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Kurzfassung 

Schäden	 an	 Faser‐Kunststoff‐Verbunden	 können	 zu	 deutlich	 reduzierter	
Festigkeit	 und	 Lebensdauer	 führen.	 Um	 Inspektionskosten	 zu	 verringern	
und	die	 Sicherheit	 zu	 erhöhen,	 kann	 es	 vorteilhaft	 sein,	 die	 Integrität	der	
Struktur	 während	 des	 Betriebes	 zu	 überwachen.	 Ein	 vielversprechender	
Ansatz	 ist	 die	 elektrische	Widerstandsmessung.	 In	 dieser	 Arbeit	wird	 die	
Schadensdetektion	 mittels	 elektrischer	 Widerstandsmessung	 an	
kohlenstofffaserverstärktem	 Kunststoff	 und	 an	
kohlenstoffnanopartikelmodifizierten	Klebeverbindungen	untersucht.	

Silbernanopartikeltinte	wird	auf	kohlenstofffaserverstärkten	Kunststoff	und	
auf	 Prepregs	 aufgedruckt	 und	 mechanische	 Tests	 mit	 elektrischen	
Widerstandsmessungen	 demonstrieren	 die	 Möglichkeit,	 Delaminationen	
und	 Zwischenfaserbrüche	 in	 situ	 zu	 detektieren.	 Bei	 integrierten	
Leiterbahnen	 ist	 eine	 Schadensdetektion	 je	 nach	 Ausrichtung	 von	 Fasern	
und	 Leiterbahn	 möglich.	 Zusätzlich	 wird	 die	 Schlagschadendetektion	 an	
Platten	und	einem	Stringer	demonstriert.	

Elektrische	Widerstandsmessungen	in	der	Ebene	und	in	Dickenrichtung	an	
mit	 Kohlenstoffnanoröhren	 modifizierten	 Klebefilmen	 auf	 Epoxidbasis	
zeigen	 die	 Möglichkeit	 einer	 Detektion	 und	 Lokalisierung	 von	
Schlagschäden.	 Darüber	 hinaus	 zeigt	 sich	 ein	 linearer	 Zusammenhang	
zwischen	 elektrischem	 Widerstand	 und	 Klebefilmdicke.	 Zyklische	
Ermüdungstests	 mit	 gleichzeitiger	 elektrischer	 Widerstandsmessung	 an	
geschäfteten	Klebeverbindungen	werden	durchgeführt.	Rissinitiierung	und	
‐wachstum,	die	durch	digitale	Bildkorrelation	beobachtet	werden,	können	
durch	Erhöhung	des	elektrischen	Widerstandes	nachgewiesen	werden.	

Bei	 der	 Untersuchung	 von	 kohlenstoffnanopartikelmodifizierten	
Epoxidfasern	 zeigt	 sich	 eine	 gute	 Korrelation	 zwischen	 der	 elektrischen	
Widerstandsänderung	 und	 dem	 Spannungs‐Dehnungs‐Verhalten	 unter	
Zugbelastung,	 was	 ein	 hohes	 Potential	 für	 die	 Verwendung	 von	 mit	
Kohlenstoffnanoröhren	modifiziertem	 Kunststoff	 als	 alternatives	Material	
für	leitfähige	Pfade	und	neuartige	Sensoren	aufzeigt.	 	
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Abstract 

Damage	in	fiber	reinforced	polymers	(FRP)	can	lead	to	significantly	reduced	
strength	 and	 fatigue	 life.	 To	 minimize	 inspection	 costs	 and	 enhance	 the	
safety	of	FRP	structures,	it	can	be	beneficial	to	monitor	the	integrity	of	the	
structure	during	operation.	A	promising	method	to	achieve	this	is	to	conduct	
electrical	 resistance	 measurements.	 In	 this	 thesis,	 damage	 detection	 via	
electrical	resistance	measurements	on	carbon	fiber	reinforced	polymers	and	
on	carbon	nanoparticle	modified	adhesive	joints	is	investigated.	

Silver	 nanoparticle‐based	 ink	 is	 printed	 onto	 carbon	 fiber	 reinforced	
polymers	 and	 onto	 prepregs	 and	 mechanical	 tests	 with	 simultaneous	
electrical	 resistance	 measurements	 demonstrate	 the	 possibility	 to	 detect	
delaminations	 and	 inter‐fiber	 failures	 in	 situ.	 For	 integrated	 conductive	
paths,	a	damage	detection	via	electrical	resistance	measurement	is	possible	
with	continuous	integrated	paths.	To	obtain	continuous	integrated	paths,	the	
fiber	 direction	 of	 the	 adjacent	 layer	 of	 the	 path	 needs	 to	 be	 taken	 into	
account.	 In	 addition,	 impact	 damage	 detection	 is	 demonstrated	 for	 plate	
specimens	as	well	as	for	an	omega	stringer.	

In‐plane	 and	 through‐thickness	 electrical	 resistance	 measurements	 on	
carbon	nanotube	modified	epoxy‐based	adhesive	films	show	the	possibility	
of	 accurate	 detection	 and	 localization	 of	 impact	 damages.	 Furthermore,	 a	
linear	 correlation	 of	 electrical	 resistance	 and	 bond	 line	 thickness	 exists.	
Cyclic	 fatigue	 tests	 of	 adhesively	 bonded	 scarf	 joints	 with	 simultaneous	
electrical	resistance	measurements	are	conducted	to	investigate	the	damage	
detection	 and	 localization	 of	 repaired	 composite	 parts	 during	 operation.	
Crack	 initiation	and	growth,	observed	by	digital	 image	correlation,	can	be	
detected	by	an	increase	of	electrical	resistance.		

Finally,	 carbon	 nanoparticle	modified	 epoxy	 fibers	 are	 investigated.	 Good	
correlation	between	electrical	resistance	change	and	stress	strain	behavior	
under	 tensile	 loads	 is	observed,	 indicating	high	potential	 for	using	carbon	
nanotube	modified	polymer	as	an	alternative	material	for	conductive	paths	
and	sensor	applications.	
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1 Introduction 

Fiber	reinforced	polymers	(FRP)	are	widely	used	as	structural	materials,	in	
particular	 for	 lightweight	 applications	 in	 aerospace,	 automotive,	 wind	
energy,	and	shipbuilding	industry,	because	of	their	high	specific	strength	and	
stiffness,	as	well	as	fatigue	and	corrosion	resistance.	However,	FRP	exhibit	a	
complex	 damage	 behavior	 with	 a	 variety	 of	 damage	 types	 with	 different	
propagation	characteristics,	which	differ	from	damages	in	traditionally	used	
metallic	 materials.	 In	 carbon	 fiber	 reinforced	 polymer	 (CFRP)	 structures	
used	 in	 aircrafts,	 impact	 events	 typically	 cause	 barely	 visible	 damages	
including	 delaminations,	 inter‐fiber	 failures	 (IFF),	 and	 fiber	 fractures,	
significantly	 reducing	 strength	 and	 fatigue	 life	 of	 the	 structures	 [1–4].	
Therefore,	it	is	important	to	detect	such	safety	crucial	damages.	Nowadays,	
to	assure	integrity	and	avoid	catastrophic	failures	of	FRP	structures,	periodic	
inspections	 are	 carried	 out	 using	 non‐destructive	 testing	 (NDT)	methods,	
such	as	ultrasonic,	visual,	vibrational,	and	radiographic	inspection,	as	well	as	
acoustic	methods,	and	thermography	[5–8].	These	inspections	can	be	time‐
consuming	 and	 costly	 due	 to	 expensive	 NDT	 processes	 and	 the	 resulting	
downtime.	Hence,	a	permanent	monitoring	of	the	integrity	of	the	structure	
during	operation,	namely	a	structural	health	monitoring	(SHM)	system,	can	
be	valuable	 in	many	cases.	 SHM	offers	a	high	potential	 to	enhance	 safety,	
reliability,	and	cost	efficiency	of	fiber	reinforced	structures.	

Several	 approaches	 to	 monitor	 composites	 during	 operation	 exist.	 One	
promising	SHM	method	for	materials,	which	are	electrically	conductive,	is	to	
perform	electrical	resistance	measurements.	In	contrast	to	many	other	SHM	
methods,	no	sensors	have	to	be	embedded	into	or	applied	onto	the	part,	since	
the	material	 itself	acts	as	a	sensor.	Hence,	 the	structural	properties	of	 the	
composite	part	are	not	negatively	influenced,	as	this	can	be	the	case	e.g.	for	
large	embedded	sensors.		

For	 CFRP,	 numerous	 studies	 demonstrate	 that	 the	 high	 electrical	
conductivity	of	the	carbon	fibers	can	be	used	for	in	situ	strain	and	damage	
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monitoring	 via	 electrical	 resistance	measurements	 [9–18].	 To	 exploit	 the	
electrical	 conductivity	 of	 CFRP	 and	 use	 the	 material	 itself	 as	 a	 sensor,	 a	
reliable	contacting	of	 the	material	 is	crucial	 to	enable	electrical	resistance	
measurement	during	operation.	Due	to	its	excellent	reproducibility	and	high	
potential	for	industrial	automation,	inkjet	printing	is	a	promising	technology	
to	place	conductive	paths	on	the	material	and	realize	reliable	contacts	 for	
electrical	 resistance	 measurements	 [19–21].	 However,	 inkjet‐printed	
conductive	paths	on	CFRP	for	damage	sensing	have	not	been	investigated	so	
far	but	could	bring	damage	sensing	closer	to	industrial	application.	

In	glass	fiber	reinforced	polymers	(GFRP),	both	the	polymeric	matrix	and	the	
glass	 fibers	 are	 electrically	 insulating	 and	 therefore	 electrical	 resistance	
measurements	are	not	possible.	The	same	goes	for	all	other	FRP	with	non‐
conductive	fiber	materials.	However,	modification	of	a	polymer	matrix	with	
carbon	 nanoparticles	 can	 lead	 to	 a	 conductive	 network	 resulting	 in	 an	
electrically	 conductive	 composite	 material	 with	 piezoresistive	 properties	
allowing	for	strain	and	damage	sensing	[17,22–30].	

The	 vast	 majority	 of	 investigated	 approaches	 to	 monitor	 composite	
materials	 during	 operation	 applies	 to	 intact	 parts	 without	 macroscopic	
discontinuities	 that	 have	 not	 undergone	 a	 repair	 process.	 Yet,	 structural	
composites	are	often	subject	to	impacts	that	can	be	critical	and	need	to	be	
repaired.	If	an	SHM	system	is	used	to	monitor	the	integrity	of	the	structure,	
the	repaired	part	and	in	particular	the	adhesive	joint	need	to	be	monitored	
as	 well.	 Especially	 for	 adhesively	 bonded	 scarfed	 repairs,	 as	 standard	 in	
aircraft	industry	for	secondary	structures,	epoxy‐based	adhesive	films	join	
the	 scarfed	 parent	 laminate	 and	 the	 repair	 patch.	 The	 electrically	 non‐
conducting	 bond	 line	 inhibits	 electrical	 resistance	 measurements	 and	
therefore	the	application	of	an	electrical	conductivity–based	SHM	method	to	
monitor	the	bonded	 joint.	However,	a	carbon	nanoparticle	modification	of	
the	 adhesive	 film	 can	 enable	 electrical	 resistance	measurements.	 SHM	 of	
adhesively	 bonded	 composite	 joints	 has	 been	 studied	 using	 different	
methods	[31–33].	Yet,	only	 few	studies	on	structural	health	monitoring	of	
adhesively	bonded	joints	via	electrical	resistance	measurements	exist,	and	a	
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detection	 with	 localization	 of	 damages	 in	 adhesive	 films	 via	 electrical	
resistance	measurements	has	not	been	investigated	to	date.	

1.1 Aims and scope 

With	the	challenges	pointed	out	above,	the	aims	of	this	thesis	are	to:	

1. investigate	 the	 damage	 sensing	 potential	 of	 a	 silver	 ink	 based	
electrode	system,	which	is	directly	printed	onto	and	below	the	CFRP	
surface	with	a	focus	on	the	detection	and	localization	of	inter‐fiber	
failures,	delaminations,	and	impact	damages;	

2. develop	a	non‐destructive	testing	method	to	monitor	the	integrity	of	
composite	bonded	joints	and	repairs	with	the	ability	to	localize	the	
damage	 by	 using	 an	 electrically	 conductive	 carbon	 nanoparticle	
modified	 adhesive	 film	 that	 enables	 electrical	 resistance	
measurements	through	the	bond	line;	

3. study	 the	 damage	 sensing	 capability	 of	 carbon	 nanoparticle	
modified	epoxy	fibers	as	an	alternative	to	metal‐based	electrodes.	

1.2 Structure 

This	thesis	is	structured	in	eight	chapters.	The	following	chapter	2	contains	
an	 overview	 of	 the	 scientific	 and	 technological	 background	 on	 the	
investigated	 composites	 with	 emphasis	 on	 electrical	 properties	 and	
structural	 health	 monitoring	 of	 composites.	 Chapter	 3	 describes	 the	
materials	 used	 for	 the	 experiments.	 Chapter	 4	 presents	 investigations	 on	
damage	detection	and	localization	of	CFRP	with	printed	conductive	paths	by	
electrical	resistance	measurements.	Chapter	5	deals	with	investigations	on	
damage	detection	and	localization	of	carbon	nanoparticle	modified	adhesive	
films	used	in	bonded	composite	joints.	In	chapter	6,	the	suitability	of	carbon	
nanoparticle	 modified	 epoxy	 fibers	 for	 damage	 sensing	 is	 investigated.	
Finally,	 chapter	 7	 concludes	 the	main	 findings	 and	 chapter	 8	 contains	 an	
outlook	for	further	research.	

Parts	of	this	thesis	have	been	published	in	journal	articles	listed	on	page	127.	
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2 Scientific and technological background 

2.1 Carbon fiber reinforced polymers 

2.1.1 Structure and electrical properties of carbon fibers 

Different	 types	of	 carbon	 fibers	are	available	and	 the	properties	vary	 in	a	
wide	range,	depending	on	the	used	precursor	and	the	production	process.	
Commercial	carbon	fibers	are	made	by	using	either	polyacrylonitrile	(PAN)	
or	 pitch	 as	 precursor	 [34].	 Nowadays,	 the	 majority	 of	 carbon	 fibers	 are	
obtained	from	PAN	[35].	

Carbon	fibers	consist	of	at	least	92	%	carbon	by	weight	[36].	They	comprise	
of	two‐dimensional	graphene	layers	in	which	sp²	hybridized	carbon	atoms	
are	hexagonally	arranged.	The	carbon	atoms	are	covalently	bonded	by	three	
σ‐bonds	(in	plane)	and	a	π‐bond	(out	of	plane).	The	σ‐bonds	contribute	to	
high	 strength	 and	 stiffness	 whereas	 the	 π‐bond	 allows	 free	 motion	 of	
electrons	giving	high	electrical	and	thermal	conductivity	parallel	to	the	fiber	
axis	 [34].	 Between	 the	 layers	 van	 der	Waals	 bonds	 act	 and	 the	 stacking	
sequence	 of	 the	 layers	 is	 ABAB	 with	 a	 spacing	 of	 about	 0.34	nm.	 The	
graphene	layers	are	oriented	mainly	parallel	to	the	fiber	axis	and	show	an	
inhomogeneous	 structure	 with	 imperfections	 and	 a	 high	 degree	 of	
parallelization	near	the	fiber	surface	(see	Figure	2.1)	[37].	

Due	 to	 this	 structure,	 carbon	 fibers	have	anisotropic	electrical	properties.	
The	level	of	electrical	conductivity	depends	on	several	parameters	as	heat	
treatment,	graphitization	level,	and	alignment	of	carbon	units	[38].	In	fiber	
direction,	PAN‐based	carbon	fibers	exhibit	an	electrical	conductivity	in	the	
range	of	about	104	–	105	S/m,	whereas	the	electrical	conductivity	of	pitch‐
based	 fibers	 lies	 in	 the	 range	 of	 about	 105	–	106	S/m	 [34,35,39].	
Perpendicular	 to	 the	 fiber	 direction,	 the	 electrical	 conductivity	 is	
significantly	lower	[40].	
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2.1.2 Electrical properties of carbon fiber reinforced 
polymers 

In	CFRP,	the	carbon	fibers	are	electrically	conductive	(as	described	above)	
and	the	polymer	matrix	is	electrically	insulating.	The	electrical	conductivity	
of	epoxy,	which	is	often	used	as	polymeric	matrix	material,	lies	in	the	range	
of	10‐14	–	10‐12	S/m	[42–44].	Hence,	the	electrical	conductivity	of	the	fibers	
(σf)	is	many	orders	of	magnitude	higher	than	the	electrical	conductivity	of	
the	 matrix	 (σm).	 This	 extreme	 difference	 leads	 to	 anisotropic	 electrical	
properties	of	the	composite	material.	

If	 we	 assume	 a	 unidirectional	 CFRP	 laminate	 with	 equidistant	 spacing	
between	 the	 carbon	 fibers	 and	without	 any	 touching	 fibers,	 the	 electrical	
conductivity	in	fiber	direction	can	be	calculated	by	using	the	rule	of	mixture	
and	multiplying	 the	electrical	conductivity	of	 the	carbon	 fibers	(σf)	by	 the	
fiber	 volume	 content	 (vf).	 In	 this	 theoretical	 case,	 the	 conductivity	
perpendicular	 to	 the	 fiber	 direction	 is	 almost	 zero	 due	 to	 the	 lack	 of	 an	
electrically	conductive	network	of	fibers	in	transverse	direction.	Because	the	
conductivity	of	the	matrix	is	approximately	zero,	this	also	results	from	the	
rule	of	mixture	perpendicular	 to	 the	 fiber	direction	where	 the	numerator	
being	the	conductivity	of	the	fiber	(σf)	multiplied	by	the	conductivity	of	the	
matrix	(σm)	equals	zero.	

Figure	2.1:	Structure	of	carbon	fibers;	(a)	Crystal	structure	of	a	graphite	crystal;	(b)
Schematic	structure	of	a	PAN‐based	carbon	fiber	[41].	
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However,	in	practice,	the	carbon	fibers	in	a	unidirectional	laminate	are	not	
equidistantly	spaced	and	neighboring	fibers	touch	each	other	at	some	points	
(see	Figure	2.2).	If	a	certain	fiber	volume	fraction	is	exceeded,	the	fiber‐to‐
fiber	contacts	result	in	a	conductive	network	with	electrical	conductivity	in	
all	directions	[11].	Compared	to	the	electrical	conductivity	in	fiber	direction	
(σ0),	the	electrical	conductivity	in	transverse	direction	is	significantly	lower.	
Furthermore,	due	to	resin	rich	inter‐laminar	regions,	in	thickness	direction	
less	 fiber‐to‐fiber	 contacts	per	distance	 are	present	 than	 in	 90°‐direction.	
Hence,	 the	 electrical	 conductivity	 in	90°‐direction	 (σ90)	 is	 higher	 than	 the	
electrical	 conductivity	 in	 thickness	 direction	 (σt)	 and	 we	 can	 say	 that	
σ0	>	σ90	>	σt.		

Experiments	 showed	 that	 for	 typical	 unidirectional	 carbon	 fiber/epoxy	
composites	 with	 a	 fiber	 volume	 content	 of	 about	 vf	=	50	%	 the	 electrical	
conductivity	ratios	can	be	approximated	by	σ90	/	σ0	≈	10‐3	and	σt	/	σ0	≈	10‐4	
[12,45,46].	 However,	 these	 anisotropy	 ratios	 are	 not	 valid	 for	 all	 CFRP	
laminates	 and	 can	differ	 because	 they	highly	 depend	on	 the	 fiber	 volume	
content,	 as	 the	 number	 of	 direct	 fiber	 contacts	 increases	 with	 the	 fiber	
volume	content	[12,46].	Furthermore,	these	ratios	depend	on	the	thickness	
of	 the	 resin	 rich	 inter‐laminar	 regions	 [47]	 as	 well	 as	 on	 the	 amount	 of	
misaligned	fibers	and	the	waviness	of	the	fibers	and	rovings	[16].	

Figure	 2.2:	 Schematic	 of	 fiber	 arrangement	 in	 a	 unidirectional	 laminate;	 (a)	
Theoretical	 homogeneous	 arrangement	 with	 equidistant	 spacing
between	 fibers;	 (b)	Real	 arrangement	with	different	 spacing	between
fibers,	waviness	 of	 fibers,	 fiber‐to‐fiber	 contacts,	 and	 resin	 rich	 inter‐
laminar	layer.	
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Another	 parameter	 that	 influences	 the	 electrical	 conductivity	 of	 CFRP	
laminates	 is	 the	 stacking	 sequence.	 In	 thickness	 direction,	 unidirectional	
laminates	 exhibit	 considerably	 lower	 electrical	 conductivity	 than	
multidirectional	laminates,	because	more	direct	fiber	contacts	are	present	in	
case	of	differently	oriented	adjacent	laminate	layers	[48–50].	
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2.2 Carbon nanotube modified polymers 

2.2.1 Structure and electrical properties of carbon 
nanotubes 

Carbon	nanotubes	(CNT)	exhibit	a	hollow	cylindrical	structure	consisting	of	
one	or	more	rolled	up	coaxial	graphene	layers	with	fullerene	hemispheres	at	
the	ends.	The	carbon	atoms	are	sp²	hybridized	and	hexagonally	arranged.	
Single	wall	carbon	nanotubes	(SWCNT)	consist	of	one	and	multi	wall	carbon	
nanotubes	(MWCNT)	of	more	than	one	graphene	layer,	where	the	distance	
between	 the	 cylinders	 is	 in	 the	 same	 range	 as	 the	 distance	 of	 adjacent	
graphene	layers	in	graphite	(0.34	nm)	[51,52].	CNT	exhibit	exceptional	high	
aspect	ratios	(length/diameter)	with	values	up	to	several	thousand	[53]	and	
extremely	high	strength	as	well	high	as	elastic	modulus	values	at	low	density	
[54–57].	The	most	commonly	used	methods	 for	synthetization	of	CNT	are	
chemical	vapor	deposition	(CVD),	arc	discharge,	and	laser	ablation,	with	CVD	
being	the	most	used	method	and	suitable	for	scalable	industrial	productions.	

The	chirality	defines	 the	atomic	structure	of	SWCNT	(see	Figure	2.3).	The	
chiral	vector	(ch)	can	be	described	using	the	vectors	a1	and	a2	in	a	graphene	
layer	by	ch	=	n⋅a1	+	m⋅a2	with	n	and	m	being	integers	[58].	Depending	on	the	
chiral	vector	SWCNT	can	have	a	zigzag	(n	>	0,	m	=	0),	armchair	(n	=	m),	or	
chiral	(n	≠	m,	n	>	0,	m	>	0,	angle	of	the	chiral	vector	lies	between	zigzag	and	
armchair)	configuration.	The	chirality	affects	the	physical	properties	and	in	
particular	the	electrical	properties	of	SWCNT.	

Figure	2.3:	Atomic	structure	of	SWCNT,	zigzag	(n	>	0,	m	=	0)	and	armchair	(n	=	m).	
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If	 (2⋅n	+	m)/3	is	 an	 integer,	 the	 SWCNT	 are	 metallic	 and	 otherwise	
semiconducting	 [59–61].	 Hence,	 the	 armchair	 structure	 always	 results	 in	
metallic	 properties	 whereas	 zigzag	 and	 chiral	 structures	 can	 be	
semiconducting	or	metallic	depending	on	this	condition.	In	addition	to	the	
chirality,	 defects	 in	 the	 graphene	 layer	 can	 significantly	 influence	 the	
electrical	properties	of	the	CNT	[62,63].	

2.2.2 Electrical properties of carbon nanotube modified 
polymers... 

In	 CNT	 modified	 polymers,	 the	 CNT	 are	 electrically	 conductive	 and	 the	
polymer	 is	 electrically	 insulating.	 Modification	 of	 a	 polymer	 matrix	 with	
carbon	 nanoparticles	 can	 lead	 to	 a	 conductive	 network	 resulting	 in	 an	
electrically	conductive	composite	material	with	piezoresistive	properties.	A	
conductive	 network	 forms	 above	 a	 critical	 nanoparticle	 content,	 the	
percolation	 threshold	 [64],	 where	 the	 electrical	 conductivity	 increases	
several	 orders	 of	 magnitude	 (see	 Figure	 2.4).	 At	 a	 CNT	 content	 of	 the	
percolation	 threshold,	 first	 continuous	 electrically	 conductive	 pathways	
form,	which	 results	 in	a	 significant	 increase	of	 electrical	 conductivity.	 For	
increasing	CNT	content,	multiple	continuous	pathways	are	present	and	the	

Figure	2.4:	Percolation	threshold;	(a)	Electrical	conductivity	versus	CNT	content	with	
percolation	threshold	ϕC;	(b)	Schematic	of	three	different	CNT	contents;
No	electrically	conductive	pathways	below	percolation	threshold,	 first	
pathways	 at	 percolation	 threshold,	 and	 several	 pathways	 above
percolation	threshold.	
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electrical	 conductivity	 increases	 further	 only	 slightly	 and	 runs	 into	 a	
saturation.		

Compared	to	other	nanoparticles,	CNT	offer	the	advantage	that	due	to	their	
high	 aspect	 ratio	 relatively	 low	 percolation	 thresholds	 can	 be	 obtained.	
Percolation	 theory	 [64,65]	 assumes	 homogeneously	 distributed	 particles.	
With	 the	 excluded	 volume	 concept,	 the	 percolation	 threshold	 (ϕC)	 of	
statistically	 distributed	 particles	 can	 be	 approximated	 by	 ϕC	=	1/η	 (only	
valid	 for	high	aspect	 ratios	 (η))	 [66].	A	 typical	percolation	threshold	 for	a	
CNT/polymer	composite	is	ϕC	=	0.1	wt.%	(corresponding	to	a	typical	aspect	
ratio	 of	 1000)	 [67].	 However,	 kinetic	 percolation,	 i.e.	 reagglomeration	 of	
particles	forming	a	conductive	network,	can	lead	to	inhomogeneous	particle	
distribution	resulting	in	percolation	thresholds	well	below	the	statistically	
calculated	 values.	 In	 particular,	 this	 has	 been	 observed	 for	 CNT/epoxy	
composites	 [43,68,69].	 At	 or	 above	 the	 percolation	 threshold,	
experimentally	 determined	 electrical	 conductivities	 of	 CNT/polymer	
composites	lie	typically	in	the	range	of	10‐5	–	10‐2	S/m	[70,71].	

In	 CNT/polymer	 composites,	 two	 types	 of	 electrical	 resistance	 form	 a	
resistor	network	 for	electron	 conductance:	 the	electrical	 resistance	of	 the	
CNT	and	the	electrical	resistance	at	CNT	junctions.	In	typical	nanocomposites	
with	 low	 filler	 content,	 the	 individual	CNT	are	 surrounded	by	matrix	 and	
direct	 contacts	 between	 neighboring	 CNT	 are	 unlikely.	 However,	 even	
without	 the	 presence	 of	 direct	 contacts	 of	 neighboring	 CNT,	 electrically	
conductive	 pathways	 can	 form.	 This	 can	 be	 explained	 by	 the	 quantum	
mechanics	effect	called	quantum	tunneling,	stating	that	the	probability	for	
an	 electron	 to	 pass	 through	 a	 potential	 barrier	 is	 non‐zero	 [72].	 For	
CNT/polymer	composites,	electron	tunneling	resistance	is	acknowledged	to	
play	 the	dominant	 role	 in	electron	 transport.	Therefore,	 it	determines	 the	
electrical	 resistance	 of	 the	 nanocomposite	 [73,74].	 The	 probability	 that	
electron	tunneling	occurs	decreases	exponentially	with	 increasing	particle	
distance	 [75].	 Hence,	 the	 maximum	 tunneling	 distance	 is	 only	 a	 few	
nanometer	[73].	
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In	 an	 electrically	 conductive	 CNT/polymer	 composite,	 mechanically	 two	
different	mechanisms	can	result	in	an	electrical	resistance	change	(ERC):	

1. Damage	 that	 causes	 interruptions	 of	 the	 electrically	 conductive	
pathways	 leading	 to	 an	 irreversible	 increase	 of	 the	 electrical	
resistance.	

2. Strain	that	causes	a	change	of	the	particle	distances	(tunneling	gaps)	
resulting	 in	 a	 reversible	 ERC	 due	 to	 the	 piezoresistive	 material	
behavior.	
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2.3 Structural health monitoring of composites 

SHM	can	be	defined	as	“the	process	of	implementing	a	damage	identification	
strategy	for	aerospace,	civil	and	mechanical	engineering	infrastructure”	[76].	
SHM	is	a	recent	field	of	research.	The	first	conference	exclusively	devoted	to	
this	 topic,	 the	 “International	Workshop	 on	 Structural	 Health	 Monitoring”	
(IWSHM),	was	initiated	in	1997.	In	2002,	the	first	issue	of	a	peer‐reviewed	
scientific	 international	 journal	 on	 this	 topic,	 named	 “Structural	 Health	
Monitoring”,	was	published.	Since	the	1990s,	the	interest	and	the	amount	of	
conducted	 research	 concerning	 SHM	 have	 increased	 significantly	 and	
constantly	(see	Figure	2.5).	

2.3.1 Overview of structural health monitoring methods for 
composites 

A	broad	range	of	methods	for	monitoring	composite	structures	exist.	SHM	
methods	 can	be	 classified	 into	active	 and	passive	monitoring	methods.	 In	
contrast	 to	 passive	 methods,	 active	 methods	 use	 transducers	 that	 inject	
controlled	 signals	 into	 the	 structure	 [77].	 The	 following	 overview	 is	 not	

Figure	 2.5:	 Increasing	 number	 of	 publications	 in	 the	 field	 of	 structural	 health
monitoring;	(a)	Scientific	publications	including	patents	per	year	from	
1990	–	2015	(obtained	by	searching	“structural	health	monitoring”	via
google	 scholar,	 08.01.2018);	 (b)	 Number	 of	 papers	 presented	 at	 the
International	Workshop	on	Structural	Health	Monitoring	(IWSHM)	from
1997	–	2017.	
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intended	 to	 be	 comprehensive,	 but	 only	 some	 relevant	 methods	 are	
presented	here.	Further	information	on	SHM	methods	can	be	found	e.g.	 in	
[78–83].	

Fiber	optic	sensors	(FOS)	consist	of	light‐conducting	fibers	out	of	glass	or	
polymers	 and	 can	 be	 integrated	 into	 composite	 structures.	 Due	 to	 the	
refractive	index	contrast,	light	can	be	guided	along	the	fiber	length	without	
high	 losses.	 Intensity	 based	 FOS	 can	monitor	 strain	 and	 transverse	 crack	
evolution	by	measuring	the	reduction	of	the	optical	power	due	to	a	length	
variation	of	 the	 fiber	 [84].	 As	wavelength	 based	FOS	mostly	Fiber	Bragg	
grating	 (FBG)	 sensors	 [85]	 are	 used.	 FBG	 are	 periodic	 variations	 of	 the	
refractive	 index	 in	 the	 core	 of	 an	 optical	 fiber	 [86]	 that	 reflect	 particular	
wavelengths	of	light.	Length	variations	of	the	fiber	change	the	distance	of	the	
Bragg	gratings	resulting	in	a	shift	of	the	reflected	wavelengths.	With	multiple	
Bragg	gratings	within	one	fiber,	 the	 local	strain	distribution	and	therefore	
also	local	damages	that	result	in	a	change	of	strain	can	be	monitored	[84].	
The	high	fiber	diameter	of	usually	>	50	µm	can	have	a	negative	influence	on	
the	structural	integrity	of	a	composite	laminate	[83].	

Lamb	waves	 are	a	 form	of	elastic	waves	propagating	 in	 solid	plates	 [87].	
When	lamb	waves	interact	with	surface	damage	or	internal	damages	of	the	
material,	 wave	 scattering	 occurs	 at	 the	 damage	 locations	 [88].	 Usually,	
piezoelectric	transducers	are	used	for	excitation	and	collection	of	the	signals.	

Acoustic	emission	 technique	 is	used	 to	detect	acoustic	signals	 in	 form	of	
elastic	waves	that	are	caused	by	the	energy	release	of	damages	in	composite	
materials.	For	the	detection,	surface	mounted	piezoelectric	sensors	are	used.	
Matrix	cracks,	delaminations,	and	fiber	breakage	can	be	detected	with	this	
method	and	a	differentiation	of	the	damage	types	can	be	obtained,	since	the	
different	damage	types	result	in	characteristic	acoustic	signals	[89].	Since	no	
measurement	of	 the	 initial	condition	 is	possible	with	this	 technique,	 in	an	
SHM	system,	this	method	is	not	suitable	as	a	stand‐alone	method	but	can	be	
valuable	 in	addition	to	another	method	[90,91].	Furthermore,	this	method	
may	suffer	from	background	noise.	
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Comparative	vacuum	monitoring	(CVM)	is	a	method,	in	which	chambers	
containing	 either	 vacuum	 or	 atmospheric	 pressure	 are	 oriented	 in	
alternating	and	parallel	paths,	mounted	onto	the	surface	of	the	structure	to	
be	monitored	[92].	If	a	crack	on	the	surface	connects	adjacent	chambers,	a	
leakage	path	forms	and	fluid	flow	takes	place.	A	transducer	measures	this	
fluid	flow	and	can	detect	a	crack	that	connects	two	chambers	[93].	

Crack	wires	comprise	of	 thin	optical	or	electrically	conductive	 fibers	 that	
are	 integrated	 into	 the	 composite	 [94].	 If	 the	 stiffness	 decreases	 due	 to	
damages	in	the	structure,	the	strength	of	the	crack	wires	is	reached	and	a	
rupture	of	 the	 fibers	occurs.	Therefore,	 the	 light	or	 the	 electric	 current	 is	
interrupted	and	with	the	interruption	a	damage	can	be	detected.	

Vibration‐based	 methods	 are	 active	 approaches	 that	 use	 a	 specific	
frequency	 band	 to	 excite	 a	 structure	 [95].	 After	 the	 excitation,	 dynamic	
parameters	 (natural	 frequency,	 frequency	 response	 function,	 damping,	
mode	shapes,	etc.)	are	analyzed	and	compared	with	the	modal	parameters	of	
the	undamaged	state.	Damages	that	cause	changes	of	the	physical	properties	
can	be	detected	by	differences	in	the	vibration	response	[78].	

Electrical	 conductivity	methods	 use	 electrically	 conductive	 self‐sensing	
structures	with	the	ability	to	monitor	their	own	condition	[96].	Due	to	the	
inherent	electrical	conductivity,	the	structure	can	be	used	as	a	sensor	in	an	
SHM	 system.	 Electrical	 methods	 can	 be	 used	 for	 electrically	 conductive	
composites	 as	 CFRP	 and	 carbon	 nanoparticle	 modified	 GFRP.	 Electrical	
conductivity	 methods	 can	 be	 classified	 into	 electrical	 impedance	
tomography	(EIT)	and	ERC	methods,	which	are	described	 in	the	following	
sections.	

Further	 SHM	 methods	 exist,	 including	 strain	 gauges	 [97],	 digital	 image	
correlation	 (DIC)	 [98],	 microelectromechanical	 systems	 [99],	 global	
positioning	system	(GPS)	[100],	and	others.	

When	 comparing	 the	 available	 SHM	 methods,	 the	 electrical	 conductivity	
methods	 have	 the	 significant	 advantage	 that	 the	 structure	 itself	 acts	 as	 a	
sensor.	 Therefore,	 no	 sensors	 that	 can	 lead	 to	 detrimental	 structural	
properties	have	to	be	embedded	into	the	structure,	as	this	is	the	case	e.g.	for	
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FOS.	Furthermore,	no	sensors	or	devices	for	exciting	the	structure	have	to	be	
applied	onto	the	surface	of	the	structure,	as	this	is	the	case	for	many	SHM	
methods	mentioned	above.	Only	electrodes	need	to	be	 in	contact	with	the	
structure.	The	advantage	obtained	from	the	self‐sensing	capability	makes	the	
electrical	 conductivity	 methods	 promising	 candidates	 for	 future	 SHM	
applications.	Therefore,	the	two	following	sections	deal	with	these	methods	
with	regard	to	CFRP	and	carbon	nanotube	modified	polymers.	

2.3.2 Structural health monitoring of carbon fiber reinforced 
polymers via electrical conductivity methods 

Due	 to	 the	electrical	 conductivity	of	 carbon	 fibers	 in	CFRP	structures,	 the	
electrical	 conductivity	 of	 the	 composite	 can	 be	 exploited	 to	 monitor	 the	
composite	 in	an	 SHM	system.	 Schulte	and	Baron	 [11]	 first	 introduced	 the	
concept	of	damage	and	strain	sensing	with	electrical	methods	by	correlating	
the	 electrical	 resistivity	 variation	 with	 damage	 and	 failure	 of	 the	 fibers	
oriented	 in	 loading	 direction	 in	 quasi‐static	 tensile	 and	 fatigue	 tests.	
Furthermore,	 the	 applied	 strain	 could	 be	 correlated	 with	 the	 measured	
electrical	resistivity.	Abry	et	al.	[12]	investigated	damage	sensing	capabilities	
for	 different	 fiber	 volume	 contents.	 Seo	 and	 Lee	 [101]	 showed	 that	 the	
electrical	 resistance	 change	 behaves	 similar	 to	 the	 stiffness	 reduction	 in	
tensile	fatigue	tests.	They	conclude,	that	the	damage	can	be	determined	via	
the	electrical	resistance	change,	similar	to	the	stiffness	reduction	obtained	
by	stiffness	measurements.	Weber	and	Schwartz	[102]	conducted	bending	
fatigue	tests	with	CFRP	and	found	a	linear	relationship	between	decrease	in	
bending	modulus	and	increase	in	electrical	resistivity.	Furthermore,	several	
other	researchers	 investigated	the	electrical	resistance	change	method	for	
monitoring	damages	in	CFRP	[13,14,17,18,103–107].	

In	contrast	to	the	resistance	measurement	method,	in	the	electrical	potential	
method	a	constant	current	is	always	applied	between	two	electrodes	and	the	
electrical	 potential	 is	measured	 at	 two	 or	more	 other	 points	 than	 on	 the	
electrodes,	where	the	current	is	injected.	This	method	has	been	investigated	
by	several	groups	[108–111].	Special	forms	of	the	potential	method	are	EIT	
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and	electrical	resistivity	tomography	(ERT)	[112].	EIT	and	ERT	are	imaging	
techniques	that	reconstruct	the	spatial	distribution	of	electrical	conductivity	
by	 injecting	 electrical	 currents	 and	 measuring	 the	 voltage	 at	 a	 set	 of	
boundary	electrodes.	Schueler	et	al.	[16]	were	the	first	to	use	EIT	for	damage	
mapping	on	CFRP.	Recently,	further	EIT	and	ERT	studies	were	conducted	by	
Fan	et	al.	[113]	and	other	researchers	[114–117].	

2.3.3 Structural health monitoring of carbon nanotube 
modified polymers via electrical conductivity methods 

The	 concept	 of	 exploiting	 the	 piezoresistive	 properties	 of	 carbon	
nanoparticle	 modified	 polymers	 for	 strain	 and	 damage	 monitoring	 by	
electrical	resistance	measurement	was	first	introduced	by	Kupke	et	al.	[17]	
and	Muto	et	al.	[22].	Fiedler	et	al.	[23]	were	the	first	to	suggest	using	carbon	
nanotubes	to	modify	the	polymer	matrix	for	damage	sensing.	Later,	several	
investigations	 proved	 the	 concept	 of	 nanoparticle	 modification	 and	
resistance	 measurement	 for	 strain	 and	 damage	 sensing	 [26–30,118].	
Electrical	 conductivity‐based	 structural	 health	monitoring	 of	 nanoparticle	
modified	 composites	 can	 be	 divided	 into	 resistance	 change	methods	 and	
electrical	tomography	methods.	

Resistance	change	methods	are	used	to	detect	and	localize	internal	damages	
in	composites	with	CNT	or	carbon	black	(CB)	modified	matrix	by	measuring	
the	 electrical	 resistance	 before	 and	 after	 damage	 and	 calculating	 the	
resistance	 change.	 Through‐thickness	 and	 in‐plane	 electrical	 resistance	
measurements	 with	 distributed	 line	 or	 point	 electrodes	 have	 shown	
promising	results.	Wicks	et	al.	[119]	presented	a	damage	mapping	technique	
for	an	aluminum	oxide	fiber/epoxy	composite	with	CNT	grown	on	the	fibers.	
They	applied	a	grid	of	lined	silver	electrodes	onto	both	sides	of	the	specimen	
and	measured	the	resistance	through	the	thickness	and	in‐plane.	Viets	et	al.	
[120]	 demonstrated	 the	 damage	 mapping	 of	 CNT	 modified	 GFRP	 using	
electrical	 resistance	measurement.	Naghashpour	and	Hoa	 [121]	measured	
the	 resistance	distribution	of	CNT	modified	GFRP	via	electrical	 resistance	
measurements	at	point	electrodes	distributed	over	the	surface	of	composite	
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plates.	Zhang	et	al.	[122]	introduced	a	new	technique	to	monitor	CB	modified	
GFRP	 by	 using	 weighted	 changes	 of	 in‐plane	 and	 through‐thickness	
resistances	before	and	after	impact	damage.	Lately,	Gungor	and	Bakis	[123]	
used	 co‐cured	 carbon	 fibers	 as	 lined	 electrodes	 to	 monitor	 indentation	
damage	in	CB	modified	GFRP	by	plotting	the	resistance	change.	In	the	above	
mentioned	 studies,	 in	which	 resistance	 change	methods	were	 used,	 good	
correlation	of	impact	and	other	damages	with	resistance	change	was	found.	

In	 recent	 years,	 EIT	and	ERT	have	been	 investigated	 for	 structural	 health	
monitoring	 applications	 for	 composite	 materials,	 particularly	 for	
nanocomposites,	in	several	studies.	Hou	et	al.	[124]	and	Loh	et	al.	[125]	used	
EIT	 for	 conductivity	 mapping	 on	 CNT	 modified	 thin	 films	 applied	 to	
substrates	and	achieved	good	localization	of	multiple	damages.	Baltopoulous	
et	 al.	 [126]	 used	 this	 method	 to	 detect	 through‐hole	 and	 indentation	
damages	in	CNT	modified	GFRP.	An	extension	of	EIT	for	using	the	technique	
on	 electrically	 orthotropic	 GFRP	with	 embedded	 CNT	modified	 films	was	
presented	 by	 Loyola	 et	 al.	 [127,128].	 Tallmann	 et	 al.	 [129–133]	
comprehensively	 investigated	 the	 application	 of	 EIT	 on	 carbon	 nanofiber	
modified	polymers	and	CB	as	well	as	CNT	modified	GFRP.	Furthermore,	Gallo	
and	Thostenson	[134]	used	both	EIT	and	the	resistance	change	method	to	
detect	holes	in	CNT	modified	GFRP.		

An	advantage	of	ERT	and	EIT	is	that	fewer	electrodes	are	necessary	on	the	
structure	subject	to	be	monitored	and	the	electrodes	only	need	to	be	applied	
at	the	boundary.	However,	the	computational	effort	is	significantly	lower	for	
resistance	change	approaches	and	therefore	a	real‐time	monitoring	is	easier	
to	 achieve	 with	 this	 method.	 In	 addition,	 the	 resistance	 change	 method	
seems	to	be	more	suitable	for	detecting	inter‐laminar	delaminations	[122].	

SHM	of	adhesively	bonded	composite	joints	has	been	studied	using	different	
methods,	e.g.	 lamb	waves	[31],	DIC	[32],	and	FOS	[33].	However,	only	 few	
studies	 on	 structural	 health	 monitoring	 of	 adhesively	 bonded	 joints	 via	
electrical	resistance	measurements	exist.	Mactabi	et	al.	 [135]	showed	that	
the	electrical	resistance	change	can	be	used	to	monitor	the	integrity	of	a	CNT	
modified	 adhesively	 bonded	 aluminum	 joint,	 and	 Lim	 et	 al.	 [136]	
demonstrated	 a	 detection	 of	 the	 damage	 initiation	 in	 adhesively	 bonded	
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hybrid	 composite/steel	 joints	 by	 using	 CNT	 networks.	 Zhao	 and	 Schagerl	
[137]	used	EIT	to	measure	the	strain	distribution	of	a	single	lap	joint	with	a	
thin	 inkjet‐printed	 CNT	 film	 between	 adhesive	 and	 adherend.	 Kang	 et	 al.	
[138]	and	Kim	et	al.	[139]	showed	that	crack	initiation	and	propagation	can	
be	 detected	 by	 electrical	 resistance	 and	 impedance	 measurement	 in	 an	
adhesive	joint	with	a	CNT	content	of	2.0	wt.%.	None	of	these	investigations	
used	 adhesive	 films,	 as	 they	 are	 used	 for	 example	 in	 aircraft	 industry.	
Recently,	Sánchez‐Romate	[140]	spray	applied	CNT	onto	adhesive	films	and	
demonstrated	 damage	 sensing	 via	 electrical	 resistance	 measurement	
through	the	adhesive	films	in	single	 lap	shear	and	double	cantilever	beam	
tests.	However,	damage	localization	is	not	possible	with	this	approach.	
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2.4 Printed electronics on composites 

To	 employ	 the	 composite	 material	 itself	 as	 a	 sensor	 in	 an	 SHM	 system,	
electrodes	 need	 to	 be	 placed	 on	 the	material.	 A	 reliable	 contacting	 of	 the	
material	 is	 crucial	 to	 enable	 electrical	 resistance	 measurement	 during	
operation.	 The	 application	 of	 electrodes	 and	 conductive	 paths	 can	 be	
achieved	using	common	printing	technologies.	Inkjet	printing	is	a	promising	
technology	for	many	industrial	applications	due	to	its	simplicity,	flexibility,	
and	scalability	at	low	cost	[141].	The	following	two	subsections	describe	an	
overview	of	state	of	the	art	printed	electronics	with	both	silver	nanoparticle‐
based	 and	 carbon	 nanoparticle‐based	 ink	 with	 emphasis	 on	 composite	
materials	as	substrates.	

2.4.1 Printed electronics with silver nanoparticle-based ink 

The	requirements	of	metal‐based	inks	for	printed	electronics	are	similar	to	
standard	inks	with	the	addition	that	the	printed	structure	needs	to	be	highly	
electrically	conductive.	This	makes	highly	electrical	conductive	metals	such	
as	 silver	 (6.3	⋅	107	S/m),	 copper	 (5.8	⋅	107	S/m),	 gold	 (4.1	⋅	107	S/m),	 and	
aluminum	(3.5	⋅	107	S/m)	(values	at	20	°C)	[142]	possible	candidates.	Most	
of	 the	 conductive	 inks	 are	 based	 on	 silver	 due	 to	 the	 highest	 electrical	
conductivity	and	its	oxidation	resistance.	Aluminum	and	copper	are	cheaper	
than	silver,	but	aluminum	has	the	disadvantage	of	rapid	oxidation.	Copper	is	
also	 prone	 to	 oxidation	 and	 especially	 for	 nanoparticle‐based	 inks,	 the	
corrosive	properties	of	 the	used	metal	 are	not	negligible	due	 to	 the	 large	
surface	 area	 [143,144].	 After	 the	 printing	 process,	 other	 ink	 components	
form	insulating	layers	between	the	metal	particles.	Therefore,	usually	a	post‐
printing	 process	 (sintering)	 is	 required	 to	 obtain	 a	 continuous	
interconnected	phase	between	the	metal	particles	[143,145].	A	small	particle	
size	allows	a	strong	reduction	of	the	melting	point	[146]	and	therefore	a	low	
sintering	 temperature	 is	 possible	 [147].	 Low	 sintering	 temperatures	 for	
conductive	paths	allow	to	print	electronics	on	heat	sensitive	substrates	like	
flexible	electronics	on	polymer	foil	[21].	When	working	with	CFRP	and	silver	
inks,	 a	 low	 sintering	 temperature	 is	 also	 essential	 to	 avoid	 damaging	 the	
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material.	 Jeon	 et	 al.	 [148]	 successfully	 printed	 silver	 based	 electrodes	 on	
CFRP	for	damage	sensing.	Recently,	Takahashi	et	al.	[149]	and	Joo	et	al.	[150]	
investigated	the	reduction	of	sintering	time	of	metal‐based	nanoparticle	ink	
on	CFRP	to	apply	electrodes	for	electrical	resistance	measurements	by	using	
flash	light	sintering,	which	speeds	up	the	manufacturing	process	and	makes	
the	approach	more	attractive	for	industrial	application.	

2.4.2 Printed electronics with carbon nanoparticle-based ink 

Compared	 to	 metal‐based	 inks,	 carbon	 nanoparticle‐based	 inks	 offer	 the	
advantages	of	 low	 cost	 (when	 compared	 to	 silver	 and	gold),	 no	oxidation	
issues	(as	present	for	copper	and	aluminum),	and	no	necessity	of	sintering.	
CNT	 and	 graphene	 are	 the	 most	 promising	 candidates	 as	 carbon	
nanoparticles	to	be	used	in	inks.	Inkjet	printing	of	CNT	based	ink	[151,152]	
and	graphene	based	ink	[153,154]	have	gained	increasing	interest	over	the	
last	 years.	 They	 offer	 high	 potential	 for	 several	 electronic	 applications	
including	SHM	for	composite	materials.	
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3 Materials 

3.1 Carbon fiber reinforced polymer 

The	used	carbon	fiber	reinforced	prepregs	HexPly	M21/34%/UD194/T800S	
by	Hexcel	Corporation	are	designed	for	aerospace	applications	and	consist	
of	 an	 epoxy	 matrix	 (M21)	 with	 toughening	 thermoplastic	 particles	 and	
carbon	fibers	(T800S).	Each	roving	in	the	prepregs	consist	of	24000	carbon	
fibers	 (24K)	with	 an	 average	 fiber	 diameter	 of	 5	µm,	 intermediate	 tensile	
modulus	(294	GPa),	and	high	tensile	strength	(5.88	GPa).	The	nominal	fiber	
mass	per	unit	area	 is	194	g/m²,	 the	nominal	 resin	content	 is	34	wt.%,	 the	
nominal	 cured	ply	 thickness	 is	0.1875	mm,	and	 the	curing	 temperature	 is	
180	°C.	

3.2 Glass fiber reinforced polymer 

The	used	GFRP	EP	GC	308,	purchased	from	Arthur	Krüger	GmbH,	consists	of	
an	epoxy	matrix	and	biaxial	oriented	glass	fibers.	The	nominal	thickness	of	
the	laminate	is	2	mm.	

3.3 Glass fabric 

The	 glass	 fabric,	 purchased	 from	 R&G	 Faserverbundwerkstoffe	 GmbH,	
consists	of	E‐glass	fibers	arranged	as	twill	weave	with	a	low	mass	per	unit	
area	of	80	g/m².	

3.4 Epoxy resins 

For	the	masterbatch	production	for	adhesive	film	manufacturing,	the	epoxy	
resin	Epon	Resin	828	by	Hexion	Inc.	was	used.	It	is	an	undiluted	liquid	epoxy	
resin	with	relatively	low	viscosity.	
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For	 nanoparticle	 modified	 epoxy	 fibers,	 the	 resin	 Epikote	 RIMR	 135	 by	
Momentive	with	the	hardener	Epikure	RIMH	134	by	Momentive	were	used.	

3.5 Carbon nanoparticles 

The	CNT	used	 in	 this	 study	 for	modification	of	adhesive	 films	are	SWCNT	
Tuball	(75	%)	by	OCSiAl.	The	carbon	content	is	>	85	%	and	the	CNT	content	
>	75	%.	 Diameter	 and	 length	 of	 the	 CNT	 are	 1.8	±	0.4	nm	 and	 >	5	µm,	
respectively.	

For	 modification	 of	 epoxy	 fibers,	 in	 addition	 to	 CNT,	 carbon	 black	 (CB)	
Printex	300	 by	 Evonik	 industries	 AG	 and	 few	 layer	 graphene	 (FLG)	
AvanGraphene‐2	by	Avanzare	Innovacion	Tecnologica,	S.L.	were	used.	

3.6 Silver based inks 

Silver	nanoparticle	ink	for	inkjet	printing	was	formulated	at	the	Institute	of	
Automation	Technology	(Helmut	Schmidt	University).	Silver	nanoparticles	
(31.0	wt.%)	with	a	D90	value	(90	%	of	the	distribution	lies	below	this	value)	
of	60	nm	are	dispersed	 in	the	solvent	butyl	carbitol	(68.5	wt.%)	and	ethyl	
cellulose	(0.5	wt.%).	

For	manual	application	of	silver	electrodes	as	well	as	for	contacting	copper	
wires,	conductive	silver	paint	Acheson	Silver	DAG	1415M,	purchased	by	Plano	
GmbH,	was	used.	It	consists	of	57.5	–	59.0	wt.%	silver	and	a	thermoplastic	
resin	as	binder.	
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4 Structural health monitoring of CFRP via 
electrical resistance measurement 

In	 this	 chapter,	 investigations	 to	 use	 inkjet‐printed	 conductive	 paths	 on	
CFRP	 to	 detect	 and	 localize	 damages	 in	 the	 material	 are	 presented.	 In	
addition	to	printing	onto	the	cured	CFRP	surfaces,	printing	directly	onto	the	
prepregs	to	obtain	conductive	paths	integrated	into	the	laminate	below	the	
surface	is	investigated.	This	approach	offers	the	advantage	that	the	sintering	
process	can	be	integrated	into	the	curing	process	(i.e.	the	autoclave	process)	
and	 no	 additional	 sintering	 step	 is	 necessary.	 A	 challenge	 for	 achieving	
integrated	paths	is	the	low	viscosity	of	the	resin	during	an	autoclave	process	
that	could	lead	to	insufficient	quality	of	the	printed	paths	after	curing.	

Three‐point	 bending	 tests	 with	 simultaneous	 electrical	 resistance	
measurements	 are	 carried	 out.	 As	 non‐destructive	 testing	methods,	 X‐ray	
and	ultrasonic	testing	are	used	for	a	parallel	detection	and	localization	of	the	
damages.	 From	 the	 experimental	 results,	 an	 analytical	 model	 is	 derived	
describing	 the	 electrical	 resistance	 change	 due	 to	 IFF	 and	 delaminations	
under	 three‐point	 bending.	 Furthermore,	 impact	 tests	 are	 conducted	 on	
CFRP	specimens	and	the	electrical	resistance	change	caused	by	the	impact	
damage	is	investigated.	

This	work	aims	to	demonstrate	the	damage	sensing	potential	of	an	electrode	
system,	 which	 is	 directly	 printed	 onto	 the	 cured	 CFRP	 surface	 and	 on	
prepregs	 with	 focus	 on	 the	 detection	 and	 localization	 of	 IFF	 and	
delaminations.	
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4.1 Specimen preparation 

4.1.1 Three-point bending test specimens 

Conductive	paths	printed	onto	surface	of	cured	CFRP	

CFRP	 plates	 with	 the	 two	 different	 laminate	 layups,	 [903/02]S	 and	
[903/+45/−45]S,	 were	 laminated	 from	 the	 prepregs	 and	 cured	 in	 an	
autoclave	 process	 at	 a	 temperature	 of	 180	°C	 and	 a	 pressure	 of	 7	bar	 for	
120	min	 in	 a	 nitrogen	 atmosphere.	 The	 laminate	 layups	 were	 chosen	 to	
introduce	IFF	on	the	bottom	side	of	the	specimens	and	delaminations	on	top	
of	 the	 lower	 three	 90°‐layers	 under	 bending	 conditions.	 Subsequently,	
specimens	 with	 dimensions	 of	 100	mm	x	15	mm	x	1.9	mm	 (in	 accordance	
with	DIN	EN	ISO	14125)	were	cut	from	the	plates	using	a	water‐lubricated	
diamond	saw.	Additionally,	for	electrical	characterization	of	the	CFRP,	a	UD	
laminate	 with	 the	 laminate	 layup	 [0]10	 was	 manufactured	 using	 the	
described	autoclave	process.	From	this	plate	specimens	with	dimensions	of	
15	mm	x	15	mm	x	1.9	mm	were	cut.	

Functional	silver‐ink	was	printed	on	the	CFRP	surface	to	obtain	conductive	
paths.	No	 surface	 treatment	was	carried	out	prior	 to	printing	 to	keep	 the	
amount	of	manufacturing	steps	as	low	as	possible.	The	surfaces	were	cleaned	
using	 isopropyl	 alcohol.	 The	used	 single	nozzle	 print	head	 (by	microdrop	
Technologies)	has	a	nozzle	diameter	of	70	μm.	A	piezo	actuator	controls	the	
emission	of	single	drops.	The	voltage	and	the	current	pulse	applied	to	the	
piezo	actuator	as	well	as	the	nozzle	temperature	can	be	varied	to	obtain	an	
optimal	 drop.	 The	 control	 software	 and	 the	 moveable	 table,	 where	 the	
substrate	is	placed,	allow	for	printing	images	on	the	CFRP.	This	system	forms	
a	reliable	and	reproducible	drop	with	the	ink	as	described	above.	A	sintering	
temperature	of	170	°C	was	applied	for	4	h	to	obtain	conductive	silver	paths.	
Figure	4.1	(a)	shows	the	printing	setup	used.	The	printed	conductive	paths	
on	the	CFRP	using	this	setup	are	shown	in	Figure	4.1	(b)	and	(c)	in	different	
magnifications.	
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To	enable	reliable	contacting	with	the	system	for	resistance	measurements,	
stranded	copper	wires	were	connected	with	 the	printed	conductive	paths	
using	conductive	silver	paint.	Silver	paint	was	also	applied	on	the	edges	of	
the	 specimens	 that	 were	 used	 for	 electrical	 characterization.	 After	 this	
preparation,	the	specimens	were	dried	for	5	h	at	40	°C	in	a	vacuum	oven	and	
stored	in	a	desiccator	until	testing	to	keep	the	specimen	conditions	constant.	

Integrated	conductive	paths	printed	onto	prepregs	before	curing	

In	addition	to	specimens	with	conductive	paths	printed	onto	the	cured	CFRP	
surface,	as	described	above,	specimens	with	conductive	paths	integrated	into	
the	laminate	below	the	surface	were	manufactured.	

Therefore,	 prepregs	 were	 stacked	 to	 the	 laminate	 layup	 [902/02]S	 and	
vacuum‐bag	 consolidated	 for	 5	min	 to	 reduce	 the	 roughness	 of	 the	 outer	
layers	for	the	printing	process.	This	causes	a	surface	that	is	smooth	enough	
for	the	inkjet	printing	process.	Then,	the	conductive	paths	were	printed	onto	
the	outer	prepreg	layers.	Onto	both	sides,	another	prepreg	layer	was	added	
over	the	printed	paths	obtaining	the	laminate	layup	[903/02]S.	Subsequently,	
the	autoclave	process	was	conducted	as	described	above.	The	sintering	of	
the	 silver	nanoparticles	was	 integrated	 into	 the	autoclave	process	and	no	
additional	 sintering	 process	 was	 necessary.	 After	 curing,	 the	 three‐point	
bending	test	specimens	were	cut	from	the	plates,	the	conductive	paths	were	

Figure	 4.1:	 (a)	 Inkjet	 printing	 setup;	 (b)	 Image	 of	 specimen	 with	 four	 printed	
conductive	paths;	(c)	Light	microscopy	observation	of	printed	path	prior	
mechanical	testing.	
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connected	with	copper	wires,	 and	 the	specimens	were	dried	as	described	
above.	

4.1.2 Impact test specimens 

CFRP	plates	with	the	laminate	layup	[45/90/‐45/0]3S	were	laminated	from	
the	prepregs	and	cured	in	an	autoclave	process	(see	4.1.1).	Specimens	with	
dimensions	of	150	mm	x	100	mm	x	4.5	mm	were	cut	from	the	plates	using	a	
circular	 saw	with	 a	 diamond	 saw	 blade.	 Silver	 paint	 was	 applied	 on	 the	
surfaces	 of	 the	 specimens	 in	 form	 of	 16	 equidistantly	 distributed	 circles	
(distance	of	midpoints:	25	mm)	with	a	diameter	of	5.5	mm.	Stranded	copper	
wires	were	connected	with	these	circles	by	using	conductive	silver	paint	(see	
Figure	4.2).	

4.1.3 Omega stringer/skin demonstrator for impact tests 

In	addition	to	the	plate	specimens	described	above,	a	structural	CFRP	part	
with	 geometry	 and	 layup	 close	 to	 stiffening	 elements	 widely	 used	 in	
fuselages	of	modern	aircrafts	is	investigated.	The	demonstrator	consists	of	

Figure	4.2:	Impact	test	specimens;	(a)	Top	side	with	16	point	contacts;	(b)	Bottom	
side	 with	 16	 point	 contacts;	 (c)	 Detail	 of	 circular	 electrode	 with
connected	copper	wire.	

(a) (b) (c)

20 mm20 mm



Structural	health	monitoring	of	CFRP	via	electrical	resistance	measurement	

29	

an	omega	stringer	adhesively	bonded	onto	a	skin.	Therefore,	a	stringer	with	
the	 laminate	 layup	[45/‐45/02/90/02/‐45/45]	and	dimensions	of	130	mm	
(width)	x	200	mm	(length)	x	30	mm	(height)	was	laminated	onto	a	metallic	
tool	that	was	coated	with	release	agent.	Then,	a	vacuum	bag	was	placed	over	
the	layup	and	attached	to	the	tool.	Curing	was	conducted	in	an	oven	at	180	°C	
for	120	min.	

Conductive	paths	out	of	silver	nanoparticle–based	 ink	were	 inkjet‐printed	
onto	both	sides	of	the	stringer	(see	Figure	4.3).	Copper	wires	were	connected	
to	 the	 outer	 ends	of	 the	printed	 conductive	paths	using	 conductive	 silver	
paint.	

The	skin	was	manufactured	from	prepregs	with	a	multidirectional	laminate	
layup.	Before	the	autoclave	process,	a	thin	glass	fiber	fabric	was	placed	onto	
the	 surfaces	 of	 the	 laminated	 prepregs	 to	 act	 as	 an	 outer,	 electrically	
insulating	layer.	After	the	subsequent	autoclave	process,	the	skin	was	cut	to	
dimensions	of	240	mm	x	170	mm	x	3	mm.		

	

Figure	 4.3:	 Omega	 stringer	 with	 inkjet‐printed	 conductive	 paths;	 (a)	 Top	 side;	
(b)	 Bottom	 side;	 Contacts	 used	 for	 the	 electrical	 measurements	 are
numbered.	
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To	achieve	a	good	adhesion	between	stringer	and	skin,	 the	surfaces	 to	be	
bonded	were	activated	by	a	low‐pressure	plasma	treatment	(SmartPlasma	
10	by	Plasmatechnology)	with	a	power	of	300	W	at	a	pressure	of	0.3	mbar	
for	 60	s.	 Then,	 an	 epoxy‐based	 adhesive	 film	 without	 nanoparticle	
modification	 was	 placed	 between	 stringer	 and	 skin.	 A	 vacuum	 bag	 was	
placed	over	this	layup	and	curing	of	the	adhesive	film	took	place	at	120	°C	
for	 120	min	 in	 an	 oven.	 As	 a	 last	 step,	 the	 copper	wires	were	 fixed	with	
adhesive	tape	to	avoid	rupture	at	the	connection	points.	Figure	4.4	shows	the	
manufactured	part.	

	  

Figure	4.4:	Omega	stringer	with	printed	conductive	silver	paths	adhesively	bonded	
on	a	skin.	
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4.2 Experimental 

4.2.1 Electrical characterization 

Four	channel	measurements	were	carried	out	to	determine	the	conductivity	
of	the	UD	CFRP	specimens	in	three	directions	by	using	a	digital	multimeter	
(Keithley	 2601A).	 Ten	 specimens	 were	 tested	 in	 the	 following	 three	
directions,	respectively:	

• In	fiber	direction	(0°‐direction)	
• Perpendicular	to	fiber	direction,	in	plane	(90°‐direction)	
• Perpendicular	to	fiber	direction,	out	of	plane	(thickness	direction)	

On	each	specimen,	one	continuous	electrical	measurement	was	carried	out.	
From	the	resistance	(R),	the	measuring	length	(l),	and	the	cross	section	(A),	
the	conductivity	(σ)	is	calculated	as	follows:	

	

											
⋅
	 (4.1)	

	

Additionally,	the	conductivity	of	the	printed	silver	nanoparticle‐based	paths	
was	 measured	 for	 comparison	 of	 the	 conductivity	 of	 path	 and	 CFRP	
substrate.	 Therefore,	 five	 specimens	 with	 insulating	 surfaces	 were	
investigated.	On	each	specimen,	one	path	with	a	length	of	38.2	mm,	a	width	
of	0.67	mm,	and	a	thickness	of	7	μm	was	printed.	Sintering	of	the	conductive	
paths	was	conducted	before	electrical	measurements.	On	each	specimen,	one	
continuous	electrical	measurement	was	carried	out	by	connecting	the	digital	
multimeter	(Keithley	2601A)	with	the	ends	of	the	conductive	paths.	

4.2.2 Three-point bending tests 

Three‐point	bending	tests	were	conducted	using	a	universal	testing	machine	
(Zwick	Z2.5	TH)	 to	achieve	high	 tensile	 loads	 in	 the	 lower	90°‐layers	and	
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systematically	 introduce	 IFF	 on	 the	 bottom	 side	 of	 the	 specimens	 and	
delaminations	 above	 the	 lower	 90°‐layers.	 The	 test	 speed	 was	 set	 to	
2	mm/min	 to	 generate	 a	 sufficient	 time	 interval	 between	 the	 individual	
failures	 to	detect	 the	 failures	 separately.	Both	 loading	pin	and	supporting	
pins	 (further	 denoted	 as	 cylinders)	 of	 the	 three‐point	 bending	 test	 setup	
consist	 of	 aluminum	 oxide	 (Al2O3)	 to	 ensure	 electric	 insulation	 of	 the	
specimens	 during	 testing.	 The	 distance	 between	 the	 lower	 cylinders	was	
55	mm	and	the	diameters	were	10	mm	and	4	mm	for	the	upper	and	lower	
cylinders,	respectively.	

Different	test	series	were	conducted	and	are	described	in	the	following.	In	
the	first	test	setup,	conductive	paths	are	printed	parallel	to	the	100	mm	long	
edges	and	 the	 resistance	 is	measured	along	 these	paths	 to	 investigate	 the	
change	of	resistance	along	the	paths	exposed	to	bending.	In	addition,	tests	
with	 printed	 paths	 on	 both	 sides	 of	 the	 specimens	 are	 executed	 and	 the	
resistance	is	measured	through	the	material	during	mechanical	testing.	

Electrical	resistance	measurements	along	printed	paths	

The	specimen	geometry	and	the	locations	of	the	conductive	paths	are	shown	
in	Figure	4.5	(a).	Two	paths	are	printed	on	the	bottom	side	of	the	specimen.	
This	design	was	chosen	to	be	able	to	compare	two	measured	signals	from	
two	 paths	 lying	 next	 to	 each	 other.	 To	 measure	 the	 direct	 current	 (DC)	
resistance	over	the	length	of	the	conductive	paths	the	ends	of	the	paths	are	
connected	with	a	digital	multimeter	(Keithley	2000).	Figure	4.5	(b)	shows	a	
schematic	of	the	test	setup.		

Electrical	resistance	measurements	through	material	

To	be	able	to	measure	the	resistance	through	the	material,	specimens	with	
printed	paths	on	both	sides	are	produced.	The	design	of	the	conductive	paths	
for	 measuring	 through	 the	 material	 is	 shown	 in	 Figure	 4.6	 (a).	 The	 DC	
resistance	is	measured	from	the	top	electrode	to	each	of	the	four	electrodes	
on	the	bottom	side	of	the	specimen.	Figure	4.6	(b)	shows	the	test	setup	and	
the	connected	electrodes	for	the	four	measured	resistances.	
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Figure	 4.5:	 (a)	 Specimen	 geometry,	 design	 of	 conductive	 paths	 for	 measuring
resistance	along	printed	paths;	(b)	Three‐point	bending	test	setup	with	
electrical	resistance	measurement	along	printed	paths.	

	

	

Figure	 4.6:	 (a)	 Specimen	 geometry,	 design	 of	 conductive	 paths	 for	 measuring	
resistance	 through	material;	 (b)	 Three‐point	 bending	 test	 setup	with	
electrical	resistance	measurement	through	material.	
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Electrical	resistance	measurements	with	integrated	conductive	paths	

In	addition	 to	 the	 test	 series	described	above,	 specimens	with	conductive	
paths	 integrated	 in	 the	 laminate	 were	 tested.	 The	 conducive	 paths	 were	
placed	below	the	outer	ply	in	the	laminate	and	the	specimen	geometry	was	
unchanged.	 However,	 to	 enable	 a	 contacting	 of	 the	 printed	 paths,	 the	
conductive	paths	were	longer	and	the	sizes	of	the	outer	plies	were	reduced.	
Figure	4.7	shows	the	specimen	design	with	the	integrated	conductive	paths.	

To	 investigate	 the	 structure	 of	 the	 embedded	 conductive	 paths,	 light	
microscopy	observations	on	polished	sections	were	made.	

4.2.3 Impact tests on plate specimens 

Electrical	 resistance	 measurements	 were	 conducted	 using	 a	 digital	 LCR	
meter	 (Peaktech	 2170).	 The	 resistances	 of	 all	 possible	 electrode	
combinations	were	measured	for	the	through‐thickness	measurements.	In‐
plane	measurements	 were	 conducted	 by	measuring	 the	 resistance	 of	 the	
adjacent	electrodes	in	both	x–y	planes	in	which	the	electrodes	are	located.	
Impacts	 were	 introduced	 using	 a	 drop	 weight	 impact	 test	 according	 to	

Figure	4.7:	Design	of	 integrated	conductive	paths;	 (a)	Measurement	along	printed
path;	(b)	Measurement	through	material.	
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ASTM	D7136‐05	[155].	Four	clamps	fix	the	specimen	as	shown	in	Figure	4.8.	
A	 hemispherical	 hardened	 steel	 impactor	 with	 a	 weight	 of	 1.96	kg	 was	
dropped	 from	 a	 height	 of	 1040	mm	 above	 the	 center	 of	 the	 specimen	
resulting	in	a	potential	energy	of	20	J.	This	energy	corresponds	to	an	energy‐
to‐thickness	ratio	of	4.4	J/mm.	To	obtain	the	contact	force	during	the	impact	
event,	the	head	of	the	impactor	is	equipped	with	a	strain	gauge	full	bridge.	
An	antirebound	system	prevents	multiple	impacts	during	testing.	

After	the	impact	event,	the	resistances	of	all	electrode	pairs	were	measured	
again	for	investigation	of	the	resistance	changes	due	to	the	impact	damage.	

To	 evaluate	 location	 and	 size	 of	 the	 impact	 damages,	 ultrasonic	
measurements	 were	 carried	 out	 (USPC	 3040;	 Ingenieurbüro	 Dr.	 Hillger).	
Pulse‐echo	method	was	used	and	demineralized	water	served	as	coupling	
medium.	

For	evaluation	of	the	measured	resistances,	according	to	Zhang	et	al.	[122],	
heat	 maps	 can	 be	 obtained	 by	 calculating	 a	 damage	 index	 P(x,y),	 which	
interpolates	over	the	area	of	in‐plane	measurements.		

To	be	able	 to	apply	 this	evaluation	method	 to	both	 in‐plane	and	 through‐
thickness	measurements,	 the	 two‐dimensional	 equations	 are	 expanded	 to	

Figure	 4.8:	 Impact	 test	 setup;	 (a)	 Specimen	 fixed	 for	 impact	 introduction;	 (b)
Specimen	on	support	with	cable	openings	on	both	sides.	

(a) (b)
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three	dimensions,	resulting	in	the	following	equations.	Furthermore,	some	
adaptions	 of	 the	method	 are	made.	 P(x,y,z)	 is	 the	 accumulated	 weighted	
electrical	resistance	change	at	the	position	(x,y,z).	

	

, ,
∑ , , ∑ ∙ , ,

	 (4.2)	

	

Where	the	index	k	refers	to	the	specific	measuring	path,	which	is	defined	as	
straight	 line	between	two	electrodes.	N	 is	 the	number	of	measuring	paths	
and	M	is	the	number	of	measuring	paths	that	are	considered	for	the	location	
(x,y,z).	M	is	introduced	to	avoid	an	accumulation	of	the	resistance	changes	
leading	to	overweighted	resistance	changes	at	locations	with	a	high	number	
of	measuring	paths,	as	this	is	the	case	for	the	method	presented	by	Zhang	et	
al.	[122].	The	change	of	the	electrical	resistance	δk	is	∆Rk/R0,k.	The	parameter	
Rk(x,y,z)	is	defined	as	the	relative	distance	from	the	location	(x,y,z)	to	the	kth	
measuring	path.	

	

, , , , , , 	 (4.3)	

	

Where	 Dk	 is	 the	 distance	 of	 the	 kth	 measuring	 path,	 and	 Da,k(x,y,z)	 and	
Ds,k(x,y,z)	are	the	distances	between	the	 location	(x,y,z)	and	the	beginning	
and	the	end	of	the	kth	measuring	path,	respectively.	

Wk	 is	a	step	 function	that	considers	only	resistance	changes	of	measuring	
paths	that	lie	within	a	defined	relative	distance	from	the	location	(x,y,z).	

	

, ,
1 ,
0 ,

	 (4.4)	
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To	define	suitable	zones	of	influence,	the	scaling	factor	β	was	set	to	3	mm.	
For	smaller	values,	no	significant	increase	in	the	resolution	was	seen.	Points	
of	a	pattern	of	5	mm	x	5	mm	were	chosen	as	locations	to	calculate	P(x,y,z).	

4.2.4 Impact tests on omega stringer/skin demonstrator 

Impact	damages	were	introduced	at	three	different	locations	of	the	stringer.	
Two	foot	impacts	(left	and	right)	were	applied	onto	the	adhesively	bonded	
areas	and	one	head	impact	was	applied	in	the	middle	regarding	the	width	of	
the	 omega	 stringer.	 Electrical	 resistances	 of	 all	 possible	 combinations	 of	
electrode	pairs	were	measured	before	and	after	the	impact	event.	

To	conduct	these	electrical	resistance	measurements,	a	device	that	is	able	to	
measure	 the	 electrical	 resistance	 of	 all	 possible	 combinations	 of	 up	 to	
32	channels	with	multiplexing	capabilities	was	designed	and	produced	by	
the	 Forschungswerkstatt	 Elektrotechnik	 at	 Hamburg	 University	 of	
Technology.	The	measuring	device	was	connected	to	a	computer	to	allow	for	
defining	 the	 channels	 to	 be	 measured.	 Twenty‐nine	 channels	 of	 the	
measuring	device	were	connected	with	the	copper	wires	that	are	connected	
to	the	omega	stringer	(see	Figure	4.9).	

Figure	4.9:	 Setup	 for	 conducting	 electrical	 resistance	measurements	 on	 an	 omega	
stringer	 using	 a	 resistance	 measurement	 device	 with	 multiplexing	
capability.	
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4.2.5 Nondestructive testing 

Radiography	was	used	 for	detection	and	 localization	of	 IFF	 in	 three‐point	
bending	 test	 specimens	 (Faxitron	 Model	 43855a).	 The	 tube	 current	 was	
3	mA	at	20	keV	and	the	exposure	time	of	the	D2	films	was	5	min.	For	better	
visibility	of	cracks,	a	zinc	iodide‐based	contrast	medium,	consisting	of	ZnI2,	
H2O,	isopropyl	alcohol,	and	Agfa	Agepon,	was	applied	on	the	specimen	edges	
prior	to	X‐ray	exposure.	Development	and	fixing	of	the	films	was	conducted	
using	 the	manual	developer	Agfa	 Structurix	G128	 in	 conjunction	with	 the	
fixer	Agfa	Structurix	G328.	Finally,	the	films	were	flushed	in	water	for	10	min	
and	dried	in	a	drying	chamber	for	20	min.	

To	evaluate	locations	and	size	of	the	delaminations	in	impact	test	specimens	
and	three‐point	bending	test	specimens	at	different	 load	 levels,	ultrasonic	
measurements	 were	 carried	 out	 (USPC	 3040;	 Ingenieurbüro	 Dr.	 Hillger).	
Pulse‐echo	method	was	used	and	demineralized	water	served	as	coupling	
medium.	Selected	specimens	were	tested	at	load	levels	with	displacements	
from	0	mm	up	to	12.5	mm	in	displacement	steps	of	2.5	mm.	Characterization	
of	the	delaminations	were	performed	on	the	generated	C‐scans.	
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4.3 Results 

The	 conductivity	 values	 of	 UD	 specimens	 are	 shown	 in	 Table	 4.1.	 As	
expected,	 the	 highest	 conductivity	 is	 present	 in	 fiber	 direction	 and	 the	
conductivity	perpendicular	to	the	fiber	direction	in	plane	is	higher	than	the	
conductivity	perpendicular	to	the	fiber	direction	in	thickness	direction	(due	
to	resin	rich	areas	between	the	plies).	The	conductivity	of	a	printed	path	is	
two	orders	of	magnitude	higher	than	the	conductivity	of	the	CFRP	in	fiber	
direction.	This	difference	 enables	 to	measure	 changes	of	 the	 current	 flow	
from	the	highly	conductive	paths	to	the	lower	conductive	CFRP.	

Electrical	 conductivity	 and	 in	 particular	 through‐thickness	 electrical	
conductivity	of	CFRP	varies	extremely	depending	on	 fiber	volume	content	
and	 size	 of	 the	 inter‐laminar	 polymer	 layers.	 Compared	 to	 the	 values	
presented	 here,	 much	 lower	 conductivities	 have	 been	measured	 in	 some	
other	 studies	 [156,157].	 In	 these	 studies,	microscopy	 images	 show	 larger	
inter‐laminar	 polymer	 layers	 than	 the	 light	 microscopy	 images	 of	 the	
investigated	 CFRP.	 However,	 there	 are	 also	 studies	 that	 report	 electrical	
conductivities	in	the	same	range	[47]	or	even	higher	than	the	ones	reported	
here,	measured	on	comparable	materials	[12]	even	for	interleaved	systems	
[47].	

Table	 4.1:	 Electrical	 conductivities	 of	 unidirectional	 specimens,	 [0]10,	 in	 three	
directions	 and	 printed	 silver	 nanoparticle‐based	 sintered	 path	 on	
insulating	substrate	in	S/m.	

 
Fiber	

direction	
Transverse	

direction,	in‐plane	
Through‐thickness	

direction	
Sintered	silver	
nanoparticle	ink	

Mean	value	
in	S/m	

3.7 ⋅ 103 1.5 ⋅ 101 1.4 ⋅ 100 4.9 ⋅ 105 

Standard	
deviation	
in	S/m	

0.4 ⋅ 103 0.4 ⋅ 101 0.4 ⋅ 100 0.9 ⋅ 105 
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Data	from	literature	and	the	measured	values	(see	Table	4.1)	for	electrical	
conductivity	of	CFRP	are	summarized	in	Figure	4.10.	

In	 the	cross	sectional	view	(see	Figure	4.17)	 it	can	be	seen	that	 the	 inter‐
laminar	 polymer	 layers	 are	 relatively	 small	 and	 at	 some	 points	 touching	
fibers	of	adjacent	layers	can	be	observed.	In	combination	with	the	high	fiber	
volume	 content,	 this	 leads	 to	 a	 relatively	 high	 through‐thickness	
conductivity,	 compared	 to	 laminates	 with	 larger	 inter‐laminar	 polymer	
layers.	

A	 comparison	 of	 the	 through‐thickness	 conductivity	 of	 UD	 and	 quasi	
isotropic	 laminates	 supports	 this	 observation.	 The	 through‐thickness	
conductivities	 of	 quasi	 isotropic	 laminates	 (laminate	 layup:	
[45/0/−45/90]S)	made	from	the	same	prepregs	using	the	same	amount	of	
specimens	were	measured.	An	electrical	conductivity	in	through‐thickness	
direction	of	3.3	±	0.3	S/m	is	found,	which	is	twice	as	high	as	the	conductivity	

	

Figure	4.10:	Comparative	 log	plot	of	electrical	conductivity	versus	respective	fiber	
volume	content	of	CFRP.	Unfilled	symbols	correspond	to	literature	data	
[12,46,47,156,158–160]	 and	 filled	 symbols	 correspond	 to	 measured	
values	for	M21/T800S	(cf.	Table	4.1).	
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measured	 on	 the	 UD	 specimens.	 The	 higher	 conductivity	 of	 the	 quasi	
isotropic	 laminates	 is	 present	 due	 to	more	 connection	 points	 of	 touching	
fibers	of	adjacent	layers	compared	to	UD	laminates.	Other	researchers	have	
also	observed	 this	 trend	by	 comparing	UD	and	multidirectional	 laminates	
[48].	

4.3.1 Electrical resistance measurements along printed 
paths for surface crack detection 

In	this	section,	the	results	of	the	investigations	on	specimens	with	conductive	
paths	that	were	printed	onto	the	surface	of	cured	CFRP	are	presented.	

Figure	 4.11	 shows	 typical	 results	 of	 the	 mechanical	 and	 electrical	
measurements	 for	 a	 specimen	 with	 a	 layup	 of	 [903/02]S.	 The	 resistance	
without	loading	(R0)	is	2.1	Ω	for	both	conductive	paths,	and	the	resistance	
change	(ΔR)	is	specified	as	the	difference	of	the	measured	resistance	without	
(R0)	and	during	loading	(R).	

	

Figure	4.11:	Force	and	resistance	change	of	conductive	paths	versus	displacement,	
[903/02]S	laminate.	

0 2 4 6 8 10 12 14 16 18 20
0

50

100

150

200

250

300

350

CFRP M21/T800S [903 / 02]S
 mechanical response

 

R0, left = R0, right = 2.1 

F
o

rc
e

 in
 N

 

Displacement in mm 

0

20

40

60

80

100

120

140

 resistance change right path
 resistance change left path

R
es

is
ta

nc
e

 c
h

an
ge

 
R

/R
0 

in
 %



	

42	

The	force	increases	to	a	maximum	at	a	displacement	of	14.8	mm	and	fracture	
of	the	specimen	occurs	at	18.7	mm.	In	addition	to	the	mechanical	response,	
the	 change	of	 electrical	 resistance	 is	 shown	 for	 the	 two	conductive	paths,	
measured	from	one	end	to	the	other	of	the	same	path,	respectively.	Both	the	
force‐displacement	 curve	 and	 the	 resistance	 change‐displacement	 curves	
contain	 several	 discontinuities	 indicated	 by	 circles	 in	 the	 diagram.	 The	
discontinuities	correlate	perfectly	with	the	steps	in	the	resistance	change.	

The	discontinuities	in	the	measured	force	are	attributed	to	damages	in	the	
material.	 Since	 the	 dominating	 failure	 modes	 in	 cross‐ply	 laminates	
subjected	to	bending	and	the	failures	observed	in	the	tested	specimens	are	
IFF	and	delamination,	these	two	failure	modes	lead	to	the	discontinuities	of	
the	 measured	 force	 and	 resistance	 signals.	 All	 failures	 detected	 by	 the	
measured	 force,	 exceeding	 a	 certain	 amount	 of	 energy	 release,	 can	 be	
detected	by	resistance	changes.	X‐ray	images	show	that	all	discontinuities	in	
the	mechanical	response	correlate	to	IFF	and	the	developing	delaminations	
show	no	distinct	discontinuities.	The	resistance	increase	at	the	end	of	the	test	
(up	 to	 unmeasurable	 values)	 indicates	 the	 final	 fracture	 of	 the	 specimen	
cutting	the	specimen	completely	and	therefore	all	possible	conductive	paths	
for	 current	 flow.	 Thus,	 all	 failures	 exceeding	 a	 certain	 size	 and	 therefore	
being	relevant	for	the	integrity	of	the	specimen	as	well	as	the	final	fracture	
can	be	detected	reliably.	

Light	microscopy	observations	of	the	damaged	printed	paths	show	that	IFF	
at	the	surface	cause	interruptions	as	well	as	flaking	of	the	paths	in	proximity	
to	 the	 cracks	 (see	 Figure	 4.12).	Hence,	 the	 resistance	 increases	when	 IFF	
occur	due	to	the	interruption	of	the	paths	in	the	region	of	the	cracks	at	the	
surface.	The	current	flow	in	case	of	IFF	flows	through	the	CFRP,	which	has	a	
higher	resistance	compared	to	the	silver‐based	printed	path,	resulting	in	a	
resistance	increase.	The	current	flow	is	schematically	shown	in	Figure	4.13.		

This	method	enables	to	detect	IFF	reliably	on	the	surface.	It	can	be	used	to	
monitor	 surfaces	where	 surface	 cracks	 are	 crucial.	 Damages	 of	 the	 paths	
occurred	only	due	to	events	of	IFF.	Debonding	of	the	CFRP‐silver	interface	
could	not	be	observed.	Therefore,	the	quality	of	the	interface	is	sufficient	for	
the	considered	application	even	without	additional	surface	treatment.	
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Figure	4.12:	Light	microscopy	observation	of	printed	path	after	testing.	

	

	

Figure	 4.13:	 Schematic	 of	 current	 flow	 (white	 arrows,	 simplified);	 (a)	 Through	
undamaged	 printed	 path;	 (b)	 Through	 damaged	 printed	 path	 and	
composite	material	in	case	of	inter‐fiber	failures.	
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The	0°‐fibers	 in	 the	 cross‐ply	 laminate	have	a	 significant	 influence	on	 the	
mechanical	as	well	as	on	the	electrical	behavior.	

Therefore,	 a	 substitution	of	 the	0°‐layers	with	±45°‐layers	was	 conducted	
and	 the	 results	 are	 shown	 in	 Figure	 4.14.	 Due	 to	 the	 different	 layup,	 the	
maximum	force	and	the	Young’s	modulus	are	reduced	and	less	IFF	occur.	The	
resistance	 change	 is	 similar	 compared	 with	 the	 resistance	 change	 of	 the	
cross‐ply	laminate,	shown	in	Figure	4.11.	

It	can	be	said	that	with	the	substituted	middle	layers,	surface	cracks	can	be	
detected	reliably	as	well.	Therefore,	a	detection	of	all	IFF	is	possible	for	both	
0°‐layers	and	±45°‐layers	as	middle	layers	of	the	laminate.	

For	both	laminates,	the	resistance	increase	varies	significantly	for	differently	
located	IFF.	Therefore,	specimens	are	tested	and	unloaded	at	every	IFF	event	
and	 X‐ray	 images	 are	 made	 to	 correlate	 the	 damage	 location	 with	 the	
resistance	 increase	 that	 the	 damage	 causes	 (see	 Figure	 4.15).	 At	 the	 first	
damage	event,	two	IFF	occur	and	the	resistance	increases	4.1	%.	For	the	third	
IFF	 the	 resistance	 increases	 clearly	 as	well.	 The	 next	 two	 IFF,	 which	 are	
present	 in	between	two	existing	 IFF	(test	steps	3	and	4),	show	only	small	
increase	in	resistance.	The	last	IFF	does	not	lie	in	between	two	IFF	and	leads	
to	a	significant	increase	of	the	resistance	again.	

IFF	that	 lie	 in	between	two	other	IFF	lead	to	a	smaller	resistance	increase	
compared	 to	 the	 IFF	 that	do	not	 lie	 in	between	 two	other	 IFF.	Failures	 in	
between	 two	 other	 failures	 do	 not	 change	 the	 current	 flow	 as	 much	 as	
failures	 outside	 of	 other	 failures,	 since	 the	 path	 of	 least	 resistance	 is	 not	
changed	in	the	case	of	a	new	crack	in	between	two	other	cracks.	

Hence,	a	reliable	detection	of	IFF	with	the	presented	approach	is	possible.	
However,	a	localization	of	the	damage	is	only	possible	if	multiple	paths	with	
different	electrode	locations	are	used.	
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Figure	4.14:	Force	and	resistance	change	of	conductive	paths	versus	displacement,
[903/+45/−45]S	laminate.	

	

Figure	4.15:	X‐ray	images	of	loaded	specimen	showing	the	development	of	inter‐fiber	
failures	and	the	according	measured	resistance	increase.	 	
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4.3.2 Electrical measurements through the material for 
delamination detection   

Mechanical	and	electrical	measurements	for	a	representative	specimen	are	
plotted	in	Figure	4.16.	The	mechanical	response	is	qualitatively	the	same	as	
in	Figure	4.11.	The	resistance	changes	are	different	for	the	four	measured	
channels.	 For	 channel	 1	 (from	 top	 electrode	 to	 bottom	 electrode	 1)	 and	
channel	4	(from	top	electrode	to	bottom	electrode	4)	the	relative	resistance	
change	is	 in	the	range	of	±2.5	%	until	final	 fracture,	where	the	resistances	
suddenly	 increase	 to	 infinity.	 The	 resistance	 change	 of	 channels	 2	 and	 3	
(from	 top	 electrode	 to	 bottom	 middle	 electrodes)	 increases	 significantly	
with	 increasing	 displacement	 up	 to	 26	%	 and	 17.5	%	 before	 final	 failure,	
respectively.	

	

	

Figure	 4.16:	 Force	 and	 resistance	 change	 of	 the	 four	 measured	 channels	 versus
displacement.	
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The	non‐significant	resistance	changes	of	channel	1	and	4	(to	electrodes	left	
and	 right	 of	 the	 specimens)	 indicate	 that	 the	 current	 flow	 is	 not	 changed	
significantly	in	these	areas	of	the	specimen.	It	is	assumed	that	close	to	these	
electrodes	 no	 delaminations	 and	 IFF	 that	 interrupt	 the	 current	 flow	 are	
present.	For	channel	2	and	3	the	resistance	increase	indicates	that	damages	
occur	inside	of	the	material	close	to	the	most	stressed	areas	in	the	center	of	
the	 specimen.	 This	 can	 be	 proven	 by	 light	 microscopy	 observations	 of	 a	
tested	 specimen	 shown	 in	 Figure	 4.17.	 Above	 electrodes	 2	 and	 3	 (center	
electrodes),	IFF	in	the	three	lower	90°‐layers	and	delaminations	in	between	
the	0°‐	and	90°‐layer	are	found.	Above	the	outer	electrodes	(1	and	4)	only	
IFF	are	detected	by	light	microscopy.	

The	comparison	of	the	regions	close	to	the	outer	electrodes	and	close	to	the	
inner	 electrodes	 shows	 that	 the	 only	 difference	 is	 the	 presence	 of	
delaminations	in	the	higher	loaded	(center)	area.	IFF	in	the	90°‐layers	are	
present	 in	 all	 areas.	 Since	 the	 resistance	 change	 increases	 only	 for	
measurements	 with	 electrodes	 close	 to	 the	 most	 loaded	 areas	 where	
delaminations	occur,	delaminations	can	be	detected	by	a	significantly	higher	
resistance	change	compared	to	areas	where	only	IFF	occur,	which	are	not	
detected	by	the	through‐thickness	measurements.	

Figure	 4.17:	 Light	 microscopy	 observation	 of	 polished	 sections	 after	 testing;
(a)	 Region	 above	 electrodes	 2	 and	 3	 (middle	 electrodes),	 inter‐fiber	
failures	and	delaminations;	(b)	Region	above	electrodes	1	and	4	(outer
electrodes),	only	inter‐fiber	failures.	
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C‐scans	from	ultrasonic	testing	show	the	development	of	delaminations	(see	
Figure	4.18).	No	delaminations	 are	present	 at	 2.5	mm	displacement.	 First	
delaminations	 are	 detected	 at	 5.0	mm	 displacement.	 Between	 these	 two	
loading	steps	the	resistance,	measured	to	the	middle	electrodes,	 increases	
significantly.	 Hence,	 a	 detection	 of	 the	 first	 delaminations	 by	 resistance	
measurements	 is	 possible.	 With	 increasing	 displacement	 both	 the	
delaminations	and	the	resistance	for	the	electrodes	close	to	delaminations	
increase.	Furthermore,	the	delaminations	appear	in	a	depth	of	about	1.3	mm,	
which	 is	 the	 location	 of	 the	 lower	 0°/90°‐interface,	 since	 the	 cured	 ply	
thickness	 is	0.19	mm,	resulting	 in	a	depth	of	 the	 interface	of	1.3	mm.	This	
delamination	area	corresponds	to	the	location	of	the	delaminations	found	in	
light	microscopy	observation	(see	Figure	4.17).	

Hence,	detection	as	well	as	a	localization	of	delaminations	is	possible	with	
the	 used	 path	 design	 and	 through‐thickness	 resistance	 measurement,	
because	delaminations	lead	to	a	resistance	increase	at	delamination	areas	in	
thickness	direction.		

Considering	this	high	potential	of	printed	conductive	paths	onto	the	surface	
of	CFRP	for	structural	health	monitoring	applications,	 it	 is	also	of	 interest	
whether	 damage	 detection	 is	 possible	 for	 conductive	 paths	 that	 are	

Figure	4.18:	Ultrasonic	C‐scans	with	depth	 information	 for	different	displacement
steps	in	three‐point	bending	test	showing	delaminations.	

displacement in mm: 2.5 5.0 7.5 10.0 12.5

delamination area in mm²: 0.0 3.0 48.9 117.2 169.9

area of interest
45 mm x 15 mm

defect depth
in mm

0

0.5

1

1.5

layup:
[903 / 02]S



Structural	health	monitoring	of	CFRP	via	electrical	resistance	measurement	

49	

integrated	 inside	 of	 the	 laminate	 between	 adjacent	 plies.	 The	 following	
section	describes	the	results	for	integrated	conductive	paths.	

4.3.3 Electrical measurements on specimens with conductive 
paths integrated inside of the laminate 

For	the	electrical	resistance	measurements	along	printed	paths	(see	Figure	
4.7,	(a)),	no	correlation	of	damages	and	resistance	increase	is	present.	During	
the	three‐point	bending	test,	no	distinct	resistance	increases	are	observed.	
Hence,	a	damage	detection	is	not	possible	with	these	integrated	paths.		

However,	 for	the	electrical	resistance	measurements	 through	the	material	
(see	Figure	4.7,	 (b)),	 the	resistance	change	of	 the	 four	measured	channels	
exhibits	 a	 similar	 behavior	 compared	 to	 the	 same	 test	 setup	 with	 the	
conductive	paths	printed	onto	the	surface	(cf.	Figure	4.6).	Figure	4.19	shows	
representative	results	of	this	test.	

	

Figure	 4.19:	 Force	 and	 resistance	 change	 of	 the	 four	 measured	 channels	 versus	
displacement	on	specimen	with	integrated	conductive	paths.	
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As	observed	before	for	the	specimens	with	the	printed	path	on	the	surface	of	
the	material,	here	similarly	the	resistances	of	channels	2	and	3	increase	and	
the	resistances	of	channels	1	and	4	do	not	show	significant	changes	during	
the	 test.	Therefore,	 for	 this	 integrated	conductive	path	design	the	damage	
detection	is	possible	in	the	same	way	as	with	conductive	paths	on	the	surface.	

Light	 microscopy	 images	 of	 polished	 sections	 show	 the	 structure	 of	 the	
integrated	paths.	Paths	that	lie	in	fiber	direction	of	the	two	adjacent	plies	are	
straight	 and	 continuous	 (see	 Figure	 4.20	 (a)),	 whereas	 paths	 that	 are	
oriented	 orthogonal	 to	 the	 fiber	 direction	 of	 the	 two	 adjacent	 plies	 are	
undulated	and	contain	several	discontinuities	(see	Figure	4.20	(b),	(c),	(d)).	
The	waviness	of	these	non‐continuous	paths	adapts	to	the	rovings	of	the	two	
adjacent	plies.	Furthermore,	most	of	the	discontinuities	 lie	 in	proximity	to	
resin	rich	areas.	During	the	heating	up	within	the	autoclave	process,	the	resin	
reaches	 a	 very	 low	 viscosity.	 This	 could	 lead	 to	 relocations	 of	 the	 non‐
sintered	silver	nanoparticles	leading	to	the	observed	discontinuities	of	the	
paths.	 This	 assumption	 is	 also	 supported	 by	 the	 fact	 that	 most	 of	 the	
discontinuities	are	located	near	resin	rich	areas.	

Figure	4.20:	Light	microscopy	observation	(dark	field)	of	polished	sections	of	printed	
paths	integrated	in	CFRP	laminate	below	top	layer;	(a)	Path	and	fibers	of	
adjacent	plies	are	oriented	parallel;	(b)	Path	and	fibers	of	adjacent	plies
are	 oriented	 orthogonal;	 (c),	 (d)	 Details	 of	 regions	 with	 undulated,
noncontinuous	conductive	path.	
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Comparing	 the	 results	 of	 light	 microscopy	 observation	 and	 three‐point	
bending	 tests	 with	 simultaneous	 electrical	 resistance	 measurements,	 a	
damage	 detection	 via	 electrical	 resistance	 measurement	 is	 possible	 with	
continuous	integrated	paths	that	are	oriented	parallel	to	the	fiber	direction	
of	 the	 adjacent	 layers.	 However,	 if	 discontinuities	 that	 occur	 for	 paths	
printed	orthogonal	to	the	fiber	direction	of	the	adjacent	layers	are	present,	
reliable	 damage	 detection	 is	 not	 possible.	 Therefore,	 the	 fiber	 direction	
needs	to	be	taken	into	account	if	printed	paths	are	applied	onto	prepregs	to	
achieve	integrated	conductive	paths.	

4.3.4 Analytical model 

To	gain	a	deeper	understanding	of	the	influence	of	IFF	and	delaminations	on	
the	electrical	resistance	change	of	CFRP,	an	analytical	model	is	proposed	in	
the	following.	

The	 analytical	 model	 is	 developed	 to	 be	 able	 to	 predict	 the	 electrical	
resistance	change	for	defined	loading	and	corresponding	damage	states	of	a	
CFRP	 specimen	 with	 printed	 conductive	 paths	 (configuration	 shown	 in	
Figure	 4.5).	With	 the	model,	 an	 identification	 of	 the	 contributions	 to	 the	
electrical	resistance	change	of	both	IFF	and	delaminations	shall	be	possible.	
Furthermore,	with	 such	 a	model,	 the	 electrical	 resistance	 changes	 can	 be	
calculated	 for	 different	 laminate	 layups	 and	 electrical	 conductivity	 values	
and	therefore	also	for	other	material	systems.	

Considering	 the	 anisotropic	 electrical	 resistances	 of	 the	 system,	 an	
equivalent	circuit	diagram	is	developed	for	the	CFRP	specimen	(see	Figure	
4.21).	 The	 total	 resistance	 is	measured	 from	 one	 to	 the	 other	 end	 of	 the	
printed	path.	It	comprises	the	electrical	resistance	of	the	printed	path	(RP),	
the	contact	resistance	between	printed	path	and	CFRP	(RC),	the	resistance	in	
thickness	 direction	 for	 each	 layer	 (Rt),	 and	 the	 0°‐layers	 and	 90°‐layers	
resistances	in	path	direction	for	each	layer	(R0	and	R90).	The	model	is	based	
on	the	assumption	that	damages	reduce	the	effective	area	that	can	be	used	
for	electron	transport,	leading	to	a	local	increase	of	the	electrical	resistance.	
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For	this	model,	the	following	assumptions	and	simplifications	are	made:	

 The	material	exhibits	ohmic	behavior.	Hence,	Ohm’s	law	applies.	
 Electrical	current	density	is	homogeneously	distributed	in	all	cross	

sections.	
 Electrical	 resistance	 is	 the	 same	 for	 all	 layers	 of	 the	 same	 fiber	

direction	and	same	damage	state	(i.e.	R0	=	R0,1	=	R0,2	=	R0,3	=	R0,4	and	
R90,lower	=	R90,1	=	R90,2	=	R90,3	and	R90,upper	=	R90,4	=	R90,5	=	R90,6).	

 Electrical	 resistance	 in	 thickness	 direction	 between	 two	 adjacent	
plies	 is	 the	 same,	 independent	 of	 the	 fiber	 directions	 of	 the	 two	
neighboring	 layers,	 but	 it	 decreases	 for	 damaged	 layers	 (i.e.	
Rt,lower	=	Rt,1	=	Rt,2	=	Rt,3	and	Rt	=	Rt,4	=	Rt,5	=	Rt,6	=	Rt,7	=	Rt,8	=	Rt,9).	

 The	contact	 resistance	between	printed	path	and	 the	neighboring	
layer	is	half	of	the	resistance	as	the	one	between	two	neighboring	
layers,	because	the	resin	rich	inter‐laminar	layer	between	path	and	
surface	is	half	the	size	compared	to	the	inter‐laminar	layer	between	
two	adjacent	layers.	

 In	a	first	step,	we	consider	the	influence	of	IFF	only.	Therefore,	we	
assume	that	after	the	first	IFF,	the	effective	areas	of	the	printed	path	
and	of	the	lower	90°‐layers	are	zero	because	the	IFF	interrupt	these	
paths	permitting	electron	transport	(i.e.	RP	=	inf	and	R90,lower	=	inf).	

 Every	IFF	reduces	the	effective	area	of	the	three	lower	90°‐layers	by	
a	fixed	number	p	in	%.	

	

Figure	 4.21:	 (a)	 Layup	 of	 the	 CFRP	 laminate	 with	 printed	 conductive	 path;	 (b)
Equivalent	circuit	diagram	of	the	system.	
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With	 the	 experimentally	 determined	 dimensions	 of	 a	 printed	 path,	 the	
effective	area	of	the	printed	path	can	be	expressed	as	

	

	700 ∙ 10 ∙ 8 ∙ 10
0

				 0
0
	 (4.5)	

	

Where	i	is	the	number	of	IFF.	

The	effective	areas	in	thickness	direction	are	

	

, , ,

	
15 ∙ 10 ∙ 50 ∙ 10

15 ∙ 10 ∙ 50 ∙ 10 ∙
∙ 				 0

0
		

	 (4.6)	

	

, , , , , ,

15 ∙ 10 ∙ 50 ∙ 10 	
	(4.7)	

	

Moreover,	in	the	90°‐	and	0°‐layers,	the	effective	areas	can	be	expressed	as	

	

, , ,

	0.1875 ∙ 10 ∙ 15 ∙ 10
0

	 0
0
	

	(4.8)
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0.1875 ∙ 10 ∙ 15 ∙ 10 	
	(4.9)	
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The	 lengths	 for	 calculating	 the	 resistances	 are	 taken	 from	 the	 specimen	
geometry:	
	

50 ∙ 10 	 	 (4.10)	

	

0.1875 ∙ 10 	 	 (4.11)	

	

Conductivity	 values	 ,	 ,	 ,	 and	 	 are	 taken	 from	 electrical	 resistance	
measurements	 (see	 Table	 4.1).	 With	 these	 values,	 the	 resistances	 of	 all	
elements	depicted	in	Figure	4.21	(b)	are	calculated	using	Ohm’s	law:	

	

∙
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With	the	resistances	and	the	equivalent	circuit	diagram,	the	total	resistance	
Rtotal)	for	the	initial	state	and	for	any	number	of	IFF	(i)	can	be	expressed	as:	
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The	initial	electrical	resistance	from	the	experiments	is	2.47	±	0.24	Ω	and	the	
analytical	model	calculates	2.37	Ω.	Hence,	the	model	gives	a	slightly	 lower	
initial	resistance	than	observed	experimentally,	but	the	value	is	in	the	scatter	
of	 the	experimental	values	(some	measured	values	 lie	above	and	some	 lie	
below	the	calculated	values).	

To	 compare	 the	 analytical	 results	 with	 results	 from	 the	 electrical	
measurements,	electrical	resistance	changes	of	the	first	10	IFF	are	analyzed	
for	 14	different	 experimental	measurements.	 For	 the	 first	 calculation,	 the	
reduction	 of	 the	 effective	 area	 (p)	 is	 kept	 constant.	 This	 means	 that	 we	
assume	the	change	of	effective	area	to	be	independent	of	the	number	of	IFF	
(except	for	the	first	IFF	–	here,	the	effective	area	is	not	reduced)	as	well	as	
independent	 of	 the	 position	 of	 the	 failure.	 Calculations	 are	 conducted	 for	
p	=	5	%	to	p	=	10	%	and	plotted	with	the	experimental	data	(see	Figure	4.22).	
These	values	were	chosen	as	they	fit	well	into	the	range	of	the	corresponding	
resistance	increases	per	IFF	observed	in	the	experiments.	

	

Figure	4.22:	Resistance	change	for	first	ten	inter‐fiber	failures	with	assumption	that
every	inter‐fiber	failure	has	the	same	influence	on	the	resistance	change,	
independent	of	number	and	location.	
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For	low	numbers	of	IFF,	i	<	5,	the	analytical	solutions	for	p	>	7	fit	best	to	the	
experimental	 values.	 However,	 for	 higher	 numbers	 of	 IFF,	 i	>	5,	 these	
analytical	solutions	overestimate	the	resistance	change	significantly	and	the	
analytical	solutions	for	p	=	6	and	p	=	7	lie	closer	to	the	measured	values.	In	
general,	for	increasing	number	of	IFF,	the	analytical	solutions	overestimate	
the	 experimentally	 determined	 values	 for	 the	 resistance	 change.	 This	
discrepancy	 is	 caused	 by	 the	 fact	 that	 statistically	 the	 reduction	 of	 the	
effective	 area	 decreases	 for	 increasing	 number	 of	 IFF,	 because	 of	 two	
reasons:	 First,	 if	 an	 IFF	 occurs	 between	 two	 existing	 IFF,	 the	 resistance	
increase	 is	 significantly	 smaller.	 Second,	 the	more	 cracks	 are	present,	 the	
closer	the	cracks	lie	together	and	the	effect	of	the	change	of	the	effective	area	
decreases.	Therefore,	it	is	necessary	to	adjust	the	model	as	described	in	the	
next	paragraph.	

Due	 to	 the	 statistically	 decreasing	 influence	 of	 a	 crack	 for	 increasing	
numbers	of	IFF,	the	parameter	p	is	adjusted	depending	on	the	number	of	IFF	
(i)	as	follows:	

	

	 	 (4.14)	

	

0.94 ∙ 					for	i	>	0	 	 (4.15)	

	

The	 factor	 0.94	 is	 determined	 from	 the	 experiments	 by	 evaluation	 of	 the	
decreasing	resistance	changes	for	increasing	number	of	IFF.	
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In	addition	 to	 the	 influence	of	 IFF,	 the	change	of	 the	effective	area	due	 to	
delaminations	needs	to	be	considered.	The	delamination	area	is	taken	from	
the	 ultrasonic	 C‐scans	 (see	 Figure	 4.18)	 and	 plotted	 in	 a	 diagram	with	 a	
linear	fit	describing	the	delamination	area.	The	axis	describing	the	number	
of	IFF	is	also	approximated	from	the	experimental	results	(see	Figure	4.23).	

Due	to	the	different	x‐axes	of	the	number	of	IFF	and	the	displacement,	the	
linear	fit	function	needs	to	be	defined.	Then,	the	delamination	area	can	be	
expressed	as	follows:	

	

	 0
101.86 ∙ 10 14.82 ∙ 10 ∙

6
7
		

	 (4.16)	

	

	 	

	

Figure	 4.23:	 Delamination	 area	 from	 ultrasonic	 C‐scans	 versus	 displacement	 and	
number	of	inter‐fiber	failures.	
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Therefore,	the	effective	area	of	the	lower	90°‐layers	considering	both	IFF	and	
delaminations	is:	

	

, , ,

	
15 ∙ 10 ∙ 50 ∙ 10

15 ∙ 10 ∙ 50 ∙ 10 ∙
∙

0
0

		
	 (4.17)	

	

With	 the	 addition	 of	 the	 above	 described	 equations,	 the	 results	 of	 the	
analytical	model	are	plotted	in	Figure	4.24.	

	 	

	

Figure	 4.24:	 Resistance	 change	 calculated	 by	 analytical	 model	 for	 parameter	
p	=	5…10	and	experimental	results.	
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It	can	be	seen	that	the	analytical	results	lie	close	to	the	experimental	results	
for	 all	 regarded	 damage	 states	 for	 p	=	9	 and	 p	=	10.	 The	 best	 results	 are	
obtained	 for	 p	=	9.5	 (see	 Figure	 4.25).	 In	 addition,	 Figure	 4.25	 shows	 the	
contributions	 to	 the	 electrical	 resistance	 change	 caused	 by	 IFF	 and	
delaminations	 that	 were	 calculated	 separately.	 The	 influence	 of	 the	 IFF	
dominates	but	 the	 curve	 for	 the	 IFF	 shows	a	 slightly	 regressive	behavior.	
Delaminations	contribute	to	the	electrical	resistance	change	from	the	7th	IFF	
and	the	curve	shows	a	progressive	behavior.	Therefore,	it	can	be	concluded	
that	the	influence	of	IFF	dominates	for	the	less	damaged	state.	However,	for	
increasing	amount	of	damages,	the	influence	of	the	delaminations	increases.		

The	reason	why	the	contribution	of	delaminations	to	the	resistance	increase	
sets	in	after	several	IFF	are	already	present	can	be	explained	by	the	fact	that	
delaminations	occur	after	the	first	IFF	because	of	high	inter‐laminar	shear	
stresses	at	the	crack	tips	of	the	present	IFF.	Eventually,	 the	delaminations	
start	growing	leading	to	an	increasing	contribution	of	the	delaminations.	

	

Figure	4.25:	Resistance	change	calculated	by	analytical	model	for	parameter	p	=	9.5	
and	experimental	results	as	well	as	contribution	of	 inter‐fiber	failures	
and	delaminations	to	resistance	change.	
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The	analytical	model	shows	good	agreement	with	experiments	for	the	initial	
resistance	of	the	undamaged	specimen.	Furthermore,	the	analytical	results	
show	 good	 agreement	 with	 experiments	 for	 electrical	 resistance	 change	
caused	 by	 IFF	 and	 delaminations.	 The	 model	 can	 be	 used	 to	 predict	 the	
electrical	resistance	change	for	a	defined	loading	and	damage	state	and	it	can	
be	 estimated	 how	 the	 IFF	 and	 delaminations	 each	 contribute	 to	 the	 total	
electrical	 resistance	 change.	 With	 relatively	 small	 adjustments,	 this	
analytical	model	could	be	adapted	to	other	cross‐ply	 laminate	 layups	with	
different	geometries	and	electrical	conductivities.	
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4.3.5 Impact damage detection 

Figure	 4.26	 shows	 representative	 heat	 maps	 constructed	 from	 through‐
thickness	 electrical	 resistance	 measurements	 including	 the	 delamination	
area,	determined	by	ultrasonic	C‐scans.	For	the	measurements	that	consider	
only	the	electrode	pairs	consisting	of	electrodes	that	lie	directly	on	the	other	
side	of	the	specimen	(see	Figure	4.26	(a)),	the	highest	electrical	resistance	
measured	is	located	around	the	electrode	located	at	(62.5	mm,	37.5	mm).	It	
can	be	seen	that	the	delamination	area	lies	close	to	this	electrode.	However,	
the	resistance	increase	indicates	a	damage	location	slightly	to	the	right	of	the	
measured	 delamination	 area.	 Figure	 4.26	 (b)	 shows	 measurements	 that	
consider	 the	 through‐thickness	 measurement	 of	 all	 electrodes	 of	 the	
opposite	 side	 that	 lie	 within	 a	 distance	 of	 ±	25	mm	 with	 respect	 to	 the	
considered	 electrode	 in	 x‐	 and	 y‐direction,	 respectively.	 The	 maximum	

Figure	4.26:	Heat	map	showing	electrical	resistance	change	for	CFRP	specimen	with
impact	damage.	Contour	of	impact	damage	is	shown	in	transparent	gray,
locations	 of	 electrodes	 are	marked	 as	 crosses;	 (a)	 Through‐thickness	
measurement	 considering	 only	 electrode	 pairs	 that	 lie	 directly	 on	
opposite	 sides	 of	 the	 specimen;	 (b)	 Through‐thickness	 measurement	
considering	all	electrodes	of	the	opposite	side	that	lie	within	a	distance
of	 ±	25	mm	 to	 the	 considered	 electrode	 in	 x‐	 and	 y‐direction,	
respectively.	
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resistance	 increase	 again	 lies	 close	 to	 the	 same	 electrode.	 However,	
considering	the	first	two	equipotential	lines,	this	heat	map	approximates	the	
delamination	area	relatively	good.	

Considering	only	in‐plane	measurements	results	in	a	different	heat	map	(see	
Figure	4.27).	Here,	the	maximum	electrical	resistance	change	lies	close	to	the	
electrode,	 where	 fiber	 failure	 is	 visible	 on	 the	 surface.	 The	 maximum	
resistance	increase	corresponds	well	to	the	location	of	the	fiber	failure	on	
the	 surface	 (see	 equipotential	 line	 with	 highest	 values).	 Further	
equipotential	lines	are	located	around	the	regarded	electrode.	

Through‐thickness	 measurements	 can	 estimate	 the	 location	 of	 the	
delamination	 area	 relatively	 well.	 Considering	 more	 electrode	 pairs	 than	
only	the	ones	lying	directly	opposite	of	each	other	can	improve	the	damage	
location	accuracy	and	leads	to	a	better	resolution	of	the	damaged	area.	In‐
plane	measurements	 are	 not	 as	 suitable	 for	 delamination	 area	 detection,	

Figure	4.27:	Heat	map	showing	electrical	resistance	change	for	CFRP	specimen	with
impact	damage.	Contour	of	impact	damage	is	shown	in	transparent	gray,
locations	of	electrodes	are	marked	as	crosses;	(a)	In‐plane	measurement	
on	 impact	 side,	 considering	 the	 eight	 closest	 electrodes	 on	 the	 same
specimen	 side	 (i.e.	 the	 surrounding	 electrodes	 in	 the	 same	 plane);
(b)	Detail	of	the	impacted	specimen	area	with	surficial	fiber	failure.	
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because	the	damages	close	to	the	surface	dominate	the	measured	resistance	
change	 (this	 has	 also	 been	 shown	 by	 Xia	 et	 al.	 [161]).	 Hence,	 through‐
thickness	 measurements	 are	 more	 suitable	 to	 detect	 damages	 below	 the	
surface	and	in‐plane	measurements	are	better	suited	to	detect	damages	at	or	
close	 to	 the	 surface.	 Combining	 both	measurement	 techniques	 offers	 the	
opportunity	 to	 distinguish	 between	 surface	 cracks	 and	 damages	 further	
below	the	surface.	

4.3.6 Omega stringer/skin demonstrator 

For	 the	 omega	 stringer,	 first	 the	 electrical	 resistances	 measured	 before	
introduction	 of	 the	 impacts	 are	 analyzed.	 If	 all	 measurements	 are	
considered,	the	initially	measured	resistances	range	from	1	Ω	to	210	Ω.	The	
different	distances	and	orientations	between	the	electrode	pairs	as	well	as	
their	 geometries	 cause	 these	 relatively	 large	 differences	 of	 the	 initial	
resistances.	The	larger	the	electrodes	and	the	closer	the	distance	between	
the	electrodes,	the	lower	is	the	electrical	resistance	for	the	electrode	pair.	

To	evaluate	the	resistance	change	due	to	the	impact	damage	over	the	whole	
area	of	the	stringer,	selected	electrode	pairs	that	lie	close	to	each	other	and	
on	opposite	sides	of	the	stringer	are	chosen	and	evaluated.	Hence,	a	through‐
thickness	 measurement	 of	 the	 resistances	 over	 the	 whole	 part	 can	 be	
achieved.	At	the	locations	of	the	three	introduced	impacts,	the	resistance	is	
significantly	 increased.	 For	 the	 foot	 impacts,	 the	 maximum	 resistance	
increases	 are	 285	%	 and	 126	%,	 respectively.	 For	 the	 head	 impact,	 the	
maximum	resistance	increase	is	154	%.	Due	to	the	difference	of	these	three	
local	maximum	values,	the	resistance	change	of	the	three	regarded	areas	(left	
foot,	head,	right	food)	is	normalized	by	setting	each	local	maximum	value	to	
100	%.	With	this	normalization,	it	is	possible	to	see	all	significant	resistance	
changes	at	the	three	areas	of	the	stringer.	Figure	4.28	shows	the	normalized	
resistance	change	due	to	the	three	introduced	impacts.	
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The	 increased	 resistances	 correspond	 well	 with	 the	 impact	 damage	
locations.	Therefore,	detection	and	localization	of	the	damages	is	possible.	
The	 localization	 potential	 of	 the	 foot	 impacts	 (F1	 and	 F2)	 is	 excellent.	
However,	due	to	the	electrode	design,	the	localization	possibility	of	the	head	
impact	 (H1)	 is	 not	 as	 precise	 as	 for	 the	 foot	 impacts.	 For	 a	more	 precise	
damage	localization	of	the	head	impact	(H1)	more	conductive	paths	would	
be	necessary	 to	 improve	 the	 resolution	of	 the	monitored	area.	Hence,	 the	
electrode	design	determines	the	localization	potential	significantly.	

Figure	 4.28:	 Normalized	 resistance	 change	 of	 through‐thickness	 measurements	
caused	by	impact	for	top	view	of	omega	stringer;	Impact	locations	are	
marked	as	X	with	F1	and	F2	being	 foot	 impacts	and	H1	being	a	head
impact;	Pairs	of	numbers	describe	the	channels	between	the	resistance
was	measured.	
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5 Structural health monitoring of adhesive 
bondings via electrical resistance 
measurement 

In	 this	 chapter,	 investigations	 are	 presented	 that	 aim	 to	 develop	 a	 non‐
destructive	 testing	method	 to	monitor	 the	 integrity	 of	 composite	 bonded	
joints	and	repairs	with	the	ability	to	localize	the	damage.	

Therefore,	 conductive	 paths	 are	 applied	 onto	 non‐conductive	 GFRP	
structures	by	inkjet	printing.	CNT	modified	adhesive	films	are	manufactured	
to	enable	electrical	resistance	measurements	through	the	bond	line.	Impacts	
are	introduced	into	adhesively	bonded	GFRP	plates	and	electrical	resistance	
measurements	are	carried	out	to	detect	and	in	particular	to	localize	damages.	
The	 results	 are	 compared	 and	 verified	 by	 ultrasonic	 inspection,	 reflected	
light	 scans,	 and	 light	 microscopy.	 Furthermore,	 adhesively	 bonded	 scarf	
joints	subject	to	cyclic	loading	are	investigated.	Conductive	paths	are	inkjet‐
printed	 onto	 scarfed	 and	 electrically	 insulated	 CFRP	 surfaces	 and	 CNT	
modified	 adhesive	 films	 are	 used	 to	 enable	 electrical	 resistance	
measurements	 through	 the	 bond	 line.	 The	 bonded	 joints	 are	 exposed	 to	
cyclic	 loading	 and	 electrical	 resistance	 measurements	 are	 carried	 out.	
Damage	mapping	is	used	to	detect	and	localize	damages	and	the	results	are	
compared	with	strain	measurements	using	DIC.	

5.1 Specimen preparation 

5.1.1 CNT modified adhesive films 

For	 the	 manufacturing	 of	 the	 adhesive	 films,	 epoxy	 resin	 and	 0.5	wt.%	
SWCNT	were	mixed	in	a	glovebox	and	dispersed	using	a	three‐roll	mill	(120E	
by	 EXAKT	 Advanced	 Technologies	 GmbH).	 The	 milling	 process	 was	
conducted	seven	times	at	constant	rotational	speed	of	the	rolls	of	33		min–1,	
100		min–1,	and	300	min–1,	respectively.	To	achieve	a	good	dispersion	quality	
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of	the	SWCNT	in	the	resin,	the	gap	widths	between	the	rolls	were	120		µm	
and	40	µm	for	the	first	step,	40		µm	and	13	µm	for	the	second	step,	and	13		µm	
and	5	µm	for	the	subsequent	five	steps.	A	minimum	gap	size	of	5	µm	results	
in	a	uniform	dispersion	and	a	retention	of	the	aspect	ratio	of	CNT	as	shown	
earlier	by	Gojny	et	al.	[162].	The	chosen	parameters	result	in	very	well	and	
uniformly	 dispersed	 particles	 in	 the	 polymer,	 as	 presented	 in	 different	
investigations	 [118,163–165].	 From	 this	 dispersion,	 the	 company	 3M	
Germany	 GmbH	 manufactured	 adhesive	 films	 with	 a	 SWCNT	 content	 of	
0.1	wt.%.	This	nanoparticle	content	provides	electrical	conductivity	above	
the	percolation	threshold	even	for	thin	regions	of	the	adhesive	film.	A	nylon	
carrier	cloth	guarantees	a	minimum	bond	line	thickness	after	curing.	Figure	
5.1	 shows	 a	 light	 microscopy	 image	 of	 the	 used	 carrier	 cloth	 without	
adhesive	film.	

5.1.2 Adhesively bonded GFRP specimens for impact tests 

Epoxy‐based	 biaxial	 GFRP	 plates	 (EP	 GC	 308)	were	 cut	 to	 dimensions	 of	
150	mm	x	100	mm	x	2	mm	using	a	milling	machine.	Along	two	edges	of	the	
plates,	notches	were	cut	for	better	contacting	of	conductive	paths.	To	achieve	
a	high	adhesion	strength,	the	GFRP	surfaces	to	be	bonded	were	activated	by	
a	 low‐pressure	plasma	 treatment	 (SmartPlasma	10	by	Plasmatechnology)	
with	a	power	of	300	W	at	a	pressure	of	0.3	mbar	for	90	s.	

Figure	5.1:	Light	microscopy	observation	of	carrier	cloth	used	in	the	adhesive	films.

100 µm
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Conductive	paths	out	of	silver	nanoparticle–based	 ink	were	 inkjet‐printed	
onto	 the	 GFRP	 specimens	 using	 a	 single	 nozzle	 print	 head	 (microdrop	
Technologies)	with	a	nozzle	diameter	of	70	µm.	Conductive	paths	with	an	
interspace	of	8.75	mm	were	printed	parallel	to	the	edges.	As	shown	in	Figure	
5.2,	 two	 different	 path	 designs	 were	 printed,	 namely,	 a	 lined	 design	 (a),	
where	the	conductive	paths	lie	parallel	to	each	other	and	a	crossed	design	
(b),	 where	 the	 conductive	 paths	 of	 the	 two	 substrates	 are	 arranged	
perpendicular	to	each	other.	

Then,	 the	 adhesive	 film	 was	 placed	 between	 two	 GFRP	 plates	 with	 the	
conductive	 paths	 facing	 toward	 the	 adhesive	 film.	 The	 adhesive	 film	was	
cured	in	an	autoclave	process	at	a	temperature	of	125	°C	and	a	pressure	of	
5	bar	for	120	min	in	a	nitrogen	atmosphere.	No	additional	sintering	process	

Figure	5.2:	Conductive	path	designs	for	bonded	GFRP	specimens:	conductive	paths	A	
lie	in	a	plane	above	and	conductive	paths	B	lie	in	a	plane	below	adhesive
film;	(a)	Lined	design	with	parallel	conductive	paths;	(b)	Crossed	design	
with	perpendicular	conductive	paths.	
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was	 necessary,	 because	 the	 autoclave	 process	 involves	 a	 sintering	 of	 the	
conductive	silver	paths.	

To	enable	reliable	contacting	for	resistance	measurements,	stranded	copper	
wires	were	connected	with	the	printed	conductive	paths	using	conductive	
silver	paint	(Acheson	Silver	DAG	1415	M).	

5.1.3 Adhesively bonded CFRP scarf joint specimens for 
cyclic tests………. 

The	used	carbon	fiber	reinforced	prepregs	consist	of	an	epoxy	matrix	and	
carbon	 fibers	 (HexPly	 M21/34%/UD194/T800S	 by	 Hexcel).	 CFRP	 plates	
with	the	laminate	layup	[‐45/90/45/0]S	were	laminated	from	prepregs	and	
cured	in	an	autoclave	process	at	a	temperature	of	180	°C	and	a	pressure	of	
7	bar	 for	 120	minutes	 in	 a	 nitrogen	 atmosphere.	 Subsequently,	 the	 plates	
were	 tapered	with	a	 scarf	angle	of	2.86°	 (corresponding	 to	a	 thickness	 to	
length	 ratio	 of	 1:20)	 using	 a	 diamond	 coated	 milling	 cutter	 (OptiMill‐
Composite‐Speed	 M7218‐1000AQ	 by	 Mapal)	 operated	 in	 a	 CNC	 mill.	 To	
achieve	electrical	 insulation,	a	phenolic	 resin	based	coating	 (2242	by	Kal‐
Gard)	with	a	thickness	of	6.9	±	1.7	µm	(measured	by	light	microscopy)	was	
spray	applied	onto	the	surface	of	the	scarfed	CFRP.	Conductive	paths	out	of	
silver	 nanoparticle‐based	 ink	 were	 inkjet‐printed	 onto	 the	 scarfed	 and	
coated	areas	using	a	single	nozzle	print	head	(by	microdrop	Technologies)	
with	a	nozzle	diameter	of	70	μm.	The	conductive	paths	have	an	interspace	of	
8.75	mm	and	were	placed	parallel	to	the	edges	of	the	specimens.	

The	adhesive	film	was	placed	between	two	scarfed	surfaces	and	cured	under	
vacuum	in	an	autoclave	process	at	a	temperature	of	125	°C	and	a	pressure	of	
5	bar	 for	 120	minutes	 in	 a	 nitrogen	 atmosphere.	 No	 additional	 sintering	
process	was	necessary,	because	the	autoclave	process	involves	a	sintering	of	
the	 conductive	 silver	 paths.	 To	 enable	 reliable	 contacting	 for	 resistance	
measurements,	 stranded	 copper	 wires	 were	 connected	 with	 the	 printed	
conductive	paths	using	conductive	silver	paint	(Acheson	Silver	DAG	1415M).	

GFRP	with	fibers	oriented	in	±45°	direction	and	aluminum	tabs	with	a	width	
of	50	mm	and	a	thickness	of	1	mm	were	bonded	onto	both	ends	of	the	cured	
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plates	with	solvent	free	two‐part	epoxy	adhesive	(UHU	plus	endfest	300)	at	
80	°C	 for	 30	minutes.	 Specimens	 with	 dimensions	 of	
230	mm	x	25	mm	x	1.5	mm	with	a	free	test	length	of	130	mm	were	cut	from	
the	plates	using	a	water‐lubricated	diamond	coated	saw	blade.	The	edges	of	
the	 specimens	were	 polished	with	 abrasive	 paper	 up	 to	 1000	 grain	 size.	
Specimen	geometry	and	the	arrangement	of	the	printed	paths	are	shown	in	
Figure	5.3,	where	the	specimen	is	shown	schematically	from	the	top	(a)	and	
from	the	edge	(b).	The	conductive	path	design	is	shown	in	(a)	and	(c).	Paths	
1,	2,	and	3	are	placed	on	one	scarfed	area	and	the	conductive	paths	A	and	B	
are	located	on	the	other	scarfed	area,	i.e.	on	the	opposite	side	of	the	adhesive.	

	  

Figure	5.3:	Geometry	and	conductive	path	design	of	CFRP	scarf	joint	specimens.	
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5.2 Experimental 

5.2.1 Scanning electron microscopy analyses of adhesive 
films 

To	 investigate	 the	dispersion	quality	 of	 the	 SWCNT	 in	 the	 adhesive	 films,	
scanning	electron	microscopy	(SEM)	analyses	were	conducted	on	separately	
cured	 adhesive	 film	 specimens	 using	 a	 LEO	Gemini	 1530	 (Zeiss)	 electron	
microscope.	The	InLens	detector	with	an	acceleration	voltage	of	15	kV	was	
used	to	visualize	SWCNT	inside	the	polymer	due	to	potential	variations	that	
are	caused	by	electron	charging	close	to	the	surface	within	a	depth	of	about	
50	nm	as	described	by	Kovacs	et	al.	[166].	

5.2.2 Impact tests on adhesively bonded GFRP 

Through‐thickness	 as	 well	 as	 in‐plane	 continuous	 electrical	 resistance	
measurements	were	conducted	using	a	digital	multimeter	(Voltcraft	91).	In	
case	of	the	crossed	design,	the	resistances	of	all	possible	160	combinations	
of	 top	 electrodes	 (A01–A16)	 to	 bottom	 electrodes	 (B01–B10)	 were	
measured	 for	 the	 through‐thickness	 measurements.	 In	 case	 of	 the	 lined	
design,	the	resistances	of	each	conductive	path	to	the	two	closest	conductive	
paths	from	the	opposite	side	of	the	adhesive	film	(A1–B1,	A1–B2,	A2–B2,	A2–
B3,	etc.)	were	measured	for	the	through‐thickness	measurements,	resulting	
in	18	combinations.	In‐plane	measurements	were	conducted	measuring	the	
resistance	of	the	adjacent	paths	 in	both	x–y	planes	 in	which	the	paths	are	
located.	Thus,	for	the	crossed	design,	the	resistances	between	A01	and	A02,	
A02	and	A03,	and	so	on	as	well	as	B1	and	B2,	B2	and	B3,	and	so	on	and	for	
the	lined	design	the	resistance	between	A1	and	A2,	A2	and	A3,	and	so	on	as	
well	as	B1	and	B2,	B2	and	B3,	and	so	on	were	measured.	

Impacts	were	introduced	into	the	adhesively	bonded	GFRP	specimens	using	
a	drop	weight	impact	test	according	to	ASTM	D7136‐05	[155].	Four	clamps	
fix	 the	 specimen	 as	 shown	 in	 Figure	 5.4.	 A	 hemispherical	 hardened	 steel	
impactor	with	 a	weight	of	 2.46	kg	was	dropped	 from	a	height	of	 560	mm	
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above	the	center	of	the	specimen	resulting	in	a	potential	energy	of	13.5	J.	This	
energy	corresponds	to	an	energy‐to‐thickness	ratio	of	3.35	J/mm,	which	is	
half	of	the	energy	per	thickness	specified	in	the	above‐mentioned	standard.	
The	reduction	in	the	impact	energy	was	chosen	to	avoid	large	damages	on	
the	surfaces.	To	obtain	the	contact	force	during	the	impact	event,	the	head	of	
the	 impactor	 is	 equipped	with	 a	 strain	 gauge	 full	 bridge.	 An	 antirebound	
system	prevents	multiple	impacts	during	testing.	

After	 the	 impact	 event,	 the	 resistances	 of	 the	 same	 combinations	 as	
considered	 before	 introduction	 of	 the	 damage	 were	 measured	 again	 for	
investigation	of	the	resistance	changes	due	to	the	impact	damage.	

To	 evaluate	 location	 and	 size	 of	 the	 impact	 damages,	 ultrasonic	
measurements	 were	 carried	 out	 (USPC	 3040;	 Ingenieurbüro	 Dr.	 Hillger).	
Pulse‐echo	method	was	used	and	demineralized	water	served	as	coupling	
medium.	Additionally,	reflected	light	scans	were	recorded	(Epson	Perfection	
V850	Pro)	to	evaluate	the	impact	damages	as	well	as	the	damage	position	
relative	to	the	conductive	paths.	For	more	detailed	damage	analysis	and	for	
determination	of	the	bond	line	thickness,	polished	cross	sections	located	at	
the	 center	 of	 the	 impacts	 were	 investigated	 using	 an	 optical	 microscope	
(Olympus	BX51).	

Figure	5.4:	Impact	test	setup	with	four	clamps	holding	the	specimen	with	introduced
impact	damage.	
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5.2.3 Cyclic tests on adhesively bonded CFRP scarf joints 

Axial,	constant‐amplitude,	force‐controlled,	cyclic	fatigue	tests	with	coupon	
specimens	were	 conducted	using	a	 servo‐hydraulic	100	kN	 fatigue	 testing	
machine	(Instron/Schenk).	Specimens	were	fixed	with	a	pressure	of	140	bar	
using	 hydraulic	 clamps.	 Ambient	 conditions	 were	 kept	 constant	 with	
temperature	 and	 relative	 humidity	 of	 23	°C	 and	 50	%,	 respectively.	 The	
specimens	were	loaded	with	a	sinusoidal	force	in	the	tension‐tension	regime	
with	a	load	ratio	R	=	0.1	and	a	testing	frequency	of	5	Hz.	Testing	procedures	
and	 data	 acquisition	 were	 carried	 out	 using	 the	 software	 WaveMatrix	
(Instron).	 For	 each	 test,	maximum	 force	 (Fmax)	 and	minimum	 force	 (Fmin)	
were	kept	constant.	The	schematic	test	procedure	is	shown	in	Figure	5.5.	DC	
electrical	 resistance	measurements	during	 fatigue	 testing	were	conducted	
using	 a	 digital	multimeter	 (Keithley	 2000).	 Four	 resistance	 combinations,	
namely	A	to	1,	A	to	2,	B	to	2,	and	B	to	3,	were	measured	successively	with	a	
measurement	duration	of	1	second	(five	cycles)	per	channel.	For	contactless	
measurement	of	strain	and	crack	propagation	on	the	edge	of	the	specimen	in	

	

Figure	 5.5:	 Schematic	 test	 procedure	 for	 fatigue	 tests	 with	 electrical	 resistance	
measurements.	
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the	scarfed	area,	DIC	measurements	were	carried	out	using	an	Aramis	4M	
system	(GOM	GmbH).	Due	to	the	small	measuring	area	of	10	x	7	mm²,	a	two‐
dimensional	setup	with	one	camera	is	used	as	suggested	by	Kosmann	et	al.	
[167].	A	speckle	pattern	sprayed	onto	the	edges	of	the	specimens	allows	for	
computer‐aided	 image	 evaluation	with	 the	 software	 GOM	 Correlate	 2016	
(GOM	GmbH).	The	camera	points	to	the	edge	next	to	the	conductive	path	3.	

5.3 Results 

5.3.1 Adhesive film 

The	 SEM	 images	 of	 adhesive	 film	 specimens	 show	 that	 the	 SWCNT	were	
effectively	 dispersed	 within	 the	 three‐roll	 mill	 process	 resulting	 in	 an	
excellent	dispersion	quality	with	no	visible	agglomerates	(see	Figure	5.6).	

	  

Figure	 5.6:	 Representative	 SEM	 images	 of	 adhesive	 film	 with	 0.1	wt.%	 SWCNT,	
increasing	 magnification	 from	 left	 to	 right,	 CNT	 appear	 bright	 and
polymer	matrix	dark.	
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5.3.2 Impact tests on adhesively bonded GFRP 

Impact	characterization	

Ultrasonic	C‐scans	and	reflected	 light	 images	of	 the	delamination	area	are	
presented	 in	 Figure	 5.7	 for	 a	 representative	 specimen.	 For	 both	 imaging	
techniques,	 damage	 size	 and	 shape	 are	 very	 similar,	 and	 the	 contour	 is	
approximately	identical.	Hence,	for	further	comparisons	of	damage	size	and	
localization	 by	 electrical	 resistance	 measurements,	 the	 contour	 of	 these	
images	can	be	used.	

The	cross‐sectional	view	of	the	damaged	area	(see	(c)	and	(d)	of	Figure	5.8)	
shows	that	matrix	cracks	and	delaminations	spread	in	a	conical	pattern	(also	
referred	to	as	pine	tree	shape	damage	pattern),	which	is	typical	for	impact	
damages	in	FRP	laminates.	For	better	visibility	of	the	damage,	Figure	5.8	(d)	
shows	only	the	damages,	whereas	all	other	areas	are	displayed	in	white.	Two	
different	damage	mechanisms	in	the	adhesive	film	are	found.	Therefore,	two	
representative	 examples	 are	 shown	 with	 higher	 magnification.		

Figure	 5.7:	 Reflected	 light	 and	 ultrasonic	 scans	 of	 damaged	 area	 taken	 from	both
impacted	and	back	side.	
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In	Figure	5.8	(a)	(damage	mechanism	A),	a	matrix	crack	 is	connected	to	a	
damage	 at	 the	 interface	 of	 adhesive	 and	 silver	 path	 (debonding).	 The	
connection	of	the	debonding	and	the	matrix	crack	is	located	at	the	edge	of	
the	silver	path.	In	Figure	5.8	(b)	(damage	mechanism	B),	two	matrix	cracks	
run	 into	 the	 adhesive	 from	 top	 and	 bottom	 sides	 and	 stop	 inside	 of	 the	
adhesive	without	 running	 through	 the	 adhesive	 film.	 Additionally,	matrix	
cracks	that	run	into	the	adhesive	from	only	one	side	and	stop	inside	of	the	
adhesive	have	been	observed.	These	damages	 in	 the	adhesive	are	 located	
over	the	length	of	the	damaged	area	and	were	not	observed	outside	of	the	
conical	damage	pattern.	Both	described	damage	mechanisms	contribute	to	
an	increase	of	the	resistance	in	the	damaged	adhesive	regions	for	in‐plane	
and	through‐thickness	electrical	resistance	as	described	below.	

Figure	5.8:	Micrographs	of	impact	damage,	view	from	center	of	impact:	(a)	Detail	of	
crack	 at	 interface	 of	 conductive	 path	 and	 adhesive	 film	 (damage	
mechanism	A);	(b)	Detail	of	crack	running	into	adhesive	film	(damage
mechanism	B);	 (c)	Cross‐sectional	view	of	 impact;	 (d)	Cross‐sectional	
view	of	impact,	only	cracks	are	displayed.	
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In‐plane	electrical	resistance	measurements	

Figure	 5.9	 shows	 the	 measured	 in‐plane	 resistance	 changes	 for	 the	
specimens	with	parallel	 lined	path	design.	The	 locations	of	 the	 resistance	
changes	are	defined	by	the	given	coordinate	system.	The	lower	left	corner	
and	the	upper	right	corner	of	the	specimen	correspond	to	x	=	0	mm,	y	=	0	
mm	and	x	=	100	mm,	y	=	150	mm,	respectively.	Reflected	light	images	of	the	
impact	 location	 show	 the	size	and	 shape	of	 the	 impact	measured	on	both	
surfaces.	On	the	front	surface,	the	indentation	of	the	impact	can	be	seen	as	a	
circle	in	the	center	of	the	damage.	The	conductive	paths	are	visible	as	vertical	

	

	

Figure	5.9:	In‐plane	electrical	resistance	change	and	reflected	light	images	of	impact
locations	 of	 both	 surfaces	 of	 specimen	 with	 lined	 path	 design	 and	
correlation	with	reflected	light	images.	
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lines	lighter	than	the	rest	of	the	specimen.	Lines	in	the	reflected	light	images	
indicate	the	locations	in	between	two	conductive	paths	where	the	electrical	
resistance	measurements	were	conducted.	

On	the	front	side,	the	electrical	resistance	change	in	this	plane	(indicated	by	
gray	squares)	is	relatively	small	over	the	whole	length	of	the	specimen	with	
a	maximum	of	5	%	at	location	2.	It	can	be	seen	that	the	delaminations	overlap	
only	slightly	with	two	conductive	paths	(left	and	right	from	mark	2),	and	the	
other	 conductive	 paths	 are	 completely	 outside	 of	 the	 delamination	 area.	
However,	 the	 maximum	 of	 the	 resistance	 increase	 matches	 the	 impact	
damage	location.	On	the	rear	side,	the	resistance	change	(indicated	by	black	
triangles)	 shows	a	 clear	 increase	of	39	%	and	33	%	 for	 locations	2	and	3,	
respectively.	 As	 expected,	 the	 undamaged	 regions	 show	 no	 significant	
resistance	change.	In	x‐direction,	the	size	of	the	delaminations	on	the	rear	is	
larger	compared	to	the	size	of	the	delaminations	on	the	front.	On	the	rear,	
the	delamination	overlaps	three	conductive	paths	(left	and	right	from	mark	
2	and	mark	3,	respectively).	

The	 regions	 where	 impact	 damages	 overlap	 conductive	 paths	 show	 a	
significantly	 increased	 resistance	 after	 the	 impact.	 The	 resistance	 is	 only	
marginally	 increased	 in	 case	 of	 a	 delamination	 area	 in	 between	 two	
conductive	 paths	 on	 the	 front	 plane	 (as	 in	 region	 2),	 since	 only	 damage	
mechanism	B	occurs	here.	The	resistance	increase	that	can	be	seen	on	the	
rear	plane	in	regions	2	and	3	is	assumed	to	be	caused	dominantly	by	damage	
mechanism	A.	Potentially,	damages	of	 the	conductive	paths	caused	by	 the	
impact	could	add	to	a	resistance	increase.	

Therefore,	a	damage	detection	and	localization	is	possible	in	x‐direction	with	
in‐plane	measurements	when	 the	damage	 is	 larger	 than	 the	 interspace	of	
two	conductive	paths.	If	the	damage	is	located	between	two	conductive	paths	
and	the	paths	are	not	affected	by	the	damage	(i.e.	only	damage	mechanism	B	
occurs),	a	reliable	detection	and	localization	of	the	damage	is	more	difficult	
because	of	only	slight	increase	in	resistance.	Hence,	the	interspace	distance	
of	 the	 conductive	 paths	 determines	 the	 threshold	 for	 the	 smallest	 impact	
damages	that	are	detectable.	
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The	results	of	the	in‐plane	resistance	measurements	for	a	specimen	with	a	
crossed	path	design	are	shown	in	Figure	5.10.	Due	to	the	perpendicular	path	
arrangement,	on	the	front	plane	the	impact	damage	two	conductive	paths.	A	
resistance	 increase	 for	 the	 measuring	 regions	 2,	 3,	 and	 4	 is	 seen.	 This	
corresponds	 exactly	 to	 the	 impact	 damage	 region.	 On	 the	 rear	 plane,	 the	
damage	also	overlaps	two	conductive	paths	and	the	resistance	is	increased	
significantly	for	the	three	regions	next	to	these	paths.		

A	damage	detection	and	localization	of	the	introduced	damage	is	possible	in	
both	x‐	and	y‐directions	when	a	crossed	path	design	is	used.	

	

	

Figure	5.10:	In‐plane	electrical	resistance	change	and	reflected	light	images	of	impact
locations	 of	 both	 surfaces	 of	 specimen	with	 crossed	 path	 design	 and	
correlation	with	reflected	light	images.	
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Through‐thickness	electrical	resistance	measurements	

The	 through‐thickness	 electrical	 resistances	 for	 a	 specimen	 with	 parallel	
lined	path	design	are	measured	before	introduction	of	the	impact.	Initially,	
the	measured	through‐thickness	resistance	ranges	from	273		Ω	to	480	Ω.	The	
relatively	 large	 differences	 of	 the	 measured	 values	 can	 be	 attributed	 to	
manufacturing	 influences	 and	 in	 particular	 to	 deviations	 of	 the	 bond	 line	
thickness	 that	 could	 be	 observed	 using	 light	 microscopy.	 The	 resistance	
change	due	to	the	 impact	damage	 is	shown	in	Figure	5.11	on	the	 left.	The	
resistance	change	shows	a	significant	increase	from	45		mm	to	55	mm	in	x‐
direction	 and	 has	 a	 maximum	 of	 78.6	%.	 The	 increased	 resistance	
corresponds	 well	 with	 impact	 damage	 location	 and	 size	 (marked	 in	
transparent	gray)	taken	from	the	reflected	light	images	from	both	sides	of	
the	specimen.	Therefore,	a	damage	localization	is	possible	in	x‐direction.	In	
addition,	 the	 size	 of	 the	 impact	 damage	 can	 be	 approximated	 with	 an	
accuracy	that	is	determined	by	the	distance	between	the	conductive	paths.	

Figure	 5.11:	 Resistance	 change	 of	 through‐thickness	 measurements	 caused	 by
impact,	impact	damage	area	(transparent	gray)	measured	on	upper	and
lower	surfaces;	Left:	lined	path	design;	Right:	crossed	path	design.	
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In	Figure	5.11	on	the	right,	the	results	from	the	through‐thickness	electrical	
resistance	 measurement	 on	 a	 specimen	 with	 a	 crossed	 path	 design	 are	
shown.	The	measured	resistance	ranges	from	65		Ω	to	286	Ω.	After	impact	
introduction,	 the	 resistance	 significantly	 increases	 in	 the	 center	 of	 the	
specimen	 with	 a	 maximum	 of	 40	%	 compared	 to	 the	 resistance	 before	
damage	introduction.	It	can	be	seen	that	the	shape	and	size	of	the	area	with	
significantly	increased	resistance	represent	the	damaged	area	(indicated	in	
transparent	gray)	accurately.	

The	measured	 resistance	 changes	 of	 40	%	and	78.6	%	are	 relatively	 high.	
Therefore,	other	parameters	with	an	influence	on	the	measured	resistance	
like	 temperature	 or	 measuring	 device	 and	 measuring	 technique	 do	 not	
hinder	 the	 damage	 localization	 potential.	 This	 also	 goes	 for	 unevenly	
distributed	 resistances	 measured	 before	 damage	 introduction,	 since	 the	
significant	 resistance	 changes	 are	 only	 present	 in	 the	 damaged	 areas,	
independent	of	the	absolute	values	of	the	measured	resistances.	
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Bond	line	thickness	and	electrical	resistance	correlation	

A	 correlation	 of	 bond	 line	 thickness	measured	 by	 using	 light	microscopy	
images	 of	 different	 cross	 sections	 and	 the	 electrical	 resistance	measured	
before	damage	introduction	is	shown	in	Figure	5.12.	The	electrical	resistance	
increases	with	increasing	bond	line	thickness.	For	the	range	of	20–180	µm,	
the	relation	of	these	two	parameters	can	be	described	with	a	linear	equation.	

The	relatively	low	amount	of	measured	values	in	the	range	of	60–110	µm	is	
caused	 by	 a	 nonlinear	 distributed	 thickness	 of	 the	 bond	 line	 in	 the	
considered	cross	sections.	For	further	decreasing	bond	line	thicknesses,	the	
linear	 relation	 is	 not	 valid,	 since	 for	 a	 bond	 line	 thickness	 of	 0	µm	 the	
conductive	paths	would	be	in	contact	and	the	resistance	would	be	in	a	range	
of	a	 few	ohms,	because	only	 the	resistance	of	 the	conductive	paths	would	
contribute	 to	the	measured	resistance.	However,	 for	 the	range	considered	
here,	 a	 good	 correlation	 is	 achieved	 by	 the	 linear	 fit	with	 a	 coefficient	 of	
determination	R²	=	0.9.	The	good	correlation	and	linear	relation	prove	that	a	

	

Figure	5.12:	Dependency	of	measured	 resistance	before	damage	 introduction	 and	
bond	line	thickness.	
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good	dispersion	quality	of	the	SWCNT	is	present	in	the	adhesive.	Hence,	the	
measured	resistance	before	damage	introduction	can	be	used	to	determine	
the	bond	line	thickness	at	specific	areas	as	well	as	the	bond	line	thickness	
distribution	 over	 the	monitored	 area.	With	 other	 non‐destructive	 testing	
methods,	 a	 determination	 of	 the	 bond	 line	 thickness	 is	 very	 difficult	 to	
achieve.	Therefore,	 this	method	has	a	high	potential	 to	be	used	also	 for	a	
quality	control	of	adhesively	bonded	joints.	

5.3.3 Cyclic tests on adhesively bonded CFRP scarf joints 

In	an	S‐N	curve	 the	maximum	stress	versus	 the	 fatigue	 life	 is	plotted	(see	
Figure	 5.13).	 The	 fatigue	 life	 is	 defined	 as	 the	 number	 of	 cycles	 that	 a	
specimen	 sustains	 before	 final	 fracture.	 At	 the	 highest	 load	 level,	 with	 a	
maximum	 stress	 of	 σmax	=	213.3	MPa,	 the	 fatigue	 life	 is	 in	 the	 range	 of	
102	cycles	 and	 at	 the	 lowest	 load	 level,	 with	 a	 maximum	 stress	 of	
σmax	=	106.7	MPa,	 the	 fatigue	 life	 is	 in	 the	 order	 of	 106	 cycles.	 The	 cross‐
sectional	area	of	the	specimens	is	taken	for	calculation	of	the	stresses.	

	

Figure	5.13:	S‐N	curve	of	scarfed	adhesively	bonded	CFRP	coupon	specimens,	R	=	0.1.
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In	 the	 following,	 the	 principal	 strains	 from	 DIC	 measurements	 and	
corresponding	results	of	electrical	resistance	measurements	are	presented	
exemplarily	 for	 two	 specimens	 loaded	 with	 a	 maximum	 stress	 of	
σmax	=	160	MPa.	 Results	 of	 the	 presented	 specimens	 exhibit	 life	 times	 of	
2,131	 cycles	 (see	 first	 specimen)	 and	 of	 1,153,449	 cycles	 (see	 second	
specimen).	These	specimens	were	chosen	because	they	show	two	different	
representative	behaviors	observed	over	their	life	time.	

	 	



	

84	

Crack	initiation	and	final	failure	at	same	location	(short	life	time)	

In	 Figure	 5.14,	 results	 from	 DIC	 measurements	 are	 shown	 at	 four	
characteristic	stages	of	 the	 life	 time.	The	 location	of	 the	recorded	detail	 is	
shown	on	top	of	the	figure.	

1.	 The	detail	displays	the	principal	strain	at	one	end	of	the	scarf	joint	
at	the	beginning	of	cyclic	loading.	The	strain	distribution	is	relatively	
homogeneous.	 Only	 in	 the	 regions	 of	 the	 adhesive	 and	 of	 the		
90°‐layers	the	strains	are	slightly	increased,	since	these	regions	have	
the	lowest	stiffness.	

2.	 After	85	%	of	the	life	time,	the	strains	increase	locally	at	the	end	of	
the	adhesive	joint,	indicating	the	presence	of	a	crack	at	the	edge	of	
the	adhesive	along	the	bond	line.	

3.	 One	cycle	before	final	failure,	the	strains	are	almost	unchanged	and	
the	 increased	 strains	 in	 the	 damaged	 area	 are	 still	 visible	 and	
approximately	of	the	same	size.	

4.	 After	final	failure	(at	Nf	=	2,131	cycles),	it	can	be	seen	that	the	crack	
moved	further	along	the	bond	line.	

Figure	 5.14:	 Principal	 strain	 at	 four	 different	 stages	 of	 the	 life	 time	 with	 crack
initiation	and	final	failure	at	same	location.	
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The	resistance	change	(defined	as	[R‐R0]/R0	=	∆R/R0)	of	the	four	channels	is	
shown	in	Figure	5.15.	During	the	 first	20	%	of	the	 life	 time,	the	resistance	
change	stays	in	the	range	of	±10	%	for	all	channels.	Then,	the	resistances	of	
channels	3B	and	2B	increase	slightly	and	the	resistances	of	channels	2A	and	
1A	 stay	 at	 the	 low	 level.	 Between	 85	%	 and	 90	%	 of	 the	 life	 time,	 the	
resistance	changes	rise	suddenly	to	40	–	100	%	for	all	measured	channels.	
During	the	last	10	%	of	the	life	time,	the	resistance	increases	further	for	all	
channels	with	significantly	higher	resistance	 increases	of	channels	2B	and	
3B	reaching	171	%	just	before	final	failure.	The	initial	resistances	(R0)	range	
from	0.14	MΩ	to	3.3	MΩ	(channel	1A:	3.3	MΩ,	channel	2A:	2.9	MΩ,	channel	
2B:	0.14	MΩ,	channel	3B:	0.18	MΩ).	

Comparing	the	results	from	DIC	and	electrical	resistance	measurements,	it	
can	be	seen	that	the	resistance	increases	significantly	when	a	macroscopic	
damage	is	observed	in	the	DIC	measurements	at	about	85	%	of	the	life	time.	
Hence,	 the	damage	 can	 clearly	 be	detected	due	 to	 a	 significant	 resistance	
increase.	The	higher	resistance	increase	of	the	channels	3B	and	2B	suggest	a	

	

Figure	5.15:	Electrical	resistance	changes	of	the	four	measured	channels	over	the	life
time	 for	 a	 specimen	 with	 crack	 initiation	 and	 final	 failure	 at	 same
location.	
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damage	initiation	and	microscopic	crack	growth	from	20	%	to	85	%	of	the	
life	time	and	a	macroscopic	crack	growth	from	85	%	of	the	life	time	on	the	
upper	 side	 of	 the	 specimen.	 From	 these	 results	 of	 DIC	 and	 electrical	
resistance	measurement,	 it	 can	 be	 concluded	 that	 a	 damage	 detection	 in	
advance	 of	 final	 failure	 is	 possible	 and	 the	damage	 can	be	 located	due	 to	
different	resistance	signals	of	the	measured	channels.	

Negative	resistance	changes	are	present	in	channels	1A	and	2A	(lower	side	
of	specimen)	starting	from	20	%	of	the	life	time,	which	corresponds	to	the	
time	at	which	the	resistance	in	the	channels	of	the	upper	specimen	side	start	
to	 increase.	 Since	 these	 opposing	 trends	 of	 the	 resistance	 changes	 occur	
synchronously,	 it	 is	 assumed	 that	 the	 microscopic	 damages,	 causing	 an	
increase	 of	 the	 resistance	 of	 the	 channels	 on	 the	 upper	 specimen	 side,	
produce	a	slightly	asymmetrical	loading	condition	that	results	in	a	resistance	
decrease	 of	 the	 channels	 on	 the	 lower	 specimen	 side	 due	 to	 elastic	
compression	and	plastic	deformation.	In	addition	to	elastic	compression,	the	
decrease	 in	 electrical	 resistance	 can	 be	 caused	 by	 plastic	 deformation	
leading	to	a	decreasing	thickness	of	the	adhesive	as	reported	by	Todoroki	et	
al.	for	CFRP	specimens	[168].	
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Crack	initiation	and	final	failure	at	different	locations	(long	life	time)	

The	 results	 of	 the	 specimen	 presented	 in	 this	 subsection	 show	 another	
typical	 failure	mode	 and	 the	 corresponding	 resistance	 changes.	 In	 Figure	
5.16,	the	principal	strains	are	displayed	in	the	same	way	as	described	above.	
The	four	characteristic	stages	are	as	follows.	

1.	 At	 the	 beginning	 of	 cyclic	 loading,	 a	 macroscopic	 region	 with	
increased	strains	appears	at	the	end	of	the	adhesive	along	the	bond	
line	after	0.15	%	of	the	life	time.	

2.	 After	9.13	%	of	the	life	time,	the	area	of	increased	strains	is	slightly	
larger	and	a	crack	within	this	region	is	visible.	

3.	 The	crack	and	the	area	with	the	highest	strains	along	the	bond	line	
increase	slightly	up	to	99.99	%	of	the	life	time.	

4.	 However,	final	failure	(at	Nf	=	2,131	cycles)	occurs	along	the	bond	
line	and	at	the	end	of	the	joint	not	where	the	crack	started	to	grow	
but	approximately	4	mm	left	of	the	end	of	the	bond	line.	

Figure	 5.16:	 Principal	 strain	 at	 four	 different	 stages	 of	 the	 life	 time	 with	 crack
initiation	and	final	failure	at	different	locations.	
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The	plot	of	the	resistance	change	versus	life	time	for	this	specimen	shows	
small	resistance	changes	of	±15	%	for	all	channels	until	a	life	time	of	around	
15	%	(see	Figure	5.17).	 In	 this	 first	section,	channel	3B	shows	the	highest	
positive	resistance	changes.	Then	the	resistance	decreases	at	the	channels	
1A	and	2A	and	the	resistance	increases	for	the	other	two	channels.	At	around	
90	%	of	the	life	time,	all	channels	show	a	resistance	increase	and	3B	shows	
the	highest	resistance	increase	with	35.6	%.	From	96	%	of	the	life	time	until	
final	 failure,	 the	 resistance	 of	 channels	 2B	 and	 3B	 decreases	 and	 the	
resistance	for	the	other	two	channels	increases.	The	initial	resistances	(R0)	
range	 from	 1.4	MΩ	 to	 2.1	MΩ	 (channel	 1A:	 2.1	MΩ,	 channel	 2A:	 2.1	MΩ,	
channel	2B:	1.8	MΩ,	channel	3B:	1.4	MΩ).	

Here,	damage	initiation	occurs	at	an	early	stage	of	the	life	time,	as	can	be	seen	
from	the	DIC	results.	The	resistance	increases	in	the	region	where	the	crack	
growth	 takes	place.	The	 resistance	decrease	 for	 the	 two	 “B”	channels	 and	
increase	for	the	two	“A”	channels,	starting	from	approximately	96	%	of	the	
life	 time,	occurs	due	 to	a	 relocation	of	 the	highest	 strains	and	 therefore	a	

	

Figure	5.17:	Electrical	resistance	changes	of	the	four	measured	channels	over	the	life	
time	 for	a	 specimen	with	 crack	 initiation	and	 final	 failure	at	different
locations.	
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relocation	of	the	crack	that	is	growing.	Now	the	growing	crack	is	on	the	lower	
side	(opposite	side	of	the	DIC	detail)	of	the	specimen.	This	is	confirmed	by	
the	final	fracture	location,	which	does	not	lie	in	the	region	where	the	crack	
growth	initially	took	place	but	4	mm	to	the	left	of	the	adhesive.	Hence,	the	
location	of	the	current	crack	growth	and	a	relocation	of	the	crack	growth	are	
detectable	 by	 electrical	 resistance	 measurements,	 since	 here	 increasing	
resistance	changes	are	present.	

Again,	decreasing	resistances	can	be	observed	at	the	lower	specimen	side.	
Because	the	resistance	decrease	occurs	directly	after	a	macroscopic	crack	is	
visible	 for	 the	 first	 time	 in	 the	DIC	details	 (see	Figure	5.16,	detail	2),	 it	 is	
assumed	 that	 the	negative	 resistance	 change	 again	 results	 from	a	 slightly	
asymmetrical	loading	of	the	specimen	due	to	the	present	damages.	

As	mentioned	above,	changes	of	the	electrical	resistance	can	be	caused	not	
only	 by	 damages,	 but	 the	 measured	 electrical	 resistance	 can	 be	 a	
superposition	 of	 effects	 of	 damages,	 elastic,	 and	 plastic	 deformation.	 The	
influence	 of	 elastic	 deformation	 could	 be	 observed	 in	 quasi‐static	 tensile	
tests	 and	 in	 the	 presented	 cyclic	 tests	 by	 comparing	 the	 measured	
resistances	at	different	loading	states.	It	is	therefore	important	to	consider	
the	resistance	change	due	to	elastic	deformation.	Hence,	if	a	structural	part	
is	 monitored	 with	 the	 presented	 method	 and	 a	 large	 variation	 of	 elastic	
deformation	states	 is	present,	 the	degradation	due	to	damages	and	plastic	
deformation	can	be	obtained	by	comparing	the	electrical	resistance	change	
at	loading	states	with	a	comparable	amount	of	elastic	deformation.	

Due	to	the	high	damage	detection	and	localization	potential	of	the	presented	
method,	an	application	into	an	SHM	system	might	be	possible.	However,	the	
fatigue	properties	presented	in	this	thesis	lie	below	the	fatigue	properties	of	
specimens	without	the	insulating	coating.	To	further	develop	the	method,	the	
mechanical	 performance	 should	 be	 improved	 and	 shifted	 towards	 the	
repaired	specimen	without	insulating	coating	or	preferably	to	the	level	of	an	
intact	 CFRP	 laminate	with	 the	 same	 thickness.	 This	 could	 be	 achieved	 by	
using	 an	 alternative	 coating	material	 with	 the	 same	 electrical	 but	 higher	
mechanical	properties	and	should	be	subject	to	further	investigations.	
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6 Structural health monitoring of CNT/epoxy 
fibers via electrical resistance measurement 

In	 the	previous	 two	chapters,	 the	used	conductive	paths	 consist	of	metal‐
based	 ink.	 As	 shown	 before,	metal‐based	 inks	 exhibit	 very	 high	 electrical	
conductivities	 and	 are	 therefore	 suitable	 for	 damage	 detection	 and	
localization	via	electrical	resistance	change	in	CFRP	as	well	as	in	electrically	
conductive	adhesive	joints.	However,	integrated	into	FRP	structures	and	in	
particular	in	between	the	fibers,	metal‐based	conductive	paths	could	act	as	
defects	 and	 initiate	 failures.	For	 conducive	paths	 integrated	 in	electrically	
insulating	 composite	 structures	 as	 GFRP	 or	 other	 structures	 with	 low	
electrical	 conductivity,	 carbon	 nanoparticle/epoxy	 might	 be	 suitable	 for	
damage	sensing.		

Therefore,	 the	 study	 presented	 in	 this	 chapter	 aims	 to	 investigate	 the	
influence	 of	 nanoparticle	 morphology	 and	 filler	 content	 in	 polymer	
nanocomposites	on	the	electrical	properties	in	small	elongated	volumes	with	
regard	to	the	size	effect.	With	an	experimental	approach	representing	small	
volumes,	 as	 they	 are	 present	 between	 the	 fibers	 in	 FRP	 and	 in	 printed	
conductive	 paths,	 the	 most	 promising	 particles	 for	 improving	 electrical	
properties	 are	 discussed.	 The	 aim	 is	 further	 to	 identify	 the	most	 suitable	
nanoparticle	morphology	for	sensors	in	SHM	applications	with	electrically	
conductive	paths	of	small	volume,	by	determining	the	percolation	thresholds	
and	 analyze	 how	 the	 electrical	 properties	 change	 under	 tensile	 load.	
Furthermore,	the	mechanical	properties	were	investigated	but	are	not	part	
of	this	thesis	and	are	described	in	[118].	

In	addition	to	 the	aspect	ratio	of	 the	nanoparticles,	 the	aspect	ratio	of	 the	
tested	volume	has	an	 influence	on	the	percolation	threshold.	Nonetheless,	
the	geometrical	influence	on	the	percolation	threshold	is	often	neglected	in	
experimental	investigations.	Most	theoretic	studies	on	percolation	theory	in	
finite	systems	consider	cubic	geometries	and	only	few	studies	with	respect	
to	non‐cubic,	elongated	geometries	exist.	Theoretical	calculations	show	that	
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the	percolation	threshold	increases	for	increasing	elongation	of	a	finite	size	
volume	 [169–171].	 In	 FRP	 laminates,	 small	 volumes	 of	 polymer	 matrix	
between	the	fibers	exhibit	an	elongated	shape.	Furthermore,	printed	paths	
can	exhibit	an	elongated	shape.	Hence,	it	is	of	great	interest	to	investigate	the	
electrical	 properties	 and	 in	 particular	 the	 piezoresistive	 behavior	 of	
nanoparticle	modified	polymers	in	small	elongated	volumes.	

6.1 Specimen preparation 

Epoxy	fibers	are	produced	as	described	in	[172]	using	the	resin	Momentive	
Epikote	RIMR	135	with	 the	hardener	Momentive	Epikure	RIMH	134.	 The	
resin	to	hardener	mixing	ratio	is	10:3	as	recommended	for	this	system	(glass	
transition	 temperature	 Tg	=	93	°C).	 The	 method	 of	 using	 epoxy	 fibers	 is	
adapted	 from	 Hobbiebrunken	 et	 al.	 [173].	 The	 different	 types	 of	 carbon‐
nanoparticles	used	to	 investigate	 the	 influence	of	particle	morphology	are	
SWCNT,	CB	and	FLG	(details	are	given	in	section	3.5).	

For	 the	 nanoparticle	 modified	 fibers,	 nanoparticles	 and	 epoxy	 resin	 are	
mixed	 inside	 a	 glove	 box	 and	 dispersed	 with	 a	 three‐roll	 mill	 (EXAKT	
Advanced	Technologies	GmbH	120E)	that	works	on	the	principle	of	applying	
high	 shear	 rates	 on	 the	 mixture	 to	 disperse	 the	 nanoparticles	
homogeneously.	 The	 milling	 process	 is	 repeated	 seven	 times	 at	 constant	
rotational	 speed	 of	 the	 rolls	 of	 33	min‐1;	 100	min‐1,	 and	 300	min‐1,	
respectively.	The	gap	widths	are	adjusted	from	120	µm	to	5	µm.	The	amount	
of	 nanoparticles	 added	 to	 the	 resin	 is	 varied	 to	 determine	 the	 electrical	
percolation	 thresholds	 for	 the	 different	 particle	 morphologies	 in	 small,	
elongated	volumes.	After	dispersion,	the	hardener	is	added	to	the	modified	
resin	and	the	mixture	is	stirred	for	approximately	10	min	and	then	degassed	
under	vacuum	(15	mbar	abs)	for	15	min.	As	can	be	seen	in	SEM	images	(see	
Figure	6.3),	uniform	nanoparticle	dispersion	is	obtained.	

Fibers	are	pulled	with	a	needle	from	the	epoxy	when	it	starts	to	vitrify.	Via	
the	pulling	speed	of	the	needle,	the	fiber	diameter	can	be	adjusted	to	a	certain	
point.	 The	 fibers	 are	 cut	 and	 glued	 at	 one	 end	 on	 paper	 sheets	 based	 on	
ASTM	D3379	[174]	for	single	fiber	tensile	tests	and	then	cured	in	an	oven	at	
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20	°C	for	24	h	and	at	80	°C	for	15	h,	as	recommended	for	this	matrix	system.	
Only	 one	 side	 is	 fixed	 to	 avoid	 tension	 stresses	 in	 the	 fibers	 because	 of	
thermal	 or	 chemical	 shrinkage	 during	 curing.	 With	 differential	 scanning	
calorimetry	 (DSC)	 measurements	 it	 is	 assured	 that	 the	 matrix	 system	 is	
completely	 cured.	 The	 second	 end	of	 the	 fiber	 is	 fixed	 on	 the	 paper	 after	
curing.	Behind	the	glue	for	fixation	on	the	paper,	the	fibers	are	electrically	
contacted	with	silver	conductive	paint.	The	free	test	length	is	25	mm	and	the	
electrical	resistance	measurement	length	is	le	=	27	mm.	

6.2 Experimental 

Figure	6.1	shows	a	scheme	of	the	developed	set‐up	for	tensile	tests	of	epoxy	
fibers	 including	 the	 measurement	 of	 the	 electrical	 resistance	 during	
mechanical	 testing.	 The	 specimens	 are	 mounted	 in	 a	 universal	 testing	
machine	(Zwick	Z100)	with	a	50	N	capacity	 load	cell.	A	digital	multimeter	
(Keithley	2601A)	is	connected	to	both	ends	of	the	fiber	for	measuring	the	DC	
electrical	resistance	during	the	test.	

Figure	 6.1:	 Schematic	 representation	 of	 test	 set‐up	 for	 single	 epoxy	 fibers	 in	 the
universal	 testing	 machine	 with	 measurement	 of	 electrical	 resistance	
during	tensile	test.	
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For	investigating	the	distribution	of	the	electrical	resistance	over	the	length	
of	a	single	fiber,	fibers	are	cut	into	two	parts	and	the	electrical	resistance	of	
both	parts	is	measured.	Subsequently,	this	procedure	is	repeated	with	each	
of	 the	 two	 parts	 of	 the	 fibers.	 Four‐wire	 resistance	 measurement	 is	
conducted	with	a	constant	voltage	of	1	V.	The	chosen	voltage	value	results	in	
low	scatter	of	the	measured	resistance	when	compared	with	lower	voltages.	
Insulation	of	the	wires	to	the	contacts	with	the	fiber	on	the	paper	assures	
that	exclusively	the	resistance	of	the	fiber	is	measured	and	avoids	any	close	
circuit	via	the	testing	machine.		

The	 side	 bars	 of	 the	 paper,	 connecting	 the	 upper	 and	 lower	 part	 of	 the	
specimen,	are	cut	before	testing.	Test	speed	is	set	to	25	mm/min	to	minimize	
plasticity	effects	with	necking	and	assure	a	more	brittle	failure	mode	of	the	
fibers.	The	cross	section	after	failure	is	analyzed	for	each	specimen	by	using	
an	 optical	 microscope	 (Olympus	 BX51)	 and	 by	 SEM	 to	 determine	 the	
nanoparticle	distribution.	SEM	is	carried	out	using	a	Zeiss	Leo	Gemini	1530	
electron	 microscope	 by	 using	 the	 SE2	 detector	 with	 a	 working	 distance	
between	5	mm	and	7	mm	at	8	kV	and	without	sputtering	of	 the	surface.	A	
mixture	of	the	SE2	detector	with	the	InLens	detector	is	used.	

6.3 Results 

In	 this	section,	 the	electrical	characterization	results	are	shown,	 including	
percolation	 threshold	 and	 the	 resistance	distribution	over	 the	 length	 of	 a	
single	 fiber.	 Subsequently,	 the	 resistance	 change	 during	 tensile	 loading	 is	
presented.		

6.3.1 Percolation threshold and resistance distribution 

For	CB	and	FLG	modified	epoxy	fibers,	the	electrical	conductivity	 is	below	
the	 geometry	 and	 device	 determined	 measuring	 limit.	 Therefore,	 the	
percolation	 thresholds	 of	 these	 fibers	 are	 above	 the	 value	 of	 the	 highest	
investigated	nanoparticle	concentrations	of	15.0	wt.%	and	2.4	wt.%	for	CB	
and	 FLG,	 respectively.	 The	 electrical	 resistance	 of	 CNT	modified	 fibers	 is	
measurable	 and	 fibers	 with	 different	 nanoparticle	 concentrations	 are	
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characterized.	Electrical	conductivities	over	CNT	particle	concentrations	for	
the	 tested	 fibers	 are	 plotted	 in	 Figure	 6.2.	 The	 fibers	 with	 CNT	 contents	
below	0.3	wt.%	exhibit	a	conductivity	below	the	measuring	limit	(except	for	
two	specimens).	A	percolation	threshold	of	0.3	wt.%	CNT	is	determined	from	
the	 two	 different	 conductivity	 levels	 and	 the	 significant	 increase	 of	
conductivity	at	this	CNT	concentration.	

SEM	 images	 of	 fracture	 surfaces,	 as	 shown	 exemplarily	 in	 Figure	 6.3,	
highlight	 the	 structure	 of	 the	 CNT	 network.	 A	 dense	 network	 formed	 by	
homogeneously	 dispersed	 nanoparticles	 is	 visible	 for	 fibers	 with	 a	 CNT	
content	 of	 0.5	wt.%.	 For	 fibers	 with	 CNT	 contents	 below	 the	 percolation	
threshold	no	conducting	networks	are	visible	[118].	The	visible	orientation	
of	 the	 CNT	 is	 attributed	 to	 pulled‐out	 particles	 lying	 in	 crack	 growth	
direction.	For	 the	 investigations	presented	 in	 the	 following	a	CNT	content	
above	the	percolation	threshold	of	0.5	wt.%	is	chosen	to	achieve	electrical	
conductivity	and	piezoresistive	behavior	of	the	fibers.	

	

Figure	6.2:	Percolation	curve	of	SWCNT	modified	epoxy	fibers.	
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Figure	6.4	shows	the	resistance	measured	at	adjacent	parts	of	one	exemplary	
fiber	with	a	diameter	of	df	=	258	µm.	Due	to	cutting	the	fibers	and	applying	
the	new	contacts,	the	lengths	of	the	cut	parts	do	not	sum	up	to	100	%.	The	
resistance	 measured	 over	 a	 length	 of	 23.7	mm	 is	 7.5	MΩ.	 For	 perfectly	
homogeneous	 distributed	 electrical	 properties,	 the	 percentages	 of	 length	
and	resistance	of	the	cut	parts	would	have	the	same	value,	as	the	resistance	
per	length	would	be	the	same	for	different	parts.	However,	small	differences	
in	the	resistance	per	length	of	the	two	pieces	as	well	as	of	the	four	pieces	can	

Figure	6.3:	SEM	image	of	representative	fracture	surface	of	an	epoxy	fiber	modified
with	0.5	wt.%	CNT	resulting	in	an	electrically	conductive	nanoparticle
network.	 Epoxy	 and	 CNT	 are	 displayed	 in	 dark	 gray	 and	 white,	
respectively.	

Figure	6.4:	Family	tree	of	fiber	1,	df	=	258	µm,	resistance	and	length	measured	along
the	fiber	on	cut	fiber	parts.	
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be	observed.	Yet,	 for	 this	 fiber,	 the	distribution	of	 the	 resistance	over	 the	
length	of	the	fiber	is	relatively	homogeneous.	

Figure	6.5	shows	the	ratio	of	measured	resistance	(R)	to	resistance	of	 the	
uncut	fiber	(R1)	versus	the	ratio	of	fiber	length	(le)	to	the	length	of	the	uncut	
fiber	(le1).	Three	representative	fibers	with	different	diameters	are	shown.	
Measured	values	of	fiber	halves	are	plotted	on	the	right	side	(le	/	le1	>	30	%),	
whereas	 the	 left	 side	 (le	/	le1	<	30	%)	 shows	 the	 values	 measured	 for	 the	
quarters	 of	 the	 same	 fibers.	 Theoretically,	 assuming	 homogeneous	
resistance	distribution	over	the	fiber	length,	R/R1	=	le/le1	applies.	The	dashed	
line	 indicates	 this	 relation.	 As	 can	 be	 seen	 in	 Figure	 6.5,	 this	 theoretical	
relation	 is	 not	 exactly	 applicable	 in	 practice	 due	 to	 scattering	 of	 the	
measured	values.	The	scatter	 indicates	homogeneity	of	 the	distribution	of	
the	resistance	over	the	fiber	length.	For	example	the	shortest	part	of	fiber	2	
(indicated	by	circles)	has	a	higher	resistance,	compared	with	the	three	other	
sections	of	the	same	fiber	in	the	region	of	le/le1	=	12	‐	15	%.	

	

	

Figure	6.5:	Ratio	of	fiber	section	resistance	to	resistance	of	uncut	fiber	versus	ratio	
of	fiber	section	length	to	length	of	uncut	fiber.	
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Fibers	 with	 small	 diameter	 show	 a	 higher	 scatter	 in	 resistance	 over	 the	
length.	 For	 fibers	 with	 greater	 diameter	 (df	>	250	µm),	 the	 electrical	
properties	are	distributed	relatively	homogeneous.	Therefore,	it	is	assumed	
that	with	an	automated	production	process	an	excellent	distribution	of	the	
resistance	over	the	fiber	length	could	be	achieved.	

6.3.2 Electrical resistance measurements during tensile tests 

Figure	6.6	shows	a	representative	stress‐strain	curve	of	a	fiber	with	a	CNT	
content	of	0.5	wt.%	during	tensile	 testing	with	 in	situ	electrical	resistance	
measurement.	The	stress	and	the	resistance	change	are	shown	as	continuous	
and	dashed	lines,	respectively.	The	stress	is	calculated	from	the	original	fiber	
cross	section	and	the	strain	is	calculated	using	displacement	data	from	the	
moving	 traverse	 of	 the	 universal	 testing	 machine	 and	 the	 original	 fiber	
length.	 Due	 to	 the	 small	 specimen	 size,	 no	 other	 strain	 measurement	 is	
applicable.	 The	 stress‐strain	 curve	 shows	 a	 linear	 region	 (up	 to	 ε	=	2.1	%	

	

Figure	6.6:	Stress‐strain	curve	and	electrical	resistance	change	of	a	single	epoxy	fiber	
modified	with	0.5	wt.%	CNT	in	fiber	tensile	test.	
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strain)	 followed	 by	 plastic	 deformation	 and	 yielding	 (at	 ε	=	3.4	%	 strain).	
Then	 multiple	 necking	 occurs	 until	 final	 fracture	 at	 ε	=	13	%	 strain.	 The	
resistance	 increases	 exponentially,	 followed	 by	 a	 point	 of	 inflexion	 and	
reaches	 a	 maximum	 at	 ε	=	2.1	%	 strain.	 The	 resistance	 decreases	
continuously	for	increasing	strain	and	drops	below	the	initial	resistance	for	
high	strains.	

The	percolation	thresholds	of	ϕc	>	15	wt.%	for	CB,	ϕc	>	2.4	wt.%	for	FLG,	and	
ϕc	=	0.3	wt.%	for	CNT	 lie	above	 typical	percolation	thresholds	reported	 in	
literature	[28,67,68].	This	can	be	explained	by	two	mechanisms.	Firstly,	the	
nanoparticles	 are	well	 dispersed	 and	 homogeneously	 distributed	 and	 the	
level	of	kinetic	percolation	is	very	low.	Secondly,	the	fibrous	geometry	with	
its	 high	 aspect	 ratio	 statistically	 results	 in	 higher	 percolation	 thresholds,	
since	the	probability	of	conductive	paths	decreases	for	increasing	length	to	
diameter	ratio.	

For	small	volumes,	for	instance	in	the	interspaces	of	fibers	in	FRP,	this	effect	
is	often	neglected	but	needs	to	be	considered	for	choosing	an	appropriate	
nanoparticle	content	resulting	in	the	desired	piezoresistive	properties.	The	
resistance	 is	not	distributed	homogeneously	over	 the	 length	of	 the	 fibers.	
The	reason	for	this	is	a	statistical	distribution	of	the	particles	and	the	linked	
amount	of	redundant	conductive	network	paths,	which	varies	over	the	fiber	
length.	 For	 decreasing	 cross	 sections	 this	 influence	 increases	 due	 to	 a	
decreasing	redundancy	of	network	paths	at	the	same	nanoparticle	content.	
Furthermore,	variations	of	the	fiber	diameter	can	cause	varying	conductivity	
over	 the	 length	 of	 the	 fiber.	 Both	 effects	 explain	 the	 trend	 of	 increasing	
scatter	with	decreasing	fiber	diameter.	The	stress‐strain	curve	is	divided	into	
three	characteristic	regions	(see	Figure	6.6)	and	the	piezoresistive	behavior	
is	explained	according	to	these	regions.	

Region	 I:	 The	 fibers	 exhibit	 linear	 elastic	 followed	 by	 linear	 viscoelastic	
stress‐strain	behavior.	The	resistance	change	shows	an	exponential	increase	
followed	by	a	point	of	 inflexion	and	a	maximum	of	∆R/R0	=	5	±	1	%	for	all	
tested	specimens.	Since	the	Poisson’s	ratio	of	the	matrix	(ν	=	0.38)	is	smaller	
than	0.5,	 the	tensile	 loading	 increases	the	specimen	volume	and	therefore	
the	average	distance	of	the	CNT	increases	as	well.	This	increase	of	particle	
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distance	leads	to	an	exponential	increase	of	the	tunneling	resistance,	which	
mainly	determines	the	electrical	resistance	of	CNT	modified	polymers	[74].	
Hence,	 the	 resistance	 of	 the	 specimen	 increases	 exponentially	 as	well.	 In	
contrast	 to	 the	 increase	 of	 the	 particle	 distance	 in	 length	 direction,	 the	
particle	 distance	 in	 width	 direction	 decreases,	 leading	 to	 a	 resistance	
decrease.	

Region	 II:	Non‐linear	viscoelastic	 and	 irreversible	deformation	occur	and	
the	 matrix	 starts	 to	 yield.	 The	 transverse	 contraction	 increases	 further,	
causing	a	particle	distance	decrease	in	transverse	direction	and	therefore	the	
tunneling	resistance	decreases.	Due	to	stress	peaks	induced	by	the	particles,	
local	 viscoelastic	 and	 plastic	 deformation	 and	 local	 plastic	 yielding	 occur,	
leading	to	thinner	epoxy	layers	between	the	particles	and	thus	to	a	smaller	
distance	 and	 decreasing	 tunneling	 resistance.	 Shui	 and	 Chung	 [175]	 and	
Meeuw	et	al.	[28]	reported	similar	behavior	for	3‐D	and	2‐D	volumes.	At	the	
resistance	 maximum,	 the	 opposing	 effects	 that	 influence	 the	 tunneling	
resistance	compensate.	On	the	one	hand,	the	particle	distance	increases	due	
to	strain	in	fiber	direction,	on	the	other	hand,	it	decreases	due	to	transverse	
contraction	and	 thinner	 epoxy	 layers	between	 the	particles	due	 to	plastic	
yielding.	 These	 opposed	 effects	 have	 a	 comparable	 influence	 on	 the	
tunneling	 and	 thus	 on	 the	measured	 resistance.	Hence,	 at	 this	 point	 both	
effects	level	out	and	no	resistance	change	is	observed.	

Region	 III:	 At	 yield	 stress,	 necking	 of	 the	 fibers	 occurs	 and	 the	 effects	 of	
transverse	contraction	and	yielding	of	the	matrix	dominate,	resulting	in	local	
thinner	 epoxy	 layers	 between	 the	 nanoparticles.	 The	 tunneling	 gaps	 and	
with	them	the	measured	resistance	decrease.	Multiple	necking	occurs	and	
the	electrical	resistance	decreases	in	all	these	necked	regions,	resulting	in	a	
continuous	 resistance	decrease	until	 final	 fracture	of	 the	specimen,	which	
leads	 to	 an	 unmeasurable	 high	 resistance.	 Final	 failure	 separates	 the	
electrical	conductive	path	by	rupture	of	the	specimen,	which	results	in	a	non‐
measurable	high	resistance.	

With	 the	 described	 characteristic	 of	 the	 resistance	 change	 due	 to	 tensile	
loading,	CNT/polymer	composites	with	small	elongated	volumes	can	be	used	
as	strain	sensors.	The	resistance	maximum	is	located	at	the	beginning	of	local	
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plastic	deformation	of	the	matrix,	indicated	by	a	decrease	in	the	slope	of	the	
stress‐strain	curve	(refer	to	Figure	6.6,	slope	change	indicated	by	a	dotted	
line).	 Thus,	 CNT	 modified	 epoxy	 can	 be	 used	 as	 a	 sensor	 to	 detect	 the	
initiation	 of	 plastic	 deformation	 and	 with	 it	 the	 initiation	 of	 irreversible	
damage	of	the	material	at	the	maximum	of	the	measured	resistance.	For	most	
applications,	the	ambiguity	of	the	resistance	signal,	which	occurs	at	higher	
strains	 is	 not	 problematic,	 because	 due	 to	 the	 stiffer	 fiber	 reinforcement,	
fracture	 in	FRP	occurs	at	 lower	strains	 than	those	at	which	the	resistance	
decreases	(as	seen	in	[28]).	
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7 Conclusion 

This	research	expands	the	potential	of	electrical	resistance	measurements	
for	 structural	 health	 monitoring	 applications	 by	 investigating	 and	
demonstrating	possibilities	for	damage	detection	and	localization	with	

 silver	 ink	based	electrodes,	which	are	directly	printed	onto	cured	
CFRP	and	onto	uncured	prepregs,	

 carbon	 nanoparticle	 modified	 adhesive	 films,	 which	 are	 used	 for	
structural	bonded	joints,	

 carbon	nanoparticle	modified	epoxy	fibers.	

The	scholarly	contributions	of	each	investigation	are	summarized	below.	

7.1 Structural health monitoring of CFRP 

Inkjet‐printed	silver	nanoparticle	ink	on	CFRP	allows	for	in	situ	monitoring	
and	detection	of	both	surface	cracks	and	delaminations	inside	the	material.	
If	IFF	occur	on	the	surface,	the	electrical	resistance	measured	along	single	
printed	paths	increases	due	to	interruptions	of	the	printed	paths,	which	have	
a	significantly	lower	resistance	than	CFRP.	Failures	inside	of	the	material	can	
be	detected	by	measuring	the	electrical	resistance	through	the	CFRP.	With	
through‐thickness	 measurements,	 delaminations	 can	 be	 detected	 by	 an	
increase	of	the	electrical	resistance.	If	multiple	electrodes	are	printed	on	the	
material	surface	and	several	measurements	are	conducted	synchronously,	a	
localization	of	 the	defects	 is	possible.	Hence,	 in	case	of	 tailored	designs	of	
printed	 paths,	 additionally	 to	 the	 detection	 also	 a	 localization	 of	 IFF	 and	
delaminations	in	CFRP	is	possible.	

Inkjet	printing	of	silver	nanoparticle	ink	can	also	be	conducted	onto	uncured	
prepregs.	With	this	approach,	the	paths	can	be	integrated	into	the	laminate	
between	 two	 plies.	 An	 additional	 process	 step	 for	 sintering	 the	 silver	
nanoparticles	 can	 be	 omitted,	 because	 sintering	 takes	 place	 during	 the	
autoclave	process.	Due	 to	 the	 low	viscosity	of	 the	 resin	during	 the	 curing	
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cycle,	a	deformation	of	the	conductive	paths	can	occur.	The	deformation	is	
significantly	larger	for	paths	that	lie	perpendicular	to	the	fiber	direction	of	
the	adjacent	plies	compared	to	paths	that	are	arranged	parallel	to	the	fiber	
direction.	 This	 difference	 results	 in	 interrupted	 paths	 in	 the	 case	 of	
perpendicularly	 oriented	 paths	 and	 fibers	 and	 intact	 paths	 in	 the	 case	 of	
parallel	 oriented	 paths	 and	 fibers.	 Resulting	 from	 this	 difference,	 with	 a	
parallel	 orientation,	 damage	 detection	 and	 localization	 is	 possible	
comparable	to	the	case	of	conductive	paths	printed	on	the	surface.	However,	
with	 a	 perpendicular	 orientation	 and	 non‐continuous	 conductive	 paths,	
damage	detection	 is	not	possible.	Therefore,	 if	 printed	onto	prepregs,	 the	
orientation	 of	 conductive	 paths	 and	 fiber	 direction	 is	 an	 important	
parameter	 that	 determines	 the	 structural	 health	 monitoring	 capabilities.	
With	regard	to	industrial	application,	an	integration	of	the	printing	process	
into	an	existing	automated	tape	laying	process	of	prepregs	could	minimize	
the	 costs	 for	 application	 of	 conductive	 paths	 because	 no	 additional	 time‐
consuming	process	steps	would	be	necessary	for	application	and	sintering.	

The	presented	analytical	model	shows	good	agreement	with	experiments	for	
the	initial	resistance	and	for	the	electrical	resistance	change	caused	by	IFF	
and	delaminations.	The	model	can	be	used	to	predict	the	electrical	resistance	
change	for	a	defined	loading	and	damage	state	and	it	can	be	estimated	how	
the	IFF	and	delaminations	each	contribute	to	the	total	electrical	resistance	
change.	

Furthermore,	 detection	 and	 localization	 of	 impact	 damages	 was	
demonstrated	 on	 both	 plate	 specimens	 with	 point	 electrodes	 and	 on	 an	
omega	 stringer	 with	 inkjet‐printed	 conductive	 paths.	 It	 was	 found	 that	
through‐thickness	measurements	allow	for	detection	of	delaminations	and	
that	in‐plane	measurements	are	suitable	to	detect	surface	cracks.	Combining	
both	measurement	techniques	offers	the	opportunity	to	distinguish	between	
surface	cracks	and	damages	further	below	the	surface.	In	through‐thickness	
measurements,	 considering	more	electrode	pairs	 than	only	 the	ones	 lying	
directly	opposite	of	each	other	can	 improve	the	damage	 location	accuracy	
and	 leads	 to	 a	 better	 resolution	 of	 the	 damaged	 area.	 Therefore,	 an	
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appropriate	 calculation	 method	 able	 to	 determine	 values	 for	 locations	
between	the	electrodes	was	presented.	

With	the	used	inkjet	technology,	more	complex	conductive	path	geometries	
such	as	branched	networks	are	printable	as	well.	Furthermore,	printing	onto	
curved	 surfaces	 is	 possible.	 Depending	 on	 the	 curvature,	 a	 print	 head	
mounted	 on	 a	 robotic	 arm	 could	 be	 useful.	 In	 case	 of	 the	 presence	 of	
structural	 features	 (e.g.	 stringers),	 a	 division	 into	 different	 systems	
monitoring	 parts	 and	 joints	 independently	 might	 be	 necessary.	 When	
applied	 in	 structures	with	 integrated	 lightning	 protection,	 the	 conductive	
paths	need	to	be	arranged	in	a	way	that	they	do	not	significantly	change	the	
current	 flow	caused	by	 lightning.	However,	 existing	metal	 foils	or	meshes	
used	for	lightning	protection	can	act	as	two‐dimensional	electrodes	and	be	
integrated	 into	 the	 structural	 health	 monitoring	 system	 for	 through‐
thickness	electrical	resistance	measurements.	

7.2 Structural health monitoring of adhesive bondings 

Damage	detection	and	localization	of	impact	damages	in	adhesively	bonded	
GFRP	 plates	 were	 achieved	 by	 in‐plane	 and	 through‐thickness	 electrical	
resistance	measurements	using	SWCNT	modified	adhesive	films	and	silver	
nanoparticle–based	printed	circuits.	

In‐plane	 measurements	 show	 that	 the	 electrical	 resistance	 measured	
between	 two	 adjacent	 conductive	 paths	 increases,	 if	 the	 damaged	 area	
overlaps	one	or	both	of	these	paths.	It	can	be	distinguished	between	more	
and	less	damaged	areas	of	the	adhesive	due	to	the	two	damage	mechanisms	
observed	in	the	adhesive:	a	debonding	at	the	interface	of	the	conductive	path	
and	the	adhesive	results	in	a	higher	resistance	increase	than	a	matrix	crack	
running	into	the	adhesive.	

Through‐thickness	 measurements	 also	 show	 the	 possibility	 of	 damage	
detection	and	localization	by	damage	mapping.	Here,	the	resistance	changes	
were	even	higher	compared	to	the	in‐plane	measurements.	Parallel	oriented	
paths	 allow	 for	 damage	 detection	 and	 localization	 in	 one	 dimension,	 and	
perpendicular	oriented	paths	enable	damage	detection	and	 localization	 in	
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two	 dimensions.	 The	 full	 localization	 potential	 of	 this	 method	 can	 be	
exploited	only	using	perpendicular	oriented	paths,	because	the	damage	can	
be	 located	 within	 the	 two‐dimensional	 laminate	 plane.	 Therefore,	 the	
perpendicular	arrangement	is	the	preferred	design.	

With	the	presented	scalable	method,	damages	can	reliably	be	detected	from	
the	 electrical	 resistance	 measurements.	 Furthermore,	 location,	 size,	 and	
shape	 of	 the	 damage	 as	well	 as	 the	 intensity	 of	 the	 damage	 inside	 of	 the	
damaged	area	can	be	determined.	In	addition	to	the	damage	detection	and	
localization	potential,	 the	bond	 line	 thickness	at	specific	 locations	and	the	
distribution	 of	 the	 bond	 line	 thickness	 can	 be	 determined	 using	 a	 linear	
relation	 of	 the	 bond	 line	 thickness	 and	 the	 through‐thickness	 electrical	
resistance.	

Printed	 conductive	 paths	 on	 scarfed	 CFRP	 surfaces	 allow	 for	 damage	
detection	and	localization	by	using	CNT	modified	epoxy	adhesive	films	and	
electrical	 resistance	 measurements	 through	 the	 adhesive	 during	 cyclic	
loading.		

The	 presented	method	 offers	 the	 opportunity	 to	monitor	 the	 integrity	 of	
scarf	repairs	during	operation.	Significant	electrical	resistance	increases	can	
be	linked	to	crack	initiation	and	crack	growth,	which	were	confirmed	with	
DIC	measurements.	Crack	initiation	can	be	identified	by	a	sudden	increase	of	
the	electrical	resistance	and	crack	growth	can	be	detected	by	a	rise	of	the	
resistance	over	the	life	time.	Therefore,	a	damage	of	the	joint	can	be	detected	
clearly	before	final	fracture	and	sudden	catastrophic	failure	can	be	avoided.	
The	location	of	the	crack	and	the	crack	growth	can	be	monitored	by	using	a	
design	 of	 parallel	 oriented	 conductive	 paths	 and	 the	 sensitivity	 of	 the	
localization	depends	 on	 the	 interspace	 of	 the	printed	 conductive	paths.	A	
change	of	the	location	of	the	dominating	growing	damage	is	detectable	due	
to	different	measured	channels.	

With	an	increased	mechanical	performance,	the	presented	method	may	be	
introduced	into	scarf	repairs	of	primary	structures	that	are	safety	relevant	
to	detect	damages	before	final	failure	occurs.	The	inkjet‐printed	conductive	
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paths	are	applied	within	an	automated	process.	Therefore,	the	application	is	
relatively	fast	and	may	be	implemented	into	an	automated	repair	process.	

7.3 Structural health monitoring of CNT/epoxy fibers 

With	 a	 carbon	 nanoparticle	 modification,	 multifunctional	 materials	
combining	 electrical	 conductivity	 for	 damage	 sensing	 with	 enhanced	
mechanical	 properties	 are	 obtained.	 With	 a	 better	 understanding	 of	
simultaneous	 testing	 of	 mechanical	 and	 electrical	 properties	 in	 small	
elongated	 volumes,	 a	 size	 effect	 is	 found	 to	 exist	 for	 electrical	 properties.	
Carbon	 nanoparticle	 modified	 epoxy	 exhibits	 a	 significantly	 higher	
percolation	 threshold	 in	 small	 elongated	 volumes	 compared	 to	 the	 bulk	
material.	 For	 applications	 such	 as	 electrically	 conductive	 nanoparticle	
modified	 polymer	wires,	 a	 larger	 amount	 of	 particles	 is	 necessary	 to	 use	
these	volumes	for	sensing	applications.	CNT	modified	epoxy	fibers	are	well	
suited	 as	 electrical	 conductive	 paths	 since	 the	 amount	 of	 filler	 can	 be	
adjusted	in	a	way	that	the	beginning	of	plastic	yielding	is	identified	by	the	
maximum	of	resistance	change.	Furthermore,	until	onset	of	plastic	yielding	
the	 resistance	 change	 can	 be	 used	 as	 a	 strain	 sensor.	 CB	 and	 FLG	 are	
identified	to	be	not	suitable	to	form	a	conductive	network	in	small	elongated	
volumes	because	percolation	thresholds	are	very	high.	

For	multifunctional	polymer	or	FRP	materials,	CNT	with	a	weight	 fraction	
above	0.3	wt.%	are	shown	to	be	the	most	promising	nanoparticle	filler	for	
improving	 both	 electrical	 and	 mechanical	 properties,	 even	 in	 small	
elongated	volumes.	With	 this	modification,	 smart	structures	 for	structural	
health	monitoring	with	improved	mechanical	properties	can	be	designed.	
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8 Outlook 

Due	to	the	high	potential	of	silver	nanoparticle‐based	conductive	paths	on	
CFRP	 structures	 for	 SHM	 applications,	 the	 approach	 will	 be	 further	
investigated	 on	 larger	 CFRP	 structures	 that	 are	 exposed	 to	 complex	 load	
cases.	 Therefore,	 in	 the	 project	 “EvoCarboN”,	 funded	 by	 Hamburgische	
Investitions‐	und	Förderbank,	pultruded	CFRP	chassis	from	Carbon	Truck	&	
Trailer	 GmbH	 will	 be	 used	 in	 emission‐free	 electric	 utility	 vehicles	 and	
monitored	 by	 electrical	 resistance	 measurements	 during	 their	 real	
application.	 This	 project	 aims	 to	 bring	 the	 presented	 approach	 closer	 to	
application	 by	 developing	 suitable	 electrode	 networks	 and	 measuring	
techniques	that	are	able	to	detect	and	localize	damages	in	 large	structural	
CFRP	parts.	

Concerning	CNT	modified	epoxy	fibers,	further	research	should	focus	on	the	
applicability	of	the	proposed	SHM	method	using	electrical	conductive	paths	
in	FRP	 laminates	and	structures.	CNT	modified	polymer	based	conductive	
paths	 offer	 the	 possibility	 of	 excellent	 adhesion	 with	 a	 composite	 with	
polymer	 matrix.	 Therefore,	 CNT/polymer	 is	 a	 promising	 material	
combination	for	printed	circuits	for	SHM	on	composites.	Within	the	frame	of	
the	 project	 „Multifunktionale	 Komposite	 ‐	 Gedruckte	 Elektronik	 zur	
strukturintegrierten	 Zustandsüberwachung	 von	 Faser‐Kunststoff‐
Verbunden“,	 funded	 by	 the	 Deutsche	 Forschungsgemeinschaft,	 CNT	
modified	 polymers	 printed	 onto	 composites	 will	 be	 comprehensively	
investigated.	 In	particular,	 inks	suitable	 for	 inkjet	and	screen	printing	and	
compatible	with	 the	 structure	 to	be	monitored	will	 be	developed	and	 the	
SHM	capabilities	will	be	evaluated.	

With	regard	to	real	applications,	depending	on	the	operational	conditions,	it	
might	 be	 necessary	 to	 consider	 the	 environmental	 conditions	 because	
temperature	and	humidity	have	an	influence	on	the	electrical	resistance	of	
CFRP	 and	 CNT	 modified	 polymers.	 To	 determine	 an	 accurate	 damage	
location	 over	 a	 changing	 temperature/humidity	 profile	 it	 is	 necessary	 to	
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know	the	 influence	of	 these	parameters	on	 the	electrical	 resistance	of	 the	
considered	structure.
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