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The effects of surface-functionalized Na+-montmorillonite nanoclay particles on the flexural
behavior of E-glass fiber-reinforced aluminum (GLARE) laminates were investigated. The
nanoclay
particles
were
subjected
to
surface
functionalization
using
3(trimethoxysilyl)propylamine to increase their compatibility with the epoxy matrix and improve
their dispersion within the matrix. Experimental results indicated that the GLARE laminates
achieved the highest flexural strength (61%) and energy absorption (51%) at an addition of 3
wt% functionalized nanoclay. The highest flexural modulus (67% increase) was observed at an
addition of 5 wt% functionalized nanoclay. The flexural properties of the functionalized nanoclayfilled GLARE laminates were significantly better than those of untreated nanoclay-filled GLARE
laminates. Microscopic observations suggested that the introduction of functionalized nanoclay
particles markedly enhanced the interfacial adhesion between the matrix and the E-glass fibers.
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1. Introduction
Among the various types of composite
structures, fiber–metal laminates (FMLs), such as
glass fiber-reinforced aluminum (GLARE) laminates,
possess high specific strength, outstanding damage
tolerance against impact loads, high corrosion
resistance, and excellent fatigue properties. They
owe such superb qualities to the combined and
synergistic properties of fibrous composites and
metal alloys [1–5]. FMLs are a new generation of
hybrid materials consisting of fiber-reinforced
composite layers sandwiched and bonded between
two thin metallic plates [6, 7]. These laminates have
found applications in various industries, such as the
aircraft, marine, civil, and automobile sectors, given
their outstanding characteristics.
In 1978, researchers of the National Aerospace
Laboratory and Delft University implemented
initiatives designed to increase the fatigue life of Al
alloys. Their results illustrated that when the alloys
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are fabricated in the form of laminates and
integrated into a thick sheet, the rate of crack
growth decreases. Under these conditions, crack
nucleation in one layer causes the nucleation to
diverge between adhered layers [8, 9]. These
initiatives paved the way for substantial
developments with regard to fiber stacking
sequence, metal surface treatment, and process
parameter control, among other areas. Rajkumar et
al. [10] showed that the flexural strength of FMLs
decreases with increasing strain rate, and Najafi et
al. [11] found that the flexural properties of FMLs
are affected by hygrothermal aging. Yeh et al. [12]
investigated the mechanical properties of hybrid
boron/S2-glass/Al FMLs and reported that the
highest mechanical response occurs in specimens
containing hybrid boron and glass fibers. Dhaliwal
et al. [13] examined the flexural properties of
Al/carbon fiber–epoxy FMLs. The authors indicated
that when composite layers are stacked exterior to
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Al layers, a high flexural modulus and a small strain
to failure are attained. Sadighi et al. [14] carried out
research on the tensile and flexural properties of
GLARE and uncovered that unidirectional glass ﬁber
considerably enhances the mechanical properties of
GLARE structures.
Further improvements in the mechanical
properties of fibrous composites through the
introduction of nanofillers have been reported [15–
17]. The introduction of nanofillers is possible
through their dispersion into a matrix [18] or their
growth on the surface of fibers [19]. Among the
range of nanometric fillers available, nanoclay
particles are of interest as reinforcement for
polymers because of their high reactivity, high
surface-to-volume ratio, easy availability, and low
cost [20–22]. Montmorillonite (MMT), as a type of
clay mineral, has also exhibited considerable
potential as a material for fabricating polymer
nanocomposites [23, 24]. Nanoclay addition into a
polymer matrix enhances many of the polymer’s
properties, especially its mechanical attributes [20–
24]. Accordingly, several works have been devoted
to the development of techniques for the
homogeneous dispersion of nanoclay in polymer
matrices and the improvement of interfacial
interaction between nanoclay and matrices [25, 26].
Such enhancements are realized via the
functionalization of nanoclay particles [24]. Chan et
al. [27] studied the reinforcement mechanism of
nanoclay in epoxy matrix nanocomposites by
focusing on nanoclay–epoxy interaction. They found
that the addition of 5 wt% nanoclay increases
tensile strength and modulus by 25% and 34%,
respectively. Park et al. [24] reported that the
mechanical interfacial properties, critical stress
intensity factor (KIC), and interlaminar shear stress
of silane-functionalized MMT/epoxy composites are
greater than those of untreated ones.
Researchers have also probed into the
fabrication of multiscale composites using nanoclayenhanced matrices in ﬁbrous composites.
Chowdhury et al. [28], for instance, investigated the
effects of nanoclay on the ﬂexural properties of
woven carbon ﬁber/epoxy composites prepared via
vacuum resin transfer molding. The authors
demonstrated that an addition of 2 wt% nanoclay
enhances the flexural strength and modulus of the
composites by 14% and 9%, respectively. However,
increasing the nanoclay concentration to 3 wt%
diminishes flexural properties because of the
agglomeration of nanoclay. Ngo et al. [29] reported
that the highest improvements in the tensile
properties of glass fiber/epoxy composites are
obtained at a concentration of 5 wt% nanoclay.
Specifically, the tensile strength and modulus of the

composites increase by 10% and 5%, respectively.
Karripal et al. [30] found that the ﬂexural properties
of glass fiber/epoxy composites improve with
nanoclay additions of up to 5 wt% but decline in
quality at higher concentrations. Khosravi et al. [31]
reported that the tensile, flexural, and compressive
strengths of unidirectional basalt ﬁber/epoxy
composites improve by 11%, 28%, and 35%,
respectively, after the addition of 5 wt% silanemodiﬁed MMT nanoclay in the matrix.
As can be seen, the majority of research on FMLs
focused on the design aspects of these structures.
The lack of scientific information regarding the
effects of nanoparticles on FMLs was the driving
force of the present study. This work accordingly
evaluated the effects of incorporating different
concentrations of functionalized nanoclay into the
epoxy matrix on the microstructural modification
and, thus, the flexural behavior of Al2024/epoxy–
glass fiber GLARE laminates.

2. Experimental
2.1. Materials
KER-828 epoxy resin with polyamine hardener
(KUMHO P&B Chemicals Inc., Korea) was used as
the
matrix
material.
According
to
the
manufacturer’s recommendation, the adopted resinto-hardener weight ratio was 10:1. Twodimensional plain weave E-glass fibers with a
surface density of 400 g/m2 (LINTEX Co., China)
were used as the reinforcement materials. Al alloy
2024 with a thickness of 0.5 mm was employed to
fabricate FMLs. Na+-MMT nanoclay particles with a
surface area of 250 m2/g were purchased from
Sigma-Aldrich Co., USA. Fig. 1 shows the SEM image
of the as-received MMT nanoclay powder.
A silane coupling agent known as 3(trimethoxysilyl) propylamine (3-TMSPA) (Fig. 2)
(Merck Chemical Co., Germany) was used for the
surface functionalization of nanoclay particles.

Figure 1. SEM image of the as-received MMT nanoclay powder.
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incorporated with 3 wt% untreated nanoclay were
also fabricated.

2.4. Three-point bending test

Figure 2. Chemical structure of 3-TMSPA.

2.2. Surface functionalization of nanoclay
For the surface functionalization of nanoclay
particles, 5 g of nanoclay was added to a 100 ml
solution containing 95% (v/v) ethanol and 5% (v/v)
distilled water. Then, 5 g of 3-TMSPA was added to
the mixture. Subsequently, ultrasonic waves were
applied to the mixture for 10 min using a probe
sonicator, after which the mixture was refluxed at
80°C for 7 h [18, 31]. The pH value of the mixture
was adjusted to about 4.5 using HCL (37%) [31] to
increase the extent of SiOH formation. To separate
the functionalized powder, the mixture was
centrifuged at 4000 rpm for 30 min. The resultant
powder was washed with ethanol three times to
eliminate the remaining silane agent and dried at
80°C for 12 h. The silanized nanoclay particles in
this paper are referred to as 3-TMSPA/nanoclay.

A three-point bending test was performed at
room temperature, in accordance with ASTM D79010. A universal testing machine (Hounsfield H25KS,
England) with a capacity of 2.5 ton was used. The
cross-head speed was 4.3 mm/min, and the support
span-to-thickness ratio was 32:1. Three GLARE
specimens were tested, and mean values were
obtained.

2.5. Characterization
To identify the functional groups on the surfaces
of both the untreated nanoclay and 3TMSPA/nanoclay particles, Fourier transform
infrared (FTIR) analysis was performed using an
FTIR-460 Plus (JASCO, Japan). The powders were
tested at a wavenumber range of 400 to 4000 cm–1
with a resolution of 4 cm–1. The fracture surfaces (in
the tensile region under the neutral line) of the
specimens subjected to the three-point bending test
were examined using field emission scanning
electron microscopy (FESEM) (HITACHI S-4160,
Japan).

2.3. Fabrication of GLARE specimens
To fabricate the GLARE laminates, an
epoxy/nanoclay mixture was first prepared. Defined
weight fractions of 3-TMSPA/nanoclay (0, 1, 3, 5
and 7 wt%) were incorporated into the epoxy resin
using an overhead mechanical stirrer (Fintech Co.,
Korea) at 2000 rpm for 20 min. To ensure the
appropriate dispersion of the nanoclay into the
epoxy resin, ultrasonic waves were applied to the
mixture using a probe sonicator (FAPAN Co., Ltd.,
Iran) at 120 W for 60 min. Finally, the
nanoclay/epoxy mixture was degasified, and a
stoichiometric amount of the amine hardener was
added. The mixture was manually stirred for 5 min.
The surfaces of the Al alloy 2024 sheets were
washed with acetone and then scrubbed with a
coarse brush. Finally, the Al sheets were submerged
in boiling water and again washed with acetone.
The GLARE specimens were fabricated via the
hand lay-up method. Four layers of woven E-glass
fibers were impregnated with the nanoclay/epoxy
mixture and placed between two Al sheets. For the
appropriate adhesion of the Al sheets to the fibrous
composite layers, the prepared laminates were held
in cold static pressing for the entire duration of
curing. The stages of GLARE specimen fabrication
are shown in Fig 3. For comparison, an FML
specimen
without
nanoclay
and
another

Figure 3. Stages of GLARE specimen fabrication: (a) Hand lay-up
and (b) cold static pressing.
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3. Results and discussion
3.1. FTIR results
The FTIR spectra of the untreated nanoclay and
3-TMSPA/nanoclay particles are shown in Fig. 4. For
the untreated nanoclay particles (Fig. 4a), the peak
at 3445 cm−1 occurred because of the stretching
vibration of hydroxyl (-OH) groups on the surface of
the nanoclay, and the peak at 1645 cm−1 was caused
by the bending vibration of H-O-H [32]. The
absorption peak at 3634 cm−1 was due to the
stretching vibration of the OH groups bonded to the
Al atoms, and the peak at 1055 cm−1 reflects the
stretching vibration of Si-O-Si and Si-O [31]. The
absorption bands at 525 and 473 cm–1 are related to
the bending vibration of Si-O-Si and Si-O-Al groups
[33]. The characteristic peak at 805 cm–1 stemmed
from the symmetric stretching of the Si-O-Si group
[31]. The FTIR spectra of the 3-TMSPA/nanoclay
(Fig. 4b) show additional bands at 1510 cm–1 (N-H
bend), 3368 cm–1, and 3292 cm–1 (stretching
vibrations of NH2 group) and at 2926 and 2868 cm–1
(CH3 asymmetric stretching and CH2 stretching),
which were caused by the silanization of the
nanoclay particles [34–36]. The formation of these
bands demonstrated the successful grafting of 3TMSPA onto the nanoclay particles.

Moreover, the silane coupling agent on the
surface of the nanoclay particles drove the
formation of a covalent bond between the matrix
and the nanoclay, resulting in the elevated
performance of the nanoparticles in improving the
mechanical properties of the GLARE laminates [24,
25]. Higher quantities of 3-TMSPA/nanoclay in the
matrix (i.e., 5 and 7 wt%) reduced the quality of the
flexural properties given the agglomeration of
nanoparticles in the matrix.

3.2. Results of the three-point bending test
All the specimens tested displayed nearly the
same typical behavior (Fig. 5). As evident in the
flexural stress–strain curve (Fig. 5a), stress
suddenly dropped after it reached its peak value
owing to fiber breakage; this decrease was followed
by a rise and fall as well as considerable straining
due to Al tearing and delamination. Fig. 5b depicts
the actual specimen and Al tearing and
delamination. For improved comparison and
evaluation, the flexural strength, flexural modulus,
and energy absorption of all the surfacefunctionalized specimens were extracted from the
flexural stress–strain curves (Fig. 6).
Fig. 6a shows the values and variations in the
flexural strength of the specimens at various 3TMSPA/nanoclay loadings. The specimen containing
3 wt% nanoclay exhibited the highest flexural
strength—a 61% improvement. This enhancement
in flexural strength is attributed to the strong matrix
as well as the improved interfacial bonding between
the matrix and the E-glass fibers. Reinforcement
with the nanoparticles enabled the matrix to
withstand a large degree of applied load and
reduced the stress concentration that had to be
endured by the fibers [18, 31]. In other words, the
friction between the matrix and the glass fibers
increased in the presence of the nanoclay particles.

Figure 4. FTIR spectra: (a) Untreated nanoclay and (b) 3TMSPA/nanoclay particles.

Figure 5. Three-point bending test: (a) Typical flexural stress–
strain curve of specimens and (b) failure modes.
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Figure 6. Values and variations in (a) flexural strength, (b)
flexural modulus, and (c) energy absorption.

The effects of 3-TMSPA/nanoclay on the flexural
modulus of GLARE are displayed in Fig. 6b. The
flexural modulus of the specimen containing 5 wt%
3-TMSPA/nanoclay rose to 32.1 GPa, which is
equivalent to a 67% increase over the flexural
modulus of neat GLARE (19.2 GPa). This result
seemed reasonable considering that the ceramic
nanoparticles had a higher stiffness than did neat
epoxy. Another reason is the fact that the nanoclay
particles hindered the movement of polymer chains
under loading. Note that the flexural modulus of the
specimen containing 7 wt% 3-TMSPA/nanoclay was
lower than that of the sample containing 5 wt% 3TMSPA/nanoclay. Again, this phenomenon is
ascribed to the agglomeration of nanoparticles in
the matrix, which resulted in weak interaction
between the matrix and the nanoparticles.
The energy absorption of the GLARE specimens
with different 3-TMSPA/nanoclay concentrations
are presented in Fig. 6c. Energy absorption was
determined by integrating the total area under the
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flexural stress–strain curves. The energy absorption
of the specimens exhibited the same trend as that of
flexural strength. The results also indicated that the
maximum energy absorption (i.e., a 51% increase)
was achieved with 3 wt% 3-TMSPA/nanoclay. A
possible explanation for this behavior is the crack
deflection imposed by the nanoclay particles within
the matrix [37]. Furthermore, as mentioned
previously, the addition of nanoclay particles
enhanced the interfacial interaction between the
fibers and the matrix. On the other hand, the
agglomeration of nanoclay particles in the case of
GLARE incorporated with higher concentrations of
nanoclay generated stress concentration regions,
which were weak points that facilitated crack
initiation and growth, finally resulting in decreased
energy absorption.
Table 1 presents the results on the effects of
surface functionalization on the flexural properties
of two GLARE laminates that both contain 3 wt%
nanoclay, one containing untreated nanoclay, and
another that was treated with silane. The specimen
comprising untreated nanoclay showed 19%, 20%,
and 17% improvement in flexural strength, flexural
modulus, and energy absorption, respectively,
whereas the 3-TMSPA/nanoclay specimen showed
61%, 51%, and 51% improvement in the
aforementioned properties, respectively. The
stronger reinforcement effect in the 3TMSPA/nanoclay specimen can be credited to the
fine dispersion and excellent matrix–nanoclay
interaction due to the silanization of the
nanoparticles.
The
superb
matrix–nanoclay
interaction was assumed to be due to the
introduction of TMSPA/nanoclay into the matrix;
the amino groups on the surface of the
nanoparticles reacted with the epoxide groups of
the epoxy matrix, and covalent bonds were created,
leading to the outstanding interaction.
Table 1. Flexural properties of GLARE reinforced with untreated
and treated nanoclay particles (3 wt%)

Specimen
GLARE
Untreated
nanoclayfilled
GLARE
Treated
nanoclayfilled
GLARE

Flexural
modulus
(GPa)
Improvement
(%)
19.2
23.1
61%

Flexural
strength
(MPa)
Improvement
(%)
280
335
51%

Energy
absorption
(J/mm3)
Improvement
(%)
9.72
11.4
51%

29.1
19%

451
20%

14.7
17%
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3.3. Microscopic analysis of fracture surfaces
FESEM images of the fracture surfaces of the neat
and 3 wt%-filled nanoclay (treated and untreated)
specimens are shown in Fig. 7.
The surfaces of the glass fibers in the neat
specimen (Fig. 7a) were clean and smooth,
indicating weak interfacial bonding between the
fibers and the matrix. Conversely, the surfaces of the
fibers in the specimen containing 3 wt% untreated
or treated nanoclay (Figs. 7b and 7c) were rough,
and some parts of the nanocomposite matrix
adhered to the fibers, indicating strong interfacial
bonding. Thus, fiber–matrix debonding and matrix
cracking were the predominant mechanisms in the
neat and nanoclay-filled specimens, respectively
[38, 39]. As depicted in Fig. 8, at a high loading of 3TMSPA/nanoclay (i.e., 7 wt%), the main problem
was the agglomeration of the nanoclay particles
within the matrix, which led to the creation of stress
concentration regions and therefore degraded
flexural properties.

an effective way of enhancing the flexural properties
of GLARE laminates.

4. Conclusions
This study inquired into the effects of 3TMSPA/nanoclay on the mechanical performance of
GLARE laminates under transverse loading. For this
purpose, GLARE specimens containing various
concentrations of 3-TMSPA/nanoclay (1, 3, 5 and 7
wt%) were fabricated. The results drawn are
summarized below.
1. The FTIR analysis revealed that the surface
functionalization of the nanoclay particles was
successfully achieved.
2. The GLARE laminate containing 3 wt% 3TMSPA/nanoclay showed the highest flexural
strength and energy absorption. Compared with the
flexural strength and energy absorption of the neat
specimen, those of the 3 wt% 3-TMSPA/nanoclay
specimen improved by 61% and 51%, respectively.
3. The specimen containing 5 wt% 3TMSPA/nanoclay showed the highest flexural
modulus, which was a 67% increase over the level
achieved by the neat specimen.
4. The flexural properties of the GLARE filled
with 3-TMSPA/nanoclay were superior to those of
the untreated nanoclay-filled GLARE.
5. The FESEM examination of the fracture
surfaces indicated that the interfacial adhesion
between the glass fibers and the epoxy matrix
improved through the addition of the nanoclay
particles.
6. The results of this investigation suggested that
the addition of 3-TMSPA/nanoclay as a
reinforcement material (second reinforcement) is

Figure 7. FESEM images of fracture surfaces: (a) Neat specimen,
(b) 3 wt% untreated nanoclay-filled specimen, and (c) 3 wt% 3TMSPA/nanoclay-filled specimen.

Figure 8. Agglomeration of nanoclay particles on the fracture
surface of the specimen filled with 7 wt% 3-TMSPA/nanoclay.
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