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systems were prepared to evaluate their adhesive strength. The mechanical performance of different

formulations was characterised by shear and tensile tests to define the influence of nano-fillers on

adhesive strength performance of the modified epoxy/hybrid sol–gel. The results obtained indicate that

the incorporation of a selected ratio of inorganic nanoparticles in the epoxy/sol–gel adhesive improves

the adhesion performance between substrate surfaces. A significant increase in adhesive lap shear

strength of the sol–gel modified epoxy, compared with that of the neat epoxy, was observed. Butt joint

strengths of the modified epoxy/sol–gel were also recorded, showing good adhesion behaviour to mild

steel surfaces. Tensile strength of joints up to 28.5 MPa for 16 h/150 1C cure time/temperature was

observed. The modified system exhibited a high yield point and large extension compared with that of

the unmodified epoxy. The study further showed that doping with small amounts of one type of

nanoparticle to the system increases adhesive cross-linking. Epoxy/sol–gel adhesive strength was also

evaluated as a function of cure temperature for mild steel and Al2024-T3 substrates. Results showed

adhesive strength decreased with increased cure temperature on the Al substrate, while lap joint

strength of the mild steel exhibited no significant changes at three different cure temperatures. This

may be attributed to good interfacial bonding of the sol–gel adhesive to the mild steel over the

designated temperature range.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Adhesives are among some of the most widely used structural
materials due to the variation of formulations that can be
prepared, providing a range of properties under conditions that
other joining techniques cannot offer. Hybrid inorganic/organic
sol–gel systems are materials formed by incorporating a func-
tional organic polymer or organo-functional silane into the matrix
of an inorganic network. Organic polymers provide specific
characteristics with respect to their toughness, flexibility, and
processability [1], while the inorganic component provides good
mechanical and temperature-resistance properties. Recently,
hybrid inorganic/organic sol–gel materials have been studied by
numerous investigators. Yano et al. [2] reported that the
combination of an organic polymer within an inorganic network
led to an increase of mechanical strength of the bulk material. In
addition, the development of nanoparticle reinforced adhesive
materials is presently one of the most explored areas in materials
ll rights reserved.

x: +44 114 225 3501.
science and engineering. The exceptional properties of nanopar-
ticles have led to widespread research in this area. Nano-fillers
provide many advantages over classical micro-reinforcements for
adhesive materials; for example they allow thin layer bond lines
and consequently lower the risk of embrittlement within the
bulk adhesive material, resulting in improved adhesive tensile
strength [3].

Traditionally micro/nano-fillers have been introduced into
epoxy resins to improve their mechanical performance, for
example, silicon, titanium, and aluminium oxides. The use of
nano-sized g-Al2O3 particles is one approach to improve the
mechanical performance of adhesive materials. In these particu-
late-filled systems, binding at the inorganic filler/epoxy matrix
interface has a great effect on the mechanical properties of the
adhesive material. Dudkin et al. [4] demonstrated that the
strength of the epoxy matrix when reinforced by g-Al2O3

increased due to the interaction between active surface groups
of the oxide nanoparticles and functional groups of the epoxy
matrix. However, whether the addition of filler particles improves
the mechanical behaviour of these adhesives still remains unclear,
since their mechanical properties rely on other factors that cannot
be studied in isolation using commercial adhesive systems [5,6].
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Carbon nanotubes (CNTs) provide the potential for improving
resin-dominated properties, such as interlaminar strength, tough-
ness, and thermal and environmental durability [7]. CNTs are
molecular-scale tubes of graphitic carbon with outstanding
properties. Multiwalled carbon nanotubes (MWCNTs) are multi-
layered graphite sheets in a cylindrical structure, having a size of
several microns in length and 5–50 nm in diameter, depending on
the number of layers [8]. They are among the stiffest and
strongest fibres known and for this reason MWCNTs have the
potential to improve the mechanical properties whilst enhancing
a material’s electronic properties [9].

Epoxy resins are known as brittle thermosetting polymers that
need to be toughened in fields requiring high impact and fracture
strengths, such as reinforced plastics, matrix resins for compo-
sites, and coatings [10]. To overcome their brittleness, a number
of researchers demonstrated that dispersing rubber particles as a
second phase into the epoxy resin led to an increase of toughness
of the brittle matrix and improved its resistance to crack initiation
and propagation [10–12]. These resins can normally be applied
using two-pack formulations and are cured with common curing
agents such as an amino hardener at room temperature. Epoxy
resin adhesives can also be made as single-component materials,
where the epoxy resin and hardener are already mixed. Marra
et al. [13] have shown that this type of system provides single-
pack stability and cures rapidly at elevated temperatures (i.e.
170 1C/20 min). In the present work, a hybrid epoxy/sol–gel
adhesive based on the bisphenol-A epoxy resin and alkoxysilane
chemistry was prepared. The purpose of this work is to assess
adhesive strength of this novel adhesive material and influence on
adhesion behaviour by adding MWCNTs and g-Al2O3 nanoparti-
cles into this system.
2. Experimental

2.1. Materials

Four adhesives were prepared for evaluation of their adhesive
strengths, see Table 1. The choice of a sol–gel system as an
adhesive was based on the ability to form Si–O–M bonds and the
ease of incorporating nanoparticles and nano-fillers into the sol–
gel matrix. The unmodified epoxy adhesive (designated ‘neat
epoxy’) was a diglycidyl ether of bisphenol-A resin (D.E.R. 324,
DGEBA) from Dow Chemicals with an average molecular weight
of 700 g/mol, which was cured by adding a curing agent based on
diethylenetriamine (DETA). The hybrid sol was produced by
mixing tetraethoxysilane (TEOS), methyltrimethoxysilane
(MTMS), ethanol, and deionised water at the mole ratio
2:3:40:60. Nitric acid (HNO3) was added as a catalyst to
promote hydrolysis and condensation reactions. The sol–gel
modified epoxy adhesives used in this work were prepared by
mixing the DGEBA with the as-prepared hybrid sol (component
Table 1
Epoxy/sol–gel adhesive formulations.

Samples Formulations

DGEBA (m ) Sol–gel (ml) D

a

– NE/Al 1.50–2.00 – 0

– SGA1/Al 1.50–2.00 12.00 –

SGA2/MS SGA2/Al 1.50–2.00 12.00 –

SGA3/MS SGA3/Al 1.50–2.00 12.00 –

NE¼neat epoxy, Al¼Al2024-T3 alloys, MS¼mild steel.
ratios are listed in Table 1). Note: the sol–gel systems were not
formulated with a curing agent. The effects of doping (0.05 wt%)
MWCNTs (from Sigma Aldrich) and (0.71 wt%) g-Al2O3

nanoparticles (99.98% metal basis, purchased from Alfa Aesar, A
Johnson Matthey Company) in the hybrid sol–gel adhesives were
investigated. To achieve optimum dispersion, multiwall carbon
nanotubes (MWCNTs) and g-Al2O3 nanoparticles were first added
to 2-propanol. The components within the solution were then
ultrasonically dispersed for 90 min at 25 1C using an ultrasonic
generator (Roop Telsonic Ultrasonic Ltd, TEC-40, Switzerland).
After being dispersed, the solution was mixed with the as-
prepared sol–gel/epoxy solution and the mixture was then
excited ultrasonically for 2 h using the same generator, followed
by continuous stirring overnight to obtain a stabilised uniform sol.
An aluminium alloy (Al2024-T3) and mild steel were used as
substrates.

2.2. Sample preparation

Lap shear test samples were prepared according to ASTM
D1002 and joint tensile strength samples were prepared accord-
ing to ASTM D2094-00. Fig. 1 shows the geometry and dimensions
of the joints. The surface to be adhesively joined was first washed
by running hot tap water to remove any dust on the surface, and
air-dried at room temperature (�23 1C), further immersed in
acetone and ultrasonic for 15 min at �23 1C, and then air-dried.
This procedure was used for both mild steel and aluminium
alloys. It should be pointed out that a more complicated surface
treatment was not used as it was of interest to assess ‘surface
tolerance’ of the adhesive system. Adhesives were then applied on
both surfaces by a spray gun. The neat epoxy/Al specimens
modified by DETA were left for 30 min at �23 1C, for drying.
However, the sol–gel/epoxy specimens were first left for 30 min
at �23 1C and then pre-cured in an oven at 9575.0 1C for 60 min
to eliminate the entrapped air and reduce the level of solvent and
water. Single-lap and butt joints were then prepared according to
the standards given above. To achieve the lap joints and control
adhesive bondline thickness, a simple clamping arrangement was
designed (Fig. 2). The bonded area was subjected to an applied
pressure of 4 MPa during the curing stage. This procedure
produced lap joint specimens with the same adhesive thickness
layer �0.1 mm. Finally the joints were placed in a furnace at
various cure temperatures for up to 16 h to achieve full curing.
Further comments on the thermal behaviour of the system are
given below.

2.3. TGA measurements

Thermal stability of neat epoxy/Al, SGA1/Al, SGA2/Al, and
SGA3/Al adhesives was assessed by thermo-gravimetric analysis
(TGA, Mettler TG-50). Tests were carried out in nitrogen at the
heating rate of 10 1C/min in the temperature range 35–650 1C.
ETA curing

gent (ml)

g-Al2O3 of size 10–20 nm

(wt%)

MWCNT of size OD

10–15 nm, ID 2–6 nm,

length 0.1–10 mm (wt%)

.5–1.00 – –

– –

0.71 –

0.71 0.05
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Fig. 1. Geometry and dimensions of (left) lap joint and (right) butt joint.

Fig. 2. Lap joint clamp tool.
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This method indicates weight loss of the heated sample due to the
evaporation of volatile products. Fig. 3 shows changes in weight
loss as a function of change in temperature up to 650 1C. Change
in the sample weight loss during thermal scan is calculated as
follows:

Weight loss¼
Wi�Wt

Wi
� 100% ð1Þ

where Wi is the initial weight and Wt the weight at a specific
temperature during scan. TGA curves showed only small changes
in weight, indicating no loss of volatiles, in the temperature range
35–200 1C, for all the adhesive formulations. Almost all mass of
the unmodified epoxy (neat epoxy/Al) was lost above 450 1C due
to decomposition. However, the peak temperature weight loss of
SGA2/Al and SGA3/Al increased up to 500 and 550 1C,
respectively. The differences in percentage total weight loss in
the adhesives at 650 1C were 91% in neat epoxy/Al compared with
71% in SGA1/Al, 64% in SGA2/Al, and 50% in SGA3/Al. This
difference in weight loss was attributed to the addition of
inorganic components. The addition of nano-fillers also
significantly improved thermal stability of the sol–gel epoxy
adhesive.

2.4. Mechanical and surface characterization

Shear mode loading was employed to evaluate epoxy/sol–gel
adhesive strength on aluminium and mild steel substrates. Butt
joint geometry was used to evaluate sol–gel adhesive tensile
strength on mild steel substrates. The joints were tested at room
temperature �23 1C, on a mechanically driven test machine
(Instron tensile machine) having a capacity of 150 kN, and at a
constant cross-head speed of 1 mm/min. Lap shear strength data
were taken as an average of at least three measurements. Butt
joint tests were carried out in the same machine on a minimum of
five specimens. Joint adhesive strength was calculated using the
following formula;

s¼ Pmax=A ð2Þ

where s is the adhesive strength in (MPa), Pmax the maximum
load at fracture in (N), and A the average cross-sectional area in
(mm2). A scanning electron microscope (SEM) was used to
observe and analyse adhesive fracture surfaces of the lap joint
on both materials. Images have been taken using an SEM (Philips
XL40) operated in the high vacuum mode. The specimen surfaces
were coated with flash-evaporated carbon to prevent charging
within the SEM.
3. Results and discussion

3.1. Adhesive strength of the lap joints

The presence of hydroxyl groups on the substrate surface and
in the sol–gel epoxy adhesive can, via condensation reactions,
lead to formation of strong cross-linked bonds within the sol–gel
epoxy adhesive, as reported in [14]; the number of metal–oxygen
(Me–O) bonds increases with the release of residual water and
organic solvent during the early stages of drying. Further increase
in cross-linking and Me–O bonding occurs during the high
temperature cure regime [15]. The mechanical test results
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Fig. 3. TGA data for different adhesive formulations.

Fig. 4. Adhesive strength of different adhesive formulations on AA2024-T3 and

mild steel.

Fig. 5. (a) Phase separation between epoxy and sol–gel matrix on glass slide and

(b) effect of addition of g-Al2O3 into epoxy/sol–gel.
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obtained from the lap shear tests for different adhesives cured at
140 1C for 16 h on Al2024-T3 and mild steel substrates are shown
in Fig. 4. Lap shear strength of the neat epoxy/Al (NE/Al), cured
using an amine hardener, was close to 1070.5 MPa. However, lap
shear strength of the sol–gel modified system SGA1/Al reduced to
about 4–5 MPa following simple mixing with the sol. This may be
due to a lack full cross-linking and phase separation between the
epoxy and the sol–gel matrix (Fig. 5a). The incorporation of
g-Al2O3 nanoparticles SGA2/Al and a mixture of MWCNTs and
g-Al2O3 SGA3/Al in the sol–gel epoxy adhesives led to a significant
improvement in the adhesive performance on the AA2024-T3
substrate, where adhesive strength increased up to 2270.5 and
2470.6 MPa, respectively. Similar results were obtained for mild
steel substrates, where nanoparticle additions resulted in
adhesive strengths of 2370.8 MPa for SGA2/MS and
2570.9 MPa for SGA3/MS. The modification of an epoxy resin/
sol–gel system as a result of doping small amounts of MWCNTs
and g-Al2O3 nano-materials has enhanced its adhesion
performance for both Al2024-T3 and mild steel surfaces. The
matrix of the silica-based sol–gel played a major role in providing
three-dimensional networks within the adhesive. The presence of
g-Al2O3 nano-fillers in the adhesive may prevent phase separation
within the matrix. It was reported [16] that when nano-alumina
particles are incorporated into an epoxy resin, cure kinetics of the
resin is affected due to the catalytic effect of hydroxyl groups on
the particles. Changes in adhesive structure (phase separation)
were observed on adding g-Al2O3 nano-fillers into the epoxy/sol–
gel matrix (Fig. 5b). A clear solution was produced, indicating the
high degree of miscibility and cross-linking, which enhanced the
structure of the adhesive and thus increased the lap shear
strength performance.

It is well known that properties of the bisphenol-A epoxy are
related to the curing agent and the opening of epoxy groups. It has
been reported that changing the amount of curing agent will have
an effect on degree of cross-linking and formation of chemical
bonds in the cured epoxy system [17]. DETA was used as the
curing agent in the neat epoxy sample to open the epoxy rings,
through the chemical reaction of the epoxide groups in the epoxy
resin, with the active hydrogen atoms in the curing agent
(hardener). However, the epoxy groups in the sol–gel system
are opened up by nitric acid [18], which was used as a catalyst to
promote the hydrolysis and condensation reactions. Additional
reaction products due to esterification between the OH groups
and epoxy groups of DGEBA are possible in the presence of metal
alkoxide, as reported in [19]. This is further supported by the
observation of weak FTIR absorption peaks attributed to the
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Fig. 6. (a) SEM image of distribution MWCNT and inorganic nano-materials in SGA3/Al and (b) EDX spot analysis of surface of MWCNT.

Table 2
Adhesive tensile strength of butt joints on mild steel substrates. (SGA3/MS cured at 150 1C for 16 h).

Samples Extension at break (mm) Tensile stress at

maximum load (MPa)

An average tensile

stress (MPa)

Fracture mode (%)

CO AD CO+AD

1 1.110 35.62 28.5 50 40 10

2 0.964 32.27 32 61 7

3 0.930 26.92 22 75 3

4 0.916 25.48 15 80 5

5 0.891 22.47 10 86 4

CO¼cohesive failure, AD¼adhesive(interfacial failure), CO+AD¼mixed cohesive/interfacial mode.
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presence of an ester group [20]. In this modified system, the
hydroxyl groups generated from the epoxy resin by the opening of
the epoxy rings can lead to condensation with the hydroxyl
groups in the sol–gel network. This reaction may create some
bonding between the sol–gel and the epoxy. The doped g-Al2O3

nanoparticles further strengthen this cross-linking. Hence, the
addition of g-Al2O3 nanoparticles has greatly increased lap shear
strength of sample SGA2/Al compared with the neat epoxy/Al and
the SGA1/Al sample. The doping of MWCNTs in SGA3/Al and
SGA3/MS showed a further increase in adhesive strength on
AA2024-T3 and mild steel substrates. These improvements of lap
shear strength were also related to the uniform distribution of
nano-fillers (i.e. g-Al2O3 and MWCNTs) within the matrix. The
SEM image presented in Fig. 6 shows the distribution of MWCNTs,
which is thought to be coated with adhesive matrix, rich in SiO2

nanoparticles (i.e. size 40–80 nm) derived from the sol–gel
matrix, and g-Al2O3 (i.e. size 10–20 nm). The appearance of
silicon, oxygen, and aluminium peaks in EDX spectra confirmed
the presence of these materials. The incorporation of nano-filler
materials in the epoxy/sol–gel led to an increase of surface
contact area between the nanoparticles and the polymer and
decreased or minimized gaps and nano-voids within the adhesive
matrix compared with that of the unmodified epoxy/sol–gel
system (Fig. 5a and b). This was also suggested by Wetzel et al.
[21], who demonstrated that large contact areas between the
organic and inorganic component within the matrix reduced the
presence of voids, leading to improved joint strength.
Furthermore, it was found that MWCNTs act as a reinforcing
phase in the epoxy/sol–gel system, resulting in an increase of joint
strength. However, only a relatively small difference was
observed between adhesion strengths of SGA2/Al and SGA2/MS
compared with those of SGA3/Al and SGA3/MS samples. The
reason for this might be due to the small concentration of
MWCNTs added in the matrix. The dependence of strength on
concentration of MWCNTs within the adhesive is being further
investigated.
3.2. Adhesive tensile strength of butt joint

Due to the complex stress state existing within the adhesive
layer, measured adhesive strength of a joint can be highly
variable; for example, a small misalignment in a joint operating
in the tensile mode will result in cleavage stresses [22]. Hence
adhesive strength of a joint is very dependent on sample
preparation. A variation in adhesive tensile strength of SGA3/MS
may be attributed to the distribution of internal stresses within
the adhesive layer (Table 2). Yuichi et al. [23] and Kendall [24]
reported that the formation of complex stresses throughout the
adhesive layer plays an important role in evaluating adhesive
bonding strength of joints. Further factors that may affect
adhesive strength of butt joints, as pointed out above, include
sample preparation, particularly joint pressure and joint
misalignment. An average joint tensile strength of 28.5 MPa was
achieved after 16 h cure time at 1501C. The results show that
there is a difference between SGA3/MS adhesive tensile and shear
strengths. There is indeed evidence that shear strengths of
polymers are less than their tensile strengths [25]. da Silva and
Adams [26] have recently reported adhesive shear to tensile
strength ratios of 0.72–0.83 at room temperature. The measured
value of SGA3/MS is relatively close to that obtained by Silva and
Adams and a shear to tensile strength ratio between 0.7 and 0.85
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was observed for this system. The interfacial tensile strength of
SGA3/MS may be attributed to a mechanical interlocking between
the adhesive and the substrate surface (Fig. 7), and the possibility
of formation of a reaction layer (20–50 nm). This reaction layer
has been observed in TEM sections of other sol–gel systems
coated onto metal substrates [27]. The release of water and
solvent from the adhesive is controlled by cure time and
temperature. Initial studies were conducted to determine the
optimum time/temperature to obtain maximum strength [20].
Hence, the mechanical properties are related to the adhesive pre-
cure stage (9575.0 1C for 60 min, as selected while drying the
system). It is also noted that the presence of g-Al2O3 nano-fillers
in the matrix modifies the adhesive structure as the addition of
Fig. 7. Adhesive/substrate interface for SGA3/MS.

Fig. 9. Interfacial fracture of SGA3/MS (AD�40%), cohesive frac

Fig. 8. Interfacial fracture surface of (a) SGA3
g-Al2O3 reduces the degree of phase separation of the sol–gel/
epoxy. Furthermore nano-size fillers may also reduce the density
of voids formed within the matrix, thereby reducing stress
concentrations within the system, leading to an increase of
adhesive tensile strength, as discussed above in Section 3.1.

3.3. Fracture surfaces

The adhesive fracture modes of mild steel and Al2024-T3
substrates are presented in Fig. 8a and b, respectively. The results
shown are for a lap joint cured at 140 1C for 16 h. It can be seen
that the fracture surfaces of mild steel indicated a mixed
interfacial/cohesive fracture mode, �70%:30% (Fig. 8a). The
same mixed fracture mode was observed in the Al2024-T3
failed joints, and the interfacial to cohesive mode is �80%:20%,
as shown in Fig. 8b. The failure in the joints was initiated at free
edges, where the maximum stress intensity exists in the joint,
with cracks propagating along the interface or close to the
interfacial region. The SGA3/MS adhesive exhibited three fracture
modes for the butt joint samples, as shown in Fig. 9. It can be seen
that around 50% of the fracture was via the cohesive mode, 40%
via the interfacial fracture mode (adhesive fracture), and the
remaining 10% via mixed failure mode (i.e. cohesive/adhesive on
ture (CO�50%), and mixed fracture (AD+CO�10%) modes.

/MS and (b) SGA3/Al (lap joints).

Fig. 10. Sol–gel adhesive drop on Al2024-T3: (a) SGA3/Al and (b) SGA1/Al.
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Fig. 11. SGA3/Al matrix: (a) fracture surface showing distribution of MWCNT and (b) distribution of g-Al2O3 nanoparticles.

Table 3
Experimental results for load versus extension at break (lap joint, AA2024-T3).

Samples Maximum

load (N)

Extension at

break (mm)

Tensile stress at

maximum load

(MPa)

Tensile strain at

maximum load

(%)

NE/Al 3008 1.803 9.63 14.39

SGA2/Al 7401 2.96 23.68 22.16

SGA3/Al 7904 3.89 25.29 29.12

Table 4
Adhesive strength of the lap joints in MPa, as a function of cure temperature. (16 h

cure time).

Cure temperature (1C)

140 160 180

SGA3/MS 23.6370.2 25.0170.1 24.3570.4

SGA3/Al 24.9570.1 19.3470.5 17.0770.7
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the surfaces). The fracture behaviour can be explained in terms of
the improvement in cross-linking within the adhesive itself and at
the interface. Adhesive strength is enhanced due to the
incorporation of g-Al2O3 nanoparticles in the matrix, where
g-Al2O3 is available for catalytic epoxide ring-opening reactions.
It was reported [28,29] that the opening of epoxy rings was
increased with the addition of catalytically active AlOR/OH groups
to the acidic silica-base sol–gel system, which supports the above.
Furthermore, the presence of nano-size fillers in the matrix
increases wettability of the bonded surfaces when the adhesive
was applied. The adhesive droplets on the substrate surface
exhibited a different contact angle as shown in Fig. 10a and b,
(i.e. (a) SGA3/Al�19.1571 and (b) SGA1/Al�56.7471). SEM
analysis of the fracture surface was conducted to understand how
addition of g-Al2O3 and MWCNTs affected the failure mode of the
modified sol–gel epoxy adhesive. The addition of nano-fillers may
increase adhesive matrix ductility, see the discussion in Section
3.4 below, and reduce the formation of voids within the adhesive.
Therefore, a good distribution of these nano-fillers in the matrix
will increase the adhesive’s ability to absorb energy during tensile
loading and hence improve joint strength. Fig. 11a and b shows
the distribution of inorganic nano-fillers within the adhesive
matrix on the fracture surface. It should be noted that the
MWCNTs are quite thick and this is due to the presence of a
coating of the adhesive on the MWCNTs.
3.4. Characteristics of load versus extension

Changes in load/elongation data of the modified and unmodi-
fied formulations were used to assess the behaviour of different
adhesives under shear mode loading. Load/extension at break was
obtained for samples cured at the same temperature of 140 1C. A
cross-head speed rate of 1 mm/min was used for all tests. SGA2/Al
and SGA3/Al adhesives showed a high maximum load and
increased strain (extension) compared with that of the
neat epoxy/Al, as shown in Table 3. The results for SGA2/Al and
SGA3/Al indicated that the fracture point occurred beyond the
point of maximum load, implying greater ductility over that of the
neat epoxy/Al. As previously stated, doping of g-Al2O3 causes an
increase in adhesive strength. This increase in strength, due to the
addition of a nano-filler, was further enhanced by the addition of
high strength carbon nanotubes, causing a reinforcement of the
hybrid sol–gel epoxy system. Ductility of the modified system is
attributed to the adhesive’s ability to exhibit increased amounts
of plastic deformation. We suggest that the presence of inorganic
nano-fillers within the epoxy/hybrid sol–gel system leads to an
increase in ductility of the adhesive, where the external load is
transferred to the inorganic materials, as indicated by higher
‘extension at break’ values compared with that of the neat
epoxy/Al (Table 3).
3.5. Effects of cure temperature on adhesive strength

Adhesive strength of the SGA3/Al and SGA3/MS sol–gel epoxy
adhesives were evaluated as a function of cure temperature. Three
different cure temperatures, at the same cure duration (16 h),
were studied to assess cure temperature effects on lap joint
strength. The results for SGA3/Al showed that adhesive strength
decreased as cure temperature increased as shown in Table 4. This
behaviour may be attributed to changes in thermal expansion at
the adhesive/substrate interface, where the thermal expansion
coefficient (a) value for aluminium alloys is �23�10�6/m/1C.
This should be compared with lap joint strength of SGA3/MS,
where no significant change occurs as cure temperature is
increased, suggesting a stable surface under the heat treatment
temperatures used for curing. It should be noted that a of mild
steel is �11.7�10�6 m/1C, around two times less than that of
Al2024-T3.
4. Conclusions

A novel adhesive based on a epoxy/sol–gel system has been
developed incorporating the use of nano-fillers (g-Al2O3 and
MWCNTs). The lap shear and tensile strength properties were
investigated using this adhesive system on Al2024-T3 alloys and
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mild steel substrates. The following may be concluded from this
study:
1.
 Adhesive lap shear strength of the epoxy/sol–gel was increased
on both AA2024-T3 and mild steel substrates up to 2470.6
and 2570.9 MPa, respectively, compared with 1070.5 MPa in
the neat epoxy.
2.
 Joint tensile strength of the modified sol–gel adhesive
recorded good adhesion performance on mild steel surfaces,
showing an average value up to 28.55 MPa.
3.
 The epoxy/sol–gel adhesive showed greater thermal stability
than the conventional neat epoxy adhesive tested, suggesting
that this novel adhesive can be used for moderately high
temperature environments.
4.
 High strength and thermal stability of this novel epoxy/sol–gel
adhesive were attributed to the addition of inorganic nano-
components, i.e. silica-based sol–gel, g-Al2O3 nanoparticles,
and MWCNTs. This behaviour is attributed to the components
added, which play a role in increasing adhesive matrix
ductility and reducing formation of voids within the adhesive.
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