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ARTICLE INFO ABSTRACT

Keywords: The improvement of the fracture toughness of adhesive joints is a key factor in many structural applications.

Bonded joints The ability of nylon electrospun nanofibrous mat to act as an adhesive carrier and reinforcing web in adhesive

Bonding rei.nforcement bonding has been demonstrated by the Authors in previous works. It has been shown that the impregnation

Nanomaterials method developed and refined during the previous studies allow generating high-quality pre-preg nanomats out

Fracture toughness . . . . . .

Epoxy of a 2k unfilled epoxy r‘-asm. -By applyng this meth?dology, in the present work, rubbery nan.oﬁb'rc'wus mats have

Electrospinning been adopted for the first time to reinforce and increase the fracture toughness of adhesive joints. Rubbery
nanofibers were produced by electrospinning of nitrile butadiene rubber (NBR) and poly(e-caprolactone) (PCL).
The addition of the semi-crystalline polymer (PCL) is exploited to maintain the nanofibrous morphology, which
the rubber alone (NBR) would not be able to ensure due to its low glass transition temperature (Tg). The nanofibers
thus obtained have been integrated into a two-component high strength epoxy resin for structural applications.
$235 steel adherends for Double Cantilever Beam (DCB) tests have been manufactured and sandblasted to improve
adhesion. An optimization of the sandblasting parameters (distance, pressure, angle and time) has been carried
out evaluating the shear strength and the fracture surfaces on S235 steel Single Lap Joints (SLJ). Finally, DCB
tests have been performed to compare the mode I fracture toughness with and without the rubbery electrospun
nanomats.

Introduction of rubber addition is one of the most adopted methods to mitigate epoxy

resin brittleness (Caldona et al., 2017). The rubber-toughening effect is

Epoxy adhesives are widely adopted for structural bonded joints in
several industrial fields, providing high strength combined with low
weight (da Silva et al., 2011; Banea et al., 2018). Thanks to their
highly cross-linked structure, epoxies show high elastic modulus and
strength, good performance at high temperatures and reduced creep
(Kinloch, 1987; Kinloch, 2005). However, their rigid structure also
makes them extremely brittle and therefore barely resistant to crack
initiation and propagation (Kinloch, 2003; Tsang and Taylor, 2019).
To improve the strength of epoxy adhesive joints and thus avoid catas-
trophic failure, epoxy resins are commonly toughened by introducing
fillers or modifying the chemical composition of the resin (Giv et al.,
2018; Sarac et al., 2018). Thermally expandable particles (TEPs) also
could be added to the adhesive to improve the fracture toughness of the
system (Banea et al., 2014). Fracture toughness improvement by means

commonly achieved either by adding already cross-linked (Riew et al.,
1996; Williams et al., 1997) or core-shell rubbery particles (Tsang and
Taylor, 2019) or by mixing the liquid rubber (i.e. not crosslinked) with
resin precursors, thus forming rubbery particles due to the rubber pre-
cipitation during the resin cross-linking process (Williams et al., 1997;
Wise et al., 2000). To improve the fracture toughness of epoxy sys-
tems, it has been shown that a rubber fraction between 5 and 20 %wt
is required. Such a high amount, however, may negatively impact other
mechanical and physical properties, reducing the glass transition tem-
perature (Tg), the elastic modulus and the strength of the neat resin
(Bagheri et al., 2009). Besides bulk rubber-like modifications, other
ways to increase the fracture toughness of epoxies are the addition of
different types of fillers, like particles or short fibers, both organic and
inorganic (Kinloch, 2003; Giv et al., 2018). For instance, short glass
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Nomenclature

a crack length
A cross section of the adherent

b width of the specimen

g distance from load axis of CMOD measurement point
E Young’s modulus of the adherent

E, Young’s modulus of the adhesive

Epend Flexural modulus of the adhesive

T, Glass transition temperature of the adhesive

G Mode I strain energy release rate

Gic fracture toughness

h thickness of the adherent

J area moment of inertia of the adherent

k elastic foundation stiffness (Krenk, 1992)
P

t

force
thickness of the bonding interface
& Crack Mouth Opening Displacement (CMOD)
Ay length scale of the stress distribution in a DCB joint

(Krenk, 1992)
Poisson’s coefficient of the adhesive

fibers are broadly used as matrix reinforcement and toughening agent
(Avci et al., 2004; Leonard et al., 2009). It was demonstrated that the
use of nanoparticles leads to an effective increase in strength, stiffness
and fracture toughness of epoxy adhesives joints (Giv et al., 2018). Engi-
neered nanomaterials present useful properties such as high surface area
and limited number of structural defects. Thermal, electrical, and me-
chanical properties of the polymeric matrix could be improved, depend-
ing on the quantity, size, nature, and interfacial adhesion of the inte-
grated nanomaterials. A strong interfacial adhesion guarantees the cor-
rect load transfer from the polymeric matrix to the nano-reinforcement
(Giv et al., 2018). Alumina nanospheres and nanorods integration shows
both a significant increase of joint shear strength and mode I fracture
toughness (Gupta et al., 2019). Similarly, carbon nanotubes (CNTs) and
graphene nanoplatelets (GNPs) can be used as nano-reinforcements to
improve stiffness, strength, fracture toughness and electrical conduc-
tivity of bonded joints (Takeda and Narita, 2017; Burkholder et al.,
2011; Jakubinek et al., 2015; Gude et al., 2015; Korayem et al., 2016;
Khoramishad and Khakzad, 2018; Akpinar et al., 2018; Zielecki et al.,
2017; Jojibabu et al., 2019; Cha et al., 2019).

An efficient way to reinforce epoxy resins is the integration of poly-
meric nanofibers, even composite ones, inside the matrix (Huang et al.,
2003). Many studies demonstrate that composite laminates reinforced
with electrospun polymeric nanofibrous mats show improved mechan-
ical properties (Zucchelli et al., 2011; Palazzetti and Zucchelli, 2017;
Hamer et al., 2011). Polymeric thermoplastic nanomat interposition
between composite layers activates a ply-to-ply bridging effect in-
creasing both mode I and mode II fracture toughness and fatigue
delamination strength (Palazzetti et al., 2013; Moroni et al., 2013;
Giuliese et al., 2015; Beckermann and Pickering, 2015; Saghafi et al.,
2015; Zhang et al., 2015; Daelemans et al., 2016; Daelemans et al.,
2017). These results suggest a possible application of such nanomats
for promoting crack toughening of bonded joints. Currently, only a few
papers explore the use of electrospun nanofibers in adhesives bonding
(Oh et al., 2014; On et al., 2017; Razavi et al., 2018; Ekrem and Avci,
2018). In (Razavi et al., 2018) Double Cantilever Beam (DCB) joints
were produced from aluminium substrates, bonded with 2k epoxy resin
on which polyacrylonitrile (PAN) nanofibers were directly electrospun.
DCB tests show up to a two-fold increase in fracture toughness com-
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pared to neat epoxy resin, although the baseline value was quite low
(G¢ = 0.11 N/mm over 30 mm of crack propagation). In (Ekrem and
Aveci, 2018) poly(vinyl alcohol) (PVA) nanofibrous mats were placed in-
side the adhesive layer of Single Lap Joints (SLJ) and DCB joints: shear
strength increased by 13.5%, while mode I fracture toughness was about
twice the neat adhesive. The ability of nylon 66 electrospun nanofibrous
mat to act as adhesive support and reinforcing web in adhesive bonding
has been demonstrated in previous works by the Authors (Musiari et al.,
2018; Brugo et al., 2018; Cocchi et al., 2020). The impregnation method
developed and refined during the previous studies allows generating
high-quality pre-preg nanomats out of a 2k unfilled epoxy resin. This
allows using the nanomat directly as a pre-preg carrier for the uncured
adhesive instead of traditional glass fiber carrier, promoting at the same
time crack toughening of the bonded joint.

Recently, the possibility of producing uncross-linked rubbery
nanofibers was demonstrated (Maccaferri et al., 2020), as well as their
excellent ability to hinder delamination in epoxy CFPR laminates by
increasing significantly the mode I interlaminar fracture toughness
(Maccaferri et al., 2020). It was also found an enhancement of the CFRP
damping, thanks to the toughening action of this type of nanofibers.

In the present work, Nitrile Butadiene Rubber / poly(e-caprolactone)
(NBR/PCL) rubbery nanofibrous mats have been adopted for the first
time to reinforce epoxy adhesive joints with the aim at increas-
ing its fracture toughness. By applying the same methodology as in
(Musiari et al., 2018; Brugo et al., 2018; Cocchi et al., 2020), an at-
tempt was made to combine the well-known rubber-toughening action
with the ease of integration of electrospun nanofibrous pre-pregs in-
side bonded joints. The use of rubbery nanofibers, besides potentially
improving fracture toughness, it also could enhance the damping prop-
erties of the adhesive joint, without significantly compromising its me-
chanical performance and weight. S235 steel adherents for Double Can-
tilever Beam (DCB) tests have been manufactured and sandblasted to
improve adhesion. An optimization of the sandblasting parameters (dis-
tance, pressure, angle and time) has been carried out for evaluating the
shear strength and the fracture surfaces on S235 steel Single Lap Joints
(SLJ). Finally, DCB tests have been performed to compare the mode I
fracture toughness with and without the rubbery electrospun nanomats.
The correct determination of the mode I fracture toughness is crucial for
evaluating the rubbery nanomat integration effect and curing cycle in-
fluence. Several data reduction methods exist to overcome the difficulty
in the direct monitoring of the crack length during the DCB test. Data
reduction schemes include the compliance calibration method, which
calibrates the compliance as a polynomial function of crack length, and
the compliance-based beam method, which takes into account the in-
fluence of the fracture process zone (Han et al., 2020; Yan et al., 2020;
Fernandez et al., 2011). In this paper a beam theory-based model was
used that considers the elastic behaviour of the adhesive bondline by
modelling the DCB joint as a beam on an elastic foundation.

Experimental methodology
NBR/PCL nanofibrous mat

The production of Nitrile Butadiene Rubber / poly(e-caprolactone)
(NBR/PCL) rubbery nanomat followed the methodology reported in
(Maccaferri et al., 2020). The innovative approach adopted allows to
electrospin NBR-based nanofibers without the need of a crosslinking step
of the rubber, since the obtained blend nanofibers mimic the behaviour
of a thermoplastic elastomer (TPE).

Carboxylated NBR (NIPOL 1072CGX) was supplied from Zeon Chem-
icals (Lousville, USA), while PCL was purchased from Sigma-Aldrich
(Milan, Italy). Both polymers were used without any preliminary treat-
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Table 1
Electrospinning parameters for N-60/40
nanomat production.

Electrospinning parameters

Flow rate 0.55 mL/h
Electric potential 18.3 kV
Distance 13 cm
Electric field 1.4 kV/cm
Temperature 22-26 °C
Relative Humidity (RH)  23-25%

ment. N,N-dimethylacetamide (DMAc), N,N-dimethylformamide (DMF)
and chloroform (CHCIl,) for solutions preparation were purchased from
Sigma-Aldrich and used without further purifications. PCL is a semi-
crystalline polymer characterized by a glass transition temperature (Tg)
at —58 °C and by a melting temperature (T,,) near 60 °C, while the NBR,
being amorphous, does not show melting (it is characterized by two Tgs
centered at —14 and —42 °C).

A solution containing 10 %wt of NBR was prepared in DMAc under
magnetic stirring at room temperature until the formation of a homo-
geneous solution, named S-NBR. Similarly, a 10%wt PCL solution was
prepared in DMF/CHCl; 1:1wt solvent system, under magnetic stirring
at room temperature until the formation of a homogeneous solution,
named S-PCL. The NBR/PCL blend was prepared by mixing S-NBR and
S-PCL in a 60:40 weight ratio to obtain NBR/PCL blend nanofibers with
a 60 %wt of NBR content, named N-60/40. The electrospinning machine
used was equipped with one 5 mL syringe jointed to the needle (internal
diameter 0.84 mm, 55 mm length) via a Teflon pipe. A grounded drum
collector, shown in Fig. 1a, was used to collect the nanofibers (tangen-
tial speed 0.40 m/s). The process and environment parameters used are
summarized in Table 1.

Two 50 mm width strips were electrospun in order to obtain the
patches necessary for the DCB joints production. The initial defect was
created during the nanomat production. To this end, after the electro-
spinning of the first half-thickness of the nanomat, a PTFE strip of the
desired length was placed on the nanofibrous mat to produce the ini-
tial defect, as shown in Fig. 1b. Then, the second half-thickness of the
nanomat was electrospun. Before integration into the epoxy resin, the
patches for DCB joints were cut to the final size of 150 x 25 mm?.

The thickness of the nanomat is in the 80-110 pum range. This
value was measured along the nanomat strip by a digital indicator
(ALPA Megarod, Pontoglio (BS), Italy) with a measuring pressure of
100 g/cm?. N-60/40 nanofibrous mat morphology was analysed by
scanning electron microscopy (SEM, Phenom ProX, ThermoFisher Sci-
entific, Waltham, USA). Fig. 2 shows SEM images of N-60/40 nanomat
at different magnifications. The fibers diameter is 268 + 62 nm. Average
values derived from manual measurement of >100 single fiber diame-
ters using the Photoshop measurement tool.
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Fig. 1. Electrospinning machine setup (a) and
PTEFE strip placement to produce the initial de-
fect (b).

Adhesive

A structural 2k epoxy resin supplied by ELANTAS Europe SRL (Col-
lecchio (PR), Italy) was used to manufacture DCB joints. The epoxy
system, named Elan-tech® AS90/AW91, was depleted from thixotropic
agents by the supplier in order to reduce the resin viscosity and to im-
prove the wettability of the nanofibers without affecting mechanical
properties. The resin was supplied in cartridges to limit the possible
air entrapment via manual mixing. Adhesive bulk properties from Elan-
tech® AS90/AW91 technical datasheet are detailed in Table 2.

Adherents

A cold drawn S235 steel bar was cut and machined to obtain
150 x 25 x 10 mm?® DCB adherents. The metal supports were used to re-
alise DCB joints with “virgin” adhesive, named “V”, and nano-reinforced
one, named “N”, with rubbery nanofibrous mat integrated into the ad-
hesive layer. The elastic modulus of the steel is assumed to be 210 GPa,
while its yield strength being 235 MPa. On each adherent, one perfo-
rated steel block, is bonded to connect the specimen to the testing ma-
chine was bonded. The geometry of the DCB adherents is reported in
Fig. 3. The steel adherent dimensions were reduced if compared with
ASTM D3433 standards. This non-standard size has been selected to
simplify the manipulation of the nanomat, after the impregnation with
epoxy resin. The steel surfaces were degreased with acetone, sandblasted
and then sonicated for 60 s in acetone. Sandblasting is the simplest and
most effective method to increase the surface roughness of the substrate
to bond (Ebnesajjad and Ebnesajjad, 2014; Kozma and Olefjord, 1987;
da Silva et al., 2009; Wegman, 1989; van Dam et al., 2020).

In fact, roughness influences chemical bonds and mechanical in-
terlocking between adhesive and adherents. Increasing the roughness
also increases the contact area between adhesive and substrate and,
therefore, chemical and mechanical interaction improve. The param-
eters that most influence the sandblasting process have been identified
in the literature (Poorna Chander et al., 2009; Amada and Satoh, 2000;
Fernando et al., 2013), that are distance of blasting gun nozzle from the
substrate, blasting time, pressure and angle. For each parameter, two
values were considered, as reported in Table 3.

A series of SLJs have been manufactured and tested to identify the
best set of sandblasting parameters for the treatment of S235 bonding
surfaces. Sandblasting parameters optimization was performed by SLJ
for ease of execution. DCB tests, in fact, require more time compared to
SLJ ones due to the pre-cracking phase. Although loading mode differs
from DCBs, SLJs represent a valid tool to evaluate surface treatment ef-
fectiveness and epoxy adhesion on the sandblasted steel supports. The
adhesive used for SLJ is the same of DCB joints. The joints standard cure
cycle suggested by the supplier is to keep it at 70 °C for 5 h. For each
combination of the sandblasting parameters, three SLJ were manufac-
tured and tested according to ASTM D1002 standard. The final values
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Fig. 2. SEM images of NBR/PCL nanofibrous mat N-60/40 at 5,000x (a) and 20,000x (b).

Table 2

Bulk properties at room temperature of the two-part epoxy adhesives Elan-tech®

AS90/AW91, (ELANTAS Europe srl, Italy).

Property Units Value
Viscosity mPa-s 5000
Gel Time h 5-6
Cure cycle suggested by the supplier h 5

°C 70
Glass transition temperature (ASTM D3418) after 24 h at RT °C 40-47
Flexural strength (ASTM D790) MPa 70-80
Strain at break (ASTM D790) % 4.5-7.5

Flexural modulus (ASTM D790)
Tensile strength (ASTM D638)
Elongation at break (ASTM D638)

MPa 2000-2500
MPa 45-55
% 4.5-6.5

Shear strength (ASTM D1002) on AISI 316, cured 5 h at 70 °C MPa 24.5-29.5
Peel strength (ASTM D1876) on Aluminum, cured 5 h at 70 °C N/cm 35-43
12 Table 3
=|= Sandblasting parameters.
Sandblasting parameters ~ Values
o : o ‘H‘ _ ; Distance (cm) 8 13
21 [ H g Pressure (bar) 2 6
= Angle (deg) 75 90
Time (s) 10 60
2x @3.9
é
nld average shear strength values than the other samples, as well as a low
0 0 : standard deviation. The combination consists of a pressure of 6 bar,
o — a nozzle distance of 8 cm, a nozzle angle of 90 °C with respect to the
B3.9 v sample surface and an overall sandblasting time of 10 s for the SLJ. With
- 150 these parameters, the surface roughness value is about 3.86 + 0.06 um.

Fig. 3. DCB adherent geometry.

of sandblasting parameters were selected after the evaluation of surface

roughness, the average shear strength and type of fracture of SLJ.
From the analysis of the SLJs test results, the combination selected

for DCB sandblasting, showed a cohesive type of fracture and has higher

In Fig. 4 it is shown a SLJ sandblasted with parameters of the selected
configuration. In this case the type of fracture is clearly cohesive.

DCB fabrication

Two classes of DCB joints, which differ for the applied curing cycle,
were produced to evaluate the fracture toughness of the adhesive system
with and without the integration of a rubbery nanomat. The first type



S. Minosi, D. Cocchi, E. Maccaferri et al.

Fig. 4. SLJ exhibiting a cohesive type of fracture.
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Exo Down Temperature (°C)
Fig. 5. DSC analysis of neat adhesive V 50 cured at 50 °C for 80 h and V 70
cured at 70 °C for 5 h.

of curing cycle is the standard one (cycle A, 70 °C for 5 h) with slow
heating and cooling phases.

The second curing cycle was defined to account for nanofibers ther-
mal stability since their structure is characterized by the presence of a
crystalline phase of PCL that melts in the temperature range between
55 and 65 °C (Maccaferri et al., 2020). For this reason, temperatures
above 65 °C cause the nano-fiber melting and the dispersion of both
polymeric components within the matrix while the nanofibrous struc-
ture can be preserved by applying curing temperatures below the PCL
melting. Consequently, cycle B consists of a temperature of 50 °C for
80 h to maintain the nanofibers structure. The flexural modulus (Eye,q)
of the neat resin was evaluated with a three-point bending test, for both
curing cycles, according to the ASTM D790 standards. The epoxy resin
cured with cycle A shows E,.,q equal to 2447 + 30 MPa, while the ad-
hesive cured with cycle B shows a slightly lower E.,4 (2330 + 23 MPa).
A DSC analysis of V 50 shows that even this low-T curing cycle leads to
a significantly high cross-linking of the epoxy system, as proved by the
attained T, around 70° C, that goes almost unchanged upon reheating
(Fig. 5). Moreover, the V 50 T, is just slightly lower than the higher-T
cured V 70, that during the first heating already reaches a glass transi-
tion above 70 °C.

The addition of the nanofibers to the resin leads to some peculiar be-
haviour. While, indeed, the curing temperatures were selected in order
to either avoid or promote the melting of thermoplastic PCL component,
Fig. 6, reporting the comparison of the DSC scans of N 50 and N 70, re-
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Fig. 6. DSC analysis of nanofiber modified adhesive N 50 cured at 50 °C for
80 h and N 70 cured at 70 °C for 5 h.

Table 4
DCB specimens series.
Number of
Series name Adhesive layer Curing cycle specimens
V70 AS90/AW91 A - 70 °C for 3
5h
V 50 AS90/AW91 B - 50 °C for 3
80 h
N 70 AS90/AW91 + N-60/40 A - 70 °C for 3
5h
N 50 AS90/AW91 + N-60/40 B - 50 °C for 3
80 h

veals in both cases the presence of an endothermic peak positioned in
the region typical for nanofiber melting (Maccaferri et al., 2020): such
a peak is expected, and indeed detected for N 50, while it is unexpected
in N 70. The explanation for such a behaviour can be found in the signal
that follows the endotherm, a stepwise transition that accounts for the
glass transition of the resin reached during curing. It can be observed
that in both cases the melting of PCL occurs when the resin is still in
an almost glassy state, and this is the reason while PCL was not able
to blend with neighbouring epoxy matrix even when brought above its
melting. On the other side, increasing the curing temperature seems to
promote the blending of the highly mobile rubbery phase: N 70 dis-
plays, indeed, a lower T, due to a higher extent of rubber blending with
neighbouring epoxy matrix. A similar behaviour is not observed in N
50 where the diffusion of the NBR out of the nanofibers is hampered by
the lack of PCL melting and, as a consequence, the resin does not un-
dergo plasticization, keeping a T similar to the plain VV 50 sample. It is
worth to point out that due to the signal overlapping it was not possible
to correctly determine the Tgs of the nano-modified samples. Summa-
rizing, DSC tests suggest that both the applied curing temperatures are
not able to promote full PCL miscibility with the epoxy resin, resulting
in phase separated PCL fraction within the epoxy matrix after curing.

The four series of specimens produced are describes in Table 4.

The steel bonded surfaces were sandblasted, as previously defined.
Each adherent was sonicated in acetone for 60 s before bonding. The
nano-reinforced joints of the series N 70 and N 50 were manufactured
by placing the nanomat prepreg between the two adherents. The prepreg
was produced according to the laboratory route developed in previous
works (Musiari et al., 2018; Brugo et al., 2018; Cocchi et al., 2020), that
ensured the good impregnation of a nylon electrospun nanomat. The
rubbery nanomat impregnation process begins by positioning a nanomat
strip on a layer of epoxy resin spread on a Teflon-cover plate, then an
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Fig. 7. Nano-reinforced DCB production process images: (a) nanomat impregnation, (b) nanomat placemen on sandblasted adherents and (c) air bubble removal

with a needle.

(b)

Fig. 8. Cross-sections of the joints cured at 70 °C for 5 h (a, cycle A) and at 50 °C for 80 h (b, cycle B).

additional amount of resin is deposited on the nanomat strip to favour
its impregnation, as shown in Fig. 7a. When the nanomat is fully im-
pregnated, the resin excess is removed with a spatula.

The effectiveness of the impregnation has been assessed through SEM
analyses on additional nano-reinforced S235 steel joints subjected to the
curing cycles previously defined as A and B. Fig. 8 shows cross-sections
of the joints cured at 70 °C for 5 h (Fig. 8a, cycle A) and at 50 °C for 80
h (Fig. 8b, cycle B).

The SEM images reveal that the curing cycle A causes the NBR/PCL
blend mixing with the epoxy resin, leading to toughened matrix. Re-
spect to the curing cycle B, the fracture surfaces appear more irregular
with pronounced indented markings. Instead, the nano-modified adhe-
sive cured at low-T (cycle B) shows surfaces more brittle and regular,
due to the lower toughening caused by the limited spread of the rubbery
component from the nanofibers.

The prepreg obtained with the aforementioned procedure, already
pre-cracked with a 30 mm long defect (see the section on nanomat pro-
duction) is then positioned on the sandblasted surface of one metal ad-
herent, as represented in Fig. 7b. Possible air bubbles inside the prepreg

are removed with a needle, as shown in Fig. 7c. In general, this labo-
ratory route ensures that the nanofibers are uniformly distributed into
the bondline and there are no massive amounts of air bubbles inside
the nano-reinforced matrix. The second adherent was overlapped and
bolted together with the first one at the joint extremities.

The virgin DCBs of the series V 70 and V 50 were realized by placing
metal spacers at the ends of one adherent of the junction. The spacers
are 100 pm thick to obtain the same thickness as the nano-reinforced
joints. A 30 mm long defect was introduced by placing a PTFE strip on
the same adherent. The adherents, then, were overlapped and closed
together with bolts and nuts at the joint extremities. The DCB whole
geometry is reported in Fig. 9. Each series of DCBs was then subjected
to the corresponding curing cycle. The bolts and nuts were removed
after the polymerization.

DCB testing

The joints, represented in Fig. 9, were tested under displacement
control at a constant crosshead velocity on a servo-hydraulic MTS 810
testing machine equipped with a 3 kN load cell. The Crack Mouth Open-
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(b)
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Fig. 9. DCB structure scheme: (a) 3-dimensional view and (b) side view.

ing Displacement (CMOD), &, is evaluated by a clip gage. Fatigue pre-
cracking was done at 5 Hz under load control until the crack has propa-
gated 5 mm. The tests have been performed with partial un-loadings to
evaluate the specimen compliance and therefore the actual crack length,
calculated through the model reported in (Krenk, 1992). Each adherent
is modelled as a beam on an elastic foundation and considers the out
of plane deformation of the adhesive layer and the rotation at the crack
tip. The model, represented by Eq. (1), has been modified to take into
account the distance g of the CMOD measurement point from the load
axis (g in Eq. 1) and the effect of shear (term on right in Eq. (1)).

§ 21, (242) P &2
—=2]—(14+4 — (1424 P P— 1
7 [k (14 A5a) +(a+g) . (1+ ”a)+3EJ+g2EJ (1)
The parameters 4, and k are reported in Egs. (2) and (3):
6 E,
Ay=d | ———2 %))
° h3t E(l - Ug)
k= 2E.b 3)
Ty (1 - vg) i
The strain energy release rate G is:
(Pa)? 1Y’
G = 1 4
bEJ * Aga “

The adhesive Young’s modulus, E,, was considered equal to the ex-
perimental flexural modulus evaluated by 3PB tests (Ey.,q) and v, = 0.4
as common in epoxies. Since the fiber volume fraction negligible, for
the rule of mixtures, also the Young’s modulus of the nanomat pre-preg
is approximately the same of the adhesive alone.

Results

The graphs in Fig. 10 report the load P against the CMOD, §’, of a
representative sample for both virgin and nano-reinforced specimens. In
particular in Fig. 10a, the results of joints named V 70 - 2 and N 70 -
3 cured at 70 °C for 5 h are reported, while Fig. 10b shows the results
of joints V 50 - 3 and N 50 - 1, both cured at 50 °C for 80 h. Fig. 11
shows the R-curves of each specimen, specifically Fig. 11a refers to V
70 and N 70 series, while Fig. 11b refers to V 50 and N 50 series. For
an easier visualization, in Figs. 10 and 11 the solid curves represent the
virgin specimens of V 70 and V 50 series, while the dashed ones refer to
the nano-reinforced specimens of the N 70 and N 50 series. In Fig. 11,

Table 5
DCB test result related to the type of fracture, the G; average value
and the standard deviation.

Type of fracture ~ G (N/mm)  StandardDeviation (N/mm)
V 70 Cohesive 1,05 0,28
N 70  Cohesive 0,63 0,12
V50  Adhesive 0,22 0,07
N 50 Cohesive 0,58 0,07

the black markers identify the Gy values considered for the calculation
of the average fracture toughness during the steady-state crack propa-
gation phase (i.e. after the load peak), while the grey markers represent
instead the values excluded from the calculation. The results obtained
for each samples series are summarized in Table 5 that reports the type
of fracture surfaces and the average values of fracture toughness Gyc.

The analysis of the results reveals that the V 70 specimens, cured
at 70 °C for 5 h, exhibit the highest values of Gy, about 1,05 N/mm
and cohesive fracture surfaces, as is shown in Fig. 12a. On the contrary,
the V 50 joints, cured at lower temperature for a longer time, present a
weak adhesion to the sandblasted steel adherends, resulting in adhesive
fracture, as shown in Fig. 12¢, and low values of Gy, about 0.22 N/mm.
From the SEM images in Fig. 13a is clear that the fracture surfaces of
the V 70 - 2 sample is characterized by the presence of micro-dimples
into the adhesive layer, which proves that ductile fracture mechanisms
occurred in the neat resin and justifies the higher fracture toughness
values. The fracture surface of the sample V 50 - 3 (Fig. 13b) exhibits
moderate roughness and no micro-dimples, as the adhesive was not de-
formed in a ductile way. Since it was demonstrated that curing at 50 °C
for 80 h provides a complete resin crosslinking (see Fig. 5), the poor ad-
hesion may be related to a different time-viscosity (wettability) profile
of the adhesive under these conditions. Therefore, beside an assessment
of the time-viscosity profile at 50 °C and a comparison with that at the
standard curing temperature of 70 °C, a dedicated surface treatment
might be necessary under non-standard curing conditions. The R-curve
behaviour of virgin DCBs cured at 70 °C is more scattered than the nano-
reinforced ones that show an increasing trend for all the N specimens.
The V 50 specimens also exhibit an increasing trend of R-curves, partic-
ularly after the Aa range 40 + 50 mm.

Nano-reinforced joints exhibit the same fracture toughness value
(Gic = 0.63 + 0.12 N/mm for N 70 and G;¢ = 0.58 + 0.07 N/mm for N
50) and similar failure mechanisms independently from the curing cycle
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Fig. 10. Load against CMOD (&) for both a virgin and nano-reinforced specimens cured at 70 °C for 5 h (a, cycle A) and at 50 °C for 80 h (b, cycle B), taken as
representative. Solid lines refer to virgin specimens, while dashed lines refer to nano-reinforced ones.
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Fig. 11. R-curves for specimens cured at 70 °C for 5 h (a, cycle A) and at 50 °C for 80 h (b, cycle B). Solid lines refer to virgin specimens, while dashed lines refer to
nano-reinforced ones. The black markers of the R-curves graph indicate the G, values considered for the steady-state fracture toughness average value calculation,

whilst the grey ones the excluded values.
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Fig. 12. Fracture surface after DCB test on V 70 - 2 (a), N 70 - 3 (b), V50 - 3
(¢)and N 50 - 1 (d).

N70-3

used. Fig. 12b shows that the fracture surface of N 70 - 3 is cohesive, sim-
ilarly to the nonreinforced joints cured at 50 °C, as reported in Fig. 12d.
The SEM images of the nano-reinforced specimens, N 70 - 1 (Fig. 14)

and N 50 - 1 (Fig. 15), show comparable and quite rough fracture sur-
faces. Fig. 14c represents a detail of the rubbery nanofibers that still
partially maintain their structure due to the impossibility to complete
PCL melting during curing cycle, even if performed at 70 °C. Indeed,
while at 70 °C PCL is able to melt, this phenomenon probably occurs af-
ter the gel point of the adhesive during curing, hindering thermoplastic
mixing with the epoxy resin. The samples cured at 50 °C for 80 h com-
pletely preserved their nanofibrous structure (Fig. 15c). However, the
average fracture toughness of the adhesive is negatively affected by the
nanomat integration. The Gy value is reduced by 40% compared with
the V 70 joints. On the other hand, the nanofiber integration enables the
cracks propagation within the adhesive layer, even at 50 °C, because the
nanofibrous structure retains the resin that does not flow away during
the first stage of the crosslinking process. In this way, the presence of
the nanomat ensures good adhesion between the adhesive layer and the
steel support and the risk reduction of uncontrollable adhesive fractures.

Although the integration of the nanomat reduces the overall frac-
ture toughness of the adhesive joint, it is interesting to note that nano-
reinforced joints show a constant fracture toughness trend as the crack
propagates (see Fig. 11, R-curves). It seems that nanofibers allow for
a more reproducible result, regardless of the curing cycle adopted. Al-
though performance may be reduced, a guaranteed minimum Gy, frac-
ture toughness value seems to be achieved.
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Fig. 15. SEM images of fracture surfaces of N 50 - 1 sample at different magnifications.
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Conclusions

For the first time, rubbery electrospun NBR/PCL blend nanofibers
were integrated into adhesive joints to evaluate their effect on the frac-
ture toughness of high strength and high toughness 2k structural epoxy
resin. Two curing cycles (70 °C for 5 h and 50 °C for 80 h) were per-
formed to investigate the effect on possible resin toughening mecha-
nisms.

By applying a curing cycle with temperatures below the melting tem-
perature of the PCL crystalline fraction (55+65 °C), the nanofibrous
structure can be preserved. However, curing the adhesive at tempera-
tures above the PCL melting is not sufficient to promote its complete
mixing with the resin. Even if the nanofiber structure is not completely
lost, the dispersion of the rubbery blend into the epoxy matrix should be
improved. In this case, the nanomat acts as a vector for the toughening
element.

Nano-reinforced joints exhibit the same fracture toughness value
(Gic = 0.63 N/mm for N 70 and G;¢c = 0.58 N/mm for N 50) and similar
failure mechanisms independently from the curing cycle used. This is
also demonstrated by SEM images of nano-reinforced samples that re-
veal very similar fracture surfaces. However, the nanomat integration
caused a fracture toughness reduction up to 45% if compared to virgin
specimens cured at 70 °C.

Virgin specimens crosslinked at 50 °C revealed adhesion issues with
the metal supports. The surface treatment could be not suitable for neat
adhesive joints cured at 50 °C, as it does not allow cohesive fracture. As a
result, low fracture toughness values are obtained (Gjc = 0.22 N/mm).
From the DSC analyses, the cure at 70 °C seems to be slightly better,
providing higher mechanical properties than the cure at 50 °C (as proved
by 3PB tests) and probably better adhesion to the substrate. Indeed, at
70 °C the viscosity of the resin should be lower at the beginning of the
curing cycle, so the wettability during cycle A should be improved with
respect to cycle B.

The presence of rubbery nanomat, instead, allows the cohesive frac-
tures also at 50 °C. It could prevent that the resin flows away, even if
the viscosity profile during crosslinking was unfavourable. The nanomat
prepreg favours the cracks propagation within the adhesive layer avoid-
ing the unstable adhesive fractures that occur in virgin DCBs cured with
non-standard cycle.
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