	

As	shown	in	the	figure	below,	we	found	that	as	the	wire	
feed	 rate	 increases,	 bead	 width	 increases.	 Similarly,	
when	 OCV	 increases	 bead	width	 increases	 sharply.	 For	
this,	 wire	 feed	 range	 of	 6‐12	m/min	 and	 OCV	 range	 of	
15‐27	V,	we	had	constant	design	values‐	

NPD=10mm,	welding	speed	=	30cm/min.	

	
Figure:	3D	surface	of	bead	width	v/s	wire	feed	rate	&	

OCV	
	
3.	 	 3D	 surface	 view	 of	 NPD&	 OCV	 factors	 on	 bead	
width:	
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	As	shown	 in	 the	3D	surface	below,	we	 found	that	as	the	
OCV	 increase,	 bead	 width	 increases	 sharply.	 Similarly	
with	 NPD,	 bead	 width	 also	 increases	 for	 the	 constant	
design	values	of	welding	speed	=	30m/min	and	wire	feed	
rate	=	9cm/min.	
	

	
	
CUBE:	
1. Cube	representation	of	OCV	as	B,	welding	speed	

as	C,	wire	feed	rate	as	D	relative	to	the	response	
bead	width:	

From	 the	 cube	 shown	 below,	 we	 found	 that	 when	 the	
value	 of	 OCV	 increases	 from	 15to	 27V,	 bead	 width	
increases	 from	 3.99	 to	 4.54.	 But	 there	 is	 different	 case	
for	C	&	D.	
For	 welding	 speed(C)	 increases	 from	 20‐40cm/min,	
bead	width	decreases	3.99	to	3.18.	
For	wire	feed	rate	(D)	increases	from	6‐12	m/min,	bead	
width	increases	4.54	to	4.61.	
Here	the	constant	design	value	is	of	NPD	=	10mm.				
	

	

Figure:	cube	of	OCV,	welding	speed,	wire	feed	rate	

2. Cube	representation	of	NPD	as	A,	OCV	as	B,	wire	
feed	rate	as	D	relative	to	response	bead	width:	

As	 shown	 in	 the	 cube	 below,	we	 found	 that	when	NPD	
increases	from	6‐14mm,	bead	width	increases	from	3.27	
to	 4.01mm.	 Similarly,	 for	 OCV	 increases	 from	 15‐27V,	
bead	 width	 increases	 from	 3.27	 to	 4.28mm	 and	 bead	
with	also	increases	from	4.01	to	4.70mm	when	wire	feed	
rate	 vary	 from	 6‐12m/min.	 Constant	 design	 value	 is	
welding	speed	(C)	=30cm/min.			

	
Figure:	cube	of	NPD,	OCV,	wire	feed	rate	

Optimization	of	response:	
From	this	experimental	study,	we	found	that	bead	width	
has	different	values	at	different	values	of	 factors.	 It	has	
maximum	 and	 minimum	 values	 at	 different	
combinations	 of	 design	 parameters	 with	 different	
desirability.	 To	 optimize	 the	 design	 parameters	 and	 to	
get	maximum	bead	width,	we	re‐experimented	the	work	
to	achieve	the	errors	in	the	actual	result.	
For	 this,	 we	 performed	 the	 experiment	 for	 4	 different	
combination	or	run	which	are	as	follows‐	

Table:	run	table	selected	for	optimization	

RUN NPD OCV W.S	 W.F.R	 B.W DESIRA.

1 14 21.83 20.02	 12	 5.09474 0.912

2 14 19.69 20	 12	 5.08423 0.908

3 13.95 20.72 20	 12	 5.08664 0.909

4 14 21.48 20.21	 12	 5.09239 0.911

	
When,	 we	 performed	 the	 experiment	 again	 for	
optimization,	we	found	different	solution	for	each	of	the	
run	 with	 some	 errors	 which	 was	 shown	 below	 by	 the	
table‐	

Table:	final	observation	table	after	optimization	

RUN NPD OCV W.S W.F.R	 B.W	1	 B.W.2 %ERRORS

1 14 21.83 20.02 12	 5.09474	 4.84 5

2 14 19.69 20 12	 5.08423	 4.83002 5

3 13.95 20.72 20 12	 5.08664	 4.83231 5

4 14 21.48 20.21 12	 5.09239	 4.83777 5

	
From	 the	 above	 table,	 we	 found	 that	 out	 of	 the	 4	 run	
performed	 for	 optimization,	 we	 found	 each	 of	 the	 run	
with	5%	error	but	 the	 first	 run	gave	us	maximum	bead	
width	with	same	amount	of	error	i.e.	5%.Which	revealed	
that	 we	 performed	 this	 experimental	 study	 on	
95%confidence	level.	
The	optimum	or	best	result	is	–	
Bead	width=4.840003mm	
Input	variables‐	
 NPD=14mm	
 OCV=21.83V	
 Welding	speed=20.02cm/min	

Wire	feed	rate=12m/min	

7. CONCLUSIONS	

In	 this	 experimental	 study,	 we	 used	 stainless	 steel	
AISI304	 as	 wire	 electrode	 for	 coating	 mild	 steel	 plate	
using	 MIG	 (metal	 inert	 gas	 welding)	 welding	 process	
with	 the	 input	 parameters	 –	 nozzle	 to	 plate	 distance,	
open	circuit	voltage,	welding	speed	and	wire	feed	rate	to	
calculate	 and	 statistical	 study	 the	 bead	 width	 as	 our	
response.	 We	 used	 response	 surface	 methodology	 and	
central	composite	design	in	design	expert	software.	And	
with	 the	 help	 of	 this	 experimental	 work,	 we	 found	
different	effects	on	the	bead	width.	The	following	effects	
are	found	in	this	experimental	study‐	
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1. A	 three	 level	 four	 factor	 central	 composite	 rotable	
design	 was	 used	 to	 study	 the	 effect	 of	 welding	
parameters	on	bead	width	for	coating	stainless	steel	
coating	 on	 mild	 steel	 using	 response	 surface	
methodology	approach.	

2. We	 found	 that	 bead	 width	 increases	 with	 the	
increase	in	NPD	(nozzle	to	plate	distance).	

3. Similarly,	bead	width	increases	with	the	rise	in	OCV	
(open	circuit	voltage).	

4. Bead	width	 also	 increase	with	 the	 increase	 in	wire	
feed	rate.	

5. But	the	bead	width	decrease	with	the	rise	in	welding	
speed.	

6. Minimum	bead	width	 is	 2.96mm	which	 is	 found	 at	
the	following	conditions‐	
NPD=6mm,	OCV	=	15V,	Welding	speed	=	40cm/min,	
Wire	feed	rate	=6m/min.	

7. Maximum	 bead	 width	 is	 5.3mm	 which	 is	 found	 at	
following	conditions‐	
NPD	 =	 18mm,	 OCV	 =	 21V,	 Welding	 speed	
=30cm/min,	Wire	feed	rate	=9m/min.			

8. The	best	result	after	optimization			
Bead	width=4.840003mm	
Input	variables‐	

 NPD=14mm	
 OCV=21.83V	
 Welding	speed=20.02cm/min	
 Wire	feed	rate=12m/min	
9. The	 error	 found	 in	 our	 experiment	 was	 5%	 so	 we	

can	 say	 that	 we	 have	 worked	 on	 95%	 confidence	
level.	

	
8. FUTURE	SCOPE	

	
1. As	it	is	helpful	for	the	corrosion	resistance	so	it	can	

be	used	for	coating	the	material	like	inconel.	
2. Thus,	 we	 can	 also	 implement	 MIG	 welding	 on	

different	 combination	 of	 base	 metals	 and	 wire	
electrodes.	

3. We	can	also	change	the	diameter	of	wire	electrode	to	
obtain	best	bead	width.	

4. We	 can	 also	 check	 the	 effect	 of	 these	 welding	
parameters	for	the	dilution,	penetration,	height,	etc.	
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