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Scope and topics 

Advances	in	Production	Engineering	&	Management	 (APEM	journal)	 is	an	 interdisciplinary	refer‐
eed	 international	academic	 journal	published	quarterly	by	the	Production	Engineering	Institute	
at	the	University	of	Maribor.	The	main	goal	of	the	APEM	journal	is	to	present	original,	high	quality,	
theoretical	and	application‐oriented	research	developments	in	all	areas	of	production	engineer‐
ing	and	production	management	to	a	broad	audience	of	academics	and	practitioners.	In	order	to	
bridge	 the	 gap	between	 theory	 and	 practice,	 applications	 based	 on	 advanced	 theory	 and	 case	
studies	are	particularly	welcome.	For	theoretical	papers,	their	originality	and	research	contribu‐
tions	are	the	main	factors	in	the	evaluation	process.	General	approaches,	formalisms,	algorithms	
or	techniques	should	be	illustrated	with	significant	applications	that	demonstrate	their	applica‐
bility	 to	 real‐world	 problems.	 Although	 the	APEM	 journal	 main	 goal	 is	 to	 publish	 original	 re‐
search	papers,	review	articles	and	professional	papers	are	occasionally	published.	
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Characterizations of 304 stainless steel laser cladded with 
titanium carbide particles 

Mahmoud, E.R.I.a,* 
aWelding and NDT Laboratory, Manufacturing Technology Department, Central Metallurgical Research and Development 
Institute (CMRDI), Cairo, Egypt 

 
 

A B S T R A C T	   A R T I C L E   I N F O	

The	aim	of	this	paper	was	to	increase	the	wear	resistance	of	the	304	stainless	
steel	alloy	without	significant	losses	of	its	corrosion	resistance.	The	YAG	fiber	
laser	was	used	to	clad	it	with	TiC	powder	at	a	fixed	processing	power	of	2800	
W	and	travelling	speeds	of	4	mm/s,	8	mm/s,	and	12	mm/s.	The	TiC	powder	
with	a	particle	sizes	of	3‐10	μm	were	preplaced	on	a	cleaned	surface	to	form	a	
layer	 of	 two	 different	 thicknesses:	 1	mm	 and	 2	mm.	 The	 shielding	 gas	 that	
used	during	and	after	laser	cladding	was	argon	with	a	flow	rate	of	15	l/min.	
Some	of	 the	TiC	particles	were	melted	and	 re‐solidified	 as	 dendrites	during	
the	 cladding	 processing.	 The	 amount	 of	 the	 dendritic	 TiC	 structure	was	 in‐
creased	by	increasing	of	the	travelling	speed,	and	the	cohesion	of	the	cladding	
layer	with	the	substrate	was	improved	for	the	same	reason.	At	lower	travel‐
ling	speed,	cracks	were	appeared	at	both	the	 interface	and	the	heat	affected	
zone.	The	TiC	particles	were	clustered	within	the	top	portion	of	the	cladding	
layer	when	the	preplaced	powder	was	2	mm.	The	surface	hardness	and	wear	
resistance	were	remarkably	improved	under	all	processing	conditions,	espe‐
cially	at	higher	travelling	speeds.	Moreover,	the	sample	treated	at	a	travelling	
speed	of	12	mm/s	showed	better	corrosion	resistance	than	the	stainless	steel	
substrate.		

©	2015	PEI,	University	of	Maribor.	All	rights	reserved.	
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1. Introduction 

AISI	304	stainless	steel	alloy	is	widely	used	in	many	fields,	such	as	oil,	nuclear	and	chemical	in‐
dustries	due	to	its	specific	properties,	i.e.	excellent	corrosion	resistance,	good	mechanical	prop‐
erties	and	accepted	machinability	[1‐3].	This	type	of	stainless	steels	is	used	as	a	structural	mate‐
rial	 in	hydraulic	machinery	and	 in	 liquid‐handling	systems	[4,	5].	However,	at	severe	environ‐
ments,	where	the	wear	and	cavitation	attack	are	the	main	failure	modes,	this	type	of	steel	cannot	
be	used	due	 to	 its	 low	 surface	hardness	 and	wear	 resistance.	Due	 to	 the	 contact	 between	 the	
components	and	a	 flowing	or	vibrating	 liquid,	cavitation	erosion	represents	a	common	type	of	
degradation	 of	 components	 [6].	 Generally,	 good	 wear,	 corrosion	 and	 oxidation	 resistances	 of	
different	materials	 can	 be	 obtained	 by	 tailoring	 their	 surface	 properties.	 This	 can	 be	 done	 by	
depositing	 some	 alloys	 and/or	 ceramic	 powders	 on	 the	 material	 surfaces	 aiming	 to	 produce	
metal	matrix	 composites	 (MMCs)	on	 the	 treated	 surfaces.	This	 can	be	produced	by	 laser	 clad‐
ding.	 The	 advantages	 of	 this	 technique	 over	 the	 conventional	 ones	 (such	 as	 arc	 welding	 and	
thermal	spraying)	include:	better	coatings	with	dense	microstructure,	high	wear	resistance,	low	
dilution	and	good	metallurgical	bonding	to	substrate	[7‐9].	Different	substrate	materials	such	as	
steels,	aluminum	[10,	11]	and	titanium	alloys	[12,	13]	were	cladded	by	this	treatment.	Ceramic	
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powders	such	as	SiC	[7],	TiC	[12,	13],	and	WC	[14]	without/or	with	some	materials	such	as	Ni‐
based	alloy	 [15]	were	 added	as	 cladding	materials.	TiC	 is	 considered	a	 good	 candidate	 in	 this	
field.	This	is	due	to	its	high	thermal	stability	and	high	melting	point,	excellent	wear	resistance,	
low	coefficient	of	friction,	good	resistance	to	thermal	shock,	high	electrical	and	thermal	conduc‐
tivities	[16].	For	these	reasons,	it	is	widely	used	as	reinforcement	materials	in	many	applications	
[17‐19].	Moreover,	the	TiC	particles	have	good	compatibility	with	the	iron	base	matrix	[20].	

Some	works	have	been	done	to	clad	the	stainless	steel	alloys	with	ceramic	powder	by	using	
laser	 technique	aiming	 to	 improve	 the	wear	and	cavitation	erosion	resistances	 [21].	They	add	
hard	WC	particles	 to	 increase	 the	 surface	hardness	which	will	 increase	 the	 cavitation	 erosion	
resistance	 [22].	However,	 these	 hard	WC	particles	 damage	 the	 passive	 film,	which	 is	 the	 first	
defense	against	any	corrosive	media	 [21].	 In	other	studies,	 the	surface	hardening	of	austenitic	
stainless	steel	has	been	achieved	by	incorporating	the	hard	particles	of	TiC,	SiC,	WC	and	alloying	
elements	[23]	in	order	to	form	carbides,	nitrides	[24]	and	borides	[25].	In	other	studies,	element	
such	as	Mo	[26]	was	added	to	improve	the	pitting	and	intergranular	corrosion	resistance	and	to	
prevent	 stress	 corrosion	 cracking	 in	 acoustic	 environment.	 To	widen	 the	 applications	 of	 304	
stainless	steel	alloy,	it	is	important	to	improve	its	wear	resistance	without	losses	in	its	corrosion	
resistance.	In	the	present	study,	304	stainless	steel	substrate	 is	 laser	cladded	with	TiC	powder	
using	YAG	fiber	laser.	The	effect	of	travelling	speed	and	the	thickness	of	the	preplaced	powder	
on	the	microstructural	features,	hardness,	wear	and	corrosion	resistance	will	be	studied.	

2. Experimental work 

Stainless	steel	(304)	specimens	with	dimensions	of	100	mm		50	mm		3	mm	were	used	as	sub‐
strate	materials.	The	specimens	were	ground	using	emery	papers	and	cleaned	in	acetone	to	re‐
move	any	dirt,	oil,	grease	and	other	contaminants	before	treatment.	The	TiC	powder	with	a	par‐
ticle	 size	 of	 3‐10	 μm	were	 preplaced	 on	 the	 cleaned	 surface	 to	 form	 a	 layer	 of	 two	 different	
thicknesses:	1	mm	and	2	mm.	The	cladding	treatments	were	carried	out	using	YAG	fiber	laser	of	
3	kW.	To	avoid	the	oxidation	during	the	treatment,	argon	gas	with	the	flow	rate	of	15	l/min	was	
used	as	a	shielding	gas.	The	treatments	were	carried	out	at	fixed	processing	power	of	2800	W,	
which	was	considered	the	optimum	power	during	the	preliminary	experiments.	Three	different	
travelling	speeds	of	4	mm/s,	8	mm/s,	and	12	mm/s	were	used	 in	 this	study.	The	process	was	
conducted	at	a	defocusing	distance	(Df)	of	65	mm.	The	laser	processed	samples	were	analyzed	as	
described	in	our	work	El‐Labban	et	al.	[27].	The	microstructures	of	the	coated	layers	were	inves‐
tigated	using	optical	microscope	and	scanning	electron	microscope	equipped	with	EDX	analyzer.	
The	micro‐Vickers	hardness	in	the	coated	layer	cross‐section	and	the	substrate	were	measured	
with	an	indentation	load	of	9.8	N	and	loading	time	of	15	s	at	room	temperature.	The	wear	behav‐
iour	of	the	laser	cladded	zone	was	evaluated	using	a	pin‐on‐disk	dry	sliding	wear	tester.	A	sta‐
tionary	 sample	 with	 a	 diameter	 of	 2.5	mm	was	 slid	 against	 a	 rotating	 disk	 with	 a	 rotational	
speed	of	265	rpm	for	15	min.	The	tests	were	carried	out	at	a	fixed	load	of	2	kg	applied	to	the	pin.	
The	differences	in	average	weight	before	and	after	the	wear	test	were	measured	and	accounted.	
Three	specimens	of	each	condition	were	chosen	 for	wear	 tests.	The	untreated	base	metal	was	
selected	as	the	reference	material	for	the	wear	test.	The	corrosion	behavior	of	the	substrate	and	
the	cladding	layer	were	evaluated	by	the	corrosion	current	density	and	the	corrosion	potential	
obtained	from	polarization	curves	in	a	3.5	wt.%	NaCl	solution	at	room	temperature	with	an	IM‐6	
electrochemical	workstation.	The	scanning	potential	can	be	in	the	range	of	–1.0	V	to	+2	V,	and	
the	scanning	rate	was	5	mV/s	[27].			

3. Results and discussion 

3.1 Microstructure analysis 

The	basic	microstructure	of	the	substrate,	as	shown	in	Fig.	1,	is	constituted	of	equiaxed,	twinned	
austenitic‐grain	 structure,	 which	 is	 the	 typical	 microstructure	 of	 the	 304	 austenitic	 stainless	
steel	alloy.	Macro‐view	of	 the	cross‐section	of	 the	cladding	 layer	synthesized	with	 laser	power	
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and	travelling	speed	of	2800	W	and	12	mm/s,	respectively	is	shown	in	Fig.	2.	The	cladding	zone	
appeared	as	a	concaved	shape	inside	the	base	metal.	The	used	large	positive	defocusing	distance	
(65	mm)	focus	the	heat	into	deeper	areas,	results	in	this	concaved	shape.	Three	zones	were	ap‐
peared	 in	 the	cross‐section	of	 the	 laser	 treated	area:	TiC	rich	zone,	heat	affected	zone	and	 the	
substrate,	as	illustrated	in	Fig.	2		
	

	
	
	
	
	
	
	
	
	
	
	

Fig.	1		Microstructure	of	the	304	stainless	steel	substrate	
	
	
	
	
	
	
	
	
	
	
	
	

Fig.	2		Macrograph	of	the	laser	treated	zone	at	power	of	2800	W	and	travelling	speed	of	12	mm/s	
	
	

Fig.	3	and	Fig.	4	show	the	microstructures	of	the	cladded	layer	fabricated	with	preplaced	TiC	
powder	of	1	mm	thick	and	4	mm/s	travelling	speed.	Most	of	the	TiC	powder	were	dissolute	in	
the	matrix,	 forming	 fine	dendrites	with	 small	 arms	as	 shown	 in	Fig.	 3(a)	 and	Fig.	 3(b).	At	 the	
lower	 portion	 of	 the	 cladding	 layer,	 many	 cracks	 and	 crack	 networks	 were	 observed	 which	
starts	from	the	interface	and	going	upward	into	the	cladding	layer	as	shown	in	Fig.	3(c)	and	Fig.	
3(d).	This	is	may	be	due	to	the	lower	thermal	conductivity	of	the	stainless	steel	substrate,	which	
may	result	in	keeping	of	higher	temperature	for	a	longer	time	and	reducing	the	cooling	rate,	and	
leads	to	formation	of	carbides	at	the	grain	boundary	of	the	stainless	steel	side.	This	explanation	
was	confirmed	with	the	micrographs	shown	in	Fig.	4.	The	treated	specimen	with	this	slow	trav‐
elling	speed	of	4	mm/s	had	a	wide	heat	affected	zone,	Fig.	4(a),	and	their	grain	boundaries	were	
attacked,	Fig.	4(b),	due	to	the	formation	of	carbides	at	the	grain	boundaries.		

When	the	travelling	speed	was	increased	twice	to	be	8	mm/s,	no	micro‐cracks	were	observed	
in	the	cladding	layer	or	at	the	interface	as	shown	in	Fig.	5.	The	cladding	layer	looks	adhered	to	
the	 substrate	 and	 free	 from	 the	macro‐defects.	 The	 TiC	 particles	were	 partially	 dissolute	 and	
appeared	as	fine	long	dendrites	together	with	their	original	shape,	especially	at	the	top	portion	
(near	the	free	surface).	At	the	lower	portion	(near	the	substrate),	the	TiC	dendrites	were	shorter	
and	they	had	random	orientation,	Fig.	5(b).	This	 is	mainly	due	to	the	lower	heat	dissipation	to	
the	lower	thermal	conductivity	stainless	steel	substrate.	Moreover,	some	pores	were	detected	in	
the	cladding	layer.	
	

TiC rich zone

Heat affected zone
Substrate  
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Fig.	3		Micrographs	of	the	different	zone	at	laser	treated	layer	with	power	of	2800	W	and	travelling	speed	of	4	mm/s,	

when	the	thickness	of	preplaced	TiC	power	was	1	mm,	where	(a)	and	(b)	at	the	cladding	layer,		
and	(c)	and	(d)	at	the	interface	

	

	

Fig.	4		Micrographs	of	the	heat	affected	zone	of	the	specimen	treated	with	power	of	2800	W	and	travelling	speed	of		
4	mm/s,	when	the	thickness	of	preplaced	TiC	power	was	1	mm	

	

	
Fig.	5		Micrographs	of	the	different	zone	at	laser	treated	layer	with	power	of	2800	W	and	travelling	speed	of	8	mm/s,	

when	the	thickness	of	preplaced	TiC	power	was	1	mm,	where	(a)	and	(c)	at	the	interface,	
and	(b)	and	(d)	at	the	cladding	layer	
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Fig.	6		Micrographs	of	the	different	zone	at	laser	treated	layer	with	power	of	2800	W	and	travelling	speed	of	12	mm/s,	

when	the	thickness	of	preplaced	TiC	power	was	1	mm	

	

	

Fig.	7		Micrographs	(a	‐	c)of	the	cladding	layer	with	power	of	2800	W	and	travelling	speed	of	12	mm/s,	when	the	
thickness	of	preplaced	TiC	power	was	1	mm,	and	(d)	EDX	spectra	of	the	elements	of	red	mark	in	(c)	

	
By	increasing	the	travelling	speed	to	12	mm/s,	the	interface	between	the	cladding	layer	and	the	
substrate	stainless	steel	is	adherent,	sharp	and	defect	free	as	shown	in	Fig	6.	The	TiC	in	the	clad‐
ding	layer	was	distributed	homogenously	and	consisted	of	fine	long	dendrites	at	the	top	portion	
and	at	the	lower	contour	of	the	cladding	layer.	This	may	be	due	to	the	relatively	fast	cooling	rate	
after	 faster	travelling	speed.	 In	some	areas	at	 the	center	of	 the	cladding	 layer,	some	of	 the	TiC	
particles	 appeared	 as	 short	 random	oriented	dendrites.	Moreover,	 some	of	 these	 carbides	 ap‐
peared	as	a	rosette	shape	morphology	as	shown	in	Fig.	7.	

In	 severe	 applications,	where	 the	wear	 is	 a	main	 failure	mode,	 it	 is	 better	 to	 increase	 the	
thickness	of	the	hard	layer	deposited	on	the	substrate.	For	this	reason,	the	thickness	of	the	pre‐
placed	TiC	powder	was	increased	to	be	2	mm.	The	used	processing	power	and	travelling	speed	
were	 2800	 W	 and	 4	 mm/s,	 respectively.	 The	 produced	 cross‐section	 microstructures	 were	
shown	in	Fig.	8.	The	cladding	layer	was	consisted	of	two	regions.	The	TiC	powder	appeared	as	
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dense	clusters	of	interlocked	particles	in	the	upper	portion.	At	these	areas,	there	was	almost	no	
stainless	steel	matrix	as	 shown	 in	Fig.	8(b).	The	 lower	portion	of	 the	cladding	 layer	was	com‐
posed	of	TiC	particles	with	their	round	shape	surrounded	by	the	stainless	steel	matrix.	The	heat	
generated	is	not	enough	to	melt	the	thick	TiC	particles	layer.	Near	the	interface,	some	TiC	parti‐
cles	were	melted	and	appeared	as	dendrites	with	random	orientation	or	rosette	shape	as	shown	
in	Fig.	9.	
	

	
Fig.	8		Micrographs	of	the	different	zone	at	laser	treated	layer	with	power	of	2800	W	and	travelling	speed	of	4	mm/s,	
when	the	thickness	of	preplaced	TiC	power	was	2	mm,	where	(a)	and	(d)	at	the	interface,	(b)	at	the	top	portion	of	the	

cladding	layer,	and	(c)	at	the	lower	portion	of	the	cladding	layer	
	
	

	

Fig.	9		Micrographs	of	the	cladding	layer	with	power	of	2800	W	and	travelling	speed	of	4	mm/s,	when	the	thickness	of	
preplaced	TiC	power	was	2	mm	

	
	

3.2 Surface and subsurface microhardness evaluation 

Fig.	 10	 shows	 the	microhardness	distribution	 through	 the	depth	of	 the	 laser	 treated	 zone	ob‐
tained	at	different	travelling	speeds	(4	mm/s,	8	mm/s,	12	mm/s)	and	preplaced	powder	thick‐
nesses	(1	mm	and	2	mm).	Generally,	the	hardness	of	the	cladding	layer	is	much	higher	(almost	
three	times)	than	that	of	the	base	metal.	This	is	may	be	due	to	the	hard	TiC	particles	which	were	
distributed	homogenously	through	the	cladding	layer.	The	cladding	layer	which	formed	with	fast‐
er	travelling	speeds	show	higher	hardness	that	that	formed	with	slower	ones.	This	is	due	to	that	
the	faster	travelling	speeds	yields	a	finer	dendritic	TiC,	which	share	in	hardness	increment.	The	
average	hardness	values	at	the	surface	treated	by	12	mm/s	travelling	speed	was	about	600	HV.		

When	the	preplaced	TiC	powder	 thickness	was	 increased	 to	2	mm	thick,	 the	cladding	 layer	
showed	ultrahigh	hardness	values	(reached	to	more	than	2000	HV),	especially	at	the	top	portion	
of	the	cladding	layer	(near	the	free	surface).	This	is	due	to	the	compacted	dense	hard	TiC	parti‐
cles	that	formed	on	the	top	portion	of	the	cladding	layer.	
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Fig.	10		Microhardness	distributions	through	the	laser	treated	layer	cross‐sections	at	different	travelling	speeds	and	
preplaced	powder	thicknesses,	and	fixed	power	of	2800	W	

3.3. Wear and corrosion resistance of the developed surface layer 

Fig.	11	shows	the	variation	of	wear	weight	losses	of	the	laser	cladding	layers	using	different	la‐
ser	travelling	speeds	(4	mm/s,	8	mm/s,	12	mm/s)	and	preplaced	powder	thicknesses	(1	mm	and	
2	mm)	together	with	the	substrate,	after	subjected	to	pin‐on‐disk	dry	sliding	wear	test	at	a	fixed	
load	of	2	kg	 in	air	at	room	temperatures.	Compared	with	the	substrate,	 the	wear	resistance	of	
the	laser	cladding	layer	was	improved	by	at	least	three	times.	The	wear	rate	was	decreased	by	
increasing	 the	 travelling	 speed.	 This	 is	may	 be	 due	 to	 the	 higher	 hardness	 achieved	 at	 these	
speeds.	On	the	other	hand,	the	sample	that	had	a	preplaced	TiC	powder	of	2	mm,	showed	excep‐
tional	wear	resistance	(the	wear	rate	was	very	small,	about	0.02	g).	This	improvement	in	wear	
resistance	came	from	the	hard,	wear	resistant,	and	dense	TiC	particles	which	formed	at	this	con‐
dition.	

Regarding	the	corrosion	resistance	evaluation,	 the	sample	cladded	at	 travelling	speed	of	12	
mm/s	and	processing	power	of	2800	W	was	chosen	due	to	that	it	gave	the	best	results	regarding	
the	microstructure,	hardness	and	wear	resistance.	Fig.	12	shows	the	polarization	curves	of	stain‐
less	steel	substrate	and	the	cladding	layer.	The	different	two	branches	in	each	plots	represents	
the	anodic	(dark	one)	and	cathodic	polarization	curves.	It	represents	the	nature	of	the	reaction	
at	the	corrosion	potential,	e.g.,	whether	the	metal	is	active,	passive	or	active/passive	in	the	cor‐
rosion	environment.	It	is	well	known	that	when	the	potential	is	increased	and	the	current	is	de‐
creased,	the	polarization	resistance	is	increased	and	the	material	show	improved	corrosion	re‐
sistance.	From	this	figure,	it	is	clear	that	the	corrosion	current	of	the	cladded	layer	showed	lower	
values	than	that	of	the	stainless	steel	substrate.	Also,	the	corrosion	potential	of	the	cladded	sam‐
ple	was	shifted	to	more	positive	than	that	of	the	stainless	steel	substrate.	Based	on	this,	the	laser	
cladding	of	TiC	particles	on	the	304	stainless	steel	substrate	had	a	positive	influence	on	the	cor‐
rosion	behavior	of	the	coatings.	This	can	be	related	to	the	grain	refinement	of	the	matrix	by	the	
influence	of	the	fast	cooling	after	laser	processing.	Also,	to	the	good	metallurgical	bonds	of	the	
TiC	 particles/dendrites	 with	 the	 matrix	 which	 give	 higher	 chemical	 stability	 of	 the	 coating.	
Moreover,	the	TiC	reinforcement	acts	as	obstacles	for	pitting.		
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Fig.	11		Wear	weight	losses	of	the	substrate	and	specimens	treated	at	different	travelling	speeds	(4	mm/s,	
8	mm/s,	12	mm/s)	and	preplaced	powder	thicknesses	(1	mm	and	2	mm),	and	fixed	power	of	2800	W	

Fig.	12		Polarization	curves	of	the	substrate	(a),	and	the	cladding	layer	produced	with	travelling	speed	of	
12	mm/s	and	processing	power	of	2800	W	
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4. Conclusion
304 stainless steel specimens were YAG fiber laser cladded with TiC powder using processing 
power of 2800 W and travelling speeds of 4 mm/s, 8 mm/s, and 12 mm/s. The TiC powder with 
a particle size of 3-10 μm were preplaced on the cleaned surface to form a layer of two different 
thicknesses: 1 mm and 2 mm. The microstructures of the coated layers and substrate were in-
vestigated. The micro-Vickers hardness was measured through the depth of the coated layers 
cross-section. The wear behaviour of the laser cladded layers was evaluated. The corrosion be-
havior of the substrate and the cladding layer were evaluated by the corrosion current density 
and the corrosion potential obtained from polarization curves in a 3.5 wt. % NaCl solution at 
room temperature. The results of this study lead to the following conclusions: 

• Metal matrix composite reinforced with TiC particles was produced in the cladded layer
on 304 stainless steel specimens by application of laser cladding treatment at all pro-
cessing conditions.

• Some of the TiC particles were melted and re-solidified as dendrites during the cladding
processing. The amount of the dendritic TiC structure was increased by increasing of the
travelling speed.

• The cladding layer produced with higher travelling speed (12 mm/s) was tightly bonded
with the substrate without any cracks or any other defects, while that produced at travel-
ling speed of 4 mm/s showed some cracks and crack-networked at the interface and the
heat affected zone.

• The TiC particles were clustered in the top portion of the cladding layer when the pre-
placed powder was 2 mm.

• The hardness of the cladding layer was improved at all processing conditions to be three
times at 12 mm/s travelling speed. When the preplaced TiC power was increased to 2 mm,
the hardness showed ultrahigh values (more than 2000 HV).

• The wear resistance of the cladding layers was remarkably improved especially at higher
travelling speed.

• The corrosion resistance of the cladding layer produced by travelling speed of 12 mm/s
was better than that of the stainless steel substrate.
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A B S T R A C T	   A R T I C L E   I N F O	

This	paper	adopts	a	fuzzy	analytic	network	process	approach	for developing	a	
sustainable	manufacturing	 strategy	 under	 the	 influence	 of	 stakeholders’	 in‐
terests.	Frameworks	developed	in	literature	tend	to	structure	manufacturing	
strategy	in	such	a	way	that	addresses	market	needs	and	expectations.	As	the
move	 towards	 sustainability	 becomes	 highly	 pronounced,	 literature	 in	 do‐
main	 manufacturing	 is	 developing	 approaches	 and	 initiatives	 that	 explore
different	 facets	 of	 sustainability.	However	 as	 this	 impetus	 becomes	 increas‐
ingly	famous,	manufacturing	firms	are	faced	with	the	challenge	of	integrating	
sustainability	with	the	classical	function	of	manufacturing,	which	is	to	support	
firms’	competitive	advantages.	Thus,	an	inclusive	approach	would	constitute	a	
manufacturing	 strategy	 that	 would	 support	 not	 only	 sustainability	 but	 en‐
hance	the	competitive	strategy	of	a	firm.	In	order	to	integrate	these	two	objec‐
tives	 it	 is	 necessary	 to	 take	 into	 consideration	 the	 different	 stakeholders’	
interests	as	significant	drivers	towards	sustainability.	This	work	explores	the	
significance	 of	 these	 interests	 when	 developing	 a	 manufacturing	 strategy
using	 the	proposed	approach.	 In	 the	proposed	method,	 an	 analytic	network	
process	 handles	 the	 complexity	 of	 the	 decision	 framework,	 and	 judgment	
elicitation	during	pairwise	comparisons	is	described	using	linguistic	variables	
with	 equivalent	 triangular	 fuzzy	 numbers.	 The	 proposed	 approach	 is	 useful	
when	 handling	 complexity	 and	 uncertainty	 especially	 in	 group	 decision‐
making.	The	content	of	the	sustainable	manufacturing	strategy	using	a	fuzzy	
analytic	process	is	presented	in	this	paper.		
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1. Introduction 

The	classical	model	of	Skinner	 [1]	and	Wheelwright	 [2]	on	manufacturing	 strategy	was	highly	
motivated	 by	market	 behavior	 and	market	 requirements.	 Resulting	 from	 buying	 experiences,	
dynamic	needs,	 etc.,	 the	market	 creates	 a	priority	 set	of	 the	 four	widely	 accepted	 competitive	
priorities	which	are	cost,	quality,	dependability	and	flexibility	[2‐4].	This	prioritization	process	
of	the	market	motivates	the	priority	set	of	competitive	priorities	of	a	business	unit	which	even‐
tually	influences	the	manufacturing	function.	When	manufacturing	decisions	are	consistent	over	
nine	 decision	 categories,	manufacturing	 creates	 capabilities	which	must	 be	 positioned	 in	 line	
with	the	competitive	priorities	set	up	by	the	business	unit.	This	network	of	influences	seems	to	
function	only	when	the	market	is	solely	the	focal	point	of	interest.	However,	this	network	fails	to	
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address	 the	 conditions	 that	demand	 simultaneous	 considerations	of	 several	 stakeholders.	The	
best	example	of	these	conditions	is	sustainability‐related	issues.	Thus,	an	update	of	this	network	
becomes	necessary	to	address	the	complex	interests	of	various	stakeholders.	
	 An	emerging	body	of	 literature	claims	 that	 the	role	of	 stakeholders	 in	 the	sustainability	ef‐
forts	of	firms	is	arguably	significant	[5‐7].	Aside	from	exerting	pressures	on	manufacturing	firms	
which	is	the	general	claim	[8],	stakeholders	could	assist	firms	in	deciding	which	environmental	
and	social	initiatives	to	adopt	because	stakeholders	have	already	established	some	forms	of	per‐
spectives,	experiences	and	resources	vital	in	addressing	sustainability	issues.	Creating	initiatives	
that	 enhance	close	 relations	with	employees	and	suppliers	advances	 the	 capability	of	 firms	 in	
integrating	environmental	aspects	 into	key	organizational	processes.	With	the	emerging	issues	
on	sustainability	encountered	by	manufacturing	firms,	manufacturing	organizations	must	proac‐
tively	create	value	through	investment	in	customers,	suppliers,	employees,	processes,	technolo‐
gy	and	innovation	[9].	Models	developed	by	previous	literature	lack	quantitative	integration	of	
manufacturing	 strategy	 and	 sustainable	manufacturing	 into	 a	 framework	 that	 addresses	 both	
sustainability	and	competitiveness.	
	 This	paper	aims	to	develop	the	content	of	a	sustainable	manufacturing	strategy	with	the	in‐
fluence	of	different	stakeholders’	interests.	This	is	significant	as	it	provides	possible	direction	for	
manufacturing	industry	on	the	policy	options	that	must	be	made	in	order	to	address	both	com‐
petitiveness	and	sustainability	of	manufacturing.	Due	to	the	multi‐criteria	nature	of	the	decision	
problem	under	vague	decisions	which	are	brought	about	by	the	subjective	nature	of	most	of	the	
criteria,	a	fuzzy	analytic	network	process	is	thus	used.	This	approach	was	also	used	in	identify‐
ing	 the	 structural	decisions	of	 sustainable	manufacturing	 strategy	under	 the	 relevance	of	 firm	
sizes	[10]	and	of	the	strategic	responses	of	firms	[11].	Fuzzy	set	theory	handles	the	uncertainty	
of	decision‐making	[12]	while	analytic	network	process	is	a	multi‐criteria	decision	making	tool	
which	is	used	to	handle	complex	decision‐making	[13].	The	use	of	analytic	network	process	and	
its	special	case,	the	analytic	hierarchy	process,	in	strategy	and	sustainability	research	is	rich	in	
literature,	e.g.	Ocampo	and	Clark	[14],	Ocampo	[15],	Pan	et	al.	[16].	The	contribution	of	this	work	
lies	in	developing	a	comprehensive	framework	in	identifying	specific	decisions	that	comprise	a	
sustainable	manufacturing	strategy	with	the	influence	of	stakeholders’	interests.	

2. Literature review 

2.1 Manufacturing strategy 

Definitions	 of	manufacturing	 strategy	 presented	 by	 previous	 studies	 can	 be	 summarized	 into	
few	 unifying	 concepts.	 First,	 manufacturing	 strategy	 represents	 a	 pattern	 of	 coordinated	 and	
consistent	decisions	over	a	 relatively	narrow	area	 [17].	Second,	manufacturing	strategy	deter‐
mines	 the	 capabilities	 of	 the	 manufacturing	 function	 and	 provides	 its	 competitive	 advantage	
[18].	 Lastly,	manufacturing	 strategy	 is	 consistent	with	 the	 objectives	 of	 the	 business	 strategy	
[17‐19].	Inspired	largely	by	the	work	of	Skinner	[1],	subsequent	works	agreed	that	manufactur‐
ing	function	involves	a	number	of	decision	categories	which	are	shown	in	Table	1.	

Depending	on	the	decisions	made	within	these	categories,	manufacturing	strategy	develops	a	
set	of	capabilities	[21].	Four	competitive	priorities	were	widely	known	in	literature:	cost,	quali‐
ty,	dependability	and	flexibility	[2,	3].		

	

Table	1		Manufacturing	decision	categories	
Manufacturing	decision	categories	 Source Policy	areas [2, 20]
Process	technology	 [2,	3, 20] Process	choice,	technology,	integration	
Facilities	 [1‐3,	20] Size,	location,	focus
Capacity	 [2,	3, 20] Amount,	timing,	type
Vertical	integration	 [2,	3, 20] Direction,	extent,	balance
Organization	 [1, 3, 20] Structure,	reporting	levels,	support	groups	
Manufacturing	planning	and	control	 [1,	2, 20] System	design,	decision	support,	systems	integration
Quality	 [2,	3, 20] Defect	prevention,	monitoring,	intervention	
New	product	introduction [1, 3, 20] Rate	of	innovation,	product	design,	industrialization
Human	resources	 [1‐3] Skill	level,	pay,	security
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	 Competing	 on	 cost	 requires	 a	 manufacturing	 strategy	 that	 minimizes	 the	 inefficiencies	 of	
manufacturing	operations	so	 that	products	are	offered	at	 low	costs.	This	 is	addressed	by	 labor,	
materials,	 capital	 returns,	 inventory	 turnover	 and	 unit	 costs	 [3].	 Manufacturing	 strategy	 that	
emphasizes	 quality	 as	 the	 dominant	 capability	 requires	 higher	 quality	 in	 standard	product	 or	
one	that	offers	broader	features	or	performance	characteristics	compared	to	other	competitors	
with	similar	products.	Measurement	could	be	percent	defectives,	frequency	field	failure,	cost	of	
quality	and	mean	time	between	failures	[3].	Dependability	involves	a	manufacturing	system	that	
is	able	to	do	work	as	specified,	delivered	on	time	and	the	firm	makes	sure	that	its	resources	are	
ready	so	that	any	failures	are	corrected	immediately.	It	could	be	achieved	by	dealing	on	product	
mix	 flexibility,	 volume	 flexibility	 and	 lead	 time	 for	 new	products	 [3].	Measurement	 indicators	
could	be	percentage	of	 on‐time	 shipments,	 average	delay	 and	 expediting	 response	 time	 [3].	A	
comprehensive	discussion	of	these	four	capabilities	was	outlined	by	Ward	et	al.	[22].		
	 Note	that	the	competitive	strategy	reinforced	by	the	manufacturing	strategy	must	support	the	
competitive	advantage	defined	by	the	business	strategy	as	depicted	by	Skinner’s	[1]	hierarchical	
framework.	Moreover,	aside	from	maintaining	this	competitive	advantage,	the	strategy	adopted	
must	create	and	maintain	the	manufacturing	competitive	position	in	the	market.	Different	manu‐
facturing	 firms	 emphasize	 each	 of	 the	 four	 competitive	 capabilities	 in	 varying	degrees	 [2].	 To	
summarize,	manufacturing	strategy	is	derived	from	business	and	corporate	strategies	[1]	which	
are	largely	driven	by	the	market.	Market	establishes	the	requirements	of	the	business	unit	and	
consequently	 identifies	 the	 set	 of	 competitive	 priorities.	 Manufacturing	 strategy	 provides	 the	
necessary	policy	to	support	the	strategy	of	the	business	while	at	the	same	time	creates	capabili‐
ties	 in	 the	 long	 run.	This	 framework	generally	 addresses	 competitiveness	of	 the	business	unit	
with	 limited	 information	 on	 how	 this	works	when	 sustainability	 is	 eventually	 placed	 into	 the	
context.	 One	 challenging	 issue	 that	 needs	 to	 be	 resolved	 in	 the	 framework	 is	 the	 presence	 of	
stakeholders’	interests	that	must	be	considered	when	confronting	sustainability	agenda.	

2.2 Sustainable manufacturing 

While	other	economic	sectors	share	responsibilities	in	addressing	sustainability,	manufacturing	
sector	is	undoubtedly	an	important	piece	of	the	puzzle	[23].	With	expected	five‐fold	increase	in	
GDP	per	capita	over	the	next	fifty	years,	a	corresponding	ten‐fold	increase	in	total	impact	in	en‐
ergy	 consumption,	material	 usage	 and	wastes	 generation	 is	 expected	 [24].	 Hassine	 et	 al.	 [25]	
pointed	out	 that	 the	energy	consumption	of	manufacturing	 industries	account	 for	30	%	of	 the	
global	energy	demand	and	36	%	of	the	global	carbon	dioxide	emissions.	This	consumption	im‐
plies	adverse	environmental	impact	and	degradation	of	natural	resources	[25].	Being	the	leading	
employment	 sector	 and	main	 contributor	 to	 the	 GDP,	 the	manufacturing	 sector	 serves	 as	 the	
“backbone”	to	the	well‐being	of	nations	and	societies	[24].	With	this,	sustainable	manufacturing,	
as	an	approach,	has	emerged	and	is	defined	by	the	U.S.	Department	of	Commerce	as	“the	crea‐
tion	 of	 manufactured	 products	 that	 use	 processes	 that	 minimize	 negative	 environmental	 im‐
pacts,	conserve	energy	and	natural	resources,	are	safe	for	employees,	communities	and	consum‐
ers	and	are	economically	sound”	[26].	Sustainable	manufacturing	gained	overwhelming	interests	
both	in	industry	and	academia	and	inspired	leading	developed	economies	to	design	responsive	
policy	platforms	[27].	Nevertheless,	this	approach	gained	global	momentum	[28].	
	 A	concise	framework	on	sustainability	in	general	and	on	sustainable	manufacturing	in	partic‐
ular	 is	 the	 triple‐bottom	 line	 approach	 [29,	30]	which	was	 introduced	by	Elkington	 [31].	 This	
approach	maintains	 that	 sustainable	manufacturing	 is	achieved	by	simultaneously	considering	
environmental	 stewardship,	 economic	growth,	 and	social	well‐being	 [26].	This	 framework	has	
been	adopted	by	various	operations	management	researches	[32‐35].	While	this	sounds	impres‐
sive,	 it	 does	 not	 provide	 clear	 direction	 on	 the	 competitive	 function	 of	 manufacturing	 as	 de‐
scribed	by	Skinner’s	 [1]	 framework.	Conceptual	 frameworks	are	on	sustainable	manufacturing	
based	on	the	TBL	approach.	These	could	be	summarized	as	follows:	(1)	sustainability	is	further	
achieved	 through	collaboration	 in	 the	supply	chain	 [36,	37],	 (2)	a	 comprehensive	approach	 to	
sustainability	 is	 through	 the	 life‐cycle	 approach	 [38,	 39],	 and	 (3)	 different	 stakeholders	 have	
significant	roles	in	sustainability	transformation	[40,	41].	
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2.3 Stakeholders’ interests 

Recent	studies	have	placed	high	 regard	on	 the	role	of	 stakeholders	 in	 forging	sustainability	of	
manufacturing	organizations,	e.g.	[42‐44].	Stakeholders	comprise	those	who	are	influenced,	ei‐
ther	directly	or	 indirectly,	by	the	actions	carried	out	by	the	firm	[9].	These	include	employees,	
suppliers,	customers,	 industry	associations,	universities,	consultants,	governments,	community	
organizations,	 and	 the	media	 [44].	 Pham	 and	Thomas	 [9]	 argue	 that	 traditional	 organizations	
tend	to	focus	only	on	a	handful,	limited	number	of	stakeholders	with	special	attention	to	share‐
holders	 such	 as	 board	 of	 directors	 and	 investors.	 Griffiths	 and	Petrick	 [42]	 contend	 that	 such	
approach	 fails	 to	 develop	 stakeholder	 integration	 for	 firms.	 A	 widely	 accepted	 notion	 is	 that	
when	stakeholders	are	managed	well,	they	are	capable	in	offering	invaluable	assistance	and	re‐
sources	beyond	simply	exerting	pressures	on	firms	[45,	46].	For	instance,	customers	can	possi‐
bly	exert	pressure	on	suppliers	to	establish	environmental	programs	as	a	precondition	to	supply	
[7].	On	the	other	hand,	employees	can	provide	recommendations	for	advancing	firm’s	responsi‐
bility	to	the	community	by	pointing	out	inputs	related	to	the	current	socio‐economic	conditions	
of	the	local	community.	Suppliers	play	a	critical	role	in	providing	insights	which	are	associated	
to	technology,	materials	and	processes	that	could	be	helpful	in	strengthening	firm’s	environmen‐
tal	efforts	[47,	48].	Harrison	et	al.	[49]	claim	that	manufacturing	firms	are	likely	to	build	trusting	
relations	 across	 several	 stakeholders	when	 firms	 integrate	 them	 in	 their	 key	decision‐making	
processes.	Having	stronger	relations	with	stakeholders,	necessary	 insights	 for	deciding	how	to	
allocate	limited	resources	in	order	to	satisfy	stakeholders	are	certainly	gained.	

3. Methodology 

3.1 Fuzzy set theory 

Fuzzy	set	theory	was	developed	by	Zadeh	[50]	as	a	mathematical	approach	of	handling	impreci‐
sion	 and	 vagueness	 in	 decision‐making.	 A	 fuzzy	 number	 can	 be	 represented	 by	 a	 fuzzy	 set	
ܨ ൌ ൛൫ݔ, ,ሻ൯ݔிሺݑ ݔ ∈ Թൟ	where	ݔ ∈ Թ	and	ݑிሺݔሻ → ሾ0,1ሿ.	The	binary	set	 [0,	1]	 is	a	crisp	set	and	
any	 value	 that	 is	 represented	 between	 0	 and	 1	 indicates	 partial	 acceptance.	 Various	 types	 of	
fuzzy	 numbers	 emerge	 in	 literature	 but	 the	 widely	 used	 one	 is	 the	 triangular	 fuzzy	 number	
(TFN)	[51,	52].	TFN	can	be	defined	as	a	triplet	ܣ ൌ ሺ݈,݉, 	ሻݔெ෩ሺߤ	function	membership	the	and	ሻݑ
can	be	defined	as	

	

ሻݔ஺ሺߤ ൌ ൞

0
ሺݔ െ ݈ሻ/ሺ݉ െ ݈ሻ
ሺݑ െ ݈ሻ/ሺݑ െ ݉ሻ

0

ݔ ൏ ݈
݈ ൑ ݔ ൑ ݉
݉ ൑ ݔ ൑ ݑ
ݔ ൐ ݑ

ൢ	 (1)

	

and	the	representation	of	a	TFN	is	
	

	
	

Fig.	1		A	TFN	A ൌ ሺ݈,݉, 	[10]	ሻݑ
	
Suppose	two	TFNs	ܣሚ	and	ܤ෨ 	are	defined	by	the	triplet	ሺܽଵ, ܽଶ, ܽଷሻ	and	ሺܾଵ, ܾଶ, ܾଷሻ,	respectively.	

The	basic	operations	of	these	two	TFNs	are	as	follows:	
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ሚܣ ൅ ෨ܤ ൌ ሺܽଵ, ܽଶ, ܽଷሻ ൅ ሺܾଵ, ܾଶ, ܾଷሻ ൌ ሺܽଵ ൅ ܾଵ, ܽଶ ൅ ܾଶ, ܽଷ ൅ ܾଷሻ	 (2)
	

ሚܣ െ ෨ܤ ൌ ሺܽଵ, ܽଶ, ܽଷሻ െ ሺܾଵ, ܾଶ, ܾଷሻ ൌ ሺܽଵ െ ܾଵ, ܽଶ െ ܾଶ, ܽଷ െ ܾଷሻ	 (3)
	

ሚܣ ⊗ ෨ܤ ൌ ሺܽଵ, ܽଶ, ܽଷሻ ൈ ሺܾଵ, ܾଶ, ܾଷሻ ൌ ሺܽଵܾଵ, ܽଶܾଶ, ܽଷܾଷሻ	 (4)
	

ሚܣ ൊ ෨ܤ ൌ ሺܽଵ, ܽଶ, ܽଷሻ ൊ ሺܾଵ, ܾଶ, ܾଷሻ ൌ ሺܽଵ ോ ܾଷ, ܽଶ ോ ܾଶ, ܽଷ ോ ܾଵሻ	 (5)
	
FST	enhances	the	capability	of	MCDM	methods	in	handling	complex	and	imprecise	judgments	

[10].	Most	evaluators	could	hardly	elicit	exact	numerical	values	to	represent	opinions	based	on	
human	judgment	[52].	More	realistic	evaluations	use	linguistic	variables	to	represent	judgment	
rather	than	numerical	values	[53].	Linguistic	variable	represents	 linguistic	values	with	form	of	
phrases	or	sentences	in	a	natural	language	[54].	Expressing	judgment	in	linguistic	variables	is	a	
useful	method	in	dealing	with	situations	that	are	described	in	quantitative	expressions	[53].	The	
integration	of	fuzzy	set	theory	in	the	context	of	AHP/ANP	draws	several	techniques.	Refer	to	the	
work	of	Promentilla	et	al.	 [51],	Wang	et	al.	 [55],	Ocampo	and	Clark	[56]	 for	a	review	on	these	
techniques.	The	approach	adopted	 in	this	study	shares	similarity	with	the	works	of	Tseng	[12,	
52]	which	transform	TFNs	into	crisp	values	before	raising	the	pairwise	comparisons	matrices	to	
large	powers.	This	method	has	been	used	because	of	the	simplicity	of	the	approach	and	the	va‐
lidity	 of	 previous	 works	 that	 embarked	 on	 it.	 Tseng	 [52]	 argued	 that	 any	 fuzzy	 aggregation	
method	must	contain	defuzzification	method.	An	algorithm	in	determining	the	crisp	values	was	
proposed	by	Opricovic	 and	Tzeng	 [57].	 The	 linguistic	 variables	 are	 presented	 in	Table	 2	with	
equivalent	TFNs	adopted	from	Tseng	et	al.	[58].	

	
Table	2		Linguistic	variables	adopted	from	Tseng	et	al.	[58]	

	

Linguistic	scale	 Code Triangular	fuzzy	scale Triangular	fuzzy	reciprocal	scale
Just	equal	 	 (1,1,1) (1,1,1)
Equal	importance	 EQ	 (1/2,1,3/2) (2/3,1,2)	
Moderate	importance	 MO (5/2,3,7/2) (2/7,1/3,2/5)	
Strong	importance	 ST	 (9/2,5,11/2) (2/11,1/5,2/9)	
Demonstrated	importance DE	 (13/2,7,15/2) (2/15,1/7,2/13)	
Extreme	importance	 EX	 (17/2,9,9) (1/9,1/9,2/17)	
	
Let	ݓ෥௜௝

௞ ൌ ൫ܽଵ௜௝
௞ , ܽଶ௜௝

௞ , ܽଷ௜௝
௞ ൯	be	 the	 influence	of	 ith	criteria	on	 jth	criteria	assessed	by	the	kth	

evaluator.	The	defuzzification	process	proposed	by	Opricovic	and	Tzeng	[57]	is	as	follows:	
	
Step	1:	Normalization	

	

ଵ௜௝ܽݔ
௞ ൌ

ܽଵ௜௝
௞ െ ݉݅݊ ܽଵ௜௝

௞

∆௠௜௡
௠௔௫ 	 (6)

	

ଶ௜௝ܽݔ
௞ ൌ

ܽଶ௜௝
௞ െ ݉݅݊ ܽଵ௜௝

௞

∆௠௜௡
௠௔௫ 	 (7)

	

ଷ௜௝ܽݔ
௞ ൌ

ܽଷ௜௝
௞ െ ݉݅݊ ܽଵ௜௝

௞

∆௠௜௡
௠௔௫ 	 (8)

	
where	

∆௠௜௡
௠௔௫ൌ ݔܽ݉ ܽଷ௜௝

௞ െ ݉݅݊ ܽଵ௜௝
௞ .	

	
Step	2:	Computation	of	left	݈ݏ	and	right	ݏݎ	normalized	values	

	

௜௝ݏ݈ݔ
௞ ൌ

ଶ௜௝ܽݔ
௞

1 ൅ ଶ௜௝ܽݔ
௞ െ ଵ௜௝ܽݔ

௞ 	 (9)
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௜௝ݏݎݔ
௞ ൌ

ଷ௜௝ܽݔ
௞

1 ൅ ଷ௜௝ܽݔ
௞ െ ଶ௜௝ܽݔ

௞ 	 (10)

	
Step	3:	Computation	of	total	normalized	crisp	value	
	

௜௝ݔ
௞ ൌ

௜௝ݏ݈ݔ
௞ ൫1 െ ௜௝ݏ݈ݔ

௞ ൯ ൅ ௜௝ݏݎݔ
௞ ௜௝ݏݎݔ

௞

1 െ ௜௝ݏ݈ݔ
௞ ൅ ௜௝ݏݎݔ

௞ 	 (11)

	

Step	4:	Computation	of	crisp	values	
	

௜௝ݓ
௞ ൌ ݉݅݊ ܽଵ௜௝

௞ ൅ ௜௝ݔ
௞ ∆௠௜௡

௠௔௫	 (12)
	

3.2 Analytic network process 

ANP	is	the	general	theory	of	analysing	complex	decision	problems	where	analytic	hierarchy	pro‐
cess	(AHP)	is	a	special	case.	Local	priorities	in	ANP	are	obtained	similar	to	how	local	priorities	in	
AHP	are	computed;	that	is,	by	performing	paired	comparisons.	In	ANP,	the	decision	problem	is	
structured	as	a	network	of	constructs	that	describes	dependence	relations	of	one	component	on	
another	component.	The	advantage	of	using	ANP	in	a	wide	array	of	decision	problems	is	in	cap‐
turing	both	qualitative	and	quantitative	criteria	in	a	model	that	attempts	to	resemble	reality.	The	
input	of	local	priorities	depends	on	the	presence	and	type	of	dependence	relations	described	in	
the	 network.	 The	 eigenvector	method,	 as	 described	 in	 the	 theory	 of	 Oskar	 Perron	which	was	
discussed	by	Saaty	[59],	is	referred	to	as	the	exact	way	of	computing	relative	local	priorities	of	
these	 elements.	 Saaty	 [60]	 proposed	 an	 eigenvalue	 problem	 to	 obtain	 the	 desired	 ratio‐scale	
priority	vector	(or	weights)	w	of	n	elements:	
 

ݓܣ ൌ ݓ௠௔௫ߣ (13)
 

where	A	is	the	positive	reciprocal	pairwise	comparisons	matrix,	ߣ௠௔௫	is	the	maximum	(or	prin‐
cipal)	 eigenvalue	 of	 matrix	 A.	 For	 consistent	 judgment,	ߣ௠௔௫ ൌ ݊,	 otherwise,	 ௠௔௫ߣ ൐ ݊.	 The	
measure	of	judgment	consistency	is	measured	using	the	Consistency	Index	(CI)	and	Consistency	
Ratio	 (CR).	The	Consistency	 Index	(CI)	 is	a	measure	of	 the	degree	of	consistency	and	 is	 repre‐
sented	by	
	

ܫܥ ൌ
௠௔௫ߣ െ ݊
݊ െ 1

	 (14)

	
The	consistency	ratio	(CR)	is	computed	as	
	

ܴܥ ൌ
ܫܥ
ܫܴ
	 (15)

	
where	RI	 is	 the	mean	 random	 consistency	 index.	 ܴܥ ൑ 0.10	 is	 an	 acceptable	 degree	 of	 incon‐
sistency.	 Decision‐makers	 would	 be	 asked	 to	 reconsider	 the	 paired	 comparisons	 in	 case	
of	ܴܥ ൐ 0.10.	
	 Global	priority	ratio	scales	or	priorities	can	be	computed	based	on	the	synthesizing	principle	
of	 the	 supermatrix	 [51].	 By	 raising	 the	matrix	 to	 large	 powers,	 the	 transmission	 of	 influence	
along	all	possible	paths	in	the	network	is	captured	in	the	process	[13].	The	convergence	of	initial	
priorities	(stochastic	matrix)	to	an	equilibrium	value	in	the	limit	supermatrix	provides	a	set	of	
meaningful	synthesized	priorities	from	the	underlying	decision	network	[51].	Saaty	[13]	assured	
that	 as	 long	 as	 the	 supermatrix	 representation	 is	 a	 primitive	 irreducible	matrix	 in	 a	 strongly	
connected	digraph,	the	initial	supermatrix	will	eventually	converge	to	a	 limit	supermatrix.	The	
numerical	approach	of	solving	the	limit	supermatrix	denoted	by	L	is	by	normalizing	columns	and	
then	raising	the	supermatrix	to	p	=	2k	+	1	power	where	k	is	an	arbitrary	large	number.	
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݈݅݉
௣→ஶ

൬
ܵ

௠௔௫ߣ
൰
௣

ൌ ݈݅݉
௣→ஶ

ሺܵ̅ሻ௣ ൌ 	ܮ (16)

	
Each	column	of	 the	 limit	 supermatrix	 is	a	unique	positive	column	eigenvector	associated	with	
the	principal	 eigenvalue	 	௠௔௫ߣ [51].	 This	 resembles	 the	priorities	 of	 the	 limit	 supermatrix	 and	
can	be	used	to	measure	the	overall	relative	dominance	of	one	element	over	another	element	in	a	
network	[51].	

3.3 Procedure 

To	summarize,	the	research	procedure	implemented	in	this	paper	is	as	follows:	

1. Perform	 pairwise	 comparisons	 based	 from	 the	 decision	 network	motivated	 from	 litera‐
ture.	The	generic	question	that	is	asked	in	doing	pairwise	comparison	is	“Given	a	control	
element,	a	component	(element)	of	a	given	network,	and	given	a	pair	of	component	(or	el‐
ement),	how	much	more	does	a	given	member	of	the	pair	dominate	other	member	of	the	
pair	 with	 respect	 to	 a	 control	 element?”	 [51].	 Instead	 of	 using	 the	 Saaty’s	 fundamental	
scale,	comparisons	are	made	using	linguistic	scales	as	shown	in	Table	2.	

2. Transform	linguistic	variables	into	corresponding	TFNs	in	Table	2.	Using	Eq.	6	through	Eq.	
12,	compute	corresponding	crisp	values	of	the	TFNs.	

3. Compute	local	priority	vectors,	CI	and	CR	values	of	pairwise	comparisons	matrices	using	
Eq.	13	through	Eq.	15.	 If	CR	൐	0.10,	decision‐makers	should	be	asked	to	reconsider	 judg‐
ments	in	paired	comparisons.	

4. Aggregate	the	pairwise	comparisons	matrices	of	decision‐makers	using	Eq.	17.	After	con‐
structing	 aggregated	 pairwise	 comparisons	 matrices,	 compute	 local	 priority	 vectors	 of	
these	matrices	using	Eq.	13.	

	

ഥ௜௝ݓ ൌ ൭ෑݓ௜௝
௞

௞

൱

ଵ
௞ൗ

	 (17)

	
5. Construct	 an	 initial	 supermatrix	 from	 the	 decision	 network	 developed	 in	 step	 1.	 Then,	

populate	this	initial	supermatrix	with	the	local	priority	vectors	obtained	in	step	4.	Normal‐
ize	the	columns	of	the	initial	supermatrix	in	order	to	attain	a	stochastic	matrix.	Then	raise	
the	stochastic	matrix	to	large	powers	Eq.	16	to	compute	for	the	final	priority	vector.	

4. Decision model 

Following	the	literature	review	in	Section	2,	the	decision	model	can	be	described	into	two	parts.	
The	first	part	presents	the	hierarchical	structure	of	decision	categories,	policy	areas	and	policy	
options.	This	shows	that	each	decision	category	is	composed	of	policy	areas	and	each	policy	area	
has	policy	options	or	choices.	This	part	is	largely	influenced	by	the	second	part	of	the	model.	The	
second	 part	 illustrates	 the	 relationships	 of	 stakeholders’	 interests,	 competitive	 priorities	 and	
strategic	 responses.	 Stakeholders’	 interests	 dominate	 competitive	 priorities	 which	 is	 vital	 in	
sustainability.	Instead	of	the	market	exclusively	setting	up	the	competitive	priorities	consistent	
with	the	former	arguments	of	Wheelwright	[2],	the	model	holistically	considers	the	interests	of	
different	stakeholders	in	determining	competitive	priorities.	These	priorities	influence	the	stra‐
tegic	responses	of	firms	toward	sustainability.	In	effect,	these	responses	influence	the	decisions	
which	would	eventually	comprise	the	sustainable	manufacturing	strategy.	Fig.	2	shows	the	deci‐
sion	model	developed	in	this	work.	
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Fig.	1		Proposed	decision	model	

The	decision	model	in	Fig.	2	has	six	components	which	are	composed	of	the	goal,	stakeholders’	
interests,	competitive	priorities,	strategic	responses,	manufacturing	strategy	decision	categories,	
policy	areas	and	policy	options.	These	components	are	linked	together	in	a	network	of	depend‐
ence	relations.	Each	component	of	the	model	comprises	respective	decision	elements.	The	goal	
component	contains	a	single	element	which	is	to	develop	SMS.	Stakeholders’	interests	have	two	
sub‐components:	stakeholders’	component	which	has	eight	decision	elements	and	stakeholders’	
interests’	 component	with	28	 children	 elements.	 Competitive	priorities	have	 four	 elements	 as	
discussed	in	the	previous	section.	Strategic	responses	have	three	elements	which	are	stakehold‐
er‐oriented,	 market‐oriented	 and	 sustainability‐oriented.	 Manufacturing	 decision	 categories	
component	has	nine	elements	and	each	element	has	its	own	set	of	policy	areas	as	described	in	
Table	 1.	 Furthermore,	 each	 policy	 contains	 policy	 options	 which	 a	 manufacturing	 firm	 could	
deliberately	choose	from.	The	objective	of	this	work	is	to	analytically	choose	a	particular	set	of	
options	that	comprise	SMS	which	best	addresses	the	goal	resulting	from	the	interrelationships	of	
the	 components	 and	elements	described	 in	Fig.	 2.	 In	order	 to	 facilitate	 easier	 computations,	 a	
comprehensive	 coding	 system	 is	 shown	 in	 Table	 3	 to	 represent	 each	 element	 in	 the	 decision	
model.	The	coding	system	is	so	structured	to	facilitate	remembering	of	elements	associated	with	
their	parent	element.	
	

Table	3		Coding	system	of	the	stakeholder‐motivated	competitive	priority	decision	model	
	

Decision	components	 Decision	elements	 Code	 Decision	components	 Decision	elements	 Code	

Goal	
develop	sustainable	manufac‐
turing	strategy	

A	 Policy	options	 job	shop	 C111	

Stakeholders	 government	 H1	 	 batch	 C112	
suppliers	 H2	 	 continuous	 C113	
shareholders	 H3	 	 project	 C114	
business	customers	 H4	 	 robotics	 C121	

	
consumers	 H5	 	

flexible	manufacturing	
system	

C122	

	
community	 H6	 	

computer‐aided	manufactu‐
ring	

C123	

employees	 H7	 	 cellular	 C131	
competitors	 H8	 	 process	 C132	

Stakeholders’	
sustainability	interests	

government’s	increased	taxes	 H11	 	 product	 C133	

	
government’s	environmental	
protection	

H12	 	 one	big	plant	 C211	

government’s	health	&	safety	 H13	 	 several	smaller	ones	 C212	

	
suppliers’	compliance	with	
international	standards	

H21	 	 close	to	market	 C221	

suppliers’	quality	 H22	 	 close	to	supplier	 C222	
suppliers’	cost	 H23	 	 close	to	technology	 C223	
suppliers’	delivery	 H24	 	 close	to	competitor	 C224	

Competitive 
priorities 

Manufacturing decision  
categories 

Policy 
areas

Policy 
options

Goal 

Stakeholders’  
interests 

Strategic 
responses 
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Table	3		Coding	system	of	the	stakeholder‐motivated	competitive	priority	decision	model	(continuation)
	

	
shareholders’	profitability	 H31	 	

close	to	source	of	raw	mate‐
rials	

C225	

	
shareholders’	environmental	
equity	

H32	 	 product	groups	 C231	

shareholders’	social	equity	 H33	 	 process	types	 C232	
business	customers’	quality	 H41	 	 life	cycle	stages	 C233	
business	customers’	cost	 H42	 	 fixed	units	per	period	 C311	
business	customers’	delivery	 H43	 	 based	on	inputs	 C312	

	
business	customers’	internati‐
onal	certifications	

H44	 	 based	on	outputs	 C313	

consumers’	quality	 H51	 	 leading		 C321	
consumers’	cost	 H52	 	 chasing	 C322	
consumers’	delivery	 H53	 	 following	 C323	

	
community’s	environmental	
effect	

H61	 	 potential	 C331	

community’s	employment	 H62	 	 immediate	 C332	
community’s	health	&	safety	 H63	 	 effective	 C333	
employees’	health	&	safety	 H71	 	 forward	 C411	
employees’	benefits	 H72	 	 backward	 C412	
employees’	salaries	&	wages	 H73	 	 horizontal	 C413	

	
employees’	career	develop‐
ment	

H74	 	 sources	of	raw	materials	 C421	

	
competitors’	complying	inter‐
national	standards	

H81	 	
distribution	to	final	custo‐
mers	

C422	

competitors’	quality	 H82	 	 low	degree	 C431	
competitors’	cost	 H83	 	 medium	degree	 C432	
competitors’	delivery	 H84	 	 high	degree	 C433	

Competitive	priorities	 cost	 I1	 	 functional	 C511	
	 quality	 I2	 	 product	groups	 C512	
	 dependability	 I3	 	 geographical	 C513	
	 flexibility	 I4	 	 top	 C521	
Strategic	responses	 stakeholder‐oriented	 G1	 	 middle	 C522	
	 market‐oriented	 G2	 	 first	line	 C523	
	 sustainability‐oriented	 G3	 	 large	groups	 C531	
Manufacturing	decision	
categories	

process	technology	 C1	 	 small	groups	 C532	

	 facilities	 C2	 	 make‐to‐order	 C611	
	 capacity	 C3	 	 make‐to‐stock	 C612	
	 vertical	integration	 C4	 	 close	support	 C621	
	 organization	 C5	 	 loose	support	 C622	

	
manufacturing	planning	&	
control		

C6	 	 high	degree	 C631	

	 quality	 C7	 	 low	degree	 C632	
	 new	product	introduction	 C8	 	 high	quality	 C711	
	 human	resources	 C9	 	 low	degree	 C712	
Policy	areas	 process	choice	 C11	 high	frequency	 C721	
	 technology	 C12	 low	frequency	 C722	
	 process	integration	 C13	 	 high	frequency	 C731	
	 facility	size	 C21	 	 low	frequency	 C732	
	 facility	location	 C22	 	 slow	 C811	
	 facility	focus	 C23	 	 fast	 C812	
	 capacity	amount	 C31	 	 standard	 C821	
	 capacity	timing	 C32	 	 customized	 C822	
	 capacity	type	 C33	 	 new	processes	 C831	
	 direction	 C41	 	 follow‐the‐leader‐	policy	 C832	
	 extent	 C42	 	 specialized	 C911	
	 balance	 C43	 	 not	specialized	 C912	
	 structure	 C51	 	 based	on	hours	worked	 C921	
	 reporting	levels	 C52	 	 quantity/quality	of	output	 C922	
	 support	groups	 C53	 	 seniority	 C923	
	 system	design	 C61	 	 training	 C931	
	 decision	support	 C62	 	 recognition	for	achievement	 C932	
	 systems	integration	 C63	 	 promotion	 C933	
	 defect	prevention	 C71	 	 	 	
	 monitoring	 C72	 	 	 	
	 intervention	 C73	 	 	 	
	 rate	of	innovation	 C81	 	 	 	
	 product	design	 C82	 	 	 	
	 industrialization	 C83	 	 	 	
	 skill	level	 C91	 	 	 	
	 pay	 C92	 	 	 	
	 security	 C93	 	 	 	
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Respondents	were	carefully	selected	to	provide	expert	judgment	of	the	decision	problem	raised	
from	this	work.	Initially,	respondents	were	selected	in	advance	and	selection	was	based	on	their	
expertise	in	the	manufacturing	industry.	This	choice	of	respondents	is	consistent	with	the	MCDM	
studies	published	by	Tseng	and	Chiu	[12].	All	experts	are	located	in	the	Philippines	who	worked	
for	multinational	manufacturing	firms	and	were	exposed	to	international	practices.	In	this	work,	
ten	expert	respondents	were	selected	to	provide	meaningful	results.		

5. Results and discussion 

For	brevity,	a	sample	pairwise	comparisons	matrix	in	linguistic	variables	from	a	single	decision‐
maker	is	shown	in	Table	4.		

Note	that	only	the	upper	triangle	of	the	matrix	 is	 filled	out	as	the	lower	triangle	represents	
straightforward	reciprocal	value	of	the	upper	triangular.	This	matrix	describes	the	comparisons	
of	stakeholders	with	their	significance	in	addressing	the	goal	of	developing	a	sustainable	manu‐
facturing	strategy.	From	Table	4,	corresponding	TFNs	are	shown	in	Table	5.	

	
Table	4		A	sample	pairwise	comparisons	matrix	in	linguistic	variables	
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Government	 	 1/MO	 1/MO 1/MO 1/MO 1/MO 1/MO	 1/MO
Suppliers	 	 	 1/MO 1/MO 1/MO 1/MO MO	 MO
Shareholders	 	 	 1/MO 1/MO MO MO	 MO
Business	customers	 	 	 1/MO MO MO	 MO
Consumers	 	 	 MO MO	 MO
Community	 	 	 MO	 MO
Employees	 	 	 	 MO
Competitors	 	 	 	 	

	 	
Table	5		A	sample	pairwise	comparisons	matrix	in	TFNs	

	

	

G
ov
er
nm

en
t	

Su
pp
lie
rs
	

Sh
ar
eh
ol
de
r	

B
us
in
es
s	
	c
us
to
‐

m
er
s	

Co
ns
um

er
s	

Co
m
m
un
it
y	

Em
pl
oy
ee
s	

Co
m
pe
ti
to
rs
	

Government	 (1,1,1)	 (2/7,1/3,2/5)	 (2/7,1/3,2/5) (2/7,1/3,2/5) (2/7,1/3,2/5) (2/7,1/3,2/5) (2/7,1/3,2/5)	 (2/7,1/3,2/5)
Suppliers	 (5/2,3,7/2)	 (1,1,1)	 (2/7,1/3,2/5) (2/7,1/3,2/5) (2/7,1/3,2/5) (2/7,1/3,2/5) (5/2,3,7/2)	 (5/2,3,7/2)
Shareholders	 (5/2,3,7/2)	 (5/2,3,7/2)	 (1,1,1) (2/7,1/3,2/5) (2/7,1/3,2/5) (5/2,3,7/2) (5/2,3,7/2)	 (5/2,3,7/2)
Business	customers	 (5/2,3,7/2)	 (5/2,3,7/2)	 (5/2,3,7/2) (1,1,1) (2/7,1/3,2/5) (5/2,3,7/2) (5/2,3,7/2)	 (5/2,3,7/2)
Consumers	 (5/2,3,7/2)	 (5/2,3,7/2)	 (5/2,3,7/2) (5/2,3,7/2) (1,1,1) (5/2,3,7/2) (5/2,3,7/2)	 (5/2,3,7/2)
Community	 (5/2,3,7/2)	 (5/2,3,7/2)	 (2/7,1/3,2/5) (2/7,1/3,2/5) (2/7,1/3,2/5) (1,1,1) (5/2,3,7/2)	 (5/2,3,7/2)
Employees	 (5/2,3,7/2)	 (2/7,1/3,2/5)	 (2/7,1/3,2/5) (2/7,1/3,2/5) (2/7,1/3,2/5) (2/7,1/3,2/5) (1,1,1)	 (5/2,3,7/2)
Competitors	 (5/2,3,7/2)	 (2/7,1/3,2/5)	 (2/7,1/3,2/5) (2/7,1/3,2/5) (2/7,1/3,2/5) (2/7,1/3,2/5) (2/7,1/3,2/5)	 (1,1,1)

	
Table	6	shows	the	corresponding	crisp	values	of	the	sample	pairwise	comparisons	matrix	ob‐

tained	from	a	single	decision‐maker.		
From	 the	 aggregated	 matrix,	 local	 priority	 vectors,	 the	 principal	 eigenvalue	 and	 CR	 value	

were	then	computed.	CR	values	of	all	pairwise	comparisons	matrix	are	below	the	0.10	threshold	
value.	The	local	priority	vectors	of	all	aggregated	pairwise	comparisons	matrices	are	populated	
in	the	supermatrix.	The	general	supermatrix	of	the	decision	model	presented	in	Fig.	2	is	shown	
in	Table	7.	
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Table	6		A	sample	pairwise	comparisons	matrix	in	crisp	values	
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Government	 1	 0.3349	 0.3349	 0.3349	 0.3349	 0.3349	 0.3349	 0.3349	 0.0398	
Suppliers	 2.9863	 1	 0.3349 0.3349 0.3349 0.3349 2.9646	 2.9646	 0.0902
Shareholders	 2.9863	 2.9863	 1 0.3349 0.3349 2.9646 2.9646	 2.9646	 0.1557
Business	customers	 2.9863	 2.9863	 2.9863 1 0.3349 2.9646 2.9646	 2.9646	 0.2048
Consumers	 2.9863	 2.9863	 2.9863 2.9863 1 2.9646 2.9646	 2.9646	 0.2692
Community	 2.9863	 2.9863	 0.3373 0.3373 0.3373 1 2.9646	 2.9646	 0.1188
Employees	 2.9863	 0.3373	 0.3373 0.3373 0.3373 0.3373 1 2.9646	 0.0689
Competitors	 2.9863	 0.3373	 0.3373 0.3373 0.3373 0.3373 0.3373	 1	 0.0525
λ୫ୟ୶ ൌ 9.086, C. R. ൌ 0.1	

	

Table	7		The	generalized	supermatrix	
	

	 A	 H#	 H## I G C# C##	 C###
A	 I	 1	 1	 1 1 1 1	 1
H#	 H#A	 I	 0	 H#I 0 0 0	 0
H##	 0	 H##H#	 I	 0 0 0 0	 0
I	 IA	 0	 0	 I IG 0 0	 0
G	 GA	 0	 0	 0 GG 0 0	 0
C#	 0	 0	 0	 0 C#G C#C# 0	 0
C##	 0	 0	 0	 0 0 C##C# I	 1
C###	 0	 0	 0	 0 0 0 C###C##	 I

	
Because	the	numerical	supermatrix	runs	in	the	order	151×151,	it	is	highly	difficult	to	present	

it	 here	 as	 it	 requires	 large	 amount	of	 space.	 For	 brevity,	 the	 generalized	 supermatrix	 and	 the	
resulting	 global	 priority	 vector	 are	only	 shown	 to	 elucidate	 the	process	 of	 the	ANP.	 Shown	 in	
Table	8	are	the	decision	elements	with	corresponding	codes,	the	global	priority	vector	and	rank‐
ing	of	each	element	per	decision	component.	
	

Table	8		Priority	ranking	across	content	of	sustainable	manufacturing	strategy	
	

Rank	 Code	 Priority	policy	choice Code Policy	area	
1	 C711	 high	quality C71 defect	prevention
2	 C122	 flexible	manufacturing	system C12 technology	
3	 C321	 leading	 C32 capacity	timing
4	 C812	 fast	 C81 rate	of	innovation
5	 C611	 make‐to‐order C61 system	design
6	 C631	 high	degree C63 systems	integration
7	 C821	 standard C82 product	design
8	 C511	 functional C51 structure	
9	 C831	 new	processes C83 industrialization
10	 C911	 specialized C91 skill	level	
11	 C132	 process C13 process	integration
12	 C221	 close	to	market C22 facility	location
13	 C411	 forward C41 direction	
14	 C312	 based	on	inputs C31 capacity	amount
15	 C211	 one	big	plant C21 facility	size	
16	 C731	 high	frequency C73 intervention	
17	 C721	 high	frequency C72 monitoring	
18	 C421	 sources	of	raw	materials C42 extent	
19	 C621	 close	support C62 decision	support
20	 C532	 small	groups C53 support	groups
21	 C333	 effective C33 capacity	type	
22	 C522	 middle	 C52 reporting	levels
23	 C112	 batch	 C11 process	choice
24	 C231	 product	groups C23 facility	focus	
25	 C432	 medium	degree C43 balance	
26	 C931	 training C93 security	
27	 C922	 quantity/quality	of	output C92 pay	
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Based	on	Table	8,	high	quality	defect	prevention	has	the	highest	priority	with	respect	to	the	
goal.	The	'Priority	policy	choice'	column	in	Table	8	shows	the	content	of	the	sustainable	manu‐
facturing	strategy	following	stakeholders'	interests.	Process	technology	decision	area	is	ranked	
first	in	the	manufacturing	strategy	decision	category	and	closely	followed	by	capacity.	Continu‐
ous	 consideration	 in	 material,	 energy	 and	 wastes	 flows	 in	 the	 production	 of	 manufacturing	
products	highlights	 improvement	 in	developing	environmentally‐benign	 technologies	 [38,	61].	
Creation	of	highly	energy‐efficient	 technologies	 such	as	new	machineries,	new	processes,	new	
packaging,	new	material	 that	produce	 less	wastes	 increase	 the	capability	of	manufacturing	 in‐
dustry	 in	 supporting	 the	 triple‐bottom	 line	 [62].	 Process	 technology	 serves	 as	 an	 interesting	
focal	point	in	sustainability‐related	advancements.	In	each	of	the	manufacturing	decision	catego‐
ry,	priority	policy	areas	are:	technology	in	process	technology	decision,	facility	location	in	facili‐
ties	 decision,	 capacity	 timing	 in	 capacity	 decision,	 direction	 in	 vertical	 integration	 decision,	
structure	 in	organization	decision,	 system	design	 in	manufacturing	planning	and	 control	deci‐
sion,	defect	prevention	in	quality	decision,	rate	of	innovation	in	new	product	introduction,	and	
skill	 level	 in	human	resources	decision.	Having	 this	prioritization	enables	practitioners	 to	 fur‐
ther	focus	on	more	important	area	within	a	decision	category. 

6. Conclusion 

The	main	contribution	of	this	work	is	on	the	development	of	a	sustainable	manufacturing	strate‐
gy	decision	model	that	incorporates	the	interests	of	different	stakeholders.	The	proposed	model	
highlights	the	integration	of	sustainability	consideration	with	competitive	function	of	manufac‐
turing.	Since	the	model	illustrates	a	complex	decision‐making	under	uncertainty,	this	paper	pro‐
posed	the	combination	of	fuzzy	set	theory	and	analytic	network	process.	Analytic	network	pro‐
cess	handles	 the	complex	dependence	relationships	among	constructs	 in	 the	decision	problem	
while	fuzzy	set	theory	addresses	the	uncertainty	of	individual	judgment.	Although	the	proposed	
methodological	 approach	 addresses	 uncertainty	 and	 vagueness	 in	 complex	 decision‐making,	
performing	 a	 large	 number	 of	 pairwise	 comparisons	may	 be	 cumbersome	 to	 decision‐makers	
and	may	require	significant	amount	of	time.	Alternatively,	further	simplification	of	the	proposed	
decision	model	such	that	a	decision	hierarchy	is	achieved	could	be	handled	by	Analytic	Hierar‐
chy	Process	(AHP),	Technique	for	Order	of	Preference	by	Similarity	to	Ideal	Solution	(TOPSIS),	
Preference	Ranking	Organization	Method	 for	Enrichment	Evaluation	 (PROMETHEE)	and	other	
multi‐criteria	decision‐making	tools.	However,	such	simplification	process	may	oversimplify	the	
decision	problem	which	may	lead	to	counterintuitive	results.	Statistical	tools	such	as	structural	
decision	modelling	(SEM)	could	be	possibly	used	to	address	the	same	research	question	but	may	
require	huge	amount	of	data.		

Nevertheless,	using	 the	proposed	approach,	 the	decision	model	provides	 the	content	of	 the	
sustainable	manufacturing	 strategy.	 It	 shows	 that	 the	 content	 strategy	 is	 inclined	 toward	pro‐
cess	centred	technology,	big,	product	 life	cycle	stages‐focused	facilities	which	are	close	to	sup‐
pliers,	following	capacity	strategy,	a	horizontal	integration,	first‐line	reporting	with	functional	or	
geographical	organizational	structure,	a	minimal	inventory‐focused	manufacturing	planning	and	
control,	high	quality	prevention,	monitoring	and	intervention	policies,	fast	product	introduction	
with	new	processes	and	highly	skilled	workers	with	pay	based	on	seniority	of	quality/quantity	
of	output	and	security	focused	on	training	or	promotion.	These	results	could	guide	practitioners	
in	high	 level	policy‐making,	resource	allocation,	strategic	goal	setting,	process	and	product	de‐
velopment,	prioritization‐related	decision‐making	and	in	the	development	of	programs	and	ini‐
tiatives	that	address	the	triple‐bottom	line,	i.e.	economic,	environmental	and	social	dimensions.	
The	content	of	the	sustainable	manufacturing	strategy	is	expected	to	address	both	competitive‐
ness	and	sustainability	in	manufacturing.		
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A B S T R A C T	   A R T I C L E   I N F O	

Machining	 of	 prismatic	 blocks,	 removing	 material	 up	 to	 85 %	 on	 CNC	ma‐
chines	to	produce	thin	wall	thin	floor	monolithic	components	replacing	multi	
part	 assemblies	 has	 become	 common	 in	 aerospace	 industries.	 The	 greatest	
challenge	when	machining	these	components	is	part	distortion.	Selecting	the
right	 kinds	 of	 tools	 and	 machining	 parameters	 is	 of	 utmost	 importance	 in	
minimizing	distortion.	One	of	the	important	parameters	is	the	size	(diameter)	
of	the	cutter.	Generally,	within	a	production	scenario,	the	selecting	the	size	of	
the	 cutter	 is	 driven	 by	 the	 productivity	 and	 geometrical	 constraints	 of	 the	
component.	Experience	shows	that	selecting	the	wrong	size	of	the	cutter	can	
lead	to	distortion	and	the	selecting	of	a	correct	size	of	the	cutter	depends	on	
heuristics.	In	order	to	understand	the	effect	of	cutter	diameter	on	distortion,	
machining	 experiments	 were	 carried	 out	 by	 using	 different	 sizes	 of	milling	
cutter,	at	constant	 feed,	speed,	depth	of	cut	and	volume	of	material	 removal	
rate,	on	a	 representative	 thin	wall	 thin	 floor	aluminium	alloy	 (2014A	T651)	
component,	 holding	 the	 part	 from	 the	 bottom,	 using	 a	 shop	 made	 vacuum	
fixture.	Machining	 simulations	were	 also	 carried	 out	 to	 understand	 the	ma‐
chining	 characteristics	with	 any	 change	 in	 cutter	 diameter	 at	 constant	 feed,	
speed,	 depth	 of	 cut,	 and	 material	 removal	 rate.	 Experimental	 results	 show	
that	 the	 diameter	 of	 a	milling	 cutter	 has	 an	 effect	 on	 distortion	 at	 constant	
feed,	speed,	depth	of	cut,	and	volume	of	material	removal	rate. 
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1. Introduction  

With	 recent	 increase	 in	demand	 for	more	aircrafts	 and	monolithic	 thin	wall	designs	 replacing	
complex	assembles	for	improving	performance	requirements,	industries	are	facing	a	great	chal‐
lenge	 in	machining	 thin	wall	 components	 [1].	Machining	 these	 components	 comes	with	many	
challenges	 to	 achieve	 required	 design	 intent.	 One	 of	 the	many	 problems	 encountered	 during	
manufacturing	of	these	thin	wall	thin	floor	components	is	machining	these	parts	with	great	ac‐
curacies	without	distorting	the	part	after	machining.	Selection	of	right	cutting	parameters	along	
with	right	kind	of	tool	to	machine	these	thin	wall	thin	 floor	components	 is	very	important	[2].	
Attempt	made	 in	understanding	 the	challenges	 in	machining	 these	 thin	wall	 thin	 floor	compo‐
nents	 in	 the	 previous	 studies	 [3]	 and	 survey	 of	 the	 literature	 reveal	 that	 machining	 fixture	
scheme,	cutting	parameters,	tool	geometry,	design	features	of	the	component	etc.,	[4]	all	play	a	
role	 in	effecting	the	final	distribution	of	residual	stresses	in	turn	effecting	the	distortion	of	the	
components.	 Total	 distortion	 problem	 right	 from	 design	 for	 distortion	 to	manufacturing	 pro‐
cesses	received	great	attention	in	research	field	for	last	fifteen	years	[5].	It	was	demonstrated	by	
Hornbach	 and	 Prevéy	 [6]	 that	machining	 sequence	 plays	 an	 important	 role	 in	 distribution	 of	
residual	stresses	and	optimizing	the	machining	sequence	will	minimize	distortion.	Cui,	Jung	and	
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Moon	[7]	applied	Taguchi	method	to	know	the	effect	of	deformation	caused	by	heat	during	cut‐
ting	of	aluminium	alloy	and	found	that	cutting	speed	is	the	most	influencing	factor	which	causes	
deformation	due	 to	heat	 and	 the	 change	of	 feed	 rate	has	 an	 insignificant	 effect	on	heat	defor‐
mation.	Wang	et	al.	[8]	concluded	that	the	main	cause	of	thin	walled	machining	distortion	is	due	
to	 redistribution	 of	 residual	 stresses	 during	 the	machining	 process.	 Dong	 and	 Ke	 [9]	 verified	
with	FEM	and	experiments	that	simulation	can	be	done	to	select	optimum	tool	path	and	machin‐
ing	sequences	and	avoid	lengthy	and	expensive	machining	trials.	Denkena	and	de	León	[10]	con‐
ducted	machining	experiments	and	concluded	that	machining	operations	have	influence	on	re‐
sidual	stress	depth	profile	and	showed	a	clear	influence	of	residual	stress	distribution	and	part	
distortion	on	machining	and	tool	parameters.	Marusich	et	al.	[11,	12]	concluded	that	bulk	resid‐
ual	 stresses	 in	 the	 blank	 before	machining	 along	with	 the	machine	 induced	 residual	 stresses	
influence	distortion	of	the	part.	Bi	et	al.	[13]	proposed	a	simulation	model	taking	into	considera‐
tion	cutting	 load,	 initial	residual	stresses,	cutting	sequence	and	tool	path	and	predicted	the	re‐
sult	with	an	error	of	19	%	with	experiments.	Similar	modelling	and	simulation	method	was	pro‐
posed	by	Yang	and	Wang	[14]	for	prediction	and	control	of	distortion.	Belgasim	and	El‐Axir	[15]	
conducted	machining	experiments	on	aluminium	magnesium	alloy	and	observed	that	as	per	the	
process	parameters	the	maximum	residual	stresses	are	either	compressive	or	tensile,	nose	radi‐
us	is	sensitive	to	the	residual	stresses	generation	and	feed	rate	is	the	most	significant	parameter	
affecting	 maximum	 residual	 stresses.	 Type	 of	 residual	 stress	 whether	 compressive	 or	 tensile	
depends	on	interfering	effect	of	thermal	and	mechanical	loads	during	machining.	Izamshah	et	al.	
[16]	conducted	finite	element	analysis	(FEA)	and	experimentation	of	thin	walled	component	and	
proposed	that	FEA	is	an	effective	tool	in	predicting	deflection	and	making	error	compensation	to	
increase	the	accuracy	of	part	eliminating	expensive	cutting	trials.	Chatelain	et	al.	[4,	17]	conclud‐
ed	with	experiments	that	initial	stresses	embedded	within	the	raw	material	has	an	effect	on	the	
final	distortion	of	the	component.	The	magnitude	and	distribution	of	the	stresses	effect	the	de‐
formation	size.	Chantzis	et	al.,	[2]	presented	an	industrial	solution	by	first	determining	the	initial	
residual	stresses	in	the	work	piece,	creating	residual	stress	profiles	and	then	optimizing	the	part	
location	to	minimize	distortion.	Songtao	et	al.	[18]	conducted	machining	experiment	and	estab‐
lished	relationship	among	cutting	parameters,	cutting	force	and	process	deformation.	They	con‐
cluded	 that	 the	machining	 deformation	 can	 be	 effectively	 controlled	with	 combination	 of	 big	
radial	cutting	depth,	small	axial	cutting	depth	at	high	spindle	speed.	Previous	experimental	stud‐
ies	conducted	by	authors,	showed	that	there	 is	significant	effect	of	machining	parameters	par‐
ticularly	depth	of	cut	and	width	of	cut	on	distortion	in	machining	thin	wall	thin	floor	aluminium	
components	[19].	Huang	et	al.	[20]	conducted	orthogonal	experiments	using	high	speed	machin‐
ing	with	four	factors	on	aluminium	alloy	to	 find	the	residual	stress	distribution	and	concluded	
that	decrease	in	cutting	speed	and	increase	in	feed	rate	significantly	increase	compressive	resid‐
ual	 stresses	 increasing	 distortion.	 Tang	 et	 al.	 [21]	 concluded	with	 their	 experiments	 that	 tool	
flank	wear	has	a	significant	effect	on	residual	stresses	and	increase	in	flank	wear	will	shift	from	
lower	 tensile	 or	 compressive	 stresses	on	 the	 surface	 to	 tensile	 stresses.	 Increase	 in	 tool	 flank	
wear	increases	cutting	forces	and	temperature.	Xiaohui,	et	al.	[22]	concluded	by	conducting	sim‐
ulation	and	machining	experiments	that	at	smaller	feed	rate	residual	stresses	are	 linearly	pro‐
portional	to	uncut	chip	thickness	in	both	tangential	and	radial	directions	and	at	higher	feed	rates	
only	tangential	residual	stresses	are	in	proportion	to	uncut	chip	thickness.	They	also	concluded	
in	 their	work	 to	know	the	effect	of	 tool	diameter	on	residual	 stresses	 that	 large	 tool	diameter	
will	reduce	uncut	chip	thickness	and	residual	stress	distribution	is	more	uniform.	In	their	exper‐
iments	with	6	mm	and	12	mm	tools	they	found	that	maximum	deformation	value	is	reduced	by	
63.8	%	with	increase	in	tool	diameter	form	6mm	to	12	mm	and	concluded	that	with	further	in‐
crease	 in	 diameter	 deformation	 still	 reduces	 [23].	 Izamshah	 et	 al.	 [24]	 in	 their	 experimental	
studies	on	thin	wall	component	found	variation	of	deflection	of	wall	with	increase	in	helix	angle	
of	end	mill.	
	 Although	some	studies	to	understand,	control	and	minimize	machining	distortion	have	been	
done	by	simulation	and	experiments,	there	is	a	lack	of	comprehensive	study	on	the	effect	of	ma‐
chining	distortion	on	machining	and	tool	parameters	which	are	assignable	and	controllable	in	a	
production	shop.	Hence,	 to	study	 the	effect	of	machining	distortion	on	machining	and	 tool	pa‐
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rameters,	 attempts	were	made	by	authors	 in	understand	 the	 challenge	 in	machining	 thin	wall	
thin	floor	components	first	[3]	and	carried	out	machining	experiments	to	know	the	significance	
and	effect	of	machining	parameters	using	Taguchi	experimental	design	 [19].	 It	was	 found	 in	a	
general	production	scenario	that	there	is	an	inclination	of	selecting	maximum	size	of	cutter	only	
taking	geometry	and	accessibility	into	consideration,	 ignoring	the	distortion	of	the	part	caused	
by	machining	these	slender	thin	wall	thin	floor	components.	Experience	shows	that	machining	
these	slender	components	using	wrong	size	of	cutter	may	distort	the	part.	Knowing	the	effect	of	
cutter	size	on	distortion	is	important	which	will	enable	selection	of	suitable	size	of	cutter	to	min‐
imize	machining	distortion.	So,	in	continuation	of	studies	carried	an	attempt	to	understand	the	
effect	of	cutter	size	on	machining	distortion	keeping	all	machining	parameters	constant,	a	series	
of	dry	machining	experiments	were	conducted	with	cutter	sizes	ø	6	mm	to	ø	16	mm	which	are	
generally	used	in	production	shops	at	constant	material	removal	rate	keeping	all	the	other	cut‐
ting	 parameters	 i.e.,	 cutting	 speed,	 feed	 and	 depth	 of	 cut	 constant	 on	 aluminium	 alloy	 2014A	
T651	used	for	producing	avionic	components,	clamping	the	components	on	specially	made	vac‐
uum	fixture.	

2. Experimental procedure 

In	order	to	find	the	effect	of	cutter	size	(diameter	of	milling	cutter)	on	distortion	of	machining	
thin	wall	 thin	 floor	 components,	machining	experiments	were	 carried	out	on	a	 representative	
part	shown	in	Fig.	1.	
	

	
Fig.	1		Representative	part	used	for	experiments	[19]	

2.1 Work piece and material  

The	representative	work	piece	was	machined	using	aluminium	alloy	2014	T651.	This	material	is	
copper	based	alloy	with	high	strength	and	excellent	machining	characteristics.	The	raw	material	
was	 supplied	as	 rolled	plates	with	 solution	heat	 treatment	 and	 artificial	 age	hardening	 subse‐
quently	stress	relieved	by	stretching.	This	alloy	is	commonly	used	in	many	aerospace	structural	
applications.	The	mechanical	and	chemical	properties	of	the	material	are	shown	in	Table	1	and	
Table	2	respectively.	Blanks	used	for	experiments	were	cut	from	plate	with	same	heat	number,	
sized	to	105	mm		40	mm		12	mm	on	conventional	milling	machine	and	annealed	to	eliminate	
residual	stresses	within	blanks.	
	

Table	1		Mechanical	properties	of	aluminium	alloy	AA2014	T651	[19]	

Property	 	 Value	

Yield	strength	 	 380	MPa	

Tensile	strength	 	 405	MPa	

Hardness	Rockwell	B	 	 82	

Density	 	 2.80	g/	cm3	

Poisson’s	ratio	 	 0.2	
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2.2 Experimental setup 

Machining	experiments	were	carried	out	on	3‐axis	CNC	vertical	machining	centre	by	holding	the	
part	from	the	bottom	using	a	specially	made	vacuum	fixture	shown	in	Fig.	2.	For	consistency	and	
to	eliminate	clamping	effect	work	piece	was	held	on	 the	vacuum	 fixture	as	shown	 in	Fig.	3.	 In	
total	18	random	machining	experiments	(6	experiments	with	3	replicates	each)	were	carried	by	
varying	the	diameter	of	milling	cutter	at	constant	cutting	speed	,	feed	per	tooth,	depth	of	cut	and	
material	 removal	 rate.	 Material	 removal	 rate	 is	 calculated	 as	 given	 in	 Eq.	 1,	 Eq.	 2	 and	 Eq.	 3.	
Where	N	is	Cutting	speed	in	revolutions	per	minute,	Vc	is	cutting	speed	in	m/min,	D	is	diameter	
of	cutter	 in	mm,	F	 is	 feed	 in	mm/min.,	Ft	 is	 feed	per	 tooth	 in	mm/tooth,	n	 is	number	of	 flutes	
which	is	2	in	these	experiments,	DOC	is	depth	of	cut	in	mm,	W	is	width	of	cut	in	mm	and	Q	is	ma‐
terial	removal	rate	(MRR)	in	cm3/min.	

ܰ ൌ
ܸܿ ൈ 318.057

ܦ
	

	
(1)

	

ܨ ൌ ݐܨ ൈ ݊ ൈ ܰ
	 (2)

	

ܴܴܯ ሺܳሻ ൌ
ܥܱܦ ൈܹ ൈ ܨ

1000
	

	
(3)

Three	samples	were	machined	for	each	parameter	and	experiments	were	conducted	randomly	
to	reduce	bias	and	 to	eliminate	 influence	of	extraneous	variables	during	experimentation.	The	
cutting	tool	path	adopted	for	all	the	experiments	was	parallel	spiral	inside	out	as	shown	in	Fig.	4.	
Width	of	 cut	 is	70	%	of	 the	cutter	diameter	and	 the	components	were	machined	dry	with	out	
coolant.	 The	 cutting	 parameters	 used	 for	 experiments	 are	 shown	 in	Table	 3	 and	Table	 4.	 The	
value	of	feed	rate,	speed	and	depth	of	cut	selected	were	based	on	the	available	information	in	the	
factory	manufacture	 and	minimum	 cutter	 size	 used.	 The	 randomized	 experimental	 sequence,	
cutting	parameters	along	with	material	removal	rate	is	shown	in	Table	3.	

	
Table	2		Chemical	properties	of	aluminium	alloy	AA2014	T651	[19]	

Property	 	 Value	(%)	

Copper	 	 3.8	to	4.8	

Magnesium	 	 0.2	to	0.8	

Silicon	 	 0.6	to	0.9	

Iron	 	 0.7	max	

Manganese	 	 0.2	to	1.2	

Aluminium	 	 Reminder	
	

	

Fig.	2		Shop	made	vacuum	fixture	used	for	experiments	[19]	

	

Fig.	3		Work	piece	held	on	vacuum	fixture	
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Table	3		Machining	parameters	with	sequence	of	experiments	

Sl.	
No.	

Experiment		
No.	

Cutter	size	D	
(mm)	

Feed	F	
(mm/min)	

Speed	N	
(rpm)	

Width of	cut W
(70	%	of	D)		
(mm)	

Material	removal	rate	Q	
(cm3/min)	

1	 X22	 8	 955	 4773	 5.6	 5.34	

2	 X31	 10	 764	 3819	 7	 5.34	

3	 X13	 6	 1273	 6364	 4.2	 5.34	

4	 X12	 6	 1273	 6364	 4.2	 5.34	

5	 X61	 16	 478	 2387	 11.2	 5.34	

6	 X23	 8	 955	 4773	 5.6	 5.34	

7	 X51	 14	 546	 2728	 9.8	 5.34	

8	 X42	 12	 637	 3182	 8.4	 5.34	

9	 X33	 10	 764	 3819	 7	 5.34	

10	 X53	 14	 546	 2728	 9.8	 5.34	

11	 X63	 16	 478	 2387	 11.2	 5.34	

12	 X62	 16	 478	 2387	 11.2	 5.34	

13	 X43	 12	 637	 3182	 8.4	 5.34	

14	 X11	 6	 1273	 6364	 4.2	 5.34	

15	 X41	 12	 637	 3182	 8.4	 5.34	

16	 X32	 10	 764	 3819	 7	 5.34	

17	 X52	 14	 546	 2728	 9.8	 5.34	

18	 X21	 8	 955	 4773	 5.6	 5.34	
	

Table	4		Cutting	parameters	
Parameter	 Value	

Feed/Tooth	(Ft)	 0.1	mm/tooth	

Cutting	speed	(Vc)	 120	m/min	

Depth	of	cut	(DOC)	 1	mm	

width	of	cut	(W)	 70	%	of	cutter	diameter	

Coolant	 Dry	machining	

2.3 Machine tool and cutting tool 

The	machining	experiments	were	carried	out	on	Hardinge	Bridgeport	VMC	600	P3	3‐axis	verti‐
cal	machining	centre	shown	in	Fig.	5	having	maximum	power	of	13	kW	and	maximum	spindle	
speed	of	8000	rpm	and	the	cutting	tools	used	are	10	%	cobalt	two	flute	solid	carbide	slot	drills	of	
diameters	6	mm,	8	mm,	10	mm,	12	mm,	14	mm,	and	16	mm	with	helix	angle	of	30°	as	shown	in	
Fig.	6.	Every	experiment	was	carried	out	with	new	tool	to	avoid	tool	wear	effect.		

2.4 Distortion measurement 

After	conducting	machining	experiments,	the	distortion	measurements	were	taken	using	Coor‐
dinate	Measuring	Machine	(CMM),	Metris	LK	Integra	using	CAMIO	4.4	software	with	specifica‐
tions:	 size	800	mm		 700	mm		 600	mm,	 accuracy	1.9	+	L/450	µm,	 repeatability	 2.2	µm	and	
probe	error	3.6	µm.	Fig.	7	shows	the	measurement	being	taken	on	CMM.	Eighteen	equally	spaced	
similar	points	were	marked	on	work	piece	by	marking	a	grid	as	show	in	the	Fig.	8	on	opposite	
side	 to	 the	 face	machined.	Measurements	were	 taken	before	machining	on	CNC	and	 after	ma‐
chining	and	removal	of	work	piece	from	the	fixture	on	18	similar	points	marked	on	each	work	
piece.	The	difference	in	measurement	before	and	after	gives	the	distortion	induced	during	ma‐
chining	 [5].	 Maximum	 deviation	 is	 taken	 for	 each	 work	 piece	 for	 distortion	 measurement	 as	
show	in	Fig.	9.	The	values	of	maximum	measured	distortion	is	given	in	Table	5.	Apart	from	dis‐
tortion,	 twist	 in	 the	 component	 after	 machining	 was	 also	 measured.	 Twist	 was	 measured	 as	
maximum	lift	in	the	edge	of	the	component	as	shown	in	Fig.	10	using	feeler	gauge.	The	direction	



Effect of a milling cutter diameter on distortion due to the machining of thin wall thin floor components
 

Advances in Production Engineering & Management 10(3) 2015  145
 

of	twist	is	shown	in	Fig.	11.	Fig.	12	shows	the	lift	produced	because	of	twisting	of	the	part.	Max‐
imum	values	of	distortion	and	twist	were	used	for	comparison	and	analysis.	The	values	of	max‐
imum	measured	twist	is	given	in	Table	6.	

	

Fig.	4		Tool	path	layout	[19]	

	

Fig.	5		Hardinge	Bridgeport	VMC	600	P3	

	

	

Fig.	6		Solid	carbide	slot	drill	

	

	

Fig.	7		CMM	with	work	piece	

	

	

	

Fig.	8		Grid	marking	of	measuring	points	

	

	

	

Fig.	9		Maximum	distortion	[19]	

	

	
Table	5		Values	of	distortion	achieved	

Cutter	size		
diameter	(mm)	

Distortion	(mm)	

Sample	1		 Sample	2	 Sample	3	 Maximum	

6	 0.26	 0.28	 0.28	 0.28	

8	 0.35	 0.34	 0.35	 0.35	

10	 0.39	 0.4	 0.4	 0.4	

12	 0.44	 0.45	 0.45	 0.45	

14	 0.45	 0.46	 0.46	 0.46	

16	 0.48	 0.47	 0.48	 0.48	
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Fig.	10		Measurement	of	twist	

	

Fig.	11		Direction	of	twist	

	

	
	

Fig.	12		Twist	

	
Table	6		Values	of	twist	achieved	

Cutter	size		
diameter	(mm)	

Twist	(mm)	

Sample	1		 Sample	2	 Sample	3	 Maximum	

6	 0.29	 0.3	 0.3	 0.3	

8	 0.53	 0.5	 0.52	 0.53	

10	 0.78	 0.8	 0.77	 0.8	

12	 0.86	 0.9	 0.89	 0.9	

14	 0.98	 0.99	 0.97	 0.99	

16	 1.05	 1.03	 1.05	 1.05	

2.5 FEM modelling for cutting characteristics 

In	order	to	understand	the	characteristics	of	machining	aluminium	alloy	AA2014	T6,	simulation	
experiments	were	carried	at	constant	material	removal	rate,	feed,	speed	and	depth	of	cuts	with	
varying	milling	cutter	sizes,	using	commercial	software	Deform	3D.	The	tools	and	the	work	piece	
were	modelled	 in	SolidWorks	and	were	 imported	 to	Deform	3D	as	 .stl	 files.	Fig.	13	shows	 the	
modelled	tool.	Simulations	were	carried	using	incremental	Lagrangian	formulation	with	implicit	
integration	method.	The	solver	used	 is	 conjugate‐gradient	with	direct	 integration	method.	Ox‐
ley's	 equation	 to	 express	 flow	stress	 relation	 is	used	 for	 cutting	 simulation	 [25].	The	material	
properties	were	taken	from	Deform	3D	library.	In	these	simulations	the	tool	is	defined	rigid	and	
is	given	thermal	properties	as	it	 is	much	harder	than	work	piece.	The	work	piece	is	defined	as	
plastic	and	was	given	both	mechanical	and	thermal	properties.	Tetrahedron	mesh	is	defined	for	
both	 tool	 and	 work	 piece.	 Since	 milling	 involves	 high	 deformations	 at	 high	 strain	 rates,	 De‐
form3D	 uses	 adaptive	 meshing	 technique	 where	 in	 more	 elements	 are	 used	 at	 higher	 strain	
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rates	and	lesser	elements	at	lower	deformations	for	accuracy	of	solution	[26].	Six	runs	of	simula‐
tion	were	carried	for	various	design	of	milling	diameters	keeping	feed,	speed,	depth	of	cut	and	
volume	of	material	removal	rate	constant.	In	performing	the	simulation	experiments	small	mod‐
el	of	work	piece	is	modelled	for	computational	efficiency.	Short	material	length	of	1	mm	at	full	
width	of	cut	defined	for	the	cutter	is	chosen	to	save	computational	time	without	compromising	
the	model	integrity.	Fig.	14	shows	the	milling	simulation	performed	in	Deform	3D.	The	instanta‐
neous	 cutting	 force,	 temperature,	 and	 torque	 generated	 in	 simulation	 with	 stroke	 length	 are	
shown	in	Fig.	15.	After	simulation	experiments,	cutting	characteristics	i.e.,	average	force	in	x,	y,	
and	z,	average	torque,	average	temperature	and	average	heat	flux	were	calculated	with	instan‐
taneous	simulation	data	for	a	cutter	stroke	of	1	mm	at	full	width	of	cut.	The	average	predicted	
values	of	cutting	characteristics	are	given	in	Table	7.	

	

Fig.	13		Modelled	slot	drill	

	

Fig.	14		FEM	milling	simulation	using	8	mm	slot	drill	
showing	transient	temperature	

 
Fig.	15		Instantaneous	predicted:	a)	Cutting	forces,	b)	Torque,	and	c)	Temperatue	generated	with	respect	to	stroke	

length	of	the	cutter	for	10	mm	slot	drill	
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Table	7		Simulated	average	predicted	values	of	cutting	characteristics	

Diameter	
	(mm)	

Force	(N)	 Torque	
(N	mm)	

Heat	flux	
(N	mm/s)	

Temperature	
(°C)	X		 Y		 Z	

6	 28.82	 13.03	 12.38	 88.34	 15033.29	 92.87	

8	 28.13	 11.19	 15.62	 111.94	 14300.34	 90.74	

10	 34.01	 13.34	 23.92	 170.70	 12298.63	 98.62	

12	 32.22	 13.13	 27.56	 195.62	 10736.05	 94.77	

14	 33.28	 14.34	 33.50	 240.10	 10536.05	 102.15	

16	 34.01	 15.02	 39.33	 281.51	 10133.01	 97.26	

2.6 Chip length and chip thickness 

Calculations	 were	 made	 to	 find	 the	 average	 chip	 thickness	 and	 chip	 length	 with	 increase	 in	
diameter	of	the	cutter	at	constant	feed,	speed,	dept	of	cut	and	material	removal	rates	using	Eq.	4	
and	Eq.	5	given	by	Martellotti	[27,	28],	where	Lc	is	length	of	the	chip	in	mm,	D	is	is	diameter	of	
the	cutter	in	mm	,	ae	is	width	of	cut	mm,	T	is	number	of	flutes,	af	is	feed	per	tooth	in	mm/tooth	
and	aavg	 is	average	chip	thickness	in	mm.	The	values	of	average	chip	thickness	and	chip	length	
are	shown	in	Table	8.	

௖ܮ ൌ
ܦ
2
ଵିݏ݋ܿ ൬1 െ

2ܽ௘
ܦ
൰ േ

ܽ ௙

ܦߨ
ܶ ቆටሺܽܦ௘ െ ܽ௘ଶሻቇ	 (4)

ܽ௔௩௚ ൌ
ܽ௙ܽ௘
௖ܮ

(5)

3. Results and discussion

After	experiments,	the	effect	of	cutter	size	on	distortion	was	evaluated	by	measuring	the	maxi‐
mum	distortion	and	twist	in	the	components	as	shown	in	Table	5	and	Table	6.	To	understand	the	
cutting	characteristics	6	simulation	experiments	were	carried	to	evaluate	average	cutting	forces,	
cutting	temperature,	torque	and	heat	flux	as	shown	in	Table	7.	To	understand	the	chip	charac‐
teristics,	average	chip	length	and	chip	thickness	were	calculated	as	shown	in	Table	8.		

Table	8		Chip	details	

Diameter,	D	(mm)	 Chip	length,	Lc	(mm)	 Average	chip	thickness,	aavg	(mm)	

6	 5.98	 0.07	
8	 7.96	 0.07	
10	 9.94	 0.07	
12	 11.92	 0.07	
14	 13.91	 0.07	
16	 15.89	 0.07	

Comparison	of	distortion	and	twist	during	machining	is	shown	in	Fig.	16.	It	could	be	observed	
from	Fig.	 16	 and	Table	 5	 that	maximum	distortion	 increased	 from	0.28	mm	 to	 0.48	mm	with	
increase	in	cutter	diameter	at	constant	feed,	speed,	depth	of	cut	and	material	removal	rate.	It	can	
also	be	observed	from	Fig.	16	and	Table	6	that	twist	in	the	component	increased	markedly	from	
0.3	mm	to	1.05	mm	with	increase	in	cutter	diameter.	Comparison	of	predicted	cutting	character‐
istics	show	marked	 increase	 in	cutting	 forces	 in	z‐direction	and	torque	with	 increase	 in	cutter	
size	from	6	mm	to	16	mm	as	shown	in	Fig.	17	and	Fig.	19,	respectively.	No	significant	increase	in	
average	cutting	forces	in	x‐direction	and	y‐directions,	and	temperature	as	shown	in	Fig.	17	and	
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Fig.	18,	 respectively	were	noted.	 It	 is	also	observed	 that	 there	 is	a	 slight	decrease	 in	heat	 flux	
with	increase	in	cutter	size	as	shown	in	Fig.	20.	Calculations	of	chip	length	and	chip	thickness	as	
in	Table	8,	show	that,	average	length	of	chip	increased	with	increase	in	cutter	size	and	there	was	
no	change	in	average	chip	thickness.	
	 The	reason	behind	the	increase	in	the	deformation	and	twist	with	increase	in	cutter	size	with	
constant	feed,	speed,	depth	of	cut	and	material	removal	rate	is	increase	in	torque	and	forces	in	z‐
direction.	Further,	 it	can	be	observed	that	 there	 is	an	 increase	 in	average	chip	 length	effecting	
the	 temperature	 distribution	 indicating	 increase	 in	 time	 of	 contact	 per	 tooth	with	 increase	 in	
cutter	 size,	 though	 there	 is	 no	 significant	 change	 in	 temperature	 generated	 during	 cutting.	
Hence,	the	results	of	experiments	show	that	distortion	of	the	component	increase	with	increase	
in	cutter	diameter.	So,	minimum	size	of	the	cutter	should	be	selected	during	machining	of	thin	
wall	thin	floor	components	to	minimize	distortion.	

Fig.16  Distortion	with	change	in	cutter	size	

Fig.	17	 Average	predicted	cutting	forces	with	change	in	cutter	size	
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Fig.	18  Average	predicted	temperature	with	change	in	cutter	size	

Fig.	19  Average	predicted	torque	with	change	in	cutter	size	

Fig.	20  Average predicted	heat	flux	with	change	in	cutter	size 
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4. Conclusion 
Machining experiments were conducted to know the effect of cutter size on distortion during 
machining. In the experimentation it is found that distortion increases with the cutter size at 
constant feed, speed, depth of cut and material removal rates. It is found from simulations, as the 
cutter size increases the forces in z-direction increase and play a dominant role in distorting the 
part and at larger cutter sizes twist in the machined part is more because of increase in cutting 
torque. So, precaution must be taken to see that smaller sizes of the cutter are selected for ma-
chining thin wall thin floor components to minimize distortion. Future work will focus on selec-
tion of tool geometry in terms of no. of flutes, right hand cutting, left hand cutting, helix angle 
and direction of helix angle and their effects on distortion. 
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A B S T R A C T A R T I C L E   I N F O	

The	presented	work	aimed	at	studying	the	deep	drawing	process	of	a	magne‐
sium	alloy	sheet	at	elevated	temperatures.	This	is	because	magnesium	is	being	
considered	as	a	promising	alternative	 for	high	strength	steel	and	aluminium	
within	many	applications	because	of	its	low	density	and	high	specific	strength.	
It	is	a	well‐known	and	recognised	fact	that	fracturing	and	wrinkling	during	the	
deep	drawing	process	can	be	minimised	or	eliminated	by	selecting	an	appro‐
priate	 warm‐forming	 temperature	 of	 the	 magnesium,	 as	 the	 formability	 of	
magnesium	 increases	 considerably	 as	 the	 temperature	 increases.	 Hence	 a	
warm	 formability	 study	of	AZ31	was	performed	and	 tested	by	 experimental	
and	simulation	methods	and	resulted	in	superior	formability	at	elevated	tem‐
peratures	 in	 both	 cases.	 A	 3D	 Finite	 element	 model	 was	 developed	 for	 the	
simulation	of	circular	cup	deep	drawing	and	tested	for	different	temperatures	
ranging	 from	room	temperature	to	300	°C	and	 it	was	 found	that	 the	 limiting	
drawing	ratio	(LDR)	increased	significantly	with	any	increase	in	temperature.	
The	experimental	and	simulation	results	were	found	to	be	in	good	agreement.
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1. Introduction

It	had	been	realized	that	the	use	of	 lightweight	structures	for	aerospace,	automotive	and	other	
industrial	usage	are	vividly	increased	for	economising	the	fuel	consumption	and	minimizing	the	
emission	of	hazardous	gases	into	the	atmosphere.	Indeed,	among	the	light	weight	metals,	mag‐
nesium	has	gained	much	attention	 in	 recent	years	due	 to	 its	 light	weight,	 i.e.	36	%	 lighter	 (by	
unit	volume)	than	aluminium	and	78	%	lighter	than	iron.	When	magnesium	is	properly	alloyed,	
attains	the	highest	strength‐to‐weight	ratio	among	all	the	structural	metals	[1].	In	addition,	it	is	
having	superior	qualities	like	easy	of	recycling,	better	thermal	properties,	better	manufacturabil‐
ity	and	close	dimensional	stability.	As	magnesium	is	having	superior	formability	at	higher	tem‐
peratures	 is	 thus	necessary	to	activate	deformation	mechanism	at	higher	 temperatures	during	
forming	process	[2].	There	are	many	significant	forming	parameters	that	are	influencing	of	deep	
drawing	process	and	they	are	punch	nose	radius,	die	shoulder	radius,	blank	holder	force,	coeffi‐
cient	 of	 friction,	 strain	 hardening	 exponent,	 strain	 rate	 sensitivity	 index,	 forming	 temperature	
and	clearance	between	punch	and	die.	Among	 these,	 forming	 temperature	plays	a	vital	 role	 in	
warm	 forming	process	 and	needs	 to	 study	 the	 formability	by	means	 of	 limiting	drawing	 ratio	
which	is	one	of	the	formability	assessment	methods	for	deep	drawing	process.		
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Many	research	activities	[3,	4]	were	aimed	at	investigating	the	improvement	of	the	drawabil‐
ity	and	the	formability	of	the	magnesium	alloy	when	working	in	warm	condition.	Gao	En	Zhi	et	al.	
[5]	studied	for	the	influence	of	material	parameters	on	deep	drawing	of	thin	walled	hemispheric	
surface	part	and	revealed	that	higher	punch	force	as	n,	E,	σs	increases	and	the	influences	of	n	and	
σs	on	punch	force	are	more	notable.		

Warm	deep	drawing	of	magnesium	alloy	sheets	had	been	performed	by	Ren	et	al.	 [6]	using	
experimental	method	and	finite	element	analysis.	It	has	concluded	that	magnesium	alloy	AZ31	is	
sensitive	to	the	temperature	and	formability	is	high	in	the	temperature	range	200‐250	°C.	Finite	
element	simulation	of	deep	drawing	of	aluminium	alloy	sheets	at	elevated	temperatures	by	Ven‐
kateswarlu	et	al.	[7]	showed	that	the	formability	of	aluminium	7075	is	good	in	the	temperature	
range	of	150‐250	°C	and	again	from	400‐500	°C.		

Huang	et	al.	[8]	conducted	experimental	deep	drawing	tests	on	magnesium	AZ31B	sheets.	The	
experimental	results	indicate	that	for	0.58	mm	thinness,	the	highest	limiting	drawing	ratio	(LDR)	
is	2.63	at	forming	temperatures	of	260	°C	and	for	0.50	mm	thinness,	highest	LDR	is	2.5	at	200	°C.	
FEM	of	warm	forming	of	aluminium	alloys	by	Kim	et	al.	[9]	was	performed	for	forming	alumini‐
um	rectangular	cups	at	elevated	temperature	levels	of	250	°C,	300	°C,	350	°C	and	observed	that	
an	increasing	limiting	strain	with	increasing	forming	temperature	both	in	FEA	and	experiments.	
Forming	of	aluminium	alloys	through	experimental	methods	by	Erdin	et	al.	 [10]	evaluated	and	
concluded	that	as	the	deformation	temperature	increases,	there	is	decrease	in	flow	stress,	maxi‐
mum	strength,	hardening	parameter	(n),	strength	factor	(K)	but	increased	maximum	strain.	Pa‐
lumbo	et	al.	[11]	did	experimental	analysis	of	worm	deep	drawing	for	Mg	alloys	highlighted	that	
an	improvement	of	LDR	from	1.8	to	2.6	is	feasible	when	adopting	a	draw	die	temperature	equal	
to	170	°C.	Deep	drawing	of	square	cups	with	Magnesium	alloy	AZ31	sheets	by	Chen	et	al.	 [12]	
revealed	 that	 both	 the	 tensile	 tests	 and	 forming	 limit	 tests	 indicate	 an	 inferior	 formability	 of	
AZ31	 sheets	 at	 room	 temperature.	However	 the	 formability	 could	 considerably	 improve	when	
the	AZ	31	sheet	is	stamped	at	elevated	temperatures	of	200	°C.	Reddy	et	al.	[13]	demonstrated	
the	 rapid	 determination	 of	 LDR	 in	 order	 to	 reduce	 the	 large	 number	 of	 experiments	 and	 cost	
involved	 in	 it.	The	method	 is	being	well	 accepted	by	 the	 industry	 in	 recent	years.	Reddy	et	 al.	
[14]	also	conducted	experiment	for	assessment	of	magnitude	of	the	influence	of	different	process	
parameters	in	deep	drawing	and	concluded	that	blank	holder	force	has	more	influence	in	com‐
parison	to	punch	nose	radius	and	die	profile	radius.	Patil	et	al.	[15]	conducted	warm	deep	draw‐
ing	by	numerical	methods	and	revealed	that	the	worm	temperature	enhances	the	formability	of	
sheet	metal. 	

2. Yield functions

Forming	of	cup	shaped	articles	by	deep	drawing	process	is	actually	one	of	the	most	complicated	
processes	due	to	material	properties	such	as	planar	anisotropy	and	normal	anisotropy.	Ideally	a	
sheet	with	high	normal	anisotropy	and	zero	planar	anisotropy	is	good	for	deep	drawing.	For	iso‐
tropic	material	r	=	1	and	the	Von	Mises	yield	condition	can	be	expressed	as	shown	in	Eq.	1.	

തߪ ൌ
1

√2
ටሺߪଵ െ ଶሻଶߪ ൅ ሺߪଶ െ ଷሻଶߪ ൅ ሺߪଷ െ ଵሻଶߪ ൅ 6ሺߪଵଶ

ଶ ൅ ଶଷߪ
ଶ ൅ ଷଵߪ

ଶ ሻ	 (1)

The	 anisotropic	materials	 behaviour	 is	more	 appropriately	 described	 by	 Hill	 criteria	while	
considering	the	anisotropy	parameters	into	account	as	described	by	Hill.	This	popular	criterion	
described	by	Hill	can	be	expressed	in	mathematical	form	as	in	Eq.	2.	
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మାଶெఙయభమାଶேఙభయమ

ଶ
(2)

The	F,	G,	H,	L,	M	and	N	are	constants	specific	to	the	anisotropy	state	of	the	material	and	1,	2	
and	3	are	the	principal	anisotropic	axes.	If	the	tensile	yield	stress	in	the	principal	anisotropy	di‐
rections	is	denoted	by	σy1,	σy2	and	σy3	it	can	be	shown	that		
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for	the	ideal	case	of	isometric	materials	subjected	to	plane	stress	conditions,	the	Mises	yield	cri‐
teria	can	be	expressed	as	follows.	

௙ߪ
ଶ ൌ ଵߪ

ଶ െ ଶߪଵߪ ൅ ଶߪ
ଶ	 (4)

Similarity	for	material	subjected	to	plane	stress,	the	Hill	proposed	enhanced	criteria	for	aniso‐
tropic	materials	while	evaluating	Lankford	parameters	 in	parallel	and	transverse	to	the	rolling	
direction.	The	yield	stress	under	such	anisotropic	conditions	can	be	expressed	as	shown	in	Eq.	5.	

௙ߪ
ଶ ൌ ଵߪ

ଶ ൅ ൫ሺ1 ൅ ଽ଴ሻ/ሺ1ݎ ൅ ଶߪ଴ሻ൯ݎ
ଶ െ ൫2ݎ଴/ሺ1 ൅ 	ଶߪଵߪ଴ሻ൯ݎ (5)

If	there	is	an	effect	of	planar	anisotropy,	the	quadratic	Hill	criterion	reduces	to	and	termed	as	
Hasford	–	Backhofen	equation	and	is	as	shown	in	Eq.	6.	

௙ߪ
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3. Determination of material properties

The	Magnesium	alloy	AZ31	sheet	had	been	 investigated	 for	determining	 the	effect	of	 tempera‐
ture,	anisotropy,	strain	hardening,	strain	rate	sensitivity,	flow	stress	in	conjunction	with	evalua‐
tion	of	sheet	metal	behaviour	under	varying	conditions.	As	stress‐strain	relations	are	the	basic	
information	 necessitated	 for	 the	 study	 of	 sheet	metal	 forming	 behaviour	 and	 accordingly	 uni‐
axial	tensile	tests	were	conducted	while	maintaining	wide	range	of	forming	temperatures	in	con‐
cern	with	different	strain	rates.	The	thickness	of	the	sheet	considered	were	0.9	mm	and	flat	spec‐
imens	of	dog‐bone	shape	were	prepared	as	shown	in	Fig.	1	for	revealing	the	material	properties.	

Fig.	1	Tensile	test	specimens	used	in	uniaxial	testing	

It	 is	 also	 established	 from	 the	 literature	 that	 the	AZ31	 sheets	 exhibit	 anisotropic	 nature	 at	
lower	temperatures	and	become	isotropic	over	250	°C.	In	order	to	assess	anisotropic	property	of	
AZ31,	samples	were	also	prepared	along	0°,	45°	and	90°	to	the	rolling	direction	by	means	of	EDM	
cutting	in	order	to	avoid	influence	of	edge	effects	due	to	poor	cutting	profile.	The	gauge	length	of	
60	mm	were	distinguished	by	imprinting	two	marking	points	and	was	measured	and	recorded	in	
order	to	calculate	the	final	elongation.	
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(a)	 (b)
Fig.	2		a)	Stress‐strain	curves	in	uniaxial	tension	test	at	different	temperatures;		

b)	Effect	of	strain	rate	on	the	flow	stress	at	250	°C	[16]	

The	tests	were	performed	on	an	Instron	5582	universal	testing	machine	with	a	capacity	of	10	
ton	and	a	maximum	crosshead	speed	of	500	mm/min.	The	tests	were	conducted	at	room	tem‐
perature,	100	°C,	150	°C,	200	°C,	250	°C,	300	°C	and	350	°C	with	the	tensile	axes	of	the	test	spec‐
imens	aligned	along	the	rolling	direction	(RD),	diagonal	direction	(DD),	and	transverse	direction	
(TD).	A	 heating	 time	of	more	 than	 20	min	were	maintained	 to	 reach	 the	 desired	 temperature	
before	testing	and	the	temperature	in	the	chamber	kept	constant	during	each	test.	

The	precise	temperature	control	as	well	as	uniform	temperature	distribution	was	maintained	
for	accurate	results.	The	crosshead	speed	of	0.06	mm/s,	and	strain	rate	of	0.001/s	were	applied.	
The	variation	in	length,	width	and	thickness	corresponding	to	each	load	were	measured	for	each	
test	and	ߝ௟,	ߝ୵	and	ߝ୲	were	also	evaluated.	The	true	stress	strain	curves	were	plotted	as	shown	in	
Fig.	2	and	strain	hardening	exponent	n	was	computed	by	incorporation	of	test	results	in	the	flow	
relation	ߪ ൌ ଴ݎሺ	0.25	expression	of	use	the	with	determined	be	can	anisotropy	normal	The	௡.ߝܭ ൅
ସହݎ ൅ 	.respectively	90°,	and	45°,	0°,	along	orientation	ଽ଴ݎ	and	ସହ,ݎ	,଴ݎ	where	ଽ଴ሻ,ݎ

It	can	be	observed	from	Fig.	2(a)	that	yield	stress	decreases	and	elongation	increases	as	the	
temperature	 increases.	 It	 is	also	observed	that	the	strain	hardening	decreases	with	 increase	 in	
temperature.	The	Fig.	2(b)	illustrates	the	nominal	stress	strain	relationships	at	250	°C	for	differ‐
ent	strain	rates.	It	is	established	that	higher	strain	rate	leads	to	higher	yield	stress	but	reduced	
elongation.	From	the	production	lot,	test	samples	were	collected	and	upon	testing	observed	for	
three	types	of	chemical	composition	as	shown	in	Table	1.	

Table	1		Chemical	composition	of	specimens	(%	by	weight)	

Specimen	 Al	 Zn	 Mn	 Fe	 Ni	 Mg	
Type	A	 3.1	 0.9	 0.36	 0.0025	 0.0008	 Balance	
Type	B	 3.02	 1.06	 0.39	 0.004	 0.0005	 Balance	
Type	C	 3.09	 0.83	 0.38	 0.0032	 0.001	 Balance	

4. Experimental deep drawing

A	preliminary	experimental	activity	on	the	warm	deep	drawing	(WDD)	process	of	AZ31	magne‐
sium	alloy	sheet	was	performed	on	10	ton	mechanical	press	provided	with	a	circular	tool	setup	
consisting	of	axisymmetric	punch,	die	and	blank.	WDD	tests	were	performed	by	heating	of	die	
and	while	keeping	 the	punch	cool	by	passing	 cool	water	 through	 the	water	 circulation	 system	
provided	in	the	form	of	passage	as	shown	in	Fig.	3.	
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Fig.	3		Schematic	representation	of	warm	deep	drawing	

It	shows	the	schematic	diagram	of	the	experimental	set	up	used	for	WDD	to	study	the	forming	
behaviour	 at	 different	 temperatures.	 The	 tooling	material	 was	 H13	 tool	 steel	 hardened	 to	 52	
HRc.	Both	the	die	and	clamp	contain	four	867	W	electrical	resistance	cartridge	heaters.	

Embedded	 thermocouples	 were	 used	 to	 control	 the	 die	 and	 clamp	 temperature,	 between	
room	temperature	and	350	°C.	Chilled	water	at	a	constant	temperature	of	10	°C	was	circulated	
through	 channels	 machined	 into	 the	 punch	 to	 maintain	 its	 temperature	 at	 about	 14	 °C.	 The	
punch	temperature	was	also	monitored	using	embedded	thermocouple.	The	drawing	tests	were	
conducted	 for	different	blank	sizes	ranging	 from	150	mm	to	210	mm	diameter	blanks	with	10	
mm	increase	in	size	for	different	worm	temperatures	ranging	from	25	°C	to	350	°C.	The	tool	and	
process	parameters	were	as	depicted	in	Table	2.	

In	deep	drawing	 test	 conducted	 at	 room	 temperature	 found	 that	 the	 induced	 strains	 in	 ac‐
complishing	a	complete	cup	had	crossed	safe	limits	and	hence	cracks	were	induced	as	shown	in	
Fig.	4(a).	On	the	other	hand	for	300	°C	temperature	test	of	the	blank	observed	for	forming	of	de‐
fect	free	cup	by	maintaining	all	induced	strains	within	the	limiting	strains	as	shown	in	Fig.	4(b).		

Table	2		Tool	and	process	parameters	for	experimental	and	simulation		

Variable	 Experiment	 Finite	element	model

Blank	Material	 AZ31	 AZ31	

Blank	Diameter	(mm)	 150	to	210	mm	 150	to	210	mm	

Blank	Thickness	(mm)	 0.9	 0.9	

Blank	Temperature	(°C)	 25,	100,	150,	200,	250,	300,	350	 25,	100,	150,	200,	250,	300,	350

Punch	Diameter	(mm)	 80	 80	

Punch	nose	radius	(mm)	 5	 5	

Punch	temperature	(°C)	 25	°C	 25	°C	

Die	opening	diameter	(mm)	 96	 96	

Die	Inner	Diameter	(mm)	 83	 83	

Die	shoulder	radius	(mm)	 10	 10	

Blank	holder	opening	diameter	(mm)	 96	 96	

Die	temperature	(°C)	 100	 100	

Blank	Holder	force	(kN)	 10	 10	

Punch	speed	(mm/s)	 5	 5	

Friction	coefficient	 Not	reported	 0.1	

Contact	heat	transfer	coefficient	(W/m2K)	 Not	reported	 1000	

Convective	heat	transfer	coefficient	(W/M2K)	 Not	reported	 10	

Anisotropy	parameters	of	blank	 Not	reported	 r0	=	1.30,	r45	=	2.5,	r90	=1.05
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a)	 b)
Fig.	4		a)	Cups	produced	at	room	temperature,	and	b)	cup	produced	at	300	°C	

Experimental	 tests	 revealed	 that	 deep	 drawing	 at	 higher	 temperature	 gives	 increased	
formability.	The	LDR	 increased	as	 the	 temperature	 increases	and	 the	LDR	values	obtained	 for	
different	blank	temperatures	are	as	shown	in	Table	3.	

Table	3		LDR	for	different	temperatures	of	blank	

S.	No.	
Temperature (°C)

LDR	
Blank	 Die Punch

1	 25	 100 25 1.86	
2	 100	 100 25 2.05	
3	 150	 100 25 2.2	
4	 200	 100 25 2.48	
5	 250	 100 25 2.59	
6	 300	 100 25 2.61	
7	 350	 100 25 2.05	

5. FEM study

Finite	element	analysis	(FEA)	technique	had	become	a	rapid	and	cost‐effective	tool	for	forming	
process	and	it	significantly	reduces	the	development	time	and	cost	associated	with	it.	In	essence,	
in‐depth	research	has	been	focused	on	development	of	proper	FEA	models	in	order	to	accurate‐
ly	predict	the	forming	behaviour	and	failure	modes.	Determination	of	optimal	temperature	for	
warm	 forming	of	 sheet	material	 is	 indeed	 essential	 requisite	 in	 order	 to	 achieve	desired	 size,	
process	robustness	and	productivity.	

Experimental	 trial	 and	error	methods	had	been	used	 in	determination	of	 appropriate	 tem‐
perature	distribution	on	tooling	and	blank	is	not	an	easy	task	to	achieve	due	to	high	cost,	time	
and	complexity	of	the	process.	As	the	complex	interactions	are	involved	among	material,	tooling	
and	process,	the	experimental	study	is	limited	only	to	lab	scale	prototypes	of	industry.	

Fig.	5	Finite	element	mesh	model	for	simulation		
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To	widen	 the	scope	of	warm	deep	drawing	and	 to	 reduce	product	and	process	design	 lead	
times,	essentially	FEM	came	as	an	alternative	in	recent	decades.	FEM	with	DOE,	and	various	op‐
timization	techniques	such	as	artificial	neural	networks,	genetic	algorithm,	multi‐fidelity	optimi‐
zation	techniques	have	been	increasingly	applied	in	metal	forming	process	design	and	control.	
In	this	study,	the	worm	forming	of	circular	cup	deep	drawing	had	been	analysed	using	commer‐
cially	available	FEA	software	ABACUS/Explicit.	The	tooling	geometries	were	constructed	using	
CAD	 program	 PRO/Engineer	 and	 were	 eventually	 converted	 into	 the	 finite	 element	 mesh	 as	
shown	in	Fig.	5.	

The	material	 properties	 of	 the	AZ31	 sheet	 obtained	 from	 the	 tensile	 tests	were	 essentially	
used	in	the	finite	element	simulations.	The	tool	parameters	used	for	simulations	were	die	clear‐
ance	of	0.6	mm	on	each	side,	blank‐holder	force	of	2.5	kN,	coefficient	of	friction	of	0.1	and	punch	
speed	 of	 3	 mm/s.	 The	 tooling	 was	 modelled	 as	 perfectly	 rigid	 but	 non‐isothermal	 while	 the	
blank	was	considered	as	rigid	visco‐plastic	with	isotropic	hardening	law	and	following	hills	ani‐
sotropic	yield	criterion.	Due	to	the	symmetric	boundary	conditions	and	to	reduce	computational	
time,	a	quarter	of	the	geometries	were	only	modelled.	The	both	used	model	have	temperature	
and	displacement	as	their	degrees	of	freedom	to	predict	both	deformation	and	temperature	var‐
iation	 during	 the	 process.	 The	 other	 input	 parameters	 for	 finite	 element	 simulations	 are	 as	
shown	in	Table	2.		

6. Results and discussion

The	formability	is	the	ability	of	the	sheet	metal	to	be	formed	or	stamped	without	developing	any	
failure,	and	the	formability	increases	as	the	temperature	increases.	The	basic	forming	character‐
istics	of	sheet	metals	are	obtained	with	simple	tension	tests.	These	results	have	been	used	for	
formulation	of	numerical	results.	The	experimental	result	from	Fig.	4	indicates	that	the	test	fails	
at	room	temperature	while	the	cup	drawn	at	300	°C	can	be	successfully	dawn	without	any	de‐
fects.	The	LDR	increased	gradually	as	the	deep	drawing	temperature	increases	in	warm	forming	
the	LDR	starts	decreases	after	300	°C	as	shown	in	Table	3.		

The	 finite	 element	 tests	 have	 been	 conducted	 for	 the	 150	 mm	 blank	 diameter	 using	 FEA	
software	ABACUS/Explicit.	The	deep	drawn	cups	are	produced	without	any	incipient	necking	or	
fracture	and	the	LDR	in	considerably	high	at	the	temperature	of	300	°C.		

Fig.	6		LDR	for	experimental	and	simulation	for	different	temperatures	of	the	blank	
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The Fig. 6 shows the comparison of the experimental and simulated results and found that 
LDR increased significantly as the temperature increases from ambient temperature to 300 °C in 
both experimental and simulation results. The reason for poor formability above 300 °C is due 
to the tendency of sheet for localised necking and limits the formability in deep drawing of cups 
especially at the regions very close to punch nose radius. Once this instability occurs, the load 
carrying capacity decreases gradually due to decrease in thickness of the material and hence 
reduced LDR. The onset of localized necking needs to be predicted accurately in order to deter-
mine the forming limits of the material. It have be observed that the LDR can be significantly 
achieved about 2.6 at 300 °C and hence warm forming can be successfully used for deep drawing 
at elevated temperatures. In addition to that the amount of blank holder force required also de-
creases due to decreased flow stress at higher temperatures. 

It can be observed from simulation results that the LDR obtained from simulation are slightly 
higher than that of the experimental results. This might be due to the complexity involved in the 
finite element models in selecting an appropriate and correct model for simulation results. The 
accuracy of FE simulation results are highly dependent on the type yielding and temperature 
dependent flow stress models used in describing the flow properties of the material. 

7. Conclusion
In this study, formability of AZ31 studied both experimentally and numerically using FEM soft-
ware ABAQUS. In both cases LDR increased significantly as the temperature increases. The deep 
drawing tests were conducted at 25 °C, 100 °C, 150 °C, 200 °C, 250 °C, 300 °C and 350 °C. Hence 
proper temperature selection is very essential for deep drawing of AZ31 cups without incipient 
necking and cracks. 
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Germany,	September	28	–	October	2,	2015.

 The	56th	Conference	on	Simulation	and	Modelling,	Linköping,	Sweden,	October	7‐9,	2015.

 26th	DAAAM	International	Symposium	2015,	Zadar,	Croatia,	October	21‐24,	2015.

 16th	 International	 Manufacturing	 Conference	 in	 China,	 Hangzhou,	 China,	 October	 22‐25,
2015.	

 17th	 International	 Conference	 on	 Engineering	 Systems	Modeling,	 Simulation	 and	 Analysis,
Paris,	France,	October	29‐30,	2015.

 17th	International	Conference	on	Advanced	Mechanical	and	Manufacturing	Design	Technolo‐
gy,	Venice,	Italy,	November	9‐10,	2015.

 5th	 International	 Conference	 on	 Accuracy	 in	 Forming	 Technology	 ICAFT	 2015,	 Chemnitz,
Germany,	November	10‐11,	2015.

 ASME	–	International	Mechanical	Engineering	Congress	&	Exposition	(IMECE),	Houston,	Tex‐
as,	United	States,	November	13‐19,	2015.

 17th	International	Conference	on	Supply	Chain	and	Logistics	Management,	Dubai,	UAE,	No‐
vember	24‐25,	2015.

 17th	 International	 Conference	 on	 Automotive	 Engineering	 and	 Intelligent	 Manufacturing,
Bangkok,	Thailand,	December	17‐18,	2015.

 18th	International	Conference	on	Numerical	Methods	 in	 Industrial	Processes,	Paris,	France,
January	21‐22,	2016.

 18th	International	Conference	on	Mechatronics	and	Intelligent	Manufacturing,	Istanbul,	Tur‐
key,	January	25‐26,	2016.

 6th	CIRP	Conference	on	Assembly	Technologies	and	Systems,	Gothenburg,	Sweden,	May	16‐
17,	2016.

 49th	CIRP	Conference	on	Manufacturing	Systems,	Stuttgart,	Germany,	May	25‐27,	2016.

 3rd	CIRP	Conference	on	Surface	Integrity,	Charlotte,	NC,	USA,	June	8‐10,	2016.

 10th	CIRP	Conference	on	Intelligent	Computation	in	Manufacturing	Engineering,	Gulf	of	Na‐
ples,	Italy,	July	20‐22,	2016.

 International	Conference	on	Design	and	Production	Engineering,	Berlin,	Germany,	July	25‐26,
2016.	
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