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In	this	paper,	a	three‐dimensional	finite	element	model	has	been	developed	to	
simulate	dynamically	the	gas	metal	arc	welding	(GMAW)	process	of	alumini‐
um	alloy	sheets.	The	numerical	simulation	was	conducted	using	a	non‐linear
transient	 thermal	 analysis	 by	 changing	 the	welding	 parameters:	 namely	 arc	
power	and	welding	speed.	A	moving	Gaussian	distributed	heat	source	 is	 im‐
plemented.	All	major	physical	phenomena	associated	with	the	GMAW	process,	
such	as	thermal	conduction	and	convection	heat	losses	are	taken	into	account	
in	 the	model	development.	The	developed	model	can	calculate	 the	 tempera‐
ture	field	and	predict	the	weld	geometry	profile	during	the	welding	process.	
The	measurement	of	weld	bead	profile	from	the	GMAW	experiments	was	used	
to	validate	the	developed	finite	element	model.	The	numerical	study	reveals	
that	 the	 arc	 voltage	 and	 welding	 speed	 have	 a	 significant	 influence	 on	 the	
temperature	distribution,	weld	pool	size	and	shape,	and	weld	bead	geometry.	
The	results	show	that	there	are	good	agreements	with	the	weld	bead	profile	
between	the	experimental	observation	and	finite	element	simulation.		
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1. Introduction  

Welding	ranks	high	among	industrial	processes	and	involves	more	sciences	and	variables	than	
those	 involves	 in	any	other	 industrial	process.	Today,	 the	welding	has	 four	popular	processes,	
which	 are	 shielded	 metal	 arc	 welding	 (SMAW),	 metal	 inert	 gas	 (MIG),	 flux	 core	 arc	 welding	
(FCAW)	and	tungsten	inert	gas	welding	(TIG).	MIG	welding	is	one	of	the	gas	metal	arc	welding	
(GMAW)	subtypes	which	are	a	welding	process	that	joint	two	or	more	parts	by	melting	the	filler	
with	the	similar	type	of	material	of	the	product.	The	purpose	of	the	shielding	gas	during	the	MIG	
welding	is	to	protect	the	process	from	the	contaminants	in	the	air.		

The	quality	of	this	welding	process	can	also	refer	to	the	formation	of	the	welding	bead	profile.	
However,	the	size	of	welding	bead	is	hard	to	predict	and	to	measure	where	it	is	depend	on	the	
power	usage	and	the	speed	of	welding	[1,	2].	Experimental	work	can	be	one	of	the	techniques	to	
measure	welding	bead	profile	from	a	set	of	parameter	[3,	4].	However,	experimental	trials	have	
some	uncertainties	in	the	data	obtained	[5].	By	doing	the	experimental	work,	the	heat	data	that	
had	been	generated	during	the	welding	process	could	not	be	generated.	The	weld	bead	also	can	
be	predicted	by	using	mathematical	 approaches	 [6‐9].	Nevertheless,	 the	main	disadvantage	of	
the	mathematical	model,	it	does	not	consider	the	variation	of	the	thermal	properties	with	temper‐
ature,	which	has	very	little	practical	or	theoretical	relevance	to	describe	the	real	GMAW	process.		
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Thermal	analysis	is	very	important	to	conduct	the	numerical	simulation	for	welding	process	
[10‐12].	 Simulation	 of	welding	 process	 first	 appeared	 in	 early	 1970's,	 and	 comprehensive	 re‐
view	regarding	developments	in	the	welding	simulation	is	by	Lindgren	[13‐15].	Ueda	and	Yama‐
kawa	[16]	and	Hibbitt	and	Marcal	[17]	are	among	the	pioneers	who	initiated	application	of	finite	
element	technique	on	simulation	of	welding.	Goldak	et	al.	[18]	presented	a	so‐called	double	el‐
lipsiodal	 heat	 source	model	which	 is	 having	 Gaussian	 distribution	 of	 power	 density	 in	 space.	
There	are	many	research	papers	successfully	utilized	the	numerical	simulation	 in	the	research	
and	development	of	arc	welding	[19,	20],	friction	stir	welding	[21],	laser	beam	welding	[22],	and	
electron	beam	welding	[23],	which	deal	with	the	temperature	field	and	weld	bead	geometry	of	
welding	 by	 using	numerical	models.	 By	 carrying	 out	 the	 thermal	 analysis	 using	 the	 finite	 ele‐
ment	method,	 the	 thermal	 field	 data	 could	 easily	 be	 generated.	Moreover,	 the	weld	 bead	 size	
could	also	be	easily	measured	by	measuring	the	area	of	melting	point	of	material.		

In	 this	 study,	 the	MIG	welding	 process	was	 investigated	 through	 finite	 element	 analysis.	 A	
three‐dimensional	 finite	 element	model	has	been	developed	 to	 simulate	 the	MIG	welding	pro‐
cess.	The	effect	of	heat	input	on	MIG	welding	process	also	has	been	study	in	this	project.	In	order	
to	validate	the	finite	element	model,	the	experimental	work	of	MIG	welding	process	of	thin	plate	
aluminium	alloy	AA6061	was	carried	out	to	investigate	the	welding	bead	profile.	The	weld	bead	
geometry	was	measured	at	different	power	input	and	welding	speed.	

2. Finite element model 

2.1 Heat transfer analysis 

The	transient	temperature	field	of	the	welded	specimen	is	a	function	of	time	t	and	Cartesian	co‐
ordinate	system	with	y‐axis	along	the	welding	direction,	z‐axis	along	the	thickness	direction	and	
the	 origin	 locating	 on	 the	 specimen	 on	 the	 specimen	 surface.	 The	 governing	 equation	 for	 the	
transient	heat	conduction	can	be	expressed	as	Eq.	1:	
	

	 (1)

	
where		is	the	temperature,	ρ	is	the	material	density,	c	is	the	specific	heat,	k	is	the	thermal	con‐
ductivity,	and	Q	 is	the	internal	heat	generation	per	unit	volume.	The	thermal	analysis	was	con‐
ducted	using	temperature	dependent	thermal	material	properties	as	shown	in	Fig.	1,	which	were	
taken	from	Afieq	[24].		
	 In	this	study,	the	heat	source	can	be	modelled	by	using	Gaussian	distribution	at	any	time	t,	for	
the	heat	source	of	welding	arc.	The	points	that	are	lying	on	the	surface	of	the	specimen	are	with‐
in	the	arc	radius	ra	receive	distribution	of	heat	flux	q(t)	according	to	the	Eq.	2	[25],	
	

3
	 (2)

	
where	r(t)	is	the	radial	distance	measured	from	the	arc	centre	of	the	specimen,	and	QA	is	the	to‐
tal	heat	input	of	the	welding	process,	and	it	can	be	written	as	Eq.	3,	
	

(3)
	
where	QA	is	the	heat	input,	V	is	the	voltage,	and	I	is	the	current	radius.	The	efficiency	η	value	for	
this	welding	process	is	0.9	due	to	GMAW	process	[26].		

The	boundary	condition	of	the	heat	transfer	Eq.	1	was	assumed	as	the	heat	flux	generated	by	
the	welding	arc,	which	is	only	applied	on	the	top	surface	of	the	specimen	and	is	defined	by	Eq.	2.	
While,	on	the	non‐welded	top	surface,	the	heat	flux	was	assumed	to	be	only	the	convective	heat	
flux	qc,	and	can	be	expressed	as	qc	=	hc	(	–	0),	where	hc	is	the	coefficient	of	the	heat	convection	
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(hc	=	10	W/m2K)	[27,	28]	and	0	is	the	room	temperature	of	the	surrounding	environment.	The	
initial	temperature	of	specimen	was	also	assumed	as	0.		

In	order	to	obtain	the	solution	to	the	thermal	equilibrium	equation,	the	initial	and	boundary	
conditions	are	needed.	The	finite	element	equation	for	the	thermal	analysis	can	be	expressed	as	
follows:	

	 (4)
	

where	 [C],	 [K],	 {Q},	 {}	and	{
．
}	are	heat	capacity	matrix,	heat	conduction	matrix,	heat	 flux	col‐

umn,	nodal	temperature	column	and	nodal	temperature	rate	column,	respectively.	

2.2 Model development 

A	three‐dimensional	(3D)	finite	element	model	was	developed	using	ANSYS	finite	element	soft‐
ware.	The	model	was	created	under	 the	similar	dimension	with	 the	specimen	of	experimental	
work.	It	has	100	mm	in	width,	125	mm	in	length	and	3	mm	in	thickness.	The	mesh	was	graded	
finest	 in	the	region	of	highest	and	most	rapid	temperature	gradient	near	the	heat	 input,	and	a	
coarse	mesh	was	used	outside	the	heating	zone	as	illustrated	in	Fig.	2.	The	mesh	generation	was	
carried	out	first	on	the	upper	or	lower	surface	of	the	specimen.	Then,	3D	mesh	was	generated	by	
taking	offsets	across	 the	 specimen	 thickness.	 In	order	 to	 capture	 the	 characteristics	of	GMAW	
process	accurately,	the	mesh	size	increases	exponentially	across	the	thickness	of	the	specimen,	
being	finer	near	the	heated	side	of	the	specimen.	The	mesh	was	composed	of	a	total	number	of	
29312	elements.	The	elements	were	the	thermal	analysis	element	PLANE77	and	SOLID70	for	2D	
eight‐node	thermal	solid	and	3D	eight‐node	thermal	solid,	respectively.	The	extrapolation	meth‐
od	which	was	established	by	Richardson	in	1926	and	widely	used	for	assessing	the	solution	ac‐
curacy	of	many	problems	in	finite	volumes	[29‐31]	and	finite	elements	[32,	33]	analyses.	How‐
ever,	 in	 the	 numerical	modeling	 of	welding	 process,	 the	 accuracy	 of	mesh	 size	 has	 been	 pro‐
posed	by	Moraitis	and	Labeas	[34]	and	Malik	et	al.	[35].	In	this	method,	the	peak	temperature	is	
the	parameter	being	studied	in	sensitivity	analysis	of	the	mesh	size.	Application	of	a	finer	mesh	
in	this	work	led	to	less	than	2%	difference	in	the	peak	temperatures.	Therefore,	the	presented	
mesh	was	used.	An	ANSYS	Parametric	Design	Language	(APDL)	was	used	to	model	the	moving	
heat	source.	The	distributed	heat	flux	moves	with	time.	When	the	distributed	heat	flux	moves	to	
the	next	step,	the	former	distributed	heat	flux	step	is	deleted.	In	the	present	case,	a	moving	laser	
beam	heat	source	with	small	steps	is	adopted	in	order	to	simulate	its	continuous	scanning.	
	

	
Fig.	1	Thermophysical	properties	of	aluminium	alloy	AA6061	
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Fig.	2	Finite	element	model	of	gas	metal	arc	welding	process	

3. Experimental work 

A	schematic	diagram	of	experimental	setup	is	shown	in	Fig.	3.	In	this	study,	the	GMAW	process	
was	 performed	 by	 using	 KempoWeld	machine	with	 1	mm	 aluminium	wire	 electrode	 under	 a	
shielding	gas	of	argon.	The	orientation	of	welding	torch	was	aligned	45	degree	to	the	perpendic‐
ular	 axis	 of	 specimen	 top	 surface.	The	welding	 experiments	were	 carried	out	with	a	motorize	
translations	stage	to	execute	the	consistent	welding	speed.	The	workpiece	material	used	in	this	
study	was	aluminium	alloy	AA6061.	The	chemical	composition	is	listed	in	Table	1.	The	alumini‐
um	alloy	with	thickness	of	3	mm	was	cut	to	two	plates	of	100	mm	x	125	mm.	The	butt‐joint	weld	
design	was	welded	as	shown	in	Fig.	3.	
	 Welding	experiments	were	conducted	according	to	welding	conditions	as	shown	in	Table	2.	
The	selected	welding	speeds	were	30	mm/s	and	40	mm/s.	The	arc	voltage	were	varied	from	18	
V	to	22	V.	Welding	current,	wire	electrode	feed	rate	and	flow	rate	of	shielding	gas	remained	con‐
stant	 throughout	 the	 experiment.	 After	 the	 welding	 process,	 the	 welded	 specimens	 were	 cut	
perpendicular	to	the	welding	direction	for	the	observation	of	weld	bead	by	optical	microscope.	
	
	

	

Fig.	3	Schematic	diagram	of	experimental	setup	
	

	
Table	1	Chemical	composition	of	aluminium	alloy	AA6061	(wt.%)	

Al	 Cu	 Fe	 Mg	 Mn	 Si	 Ti	 Zn	
Bal.	 0.15	 ≤0.7	 0.8‐1.2	 0.15	 0.4‐0.8	 0.15	 0.25	
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Table	2	Welding	condition	

Parameter	 Value	
	Welding	speed	(mm/s)	 30,	40
	Welding	voltage	(V)	 18,	20,	22
	Welding	current	(A)	 140
	Flow	rate	(l/min) 18
	Shielding	gas	 Argon
	Wire	electrode	feed	rate	(mm/s)	 148
	Wire	electrode	diameter	(mm)	 1

4. Results and discussion 

Fig.	4	shows	the	temperature	distribution	at	the	top	surface	of	the	cross‐section	of	the	specimen	
along	the	welding	path	along	x‐axis	for	the	22	V	welding	power	and	30	mm/s	welding	speed	at	
the	location	of	94	mm	from	the	starting	point	(x	=	0	mm).	The	iteration	time	of	each	step	for	this	
analysis	 is	 0.033	mm/s	 due	 to	 the	 welding	 speed.	 The	 temperature	 on	 the	 surface	 along	 the	
welding	path	is	 increasing	rapidly	after	 it	 is	been	heated	by	the	welding	arc,	where	the	heat	 is	
then	distributed	throughout	the	plate.	In	this	analysis,	the	cooling	process	has	immediately	tak‐
en	place	after	the	welding	has	finish	at	5.17	s	where	it	undergoes	convection	of	heat	transfer	on	
the	surface.	The	highest	reading	of	temperature	heating	the	plate	almost	reaches	8000	K	where	
it	is	located	on	the	centre	of	the	arc.	The	convection	of	heat	transfer	are	taken	place	during	the	
welding	process	where	there	are	difference	in	temperature	reading	where	the	highest	reading	is	
on	the	arc	location,	meanwhile	the	temperature	at	locations	which	already	undergo	the	welding	
process	are	already	slightly	reduced.	

Fig.	5	shows	the	temperature	histories	for	three	points	located	transversally	to	the	weld	di‐
rection.	The	peak	temperature	is	at	the	"heel"	of	the	center	of	the	welding	arc.	In	this	period,	the	
peak	temperature	remains	constant	and	already	in	the	quasi‐steady	state.	For	the	same	period,	
the	velocity	of	the	rising	temperature	decreases	at	the	bottom	surface	as	shown	in	Fig.	6.	Since	
the	 temperature	 at	 the	 top	 surface	 is	much	higher	 than	 that	 at	 the	bottom	 surface,	 the	 larger	
temperature	difference	between	the	top	and	bottom	surfaces	leads	to	a	high	temperature	gradi‐
ent.	This	significant	temperature	difference	through	the	specimen	thickness	can	also	affect	 the	
final	deformation	of	the	specimen	[36].		

Fig.	7	shows	the	temperature	field	of	heating	phase	and	cooling	phase	in	the	welding	process.	
The	 time	period	of	heating	during	welding	process	 for	 this	parameter	only	 takes	5.17	s	which	
then	the	cooling	process	are	taken	place	immediately.	The	heat	from	the	heat	source	is	distribut‐
ed	through	the	plate	by	the	heat	conduction.	The	temperature	reading	during	the	heating	phase	
becomes	stable	when	the	welding	process	reaches	the	middle	location	of	the	plate	on	the	weld‐
ing	path.	The	heat	are	been	removed	to	the	surrounding	during	the	cooling	phase	by	the	heat	con‐
vection	process	where	the	plate	are	been	left	at	the	room	temperature	for	the	cooling	process.	

	

Fig.	4	Temperature	distribution	at	the	top	surface	along	the	weld	direction	(Voltage:	22	V,	Speed:	30	mm/s)	
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Fig.	5	Temperature	histories	of	the	three	evaluated	points	transverse	to	the	direction	(Voltage:	22	V,	Speed:	30	mm/s)	

	
	

	
Fig.	6	Temperature	histories	of	the	three	evaluated	points	of	the	cross‐section	of	plate	(Voltage:	22	V,	Speed:	30	mm/s)	
	
In	Fig.	8,	by	having	different	heat	input	even	though	the	similar	welding	speed	is	used	due	to	

different	 in	 the	welding	 voltage	 during	 the	welding	 process.	 The	 faster	 the	welding	 is	 having	
lower	heat	input	compare	to	the	slower	welding	speed	which	is	having	higher	heat	input.	This	is	
because	 the	welding	 speed	 is	 inversely	 proportional	with	 the	 heat	 input.	 The	 different	 in	 the	
temperature	distribution	can	be	only	seen	on	the	top	surface	of	the	plate	since	the	heat	are	been	
distributed	throughout	a	large	volume.	The	depth	of	the	penetration	for	all	parameter	are	simi‐
lar	due	to	the	plate	are	thin,	which	the	heat	only	throughout	small	volume.		

In	order	to	verify	the	developed	model,	the	simulation	and	experimental	weld	geometry	were	
compared.	 Fig.	 9	 shows	 the	 comparison	 of	 bead	 profile	 between	 the	 simulation	 and	 experi‐
mental.	 From	 this	 comparison,	 the	 highest	 heat	 input	makes	 the	 bead	 formation	wider	when	
comparing	 parameter	 used	 in	 the	 similar	welding	 speed.	Whereas	 at	 a	 higher	 speed	with	 the	
similar	power	usage	the	bead	was	reduce	in	its	size.	The	bead	profile	from	the	experimental	was	
viewed	by	using	optical	microscope.	The	height	of	the	bump	of	the	welding	bead	depended	on	
the	voltage	usage	and	the	speed	of	welding.	The	voltage	of	18	V	showed	the	highest	bump	for‐
mation	 for	each	speed.	This	was	due	 to	 the	 low	power	usage	 to	melt	 the	 filler	so	 that	 it	 could	
bond	completely	with	the	plate.	The	usage	of	voltage	20	V	and	22	V	showed	that	the	bump	for‐
mations	were	smaller	in	sizes	where	the	filler	was	completely	bonded	with	the	plate.	Thus	those	
power	were	more	preferable	to	be	used	since	the	quality	of	welding	process	was	been	referred	
by	the	formation	of	bumps.	
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Fig.	7	Temperature	distributions	during	welding	(a‐c)	and	cooling	(d‐f)	(Voltage:	22	V,	Speed:	30	mm/s)	

	

	
Fig.	8	Temperature	distributions	for	welding	conditions	with	the	speed	of	30	mm/s	and		

different	voltage	of	(a)	18	V,	(b)	20	V,	and	(c)	22	V	
	
Most	of	the	percentage	of	error	is	less	than	20	%	and	the	least	error	is	at	the	voltage	of	18	V	

speed	of	40	mm/s	with	the	percentage	of	error	of	0.05	%.	The	results	from	the	analysis	become	
the	theoretical	result	which	was	used	as	the	reference	to	calculate	the	percentage	of	errors.	The	
percentage	of	error	varies	among	the	parameter	due	to	some	problems	that	occurred	during	the	
experimental	which	affect	the	results.		
	
	

	

Fig.	9	Comparison	between	experimental	and	simulated	weld	bead	profiles	
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The voltage that was used during the welding process may differ from the analysis since the 
welding machine could not maintain the power output. The power used during the welding was 
set by setting the arc voltage with the tolerance of ± 1 V so that the result could be acceptable. 
The welding process was done manually where the height of the nozzle was not static, affecting 
the torch arc diameter which lead to the error in the size of bead. 

5. Conclusion 
A three-dimensional finite element model has been developed to simulate the thermal history 
during gas metal arc welding of aluminium alloy sheet. Main conclusions obtained in this study 
are as follows: 

• The developed numerical model using a Gaussian heat source can well represent the real 
welding as the heat source penetrates into the material. 

• Arc voltage and welding speed have a significant effect on the temperature distribution, 
weld pool size and shape, and weld bead geometry. 

• Heat input to the weld pool is transferred rapidly first in the thickness direction of the 
sheet and then in the width direction to reach uniformed distribution. 

• Temperature distributions obtained from the developed model can be used as inputs for 
the thermo-mechanical analysis of aluminium alloy in gas metal arc welding. 
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