
1.1	Introduction
Selective	 laser	melting	 (SLM)	 is	widely	regarded	as	one	of	 the	most	promising	additive	manufacturing	 (AM)	 technologies,	which	enables	 the	quick	production	of	complex-shaped	and	compact	 three-dimensional	 (3D)	parts

directly	from	metal	powder	[1,	2].	SLM	technology	uses	laser	as	the	energy	source	to	melt	metal	powders	layer-by-layer	according	to	the	two-dimensional	(2D)	slice	profile	of	part	under	the	protection	of	inert	gases	such	as	nitrogen

and	argon,	which	is	suitable	for	all	types	of	materials	in	theory	[3].

In	SLM,	there	are	still	some	defects	such	as	staircase	effect	and	thermal	distortion.	Staircase	effect	usually	occurs	in	the	case	of	manufacturing	inclined	surfaces	including	both	upper	surfaces	and	downward	surfaces.	Due	to

the	stepped	approximation	by	layers	of	curved	and	inclined	surfaces,	the	staircase	effect	affects	the	surface	roughness	through	altering	the	layer	thickness	and	the	polar	angle	of	surface	[4].	When	building	a	part	in	SLM,	a	small	layer

thickness	can	effectively	reduce	the	surface	roughness	but	greatly	increase	the	building	time	[4–6].	When	the	polar	angle	of	the	inclined	surface	is	reduced,	it	is	more	pronounced	to	deteriorate	the	surface	roughness	[7].	In	order	to

minimize	the	staircase	effect,	multi-axis	processing	method	in	which	the	slicing	direction	rotates	to	90°,	in	case	of	an	overhang	structure	instead	of	taking	the	classical	parallel	slicing	procedure	was	presented	[8,	9].	Moreover,	the

rapid	melting	and	solidification	of	powders	in	SLM	process	results	in	a	nonuniform	temperature	distribution,	which	causes	large	thermal	stresses	within	solidified	part	[10].	With	it	comes	a	poor	property	such	as	large	distortion	of	part,

or	more	seriously,	an	interruption	of	the	processing	process.	In	order	to	reduce	the	deformation	of	the	fabricated	part,	Mohanty	and	Hattel	[11]	analyzed	the	effect	of	several	different	types	of	scanning	strategies	on	the	temperature
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Abstract

The	large	thermal	deformation	induced	by	the	high	temperature	gradient	severely	restricts	the	threshold	level	of	polar	angle	in	selective	laser	melting	(SLM).	As	such,	different	types	of	support	structures	are	usually

added	to	improve	the	manufacturing	capacity	and	broaden	the	application	of	SLM	technology.	However,	enormous	support	structures	will	result	in	large	time	consumption,	material	waste,	high	labor	intensity	and	inferior

surface	quality	of	part.	In	this	research,	a	feasible	method	of	slimming	support	structures	was	presented.	Firstly,	a	series	of	experiments	for	exploring	the	thresholds	of	polar	angles	at	different	azimuth	angles	relative	to	the

recoating	direction	of	powders	were	conducted	and	the	effect	of	powder	recoating	by	scraper	on	the	building	of	inclined	surfaces	was	analyzed.	Then,	a	generation	algorithm	of	slimmed	support	structures	was	proposed

based	on	the	varying	thresholds	of	polar	angles.	In	addition,	several	typical	cases	demonstrated	the	usefulness	of	this	method	by	eliminating	the	quantities	of	their	support	structures	by	35	percent%	in	average.
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distribution	 through	 simulation.	 Chen	 et	 al.	 [12]	 improved	 the	 AM	 processability	 of	 the	 hard-to-process	 overhanging	 structure	 by	 selecting	 an	 optimal	 laser	 volume	 energy	 density	 obtained	 through	 optimizing	 the	 processing

parameters.	In	addition,	to	control	the	thermal	deformation	induced	by	the	temperature	gradient,	increasing	the	preheating	temperature,	controlling	building	chamber	temperature	and	using	intermediary	powder	blends	were	also

proposed	as	effective	methods	of	reducing	deformation	of	fabricated	parts	[13–15].	However,	some	inclined	surfaces	with	too	small	inclination	angles	will	still	not	be	able	to	be	processed	without	any	other	auxiliary	structures	because

of	the	existence	of	the	large	residual	stress	and	distortion.	In	another	word,	there	is	a	limit	to	the	inclination	of	a	manufacturable	downward	surface	without	help	of	auxiliary	structures.	Based	on	this	processing	limit,	some	researchers

have	presented	a	number	of	new	design	methods	for	industrial	components	which	are	better	suited	for	manufacturing	via	SLM	[16–18].

To	resist	the	distortion	induced	by	the	large	temperature	gradient,	support	structures	are	also	usually	added	to	help	to	form	complicated	parts	with	lots	of	inclined	surfaces	in	SLM.	Järvinen	et	al.	[19]	described	several	types	of

conventional	support	structures,	such	as	block	support,	point	support,	web	support,	contour	support	and	line	support,	which	were	widely	used	in	SLM.	In	addition,	some	design	methods	of	new	support	structures	were	developed	in

[20–23].	However,	 enormous	 support	 structures	would	 result	 in	 large	 time	consumption,	material	waste,	 labor	 intensity	and	 inferior	 surface	quality	of	parts.	Mumtaz	et	 al.	 [24]	 presented	 a	 special	method	of	 eliminating	 support

structures	by	applying	selective	 laser	sintering	(SLS)	material	principles	to	SLM.	Unfortunately,	 the	application	scope	of	 this	method	 is	 too	narrow	up	to	now.	Jhabvala	et	al.	 [25]	used	a	pulsed	laser	to	build	support	structures	to

increase	the	building	efficiency	and	reduce	the	labor	intensity	because	this	laser	could	make	quicker	scanning	speed	and	structures	with	higher	porosity.	Calignano	[7]	optimized	the	supports	by	using	a	statistic	method	to	analyze	the

significance	of	the	structure	parameters	of	supports.	Krol	et	al.	[26]	obtained	the	optimal	support	structures	by	simulations	before	manufacturing	to	ensure	the	success	rate	and	decrease	the	material	waste.	Kuo	et	al.	[27]	used	a

topology	optimization	method	to	slim	the	supports	while	Morgan	et	al.	[28]	cut	the	quantity	of	support	structures	by	optimizing	the	part	orientation.

Although	a	large	number	of	researches	about	the	manufacturing	feasibility	of	 inclined	surfaces,	especially	downward	surfaces,	have	been	reported,	they	almost	neglected	another	factor:	the	tool	with	function	of	spreading

powders	built	as	a	scraper	or	a	roller	that	is	an	essential	part	of	SLM	machine.	This	tool	influences	not	only	the	property	of	the	powder	bed	but	also	the	processing	of	parts,	especially	for	the	downward	surfaces.	Although	Pham	and	Ji

[29]	and	some	other	researchers	have	dedicated	efforts	to	optimize	the	control	or	the	design	of	the	scraper	or	roller,	 there	 is	still	 limit	 in	getting	 insight	of	the	effect	of	the	tool	on	the	fabrication	of	 inclined	surfaces.	 In	fact,	 the

existence	of	this	tool	will	result	in	an	anisotropy	of	inclined-surface	manufacturability	in	SLM,	that	is	to	say,	the	threshold	of	the	polar	angle	is	different	at	different	directions	with	respect	to	the	recoating	direction.	At	present,	as	what

mentioned	before,	most	researchers	mainly	focus	on	either	optimizing	the	support	structures	based	on	a	constant	polar	angle	threshold	or	designing	new	types	of	support	structures	directly.	Therefore,	this	study	is	aimed	at	analyzing

the	effect	of	scraper	on	the	fabrication	of	downward	surfaces,	and	then	based	on	the	effect	developing	an	original	building	algorithm	of	optimized	supports	in	SLM.	In	addition,	the	feasibility	of	this	algorithm	for	reducing	the	forming

supports	of	the	parts	areis	further	validated.

2.2	Method
Most	of	common	support	generation	softwares,	e.g.	Magics	20.03	(Materialise,	Belgium),	usually	generate	support	structures	according	to	a	settable	constant	polar	angle.	In	comparison,	an	original	and	feasible	method	of

minimizing	support	structures,	which	is	based	on	the	varying	polar	angle	thresholds	obtained	by	experiments	is	given	out	in	the	following.

2.1.2.1	Thresholds	of	polar	angles
As	known	to	all,	the	threshold	of	polar	angle	changes	with	the	different	material	and	its	different	processing	parameters	in	SLM.	Titanium	alloy	(Ti-6Al-4 V)	with	high	specific	strength	and	good	biocompatibility	is	widely	used	in

the	areas	of	aerospace,	motor	industry	and	medical	treatment.	As	such,	Ti-6Al-4 V	is	chosen	to	explore	the	thresholds	of	polar	angles	under	a	series	of	processing	parameters	in	this	research.

2.1.1.2.1.1	Experimental	method
Experiments	were	 performed	 on	 the	 commercial	 SLM	machine	 EOSINT	M280	 (EOS	GmbH,	 Krailling,	 German)	 equipped	with	 a	 single-mode	 continuous	wave	 ytterbium	 fiber	 laser	 YLR-200	 (IPG	 Photonics,	 Oxford,	MS,	USA)	 operating	 at	 a

wavelength	of	1.07 μm	and	producing	a	 laser	beam	with	an	energy	 intensity	distribution	with	a	Gaussian	profile.	The	 feedstock	material	used	 for	 this	 investigation	was	gas-atomized	Ti-6Al-4 V	powder	 (EOS	art.-no.9011‐–0014,	EOS	GmbH,	Krailling,

German)	with	a	chemical	composition	corresponding	to	the	standards	(ISO	5832-3,	ASTM	F1472	and	ASTM	B348),	as	listed	in	Table	1	in	detail.	The	processing	parameters	were	also	summarized	in	Table	2	particularly.	The	same	laser	power	and	scanning

speed	were	used	to	form	both	core	and	contours	of	part	and	the	cross-hatching	scanning	strategy	was	employed	whereby	parallel	alternative	scan	vectors	were	overlaid	at	an	angle	of	67°	to	the	previous	deposited	layer.		In	this	investigation,	the	scraper

moving	from	the	feed	region	to	the	overflow	region	to	form	a	new	powder	bed	was	made	from	high-speed	steel	(HSS).	After	a	deposited	layer	was	completed,	the	build	platform	arranged	in	the	middle	of	the	feed	region	and	the	overflow	region	would	move

down	for	a	distance	of	1 mm	(quite	larger	than	the	layer	thickness)	to	avoid	the	contact	between	the	powder	bed	and	the	scraper.	Then	the	scraper	moves	back	quickly	from	the	overflow	region	to	the	feed	region.	After	that,	the	build	platform	moves	up	for

0.97 mm	to	achieve	the	specified	layer	thickness	and	the	scraper	spreads	powders	from	the	feed	region	to	form	a	new	powder	bed	repeatedly.

Table	1	Chemical	compositions	of	EOS	Titanium	alloy	Ti-6Al-4 V	powder.



alt-text:	Table	1

Elements Ti Al V O N C H Fe

Content	(wt.	%) Balance 5.5‐–6.75 3.5‐–4.5 <0.2 <0.05 <0.08 <0.015 <0.3

Table	2	SLM	process	parameters	of	EOS	Titanium	alloyTi-6Al-4 V	powders.

alt-text:	Table	2

Process	parameter Value

Laser	power 170 W

Spot	diameter 100 μm

Scanning	speed 1250 mm/s

Hatch	distance 100 μm

Layer	thickness 30 μm

Atmosphere Ar	(Oxygen	level < 0.1%)

Preheating	temperature 35 °C

The	specimens	for	investigating	the	polar	angle	thresholds	were	designed	as	a	series	of	heptahedrons	that	could	be	divided	into	cuboids	and	quadrangular	prisms,	as	depicted	in	Fig.	1.	The	cuboids	of	all	specimens	are	same	with	3 mm	length,

3 mm	width	and	1 mm	height,	but	the	quadrangular	prisms	are	different	in	vertical	sections	of	right	trapezoid	in	spite	of	their	same	thickness	of	3 mm.	The	heights	of	the	prism	vertical	sections	are	same	of	10 mm	and	the	lengths	of	bottom	side	are	constant

3 mm	that	is	equal	to	the	thickness	of	prisms,	while	the	inclination	angles	of	the	sloping	sides	are	different.	In	Fig.	1,	In	is	the	normal	vector	of	the	downward	inclined	surface	of	the	specimen,	Inp	is	the	projection	of	In	in	the	build	platform	and	Irec	is	the

recoating	direction.	The	azimuth	angle	between	Irec	and	Inp,	i.e.	α,	changes	by	45°	from	0°	to	315°.	Nob	is	a	unit	vector	opposite	Iacc	which	is	the	building	direction.	The	polar	angle	(γ)	between	In	and	Nob	expressing	the	inclination	of	specimen	changes	by	5°

from	15°	to	40°	for	primary	investigation	and	then	by	1°	for	detail	investigation	to	decrease	the	amount	of	experiments.	In	order	to	obtain	the	accurate	threshold	of	the	polar	angle,	i.e.	γlim,	a	weak	block	support	structure	(Fig.	2)	was	applied	to	support	the

bottom	surface	of	each	specimen.	If	a	specimen	lost	resolution	in	its	sharp	corner	or	was	swept	away	from	its	support	structure	by	the	scraper	or	the	recoating	process	of	powder	bed	was	interrupted	due	to	the	warpage	of	specimen,	this	polar	angle	of	the

specimen	would	be	regarded	as	unshaped	or	undesirable	angle.	In	other	words,	only	when	the	specimen	was	manufactured	well	and	completely,	this	polar	angle	of	the	specimen	could	be	treated	as	a	desirable	angle.	Then	the	minimum	of	the	desirable

angles	is	the	threshold	of	the	polar	angle.

Fig.	1	Map	of	specimens	used	in	experiments.

alt-text:	Fig.	1



2.1.2.2.1.2	Results	and	discussion
According	to	the	design	of	experiment,	the	experimental	results	are	listed	in	tableTable	3	where	the	results	in	primary	investigation	with	change	of	α	by	5°	are	marked	in	black	and	those	in	detail	investigation	with	change	of	α	by	1°	are	marked	in

red.	If	the	specimen	could	be	successfully	fabricated,	marking	it	as	“√”,	otherwise	marking	it	as	“×”.

Table	3	Total	results	of	the	formation	of	the	inclined	surfaces.

alt-text:	Table	3

γ
α 15° 20° 21° 22° 23° 24° 25° 26° 27° 28° 29° 30° 31° 32° 33° 34° 35° 40°

0° × × × × × √ √ √ √ √
45° × × × √ √ √ √ √ √ √
90° × × × × × × √ √ √ √
135° × × × × √ √ √ √ √ √
180° × × × × × √ √ √ √ √
225° × × × × √ √ √ √ √ √
270° × × × × × × √ √ √ √
315° × × × √ √ √ √ √ √ √

During	primary	investigation,	it	can	be	seen	from	tableTable	3	that	the	threshold	of	the	polar	angle	(γlim)	increases	as	the	α	(0°~180°)	increases,	suggesting	that	the	better	forming	property	is,	the	smaller	α	is.	Furthermore,	the	relatively	accurate

γlim	has	been	obtained	in	detail	investigation.	Based	on	the	obtained	experimental	datum,	a	fitting	curve	can	be	drawn	as	shown	in	Fig.	3,	expressing	the	relationship	between	the	γlim	and	the	α.	It	can	be	found	that	this	curve	is	axisymmetric	on	α = 180°,

thus	the	directional	change	between	Irec	and	Inp	will	be	neglected	in	following	text.	A	governing	equation	of	γlim	and	α	can	be	acquired	and	expressed	as	Equation.	(1).

In	order	to	understand	better	the	effect	of	α	on	γlim,	the	specimens	with	different	polar	angles	at	α	of	0°	and	180°	are	shown	in	Figs.	4–5.	Thanks	to	the	different	degree	of	thermal	deformation	in	the	sharp	corners	caused	by	γ	and	α,	the	different

Fig.	2	(a)	Weak	support	structure	under	the	bottom	surface	of	specimen	and	(b)	corresponding	projection	in	the	build	platform	as	well	as	(c)	parameters	of	support.

alt-text:	Fig.	2

	(1) (Eq.	1	needs	to	be	modified.	The	first	letter	"g"	needs	to	be	changed	by	Greek	letter	gama.	Please	refer	to	the	attachment.)

Fig.	3	Fitting	curve	expressing	the	relationship	between	γlim	and	α.

alt-text:	Fig.	3



final	forming	heights	of	the	specimens	can	be	clearly	seen,	indicating	that	the	building	difficulties	of	these	specimens	increase	with	the	decrease	of	γ	and	the	sharp	corner	will	own	a	higher	resolution	when	the	γ	increase.	For	a	given	layer	thickness,	the

overhang	length	(Fig.	6a)	obtained	by	comparing	two	adjacent	layer	slices	increases	as	the	inclination	angle	decreases	from	γ1	to	γ2.	Because	there	is	no	constraint	under	the	overhang,	a	longer	overhang	length	will	cause	a	larger	deformation	and	the

deformation	magnitude	continues	to	increase	along	the	building	direction	[30].	In	this	case,	a	flatter	inclined	surface	will	be	harder	to	be	fabricated.	On	the	other	hand,	for	a	given	polar	angle,	the	overhang	length	increases	with	the	increase	of	layer

thickness,	which	will	result	in	the	same	influence	on	the	deformation	as	the	decrease	of	polar	angle.	Due	to	the	layer	thickness	has	significant	influence	on	the	stability	of	molten	pool,	which	will	tend	to	reduce	the	surface	tension,	easily	leading	to	balling

effect	and	deterioration	in	surface	roughness	[31].	Therefore,	the	layer	thickness	should	theoretically	be	as	thin	as	possible.	In	this	work,	layer	thickness	was	set	to	30 μm,	which	was	decided	by	the	powder	particle	size	(the	mean	particle	diameter	is	about

30 μm).

Fig.	4	Specimens	with	different	inclination	angles	formed	at	α = 0°.

alt-text:	Fig.	4

Fig.	5	Specimens	with	different	inclination	angles	formed	at	α = 180°.

alt-text:	Fig.	5

Fig.	6	The	schematics	of	(a)	the	change	of	overhang	length	with	γ	and	the	recoating	process	in	SLM	(b)	at	α = 0°	and	(c)	at	α = 180°.

alt-text:	Fig.	6



Furthermore,	comparing	the	specimens	at	α = 0°	(Fig.	4)	with	those	at	α = 180°	(Fig.	5),	a	major	difference	can	be	found	in	the	distortional	morphologies	of	the	sharp	corners	and	final	forming	heights	of	the	specimens.	For	α = 0°,	the	sharp	corner

curves	upward	to	be	broken	finally	(Fig.	4a)	or	forms	a	long	tip	resulting	in	a	lost	in	its	resolution	(Fig.	4b).	As	shown	in	Fig.	4b,	two	lines	are	drawn	to	express	the	actual	and	theoretical	downward	surfaces.	One	is	created	from	the	bottom	of	the	inclined

surface	along	its	actual	border.	The	other	is	created	through	the	bottom	of	the	inclined	surface	and	the	vertex	of	its	sharp	corner.	If	the	angle	between	the	two	lines	is	larger	than	half	of	the	minimum	variation	of	designed	polar	angles,	i.e.	Δγ > 0.5°,	the

resolution	of	the	sharp	corner	is	considered	to	be	lost.	Conversely,	the	precision	of	the	inclined	surface	is	considered	to	be	accepted,	such	as	the	angle	in	Fig.	4c.	However,	for	α = 180°,	it	is	worthy	noted	that	the	distortion	and	tip	of	the	sharp	corners	are

invisible	and	these	have	been	replaced	by	some	fracture	morphologies	 (Fig.	5(a–d)),	which	 is	attributed	to	 the	 impact	of	scraper	on	the	deformed	sharp	corners.	The	resultant	difference	above	at	different	α	can	be	elucidated	by	the	schematic	of	the

recoating	process	in	SLM	(Figs.	6(b,	c)).	In	Fig.	6(b),	when	the	part	with	an	polar	angle	(γ)	is	built	at	α = 0°,	the	possible	thermal	distortion	(position	1)	occurs	in	the	sharp	corner	and	it	will	become	worse	(position	2)	with	the	increase	of	the	building	height

in	SLM	due	to	the	accumulation	of	thermal	stress	[32].	It	is	therefore	that	the	sharp	corner	will	be	affected	by	a	force	(Fb)	pointing	the	bottom	right,	which	is	in	favor	of	the	suppression	of	the	buckling	deformation	in	some	extent.	This	also	further	explains

the	experimental	results	in	Fig.	4	that	the	parts	with	the	α	beyond	25°	can	be	successfully	fabricated.	However,	it	is	different	from	the	specimens	at	α = 0°	that	the	specimens	at	α = 180°	will	be	affected	by	a	force	(Fb)	pointing	upper	right	(Fig.	6(c))	which

has	a	facilitation	effect	on	the	buckling	deformation,	resulting	in	the	crash	of	the	sharp	corner	and	the	interruption	of	forming	process	in	SLM.	This	is	consistent	with	the	experimental	results	in	Fig.	5	that	these	parts	can	be	successfully	fabricated	only

when	the	α	beyond	35°.	Therefore,	it	can	be	concluded	that	the	influence	of	α	on	forming	deformation	in	the	sharp	corner	can	be	divided	into	two	categories	containing	suppression	effect	and	facilitation	effect.	In	addition,	the	significance	of	the	effects	of

different	α	on	forming	property	are	further	discussed	in	Figs.	7	and	Fig.	9.	Here,	the	polar	angles	(γ)	are	fixed	at	a	small	value	of	25°	and	at	a	relative	major	value	of	40°	respectively,	and	the	α	is	treated	as	a	variable.

Fig.	7	shows	the	specimens	with	the	same	γ	of	25°	and	different	α.	It	can	be	clearly	seen	that	the	warpage	levels	expressed	by	Δh	of	the	parts	at	different	α	are	diverse.	Moreover,	the	trend	in	tableTable	3	that	the	forming	properties	of	the	parts

become	more	superior	as	the	α	increases	has	been	obtained.	These	experimental	results	can	be	explained	by	a	schematic	diagram	in	Fig.	8.	For	the	same	γ,	the	distortions	of	all	the	specimens	can	be	assumed	to	be	uniform	and	form	a	contact	area	of	a

contact	width	(Dw)	with	the	scraper.	The	contact	length	(CL)	between	the	scraper	and	the	specimen	is	directly	affected	by	α	value	and	expressed	as	Equation.	(2).	Thus,	combined	Fig.	6	with	Fig.	8,	it	can	be	inferred	that	the	significance	of	effects	of	α	on	the

forming	property	is	determined	by	CL	value.	During	the	range	of	the	α	(0°-90°),	CL	value	decreases	with	the	increase	of	the	α,	indicating	that	the	suppression	effect	of	scraper	on	the	deformation	in	the	sharp	corner	is	gradually	weakened	and	tended	to

eliminate.	However,	it	is	interesting	that	the	facilitation	effect	of	scraper	on	the	deformation	in	the	sharp	corner	is	gradually	strengthened	when	the	α	increases	form	90°	to	180°	based	on	the	Equation.	(2).	In	general,	these	different	effects	caused	by

different	α	contribute	the	different	forming	property	of	the	specimens	in	SLM.

Fig.	7	Specimens	with	the	same	γ	of	25°,	created	at	different	angles	of	α.

alt-text:	Fig.	7
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For	the	γ	of	40°,	there	are	no	clear	distinctions	among	the	sharp	corners	of	the	specimens	built	at	different	position	of	α,	as	depicted	in	Fig.	9.	All	the	specimens	can	be	successfully	fabricated	and	present	high-quality	sharp	corners.	This	can	be

clarified	by	that	the	formation	would	not	be	impacted	by	the	scraper	when	the	warpage	of	a	specimen	is	too	small	to	exceed	the	bottom	of	the	scraper.

According	to	Fig.	3,	the	specimens	with	polar	angle	of	20°	at	azimuth	angles	of	0°	need	to	be	supported	for	precise	shapes	in	processing	while	those	with	polar	angle	of	25°	do	not	require	additional	support	structures.	However,	they	should	all	be

supported	by	conventional	method	because	their	polar	angles	are	smaller	than	the	maximum	of	γlim.	For	comparison,	two	types	of	support	structures	were	added	to	create	the	specimens	at	azimuth	angles	of	0°	as	shown	in	Fig.	10.	It	can	be	clearly	seen	that

the	precision	of	the	specimens	in	Fig.	10a	and	Fig.	10c	are	highly	increased	compared	with	that	of	the	specimen	in	Fig.	4b.	Simultaneously,	support	structures	influence	the	microstructure	development	during	SLM.	Due	to	the	faster	heat	conduction	by

support	structures,	finer	grains	develop	in	the	boundary	regions	separating	the	specimen	and	the	support	structure	while	the	crystallographic	texture	development	in	the	core	part	of	the	specimens	is	mostly	independent	of	the	support	configuration	[33].

The	support	B	(Fig.	10)	increases	the	cooling	rate	of	the	downward	surfaces	leading	to	a	raise	in	the	thermal	stress	but	its	connection	with	specimen	resists	the	large	thermal	stress	to	improve	the	precision.	However,	distortions	(Figs.	10a–b)	have	appeared

because	the	support	A	is	much	weaker	than	the	support	B.	The	specimens	(Fig.	10c	and	Fig.	10d)	formed	directly	from	the	build	platform	without	support	A	are	in	good	precision.	Although	the	precision	of	the	specimens	in	Fig.	10b	and	Fig.	10d	is	slightly

higher	than	that	of	the	specimen	in	Fig.	4c,	the	time	consumption,	the	material	waste	and	the	labor	intensity	both	become	greater	and	the	downward	surfaces	will	become	rougher	after	removing	the	support	structures.	Therefore,	it	is	worthy	to	reduce	the

unnecessary	support	structures	especially	in	processing	the	complex	metal	parts	without	strong	request	on	precision.

Fig.	8	Map	of	the	change	of	the	contact	length	with	α.

alt-text:	Fig.	8

Fig.	9	Specimens	with	the	same	γ	of	40°	and	created	at	different	angles	of	α.

alt-text:	Fig.	9



2.2.2.2	Slimmed-support	generation	algorithm
It	is	essential	to	minimize	the	use	of	supports	as	reduced	contact	area	between	the	part	and	these	structures	will	result	in	better	part	quality	and	also	reduce	the	post	processing	efforts	[34].	As	discussed	before,	the	thresholds

of	polar	angles	change	with	the	azimuth	angle.	That	is	to	say,	we	need	to	consider	different	polar	angle	thresholds	instead	of	constant	polar	angle	threshold	in	all	directions	as	common	when	we	create	supports	to	prevent	distortions.

Therefore,	an	original	slimmed-support	generation	algorithm	expressed	by	a	flow	chart	(Fig.	11)	was	developed	considering	the	anisotropy	of	inclined-surface	manufacturability	[35].

In	 the	additive	manufacturing	 industry,	STL	 format	 is	a	standard	and	common	 file	 type	 that	uses	 triangular	 facets	consisting	of	 their	normal	vectors	and	 three	vertex	coordinates	 to	express	 three-dimensional	parts.	After

converting	original	part	file	to	STL	file,	the	bounding	box	of	part	could	be	easily	obtained	by	comparing	all	coordinates	of	the	vertexes	of	facets.	Then	a	layout	of	basic	support	points,	such	as	the	separation	distance	of	every	two	basic

support	points,	needs	 to	be	made	 in	 the	horizontal	plane	 (Fig.	12a).	A	more	accurate	method	of	 setting	 the	basic	points’'	 layout	can	be	applied	according	 to	another	 research	 [36].	Next,	a	 single	 triangular	 facet	 is	 selected	 to	be

distinguished	whether	requiring	supports	or	not	by:

Fig.	10	Specimens	with	different	support	structures,	created	at	α	of	0°.

alt-text:	Fig.	10

Fig.	11	The	flow	chart	of	the	slimmed-support	generation	algorithm.

alt-text:	Fig.	11



where	γ	is	defined	as

In	Equation.	(3),	Inf	is	the	normal	vector	of	the	selected	facet	and	Nob	is	the	unit	vector	opposite	the	building	direction.	According	to	the	experimental	results	and	Equation.	(1),	it	was	indicated	that	γlim	is	not	a	constant	but	a

variable	related	to	the	value	of	α	which	can	be	obtained	through:

where	Nrec	is	an	unit	vector	along	the	recoating	direction.	Actually,	for	a	higher	success	rate	of	completing	a	part,	we	can	adjust	Equation.	(1)	into:

where	 γs	 is	 an	 addition	 for	 safety.	Here,	 attentions	 should	 be	 paid	 to	 the	 fact	 that	 the	 γlim	 should	 be	 acquired	 by	 experiments	 under	 the	 specified	material	 and	 process	 parameters.	 If	 the	 used	 powder	material	 and	 its	 process

parameters	are	different	from	those	in	this	investigation,	the	value	of	γlim	and	the	eEquitation.	(6)	need	to	be	accordingly	modified	[37].

If	the	value	of	Req	is	0,	there’'s	no	need	to	support	this	triangular	facet	and	another	single	triangular	facet	can	be	done	as	before.	Otherwise,	we	need	to	mark	this	facet	and	check	if	there	are	any	basic	support	points	in	the

projection	area	of	this	facet	in	the	horizontal	plane.	The	projection	vector	is	Nproj	(Fig.	12b).	If	the	layout	of	basic	support	points	is	too	sparse,	some	small	facets	may	have	no	basic	support	points	under	them.	They	will	wherefore	have

no	need	to	be	supported	although	theoretically	needing	supports	due	to	their	small	polar	angles	according	Equation.	(3).	When	there	are	some	basic	support	points	in	the	facet	projection,	we	need	to	mark	these	basic	support	points.

Then	we	can	create	a	series	of	support	rays	from	these	points	along	Nproj	and	then	calculate	the	ordinates	of	the	cross	points	between	these	rays	and	the	facet	(Fig.	12b)	according	to	the	following	steps:

a. Calculate	the	coordinates	of	the	projection	points	of	the	facet’'s	three	vertexes	along	Nproj = (xproj,	yproj,	zproj)	 in	the	horizontal	plane.	We	express	the	three	facet	vertexes	by	Pi(xi,	yi,	zi)	(i = 1,2,3)	and	the	projection	points	 in	the	horizontal	plane	of	the	three	facet

vertexes	by	P’'i(x’'i,	y’'i,	0)	(i = 1,2,3)	respectively.	Then	we	can	get	x’'i = xi-zi·xproj/zproj	and	y’'i = yi-zi·yproj/zproj	easily.

b. Determine	whether	the	selected	basic	support	point	locates	in	the	facet	projection.	We	assume	Ω(f)	is	the	projection	area	in	the	horizontal	plane	of	a	facet	whose	three	sides	are	not	included	and	Ω(s)	is	the	projection	segments	of	this	facet’'s	three	sides.	Then	we

express	 the	 selected	basic	 support	point	by	P′(x′,	y′,	 0)	 and	 let	Vi = P’'i-P′’	(i = 1,2,3)	,	V4 = V1	 and	Wi = Vi × Vi+1	(i = 1,2,3),	W4 = W1.	 If	Wi·Wi+1 > 0	(i = 1,2,3),	we	 can	 assure	 that	 Ps	 does	 locate	 in	Ω(f).	 If	 there	 is	 a	 group	 of	 i	 and	 j	meeting	 and	

,	we	can	assure	that	P′’	does	locate	in	Ω(s).

c. Calculate	the	ordinates	of	the	cross	point	between	the	ray	and	the	facet	except	its	three	sides.	If	P′’	locates	in	Ω(f),	we	could	express	any	point	in	the	ray	created	from	P′’	by	R(a) = P′’ + a·Nproj	and	any	point	in	the	facet	by	S(b,	c) = P1 + b·(P2-P1) + c·(P3-P1)	where	a,	b	and

c	are	factors.	So	we	can	get	the	cross	point	P(x,	y,	z)	by	solving	P = R(a) = S(b,	c).	The	result	are	 and	P = R(a).

(3)

(4)

Fig.	12	The	process	of	generating	the	support:	(a)	set	the	layout	of	basic	points	of	the	support;	(b)	find	the	cross	point	of	the	facet	and	a	ray;	(c)	create	a	single	cross-shaped	support	piece;	(d)	create	the	final	support;	(e)	deal	with	the	special	points.

alt-text:	Fig.	12
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d. Calculate	the	ordinates	of	the	cross	point	between	the	ray	and	the	facet’'s	three	sides.	If	P′’	locates	in	Ω(s),	we	can	get	 .

e. Change	to	another	basic	support	point	if	there	exists	any	other	basic	points	and	go	to	step	b.

As	depicted	in	Fig.	12e,	a	physical	part	may	be	complex	enough	to	need	the	support	structures	generating	not	only	directly	 from	the	basement	but	also	from	the	upward	surfaces	of	the	part.	Therefore,	after	all	 facets	are

traversed,	we	should	check	whether	there	exist	any	unmarked	facets	and	then	find	out	all	cross	points	between	the	unmarked	facets	and	the	rays	out	from	the	marked	basic	points.	In	fact,	it’'s	impossible	that	all	the	triangular	facets	of

a	physical	part	need	to	be	marked	to	be	supported.

After	all	unmarked	facets	are	done,	all	of	the	cross	points	and	the	basic	points	must	be	classify	by	the	support	rays	and	then	sorted	from	low	to	high.	If	there	are	still	more	than	two	points	including	the	basic	point	in	a	support

ray	after	deleting	one	of	the	highest	points	(P12,	P23,	P44,	P62,	P'71	in	Fig.	12e),	delete	the	coincident	points	according:

a. Find	the	two	triangular	facets	in	which	located	a	pair	of	coincident	points.

b. Calculate	the	cosines	of	the	angles	between	the	unit	vector	opposite	the	building	direction	and	the	normal	vectors	of	the	two	facets.

c. If	the	product	of	those	two	cosines	is	negative,	delete	these	two	coincident	points	(P32,	P'32,	P51,	P'51	in	Fig.	12e).	Otherwise,	delete	one	of	them	(P'11,	P'41	in	Fig.	12e).

After	that,	if	there	are	some	points	coinciding	with	the	basic	point	in	a	support	ray,	delete	all	of	them	including	the	basic	point	(P3,	P31,	P4,	P41	in	Fig.	12e).	Then	if	the	number	of	the	points	in	this	support	ray	is	odd,	we	need	to

delete	the	highest	point	(P'23	in	Fig.	12e)	because	it	must	locate	in	an	unmarked	facet.	Finally,	a	single	cross-shaped	support	piece	in	STL	format	can	be	created	by	a	segment	ending	at	a	point	pair	consisting	of	every	two	points	from

low	to	high	in	one	support	ray	(Fig.	12c).	The	width	and	the	length	of	every	single	cross-shaped	support	piece	are	both	set	to	be	equal	to	the	distance	of	every	two	adjacent	basic	support	points.	Therefore,	all	the	single	support	pieces

can	be	connected	together	to	construct	a	block	support	which	is	same	as	that	used	in	the	foregoing	experiments	and	also	widely	used	in	SLM	(Fig.	12d).

3.3	Case	study
In	order	to	determine	the	effectivity	of	the	proposed	method,	three	typical	parts	(Table	4),	namely	blower	 impeller,	ball	and	four-way	valve,	are	used	to	be	analyzed	from	the	reduction	 in	the	number	of	 the	triangle	 facets

needing	supports	and	the	volume	of	the	supports.	All	of	them	are	converted	into	STL	format	and	positioned	as	shown	in	Table	4	wherein	the	red	line	is	opposite	to	the	recoating	direction,	i.e.	direction	of	x-axis,	and	the	green	line	is

vertical	to	x,	i.e.	direction	of	y-axis.	Their	support	structures	are	generated	based	on	a	same	layout	of	basic	support	points	where	the	distance	between	every	two	adjacent	basic	points	in	x-axis	or	y-axis	is	0.5 mm	as	the	value	of	f	in	Fig.

2b.	All	the	supports	are	generated	uprightly,	i.e.	Nproj = (0,	0,	1).	Therefore,	regardless	of	the	actual	thickness	of	the	support	pieces,	the	volume	of	every	single	cross-shaped	support	piece	could	be	worked	out	by	doubling	the	product	of

0.5 mm	and	the	distance	of	the	two	endpoints	creating	this	single	piece.	Then	the	total	volume	of	each	parts’'	support	structure	can	be	obtained.

Table	4	Comparison	of	the	supports	generated	by	different	methods.

alt-text:	Table	4

Model Total	number	of	triangle	facets Target Conventional Proposed Reduction	(%)

1 70,476 Number	of	facets	needing	supports 9150 5537 39.5

Volume	of	supports	(mm2) 4232 1972 53.4

2 46,224 Number	of	facets	needing	supports 7992 7026 12.1

Volume	of	supports	(mm2) 3834 2446 36.2

3 29,354 Number	of	facets	needing	supports 3661 3227 11.9

Volume	of	supports	(mm2) 58,250 49,220 15.5
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1.	blower	impeller 2.	ball 3.	four-way	valve

Two	simple	C++	programs	were	written	out	respectively	based	on	the	method	proposed	above	and	a	conventional	method.	The	conventional	method	determines	whether	a	triangle	facets	need	supports	by	a	constant	polar

angle	threshold.	According	to	the	aforementioned	experimental	results,	the	value	of	γlim	varies	with	α	from	24°	to	32°.	Therefore,	in	the	conventional	method,	γlim	must	be	assumed	as	a	constant	value	of	32°.	In	this	case,	γs	in	Equation.

(6)	is	set	to	0°	and	the	support	structures	generated	by	these	programs	are	showed	in	Fig.	13.

As	 listed	in	Table	4,	comparing	with	the	conventional	method,	both	the	number	of	the	triangle	facets	needing	supports	and	the	volume	of	supports	have	a	marked	fall	and	shrank	by	21.2%	and	35%	respectively	using	the

slimmed-support	generation	method.	For	example,	the	support	structure,	highlighted	by	red	in	Fig.	13e	and	generated	by	the	slimmed-support	generation	method,	is	much	slimmer	than	that	by	the	conventional	method	(Fig.	13a).

Meantime,	the	projections	of	the	support	structures	in	the	horizontal	plane	as	depicted	in	Fig.	12b	and	Fig.	12f	also	illustrates	that	the	volume	of	the	support	structures	is	reduced	by	the	slimmed-support	generation	method.	Although

the	number	of	the	triangle	facets	needing	supports	is	only	cut	down	by	12.1%,	the	volume	of	the	whole	supports	of	the	ball	decreases	largely	by	36.2%	because	of	the	increase	of	the	height	of	support	piece	away	from	the	center.	The

projection	of	its	support	(Fig.	13h)	is	no	longer	in	a	circle	(Fig.	13d).	The	number	of	the	triangle	facets	needing	supports	and	the	volume	of	the	supports	of	the	four-way	valve	are	cut	down	by	>more	than	ten10	percent%,	although	which

can’'t	been	illustrated	clearly	by	Fig.	13i	and	Fig.	13j.	If	a	3D	part	contains	many	inclined	surfaces	whose	polar	angles	are	of	24°	to	32°,	this	slimmed-support	generation	method	will	work	much	better.

Fig.	14	 shows	 the	practical	 formations	 of	 the	 blower	 impeller	with	 three	 different	 support	 structures.	 The	used	powder	material	was	 also	Ti-6Al-4 V.	 The	model	 could	 be	 completed	well	 by	 both	 the	 conventional	method

according	to	a	constant	γlim	of	32°	and	the	proposed	method	while	it	failed	to	be	built	by	the	conventional	method	according	to	a	constant	γlim	of	24°	because	of	the	failure	circled	in	red	(Fig.	14c).

Fig.	13	Support	structures	generated	by	different	methods:	(a)(c)(i)	by	conventional	method;	(e)(g)(j)	by	proposed	method;	(b)(d)(f)(h)	projections	of	supports	in	(a)(c)(e)(g);	(k)	by	changing	the	orientation.
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In	addition,	 this	slimmed-support	generation	method	can	be	used	 to	coordinate	with	other	optimization	methods	of	support	slimming	such	as	selecting	 the	optimal	build	orientation	of	part	 [28,	38,	39].	 Changing	 a	 part’'s

orientation	to	reduce	the	support	volume	may	increase	the	build	height	and	consequently	the	manufacturing	time.	In	the	data	available	to	some	authors	[40,	41],	it	is	not	clear	that	there	is	a	significant	correlation	between	build	height

and	manufacturing	time	according	to	their	multi-objective	optimizations.	Thus,	from	the	factors	considered	by	most	researchers,	the	optimization	of	support	volume	remains	one	of	the	most	critical	factors	for	improving	the	efficiency	of

metallic	additive	layer	manufacturing.	Build	orientation	is	a	crucial	parameter	since	it	will	affect	the	volume	of	support	structures	required	[38].	For	an	instance,	if	the	four-way	valve	was	built	in	the	orientation	of	Fig.	13k,	the	number

of	the	triangle	facets	needing	supports	will	be	cut	down	to	1330	and	the	volume	of	the	supports	will	be	reduced	to	23,907 mm2.	That	is	to	say,	the	reductions	of	those	two	optimization	targets	will	respectively	reach	63.7%	and	59%.	In

multi-axis	additive	manufacturing,	the	adaptation	of	the	building	direction	is	a	key	step	as	well	in	building	parts	without	support	structures	[42].	For	the	in-plane	anisotropy	under	a	certain	setting	of	process	parameters	it	was	found	by

Hitzler	L.	[43],	that	only	the	linear	elastic	properties	and	the	breaking	elongation	were	affected,	whereas	the	other	material	properties	such	as	relative	density,	surface	hardness	and	tensile	strength	remained	stable.	On	the	other	hand,

if	considering	the	anisotropy	of	the	manufacturability	of	inclined	surfaces,	we	will	have	more	freedom	in	the	design	of	3D	parts	that	can	be	built	without	supports	relative	to	selecting	a	constant	polar	angle	threshold.

4.4	Conclusions
In	this	research,	a	 feasible	method	of	support	slimming	was	presented.	Firstly,	a	series	of	experiments	 for	exploring	the	thresholds	of	polar	angles	at	different	positions	relative	to	the	recoating	direction	of	powders	were

conducted	and	the	effect	of	powder	recoating	by	scraper	on	the	building	of	polar	angles	was	analyzed.	Then,	a	generation	algorithm	of	reduced	support	structures	was	proposed	based	on	the	varying	polar	angle	thresholds.	In	addition,

three	typical	cases	were	applied	to	demonstrate	the	usefulness	of	this	method.	The	obtained	conclusions	are	as	follows:

a. The	warpage	of	the	specimen	with	small	polar	angle	built	at	α = 0°	is	suppressed	by	the	scraper	during	the	recoating	process	while	that	of	the	specimen	built	at	α = 180°	is	promoted	by	the	scraper.	The	morphologies	of	their	sharp	corners	have

a	significant	distinction;

b. The	thresholds	of	the	polar	angles	have	a	difference	at	different	positions	of	α	due	to	the	distinction	of	the	contact	length	between	the	scraper	and	the	warpages;

c. An	effective	slimmed-support	generation	method	can	be	presented	according	the	upper	difference	and	it	has	been	used	to	slim	the	support	structures	of	three	models	by	35%	in	average.	One	of	the	models	was	practiced	to	further	demonstrate

the	effectiveness	of	this	proposed	method;

d. This	method	can	be	used	to	coordinate	with	other	optimization	methods	of	support	slimming	such	as	selecting	the	optimal	build	orientation	of	part	to	further	optimize	support	structures.
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