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I. Preface	
	
The	master	thesis	work	presented	in	this	report	titled	“Investigation	of	the	mechanical	
performance	of	metal-composite	joints”.	It	was	carried	out	at	the	Division	of	Materials	
Sciences	in	the	Department	of	Engineering	Science	and	Mathematics	of	Luleå	University	
of	Technology	during	the	first	semester	of	2017.	This	master	thesis	work	was	achieved	
in	collaboration	with	the	company	Gestamp,	in	the	R&D	department	located	in	Luleå.	
	
The	successful	completion	of	this	master	thesis	would	not	have	been	possible	and	could	
not	have	seen	the	light	of	day	without	the	precious	support	of	many	persons.	
	
I	would	like	to	thank	everyone	who	has	helped	and	supported	me	during	the	execution	
of	my	master	thesis.	
	
First	of	all,	I	would	like	to	express	my	gratitude	to	my	supervisors	Professors	Janis	Varna	
and	 Roberts	 Joffe	 for	 the	 useful	 comments,	 remarks	 and	 engagement	 through	 the	
learning	process	of	this	master	thesis.	I	was	so	glad	to	discuss	with	them	and	I	was	proud	
to	take	from	his	valuable	time	despite	his	tight	schedule,	proud	because	I	learnt	directly	
from	them.	And	without	doubt,	I	thank	them	for	their	stand	by	me	when	I	need	help.	
	
Furthermore,	the	opportunity	I	had	with	Gestamp	was	a	great	chance	for	learning	in	the	
areas	of	material	joining	and	lightweight.	I	consider	myself	as	a	very	lucky	individual	as	I	
was	provided	with	an	opportunity	to	be	a	part	of	it.		
	
Bearing	in	mind	previous	I	am	using	this	opportunity	to	express	my	deepest	gratitude	
and	special	 thanks	 to	my	supervisor	 in	 the	company	Rickard	Östlund	who	 in	 spite	of	
being	extraordinarily	busy	with	his	duties,	took	time	out	to	hear	and	keep	me	on	the	
corrected	path. 
 
Moreover,	I	would	like	to	give	some	special	thanks	to	Nawres	Al-Ramahi	for	his	support.	
I	will	never	forget	that	he	was	welcoming	my	questions	and	helping	me	when	I	need	
support	to	make	the	work	advance.	
	
It	is	a	pleasure	to	thank	the	EEIGM	program	to	give	me	the	opportunities	to	study	in	this	
amazing	atmosphere.	
	
Finally,	I	owe	my	deepest	gratitude	to	my	parents,	my	relatives,	my	brother,	my	nephew	
and	specially	to	the	other	master	students,	who	were	working	hard	during	this	whole	
semester	 in	the	office	E290,	for	their	 love,	support,	care	and	encouraging	words	that	
light	my	way	and	kindle	my	enthusiasm	to	bring	out	the	best	in	me	in	all	my	academic	
endeavors.	
	
	
Luleå	University	of	Technology,	June	2017	
	
Marc	Olavide	Rubio	
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II. Abstract	
	
Composite	materials	 are	 gaining	 the	 attention	 of	 several	 industries	 due	 to	 the	 high	
stiffness-to-weight	 and	 strength-to-weight	 ratios	 they	 offer.	 Especially	 in	 the	
automotive	industry,	demands	on	reduction	of	CO2	emissions	is	the	major	driving	force	
towards	 lighter	 vehicles.	 To	 achieve	 that,	 composite	 reinforcement	 is	 a	 promising	
technology	for	weight	reduction,	increasing	the	stiffness	and	preventing	local	buckling.	
	
However,	composite	material	structures	can	only	be	used	if	the	mechanical	properties	
of	relevant	joints	can	be	evaluated	by	experimentally	methods	that	are	robust	and	gives	
reliable	 parameters,	 that	 can	 be	 used	 for	 simulating	 and	 designing	 components.	
Otherwise	metals	are	preferred	as	candidate	structural	material.	
	
The	 main	 challenge	 in	 this	 master	 thesis	 is	 the	 establishment	 of	 adequate	
methodologies	for	the	design	and	analysis	of	the	joints	between	composite	and	steel	
materials.	 It	 is	 known	 that	 the	 joint	 is	 the	most	 critical	 part	within	 the	assembly.	 Its	
failure	might	risk	the	integrity	of	the	entire	structure.	
	

Final	results	regarding	to	the	joint	quality	are	still	far	from	expected.	Fracture	toughness	
values,	such	as	GIC	and	GIIC,	are	lower	compared	with	the	objective.	Hopefully,	the	main	
problem	was	 identified.	Metal	treatment	has	been	the	main	 issue	during	this	project	
and	we	must	keep	working	in	this	area	to	improve	the	properties	of	the	metal-composite	
joint	with	the	final	objective	to	produce	hybrid	body	component	in	a	near	future.	

Concerning	the	future	work,	make	an	extra	step	during	the	hot	stamping	process	would	
be	 interesting	 to	 study.	 Extra	metal	 treatment,	 such	 as	 sandblasting	 or	 laser	 on	 the	
surface,	could	be	useful	for	the	mechanical	performance	of	the	metal-composite	joint.	

Keywords:	carbon	fiber	epoxy,	AlSi-coated	boron	steel,	metal-composite	joints,	double-
cantilever	beam	test,	end-notched	flexural	test,	tensile	test.	
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1. Introduction	
Nowadays,	adhesive	bonding	has	become	the	most	universal	joining	techniques	as	it	can	
be	used	to	join	any	type	of	materials.	With	the	advances	of	polymer	chemistry,	modern	
adhesives	 may	 have	 high	 strength	 and	 short	 curing	 time	 [1].	 Hence,	 a	 very	 strong	
adhesively	bonded	joint	can	be	obtained	in	a	very	short	time.	
	
This	 technology	 has	 become	 very	 popular	 in	 aerospace	 and	 automotive	 industries,	
where	 light	weight	 is	of	primary	 importance.	 It	has	been	demonstrated	that,	 for	thin	
metal	structures	used	in	the	automotive	industry,	the	transmission	of	stresses	is	more	
effective	by	adhesive	bonding	than	by	riveting	or	welding	joining	methods	[2].	
	
At	 the	moment,	 several	 investigations	 are	 dedicated	 to	 exclusive	 in-depth	 study	 the	
behavior	of	the	hybrid	metal-composites	materials.	Fibre	metal	laminates	(FML)	are	one	
type	of	hybrid	composite	that	it	is	widely	used	in	the	aeronautical	industry.		
	
FML	are	a	type	of	hybrid	composites,	based	on	thin	layers	of	metal	bonded	to	layers	of	
FRPs.	 Several	 companies	 have	 shown	 interest	 in	 replacing	 traditional	 aluminium	
components	with	FML.	The	main	purpose	with	their	project	was	to	reinforce	the	metal	
alloy.	Thanks	to	the	FRPs	characteristics,	FML	combine	the	best	of	two	worlds,	resulting	
in	a	low-density	hybrid	composite	laminate	with	high	fatigue	resistance,	high	strength,	
high	fracture	toughness	and	high	impact	resistance.	
	
In	this	study,	CFRP	was	also	used	to	manufacture	FMLs	but	several	problems	during	the	
manufacturing	affect	this	kind	of	composite,	known	as	CARALL.	The	main	problem	was	
the	high	thermal	stresses,	caused	by	the	large	mismatch	of	the	coefficient	of	thermal	
expansion	 between	 CFRP	 and	 aluminium.	 Nowadays,	 CARALL	 is	 used	 in	 limited	
applications,	such	as	impact	absorbers	for	helicopters	struts	and	aircraft	seats.	
	
Delft	University	of	Technology	first	developed	these	materials	[3]	and	its	concept	could	
be	extended	to	reinforce	automotive	grade	steels	with	carbon	fibre.	
	
Other	 problems	 can	 be	 found	 when	 CFRP	 is	 used.	 The	 difficult	 and	 expensive	
manufacture	process	is	a	major	drawback	of	these	techniques.		New	techniques	will	be	
used	in	this	master	thesis	in	order	to	reduce	the	manufacturing	time.	In	the	automotive	
industry,	around	to	40%	of	the	body	in	white	(BIW)	production	is	made	by	hot	stamping	
process,	where	you	can	get	thin	metal	structures	with	high	mechanical	properties.		

Two	main	goals	are	desired	for	this	thesis	work:		

• Design,	develop	and	manufacturing	of	hybrid	test	coupons	using	hot	stamping	process.	
• Identify	 the	 joint	 properties	 and	 get	 joint	 strength	 more	 resistant	 than	 the	 resin	

properties	in	the	CFRP	substrate.	
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2. Hot	Stamping	Process	
Nowadays,	 automobile	 companies	 have	 the	 necessity	 to	 reduce	 vehicles	weight	 and	
improve	the	safety	and	crashworthiness	qualities	at	the	same	time.	Hot	stamping	is	the	
major	lightweight	technology	for	body	in	white	structures	in	the	automotive	industry	[4].		
	
Hot	stamping	is	currently	the	main	process	used	to	form	automobile	components	with	
high	strength.	This	process	uses	22MnB5	type	steel.	This	kind	of	steel	is	used	for	its	good	
hardenability	which	is	the	key	for	the	process	to	work.	Adding	Boron	reduces	the	critical	
cooling	 rate	 necessary	 to	 obtain	 a	 fully	 martensitic	 microstructure.	 Excellent	 shape	
accuracy	and	the	elimination	of	spring	back	of	the	automobile	components	are	the	main	
advantages	within	this	process.	
	
The	general	steps	in	the	Hot	Stamping	Process	are	explained	in	the	following	section.	
	

a. Austenization	treatment	
The	 blank	 is	 heated	 to	 around	 900	 °C	 -	 950	 °C	 in	 a	 furnace	 until	we	 get	 an	 entirely	
austenite	microstructure.	Homogeneous	austenitization	of	the	blank	during	this	step	is	
one	of	the	main	conditions	in	order	to	obtain	components	with	the	desired	properties.		
	
Different	 studies	 have	 shown	 also	 the	 importance	 on	 the	 sheet	 thickness	 [5].	 Hence,	
furnace	heating	time	will	be	chosen	in	function	of	the	thickness	of	the	blanks.	If	Boron	
Steel	material	is	coated,	for	example	with	AlSi-coating,	special	heating	must	be	done.	In	
these	 cases,	 the	 diffusion	 process	 between	 Boron	 Steel	Material	 and	 the	 coating	 is	
important	(A	process	of	5-7	minutes	is	recommended	to	allow	the	Al-Si	layer	to	diffuse	
into	the	steel	matrix	and	obtain	it	anticorrosion	effect).		
	
AlSi	coated	boron	steel	is	commonly	used	in	the	hot-stamping	process.	One	advantage	
of	applying	an	AlSi	coating	on	a	22MnB5	steel	is	that	the	shot	blasting	process	can	be	
eliminated	and	gives	an	increased	corrosion	resistance.	However,	this	AlSi	layer	will	play	
a	critical	rule	in	this	thesis.	
	
The	Roller	Hearth	Furnace	is	the	main	industrial	heating	process	in	hot	stamping.	The	
blank	 is	 introduced	 in	 the	 furnace	and	 radiation	 is	 used	 to	heat	up	 the	blank	 to	 the	
desired	temperature.	The	main	disadvantage	is	the	loss	of	energy	efficiency	caused	by	
the	exhaust	gases	and	the	rollers.		
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Moreover,	other	different	heating	processes	can	be	used	in	order	to	heat	the	blank	such	
as	conduction	heating	and	induction	heating	[4].			
	

	
	
	
	
	

b. Transfer	of	the	blank	
This	transition	step	is	done	in	order	to	transfer	the	blank	from	the	furnace	to	the	hot	
stamping	tool.	It	must	be	executed	as	quickly	as	possible	to	get	the	desired	properties	
in	the	part,	according	with	the	continuous	cooling	transformation	(CCT)	Diagram.	If	the	
temperature	falls	before	800	°C,	the	final	microstructure	can	have	some	bainite	and/or	
ferrite	instead	of	100%	martensite	(which	is	the	harder	microstructure).	In	order	to	make	
this	section	more	explanatory,	diagram	TTT	will	be	shown	in	the	figure	below	where	you	
can	observe	the	importance	of	the	transfer	part.	

	
	
As	you	can	observe	 in	the	diagram,	 if	 time	during	transfer	 is	big	enough,	cooling	 line	
(discontinuous	line	in	the	diagram)	can	move	to	the	right.	Hence,	you	won’t	get	a	100%	
martensitic	microstructure.	
	

c. Hot	pressing	
After	furnace	heating	and	transfer,	the	blank	is	placed	into	the	hot	stamping	tool.	When	
the	blank	is	inside	of	the	tool,	fast	tool	closing	is	done	and	
the	forming	process	is	executed	before	martensite	starts	to	
appear.	 After	 the	 forming	 process,	 the	 automobile	
components	are	quenched	to	approximately	80	°C.	In	order	
to	realize	this	quenching,	water	ducts	are	introduced	inside	
the	tool	and	cool	water	flows	inside	of	them.	Hence,	heat	is	
transferred	out	of	the	tool.	

Figure	1.	Roller	Hearth	Furnace	heating	systems	[4].	

Figure	3.	Hot	stamping	tool	design	[4].	

Figure	2.	TTT	diagram	Boron	steel	22MnB5.	
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d. Cutting	and	piercing	
The	last	operations	will	be	done	in	order	to	get	the	tolerances	for	the	different	parts	of	
the	automobile.	However,	the	high	strength	after	hot	stamping	is	a	characteristic	that	
must	 be	 taken	 into	 account	 in	 order	 to	 choose	 the	 cutting	 process.	 According	 to	
H.Karbasian	et	Al.	[4],	laser	cutting	is	the	most	common	method	used	in	the	automotive	
industry.	Warm	cutting	and	hard	cutting	can	be	also	used.	
	

e. Types	of	hot	stamping	processes	
Direct	hot	stamping	is	the	general	hot	stamping	process,	explained	before.	The	blank	is	
heated	in	the	furnace	up	to	temperatures	above	900	°C.	In	Figure	4,	a	design	of	the	direct	
hot	stamping	process	is	shown.	

	
If	 you	want	 an	 abrasive	 wear	 reduction	 on	 the	 die	 during	 the	 process,	 indirect	 hot	
stamping	can	be	also	used	[4].		
	
Nowadays,	 new	 techniques	 have	 been	 developed	 in	 order	 to	 reduce	 some	
disadvantages	in	hot	stamping	as	you	can	look	in	the	research	of	K.	Mori	et	Al.	[6],	Naderi	
et	Al.	[7]	and	Tomimura	et	Al.	[8].	
	

f. Boron	steel	after	hot	stamping	
Boron	addition	in	low	carbon	steels	helps	to	increase	hardenability	and	strength	in	the	
final	 automobile	 components.	 Malleability	 and	 weldability	 when	 undergoing	
thermoforming	are	the	main	advantages	of	using	boron	steel.	Therefore,	their	use	in	hot	
stamping	has	increased	in	the	last	decades.	Some	information	will	be	given	in	order	to	
understand	this	phenomenon.	 	
	

Firstly,	when	we	are	up	to	900	°C	-	950	°C,	we	observe	a	100%	austenite	microstructure	
and	 boron	 is	 segregated	 inside	 of	 the	 austenite	 grain	 boundaries.	 These	 segregates	
reduce	 the	 grain	 boundary’s	 energy	 and	 therefore	 nucleation	 of	 ferrite	 in	 the	 grain	
boundaries	 is	delayed.	Thanks	to	this	boron	alloy,	cooling	rate	needed	to	have	100%	
martensitic	 microstructure	 decreases.	 Hence,	 cooling	 rate	 bigger	 or	 equal	 to	 27K/s	
would	be	enough	to	get	this	microstructure,	as	you	can	see	in	Figure	2. 	
 

Figure	4.	Direct	hot	stamping	process	[4].	
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In	 this	mater	 thesis,	Usibor	1500P	 “Al-Si	 coating	boron	 steel”	was	used	 to	 study	 the	
behavior	of	 the	metal-composite	 joint.	This	kind	of	boron	steel	 (22MnB5)	 is	used	for	
direct	hot	stamping.	The	first	serial	hot	stamping	was	developed	by	plannja	hardtech	in	
the	 1970’s.	 This	 coating	 provides	 corrosion	 protection,	 prevent	 oxidation	 and	 scale	
formation	during	furnace	heating	and	 is	generated	 in	a	continuos	hot-dip	galvanizing	
process	and	consists	of	10%	Si,	3%	Fe	and	87%	Al.	
	
This	Al-Si	 coating	 layer	was	advantages	 in	 the	production.	 For	example,	 sandblasting	
step	 is	 not	 needed	during	 the	 production	 of	 the	 automobile	 body	 component.	 Also,	
excellent	 geometrrical	 accuracy	 and	 very	 good	 corrosion	 protection	 in	 the	 parts	 are	
achieved.	
	
However,	 Al-Si	 coating	 layer	 has	 the	 following	 drawbacks,	 for	 example	 its	 high	 raw	
material	cost.	
	

g. New	hot	stamping	technique	for	metal-composite	structural	body	
components	

An	 established	 lightweight	 technology	 is	 to	 use	 local	 patch	 reinforcements	 on	 hot	
stamped	components.	These	normally	consist	of	the	same	steel	grade	as	the	base	,	and	
are	joined	by	spot	welding	before	forming	and	quenching.	
	
The	new	method	used	 in	 this	work	 consists	 of	 using	 carbon	 fiber	 reinforced	plastics	
(CFRP)	 as	 a	 patch.	 In	 order	 to	 do	 that,	 the	 CFRP	 laminate	 will	 cure	 directly	 on	 the	
component,	using	adhesive	bonding	as	a	joining	method.	
	
In	this	process,	just	as	in	the	standard	direct	hot	stamping	process,	the	blank	is	heated	
in	the	furnace	up	to	temperatures	above	900	°C.	The	heated	blank	is	moved	to	the	hot	
stamping	tool,	where	the	shape	is	obtained.		
	
Once	 the	metallic	 component	 is	 quenched,	 the	 component	 together	 with	 the	 CFRP	
prepeg	patch	is	transferred	to	a	second	tool	where	the	patch	is	cured	and	adhesively	
bonded	to	the	steel	component.	
	
In	this	work,	we	have	used	a	lab-scale	prototype	manufacturing	method	using	vacuum	
bags	to	cure	the	CFRP	patch	and	adhesively	bond	it	to	the	metal	sheet.		
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3. CFRP	composite	material	
CFRP	material	consists	of	fibres	with	high	strength	and	stiffness.	These	fibres	are	
joined	to	a	polymer	matrix	in	the	most	part	of	the	cases.		
	
In	this	master	thesis,	carbon	fiber	–	epoxy	resin	composite	material	will	be	used	to	
make	the	metal-composite	joints.	
	
In	this	case,	both	carbon	fibers	and	polymer	epoxy	resin	matrix	are	chemically	bonded	
in	 order	 to	 form	 the	 composite	 material.	 These	 two	 materials	 act	 together,	 each	
overcoming	 the	 deficits	 of	 the	 other.	 Whereas	 the	 plastic	 resins	 are	 strong	 in	
compressive	loading	and	relatively	weak	in	tensile	strength,	the	carbon	fibers	are	very	
strong	in	traction	but	tend	not	to	resist	compression.	By	combining	the	two	materials,	
the	composite	becomes	a	material	that	resists	both	compressive	and	tensile	forces	as	
well,	knowing	that	compressive	strength	is	still	far	lower	than	tensile	strength.	
	
Several	manufacturing	techniques	can	be	used	to	produce	thermoset	composites.	They	
can	 be	 fabricated	 using	 wet-forming	 processes,	 or	 other	 processes	 which	 used				
prepregs	[9][10].	
	

• Wet-forming	 processes.	 The	 resin	 is	 initially	 in	 fluid	 state.	 In	 this	 process,	 resin	 gets	
cured	in	the	product	while	the	resin	is	“wet”.	This	curing	can	be	aided	with	external	heat	
and	pressure.	Several	processes	are	inside	of	this	group:	Hand-layup,	filament	winding,	
resin	transfer	molding	(RTM),	...	

• Alternative	processes:	In	this	case,	a	pre-fabricated	material	in	semi-cured	form	is	used	
to	provide	the	final	shape	of	the	product.	This	final	product	is	after	that	subjected	to	
heat	and	pressure	with	the	objective	of	completing	the	curing	process.	Three	different	
pre-fabricated	 material	 can	 be	 available:	 Bulk	 molding	 compounds	 (BMCs),	 sheet	
molding	compounds	(SMCs)	and	prepregs.	

In	this	project,	process	which	used	prepregs	is	adopted	and	the	prepreg	material	used	
is	called	prepreg	T700/E445.	Prepeg	is	the	common	term	for	fabric	reinforcement	that	
has	been	pre-impregnated	with	a	resin	system.	As	a	result,	it's	ready	to	lay	into	a	mold	
without	the	addition	of	resin	or	the	steps	required	of	a	typical	hand	lay-up.	This	CFRP	
composite	prepreg	was	developed	for	a	fast	curing	time	in	hot-stamping	process.	

The	most	common	form	of	fiber-reinforced	composite	used	in	structural	application	is	
called	laminate.	This	laminate	is	made	by	stacking	a	number	of	thin	layers	of	fiber	and	
matrix	 (epoxy)	 and	 consolidating	 them	 into	 the	 desired	 thickness,	 see	 figure	 5.	 The	
mechanical	performance	of	the	laminate	depends	of	the	amount	of	the	fibers	and	their	
special	orientation.		



	 12	

	
	
	
	
	
	
	
	
	
	
	
	
	

a. Carbon	fibers	(CF)	
Fibers	are	the	most	common	reinforcement	due	to	their	desired	properties	which	are	
needed	to	dominate	the	characteristics	and	properties	of	the	composite.	
	
Carbon	fibers	are	very	popular	in	aerospace,	civil	engineering,	military	and	
motorsports,	due	to	their	properties,	such	as	high	stiffness,	high	tensile	strength,	low	
weight,	high	chemical	resistance,	high	temperature	tolerance	and	low	thermal	
expansion.	However,	they	are	relatively	expensive	as	compared	with	similar	fibers	such	
as	natural	fibers	or	glass	fibers.	A	carbon	fiber	is	a	long	and	thin	material	composed	
mostly	of	carbon	atoms.	These	atoms	are	bonded	together	in	microscopic	crystals	that	
are	more	or	less	aligned	parallel	to	the	long	axis	of	the	fiber.	This	alignment	makes	the	
fiber	incredibly	strong	for	its	size.	
	
In	our	case,	T700S	CFs	are	the	high	strength,	standard	modulus	fiber	available	with	
excellent	processing	characteristics	for	filament	winding	and	prepreg.	
	

b. Epoxy	resin	(EP)	
Epoxies	 are	 widely	 utilized	 for	 coatings,	 for	 structural	 applications	 and	 for	
microelectronic	encapsulants.	They	are	manufactured	by	reacting	epichlorohydrin	with	
bisphenol.		
	
Those	thermoset	plastics	which	are	cured	under	high	temperature	conditions,	have	high	
glass	transition	temperature.	Their	high	modulus	with	low	shrinkage	makes	them	widely	
used	 as	 a	matrix	 for	 composite	 applications.	 These	materials	 have	many	 advantages	
including;	relatively	low	cost,	low	density,	good	resistance	to	environment	and	they	are	
a	flame	retardant	...	[12]	[13]		
The	main	functions	of	a	matrix	are	the	following:	binds	the	reinforcements	together,	
transfers	 stresses	 to	 the	 fibers,	 protects	 the	 reinforcements	 from	environments	 and	
mechanical	effects,	provides	the	composite	with	a	solid	form,	controls	the	transverse	
properties,	holds	reinforcing	fibres	in	the	desired	orientation	[14].		

	

Figure	5.	Schematic	Illustration	of	composite	laminated	[11].	
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However,	one	of	the	main	disadvantages	we	have	using	thermosets	is	the	curing	time.	
In	 high	 volume	 production,	 the	 time	 factor	 is	 one	 of	 the	 most	 important	 factors	
regarding	productivity.	Obtention	of	epoxy	resin	with	small	curing	time	is	needed	if	we	
want	to	facilitate	the	introduction	of	the	composite	material	in	the	mass	production.	
	
Recent	developments	have	focused	on	reduction	of	curing	time.	Composite	materials	
Italy	(C.I.T.)	has	developed	the	ET445	fast	epoxy	matrix	 [15].	This	epoxy	matrix	system	
developed	for	hot-press	process	and	it	can	be	fully	cured	in	only	7	min	(if	temperature	
is	equal	or	above	140ºC).	ET445	fast	is	the	resin	used	in	this	work.	
	
Moreover,	Hexcel	company	has	produced	HexPly	M77	epoxy	resin	[16].	This	epoxy	was	
especially	designed	 for	prepeg	applications	and	short	cure	cycles.	For	 this	 resin,	 fully	
cured	 composite	 can	 be	 obtained	 with	 1,5	 min	 cure	 cycle	 at	 150	 °C	 at	 a	 pressure	
between	1	and	10	bar.	

4. Adhesive	bonding	metal-composites	
Adhesive	is	defined	as	a	substance	that	is	capable	of	strongly	and	permanently	holding	
two	surface	together	[2].	Bonding	is	the	joining	of	the	two	materials	using	an	adhesive	
material.	
	
The	adhesive	bonding	technique	has	gained	popularity	because	it	offers	flexible	design	
and	can	have	a	wide	range	of	 industrial	applications.	Advances	of	polymer	chemistry	
have	resulted	in	high	strength	and	short	cure	time	adhesives	[2].	
	
Advantages	of	the	adhesive	bonding	technique	[2]:	

1. It	 offers	 the	 possibility	 to	 join	 large	 surfaces,	 dissimilar	 materials	 and	 thin	
substrates.	

2. It	provides	good	uniform	load	distribution,	except	at	edges.	
3. It	does	not	make	any	visible	surface	marking.	
4. It	has	excellent	fatigue	performance.	
5. It	has	good	damping	and	vibration	properties.	
6. It	requires	low	heat	so	that	substrates	are	not	affected.	
7. It	provides	high	strength	to	weight	ratio	

	
Disadvantages	of	the	adhesive	bonding	technique:	

5. Cleaning	and	surface	pre-treatment	is	required	in	order	to	achieve	high	quality	
bonding.	

6. Long	curing	periods	may	be	required.	
7. Pressure	and	fixtures	may	be	required.	
8. Inspection	of	joints	after	bonding	is	difficult.	
9. It	is	sensitive	to	high	temperature	and	moisture	concentration.	
10. Special	training	may	be	required.	
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Three	different	joining	methods	are	discussed	in	this	work:	
1. Riveting	
2. Welding	
3. Adhesive	bonding	

	
Nowadays,	 welding	 is	 the	 most	 used	 joining	 technique	 in	 the	 automotive	 industry.	
However,	 the	 transmission	 of	 the	 stresses,	 using	 thin	 material	 structures,	 is	 more	
effective	 by	 adhesive	 bonding	 than	 by	 riveting	 or	 welding	 joining	 [2].	 Also,	 fibre	
reinforced	Polymer	composites	are	easier	to	join	by	adhesives	than	by	other	techniques.	
	
Epoxy	resins	is	one	of	the	most	important	product	in	the	history	of	adhesive	because	of	
their	versatility,	good	mechanical	properties	and	ease	of	use.	It	was	created	by	Pierre	
Castan.	They	have	high	shear	strength,	but	low	toughness	and	peel	stress.	In	order	to	
improve	 toughness	 and	 peel	 stress	 properties,	 use	 of	 additives	 as	 butadiene-based	
rubber	modifiers	can	be	used	to	improve	peel,	impact,	and	fatigue	resistance	[18].	
	
In	this	master	thesis,	a	dual	adhesive	layer	will	be	obtained.	Due	to	the	Al-Si	coating	that	
the	boron	steel	has,	a	hybrid	adhesive	will	be	found.	It	consists	of	two	different	phases:	
the	Al-Si	coating	layer	and	the	epoxy	resin	layer.	The	adhesive	used	in	this	work	is	the	
same	as	 the	matrix	material	ET445	fast.	During	our	 tests,	 this	adhesive	structure	has	
been	critical	in	the	understanding	of	the	results.		
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5. Damage	in	the	metal-composite	joints	
The	failure	modes	in	the	metal-composite	joints	can	be	distributed	in	3	different	groups	
[17]:	
	

- Adherent	failure.	The	failure	occurs	in	one	of	the	adherents	(metal	or	composite	
part).	It	means	outside	the	joint.	This	failure	can	occurs	if	the	adhesive	bond	is	
manufactured	and	designed	properly.	

- Cohesive	failure:	It	happens	in	the	adhesive	layer,	which	may	take	place	when	
the	interface	is	stronger	than	the	adhesive	material.	It	can	be	identified	by	the	
presence	of	adhesive	material	on	both	faces	of	the	adherent	

- Adhesive	failure:	 It	 is	known	as	 interfacial	 failure,	which	takes	place	when	the	
interface	 is	weaker	than	the	adhesive	material	and	represents	a	failure	of	the	
bond	between	adhesive	and	one	of	 the	 substrates.	 It	 can	be	 identified	easily	
when	you	can	observe	any	adhesive	on	one	of	the	adherents.	

	

	
	

	 	

Figure	6.	Damage	in	the	metal-composite	joints.	a,	b	and	c	are	adherent	failure;	d	is	cohesive	
failure;	e	is	adhesive	failure	[17].	
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6. Introduction	of	fracture	toughness	tests:	
One	of	the	most	frequent	failures	modes	affecting	structural	parts	made	of	laminated	
composites	 is	delamination.	The	presence	of	delamination	can	significantly	affect	the	
mechanical	properties,	 like	decreasing	stiffness	and	strength,	of	the	composite	parts.	
Manufacturing	 imperfections,	 as	 well	 as	 fatigue	 and	 stress	 concentrations	 due	 to	
material	discontinuity	are	common	origins	that	lead	to	this	failure	mode.	The	stresses	
involved	in	these	criteria	are	called	interlaminar	stresses.	When	these	stresses,	that	act	
in	the	interface	between	laminas,	are	big	enough	delamination	failure	may	occur.	One	
alternative	 is	 the	 application	 of	 fracture	 mechanics	 and	 therefore	 determine	 the	
fracture	toughness	or	critical	energy	release	rate	of	the	material.	In	this	approach	three	
different	failure	modes	are	possible	[19]	[20]:	
	

• GI			-Mode:	Failure	due	to	interlaminar	tension.	
• GII		-Mode:	Failure	due	to	interlaminar	sliding	shear.	
• GIII	-Mode:	Failure	due	to	interlaminar	scissoring	shear.	

	
	
	
	
	
	
	
	
	
	
Since	 these	 failures	 modes	 most	 often	 appear	 in	 combination	 and	 are	 easily	
superposable,	thanks	to	linear	elastic	fracture	mechanics,	in	this	report	mode	GI	and	GII	
will	be	analyzed	and	determined.		
	
The	common	tests	to	determine	GI	and	GII	is	the	double-cantilever-beam	(DCB)	and	the	
End	Notched	Flexure	(ENF)	tests.		
	
	
	
	 	

Figure	7.	Failure	mode	in	fracture	toughness	tests. 
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a. Theory	of	DCB	test	–	Mode	I	fracture	Testing	
The	simplest	DCB	configuration	is	a	rectangular	specimen	with	an	even	number	of	layers	
and	 a	 uniform	 thickness,	 as	 shown	 in	 figure	 8.	 The	 dimensions	 of	 the	 specimen	 are	
normally:	3	mm	(thickness)	x	20	mm	(width)	x	200	mm	(length)	in	case	of	non-hybrid	
samples.	Furthermore,	a	nonadhesive	insert	(release	film)	is	placed	in	the	middle	plane,	
at	one	end	of	the	specimen.	This	release	film	acts	as	crack	starter	and	ensures	that	the	
crack	starts	in	the	middle.	At	the	same	end	as	the	crack	starter,	two	piano	hinges	enable	
the	application	of	a	constant-rate	load	by	the	testing	machine	[9].		
	
	
	
	
	
	
	
	
	
	
An	 extensometer	 records	 the	 displacements,	 which	 are	 then	 plotted	 in	 a	 load-
displacement	diagram.	In	order	to	obtain	reliable	data	for	different	crack	lengths,	the	
test	is	stopped	after	10	mm	crack	extension.	By	increasing	this	crack	length	increments	
the	result	can	be	improved.	Every	time	the	test	is	stopped	it	is	unload	with	a	rate	and	
reloaded	 again	 with	 a	 constant	 rate	 of	 5	mm/min	 and	 2	mm/min	 according	 to	 the	
standard	ASTM	D5528	–	13	[21].	The	position	of	the	crack	in	each	step	is	marked	on	both	
edges	of	the	specimen	and	therefore	being	measured	afterwards	with	a	precision-dial	
caliper.	As	the	crack	extends	the	compliance	of	the	specimen	increases.	According	to	
Irwin´s	definition	the	energy	release	can	be	calculated	as	followed	[9]:	
	

	 	 	 	 	 			G" =
$%

&'
	)*
)+
	 	 	 	 	 	

	
where	“P”	is	the	applied	load,	“b”	the	specimen	width,	“a”	the	measured	crack	length	
and	“C”	the	compliance	defined	as:	
	

	 	 	 	 	 	 c = ∆
$
		 	 	 	 	 	

	
where	D	is	the	displacement	at	the	specimen	end	where	the	load	is	being	applied.	For	
the	crack	initiation	point	P	=	Pc	=	Pmax	the	energy	release	rate	is	defined	as:		
	

	 	 	 	 	 				G". =
$/01

%

&'
	)*
)+
		 	 	 	

	

Figure	8.	DCB	Test	specimen. 
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There	are	several	approaches	and	methods	in	order	to	determine	the	compliance	as	a	
function	of	different	crack	lengths	and	the	final	critical	energy	release	rate	GC.	Next	only	
the	methods	used	during	this	project	work	will	be	presented	[23].	
	
Empirical	compliance	calibration	method	(ECM):	
	
According	to	ECM,	several	functions	are	fitted	with	the	use	of	the	least-square	method	
over	the	compliance	versus	the	crack	length	plot.	After	one	of	these	equations	can	be	
found:	
	
Polynomial	of	3rd	degree:		 	 c = c2𝛼2 + c&𝛼& + c5𝛼 + c6	 	 	
	
Exponential:	 	 	 	 c = A𝛼8	 	
	 	 	 	
For	 this	 thesis,	 exponential	 method	 will	 be	 used,	 because	 it	 gives	 us	 a	 better	
approximation	of	 the	energy	 release	 rate.	 So,	A	 and	n	 coefficient	were	used	 for	 the	
following	equation	in	order	to	calculate	GI:	
	

𝐺: =
𝑃<=>&

2𝑏 	
𝜕𝑐
𝜕𝑎 =

𝑃&𝑛𝐴𝛼FG5

2𝑏 		
	
	
Modified	compliance	calibration	method	(MCC):	

This	 method	 utilizes	 the	 following	 expression	 for	 the	 determination	 of	 the	 energy	
release	rate	values	as	a	function	of	the	crack	length:	
	

𝐺: =
3𝑃&𝐶𝛼

&
2

2𝐴5𝑏ℎ
	

	
where	A1	is	a	compliance	calibration	term,	taken	as	the	slope	of	a	straight	line	generated	
by	the	least	square	fit	of	the	delamination	length	normalized	by	the	specimen	thickness	
(a/h)	versus	the	cubic	root	of	the	compliance.	
	
Corrected	beam	theory	method	(CBT):	
	
The	Corrected	Beam	Theory	(CBT)	data	reduction	scheme	is	one	of	the	most	frequently	
used	methods	for	calculating	the	energy	release	rate	magnitude,	expressed	in	terms	of	
the	crack	length	α.		

CBT	was	introduced	by	Williams	(1989)	and	is	given	by	the	following	formula:	 	

	 	 	 	 	 𝐺: = 	
3𝑃𝛿

2𝑏	 𝛼+	 Δ 	 	 	 	 	
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where	 Δ 	is	a	correction	factor	for	the	crack	tip	rotation,	determined	experimentally	by	

generating	 a	 linear	 regression	 of	 the	 cubic	 root	 of	 the	 compliance	 (𝑐
M
N)	 versus	 the	

delamination	length.	

b. Theory	of	ENF	test	–	Mode	II	fracture	Testing	
The	simplest	ENF	configuration	is	a	rectangular	specimen	with	an	even	number	of	layers	
and	 a	 uniform	 thickness,	 as	 shown	 in	 figure	 9.	 The	 dimensions	 of	 the	 specimen	 are	
normally:	3	mm	(thickness)	x	20	mm	(width)	x	130	mm	(length)	in	case	of	non-hybrid	
samples.	Furthermore,	a	nonadhesive	insert	(release	film)	is	placed	in	the	middle	plane,	
at	one	end	of	the	specimen.	This	release	film	acts	as	crack	starter	and	ensures	that	the	
crack	starts	in	the	middle.		

	
	
An	 extensometer	 records	 the	 displacements,	 which	 are	 then	 plotted	 in	 a	 load-
displacement	diagram	during	the	3-point	bending	test.	In	order	to	obtain	reliable	data	
for	 different	 crack	 lengths,	 the	 test	 is	 stopped	 after	 2,5	 mm	 crack	 extension.	 By	
increasing	these	crack	length	increments	the	result	can	be	improved.	Every	time	the	test	
is	stopped	it	is	unload	and	reloaded	again	with	a	constant	rate	of	1,6	mm/min	and	0,5	
mm/min	according	to	standard	ASTM	D7095M-14	[22].	The	position	of	the	crack	in	each	
step	is	marked	on	both	edges	of	the	specimen	and	therefore	being	measured	afterwards	
with	a	precision-dial	caliper	from	the	holding	point	where	the	initial	crack	is	found.	As	
the	crack	extends	the	compliance	of	the	specimen	increases.		
	
	 	

Figure	9.	ENF	Test	specimen.	
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Two	 different	 methods	 or	 approaches	 were	 used	 to	 calculate	 the	Mode	 2	 Fracture	
energy	[22]	[24]:	
	

- Compliance	calibration	method	(CCM):		

It	has	been	a	classical	data	reduction	scheme	for	addressing	GII,	since	its	introduction	
done	by	Russell	and	Street	(1985).	This	method	is	also	the	Irwin-Kies	equation	for	the	
calculation	of	GII.	

𝐺:: =
𝑃&

2𝑏	
𝜕𝑐
𝜕𝑎	

	
All	the	parameters	has	already	been	defined	in	the	DCB	section.	However,	in	this	case	
the	compliance	C	is	expressed	in	terms	of	a	constant	term	C0	and	a	term	proportional	to	
the	cubic	power	of	the	crack	length	a	according	to	the	following	equation:	
	

𝐶 = 𝐶6 + 𝑚𝛼2	
	
Coefficient	 m	 can	 be	 determined	 from	 the	 slope	 of	 the	 experimental	 curve	 of	 the	
compliance	versus	the	cubic	power	of	crack	length.	By	differentiating	Equation	above	in	
function	of	the	crack	length	and	substituting	the	compliance	equation,	the	GII	values	are	
given	for	each	discrete	measured	crack	length	ai	(I	=	0,…,n,	where	0	corresponds	to	crack	
initiation	 and	 n	 to	 the	 maximum	 number	 of	 crack	 tip	 measurements)	 by	 the	 next	
equation:	
	

𝐺:: =
3𝑚𝛼&𝑃&

2𝑏 	

	
- Linear	Beam	Theory	(LBT)	method:		

For	 the	Mode	 II	 ENF	 test	 the	 compliance	 calculated	 by	 linear	 beam	 theory	 is	 given	
through:	
	

𝐶 =
3𝑎2 + 2𝐿2

8𝐸5𝑏ℎ2
	

	
By	substituting	this	expression	into	Irwin-Kies	equation,	the	critical	energy	release	rate	
for	the	ENF	test	can	be	obtained	from:	
	

𝐺::S =
9𝑃𝑎&𝛿 ∙ 1000

2𝑏 1
4 𝐿

2 + 3𝑎2
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7. Introduction	of	tensile	test	using	lap	joint	configuration	
Lap	joints	have	been	used	extensively	in	the	automotive	industry.	These	tests	were	done	
in	 order	 to	 determine	 the	 response	 of	 the	 structural	 adhesive	 joint.	 For	 the	 joint	
configuration,	bonded	joints	should	be	designed	to	minimize	or	to	neuter	the	peel	stress	
on	the	adhesive.	There	are	some	typical	joint	configurations,	which	have	been	studied	
extensively,	due	to	their	simplicity	and	occurrence	in	industrial	design.	In	our	case,	single	
lap	joint	was	the	one	used	because	its	simplicity	and	efficiency.	

As	an	analytical	solution,	Linear	elastic	analysis	was	chosen	to	analyse	the	experimental	
results.	This	analysis	assumes	that	the	adherends	are	rigid	and	the	adhesive	is	subjected	
only	to	shear	stresses	[17].	The	stress	value	in	this	case	is	constant	across	the	bond	area	
and	is	calculated	using	the	following	formula.	

𝜏 = 	
𝑃
𝑏𝑙	

where	“P”	is	the	load	applied,	“l”	the	overlap	length	and	“b”	the	joint	width.	

	
	
The	 damage	 evolution	 is	 described	 by	 the	 traction-separation	 law	which	 relates	 the	
traction	 forces	 to	 the	separation.	The	 first	part	of	 the	 traction-separation	 law	 (linear	
area)	is	related	to	continuum	mechanics,	while	there	is	no	damage	to	the	material.	After	
that,	damage	starts	to	occur	and	traction	decrease	faster	in	function	of	the	separation	
until	crack	is	totally	propagated.	

Traction-separation	 law	 represents	 the	
combination	of	 the	 continuum	mechanics	 and	
the	fracture	mechanics	approaches.	There	 is	a	
great	 variety	 of	 traction	 -	 separation	 laws,	
however	all	of	them	exhibit	basically	the	same	
type	of	behavior.	When	 the	 load	 is	 applied	 to	
the	 model,	 the	 two	 cohesive	 surfaces	 start	
separating	 and	 traction	 forces	 appear.	 They	
increase	until	a	maximum	value	is	reached.	If	the	load	and	the	traction	forces	are	not	
balanced,	 the	 traction	 forces	 will	 decrease	 as	 the	 CZE	 is	 damaged	 according	 to	 the	
traction	separation	law.	

Figure	10.	Single	lap	joint	stresses. 

Figure	11.	Usual	traction-separation	effect.	
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8. Materials:	Sample’s	manufacturing.		
	

a. Manufacturing	of	DCB	and	ENF	samples.	
For	these	tests,	ordinary	composite	samples	and	hybrid	samples	were	manufactured	for	
these	tests	according	to	the	different	standards	in	order	to	compare	the	difference	in	
the	fracture	toughness	between	them.		

The	 main	 target	 was	 to	 get	 the	 same	 fracture	 toughness	 in	 unidirectional	 fibre-
reinforced	polymer	matrix	 composites	 and	 in	hybrid	metal-composite	 samples.	 Then	
damage	in	the	CFRP	adherent	would	be	obtained	and	it	would	show	a	strong	joint.	

According	to	M.	A.	Wahab	[25],	in	order	to	obtain	pure	mode	I	and	II,	beam	deflection	in	
both	adherents,	CFRP	composite	and	boron	alloyed	steel,	should	be	the	same	during	the	
tests.	In	this	case,	the	beam	deflection	constituve	equation	has	been	considered	

M\ = D\ ∙
d&w\

dx& 	

where	wi	is	the	beam	deflection,	Mi	the	bending	moment	and	Di	the	bending	stiffness	of	
the	beam	“i”	(composite	or	metal).		

To	conclude,	in	order	to	keep	the	deflection	of	the	beams	equal	and	symmetric,	bending	
stiffness	of	composite	and	metal	must	be	equal.	Knowing	that	Dcomposite	=	Dmetal	and	the	
classic	laminate	theory	(CLT),	the	equation	needed	to	have	the	desired	parameters	is:	

E5h52

12 = 	D55 =
E&h&2

12 	→ 	
h5
h&
= 	

E&
E5

N
	

where	h1	is	the	composite	laminate	thickness,	h2	the	metal	thickness,	E1	the	composite	
young	modulus	and	E2	the	metal	young	modulus.	

According	to	 the	standard	ASTM	D5528-13,	CFRP	composite	 laminate	adherent	must	
contain	an	even	number	of	plies,	and	shall	be	unidirectional,	with	delamination	growth	
occurring	in	the	0°	direction.		

Knowing	the	metal	plate	thickness	and	knowing	the	Young	Modulus	for	both	adherents,	
thickness	of	the	CFRP	composite	laminate	was	calculated.	

h5 = 	h&
E&
E5

N
= 1,2 ∙

206
113,6

N
= 1,46334	mm	 → 	4.5375	layers	of	0º	
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To	 conclude,	 5	 layers	 of	 0°	 were	 used	 due	 to	 the	 manufacturing	 process.	 In	 our	
manufacture	 procedure,	 when	 the	 pressure	 is	 applied,	 CFRP	 composite	 adherent	
thickness	decreases	a	small	percentage.	Final	thickness	was	close	to	the	one	calculated	
and	approximately	pure	mode	I	and	II	were	obtained.	

Once	the	design	of	the	sample	parameters	was	done,	a	vacuum	bag	procedure	for	the	
manufacturing	of	the	samples	was	used.	One	issue	that	was	identified	was	the	risk	of	
inducing	cracks	when	cutting	the	specimens	after	curing.		

The	probability	of	damage	in	the	metal-composite	joint	during	the	preparation	of	the	
samples	was	important	due	to	the	use	of	a	diamond	wheel	to	cut	the	hybrid	composite	
plate.	Then,	two	different	procedures	were	tried	to	check	the	damage	induced	because	
of	the	cut	process:	

• Cutting	the	hybrid	specimens	after	curing.	

• Pre-cutting	the	metal	adherent	before	curing.	

Both	manufacturing	routes	are	evaluated.	The	first	because	it	 is	simple	to	do	a	single	
cutting	 procedure	 after	 curing,	 and	 the	 second	 is	 an	 attempt	 to	minimize	 the	 joint	
damage	induced	by	the	cutting	wheel.	

	

	

Both	manufacturing	processes	where	performed	to	check	if	the	cut	process	can	produce	
some	damage	in	the	joint	and	consequently	decrease	their	properties.	

	

	

Figure	12.	Hybrid	composite	plates	dimensions	for	both	procedures.	On	the	left,	using	
pre-cut	metal	strips;	on	the	right,	cutting	after	curing.	
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Vacuum	bag	procedure	for	unidirectional	fibre-reinforced	polymer	matrix	composites	
and	 in	 hybrid	 metal-composite	 samples,	 using	 both	 procedures	 is	 explained	 in	 the	
following:	

- Preparation	of	the	adherents.		

In	this	process,	it	is	the	only	part	that	differs	between	the	different	kind	of	samples.	

First	of	all,	a	CFRP	composite	adherent	was	manufactured	for	all	kind	of	samples.	It	starts	
manufacturing	a	laminate	with	the	lay-up	of	[0]5.	The	CFRP	prepreg	T700/E445	was	used.	
The	prepreg	was	cut	into	21x21	cm	pieces.	This	prepreg	pieces	were	put	together	in	the	
desired	orientation.	

After	that	for	the	other	adherent,	different	actions	were	performed	in	function	of	each	
kind	of	sample:	

• For	unidirectional	fiber-reinforced	polymer	matrix	composites	samples,	another	CFRP	

composite	adherent	was	manufactured	with	 the	 same	 lay-up	 that	 the	one	explained	

before.	

• For	hybrid	composite	samples	where	cutting	was	done	after	curing,	metal	plate	was	cut	

with	 the	dimensions	 shown	 in	Figure	12	and	methanol	 treatment	 in	 the	 surface	was	

adopt	to	delete	the	dust	in	the	metal	surface.	

• For	 hybrid	 composite	 samples	where	 pre-cut	metal	 strips	were	 used	metal	 samples	

were	 cut	 with	 the	 dimensions	 shown	 in	 Figure	 12	 and	 methanol	 treatment	 in	 the	

surfaces	was	also	adopt	to	delete	the	dust	in	the	metal	surfaces.	

	

	

- Introduction	of	the	initial	crack.	

After	the	preparation	of	the	adherent,	one	of	them	is	placed	on	a	Teflon	plate.	Then,	
non-adhesive	insert	was	introduced	in	the	side	where	the	fibers	are	in	the	longitudinal	
direction.	In	our	case,	we	used	release	film	to	introduce	approximately	50	mm	of	initial	
crack	length.	After	that,	the	other	adherent	(CFRP	composite	adherent)	is	attached	with	
this	one	in	the	same	orientation	(shown	in	Figure	14).	

Figure	13.	Preparation	of	the	adherents.	From	left	to	right		CFRP	composite	adherent,	metal	plate	as	a	metal	
adherent	and	metal	strips	as	a	metal	adherent.	
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- Preparation	of	the	vacuum	bag	technique.	

When	the	pieces	had	been	put	 in	desired	orientations,	the	plate	was	wrapped	into	a	
“release	film”	to	not	allow	the	resin	to	flow	out	during	the	curing	process	(Figure	15.a).	
This	 package	was	 then	 covered	with	 a	 second	 Teflon	 plate	 (Figure	 15.b),	which	was	
placed	 onto	 a	metallic	 plate	 and	 covered	with	 a	 “breather	 film”	 (Figure	 15.c)	 and	 a	
vacuum	bag	(Figure	15.d).	The	breather	film	function	is	to	allow	air	and	volatiles	to	be	
removed	within	the	vacuum	bag	and	across	the	corner	of	the	laminate	of	the	mold.	

	

	

Figure	14.	Introduction	of	the	initial	crack.	From	left	to	right	unidirectional	fiber-reinforced	polymer	
matrix	composite	plate,	hybrid	composite	plate	using	pre-cut	metal	strips;	hybrid	composite	plate		

where	cutting	was	done	after	curing.	

Figure	15.	Preparation	of	vacuum	bag	technique.	

a.	

d.	c.	

b.	
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- Curing	process	

Finally,	 the	 plate	was	 then	 put	 into	 a	 hot	 pressure	machine	 at	 160°C	with	 3	 bar	 of	
pressure	under	7	minutes	to	cure.		

	

	

In	the	figure	below,	a	typical	vacuum	bag	procedure	can	be	shown.	

	

	

	

	

	

	

Figure	17.	Vacuum	bag	procedure.	

Figure	16.	Real	picture	of	the	hybrid	composite	plate	after	curing	process.	At	the	top,	using	metal	
rectangles	as	a	metal	adherent.	At	the	bottom,	using	metal	rectangles	as	a	metal	adherents.	
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As	it	is	explained	in	the	previous	section	“Boron	steel	after	hot	stamping”,	two	different	
metal	 plate	were	 used:	 AlSi-coated	 boron	 steel	 “USIBOR	1500”	 and	 uncoated	 boron	
steel	22MnB5.	

During	 the	 manufacturing	 process	 for	 DCB/ENF	 samples,	 both	 metal	 plates	 were	
employed	to	compare,	after	that,	the	fracture	toughness	properties	between	them.	

However,	after	cutting	to	prepare	the	samples	for	the	test,	we	could	observe	that	there	
was	 no	 joint	 in	 the	 samples	 when	 uncoated	 boron	 steel	 22MnB5	 was	 applied	 as	 a	
adherent.	In	the	figure	18,	samples	with	USIBOR1500	and	uncoated	22MnB5	are	after	
cutting.	

	

Finally,	the	dimensions	of	the	samples	are	described	in	the	figure	19:	

	
Figure	19.	Dimensions	of	the	DCB/ENF	samples	after	vacuum	bag	procedure.	

Figure	18.	Hybrid	composite	samples	after	cutting	and	polishing.	From	left	to	right,	hybrid	composite	samples	using	
USIBOR1500	as	a	metal	adherent	and	uncoated	boron	steel	22MnB5	as	a	metal	adherent.	
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b. Manufacturing	of	Single	Lap	Joint	(SLJ)	samples	
In	 this	 case,	 only	 vacuum	 bag	 procedure	 for	 hybrid	metal-composite	 samples,	 using	
metal	rectangles	as	a	metal	adherent	was	carried	out:	

- Preparation	of	the	adherent	

In	this	process,	SLJ	samples	with	three	different	overlap	length	were	manufactured:	25,	
40	and	50	mm.	Dimensions	of	the	adherents	for	each	of	the	samples	were	different.	

Same	process	as	the	one	in	the	manufacturing	of	DCB/ENF	samples	was	used.	

5	layers	of	unidirectional	CFRP	composite	were	used	at	the	composite	adherent	in	order	
to	have	a	uniform	pressure	during	the	curing	process.	Details	will	be	explained	later	on.	

It	starts	with	manufacturing	a	CFRP	composite	laminate	with	the	lay-up	of	[0]5.	The	CFRP	
prepreg	T700/E445	was	used.	The	prepreg	was	cut	into	17	x	(11,5/13/12,5)	cm	pieces.	
This	prepreg	pieces	were	put	together	in	the	desired	orientation.	

For	 the	 metal	 adherent,	 metal	 samples	 were	 cut	 into	 20	 x	 (115/130/125)	 mm	 and	
methanol	treatment	in	the	location	of	the	overlap	joint	was	adopt	to	delete	the	dust	in	
the	metal	surfaces.	

	

- Fixing	position	of	the	metal	samples	

Once	metal	samples	are	prepared,	position	of	the	metal	samples	must	be	fixed	at	the	
same	direction	as	the	longitudinal	direction	of	the	fibers	in	the	CFRP	adherent.	Hence,	a	
small	mold	was	manufactured	in	order	to	fix	this	direction.	It	consists	of	a	thin	metal	
plate	(1mm	thickness)	with	6	holes	with	dimensions	50x20mm.	This	mold	and	the	metal	
samples	were	placed	in	a	Teflon	plate.	

Release	paper	was	used	to	cover	the	mold.	It	was	because	the	metal	mold	could	be	stuck	
during	the	curing	process	with	the	metal	samples.	 It	 is	possible	due	to	the	resin	that	
flows	in	the	direction	of	these	metal	sheets.		

On	the	other	side,	other	metal	plate,	with	the	same	thickness	as	the	metal	sample,	was	
used	 to	 fix	 their	 direction.	 Also,	 this	 metal	 plate	 had	 a	 flat	 area	 where	 the	 CFRP	
composite	was	cured.		
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This	metal	plate	was	put	outside	of	the	release	film	which	covers	all	the	metal-composite	
plate	as	you	can	see	in	figure	below.	It	was	done	due	to	the	possibility	to	be	stuck	with	
the	composite	during	the	curing	process	(direct	contact	between	metal	and	composite	
plate).	

	

	

- Fixing	position	of	the	composite	laminate	

Now,	composite	laminate	was	fixed	at	the	top	of	the	metal	plate	as	explained	before.	In	
order	to	have	the	desired	overlap	length,	some	lines	were	drawn	in	the	metal	samples.	
Final	SLJ	plate	was	then	covered	by	the	release	film.		

	

Figure	20.	Fix	position	of	the	metal	samples.	

Figure	21.	SLJ	plate	covered	by	the	release	film.	
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In	order	to	have	a	uniform	pressure	in	the	composite	during	the	curing	process,	a	second	
metal	plate	was	put	close	at	the	top	of	the	metal	samples.	This	metal	plate	was	also	used	
to	not	allow	the	resin	to	flow	in	this	direction.	Because	of	that,	5	layers	of	unidirectional	
CFRP	 composite	were	used.	 Thickness	bigger	 than	1,2	mm	must	be	achieved.	 If	 not,	
pressure	would	be	present	only	in	the	metal	plate.	

	

	

- Preparation	of	the	vacuum	bag	method	

Same	 process	 as	 the	 one	 in	 the	manufacturing	 of	 DCB/ENF.	 This	 package	was	 then	
covered	with	a	second	Teflon	plate,	which	was	placed	onto	a	metallic	plate	and	covered	
with	a	“breather	film”	and	a	vacuum	bag.	The	breather	film	function	is	to	allow	air	and	
volatiles	to	be	removed	within	the	vacuum	bag	and	across	the	corner	of	the	laminate	of	
the	mold.	

- Curing	process	

Finally,	 the	 plate	was	 then	 put	 into	 a	 hot	 pressure	machine	 at	 160°C	with	 3	 bar	 of	
pressure	under	7	minutes	to	cure.		

For	this	manufacturing,	only	one	metal	plate	was	used:	AlSi-coated	boron	steel	“USIBOR	
1500”	 due	 to	 impossibility	 to	 join	 the	 uncoated	 boron	 steel	 22MnB5	with	 the	 CFRP	
composite	adherent	in	the	previous	manufacturing	process.	

	 	

Figure	22.	SLJ	plate	with	both	metal	plate	outside	to	have	a	
uniform	pressure	during	manufacturing.	
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After	cutting	and	polishing	the	SLJ	samples	for	tensile	test,	good	metal-composite	joint	
was	observed	for	all	the	samples	with	different	overlap	 length,	as	you	can	see	 in	the	
figure	23.	

	

To	have	uniform	loading	in	the	overlap	joint	during	the	tensile	test,	extra	material	was	
added	in	the	samples.	It	means	that	a	small	metal	sheet	and	a	small	composite	sheet	
(20x30mm)	with	the	same	thickness	that	the	one	on	the	samples	was	added	in	the	sides	
of	both	adherents,	as	you	can	see	in	the	figure	below.	Epoxy	resin	was	used	to	fix	these	
sheets.	

	

Finally,	the	dimensions	of	the	samples	for	each	overlap	length	are	described	in	the	figure	
25:	

Figure	23.	SLJ	samples	after	cutting	and	polishing.	

Figure	24.	Extra	material	added	in	the	sides	of	the	sample.	

Figure	25.	Dimensions	of	SLJ	samples	after	manufacturing.	
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9. Results	and	discussion	
In	this	section,	fracture	toughness	comparison	between	unidirectional	fibre-reinforced	
polymer	matrix	composites	and	hybrid	metal-composite	samples	is	described.	

Study	 of	 SLJ	 samples	 is	 illustrated	 also	 in	 this	 section.	Mechanical	 behaviour	 of	 the	
overlap	joint	when	a	load	is	applied	is	important	for	the	understanding	of	the	mechanical	
performance	of	the	metal-composite	joint	when	they	are	used	as	a	structural	material.	

a. Double	Cantilever	Beam	(DCB)	results	
For	this	test,	15	samples	were	used	for	the	final	results:	

• 5	hybrid	composite	samples	using	a	metal	plate	as	a	metal	adherent.	

• 5	hybrid	composite	samples,	using	metal	rectangles	as	a	metal	adherent.	

• 5	unidirectional	fiber-reinforced	polymer	matrix	composites	samples.	

The	 number	 of	 samples	 for	 each	 specimen	was	 5,	 according	 to	 the	 standard	 ASTM	
D5528-13	 [21]	 to	 get	 statistically	 significant	 data.	 However,	 for	 one	 of	 the	 hybrid	
composite	samples	where	cutting	was	done	after	curing,	 it	gives	us	an	strange	result	
during	the	test.	Hopefully,	the	results	were	already	statistically	significant	using	the	data	
of	the	other	4	samples.	For	each	sample,	8	crack	propagation	values	were	studied	 in	
order	to	know	the	variation	of	the	fracture	toughness	along	the	specimen.		

As	you	can	see	in	the	figure	26,	visual	representation	of	the	DCB	experiments	are	shown	
for	each	of	the	different	kind	of	samples.	As	you	can	observe	in	the	charts,	8	different	
steps	have	been	done	due	to	the	study	of	8	different	crack	propagations	in	each	sample.	

Once	the	different	DCB	test	were	finished,	critical	energy	release	rate	in	the	mode	I	“GIC”	
was	calculated	for	each	crack	propagation	in	each	sample.	Three	different	approaches	
were	used	to	determine	the	fracture	toughness.	These	three	methods	were	explained	
in	the	previous	section	“Theory	of	DCB	test	–	Mode	I	fracture	Testing”.	

	

Figure	26.	Visual	representation	of	DCB	experiments.	At	the	right,	CFRP	composite	samples;	at	the	left,	hybrid	composite.	
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In	figure	27,	visual	representations	of	the	GIC	for	hybrid	composite	samples	using	the	
three	approaches	are	shown.	

Corrected	 Beam	 Theory	 (CBT)	was	 the	 one	 chosen	 for	 the	 comparison	 between	 the	
different	kind	of	samples	because	it	was	the	method	the	most	conservative.	

After	that,	differences	between	the	two	kind	of	hybrid	composite	were	explained.	It	was	
done	because	it	was	important	to	know	if	the	cutting	process	induced	some	damage	in	
the	joint,	and	affecting	its	properties.	

Average	critical	energy	release	rate	GIC	using	the	three	different	methods	is	shown	in	
the	figure	28.	We	can	conclude	that	hybrid	sample	when	the	steel	sheet	part	of	the	joint	
has	been	cut	to	final	dimensions	before	curing,	has	slightly	better	GIC	results.	

	

	

	

	

	

Figure	27.	Critical	energy	release	rate	in	hybrid	composite	using	metal	strips	as	a	metal	adherent.	From	left	to	right,	
corrected	beam	theory	(CBT)	method,	Empirical	compliance	calibration	(ECM)	method	and	Modified	compliance	

calibration	(MCC)	method.	
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Due	 to	 these	 results,	 all	 subsequent	 samples	where	manufactured	 using	 the	 cutting	
before	curing	method.	

	

In	 the	 figure	 29,	 an	 accurate	 comparison	 between	 unidirectional	 fibre-reinforced	
polymer	 matrix	 composites	 and	 hybrid	 metal-composite	 samples	 with	 the	 best	
properties	(using	metal	rectangles	as	a	metal	adherent)	along	the	crack	length	is	shown	
in	the	next	figure:	

	

	

	

Figure	29.	Comparison	GIC	between	hybrid	and	CFRP	composite	samples.	

Figure	28.	Comparison	between	the	two	method	to	make	hybrid	composite	samples.	
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To	conclude,	final	results	show	us	that	GIC	in	hybrid	composite	samples	(orange	data)	
are	approximately	80%	lower	than	the	CFRP	composite	samples	(blue	data).	As	you	can	
observe	in	the	figure	below,	fracture	occurs	in	the	metal-composite	joint.	It	means	that	
the	results	are	not	good	yet	and	we	have	to	continue	work	on	it	to	improve	the	joint.	

	

	 	

	 	

Figure	30.	Fracture	surface	picture	in	the	hybrid	composite	sample.	The	surface	show	us	that	the	
problem	in	this	test	was	the	metal-composite	joint.	
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b. End	Notched	Flexure	(ENF)	results	
For	this	test,	10	samples	were	used	for	the	final	results:	

• 5	hybrid	composite	samples,	using	metal	rectangles	as	a	metal	adherent.	

• 5	unidirectional	fiber-reinforced	polymer	matrix	composites	samples.	

The	 number	 of	 samples	 is	 already	 stated	 for	 each	 kind	 of	 plate,	 5,	 according	 to	 the	
standard	ASTM	D7905M–14	[22]	to	get	statistically	significant	data.	For	each	sample,	8	
crack	propagation	values	were	studied	 in	order	to	know	the	variation	of	the	fracture	
toughness	along	the	specimen.		

For	this	test,	an	initial	problem	was	detected.	Initial	dimensions	of	the	samples	were	the	
same	than	the	DCB	samples.	For	the	first	test,	span	length	was	L	=	90	mm.	For	the	first	
sample,	crack	propagation	increased	faster	than	expected.	Hence,	we	were	not	able	to	
take	more	than	2	measurements.		

Finally,	 according	 to	 Carlsson	 et	 Al.	 [26],	 we	 conclude	 that	 initial	 crack	 length	 should	
be	α ≥ 0.7L,	based	on	the	beam	theory	calculations.	Hence,	samples	were	cut	in	order	
to	have	only	130	mm	length,	instead	of	200	mm.	Then,	initial	crack	length	was	35	mm	
and	the	span	length	L	=	50	mm	and	we	could	make	8	different	steps	for	each	sample.	

As	you	can	see	in	the	figure	31,	visual	representation	of	the	ENF	experiments	are	shown	
for	both	kind	of	samples.	As	you	can	observe	in	the	charts,	8	different	steps	have	been	
done	due	to	the	study	of	8	different	crack	propagations	in	each	sample.		

	

	

	

	

	

Figure	31.	Visual	representation	of	ENF	experiments.	From	left	to	right,	CFRP	composite	samples	
and	hybrid	composite	samples.	
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Once	 the	different	ENF	 test	were	 finished,	critical	energy	 release	 rate	 in	 the	mode	 II	
“GIIC”	 was	 calculated	 for	 each	 crack	 propagation	 in	 each	 sample.	 Two	 different	
approaches	were	used	to	determine	the	fracture	toughness.	These	two	methods	were	
explained	in	the	section	8.b.	“Theory	of	ENF	test	–	Mode	II	fracture	Testing”.	

In	 figure	 32,	 visual	 representations	 of	 the	 GIIC	 for	 CFRP	 samples	 using	 the	 two	
approaches	are	shown.	

Compliance	Calibration	Method	(CCM)	was	the	one	chosen	for	the	comparison	between	
CFRP	composite	and	hybrid	composite	samples	because	 it	was	 the	method	the	most	
conservative.	

In	 the	 figure	 33,	 an	 accurate	 comparison	 between	 unidirectional	 fibre-reinforced	
polymer	matrix	composites	and	hybrid	metal-composite	samples	along	the	crack	length	
is	shown:	

	

	

	

Figure	32.	Critical	energy	release	rate	in	unidirectional	fiber-reinforced	polymer	matrix	composites	samples.	From	
left	to	right,	Compliance	calibration	(CCM)	method	and	Linear	Beam	Theory	(LBT)	method.	

Figure	33.	Comparison	GIIC	between	hybrid	and	CFRP	composite	samples.	
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To	conclude,	final	results	show	that	GIIC	in	hybrid	composite	samples	(orange	result)	are	
approximately	50%	lower	than	the	CFRP	composite	samples	(blue	result).	It	means	that	
the	properties	of	the	metal-composite	joint	in	mode	II	behave	better	than	in	mode	I.		

In	this	case,	problem	was	located	in	the	brittle	coating	layer.	As	you	can	see	in	the	figure	
below,	fracture	occurs	in	the	middle	of	the	coating	layer.	Some	of	the	coating	particles	
adhered	to	the	composite	area.	Improvement	in	the	coating	layer	should	be	done	in	this	
case.	

	

	

	 	

Figure	34.	Fracture	surface	picture	in	the	hybrid	composite	sample.	The	surface	show	us	that	the	
problem	in	this	test	was	the	coating	layer	of	AlSi.	
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c. Single	Lap	Joint	(SLJ)	tensile	results	 	
Tensile	 test	 using	 standard	 ASTM	 D638	 [27]	 was	 performed	 in	 order	 to	 further	
characterize	the	properties	of	the	metal-composite	joint.	During	this	test,	information	
about	behavior	of	the	metal	and	composite	area	was	also	obtained	using	strain	gauges	
in	both	areas.In	figure	35,	visual	representation	of	the	information	obtained	during	the	
test	is	shown:	

	

Looking	at	the	metal-composite	joint,	information	about	stiffness,	strength	and	strain	at	
failure	of	the	joint	is	obtained.	The	stiffness	of	a	material	represents	the	material’s	ability	

to	resist	deformation	(𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 = |}~���	(��=)
|}~=�F	(<< <<)

).	

Strange	results	have	been	obtained.	According	to	the	theory,	stiffness	should	be	the	
same	in	all	the	samples	no	matter	the	overlap	length	because	we	are	studying	one	part	
inside	of	the	overlap	area	which	is	the	same	for	every	sample.	In	our	case,	stiffness	

Figure	35.	Tensile	test	results.	At	the	top,	information	received	for	the	extensometer	in	the	joint	area	and	for	the	
machine;	at	the	left	information	of	the	metal	behavior	during	test;	at	the	right,	information	of	the	composite	

behavior	during	the	test.	

Figure	36.	Stiffness	result	in	function	of	the	overlap	length.	
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increases	when	the	overlap	length	increases.	New	tests	should	be	done	to	clarify	these	
results.	

Ultimate	 tensile	 strength	 is	 measured	 by	 the	 maximum	 stress	 that	 a	 material	 can	
withstand	while	being	stretched	or	pulled	before	breaking.	In	our	case,	strength	increase	
when	the	overlap	length	increase,	as	you	can	observe	in	the	picture	below:	

	

Strain	to	failure	gives	the	measure	of	how	much	the	metal-composite	joint	is	elongated	
to	failure.	In	this	case,	strain	at	failure	increase	when	the	overlap	length	decrease,	as	
you	can	observe	in	the	figure	below.	

	

	

	

	

	

Figure	37.	Strength	of	the	metal-composite	joint	in	function	of	the	overlap	length.	

Figure	38.	Strain	at	failure	of	the	metal-composite	joint	in	function	of	the	overlap	length.	
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During	this	test,	fracture/separation	was	located	in	the	brittle	coating	layer.	As	you	can	
see	in	figure	39,	fracture	occurs	in	metal-coating	joint.	Where	the	failure	initiated,	all	
the	 coating	 layer	 is	 adhered	 to	 the	 composite	 area.	 After	 that,	 some	 of	 the	 coating	
particles	adhered	to	the	composite	area.	Improvement	in	the	coating	layer	should	be	
done	also	in	this	case.	

	

	
	 	

Figure	39.	Fracture	surface	picture	in	the	hybrid	composite	sample.	The	surface	show	us	that	the	
problem	in	this	test	was	the	coating	layer	of	AlSi.	
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10. Conclusion	
An	 initial	 investigation	 about	 the	mechanical	 performance	of	metal-composite	 joints	
was	described	in	this	master	thesis	project.	A	new	manufacturing	and	testing	method	in	
one	step	were	developed.	

Unfortunately,	 the	 results	 regarding	 to	 the	 joint	 quality	 are	 still	 far	 from	 expected.	
Fracture	toughness	values,	such	as	GIC	and	GIIC,	are	lower	compared	with	the	objective.	
It	 means,	 lower	 values	 than	 the	 ones	 obtained	 using	 reference	 samples	 with	
unidirectional	 fiber-reinforced	 polymer	 matrix	 composite	 samples.	 In	 all	 of	 these	
experiments,	the	results	were	reliable	and	robust.	

Hopefully,	the	main	problem	was	identified.	Metal	treatment	has	been	the	main	issue	
during	this	project.		

In	 some	 test,	 end	notched	 flexure	 and	 tensile	 test,	 coating	 layer	was	 the	one	which	
breaks	during	 the	 test.	 In	 these	cases,	an	 improvement	of	 the	 joint	of	metal-coating	
would	be	enough	to	increase	the	properties.		

However,	for	double	cantilever	beam	test,	an	improvement	in	the	coating	layer-epoxy	
resin	joint	should	be	done.	

During	this	master	thesis,	Uncoated	22MnB5	steel	was	also	used.	Unfortunately,	it	was	
no	possible	to	obtain	metal-composite	joints	due	to	the	flat	metal	surface.	

Also,	 regarding	 the	 pressure	 applied	 during	 the	 manufacturing	 process,	 contact	
between	the	fibers	and	the	coating	layer	was	observed.	It		could	affect	performance	of	
the	joint	in	a	negative	way.		

Finally,	 regarding	 the	 difference	 between	 cutting	 before	 and	 after	 curing,	 we	 can	
observe	 a	 small	 decrease	 of	 the	 properties	 when	 cutting	 was	 done	 after	 curing.	
However,	it	was	not	the	main	problem	in	this	thesis	work.	

To	conclude,	we	must	keep	working	in	this	area	to	improve	the	properties	of	the	metal-
composite	joint	with	the	final	objective	to	produce	hybrid	body	component	in	a	near	
future.	
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11. Future	Work	
As	 it	was	explained	 in	the	conclusion,	an	 initial	 investigation	was	done	 in	this	master	
thesis.	 From	 that	 work,	 several	 ways	 can	 be	 taken	 in	 order	 to	 improve	 the	 values	
obtained	in	this	investigation.	From	my	point	of	view,	4	important	studies	can	be	done:	

• Make	an	extra	step	during	 the	hot	stamping	process.	Extra	metal	 treatment,	 such	as	

sandblasting	 or	 laser	 texturing	 on	 the	 surface,	 will	 be	 useful	 for	 the	 mechanical	

performance	 of	 the	metal-composite	 joint.	 Also,	 addition	 of	 a	 epoxy	 layer	 between	

metal	and	composite	could	be	improve	the	properties	of	the	joint	(no	contact	between	

fiber	and	coating).	

	

• Implement	 FEM	 models	 for	 the	 different	 test	 to	 compare	 the	 results	 with	 the	

experimental.	

	

• Variation	of	parameters	during	the	manufacturing	process.	The	main	objective	 in	the	

industry	 is	 to	produce	 final	part	using	as	 low	cycle	 time	as	possible.	Variation	of	 the	

manufacturing	 parameters,	 like	 use	 only	 pressure	 or	 only	 vacuum	 during	 the	 curing	

process,	could	be	done	in	order	to	check	how	the	mechanical	performance	of	the	joint	

change.	 	
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