
1.1	Introduction
Metal	injection-moulding	(MIM)	is	a	process	to	produce	a	small-mass	component	with	complex	geometry	from	varied	materials	such	as	stainless	steel	and	superalloys.	This	process	is	based	on	the	injection	of	a	feedstock	composed	of	the	powder	of	a	desired

material	required	for	the	final	component,	and	a	thermoplastic	binder	composed	of	several	polymers.	After	injection-moulding,	the	binder	is	removed	from	the	component	using	a	solvent	and	then	by	heating.	The	component	becomes	a	porous	metal	skeleton	which	is

finally	sintered	to	obtain	the	final	dense	functional	component	with	mechanical	properties	similar	to	those	of	a	wrought	material.	The	binder	has	the	multitasking	role	of	being	able	to	support	an	important	powder-loading	rate	in	volume,	typically	60%,	to	carry	the	powder

into	the	mould	die	cavity	[1,2]	and	be	easily	removable.	To	satisfy	these	properties,	binders	are	generally	composed	of	three	components	[1]:	one	to	provide	the	necessary	fluidity	(flux),	one	to	provide	strength	to	the	injected	component	(backbone),	and	one	to	act	as	a

surfactant	to	prevent	the	aggregation	of	the	powder	particles	[1,3,4].

Currently,	binders	are	composed	of	petroleum-sourced	polymers	and	require	hazardous	solvents	to	be	removed.	The	formulation	developed	previously	at	our	laboratory	is	composed	of	polypropylene	for	the	backbone,	paraffin	wax	as	the	flux,	and	stearic	acid	as

the	surfactant	[5,6].	This	binder	needs	cyclohexane	as	a	solvent,	which	is	a	poisonous	chemical.	Some	new	green	formulations	were	developed	in	previous	studies	[7–9],	and	the	main	goal	of	this	study	was	to	determine	the	effect	of	the	formulation	and	debinding	process

on	the	properties	of	the	final	component.	First,	to	avoid	chemical	solvents,	polyethylene	glycol	(PEG)	was	chosen	as	the	flux	because	it	 is	water	soluble.	PEG	contains	terminal	hydroxyl	groups	which	provide	water	solubility	for	molecular	masses	ranging	from	400	to

40,000 g.·mol‐−1	[10–12].	Therefore,	PEG	with	a	molecular	weight	of	20,000 g.·mol‐−1	was	chosen	as	it	ensures	solubility	in	water	while	maintaining	a	sufficient	binder	viscosity.	Backbone	bio-sourced	polymers	were	chosen	to	reduce	the	environmental	impact	because	the

backbone	is	removed	by	heating.	Polylactic	acid	(PLA)	and	polyhydroacanoate	(PHA)	were	chosen	because	there	are	the	most	common	bio-sourced	polymers	used	in	the	injection-moulding	industry.	PLA	and	PHA	are	biodegradable	and	biocompatible	polymers	with	good

physical,	mechanical,	and	thermal	properties	[10,13].	PLA	is	obtained	from	the	polycondensation	of	lactic	acid	which	is	produced	by	bacterial	fermentation	of	corn	starch	or	cane	sugar.	PHA	is	a	polyester	obtained	directly	from	the	bacterial	metabolism.	Under	conditions	of
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Abstract

In	the	metal	injection-moulding	process,	the	thermoplastic	polymer	binder	plays	an	essential	role	as	it	provides	fluidity	to	the	high-loaded	feedstock	and	strength	to	maintain	the	moulded	shape.	The	purpose	of	this	study	is	to	develop	an	environmentally

friendly	 feedstock	 loaded	with	 a	 super-alloy	 Inconel	 718	powder.	Different	 binder	 formulations	 based	on	polyethylene	glycol	 (PEG),	 for	 its	water	 solubility,	 and	bio-sourced	polymers	were	 investigated.	Poly(lactic	 acid)/(polyhydroxybutyrate-valerate)	 was

investigated	as	a	bio-sourced	polymer	because	its	miscibility	with	the	PEG.	The	results	are	compared	to	a	standard	formulation	using	polypropylene	and	PEG	developed	by	our	research	group.	A	micro	powder	of	Inconel	718	(nickel-based	super-alloy)	was

chosen	to	elaborate	the	feedstock.	The	chemical	and	rheological	behaviour	of	the	feedstock	during	the	mixing,	injection,	and	debinding	processes	were	investigated,	with	tight	control	of	each	process.	The	comparative	impacts	of	the	two	different	debinding

processes	and	optimum	sintering	parameters	were	investigated:	one	by	water	and	one	by	CO2	in	supercritical	state.	The	supercritical	debinding	caused	no	damage	to	the	components	for	all	types	of	feedstock	and	decreased	the	time	to	remove	the	PEG	from

48 h	to	4 h.	Finally,	 the	density,	microstructure,	and	hardness	of	 the	different	samples	after	 final	heat	treatment	were	compared.	The	microstructure	was	clearly	optimized,	as	the	γ”″	phases	were	promoted	inside	the	grains.	The	results	show	that	the	well-

adapted	binder	and	debinding	process	produces	an	Inconel	718	component	with	high	mechanical	properties	(Vickers	hardness	of	341 ± 19 HV).	Moreover,	this	approach	can	be	used	with	other	formulations,	powders,	and	binder	systems.
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limiting	nutrients	and	in	the	presence	of	an	excess	carbon	source,	bacteria	synthesizes	PHA	granules	in	the	size	0.2	‐	–0.5 μm	[13].	Stearic	acid	was	used	as	the	surfactant	[14].

The	first	step	of	the	debinding	process	consists	of	removing	the	plasticizer	binder	from	the	component	by	using	a	solvent.	This	process	is	time-consuming	and	creates	defects	which	affect	the	properties	of	the	sintered	components	[1,3].	Moreover,	the	traditional

solvents	are	hazardous.	The	use	of	a	fluid	in	a	supercritical	state	as	a	solvent	permits	the	reduction	of	the	debinding	time,	to	produce	defect-free	components	and	the	use	of	a	green	and	sustainable	extraction	process.	This	process	was	first	used	by	Chartier	et	al.	[15]	on

ceramic	powder,	and	Shimizu	et	al.	[16]	applied	it	on	metallic	powder.	It	consists	of	placing	the	component	in	an	enclosure	subjected	to	pressure	and	temperatures	higher	than	the	critical	point	to	perform	polymer	extraction.	This	method	is	based	on	the	transport	properties

and	solvent	power	of	supercritical	fluids	which	are	better	than	those	of	other	organic	solvents.	CO2	is	the	most	commonly	used	supercritical	solvent	fluid	because	of	its	low	cost,	non-toxicity,	inflammability	and	capacity	to	extract	organic	compounds	with	low	molecular

mass	[17].

The	material	chosen	as	the	powder	was	Inconel	718,	a	nickel-based	superalloy.	Inconel	was	developed	to	meet	the	needs	of	complex	aeronautic	engines,	where	mechanical	and	thermal	solicitations	are	colluding	at	high	levels	for	long	periods	[18].	So	Inconel	is

used	in	aviation,	aerospace,	and	nuclear	power	applications	because	of	its	high	resistance	to	corrosion	and	oxidation	and	also	for	its	excellent	mechanical	strength	at	high	temperatures	[19–21].	Inconel	is	a	family	of	approximately	25	superalloys	composed	of	nickel	and

chromium.	The	high	nickel	content	significantly	increases	its	elasticity	limit	and	yield	stress	[22].	The	chromium	content	is	strengthens	its	the	oxidation	resistance	and	the	niobium	content	is	responsible	for	the	formation	of	the	hardening	phase	γ”″	[23],	and	increases	the

hardness	and	elasticity	limit	of	Inconel.	Inconel	718	contains	the	maximum	allowable	concentration	of	niobium	for	this	kind	of	alloy	because	the	higher	niobium	concentration,	the	more	it	is	increased	until	a	limit	around	5%	mass.	Titanium	and	aluminium	are	elements

responsible	for	the	formation	of	the	γ’′	phase	[24],	the	hardness	of	the	structure,	and	to	a	lesser	degree	the	γ”″.

The	use	of	Inconel	for	the	MIM	process	has	been	studied	by	Özgün	et	al.	[19,20]	and	Valencia	et	al.	[25].	The	binders	developed	by	Özgün	et	al.	[19,20]	were	conventional	formulations	composed	of	polypropylene	(PP),	carnauba	wax,	paraffin	wax	and	stearic

acid.	The	powder	used	in	this	process	was	a	micro-sized	spherical	powder.	This	powder	was	used	to	facilitate	the	injection-moulding	of	small	components,	the	sintering	was	faster,	and	the	final	mechanical	properties	were	improved	better	[26].

The	main	goal	of	 the	present	study	was	to	develop	an	environmentally	friendly	binder	formulation	adapted	to	the	use	of	a	micro-sized	Inconel	718	powder.	Three	studies	were	performed.	The	first	chose	and	validate	the	bio-sourced	polymer	subject	to	high

mechanical	and	thermal	stress	used	for	the	elaboration	of	the	binder	and	functional	components.	The	second	developed	and	optimized	the	use	of	the	CO2	in	a	supercritical	state	as	a	solvent	of	the	PEG.	The	final	study	sintered	the	component	and	validated	the	final

mechanical	properties	in	terms	of	hardness	with,	tight	control	of	each	process	step.

2.2	Materials	and	methods
The	polymers	used	in	this	study	were	polypropylene,	poly(3-hydroxybutyrate-co-3-hydroxyvalerate)	(PHBV),	and	PLA	as	the	backbone	binder,	PEG	as	the	plasticizer,	and	stearic	acid	as	the	surfactant.	Two	kinds	of	PLA	were	tested,	PLA005	and	PLA003.	The

PLAs	were	supplied	by	Nature	Plast	(France),	the	PP,	PEG,	and	the	stearic	acid	by	VWR	(France),	and	the	PHBV	by	L.	Hilliou	from	IPC/I3N,	Guimarães	(Portugal).

The	metal	powder	used	was	a	gas-atomized	powder	of	Inconel	718	provided	by	Sandvik	Ospreys	(England)	with	spherically	shape	grains	with	a	median	diameter	of	8.7 μm.	Figure.	1	shows	an	optical	microscopy	image	of	the	polish	powder	to	view	the	internal

porosity	of	the	particles.	On	this	micrograph,	no	internal	porosity	was	observed.

The	feedstocks	were	elaborated	in	a	twin-screw	mixer	(Brabender	Plastograph©,	Germany).	The	powder	and	binder	were	mixed	at	50	rpm	and	170 °C.	The	composition	of	the	different	feedstocks	is	given	in	Table	1.	The	components	were	formed	on	a	hydraulic

horizontal	injection-moulding	press	(Arburg	©,	Germany)	at	170 °C	and	100 MPa.	The	injected	cylindrical	specimens	were	35-mm	long	with	a	diameter	of	10 mm.	The	weights	of	the	injected	specimens	had	a	mean	deviation	of	0.05 g,	showing	good	homogeneity	of	the

elaborate	components.	To	perform	the	water	debinding,	the	specimens	were	placed	in	a	batch	of	heat-stirred	water	[27,28].	Two	different	temperatures	were	studied,	50 °C	and	60 °C,	and	the	tests	lasted	during	24 h	and	48 h.	The	samples	were	then	dried	in	a	furnace	at

50 °C	for	4 h.	The	samples	were	weight	dried	before	and	after	the	debinding	process	to	determine	the	quantity	of	PEG	removed.

Figure	1Fig.	1	Optical	microscopy	of	micro-sized	Inconel	718	powder.

alt-text:	Fig.	1



Table	1	Composition	of	different	feedstocks	studied	with	same	Inconel	718	powder.

alt-text:	Table	1

Formulation Powder	loading	rate	%	vol. Primary	binder	%	vol. PEG	%	vol. Stearic	acid	%	vol.

1 60 16	of	PP 22 2

2 60 16	of	PLA005 22 2

3 60 16	of	PLA003 22 2

4 60 16	of	PHBV 22 2

The	supercritical	debinding	process	was	carried	out	with	a	supercritical	reactor	provided	by	Separex©.	The	same	method	of	drying	and	weighing	was	applied	to	the	samples	debinded	by	CO2.	According	to	previous	works	[7],	the	supercritical	debinding	tests	were

performed	at	40 MPa	of	CO2	pressure.	Three	different	temperatures	(70 °C,	120 °C,	and	150 °C)	were	tested	on	different	formulations.

The	thermal	debinding	and	sintering	of	the	debinded	components	were	realized	by	the	same	process.	The	part	was	heated	at	2 °C/min	to	the	thermal	debinding	temperature	and	maintained	at	this	temperature	for	1 h;	the	thermal	debinding	temperature	depends

on	the	formulation.	Table	2	lists	the	thermal	debinding	temperature	for	all	 formulations.	Then	the	sample	was	heated	at	5 °C/min	to	1290 °C	and	maintained	at	this	temperature	for	3 h.	The	cooling	was	realized	at	20	°C/min.	The	thermal	debinding	and	sintering	were

performed	under	an	argon	atmosphere.	The	sintering	process	was	optimized	from	the	Özgün	et	al.	work	[20].	The	test	samples	and	conditions	of	the	tests	are	available	in	Table	3.

Table	2	Temperature	of	thermal	debinding	for	different	feedstocks.

alt-text:	Table	2

Formulation 1 2 3 4

Temperature	of	thermal	debinding 325 °C 290 °C 250 °C 235 °C

Table	3	Density	and	Vickers	hardness	of	components	versus	debinding	method	after	sintering.

alt-text:	Table	3

Sample A B C D E

Formulation 1 3 4 1 2

Debinding	method Water Water Water CO2 CO2

60 °C,	48 h 60 °C,	48 h 60 °C,	48 h 150 °C,	4 h 80 °C,	8 h
Density	(%) 98.7 94.0 99.7 95.9 95.2

Hardness	(HV) 268 ± 5 212 ± 26 259 ± 9 198 ± 18 204 ± 13

The	density	of	the	samples	was	determined	using	a	helium	pycnometer.	An	optical	microscopy	and	SEM	analysis	were	also	performed.

3.3	Results
3.1.3.1	Water	and	supercritical	debinding

PEG	was	chosen	because	of	its	ability	to	be	removed	by	water.	Figure.	2	shows	the	quantity	of	PEG	removed	versus	time	at	different	temperatures	for	Formulation	1.	The	speed	of	PEG	removal	is	temperature	dependant;	therefore,	60 °C,	which	is	close	to	the

melting	temperature	of	PEG,	was	chosen.	The	result	for	the	Formulation	4	was	similar.	Formulation	2	could	not	be	debinded	because	the	component	disappeared	totally	during	the	water	debinding	process.	This	is	probably	because	of	the	interaction	between	PLA	and

PEG	during	mixing	[29]	which	changes	the	crystallinity	of	PLA	and	enhances	its	degradation.	Formulation	3	caused	huge	cracks	and	defects	in	the	sample	and	could	not	be	debinded	by	water.	The	differences	in	behaviour	between	Formulations	2	and	3	is	owing	to	the

difference	in	the	percentage	of	PLLA	in	the	two	PLAs	which	changes	the	crystallinity	of	the	two	polymers.	Figure.	3	shows	images	of	the	components	before	and	after	water	debinding.	The	results	show	no	defects	after	48 h	in	60 °C	water	for	Formulations	1	and	4.



According	to	the	results	of	the	water	debinding	process,	48 h	is	the	time	required	to	remove	100	%	of	the	PEG	from	a	component	at	60 °C.	To	reduce	this	time,	CO2	 in	a	supercritical	state	was	used	as	the	solvent.	The	result	of	the	supercritical	debinding	of

Formulation	1	 is	shown	 in	Figure.	2.	The	 time	of	debinding	was	 reduced	by	 increasing	 the	 temperature.	The	 time	 to	 remove	100	%	of	 the	PEG	was	reduced	by	480	%	at	70	 °C,	800	%	at	120 °C,	and	1200	%	at	150 °C.	The	 components	 can	 be	 debinded	 at	 higher

temperatures	during	supercritical	debinding	instead	of	temperatures	lower	than	the	PEG	melting	temperature	in	water	debinding	without	defects.	Figure.	4	shows	pictures	of	samples	of	the	different	formulations	after	supercritical	debinding.	All	formulations	were	debinded

by	CO2	in	a	supercritical	state	without	defects.

3.2.3.2	Thermal	debinding	and	sintering
The	shrinkage	of	the	samples	during	sintering	was	measured	by	a	dilatometer	and	the	result	is	shown	in	Figure.	5.	These	results	show	a	larger	shrinkage	for	the	sample	debinded	by	a	supercritical	fluid.	A	significant	shrinkage	normally	means	a	better	sample

density.	To	validate	this	result,	the	density	measurement	was	performed	by	helium	pycnometry.	The	result	given	in	Table	3	shows	better	component	density	debinding	by	water.	However,	the	component	of	Formulation	3	debinded	by	water	had	the	lowest	density.	The

Formulation	2	sample	debinded	by	supercritical	CO2	also	had	lower	density	than	that	of	the	Formulation	1	sample	debinded	by	the	same	process	because	the	PLA	in	the	binder	of	this	formulation	which	was	unadapted	to	the	MIM	process.

Figure	2Fig.	2	Evolution	of	weight	loss	of	PEG	versus	time	during	water	debinding	and	supercritical	debinding	processes.

alt-text:	Fig.	2

Figure	3Fig.	3	Images	of	components	before	and	after	water	debinding	for	Formulations	1,	3,	and	4.

alt-text:	Fig.	3

Figure	4Fig.	4	Images	of	components	versus	associated	formulations	after	supercritical	debinding	at	70 °C	during	4 h	for	Formulations	1	‐	–4.

alt-text:	Fig.	4



3.3.3.3	Hardness	characterization
The	hardness	of	the	samples	was	determined	using	the	Vickers	method.	The	tests	were	performed	10	times	on	each	samples	using	0.1 HV	of	normal	stress.	The	results	are	given	in	Table	3.	The	standard	deviation	provides	an	indication	of	the	homogeneity	of	the

sample.	Theoretically,	the	Vickers	hardness	of	the	Inconel	718	after	sintering	is	250 HV	[22].	Samples	B,	D,	and	E	had	low	hardness	and	a	significant	standard	deviation	because	of	the	high	porosity	rate	in	these	samples	probably	caused	by	the	debinding	process	and/or

the	feedstock.	Samples	A	and	C	exhibit	an	expected	Vickers	hardness.

3.4.3.4	SEM	analysis
SEM	images	of	the	different	samples	were	obtained	and	energy-dispersive	X-ray	spectroscopy	analysis	was	performed	to	determine	possible	pollution	and	the	distribution	of	the	elements.	Figure.	6	shows	the	microscopies.	These	results	show	pores	according	to

the	density	results.	The	energy-dispersive	X-ray	spectroscopy	analysis	focused	on:	titanium,	niobium	and	aluminium,	which	are	the	constitutive	elements	of	precipitation	hardening	in	Inconel	718	[23,30].	This	precipitation	hardening	results	from	the	appearance	of	the	γ’′

and	γ”″	phases	[23].	The	γ’′	and	γ”″	are	composed	of	Ni3(Ti,Al)	and	Ni3Nb,	respectively	[31].	Titanium	and	niobium	can	produce	C(Ti,Nb)	carbide	which	precipitates	at	the	grain	boundary	and	prevents	the	formation	of	the	γ’′	and	γ”″	phases.	They	also	can	create	defects	at

the	grain	boundary	[32].	The	distribution	of	the	elements	of	the	γ’′	and	γ”″	phases	in	the	different	samples	is	shown	in	Figure.	7.	This	figure	shows	significant	concentrations	of	niobium,	titanium,	and	aluminium	around	the	porosity.	In	accordance	with	Figure.	6,	Figure.	7	shows

some	defects	where	niobium,	titanium	and	aluminium	are	present.	However,	the	carbon	distribution	shows	that	carbon	is	present	with	niobium	and	titanium,	meaning	that	the	presence	of	niobium	and	titanium	corresponds	to	carbide	C(Ti,Nb).	Carbon	can	be	produced

during	the	burning	of	the	polymers	and	enhances	the	precipitation	of	carbides	[33].

Figure	5Fig.	5	Shrinkage	curve	evolutions	of	different	components	during	the	sintering	process	with	Formulations	1	‐	–4.
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Figure	6Fig.	6	SEM	images	of	Samples	A,	B,	C,	D,	and	E.
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Moreover,	some	grey	precipitates,	as	seen	in	Figure.	8,	are	composed	of	titanium	and	nitrogen.	These	precipitates	correspond	to	the	formation	of	titanium	nitride.	The	nitrogen	presence	can	result	from	a	poor	vacuum	quality	in	the	sintering	atmosphere.

Figure	7Fig.	7	SEM	images	with	energy-dispersive	X-ray	spectroscopy	analysis	of	Samples	A,	B,	C,	D,	and,	E.

alt-text:	Fig.	7



To	improve	the	mechanical	properties	of	the	final	component,	a	heat	treatment	was	performed	by	heating	the	sintered	sample	to	750 °C	for	1 h,	followed	by	a	cooling	rate	of	100 °C/min.	This	heat	treatment	enhanced	the	precipitation	of	the	γ’′	and	γ”″	phases	and

improved	the	hardness	[34].	This	post	treatment	was	performed	on	sample	A.	The	results	show	a	Vickers	hardness	of	341 ± 19 HV,	an	even	lower	density	than	that	of	the	sample	tested	(97.6%).	This	density	value	was	probably	the	result	of	the	debinding	or	injection

process.	The	sample	of	Figure.	9	shows	an	increase	in	the	grain	size	to	15 μm.

4.4	Conclusion
Comparative	impact	of	two	different	debinding	processes	and	optimum	sintering	parameters	was	investigated	with	dedicated	new	formulations	based	on	environmentally	friendly	polymers	and	Inconel	superalloy	powders	for	MIM	applications.

The	results	show	that	PLA005	is	not	adapted	to	water	debinding	and	the	use	of	the	PLA/PHA/PHBV	polymers	as	primary	binders	causes	cracks	during	water	debinding	and	increases	the	time	to	totally	remove	the	PEG.	The	supercritical	debinding	caused	no

component	damage	for	all	types	of	feedstocks	and	decreased	the	PEG	removal	time	from	48 h	to	4 h.	The	components	made	with	the	PLA	binder	exhibited	the	lowest	density	and	hardness.	The	same	results	were	found	for	the	samples	debinded	by	the	supercritical

debinding	process.

The	density,	microstructure,	and	hardness	of	the	samples	after	the	heat	treatment	were	also	compared.	The	microstructure	was	clearly	optimized	because,	the	γ”″	phases	were	promoted	inside	the	grains.	The	results	show	that	the	well-adapted	binder,	associated

the	debinding	process,	and	process	parameters	were	successful	in	obtaining	MIM	components	without	defects	and	with	high	mechanical	properties	(Vickers	hardness	of	341 ± 19 HV).

The	procedures	and	associated	processing	parameters	proposed	in	this	study	represent	the	overall	experimental	data	and	physical	analysis;	therefore,	they	can	be	readily	employed	in	other	formulations,	powders,	and	binder	systems	using	the	powder	injection-

moulding	process.
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