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ABSTRACT	

	

The	use	of	 injection	molded	short	 fiber	reinforced	polymers	 increases	 in	 industries	due	to	low	
manufacturing	 costs	 and	 enhanced	 strength	 to	 weight	 ratio.	 These	 short	 fiber	 composites	
achieve	 complex	 fiber	 distributions	 and	 orientations	 during	 the	 injection	molding	making	 the	
mechanical	properties	hard	to	predict	compared	to	unreinforced	polymers.		

This	thesis	is	performed	for	FS	Dynamics,	a	consultant	engineering	company	in	cooperation	with	
IKEA,	with	the	goal	to	develop	an	interface	between	injection	molding	fiber	orientation	data	and	
FE-solvers	using	commercial	software.		

The	goal	of	the	thesis	is	to	develop	the	interface	between	the	injection	molding	fiber	orientation	
data	and	the	FE-solvers	using	commercial	software	to	predict	the	elastic	properties	as	function	
of	fiber	orientation,	focusing	on	the	elastic	modulus.	

There	 are	 some	 theories	 describing	 the	 stress	 transfer	 in	 short	 fiber	 composites	 and	how	 the	
presence	 of	 surrounding	 fibers	 affect	 the	 composite’s	 stiffness.	 Based	 on	 these	 theories,	
micromechanical	models	that	estimate	the	elastic	properties	emerged.	To	evaluate	the	accuracy	
of	 the	 most	 common	 micromechanical	 models,	 a	 comparison	 was	 made	 based	 on	 different	
studies	 and	 reports.	 The	 conclusion	 of	 the	 literature	 search	 was	 that	 the	 micromechanical	
models	based	on	Eshebly’s	inclusion	had	a	good	accuracy	when	predicting	the	elastic	properties	
of	a	short	fiber	composite.	

A	brief	study	of	available	commercial	software	that	maps	fiber	orientations	and	assigns	material	
models	 was	 made	 and	 resulted	 in	 the	 choice	 of	 Converse	 software	 developed	 by	 Part	
Engineering.	

To	 validate	 Converse	 as	 a	 good	 approach,	 simulations	 were	 made	 and	 compared	 with	
experimental	test	data.	IKEA	provided	injection	molding	simulations	and	3-point	bending	tests	
of	their	component	for	a	retractable	table.	Tensile	tests	were	made	on	tensile	bars	to	define	the	
material	properties	used	for	the	component.	

For	 the	 tensile	 bar	 simulations	 showed	 results	 of	 how	 the	 defined	 aspect	 ratio	 and	 matrix	
modulus	 affects	 the	 elastic	 modulus	 of	 the	 composite.	 The	 increase	 of	 the	 composite	 elastic	
modulus	will	stagnate	when	increasing	the	aspect	ratio	while	the	matrix	modulus	and	composite	
modulus	have	a	linear	dependence.	

Comparisons	with	 experimental	 test	 results	 show	 relatively	 high	 uncertainties	 that	 exist	with	
regard	 to	 the	matrix	 elastic	modulus,	 if	 the	modulus	 is	not	 separately	 tested,	 aspect	 ratio	 and	
especially	the	fiber	orientation	in	this	type	of	analysis.	The	predicted	stiffness	of	the	tensile	bar	
was	10-20%	lower	than	the	experimental	values	and	suggested	that	the	fiber	orientation	from	
the	injection	molding	simulation	was	not	correct.	When	adjusting	the	orientation	of	the	tensile	
bar	 when	 using	 the	 material	 curve	 in	 Converse,	 an	 excellent	 match	 with	 the	 experimental	
component	tests	was	achieved,	both	in	terms	of	initial	stiffness	and	deformation	to	failure.	The	
simulation,	despite	 the	use	of	elastic-plastic	material	data,	did	not	capture	 the	softening	of	 the	
material	observed	in	the	experimental	tests.	
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SAMMANFATTNING	

	

Användningen	 av	 formsprutade	 kortfiberförstärkta	 polymerer	 ökar	 i	 industrin	 på	 grund	 av	
deras	 låga	 tillverkningskostnader	 och	 förbättrade	 hållfasthet	 relativt	 vikt.	 Dessa	
kortfiberkompositer	 anges	 komplexa	 fiberfördelningar	 och	 orienteringar	 under	
formsprutningen	 vilket	 gör	 de	 mekaniska	 egenskaperna	 svåra	 att	 förutsäga	 jämfört	 med	
polymerer	som	ej	är	fiberförstärkta.	

Detta	 examensarbete	 utförs	 för	 FS	 Dynamics,	 ett	 konsultföretag,	 i	 samarbete	 med	 IKEA	 och	
målet	 att	 utveckla	 ett	 gränssnitt	 mellan	 fiberorienteringsdata	 från	 formsprutning	 och	 FE-
beräknings	program	med	en	kommersiell	programvara.	

Målet	för	examensarbetet	är	att	utveckla	ett	gränssnitt	i	form	av	kommersiell	mjukvara	mellan	
fiberorienteringsdata	 från	 formsprutningssimulering	 och	 FEM-beräkningsprogram	 för	 att	
prediktera	de	elastiska	egenskaperna	som	funktion	av	fiberorientering,	med	fokus	på	E-modul.	

Det	 finns	 några	 teorier	 som	 beskriver	 spänningsöverföringen	 i	 kortfiberkompositer	 och	 hur	
närvaron	av	omgivande	fibrer	påverkar	kompositens	styvhet.	Baserat	på	dessa	teorier	framkom	
olika	mikromekaniska	modeller	 som	 uppskattar	 de	 elastiska	 egenskaperna.	 För	 att	 utvärdera	
noggrannheten	hos	de	vanligaste	mikromekaniska	modellerna	gjordes	en	jämförelse	baserat	på	
olika	 studier	 och	 rapporter.	 Slutsatsen	 av	 litteratursökningen	 var	 att	 de	 mikromekaniska	
modellerna	 baserade	 på	 Eshebly’s	 solution	 hade	 en	 bra	 noggrannhet	 när	 man	 förutspådde	
elastiska	egenskaper	hos	en	kortfiberkompositer.	

En	 kort	 studie	 av	 tillgänglig	 kommersiell	 programvara	 som	 kartlägger	 fiberorienteringar	 och	
tilldelar	 materialmodeller	 gjordes	 och	 resulterade	 i	 valet	 av	 Converse,	 en	 mjukvara	 som	
utvecklats	av	Part	Engineering.	

För	validering	om	Converse	är	ett	bra	tillvägagångssätt	gjordes	simuleringar	som	jämfördes	med	
experimentella	testdata.	IKEA	levererade	formsprutningssimuleringar	och	3-punkts	böjningstest	
av	 deras	 komponent	 för	 ett	 hopfällbart	 bord.	 Dragprover	 gjordes	 på	 prover	 för	 att	 definiera	
materialegenskaperna	som	användes	senare	för	komponenten.	

Simuleringarna	 visade	 resultat	 av	 hur	 den	 definierade	 aspect	 ration	 och	 matrismodulen	
påverkar	 kompositens	 elastiska	 modul.	 Ökningen	 av	 den	 sammansatta	 elastiska	 modulen	
stagnerar	vid	ökning	av	aspect	ratio	medan	matrismodulen	och	kompositmodulen	har	ett	linjärt	
beroende.	

Jämförelser	med	experimentiella	testresultat	visar	de	relativt	stora	osäkerheter	som	finns	när	
det	gäller	matrismodul,	om	den	inte	testas	separat,	aspect	ratio	och	framförallt	orientering	i	
denna	typ	av	analyser.	Den	predikterade	styvheten	på	provstaven	var	10-20%	för	lägre	jämfört	
med	experimentella	värden	och	visade	att	fiberorienteringen	från	formsprutningssimuleringen	
antagligen	inte	var	korrekt.	Med	en	justering	av	orienteringen	för	provstaven	när	
materialkurvan	användes	i	Converse	nåddes	en	utmärkt	överensstämmelse	med	
komponentprov	både	när	det	gällde	initial	styvhet	och	deformation	till	brott.	Det	mjuknandet	
som	sågs	i	provet	klarade	simuleringen	inte	att	fånga	trots	att	elastisk-plastiska	materialdata	
användes.	 	
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𝜈! 		 Poissons	ratio	of	fibre	

𝜈!		 Poissons	ratio	of	matrix	

ℓ/𝑑		 Aspect	ratio	

𝜂		 Halpin-Tsai	constant	

𝐴!!!		 Parameters	in	the	Tandon-Weng	micromechanical	model	

𝜇! 		 Lamé	constant	of	isotropic	fibres	

𝜇!		 Lamé	constant	of	isotropic	matrix	

𝑆!"#$ 		 Compliance	tensor	

𝐾!" 		 Bulk	modulus	in	direction	ij	

𝐾!		 Bulk	modulus	of	isotropic	matrix	
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1 INTRODUCTION	
	

1.1 BACKGROUND	
This	 thesis	 is	 performed	 for	 FS	 Dynamics	 in	 Gothenburg	 and	 Helsingborg.	 FS	 Dynamics	 is	 a	
consultant	engineering	company	specialized	in	advanced	simulations	and	analysis	of	fluid-	and	
structural	 dynamics.	 Currently,	 FS	 Dynamics	 is	 developing	 the	 capability	 to	 perform	 the	
simulation	of	the	whole	chain	from	the	injection	molding	process	for	prediction	of	properties,	to	
use	in	finite	element	simulations	of	stiffness	and	strength.		

	

1.2 PURPOSE	
The	 use	 of	 fiber	 reinforced	 polymers	 are	 increasing	 due	 to	 its	 strength-to-weight	 ratio.	 An	
advantage	of	reinforcing	with	short	fibers	is	that	the	injection	molding	process	can	be	used	for	
manufacturing,	making	the	process	time	and	cost	effective.	A	limitation	in	injection	molded	fiber	
reinforced	 materials	 is	 the	 variation	 of	 fiber	 orientation	 throughout	 the	 part.	 The	 local	
orientation	 is	 controlled	 by	 the	 flow	pattern	 of	 the	 polymer	 and	 hence	 on	 part	 geometry	 and	
process	conditions.	Since	the	fibers	and	their	orientation	influence	the	stiffness	and	strength	of	
the	material,	a	simulation	of	the	manufacturing	process	is	needed	to	simulate	the	strength	and	
stiffness	correctly.	

	

1.3 GOAL	
The	goal	of	the	thesis	is	to	develop	the	interface	between	the	injection	molding	fiber	orientation	
data	and	the	FE-solvers	using	commercial	software	to	predict	the	elastic	properties	as	function	
of	fiber	orientation,	focusing	on	the	elastic	modulus.	
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2 POLYMER	COMPOSITES	
This	thesis	deals	with	short	fiber	composites	and	how	to	determine	their	mechanical	properties.	
This	 chapter	 introduces	polymer	 composites,	 and	presents	 the	 short	 fiber	 reinforced	polymer	
composites	being	treated	in	this	thesis.	

Composites	are	a	 class	of	materials	 containing	 two	or	more	components	where	 the	composite	
properties	differ	from	the	properties	of	its	components	(Johannesson,	2017).		

There	 are	 three	 main	 classes;	 metal	 matrix	 composites	 (MMC),	 ceramic	 matrix	 composites	
(CMC)	and	polymer	matrix	composites	(PMC)	(Hull	&	Clyne,	1996)	(Johannesson,	2017).	Metal	
matrix	composites	can	be	armed	with	ceramic	particles	for	higher	stiffness,	or	fibres	with	good	
properties	at	elevated	temperatures	for	higher	creep	resistance.	The	CMCs	are	often	armed	with	
tough	and	strong	fibres	to	decrease	the	risk	of	brittle	fracture	for	the	hard	ceramic	components.	
The	 PMCs	 are	 normally	 combined	 with	 stiff	 and	 strong	 fibres	 resulting	 in	 a	 strong	 and	
lightweight	material	(Johannesson,	2017).		

Of	 the	 three	main	classes,	 the	polymer	matrix	composites	with	reinforcing	 fibres	are	 the	most	
common	in	industrial	use	due	to	their	high	specific	stiffness	and	strength.	The	PMC	class	consists	
of	both	 thermosets	and	 thermoplastics.	Thermosets	have	better	 specific	 stiffness	and	strength	
than	the	thermoplastic	composites,	but	it	comes	with	a	price.	The	main	limitation	for	these	PMCs	
are	 the	 manufacturing	 process	 where	 the	 polymer	 hardens	 under	 a	 certain	 pressure	 and	
temperature	over	 the	 fibres.	This	 is	done	 in	 layers	 that	 takes	a	 lot	of	 time	and	 limits	 the	 fibre	
architecture	(Johannesson,	2017).	

The	 thermoplastics	 have	 many	 advantages	 compared	 to	 the	 thermosets	 despite	 the	 weaker	
mechanical	properties.	The	 thermoplastic	does	not	harden	and	can	 therefore	be	 remelted	and	
recycled.	This	allows	 the	 thermoplastics	 to	be	processed	by	various	moulding	methods,	which	
are	 cheap	 and	 fast.	 The	 most	 common	 manufacturing	 process	 for	 fibre-reinforced	
thermoplastics	 is	 injection	 moulding	 allowing	 complex	 shapes	 with	 discontinuous	 fibres	
(Terselius,	2017).	

This	 thesis	 will	 deal	 with	 short	 fibre	 reinforced	 thermoplastic	 polymer	 composites,	
manufactured	 by	 injection	 moulding.	 Providing	 complex	 shapes	 to	 a	 low	 cost	 together	 with	
increased	 stiffness	 and	 strength	 makes	 this	 lightweight	 group	 of	 composites	 common	 for	
industrial	applications	(Lusti,	2003).	

	 	



	

	

	

	

3	

2.1 GENERAL	COMPOSITES	
The	properties	of	 fibre-reinforced	composites	are	strongly	dependent	on	the	characteristics	of	
the	 fibres.	 The	 mechanical	 properties	 of	 the	 fibres	 are	 important,	 but	 it	 is	 together	 with	
controlled	fibre	architecture	the	reinforcement	can	be	optimised.			

Fibre-reinforced	composites	come	in	many	forms	from	aligned	and	continuous	to	short	random	
fibres,	and	everything	 in	between,	Figure	1.	The	fibre	architecture	of	a	certain	fibre-reinforced	
composite	can	be	described	by	length,	orientation	and	volume	fraction.		

	

Figure	1a)	randomly	oriented	discontinuous	fibres,	b)	aligned	discontinuous	fibres,	c)	randomly	oriented	
continuous	fibres,	d)	aligned	continuous	fibres	(Carlsson,	2012).	

Composite	materials	are	generally	well	described	by	linear	elasticity,	describing	the	stiffness	by	
the	 two	parameters	Young’s	modulus	E	and	Poissons	ratio	𝜈.	An	 important	difference	 to	other	
linear	 elastic	materials	 like	metals	 is	 that	 composite	materials	measures	 different	 stiffness	 in	
different	directions,	making	composites	anisotropic.		For	the	most	anisotropic	case,	there	are	21	
independent	 stiffness	 parameters	 describing	 the	 stiffness	 of	 one	 material.	 In	 many	 cases	 the	
material	is	successfully	described	by	a	material	symmetry,	reducing	the	number	of	independent	
stiffness	parameters	(Gudmundson,	2006).	

Fibre	 reinforced	 composites	 are	 often	 described	 as	 orthotropic,	 assuming	 the	 material	 to	 be	
symmetric	with	respect	to	a	rotation	of	180°	around	the	axes	of	a	orthogonal	coordinate	system,	
see	Figure	2.	A	composite	with	aligned	fibres	or	with	a	laminate	structure	with	orthogonal	fibre	
directions	can	be	described	by	this	symmetry,	reducing	the	independent	stiffness	parameters	to	
nine.	

	
Figure	2	Examples	of	Orthotropic	symmetry	(left),	and	monoclinic	symmetry	(right)	in	the	plane.	
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If	the	coordinate	system	is	not	orthogonal	but	there	is	symmetry	with	respect	to	the	rotation	of	
the	coordinate	axes,	 the	symmetry	 is	monoclinic,	 figure	2.	The	material	stiffness	 is	 in	 this	case	
described	by	13	independent	stiffness	parameters	(Gudmundson,	2006).	

A	 simplification	 of	 the	 orthotropic	 symmetry	 is	 the	 transverse	 isotropy,	 implying	 there	 is	
symmetry	 around	 one	 axis	with	 respect	 to	 arbitrary	 rotations	 requires	 5	 independent	 elastic	
parameters.	 Composites	 with	 continuous	 and	 aligned	 fibres	 are	 of	 this	 symmetry	 where	 the	
material	can	be	rotated	in	the	direction	of	the	fibres	(Gudmundson,	2006).	

The	fiber	aspect	ratio	describes	the	relation	of	fiber	diameter	and	length,	equation	(1).	

𝑎𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜 =  !
!
		 (1)	

The	 fibre	 volume	 fraction	𝜈! 	or	 mass	 fraction	𝑤! 	is	 the	 portion	 of	 the	 total	 composite	 that	
consists	of	fibres,	equation	(2)	and	(3).	

𝜈! =
!!
!!
	 	 (2)	

𝑤! =
!!!!

!!!!!!!(!!!!)
		 (3)	

Where	𝑉!	and	𝑉! 	are	the	total	fiber-/composite	volume,	𝜌!	and		𝜌!	are	fiber/matrix	densities.	

It	is	mostly	considered	that	the	total	volume	of	the	composite	consists	of	only	fibres	and	matrix,	
although	 there	 are	 also	 porosities.	 These	 porosities	 may	 cause	 a	 decrease	 in	 mechanical	
properties	that	are	important	to	keep	in	mind	during	the	preparation	(Fu,	Lauke,	&	Mai,	2009).	

There	 are	 critical	 volume	 fractions	 to	 be	 aware	 of	 when	 manufacturing	 fibre-reinforced	
composites.	At	very	low	values	of	𝜈! ,	 the	composite	strength	is	not	increased	nor	decreased	by	
incorporation	of	 short	 fibres.	For	randomly	oriented	short	 fibres,	 there	 is	a	maximum	packing	
volume	when	the	fibres	have	no	rotational	freedom	and	are	constrained	by	neighbouring	fibres	
(Fu,	Lauke,	&	Mai,	2009).	

When	 it	 comes	 to	 composites	 with	 a	 thermoplastic	matrix,	 the	 phenomenon	 of	 absorption	 is	
important	to	keep	in	mind.	This	phenomenon	describes	how	thermoplastics	absorb	liquid	from	
its	surroundings,	dependent	on	microstructure.	A	higher	degree	of	amorphous	phase	results	in	
more	 absorption	 causing	 a	 decrease	 of	 the	 mechanical	 properties	 such	 as	 elasticity,	 tensile	
strength	 etc.	 Therefore	 it	 is	 important	 to	 keep	 the	 surrounding	 conditions	 in	 mind	 when	 it	
comes	to	humidity	as	well	as	temperature	when	using	thermoplastic	composites	as	construction	
materials	(Krzyzak,	Gaska,	&	Duleba,	2013).	
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2.2 SHORT	FIBER	REINFORCED	POLYMER	COMPOSITES	
Short	 fibre	 reinforced	 polymer	 composites	 contain	 discontinuous	 fibres	 less	 than	 a	 few	
millimetres	of	length.	Together	with	the	polymer	matrix,	the	composite	is	applicable	due	to	their	
low	 cost,	 easy	 processing	 and	 enhanced	mechanical	 properties.	 The	 mechanical	 and	 physical	
properties	of	 these	composites	depend	mainly	on	 the	properties	of	 the	components,	 the	 fibre-
matrix	interface	strength	and	the	fibre	architecture	(Fu,	Lauke,	&	Mai,	2009).	

The	most	common	types	of	fibre	in	these	composites	are	glass	fibres.	Due	to	glass	fibres	high	
strength,	low	weight	and	low	price	they	are	used	in	more	than	90%	of	all	short	fibre	polymer	
composites.	Depending	on	the	application,	the	glass	fibres	can	be	manufactured	with	different	
combinations	providing	good	insulation,	resistance	to	chemicals	etc.	(Fu,	Lauke,	&	Mai,	2009).	
While	the	fibres	determine	the	strength	and	stiffness	of	the	composite,	the	matrix	must	support	
and	transfer	loads	to	the	fibres.	The	matrix	is	also	an	important	protection	for	the	fibres	against	
abrasion	and	corrosion	(Fu,	Lauke,	&	Mai,	2009).		

The	 interface	 between	 fibre	 and	 matrix	 controls	 the	 stress	 transfer	 in	 the	 composite,	 which	
determines	the	mechanical	properties.	There	are	many	models	describing	the	load	transfer	from	
matrix	to	fibre	for	a	single	fibre.	The	central	problem	with	short	fibre	reinforced	polymers	is	to	
understand	how	the	fibres	affect	each	other	when	it	comes	to	stress	transfer	(Fu,	Lauke,	&	Mai,	
2009).	

2.2.1.1 Fibre	length	distribution	

The	fibre	length	distribution	of	a	short	fibre	composite	material	can	be	classified	in	many	ways.	
There	 are	 indirect	 methods	 of	 determining	 the	 fibre	 length	 distribution	 that	 involves	
measurement	of	mechanical	properties	dependent	on	fibre	length,	such	as	stiffness	and	strength.	
This	is	a	method	with	quite	low	accuracy	compared	to	the	direct	methods.	

The	direct	measurements	of	fibre	length	can	be	very	time-consuming	but	results	in	a	histogram	
presenting	the	distribution	of	fibre	length,	Figure	3b.	This	distribution	can	be	used	to	calculate	
some	variations	of	the	fibre	length	average	(Hull	&	Clyne,	1996).	

The	most	popular	approach	is	to	simply	calculate	the	number	average	length	𝐿! .	Since	the	fibre	
length	distribution	 is	 greater	 at	 shorter	 lengths,	 another	 average	where	 the	 length	are	weight	
was	suggested.	This	average	for	fibre	lengths	is	called	𝐿!	(Lusti,	2003).	
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Figure	3	Fibre	distributions	of	a	short	fibre	reinforced	thermoplastic.	a)	Fibre	orientation	distribution,	b)	
Fibre	length	distribution	with	fitted	probability	function	(Mortazavian	&	Fatemi,	2015).	

2.2.1.2 Fibre	orientation	distribution	

Injection	moulded	short	fibre	reinforced	polymer	composites	have	a	complex	fibre	distribution,	
varying	 both	 through	 the	 thickness	 and	 along	 the	 composite	mouldings.	 The	 fibre	 orientation	
can	be	controlled	by	processing	conditions	and	mould	geometry,	which	affects	 the	mechanical	
properties	 of	 the	 specimen.	 If	 the	 geometry	 is	 wide	 and	 flat,	 the	 fibres	 are	 distributed	more	
transversally	to	the	mould	flow	direction.	In	a	specimen	with	a	narrow	cross	section,	the	fibres	
are	more	aligned	in	the	mould	flow	direction	(Fu,	Lauke,	&	Mai,	2009).	

When	 the	 fibres	 are	 not	 aligned	 parallel	 to	 a	 plane,	 the	 orientation	 distribution	 is	 difficult	 to	
characterize.	 Assuming	 that	 the	 fibres	 are	 straight	 with	 a	 circular	 section,	 the	 ellipse	
representing	 the	 fibre	 in	 a	 certain	 cross	 section	 determines	 the	 orientation.	 One	 way	 is	 to	
measure	 the	 aspect	 ratio,	 the	 ratio	 of	 the	major	 to	minor	 axis	 of	 the	 visible	 ellipse,	 Figure	 4.	
Another	 way	 is	 to	 measure	 the	 projected	 length	 of	 the	 fibre,	 in	 the	 case	 of	 optical	 or	 x-ray	
examination	(Hull	&	Clyne,	1996).	

	 	



	

	

	

	

7	

When	describing	the	 fibre	orientation	distribution	 in	a	short	 fibre	polymer	composite,	a	 fibres	
position	 in	 three	dimensions	 is	 described	by	 two	angles	Θ	 and	Φ,	 Figure	4	 (Fu,	 Lauke,	&	Mai,	
2009).	

	

	

Figure	4	Definition	and	determination	of	fiber	orientation	angles	(Fu,	Lauke,	&	Mai,	2009).	

When	predicting	 the	 fibre	 orientation	with	moulding	 software,	 the	 result	 is	 in	 the	 form	of	 an	
orientation	tensor	T(p).	The	tensor	gives	information	about	the	probability	of	fibre	alignment	in	
certain	directions	at	a	specific	node	or	element	(Fiber	orientation	tensor	result,	2017).	

The	 orientation	 tensor	 can	 together	 with	 the	 probability	 distribution	 tensor	 (p),	 be	 used	 to	
calculate	 the	average	 fibre	distribution 𝑇 .	This	 is	done	by	applying	 the	orientation	averaging	
scheme,	integrating	over	the	direction	p.	Following	equation	is	valid	for	two	dimensions	(Lusti,	
2003).	

𝑇 = 𝑇 𝑝  𝑝 𝑑𝑝		 (4)	
	

	 	



	

	

	

	

8	

3 PROPERTY	PREDICTION	
When	predicting	 the	properties	 of	 a	 fiber	 reinforced	 composite,	 it	 is	 important	 to	 understand	
what	will	happen	in	the	boundary	of	fiber	and	matrix	when	applying	an	external	load.	This	has	
been	addressed	in	several	micromechanical	models	based	on	the	shear	lag	model,	describing	the	
stress	transformation	from	matrix	to	fiber,	and	the	Eshelby	inclusion	method,	a	way	of	defining	
the	strain	by	a	transformation	strain.		

The	most	 commonly	 used	micromechanical	 models	 for	 short	 fiber	 reinforced	 composites	 are	
presented	in	this	chapter.	Such	micromechanical	models	are	can	be	implemented	in	calculations	
for	 understanding	 of	 the	 composites	 mechanical	 properties.	 For	 short	 fiber	 composites,	 the	
result	 of	 fiber	 orientation	 prediction	 is	 presented	 as	 an	 orientation	 tensor.	 The	 orientation	
tensor	is	converted	together	with	a	micromechanical	model	to	a	complete	mechanical	material	
model.	 For	 this	 conversion	 there	 are	 some	 software	 to	 choose	 from,	more	 about	 these	 in	 the	
section	4.2.		

Another	way	to	handle	the	irregularities	of	a	composite	is	to	use	the	homogenization	method	of	
representative	 volume	 elements	 (RVE).	 The	 RVE	 is	 considered	 as	 the	 smallest	 volume	 of	 a	
heterogeneous	material	 to	be	statistically	representative	of	 the	heterogeneous	composite.	This	
means	that	the	RVE	must	be	big	enough	to	include	a	 large	number	of	grains,	 inclusions,	 fibres,	
voids,	 etc.	 and	 still	 be	 small	 enough	 to	 be	 considered	 as	 a	 volume	 element	 of	 continuum	
mechanics	(Kanit,	Forest,	Galliet,	Mounoury,	&	Jeulin,	2003).	This	is	not	considered	as	a	suitable	
method	when	analyzing	short	fiber	composites	and	will	not	be	investigated	further	in	this	thesis.	
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3.1 COMMON	MICROMECHANICAL	MODELS	
In	this	thesis,	the	micromechanical	models	categorized	as	common	are	the	models	which	are	not	
based	 on	 Eshelby	 inclusion	 method.	 These	 models	 are	 less	 complicated	 and	 are	 developed	
empirically.	

3.1.1 Voigt	and	Reuss	bounds	
When	 predicting	 the	 mechanical	 properties	 of	 a	 composite,	 bounds	 are	 the	 limits	 used	 as	
physical	 bounds	 between	which	 the	mechanical	 properties	 can	 vary.	 In	 structures	 where	 the	
fibres	are	discontinuous	and	not	perfectly	aligned,	the	predictions	of	the	mechanical	properties	
must	be	in	the	range	of	the	Reuss	and	Voigt	bounds	(Hull & Clyne, 1996).	

	

	
Figure	5	a)	Voigt	and	b)	Reuss	composite	model	(Stability	and	performance	of	composites	with	negative-stiffness	
components).	

The	Voigt	bound	is	the	upper	bound	assuming	an	equal	strain	state,	which	predicts	the	highest	
possible	stiffness,	Figure	5a.	The	Reuss	bound	is	the	lower	bound	assuming	an	equal	stress	state	
resulting	in	the	lowest	possible	stiffness,	Figure	5b	(Hull	&	Clyne,	1996).	These	bounds	
represent	the	highest	and	lowest	possible	value	of	Young’s	moduli,	tensile	strengths	etc.	in	any	
direction	of	the	composite.	Together	with	information	about	fibre	orientation,	fractions	of	the	
Voigt	and	Reuss	bounds	can	be	summarized	to	represent	the	mechanical	properties	of	the	
composite	(Lusti,	2003).	

3.1.2 The	shear	lag	model	
The	shear	lag	model	by	Cox	describes	the	tensile	stress	transformation	from	matrix	to	fibre	by	
the	 means	 of	 interfacial	 shear	 stresses.	 Assuming	 the	 fibre	 have	 no	 shear	 strains	 and	 the	
interfacial	adhesion	to	the	matrix	is	perfect,	the	fibre	strain	and	stresses	build	up	with	distance	
from	the	ends	of	the	fibre	(Hull	&	Clyne,	1996).	

The	 stress	 distribution	 of	 one	 single	 fibre	 in	 a	 fibre	 reinforced	 composite	 is	 usually	 assumed	
according	to	figure	5	where	the	highest	shear	stresses	are	located	at	the	fibre	ends.	This	means	
that	stress	concentrations	occur	 in	 the	composite	at	 the	ends	of	each	 fibre.	 In	cases	where	the	
fibres	are	aligned	but	not	 continuous	 the	surrounding	 fibres	carry	 these	stress	concentrations	
and	will	affect	 the	resulting	strength	of	 the	composite.	This	 interaction	between	fibres	depend	
primarily	 on	 their	 length	 hence	 shorter	 fibres	 increases	 the	 risk	 of	 having	 fibre	 ends	 in	 their	
surroundings	(Riley,	1968).	
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This	stress	distribution	model	introduces	a	critical	fibre	length	lC	describing	the	length	necessary	
to	build	up	a	 certain	 stress	 level	 in	 the	 fibre,	 figure	6	 (Fu,	 Lauke,	&	Mai,	 2009).	This	 length	 is	
strongly	dependent	on	the	fibre	aspect	ratio,	 the	fraction	of	 fibre	 length	and	diameter,	and	the	
stiffness	 of	 fibre	 and	 matrix.	 A	 metal	 matrix	 would	 have	 a	 shorter	 stress	 transfer	 length	
compared	to	a	polymer	due	to	its	higher	level	of	interfacial	shear	stresses	(Hull	&	Clyne,	1996).	

	

	
Figure	6	Stress	distribution	along	the	fibre	in	an	a)	elastic	matrix,	b)	elastic-plastic	matrix	(Fu,	Lauke,	&	Mai,	
2009).	

The	 stress	 distribution	 varies	with	 the	mechanical	 properties	 of	 the	matrix.	 In	 the	 case	 of	 an	
elastic	matrix,	Figure	6a,	the	stress	varies	smoothly	along	the	fibre	length.	When	the	matrix	has	
elastic-plastic	properties,	Figure	6b,	 the	 increment	of	 the	 fibre	stress	depends	on	 the	constant	
shear	stress	in	the	matrix	(Fu,	Lauke,	&	Mai,	2009).	

As	 the	Cox	shear	 lag	model	assumes	both	matrix	and	 fibre	 to	be	elastic	and	 interfaces	perfect,	
this	is	only	a	suitable	model	under	low	stress	states	where	interface	failure	can	be	neglected.	

For	 higher	 stress	 states	 a	 non-elastic	 aspect	 needs	 to	 be	 considered.	 Outwater	 and	 Murphy	
studied	 a	 model	 taking	 debonding	 along	 the	 fibre-matrix	 interface	 into	 account.	 The	 shear	
stresses	 in	 the	debonding	 zone	 are	 considered	 as	 frictional	 forces	 leading	 to	 a	 constant	 shear	
stress.	 The	 shear	 stress	 being	 constant	 implies	 that	 the	 debonding	 zone	 carries	 a	 maximum	
shear	 stress	 even	 at	 low	 loads.	 For	 polymer	 composites	 this	 is	 only	 the	 case	 at	 higher	 loads,	
making	the	Cox	shear	lag	model	more	suitable	at	low	loads	(Fu,	Lauke,	&	Mai,	2009).	
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3.1.3 Rules	of	mixture	
The	 rules	 of	 mixture	 is	 a	 simple	 approach	 to	 predict	 mechanical	 properties	 of	 a	 composite	
material	 from	 the	 properties	 of	 each	 phase	 and	 their	 volume	 fraction.	 In	 this	 approach,	 one	
assumes	that	both	matrix	and	fibres	carry	the	force	in	any	cross	section.	This	implies	that	there	
is	a	structure	with	long	aligned	fibres	and	the	properties	depends	on	the	volume	fractions.	This	
model	 is	based	on	Voigt	and	Reuss	models	 for	 longitudinal	and	transverse	modulus	supported	
well	by	experimental	data,	Figure	7	(Kollár	&	Springer,	2003).		

	
Figure	7	Comparison	between	experimental	data	for	the	axial	and	transverse	Young's	moduli	and	
corresponding	predictions	for	the	rules	of	mixture	and	Halpin-Tsai	(Hull	&	Clyne,	1996).	

There	 is	 a	 modified	 version	 of	 the	 rule	 of	 mixtures	 that	 is	 more	 complex	 but	 gives	 better	
accuracy	to	the	transverse	properties	of	the	composite.	In	this	approach,	the	fibre	is	assumed	to	
consist	of	a	rectangular	cross	section	with	the	same	volume	fraction	as	the	circular	cross	section	
in	 the	 regular	 rule	of	mixtures.	The	 transverse	modulus	 and	 shear	moduli	 calculated	with	 the	
modified	rule	of	mixture	are	denoted	as	Eb2,	Gb12	and	Gb23	respectively	(Kollár	&	Springer,	2003).	 	
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Longitudinal	Young’s	modulus	

	

𝐸! = 𝜈!𝐸!! + 𝜈!𝐸!	

	

(5)	

Transverse	Young’s	modulus	

	
𝐸! =

𝜈!
𝐸!!

+
1 − 𝜈!
𝐸!

!!

	
(6)	

	 where𝐸!! = 𝜈!𝐸!! + 1 − 𝜈! 𝐸!	

	

	

Longitudinal	Shear	modulus	

	
𝐺!" =

!!
!!!"

+
!! !!
!!

!!
	 	

(7)	

	 where𝐺!!" = 𝜈!𝐺!!" + 1 − 𝜈! 𝐺!	

	

	

Transverse	Shear	modulus	

	
𝐺!" =

𝜈!
𝐺!!"

+
1 − 𝜈!
𝐺!

!!

	
(8)	

	 where𝐺!!" = 𝜈!𝐺!!" + 1 − 𝜈! 𝐺!	 	

Longitudinal	Poisson	ratio	

	

𝜐!" = 𝜐!!"𝜈! + 𝜐!𝜈!	

	

(9)	

Transverse	Poisson	ratio	

	
𝜐!" =

𝐸!
2𝐺!"

− 1	

	

(9)	

𝜈!/!	is	the	fibre/matrix	volume	fraction,.	

𝐸!!/!	is	Young’s	modulus	for	the	fibres	in	longitudinal	and	transverse	direction.	

𝐸!	is	Young’s	modulus	of	the	matrix.	

𝐺!!"	and	𝐺!	are	the	shear	moduli	for	fibre	and	matrix.	

𝜐!!"	and	𝜐!	are	the	poisons	ratios	for	fibres	and	matrix.	
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3.1.4 Halpin-Tsai	
The	 Halpin-Tsai	 model	 is	 one	 of	 the	 most	 popular	 models	 and	 was	 initially	 developed	 for	
continuous	fibre	composites.	The	model	 is	based	on	the	rule	of	mixture	together	with	the	self-
consistent	model,	resulting	in	empirical	and	semi-empirical	equations	for	prediction	of	stiffness	
for	short	fibre	composites	(Lusti,	2003).	

The	 stiffness	 parameters	 of	 this	 model	 depend	 not	 only	 on	 volume	 fraction	 and	 fibre-matrix	
ratio,	but	also	a	parameter	ξ	representing	the	fibre	aspect	ratio	in	the	longitudinal	direction.	For	
transverse	direction	or	shear	modulus	 the	parameter	ξ	 is	not	dependent	on	 fibre	aspect	ratio.	
These	parameters	can	be	chosen	depending	on	the	composite,	for	a	modified	Halpin	Tsai	model,		
and	is	in	(11)-(19)	set	to	recommended	values	for	short	fibre	composites.	When	increasing	the	
fibre	 aspect	 ratio,	 the	 elastic	 modulus	 approaches	 a	 maximum	 value	 as	 for	 unidirectional	
continuous	fibres	according	to	the	rule	of	mixture	(Fu,	Lauke,	&	Mai,	2009).	

	

Longitudinal	Young’s	modulus	

	
𝐸! = 𝐸!! =

1 + 2 ℓ/𝑑 𝜂!𝜈
1 − 𝜂!𝜈

𝐸!	
(11)	

Transverse	Young’s	modulus	

	
𝐸!! =

1 + 2𝜂!𝜈
1 − 𝜂!𝜈

𝐸!	
(12)	

Longitudinal	Shear	modulus	

	
𝐺!" =

1 + 𝜂!𝜈
1 − 𝜂!𝜈

𝐺!	
(13)	

Transverse	Shear	modulus	

	
𝐺!" =

𝜐!
𝐺!!"

+
1 − 𝜐!
𝐺!

!!

	
(14)	

Longitudinal	Poisson	ratio	

	

𝜈!" = 𝜈!𝜐! + 𝜈!𝜐!	 (15)	

	
𝜈!" =

𝐸!!
𝐸!!

𝜈!"	
(16)	

Halpin-Tsai	constants	

𝜂! =

𝐸!
𝐸!

− 1

𝐸!
𝐸!

+ 2 ℓ/𝑑
	

(17)	

	

𝜂! =

𝐸!
𝐸!

− 1

𝐸!
𝐸!

+ 2
	

	

(18)	
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𝐺!
𝐺!

− 1

𝐺!
𝐺!

+ 1
	

(19)	
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3.2 ESHELBY	BASED	MODELS	
The	Eshelby	method	is	a	way	of	calculating	the	resultant	stresses	in	a	stiff	inclusion	surrounded	
by	 an	 infinite	matrix.	 The	 inclusion	 is	 deformed	 by	 a	 transformation	 strain	𝜀! , also	 called	 the	
misfit	strain,	before	placing	it	in	the	matrix,	resulting	in	a	constrained	strain	𝜀! 	in	the	composite,	
Figure	8.	This	strain	is	uniform	and	described	in	a	tensor	called	the	Eshelby	tensor	(Hull	&	Clyne,	
1996).	

There	 always	 exist	 a	 transformation	 strain	 representing	 the	 strain	 state	 by	 an	 inclusion	 of	
another	material.	 This	 fact,	 together	with	 the	Eshebly	 tensor	 allows	 the	 exact	 solution	 for	 the	
stiffness	of	an	ellipsoidal	inclusion	in	a	matrix	(Hull	&	Clyne,	1996).	

	
Figure	8	The	Eshelby	method.	a)	The	initial	stress	free	state,	b)	The	inclusion	undergoes	a	stress	free	
deformation	by	a	transformation	strain.	c)	Fitting	the	inclusion	back	in	the	matrix	resulting	in	a	constrained	
strain	(Fu,	Lauke,	&	Mai,	2009).	

Based	on	that	the	inclusion	is	of	ellipsoidal	shape,	the	resultant	stresses	are	uniform	throughout	
the	inclusion.	Since	a	fibre	can	be	approximated	to	an	ellipsoid	with	the	same	aspect	ratio,	this	is	
not	 a	 big	 limitation.	 Instead,	 it	 is	 the	 assumption	 that	 the	matrix	 is	 infinite	 that	 is	 the	major	
limitation.	 In	 the	 real	 case,	 the	 stresses	 in	 both	 fibre	 and	matrix	 are	 affected	 by	 surrounding	
fibres.	(Hull	&	Clyne,	1996).	

3.2.1 Self-consistent	
The	 self-consistent	 model	 is	 where	 the	 matrix	 surrounding	 the	 inclusion	 has	 the	 elastic	
properties	of	the	composite,	which	are	unknown.	The	inclusion	is	given	the	elastic	properties	of	
the	 fibre.	 The	 model	 is	 based	 on	 a	 composite	 where	 both	 fibre	 and	 matrix	 are	 isotropic,	
homogenous	 and	 linearly	 elastic.	 The	 composite	 is	 assumed	 to	 be	 transversely	 isotropic	 and	
macroscopically	 homogenous.	 These	 limitations	 narrows	 down	 to	 five	 independent	 stiffness	
constants	(20)-(24),	whose	solution	is	obtained	by	iteration	(Fu,	Lauke,	&	Mai,	2009).	
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The	stiffness	constants	derived	 from	the	self-consistent	model	depend	on	 longitudinal	Young’s	
modulus	E11,	plane	strain	bulk	modulus	K23,	plane	strain	shear	modulus	G23,	axial	shear	modulus	
G13	and	Poisson’s	ratio	v21.		

𝐶!!!!∗ = 𝐸!! + 4𝐾!"𝜐!"! 	 	 	 	 (20)	

𝐶!!!!∗ = 𝐾!" + 𝐺!"	 	 	 	 (21)	

𝐶!"!"∗ = 𝐺!"	 	 	 	 	 (22)	

𝐶!!""∗ = 𝐾!" − 𝐺!"	 	 	 	 (23)	

𝐶!!""∗ = 2𝐾!"𝜐!"	 	 	 	 (24)	

3.2.2 Mori-Tanaka	
The	 Mori-Tanaka	 model	 was	 developed	 to	 predict	 the	 elastic	 properties	 of	 a	 two-phase	
composite,	 see	 example	 Figure	 9.	 Based	 on	 the	 Eshelby	 tensor,	 the	 Mori-Tanaka	 model	 also	
introduces	 a	 dilute	 strain-concentration	 tensor	𝑨! .	 This	 tensor	 represents	 the	 effect	 on	 the	
stress	field	caused	by	surrounding	fibers	(Odegard,	Clancy,	&	Gates,	2004).		

The	 Mori-Tanaka	 assumption	 is	 that	 the	 inclusion	 strain	 from	 the	 Eshelby	 method	 can	 be	
calculated	 from	the	matrix	strain	by	multiplication	with	the	dilute	strain	concentration	tensor.	
For	dilute	condition,	where	the	matrix	is	infinite,	the	composite	and	matrix	average	strains	are	
equal.	With	a	known	strain	concentration	factor,	the	composite	stiffness	can	be	calculated	from	
the	matrix	and	fiber	properties.		

The	 effective	 stiffness	𝑳(!")	of	 the	 composite	 is	 given	 by	 volume	 fractions	𝑉! 	𝑉!	and	 stiffness	
tensors	𝑳!  𝑳! of	 the	 two	 phases	 together	 with	 a	 fourth-order	 orientation	 tensor	𝑰.	 The	 dilute	
strain-concentration	tensor	𝑨!includes	a	tensor	𝑻,	which	contain	the	Eshelby	tensor.	

𝑳(!") = 𝑳! + 𝑉! 𝑳! − 𝑳! 𝑨!		 	 (25)	

𝑨! = 𝑻 𝑉!𝑰 + 𝑉!𝑻
!𝟏
		 	 (26)	

	

	

	

Figure	9	Theoretical	and	experimental	data	for	an	epoxy	matrix	reinforced	with	glass	fibers	(Schjoordt-
Thomsen	&	Pyrz,	2001).	

The	model	also	comes	with	 limitations	assuming	 that	all	 inclusions	are	of	 the	same	shape	and	
with	 a	dilute	dispersion.	 For	most	 short	 fiber	 composites	 the	dispersion	 is	more	 complex	and	
cannot	be	assumed	to	be	dilute	throughout	the	matrix.		
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3.2.3 Tandon-Weng	
The	 Tandon-Weng	 model	 predicts	 the	 five	 independent	 elastic	 constants	 of	 a	 transversely	
isotropic	composite.	The	model	 is	based	on	Eshelby’s	ellipsoidal	 inclusion	together	with	Mori-
Tanaka’s	 average	 stress	 and	 takes	 the	 fibre	 aspect	 ratio	 into	 account.	 The	 constants	 A1-6	 are	
solved	by	a	system	of	equations	depending	on	the	Eshelby	tensor	and	the	mechanical	properties	
of	matrix	and	fibre	respectively,	Appendix	A	(Lusti,	2003).	

	

Longitudinal	Young’s	
modulus	

	

𝐸!!
𝐸!

=
1

1 + 𝑉!
𝐴! + 2𝜈!𝐴!

𝐴!

	 (27)	

Transverse	Young’s	
modulus	

	

𝐸!!
𝐸!

=
1

1 + 𝑉!
−2𝜈!𝐴! + 1 − 𝜈! 𝐴! + 1 + 𝜈! 𝐴!𝐴!

2𝐴!

	 (28)	

Longitudinal	Shear	
modulus	

	

𝐺!"
𝐺!

= 1 +
𝑉!

𝜇!
𝜇! − 𝜇!

+ 2𝑉!𝑆!"!"
	

	

(29)	

Transverse	Shear	
modulus	

	

𝐺!"
𝐺!

= 1 +
𝑉!

𝜇!
𝜇! − 𝜇!

+ 2𝑉!𝑆!"!"
	

	

(30)	

Longitudinal	Poisson	
ratio	

	

𝜈!" =
𝜈!𝐴! − 𝑉! 𝐴! − 𝜈!𝐴!
𝐴! + 𝑉! 𝐴! + 2𝜈!𝐴!

	 (31)	

Bulk	modulus	

	

𝐾!"
𝐾!

=
1 + 𝜈! 1 − 2𝜈!

1 − 𝜈! 1 + 2𝜈!" + 𝑉!
2 𝜈!" − 𝜈! 𝐴! + 1 − 𝜈! 1 + 2𝜈!" 𝐴!

𝐴!

	

	

(32)	
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3.3 COMPARISON	OF	THE	MODELS	
The	many	micromechanical	models	 and	 variations	 are	 all	 used	 at	 different	 extents.	 The	more	
established	 micromechanical	 models	 in	 practise	 are	 Halpin-Tsai	 and	 Mori-Tanaka,	 if	 that	 is	
because	 of	 tradition	 or	 accuracy	 is	 hard	 to	 tell.	 This	 chapter	 analyses	 how	well	 the	 different	
models	corresponds	with	real	experimental	data	from	four	different	experimental	studies.		

Silva	 and	 Miled	 performed	 a	 study	 on	 injection	 molded	 thermoplastics	 reinforced	 with	 glass	
fibers	 (Miled,	 Silva,	 Agassant,	 &	 Coupez,	 2008).	 With	 experimental	 results	 from	 an	 injection-
molded	plate,	assuming	an	aspect	ratio	of	10,	Young's	modulus	in	the	flow	direction	with	varying	
fiber	 volume	 fraction	 was	 calculated	 for	 Halpin-Tsai,	 Eshelby	 and	 Mori-Tanaka	 models	 with	
simulated	fiber	orientations.	

Figure	10	shows	how	Mori-Tanaka	predicts	a	higher	stiffness	than	the	Halpin-Tsai	and	Eshelby,	
while	having	a	better	accuracy	with	the	experimental	results.	

	

	
Figure	10	Longitudinal	Youngs	modulus	given	by	experiment	and	micromechanical	models	(Miled,	Silva,	
Agassant,	&	Coupez,	2008).	

	 	

Wan	 and	 Takahashi	 from	 the	 University	 of	 Tokyo	 studied	 carbon	 fiber	 mats	 reinforced	
thermoplastics	 (CMT)	 aiming	 to	 predict	 the	mechanical	 properties	 (Wan	&	 Takahashi,	 2016).	
The	 CMT	 are	 composed	 of	 polypropylene	 and	 randomly	 oriented	 carbon	 fiber	monofilaments	
with	fiber	volume	fractions	of	11	and	19wt%	respectively.	They	performed	experimental	tests	to	
compare	 their	Mori-Tanaka	model	 in	 the	 terms	 of	 Youngs	modulus	 and	 tensile	 strength.	 The	
Mori-Tanaka	 model	 predicts	 a	 higher	 stiffness	 and	 tensile	 strength	 than	 the	 experimental	
results,	Figure	11.	The	accuracy	is	better	for	lower	fiber	volume	fractions.	
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Figure	11	a1)	Youngs	modulus	and	a2)	tensile	strength		experimental	data	from	CMTs	(yellow	bar)	and	Mori-
Tanaka	micromechanical	model	(blue	bar)	(Wan	&	Takahashi,	2016).	

Another	 study,	on	epoxy	 reinforced	with	 carbon	nanotubes,	was	performed	by	Zarasvand	and	
Golestanian	 (Zarasvand	 &	 Golestanian,	 2016).	 Considering	 elastic-plastic	 material	 behaviour,	
micromechanical	 models	 of	 Mori-Tanaka	 and	 Halpin-Tsai	 was	 compared	 to	 the	 experimental	
tensile	stress-strain	curve.	

At	 low	strains	both	models	corresponds	well	 to	 the	experimental	curve	while	at	 larger	strains	
Mori-Tanaka	is	the	better	approximation,	Figure	12.	

	

	
Figure	12	A	comparison	between	tensile	micromechanical	predictions	and	experimental	results	for	
nanocomposites	containing	a)	0.15,	b)	0.25,	c)	0.35	and	d)	0.45	wt%	reinforced	phase	(Zarasvand	&	Golestanian,	
2016).	

	 	



	

	

	

	

19	

The	fourth	experimental	study,	on	injection	molded	thermoplastics	reinforced	with	glass	fibers,	
was	 performed	 by	Mlekusch	 (Mlekusch,	 1999).	 The	models	 of	 Tandon-Weng,	Halpin-Tsai	 and	
the	self-consistent	scheme	were	used	to	predict	the	properties	for	each	fiber	direction	and	then	
summarized	with	either	stiffness	or	compliance	averaging	which	are	similar	to	Voight	and	Reuss		
bounds	 for	 single	 moduli.	 The	 results	 were	 presented	 with	 variations	 through	 the	 plate-
thickness	 for	 Young's	 moduli	 in	 flow	 and	 perpendicular	 direction,	 Figure	 13.	 For	 Youngs	
modulus	 in	 the	 perpendicular	 direction,	 the	 variation	 of	 the	models	 are	 smaller	 than	 for	 the	
modulus	 in	 the	 flow	direction.	 Figure	13	 shows	 clearly	 how	 the	 stiffness	 averaging	predicts	 a	
higher	 stiffness	 than	 compliance	 averaging	 and	 coincides	 better	with	 the	 experimental	 result.	
Both	 Tandon-Weng	 and	 the	 self-consistent	 model	 are	 in	 good	 agreement	 with	 the	 measured	
values	while	Halpin-Tsai	shows	a	larger	deviation.	

	

	
Figure	13	Elastic	modulus	in	flow	direction	(top)	and	perpendicular	to	flow	direction	(bottom)	with	
comparison	to	different	micromechanical	models	(Mlekusch,	1999).	

3.4 SUMMARY	
According	to	these	studies,	Mori-Tanaka	 is	a	good	approximation	for	the	prediction	of	Young’s	
modulus.	 When	 comparing	 Mori-Tanaka	 to	 Halpin-Tsai,	 the	 former	 is	 either	 as	 good	
approximation	 or	 better.	 Additionally,	 the	 Mori-Tanaka	 based	 model	 by	 Tandon	 and	 Weng	
seems	to	follow	the	trend	of	Mori-Tanaka	and	is	therefore	assumed	to	be	a	good	approximation.	

Halpin-Tsai	seems	to	be	a	good	approximation	in	some	studies	and	worse	in	others.	That	might	
be	explained	by	 the	empirical	parameter	ξ,	which	can	vary	 in	 the	different	 studies.	Moreover,	
having	a	parameter	to	adjust	for	each	case	would	be	inconvenient	in	a	long	term	aspect.	

Overall,	the	Eshelby	based	models	have	a	high	accuracy	when	predicting	Young’s	moduli	and	are	
all	 assumed	 to	be	good	approximations	when	 stiffness	based	averaging	 is	used	 for	 short	 fiber	
reinforced	polymers.	 	
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4 SIMULATION	
This	chapter	describes	the	specific	simulation	package	for	this	thesis	together	with	the	choice	of	
interfacial	 commercial	 software.	To	 fulfill	 the	goal	of	 the	 thesis,	 commercial	 software	with	 the	
capability	 to	 interface	 with	 injection	 molding	 fiber	 orientation	 data	 and	 FE-solvers	 is	 to	 be	
chosen.	This	search	for	software	is	limited	by	following	requirements	from	FS	Dynamics.	

• The	 software	 is	 capable	 to	 interface	 with	 several	 injection	 molding	 and	 FE	 solving	
software.	

• The	software	is	not	 locked	to	certain	software	when	running	and	works	 independently	
between	the	injection	molding	simulation	and	FE-solver.	

• The	software	is	available	at	a	reasonable	cost.	

These	criteria	was	set	 to	 find	a	 flexible	software	 for	 future	analyzes	at	FS	Dynamics	and	avoid	
fiber	mapping	software	modules	imprinted	in	a	specific	injection	molding	software.	

4.1 SIMULATION	PACKAGE	
	

The	simulation	package	of	this	thesis	is	set	after	requests	from	IKEA	as	follows.	

Injection	molding	simulation	software:	CADMOULD	

Pre-	and	post	processor:	Altair’s	Hypermesh/Hyperview	

FE-Solver:	LS	Dyna	

	

The	 goal	 of	 the	 thesis	 is	 to	 find	 commercial	 software	 to	 map	 fiber	 orientations	 and	 deliver	
material	models	to	interface	with	this	software,	Figure	14.	

	
Figure	14	Simulation	package	for	the	thesis.	
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4.2 SOFTWARE	

There	 are	 a	 number	 of	 commercial	 software	 that	 provides	 both	 mapping	 and	 a	 complete	
material	model	based	on	fibre	architecture.	Several	injection	molding	software	can	also	provide	
this,	but	focus	for	this	thesis	is	on	a	more	general	level.	A	brief	study	of	each	software	was	made	
with	 the	 focus	on	 the	 requirements	 from	FS	Dynamics,	micromechanical	model	used	and	how	
the	mechanical	properties	are	applied	to	the	model.	

Converse	

Converse	 is	 a	 software	 from	Part	Engineering	 that	 interface	with	many	molding	 software	 and	
FE-solvers,	 including	Cadmould	and	LS	Dyna	which	are	important	for	this	thesis.	Converse	is	a	
partner	alliance	product	at	Altair	and	can	therefore	be	used	with	existing	Hypermesh	licenses.	

In	 this	 software,	 the	 elastic	 properties	 are	 calculated	 based	 on	 the	 Tandon-Weng	
micromechanical	model.	 If	 required,	 Converse	 also	 provides	 an	 elastic-plastic	material	model	
based	on	 an	 experimental	 stress-strain	 curve	 and	 the	 individual	 degree	of	 orientation	 in	 each	
element.	 In	 total,	 45	 different	material	 cards	 are	 generated	 for	which	 all	 elements	 are	 sorted	
into.	The	elements	are	then	based	on	their	local	fiber	orientation	linked	to	the	global	coordinate	
system	(Korte,	2017).	

Digimat	

Digimat,	developed	by	e-Xstream,	support	the	FE-solvers	Abaqus,	Ansa,	Optistruct	and	LS	Dyna.	
Digimat	 is	 not	 a	 partner	 alliance	 product	 at	 Altair.	 The	 micromechanical	 model	 used	 in	 this	
software	is	Mori-Tanaka	and	material	properties	are	calculated	for	each	element.	As	when	using	
converse,	 Digimat	 will	 provide	 each	 element	 with	 different	 properties	 depending	 on	 fiber	
orientation	(Delbeke,	2017).	The	difference	from	Converse	is	that	Digimat	runs	in	parallel	with	
the	 FE-solver.	 This	means	 that	 Digimat	 communicates	with	 the	 FE-solver	 continuously	 rather	
than	setting	up	material	in-out	data	in	the	solver	deck.	

MultiMech	

MultiMech	by	Multimechanics	differs	from	the	previous	software.	Instead	of	approximating	the	
elastic	 properties	 using	 a	 micromechanical	 model,	 this	 software	 models	 each	 fiber.	 This	 is	
considered	as	an	unnecessarily	complex	approach	when	larger	models	are	to	be	analyzed	even	
though	 both	 Moldex3D	 and	 LS-Dyna	 can	 interface	 with	 MultiMech	 and	 is	 a	 partner	 alliance	
product	at	Altair.	(Souza,	2017).	

Swiftcomp	Micromechanics	

Finally	we	have	the	software	Swiftcomp	from	Analyswift,	which	does	not	need	an	external	solver	
but	 can	 send	 inputs	 to	 Abaqus,	 Ansys	 etc.	 What	 differs	 with	 this	 software	 is	 that	 it	 uses	 a	
micromechanical	model	 called	mechanics	 of	 structure	 genome,	which	 is	 not	 common	 and	 not	
included	in	this	thesis	(Yu,	2017).	The	software	is	not	a	partner	alliance	product.	

From	the	aspects	of	micromechanical	models	and	property	prescriptions,	Converse	and	Digimat	
both	 are	 possible	 choices	 for	 mapping	 and	 calculating	 elastic	 properties	 of	 injection	 molded	
short	 fiber	 composites.	 With	 the	 requirements	 from	 FS	 Dynamics,	 Digimat	 are	 not	 a	 good	
candidate	since	it	runs	in	parallel	with	the	FE-solver	and	are	not	available	at	a	reasonable	cost	at	
FS	Dynamics.		

The	chosen	software	for	this	thesis	is	Converse.	
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4.3 CONVERSE	
Converse	is	a	software	tool	that	couples	injection	molding	simulation	with	mechanical	analysis.	
Requiring	 the	 two	 models	 describe	 the	 same	 geometry,	 Converse	 transfers	 anisotropic	 part	
properties	such	as	fiber	orientations,	residual	stresses,	shrinkage	etc	from	the	injection	molded	
part	 to	 the	 part	 prepared	 for	 mechanical	 analysis.	 The	 information	 that	 can	 be	 mapped	 by	
converse	depends	on	the	molding	simulation	and	FE-solver	of	choice,	where	Abaqus	and	Ansys	
support	most	capabilities	(Converse	Documentation	v3.8,	2016).	

4.3.1 Input	requirements	

Converse	comes	in	two	versions,	basic	and	advanced.	Converse	basic	describes	the	material	with	
a	linear-elastic	model	while	the	advanced	version	applies	an	elastic-plastic	material	model.	The	
required	inputs	for	the	two	versions	are	the	fiber	weight	fraction	and	aspect	ratio	together	with	
the	 following	material	 properties	 of	matrix	 and	 fiber	 as	 a	 function	 of	 temperature.	 (Converse	
Documentation	v3.8,	2016)	

• Tensile	modulus		
• Poissons	ratio		
• Density	
• Coefficient	of	thermal	expansion		

For	converse	advanced	a	stress-strain	curve	is	also	required,	preferably	from	a	tensile	test	of	an	
injection	 molded	 tensile	 bar	 or	 a	 0⁰	 specimen	 prepared	 from	 a	 plate.	 The	 theory	 of	 the	 Hill	
potential	is	used	to	define	values	that	scale	the	known	elastic	plastic	material	behavior	from	one	
orientation	state	to	all	the	other	possible	orientations.	(Converse	Documentation	v3.8,	2016)	

4.3.2 Material	definition	

The	material	defined	by	converse	are,	as	mentioned,	either	linear	elastic	or	elastic	plastic.	From	
the	required	input,	converse	generates	45	materials	describing	the	assigned	material	in	different	
directions.	 During	 the	 mapping,	 converse	 assigns	 each	 element	 with	 a	 laminate	 of	 materials.	
Depending	on	the	injection	molding	simulation,	the	elements	are	assigned	with	an	equal	number	
of	layers	and	thickness	(Converse	Documentation	v3.8,	2016).	 	

4.3.3 Fiber	orientation	mapping	

The	micromechanical	models	used	by	converse	assume	the	material	to	be	transversally	isotropic	
and	do	not	take	fiber	orientation	into	account.	Converse	uses	an	orientation	weighted	averaging	
of	the	transversal	properties	according	to	Advani	and	Tucker (Advani & Tucker, 1987).		

For	surface	or	midplane	injection	molding	models,	the	melt	flow	plane	is	assumed	parallel	to	the	
local	part	surface	and	fiber	orientations	on	the	out-of-flow	plane	do	not	exist	by	definition.	

Converse	generates	a	CONVERSE	Orientation	File	*.cof	describing	the	elements	with	their	 local	
coordinate	systems	and	material	 laminates	together	with	material	properties.	The	*.cof	file	are	
then	to	be	included	in	the	LS-Dyna	*.k	file	(Converse	Documentation	v3.8,	2016).	

To	 ensure	 that	 the	 fiber	 orientation	 is	 transferred	 correctly	 to	 LS	 Dyna,	 a	 comparison	 of	 the	
orientation	in	different	layers	were	made	with	Converse	and	LSprepost.	
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5 PHYSICAL	TESTS	
Physical	tests	were	performed	for	comparison	with	the	upcoming	simulations.	The	tensile	tests	
were	for	understanding	of	the	accuracy	of	the	materials	elastic	properties	in	Converse	 .	The	3-
point	bending	tests	of	a	component	from	a	retractable	IKEA	table	were	performed	for	validation	
of	the	overall	procedure	using	Converse.		

The	 test	 objects	had	been	 stored	differently	before	 the	 testing.	The	 tensile	bars	 containing	15	
and	30	wt%	glass	fibers	had	been	stored	in	a	controlled	environment	of	23°C	and	50%	humidity	
for	 five	months.	 The	 components	 subjected	 to	 the	 3-point	 bendings	 had	 not	 been	 stored	 in	 a	
controlled	environment	but	in	room	temperature.	

5.1 TENSILE	BAR	
Tensile	tests	were	performed	for	the	reinforced	polyamides	Akulon	K224-G3	and	Akulon	K224-
G6	 containing	 15	 resp.	 30	 wt%	 glass	 fiber.	 Five	 tensile	 bars	 of	 each	 material	 were	 injection	
molded	 was	 tested	 according	 to	 ISO	 527-2,	 dimensions	 in	 Figure	 15.	 The	 test	 results	 were	
provided	 by	 IKEA	 using	 Shimadzu	 AG-X	 100kN	 tensile	 testing	 machine	 together	 with	 the	
extensometer	MFA	25.	The	distance	between	grips	was	115mm	and	the	gauge	length	was	50mm.	

	

	
Figure	15	Tensile	bar	specimen	dimensions	in	millimeters	according	to	ISO	527-2(1A)	(Bravo,	Toubal,	Koffi,	&	
Erchiqui,	2015).	

The	tensile	bars	were	injection	molded	from	one	end	resulting	in	a	high	degree	of	orientation	in	
the	gauge	area	and	pulled	with	a	velocity	of	5mm/min	until	fracture.	

5.1.1 Results	
The	tensile	tests	on	the	different	materials	resulted	 in	a	very	consistent	stress	strain	curve	for	
the	five	tensile	bars,	Figure	16.		For	Akulon	K224-G3	(GF15)	the	elongation	at	fracture	are	quite	
inconsequent.	

Engineering	constants	calculated	from	the	test	data	of	each	tensile	bar	are	presented	in	Table	1-
2.	

	

	



	

	

	

	

24	

	
Figure	16	Tensile	test	results	for	left)	Akulon	K224-G3(GF15)	and	right)	Akulon	K224-G6(GF30).	

	

	

Table	1	Tensile	test	results	Akulon	K224-G3	(15	wt%	glass	fiber)	

Tensile	bar	 Thickness	

[mm]	

Width	

[mm]	

Young’s	

modulus	

[MPa]	

Yield	stress	

[MPa]	

UTS	

[MPa]	

Elongation	

at	fracture	

[%]	

1	 4,0	 10,1	 4059	 77,6	 72,5	 9,2	

	2	 4,0	 10,1	 4081	 78,7	 73,4	 10,5	

3	 4,0	 10,1	 4121	 77,6	 72,2	 12,6	

4	 4,0	 10,1	 4100	 78,3	 71,9	 9,7	

5	 4,0	 10,1	 4109	 78,2	 73,1	 9,5	

Average	 -	 -	 4094	 78,1	 72,6	 10,3	

	

Table	2	Tensile	test	results	Akulon	K224-G6	(30	wt%	glass	fiber)	

Tensile	bar	 Thickness	

[mm]	

Width	

[mm]	

Young’s	

modulus	

[MPa]	

Yield	stress	

[MPa]	

UTS	

[MPa]	

Elongation	

at	fracture	

[%]	

1	 4,0	 9,8	 8163	 119,7	 116,3	 4,2	

2	 4,0	 9,8	 8098	 121,2	 118,9	 3,9	

3	 4,0	 9,8	 8086	 120,2	 118,1	 4,1	

4	 4,0	 9,8	 8064	 120,3	 118,0	 4,2	

5	 4,0	 9,8	 8282	 121,5	 118,6	 4,1	

Average	 -	 -	 8139	 120,6	 118,0	 4,1	
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Figure	17	Average	tensile	test	results	for	left)	Akulon	K224-G3	(GF15)	and	right)	Akulon	K224-G6	(GF30)	in	
comparison	with	conditioned	and	dry	condition	from	CAMPUS	database.	

	

In	 Figure	 17	 the	 test	 average	 for	 each	material	 is	 plotted	 together	with	 curves	 from	CAMPUS	
database	 of	 conditioned	 and	 dry	 condition	 implying	 the	 tested	 tensile	 bars	 are	 neither	 fully	
conditioned	nor	dry.	

5.1.2 Discussion	
The	test	results	not	being	conditioned	or	dry	are	mainly	because	of	the	conditions	of	the	tensile	
bar	 storage.	 The	 tested	 tensile	 bars	 have	 been	 exposed	 to	 temperate	 atmosphere	 after	 the	
injection	 molding,	 making	 the	 tensile	 bar	 moister.	 Unfortunately	 the	 tensile	 modulus	 for	 the	
matrix	material	Akulon	F223-D	was	not	tested	after	the	same	storage,	and	as	Figure	17	supports,	
neither	the	conditioned	nor	the	dry	tensile	modulus	of	the	matrix	would	be	applicable.	
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5.2 COMPONENT	
3-point	bending	tests	were	performed	on	five	components	made	from	Akulon	K224-G6	(GF30)	
stored	 in	 room	 temperature.	 An	 Instron	 2580-301	 test	 machine	 was	 used	 with	 a	 prescribed	
motion	of	5mm/min.	

The	component	was	placed	on	10mm	diameter	circular	rods	at	a	distance	of	250mm,	Figure	18.	
The	motion	was	prescribed	to	a	third	rod	placed	in	the	middle,	with	the	same	diameter,	where	
maximum	deflection	and	resulting	load	were	measured.		

		

	
Figure	18	Experimental	setup	for	component	test	in	the	test	machine	Instron	2580-301.	

5.2.1 Results	
The	 five	 components	 show	 consistency	 in	 the	 results	 of	 bending	 curves,	 Figure	 19.	 What	
deviates	with	the	results	are	the	point	of	fracture,	which	are	not	a	focus	of	this	thesis.	

	

	
Figure	19	Experimental	results	from	3-point	bends	with	the	IKEA	component.	

5.2.2 Discussion	
The	components	were	stored	in	room	temperature	for	a	long	time	after	manufacturing	meaning	
that	this	polymer	is	dryer	than	the	same	grade	of	the	tensile	tests	which	were	stored	in	higher	
humidity.	According	to	theory,	the	material	of	these	components	should	have	mechanical	
properties	higher	than	the	Akulon	K224-G6	(GF30)	that	was	tensile	tested	and	lower	properties	
than	the	dry	CAMPUS	Akulon	K224-G6	(GF30).	



	

	

	

	

27	

6 ANALYSES	
Hypermesh	 from	Altair	was	used	 as	preprocessor	 in	 this	 study	 for	 geometry	 editing,	meshing	
and	 analysis	 setup.	 LS-Dyna	 was	 used	 as	 a	 solver	 and	 LSprepost,	 LS-Dynas	 own	 pre-	 and	
postprocessor	software,	was	used	before	LS-Dyna	to	diagnose	the	input	file	after	converse.	The	
postprocessor	Hyperview	was	later	used	to	read	and	analyze	the	results.		

The	 two	 models	 from	 the	 physical	 tests	 were	 both	 simulated	 with	 material	 and	 element	
definitions	from	Converse	for	evaluation	of	the	elastic	prediction.	Making	sure	the	output	from	
Converse	is	interpret	correctly	by	LS	Dyna,	a	verification	of	Converse	was	made.	

6.1 VERIFICATION	OF	CONVERSE	
	
For	greater	understanding	of	the	interface	between	Converse	and	LS-Dyna,	a	verification	of	fiber	
orientations	were	made.	 Fiber	 orentations	 from	 a	 certain	 area	 of	 the	 tested	 component	 from	
converse	was	 compared	with	 the	 same	 area	when	 displaying	 fiber	 orientations	 in	 LSprepost.	
Figure	20-21	suggest	the	interpretation	of	fiber	orientations	by	LS-Dyna	to	be	correct.	

	

	
Figure	20	Fiber	orientation	display	on	outer	layer	in	LSprepost	as	white	arrows	(left)	and	Converse	(right).	

	
Figure	21	Fiber	orientation	display	on	midlayer	in	LSprepost	as	white	arrows	(left)	and	Converse	(right).	
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The	material	definitions	exported	from	Converse	to	LS-Dyna	are	not	to	be	chosen	by	the	user	but	
are	MAT_108,	a	material	combining	orthotropic	elastic	plastic	behavior	with	an	anisotropic	yield	
criterion.	This	material	can	only	applicable	when	using	an	explicit	solver	and	shell	elements,	
limiting	the	users	options.	Since	the	upcoming	analyses	of	this	thesis	are	preferably	implicit,	a	
change	of	material	to	MAT_157	was	made	through	a	MatLab	script.	MAT_157	is	anisotropic	
elastic	plastic	and	supports	the	implicit	solver	from	LS-Dyna	v.9.	

When	working	with	these	material	cards,	a	mistake	with	poissons	ratio	𝜈!"	was	detected.	The	
value	of	𝜈!"	was	in	fact	𝜈!"	and	this	error	was	adjusted	in	the	MatLab	script	after	clearance	from	
Converse	support.	
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6.2 TENSILE	BAR	
This	section	describes	the	simulation	setup	for	the	tensile	bar	together	with	the	results	and	a	
brief	discussion.	

6.2.1 Setup	
Static	linear	simulations	were	made	on	the	tensile	bar	to	examine	the	composite	elastic	modulus	
estimation	performed	by	converse.	The	ends	of	the	bar	fixated	by	the	grips	were	locked	together	
by	 rigid	 1D	 bars	 and	 boundary	 conditions	were	 applied	 to	 the	master	 nodes.	 The	 ends	were	
constrained	in	five	respectively	six	degrees	of	freedom	and	a	force	of	4000N	was	applied	to	one	
of	 them,	 Figure	 22.	 The	 midlayer	 fiber	 orientations,	 from	 the	 injection	 molding	 simulation	
provided	by	IKEA,	are	displayed	in	Figure	23.	

	
Figure	22	The	tensile	bar	and	its	boundary	conditions	from	Hypermesh.	

	

Figure	23	The	tensile	bar	with	fibre	orientations	of	midlayer,	from	Converse.	

The	results	from	the	physical	tensile	test	resulted	in	having	an	unknown	matrix	tensile	modulus,	
since	 neither	 the	 conditioned	 nor	 dry	 modulus	 is	 correct.	 	 The	 simulations	 were	 instead	
performed	with	the	CAMPUS	database	materials	for	GF15	and	GF30	in	both	dry	and	conditioned	
condition.	

A	 range	 of	 aspect	 ratios	 20-100	was	 analyzed	 for	 each	material	 grade	 since	 this	 parameter	 is	
unknown.	 	 For	 the	 GF30	 DRY	 material	 grade,	 different	 tensile	 moduli	 of	 the	 matrix	 were	
analyzed.	

The	model	was	built	with	fully	integrated	shell	elements	with	10	through	thickness	integration	
points,	 each	 representing	 one	material	 layer	 in	 a	 certain	 direction.	 The	 elements	were	 quads	
with	a	length	of	2mm	and	analyzed	implicit.	 	
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6.2.2 Results	
	

The	resulting	composite	elastic	moduli	are	plotted	for	each	composite	grade	dependent	on	
aspect	ratio	under	the	state	from	Figure	24.	

	

	

	

Figure	24	The	deformed	state	of	the	tensile	bar	under	load.	

	
Figure	25	Elastic	modulus	vs.	aspect	ratio	for	GF15	COND	with	the	expected	CAMPUS	modulus	as	reference.	

The	composite	elastic	modulii	in	the	range	of	aspect	ratios	20-100	coincides	with	the	reference	
value	from	CAMPUS	database	for	GF15	COND,	Figure	25.	

	
Figure	26	Elastic	modulus	vs.	aspect	ratio	for	GF30	COND	with	the	expected	CAMPUS	modulus	as	reference.	
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For	composite	grade	GF30	COND	the	reference	value	from	CAMPUS	database	coincides	with	the	
results	from	simulations	in	the	highest	range	of	aspect	ratios,	Figure	26.	

	
Figure	27	Elastic	modulus	vs.	aspect	ratio	for	GF15	DRY	with	the	expected	CAMPUS	modulus	as	reference.	

The	 composite	 elastic	modulii	 for	 GF15	 DRY	 tends	 to	 converge	 below	 the	 reference	modulus	
from	CAMPUS,	Figure	27.	

	
Figure	28	Elastic	modulus	vs.	aspect	ratio	for	GF30	DRY	with	the	expected	CAMPUS	modulus	as	reference.	

For	GF30	DRY	 the	 composite	 elastic	modulus	 follows	 the	 same	 trend	 as	 for	GF15	DRY	with	 a	
convergent	 curve,	 Figure	 28.	 The	 reference	 value	 is	 barley	 1000	MPa	 higher	 then	 the	 results	
from	simulations.	
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Figure	29	Elastic	modulii	of	composite	GF30	DRY	over	a	range	of	matrix	elastic	modulii	for	aspect	ratios	30,	60	
and	90.	

The	 relation	 between	 composite	 elastic	 modulus	 and	 the	 defined	 matrix	 elastic	 modulus	 is	
linear,	Figure	29.	

	

6.2.3 Discussion	
The	accuracy	of	the	composite	elastic	modulus	estimation	varies	for	the	four	composite	grades.	
The	 two	 conditioned	 composites	 reach	 the	 reference	 value	 somewhere	 between	 aspect	 ratios	
20-100.	The	two	grades	 in	dry	conditions	do	not	reach	their	respective	reference	values	when	
increasing	the	aspect	ratios	within	this	interval.	

Another	 input	parameter	for	Converse	that	affects	the	composite	elastic	modulus	 is	the	matrix	
elastic	modulus.	Varying	 the	matrix	modulus	affects	 the	 resulting	 composite	modulus	 linearly,	
making	it	possible	to	reach	the	expected	value.	

Unfortunately	the	expected	elastic	modulus	of	the	composite	is	normally	unknown	when	using	
software	as	Converse,	making	it	difficult	to	calibrate	the	aspect	ratio	and	matrix	elastic	modulus	
for	the	composite.	

A	possible	explanation	for	the	variations	of	elastic	modulus	estimation	by	converse	is	the	level	of	
orientation	in	the	injection	molding	simulation.	If	the	input	data	does	not	have	as	aligned	fibers	
as	injection	molded	tensile	bar	reference	orientations	have,	the	material	properties	are	affected.	
In	 this	 case,	 where	 the	 estimation	 of	 elastic	modulus	 for	 GF30	 in	 dry	 condition	 is	 far	 off	 the	
reference	value,	it	is	most	likely	the	fibers	degree	of	orientations	needing	to	be	adjusted.	
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6.3 COMPONENT	
This	section	describes	the	simulation	setup	for	the	component	together	with	the	results	and	a	
brief	discussion.	 	

6.3.1 Setup	
The	same	component	as	tested	with	experimental	3-point	bends,	Figure	30,	were	simulated	and	
assigned	 with	 the	 three	 materials	 Akulon	 K224-G6	 (IKEA	 GF30)	 as	 tested	 in	 the	 physical	
bending	tests	together	with	the	dry	and	conditioned	CAMPUS	Akulon	K224-G6	(CAMPUS	GF30	
DRY	and	CAMPUS	GF30	COND).	To	minimize	the	error	in	estimation	of	the	elastic	modulus,	the	
degree	 of	 fiber	 orientation	 was	 adjusted	 in	 Converse	 for	 CAMPUS	 GF30	 DRY	 to	 reach	 the	
reference	value.	The	reference	composite	modulus	was	reached	when	the	degree	of	orientation	
was	changed	from	70:22:8	to	77,5:22:0,5,	the	aspect	ratio	was	set	to	30	and	the	matrix	modulus	
was	as	listed.	The	same	adjustment	of	the	degree	of	orientation	was	then	made	for	the	remaining	
two	materials.	For	 the	material	 IKEA	GF30,	 the	matrix	modulus	was	unknown	and	adjusted	to	
give	the	correct	composite	modulus	for	the	adjusted	degree	of	orientation.	The	fiber	orientations	
of	the	components	midlayer	are	displayed	in	Figure	32.	

Another	 difference	with	 the	 component	 simulations	 in	 relation	 to	 the	 tensile	 bars	 is	 that	 the	
plastic	 region	 was	 also	 included	 in	 the	 simulation,	 for	 curiosity	 of	 the	 plastic	 property	
estimations.	

	

	

	As	for	the	tensile	bar,	static	linear	simulations	were	also	made	on	the	component.	The	boundary	
conditions	corresponds	to	the	physical	bending	tests	with	the	same	distance	between	supports	
and	 moving	 rod,	 Figure	 31.	 To	 simplify	 the	 modelling,	 the	 rods	 were	 not	 modelled	 and	 the	
boundary	 conditions	 were	 assigned	 to	 nodes	 on	 the	 component.	 The	 nodes	 representing	 the	
supports	 were	 constrained	 in	 x-,	 y-	 and	 z-direction	 and	 x-direction	 respectively.	 The	 nodes	
representing	 the	 moving	 rod	 were	 tied	 together	 with	 rigid	 1D	 elements	 and	 a	 force	 was	
perscribed	to	the	centered	master	node.	

	
Figure	31	The	component	and	its	boundary	conditions.	

Figure	30	The	IKEA	component	in	3D	from	Hypermesh.	
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Figure	32	The	component	with	midlayer	fiber	orientations,	from	Converse.	 	

6.3.2 Results	
	

The	results	from	the	3-point	bends	are	presented	as	load	and	maximum	deflection	curves	
together	with	the	test	average,	Figure	34.	The	test	average	locates	between	the	CAMPUS	GF30	
COND	and	IKEA	GF30	material.	In	the	elastic	region	of	the	test	average,	the	curve	corresponds	
very	well	to	IKEA	GF30	and	then	deviates.	 	

	
Figure	33	Resultant	load	vs.	maximum	deflection	for	IKEA	GF30	and	CAMPUS	GF30	DRY	in	comparison	with	
physical	test	data.	
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Figure	33	The	component	in	deformed	state	with	plotted	strains.	

6.3.3 Discussion		
The	 results	 from	 the	 component	 simulation	 show	 a	 very	 good	 agreement	 between	 the	 test	
average	and	the	simulation	with	the	IKEA	GF0	material	in	the	elastic	region.	This	suggests	that	
the	variation	in	storage	between	the	tensile	bars	and	the	components	were	not	substantial.	What	
is	 interesting	with	the	results	 is	the	fact	that	the	test	average	curve	deviates	more,	making	the	
plastic	regions	differ.	In	fact,	all	three	curves	from	the	simulations	are	more	or	less	linear	despite	
that	the	materials	have	yielded.	This	is	probably	due	to	local	effects	that	are	not	captured	by	the	
simulations.	These	local	effects	are	not	investigated	further	in	this	thesis.	 	
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7 DISCUSSION	
Different	micromechanical	models	describing	the	stress	transfer	 in	short	 fiber	composites	was	
studied	 and	 compared	 to	 each	 other.	 	 The	 comparison	 of	 the	 two	main	 groups,	 common	 and	
Eshelby	based	micromechanical	models,	was	based	on	previous	 research	and	other	 reports	of	
comparisons.	With	more	 time,	 it	would	 be	 interesting	 to	 implement	 the	 different	models	 into	
material	models	and	compare	with	FE-simulations	for	greater	understanding.	

The	 theory	 of	 micromechanical	 models	 suggests	 that	 stiffness	 predictions	 are	 good	 when	
homogenization	based	on	the	stiffness	tensor	is	used	rather	the	compliance.	Many	models	seem	
to	 give	 similar	 results	 but	 the	 Eshelby	 based	 models	 has	 the	 advantage	 that	 no	 fitting	
parameters	 are	 required.	 Hence,	 the	 Tandon-Weng	 and	 Mori-Tanaka	 models	 are	 most	
commonly	implemented	in	commercial	codes	and	will	predict	the	stiffness	well.		

The	goal	of	this	thesis	was	to	develop	an	interface	between	injection	molding	fiber	orientation	
data	and	FE-solvers	using	commercial	software	and	the	chosen	approach	was	using	Converse	for	
this	 purpose.	 Overall,	 Converse	 satisfies	 the	 goal	 and	 reached	 the	 requirement	 of	 interfacing	
with	several	 injection	molding	software	and	FE-solvers.	For	 the	specific	 simulation	package	of	
this	 thesis,	 Converse	 came	 with	 limitations	 that	 the	 material	 card	 for	 LS-Dyna	 was	 set.	 This	
meant	 that	only	explicit	 analyses	would	be	possible	 if	 one	does	not	manually	 change	material	
cards.	

There	are	uncertainties	regarding	the	matrix	elastic	modulus,	the	average	fiber	aspect	ratio	and	
the	 fiber	 degree	 of	 orientation	 in	 the	 tensile	 bar	 for	 the	 inputs	 when	 using	 Converse.	
Experimental	 data	 on	 the	 matrix	 elastic	 modulus	 are	 not	 always	 available,	 though	 using	 an	
approximate	 value	 does	 not	 necessarily	 have	 a	 big	 influence	 on	 the	 resulting	 composite	
modulus.	The	same	principle	is	applicable	for	the	average	fiber	aspect	ratio.	When	not	having	an	
exact	value,	an	approximate	fiber	aspect	ratio	is	good	enough	for	this	method.	The	fiber	degree	
of	orientations	 is	 the	uncertainty	 that	had	 the	biggest	 influence	on	composite	elastic	modulus.	
When	 increasing	 the	 fiber	 degree	 in	 orientation	 from	 70:22:8	 to	 77,5:22:0,5	 the	 composite	
elastic	modulus	was	increased	with	~1500	MPa.	Given	this,	 it	 is	very	important	to	validate	the	
material	after	creating	it	in	Converse.	

The	materials	for	the	component	simulations	were	adjusted	with	the	degree	of	orientations	that	
are	used	for	the	experimental	curve	in	Converse	together	with	an	aspect	ratio	of	30	and	a	matrix	
modulus	 determined	 experimentally.	 The	 elastic	 properties	 of	 the	 tested	 components	 and	 the	
simulation	 with	 IKEA	 GF30	 coincided	 very	 well,	 suggesting	 the	 method	 of	 Converse	 to	 be	
successful	in	this	case.	Even	though	it	was	not	a	focus	of	the	thesis,	plastic	behavior	was	included	
in	these	simulations.	When	comparing	the	plastic	regions	of	the	simulated	curves	with	the	test	
data,	 the	 simulations	 did	 not	 capture	 the	 softening	 of	 the	 polymer.	 Since	 theories	 on	 plastic	
behavior	of	short	fiber	reinforced	polymers	are	not	included	in	this	thesis	it	would	be	interesting	
for	 future	 studies.	 It	 is	 also	 important	 to	 be	 aware	 of	 the	 effects	 from	 the	 injection	 molding	
simulations	since	the	fiber	degree	of	orientation	played	a	significant	role	of	the	estimated	elastic	
properties	accuracy.	In	this	thesis,	all	 injection	molding	simulation	results	were	provided	from	
IKEA	and	so	for	further	work	in	this	area	it	would	be	interesting	to	study	on	how	the	injection	
molding	parameters	affect	 the	elastic	properties	estimations	by	Converse.	Natural	 subjects	 for	
future	work	would	also	be	to	include	fracture	propagation	and	fatigue.	 	
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8 CONCLUSION	
The	 micromechanical	 models	 that	 are	 typically	 implemented	 in	 commercial	 operations	 work	
satisfactorily	and	taking	into	account	other	uncertainties	in	the	predictions.	

The	goal	of	finding	a	software	that	could	make	a	conversion	between	several	injection	molding	
software	 and	 FE-solvers	 is	 fulfilled	with	 Converse.	 Apart	 to	 some	 problems	with	 the	 LS-Dyna	
interface,	it	was	easy	to	use	and	seems	to	work	well.	

Comparisons	with	 experimental	 test	 results	 show	 relatively	 high	 uncertainties	 that	 exist	with	
regard	 to	 the	matrix	 elastic	modulus,	 if	 the	modulus	 is	not	 separately	 tested,	 aspect	 ratio	 and	
especially	the	fiber	orientation	in	this	type	of	analysis.	The	predicted	stiffness	of	the	tensile	bar	
was	10-20%	lower	than	the	experimental	values	and	suggested	that	the	fiber	orientation	from	
the	injection	molding	simulation	was	not	correct.	When	adjusting	the	orientation	of	the	tensile	
bar	 when	 using	 the	 material	 curve	 in	 Converse,	 an	 excellent	 match	 with	 the	 experimental	
component	tests	was	achieved,	both	in	terms	of	initial	stiffness	and	deformation	to	failure.	The	
simulation,	despite	 the	use	of	elastic-plastic	material	data,	did	not	capture	 the	softening	of	 the	
material	observed	in	the	experimental	tests.	
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APPENDIX	A	
	

Tandon-Weng	equation	system	

	

𝐴! = 𝐷! 𝐵! + 𝐵! − 2𝐵!		

𝐴! = 1 + 𝐷! 𝐵! − (𝐵! + 𝐵!)		

𝐴! = 1 + 𝐷! 𝐵! − (𝐵! + 𝐵!)		

𝐴! = 1 + 𝐷! 𝐵! − 2𝐵!		

𝐴! =
(!!!!)
(!!!!!)

		

𝐴! = 2𝐵!𝐵! − 𝐵!(𝐵! + 𝐵!)		

	

𝐵! = 𝑉!𝐷! + 𝐷! + 𝑉!(𝐷!𝑆!!!! + 2𝑆!!"")		

	 	 	

𝐵! = 𝑉! + 𝐷! + 𝑉!(𝐷!𝑆!!"" + 𝑆!!!! + 𝑆!!"")		

𝐵! = 𝑉! + 𝐷! + 𝑉!(𝑆!!!! + 1 + 𝐷! 𝑆!!"")		

𝐵! = 𝑉!𝐷! + 𝐷! + 𝑉!(𝑆!!"" + 𝐷!𝑆!!!! + 𝑆!!"")		

𝐵! = 𝑉! + 𝐷! + 𝑉!(𝑆!!"" + 𝑆!!!! + 𝐷!𝑆!!"")		

	

𝐷! = 1 + 2 (!!!!!)
(!!!!!)

		

𝐷! =
(!!!!!!)
(!!!!!)

		

𝐷! =
!!

(!!!!!)
		

	

	

Where		𝜆!	𝜇!	and	𝜆!  𝜇! 	are	the	Lamé	constants	of	the	matrix	and	the	fibres	respectively	and	
𝑆!"#$ 	are	components	of	the	Eshelby	tensor.	

	

	


