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The effect of the addition of carbon nanoreinforcements to an epoxy adhesive on the strength and
toughness of carbon fibre/epoxy composite joints was studied. The laminate surfaces, treated with peel
ply, were characterised by profilometry, image analysis and wettability. The mechanical properties of
the joints were determined by lap shear testing and double cantilever beam testing. The fracture
mechanisms were studied by scanning electron microscopy.

The addition of carbon nanofibres and carbon nanotubes caused an increase in the mode-I adhesive
fracture energy, Gic, of the joints while their lap shear strengths remained approximately constant. This
improvement in the fracture behaviour was attributed to the occurrence of toughening mechanisms
when carbon nanoreinforcements were added to the epoxy adhesive. Additionally, the use of carbon
nanotubes improved the interfacial strength between the adhesive and the substrate, changing the
crack growth behaviour and the macroscopic failure mode.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon fibre/epoxy laminates are widely used composite
materials in fields such as the automotive and aerospace indus-
tries, energy production and sports equipment. In many of these
applications, the large size and complexity of the structures
require the use of joining techniques to assemble various parts.
These joints can be made either mechanically or using adhesives.
In the case of carbon fibre reinforced polymers (CFRPs), adhesive
bonding presents many advantages compared with the use of
mechanical joints [1]. Among others, bonding does not require
drilling holes in the substrates and allows for the joining of large
surfaces. Adhesive joints also minimise stress concentrations,
distributing the load over the overlapping area. One of the main
limitations of adhesive joints is the need for applying a surface
treatment to the adherends to promote their adhesion [2]. Due to
the novelty of this method, the efficiency of each particular joint
must be analysed, and new formulations of adhesives with
improved properties must be developed.

Epoxy resins are one of the most important structural adhe-
sives due to their good adhesive properties and high thermal and
chemical resistance. When joining carbon fibre/epoxy composites,
epoxy adhesives have a high compatibility with the matrix. The
main limitations of epoxies are their low fracture toughness and
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very high electrical resistivity. This last is a disadvantage in some
applications of carbon fibre/epoxy structures in which electrical
conductivity is desired throughout the structure. This require-
ment cannot be fulfilled if different parts are joined using an
insulating material such as epoxy. To increase the toughness of
epoxy resins, one of the most commonly used solutions is the
addition of polymeric particles. However, the increase in fracture
toughness is at the expense, in many cases, of detrimental effects
on other properties [3,4]. Recently, the use of nanometric particles
as epoxy additives has been investigated. Gilbert et al. [5]
achieved an important enhancement of the mode-I fracture
toughness of co-cured CFRP joints by adding alumina nanoparti-
cles to the adhesive. However, when the laminates were pre-
viously cured, fracture toughness values obtained were even
lower than those with unreinforced adhesive. Moreover, this kind
of nanoparticle does not solve the problem of low electrical
conductivity.

It has been reported that the introduction of carbon nanotubes
(CNTs) or nanofibres (CNFs) can improve the mechanical, thermal
and electrical properties of epoxy resins [6-9]. The most common
problems found during the processing of epoxy nanocomposites
are associated with the difficulties of obtaining both a suitable
dispersion of nanoreinforcements and a high interaction with the
matrix. Several of these issues were partially solved in our
previous work [10], where a dispersion method based on the
use of a solvent and ultrasonication was optimised. With this
method, it was possible to obtain a good dispersion of nanor-
einforcements in epoxy resins with contents up to 0.5 wt% CNFs
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and 0.25 wt% CNTs, as determined by TEM [11]. Higher percen-
tages induced a very high increase in resin viscosity, which made
it more difficult to use the filled epoxy resins as adhesives. The
maximum content for proper dispersion is lower for CNTs than
CNFs because of their higher specific surface area, which increases
the viscosity of the mixtures more than the same weight percen-
tage of CNFs [11]. Several researchers have demonstrated that low
contents of CNTs yield better property improvements than higher
contents of CNFs due to the excellent mechanical, electrical and
thermal characteristics of CNTs [12-14]. In our laboratory, we
found that the addition of 0.1 wt% CNTs and 0.25 wt% CNFs
caused reductions in the electrical resistivity of 13 and 10 orders
of magnitude, respectively, compared with the neat epoxy adhe-
sive [11].

The use of these nanoreinforced adhesives for joining carbon
fibre/epoxy composites was also researched in our previous work
[11], in which we found that the addition of nanoreinforcements
did not significantly affect the lap shear strength of single lap
joints. However, some changes were observed in the fracture
surfaces of these joints, which may indicate an increase in the
fracture toughness. This led us to study the adhesive fracture
energy in an effort to determine if the presence of CNFs or CNTs
can modify the fracture toughness of carbon fibre composite
joints.

In the present work, we evaluated the viability of the addition
of CNFs and CNTs to epoxy adhesives for joining carbon fibre/
epoxy laminates. The objective was to increase the toughness of
the joints through the formation of new micromechanical
mechanisms associated with the presence of nanoreinforcements
that contribute to the increase in energy consumption during
fracture.

2. Experimental
2.1. Materials

The unidirectional carbon fibre/epoxy laminates used as
adherends were manufactured by the Instituto Nacional de
Técnica Aerospacial (Spain) from unidirectional prepregs (Hexply
8552/34%/UD134/AS4-12K, supplied by Hexcel (Stamford, USA))
laid up and then cured in an autoclave. The matrix of this prepreg
is an amine-cured, toughened epoxy resin designed for use in
primary aerospace structures. The nominal fibre volume is 57%.
The curing was performed at 180 °C for 2 h at a pressure of 6 bar.
Before curing, a dry polyester peel ply (Release Ply C, Airtech
(Differdange, Luxembourg)) was placed over the last prepreg. This
ply was removed just before bonding, to generate a rough surface
free of contamination. Both the peel-ply-treated surface and the
untreated composite surface were characterised by roughness
and surface free energy measurements. The smooth surface
without peel ply was simply wiped with acetone.

The epoxy monomer used was the diglycidyl ether of bisphe-
nol A (DGEBA), with 178 g/epoxy equivalent. The curing agent
was 4,4’-diaminodiphenylmethane (DDM). Both components of
the epoxy adhesive were supplied by Sigma-Aldrich. Carbon
nanofibres (CNFs) and carbon nanotubes (CNTs) were used as
reinforcements in this adhesive. The CNFs, manufactured by
Grupo Antolin, were produced by chemical vapour deposition.
Their average diameter depends on their morphology: for plate-
let-like CNFs, it is from 12-20 nm, whereas cup-stacked CNFs
have diameters less than 93 nm [15]. According to the manufac-
turer, their lengths are estimated to be greater than 30 pm.
Amino-functionalised multiwall carbon nanotubes, with dia-
meters less than 10 nm and lengths below 1 pm, were produced
by Nanocyl via catalytic carbon vapour deposition. As specified in

the datasheet of this product (Nanocyl 3152), the extent of
functionalisation is less than 0.5%, as measured by X-ray photo-
electron spectroscopy (XPS).

To achieve a good dispersion of CNFs and CNTs in the adhesive,
the processing of nanoreinforced adhesives was performed in
several steps. This process includes the use of chloroform and
several dispersion techniques, and has been optimised in a
previous work [10]. The CNF content was 0.5 wt% with respect
to the mass of DGEBA. In the case of the CNTs, only 0.25 wt% was
added because of their greater effect on the viscosity increase due
to their high specific surface area. Additionally, these percentages
of nanofillers were chosen because they provided the highest
values of lap shear strength in a previous study performed with
different surface treatments of the substrates [11,16]. The curing
process for the neat and reinforced adhesives was performed in
two steps: 3 h at 150 °C and then 1 h at 180 °C.

2.2. Characterisation

The surfaces of the carbon fibre/epoxy laminates used as
adherends were treated with peel ply and then characterised by
profilometry (Mitutoyo Surftest SJ]-301) and image analysis using
Scanning Probe Image Processor (SPIP) software [17] to determine
their surface textures. The surface free energy of the adherends
was determined from the contact angles of water and glycerol,
measured with a Ramé-Hart 200 contact angle goniometer. Five
drops of each liquid were placed on each composite sample using
a microsyringe, and ten measurements of the contact angle were
made, at the left and right sides of every drop, with a precision of
0.1°. There are several methods for calculating surface energy
using the contact angles of different liquids. In the absence of
complete consensus regarding which of them is most suitable for
measuring polymer surface energies, and taking into account
other studies focusing on the same materials [18-20], the equa-
tion proposed by Owens and Wendt [21], also known as the
OWRK (Owens, Wendt, Rabel and Kaelble) equation, was chosen
to calculate the dispersive and polar fractions of the surface
energy

o1(1+cos0)=24/cPcP+2,/clol

where o5 and g, correspond to the surface free energy of the
adherend and the surface tension of the liquid, respectively, and
the superscripts D and P correspond to the dispersive and polar
fractions, respectively. The contact angles, 0, of the adhesives on
both surfaces (untreated and peel-ply-treated) were also mea-
sured, and these data were used to calculate their surface
tensions. In this case, the mean and standard deviations were
calculated from ten measurements of the contact angles of three
drops per adhesive.

The joint strength was determined by single lap shear tests
according to the ASTM standard D5868. The adherends were
100 mm long, 25 mm wide and 2.5 mm thick. The area of the
overlap was 25x25mm?, and the adhesive thickness was
0.7 mm. Five tests were done for each adhesive composition.

Double cantilever beam (DCB) tests were performed to deter-
mine the mode-I adhesive fracture energy of the adhesive joints,
following the protocol “Determination of the Mode-I Adhesive
Fracture Energy, Gc, of Structural Adhesives using the Double
Cantilever Beam (DCB) and Tapered Double Cantilever Beam
(TDCB)” [22]. In this case, the adherends were 150 mm long,
25mm wide and 3.3 mm thick. A 75 pum thick polyethylene
terephthalate (PTFE) film was inserted at one end of the specimen
to act as a crack initiator. To perform the test, a precrack was
generated from the nonadhesive insert, and then the DCB test was
performed. The thickness of the adhesive was 0.4 mm. To
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facilitate the detection of crack growth, one edge of the sample
was coated with a thin layer of typewriter correction fluid. In the
DCB testing, the load was applied to the specimens at a constant
cross-head rate of 1 mm/min. The measured displacement, J, was
corrected with the system compliance. Blackman et al. [23]
demonstrated the importance of this correction. Five samples
were tested for each adhesive composition. Fig. 1 shows two
typical load-displacement curves obtained during the testing:
(a) the crack progresses continuously and (b) unstable “stick-slip”
crack growth behaviour.

For the calculation of the mode-I strain energy release rate, Gic,
three different methods were employed

1. Corrected beam theory (CBT) [22]
3P 1

Cie= 2B(a+|4)N

where P is the load, ¢ is the displacement, a is the crack length
(measured from the load line) and B is the width of the
specimen. The factor 4 is used to correct the error produced
when the beam is not perfectly built-in, treating it as contain-
ing a slightly longer crack length (a+ |4|). The value of 4 may
be determined experimentally by plotting the cube root of the
normalised compliance (C/N)!/? as a function of crack length a.
The compliance C is the ratio between displacement and load
(0/P). The extrapolation of a linear fit of the plotted data yields
A as the intersection point with the abscissa (see Fig. 2a). Nis a
correction factor applied because load blocks were used to
apply the load to the specimen, and is calculated using the
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2. Experimental compliance method (ECM) [22]
nPs 1
Cic = 3BaN

where P, 0, a, B and N are the same as in the corrected beam
theory and n is the slope of the plot of the logarithm of the
normalised compliance (C/N) versus the logarithm of the crack
length a (Fig. 2b).

. Area method [24]

A
= b-aB

where A is the area under the P-6 curve between two points, a
and b, obtained as shown in Fig. 3, (b—a) is the length of the
crack between two points on the specimen and B is the width
of the specimen. The last method provides a mean value,
whereas the first two allows for the determination of the
resistance curve (R-curve), which is a graph of the propagation
values of the adhesive fracture energy Gc versus crack length.

The fracture surfaces of the adhesive joints were examined by
scanning electron microscopy (SEM Hitachi S3400N) and field
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Fig. 1. Load-displacement curves obtained in the DCB, where the crack progressed continuously with neat epoxy adhesive (a) and exhibited unstable “stick-slip” crack

growth behaviour with epoxy/CNT adhesive (b).
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emission scanning electron microscopy (FEG-SEM Nova NanoSEM
FEI 230) after coating with a 5-10 nm Au-Pd layer by sputtering.

3. Results and discussion
3.1. Surface roughness

It is well known that surface topography plays an important role
in adhesion because pits, valleys, peaks and other types of topogra-
phical features on the surfaces of adherends can provide additional
surface area for bonding and allow for mechanical interlocking to take
place between the substrate and adhesive, enhancing adhesion [1,25].
Conversely, surfaces with very high peaks or deep holes may allow air
to be trapped at the interface, creating stress concentrations in the
interface region of the bond and reducing adhesion.

As expected, the profile obtained for the peel-ply-treated
laminate was extremely jagged and rough, showing peaks and

P
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Fig. 3. Area used for the calculation of Gic following the area method.
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valleys in a regular pattern. The average roughness, R,, measured
with the profilometer was 6.7 pm, with a standard deviation of
0.1 um (6.7 +0.1 pum). This is a high value compared with the
roughness obtained for the untreated laminate of 0.26 + 0.02 pm.
This parameter alone is insufficient to fully characterise the
texture of a surface; two surfaces with similar average rough-
nesses can present very different surface textures. For this reason,
a wide range of roughness parameters have been defined. The
image analysis software SPIP can be used to analyse not only lines
but surfaces, and this allows the determination of various para-
meters that together better define the texture of a surface. Fig. 4
shows the analysed low-magnification SEM micrographs captured
and the 3D reconstruction of the surface generated using the
image analysis software. Through this analysis, we determined
that the increase in available area for bonding compared with a
flat surface was approximately 6500% for the peel ply and 2200%
for the untreated laminates. This was mainly caused by the
increased height of the peaks and depth of the valleys, defined
as R, (peak-peak height: the average height of the five highest
local maxima plus the average depth of the five lowest local
minima), which was 1.6 pm for the untreated surface and con-
siderably higher for the composite treated with peel ply
(33.8 um). The SPIP analysis also allowed us to determine the
summit densities (Sqq, the number of local maxima per unit area),
which were 0.047 and 0.012 um~2 for the untreated and peel-
ply-treated surfaces, respectively, meaning that the latter had
fewer peaks, and consequently, the distance between them was
greater. The height of the peaks in the peel-ply-treated adherends
could cause problems with trapped air if they were very close
together, but this was avoided in our case due to the large
distance between peaks.

Untreated

260
I
%, 200

Peel ply

Fig. 4. Image analysis of SEM micrographs of untreated and peel-ply-treated surfaces.



M.R. Gude et al. / International Journal of Adhesion & Adhesives 31 (2011) 695-703 699

Table 1

Mean values and standard deviations of the surface free energies of the adherends and the contact angles of the adhesives.

Surface free energy (mJj/m?)

Contact angle (deg.)

Dispersive Polar Total DGEBA DGEBA/CNF DGEBA/CNT

Untreated 85+1.5 193+2.0 278406 493 +1.9 385+1.7 49.5+3.0

Peel ply 29.8+1.8 6.6+0.9 364+ 1.0 34.1+2.7 39.6+1.8 38.8+3.9
Adhesive: Surface finish: tension, wet the surface with a contact angle greater than 0°.
30+ o DGEBA —— Untreated Thus, for a given surface finish, the wettability is better when the
o DGEBA/CNF ------- Peel ply liquid is closer to the wetting envelope. This means that the
& 254 ~ DGEBA/CNT adhesives more effectively wet the surfaces of the peel-ply-
L\EJ = treated laminates than the untreated adherends. This result was
£ 204 A expected because the surface free energy of the peel-ply-treated
k< eeemna O laminates is higher. However, it has been observed that liquids
% 15 with certain combinations of surface tension components (i.e.,
g high o7 and low oP) better wet the untreated laminates. This
3 indicates that wetting depends not only on the surface free
5 104 energy of the substrate and the surface tension of the liquid but
E also on how the dispersive and polar components of each are

5+ distributed.
As mentioned, wetting envelopes may also be calculated for
04 different contact angles, not only the complete wetting (0°), using
L the OWRK equation. Outside of a particular wetting envelope, the
0 5 10 15 20 25 30 35

Dispersive component (mJ/m?)

Fig. 5. Wetting envelope of the untreated and peel-ply-treated adherends and
surface tensions of the adhesives.

3.2. Surface energy and wetting

In addition to the surface roughness, the surface free energy is
a characteristic that determines the adhesive properties of the
adherends. As explained in Section 2.2, this energy was deter-
mined from contact angle measurements of two liquids, i.e., water
and glycerol, using the method of Owens and Wendt [21]. Table 1
lists the dispersive and polar components of the surface free
energies and the wettabilities of the uncured adhesives on the
two studied surface finishes.

The dispersive component of the surface free energy is related
to the surface roughness. We observed that R,, R, and ¢? were
very low for the untreated adherends, having very flat surfaces,
and considerably higher for the peel-ply-treated adherends. In
fact, the surface areas and the dispersive surface energies for
these laminates were both approximately three times that of the
corresponding untreated laminates. The polar component was
relatively high for the untreated surface. In principle, this is a
desirable characteristic; however, for untreated surfaces, this
phenomenon is usually due to the presence of contaminants or
water. In contrast, peel-ply treatment generates a surface free of
contamination, characterised by a low number of polar groups as
well as high roughness. As observed by other researchers, the
surface treatment of carbon fibre/epoxy composites with polye-
ster peel plies induces the predominance of apolar groups,
increasing the dispersive component of the surface energy [2].

Based on these data and the OWRK equation, the wetting
envelopes were calculated. These curves are the geometric spaces
of the liquids, represented by their polar and dispersive surface
tensions, that wet the surface with a given contact angle. For an
angle of 0°, this curve represents the critical surface tension for
complete wetting (Fig. 5). Liquids situated inside this envelope
completely wet the surface, whereas liquids situated outside the
wetting envelope, due to their dispersive and polar surface

contact angle is higher than that represented by the envelope, and
the contact angle is lower inside the envelope. This allows the
estimation of the contact angle of a liquid of known surface
tension by plotting the contours for different contact angles. In
this case, the surface tension of the adhesives was unknown and
was calculated from their contact angles on untreated and peel-
ply-treated adherends and the OWRK equation. As expected, the
contact angles between the adhesives and the adherends pre-
dicted in Fig. 6 agreed with the experimental values. The surface
tensions of the three adhesives were quite similar: 39, 35 and
40 mJ/m? for DGEBA, DGEBA/CNF and DGEBA/CNT, respectively.
For the neat and CNT-reinforced adhesives, both components of
the surface tension are practically equal. However, with CNF
addition, the surface tension of the adhesive became mainly
polar. This explains why this adhesive better wet the untreated
composite. However, the addition of carbon nanofibres had the
converse effect on the peel-ply-treated surface, reducing the
wettability by a few degrees compared with the neat adhesive.
In general, the addition of carbon nanoreinforcements did not
significantly change the wetting behaviour of the adhesives, and
peel-ply treatment improved this behaviour.

Summarising the surface characterisation, peel-ply treatment,
compared with the untreated laminates, provided a surface free of
contamination, with high roughness despite the low number of
peaks and valleys, and produced a considerable increase in the
surface area available for bonding. This treatment also caused a
decrease in the polar component and increased the dispersive
component, resulting in an increase in the surface free energy of
the composite. Combining the surface energies of the surfaces and
the adhesives, the wetting envelopes demonstrated that adhe-
sives better wet the peel-ply-treated laminates than the
untreated laminates. This justified the selection of this treatment
for the adhesive joints that were studied subsequently.

3.3. Properties of adhesive joints

Adhesive joints with two different geometries were manufac-
tured to determine the adhesive strength (lap shear joints) and
the mode-I adhesive fracture energy (double cantilever beam
joints) in laminates treated with peel ply. The lap shear strength



700 M.R. Gude et al. / International Journal of Adhesion & Adhesives 31 (2011) 695-703

Q

35 4502
30 (%2

30°
25 +

15 -
10 +
5

Polar component (mJ/m?)

0 4
0 5 10 15 20 25
Dispersive component (mJ/m?)

(on

30

25 1 59700
30°

20 +
15 4}/
10
5 |

Polar component (mJ/m?)

0 5 10 15 20 25 30 35 40 45 50 55
Dispersive component (mJ/m?)

Fig. 6. Wetting envelopes with 0°, 30°, 40° and 50° contours for the untreated (a) and peel-ply-treated (b) adherends. The surface tensions of the uncured adhesives are

also represented: © DGEBA, OO DGEBA/CNF, A DGEBA/CNT.

120 —m— Epoxy
] o Epoxy/CNF
A A Epoxy/CNT
110 A /A A
AT u ’ ' A A
‘g 100 1 a A-A A
= % g0 0
0 B O O e
[0) ] o0 ;. o
R - —nm
80 - ;om
. \./'\././-\.
70 4
o
60 T T T T T T T T T T T T T

20 30 40 50 60 70 80 90
Crack length (mm)

Fig. 7. R-curves calculated using CBT for DCB joints with the different adhesives.

had a mean value of 8.6 MPa with a standard deviation of 0.6 MPa for
the adhesive joints with neat epoxy adhesive, 9.2 + 0.7 MPa for the
adhesive reinforced with 0.5 wt% CNFs and 9.2 + 0.6 MPa for the
adhesive with 0.25 wt% CNTs.

Thus, the addition of carbon nanofibres or carbon nanotubes to
epoxy adhesive did not significantly change the bond strength.
However, as reported in a previous work [11], the presence of
these nanoscale fillers caused the appearance of new mechanisms
of adhesion. The fracture failure was adhesive in all cases, but in
the joints with nanoreinforced adhesive, there were some small
areas of cohesive failure in the adherend [11]. This small change
in the failure mechanism could indicate a change in the fracture
toughness values of the adhesive joints when carbon nanofillers
were added to the epoxy adhesive. The results of the DCB tests
described herein confirmed this hypothesis.

The three calculation methods described in Section 2.2 were
applied to each DCB-tested joint. The area method provided a Gic
value for each joint. The arithmetic mean and standard deviation
were calculated for each adhesive composition using the five
values of the mode-I adhesive fracture energy corresponding to
the five joints tested. Using CBT and ECM, G;c was calculated for
each measured crack length (between 5 and 60 mm of crack
propagation from the precrack, every 5 mm). Fig. 7 shows one R-
curve per adhesive composition using the Gic values calculated
with the corrected beam theory. For the epoxy and epoxy/CNF
adhesives, cracks progressed continuously (Fig. 1a), and the Gic
did not change significantly as a function of the crack length.

140 - 1 Epoxy
J Epoxy/CNF
120 [ Epoxy/CNT
100 - [ w [ T
. 77
E 804 \ J J
2
> i
@ 60
40
204
0 T T T
Area CBT ECM

Fig. 8. Comparison of the mean propagation values and standard deviation of Gjc
as a function of the adhesive composition and the calculation method.

Table 2
Mean Gic values and standard deviations for the different adhesives using three
calculation methods.

Adhesive Calculation method
Area CBT ECM
Epoxy 86.3 +20.3 87.0 +26.4 92.1+18.7
Epoxy/CNF 99.1 +7.7 96.0 +8.7 96.7 +8.2
Epoxy/CNT 116.8 +18.6 1053 +8.9 1053 +74
Table 3
Failure modes of DCB joints.
Adhesive Macroscopic failure mode
Adhesive (%) Cohesive (%)
Epoxy 100 -
Epoxy/CNF 100 -
Epoxy/CNT 80 20

However, the addition of CNTs to the epoxy adhesive promoted a
change in the crack growth to a “stick-slip” behaviour (Fig. 1b).
This caused variability in the Gc values for each crack length. An
average value of G;c was obtained from each DCB joint tested
using CBT and ECM from the R-curves. The average values and
standard deviations, shown in Fig. 8 and Table 2, were then
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calculated using the average value of the five joints tested per
adhesive. Although the standard deviation was quite high in some
cases, the mean Gic values indicate that the addition of carbon
nanoreinforcements to the adhesive increased the fracture energy
of the DCB joints. This was deduced independently of the
calculation method used. In general, the mean values of each
adhesive were very similar, again independently of the method
used for their calculation.

The reinforcement of epoxy adhesives with carbon nanofibres
increased the mode-I fracture energy of DCB joints of the carbon
fibre/epoxy laminates by 10% over the neat adhesive, and the
increase with the addition of carbon nanotubes was 23.5%. To
explain these results, the failure modes of the joints were
analysed both macro- and microscopically. In all of the tested
joints with neat and CNF reinforced adhesives, the failure was
found to be macroscopically adhesive, as can be seen in Table 3
and Fig. 9a and b. However, the samples bonded with CNT/epoxy
adhesive broke in a mixed adhesive/cohesive mode within the
adhesive. As shown in Fig. 9¢, the crack moved from one adhesive/
adherend interface to the opposite interface by propagating
through the adhesive layer. This could indicate that carbon
nanotubes improved the interface between adhesive and sub-
strate, preventing the crack propagating along the interface and

causing “stick-slip” crack growth behaviour. This resulted in an
increase in the mode-I adhesive fracture energy. The resultant
failure mode was mainly adhesive, with a proportion of cohesive
failure (Table 3). This could also explain the higher value of Gc
calculated by the area method than the values given by the CBT
and ECM methods. This difference demonstrates that the area
method is the least accurate of the three methods used, particu-
larly when crack growth shows “stick-slip” behaviour. This
observation is especially interesting from a practical point of
view, as it provides an average value quite similar to those
obtained with the other two methods (in the worst case, the
difference was approximately 10%) but with easier and quicker
calculations.

The fracture surfaces were studied in depth using scanning
electron microscopy (SEM) and field emission gun-SEM (FEG-
SEM) to determine the role played by the nanoreinforcements in
increasing the adhesive fracture energy. In the initiation zone, the
fracture surfaces showed that the joint broke in a brittle mode.
However, in the joints with nanoreinforced adhesives, there were
more signs of microfibrillation, which is a typical mechanism of
energy consumption during the fracture of epoxy resins.

The micrographs of the propagation zone (Figs. 10-12) corre-
sponded in all cases to the side of the joint with adhesive. At low

Fig. 9. Macroscopic view of the fracture surfaces of the joints with neat epoxy adhesive (a) and adhesives reinforced with CNFs (b) and CNTs (c). (1) is the surface of the
composite, (2) is the surface of the adhesive that was in contact with the substrate (adhesive failure) and (3) is the fracture surface of the adhesive (cohesive failure within

the adhesive).

Fig. 10. SEM micrographs of the fracture propagation zone of the joints with neat epoxy adhesive, showing the side with adhesive.
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Fig. 11. SEM micrographs of the fracture propagation zone of the joints with CNF/epoxy adhesive, showing the side with adhesive. White arrows indicate possible CNFs

participating in the microfibrillation of the adhesive.

Fig. 12. SEM micrographs of the fracture propagation zone of the joints with CNT/epoxy adhesive, showing the side with adhesive. White arrows indicate possible CNTs

participating in the microfibrillation of the adhesive.

Fig. 13. High-resolution micrographs showing the participation of CNTs, marked with white arrows, in bridging (a) and pull-out micromechanisms (b).

magnification (Figs. 10a, 11a and 12a), we observed the adhesive
surface replicating the typical texture left by the peel ply on the
adherend surface. In the nanoreinforced adhesives, there were
some signs of fibrillation, found more often in the adhesive
with CNTs.

Higher magnification observations of the neat adhesive
(Fig. 10b and c) showed flat surfaces with a near-total absence
of fibrillation, which indicates very low energy consumption
during crack propagation. In the nanoreinforced adhesives, there
were zones of microcohesive failure, increasing the participation
of fibrillation micromechanisms (Figs. 11b and 12b), which were
promoted by the presence of CNFs and CNTs, marked with white
arrows in Figs. 11c and 12c, respectively. This toughening
mechanism explains the slightly higher values of Gjc calculated
for the adhesive reinforced with CNFs compared with neat

adhesive. The CNT/epoxy nanocomposite provided even better
adhesive fracture energy due to the presence of additional
micromechanical mechanisms such as crack bridging (Fig. 13a)
and CNT pull-out (Fig. 13b). As reported by Gojny et al. [8], these
are some of the mechanisms leading to increased fracture tough-
ness in epoxy nanocomposites.

4. Conclusions

Peel ply is a surface treatment that, apart from being very easy
to apply, provides a very rough surface, significantly increasing
the area available for bonding over that of a flat surface. This
roughness yields a high dispersive surface energy, and the lack of
contaminants and polar groups considerably decreases the polar
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component of the surface energy. The total surface free energy is
higher than that of untreated laminates, allowing adhesives to
better wet adherends treated with peel ply.

Despite this higher roughness and improved wetting over
untreated adherends, all tested joints with neat adhesive and
peel ply treatment failed in adhesive mode. The lap shear strength
obtained with this surface treatment was not influenced by the
presence of carbon nanoreinforcements in the adhesive. However,
interesting results were obtained in the study of mode-I adhesive
fracture energy. Taking into account the standard deviation, the
propagation values of G;c remained approximately constant when
carbon nanofibres were added to the epoxy adhesive. The slight
increase in the mean value could be due to the appearance of
microfibrillation, which is a mechanism of energy consumption
during fracture that was not present in the neat adhesive. The
addition of carbon nanotubes caused an increase in the mode-I
adhesive fracture energy associated with microfibrillation and
additional toughening mechanisms such as crack bridging and
nanotube pull-out. Additionally, in the DCB joints bonded with
CNT/epoxy adhesive, there was also a change in the macroscopic
failure mode to a mixed adhesive/cohesive failure in the adhesive
instead of a completely adhesive failure. A good agreement was
also found between the different methods used for the calculation
of Gic.
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