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CHAPTER

1 Introduction to composite materials

1.1 Composite materials

The earliest mammade concept of composite material dates back to the Neolithic era,
when clay reinforced by straw was used for making walls bridks. The individual
constituents werenot useful by themselves but they did when put togethieis argued that
the straw helps to keep the clay together and contrast the crack propagation, by reducing the
tension at the crack tipl]. Moreover, the cyclic changes of the ambient humidity induce the
subsequent dissolution and H@recipitation of the clay in the microracks, which promote
the healing procss of the claystraw composite.

Currently, a composite material refers to a system made of two or more materials
combined at a macroscopic levelayie i a2f dzof S Ay SI OK 2GKSNRaz:
and physical properties are designed toseerior to those of their individual constituents.

A specific class of composite materials, traditionally used in aerospace applications, are fiber
reinforced plastics (FRP). They are, obtained by combining high stiff and strong fibers (g = 7
20 pm) called reinforcement, with a weaker polymeric matrixg(1-1). The matix
surroundng the fibers bind them together and allovo transmit theload between them

while the reinforcement impartgs superior and physical properties to the matribibers are
usually made of carbon, Kevlar or glass and can be short or continllmisnatrix can be a
thermoset resin or thermoplastic such as epoxy and PEHEkn\Whe application require
maximum performancefibers are continuous and oriented in speciirections to constitute

a lamina or ply (0-L mm thick). The laminaare then stacked one above the other and
oriented in different directionsas a function of thdoad thatit has to carry, to form a
laminated structure.

.............

W e > 7
P T >
e——x
P RLPTS 4
Aooriiii 2t 8= fiber onentation

ALY

larmuna or ply

Fig1-1 Hierarchical structure of a composite laminatédapted from ref{2].
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In the analysis of fiber reinforced laminateghen one is analyzing the single lamittee
fibers and the matrix are considered axlividual constituentsthen when analyzing the
entire laminate, thelamina is considered as continuousconstituent Hence according to
Lakes[3], FRP laminates have two structural hierarchical levels: the fiber and the matrix
defined at the micron length scale and the laminas defined at themsillboneter one.

In nature too, several examples of agposite materialcan be foundwith high order of
structural hierarchythat increase their mechanical performancéor example, wood is a
composite material wittiour levels ofierarchi@l structures: molecular, fibrillarcellular and
macroscopic structuréseeFigl-2). The fundamental constituent of wood is cellulose, a high
molecular weight polysaccharide with linear chain, chaeaged by high stiffness and

é.l'leS)fEll'flKCD | St fdz 248 Y2t SOdz Sa | NS-H@ZY(YNY@I?PI\"I
are then bundled to form a nwofibrld DZ f non xYO0® ¢KS aGATFTT OS¢t ¢

into a soft matrix of hemicellulose drlignin constitute the fiber composite wall of the wood
OS¢t t -20 pd);fwhishhas an hallow tube shape with the axis parallel to the trunddne
¢tKS OSff gltf O2yaraida 2F aSOSNIf I e&SNa
where S2 is the thickest one and has the fiber almost parallel toriktaxis. Groups of
alternate layers of thirthick walled cells are alternated in the radial direction of the trunk to
form the growth rings. The hierarchical structure artide optimized reinforcement
orientation of cellulose molecules fibrils, confer the wood an incredible high specific
strength (comparable to the medium carbon steel ofg), despite thelow mechanical
properties of its basibiological constituent phasgolysaccharide).

fibril aggregate

=) // S1 )

latewood s ~ X{ ; | \\
//' ring 0 I ﬁ ! \LL\+\P S2 material

cell wall layers CML

\4\ i \;‘)it

ray cells

A

/
tracheid
growth ring

wood

Fig1-2 Hierarchical structure of spruce wopreproducedfrom Ref.[6], with permission from Elsevier.
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1.1 Composite materials

1.1.1 Mechanical advantages of composite materials

azy2t AGKAO YIFOGSNRIf &

Ffglreéea ardrave

Ol Yy 2 i

Only by combining several materialsdifferent length scales, as nature does, the requested
performances can be met. In wind turbines, the power that can be captured is proportional
to the area of the rotor. Glass fiber reinforced plastic (GFRP) vugthdirength to mass ratio
canenable lager rotors diameter (to date of 150 mndat the same timébe costeffective.
Lighter blades require less robust turbine and tower components, saving so the cascading
costs on the wind turbine and therefore on the energy produced. In the highly competitiv
airline market, fuel represents the 25% of the overall operating cg§tand is the leading
cause of lhe carbon emission. Reducidgkg of mass casave up to 2600 liters of fuel per
year. The use 80% in volume of carbon fiber plastic (CFRP) in the Boeing 787 Dreamliner has
made it 20 % more fuedfficient than its previous version.

In the Ashby diagramf Figl-3the yield strength is plotted against the density for common
engineering materialswhere dotted parallel guidelines link materials that have the same
& LIS OA T A O )altlishierésing % note thatd natural material suclas wood can have
a specific strength (along the grain) comparable to medium strength aluminum alloys or
medium carbon steelsMoreover, carbon fibers reinforced plastic(event with a quasi
isotropic layup) are endoved of superior specific strength compared to any other material.

Yield strength (elastic limit) (MPa)
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Fig1-3 Ashby diagram Yield strength vs Density
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Values of specific modulus, strength and toughness are giveahlel-1 for common fiber
reinforced plastics and bulk metalBhe reported strength refers to yield strength for metals
and compression to failure along fiber direction for KR hardest inplane load condition
for composite laminates)

Tablel-1 Specific modulus strength and toughness for common fiber reinforced comg8saed bulk metals.

Material Density Young Tensile KIC (MPa* Specific  Specific Specific KI(
(kg/m”~3)  modulus  strength mO0.5) modulus  strength (MPa
(GPa) (MPa) (GPa/ ((MPa/ *m0.5/
(kg/m3))  (kg/m3))  (kg/m3))
Steel (40 NiCrMo 6) 7800 205 1100 100 0.026 0.14 0.013
Aluminum (7075T6) 2600 72 500 30 0.028 0.19 0.012
Titanium (TEAF4V) 4400 120 900 70 0.027 0.20 0.016
Epoxy 1200 4 80 15 0.003 0.07 0.001
Glass fiber (fglass) 2500 72 3500 0.029 1.40
UD glass/epoxy 1800 42 900 10 0.023 0.50 0.006
Crossply glass/epoxy 1800 20 550 10 0.011 0.31 0.006
Aramid fiber (Kevlar 49) 1500 130 3800 0.087 2.53
UD aramid/epoxy 1400 75 350 10 0.054 0.25 0.006
Crossply aramid/epoxy 1400 31 250 10 0.022 0.18 0.006
Graphite fiber (PAN) 1800 230 3400 0.128 1.89
UD graphite/epoxy 1600 140 1600 10 0.088 1.00 0.006
Crossply graph/epoxy 1600 75 800 10 0.047 0.50 0.006

A visual representation of the listed features is given in the graph speciéiogitr vs
specific modulus ofig 1-4. Qass, Kevlar and carbon fibers have a specific modulus and
strength that is an order of magnitude higher than metdlee majorreason oftheir high
strength is their thin diametefe.g. 7umfor carbon fibers). Thinner is the diameter and lower
are the chance ofrainherent flaw in the material antherefore higher is the strength, which
is sensible to the flawf®] . Note how also in this case the structural dimension play a major
rule on the strength of the materiaHowever fibers are not ake to carry compressive or
bending loads by thenedves, while a bulk version of them would be less streragttd too
fragile.For this reasosfibers are embedded in@olymeric matrix such as epoxy whiatows
to transmit the load between them.

As consequence, theesultingelastic modulus and strengtbf the UD composite, along
fiber direction, areroughly a weighted average(on volumg of its constituents. These
properties are then halved when equal amosof fibers are disposed at right angle to each
other (crossply), in order to have a laminate with equal strength in baitincipaldirections.
Lookingat the table, astructure in CFRP that has to carry loads mostly in one direction can
weight up to a forth of a metal equivalewhe, while a structure that has to carry loads on
different directions can weight up to half of the metal equivalent one.
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o Bulk material o

§ —e~ Fibers Aramid fiber
<E 25 ' _a Unidirectional
> - Crossply
x Graphite fiber
® 27
o
=3
£ 15 | Glass fiber
o
c
o
o 1r Titanium
5 Aluminum
Qo Epoxy Steel
0 05 |

O 0 Il Il Il Il Il Il

0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140

Figl-4 Specific Strength vs specific modulus for common FRP laminates and bulk metals.
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In the design of a safetyritical structure, as car chassis and airframes,stnength is not
the only key parameter in the choose of a material. Fracture toughness often is more
important than strength, to avoid problems of a premature fedlwf the structure. However,
strength and toughness in most artificial common materiale &wo properties mutually
exclusivg10]. Indeed, the ability of a materitd undergo plastic deformatiohence ductility
which isusuallyin contrast with its strength, confer to the material fracture toughness by
local release of the stress field around the crackthpt would otherwise cause the failure of
the material.For this reason, airframes are manufactured from relative low strength versions

of available alloys

In the Ashby diagram d&fig1-5 the mode Ifracture toughnessGcg) is plotted against the
yield strengthfor composites and metals. It is noted thai@as estimated from the critical
stress intensity factorkK®=E G/ (1-~%) [11] [12], based on the linear elastic fracture
mechanics (LEFM) theoryhis is an approximate simplification, but the goal here is to have
an indicative value for each material in order to be able to compare them.

Clearly the fracture toughnesor composite lanmates is low compared to metals atal
their high strengthlespecially for CFRP can be an order of magnitude JolMeemajor cause
is the brittleness of the high crosslinkeghoxy resinlt can be noticed that the thermoplastic
polymers (not crosslinked)an have a fracture toughness updoe order of magnitude higher
than the epoxy thermoset oneg&rosslinkegl. Elastomer can evehave ahigher fracture
toughnesghan thermoplasticsHowever, for the use as matrix in composites, thermoplastic
polymersand elastomerpresent some disadvantagesompared to thermoset onegaslow
stiffness strength, processility and hygrethermal stability ywhich will be elucidated in

paragraphl.3.]).
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The low fracture toughnessf composite materialsforce to keep a high safety factor and
over-dimensoning the structure, thus limiting their full weightreduction potential.
Therefore, in the development of composite materialsisitcrucialto incressethe fracture
toughness whicHimit the full exploitation of its extremely high specific strength. Bot
improve this featureijt is first necessary understamd) the complex mechanis of fracture
which induces thesepecial materiato failure.

The author wishes to point out that the scope of the following paragraph is toagilyea
general overview on the damage mechanisms in composite matandlsighlightthe critical
issues in whicleffort shouldbe put to increase the service life.

Elastomers Metals and alloys High carbon steel
Neoprene :
Natural rubber

Titanium alloys

Cast iron

Low carbon steel

. : Stainless steel -
Butyl rubber : Aluminum alloys 3 N\
ST0 018 R e, WD R o SUUU \WS o M A S S S :

1000047

2000 -+ -o-esronassoeas s freemer e
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: Technical ceramics
1b 160 10‘00

Yield strength (elastic limit) (MPa)

Fracture Toughness Glc (J/m~2)

Fig1-5 Ashby diagram Fracture toughng$3ic)vs Yield strength

1.2 Damage mechanism in composite laminates

Final failure of cmposite laminates is generally preceded by unstable delamination
propagation.Delamination is the separation arhinas (or plies)caused by the stress state
developedbetween ore plyand the adjacent one (interlaminatress) and it may be induced
by different mechanism/load conditions during service life of composite structures:

1 free-edge effect
i fatigue loading
1 impact (outof-plane load)



1.2 Damage mechanism in composite lamirsate

1.2.1 Free edge effect

Composite laminates which are made of anisotropic plies that terminate at common edges,
locally gamerate highly treedimensional stress states which induce interlaminar stresses that
are sufficiently high to cause interlaminar failure (delamination) at tHosations[13].

Consider the following specific problem in i a prismatic445°]s laminate having free
edgesaty=d A & f 2| RSR qQohitsdegntld: IRigLI6A 0 A NLIA G 6 SR G(GKS
at +45° interface as a function of the normalized distance from the laminate centerline,
evaluated by finite difference analysis by Pipes ¢14).

Note thati KS LJ I y I NJ & (i 8 &)predicied by NAsscdriamigagion theéory
is distorted by the presence of free edg@®t constant) But more important, note how the
Ay GSNI I YAY | Noon#rS at Nb=6.5 glvsiasymptotically abecomes singular
at the free edge. This stress singularity is responsible of the delamination onset at the free
edge and will load the growing crack in mode lll. Different stacking sequences can cause
different stress states at the free edges plies intedfs and load the induced cracks in
different modes. As in the case of a [£25°/90°]s laminate where the normal stress
singularity at the mieplane loagthe aack in mode I.

Edge delamination is common in engineering structure, not only at the termimati the
geometry of a given component but also in many different design discontinues such as holes,
tapered laminates and bonded joints (sE&1-7).

5.00

3
Laminate Center Line

mode Il, sliding mode Ill, tearing

0 0.25 0.50
yib

Fig1-6 a) dstribution of the interlaminar stress state at the5 interface, as function of the normalized distance from
the centerline of a445°]s laminatereproduced from Ref14]. b) Mode of delamination.

FREE NOTCH PLY BONDED BOLTED
EDGE (HOLE) DROP JOINT JOINT

SR

Fig1-7 Design discontinuities source of delaminatiéteprinted from Ref15], with permission from Elsevier.
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1.2.2 Fatigueloading

The damage degradation in composite laminates under fatigue loading is a complex
process that evolves on different length scales. It can be overviewed with the ki b8,
which traces the damage process as action of percentage of lif¢relativeto the number
of cycles to failure) for a composite which contains 0 plies (fibers oriented with the loading
axis) and offaxis loading plies, subjected to tensile cyclic loadingustbe mentioned that
if free-edge effect is not predominansimilar damagedevelopment mechanism caalso
occuron multi-axis laminates subjected to monotonic tensile load

1. Matrix Cracking 3. Delamination

5. Fracture

DAMAGE

Q° 0° 0° 0°

2. Crack coupling- 4. Fiber Breakage
Interfacial debonding

PERCENT OF LIFE 100

Fig1-8 Progressive damage development for composite laminates subjected to fatigue loRejmgpduced from R¢1L6],
with permission from Cambridge University Press.

Thedamage process can be subdividedhree stage$17]:
Stage loccurs during the first 1015% of life, during which damagievelops at a very rapid
rate. The najor damage mode during Stage | is matrix crackpmgmary cracks usually form
through the thickness of the otixis load plies in a direction parallel to the fibers (keal in
figure), when the global laminate strain exceed the strain sufficient to cause failure of the
matrix phase or separation between fiband the matrix at the interface~{g1-9a).
Throughout stage I, number and density of matrix cracks increases until a uniform saturation
spacing is reached. Further ondgtitiation) of matrix cracks is inhibited by the local stress
release, caused by the existing cracks, wtaehid the formation of other cracks in their
proximity. While, the grows of the single matrix cracks (propagationduhthe thickness of
the laminatestops at the interfaces between plies with different fiber orientatiéithough
the ply is damaged lotlg, it does remain effective in the laminate by providing strength and
stiffness in the direction of the fibe[48].



1.2 Damage mechanism in composite laminates

The reduction in laminate stiffness caused by primary matrix crack formation in common
laminates is usually srigabout 10% and is generally tolerated in the design of an engineering
structure.

Stage llrepresents most of the entiréatigue lifetime (7080%), during which damage
initiate and grows aslower rate Matrix cracks, whicln the previous stage werdapped at
the plies interfaces, start to turn and growing along th@fig1-9 b). Crack couplingroduce
debonding of adjacent plies, hendelamination which at this stage is still confined near the
edges of the laminate or & design discontinuity (e.g. hgleseeFigl-7a & ¢ The onset of
the delamination can also occur internally where primary cracks (in 90° plies) crosses
secondary cracks (in 0° plies), the latter generditgedthe stress field developeat the primary
matrix crack tip (se€ig1-10). The remainder of the Stage 2 consists of the initiation and
growth of delamination, buit is still localized

Stage llrepresensthe final 1815 % of life and is characterized by an exponential increase
of the damage rate caused by delamination growttbalescence and consistent fiber
brakeage. Under cyclic tensile loads, laminate failgreadincident with the catastrophic
fracture of the major loadbearing plies. While under cyclic compressive loads, failure is usually
due to local buckling of the delaminated plies.

It has to be mentioned, that undeeyclic loading, fibers fractureccurs during all three
stages of fatigue life. Howeveduring stagel and Il the amount of fractured fibeiis still
limited and localized.

Matrix =

Debond

S A 5 m g

Fig1-9 Matrix crack initiation from fiber debonds (a) and Interlamii@amination crack formed due to joining of two
adjacent matrix cracks in a fibeeinforced composite laminaté&rReproduced from R¢16], with permission from Cambridge
University Press.
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Delamination

vl
)

iy i

a1 V> ,Ef:i,:':.._ ot

Figl-10 Delamination onset at free edges caused by growing transverse (primatyix cracks in a
[02/903]s laminate under progressive quasi static tensile load: illustrative sketch (fig a) and plane viev
radiography (fig. c) Delamination onset at primary and secondary matrix crossing under tensile fatigL
loading : illustrative leetch in a (fig. b) and-sadiography (fig. d). Reprinted from REf7], [13], with
permission from Elsevier.

1.2.3 Low velocity mpact (out-of-plane load)

Composite structures, in addition to conventional -plane loads (whose damage

mechanism has been described above), may be subjected tofepiine loadsas impact.

This section deals with the damage caused by\elocity impacts, in which the projectile is

rigid and the velocity are in the range of few tens mi/ew velocity impagton multiaxial UD
laminate, induces in the composite three types of damage: matrix cfaek, fracture and
delamination.The damage development in the composite depends on its teisknn Fig

1-11it is described the damage mechanism, for thick laminates, in which the bending stresses

are low relative to the contacgtress.

(a) ) @
0 : U Compressive fiber _,0°
980 ll " failure '/‘-ﬂi' 90°
> mpactor A 0°
90° 0 ° X

n_— Delamination initiation in Delamination growth in |
Central cone opening mode (1) shearing mode (1)
heavily High out-of-plane shear stress

damaged

Tensile fiber

- ‘ failure
Central cone

heavily damages

Figl-11 Evolution of the damage caused by lewlocity impact as a function of ¢hgrowing impact energy levégr
thick laminatesAdapted from ref[19].
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1.2 Damage mechanism in composite laminates

Each figure represents the evolving of the damage as a function afrtheingimpact
energy[19]:

(a) At low energy first matrix cracks are created (with 45°slope) under the impdator
to the high outof-plane shear stress developed in this zone. Once the cracks reach the
lower interface induce opening, shearing and tearing forces (mode I, dll&n
respectively) which causelelamination. Delamination in turns induce matrix cracki
in the adjacent plies with a pine tree shajag)].

(b) Once created, delaminatigoropagates at the plies interfacésie to the interlaminar
out-of-plane shear stress, especially along the fibers directions of the Iphes.

(c) When the impact energy level increasdiber fails due to the compressive force
(under the impactor) and tensile one (in the mid or lower thickness). Generally, the
lowest ply doesot brake due to fiber breakage because the high delaminatiohis t
zone tends to unload it.

For thin laminates the damage development is different. Bending stresses are
predominant and cause tensile failure of the bottom plies in transverse direction respect to
the fiberone. The damaged ply induces then delaminatadrthe first interface, which then
induce matrix cracking of the next ply. The matrix crackiagmination mechanism
propagates from the bottom to the top with a reversed pitiee pattern[21].

Note that after impactor unloading, matrix cracksd delamination remains partially open
due to the resin and fiber debris, which prevent their closure.

1.2.4 Dichotomic role of the hierarchical structure on the toughness of composite
materials

It must be emphasizechowin the complex damagemechanism of camposite laminates
described above, the hierarchical structure plays a dichotomic b8 Inhomogeneity
(namely the fiber and matrix phasesnd anisotropy (namely the orthotropic ply structure)
are the cause of the initiation ahe damage at different length scaléghe Inhomogeneity is
the cause ofhe onset of the damagat micrometer scale, caused by the raniform stress
localization and concentration, which are caused by the mismatch of the mechanical
proprieties of the tvo phases. Examples can be found in fiber matrix debonding end matrix
cracking durig cyclic loading or impacfig 1-9). While the anisotropy of different plies
induces interlaminar stresses at the sothllimeter-scale which cause the onset of the
delamination (i.e. free edge effect).

However, at the samare the hierarchical structure constitute a barrier for the growth of
the cracls. The inhomogeneity, hence the fibers oriented in different direction in each ply,
stop the matrix crack propagation from one ply to the adjacent one. Moreover, the
anisotropy hence the different orientation of the plies help to keep them together even if
they are crackedThis behavior is observed in laminate cross sections of composites stressed
by cyclic loading or impact, where craeke stopped or diverat the interfaces (Fig1-9 b).
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Introduction to composite materials

Hence it can be concluded that the hierarchical structure in composite laminate is the
greatest contributor factor of damage onset: crack initiatiomdalelamination at micro and
submillimeter scale, respectively. But at the same times ithe key factor of the superior
resistance to crack grow (matrix cracks), which is the main contributor to fatigue resistance
of composite material§l8].

Similar crack anisotropic behavior can be found in wabtftiere, shear cracks can easily
propagate parallel to the wood cell, without being broken througihnile its perpendicular
propagationis very difficultas the braking of the wood cell is stopped by the cellulose
microfibril in the secondary wall cell (§3),[22].

On the contrary, bmogeneous materials are more resistant to crack initiation, which is
caused by stressoncentration because of the absence of two separatpthases with
mismatching mechanical propertieBut are relatively less resistant to crack propagation
becausethey donot have barriers (different phases) to confiite propagation. Therefore,
their fatigue failurecanoccurby the initiation of a single crack.

1.2.5 Damage intolerance vs damage tolerance:

Usually in the design of a safety structure, the presence of defectstitolerated and the
structure is considered no longer reliable when the first crack onset occurs (damage
intolerance). This force to keep a high safety factor during the design which leads to a
dramatic increase of the weight of the structure.

Anotherapproach in the design of a safety structure, is basethe assumption thaflaws
can exist in the structure and can propagate with usage (damage tolerant). This design
method, commonly used in aerospace engineering, is based on fracture mechanigsgsinc
(e.g Paris law) in which a crack can on$eén under cyclic loading slowly grows up it reaches
a critical size for then propagate unstably. Therefdree life span of the structure can be
limited by the critical size that the flaws can reach antiloy their onset. This allows to keep
a lower safety factor and therefore reduce the weight of the structitrenould be noted that
in order to keep a high safety standard the structure must be subjected to maintenance
programs to detect and measure tldgmensions of the defects and repair them if necessary.

The damage tolerance approach suits perfectly for composite structures in which, as seen
previously, matrix cracks arise in the early life stage, but then its propagation is hindered by
the hierarcheal structure for most of its lifspan The damage size reaches a critical size when
the matrix cracks turn in delamination and its propagatiomotbe hinderedanymore For
this reason, in the last decades, many attempts were done in order to reduteiader the
delamination propagation.
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1.3 Ciritical issues and routes to increase service lifeoofiposite materials

1.3 Critical issues andoutesto increase service life of composite materials

The damageaype in composite materials, whether is it caused tree edges, fatigue or
impact can be classifiemh three maincategories matrix crackingdelamination and fiber
failure. Each one affest a different phase or structurdevel, but they are strongly
interconrected by cause and consequen&zlow, the damage types are listed lgyowing
order of severity and time ever the danage evolutiorof composite laminates

Matrix cracksparallel tothe fiber direction and fibermatrix debonding are often the first
damage to occukexcept if free edge effect is predominantt initiates, propagates and
multiplies in number, through ththickness of the single pliémtralaminar damagég. Usually
matrix cracks are tolerated during the service life of a composite strudtacause they are
confined bythe hierarchical ply structure of the laminate. Indeed, a compaositessed by
cyclic lading sustain up to 90% of its entire service lifehwitatrix cracks already formed
However matrix cracks, whiclat the beginningare confined in the single plies, beyond a
certain level of statiin/out-of-planeload or nunber of cycles, start to turand to propagate
through the interfacestriggering thedebonding of the plies.

Debonding of the plig, hencedelamination (interlaminar damagg which can be induced
by matrix cracks or free edgetress concentrationcan easily propagate through timeatrix
interfaces because there are rather phases or structurdtierarchicallevels tohinder its
propagation Local and isolated delamination, stressed by static o cyclic loading, can grow and
marge leading to a local separation of the single pl@sce plies are separated the laminate
can fails (despite the fibers are undamaged) becausarot bear anymore bending loads
(due to the reduction of the moment of inerfiaor compressive load&lue to the local
buckling of the plies

Fiber failure occurs during the entire service life of the compositait usually at the
beginning itsaumber is irrelevantor the integrity of the laminateSome failures are random
fractures of statistically weak fiberSome others fiber breakage are caused by the stress
concentration at the matrix crack tipsyhich are highly localizedn the high stress zone
around the matrix crack tipl8]. While extengve fiber breakage occurgor in plane loads
when largeR S | Y A ywhighicanyb@d@lsmduced by impact loadspduce the integtiy
and increase instabilityfahe laminate[16]. Extensive fiber breakage is the worst scenario
because has detrimental effect on the residual strengtf the laminate andanticipate the
imminentfailure of the structure

Therefore, fiber breakage is the most detrimental effect for the service life of the
composite and for this reasamany attempts were made in the last few decades in order to
increase their strengtf23]. However extensive fiber breakage is only the last failure mode to
occur and is ofterpreceded andcaused by da@mination. Moreover delamination is the
direct cause of failure of composite laminates stressed by compreasi@ebandingoads.
While matrix cracks seem to be toleraté&d the composite up to they do not propagate
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Introduction to composite materials

towards theinterfacesand inducedelanination. Hence delamination is a major cause for
concern in composite laminates, since it is key factor of its damage evolution.

In order to solve the delamination issuend therefore increasing the sece life of
composites, two different approachdmmve been adopted by the scientific community:

1 Interlaminar fracture toughening (preventive)
9 Selthealing (curative)

The progress made on these two different routes areefly described in the next two
paragraphs

1.3.1 Interlaminar fracture toughening (preventie):

Epoxy resinis the main matrix material used for composite material in aerospace
application, because offer high modulus, strength and low creeping, due to its high
crosslinked structure. It also has excellent adhesion to glass and carbon Kiloeeswver, it is
easy to be implementedh a lamination process (also wittomplex shapes), because during
the processt is in the form oWiscous liquid, while its hardening (crosslinkingn be triggered
at the need by increasing temperaturdnfortunately,the high cross linking density leads to
have a hight brittle material, which makeghe composite laminate susceptible to
delamination This, as mentioned before, force to keep a high safety coefficient in the design
of a composite structure, thuBmiting the full exploitation of its extremely high specific
strength. Therefore,since fiber reinforced epoxy laminates have found application, different
techniques have been developed in order to increase their delamination resistance. Below
are brieflydescribed themainones with pros and cons

Layup optimization:

Improvement of the damage tolerance of the composite laminate can be achieved by
designing an optimal layp which minimize the oubf-plane stresseg¢see paragraphi.2.1).
Pagand24] demonstrate that the effect of the interlaminar normal stress in a [+45°/0°/00°]s
the effect of interlaminar stresses were reduced considerably by an interchaintpee 90°
and 0° ply position anthcreasedof 70% the tensile strain to the onset of the delamination.
However, the development of a toughened composite has far more potential for minimizing
the susceptibility of the delamination and does not impose consgrtonthe design of the
composite laminate

Through the thickness reinforcement:

Stitching

To reinforce the laminate through the thickness, the uncured prepreg or the dry fabric are
sewed with a strong yarn as carbon, glass or Ke@ttching can improve the fracture
toughness in mode | and Il up to 15 and 4 timeswever, when the stitching needle
penetrates in material can induces damage or misalignment of the fibers, which cause
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1.3 Ciritical issues and routes to increase service life of composite materials

reduction of the inplane mechanical properties ttie laminate (epecially at compressive
loads)[25].
Z-pinning

In like manner, Dinning reinforce throw the thickneghe laminate, by inserting metal
pins or cured carbon fiber pins. Also in this case the improvement of interlaminar fracture
toughness are quite high (up to 500%) but theplane mechanical properties are slightly
reduced (in the range &-15 % )[26]. Here,the toughening mechanism is quite interesting
because acts behind the crack tip by bridging the crack wadgeeleasing so the stress at
the aack tip.However, @ consequencthis kind of system can work only once the crack

Matrix toughening:

As mentioned before, the high cross linking density in epoxy resin, unfortunately, leads to
have a high brittle materiaklightly tougher than inorganglasses (G~ 0.1+1kJ/n?), seeFig
1-5. Differently, thermoplastis can be up to an order of magnituttigher then thermosets,
due to the large free volume availl@between the polymer chains, which can absorbrege
generated by the crack groand blunt the crack tigGc~ 1+5 kJ/m).

Thermoplastic

Using thermoplastics as matrix, can increase up to one order of magnitude the interlaminar
toughness of composites, compared to conventional epoxy PEEK). The drawbadkthe
increase of compbaty in the laminating forming ahermoplastic matrixxomposite with big
dimension or complex shapes, becauseaeds to beheated (to flow) at high temperature
and pressureThis polymersiavenot beenconsidered in the industry in the pastueto low
hygrahermal stability (moisture adsorption) creep probéms, interfacial and wettip
difficulties with the fibers and lower compressive strength7]. However, nanufacturer
recently have madeffort to overcome this problem fosomespecial applications.

Rubber toughening

Another option consists in modifying the epoxy based matrix systedidsplvingubber
or a thermoplasic polymer to the uncured egxy. During curing a phase separation occur
which creates finely dispersed, rubber or thermoplastics particles, &-ticron) chemically
bonded to the epoxy matriX28]. The result is @& incredible improvement of fracture
toughness of the bulk resin (up to 25 feJdand a good improvement of the interlaminar
fracture energy of the laminate (up to 5 fad Itis found that the poor translation of the resin
toughness to the composite is duo the constrain causelly the fiberg29], [30] The major
toughening mechanism was explained as increase of plastic deformation of the matrix, which
blunts the crack tip and reduces the local stress concentration. Moreover, the cavitation
ahead the crack tip of the rubber particleslease the stress and promoteigher plastic
deformation, while the consequently separation of the epopgrticles interface dissipates
energy[31]. However, the drawbackof increased fracture toughness anmeduction of the
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Introduction to composite materials

in-plane mechanical properties due to tieéastic moduluslecrease (which compromises the
stability of the fibers and their load transfeldecrease of Tg (hence maximum temperature
use) and substardl increase of water absorption (which turn degrade the mechanical
properties)[28].

Interleaving:

The concept is to add between one ply and the other, of prepreg, a discrete partially cured
(like prepreqg) layer of very high toughse resin. The key of the interleaving is that the
interleaved material has the required viscosity to don't mix with the prepreg resin during the
co-curing, remaining a discrete layefhe result is an increase of interlaminar fracture
toughness, without décting the hot/wet compression properties of the laminate because
despite the softening of the interleaved zone the resin around the fibers remains[2a}d
However the tough interleaved layehas low stiffness and strength and is relatively thick (~
couple hundred omicrons) andhis proportionally reduces the global spec#iiffness and
strengthof the laminate[28].

Nanosize reinforcements:

The use of nano particles as reinforcement for composite material has attracted
tremendously the scientific community in the last two decades. Mainly becdagsemshat
it does na affect the original ipplane mechanical properties diie laminate.By adding a
nonreinforcement, the hierarchical structure of the composite laminate is increased from two
to three hierarchical levels: the laminas defined at the-sublimeter scale, the fiber and the
matrix at the micron length scale antie¢ nanoreinforcement at the nanoscale. For this
reason, this special class of composite material are often called multiscale composites.

Graphene, Carbon nanotube (CNT) and MWCN:

Graphene has two-dimensional atomic structure of carbon in which the awrare
bonded together in a sheet form, with a perfect hexagonal pattern. Single walled carbon
nanotubes (SWCNTSs) often abbreviated as CNTs consists of a single graphene rolled up in to
a seamlesxylinder with a diameter of 1 m; whereas multi walled carlvo nanotubes
a2/ b¢Qav O2yaraid 2F (o2 2N Y2NB O2yOSYdNARO
based nanestructures presents incredibly high mechanical performance of at least one order
of magnitude higher then metals because of their perfectnaitwarrangement free of flaws.
Therefore, the addition of a so high strength nonreinforcement to the composite laminate is
expected to increase its poor ocof-plane mechanical propertieKim.et.al[32] in 2011
analyz the result on fiber reinforced CNT composites laminates from the available literature.
They repored a wide variation on the increase of the interlaminar fracture toughness of CNT
reinforced CFRP, ranging from 25 % to 150 % and from 27% to 200% onl raodd|
respectively. The wide spread of the results was attributed to process issues in integrating
ONT in the composites, causeddifficulty in dispersion of CNT in to the epoxy matrix because
they tend to agglomerate due to the strong van der Waatsraction and low adhesion with
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1.3 Ciritical issues and routes to increase service life of composite materials

the matrix. They concluded that further effort is necessary to improve the proBessel R.
Bortzet.al [33] tested at static and fatigue loading CNF matainforced carbon fiber biax
+45 Bminates.The increase of static tensile strength was negligible, while the fatigue life for
CNT composite was 15Migher than pristine ones. Thmprovement was attributedo the
suppressionby CNT of thedelamination caused by the interlaminar stregscentration at

the free-edges A major concern for the use of CNT and MWCN, rather than the process, it
their still not clear impact on the human healfB4]. In United States and Europe the safety
and health institutions detailed the potential hazards and recommended an exposure limit
for CNF and CNT.

Polymeric nanofiber int&aving

A relative new approach for the delamination suppression consist in inserting, between
one ply and the other one of the laminate a raioven mat made of continuous polymeric
nanofibers Thetechnique and thedifferent benefits,compared to convenvnal methods,
will be introduced and discussed in the next chaptdoreover, the fracture toughening
mechanism and how different nano8b interleaving parameters carffact the results on
different laminates types will be investigated and discussedhapters 3,4,5 and 6.

1.3.2 Selthealing (curative)

A different approach to increase service life of composite laminate is to coméen the
ability to selfrepair in event that thelelamination is already occurred butig still localized.

This approach allows a further step in the design of a structure be¢hadermation and
growing of the damage (damageléoance principle elucated in paragraphl.2.5 is not
problematic as longsit can be autonomously healed (damage managem¢s®). The
concept and its potentiaéffect on the service life of a structure can be represented in the
diagram of figure Ssarciain [36].

In the traditional material approach the service life of a structure can be extended by
improving the initial mechanical properties ofeghmaterial, see curve of the reference
material (a) and traditional improved one (b). However, the traditional approach of increasing
the initial material properties of the material leads to small improvement due to the big
advances made so favloreover diuring the service life, loads higher than the limit for which
the structure was designed can occur (e.g. impawet)his context, the healing approach offer
a new strategy for increasing the service life of the materials and has already achieved
significant resultsdespite its young age (two decades
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3 Damage Points
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Figl-12 Service life of traditional and sdiealingmaterials
Reproduced from R¢86]

Curve (c) represents the behavior of typical $eéling material in whickhe final failure
of the material is postponed by the restore of the damage. However, the damaged zone has
been partially repaired, therefore it is still weak and can fail another time. The degree of the
healing of the second step is minimal and the f&lof the material will be inevitablelhe
ideal selthealing material is the one capable of completely restoring the initial mechanical
properties and do it multiple times, curve (dhe grap highlights another issue: thHeealing
capability has to be cmferred to the material without dramatically affecting its initial
mechanical propertiesAnother essential requirement is that the material should heal
autonomously without human intervention.

The rest of the paragraph will be focused seifhealing systms integrated in polymeric
material, with special attention for the ones who can be suitable for composite laminate
applications. Selfiealing polymeric materialsan beclassifiedinto two different groups
based on the approach to the sdi€aling mechaism:intrinsic or extrinsic.

Intrinsic sekhealing systems:

Intrinsic seklhealing polymers are materglcapable of restoring a local damage by
reformation of reversible bonds, via a temporary increase in the mobility of the polymeric
chains. Healingam be obtained by physical interactions or can occur at chemical level by
strong reversible covalent bonds or supramolecular interactions.

Among thereversible covalent interactionsetro DielsAlder (DA) and disulfide reactions
found a discrete interestor selthealing purposd37]. Chen et. al[38] developed a cross
linked material prepared through DA reactions, which have mechanical properties similar to
epoE @ 0 9T o ®mM68IMP&). DA gedttions can be used to create different polymers, as
dicyclopentadiene and epoxy with good mechanical propef[88$, [40] Mechanical failure
leads breakage of the material covalent bonds, hereerétro-DA reactions, which can be
reverted (DA) upon heating at 1260 Cto havehealing ¢p to 50-70%).The tiol-based

18



1.3 Ciritical issues and routes to increase service life of composite materials

polymers havedisulfide bonds that can be reversibly créisked throughoxidation and
reduction.Disulfidebased epoxy resin containing chains with thiols as precursor can be used
to produce healable thermoset rubbergl]c[43]. After damage occur, the mechanical
properties can be completely restored by applying a low temperature/(6C), but theitow
mechanical propertiesestrict their usein elastomer anccoating applications’ g =0.20.4

MPa)

Supramolecular interactionallow for week and reversible necovalent interactions
between molecules which induces sasembly capabilitfg4]. Common interactions include
hydrogen bonds and ionomers. Single monomers or molecules can by assembled via
hydrogen bonds to form linear chains or high crbsked polymergd45], [46] The result is
rubber polymers with high strain to break (400 % at 4 MPa), which can simply repaired by
bringing together the fractured surface at room temperatydb]. lonomers lave ionized
group covalent bonded to the backbone of the polymer chain which creates electrostatic
interactions. lonomers film have been proven to autonomously heal after ballistic puncture
through the heat generated by the friction with the perforatinglleti[47]. Also in this case,
the low mechanical performance make restrict their application for elastomer and coatings.

Haling in thermoplastics can occphysicallyby molecular interfusion triggered by an
external stimulus such as temperature (abohg or melting point) or solvent (swellingg].

A phystal and chemicahybrid option is to dissolve in the uncured epoxy resin a linear
polymer with similar solubility parametergl9]. The linear polymer is bonded through
reversible hydrogen bonding with the dlimensional epoxy matrixJpon heating (14€C for

6 hourg the hydrogen bond can be reverted and the linear polymer become mobile and flow
to close the crack.

Generally, egardless of the chemistry employedtrinsic healing requires a local
reversibly of the bond interactions (covalent, supramolecular or entanglement) together with
a local mobility of the constituents (molecules and polyrmkains).The clearest advantage
of intrinsic healing is that the reversible bonds interactions can be broken and reformed
multiple times, thus giving to the material the possibility to hedihite amount of timesThe
drawback is that to allow the bondeformations is necessary a certain mobility of the
constituents which leads taenerally lowermechanical propertiesFurthermore,these
materials generally needed an additional input of energy (e.g. temperature) to heal, since the
reversible bonds havkigh activation energyThis makesntrinsic selfhealing materials not
completely autonomousComparing the results reported in literature on intrinsic dedfling
materials it can be speculathat there is an opposite trendetween the material strendjt
and the ability to heal at low temperatures. For example, materials made of strong reversible
covalent bonds such as DA needs high energy to be broken (whichtistgngth to the
material) but also to be reformed (which means high healing temperajubestead, weak
hydrogen bonds can be broken with low energy (which leads low material strength) but can
be easily reformed (room temperature) which make the healing autonomiglaseover, in
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hard materials the mobility of the chain is limited to few nanaters at most. The crack
surfaces cannot come in to full contacts, due to plasticization and dendrites, making healing
a significant challenge for intrinsic sékaling systemslheseissues reduce the chance for a
successful implementation of an intriessystem in an autonomous séléaling composite
laminate.

Extrinsic selhealing systems:

In extrinsic systems, the healing chemistry is separated from the surroundirfgealable
polymer matrix. The healing agent is encapsulated in discrete entitieshvdan be broken
upon damage/cracking and releagein the crack's meatus. Once the agent is released it
shouldreact and heal the crack. Extrinsic sk#aling systems can be classifieased on the
employedencapsulation method: microcapsule, hallowsfib, vascular and corghell.

Microcapsuls:

Microcapsule is the simplest method to encapsulate and separate the healing agent from
the surrounding matrix. A successful attempas made byVhite et all in 2001 [50]. They
mixed microcapsuleg50-200 um)filled with dicyclopentadienenonomer (DCPD)into the
matrix with dispersed Grubbs cataly§eeFig1-13b). The healing capability was tested by
mode | fracture test on tapered double cantilever beam (TDCB) speciRelieswing the
partial fracture of the sampldehe capsulesvere ruptured anl released thdiquid DCPD into
the crack(seeFig1-13). The monomergencounteringthe exposed catalyst othe crack
surfaces, polymerized and healdt crack (se€&igl-13a).

A significant restoration of the fracture toughness of the sample (75%) was achieved in 48
hours at room temperature with no manual interventidvioreover, tre recorded critical load
to the crack onsetof the undamaged samples, was 20Hgher for the sethealing sample
compared to the neat epoxy resin ongherefore, the addition of the microcapsule and the
catalyst can increase the inherent toughness of tleat epoxy resin.

Encouraged by the positivesults,the research grouptsdied the mode | fatigubehavior
of TDCB specimens integrated with and without the samehsdfing system. At moderate
Oe Ot A O f 2 )Rk gelheahidg 8yst@n hadti¥he to polymerize and extended the
fatigue life of 200%451]. The retardation of the crack propagation was alsed to a crack tip
shielding mechanism, generated by the polymerization of the releasednigeatient upon
the crack propagation.

The next step was to integrate the sakaling system in composite laminates. The same
research group evaluated the hedjirfficiency of CFRP woven laminates damaged by mode
| loading[52]. The fractwe toughness of the composite laminate was restored up to 45% by
healing at room temperature. Howevethe percentage ofwveak microcapsule§20%)and
catalyst's increased the thickness of the interlayer and decreased the initial fracture
toughness of 20%compared to the pristine composite laminat®&ote that, the high
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percentage amount of microcapsule was necessary to assure that adequate healing agent was
available to heal the crack.
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Figl-13 Selthealing microcapsule approach and SEM image showing rapture of the microcapsutellRepfrom
[50] with permissionrF NB Y bl (dzNB t dzoft AaKAy 3 DNER dzLIQ&

GFRP woven laminates integrated with microcapsule healing system were tested at low
velocity impact[53]. A reduction of 50% of the delamination length was observed after
healing. However, despiteahe crackshave been repaired the impact damage resistance
(evaluated by compression after impact test, CAl) of thels=dling composites was lower
than the pristine ones-20%).The decrease of the residual strength after impact was linked
to the detrimental effect of the microcapsule and teax catalyst on the damagesistance
of the composite laminate. Hencéhe service life (see diagram of fig 1) of thefsmaling
composite laminate ilbwer than the pristine one, because the gain obtained bglingwas
lower than the decrease of initial mechanical properties caused by the introduction ef self
healing system

Vascular:
The main advantage of using hollow fibers, instead of microcapsule, is that they can
theoretically provide an infinite amount dfealing agent to fill the crackakingit from the
non-damaged zond very early example efascularselthealing system is the work of C. Dry
et. al. in 1993 [20}which is also in general one of the firstentional manmade selfiealing
attempt. Theyfilled millimeterdiameter glass pipettes with eithecyanoacrylatg54] or a
separated two part epoxy systefd5] and they embedded them in a polymeric matiter
crack propagation, they observed the release of the healing agent and they qualitatively
verified the healing of crack by thrgmoint bendingtest.

However, the diameter afhe millimeter glass pipettes was too lar¢ge be implemented
in the thin plies (0.2+0.6 mm thick) of the composite laminates. Bond and cowdikeds
micrometric hollow glass fibers (H§Rvith external diameter d0um (Figl-14a) with a pre
mixed two-component epoxy resifb6] or each individuatomponent separateb7], [58]

Quastisotropic[0°/~ 45°/90°]sGFRP laminates wherdaagrated with the HGFs at the
45°/0°) interfaces Figl-14b). The damaged was initiated by thrpeint bending indentation
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test and the residual strength was evaled by fourpoint banding flexural test. The pre
damage flexural strength of sdiealing sample was 16% lower than the flexural strength of
the baseline one. However, the residual flexural strength of thelssted laminates was
completely recovered58]. In the florescent micrograph dfig 1-14c can be observed the
Gof SSRAY3I YSOKFIyAaYeé 2F (GKS KSIfAy3a | 3ISyi

the laminate with HGFs contained healing agent mixed with florescent dyRedpiduced from Ref.[57] by permission of
the Royal Society.

In the last decade, different variations of the vascular -kelfling systemwere
investigated R.S Trask et §b9] developed an automated systefar the vascular network
in which the deliveryf the healing gent isoperated by a pump triggered by the damage
The system was integrated in composite laminate and the heling efficiently evaluated by
compression after impact test. The shialing automated system recovered more the 90%
of the residial strength. A.M. Coppolf0] integrated a 3D vascular nigvork in woven
laminate in order to increase the chance of deliver the healing agent upon damage, but the
healing capability has yet to be verified.

Regardless the encapsulation architecture, extrinsic-tsedfling systems can heal the
damage autonomouslyhey donot need of an external stimulus (such as temperature), and
can fill small crack gaps. They can be implemented in polymer with high performance such as
the epoxy of composite materialsand often are able d restore the initialpre-damage
properties. The drawback is that the damage can be healed only one time, especially if the
second timet occurs inthe previously healed location. Another important limitation is that
microcapsules and microchannel require a large amount of damage to be raptocedoa
release the healing ageniMoreover, the introduction of the healing system in composite
laminates tends to decrease the initial mechanical properties, due to the dimension of the
encapsulant systernompared to the thin interlayer.

An alternative extnsic encapsulation method is the use of electrospun sirell
nanofibers filled with ahealing agent.The main advantagecompared to micrometric
encapsulation methods, is that the thin cesiell nanofibers shouldot affect the inherent
properties ofthe baseline material, or even increase as has been already prove for monolithic
nanofibers in chaptes2, 3, 4 and5. Therefore, in the last chapter of this dissertation will be
expbred the development of a selfealingsystem for composite laminatdsased on core
shell nanofibers filled with epoxy resis auring agent
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CHAPTER

Interlaminar fracture toughening by nanofiber
Interleaving

2.1 Nanofibers

Fibrous hierarchical structures at the nanometer scale are fthmelamentals building
blocks of natural materials. For instance, in bones the collagen molecules are bundled to form
fibrils with a diameter of ~ 1.5m; wood is composed of cellulose molecules that are
combined to form elementary micriifrils with a diaméer of ~ 10 m, which then are bundled
to form a microfbril with a diameter of 400 nn(seesectionl.1).

Man-made ranofibers are defined as fibemith a diamete less than 100 m. But in
general, all the fibers wit a diameter below 1 um (=1000m) are recognized as nanofibers.
They have special features that cannot be found in common bulk materials, as tremendously
high specific surface area (SSA) and strengthreducing the diameter of the fibers, the
specific surface area (defined as the ratio of the area of a solid and its volynmoes
proportionally {Y'Y0 ¢ @i x p¥Q. This leads to tremendously high values of SSA for
nanofibers up to levels of £8@n?m3The dimension reduction and the increase of the surface
ratio greatly affect the chemical reactivity, the capacity of absorb or release molecules, the
bonding with a surrounding matrix and so dhthe fibers diameter decreases, the strength
increa®s due to the reduction of the chance of an inherent flaw in the matéaglt happens
for carbon fiberg9]). As the diameter becomes even smaller, as in the cdNT, the perfect
atomic range and the lack of defects in the material can confer to it a strength up to 30 GPa.

Although the effect of fiber diamet on the performance has bedang recognizedthe
scientific community has found interest on polymemnenofibers only in the last two decades
with the rediscovery by Raneker et. al. of the electrospinning techndkiljy

2.1.1 Electrospiming

Electrospinning is a fibgroduction method for ultrafine polymeric fibers, patertd by
Cooley[62] and Morton[63] in 1902. Electrospinning process concsitme application of a
high electric field between the tip of a capillary, in which a polymeric solution is pumped, and
a ground collectorgeeFig2-1 a and ). The polymeric solution ia mixture of the polymer
dissolvedin one or more solventdaNhen sufficient voltage is applied, the liquid drop at the
tip of the capillary (needle) becomes charged and the electrostatic forces oppose to the
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surface tersions of the drop stretching it. Reached a critical voltage level the electrostatic
forces overcome the surface tension and the liquid erupt from the drop surface forming what
is named the Taylor cone. If the entanglement of the polymer chains is suffltugm the
solution stretches without breakingind forms a jet (otherwise fine drops erupt and
electrospray occur). During the flight the solution jet dries and the charges migrates to the
surface of the forming fiber. The jet is then elongated in whippede shape caused by the
bending instabilities, induced by the electrostatic repulsion of the charges on the swfface
the fiber, until finallyit settles on the grounded collector forming a nraoven mat. The
elongation and as consequence the thinninfgtiee fiber, caused by whipping, leads to the
formation of nanometer scalébers

vy

Zone of transition between
liquid and solid

Geometry of cone is governed
by the ratio of surface tension
to electrostatic repulsion

Target

N SLOW ACCELERATION RAPID ACCELERATION

Fig2-1 Fiber formation during electrospinning: high speed shot and diad6ih

A labscale electrospinning setup consistf four major components (seEig2-2a): a high
DC voltage power supplg,syringe with a metal needle (the cagii}), a syringe pump end a
grounded collector. Despite the electrospun instrumentation is quite simple, the process
behind this technology is based highly complex phenomena that involves different physics
fields: electrostatic, chemistrynaterial mechanics and so on.

Syringe

Needle

High voltage
power supply

~ Nnaofiber

Grounded counterelectrode - L

Fig2-2 (a) Basic latscale electrospinning setu5] and (b) Morphology of Ngn 6.6 nanofibers (on the background)
compared with a carbon fiber (on the tap)
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2.1.2 Electrospinning process parameters

The proper control of the electrospinning parameters can lead to the fabrication of the
electrospun nanofibers with the desired morphology atidmeter (sed-ig2-2b). Thereare
several parameters that can be tuned, below are lidtenke parametersnd their effects on
the process is brigfldescribed66], [67]:

Solution parametes:

1 Molecular weightaffects the entanglement of the polymer chains. Hence for a fixed
concentration, lowering the molecular weight of the polymer leads to the formation
of beads, while increasing makes smooth fibers and further increasing -niitxon
will be obtained[68].

1 Concentrationof the polymer solution is a key parameter in the fiber formation. Based
on the effect on the morpblogy, the concentration can be classified in four levels
from low to high[66]:

- when the concentration is very low electrospray occurs instead of
electrospinning because of theviopolymer chain entanglement comparéal
the surface tension

- increasing the concentration, a mix of fiber and beads are obtained

- when the concentration is proper smooth fibers damobtained

- further increasing the concentration microfibers or ribbons are obtained

9 Viscosityof the solution is tuned by varying the polymer concentration. For low
solution viscosity, surface tension overcome the entanglement and bead fibers are
generated. Wheiit isproper, continuous freebead fibers are obtained. i$ important
to note that nolecular weight, polymer concentration andwosity are closely related
andare dependent each other

Ribbons

Smooth

R

Electrospray

n az2f SOdzf | NJ
B t2f2YSNI O2y OSYy (NI GA:
L tAad2aArde
Fig2-3 Effect of the molecular weight, polymer concentration and viscosity on nanofiber morphology (SEM images)
adapted from Ref69], with permission of Springer.
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1 Surface tensiorcan be reducedisinga surfactant or a solvent/solvent mixture with
lower surface tension. By reducinghbtaded fibes can be converted in smooth fibers

1 Boiling pointeffects how fast the spinned polymeric solution ewgegtes during the
flight. If it is too low, wet fibersill deposit on the collector with the risk to melt each
other creating a film instead of a nanofibrous miit istoo high, the capillary needle
may become clogged.

91 Dielectric constantaffect the charge carrying ability of the polymer jet subjected to
the electric field. Higher it is and stronger the polymer jet is attracted to the collector
and thinner will be theelectrospunnanofibers[67]. It is a constant which depesdy
polymer andthe solvent It can be tuned using organic solvents or salts.

Process parameters:

1 Applied voltagethreshold is the lower limit to have the charmgolymer solution
ejected from the Taylor cone. Below this threshold no electrospinning occur. The
effect of the applied voltage on the fiber morphology is controversial in literature.

i1 Distance between the capillary tip and the collectdif the distances too short, the
solvent, contained in the spinned polymer solution, will not have enough time to
evaporate and a melted nanofibrous mat will be proddclf itis too long, bead fibers
maybe obtained[67].

1 Flow rate By increasing ithe productiveness of the process rises. However, i it
too high, thick fibers will be formeldecause the amount of the solvent in the jet does
not have time to evaporate and so low stretching and bending ocatinel worst case
the capillary needlevill split little dots on the nanofibrous mat.

1 Temperature and humiditycan affect the stability of the process and the quality of
the nanofibers. Low humidity and high temperature may dry to fast the solvent before
it gets spinned clogging the capillanA too high humidity willead to thick fibers
because the electrostaticharge on the jet can be neutralized and as consequences
the stretching and bending forces are reduced.

Each parameter described above could be tuned and controlled based on its governing
physical equationsHowever, because the effects of a single parteaneon the process
depends on the others andbecauseeach parameter is related to a different physical
LIKSY2YSy2ys AUQAd RAFFAOdA G G2 KI @S (GKS Fdz ¢
the multi physic electrospinning proce3sereforejt is dificult to know a priori the optimum
process parameterften the electrospinning process of a new polymer is set up with a
heuristic approach based on the knowledge of the trend of each parameter (governed by
physics equations) and its effect on the elespinning process based on the previous
acquired experience and available data in literature
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2.1 Nanofibers

2.1.3 Electrospun nanofibers: process, morphology and mechanical properties

In the studies presented iohapters3, 4, 5 and 6 composite laminates were interleaved
with two types of nanofibers, made of two different polymers: Polyamide (Nylon 66) and
Polyvinylidene fluoride (PVDF). The electrospinning m®parameter arelescribed irrable
2-1.

Table2-1 Electrospinning process parameters.

Polyamide Polyvinylidene fluoride
Commercial Name Nylon 66 PVDF
Grade name Dupont Zytel E53 NC010 Solvay Solef 6008
Polymer conc. (% w/v = % g/ml) 20 15

Formic Acid Chloroform Dimethyl sulfoxide / Acetone

Solvents

(50/50 viv) (30/70 viv)
Flow rate per nozzléml/h) 0.3 0.6
Dist. Tip- Collector (cm) 15 12
Applied Voltage (kV) 24 12
Temperature (°C) 20-23 20-23
Relative humidity (Y%oRH) 40-45 3540
Nanofiber diameter (nm) 470 £110 500 + 150

The nanofibrous mats were fabricated using a Spinbele@rospinning machine ihouse
designed (Fig. 1la), equipped with a feweedle firing system and a rotating drum collector
covered with polythene paper, in which the fibers were collected aridlgaemoved once
the process wafinished. The tangentiabtating speed of drum was set to 0.2 m/s, in order
to obtain a random oriented nanofiber makhe electrospinning process time was, st the
basis of the dased nanofibrous mat thicknesfom 200 to 800 minutesThe mat was kept
in oven at 40 °C ovemt, before integrating it into the laminate, in order to remove residual
solvent and absorbed moisture.

Fig2-4 Spinbow® electrospinning machine.

The morphology of the Nylon 66 and PVDF electrospurwmren mat so obtained are
shown in the SENhicrographs ofig2-5 (a) and(b) respectively. Thaverage diameter of
Nylon nanofibers is 470 nm with a standard deviation of 110 nm. While average diameter of
PVDF nanofibers is 500 rnmith a standad deviationof 150 nm.
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Mechanical, thermal and physical properties of the bulk polymers used to esgrtrothe
nanofibers are reportedh Table2-2, accordingo the supplier datasheets.

Fig2-5 Morphology SEM analysis of (a) Nylon 66 z@b)jPVDF nanofibers.

Table2-2 Bulk material properties of electrospun polymers. Between brackets are reported the mechanical properties
of the polymer moisture saturated at 50 % RH and 23 °C.

Nylon 6.6 PVDF
Grade Name DuPont Zytel E53N C010 Solvay Solef 6008
Specific gravityKg/m”"3) 1140 1750
Tensile Modulus (GPa) 3.1(1.2) 1.825
Yield Stress (MPa) 85 (55) 50
Strain at Break (%) >50 >100
Glass Transition Temp. (°C) 70 -40
Peek Crystallization DSC (°C) 220 140
Melting Temperature (°C) 262 175
Humidity absorption (%) 2.6 -
Water Absorption (%) 8.5 <0.04

The author want to point out that the mechanical properties of the resulting electrospun
nanofiber may be different from the one of the bulk material. Indeed, during the
electrospinning process the molecular chains of the polymer undergo to a tremendous
stretching to get the nanometer diameter, which orient them (especially the amorphous
phase) in the fiber direction. Arinstein Akadii et.[&D] experimentally meaured the elastic
modulus of individual Nylon 66 nanofiber with different diameters, by the use of an atomic
force microscope (AMF) cantilever beam. They found that the nanofiber elastic modulus,
normalized to the one of the bulkaterial, grows inverselio its diameter, with an abrupt
change around 500 nifseeFig2-6). Therefore the elastic modulus of the nanofibers in the
studies presented here (46800 nm), is expected to be slightly higher than the raw bulk
modulus.
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Fig2-6 Relative elastic modulus of electrospun Nylon 6.6 nanofibers (normalized to the elastic modulus of the bulk
material) as function of the diameter. Error bars show the standard deviatidapted from Ref.[70], by permission from
bl GdzNB t dzof.AaKAYy3 DNERdAzZIQa

2.2 Enhance of the interlaminar fracture toughness by nanofiber interleaving

2.2.1 Concept

As elucidated in the previous chapter, delamination is the most criticalréarhode of
composite lamiates because, not beinfindered at the ply interfaces, it can quickly
propagate.A relative new approach for the delamination suppression consist in toughening
the ply-ply interfaces of the laminate by using polymeric nanofibers, which was patent by
Dzenis in 199971]. However, despite the exhaustive ammt of works available in literature
on electrospinning since it was rediscovered by Raneker et. al. in 1995, research on the
enhance of fracture toughness of composite material by using nanofibers is still in its infancy.
The first scientific work, acc&rA y 3 G2 F NBaSFNOK 2y { 02 Llz
G O02 YL A&RA UGS Bk from2@E72]NiRKe last few years, probably due to the obtained
positive results, the research on this fiekdgrowing exponentially.

This technigue consists on inserting, between one ply and the other one of the laminate a
non-woven mat made of continuous polymenmanofibers Fig2-7). Thediameter of the
nanofibers(secondary reinforament) usually range from 200 to 1000 nm; while the diameter
of the carbon and glass fibers (primary reinforcement)&8um and 9+251m, respectively
(seefor comparisorFig2-2 b). Therefore, the diameter of the secondary reinforcement is an
order of magnitude less to the diameter of the primary ofi@e nanofibrous mat (interlayer)
is usually30+80 nm thick; while the plies (layer) of the base laminate are@&mm thick.

Also in this casehe thickness of the nano interlayer is almost an order of magnitude less
than theply.
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Nanofibrous Right side in the

Left side in the
interface

Nanofibers-composite
ply interconnection

Fig2-7 Diagram othe nanacinterleaving concepta) nonrwoven nanofibrous mats interleaved between microfiber plies;
b) stacking sequence of the naneinforced laminatesAdapted fromRef [73], with permission from John Wiley and Sons

The background idea of toughenimgpmposite laminates by nanofiber interleaving, as
nanosize reinforcements in general (e.g. CNT and MWCNT), is to increase the hierarchical
structural complexity of the composite material. By adding a nemoforcement the
hierarchical level is increaddrom two to three: the laminas defined at the subillimeter
scale, the fiber and the matrix at the micron length scale and the nanofibers at the nanoscale.

From a more general view, nanofibers complete the missing ring of the hierarchical scale
in composie materials, which starts from the laminatitmensionand ends with the epoxide
functionalgroups (sed-ig2-8).

Lmlnate Ply

MACRO-scale

MICRO-scale

NANO-scale

Fig2-8 Hierarchical structure composite laminates completed by nanofibers

Compared to conventionainterlaminar toughening techniquegsee sectionl.3.1),
nanofibrous mat interleaving presents different advantages:

1 The high porosity of the nanofibrous mat allow the resin to easily flow through it and
impregnde it. Moreover, being porous its weight is relatively low and a negligible
amount of weight is added to the laminate.

1 The thickness of the nanofibrous mat is small enough that the resin already contained
in the prepreg is enough to impregnate it. Henceaxaess of matrix resin is added to
the original laminate, which is the weak phase of the composite and is responsible for
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the increase of weight without adding any strength to the laminate, as usually happen
for classic interleaving techniquésee sectia 1.3.J).

1 The fine polymeric nanofibers are flexible and are expected to conform the shape of
the primary reinforcement architecture at the ply interfaces, elinting so the resin
rich zones (resin pockets) between one ply and the adjacent one and thus creating a
solid bonding between two the adjacent plies.

1 The polymeric nanofibrous mat usually doest dissolve in the epoxy matrix and is
confined in the interlaye hence doesiot affect the matrixmicrofiber adhesion and
the stiffness of the matrix within thé&ber tow of the single plieéwhich is crucial to
keep the microfibers in position and avoid micro buckling).

Moreover, this innovative technique can bealed at industrial level, since medium volume

electrospinning machines (based on needle less technology) are now available (see for
instance the Elmarco's Nanadpr).

2.2.2 State of art on Nylon nanofiber reinforced laminate

In the last decade, the number ptiblications on the interlaminar fracture toughening of
composite laminates by nanofiber interleaving has increased exponentially, surpassing the
threshold of 150 papers in 201 Dne of the most used polymer for nanofibers is Nylon.
Therefore, a specifiditerature survey on CFRP unidirectional and woven laminates
interleaved with Nylon nanofibers was performed [dfs}4] and the obtained results were
compared(seethe bar chart of Fig2-9). It was found a wide scatter in the results: some
researcher reported an increasdy nanofiber interleaving, on the mode | interlaminar

fracture toughness at initiation (Glc) of 242% while others haem egcorded alecrease {
22%).
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Fig 2-9 State of art on mode interlaminar fracture toughness enhancement for carbon woven and UD laminates
interleaved with Nylon nanofibers.
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2.2.3 Optimization of the nanofibrous mat interleavingrocess

The strong discrepancy on the results has been linked to issues in the integration process
of the nanofibrous mat in the laminate. Hence, the fabrication process was optimized,
working on the following key points:

1 moisture absorption of th@anofibers

1 nanofibrous mat transfer to the prepreg

1 resin impregnation of the porous nanofibrous mat

1 uniform pressure exerted on the interleaved prepreg

Moisture absorption of the nanofibers:

Nylon is éighlyhygroscopic polymer. Moreover, the extremely high specific surface area
(SSA) of the nanofibers tremendously accelerate the moisture absorption rate. Shoenmaker
et. al. [74] studied the evolution of the moisture absorptidor the Nylon 66 nanofibrous mat
exposed at 50 % of relative humidisg 23 °C(see Fig 2-10). The curveshowsthat the
nanofibrous mat can reach theaturation of 2.5 % in weight of water in less than 10 minutes,
which is much shorter than the time necessary for the integration in the laminate. Moisture
can reduce the mechanical properties of the polymer (see values between bracKetble
2-2). Moreover, once the nanmat is integrated in the composite, the absorbed moisture
can diffuse in the epoxy matrix effecting the curing king#id] and the final mechanical
properties of the laminatg¢75]. Therefore, in order to avoid moisture inclusion and hence a
decrease of the mechanical properties, the lamination process of the nano reinforced
composite has to be made at low humidity ambient (40% RH at 20 °C).
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Fig2-10 Evolution of moisture absorption for Nylon nanofibrous mat at 50 % RH at 281&pted fromRef [76], with

permission from Elsevier.

Nanofibrous mat transfer to the prepreg:

The nanofibers were incorporated ihe laminate, using a technique similar to the "Axcti
Transfers" one: the electrospun mat, still with the polythene sheet (on whictvais
electrospun), was transferrei the prepreg, by rolling it softly; then, when it was completely
absorbed by the resin, the polythene sheet was peeled off and the angdrepreg ply was
stacked on itIn this way, the electrospun mat was completely transferred to the prepreg
avoiding so any delamination
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Impregnation of the porous nanofibrous mat:

Prepregs are partially racted, by the supplier, to keep the fiber reanEement together
andto be handled during the lamination process. Hence the epoxy resin of the prepreg is very
viscous at ambient temperature (>4Pa s). While the porous nanofibromsat (Fig2-11 (a))
in order to be perfectly integrated in the laminate has to be completely impregnated by the
resin. The viscosity of the resin and therefore its permeability, is closely linked to the
temperature and its degree of crosslinking, which in turn depends on the temperature and
time. InFig2-11 (b) the viscosity of the resin is plotted adumction of temperature for
heating rate of 3C/min, according to theupplierdata sheet of the prepreg used in the tests.

By increasing the temperature, the viscosity decrease up to it reaches a minimum point to
then increase again, due to the acceleoat of the crosslinking reaction, which is caused by
the temperature and hence the mobility of the epogidroups and the curing agent.
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Fig2-11 (a) Cross section of the porous nanofibrous mat; Evolutich@¥iscosity as function of the temperature for a
heating rate of 3 °C/min of Impregreat IMP503Z prepreg epoxy resin.

Based on the observations mentioned above, the standard curing cycle of the prepreg was
modified in order to facilitate the impregnation of the nanofibrous man initial plateau at
60 °C for 2 h was added to the standard cycle in order to allow the t@$irly penetrate in
the porous nano mat before it starts to crosslink. Then, the temperature was raised to the
prescribed temperature of 130 °C in orderdomplete thecrosslinking of the resin.

140

=
o

=
N
o

=
o
o

g0 | f

60 -

Temperature {C)
Pressure (bar)

\ '.‘ -=== T Standard Cycle
LY ! ——— T Optimized Cycle
'|l —— P Optimized Cycle
'| -=-=-=- P Standard Cycle

40 1

20 A

\
0 ; —
0 50 100

T T T T T T T T T
o L N w = (9] (o)) ~ fee] ©

200 250

w
o
o

150 .
Time (min)

Fig2-12 Standard prepreg curing cycle and optimized one for nonreinforced laminates
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Uniform pressure exerted on the nano interleaved prepreg:

The literature survey on Nylon nanofiber interleaved laminates (see bar graipig29)
shows that the results, at crack initiation, for woven laminates are highly scattered compared
to the unidirectional onesThe cause is strictly linked to the architecture of thenary
reinforcement and can be explained by analyzing the cross section of theintnieaved
woven laminate, which has given poor resifftse micrograph ofig2-13a). The presencef
areas with a greater enrichment of the matrix (caltedin pockety caused by the weave of
GKS FIFTONRO YR o6& GKS YU ydzFl OlldadMdey [Aminais? OS a & >
tKAad LINBGSydia GKS GKAY yIy2FAONRdzaz YL G onn>Y
and therefore contrast the crack propagatiowhile, in aunidirectional laminatesesin
pockets are absenand hence the results are not affected thyis issue The problem was
solved by the use dhe vacuum bag molding process (seg-13b) instead of the press one.
In this way, was possible to exert a umifopressure on the prepreg and the excess of resin
(resin pockets) were squeezed out during the curing cycle allowing the nanofibers to
effectively link the two adjacent layers.

Fig2-13 a) Micrograph of the cross section of Nylon nano interleaved woven lawesmahich have given poor fracture
toughens enhancement (Gl¢b) Standard and nanomodified samples cured with the vacuum bag technique

The just described optimized process for theegration of the nanofibrous mat in
composite materialdas allowed the full expression of the toughening effegtnanofiber
interleaving.This has permitted to increase the fracture toughness enhancement in mode |
(GIC) from the 20% with the old intealeing process to up 250% with the new one.
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2.2.4 Studies on nano reinforced laminates

Once the process was optimized, the author investigated different aspects on the enhance
of the interlaminar fracture toughness of composite laminates by nanofiber gdeihg. The
results of this studies are reported the following chapters:

1 In Chapter2 the fracture toughening mechanism and enhancement in contpos
laminates interleaved with Nylon 6,6 nanofibers was studied. The effect of the nano
mat thickness on the primary reinforce architecture (UD and woven) was investigate
on mode | and Il loading

1 InChapter3 the toughening effect of a different polymer (PVDF) whichtetetiuring
the curing process waavestigated.

1 In Chapter4 the fatigue behavior to the onset of the delamination and the crack
growth rate of woven laminates interleaved with eteospun Nylon 6,6 nanofibers
wasassessed.

1 In Chapter5 fiber metal laminates (specifically GLARE), were interleavetheat
aluminumaglass interfaces with electrospuranofibersand theirlow velocity impact
behavior wasnvestigated.
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CHAPTER

The effect of thickness of Nylon 6,6 nanofibrous m
on Modes tll fracture mechanics of UD and woven
composite laminates

3.1 Introduction

Interleaving composite laminates with polymeric nanofiber is now an established method
to reduce the risk of delamination without affecting theptane properties of the original
laminate[77]. Plenty of research has been done on the topic of composites interleaved with
nanofibers, and there is a general agreement that under certain specific conditions of resin
polymer compatibility, size and amount of interleave, and type of matemahofibers can
bring significant benefits to the composifé7]¢[85]. However, the esults produced by the
literature are scattered, because they come from different sources, which have different
boundary conditions which focus on a single aspklence, it is missing a clear correlation
between the different parameters that involves thmanofiber interleaving technique and
their effect on the fracture toughness of the laminate.

This chapter presents an experimental campaign on samples made of unidirectional (UD)
and Plan Weave (PW) laminae, aiming investigate the effect bthe thickress of the
nanoreirforce and to study the different behaviors of the laminatarchitecture when
interleaved with nanofibers.

Up to now, the only work comparing fracture mechantoshavior of UD and PW
nanomodified samples is that of Daelemans e{&®]. They tested virgin and nanomodified
samples under Mode | and Mode Il loading condition, using two different density @6PA
and PAG6,9 nanofibrous veils. Their results showed a large enhancement of mode Il energy
release rate while poor results were found for mode | crack propagation. The discrepancy in
the results was attributed to a less optimal loading of tmenofibers dependent on the
primary reinforcement fabric architecture, and the presence of a caiffimer bridging zone.

Their results, supported by Scanning Electron Microscopy (SEM) pictures of the fractured
surfaces, highlight the importance of nanofiber bridgingrresting the crack propagation
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The effect of thickness of Nylon 6,6 nanofibrous mat on bl fracture mechanics of UD
and woven composite laminates

In this chapteya different outcome will be exposed, as well as a different reinforcing
mechanism; micrographs of the crack path taken on the tested specimens will be used to
explain the results. Specimens have been tested under double cantilever beam (DCB) and end
notched flexure (ENF). The interlaminar fracture toughnessjade | and Il, at initiation (£p
and propagation (g of the crack have been determined for each configuration to assess the
effect of the nano interleave.

3.2 Experimental

3.2.1 Sample preparation

UD sampé#s have been prepared stacking 20 plies of 13 g/nidirectional carbon/epoxy
prepreg (HS15/130DLN®IP505L) supplied by Impregnatex Composite Srl (Milan, Italy). PW
samples have been prepared stacking 14 plies of 22¢ glain weave prepreg (GG204P
IMP503Z), supplied by Impregnatex Composite Srl (Milan, Italy).

Nylon 6,6 Zytel ES3NCO010 provided by DuPont was used for producing nanofibers by
means of electrospinning ugl the process parameters reportesh Table 2-1. The
nanomodified specimens were interleaved in the rpidne with the nanofibrous mat
following the procedurgresented insection2.2.3 A 30 um thick PTFE film was also inserted
in the midinterface of all the specimens during the Jag to crede an initial artificial crack.

All samples were cured in autoclave, under a pressure of 6 bar, forrd o660 °C and then
for 1 hour at 130°Cas described in secti¢h2.3

FromhereondA NBAY &l YLX Sa 6Aff 0S ARSYUAFTASR GAi
2ySa 6AGK GKS OKIFNIOGSNA WWb, ¢ Ly G20Ff ¢ R
summarized inrable3-1. For eaclconfiguration,a rectangular panel was fabricated, and 6
samples were extracted from each one: half of them where tested under Mode |, the other
half under Mo Il. No appreciableifferencein thicknessbetween V and NY samples has
been registered.

Table3-1 Summary of the tested configurations

Code Nanofibers Mat thickness Fabric
Vup No C ubD
Vew No G PW
NYao,up Yes 40 pm uD
NYo,up  Yes 90 pm ubD
NYaspw  Yes 40 pm PW
NYoorw  Yes 90 pm PW
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3.2 Experimental

3.2.2 Fracture mechanics tests
Mode |

DCB samples have been prepared according to the ASTM 32840 mm long, 20 mm
wide, initial craclof 45 mm, aluminum blocks glued on the tip for the application of the load.

DCB tests have been performed in order to calculate the energy release rate for Mode |
loading G using Eq(3-1), from the Modified Beam Theory (MBT) presentedBin:

0’0
— 31
~ ~ ~ CO | ~ Ve ~ ~ ~ ( )' ~ ~
GKSNBE CzZ 3 . FyR h I NB (KI®adftengddnien idhS RA &L

and the crack length respectively.

The tests were carried out in a seragdraulic press machine (Instron 8033) equipped with
a dedicated irhouse designed and manufactured 250 N load cell, under displacement control
condition, ata constant crosshead speed of 3 mm/min. A unibledl feature on the grippers
avoided any undesired loads. During each test, the dbaglacement curve was recorded
and the crack propagation was visually determined by means of arbgghution camera
focusing on the edge of the specimen.

For a better understanding of the results, the crack propagation is split into two stages:
the initiation stage, in which the delamination onset starts from the artificial crack (critical
energy release rate, € and the propagation stage evaluating the crack between 60 and 80
mm of length (propagation energy release rate) G

Mode It

No official international standard for ENF tests has been developed so far, therefore the
authors followed the guidelines provided[®8], and manufactured specimens 130 mm long,
20 mm wide, with an initial crack of 22 mm. The span between the two supports was 80 mm.
From the ENF tests the lefg of critical and propagation fracture toughness,cénd G r
respectively, have been determined for each specimsing Eq(3-2) [88]:

WO w
O T B OW

(3-2)

where L is the span width.

The tests were carried out in a seragdraulic press machine (Instr@&33) equipped with
a 2 kN load cell, under displacement control condition, at a constant crosshead speed of 1
mm/min. During each test, the loadisplacement curve was recorded and the crack
propagation was visually determined by means of a fegolution camera focusing on the
edge of the specimens.
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3.3 Results and discussion

The next section presents separately the results of the two types of tests, highlighting the

different effect of the nanofiber interleaving on the two different types @dmposite
laminate.

3.3.1 DCB

Fig 3-1 shows the forcedisplacement curves of the representative sample of each
configuration.After the first force drop, the delamination propagatesailiscontinuous way
and the loaddisplacement curvefor PW laminatesppear jagged. This behavior is strictly
linked to the irhomogeneity of the interlaminar region in woven laminates. The crack, during
its propagation, meets alternately zones with different toughness, due to the presence of
resin pockets and the fabricxteure [89]. The maximum force registered during the tests has
been extrated from the charts and presented ifable3-1. The presence of the nanofiber

clearlypostpones the crack initiation and increases the maximum force valltnUDand
PW laminates.

70 70
60 - 60 -
50 - 50 -
€40 €40 |
[} [}
o o
£30 A $£30 A
20 20 A
10 10 -
—V_UD—NY40_UD—NY90_UD —V_PW—NY40_PW—N90_PW
0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 0 10 20 30 40 50
Displacement (mm) Displacement (mm)

Fig3-1 Representative DCB force displacement curves

Table3-2 Results of DCB test

Finax (N) Gc (J/mP) Gr(J/P)
ub

Mean N (%) Mean n &:o Mean n &:0
\Y 4512 £ 1.77 C 328 + 39 C 618 £ 62 q
NYio 49.47 £2.52 +10+7 514 +11 +56 + 12 668 + 62 +8+ 14
NYao 51.5 £ 3.88 +14 £ 10 484 + 62 +48 £ 23 687 £ 78 +11 + 16
PW

Mean n oe:xc Mean n o 6:xo Mean n &30
\% 46.63 £1.43 C 311 +40 C 673 +£78 C
NYao 55.37 £ 2.93 +19+7 718 +70 +131+31 938 £ 40 +40 + 14
NYs0 62.47 £ 1.69 +34+5 1091 +18 +250 £ 35 1496 + 133 +122 £ 27
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3.3 Results and discussion

As mentioned above, has been calculated several times during the tests, and the
resulting Rcurves, showing the energy release ratesa@d Gras function of the crack length,
are plotted inFig3-2. It can be observed that for all the specimens the values | @&r&
minimum at the beginning of the crack propagation and then increase significantly upyto the
reach astable value. Gand Gr have been determined and presented kig3-3 and Table
3-1. Results show a general improvement on both UD and PW samples when the nanofibers
are employed. Nevertheless, two different effects can be observed:

1 from the Rcurves inFig 3-2, the fracture toughnessnhancement,due to the
presence of thenanofiber, for woven laminates is registered at both initiation and
propagation stagesOn the other hand, the fraare toughness increment for UD
laminates is only registered at the initiation, while improvement at propagation are
negligible;

1 the bar graphs ifrig3-3 show that fracture toughness increases in PW laminates whit
the nanofiber mat thickness, while UD laminates are not affected by the nanoreinforce
thickness.

The reason for this phenomenon will be clarified by the mgraph analysis isection3.3.3

UD specimens Woven specimens
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Fig3-2 Representative ®urve for DCB tests
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S 1000 -
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Fig3-3 Initiation and propagation energy release rate for Mode | loading.
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3.3.2 ENF

Fig 3-4 shows the forcedisplacement cures of the representative samples of each
configuration, extracted during ENF tests. The force vs. displacement curves for UD laminates
show an abrupt drop of the load associated to a suddenstable crack propagation, making
the rest of the test useleskr the purposes of this paper; on the other hand, in woven
laminates the crack propagates stably with a stgtip behavior. The maximum force
registered during the tests has been extracted from the charts and presenfEabie3-3.

UD specimens Woven specimens
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Fig3-4 Representative ENF force displacement curves

Table3-3 Results of EFN tests

Fnax (N) Gic(Im?) Gir(I/MR)
ub

Mean n o oz Mean n &:o Mean n &30
\ 859 + 54 C 1211 + 207 - N/D -
NYao 962 + 62 +12+10 1952 + 127 +61 £ 20 N/D -
NYso 1045+ 2 +22+6 1966 + 80 +62 £19 N/D -
PwW

Mean n oz Mean n 6:xo Mean n &30
\% 849+ 13 C 1762 +10 C 3254 + 189 C
NYao 944+ 22 +11+4 2536 + 207 +44 £ 12 3514 + 337 +34 £ 10
NYao 1060 + 42 +25+5 4359 + 238 +99 £ 19 4314 £ 137 +32+7

As mentioned above, Bas been calculated several times during the tests, and the results
are plotted inFig3-5. For the reason explained above, experiments on UD samples allowed
to measure fracture toughness only at the initiation stage; tests carried out on PW samples
instead have been alscompleted for propagation stageCritical and propagation energy
release rates are plotted in the chartsfefy3-6 . Table3-3 summarizes the increments ofG
due to the nanofiber interleaving.

Results show a general pmovement on both UD and PW samples when the nanofibers
are employed. Similarly to what shown for Mode I, at the initiation stage, fracture toughness
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3.3 Results and discussion

of UD laminates is not influenced by the nanofiber mat thickness, while PW laminates show
growing rates operformance with the increase of the mat thickness. Different results can be
seen at propagation stage, where PWkRIG not affected by the nanmat thickness. Overall,
higher increments are registered for Mode | than Mode Il
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Fig3-5 Representative Rurve for ENF tests
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Fig3-6 Initiation and propagation energy release rate for Mode Il loading.

3.3.3 Micrographanalysis of the crack path

The results illustrated in the previsisections can be explained by micrograph analigsis
means of an optical microscope, images of crack paths have been captured to investigate the
nay 2 ¥ A 6 Sovdandent Mé&tagsm. Photographs irFig3-7 show the crack paths of DCB
PW V, NXband N¥o samples. Green lines indicate the nanolayer.

Fig3-7 a shows the crack following a linear path, with very small deviations from an ideal
straight line, and a few small extra fractures on the adjacent layers, as indicated by the purple
arrows. Nanomodified samples, shownHig3-7 b and c, instead, show a different behavior:
while propagating, the crack deviates from the toughened, nanoreinforced interface, and is
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forced to follow a longer, zigag shaped path, as poimtéoy yellow and red arrows. It will
cause to break not only a larger amount of matrix, but also some of the carbon fibers
belonging to the adjacent layers, thus requiring higher energy to propagate in comparison
with pristine specimend-urthermore, compang Fig3-7 b with c, it can be noted that the
thicker nanofibrous mat covers almost the entire interlayer, filling also those areas that due
to the woven nature of tk fabric, present higher matrix content (the-salled resin pockets).
The samecannotbe said for the thinner interlayer, which only partially cover the interface.
The thicker nanolayer can effectively link the two plies in which it is inserted alorentire
interface Therefore, crack propagation in PWobldpecimens is constantly hindered by the
nanointerlayer and forced to bifurcate and propagate through taebon tow of adjacent
layers.

e = = -

(b) Crack Dath in a DCB A\h specimen

(c) Crack path in a DCB PWhidBecimen
Fig3-7 Crack paths from DCB PW samples

Photographs irFig3-8, top to bottom, right to left, shows the crack paths of DCB virgin
and nanomodified UD samples, and two main things can be observed:

1 the crack, induced by the Teflon layer, tents to propaghteugh the nanointerlayer
(Fig3-8b), which allowthe reinforcanentto play an active role in hindering the crack
initiation and increasing the fragre toughness at the onset. On the other hand,
during the propagation stage, the crack deviates from the toughened region to the
adjacent, not reinforced interlayer, propagating along the direction of the carbon
fibers. The same would happen for PW lantsa(seeFig3-7b and c) if it was not for
the more complex textur@f the woven fabric, which hindehe propagation of the
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crack inside the carbomyerand oblige it to stay in the nanmodified interlayer This
explains the ineffectiveness of the nanofibers on crack propagation inside UD
laminates and their opposite effect on woven fabric;

1 the different influence of the nanmat thickness on the ficiure toughness of UD and
PW laminates can be explained comparing the two cross sectidfig 87c andFig
3-8b: UD laminates, having all the carbon fibers aligned along one directieate a
flat thin interlayer, while the woven nature of PW laminates creates a wavy thick
interlayer. It is therefore necessary a thicker nanoreinfoinePW laminategp cover
all the interface to make it effective against crack propagation.

(a) Crackpath in a DCB UD specime
Fig3-8 Crack paths of DCB UD samples. Crack starigbp
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3.4 Conclusios

In this chapter, it has been an experimental studfe effect of the hickness of a
nanofibrous interlayer into plain wave and unidirectional eptaged composite laminates.

The results showed a significant improvement when nanofibers are employed under both
DCB and ENF loading conditions for both the UD and PW configngrafitaminate. In general
better results have been found for PW samples, for DCB loads, and for thicker- nano
reinforcement.

The increased critical energy release ratas 88d G proved that the presence of
nanofibers hinder the crack initiation by refarcing the matrix.Furthermore, micrographs
showed that, during the propagation stage, the crack in nanomodified samples is forced to
break a larger amount of matrix and micragibcompared to virgin samples, requiring so
higher energy to propagate; moreover the fracture toughness increases with the thickness of
the nancreinforce. UD samples are less affected by nanofibers due to the fact that the crack
tends to cross the pliesd so does not propagate in the same interface where the nanolayer
is interleaved.

Eventually the micrographs explained the mechanical results, suggesting a strong
interaction between the nature of the macro reinforcement (UD and woven) and the
thickness 6 the nano reinforcement In general, the nanoreinforcementincreases the
fracture toughness at the initiation for all the configurations, while the propagation stage is
significantly dependent on the amount of thrano-reinforcement and on the nature oftte
macro one

46



CHAPTER

The effect of PVDF nanofibers on modiéracture
toughness of composite materials

4.1 Introduction

In this study, the fracture behavior of carbon/epoxy laminates interleaved by
polyvinylidene fluoride (PVDF) nanofibers is investigated.

So far, various kinds of polymeric nanofibers have been applied to increase the fracture
toughness otomposite materials: potgulfone (PSH®O0], Nylon §83], Phenoxy91], Nylon
6,6 [92]¢[94], poly(ecaprolactone) (PCI95], polyvinylidene fluoride (PVDP6] and etc.
Although several studies have been conducted for many of these nanofibers, only a few
research papers have been reported in the literature about the toughening effect of PVDF on
epoxy[95]¢[97]. Zhang et a[95] used three different electrospun nanofibers: PCL, PVDF, and
PAN between composite layers; thepmpared their effect and considegdeheir toughening
mechanism.Their results showed that onll?CL can toughen epoxy. Magniez et[86]
employed low and high molecular weight PVDF for investigating its efficiency ininaodke
mode-II fracture toughness of carbon/epoxy composite materials. They showed that the use
of both types of PVDF can increase maldieacture toughness but at the same time it slightly
decreases fracture toughness in medd-urthermore, they showed that mexdular weight
slightly affected the PVDF crystal forms and the morphology of the fractured surface; at the
same time, it did not significantly affect modé and modell fracture toughness. The
difference of the study of Zhang and that of Magniez is indlweng processes. In the first
one [95], specimens were cured at 150 °C and so PVDF did not melt; on the other hand, in
[96] the curing temperature was 175 °C, which caused the fibers to melt. Results stimted
fracture toughness enhanced as the curing temperature increased and nanofibers melted.

The researchers iff5], [96] used a very thick nanofibrous mat (about 70 um) and, as
mentioned above, the curing temperatures [@5], [96]¢ SNE 0SSt 246 | yR | 062@S
melting point, respectively.

'RFLIWGSR FNRBYY |1 & { I 3IKIFAZI Theeffechof PMDEzIACEberDEM a A Y |
model fracture toughness of composite material®  / 2 YLJ2 aA 1SayY -Rl6@A15). y2d T+
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The effect of PVDF nanofibers on medeacture toughness of composite materials

Therefore, in this paper, it is shown that, by changing the thickness of the nanofibrous mat,
curing and electrospinning process, the fracture toughness in rham be ineeased by
incorporating PVDF nanofibers. The effect of all these parameters is introduced in the
following sections. The SEM pictures of the fractured interfaces will then be used to explain
the role of the nanofibers in the interface.

4.2 Materials and method

4.2.1 Laminate and nanofibefabrication

Carbon/epoxy prepregwill 2/2 240 gsm GG240T2IMP753 supplied by Impregnatex
Composite Srl (Milan, Italy) was used as base composite material.

PVDF nanofibers were produced by electrospinning technique setting the process
parameters as described in secti®ri.3 The mechanical and thermal properties &PF bulk
material are reportedn Table2-2. A key point of this experiment is the melting point of PVDF,
which is at 17aL75°C. Theaverage fiber dimeter was 500 + 110 nnfwo nanofibrous mats
with different thickness were produce@0and 60 pum

The specimens were manufactured stacking 14 plies of prepreg woven fabric. A crack was
initiated by inserting a 15um Teflon sheet in the Aagler of the pecimens; PVDF nanofibers
were placed in the same interfacéollowing the procedure described in secti@.3 As
shown in[96], if nanofibers melt, they are more effective than those which da file¢refore
the curing process should overcome the melting point of the PVDF, which ¢4 7®5C,
according to thesupplier data sheet. For this reason, a prepreg that requires a high
temperature curing process was chosen. In particular, the temperature followedtap4
cycle: (1) from room temperature to 170 °C at 1 °C/min, (2) 1 h at 170 °C, (3) from 170 to 190
°C at 1 °C/mm, (4) 20 min at 190 °C.

4.2.2 Mechanical test

The specimen dimensions are given by the ASTM DE&28tandard: width B = 20 mm,
length L = 140 mm, nominal thickness t = 4.2 mm, and initial crack length a = 60 mm. Energy
release rate for modé fracture testing (¢ is obtained from the beam theogresented in
section3.2.2 It should be mentioned that for e configuration (reference andterleaved
laminateg three specimens were fabricated and tested.

4.3 Results and discussion

4.3.1 Mechanical £st and comparison with literature

Fig4-1 illustrates the optical microscgpanalysis of the side of the curedmposite. As
seen, the thickness of the nanofibrous membrane decreased significantly after the curing
process.
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The thickess of naofibers shrunk from 30 and 60nbefore the curingto 20 and 42um
after curing for thin and think membranes respectively due to thgh pressure and
temperature reached during theuring process.

Fig4-2 a shows the forcadisplacement curves of modefracture tests for reference and
nanomodified laminates (with thin and thick PVDF membramey.seen, applying thin
nanofbrous mat couldncrease fracture load in comparison with reference laminate, ted
increase is proportional to the mathickness The average maximum loadhleance is
approximately 2%6 and40% byinterleavingthin and thickmembrane of PVDF, respectively.

Fig4-1 Cross section optical images after curing processmodified laminate with thin PVDF membrai@) modified
laminate with thick PVDF membrane

Fig4-2 b shows thevariation of model fracture toughnes during crack propagatioorf
each configuration For better considering the results, the energy release rate for mode
fracture is reportedn Table4-1. Both the initiation and the propagation stages have been
considered. As expected, the propagation fracture toughness is higher than the initiation one
for all the configurations. At initiation stage, the Gl increases 42% and 98% by using thin and
thick membrane in comparison with the reference laminate respectively, and 36% and 73%
in propagation stage respectively.
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Fig4-2 (a) Forcedisplacement andb) model fracture toughnesgrack length curves for nemodified and PVD#in
and thick nano interleavetiminates.

49



Theeffect of PVDF nanofibers on moti&acture toughness of composite materials

Table4-1 Fracture parameters obtained from modédracture tests.

Max Force (N) Gc(Jd/m2) Gr(J/m2)
Mean 1 Mean 1 Mean JE:
Virgin 32.2+2 - 254+5 - 307+ 17
PVDF30 pm 39.5+0.5 +23 362+36 +42 418+ 12 +36
PVDF 60 pum 45+1.2 +40 503 +42 +98 531 +27 +73

These results are in contrast with those presenteRefs. [15,16] which showed that PVDF
nanofibers cannot increasmode-| fracture toughness. Thiactorswhich play an important
role when modifying composite interface with nanofibexse: the curing process anthe
membrane thickness

Magniez et al[96] cured the specimens at 150 °C for 10 min while the melting point of
PVDF is about 163270 °C and so the nanofibers wereiblis in the morphology of the
fractured surface shown in the paper. Zhang ef38] used a different curing process: 125 °C
for 1.5 h and 175 °C for 2 h, which caused the nanofibers to melt. The thickness of the
nanofibrous membrane in botlstudies was about 70 pnCorrelating the results from
literature: by increasing the curing temperature from 150°C (Maginez et. al.) to 175°C (Zhang
et. al.), the effect of PVDF nanofibers on fracture toughness changed-20%h to 0% as
mentioned aboveHence the curing procesemperature should be higher than the melting
point of PVDF

Thiscondition is necessary but not sufficient. Membrane thicknesalse an important
factor for toughening laminates with PVDF. SiRdDF nanofibers melt during the curing
process, the matrixof the adjacent layers may find it diffitt to reach each other if thick
nanofibrous membranes is used, resulting in weak bondinge\Agience ofthis is shown by
Magniez et al[96] who considerd the effect of PVDF in form of film and nanofiberswhs
shown that GI ofaminate modified with film is about 90% lower than that modifietth
nanofibers.This was because the PVDF film, having not porosity, has prevented from mixing
the matrix ofadjacent layerswhile porosity of nanofibers let the resin flow and so dutimeg
curing the PVDF melted and mixed with matrix completely snthis way improved the
fracture toughness. It can be stated thatreasing the thickness over a certain vaisi@ot
useful fortoughening. The thickness of nanofibrous membran&is.[95], [96]was about
T nm while in this study the maximuthickneda & > | F0 SNJ OdzNdh.y 3> 46+ & | 02

4.3.2 Fracture surface analysis

The morphology of fractured siaceanalyzed at the SEM microscogeshown inFig4-3.
It ispossible to highlight two regions: a brittfeacture morphology orthe lower side of the
figure, anda ductile fracture region on thapper side. The brittle region is the area where
the crack propagates the fibermatrix interface region, where there is only matrix; the
ductile region, instead, shows that the crack propagated throtinghblend of meltel PVDF
and epoxy resin, resulting in plastic deformatiofifie toughening mechanism and energy
absorptionduring the tests are closely related with plastic deformati®@]. The mechanism
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of improving fracture toughness using PVDF nanofibers depends on plastic deformation of
the ductile region, while nomodified samples consist only of the brittle fracture (without
any or a little plastic deformationP6]. The pastic constraint at the crack tip in modified
laminates absorbed more energy in comparison with the reference laminates during crack
propagation;which, it finally leads to an increase of fracture toughness

An interestingophenomenon that has been observed during tket is the high stability of
force-displacement curves in referenemd modifiedlaminateswith a thin membrane, while
the curvesare strongly unstable in the lamates with thick membraneFg 4-2). Thicker
plastic zones absorbgtier energyAccordingo Fig4-1, whenthe PVDF membrane thickness
increasedrom 20 mm to 42 mm, it fills the space betweebhéii tow completely, increasing
the size of the plastic zone. The mentioniedtability of the measured force during the test
for laminates withthick membrane is dueotthe increased toughness causedranofibers.
When the plastic zone at the crack tip is big enougstpips the crack propagation; increasing
the force leads to amcreasing of the stored energy, until a critical threshold valuedshed,
at which tre crack abruptly propagates causing higfeece drops.

Fig4-3 Morphology of fractured surface with two magnification (left: 10 mm, right: 3 mm
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It is worth mentioning that some marks of nanofibers produdeding the curing process
can be seen ifig4-3. The formation of these marks can tescribed as followss a prereg
was used in this study, the epoxy was palyigire-cured by factory; rence at room
temperature the epoxy is in a gel state (calledgtBge) During the first curing cycle ramp
(from 20 to 17CC@ 1°0Umin), the epoxy started to be liquid again asd topenetratethe
nanofibrous mat.Then during the plateau at 1ACfor 1 h, the epoxy partially crosslinked
changing its state irreversibly from liquid to almost solid, while the PVDF nanofibers were still
almost solid (PVDF has a melting temperature of-178°Q. Increasing the tempetare
from 170°Cto 190°Cthe PDFV nanofiber started to melt and flow, leaving the markbkeat
position of the melted nanofibers among the solidified (cured) epoxy

4.4 Conclusion

In this study, electrospun polyvinylidene fluoride (PVDF) fibacs are used to increase
mode-l fracture toughness (5of carbon/epoxy laminates. Previously has besdrownin
literature that PVDF was not a suitable choice for increasind@ this study proved that
PVDFanenhance G SEM pictures of the fracted surface showed that plastic defoation
of the matrix and melting oPVDF play the main role in the fracture toughness enhancing
process.The following results can be concluded from this study:

1 Melting the PVDF nanofibers is an important factor to toeigthe epoxy, but is not
enough and other factors like thicknessnainofibrous mat shoultbe alsoconsideed.

1 Increasing the thickness of nanofibrous membrane leads to an enhancement on the
toughness of laminates and causagnstability on force and cik propagation during
the test. Thin and thick membranes could increase the fracture toughness 42% and
98%, respectively.

1 As PVDF naffibers melt during curing process, the toughening mechanism is due to
plastic deformation during crack propagation; whiehs clarified by SEM micrograph
analysis of the fractured surfaces.

Comparing the results obtained in this study with the results desciioétke previous ong
can be drawn some general conclusiofiBe fracture toughness enhancement, on mode | at
propagationstage,obtained by Nylon nanofiber interleaving is similar to the one obtained
with PVDmanofibers

1 PVDF: +42% and +98% for thin (30 um) and thickrf§0hano mat, respectively;
1 Nylon: +40% anét122% for thin (40 um) and thick (90 um) nano mat, respectively.

Note that the geometrical features of the nano and micro reinforcement are similar:

1 the narofiber diameters are 50@110nm for PVDF vs 35600 nm for Nylon

1 the nanomat thicknesss similarfor thin (30 vs 40 um) and thick (60 vs 90 um)

1 the carbon fiber laminates have both a woven architecture (TwilP/dDF and Plain
for Nylon) andsimilar ply thickness (240 ghfor PVDF vs 220 gfifor Nylon).
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4.4 Conclusion

Hence the only major differendeetween thetwo experimentsis the polymeric material
of which the nanofibers are madéPVDF vs Nylonwhich have different mechanical
properties {Table 2-2). What in both experiments has dramatically influenced the
enhancement ofracture toughnesssthe mat thicknessTherefore |t can be speculated that,
at least for these two xperiments,the key parameter is not the material of which the
nanofibers are made luhe thickness of the nanmat. The reason is that ithkness has to
be higher than a specifi@lue in order to effectively link the upper ply to the lower one, and
therefore contrast he crack propagatiaon
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CHAPTER

An investigation on the fatigue based delamination
of woven carbonrepoxy composite laminates
reinforced with polyamide nanofibers

5.1 Introduction

The academic community produced accurate research on nanomodified composites, but
some aspects still nee be further investigated: in particular the following experimental
study aims to investigate nanaterleaved laminates subjected to cycling loadsich is a
topic studied by only few papers in literatuj&3], [98], [99] [100].

Bortz et al[33] performed axial fatigue tests (tension, compression, tension dominated)
on carbon nanofiber§CNFs)nterleaved composites, showing for nanomodified samples
150c670% longer lifetime. They addressed their results to an increaseddne density and
to the damage shielding effect of the reinforce. Arai et.[88] also used carbon nano
reinforcament, in their case they used muivalled cabon nanotubes (MWCNs) and
measured propagation rate during Mode | fatigue tests. Their results show that the
nanomodified interfaces extended the fatigue life and fracture toughness by 150% and 300%
respectively. Similar resultzave been found by Zhou et 489] in both static and fatigue
tests. Regarding laminates reinforced by polymeric nanofibers, at the present only
Shivakumar et. al. ifL00] studied their fatigue behavior at delamination. They used Nylon
6,6 to produce nanofibers instead of carbon, and performed a deep investigation on the effect
of the nanointerleave on unidirectional (UD) laminates under different loading conditions.
On the fatigue side, they showed a significant increase on delamination onset life for
nanomodified specimens.

However, the research on the delamination fatigue behavior of cogitp reinforced by
polymeric nanofiber is not complete. There is lack of studies of the effect of the nanofibers
on the fatigue behavior of laminates with a woven architecture, which as has been
demonstrated in chapter 2 behave differently when are irgdesled in laminates with a
unidirectional architecture.

' RFLIWISR FNRYY ¢dad . NHz32X DP® aAyl1Z ! ® %dzOOKST f
fatigue based delamination of woven carbepoxy composite laminates reinforced with polyamide
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An investigation on the fatigue based delaminatioh vwoven carborepoxy composite
laminates reinforced with polyamide nanofibers

Moreover, whilst the fatigue behavior at the onset of the delamination of Nano interleaved
UD laminates has been already investigated, there is lack of researcthereffect of
nanofibrous inteleaves on crack propagation rate.

In the present chapter, the effect of interleaving electrospun Nylon 6,6 nanofibers in
woven composite laminates is studied and testedierMode | fatigue loading. The purpose
is to assess the fatigue behavior to the oheéthe delamination and the crack growth rate
for virgin (V) ad nanomodified (N) specimens.

5.2 Experimental

5.2.1 Sample preparation:

The international standard ASTM D5588] has been used as reference for DCB specimen
dimensions: 14 layers of 220 g/m? plain wave carepoxy prepreg (GG204MP503Z)
supplied by Impregnatex ComptsSrl (Milan, Italy) have been stacked to manufacture
130x20 mmM specimens, with an initial cracko af 45 mm long artificially created by
interleaving a 30 pum thick PTFE film in the +migrface. Nanofibers of Nylon 6,6 Zytel
E53NCO010 purchased from Bant have been produced by electrospinning following the
process detailedn Table2-1. Thefinal nanointerleaves had areal density of 18 ¢Znand
were 50 +10 pm thick; randomly distributed nanofibers had diameter of 520 + 100 nm. N
specimershad a nanofibrous layer in the mid inface. Posprocessing and intéeaving have
been done following the procedures presentad section 2.2.3 Note that for each
configuration, hence virgin (V) and nano reinforced (N), all the specimens were extracted from
the same panel, both curedinKS & YS 0 I (i O Kihickn€ss yds 8.5 £ 0.1y | G S O
with no appreciable differences between V and N configurations. The estimated increase of
weight for N samples was 0.34%. Tdmimized cure cycle presented ig2-12 has been
followed for both laminates typesFig. 1 shows V and N @énfaces at a magnitude of 5000x
and thenanofibers in N samples are clearly visible and intact, after the curing cycle.
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Fig5-1V (left) and Nright) interfaces
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5.2 Experimental

5.2.2 Static test

Static DCB tests have been performed in order to calculate fracture toughness at crack
initiation (&) and propagation (g. The Modified Beam Theory (MB89] has been used and
the Eq.(5-1) was applied.
00
- ) A S
GKSNE C Aa UKS T2NOSXZ 1+ UKS ONI O]l othasyArAy3a
ON} O]l tSy3aidKed {AYATIN adlFrGAO (SaiqQa O2yRAGA
Chapter 1 (for V_PW and N40_PW) and have also been summarized here because the present
experimental campaign is directly affected by those results. The ingietiure toughnes8O
was evaluated according to the 5% compliance deviation or maximum load point of the
loadingdisplacement curvg89]. The fracture toughness resistance (at propagation stage)
‘O was evaluated on the -Burve as average value, when after timitiation, it becomes
nearly constant.

5.2.3 Fatigue life test (Wdler curve like)

The Mode | fatigue delamination growth onset test was carried out, in accordance with the
ASTM D611§101] standard. All fatigue tests were performed in displacement control, at a
frequency of 1 Hz with a fixed loading ratié: | (i1 5 0 {j0 5 T®. At
eachn-cycle the maximum (minimum) value of the displacement and lpad, and0
( and 0 ) were recorded. The use of amibaltHike gripper avoided any undesired in
plane loads (sekig5-2).

The imposed displacement limits of the fatigue tests have beebastd orthe results of
the static tests. Having the static and fatigue specimens the same configuration, heing t
beam theory, the crack opening displacement is obtained by the ratio between the desired
initial 'O and the critical staticO . The formula is shown in E®-2):

] © &0, 5-2
“O (I) ( - )
where] is the maximum crack opening displaceméf@,  is the"O at which the

tests started( is the initial crack length, and and| are the critical crack length and crack
opening displacement respectively, determined from the static tests. Thguiatest was
stopped when thecomplianceof the DCB specimen

T " 1 &

° T & 0 ¢ 3

wasincreased by % The related fatigue delamination onset lifBlso (equal to the cycles
number achieved during the test) wsen recorded.
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An investigation on the fatigue based delamination of woven ca#jooxy composite
laminates reinforced with polyamide nanofibers

The same procedure was repeated for each laminate type on at least Grspexiat
different value of O j, keeping constant the loading rat®=0.3=costThe results were
summarized in a diagrafi® 0 pshowing the relationship between the cyclic strain
energy release rate and the number of cycles to the on$éth@ delamination growth.

Fig5-2 Mode | fatigue test setup.

5.2.4 Crackgrowth rate test (Paris' law)

In this casethe aim is to determine the crack grow ratio of naimterleaved composites,
for aninternational standardvhich does not exist. Authors used the international standard
ASTM D61185101] for fatigue delamination growth onset for composite laminates, and the
ASTM E6415[102]for the fatigue crack growth rates for homogeneous materials.

In order to evaluate the reinforce effect of the here developed nanofibers, authors
consider enough performing three tests for each configuration. &kgimption has been
confirmed valid by the narrow error margin of the experiments compared to the data range
of the experiments Fig5-3).

A sharp crack was naturailyduced by precracking the specimens at fatigue loading (

1 .k R Tand’O v 1 BO ) until the artificial crack propagated 1 mm. The
imposed displacement limits of the fatigue tests have been set on the basis of thésresul
the static tests.

The tests have been conducted under displacement control, at a load frequency of 3 Hz to
avoid any heating, with a loading ratio R equal to 0.3, for 500 k cy€es. ;j 'O has been
set equal to 0.85, following other audhNE& Q S E[108];NHis SowsSto speedip and
record the complete behavior of crack propagatid®4]. The imposed displacement limits
1 of the fatigue tests have been skased onthe results of the static tests by using Eq.
(2). Different values of have been calculated foeach configuration due to different
values of O for V and N specimens.
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5.2 Experimental

For each cycle maximum and minimum load and displacement were registered; crack
length was measured with a resolution of 0.5 mm during the testlngh-resolution camera
facing the side of the specimens.

Outcome of the dynamic experiments were tiiegQ O vs. 'O curves for V and N
configurationswhere: ais the crack lengthQ ¢oQ (the crack propagation ratand"O the
energy release rate of the material caldeld at the peak load of each cycle. Researchers have
debated theuse 6O  ,"0 , w"Oorw w "Clor fatigue tests of compositegd05]. In the
cycle range here considered) ( p m), for investigating the effect of interleaved
nanoreinforce,O is the most appropriate choice.

The crack propagation rate curves were deterntirised on compliance C (see Eq. (3))
method proposed in[106]. Images of the crack length were collected throughout the
experiment on a logarithmic base: one photograph at each cycle for the first 10 cycles; one
photograph every Q cycles within the following 100 cycles; one photograph every 100 cycles
within the following 1000 cycles; one photograph every 1000 cycles for the following 10,000
cycles; finally, a photograph every 10,000 cycles until the end of the test. The relation
between the specimen compliance and the crack length has been derived based on the
EuleraBernulli beam theoryl07]and is shown in E5-4):

@dc¢o | | 667 (5-4)

where¢ (and" are the sample thickness and width, respectively,landnd| are fitting
coefficients functiorof the elastic modulus of the laminate. Each photograph, and therefore
each crack length, were related with the corresponding compliance to buildittéO vs
6 6 7 chart. Then] and| coefficients for each specimen were obtained by linear
regression.

Hence, the crack length at each cycle hasrbdetermined by reversing E¢{p-4). Then,

Q ¢9Q Othroughout the tests is evaluated through centered moving averagkthe result is
plotted in Fig5-3. The energy release rate calculated at the peak value of each d@cle |
is determined using Eq. (Besults are reported iRig5-2. By conbining the last two graphs,
the'Q ¢0Q Hvs"O plots can be assembled.

It is worth mentioning that data has been filtered two times during the prot¢essain
smoother results. Data have been divided into 4 groups: group | datadronp T, group |
data fromp m 0 p 1 group lll data fronp 1 0O  p T group 4 data from Ny
p 1. Compliance and crack length have been evaluated at each cycle and then filtered and
reduced using moving centered average with variable span (20, 100, 1000, 16x,@pOup
I, Il, 1l and 1V, respectivelf).¢9Q Owas then calculated by discrete centered derivation and
filtered by a moving centered average with a span of 20.
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An investigdon on the fatigue based delamination of woven carkspoxy composite
laminates reinforced with polyamide nanofibers
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Fig5-3 Crack growth rate andxvs N for virgin (V) and nanoodified (N). 1,2 and 3 identify the specimen number.

5.3 Mechanical estresults

5.3.1 Quaststatic fracture toughness

Fig5-3 summarizes the raults of the static tests. For¢gBisplacement curves for each
specimen and the resultant-Rurves for each configuration are shown in Fig. 3a and 3b,
respectively.
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Fig5-4 (a) loaddisplacement curves for refence (V) and nanimterleaved (N) DCB specimens; (b) mode | interlaminar
fracture toughness as a function of the delamination propagétiof Sy 3 a® forovrahdii

Similar static tests results have been already presented and discusséchapter 3,
showing a significant improvement in force and energy release rate dtieetoterleaved
nanofibers. The fracture toughness is increased at both crack initiaiah propagation
(O p oxdandO p ¢ t8respectively), and the crack propagates stably for longer
than 50mm, as shown by the-Burves ofFig5-4. Therefore,h Y2 FAOSNBE Q (2 dzZa3KSy )
also detected at crack propagation, anticipating improvement of performances under fatigue
loadingcondition, where the crack propagates for around 1 mm for the fatigue growth onset
and longer than 10 mm for the cragkowth ratio test.

60



5.3 Mechanical test results

As observed i€hapter3 the same is not possible in UD laminate, where the crack diverges
from the toughened interlayer. This can explain why Shiwek100] noticed a decrease of
the toughening effect at propagation stag&d¢150%vs Ge=+30%) of Nylon 66 nanofibers,
interleaved in unidirectional laminates, W than impacted the fatigue results.

Moreover, the static’O values have been used into Eq. (2) detup fatigue test
parameters.

5.3.2 Fatigue life at the onset of the delamination

The fatigue test results are plotted, as points, in the diagram maximum energy release rate
‘O versus delamination onset lifdso,0f Fig5-5. Usually, the sessfatigue life relationship
Ad RSAONAROGSR o0& I LIRgSN I ¢ Sl dgi@Bpvagfdund & A YA
to fit very well with the experimental data dfie present work:
O Oz (5-5)
where "O is the fracture toughness at initiation, cihed for the quasstatic test
However, the equation expressed in this form doex allow an easy evaluation of the

statistic confidence of the model sestimated. Therefore Eq(5-5) was linearized, by
expressing it in logarithmic form:

116C 6 671 1T'@ Ego 0 O6zO LML | TChe@Q 11T (5-6)

And the experimental data were plotted in a Wy diagram. The curve of E&-6) was
extrapolated by means of the maximum Likelihood method and the confidence bands (at 95%
of probability) were computed following the procedure described in ASTM BT Then
the model, with its confidence bands, wiaansformed back into the original form of H§-5)
and plotted in the graph dFig5-5.
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Fig5-5 DCB Fatigue diagramffa Nso) at a constant load ratio R=0.3, for virgin (V) and niaterleaved (N) laminate
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An investigation on the fatigue based delamination of woven ca#jooxy composite
laminates reinforced witlpolyamide nanofibers

It is graphically clear that the model fits very well to the trend of the experimental results
However, the width of the confidence bands is large because of the high scatter of the
experimental data, typical of fracture tests conducted on composite material. The fatigue life
equations extrapolated for the virgin and the interleaved laminates, &iga= 428*N0-099
and Gma= 1071*N%199 respectively. The fatigue curve of the nainterleaved laminate
begins (alN=0 from an energy release rat&fa= Gc) 2.5 times higher than the virgin one,
but then it decreassfaster {n coefficient of Eq. 2). Howey, it is clear that the presence of
the nanofibersenhancesthe delamination fatigue onset life. The threshold energy release
rate (estimated folN=1F) of the naneinterleaved laminate is 90% higher than the virgin
laminate Gnv=109 J/m"2 vs &n=207J/m"2).

5.3.3 Crackgrowth ratio

The loglog plot inFig5-6 shows the crack propagation rate vs. maximum energy release
rate outcome of the fatigue testgjetermined with the method proposed above for each
specimen.The straight linesepresent the stablegrowth propagation phase of the Paris law
and are obtained by a linear interpolation of tifedoQ) vs"O  scatters in a logog plot.
Those lines, straight in the Iqipg plot, would be power laws in a lineginear plot shown in

the form shown in Eq5-7) [110].
o 00 (5-7)
whereo and¢ are determined by the curve fitting of the experimental data and havk sti

unclear physical meanif@05].
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Fig5-6 da/dN vs Gaxplots for V and N specimens
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5.3 Mechanical test results

The graphshows that for a given stre§9 |, cracks in nanomodified interfaces propagate
slower than in virgin sampleand thatfor a given propagation ratenanomodified samples
can be loaded witlhigher stress.

As example, foR @9Q 6 v p TId GTGo O,aEMdG can be loaded with 287 and 5657,
respectively, showing that thé load almost doubles that absamples. In th& ¢Q (range
in common between the twaonfigurations N samples can be loaded withd% higher
load. Focusing on solicitation, a0 T MGG , the crackpropagation rates ar&& p 1
x8p rtmm/cyclefor VandN samples, respectivelghowing that the cracks in N interfaces
propagate 30 times slower than those in virgin ones. In"he range common at the two
configurations the ratio among propagation rates spans from 36.4 to 27.2.

5.3.4 Comparison of experimental results with available data in literature

Having assessed the effectiveness of the polymeric nanofiber interlayer for the
enhancementthe fatigue lifeto the mode | delamination growth onset and cragiowth
ratio, it is interesting to show how this study compares with others within this topic.

Shivakumar[100] performed a deep investigation on Nylon 6,6 nanomodified UD
laminates, under mode | static and fatigue loading to the onset of the delamination. The
fatigue life curves, presented by Shivakumar, show a compléiéfierent trend than the ne
presented here(seeFig5-3): in [100] both curves for virgin and naAmodified laminates
decrease monotonically and they tends to converge exponentially in the proximity of the
fatigue threshold life (18cycles); while the ones presented here decrease asymptotically and
remains still well separated at 40ycles. Comparing the results at the fatigue threshold life:
Shivakumar reports an increase of 67% by nanofiber interleaving while in the present paper
the increase is of 90%. The cause of this discordant behavior at fatigue life is the primary
reinforcement architecture of the laminate (unidirectional vs plain wovepreviously
explainedfor static loading in Chapté&.

The only work studying crack propagatidmanointerleaved composite laminateq8]:
authors usd MWCNT as interleaving material to increase Mode | fracture toughness, and
NBEO2NRSR | pD Ay JiKdd adingfease in@@mparable to the nasuilt
of this work. However, they noted a lower reduction of crack propagation rate (10+2 times
vs. the36+27 shown here) and alsoa1gr): A Y ONB I A4S Ay aLISOAYSyQa
of reducing the irplane mechanical properties of the laminajtell]. Furthermore, their
study could not find clear evidence of the reinforcement mechanisms, which is instead shown
in section 3.3and section 3.4 of this study.
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laminates reinforced with polyamide nanofibers

5.4 Analysis of the crack path and fracture surfaces

5.4.1 Micrograph analysis of the crack path
Crack path at the delamination growth onset:

A micrographic analysis was performiedbetter understand the toughening mechanism
of the Nylon nanofibers at the delamination growth onse¢€Fig5-7). For both laminates,
crack starts from the tip of # Teflon sheet, positioned in the midterlayer. Then under the
cyclic loading, the crack propagates about 1 mm (which correspond to a compliance increase
of 5%).In case of the virgin laminate the crack propagation is constrained by the woven
architecture of the adjacent plies to propagate through the #ondered interlayer. For nano
reinforced laminates the crack figsrced to propagateéhrough a narrow regiometween the
nano reinforced interlagr (which is tougher then the virgin one) and the adjacent ply
(reinforced by the micro reinforcement architecturand this slows its propagation.

Fig5-7 Micrograph analysief the fatigue onset delamination for: (a) Virgin laminates and (b) riatesleaved
laminates

Crack patldevelopmentduring crackgrowth ratio test:

Fig5-8 shows he crack path in a virgin specimen. It is widely recognized that cracks do not
move across plies in traditional laminates with a woven architecture. Accordingly, the crack
path in virgin specimens shown kg5-8, has been found to always propagate within the
same interface.

Fig5-9 shows a different scenario for nanomodified interfaces. The micrographs suggest a
double-stage reinforce mechanism:

1 the image at the top oFig5-9 presents the first few millimeters of propagation, at the
beginning of the test. At this stage, the crack (identified by green arrows) propagates
in the same interface where it has been inigdi{ as expected, and the nanolayer
keeps it confined in a narrow region, between the ply and the nanofibers. The right
end of the first image shows that a second crack appears (identified by purple arrows).
The nanofibers, reinforcing the interface, encage the development of a second
crack in a loweweaker layer not reinforced byanofibers. The new crack is initially
smaller and thinner compared to the main old one; the second image shows that the
old cracks fades away while the new one grows largee.|l&st image shows that the
original crack has arrested and the fracture has continued to propagate in a lower layer
of the sample;
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5.4 Analysis of the crack path and fracture surfaces

The main image ifrig5-10 shows a crossection of the cracked sample: it can be
observed that the crack front crosses the tow in several points, and has a complex
morphology. Fig 5-9 itself could not explain why the fracture properties of the
nanomodified samples increase once the crack propagates in asnaowomodified
interface; Fig5-10, instead, suggests that the crack crosses different planes at the
same time through its width, involving the nanomodified toughened interface, as
shown by the red arrows in the two zoomed particulars.

It can be concluded that at ¢hearly stage the crack is confined between the toughened
nanomodified interlayer and the carbon fibers, bouncing up and down between the two, and
requiring higher amount of energy to propagate compared to a V interface; at a later stage,
nanofibers forcehe crack to propagate in different planes, wide and thick wise, hindering the
propagation of the fracture.

e e — =

Fig5-8 Side view ofhe crack path ira Virgin specimen. Read the figure from left to right, top to bottom.

- — = —

Fig5-9 Sde view of the crack path in a nanomodifisgecimen. Read the figure from left to right, top to bottom.
Nanofibers are highlighted inle.
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5.4.2 SEM analysis of the fracture surfaces:

Fig5-11 showsthe fracture surfaces of the cragitowth ratio specimens, cagpred with
by SEMmicroscope at twalifferent magnitudes: 300x and 3000x.

SEM images provide evidences to support the thedi the nanofiber toughening the
interface. 300x pictured{g5-11a and ¢ present a general view of the fracture surfaces: in
V samples the crack appears to propagate mostly through the matrix while in N being the
matrix tougher the crack try to propagasg the fibermatrix interfacesemovingcompletely
the matrix form thecarbon fibersf the tow. Most importantly the images of V shows a single
fracture plane, as the crack propagates linearly in the very same interface. On the cpntrary
the N surface preents several fracture planes, as the fracture had to move up and town
find the path of minimum resistance, increasing the fracture surface and consequently also
the energy spent to propagate.

At a higher magnitudeHig5-11 e) nanofibers can be clearly seen. They keep the matrix
consolidated, forcing the crack to pragate trough the matricarbon fiberinterface and
thendivert in the tow.

SEM images confirmed tHeacture mechanisms described above: nanofibers are able to
toughen the matrix they are inserted within, hindering the crack propagation. Nanofibers
holds the matrix together, avoiding the brittle fracture typical of a a@momodified
interfaces, forcinghe crack to propagate in nereinforced interfaces.
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5.5 Conclusion

2 2 A
() V at 300x | (b) V at 3000x
(c) N at 300x (d) N at 3000x

Fig5-11 Fracture surfaces.

5.5 Conclusion

The Mode | fracture toughness of woven laminates interleaved Witton 66 nanofibers
was investigated at mode | fatigue loading.

Results show that at fatigue, the presence of the nanofibembaace the fracture
toughness tothe onset of the delamination, increasing threshold energy release rate
(evaluated at 10cycles) of 90%.

Crack growth ratio tests revealed that nanoreinforced laminates can sustain higher loads
for same propagation speed ifa« 96% higher for N at 5*dnm/cycle). In other words, for
a given crack propagation rate, nanomodified samples céhstand much higher loads.
Fatigue tests also showed that for values afa3n the considered range, the crack in a
nanomodified interface propagates several times slower than in a virgin one (from 27 to 36
times slower).

Micrograph analysiproved that nanofibers act as matrix reinforcement and force the
crack to propagate through different interfaces, causing a sensible increase of the energy
neededto propagate. SEM images demonstratidt the nanofibers hold the matrix together
whilst forcing the cack to move away from the nanomodified interface.
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