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1. FIBRE-REINFORCED COMPOSITE MATERIALS

1.1 Introduction

A composite material can be defined as the combination of two or more
materials, different in form and chemical composition. Each compaeéains its
physical and chemical identity in the final material. [1]

Generally, the two main constituents are a continuous phase, the matr, an
reinforcement.

Composites are classified according to the type of matrix or the geométgy of
reinforcement. For the first case, they are distinguished in metal matnposites
(MMC), ceramic matrix composites (CMC) and polymer matrix composites (PMC);
according to reinforcement they are classified in particulate reinforced agrd fib
reinforced composite materials. [2]

The most common form in which fiber reinforced composites are used
structural applications is the laminate. As the name indicates, it is constitudéed of
number of layers of long fiber fabrics and the matrix, stacked ansolidated
together, the properties being influenced by fiber orientation in the dagkby the
ply stacking sequence. [2]

It is well-known that the major strength points of fiber reinforgadymers,
with respect to the traditional metallic materials, are the high strength to weight ratio
and the high modulus to weight ratio. In addition, good fatiguagtine excellent
chemical and corrosion resistance and design flexibility make thenecperf
replacement of traditional metallic materials for structural components in

aeronautical, high performance automotive and other industries.

1.2 Matrix
The matrix isthe Achille’s heel in the laminate, limiting the fibers in exhibiting

their full potential in terms of properties. It fulfills several functioitsholds the
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fibers together transferring and distributing the loads among tihgymvides out-
of-plane mechanical properties to the laminate and contributes to the energy
absorption features of the composite material. The matrix controls also th®lther
properties, i.e. the heat capacity and the heat distortion temperatdréneaftame
resistance propertiefl]
Polymeric matrices for fiber-reinforced composites can be divided in
thermoplastic and thermosetting polymers. Regarding the thermosettyrgeps,
the two most used types are epoxy resins and unsaturated nesinaspolyester or
vinyl ester. Both these two systems meet the requirements of matnriaesifposite
material, that are [3]:
- Long shelf-life.
- Relatively low viscosity fogoodfibers impregnation.
- High reactivity upon curing (low curing times and relatively low egri
temperatures).
- Ease of control of the curing reaction kinetics, without volatile products
formation.

- Good mechanical properties and thermal resistance of the cured resin.

In this work, the author focused the attention on epoxy matrites are
characterized by a fairly rigid three-dimensional network.

The basic formulation ofraepoxy matrix formulation consists of one or many
epoxy monomers and one or many curing agents. Typical epanomers for
matrices in composite laminates are presented in Tab. 1.1.

Regarding the curing agents, amino-hardeners are the most usagunction
with epoxy resins. Scheme 1.1 shows the mechanism of curamairp amines with
epoxy monomers. The initial step involves the primary amine adtixgFogen
addition to the epoxy group. This is followed by the resulting s#amynamine
addition to the epoxy group (Scheme 1.1a). When the monomeharairtine are
di-functional, i.e. a diepoxide and a diamine, respectively, the resultinggbriscan

infusible polymer (Scheme 1.J143]
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Table 1.1 Typical epoxy monomers used for composite materials.
Difuctional:

Diglycidyl ether of bisphenol A (n=0), MY 750

o CH, OH CH, o
N ) 1 . \ | 78
CHz— CHCHz 4—o0 c—@ O CH;— CH— CH;——0 0—CH,—CH— CH;
i ; |
CH, CH,

Trifunctional:
MY 0510
(o]
O / CHoCH— CHy
CHy— CHCHgo@ N
N CH,CH— CH,
N A
XD 734200
(o] O
.’ 7N
CHQ_ CHCHQO— 0- CHQCH I CH2
CH /
O
O_CHQCH S CH2
Tetrafunctional:
MY720
o)
# % \
CHo— CH—CHg / CHo— Gr— G
N o Nor— Qo
0 o
PGA-X
o
P /
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(a)
RINH, + H,Q-CH-CH,0" —  RINH-CH;-CH(OH)-CH,0"

Q
_ CH,-CH(OH)-CH,0"
+

+H,C-CH-CH,0" — RIN + —
K { CI,-CH(OH)-CH, 0"
(b)

/CH;-CH( OH)-CH,O"  “OCH,-CH(OH)-CH,
*OCH,-CH(OH)-CH,-N N-CH,-CH(OH)-CH,0'
\R' Rl/
*OCH,-CH(OH)-CH,-N ~ NN-CH,-CH(OH)-CH,0"

NCH,-CH(OHR-CH,O'  "OCH,-CH(OH)-CH;

Scheme 1.1 Mechanism of cure of primary amine<CH,O" indicates that only the reactive
epoxy group is shown.

Amino-curing agents include aliphatic and cycloaliphatic amines, aromatic
amines, polyamides and dicyandiamide 43,

In addition to the two main ingredients, i.e. epoxy monomer andgcagent,
numerous other materials are frequently employed in the formulationdér to
modify the properties and characteristics of epoxies, both uncured #redrinured
form, depending on the final application of the matrix and, thiiheo composite
material. Among them we have: diluents, fillerspugltening agents and
plasticilisers/flexibilisers.

Diluents are usually used as a means of reducing viscosity of theinesider
to aid the processability as well as to facilitate the incorporation of otiier s
components, such as fillers. They are divided in two broad classesive and non-
reactive diluents. As the name indicates, reactive diluents are materials capable of
chemical reaction with the epoxy resin components.

Apart from the resin and the hardener, fillers are the most commgoedients
added to the epoxy formulations. The function of the filler can bempyove
toughness, to reduce water absorption, to decrease the exotherm wétheaction,
to reduce the formulation costs. Some of the commonly used filleralamrena,
silica, mica and kaolin. [3]

Toughening agents are additives added to the formulation to the aimrtovenp

the fracture toughness of the matrix. Today, rubbers and thernioglagtmers are
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widely used as toughening agents in epoxy matrices. More details on these
components will be provided in paragraph 1.5.1.

The inherently hard and brittle characteristic of epoxies can be also alleviated
by means of the use of plasticisers/flexibilisers. Plasticisers act in -eeactive
manner, while the terrfiflexibilisers” indicates materials that react with the epoxy
system during cure. Several groups of plasticisers/flexibilizers @@ nsepoxy
resins to modify their mechanical properties. These include:

- Monofunctional epoxy compounds (e.g., epoxidized oils) which inflae

molecular weight of the cured resin.

- Low molecular weight polyamide resins. These are curing agents that,

when added at certain proportions to other hardeners in the systégm, m
help to modify properties.

- Mercaptan terminated materials (for example polysulfides).

1.3 Fiber reinforcement

The role of the reinforcement in a composite material is to pestiength and
stiffness the final material. More in detail, the main functions of the fiber
reinforcement in a composite are [1]:

- To carry the loadin a structural composite, 70 to 90% of the load is carried

by fibers).

- To provide stiffness, strength, and other structural properties in the

composites.

- To provide electrical conductivity, depending on the type of fiber used.

A first classification of the fiber reinforcement can be made based on the
material of the fibers: nowadays, the most common reinforcements arecgta®s),
aramid and boron fibers.

In this work, the author focused the attention on carbon fibers. Géitire is
produced by processes of oxidation, carbonization and graphitisétéambmn-rich
organic precursorsvhich are already in fibre form. The most common precursor is

polyacrylonitrile (PAN), but fibres can also be produced from pitcleadiulose.
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Once formed, surface treatments and chemical sizing are carried owteintor
improve matrix bonding and to protect the fiber during handling.

Carbon fibres are usually grouped according to the modulus bavitigh their
properties fall. These bands are commonly referred to as: high strength(HS),
intermediate modulus (IM), high modulus (HM) and ultra high masigUHM).

For a big number of applications, the fibres are arranged in the fosimeet,
known as fabrics, to make their handling possible. In particidathe composite
materials field, a fabric is defined as a manufactured assembly of lorg fitp
produce a flat sheet of one or more layers of them. These layengldreogether
either by mechanical interlocking of the fibres themselves or with andecp
material (stitching lines). Fabric types are classified by the orientation @ibthe
used, and by the various construction methods used to hold the figetheto
Focus the attention on the fibre orientation the ntailegories are: unidirectional,
0/90° multiaxial, and other/random.

In a unidirectional (UD) fabric the majority of fibres runs onlyoime direction
A small amount of fibre or other material may run in other directithesaim being
to hold the primary fibres in position.

For applications where more than one orientation of fiber is required, a fabric
combining orientations at 0° and 90° is useful. In this case the mexsthuesthod to
keep the fibres together is the weaving, and the two more colyprfoamd weave
styles areplain andtwill. In a plain fabric, each warp yarn passes alternately under
and over each weft yarn, the fabric being symmetrical, with reasonaifasity. In
twill style, one or more warp yarns alternately weave over and under tworer m
weft yarns in a regular repeated manner. With reduced crimp, the fbrc
smoother surface and slightly higher mechanical properties. [5]

In recent years, multiaxial fabrics have begun to find favor in the 6éld
composite materials. These fabrics consist of one or more layensgofitwes held
in place by a secondary non-structural stitching tread. The stitchinggsrallows

variety of fibre orientations to be combined into one fabric.
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1.4 Damage and failure mechanismsin composite laminates

The term “failure” for a structure indicates a condition in which the system does
not work satisfactorily. The criteria to decide the satisfactory functiorsni
general quantitative and refers to some specific properties of the stradtareerm
“damage” refers, instead, to a local failure of the material. Thus, a damage in a
material does not necessarily mean the final failure.

The complex structure of composite laminates, due to the presence of more
components and their anisotropic layered structure, leads to the deeealopf
different modes of damage, and thus to different failure modalities.

Rigorously, the damage mechanisms of fiber reinforced composites
classified in intralaminar damage, i.e. damage inside the ply, and nmieala
damage, i.e. damage established at the interface between two consecutive plies,
specifically delamination. [67]

Examples of intralaminar damages are matrix cracking and fibers
fracture/breakage. Matrix cracking damage occurs when the stresomes the
strength of the matrix. The matrix is the weakest component, usually ligttle,
thus the first one to fail.

Delamination is one of the most critical damages in composite materials, and
consists in the process of separation between adjacent layeses lafitimate. This
phenomean arises because the fiber reinforcement, placed in the plane of the
laminate, does not provide reinforcement through the thickness oftireata, and
thus the assignment to carry loads in this direction is given to thexmpgri
Delamination can occur due several causes. Among these [7]:

- Loads generating owtfplane stresses.

- Manufacturing defects.

- Aging, due to temperature, humidity, contact with chemicals, etc.

Figure 1.1 shows a schematic representation of delamination damagjben

reinforced laminate.
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Delamination

Figure 1.1 Schematic representation of the section of a delamination darcaggbsite
laminate.

1.5 Toughening strategies: areview

The interlaminar fracture toughness, measured in terms of the critical strain
energy release rate, is defined as the amount of strain energy releasgxhgapng
delamination by a unit length. This parameter is freduamed for comparing the
resistance of various resin systems against the growth of dekéonifailure.

Delamination may occur in Mode | (opening mode or tensile modeamk
propagation), Mode 1l (sliding mode or in-plane shear mode of gexkagation),
Mode Ill (tearing mode or antiplane shear mode of crack propagatong
combination of these modes. Mode | and Mode |l are the most coromem In
Mode |, crack propagation occurs as the crack surfaces pull apard dueormal
stress perpendicular to the crack plane. In Mode I, crack propagatiors @scthre
crack surfaces slide over each other due to a shear stress parallel to thpacrack
[2,9, 10]

Over the years, several strategies have been devised to increase the interlaminar
fracture toughness, and thus to improve the delamination resistanoagAhem,
the two most important are to increase directly the fracture toughnéss ofatrix
resin, by blending with thermoplastic polymers or elastomers, or twdinte a thin
layer of a tough material between adjacent fabric plieanasterlayer. In the next

paragraphs the state of the @fithese two main approaches is briefly presented.
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1.5.1 Use of toughened matrices

Thermoplastic-toughened epoxy matrices

The inclusion of thermoplastic into epoxy formulations have for long tiesn
in the focus of academic and industrial research. Polysulphone ,(PSF)
Polyethersulphone (PES) and Polyetherimide (PEI) are the most comuomady
polymers for this purpose.

It is well known that most thermoplastic/epoxy blends show either lower critical
solution temperature, and they are called (LCST)-type, or upjérakisolution
temperature, and they are named (UCSTgtypl-15 In a LCST-type system, for
example, a temperature jump from ™ T, thrusts the solution, i.e. the initially
homogeneous systenfi composition @, to enter into the two-phase region. Thus, the
phase separation process begins, to obtain two phases of equilibrium itomgds
and ¢’ (see Fig. 1.2). [11]

200 |-

100 |-

Temperature (°C)

) ) H
1] 0.5 |
wt. fraction of thermoplastic

(a)
Figure 1.2 Schematic representation of LCST-type phase diagram.

Phaseseparation can take place via two different modes, called “spinodal
decomposition” (SD) and “nucleation and growth” (NG). [11, 16,17] The SD
process involves different stagess showed in Fig. 1.3. In the first stages a co-
contiruoustype structure is noted (panel (a) and (b) of Fig. 1.3), with two

characteristic features: (i) a periodicity exists in all directions and (ii) baikesh
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are continuous. Then, co-continuity is lost to yield fragmented particie®|(jc)),

thus spherical particles (panel (d)). Here, particle sizes are uniform and they are
dispersed quite regularly. [11, 18, 19]

Mcfsf@%; S| S
’ %2 JQQOQ Q)
(a)

A 820 g 859 09
(b) (c) (d)

Figure 1.3 Structure change with time during spinodal decomposition.

Spinodal decomposition (SD) occurs in the unstable region, above thealpino
curve of the phase diagram (see Fig).1[44, 16,17] In the meta-stable region
between the spinodal and the binodal curves (Fig. 1.4), phase sepamatieeds by
another mechanism called nucleation and growth (NG). In this secondstdated
particles with an equilibrium composition initially appear and then groto wpeld
an irregular two-phase structure. As discussed above, these phasaticepar
processes are thermally-induced. [11]

1
Meta-stable

Spinodal ’;‘/(NG)

g \/
“é'
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= ,
\ Stable
Crit. point
A Composition B

Figure 1.4 Spinodal and bimodal curves in a phase diagram.

In these systems the phase separation process can also occur via reaction-

induced phase separation. That is, the access into the two-phase regieriasthe

10
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LCST depression caused by the increase in molecular weight of tke, ejuing

the curing process (see Fig. 1. 84] The morphologies obtained as consequence of
the phase separation depend on the concentration of thermoplastic with respect to
the critical composition. Low concentrations provide spherical domains of
thermoplastic in a thermosetting matrix; higher concentrations lead to phase-
inverted structure consisting of a dispersion of spherical domdimesm in a

thermoplastic matrix. [14, 20] Sometimes the domains can be interconn@died. [

200

100

Temperature (°C)

0 0.5 1
wt. fraction of PES

Figure 1.5 Schematic representation of variation in the epoxy monomer/PES mixtase
diagram with curing.

It is universally recognized the toughening effect of thermoplastic posyrimer
particular PSF, PES and PElI, in epoxy resin. The amplitude of the inaketse
fracture toughness depends on several, often interrelated, paramepagicinar,
[22):

- Properties of the monomer (number of functional groups, moleculghtyei

epoxy equivalent weight).

- Type of curing agent.

- Properties of the thermoplastic polymer (mainly, molecular weight).

- Concentration of the thermoplastic.

- Curing conditions.

- Thermoplastic/resin system morphology.

11
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The increase of toughness in these systems, after the introdwdtitme
thermoplastic, is due to the two-phase structure, where the thermoplastic particles
domains act as sites of fracture energy absorption. [3]

As already discussed, PSF, PES and PEI are the three thermoplastics most
commonly used as toughening agents of epoxy resins, all obtaaniyigg levels of
success. However, few studies compared their respective toughenitigsalfiil?]

Apart from PSF, PES and PElI, other thermoplastic toughening dgemdeen
used, including poly-(butylene terephthalate) (PBYylon 6 and poly(vinylidene
fluoride) (PVDF). R2, 23]

Another important aspect to take into account is the adhesion between the
thermoplastic particles and the matrix. To this purpose, two approaches have bee
developed: one is the reaction of the epoxy resin with the thermoplastic aising
catalyst; the other one is to synthesize thermoplastic polymers with readtive en
groups (NH,or —OH, for example). The literature is ambivalent on the effect of this
modification on the toughness of the resin. [28,24]

In addition, strength points are their high thermal and mechanical pesper
Because of their high modulus and Tg, the thermoplastic-modiéisils do not
show significant decrease in the mechanical and thermal propetties [3

Rubber-toughened epoxy resins

One of the most successful methods to increase the toughnesxypfregias
involves the addition of rubbers. Rubbers can be solid or lighal |atter being
mainly of the “reactive-type”. The type of rubber used to toughen the resin is
determined by a compatibility requirement, that is the rubber musstlindissolve
in the resin, but precipitate during the curing process. As alregsbyided for the
thermoplastic modification, rubber-modified cured resins are two-phase system
which spherical rubber domains are dispersed in the matrix. [25]1 The size and
the volume fraction of the rubber particles depend on the rubber cantbiin the
curing process, in particular the curing rate. Rubber domains dispersgubxy
matrix are obtained for low concentrations of rubber (generally leas2ibf). For

higher concentrations, rubber blends with the resin or epoxy partickesuhber

12
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matrix are obtained. Regarding the curing process, slow-cure reemsygenerally
produces morphologies with large rubber particles between 1 and 10 pm in
diameter. Indeed, the primary rubber particles formed have the time to coalesce
before the resin network forms, thus preventing further coarsemagid-cure
systems tend to form smaller rubber particles dispersed in the mati¥] [3,

The most studied and employed rubbers as toughening ageefsofor resins
are the butadiene-acrylonitrile rubbers. As the name suggests, theyrgresed 6
a backbone consisting of butadiene and acrylonitrile repeating unitseaative
groups are placed in the terminal positions of the macromolecule. [3]

A number of reactive terminal functionalities have been studied, including
hydroxyl, phenol, amine and carboxyl, the best results being obtaittedasboxyl
terminated butadiene-acrylonitrile (CTBN) rubb&7][

A significant number of works shows that the fracture tougholesgoxy resins
can significantly increase when a rubbery phase is added to the .matrix
comparison to thermoplastic-modification the level of improvementgenerally
more significant. However, the addition of rubbers causes reductionhir ot
important properties of the resin; for example, stiffness and dlasssition
temperature of the materi§B]

Several mechanisms have been proposed to explain the enhancements in the
toughness generated by the incorporation of rubber in an epoxy mfatnong
these the “rubber tedr theory andhe “shear yielding and crazitignechanism. The
first one suggests that when a crack advances around a rubber partioéetithe is
stretched between the crack surfaces, behind the crack tip, and eventuadyto
tear before the crack can extend further. Thus, the energy requstdttt and tear
the rubber particles is responsible for the higher fracture toughhdise aubber-
modified matrix. Regarding the second mechanism, some studiégsatenda
correlation between fracture toughness and the extent of plastic deforroation
fracture surface. In addition, experimental evidence of crazing pescesggested
that a mechanism based on yielding and plastic shear flow is the main sburce

dissipation of energy during the fracture. [26,308-

13
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With the aimof minimizing the detrimental effects of the rubbers on other
desired properties of the resins, more recently some authorshggested the use
of high molecular weight solid rubbers, as alternative to reactive liquid butadiene-

acrylonitrile rubbers.31]

As a final remark of this brief review on epoxy resin toughentrategies, it
should be emphasized that, albeit the fracture toughness of an egoxynatrix is
significantly improved whera thermoplastic polymer oa rubberis added to the
formulation, the increase in interlaminar fracture toughness focahgosite is not
generally of the same amplitude as for the bulk resin. For exam#é;fad
increase of the fracture energy of the unreinforced resirbeiitanslated in a four-
to-eight fold increase of the interlaminar fracture eneofya woven composite
only. The poor translation of resin toughness in interlaminatuiractoughness
when the resin is used as matrix in composites is entrusted to be diberto f
constraints suppressing plastic deformation of the toughened resircedi¢kdront.
[32-35]

1.5.2 Interlayer toughening of composite laminates

An alternative interesting approacto enhance the interlaminar fracture
toughness is the introduction of a very thin layer of a ductile materialebatw
consecutive fiber/matrix plies, as interlayer. The interlayer could be a densa film
porous membrane or an adhesive. Basically, the interlayer shouldaaotediim of
crack deflection/suppression, more enebging required for the crack growth to
continue. B2

Regarding dense films, both thermoset and thermoplastic polymsrbetam
used as interleaves. Both types of polymers increased the interlanaoturdr
toughness of the laminate, but thermoplastic interleaves were found tmree m
effective, in consequence of their larger capability of absorbing en@egerally,

thermoset interlayers exhibi type-cohesive failures, microcracking and plastic

14
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deformation; thermoplastic interlayers sheminype-adhesive failures and a limited
degree of microcracking3f]

The main drawback of type-film interleaves is that they can act asrtarthe
resin flow during the manufacturing process of the laminate. ditiad, prepreg
material that incorporates film could be stiff and tack-free, thus difficulté¢o us

Recently, the use of electrospun nanofibrous polymeric mats Ky égminates
has been taken into account. Although electrospun nanofibrous pmymegs look
like dense films, they are actually highly porous membraBeimg made by highly
resilient thermoplastic materials and being characterized by a high surfadarte
ratio, high porosity and lightweight, they have a lot of potentiabéoused as
toughening interlayers.

The idea has been proposed for the first time, in 1999, by DardifRkeneker
in their patent. 37] The invention regards composite laminates containing a
secondary reinforcement made of nanofibrous mats of polyb&tazoie (PBI),
placed at each ply interface. The membranes were produced by elediraspiie
introduction of the PBI mats increased thickness and weighedathinate of 12%
and 2.5%, respectively. The Mode | and Mode Il delamination tests eshow
increases in the critical energy release rate by 15% and 130% in Modevioaed
I, respectively.

Following the idea of Dzenis and Reneker, other authors tried tp ftacffect
of electrospun nanofibrous membranes in composite lamin8&S3[ In particular,

a number of papers involves the use of electrospun mats disstivein the matrix
during the thermal curing process of the laminate. In this casenditerials used to
produce the nanofibrous mats are polysulphone (PSB) 40], polyetherketone-
cardo (PEK-C), 41] and poly(hydroxyether of bisphenol A)47] For all these
materials, improvements in mode | and mode Il interlaminar fradtuwghness of
laminates were observed when they were added as interlayer, due to $ke pha
separation of a particulate phase formed by the dissolved nanofibers and
homogenously dispersed in the thermoset resin. For the PSF, tidasgion
temperature (Tg) and flexural properties of nanofibrous membranghetoed

composites exhibited no significative reduction40][ for PEK-C and
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poly(hydroxyether of bisphenol A) modifications of the dynamicmamical-
thermal behavior were observed, due to the presence of a PEK-C-riphemaky-
rich phase, respectively, while no informatioasmvailable on the effect of mats on
mechanical properties of the laminates.

Another approach regards the use of nanofibrous mats that maing@in th
nanofibrous structure in the laminate, also after the curing praeds as carbon
membranes, [43, 44] and Nylon 6,85{51]

Regarding electrospun carbon nano-fiber mats, they are prepardubriyak
treatments (stabilization and carbonization) of polyacrilonitrile (PAN) elggtno
mats Important increases of the interlaminar shear strength (up to abde) 2&be
described, but no informationas provided on the effect on mode | delamination
properties and Tg.

Nylon 6,6 is probably the most studied nanofibre-based interkastem. 45
51] Many authors report the increase in the delamination properties trfosfmen
Nylon 6,6 mats interleaved laminates with respect to a non-interleaver mes
laminate, the amplitude of the increase being very different fromm tascase
depending on several factors, such as matrix resin composition aackerinh
properties as well as the laminates features (resin content, production process, etc).

On this topic the research is still limited. No information is available on the
effect of nanofibrous mats on the curing behavior of the epmatyices and on the
aging behavior of the nanofibre-modified materials. Few studies investigate
effect of the presence of the membranes on the Tg and tensile or fieeatzdnical
propertiesof the laminate. The toughening mechanism activated by nanofibrous mat

is not fully clarified, and probably not fully exploited.

1.6 Hydrothermal aging in composite materials

In general, in matial engineering, the term “aging” is used to describe the
process of alteration of the chemical or physical structure of a materia, afloss
in the its properties, sometimes until ultimate failure. Below a list afgaggents,

that can act individually or collectively, such as [2]:
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- High temperature exposure due to exothermal heat of reactiows

temperature exposure and thermal cycling.

- Humidity exposure.

- Brine exposure.

- Complete immersion in water at room or elevated temperature.

- Chemicals (e.g. solvents, oxygen, acids).

- Combined load and environmental exposures.

- Ultraviolet and high-energy radiations.

To evaluate the longrm effects of the aging, “accelerated” aging is usually
implemented by increasing the temperature of the conditioning environmen

Focusing the attention on composite materials for advanced structural
applications, in aeronautical and race automotive industry, temperature cyaing an
exposure to water are the most common and critical environmental conditions
which the material can be exposed, during its service life. Thustulg sf the
hydrothermal aging processes of these materials and its effecte profferties is
of paramount importance. [3,54]

Regarding the matrix, it is well known that the water absorptiondmyepesins
follows a Fickian diffusion behavior. The diffusion kinetisgenerally investigated
by means of gravimetric analysis. Also, it has been observed théidiesu curing
degree, presence of nano-fillers or separate phases can affect the wateticaysorp
both in terms of diffusivity and of water absorbed at saturatidn.q6]

The mathematical form of the second Fick’s law, for large plane sheet sample
and under suitable assumptior&s/][ for water absorption in epoxy resins is the

following one:

M, 4 VDt

M, g h
where M is the water content at the generic time t, 8 the maximum water
gain (at saturation), h is the thickness and D is the diffusi58]

(1.1)

In some cases, typically for short-term absorption curves, a nondfrickia
behavior has been observed, and several mbdeksbeen proposed. Between these

ones, one of most commonly used in literature is a two-stage diffogdel. As the
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name indicates, the model considers two stages: the first one controlledsloljemty
of concentration, according to Fick’s law, the second one associated with structural
relaxation of the polymeric chains, due to water uptake. The modelisssed by

the following equatia:

0.75
M, = Moo (1 + k\[t) {1 —exp [—7.3 (%) ]} (1.2)

where M is the water uptake at the time t,,Ms the quasi-equilibrium uptake
of the diffusion-dominated first stage, k a constant related to thefragkawation of
the polymeric structure in the second stage, D the apparent diffusioiciem¢fnd
h the thickness of the sampl&9{62]

The absorbed water is in part filling the free volume of the epoxy nletifree
water) and in part chemically bonded (bonded water). By means of dest@mption
measurements, desorption activation energy analysis and NMR stowliessthors
classified the bonded water in two types, called Type | and Type Il. Jpe T
involves water molecules forming single hydrogen bonds with theyepetwork;
the Type Il water molecules forming multiple hydrogen bonds withnitevork,
bridges between structural segments resulting in secondary crossljigdhg

The amount of absorbed free or bonded water and the relative effethe
properties of the epoxy matrix is much more difficult to establigh a@ctually not
fully understood.

The plasticization of the material is the most commonly accepted phenomena
due to the presence of absorbed water in epoxy resins. Variations dturstiru
properties of material, such as Tg, Young’s modulus and fracture toughness, are
partially attributable to this phenomenos4[63]

The water penetration process in composite materials is much more complex
with respect the unreinforced matrix. Three different possible pathofaiie water
in the material are consider: diffusion through the matrix; capillary #tomg the
imperfect fiber-resin interface; and flow in micro-cracks or void pregerthe
matrix as consequence of a poor consolidation process. [64, @[ifference

between the water diffusion coefficient in the unreinforced epoxy agsirthat one
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of the composite material with the same epoxy resin as matrix is attriueel last
two mechanisms 6]

The absorbed water in composite materials has detrimental effects on their
thermal and mechanical properties, being not only consequence of thetiotes of
the water with the neat matrix. The water may also attack the fiber-matrifaagter
Studies regarding the effect of hydrothermal aging on the delaminatpenies of

composite laminates highlighted this aspe®T] [
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2. ELECTROSPINNING

2.1 Introduction

Electrospinning is a simple and versatile technology which utilizes strong
electric fields to produce polymer fibers with diameters ranging from tens
hundreds of nanometers. When the diameter of polymer fiber matéeiaisases
from micrometers (e.g. 10+100 pm) to nanometers (e.g. 1¥*1@0*10° um),
several interesting characteristics appear, such as very large surface aleanto v
ratio (this ratio for a nanofiber can be large a8 tifies of that of a microfiber),
greater concentration of surface functionalities and superior mechanicahpentae
(e.g. stiffness and tensile strength). These properties make theepaigmofibers
optimal candidates for many important application. [1

Electrospinning is an old process: it was first studied by RayleigB97, more
in detail by Zeleny in 1914 (on electrospraying), and patented tgheds in 1934.
Then, the work of Taylor and others on electrically driven jets laid thengmork
for electrospinning. [RHowever, in the recent years it regained attention, probably
due to the surging interest in nanotechnology. In Fig. 2.1 the réaitanalysis of
the publications related with electrospinning, in the last 15 yearspuensi he data
clearly demonstrate that the electrospinning is attracting increasing attéotion

the scientific community.
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Figure 2.1 Comparison of the annual number of scientific publications regarding
electrospinning. The data were obtained using Scopus search system, gahecterm
“electrospinning” in article title, abstract and keywords.
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This chapter consists of two parts. The first part describes the pentwsbe
influence of the working parameters of the electrospinning on thaatkéstics of
the produced membranes on the basis of the available literature.tAioninary
description of different methods to produce nanofibers is also presented.

The second part describe the preparation and morphological characterisation of
electrospun hybrid rubber/thermoplastic (R/T) mats by the Authothd best of the
Author knowledge rubbers have never been electrospun before.

The choice of spinning a rubber can be easily understood, beingrsutgpical
toughening agentof epoxy resins. Regarding the choice of having also a
thermoplastic component in the nanofibrous mat, the idea of the awdkdowbtain
a hybrid mat, with a thermoplastic polymer which was able to maintain the
nanofibrous morphology after the thermal cure of the resin, whdreadastomer is
expected to dissolve in the resin mixture and phase-separate upontberéom of
microparticles. Since each of two components is able to activate different
toughening mechanisms, the intention was to exploit their synergisenredtriction
in the choice of the two components was that the rubber and polyntsdneebe
soluble in the same solvent, in order to produce a homogenetuiiors to
electrospin.

2.2 Waysto make nanofibers
Polymeric nanofibers can be produced by a number of techniquesasuch

drawing, template synthesis, phase separation and self-asserhbly. [3

- Drawing

Drawing is a process that can make very long single nansfirex by one. In
Fig. 2.2 a schematic representation of the main steps of the drawingspieces
shown. On a substrate material a drop of a polymer solution is dep@sge@.2a).
A micropipette with a diameter of few micrometers is dipped into theetramtil it
reactesthe edge of it (Fig. 2.2 b). Eh the polymer fiber is pulled out by means of
back motion of the pipette (Fig. 2.2c), the cross section of the diggending on
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material composition, drawing velocity and speed evaporation of solveht.aOn
viscoelastic material, that can undergo strong deformations, can be made in

nanofibers through the drawing process. [3,4]

(a)

Figure 2.2 Schematic representation of drawing process.

(c)

- Template synthesis

As the name suggests, the template synthesis implies the use of a template o
mold to obtain the desired structure. For example, for the productipolwyher
nanofibers a metal oxide membrane with pores of rsale- diameter has been
used. [3] Probably, the most important feature of this metiesdin the fact that
nanofibers of various materials, such as polymers, metals, semicondantbrs
carbon, can be produced. On the other hand, the process canmafachaze

continuous fibers.

-Phase separation process

In the phase separation processes, first a solvent is added to the polgter. A
name indicates, the main mechanism of the process is the sepafatianphases,
due to physical incompatibility. Then, the solvent extracted. This matbeds a

long period of time to obtain the nano-structure.

- Self-assembly

The self-assembly is a process in which pre-existing compormegeize
themselves, forming structures as consequence of specific, local interactions
without external directions. Likewise phase separation, self-assembly isea tim

consuming process.
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2.3 Electrospinning process

A schematic illustration of the typical electrospinning apparatus in vertical set-
up is shown in Fig. 2.3. There are basically three major comporeehigh voltage
power supply able to deliver tens of kV, a spinneret (e.g. a pipette @zdienof
small diameter) and a collector (usually a metal screen, a plate or a rotating

mandrel).

Collector

Syringe pump

26KV
High voltage
power supply E

Figure 2.3 Electrospinning apparatus.

A polymer fluid, that is a polymer solution or melt, held by it6fesze tension
on the tip of the spinneret, is subjected to an electric field and an electrie ¢har
induced on the liquid surface. When the electric field reaches a critical value,
electric forces overcome the surface tension forces, and thus fatfet polymer
fluid is ejected from the spinneret. First, the jet flows from the droplet edraast
straight line, then it bends in a complex path, during which thesbevaporates or
the melt solidifies. The nanofibers are left on the collector as non woven manefib
mat. [1] More in detail, in the elctrospinning process the fibemndton occurs
through different steps, each one controlled by different physical pteara These
include [5]:

- Droplet formation at the tip of the spinneret, onset of jetting.

- Development of a rectilinear jet.

- Onset of bending deformations, with looping, spiralling trajectories.

- Deposition on a collector.
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The first step consists in the formation of fluid droplets at the tighef
spinneret, when the solution is pumped though the die. In abséesectric field
the drop assumes an equilibrium shape, controlled by gravity afag¢ewnergy. If
more spinning polymer solution is fed, droplet after droplet iméat, each of which
will detach from the spinneret, falling down. A further increaséneffeed flow rate
may lead to the formation of a fluid jet. When an electric field islieg, the
stability of the droplet/jet is perturbed. The droplet attached to the tip of the
spinneret becomes electrically charged due to the applied electric field and its shape
changes, as a consequence of the interaction of the charged fluid witkteheal
electric field. The schematic rapresentation of the evolution of the shapuaf a
drop, when a increasing electric potential is applied, is shown in FRdreln
particular, for the lower electrical poltential values, the droplet assumesladepr
shape (Fig 2.4 a and b); then, closeat“critical potential”, the shape changes in
conical, with a characteristic half-angle of the order of 30° and aboveJBig:).
The cone (called “Taylor cone”) seems to be characterized by a tip with a low radius
of curvature below 1 um (Fig. 2.4fg{5,6]

NN\

ty d || ts @) || & (f)
Figure 2.4 Schematic representation of the evolution of the shape opaatliincreasing
electrical potential values, during electrospinning.

In the rectilinear path of the jetfter the “Taylor cone”, the diameter of the jet
typically decreases by a factor of about 4, corresponding to the redo€titwe

cross-section by a factor of about 20. A significant part ofdéisease comes from
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the evaporation of the solvent, and a further contribution from ladigadly
deformations of the jet induced by electric force.

By means of a particle-tracking technique it has been possible to evaluate
acceleration and velocity of fluid jets, during electrospinning processfifg one
can reach values up to 600 fn/swo orders of magnitude larger than the
acceleration coming from gravitational forces. Thus, gravitational forces play
significant role in electrospinning. The velocity is only few cm/s \&oge to the
beginning of the emerging jet, but increases up to several mjstdeagth of about
1 cm and above. [5]

According to the experimental observations, it is noted that after distamce
away from the tip of the spinneret the jet is not longer able toNdlstraight path,
but it bends and begins to perform spiralling, looping motions (ge€.5). In each
loop the jet becomes thinner and elongated as the loop diameters increase. After
several turns, a smaller coil on a turn of the larger coil is formed, ttte turns of
the smaller coil transforms into an even smaller coil (Fig. 2.5). Thelagm of

these loops resembles a cone with its opening oriented towards the colte8for. |

el \
G Al

Figure 2.5 Schematic drawing of the looping part of the jet.

The deposition of the nanofiber on the collector or a substrate pladkd top
of the collector is the final step of electrospinning process. The radidke
enveloped cone, that is usually of the order of 10-15 cm for a distawedn the tip
of the spinneret and the collector of 10-15 cm, controls the raflihe monvowen

mat that will deposit in the collector: they are of similar amplitude.
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2.4 Effect of various parameterson electrospinning process

The electrospinning is governed by many parameters that can béetaisso
three groups:

- Solution parameters.

- Process parameters.

- Ambient parameters.

Solution parameters include polymer molecular weight, concentration,
viscosity, surface tension and conductivity of the solution; propassmeters are
voltage, feed rate, diameter of the pipette orifice/needle, type of collector, tip of
spinneret to collector distance; ambient parameters are temperature and humidity
degree. [2] Each of these parameters can affect the fibers morpteoidghy a
proper manipulation of them it is possible to get nanofibers of #wredl
characteristics. In the next paragraphs the effects of these parametetse will
discussed.

2.4.1 Solution parameters

One of the most important solution parameters in electrospinnisgligion
viscosity Polymer solution viscosity depends, in turn, on polymdeouar weight,
polymer conformation in the solvent (i.e. polymer-solvent interactimspolymer
segmental mobility) and polymer concentration. More in detail, it is expecéd th
solution of a high molecular weight polymer is more viscous thaolion ofits
lower molecular weight variant. It has been observed that high moleceight is
not always essential for the electrospinning process, if sufficientrotecular
interactions among polymer chains can be established, virtually extendiobaim
lenght. [2] However, in general too low molecular weight polymerstisolsi
produce beads rather than fibers, while too high molecular weight poBatutions
give large diameter or micnabbon like fibers. [9]

Likewise the molecular weight, also the concentration is a parameter that can be
tuned in order to modify the solution viscosity. To describe the teffet the
solution concentration on the nanofibers morphology, four critical corateEms,

from low to high, can be defined [1]:
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(i) For very low concentrations, electrospray occurs instead of electrospinning
polymeric micro/nano-particles will be produced insead of nanofibres.
(i) When the concentration is a little higher, a mixture of beads and fililers w
be obtained.
(iii) At the optimal concentration, smooth, uniform diameter nanofiberdbean
manufactured.
(iv) If the concentration is too high, micro-fibers or micro-ribbons can b
obtained.
As final remark regarding the solution viscosity, it is importantighlight that the
range of viscosities at which spinning can be performed dependsedypd of
polymer and solvent used.
The initiation of electrospinning requires that the electric forces of the charged
solution overcome its surface tension. Thus, it is easy to understandpbrtance
of the solution surface tensiomBasically, surface tension is function of the selected
solvent. A too high value inhibits the electrospinning processimgthe generation
of sprayed droplets. [10] Some authors have attempted to redumafioee tension
of the solution by the addition of surfactants, with improvemehtee morphology
of the nanofibers. [11, 12]
Solution conductivity is another important solution parameter. If the
conductivity of the polymeric solution is increased more charges earaied in
the electrospinning jet. The polymer type, solvent used and availabiiibpisble
salts mainly affect the conductivity. Often a strategy to increase theictbrity is
by adding a salt.1[1] Indeed, a reduction in the fiber average diameter has been
observed when a small amount of salt was added to the solution. Moréos
critical voltage at which the electrospinning works is reduced. Anotfemst eff the
increased charge is a greater bending instabilitya Aessult, the deposition area of
the nanofibers is larger, and this also favors the formationrofehfibers since the
jet path is increased. Another approach to increase the conductivity aflttiers
and, at the same time, to reduce the surface tension, involves itienadflionic

surfactants.13]
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2.4.2 Process parameters

In the electrospinning process tledectric voltageis a parameter of crucial
importance. Only after attainment of threshold voltage, fiber formationrgcthe
induced electrostatic force overcoming the surface tension of the sollitioas
already described how the shape of the initiating drop changes withpiblied
voltage (see paragraph 2.3), while there are different ideas regareliefigtt of the
voltage of the diameter of the final fiber. Some authors showed ndicagjve
effect of electric field on the fiber diameter of polyethylene oxide.1f,Other
researchers suggested that when higher voltage is applied, there is manerpoly
ejection and this facilitates the formation of a larger diameter fiberl32.16]
Others reported that an increase in the voltage (i.e. by increasing the dielctr
strength) increases the electrostatic repulsive force on the fluid jet, ultidlately
favours the narrowing of the fiber diameter. [2] At high voltageeatgendency for
bead formation has been observed. 18, 17]. It has been also reported that the
shape of the beads changes from spindle-like to spherical-like iméteasing
voltage. [L7]

The voltage can not only affect the physical appearance of thelildealso its
crystallinity. The electrostatic field may cause the polymer molecules to be mor
ordered during electrospinning, thus induces a greater crystalbhithe fiber.
However, above a certain voltage, the crystallinity is reduced. [3]

Electrospinning process is caused by charges on the jet andhiaeges can be
influenced by an external electric field. Thus, it is not surprisingtitiesieé have been
several attempts of control the electrospinning jets through chaitggnglectric
field profile between the source of the electrospinning jet and the collector. This can
be obtained by using auxiliary electrodes or by changing the orientatgirape of
the collector. [3]

The feed rateis an important process parameter, determining the amount of
solution available for electrospinning. For a given voltage, there is a candisgo
feed rate to obtain and maintain a stable Taylor cone. For higher feed rate,adue
greater volume of solution drawn from the needle tip, the jet will tsakmger time

to dry. As result, the solvent may not have time enough to evapgraa,the same
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flight time. The residual solvents may cause the fibres to fuse togeli@iniog an
increase of the fiber diameter. In addition, when the feed rate increasas,alsh
been observed a corresponding increase of beadsige. [

The internal diameterof the needldas a certain effect on the electrospinning
process. A smaller internal diameter was found to reduce the diametbe of t
electrospun fiber as well as the amount of beads. When the size of thet dtdpe
tip of the orifice decreases, such as in the case of a smaller internal diaitké&er o
orifice, the surface tension of the droplet increases. Thus, for the sgpied
voltage, the acceleration of the jet decreases and this allows more time fomsolutio
to be stretched and elongated before it is collected. However, if the diamdter of t
orifice is too small, it may not be possible to extrude the dropletslatien at the
tip of the orifice. [3]

During the electrospinning;ollectors usually act as conductive substrate to
collect the charged fibers. Generally, aluminium foil is used as collectoin ihis
case it is difficult to transfer the collected nanofibers to other substratesyrious/
applications. With the need of fiber transferring, different collectorse Haen
developed, including wire mesh, parallel bars and rotating rods or whee20[19

The distance between tip of spinneret and colledhais been examined as
another approach to control the fiber diameter and morphology, etreneffect of
this parameter is not as significant as other ones. It is well known tliapantant
stage of electrospinning is the dryness of the fibers from the r#phteus a
minimum tip to collector distance is required to give to the fibers time ertoudyy
before reaching the collector. If the distance is either too short or ngobleads

fibers can be obtained. [2, 3]

2.4.3 Ambient parameters

Ambient parameter, such as temperature and humidity, can also affect diameter
and morphology of electrospun fibers. Regardingtéineperaturefor example some
authors investigated the effect of this parameter on the electroxpirofi
polyamide-6 fibers, ranging from 25 °C to 60 °C. It has beesemied that
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increasing temperature favored smaller fiber diameter, as a consequetiee of
inverse relationship between solution viscosity and temperaturl][2,

Also theumidity may have an influence on the elctrsopinning. The variation in
humidity during electrospinning of polystyrene solution hasrbstudied, showing
that that by increasing humidity there was an appearance of small cppoudesr on
the surface of the fibers; further increase of the humidity led to thiespo

coalescence. [22]

2.5 Preparation of electrospun hybrid rubber/thermoplastic (R/T)
membranes

As described in detail in the previous paragraphs, the choice of the
electrospinning working parameters, in particular of solution and process
parameters, is very difficult since there are no precise rules to follow

With the purprose of producing hybrid rubber/thermoplastic matsatitieor
first selected acetone as solvent, being a good solvent of both the rubkieand
thermoplastic polymer, inexpensive and non-toxic. Parameters, such asepolym
concentration, feed rate, voltage and needle tip to collector distance, were
systematically varied. In all cases it was not possible to spin the polyhhéssvas
probably a consequence of the low boiling point of acetone (Th=56)2 °C
evaporating already at the tip of the needle, when the jet was ejected. Tamerco
this problem, acetone was replaced with dimethylformamide (DMF, B8="C) or
DMF:acetone blends (50:50 v/v).

The value of the polymers (rubber and thermoplastic) concentratiowg€)
chosen from a visual inspection of the flow behavior of severalidatedpolymer
solutions prepared at different concentrations, from 4% to 25% aifving to
obtain a viscous liquid but not a gel. The values of voltage (V), flow@teneedle
inner diameter (id) and distance between needle tip and collector (TCD) were set to
be in the range of values generally usually used in electrospinnipgrtioular, the

total polymer concentration was 9% wi/v and the process parameters were set as V
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25 kV, Q = 0.4 mL/h, id = 0.9 mm and TCD = 15 cm. Différémermoplastic to
rubber ratios were investigated.

In Fig. 2.6, SEM images of electrospun mats prepared with thes aladwes of
the working parameters are reported. In particular, the micrographs eof th
electrospun mats of solutions at 7.5% w/v rubber and 1.5% wi/v oipémstic
(panels (a) and (d)), 6% w/v rubber and 3% w/v thermoplastic (paneis@b(e))
and 4.5% wi/v rubber and 4.5% w/v thermoplastic (panels (c) f@ndré shown.
The images reported in the panels (a), (b) and (c) concern the eliectiogp
products from solutions where the solvent was a DMF:acetone blend (8@;5the
ones in the panels (d), (e) and (f) are of samples obtained fronpsfaoting of
solutions in DMF. Regarding the samples obtained from solutions whesolvent
was a DMF/acetone mixture (Fig. 2.6 a-c), the desired nanofibroushotogy was
not present, irrespective of the concentrations of the two polymers. Feystesns
in which the solvent was only DMF, significant improvements arphology were
observed. In particular, in mats electrospun from solutions at higligoer
concentration (Fig. 2.6 d) a film with voids was obtain8dme nanofiberwere
also present. For 6% wi/v rubber and 3% w/v thermoplastic (Fig. 2.6nepeof
nanofibers (average diameter of about 400 nm) was produced. Defects as
random “beads”, were also present. Finally, for the system made by equal
concentrations of rubber and thermoplastic (panel f) nanofibers agevdiameter
of about 300 nm were produced. Fibre defects such as large beaascemdized
solution splatters were also evidelt conclusion, none of the systems spun in the

selected conditions was considered satisfactory.
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Figure 2.6 SEM images of the products obtained spinning rubber/thermoplastimas|(®6
w/v) in DMF-acetone at various concentrations: (a) 7.5/1.5; (b) 6/3;().8,%nd in DMF at
various concentrations: (d) 7.5/1(8) 6/3; (f) 4.5/4.5. V= 25 kV, Q=0.4 mL/h, id=0.9 mm
and TCD=15 cm.

To understand the great difference in morphology observed wiremirgpthe
same polymers with the two different solvents (DMF and DMF/acetonghce
tension measurements of the polymer solutions at different concemtohtrabber
and thermoplastic, both in DMF and in DMF/acetone solvent were performed. The
results are reported in Tab. 2.1. The surface tension of pure DMPBwae acetone
were also measured, resulting 35.00 and 23.30 nM/m, respectivelypésted, the
polymer solutions in DMF/acetone blends showed intermediate valuesfatesu
tension, with respect to the values of the two solvents. When the salasronly
DMF the surface tension increased. Not signiftcdifferences were observed for
the different concentrations. The lack of nanofibrous morphologiethéosamples
produced from DMF/acetone solutions (Fig. 2.6 a-c) could be partiallibedcio
the low values of surface tension. Thus, from this observatior; ¥&s used as the

only solvent in the following experiments.
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Table 2.1 Surface tension values of rubber/thermoplastic solutions in DMF and in
DMF/acetone.

System (% wi/v) Surface tension (mN/m)
9% in DMF/Ac* 30.69
7.5/1.5% in DMF/Ac* 30.30
6/3% in DMF/Ac* 28.92
4.5/4.5% in DMF/Ac* 26.54
9% in DMF 38.00
7.5/1.5% in DMF 38.12
6/3% in DMF 39.61
4.5/4.5% in DMF 39.99
3/6% in DMF 39.56
1.5/7.5% in DMF 37.92

*DMF:Ac=50:50 v/v.

The effect of total polymer concentration, voltage and flow rate was also
investigated. The reference system was the one produced fronBtbe Ww/v R/T
solution, at V=25 kV, Q=0.4 mL/h, id=0.9 mm and TCD=15 cre @M image of
this system is reported in Fig. 2.6 e).

Generally higher concentration solutions produce more uniform fitvéis
fewer beads. [2,18] For this reason, a slightly higher concemtratitution was
tested, all the other parameters being kept constant. Figure 2.7 compares the SEM
micrographs of a mat produced from a solution at concentratiorb(&.%.% w/v
R/T (Fig.2.7 a, a’) with the “reference” system (Fig. 2.7 b, b’). The increase of the
concentration of the solution did not produce the expected morphology
improvements: fiber defects did not disappear and the web consistedjef and
flatter fibers, with junction points.

In Fig. 2.8 the SEM micrographs of hybrid mats, produced from¥&i@&v R/T
solutions, at two different voltage values, 20 kV and 25 kV, amdflow rates, 0.3
mL/h and 0.4 mL/h, are reported. Essentially, none of thesepregents significant

improvements in the morphology.
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Figure 2.7 SEM images of: (a), (2") electrospun mat from 6.5/3.5 % wiv DMF solution at two
different magnifications(b), (b”) electrospun mat from 6/3 % w/v DMF solution at two
different magnifications. V=25 kV, Q=0.4 mL/h, id=0.9 mm ar€eD=15 cm.

0.4

Flow rate (mL/h)

20 25
Voltage (kV)

Figure 2.8 SEM images of electrospun mats from 6/3 % R/T DMF solutions obtainéador
voltages and flow rates. id=0.9 mm and TCD=15 cm.

In order to produce hybrid R/T mats with improved morphplagh respect to
the above described ones, another attempt of the author has been to us&itige wo
parameter already used in literature for producing electrospun mats e#irtie
thermoplastic. Thus, a new set of values was evaluated. Specifically,ethe n

parameters values were: total polymer concentration C=7.5% wi/v, voltage V521 k
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flow rate Q=1.2 mL/h, needle inner diamer id=0.9 mm and distance betveekds
tip and collector TCD=20 cm.

Also in this case, a study of the effect of different concentratidrrubber and
thermoplastic on the produced mat morphology quality was carried.eFRyQr
shows SEM images of mats produced by electrospinning of swdutib 6% w/v
rubber and 1.5% w/v thermoplastic (panels (a)), 4% wi/v rubber &% @i/v
thermoplastic (panels (b)) and 3% w/v rubber and 4.5% wi/v therstaplén the
same figure, a SEM micrograph of the electrospun solution of fggl@rmoplastic
at 7.5% w/v is reported (Fig. 2.9 d), for comparison. The matdymed
electrospinning the solution at higher concentration of rubber (Fga)2consisted
of fibers (average diameter 100 nm) and micro sized solution splatters.tfeom
4/3.5 % R/T solution (Fig. 2.9 b) and 3/4.5 % R/T solution (Fi§.c2 membranes
with uniform fibers were produced. In both systems the avdilagediameter was
about 200 nm. However, the 3/4.5 % R/T system shows some iriégaland
beads (panel ckor this reason the best system can be considered the 4/3.5 % R/T
spun at V=21 kV, Q=1.2 mL/h, id=0.9 mm and TCD=20 cm, whiels selected to
be tested in combination with the resin system, as it will be described in the

following chapter.

Figure 2.9 SEM images ofmats obtained spinning rubber/thermoplastic slutions (% wiv) in
DMF at various concentrations: (ajL@®; (b) 4/3.5; (c) 3/4.5; (d) 0/7.5. V=21 kV, Q=1.2
mL/h, id=0.9 mm and TCD=20 cm.
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2.6 Conclusions

This chapter consists of two parts. The first one presents the el@utingp
process, describing the main features of the process and the ddffectrking
parameters (solution, process and ambient parameters) on the prapfertiats,
according the literature. It has been demonstrated that while the electrospinning
process requires a fairly simple and inexpensive set up, on the cotitery
optimization of all working parameters can be a very complex procedure. In
particular, polymer concentration, voltage and flow rate are the more critical
parameters.

The second part describes the preparation and characterization of electrospun
hybrid rubber/thermoplastic membranes, the rationale being to evaluate the
combined toughening effect of an elastomer and a polymer on epoxgesatn
addition, it can represent a more general method to disperse a rubber phase in
localized regions of a composite laminate, the thermoplastic nanofiber mat acting as
carrier and confinement aid.

The best produced hybrid rubber/thermoplastic mats have been tested with

epoxy resins in form of monolayer, as described in the next chapter.
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3. THE INFLUENCE OF ELECTROSPUN MATS ON
THE PROPERTIES OF EPOXY RESINS

3.1 Introduction

In this chapter the author focuses the attention on the characterization of
nanofibrous mat/resin monolayers and three-layers laminates formecheby t
impregnated mat sandwiched between two CF fabric layers, as model sfstem
resin/mat interleaf. The influence of the nature of the polymer usptbthice the
mat on the morphology of the interleaf was investigated and qualitative indications
of the toughening mechanisms activated were sought. Two resin syateras
selected for their different curing temperatures, their very differeachanical
properties and the different impact that their cure process haseonattofibers
morphology, hence on the properties of the mat/resin systems.dltioad the
effects of selected mats on both curing behavior and thermal resistatheere$ins
were investigated.

The various polymers and one elastomer were chosen for producing the
electrospun mats, namely an acrylic rubber @Jpolysulfone (PSF), a common
polyamide such as Nylon 6,6a polyvinylidene fluoride (PVDF) anda
polyacrilonitrile (PAN). In consideration of their different chemical compostiod
properties, different morphologies upon cure and potentially differemghtming
effects are expected

Either in the form of electrospun mats or dispersed/solubilized in theyepo
monomer mixtures, these polymers have already been evaluated to genteasx
toughening agents of epoxy formulations. In particular, acrylic exsband
polysulfone (PSF) are among the most commonly used toughagémgs for epoxy
resins, the latter being preferred for high performance (high glassitton
temperature, high elastic modulus) resins. Acrylic rubbers generally engbeage
separation yielding finely dispersed microparticles in the epoxy matrix, their

toughening mechanism being mainly describgtrabber tearing” or “crazing and
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shear yielding”. The rubber tearing theory attributes the toughening exclusively to
the rubber particles. In particular, according to this theory a crack ublaer
propagates through the brittle matrix and when impinges on a rpbhk@le stretch
and tear the rubber dissipating the elastic strain energy

The crazing theory proposes that toughness enhancement is due to th
generation and efficient termination of crazes by rubber particles. Under tensile
stress, crazes are initiated at points of maximum principal strain, whiclszatyu
near the equator of rubber particles, and propagate, again following planes of
maximum principal strain. Craze growth is terminated when a furthberyiarticle
is encountered, preventing the growth of very large crazes. The resulaige
number of small crazes in contrast to a small number of large crazes forred
same polymer in absence of rubber particles][1-4

Polysulfones can vyield co-continuous morphologies depending tin the
percentage of thermoplastic used and time and curing temperature, ¢gaghithe
main toughening mechanism being “crazing and shear yielding”. [5] They can be
added in blend with the resin, [6, 7] in form of fil®, P] or electrospun nanofibrous
mats [10-12]

Nylons and, more in particular, Nylon 6,6 is used as toughenieigt &d epoxy
resins, either dispersed in form of microparticl&8] [or in the form of electrospun
mat interlayers.]4-18].

Electrospun mats of PVDF and PAN have also been produced to improve the
interlaminar toughness of carbon-epoxy laminates, being enginekeeimgaplastics
possessing excellent mechanical strength and toughness, high hecteamdal
resistance, and low moisture absorptidrg]

For the purpose of the present investigation, all the selected polymerssedre
to make single component electrospun mats, with the exception cdctiybic
rubber, which has been co-electrospun together with a thermoplastiogualR/T
mats) (see Chapter 2).

Regarding the reasons to produce an hybrid mat, as already explaiDieapn
2, the purpose was to exploit the synergism of the two polymeesthat dissolves

in the uncured resin and gives phase separation and the other that maintains
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nanofibrous morphology upon cure. The idea is to activate differeghéning
mechanisms

The various mats have been coupled both with a high temperaturg epoxy
formulation (HPE) and a room temperature curing epoxy resin (LE€gpt for
PVDF, that was used only with LPE, to preserve the nanofibroughmlogy since
the PVDF melting point is lower than the curing temperature of HPEethdt is
known that when used in epoxy laminates in the form of mats that orgligdhe

cure process, the toughness does not incr§z@e

3.2 Materialsand methods

The two resin systems used, HPE (high performance epoxy resibpPanow
performance epoxy resin) have formulations and mechanical and theopattjes
reported in sectioA.2 of the Appendix.

The toughening agents, i.aaylic rubber (R), polysulfone (PSF), Nylon 6,6,
polyvinylidene fluoride (PVDF), polyacrilonitrile (PAN) and rubber/thepiastic
(R/T) blends were used in form of electrospun nanofibrous mat. Detaitbeir
production process are provided in section A.2 of the Appendixrathe Chapter
2.

All monolayers were produced by impregnation of the mat withebim rwhile
the three-layers systems (tls) were assembled by hangp)dyy placing the dry
membrane between the two pre-impregnated carbon fiber layers, @haure
process was performed.

The high performance epoxy monolayers were cured by means accyele
consisting of a heating step from room temperature to 180 °C @tnairf and an
isothermal rest at 180 °C for 2 hr, while low performance epoxy onesoat
temperature for 8 hours and then post-cured at 60 °C foo@#.hHPE/Nylon 6,6,
HPE/PAN, HPE/R/T HPR/PSF and LPE/PSF monolayers were produced in
autoclave applying a pressure of 2.5 bar; LPE/Nylon 6,6, LPE/PVDF aB{PAR
nonolayers by vacuum bagging technique. In Tab. A.2, sectioofAl® Appendix

the weight fraction of mat in each produced monolayer is reported.
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The systems were characterized by morphological analysis via SEM amdract
surfaces, residual reactivity by DSC analysis, and thermal properties BADNMe
thickness of mats and monolayers was measured by a micrometer, tineskiok
the mat/resin regions was evaluated by means of SEM images analytig alada
reported are the average of 3 measurements. More details of characterization
techniques (DSC, DMTA and SEM) are reported in the section A.3 of thenéipp

3.3 Reaults and discussion

3.3.1 Analysis of the morphological features of monolayers and
three-layers systems

Figures 3.1 and 3.2 show the SEM images of the fracture earf#cvarious
HPE resin impregnated electrospun mats (monolayers).

In particular, in Fig. 3.1a-b, SEM micrographs of HPE/Nylon 6,6t4R&/PAN
monolayers are reported, respectively. Lower magnification imagebeodme
systems are shown in paneis-b’. SEM micrographs of the corresponding
nanofibrous membranes are presented in panels a’’-b’’ for comparison. For the
systems with Nylon 6,6 (Fig. 3.1a) and PAN (Fig. 3.1b) theofiaers and the
grooves left behintby the nanofibres torn out by the propagating fracture are clearly
visible. The mats maintained their fibrous morphology upon thermal and in
both systems the nanofibers appear randomly and uniformlybdistd inside the
resin. Moreover, several fracture planes can be observed (se& lkigfor Nylon
6,6 and Fig. 3b’ for PAN); this last evidence suggests that the epoxy/thermoplastic
monolayers contribute in the dissipation of the fracture energy andthbat
nanofibres are actually exerting their toughening function.

In Fig. 3.2aa’ and bb’, the fracture surfaces of HPE/R/T and HPE/PSF
monolayers impregnated with HPE at two magnifications are shown (the
corresponding mats are shown in panels a”-b”"). For the rubber-thermoplastic hybrid

system (Fig. 3.2a2) only few fibers are visible, probably the ones made by the
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thermoplastic. The fracture surface appears significantly indented, snggaiso
for this system the activation of a fracture energy dissipation meahanis

The PSF mat (Fig. 3.2b> shows a very different behavior; after curing the
nanofibers have lost their pristine nanofibrous morphology yieldingra soarse
micro-particulate morphology. It is well known that epoxy resin/pdfgse
systems exhibit an LCST-type phase behavior, a phase separation prooessgocc
when the blend is thrust into the two-phase region, as the cure rgarcto@eds. In
particular, tetrafunctional epoxy resin/polysulfone systems (we can askentPE
formulation mainly consists of the tetrafunctional monomer, see se&tiiof the
Appendix for more details) show a lower critical solution temperaturesvaf about
240 °C R1]] for the blend without curing agent, and this LCST value decreases
during the curing process as a consequence of the increase of thelanaletght
of the resin. Indeed, the large dimensions of particles of Fig.13.2bggest that the
system actually undergoes phase inversion; the microparticles are constituted by an
epoxy-rich phase dispersed into a polysulfone-rich matrix, as describétk in
literature for epoxy/polysulfone blends with higher PSF concentrg2dn.22] We
can argue that the nanofibrous mat restrains the resin outflow wlbeing the
curing process, the temperature increases and the resin viscositysdec&ace we
can expect the PSF nanofibres to dissolve in the resin when heatedtiabdower
critical solution temperature, the mat cannot exert its resin retention functjon an
longer and a significant amount of the resin flows out. As a consequerasy, thin
monolayer is obtained (see Fig. 3.2b). Moreover, since the actusérdcation of

PSF in the residual resin-PSF mixture increases, phase inversion occurs.
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Figure 3.1 SEM micrographs of fracture surfaces of the monolayers produced witkahtPE
various mats, at two different magnifications, and the corresponding dry mats: (a, a’, a’’)
Nylon 6,6; (b, b’, b>”) PAN.
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Figure 3.2 SEM microraphs of fracture surfacs of the monolayers prouced Witra kP
various mats, at two different magnifications, and the corresponding dry mats: (a, a’, a”)
rubber/thermoplastic; (b, b’, b”) PSF.

We wanted to ascertain if sandwiching a mat between two carbon fibver fab
layers would actually mitigate the observed loss of resin, leading tatexiah that
better mimics the resin/mat interphase in a multilayered laminate. For thigs,reaso
three-layers systems (tls) formed by two CF fabrics and a PSF matreyzarqul
(PSF _tls)An analogous system with Nylon 6,6 was also made to check if fagt ef

could be appreciated also on mats that retain their morphological features tgon cu
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(Nylon 6,6_tls). In Fig. 3.3 SEM images of the cross-sect@m3S tls and Nylon
6,6_tls systems are reported. In particular, for Nylon 6,6_tls a SEMbgnaph of
the polished and etched transversal surface is reported (Fig 3.3a), whilee fo
PSF _tls system images of fracture surfaces (Fig. 3.3b-d) are preséhied.
micrograph shown in panel (b) of Fig. 3.3 was taken in the centtabfodlne sample
cross-section, while the image in the panel (c) was taken close to tme axdges.
When the Nylon mat was used as interlayer between two CF fabrics (Fiy.a3.3
well-defined and confined mat/resin region is observable. ContrariimiseSF_tls
system no fibrous morphology is evident in any of the spewmearticles of about
1 um or voids of similar dimensions are present in both micrbgrégferring to
both the middle plane zone and the zone near to the edge, Fig. &8 b,
respectively). We can speculate that the polysulfone mat dissolMes ragin upon
heating and distributes in the resin that is now mostly hold in pkatckebtwo CF
mats. At this lower PSF concentration, phase inversion does not tenafore the
particles are likely attributable to the PSF-rich phase. Furthermore, some
polysulfone particles are also present in regions far out of the suppasetly

boundaries (see Fig.3Bpanel d).
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Figur3.3 SEM micrographs of: (a)lylon 6,6_t| sytem pollseand ethed rss-sectjon
(b-d) PSF_tls fracture surface: (b) center, (c) close to one eddar @)t of the supposedly
mat boundaries.

In Fig. 3.4 SEM images of fractured surfaces of LPE/Nylon 6,6 (Fig. 3.4 a, a’)
and LPE/PVDF (Fig 3.4 b, b’) are shown, while in Fig. 3.5 the micrographs of
LPE/PAN (Fig. 3.5 a, a’) and LPE/PSF (Fig. 3.5 b, b’) monolayers are reported.
Also in this case, the micrographs of the corresponding polymeric matsnutet
monolayers are shown in panels a’” and b’’ of Figure 3.4 and Figure 3.5.

It can be useful to remember that the LPE/Nylon 6,6, LPE/PVDF and IARE/P
systems have been produced by vacuum bagging technique, WPHEP S
monolayers have been produced in autoclave, applying a pressubebaf 2

For Nylon 6,6 and PVDF cured with LPE a well-defined mat/resin region is
observable in the middle plane of the monolayer and two resin layenresent
above and under the mat/resin region (Fig. 3.4 a and b); in the PANPSIRd

monolayers similar resin layers are not visible (Fig. 3.5 a anthbjab. 3.1 the
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thickness of dry mat, the cured monolayer and the mat/resin riegib@ monolayer
for LPE/Nylon 6,6, LPE/PVDF and LPE/PAN systems are compéaneld®E/Nylon

6,6 and LPE/PVDF the mat/resin region is thinner than the dry matietirease
being more substantial for PVDF (almost 50%). On the contrary, aisaivié

increase of the overall monolayer thickness with respect to the dry cirséeved:
the percentage of increase was similar for Nylon 6,6 and PVDF (4b0g6) and
higher for PAN (680%). In LPE/PAN monolayer mat/resin region coincidestiae

whole thickness of the monolayer.

Probably, a more efficient process than vacuum bagging would betable
remove the excess of resin from the surfaces of the monolaybesdases of Nylon
6,6 and PVDF. On the other hand, the LPE resin has a low viscositomt r
temperature, therefore it can easily be absorbed by mats as well aslesasilyed
when the vacuum is applied.

The observed different behavior of the various mat/resin systemsheigame
resin could be consequence of different nanofiber/matrix degreedesédtion,
higher for the LPE/PAN monolayer than for LPE/Nylon 6,6 an&/ER/DF.

In the panel a’, b’ of the figures 3.4 and 3.5 SEM images of the mat/resin region
of the four systems at higher magnification are reported. In the Nyomonolayer
the thinner nanofibers seem to be tenaciously bdrd the matrix while in the
PVDF monolayer, the thicker nanofibers are clearly observable as a sqasde
and almost completely detached from their matrix (Fid. &3, b’, respectively).
However, the fracture surfaces of both systems appeared indentedramnghted,
suggesting toughening effects of the resin in both cases. Reg&#&lx monolayer
(see Fig. 3 a’), only limited nanofiber-matrix debonding in the fracture surface is
visible, indicating a general good nanofiber/matrix adhesion. On the athdr the
surface appears fairly flat, like in typical brittle resin systems.rthmargued that
since the resin significantly swells the PAN mat, the nanofibersneaffectively
too “diluted” to exert a toughening effect.

In Fig 35 b’ high magnification SEM image of LPE/PSF is shown. The

nanofibrous morphology is observed after the curing process cawiedt room
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temperature (differently from the HPE/PSU monolayer, Fiyb3b’, that required a

T.re=180 °C) and a poor nanofiber/resin adhesion is noted.

Figure 3.4 SEM micrographs of fracture surfaces of the monolayers produced withridPE a
various mats, atvo different magnifications, and the corresponding dry mats: (a, a’, a”)
Nylon 6,6; (b b’, b”) PVDF.
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Figure 3.5 SEM micrographs of fracture surfaes f the monolayers rouced withndPE a
various mats, atvo different magnifications, and the corresponding dry mats: (a, a’, a”)
PAN; (b, b’, b”) PSF.
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Table 3.1 Mat thicknesgTm,), mat/ resin region thickness (Fesin regioh @nd monolayer
thickness (Tono) in LPE/Nylon 6,6, LPE/PVDF and LPE/PAN monolayers.

SyStem Tmat (H m) Tmat/resin regior(p- m) Tmonol (IJ- m)
LPE/Nylon 6,6 604 4315 317+41
LPE/PVDF 604 3242 330+30
LPE/PAN 6016 467+49 467+40

Finally, in Fig. 3.6 SEM images of HPE/Nylon 6 (panel a), HPE/PSF (panel b
LPE/Nylon 6,6 (panel c¢) and LPE/PSF (panel d) monolayers are repdoted,
compare systems with same nanofibrous mat but different matmufation (HPE
or LPE). Morphologies are similar for the two Nylon 6,6 monolayEiRE/Nylon
6,6 and LPE/Nylon 6,6); the nanofibres survive the curing process,appear
randomly distributed and strongly bound to the matrix. For bottessdifferent
fracture planes are noted, indication that toughening effects are occ@rintne
contrary, as already pointed out, the PSF mat shows a different behadopiéd
with the high temperature curing resin (HPE) or the room temperatuiag
formulation (LPE). In particular, for HPE/PSF (Fig. 3.6 b) micro-phet appear,
while in LPE/PSF the nanofibers keep their morphology, although Ibek

detached from the matrix, suggesting poor nanofiber/resin adhesion.

Figure 3.6 SEM micrographs of fracture surfces of different monolayers: (a) HPE/Nylon
6,6; (b) HPE/PSF; (c) LPE/Nylon 6,6 (d) LPE/PSF.
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3.3.2 Effect of nanofibrous membranes on curing and dynamic
mechanical thermal behavior of epoxy resins

The influence of the Nylon 6,6 and PSF mats on the curing behafvioe HPE
matrix was investigated by means of DSC analysis. For the purgoskiso
investigation, different weighed amounts of the uncured resin weppehiioon dry
mat samples. As a result, different polymer/resin compositions were obtained in
order to simulate different possible local concentrations.

In Fig. 3.7 the thermograms of Nylon 6,6 mat and uncured aesireported, as
well as those of uncured resin/Nylon mat samples at different resin taticatn
particular, three different weight percentages of mat in the resin arel@ats 5%,

10% and 20%. The curve of Nylon 6,6 mat shows a broad endotherrkiafeay
temperature (the peak temperature was about 65 °C), probably due ttestecp of
moisture absorbed by the polymer. At higher temperature (T=2§5% °&cond
narrow endothermic peak is present, attributable to the melting of the crystalline
domains of the polymer. In both the thermograms of theunen resin and the
uncured resin/mat samples (see Fig. 3.7), a large exothermic Ipaiakefers to the
curing reactions of the resin, is evident

In Fig. 3.8 DSC curves of the uncured resin/PSF mat samples areetepnd
compared with those of the two individual components, i.e. PSF rdatirsgured
resin. In the thermogram of PSF mat the flex point at about 165et@y lisible in
the inset, can be attributable to the glass transition temperature of the polymer.
Regarding the uncured resin/PSF mat samples, also for these systemairthe

feature in the thermogram is the exothermic peak of the resin.
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Figure 3.7 Calorimetric analysis of Nylon 6,6 mat, uncured resin and uncesd with
different amounts of Nylon 6,6 mat.
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Figure 3.8 Calorimetric analysis of PSF mat, uncured resin and uncured rekidiférent

amounts of PSF mat.

From the curves of Figs. 3.7 and 3.8, tm=seb and peak temperatures, and the

curing reaction heatAH) for the neat resin and the resin in the presence of Nylon

mat or PSF mat are reported in Tab. 3.2. For all systems that contain adsohmat

curing reaction heat has been calculated taking into account the weight frdction o

resin in the specimen. In addition, for samples with Nylon matmibléing heat of

Nylon has been considered, because this phenomenon occurssantbaange of

temperatures as

curing (see Fig. 3.7).
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The nanofibrous mats, both Nylon 6,6 and PSF, seem to interiénethe
curing process of HPE resin: a significant increase of thg;Value is observed for
all systems containing the mat with respect the neat resin, while AH is lower when
the membrane is present. The shift of the peak temperature towardviwes for
the samples with Nylon 6,6 could be partially attributed to the concomitant
phenomenon of Nylon melting {&= 265 °C).

The increase of Jseifor both type of systems can be caused by a less efficient
heat transfer when the resin is cured in the presence of the mat, whiézlticed
heat of reaction can be due to a lower conversion of epoxy grauipg ¢o the
presence of the non-reactive interface with the polymer nanofibresedndhe

effect is more pronounced for Nylon than for PSF.

Table 3.2 Thermal properties of the uncured HPE resin, uncured HPE resin/Mgband
uncured HPE resin/PSF samples, as obtained from DSC analysis.

System Tonset Tpeak | AH |
(°C) (°0) (J/9)
Uncured HPE ~130 274 827.03

Uncured HPE + Nylon mat 5% ~150 273 705.13
Uncured HPE + Nylon mat_10% ~150 270 741.29
Uncured HPE + Nylon mat_20% ~150 264 632.45
Uncured HPE + PSU mat 5% ~140 274 796.23
Uncured HPE + PSU mat_10% ~150 275 760.85
Uncured HPE + PSU mat_20% ~150 277 714.97

In Fig. 3.9 DMTA results for the neat resin and for HPE/NySo® monolayer,
in terms of storage modulus, E’, loss modulus, E’, and loss factor, tand, are
reported. In general, a peak in tand curve, corresponding to a flex point in the E’
curve, is attributable to the structural relaxation of the network and the
corresponding temperature is assumed as the glass transition temperptafehé
material. In the DMTA relative to the net resin, two main relaxation pealeaapp
the tan 6 curve, at 215 °C and 260 °C. The lower peak temperature can be related to
the relaxation of the network as formed upon the curing proceskjgher one can

be due to the relaxation of the same network after the thermaty@strduced by
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the permanence at temperatures higher that the resin Tg during the DM tgelés
The increase of the storage modulus in the temperature range behegetmo
relaxation peaks confirms the proposed network densification,gowithe further
crosslinking reactions occurring during the test.

The epoxy/ Nylon mat monolayer shows a more complex dynamic meaha
behavior, with many relaxations occurring in different temperature rarges.
particular, the E’ curve presents a first inflection point at about 50 °C, due to the
glass transition temperature of the Nylon 683][A second and third relaxation
occur at higher temperatures, which are better shown by the E’’ curve peaks. They
refer to structural relaxations of portions of the network having difterigidity. In
particular, the one at lower temperature (140 °C) could be attributed to the relaxatio
of epoxy network portions closer to the interface between the epattixrand the
nanofibrous mat. The higher temperature relaxation (170 °C) is |rerthe main
relaxation peak of the neat resin (matrix) and it likely refers to the netwartion
further away from the nanofibrous mats. The effect of teemhl post-cure induced
by the DMTA is not visible in the DMTA curve of the monolayer beeathe

measurement was interrupted before reaching the melting temperatyiemf N

LE+10 1
E'[Pa], E" [Pa] tand

1.E+09 -

r 0.8

1.E+08 -

r 0.6

1.E+07 -

r 0.4
1.E+06 -

- - HPE/Nylon 6,6 mat
monolayer F 0.2

1.E+05 -

1.E+04

Temperature [°C]

Figure 3.9 DMTA of cured neat resin (Matrix) and HPE/Nylon 6,6 monolayer.
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DMTA was also performed on LPE/Nylon 6,6, LPE/PVDF, LPE/PAN and
LPE/PSF monolayers (see Figure 3.10). We observe (i) for theremata glass
transition temperature of 9C; (ii) for PSF and PAN monolaye DMTA curves
that are almost coincident with those of the neat resin (a single relaxatiorfiyr(iii)
Nylon 6,6 and PVDF monolayers two main relaxation phenomernaarticular, the
tand curve of LPE/Nylon 6,6 monolayer shows two different peaks, itisé dne at
90°C and the second one at 110 °C. The first peak can be due to tlatioelax
outer neat resin layers present in the monolayer (see Fig. 3.4agdted one is
probably attributable to the central mat/resin reglonLPE/PVDF monolayer, the
main peak of tand curve is also at 90 °C and a shoulder is present at higher
temperature. Also for this system an inner layer with mat asid was sandwiched
between two net resin layers (Fig. 3.4b). Being the Nylon and P\@péfibers
concentrated in a thinner region, they have an impact on the relatatiperature
of the resin fraction they have incorporated. Conversely, th&l Pdat was
significantly swollen by the resin and apparently not interacting withetefore the
resin relaxation is not affected by mat. Likewise, the poor adhesiove&etPSF
nanofibers and resin supports the absence of effects on the tgdasgtion
temperature of the resin in LPE/PSF.

1.E+10 1.4
—_— F 1.2
1.E+08 -
F1
—LPE neat resin
—~ 1.E+06 - LPE/Nylon 6,6 monolayer
= 0.8 &
E_’ ------ LPE/PVDF monolayer 2
i —LPE/PAN monolayer L 0.6 g‘
1.E+04 | — .LPE/PSF monolayer .
- 0.4
1.E+02 -
F 0.2
1.E+00 - - ' ' — 0
20 45 70 95 120 145

Temperature (°C)
Figure 3.10 DMTA results of LPE matrix, LPE/Nylon 6,6, LPE/PVDF, LPE/PAN and
LPE/PSF monolayers.
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3.4 Conclusions

In this chapter, mat/resin monolayers and three layer systems,ticmnsisa
electrospun mat sandwiched between two CF fabric layers, were prodnded
characterized by SEM microscopy to gather some indications on (i) the réske up
and retention ability of the mats; (ii) their compatibility with the resin; and (iii) the
toughening mechanism that can be activated by the nanofibers. In particular
electrospun mats made of various thermoplastic monomers (Nylon 6,6PNBF
and PAN) and a rubber/thermoplastic blend were tested with two diffepexy
formulations, characterized by different cure temperatures and medhanica
properties. For PSF mats the two different cure temperatures resulted in two
different morphologies, nanofibrous for the low cure temperature resid,
particulate for the high cure temperature/high performance resin. Calici@etr
dynamic-mechanical-thermal analyses were also performed to evaluate thefeffect o
the mats on the cure behavior and glass transition of the resin. In particylzm
6,6 and PVDF appear to be the most compatible nanofiber materials towards both
resin systems and their mats seem to be promising candidates asnitogighe
elements of epoxy-based laminates. They also show minimal effetite Tg of the
matrix. These results encourage in proceeding with testing theirriparioe in

carbon-reinforced laminates.
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4. ELECTROSPUN NYLON 6,6 MATS IN HIGH
PERFORMANCE EPOXY LAMINATES

4.1 Introduction

The purpose of this chapter is to study the interlaminar toughéeingvior of
electrospun nanofibrous mats when placed as inter-layers in carkomeibforced
epoxy laminates, and their effects on properties of the laminates, suohoagyp
mechanical and thermal resistance. The toughening mechanisms activated by th
mats are also investigated.

According to the preliminary results obtained from the analyses pexfoom
monolayers and three-layers systems, presented in the previougrChggon 6,6
membranes were selected. In particular, from the morphological analy#iie of
fracture surfaces of mat-resin monolayers, Nylon showed to exeghebing
properties towards both the two resin systems used, one with higlersore of
cure and high thermo-mechanical performance (High Performance/ BBE), the
other curing at room temperature, with higher fracture toughnedevber Tg (Low
Performance Epoxy, LPE). In this chapter the author focusedittention on the
HPE resin, and thus its composites, while the LPE laminates will be deserithed
Chapter 5.

This Chapter consistsf three partsThe first part deals with the effect of the
curing pressure on the morphological and thermal properties of hidrmance
epoxy laminates interleaved with a Nylon 6,6 mat, placed in the middle gane.
second part investigates the influence of the number of omat®th thermal and
mechanical properties of laminates comparing two arrangements, one cwnéaini
single mat placed in the middle plane of the laminate and the other contai@ng
mat at each interlayer. Finally the third part reports the results of mode |
interlaminar fracture toughness test on the laminates containing Nylon 6,6
membranes, and the toughing mechanism activated by the nansfibiaiuis also

discussed.
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4.2 Materials and methods

The epoxy resin used as matrix of the laminates on which the aatlusefl the
attention in this chapter consisted of a blend of a tetrafunctional monomer
(TGDDM), a bifunctional monomer (DGEBA) and an amine curing agemts).

The weight ratio of two epoxy monomers TGDDM: DGEBS was 84:16, the used
amount of the curing agent was 26 phr (per hundred of rgsirelght). All reagents
were provided by Sigma Aldrich (ltaly).

High modulus unidirectional carbon fiber fabric of hominal areal weB§lit
gr/n? and Young’s modulus 398 MPa, purchased by Dalla Betta Group s.r.l., was
used as reinforcement.

The laminates were manufactured by hand lay-up of 10 layezarbbn fiber
fabric, in the interleaved systems one or more electrospun mat Haoegl pn two
different arrangements: in the middle plane or at each interlayes, Ehcuring
process consisting of a heating ramp from room temperature t6CL802 °C/min
and an isothermal rest at 180 °C for 2 h was carried in autoclave, applyiegsure
of 2.5 or 3.5 bar, or in press.

More details on materials, thermal and mechanical properties of the matrix and
procedures of the preparation of the laminates are described in the sActi@msl
A.2 of appendix. In particular, in Tab. A.3 carbon fiber typejnguiprocess and
carbon fiber weight fraction of laminates characterized in this Chapténdicated.

Dynamic Mechanical Thermal Analysis (DMTA), Three Point BendinBR)
test, Mode | delamination test (on Double Cantilever beam (DCB) samples), Short
beam shear (SBS) test and morphological analysis via Scanning Electron
Microscopy (SEM) have been performed. All the details of the thermdl a
mechanical tests and the procedures of preparation of SEM samples arediovid

the paragraph A.3 of the appendix.
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4.3 Results and discussion

4.3.1 Effect of the curing pressure on morphology and visco-
elastic properties of CF-reinforced laminates with a single mat
interleaf in the mid-plane.

In this section the author presents the results of a study carreshdour
different laminates: HPECF_Al, HPECF_A2, HPECFN_A1l, HPECFN_A2 (see
Tab. A.3 of appendix). HPECF_A1 and HPECFN_A1 laminates were prddace
autoclave, with a pressure of 2.5 atm (leading to comparable carbon &gt w
fractions, Wi, of 52% and 53%, respectively); while HPECF_A2 and HPECFN_A2
were obtained applying a pressure of 3.5 atm (with a fing! 9% 62% and 64%,
respectively). In order to evaluate the quality of the laminates in termghodinca
fiber/resin interface, thickness of mat/resin interlayer and interface betieen
carbon fibers-reinforced plies and the Nylon 6,6 interlayer, morghuabanalysis
via SEM was carried out on the various laminates. In particular, Figuresidobes
the SEM micrograph for the transverse plane of the fractured surface of
HPECFN_AL laminate at relatively high magnification. Only limited carbber{
matrix debonding is visible, suggesting a general good carbon fibex/mdtresion.

As expected, similar results were observed for the HPECF_Al, HPECF_A2 and
HPECFN_A2 systems (micrographs not reported for brevity). In&igb and c,
SEM micrographs at lower magnification of polished and etched cross-seations
the HPECF_A1 and HPECFN_AL systems are reported, respectively. Analyzing
these images it seems that there no significative difference in thigy qpfatwo
laminates, in terms of porosity, that is the presence of a Nylon mandbegfect

the consolidation process. Similar results can be noted for HPECF_#A2 an
HPECFN_A2 (SEM micrographs not reported). In the presence of the mat
(HPECFN_A1) a well-defined resin-rich interlayer in the middle planet itha
located between ply"5and &', can be observed (panel c). As expected, the
thickness of this interlayer is strongly affected by the appliedsure upon cure: it

is about 210 pum for HPECFN_A1 (curing pressure of 2.5 bar)1&dpum for

HPECFN_A2 (curing pressure 3.5 bar). No evidence of discontinuitiye matrix
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across the boundary between the carbon reinforced ply and tbibnams mat can
be observed even at high magnification, both in HPECFN_A1 and HPECFN_A2
(see Fig. 4.1 d, for HPECFN_AL).

T S —

[o— Pt L R—

Figure4.1 SEM mirogaphs of: () HPECFN_AL fractured section fro flexural test; (b)
HPECF_Al and (c), (d) HPECFN_A1 laminates polished transverse sections at two
magnifications.

Figure 4.2 a shows the results of DMTA analysis performed on thngazite
laminate without Nylon mat (HPECF_A2 laminate), before and after the thermal
post curing treatment, compared to the neat resin DMTA curves, as cefeldmre
general trend observed for the neat resin was maintained for the lamiiiatenhy
aslight increase of E” and decrease of tand values in the composite samples, due to

the stiffening effect of carbon fibers in the epoxy networke Tpost-curing
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treatment at 230 °C led, as expected, to a more crosslinked netvitbrlg \Wg of
about 260 °C.

With respect HPECF_A2 system, the introduction of the Nylon matechin
HPECFN_AZ2 an increase of the damping capacity in the non pasi-composite,
as revealed by the larger area under tand curve, and a slight decrease of the glass
transition temperature (see Fig. 4.2b). After post-cure the DMTAvecwof
HPECFN_AZ2 closely resembles the one of the corresponding laminate withbut m
(HPECF_A2). Similar behavior was observed for the systems cured at lower
pressure, hence with a lower carbon fiber weight fraction (HPECF_Al1 and
HPECFN_A1) (here not reported). The presence of the embedded namofibad

had a negligible influence on the composite’s Tg.
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Figure 4.2 DMTA results of: (a) neat resin (Matrix) and HPECF_A2 laminate, before and
after post-cure; (b) HPECF_A2 and HPECFN_AZ2 laminate panels.
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This first part of the study highlights that the presence of a riN@®
nanofibrous mat did not affect the quality of the laminate while a diféerén the
thickness of the mat/resin interlayer was observed when different agpéedure
values were used during the curing process in autoclave. No de#iraffact were

observed on Jof the interleaved systems.

4.3.2 Effect of the number of mat-toughened interleaves on the
morphology, visco-elastic and mechanical properties of CF-
reinforced laminates

In this paragraph the comparison between systems having a mliffer®aber of
Nylon 6,6 electrospun mats as interlayer is presented. In order totevildeauality
of the manufactured panels, a morphological analysis via SEM has beercteand
on the samples cross-sections after an etching treatment (for the détdils
procedure see section A.3 of the Appehdiin Fig. 4.3 a-c representative
micrographs of the three systems described in this paragraph, troeitwiat, as
reference system, one with a Nylon 6,6 mat in the middle plane addtierwith a
Nylon mat for each interlayer, are shown. In HPECF_P and HPEGHEndomly
distributed voids were observable. Fewer pores were present in HBECHN
support of this qualitative analysis, the porosity degree values/ateltby image
analysis, are reported in Tab. 4.1. The porosity degree of HPECRMas halved
with respect to HPECF_P and HPEGFR The improvements in the laminate
consolidation when Nylon 6,6 mats were added at each interlayer welgedile to
the mats acting as “resin reservoirs”, that is the excess of resin present on the pre-
impregnated fabrics during hand lay-up camabeorbed by mats and then released
by them when the laminate is pressed for curing. In Fig. 4.3 bhc¢ecoing
HPECFN_P, a well-defined Nylon mat/resin region at the middle plenelearly
evident; instead in HPECRNP the mat/resin interleaves are thinner and some of
them visible only at higher magnifications. A close loolatointerleaf (Fig. 4.3 e)
reveals the fingerprints of the nanofibers left after the etcheagrtrent. The image
shows that the nanofibers were randomly and uniformly disétibinto the resin,

but confined in the interlayer region.
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Figure 4.3 SEM micrographs of cross-sections: (a) HPECF_P; (b) HPEJEKE)
HPECFN_P; (d) zoomed part from (c); (e) enlarged detail of (d). In Fig. @)anthe red
and green arrows indicate the mat/resin interlayers and the stitching thread®offitenb

fabric, respectively.

Table 4.1 Properties of the laminates, with one (HPEGHM and nine (HPECFN P) Nylon

6,6 mats as interlayers and with no mats HPECF_P) as reference.
Transverse Interlaminar

System Porosity Glass
degree, % transition flexural shear
temperature  modulus strength
) T4 (°C) E; (GPa) ILSS (MPa)
HPECF_P 9.9+0.4 265 5.82+0.39 44.67+0.96
HPECFN_P 10.810.4 263 5.39+0.19 46.05+0.62
HPECFN_P 5.2+0.2 263 5.51+0.07 59.10+4.21
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In Fig. 4.4 DMTA results, carried out on neat resin and laminates, are presented

and the relative glass transition temperatures are reported in Tab. 4.1. The tand curve
of the resin shows a relaxation peak at high temperature (Tg=268Vi@)respect
to the neat resin (Matrix in the figure), the laminates show similaardin
mechanical thermal behavior, with an increase of E’ in the whole temperature range
analyzed and in particular in the rubbery platead adecrease of tand. Comparing
to HPECF_P and HPECKNP, in HPECFN_P an enlargement of the main tand
peak and the presence of a second small peak, at about 180 °@ chsebved,
probably due to localized plasticization effects in the matrix caused bydbenge
of the mats at each interlayer. Interestingly, the comparison of the glasgiom
temperatures (see Tab. 4.1) of the laminates highlighted no detrimdetat eff

Nylon mats on thermal resistance.
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Figure 4.4 DMTA results of neat resin and the three laminate panels.

Transverse flexural modulus,,Eand interlaminar shear strength, ILSS,
evaluated for the three systems, are reported in Tab. 4.1, too. Gh®radf
nanofibrous Nylon 6,6 mats did not affect the \Ehile the ILSS increased of only
3% in the HPECFN P system but of about 30% for HPECER, comparing to
HPECF_P. The low increase of ILSS in HPEGHNis likely attributable to the
relatively high porosity degree. For HPECER the significant increase of ILSS is

referable to the toughening effect exerted by the mats.
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4.3.3 Study of the interlaminar toughening effect of the Nylon 6,6
mat inter|eaf

According to the geometry of the DCB sample [1, 2], Mode | delatiain tests
were performed on the laminates in which only a mat, placed in the middie, p
was present. Interest of the author was &dsavestigate the effect of the interlayer
thicknesses. For these reasons the laminates studied in ther@HRECFN_Al
andHPECFN_A2and, as referencelPECF_AlandHPECF_A2

In Fig. 4.5 a and c, representative Load vs Crack Opening Displaced@@b) (
curves for systems without and with Nylon are shown, resmdgtilhe discrete
dots in each curve identify the points at which visual crack length urerasnts
were acquired to evaluate the critical Strain Energy Release Rate[2G3 A
qualitative analysis of curves reveals an instable delamination groesieraily
called of the “stick-slip” type, characterized with periods of slow delamination
growth followed by a very rapid growth, yielding sharp dropstle load-
displacement curve, and a reloading phase. [4-6] This behavior wessed in all
tested samples and is probably caused by the non-homogeneoumdibirr/
distribution at the meso-scale, typical of crimped UD fabricsleed, in the
fractured surfaces of all DCB samples after complete delamination (Fig-@).6
transverse weft ties and carbon fiber yarns crimpsvels as resirrich scattered
zones are well visible, which can likely be the main cause of the observedligtic
growth behavior.

From a visual inspection of the delaminated surfaces, it is evident that
delamination in the Nylon 6,6 interleaved systems alvibegmanwithin the mat/resin
interlayer, while during propagation deviated towards either the uppee dowler
CF plies. As result, in areas far from the initial crack front, the resinegmated
Nylon mat appeared unevenly fractured. This is evident in Figb4c, where a
close-up visual inspection of the fracture surfaces revealseipropagation zones,
“mat-rich” regions on one delaminated face of the sample, which correspond to

“mat-poor” regions on the equivalent part of the opposite delaminated face.
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Figure 4.5 Representative Load versus Crack Opening Displacement (COD) (left) and
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Figure 4.6 Photos of delaminated surfaces from DCB samples. (a) Whole samples; (b) close-
up photos of HPECFN_A1 and (c) HPECFN_A2

One main difference visually observed during delamination of sysiétmsand
without Nylon mat, as shown in Fig. 4.7, was the absence of fiigitg behind
the growing crack front in the HPECFN_A systems (Fig. 4.7 hjs i probably
due to the delamination in the mat modifisgstemsmainly confined within the
Nylon mat interlayer.
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Figure 4.7 Photos of representatitPECF_AandHPECFN_Asamples during
delamination, evidencing the different fiber bridging density devedy by the two systems.

The R-Curves determined from the plot reported in Fig. 4.5 a, ¢ areydidpia
Fig 4.5 b, d, respectively. They can be considered representative of leGFHR
and HPECFN_A systems, respectively (the different carbon fiber weigttions
and the different interlayer thickness did not produce any médahidiference in
these plots). Although the “stick-slip” delamination behavior is causing some
scattering in the R-Curves, it is evident that the HPECF_A systems tygical
growing R-Curve, which was mainly related to the presence of filidgibg, while
the HPECFN_A systems showed an almost flat R-Curve.

In Fig. 4.8 the values dhe initiation and propagation fracture energy; &
and Gc pop are reported for four investigated systems. The introduction of the
electrospun Nylon nanofibrous mat in the composite always causaghificant
increase of G iy, with respect the systems without mlie Gc jnie Of Nylon mat
interleaved systems was pretty similar, irrespective of the different cditiem
weight fraction and thickness of the mat/resin region, and this wascordance
with the fact that in both systems the fracture failure started wiileitNylon/epoxy
interleaf (cohesive failure). Regardin@ic prop, this value was higher for the

HPECF_Asystems, due to the more consistent development of fiber bridging.
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Figure 4.8 Values of initial and propagation,&for the all studied systems.

The results of DCB tests were further supported by the SEM mlogibal
analysis of delaminated surfaces. In Fig. 4.9 SEM images of delamirsatitaces
of HPECF_AL are reported. Panel a refers to areas close to the iitiarlam
precrack, (indicated as “near zone”), spanning just few millimeters from the initial
delamination front, while panel b to areas at least 30 mm further bawk the
initial delamination front (indicated as “far zone”). In general, a good fiber/matrix
adhesion was observable, with a balanced presence of sites of cohesive matrix
fracture and interfacial fractur&luster of fibers were present in the “far zone”
(panel b), probably consequence of fiber bridging phenomena. Smulghologies
are noted for the delaminated surfaces of HPECF_A2 (SEM images ndeckefor
brevity).

In Fig 4.10 delaminated surfaces SEM micrographs of HPECFN_A1 (panel
and e) and HPECFN_A2 (panelccand f) are reported. Micrographs shown in Fig.
4.10 a, ¢e, fare zoomed on the “near zone”; micrographs of Fig. 4.10 b, d refers to
the “far zone”. With regards to both HPECFN_A1 and HPECFN_A2 systems,
different fracture mechanisms can be proposed from inspectide dfvo zones, as
already suggested by the visual inspection of the delaminated suiFége$.6). In
the “near zone” (Fig. 4.10 g c) the delaminated surfaces of both systems were
covered by the epoxy/mat layer, indicating that the delamination initialyvithin
this interlayer (cohesive fracture). On the contrary, in‘taezoné& (Fig. 4.10 bd)

“epoxy/mat-rich” patches partially covered the underlying carbon fibers, or shedv
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the marks left by the carbon fibers, thus suggesting that do& developed also at
the carbon fibers/matrix interface (cohesive/adhesive mixed fracture).iffdremt
thickness of the mat/resin interleaf of the two HPECFN_A systems afftioted
features of the initial crack front zone. While in HPECFN, #ylstencharacterized
by the lower W and the thicker interleaf, the fractured surface showed a compact
epoxy/mat layer (Fig. 4.10 a), in HPECFN_AZ2 this layer is so ntbginer that
reveals the impregnated carbon fibers located underneath, when obatresd
magnification (Fig. 4.10)c In the “far zones” (panel b for HPECFN_AL and d for
HPECFN_A2, Fig. 4.1pthe presence of clustered fibeis much reduced if
compared to HPECF_A1 (Fig. 4.9 b), supporting the above-formulgteothesis
of fiber bridging hindrance operated by the mat/resin interleaf

Micrographs at higher magnification of the delaminated surfaces shokig.in
4.10 a, c are reported in Fig. 4.1,(,eespectively. The nanofibrous morphology of
the interleaved mat is revealed either by the presence of the random narafibers
their fingerprint left upon delamination, especially in the sample withnén
nanofiber interleaf HPECFN_A2 (Fig. 4.10 f

Figure 4.9 SEM micrographs of HPECF_A1 delaminated surfaces after DCB test: (a) area
close to the interlaminar precrack; (b) area far from the interlaminar precrack
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Figure 4.10 SEM micrographs of delaminated surfaces after DCB testiR&CFN_A] area
close to the interlaminar precradk) HPECFN_A1 area far from the interlaminar precrack;
(c) HPECFN_AZ area close to the interlaminar precra@);HPECFN_AZ2 area far fromhe
interlaminar precracke) HPECFN_A1 high magnification o&rea close to the interlaminar
precrack;(f) HPECF2_Az2 high magnification ofrea close to the interlaminar precrack.
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4.4 Conclusions

The effect of electrospun Nylon 6,6 nanofibrous membranes, intedegtvthe
mid-section or at each interlayef unidirectional carbon fiber reinforced epoxy
composite, has been assessed towards morphological, thermo-mechanical and the
mechanical analysis of the laminate. A highly cross-linked, lgigiss transition
temperature but low fracture toughness epoxy resin wass consider as matrix.

The applied pressure during the curing stage significantly atféoe thickness
of the nanofibers containing resin-rich interlayer and a significadtiation in
laminate porosity was obtained when mats were placed at each inteplajebly
acting as resin reservoirs and thus collaborating to a more uniformwistnilof the
resin across the laminate upon curing. No detrimental effects on Tgaasnergal
flexural modulus were observed.

Mode | delamination test on DCB samples showed an increase of the initial
fracture toughness up to 50% between the interleaved and not intertgatechs,

benefiting of toughening properties of Nylon 6,6 nanofibrous mats.
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5. COMPARATIVE ANALYSIS OF NYLON 6.6 AND
PVDF ELECTROSPUN MATS IN LOW
PERFORMANCE EPOXY- CARBON FIBRE
LAMINATES

5.1 Introduction

In this chapter the author focused the attention on the interlamirgineioing
properties of electrospun polymer membranes in carbon fiber reinftangdates,
in which the matrix is an epoxy formulation characterized by high fmctu
toughness but low Tg. It is called low performance epoxy (LPE).

Preliminary analysis performed on LPE resin/mat monolayers (see Clapter
showed that Nylon 6,6 and Polyvinylidene fluoride (PVDF) can act as ¢oimgn
agents, when added to the resin. In addition difference in the sweltipgrties of
these two polymer mats by the LPE resin were observed. For thesesrébson
6,6 and PVDF were the selected polymer to use as nanofibrous interlayers
laminates.

The effect of the mats on thermal, mode | and mode |l delaminatique bies
of the laminates were investigated, making some assumptions aerediff

toughening mechanisms exerted by the mat in the laminate.

5.2 Materials and methods

The selected matrix for the laminates studied in this chapter consisead of
epoxy monomer and an amine hardener, while a non- crimp unidirectiamedn
fiber fabric (nominal areal weight 300 gfnwas used as reinforcement.

The studied laminated in this chaptere dtPECF_V, LPECFN_V and
LPECFP_V (see Tab. A.3 of the appendix). They were assembledriulylay-up.
Electrospun Nylon 6,6 or Polyvinylidene fluoride (PVDF) interleaved latei

were prepared by laying the nanofibrous mat between the 6thandht layer of 12
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carbon fiber fabric layers. The curing process was carried out biysniiea vacuum
bagging technique, at room temperature for 8 hr. Then, a pesi-guocess was
carried out in oven, for 24 h at 60 °C. Denomination, carbon filgght fraction
and other information of the laminates are described in Tab. A.3 of teaedigp
Dynamic Mechanical Thermal Analysis (DMTA), Mode | delamination test (on
Double Cantilever beam (DCB) samples), Mode Il End Notched Flexure (tesiF)
and morphological analysis via SEM have been performed on samples fro
laminates.
More details of materials, preparation procedures and characterization

techniques are reported in the sections A.1, A.2 and A.3 of appesasidectively.

5.3 Results and discussion

DMTA, mode | and mode |l delamination tests have been carried onotabn
interleaved laminates, as well as on the laminate that does not contain thermat, f
comparative purposes.

In Fig. 5.1 storage modulus E’ and loss factor tand of all systems, as obtained
from DMTA, are reported. In regards to laminate without mat (LPECEy3stem),
an inflection point in E’ curve, corresponding a peak in tand, can be noted. The glass
transition temperature value (measured as tand peak temperature) was about 93 °C.

Focusing the attention on the interleaved systems, for both laminates
(LPECFN_V and LPECFPV systems), E’ curves show two inflection points,
probably consequence of the overlap of two different relaxationgshena. The
corresponding tand curves show each one only a peak, the temperature value at
which the peak occurs being higher than LPECF_V system, anewswah higher
for LPECFP V than for LPECFNV. As already discussed for the monolayers (see
paragraph 3.4, Chapter 3), these phenomena can be explained as cons&dghence

presence in the laminates of a layer made of mat and resin.
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Figure 5.1 DMTA results of the Nylon 6,6 mat interleaved laminate (LPECFN_V), PVDF
mat interleaved laminate (LPECFP_V) and laminate without mat, as refereri6€KLR).

Representative load/displacement curves (panels a-c) and the corresponding R-
curves (panela’-c’) from Mode I delamination tests for LPECF_V, LPECFN_V
and LPECFP_V systems are reported in Fig. 5.2. The trend ofv@scwas similar
for all systems, with a general increase of fracture energy duramagation. This
effect is generally attributed to fiber bridging, observed in the delamin&toh
during the test for all three systems (see Fig. 5.3). It is well kRnthat fiber
bridging is observed mainly for the unidirectional DCB specimens tbarihe
multidirectional ones. Acting as a toughening mechanism in UD laminates by
hampering crack growth, fiber bridging is of little or no practicvance for most
of the multiply laminated composite structures. In fact, it can be considered
artifact of the DCB test on unidirectional materials which makes the,£3 values

much less meaningful than the-Gii.. [1-4]
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Figure 5.2 Representative (a) (b) (c) Load versus Displacement candga’) (b”) (¢’)
corresponding R-curves for Nylon 6,6 mat interleaved laminate (LPECFN_\D)-Phat
interleaved laminate (LPECFP_V) and laminate without ifl@ECF_V).

Figure 5.3 Photos of representative (a) LPECF_V, (b) LPECFN_V and (c) LPECFN_V

laminates samples during DCB test.

Both Gc _init and Gc_prop Values for the three systems are reported in Fig. 5.4 but

in view of the above considerations only: G will be discussed. fg it was higher

for the mat interleaved systems, compared to LPECFwhkich was a clear

indication that the mats play a role as toughening materials. In particular, the
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increase of G i,y was significant for LPECFPV, being twice the value measured
for LPECF_V\.

25
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E B GIC_propag.
2 24 Balc
1.5 -
1
0.5
0 0.243 1.479 0.311 2119 0.475 2.051
LPECF_V LPECFN_V LPECFP_V
Figure 5.4 Values of Gc_init, Gic_prop@nd G for LPECF_V, LPECFN_V and LPECFP_V

laminates.

In order to study the toughening mechanism exerted by nanofibras
obtained from the two polymers, thdelaminated surfaces of LPECFW and
LPECFP.V after DCB tests have been observed by SEM. In Fig. 5.5 a, ¢ and e and
Fig. 5.5 b, d and f SEM micrographs of LPECRNand LPECFPV laminates are
reported, respectively. Panels a, b, ¢ and dzaoened on an area close to the initial
delamination front, while panels e and f are taken from an area thatfierfathe
delamination front. The images at lower magnification of the zone adjacdin
initial crack (Fig. 5.5 a, b) shad for both systems the presence of large zones
covered with resin/mat, indicating a prevalent cohesive fracture. This was in
agreement with the increase ok G; in the LPECFNV and LPECFPV systems
with respect to LPECF_\ue to the presence of the mat. The higher magnification
micrographs of the same area reedal different behavior for Nylon and PVDF. In
LPECFN V surfaces (Fig. 5.5 c) the fracture propagated through mat/rggn la
Nanofibres that were oriented perpendicularly to the delamination surface egppear
to be fractured, thus supporting the already proposed idea of stemofiber/resin

interactions. In LPECFPV the nanofibers have been pulled out and deformed (Fig.
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5.5 d). Similar behavior has been observed in the fracture surfdcéke o
corresponding monolayers (see Paragraph 3.3 of Chapter 3). Tildsesplain two
different toughening mechanisms activated by the two mats. It canueratat the
increase of toughness in LPECPN (higher Gc i) with respect to LPECF_V was
prevalently due to the increase of the toughness of the unifsim'mat interlayer.
While for LPECFPV, where the PVDF mat did not show significant interaction
with the resin, the mechanically interlocked nanofibers were acting dimitaa
Velcro undergoing shearing and plastic deformation.

Finally, panels e and f of Fig. 5.5, zooming the zone of craoWtdr far from
the crack initiation, indicated a mixed adhesive/cohesive fracture, with extensive
cabon fiber bridging for both systems. For LPECRN system, higher
magnification images highlighted the occurring of nanofiber-bridgihgnomena

during the crack growth (insert in panel (d)).
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Figure 5.5 SEM micrographs of delaminated surfaces after Mode | delamination test: (a) and
(c) LPECFN_V,area close to the interlaminar precrack different magnificati@snd (d)
LPECFP_V, area close from the interlaminar precrack, different magrofic#é)
LPECFN_V, area far frorthe interlaminar precrackf) LPECFP_V, area far froitine
interlaminar precrack.

Also Mode Il delamination test (ENF test) has been carried out on EPEC
LPECFN_V and LPECFP_V laminates. The force/displacement curves obtained
from this test and presented in Fig. 5.6 reported an increase of theunajoad for
LPECFN_V and LPECFP/ laminates with respect LPECF_V, with a slightly

smoother collapse of the load. The values gf,&s derived from the analysis of

load/displacement curves, are also reported in Fig. 5.4. A marked incfe@gse o
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was observed for both the interleaved laminates (about 40%), with rificsitiye
difference between LPECFN and LPECFPV.

—LPECF_V
--LPECFN_V
........ LPECFP_V

0 0.5 1 1.5 2 2.5 3 3.5 4
Displacement (mm)

Figure 5.6 Load versus displacement curves from Mode Il delamination test (ENF) for all
studied systems.

5.4 Conclusions

Carbon fiber reinforced epoxy laminates, being the matrix a low Tdnibh
toughness epoxy resin and with Nylon 6,6 and Polyvinylidene flugifdéDF)
electrospun mats as interlayer have been prepared and characterized.

No significant effects were observed dynamic mechanical thermal behavior
of the laminates, as consequence of the presence of mats. Mode | andl Mode
delamination tests highlighted the toughening properties of both nengfib
selected mats, although according to different mechanisms. For the N§lomaé
interleaved system the increase of the toughness was probably due ridoam u
resin/mat interlayer, while for the PVDF membrane the toughening mechanism
seemed to consist in a mechanically interlock of nanofibers acting simitad

“Velcro” adhesive.
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6. HYDROTHERMAL AGING OF EPOXY RESINS

6.1 Introduction

This chapter describes the studies carried out on the hydrothermal aging
behavior (combined effect of water and temperatofedelected epoxy resins, and
its effects on their thermal and mechanical properties.

It consists of three parts. The first part is a comparison ofeaxy resin
systems with significantly different crossilinking densities; a commerciah resi
composed of an epoxy monomer with trade name SX10Evo, and beB&pA
diglycidyl ether (DGEBA)-based resin. The aging was carried out at avedyalbw
temperature, 50 °C, for both systems to be far from their glassitioan
temperature.

The second part investigates the influence of the methyl substituentsehet
the two phenols (i.e. the segmental chain mobility) on the hydrotheagiag
behavior of epoxy resins. Bisphenol A diglycidyl ether (DGEBA) bisgphenol F
diglycidyl ether (DGEBF) monomers based epoxy resins were used as model epox
resin compounds. In this case the aging was performed at two tgorpser 50 °C
and 80 °C.

The last part deals with the water absorption and desorption behavior of an
epoxy formulation based on a blend 9f’-methylenebis(N,N-diglycidylaniline)
(TGDDM) and bisphenol A diglycidyl ether (DGEBA) monomers. This study
provides preliminary information that will be useful for the analysis @& th
hydrothermal aging behavior of composite laminates with the sanoayep

formulation as matrix of the material.

6.2 Materials and methods
Four different resin systems were used: the first two consisted dfi-an

functional epoxy monomer (DGEBA or DGEBF) and an amine (DDS) as curing
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agent, a third was a blend of a tetrafunctional monomer (TGDDM), a bifunctional
monomer (DGEBA) and an amine curing agent (DDS) while the last one was
composed of an epoxy monomer with trade name SX10Evo and dtypedium)
curing agent. All details regarding the amounts of different componeetsin the
formulations, curing conditions and main properties are reported isetiton A2
Appendix.

Water absorption processes were carried out by immersing samples ifbaths
deionized water at different temperatures. In some cases after absorptionestep
more desorption processes were performed at different conditions. Dtheng
treatments the amount of absorbed/desorbed water was monitoregdns rof
weighting of the samples.

Dynamic-mechanical-thermal analysis (DMTA) were carried out at different
stages of the aging, in order to evaluate the effect of the é&gprgsection A3 of the
appendix).

Photo-elastic tests, studying the evolution of the swelling stressewy dhe
water absorption processes, have been carried out by Photoelasticity Labofatory

the Univerista degli Studi di Palermo. Details of the test are reported in [1-4].

6.3 Results and discussion

6.3.1 Hydrothermal aging behavior of epoxy resins with different
crosslinking density

This paragraph focuses the attention on two epoxy formulations with v
different Tg values: the first one was a typical commercial epoxy resimgcat
room temperature and after thermal low temperature post-cure preaeksg a Tg
of about 90 °C (SX10Evo) while the second one was a DGEBA + DDS epoxy
system achieving after cure and post-cure a Tg of about 230 °C.

In Fig. 6.1 the water uptake curves (amount of absorbed water againgt squar
root of time of immersion), obtained by weighing the samples dutiegaging
treatment, of DGEBA and SX10Evo systems are showed. For bda#nsysging
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treatment was carried out until the DGEBA system reached a completefistgess
condition (about 1300 hours), according to photoelastic stress analyms.
materials exhibited an absorption behavior qualitatively similar: in the initial phase
the amount of absorbed water,,Nhcreased linearly with the square root of time,
then, prolonging the exposure time, the absorption rate gradually siedyéae full
saturation being not reached in the explored time window. Comparing the tw
systems, SX10 absorbed a significantly less amount of water than DAEBA.
suggested that the lower crossiling density in the SX10 determined a lmdbéef
network structure, able to reduce the amount of free volume [F+8% would
explain the lower amount of absorbed water, with respect to DGEBA.

—e— DGEBA

—o—M-SX10

time” 0.5 [hr*0.5]

Figure 6.1 Water uptake curves at 50°C of DGEBA and SX10 systems.

DMTA was performed at different stages of the aging process:
i) Start of the aging treatment (after post-cure).
i) After 1 week of immersion, that is at the reach of maximum swedlirgss,
as indicated by phoelastic stress analysis.
iii) At the reach of complete stress relaxation of the DGEBA system (i.e. after
1300 hours).
The results are reported in terms of tand versus temperature, in Fig. 6.2a for
DGEBA system and in Fig. 6.2b for SX10Evo system. Focusiagattention on
DGEBA, the not aged system (DGEBA pested) tand curve presents a narrow

peak, the temperature value corresponding to the peak being about,226il&C
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after 1 week of immersion in water at 50 °C it was observed a widenitng peak
and a small decrease of the temperature value of the peak, up to 2Bol€.2
Finally, more significative modifications were observed after 1300 h ofagin
lower temperature a marked shoulder of the main peak was observable.

The behavior of SX10 is quite different. In fadtring aging the tand peak does
not move significantly with respect the initial condition (M-SX10 Posedyr
indicating a stable Tg. In addition, after 1300 hrs of immersiorfdimation of a
small shoulder towards higher temperatures is noted. This effebt mijcate an
attempt of the material to post-cure, probably induced by the lomgapeince at 50
°C.

s, (@) . (b)

M-SX10 Post-cured
DGEBA Post- 08 1
04 cured «d 0000 R e M-SX10 I week at
! . 0.7 50 °C
------ DGEBA | i
week at 50 °C 06 1 — — = M-SX10 @ 1300 h
<03 w a
= — — -DGEBA @ =05 o
8 . 1300 h So4 {I\
)2 .
03 4 | \\\‘
E; |
0,1 02 1 i N
0.1 7 D
v’ &
0,0 0 T T T T T T T
10 60 110 160 210 260 310 10 30 50 70 90 110 130 150 170 190

Temperature [°C] Temperature [°C)

Figure 6.2 Loss factor (tand) against temperature from DMTA before and after aging of (a)
DGEBA system; (b) SX10Evo system.

Photoelastic Stress Analysis (PSA) was also implemented during the aging
treatment in order to study the evolution of stresses arisimyighout the water
uptake process.

In Fig. 6.3 a schematic representation of the rectangular sample sted
Photoelastic Stress Analysis (PSA) is reported. Figure 6.4 shows sonwmatcr
maps in white light of DGEBA system acquired during the aging, zodmélde
region of interest (see Fig. 6.3).
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R
Ly 1 .
! ™ Region of
N ,/"" I interest
y/WJ).S: :

Figure 6.3 Schematic representation of a PSA sample.

The first image “Initial” (i.e. at the begging of the hydrothermal aging,
immediately after the post-cure process) presented the sample in a congtetaly
free condition. The images taken during the permanence in the S@&tHC bath
were showing a symmetric distribution of isocromatic black fringes, due to the
internal stresses induced by the non-uniform swelling. The last inadtge, 1300
hours, highlighted an almost completely restored stress free conditiertodhe
homogenization of swelling on the whole volume of the material.

Figure 6.4 also shows that the higher stresses at the edge and in the déeter of
sample were reached at relatively early stages of absorption. In fagdaxdng the
images at 65 hr, 161 hr and 306 hr the number of fringes betiweeardge and the

black fringe is progressively reduced, indicating a relaxation of stresse

Initial 65 hours 161 hours 306 hours 473 hours 1300 hours

Black

fringe

Figure 6.4 Evolution of the isochromatic fringes of DGEBA during aging treatr\eater
absorption), obtained in a circular dark field polariscope in white light.

A quantitative analysis of the photoelastic images allowed to evaluate the
stresses along the y-axis of symmetry of the sample, from the tedipe centre
(y/W=0.5) of the sample, being W the total width of the specirsea Fig. 6.3). The

stress functionhat was obtained was the difference of principal stresses (61 — 65),

101



Hydrothermal aging of epoxy resins

along the vertical symmetry axis. Due to the beam-shape sample, andheshiggh
length to width ratio, the normal stress component along the y direction was
negligible, thus (o1 — 65) = (ox — 6y) ~ ok In particular, Figure 6.5 reports the
comparison of values of oy of the DGEBA and SX10 systems, during all water
absorption process, at the position y/W=0.5. As it is possible towahdeGEBA
always reached significantly higher stress values than SX10, mowmaofovater
being absorbed by DGEBA (see Fig. 6.1). In addition, the plot of o, at y/W = 0.5
versus time of immersion shows that when the DGEBA system exbainfully

stress free condition (6,=0), SX10 had instead a negativewsadf o,, indicating that

the swelling was still non uniform.

absorption @ 50 °C - y/W=0.5

25
2 DGEBA
7 \ M-SX10
S N
=} 0 -
0.3 ¥

1 . ; :
0 200 400 600 800 1000 1200 1400
hours [h]

Figure 6.5 Plot of 6, at the position y/W = 0.5 versus time of immersion for DGEBA system
and SX10 system, from photoelastic stress analysis.

6.3.2 Influence of methyl groups in the hydrothermal aging
behavior of epoxy resins

In this part a comparison of aging behavior of DGEBA and DGEBF based
epoxy resins is presented.

First of all, the results of the gravimetric studies carried out on DGEBA and
DGEBF, during absorption and desorption processes, are presented. Figure 6.6
reports the comparison of the water absorption curves, for agingoadifferent
temperatures, 50 °C and 80 °C. The test was performed until it was eotebs

significative mass change (i.e. saturation condition). As expected higheeregnre
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condition required less time to reach the saturation condition than the absorption
process at lower temperature.

For both aging temperatures, it was found that DGEBA absorbed mtge wa
than DGEBF, although the gap seemed to decrease at 80 °C. This was belmved to
related to the higher crossilinking density of DGEBA, consequencesgirdsence
of the —-CHs groups in the monomer. The more flexible DGEBF network causes
several Van der Waals interactions in the molecular chains, leading to a small fr
volume with respect to the more rigid network of DGBA. This caasesver water
uptake of DGEBF with respect to DGEBA and this effect is marked at lowggein
temperature. At high temperature the increased kinetics of water absapdidhe
increased molecular mobility could provide an explanation for the reductitre of
gap with DGEBA in absorbed water.

The diffusion coefficient (diffudivity) D, calculated by the Fick’s second law
for both systems and for both aging temperature conditions, ardedpn Tab. 6.1.
D value was always higher for DGEBA with respect to DGEBF.

e DGEBA 80 °(

5
2 Hy =ee DGEBA 50 °(
5
1

DGEBF 50 °(
DGEBF 80 °C

0 500 1000 1500 2000 2500
hours [h]

Figure 6.6 Water absorption curves of DGEBA and DGEBF systems, during hydrothermal
aging process at 50 °C and 80 °C.

Table 6.1 Diffusivity (D) of DGEBA and DGEBF, calculated at different conditions of
hydrothermal aging.

System D at 50°C D at 80°C
(10%cnf/s) (108 cntls)

DGEBA 0.93 2.83

DGEBF 0.58 1.71
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The samples aged at 80 °C have been also subjected to a controlled desorption

process, immediately following the end of absorption. It has beeredamt for

about 2800 h, i.e. up to the formation of a consolidated plateau inerice
desorption gravimetric curves. The results of this treatment are refofegl 6.7,

in terms of absorbed water amount normalized by absorbed water at saturatio
versus time, for both studied systems. From Fig. 6.7 it was obsttae®GEBA

had an initial faster desorption rate. In addition, both DGEBA and DGEBF reached
plateau keeping residual water. Since the desorption process was cargéedooun
temperature, activated only by an external controlled dry airborne envingnine

was assumed that the desorbed water was mainly free water.

—DGEBA

DGEBI

0 500 1000 1500 2000 2500 3000
hours [h]

Figure 6.7 Water desorption curves of DGEBA and DGEBF systems, after absorption
process at 80 °C.

DMTA has been performed at four different aging conditions, in otder
monitor the dynamic-mechanical behavior. The selected stages were:

i) Initial not aged samples (after post-cure).

i) Under maximum swelling stresses, as detected by photoelastic analysis.
The time at which the two systems reached this condition wasetitf as
well as was different for same system but different temperature of @gfing
°C or 80 °C).

iil) At saturation (last point in the water absorption curves, Fig. 6.6).

iv) At plateau of desorption (last point in the desorption curves, Fig. 6.7).

In Fig. 6.8 the DMTA results areported in terms of tand against temperature

curves, for the two studied systems and for both temperatiggting from a single
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peak in the tand curve for both systems, the value of temperature being referred to

the glass transition temperature of the material at not aged condition, with the
progress of water uptake the tand curve always shifted toward lower temperatures,

with a broadening of the curve and the formation of other peadtsonlider. For the
condition corresponding to the maximum stress, at both 50 °C arflC 80 is
observed that the Tg value was only slightly affected in DGEBA, while i
significantly decreased in DGEBF, even if tand curve showed always a broadening

of the peak. DMTA performed at the end of the absorption periodt(saturation)
presented a significant Tg reduction in both systems, with also theriagcof two
peaks. This modification suggested that the water absorption inductaitizion

of heterogeneities in the epoxy network, with the occurring of
plasticization/degradation phenomena. In particular DGEBA Tg showed a lower
decrease than DGEBF. Looking at the water uptake curves (see Fig. 6.6ady alr
highlighted DGEBA absorbed a larger amount of water than DGEBF. Thisecan b
referred to a more dense starting network, due to the presertoe-@&Hs groups,
which induced a lower sensibility to plasticization effects. DMTA perforateithe

end of desorption period showed a tendency of both materials to rebeveitial

Tg. It was though noted that the DGEBF3d@kak remained quite far away from the

initial position (Tg of 171 °C against 202 °C of the un-aged condjtiamjle
DGEBA system was able to almost fully recover the initial Tg (Tg of 21&d&inst

226 °C of the un-aged condition).
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Figure 6.8 DMTA results for DGEBA and DGEBF systems, at different stages of aging.
Temperature of absorption process is indicated.

A swelling stresses evolution study has been carried also in this cassahg m

photoelastic technique. In particular quantitative analysis of swelling es$rdss

been performed on the y-axis of the sample, in two points: onetheaedge,

y/W=0.1, and one at the center, y/W=0.5 (see these two points in Fjg.TAGe

results of thistest are showed in Fig. 6.9, in terms of o, versus time curves. The

panel (a) is for the aging condition 50 °C, the panel (b) for the agigg &t. It is

evident that the swelling stress curves have a similar trend for DGE8®GEBF

and irrespective of the temperature of absorption. The maximum stnedbestivo

observed points were reached soon compared to the total time requiregkcho

saturation. At this regard, it should be clarified that the curves gn 6B are

interrupted earlier than the whole time to saturation, to better appreciate tlegswe

stress development.
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Fig. 6.9 also shows that for both systems the center point (y/W=aays

remained in traction, oy »o, While the point near the edge (y/W= 0.1) was in traction
in a small initial phase, then passing in compression.

While the general trend and peak value of swelling stresses are similar for

DGEBA and DGEBF, the most noteworthy difference involves the kinetic, the

DGEBF having a slower swelling stresses evolution kinetic. This tendency was

reproduced at both aging temperatures. The conclusion of this comparisahthe

two materials achieved similar values of maximum swelling stress,wiitht

different kinetics. The kinetic of swelling stress development followed thatod

water diffusion, thus DGEBF was slower in diffusing water and eaching
maximum swelling stress than DGEBA.
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Absorption at 50 °C DEEBA i’T/W —05
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Figure 6.9 Stressurves near the edge (y/W= 0.1) and at the centre (y/W=oDspecimen
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6.3.3 Preliminary study of hydrothermal aging behavior of a
TGDDM/DGEBA monomers based epoxy resin

This paragraph focuses the attention on the hydrothermal agingidrebfian
epoxy resin based on a blend of TGDDM and DGEBA monomers. As alraatly s

in the paragraph 6.1 it represents a preliminary investigation of a sigasdng the

hydrothermal aging behavior of compositaswhich the matrix is the same epoxy

formulation.

In Fig. 6.10 the water absorption/desorption profile of the epoxy xnétri

reported. Regarding the absorption step, performed at 90°C, in tiak phiase the
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amount of absorbed water,Nihcreased linearly with the square root of time, then,
prolonging the exposure time, the absorption rate gradually decreaseéylith
saturation being not reached in the explored time window. The fagfe sof
desorption process, carried out at room temperature, was slowerhthamater
uptake, as showed from the thermo-gravimetric curve, and after niwaths the
materials retained almost 50% of the total amount of absorbed water. Featos

a more drastic thermal treatment was applied (T=150 °C). By means of this

treatment the matrix eliminated the residual water in about 50 hr.

Desorption

@RT

Absorption
@90 °C

Desorption
@150 °C

0 10 20 30 40 50 60

Time'2[h'2]
Figure 6.10 Water absorption/desorption profile of the resin. The solid line isaglyide for
the eye.

The effect of the water absorption/desorption processes on the dynamic-
mechanical-thermal behavior of the resin has been also investigated. GlHighe
DMTA results, conducted on resin samples after aging, are presented andecbmpar
with the non-aged system. For the ngee system, in tand curve only a peak at the
temperature of 264 °C was present. After the water absorption stage at 904°C fo
weeks (point A in Fig. 6.10) two broad peaks appeared, at ab@uCland 250 °C
These two broad relaxations suggest the co-existence of material pastions
domains with different crosslinking densities. The observed behaviaurbea
explained with an uneven distribution of the absorbed water into the epbwork,
inducing a non uniform swelling and a different extent of plasticizatiorhén t
different domains, and/or to the occurrence of some degradationméeaoThe

first effect should be reversible upon drying, while the latter is irreversible.
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A main peak with a shoulder was evident in thédteurve of the resin after the
first step of desorption (point B of the curve in FiglL@, as indication of a partial
recovery of the initial properties of the material, while after the second desorp
step a full recovery of the thermo-mechanical behavior was achieveda sitiyle
peak at 268 °C in tancurve. This last behaviour indicates that only few degradation
effects upon ageing occurred and it also evidences some post efieicty on the

lower cross-linked parts.

1.E+10 *2
1.E+08 o4
—Non aged
?1.E+06 1 --- Absorp. 4weeks@90 °C 03 1
< Desorp. 4weeks@RT g
- — ° a
TR Desorp. 2days@150 °C r 0.2
1.E+02 - [ 1
1.E+00 T °

0 50 100 150 200 250 300 350
Temperature [°C]

Figure 6.11 DMTA results of the epoxy resin, before and after aging.

6.4 Conclusions

In this chapter the hydrothermal aging behavior of epoxy resinsdiffdrent
features is studied by means of gravimetric measurements, iymaohanical-
thermal analysis (DMTA) and Photoelastic Stress Analysis (PSA). It isyalwa
observed that systems with higher crossilinking density (higher Tgprathigher
amounts of water. Higher network density determines lower segmerdéd ch
mobility, hence higher free volume and higher water uptake.

For the first time, the photoelastic techniqgue has been used to evaluate the

transient swelling stresses induced by water absorption. The arfsgsidlowed to
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establish that in hydrothermally aged epoxy resins the stress fileduised by the
non-uniform swelling between the inner and the outer parts ofahwls. The
kinetics of the swelling stresses evolution have been correlated with leotiatar
diffusion kinetics and the network structure.
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/.HYDROTHERMAL AGING OF LAMINATES
WITH NANOFIBROUSMATSASINTERLAYERS

7.1 Introduction

In the design of fiber reinforced polymer composite materials the aging
behavior study is of primary importance. In particular, waterosue and
temperature cycles are the most common environmental conditions which the
material, used in structural components, experiences during its service tithid-o
reason, hydrothermal aging behavior of epoxy matrix and cdiben reinforced
epoxy laminates has been investigated to a great extent. [1-8] Conversbg/best
of the Author knowledge, no work has been found regardingottyeimal aging of
carbon reinforced epoxy composites modified with nanofibrous asaisterlayers.
It is interesting to evaluate if the nanofiber membranes act as barrigrefovater
transport across the material or they favor the water absorption, creating
“secondary” interfaces and hence increasing the susceptibility of the material to
hydrothermal aging.

This chapter presents the results of a study carried out on laminagéeed
with electrospun Nylon 6,6 nanofibrous mats, evaluating the accelerated
hydrothermal aging behavior of these materials. The same aging treatsémena
carried out specimens from a laminate without mats, in order toarentipe results.
The visco-elastic and mechanical properties of these laminates have already
discussed in the paragraph 4.3.2 of Chapter 4 while the hydrotherimgbatavior
of the neat resin (used as matrix) has been described in the parag@&pbf the
Chapter 6. In this chapter, thermal and mechanical properties of theositenp
laminates, with and without mats, are investigated at various stage of conditioning

process, i.e. after water absorption and desorption.
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7.2 Materialsand methods

This chapter involves three laminates: HPECF P, HPECFN and
HPECFN_P (see Tab. A.3 of appendix), the matrix formulation being a blend of
TGDDM and DGEBA as epoxy monomers and DDS as curing agent.

Hydrothermal aging has been performed on specimens of DMT&-{ip.
sample of nominal dimensions 30 mm x 8 mm x thickness) ars-t§gi (i.e.
sample of nominal dimensions 20 mm x 6 mm X thickness), ée thtages:

- Water absorption, conducted by immersing the samples in deionized water

at 90 °C, for 4 weeks.

- Room temperature desorption, carried out keeping the samples in a box

with calcium chloride, at room temperature.

- Accelerated desorption, during the which the coupons were placed in oven

at 150 °C, until to remove all absorbed water.

The amount of absorbed water,, Mas calculated according to the following
equation:

Mt,%:Wt_VVi

«100 (7.1)

i
where W is the weight at time t and W the initial weight.
A two-stage diffusion model was used to fit the water uptake data (see

paragraph 1.6, chapter 1). The model is described by the followirdi@uu

0.75
M, = Moo(1 + k\/ﬁ{l —exp [—7.3 (%) ]} (7.2)

where M is the amount of absorbed water time t.,,Ms the quasi-equilibrium
uptake of the first stage, k a constant related to the rate of relaxatithe of
polymeric structure in the second stage, D the apparent diffusion coefficiert
the thickness of the sample.
Dynamic-mechanical-thermal analysis (DMTA), Three Point Bending (TPB)
tests and Short Beam Shear (SBS) tests were performed before and adter agin
More information regarding the characterization methods are provided in the

appendix.
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7.3 Results and discussion

Figure 7.1 shows the water absorption and desorption curves of Bidhfles
with transverse reinforcement for all composite laminates, with and withats,
and for the resin, as reference. In panel (a) the absorption curves ated-€jpothis
case the absorption data for the laminates were normalized with respect to the
weight fraction of the matrix, so that they could be directly compuaittdthose of
the neat resin, and the lines were the fitting curves obtained usingdhgtage
diffusion model (Eq. 7.2). In absorption, resin and all the laminsbhesved a
qualitatively similar behavior: initially Mincreased linearly with the square root of
time, then it continued to increase with a lower slope, the full saturagiog mot
reached in the explored time window.

In Tab. 7.1 the fitting parameters, i.e. the apparent diffusion coefficierd, D,
constant related to the rate of relaxation of polymeric chains in the seegmed ls,
and the quasi-equilibrium uptake, M and the coefficient of determinatiorf,Rre
reported. Rwas close to 1 for all systems, indicating a satisfactory qualitytioifit
for matrix and all laminates. D of the resin was similar to theesmkeported in
literature for comparable systems [1] and significantly lower than thepasite
systems. This last result could be explained considering the capillarydran$p
water into pores and microcracks, mechanism involving only laminatésiot neat
resin. [9, 10] No substantial differences were observed in the D Valudge mat-
modified systems (HPECRNP and HPECFN P) and the not mat-modified one
(HPECF_P). Comparing the k values calculated for the all systemasipossible
to conclude that the presence of the carbon fibers and Nylon matstdidlnence
significantly this parameter, related to matrix plasticization effects.

As already described in the paragraph 4.3.2 of Chapter 4, the three systems
characterized by a different porosity degree, ¢ (9.9% HPECF_P, 10.8% for
HPECFN_P and 5.2% for HPECFNP) (see Tab. 4.1, Chapter.4s expected,
M..o was lower for the system with the lowest porosity degree (HPEGHN

The fitting parameters determined for water absorption curves of the $BS-ty

samples confirmed the same trends.
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Desorption curves (see panel (b) of the Figure 7.1) showed a fasterelease
for the systems with higher porosity. For all systems a plateau welsetkafter
about 200 h, with residual water detained by the laminates. Thus, a thermal
treatment at high temperature was required to eliminate the total amabsosbed

water.
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Figure 7.1 Water (a) absorption and (b) desorption profiles of the neat resin (Matdx)
composite laminates. In (a), the lines are the fitting curves obtained WgiT@E
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Table 7.1 Coefficient of determination, Rapparent diffusion coefficient, D, polymer
relaxation k and quasi-equilibrium uptake valug, Mleterminate according Eq. 7.2 for neat
resin and composite laminates. The two different geometries are denotedAsdD¥ISBS.

System R® D (mn/s) k(s M., %

Resin DMTA 0.99788 4.17x10° 1.06x10° 4.58
HPECF_P-DMTA 0.99002 1.49x10" 5.78x10° 5.45
HPECFN_P-DMTA 0.98284 9.95x10° 3.57x10° 6.32
HPECFN_P-DMTA 0.98874 3.85x10° 2.48x 10" 5.04
HPECF_P-SBS 0.98714 1.43x10" 6.55x 10' 4.55
HPECFN_P-SBS 0.99361 1.08x10' 4.09x10" 5.26
HPECFN_P-SBS 0.99562 3.78 x10° 3.39x 10" 4.51

The effect on the hydrothermal aging on the thermal resistancen@ans
DMTA) and on the mechanical properties (by means transverse flexsirane
short beam shear test) of all laminates has been investigated.

Figure 7.2 shows the results of DMTA, performed on the HPECF_P and
HPECFN_P laminates, before and after aging. The values of temperature
corresponding to peaks in tand curves, at the different tested aging conditions are
reported in Tab 7.2. For the HPEQFsystem (Fig. 7.2 a), after post-cure (Non
aged) only peak at about 265 °C was natetind curve, while after the absorption
step a shift of the main peak in tand curve to lower temperature (260 °C) and the
appearance of a secondary peak at about €78ofresponding to a flex point in E’
curve, were shown. These were the effects of plasticization operated by water o
epoxy network. A fully recovery of the thermal properties waseoled once the
water desorption process was completed, with a small increase in Tgegptct to
the non aged system, probably due to a slow post-cure procesging on the
plasticized system during the prolonged immersion in water at 90 °C.

DMTA results on the HPECRNP system (see panel (b) of Fig. 7.2) after water
alsorption showed a single tand peak with a broad shoulder. The temperature at the
peak shifted toward higher values (266 °C). The shoulder was gerlgmesent
after partial or complete water desorption and the main peak was maintained at the

high temperature.
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Figure 7.2 Storage modulus, E’, and loss factor, tand, from DMTA before and after aging of
(a) HPECF_P system; (b) HPECEW system.

Table 7.2 Peak temperature in tand curve for HPECF_P and HPECRNP, before and after
aging.

T of tand curve, at peak, (°C)

System Non aged Absorp. Desorp. Desorp.
dweeks@90°C 4weeks@RT 2days@150°C
HPECF_P 265 260170 270 270
HPECFN_P 263180 266shoulder 266 270

The results of mechanical characterizations, carried out on the laminates before
and after the absorption/desorption steps are summarized in Fig. 7.3, inoferms
flexural modulus, E and interlaminar shear strength, ILSS, the first being evaluated
from three-point bending test, the second one from short beam teiséaAfter
absorption flexural modulus decreased of about 15% with respect the valtial

but it was recovered after complete water desorption (the differences exbserxe
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within the experimental error). Such a decrease in stiffness wasilikieiged by the
increased mobility of the resin due to the already discussed plasticizatias.effec
significant differences were observed by the different systemh, amtl without
mats.

A similar trend was noted for the ILSS data. The reduction in strengteda
by water uptake was almost entirely recovered upon drying. Theowement of
30% achieved by the introduction of mats at each interlayer with respect to

HPECF_P was maintained at each stage of the hydrothermal agingsproces
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Figure 7.3 (a) Transverse flexural modulus, Bnd (b) interlaminar shear strength, ILSS, of
composites for different aging conditions.
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7.4 Conclusions

In this chapter the hydrothermal aging behavior of laminates with NgJén
electrospun mats placed either at the middle plane only or at each interlayer is
investigated. The water uptake behaweas modeled by a two-stage diffusion
model and compared with the behavior of the neat resin and of thatarmwithout
mats. Interestingly, a lower water uptakes observed for the laminates with mat-
modified interfaces and this was possibly dua $ignificantly reduced porosity

All the systems aged in the conditions here investigateg plasticised by
water but they recoved their original thermal and mechanical properties after
drying. No evidence of irreversible degradation phenomena causdtydghoscopic

Nylon 6,6 nanofibersvas found.
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APPENDI X A - Experimental

A.1 Materials

Tetraglycidylether of 4,4’diaminodiphenil methane (TGDDM), bisphenol A
diglycidyl ether (DGEBA) and 4,4’ diaminodiphenyl sulfone (DDS) were supplied
by Sigma Aldrich (Italy). Araldite PY 306 CH, epoxy monomer based is(#b
glycidyloxyphenyl)methane (DGEBF) was provided by Huntsman Aded
Materials (Belgium). SX10Evo epoxy monomer and type M (medium) amine
hardener were purchased by Mates Italiana s.r.l.

UNIC CUT 300/10 HM-U659 10 HM unidirectional carbon fiber fabric
(nominal areal weight 300 grfmand Young’s modulus 398 GPa) and Sigmatex
300gsm/Unifiber C/T700SC 12K non-crimp unidirectional carbon fikedori€
(nominal areal weight 300 grfinwere provide by Dalla Betta Groups s.r.| and
Mates ltaliana s.r.l, respectively.

A thermoplastic and an acrylic rubber were used for producing electrospun
nanofibrous mats Dimethylformamide (DMF) and Acetone (Ac) were supplied by
Sigma Aldrich.

Polysulfone (PSF), Nylon 6,6, Polyacrilonitrile (PAN) and Polyvinylidene
fluoride (PVDF) electrospun mats were kindly provided by Universita &gt di
Bologna-Dipartimento di Ingegneria Industriale.

A.2 Preparation procedures

Electrospun polymeric mats

Nanofibrous hybrid rubber/thermoplastic (R/T) mats were producecsing an

electrospinning apparatus (Polymers & Composites Laboratory, Chemidal an

! Also called membranes.
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Biological Engineering Department, Drexel University, Philadelphia (USA)),
composed of an high voltage power supply (Glassman high voltager gapply) a
syringe pump (Cole Parmer 74900 series syringe pump) and d disposable
syringe. As collector aluminum foils were used.

The polymeric solution was prepared stirring at room temperature until

complete dissolution of the polymer in the solvent.

Neat resin systems

In this work four different epoxy formulations have been usdw first one
consisted of a blend of a tetrafunctional monomer (TGDDM), a bifunctional
monomer (DGEBA) and an amine curing agent (DDS). The weight rattova
monomers TGDDM:DGEBA was 84:16, while the amount of the hardener &vas 2
phr (per hundred of resin by weightThis formulation is indicated as “high
performance epoxy resin” (HPE). The resin was prepared by mechanical stirring of
the three components at 80 °C for 30 min, and at 130 °Quftrer 30 min until
complete dissolution of the curing agent. Then, the mixture was pdau@dhe
mold. The mold consists of two aluminum plates, previously cowerttdrelease
film, and a silicon frame (4 mm thick). The curing process wadechout in a
hydraulic press equipped with a temperature control system. The cycle cuen chos
on the basis of preliminary calorimetric analysis, consisted of a bestép from
room temperature to 180 °C at 2 °C/min, an isothermal rest at 180 2thr and a
cooling step to room temperature without temperature control.

Calorimetric analysis has been performed in order to evaluate the best
conditions of post-cure. Two post-cure conditions were selected:a?2 200 °C,
corresponding to a residual reaction heat of about 5%, and 2 hr at 280 Wbich
no residual heat was detected.

The second epoxy system used is a blend of the SX10Evo moromhehe
type-M curing agent, used in weight ratio monomer:hardener 108s26uggested
by the supplier. This formulation is indicated as “low performance epoxy resin

(LPE). After manual mixing of the two components, the blend watedanto the
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mold and cured at room temperature for 8 hr. Then, the resin plaqumstasured
in oven, for 24 h at 60 °C, as recommended by the supplier.

The other two formulations consisted of DEGBA and DGEBF epoxy
monomers, respectively. They were prepared by mixing a stoichioraetount of
DDS to the epoxy, fully dissolved after mechanical stirring for 30 anih30 °C.
The resin blends have then been casted into the mold. Both systna cured in
three steps: the first one consisted of a temperature gradient of 2 f@minoom
temperature to 180 °C, resting at this temperature for 2 h, alithgat the same
rate to room temperature. DGEBA based resin was post-cured at 2@0 2Chf
followed by a slow cooling to room temperature in about 24 h while DiGldsed
formulation was post-cured at 180 °C for 2 h, followed by tmmes cooling rate
applied for DGEBA.

Dynamic-mechanical-thermal analysis (DMA), three point bending (according
to EN ISO 178-2003 standard) and fracture toughness tests (acctrd®TM
D5045-96 standard) have been performed on two cured epaeyrsydn Tab. A.1
glass transition temperature,, Tlexural modulus E and fracture toughness,d<of

resins are reported.

Table A.1 Glass transition temperature, Tg, flexural modulysaid fracture toughness,dK
of the resin systems.

T Es Kic

[¢]
System °0) (GPa)  (MPa*n?9
TGDDM/DGEBA/DDS (HPE) 262 3.6+0.06 0.50+0.03
SX10Evo/type-M hardener (LPE) 90 2.9+0.12 0.68+0.04
DGEBA/DDS 230 3.310.07  0.55+0.09
DGEBF/DDS 194 3.4+0.04  0.64+0.07

Epoxy resin/electrospun nanofiber mat monolayer

Monolayer systems were produced by impregnation of the mathvéttelected
epoxy resin. Nanofibrous mat was impregnated by soaking it iet@ploxy resin
blend, at 130 °C for the TGDDM/DGEBA/DDS system, or at room temperature for
the SX10Evo/Type-M hardener formulation. These temperatures were chosen in

order to keep resin viscosity sufficiently low. The excess of nesm removed by
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rolling the monolayer between two release films. Thus, the themmiggcprocess
was applied. The curing process was performed in autoclave, at a prefgub
atm, for the TGDDM/DGEBA/DDS formulation and for LPE/PSF system, and b
vacuum bagging technique for the other SX10Evo/Type-M hardener/mat
monolayers. The used cure cycles were the same as for the correspepuligg
resin neat systems.

Table A.2 summarizes nomenclature and characteristics of the manufactured
monolayers. Mat weight fractions were calculated as mat weight to finallayeno

weight ratio.

Table A.2 Denomination, components, production process and mat weigibfia/\,,; of
all the produced monolayers.

System Resin Electrospun mat  Production Wz,
formulation* process** %
HPE/Nylon TDD Nylon 6,6 Autoclave 9.0
HPE/PAN TDD PAN Autoclave 8.5
HPE/RIT TDD Rubber/thermoplastic Autoclave 8.0
HPE/PSF TDD PSF Autoclave 19.4
LPE/Nylon SX Nylon 6,6 Vac. bagg 2.3
LPE/PVDF SX PVDF Vac.Bagg 4.9
LPE/PAN SX PAN Vac.bagg 1.8
LPE/PSF SX PSF Autoclave 5.9

*TDD and SX are the abbreviations for TGDDM/DGEBA/DRB8d SX10Evo/typeM hardener resin
systems, respectively.
*** For autoclave curing, the applied pressure wasa2nb.

Three-layers systems

Laminates composed of 2 layers of carbon fiber fabric, resin aasafibrous
mat, placed between the two layers, (labeled three-layers systemswgis)
produced in order to have preliminary information on the behavidheo mat in
composite laminates. Systems consisting of 2 layers of carborfdiirér and resin,
without electrospun mat interleaving, were prepared as reference.

Hand layup process was used to assemble these systems. UNIC CUT 300/10
HM-U659 10 HM and TGDDM/DGEBA/DDS epoxy formulation were fabric and

resin used to produce them. The mat modified systems were prepdesdnly the
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membrane between the two carbon fiber layers. The curing praessgerformed
in autoclave, at pressure of 2.5 atm, following the cycle cure alresstyiled for

the preparation of other systems with the same matrix formulation.

Carbon fiber reinforced epoxy laminates

Carbon fiber/epoxy [@](where n is the number of layers of carbon fiber fabric

used) laminates were produced by hand lay-up. In the mat interlegstedhs, one

or more membranes was added placing them in the middle plane or at each
interlayers during the lay-up process. A stripe of 15 um thick [EleRse film was

laid at mid-thickness, along one edge of the panel and perpendiculanky fiber
direction, in order to obtain DCB and ENF specimens, for the modd imaxle Il
interlaminar fracture toughness characterization, respectively.

The curing process were carried out in autoclave, at pressure ah?#nd 3.5
atm, or by means the vacuum bagging technique, according theathemofiles
already described in the previous paragraphs, for the other systems.

In Tab A.3 all the panels produced are presented. In it nomenclature, resin
formulation, carbon fiber and type of mat used, production proaedsweigh
fraction of carbon fiber for each system are summarized. The céidesrweight
fractions were calculated from known weight of carbon fibers irptreel and the

measured weight of the panel after cure.
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Table A.3 Denomination, components, production process and carbon filightfieaction,
W, of all the produced laminates.

System Resin* Carbon fiber Electrospun mat Production Wc,
fabric** (number of mats) process** %"

HPECF_A1 TDD UNIC CUT no Autocl. 2.5 52
HPECF_A2 TDD UNIC CUT no Autocl. 3.5 62

HPECFN_A1 TDD  UNIC CUT yes, Nylon (1)  Autocl. 2.5 53
HPECFN_A2 TDD  UNIC CUT yes, Nylon (1) Autocl. 3.5 64

LPECF_V SX Sigmatex no Vac. bag. 66
LPECFN_V SX Sigmatex yes, Nylon (1) Vac. bag. 63
LPECFP_V SX Sigmatex yes, PVDF (1) Vac.bag. 62

HPECF_P TDD  UNIC CUT no Press 69
HPECFN_P TDD  UNIC CUT yes, Nylon (1) Press 70
HPECFN_P TDD  UNIC CUT yes, Nylon (9) Press 65

*TDD and SX are the abbreviations for TGDDM/DGEBA/DRBd SX10Evo/typeM hardener resin
systems, respectively.

**UNIC CUT and Sigmatex are abbreviation for UNIC C800/10 HM-U659 10 HM and Sigmatex
300gsm/Unifiber C/T700SC 12K carbon fiber fabric rereEments, respectively.

*** For autoclave curing, the number indicates theleguppressure in atmosphere.

# The carbon weight fraction has been determinedyasagbon fiber fabric weight to final laminate

weight (after cure) ratio.

Hydrother mal aging tr eatment

Hydrothermal aging was carried out both on neat resin samples dachioate
specimens, by immersing dry samples in deionized water at differenérztomes
and for different times. In some cases, after absorption, desorption stp
carried out

The weight of the specimens was measured at increasingly longer tim
intervals, by a balance with 10 pg resolution. Excess of water wavednfimm
surfaces by blotting paper.

The amount of absorbed water, Mias calculated according to the following
equation:

Mt’%=Wt_VVi

«100 (A1)

i
where W is the weight at time t and Mg the initial weight. Mvalues reported
are the average of at least 5 specimens for each system.
A two-stage diffusion model has been used to fit the data. The mait@mat

form of this model is given by the following equation:
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0.75
M, = Moo(1 + k\/t_){l —exp [—7.3 <%> ]} (A.2)

where, M is the water uptake at the generic time t,oNhe quasi-equilibrium
uptake of the diffusion-dominated first stage, k a constant relatecht¢o of
relaxation of the polymeric structure in the second stage, D the appéfesiod

coefficient and h the specimen thicknessoMD and k have been determined.

A.3 Characterizations

Surface tension measur ement

Surface tension measurements were carried out on polymer solutions at
different concentrations, by a KSV Instruments CAM 200 Contact Angle and
Surface Tension Meter, equipped with a disposable syringe and a 2. t¥amater
needle (see Fig. A.1).

The reported surface tension values were average of 25 measuremeishfo
polymeric solution.

Figure A.1 Surface tension measurements instrument.
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Differential scanning calorimetry (DSC)

DSC analysis was performed on uncured resin, electrospun mats amédunc
resin/mat samples, by a Perkin Elmer Precisely Jade calorimeter. Theveests
carried out at a heating ramp of 10 °C/min from room temperatuabdot 350 °C,
under nitrogen flow. Heat flow, normalized to sample weight, against tatoper
were recorded. For uncured resin/mat samples, the curing reaction ladated

taking into account the weight fraction of resin in the specimen.

Dynamic mechanical thermal analysis(DMTA)

A Rheometrics DMTA V instrument was used to evaluate the dynamic
mechanical thermal behavior of neat cured epoxy resins, epoxy resin/mat
monolayers and composite laminates. For laminate systems, the test foamquer
on transversal samples, i.e. cut to their length to be perpendiculaetdaliiibction.
Tension setup was used for monolayers whereas for neat resiangindtes single
cantilever bending setup was employed. Tests were carried out in teumpenaift
mode at heating ramp of 2 °C/min or 5 °C/min, under nitrdtmm. For samples
with TGDDM/DGEBA/DDS, DGEBA/DDS and DGEBF/DDS formulations the
range of temperature was 30 °C+300 °C while for the specimens with
SX10Evo/Type M hardener resin 30 °C+150 °C. For all tests, the frequamnty
strain values were set at 1 Hz and 0.02%.

Storage and loss moduli (E’ and E’’) and loss factor (tand) versus temperature
were recorded. Glass transition temperature Tg was evaluated as temperature

corresponding to peak in tand curve.

Threepoint bending (TPB) test
TPB test was performed on composite laminates, according with the gaglelin
of the UNI EN ISO 1425 standard [1]. In particular transverse rei@foent

samples were tested, in order to evaluate the effect of the mats on the properties

the resin. The specimens were 60 mm long and 15 mm wide. The tests wer
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conducted by an Instron 3367 electro-mechanical machine, equippea Witk
load cell.

Six samples for each systems were tested. The flexural modulus wastedalu

Mode | interlaminar fractur e toughness test

The study of the interlaminar fracture toughness in Mode | craeking of
laminates was performed on double cantilever beam (DCB) samples,oout fr
manufactured panels, according with the guidelines of ASTM D5528 stafilard.

In Fig. A.1 an image of used set-up is shown.

L1+t
Figure A.2 Set-up for double cantilever beam test.

The test was carried out on an electromechanical machine, under displacement
control, whereas crack extension was monitored by means of a camgépgpeeq
with appropriate zoom lenses. The image sampling was opportsyretyrronized
with the load and crosshead displacement values acquired by the testimgen

Metallic hinges were glued on the two surfaces of the DCB samples, in the
delaminated end, to allow gripping with the mechanical jaws of thendymeter.
The thickness side of the samples was painted with white paint to improve the
contrast of marks drawn every 1 mm.

The Modified Beam Theory (MBT) method [2] was implemented in order to
calculate the Critical Strain Energy Release Rate valugsAGcording this method

a crack length correction term A, was added to the visually measured crack length,
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deriving from a linear interpolation of the cubic root of the compliancsugethe
visually observed value of the crack length.

The Resistance Curves (R-Curves) were obtained plottin@dainst the crack
growth. In addition, the initiation and propagation fracture ene@y,: and
Gic_prop respectively, were extrapolated. The first one, representative of delamination
onset, was calculated according the Visual Observation (VIS) technique, indicated in
the standard; the second one, representative of stabilized propagation fracture
energy, was obtained by averaging the @&lues over the second half of the total
crack growth, in the R-curves.

At least a number of five DCB samples for each system was tested.

Modell interlaminar fractur e toughness

Mode Il interlaminar fracture energy was determined by means ofetotied
flexure (ENF) test, using an electro-mechanical test machine with a 30 kNityap
load cell. The test was carried out on samples with an interlaminaagkestarter,
according with le guideline of the ASTM D 796514 standard. Non-precracked
(NPC) method was applied. [3]

The ENF test is not ideal test for deriving Mode |l R-curve, duedauttstable
intrinsic nature of the ENF test. For this reason, only the initiatialue of
interlaminar fracture energy, & was calculated.

At least five specimens for each system were tested.

Short beam shear (SBS) test

SBS tests were conducted on the same dynamometer used for all the mechanical

test, using the 30 kN load cell. This test was carried out according to the ASTM
D2344 standard. [4] In particular, specimens were characterized by lémgth
thickness ratio equal to 6 and width to thickness ratio equal to 2.

Interlaminar shear strength (ILSS) was calculated using the followingufa:

P
ILSS =075 5 ;"h (A.3)
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where R, is the maximum load recorded during the test, b is the speeifdémand
h the specimen thickness.
For each analyzed system, six samples were tested and averagendacdista

deviation of ILSS were calculated.

Scanning Electron Microscopy (SEM)

Surface magohology was observed by means of a Philips 505 Quanta 200 field-
emission SEM. Different sample surfaces have been analyzed and in particular:

- Electrospun nanofiber mats surface.

- Fracture surface of epoxy resin/electrospun mat monolayers and three-

layers systems.

- Cut and polished transverse section of composite laminates.

- Cut, polished and etched cross section of composite laminates.

- Mode | and Mode Il delamination surfaces of composite laminates.

The etching process was conducted by immersing the sample in a super-acid
solution, for 5 minutes. The purpose of the etching treatment wasitmve the mat
and thus to enhance the contrast with the resin. The same treatraaaisavaarried
out on not mat-modified laminates to compare systems subjected to thesdace
preparation.

The samples were mounted on SEM aluminum stubs by means diitgrap
adhesive or silver glue. Before testing, all the analyzed surfaces wergpgttiered,
in order to make them conductive.

The ImageJ software has been used for image analysis, to estimpteas$iey
degree of laminates. This software converted the SEM image in a binary image,
which voids were black and filled parts (with resin or carbon fibexsle white.
SEM images at 700X magnification were used. A “cleaning” process of binary
images was carried out, aiming to remove unwanted noise. Several samoples f
different parts of the laminate were observed and average and dtaegation of

the porosity degree, for each system were evaluated.
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