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The aim of this work was to develop new adhesive formulations based on epoxy/nanostructured carbon
forms. Different types of nanofillers were dispersed into an epoxy matrix for developing toughened epoxy
paste aeronautic adhesives. The reinforced adhesives were used for bonding carbon nanofilled/epoxy
composite adherents. Data were also compared to the results obtained both for the unfilled adhesive
and/or adherents. Tensile butt joint, and single lap joint samples were prepared to measure mechanical
strength and adhesion properties of the different joint configurations. The inclusion of carbon nanofillers
inside the epoxy adhesive caused a significant improvement in the bond strength of the joints, changing
the failure mode of joints in single lap joint shear tests. Significant change of the bonding performance
was observed as the weight fraction of carbon nano-fillers increased from 1.37 to 5 wt/wt%. Adhesion
between nano-reinforcements and adherents substrate was studied by means of Scanning Electron
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1. Introduction

Adhesively bonded joints are increasing alternatives to mechan-
ical joints in engineering applications and provide many advanta-
ges over conventional mechanical seal. To join such composite
parts, polymer adhesives such as epoxies are commonly used.
Using adhesive bonding for joining composite parts provides many
advantages such as low cost, high strength to weight ratio, low
stress concentration, fewer processing requirements and superior
fatigue resistance and environmental resistance [1].

Adhesion between the polymer (composite) surface of adher-
ents and polymeric adhesive substrate is suitably controlled by
the chemical groups at or near the interface which lead to a better
performance of bonded joint in their application [2]. Several papers
have been published on the inclusion of nanostructured carbon
forms inside epoxy adhesives in order to enhance the mechanical
strength and toughness of the bonded joints [1,3-5]. Yu et al.
(2009) studied the mechanical behavior and durability in humid
environments of the aluminum joints bonded with an epoxy adhe-
sive reinforced with multi-walled carbon nanotubes (MWCNTSs)
[3]. Likewise, Hsiao et al. (2003) studied the mechanical strength
of epoxy/MWCNT reinforced adhesive to join carbon graphite
fiber/epoxy composite adherents [1], while other researcher stud-
ied the adhesive properties of nanoreinforced epoxy adhesive
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using dissimilar joints composed of carbon fiber/epoxy laminate
and aluminum alloy [4]. In any case, the presence of uniformly dis-
persed CNTs inside the adhesive paste was found to be able to in-
crease bonding strength, Young’s modulus as well as ultimate
tensile strength of the adhesive. An improvement of CNT’s rein-
forcement on fracture strength for adhesive joints was also ob-
served between steel-composite interfaces and composite—
composite interfaces [5]. MWCNTs embedded in the adhesive at
a percentage of 1wt¥% enhanced fracture toughness for both
steel-composite and composite—-composite adhesive joints. Adhe-
sive performance of epoxy-based materials was investigated also
considering the effects of inorganic nanoparticle inclusions on
the adhesive strength of a hybrid sol-gel epoxy system used to
joint, either aluminum substrate, and mild steel substrate [6].
The mechanical performance of different formulations was charac-
terized by shear and tensile tests to define the influence of nanof-
illers on adhesive strength performance of the modified epoxy/
hybrid sol-gel. The incorporation of a selected ratio of inorganic
nanoparticles in the epoxy/sol-gel adhesive improves the adhesion
performance between substrate surfaces. At the same time, it is
well known in literature that one of the main predicted advantages
related to the inclusion of conductive nanoparticles into epoxy re-
sin is the improvement of its electrical behavior [7-11]. In fact, dif-
ferent types of carbon nanofillers are electrical conductor
materials, which well dispersed in the matrix, can drastically in-
crease electrical properties of epoxy based adhesives also using a
very low percentage of nanofiller. This property is of special
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relevance in the joint of electrical conductive substrates and makes
adhesive epoxy/nanostructured carbon forms to become a promis-
ing new frontier in nanoreinforced adhesive for structural applica-
tions. The development of conductive epoxy adhesive to be used in
the aeronautic field to join parts of primary structure is a current
need with a view to optimizing efficiency of joints while preserving
the conductivity of lightweight materials able to provide also in the
joints good lightening protection [10,12,13]. The enhancement in
different properties of epoxy-based materials and or/adhesives
depend on numerous parameters, such as the chemical nature of
nanofiller, adhesive and adherents, the applied surface treatment
or the tested properties [14-16]. In the present study, we used as
fillers heat-treated carbon nanofibers (CNFs) and exfoliated graph-
ite. Heat-treated CNFs (at 2500 °C and 3000 °C) were chosen be-
cause they can impart higher conductivity than un-treated CNFs
to the epoxy matrix. In particular, different papers dealing with
the study on the effect of heat-treatment on CNFs report the
beneficial effect on the electrical properties [16-18]; it is also pos-
sible to choice the best combination for improving electrical con-
ductivity without to cause a decrease in the mechanical
parameters of nanofilled resins [17,19]. In particular, for CNFs
heat-treated at 2500 °C, the optimization of these properties were
found [17]. The increase in the electrical conductivity consisting in
a lower electrical percolation threshold (EPT) and a higher electri-
cal conductivity beyond the EPT, with respect to the resin filled
with untreated CNFs, was ascribed to the changes in morphology
due to heat treatment (narrowing in the CNF diameter, increase
in the length of the CNFs, less tendency to bend, absence of func-
tional groups and then insulating layer on the CNF walls) [19].
Considering that this work is aimed at studying the properties of
nanofilled adhesives for aeronautic materials able to hinder the
insulating properties of epoxy resins, amount of nanofiller beyond
EPT was chosen for all the analyzed nanofillers. In the case of the
exfoliated graphite, a higher EPT was found than other nanofillers,
then the lower concentration chosen in this paper was 3.7%. In
addition, in this work, for the epoxy matrix of unfilled and nano-
filled adhesives, a mixture of a tetrafunctional epoxy precursor
with a reactive diluent (BDE) was used to facilitate the dispersion
step of nanofilled adhesive. This is not a trivial problem especially
when a nanofiller must be embedded in a specific resin for indus-
trial applications. In fact, in the choice of the epoxy mixture it is
necessary to consider that the structure of the resin strongly gov-
erns its chemical and some of the relevant physical properties.
The number of reactive sites in the epoxy precursors controls the
functionality directly acting on the cross-linking density and this,
combined with the nature of hardener agent, the functionality,
the stoichiometry and the curing cycle determines the final
mechanical and thermal properties. In this case, we used a tetra-
functional epoxy precursor in combination with BDE. While the
epoxy precursor is an already established reference material for
aeronautic applications, its viscosity may hinder its usage for nano-
filled adhesives. This mixture with BDE has never been used before
as epoxy matrix for adhesive in aeronautic field.

An interesting aspect of this study is the different approach in
preparing adhesive and adherents. In particular, adhesive and
adherents were epoxy mixture and or nanofilled epoxy mixture
with the same chemical composition in such a way as to obtain
chemical interactions inside bonded joints and adherents of the
same nature. In addition, a comparison between data detected
for unfilled and filled epoxy formulations provided information
on the effect of nanofiller into the adhesive formulations. A very
relevant result of this work is the role of CNFs heat-treated at
2500 °C in the adhesive properties of the nanofilled formulations.
In particular, epoxy formulations at loading rate of 1.3 wt/wt%
have shown the best adhesive performance.

2. Experimental procedure
2.1. Materials and preparation

2.1.1. Epoxy resin

The epoxy matrix composite was prepared by mixing an epoxy
precursor, tetraglycidyl methylene dianiline (TGMDA) (Epoxy
equivalent weight 117-133 g/eq), with an epoxy reactive mono-
mer 1,4-Butandioldiglycidylether (BDE) that acts as reactive
diluent.

Epoxy precursor and reactive diluent, both containing an epoxy,
were obtained by Sigma-Aldrich. The curing agent investigated for
this study is 4,4'-diaminodiphenyl sulfone (DDS). This product was
used at stoichiometric concentration with respect to oxirane rings.

2.1.2. Carbon nanofillers

Vapor-grown carbon nanofibers (CNFs) used in this study were
produced at Applied Sciences Inc. and were from the Pyrograf Il
family. The CNFs used in this study are respectively labeled as
PR25XTPS2500 and PR24XTHHT where XT indicates the debulked
form of the both PR25 and PR24 family, PS indicates the grade pro-
duced by pyrolytically stripping the as-produced fiber to remove
polyaromatic hydrocarbons from the fiber surface, 2500 is the tem-
perature of the heat-treatment and HHT indicates the grade pro-
duced by heat-treating the as-produced carbon nanofiber to
3000 °C.

Exfoliated graphite (EG) is obtained by rapid heating of a graph-
ite intercalation compound (GIC). Exfoliated graphite nanoparticles
are composed of stacks of nanosheets that may vary from 4 to
40 nm as resulted from X-ray and SEM investigations.

2.1.3. Curing cycles

Adhesive formulations were cured by a two stage curing cycle:
an initial step at moderate temperature (125 °C for 1 h) and the
second one at higher temperature (180 °C for 3 h).

2.1.4. Preparation of adherents and adhesive

Tests were carried out on eight series of samples, each one char-
acterized by different combination between adherents and adhe-
sive formulations. The combinations are shown in Table 1. Two
different nanofiller percentages were used in preparing the nano-
filled formulations (1.3, 3.7 and 5 wt/wt%). These percentages were
chosen to significantly improve mechanical behavior, and at same
time, electrical conductivity. All the nanofilled adhesives, reached
or were just beyond the EPT [9,13].

Epoxy blend (TGMDA and BDE) and DDS were mixed at 120 °C
until complete hardener solubilization and then the mixture was
cooled to 90 °C. CNFs (samples PR25XTPS2500 and HHT24) and
EG (exfoliated graphite) were added and incorporated into the ma-
trix at 90 °C by using an ultrasonication for 20 min. An ultrasonic
device, Hielscher model UP200S (200 W, 24 kHz) was used. Such
an incorporation method was chosen among other different tech-
niques since it has proven to be very effective for other carbon
nanostructured forms leading to the nanofilled resins character-
ized by the best mechanical and electrical properties [20].

Materials (unfilled and nanofilled epoxy mixture) were cured in
two different mold geometry configurations made of Teflon (PTFE).
The molds were designed by referring to existing international stan-
dard practice in the design of the specimens, in particular ASTM D
2094 and ASTM D 1002 were considered (Fig. 1a and b). In this
way, a suitable configuration of specimens for tensile butt joint (re-
ferred to ASTM D 2095), and single lap joint (referred to ASTM D
3163) were respectively obtained to measure mechanical strength
and adhesion properties in the different joint configurations.
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Table 1
Summary of the prepared samples and experiments carried out in the present work.

75

Sample Adherent composition Adhesive composition Adhesive thickness (mm) in ~ Adhesive thickness (mm) in
label tensile butt joint lap joint shear
A Epoxy mixture with 1.3 wt/wt% carbon Epoxy mixture with 1.3 wt/wt% carbon 0.21 0.23
nano-fibers HHT24 nano-fibers HHT24
B Epoxy with 1.3 wt/wt% carbon nano-fibers Epoxy mixture 0.21 0.23
HHT24
C Epoxy mixture Epoxy mixture with 1.3 wt/wt% carbon 0.15 0.25
nano-fibers HHT24
D Epoxy mixture Epoxy mixture 0.19 0.26
E Epoxy mixture Epoxy mixture with 3.7 wt/wt% 0.20 0.22
exfoliated-graphite
F Epoxy mixture Epoxy mixture with 5 wt/wt% carbon 0.33 0.42
nanofibers PR-XT PS 2500
G Epoxy mixture Epoxy mixture with 1.3 wt/wt% carbon 0.21 0.25
nanofibers PR-XT PS 2500
H Epoxy mixture with 1.3 wt/wt% carbon Epoxy mixture with 1.3 wt/wt% carbon 0.15 0.15
nanofibers PR-XT PS 2500 nanofibers PR-XT PS 2500
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Fig. 1. (a) Schematic cavity geometry for tensile butt joint adherent and (b) schematic cavity geometry for lap joint shear adherent.

2.1.5. Joint configurations for mechanical testing

Figs. 2a and b and 3a and b show schematics of the tests set up
used for the tensile and shear testing of the sample interfaces.
These configurations were suitable selected as they are simple to
make and assemble and involve different stress conditions mode
to test the bonded joint between the adherent in axially and shear
direction [21,22]. To assemble the adherents a very thin layer of
adhesive was used (see Table 1). The thickness of the samples
was measured using a digital caliper (accuracy 0.01 mm). For each
type of combinations (adherents/adhesive) three different samples
were tested and average measurement scatter turned out to be
close to instrument accuracy. Before adhesive bonding, mechanical
surface treatment (grit blasting) was performed for improving the
adhesion between the parts.

Once the adhesive was placed between the overlap area, either
the butt joint, than the single lap-joint samples were uniformly
compressed in the overlapped adhesion area using two suitable
devices based on clamping system (see Fig. 4a and b). They just ap-
ply weak pressure to allow the alignment of the adherents and no
effects on the thickness of the adhesive layers are observed by
measuring thickness of the adhesion layer after the curing process.
The samples were then placed inside a convection oven followed
by a curing cycle.

2.2. Methods

2.2.1. Mechanical testing
Adhesive tests were carried out using an electro-hydraulic ser-
vo-controlled testing machine (Instron mod. 4301). Tensile and
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Fig. 2. (a) Schematic of the tensile butt joint strength test specimens (referred to
ASTM D 2095) and (b) schematic of the butt joint (load direction).

shear stress-strain characteristics, modulus of elasticity and ulti-
mate tensile and shear strength of the nano-reinforced interface
were measured. The loading was applied perpendicularly to the
bonding plane, and the test procedures were carried out as ASTM
D 2095 and ASTM D 3163 standard requirements. Tensile butt joint
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Fig. 3. (a) Schematic of the single lap-joint shear strength test specimens (referred to ASTM D 3163) and (b) schematic of the single lap-joint shear (load direction).

Fig. 4. (a) Assembly of the tensile butt joint specimens under uniform compression (before curing) and (b) assembly of the single lap joint shear specimens under uniform

compression (before curing).

tests were performed applying a load to the specimens of 20 MPa/
cm?of bond area per min (3.1 kN/min), whereby, a load cell of 5 kN
was necessary for the aim; whereas single lap joint shear tests
were performed applying a load to the specimens of 9.7 MPa/cm?
of overlapped area per min (3.1 kN/min), corresponding approxi-
mated by a free crosshead speed of 1.27 mm/min. It is worth not-
ing that in the latter case, the load co-axiality was ensured using
special adapters. In fact, the adherents were securely tightened
to an adapter, which in turn was secured in the grips. This arrange-
ment also ensured that no slip would take during the test (see
Fig. 5b). Analogous to the tensile test, the loading train was verti-
cally aligned prior to testing (see Fig. 5a). Several samples were
tested for each set to determine average values of the mechanical
strength of the joints. To calculate the tensile and shear strength
of each sample, the maximum tensile load was divided by trans-
versal bonded area, and by overlapping bonded area respectively;
while to calculate the strain-to-failure values, the axial extension
was divided by the gauge length of the specimens. A different ap-
proach was adopted in determining the elastic modulus. In fact, the
tensile butt joint test can be used to estimate the adhesive’s elastic
modulus, but only after somewhat controversial corrections. The
lap-shear test does not yield the elastic modulus, not even the
shear modulus. Failure loads depend on specimen geometry and
do not convey any additional information relative to failure stres-

ses. It is well known in literature that tensile test on bulk speci-
mens are clearly preferred for the aim [23]. Therefore, in addition
to abovementioned adhesion tests, standardized samples referring
to international standard ASTM D 638 (type V specimen configura-
tion) were prepared and tested for measuring elastic modulus of
the formulation joints (Fig. 5c). Several samples were tested for
each set in tensile mode, by applying a loading rate of 1 mm/
min. The Young’s modulus was calculated as the slop of the
stress—strain curve in the linear region.

Scanning Electron Microscopy (SEM) was carried out using FE-
SEM (FE-SEM, mod. LEO 1525, Carl Zeiss SMT AG, Oberkochen, Ger-
many) with the aim of studying the morphology of the detached
zones. The fracture surfaces of the bonding areas were preliminary
coated with a thin gold layer of 250 A.

3. Results and discussion

Moduli, ultimate strengths and percentage strain-to-failure of
the analyzed formulations are listed in Table 2. The samples are la-
beled as reported in Table 1 and the numbers are average values
with the respective standard deviations.

Corresponding stress-strain characteristics, representative of
the best performance of different samples, are displayed in
Fig. 6a and b.
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Fig. 5. (a) Tensile butt joint tests setup, (b) single lap-joint tests setup, and (c) geometry of the bulk adhesive test specimen.

Summary of tensile and shear strength, and strain-to-failure values for all sets of composite specimens.

Sample Tensile strength of adhesives by axially loaded butt joints ASTM D 2095 Strength of adhesively bonded rigid plastic by lap-shear joints in shear by
label tension loading ASTM D 3163
Tensile strength @ break Strain percentage @ break  Modulus Shear strength @ break Strain percentage @ break  Modulus
(MPa) (%) (MPa) (MPa) (%) (MPa)
A 9.360 £ 0.073 5.278 £0.543 420.1+8.23 6.430 £ 0.070 2.061 £0.011 41737 £1.03
B 4.079 +1.200 1.303 +0.635 445.8 +7.43 3.843 £0.344 1.216 £ 0.020 418.07 £5.33
C 8.339+0.800 3.391+£0.845 381.6+12.21 4.693+0.213 1.273£0.120 391.5+4.72
D 9.090 + 1.650 3.797 £ 1.362 367.5+7.54 3.864+£0.123 1.109 * 0.422 322.6 £10.71
E 7.310+0.235 2.777 £0.095 385.8+9.65 1.160 * 0.047 0.801 £ 0.007 2154 +12.37
F 2.702 £ 0.257 0.956 +0.077 361.1+11.36 2.276 +£0.086 0.858 +0.002 2457+7.11
G 16.100 + 0.620 5.517 £0.929 580.7+17.72 5422 +£0.921 1.684 £ 0.021 423.9+18.30
H 20.465 £1.135 5.326 £ 1.804 655.1+£27.74 5.612 £0.501 1.612 £0.106 571.4+15.84
26 : 8
24 A, ASTM D 2095 ASTM D 3163
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Fig. 6. (a) Stress-strain plot of bonded joints in tensile tests ASTM D 2095 and

It is worth noting that data in Table 2 for samples D (adherent-
epoxy mixture, adhesive-epoxy mixture) and E (adherent-epoxy
mixture, adhesive-epoxy mixture filled with 3.7 wt/wt% exfoliated

Strain [%]

(b)

(b) stress—strain plot of bonded joint in lap-joint shear tests ASTM D 3163.

graphite), in lap joint shear configurations, (bold values), refer to
samples failed in the bonded joint. A general view of these
data highlights a strengthening of joint resistance as a result of
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embedded nanofiller; even if the amount of nanofiller plays a very
relevant role in determining this behavior. Samples A and H, which
are made of nanofilled adhesive and nanofilled adherent with a
percentage of 1.3 wt/wt% of CNFs, exhibit a very good adhesion
behavior. In particular, sample H shows the best performance in
the tensile strength parameter in butt joints configuration,
whereas sample A exhibits the highest value of the same parame-
ter in the lap-shear joints configuration. However, sample H, also
in the case of lap-shear joints configuration, shows a significant
strength, exceeded only sample A. Further, sample G, where only
the adhesive past is loaded with 1.3% of CNFs (PR-XT PS 2500)
shows a behavior in the adhesive performance better than samples
B, D, E and F where the adhesive paste are unfilled (samples B and
D) or filled with high percentage of nanofillers (samples E and F).

Considering all the results, we can certainly draw two impor-
tant conclusions:

80
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o
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n
n
£ 30
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Fig. 7. Effect of nanofiller content on tensile stress-strain curve of adhesive
formulations.

Table 3
Summary of tensile properties of epoxy modified adhesive.

Tensile properties of adhesives referred to ASTM D 638

Specimen composition Modulus Tensile Strain

epoxy/wt/wt% nanofiller ~ (MPa) strength percentage
(MPa) (%)

1.3% CNF's HHT24 2464.4+1429 71.66+6.63 4.75+1.58

1.3% CNF's PR 2500 XT 23702 +£2541 64.87+0.19 3.31+0.28

5% CNF's PR 2500 XT 28453 £55.57 49.05+3.14 1.83 £0.49

3.7% Exfoliated-graphene 24422 +52.36 51.08+3.34  2.58+1.28

Epoxy 2087.5+15.57 63.56+4.44 3.76 £4.60

g g

(a) the best adhesive behavior is obtained for samples filled
with a low percentage CNFs (samples A and H) and with
strong similarity in the chemical composition between
adherents and adhesive (see samples A and H);

(b) in the performed tests (involving unfilled adherents and
nanofilled adhesive) the best performance is obtained for
low concentration of nanofiller (see samples F and G); in
addition, CNFs heat-treated at 2500 °C show a better behav-
ior than CNFs heat-treated at 3000 °C (see samples C and G).

The performed tests evidence the great potential of adhesive
formulations as samples A and H in the field of structural adhesive
materials. In fact, if the need arises, the structural adhesive can be
tailored to replace the common adhesive with conductive adhesive
to bond new nanofilled materials currently under investigation in
the field of aeronautic and aerospace materials. Furthermore, mar-
ket research indicates a more attractive price for the nanoparticles
and many progress have been made in reducing difficulties related
to the step of nanofiller dispersion. As already observed for differ-
ent types of nanofillers in previous papers [4,24], also for carbon
nanofibers, there is an optimum amount of nanofiller, which leads
to significant improvement in mechanical behavior of the bonded
joint. In fact, we can observed that, at higher nanofiller contents
(i.e. 3.7 wt/wt% and 5 wt/wt%), the properties degrade to below
the ones of the neat epoxy adhesive. Similar results were obtained
in single lap joint shear tests.

Stress—strain curves and Young's modulus measured on bulk
specimens are plotted in Fig. 7, whereas Young's modulus values
are reported in Table 3. As already observed in literature [25]
Young’s modulus of the nanofilled epoxy formulations increases
continuously with increasing nanofiller concentration, whereas
the strength degrades with increasing loading rate of nanofillers.

3.1. Visual examination of failed joints

It is well known that it is the combination of adhesion and cohe-
sive strength which determine bonding effectiveness. Cohesion is
defined as the internal strength of an adhesive as a result of a vari-
ety of interactions within the adhesive. Adhesion is the bonding of
one material to another, namely an adhesive to a substrate, due to
a variety of possible interactions.

Generally, there are two possible mechanisms of failure, namely
adhesive failure and cohesive failure. Adhesive failure is the inter-
facial failure between the adhesive and one of the adherents, which
is indicative of a weak-boundary layer adhesion. On the other
hand, cohesive failure occurs when the fracture results in a layer
of adhesive remaining on both adherent surfaces, or, when the
adherent fails before the adhesive with fracture almost contained
in the adherent [21,26]. In our samples, failure in the bonded zone
occurred for all the butt bonded joint samples tested by tensile

Fig. 8. Detail of failure of bonded joints occurred in butt joint tests.
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Fig. 10. (a and b) FE-SEM micrograph of fracture surface of the bonding areas-sample A failure in tensile test and (c) detail of magnifications of neighbor region.

mode (see Fig. 8). Different behavior was highlighted in single lap
joint tests. In fact, sample D and E (Fig. 9), the adhesive breaks
apart, and the failure occurred in the overlapped zone, although
sample D exhibited high mechanical strength response (see
Table 2). In other cases, inclusion of nanofiller in the adhesive
paste, leads to no failure in the overlapped zone, because, the
nanoreinforcement effectively transferred the load into the adher-
ents, whether they were filled or unfilled. This last observation also
highlights that a very important role in the joint behavior is also
the nature of the interface adhesive/adherent, in fact also sample
B shows a good behavior because the nanofillers interact in the
interface zone.

Figs. 10-14 show SEM micrographs of fracture surface of butt
joint tested in tensile mode. The inclusion of nano-reinforcement
into the epoxy adhesive improves mechanical strength of the
adhesive layer; it effectively transfer the external load to the
adhesive layer containing nanofibers, and failure occurred also

in the nanofibers (see Figs. 10b and 12b), which behave as the
strongest part of the composite adhesive. In the same zones,
few CNFs are even pulled out of the resin leaving micro and nano-
metric voids (see Figs. 10c-12b). In this regard, it is worth noting
that no etching procedure was performed on the fracture surface
before the morphological investigation. It is well known in the lit-
erature that the morphological investigation, by means of SEM
investigations of nanofillers inside polymeric matrix, require
pre-treatment of sample surfaces with etching procedure
[27-30]. The simple fact of observing some nanofibers so clearly
(see Figs. 10c and 12b) evidences that they have endured a load
which has caused their detachment from the matrix. In the case
of sample B, prepared by joining the nanofilled adherents with
unfilled epoxy adhesive (see Fig. 11), no exposed CNF's are obser-
vable. In this case the failure of joint occurred at the epoxy along
the bonding interface. This behavior might explain the lower
values in the tensile strength of sample B with respect to the
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Fig. 13. (a) FE-SEM micrograph of fracture surfaces of the bonding areas-sample D failure in tensile test and (b) detail of magnifications of neighbor region.

previous sample or samples such as H, G and C samples. FE-SEM
micrographs of bonding surface for unfilled joint (Fig. 13) show
remnants of adhesive paste on unfilled surface which appear as
a failure in the adhesive. Images on the fracture surfaces of
sample E (see Fig. 14) show that the external load to which the
joint is subjected, was supported by adhesive layer; in fact, the
exfoliated graphene platelets are pulled out of the plan of inter-
face. This occurrence confirms the same behavior observed for
the fiber reinforced adhesive with a substantial difference: the
high amount of exfoliated graphite platelets weakens the interac-
tion between filler and matrix.

Fig. 15 shows the fracture surface of sample G: in this case two
regions are clearly observed. In particular, dark zones (see zone A)
corresponding to the failure between adhesive paste and adherent
surface are distinguishable from the clear ones (see zone B) con-
taining remnants of nanofilled adhesive. A magnification of the
neighbor regions highlights the difference in phase compositions
of the two different areas (see Fig. 16).

The dark ones differ from the others for the absence of CNFs; in
fact, in the clear zones we can also see the distribution of the
nanofibers and the effect of the tensile load on their interaction
with the epoxy matrix. The influence of the tensile strength
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Fig. 15. FE-SEM micrograph of fracture surfaces of the bonding areas-sample G
failure in butt joint test.
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Fig. 16. FE-SEM magnification micrograph of the neighbor regions of fracture
surfaces of the bonding areas-sample G failure in butt joint test (zone A).
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Fig. 17. FE-SEM magnification micrograph of the neighbor regions of fracture
surfaces of the bonding areas-sample G failure in butt joint test (zone B).

experimented during the test causes a weakening of the interac-
tion between CNF walls and epoxy matrix as evidenced from many
nanofibers pulled out at the interface. In Fig. 17 of the same sample
we can see the morphology of a large zone.

The different colors of the same morphological feature indicates
a cohesive failure inside of the nanofilled adhesive paste. In this
morphological analysis, a particular attention is focused on sample
H which has shown the best adhesive behavior. Fig. 18 shows the
fracture surface of sample H at low magnification.

The shades of gray seem to indicate that the majority of the sur-
face is involved in a cohesive failure (zone B). This hypothesis is
confirmed by other images at higher magnifications in the regions
with clear tonality (see Fig. 19) where we can see an effect very
similar to that of sample G (Fig. 17) in the regions where cohesive
failures were observed.
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Fig. 18. FE-SEM micrograph of fracture surfaces of the bonding areas-sample H
failure in butt joint test.
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Fig. 19. FE-SEM micrograph of fracture surfaces of the bonding areas-Sample H
failure in butt joint test.

In Fig. 20 we show the fracture surface of neighbor regions (see
zone A) in sample H. We can see that in some regions (at lower
area percentage than the clear ones) the adhesive failure is ob-
served; but in this case many CNFs are observable between the
adherent surface and the adhesive paste. The CNFs seem detached
from the resin showing a position of nanofibers subjected a strong
tensile stress between the two faces. This last observation seems
suggest that a stronger bond exists at the interface of sample H
as a result of the strengthening effect resulting from the dispersed

AdherentSurface
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- — Photo No.=1198
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Fig. 21. FE-SEM micrograph of fracture surfaces of the bonding areas-sample D
failure in lap joint shear test.
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— y

Fig. 22. FE-SEM micrograph of fracture surfaces of the bonding areas-sample E
failure in lap joint shear test.

nanofillers and the strong compatibility between adherents and
adhesive due to a very similar chemical composition.

Figs. 21 and 22 show the micrograph of the fracture surface of
single lap joint tested in tensile mode refer to un-reinforced epoxy
bonded joint (sample D), and for sample E. Either way, it was pos-
sible to observe a cohesive failure mechanism in bonded joint, and

AdherentSurface

EHT=20.00 KU wD= 16 nn Mag= 11.50 K X
pn — Photo No.=1189  Detector= SE1

Fig. 20. FE-SEM magnification micrograph of fracture surfaces of the bonding areas-sample H failure in butt joint test (zone A).
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in particular, Fig. 22 shows the presence of typical graphene plate-
lets in adhesive paste which remained on the fracture surface.

From an overall view on the results, the reinforcement effect
due to nanometric filler has proven to be very effective in improv-
ing the attractive interaction between adhesive formulations and
adherent surfaces. If we observe the morphology of sample A and
H, at higher magnification (Figs. 10b-20b), we can hypothesize
that the network of nanomesh strongly increases the cumulative
effect of Van der Waals interactions; their intensity is also ampli-
fied by the presence of the same nanofiller in the interface of
adherent and epoxy adhesive. In the case of nanofiller or filler con-
stitute of exfoliated graphite a negative effect is detected for the
analyzed junctions. It is worth noting that in this last case the
activities are in progress because in this paper, we have only used
high nanofiller/filler concentration because our aim was to formu-
late a conductive epoxy adhesive and in the case of exfoliated
graphite, the electrical percolation threshold was found for a high-
er percentage of filler [31,32].

4. Conclusions and remarks

The addition of carbon nanofillers into an epoxy adhesive formu-
lation (studied for aeronautic application) caused a significant
improvement in the bond strength of the joints, changing the fail-
ure mode of joints in single lap joint shear tests. The fracture of
joints bonded with unfilled epoxy adhesive occurred at the epoxy
along the bonding interface, and no significant damages were ob-
served on the composite adherents. In contrast, the failure observed
in nanoreinforced joints was cohesive in the adherents. The nanore-
inforcing effectively transfer the load to in the adherents and the
failure was in the composite. No difference in adhesive bonded joint
were detectable in tensile tests of the analyzed samples. In any case,
the most relevant enhancement in mechanical performance, were
achieved by using lower nanofiller (1.3 wt/wt%) content in epoxy
matrix, for both, adhesive and adherents, which formed the bonded
joints. In the case of CNFs there is also the advantage with respect to
CNTs of an easier production process mainly in the step of nanofiller
dispersion inside the epoxy liquid adhesive which is a very difficult
step before the curing process.

At higher nanofiller contents, (3.7 and 5 wt/wt%), adverse ef-
fects in bonded joints performance were observed. This occurrence
might have resulted from aggregation and poor dispersion of the
nanofiller into epoxy matrix, or also due to different nature be-
tween adherent surfaces and adhesive. Data shown in this paper
highlighted the potentiality of adhesive nanofilled with CNF's to
act as promising materials for joints in the new generation of air-
craft materials.
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