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a b s t r a c t

The primary concern of fiber-reinforced polymers (FRPs) subjected to seawater environment is losing
their initial mechanical performance since water can diffuse into the composite and deteriorates the
fiber-matrix interface. Recent studies related to aging performance in the seawater environment have
shown that introducing halloysite nanotubes (HNTs) into the polymer matrix offers a combination of
an efficient barrier effect and an improved fiber-matrix interface. Hereupon, the principal objective of this
study was to experimentally investigate the impact of HNTs on shear and mode II fracture performances
of the seawater aged basalt fiber (BF) reinforced epoxy (EP) composites. After six months of aging in sea-
water, the findings indicated that HNTs reinforced multi-scale composites exhibited 34 and 46% higher
shear strength and mode II delamination toughness compared to the neat specimens. Moreover, accord-
ing to the dynamic-mechanical analysis, higher glass transition temperatures (8%) were obtained for the
multi-scale composites. The reduction in mechanical performances induced by fiber-matrix interfacial
degradation was also confirmed by scanning electron microscopy analysis. Chemical deterioration of
the polymer matrix was explored by Raman spectroscopy to reveal the efficiency of HNTs induced barrier
effect. As a result of these investigations, HNT modified BF/EP multi-scale composites were offered for
future advanced engineering applications.
� 2021 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fiber-reinforced polymers (FRPs) have a joining of useful fea-
tures such as impressive strength/weight ratios and corrosion
resistance compared to traditional metallic materials. Thanks to
these features, FRPs are broadly utilized in varied engineering
employments such as maritime, automotive, and aviation indus-
tries, which generally serve under harsh environmental conditions
[1,2]. On the other hand, it is well established that the detrimental
service conditions like high-low temperature, humidity, alkalines,
and ultraviolet radiation lead to severe degradations in the
chemical structure and undermine mechanical performances of
FRPs [3,4]. Therefore, the environmental aging of FRPs becomes a
constant concern for the life-span estimation and the endurance
to operational conditions [1].

Continuous seawater exposure in marine environments is a sig-
nificant challenge for FRPs during their service life. Interaction
with water can lead to matrix damage, fiber-matrix interface
decomposition, and the development of delamination damage dur-
ing service life by combining mechanisms such as hydrolysis, plas-
ticization, and matrix swelling [5,6]. Delamination caused by
environmental degradation is one of the main barriers that limit
the performance and use of laminated composites in industrial
applications, causing catastrophic failures [7]. Therefore, the inter-
laminar fracture toughness known as damage resistance against
delamination between adjacent layers is of enormous significance
in the improving and designing FRP composites [8]. On the other
hand, the performance and damage mode of FRPs are fundamen-
tally governed by the loading direction and the fiber reinforcement
orientation. Loads perpendicular to the fiber orientation or
multi-axis loading situations cause shear deformation that limits
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material performance [9] and causes various damages due to shear
stresses [10]. So, another critical parameter to be considered in the
design is the shear properties of the materials. Moreover, seawater
aging also causes the plasticization due to the water molecules
absorption onto the matrix. The effect would provoke increasing
the distance between molecules, the expanding of molecular
matrix chains, and the breaking of hydrogen bonds, resulting in a
reduced glass transition temperature (Tg). Additionally, the poly-
mer matrix oxidation-hydrolysis reactions and the fiber-matrix
interface cracking caused by the absorbed water molecules also
be liable for the decreased Tg [11]. Dynamic mechanical analysis
(DMA) is a powerful method for sensitive and non-destructive
evaluation of modal damping ratio and viscoelastic response of
materials, as well as damage behavior and fiber-matrix interface
properties [11]. There is little published data on the relationship
between physical/chemical damage and mechanical deterioration
caused by aging for FRPs. Li et al. (2019) stated that there is an
exponential decline in tensile properties and Tg with prolonging
aging time in the marine environment in their studies on the static
and dynamic mechanical performance of carbon/epoxy composites
[12]. Panaitescu et al. (2019), as a result of their research on ther-
momechanical properties of glass fiber reinforced polyurethane
composites under accelerated aging environment, deduced that
while water absorption causes reversible aging of the matrix mate-
rial, it leads an irreversible deterioration of the composite [1]. Mly-
niec et al. (2014) explained the effect of aging on damping behavior
in composite structures with the modal damping ratio. They
emphasized that the durability of fiber, matrix and fiber-matrix
interfacial properties should be taken into account to procure long-
time damping performance in carbon fiber reinforced EP compos-
ites exposed to DMA damping vibrations [13]. On the other side,
although the researches about the aging effect on the inter-
laminar shear strength (ILSS) of FRPs are included in the literature,
the influence of aging on the v-notched rail shear properties has
been examined by only a few researchers. Costa et al. (2010) found
a decrease in shear strength when they evaluated shear behavior
with the Iosipescu shear test method of glass fiber reinforced poly-
phenylene sulfide composites after aging [14]. Figliolini et al.
(2013) stated that the absorption of seawater slightly increased
the ductility of vinyl ester resin samples and reduced the notch
sensitivity, causing an increase in shear strength [15].

Recently, basalt fiber reinforced polymers (BFRPs) are intro-
duced as a substitute for glass and carbon composites in marine
applications by courtesy of their high strength, low manufacturing
cost, and distinguished corrosion behaviors [16]. The increasing
interest in BFRP composites has triggered studies investigating
its behavior under different environmental conditions [17]. Several
researchers have shown that modification of the EP matrix by add-
ing nanoreinforcements is promising for improving the mechanical
performance of BFRP composites [18–20]. Nanoreinforcements
trigger the growth of cross-linked amine networks in the curing
reaction of epoxies, providing an enhanced fiber-matrix interfacial
bonding. Therefore, EP matrix modification, which performed with
the addition of the nanoparticles, is one of the effective ways to
increase mechanical performance in a hydrothermal condition
[21]. Halloysite nanotubes (HNTs) have lately been the issue of
study as a novel and inexpensive nanoreinforcements to amelio-
rate the mechanical performance of polymers and especially epox-
ies [22–24]. In our previous studies, we have also been reported
that the matrix modification performed with low percentages of
HNTs adding into the EP improves seawater aging durability of
BFRPs [5,6].

Although there are several studies on the mechanical perfor-
mance of HNT modified composites, what is not yet clear is the
impact of HNTs modification on seawater aging of basalt fiber
(BF) reinforced epoxy (EP) composites. This study presented here
1006
is one of the first investigations to focus specifically on the influ-
ence of HNTs modification on the delamination behavior of long-
term seawater aged BF/EP composites under mode-II loading with
ENF tests and shear properties with V-notched rail shear tests.
Additionally, the DMA technique was utilized to characterize ther-
momechanical properties and to confirm matrix and fiber-matrix
interface behavior. Finally, the impact of HNTs modification and
aging on the chemical damages were systematically explored using
Raman analysis. The results reveal that the proposed epoxy matrix
modification may be a promising strategy for the seawater durabil-
ity of BF/EP composites. This method can be widely used as a sim-
ple and economical way of improving the performance of BFRP
composites
2. Experimental

2.1. Materials

Basalt plain woven fabrics (300 g/m2 areal density and 0.45 mm
average thickness) were kindly supplied by Tila Kompozit. MGS
epoxy resin (L-160) and MGS hardener (H-160) were obtained
from DOST Chemical Industrial Raw Materials Industry. Halloysite
nanotubes (20–150 nm in diameter and 100–600 nm in length)
were supplied by Eczacibasi Group ESAN Company. All reagents
were of analytical grade and utilized without more purification.

2.2. Fabrication of multi-scale composites

The produced HNTs reinforced EP resins (by including 2 wt%
HNT) were prepared considering by the determined optimal
nanoparticle ratio based on our previous studies [5,6]. In the for-
mer case, required amounts of the nanoreinforcements were dis-
pensed in acetone to achieve uniform distribution, and in the
latter case, the epoxy was poured into the HNT-acetone blending.
The mixture was sonicated by probe ultrasonicator (for 1 h at
20 kHz) to obtain a homogeneous suspension under an ice bath
(~60 �C suspension temperature). Besides, the matrix material of
neat composites was also prepared following the same procedure
(only without HNT) as multi-scale composites. Following, the mix-
ture was warmed up in a vacuum furnace to evaporate the acetone
(for 12 h at 70 �C). At this stage, attention should be paid to cool the
mixture to room temperature to prevent an uncontrolled curing
reaction. Finally, the amine hardener was mechanically mixed
(for 5 min) with the resin under the stoichiometric ratio of
100:25 (for 100 g epoxy 25 g of hardener), as per manufacturer’s
directions and the final mixture was degassed for 15 min, at
35 �C. The Vacuum Assisted Resin Transfer Molding (VARTM)
method was used to manufacture BFRP composites because of its
advantages, such as large-scale manufacturing and low production
costs. After the curing process (for 1 h, at 70 �C, and for 4 h, at
120 �C), composite panels were cut to appropriate sizes, and test
coupons were formed. The composite specimens were then aged
in a seawater bath at room temperature for 3–6 months. The aging
of samples was performed by immersing into prepared artificial
seawater according to ASTM-D1141 by mixing the sea salt
(6 wt%) and distilled water [5,6].

2.3. Mechanical tests

The performed tests in the study are conceptually illustrated in
Fig. 1. V-notched rail shear testing was executed to assess the
impact of seawater aging on the composites’ in-plane shear perfor-
mances. This methodology ensures the measure of the shear prop-
erties by compressing the ends of a V-notched sample between a
pair of shear test apparatus. In-plane V-notched rail shear tests



Fig. 1. Schematic illustrations of the tests: a) V-notched rail shear test, b) End notched flexural (ENF) test c) Dynamic mechanical analyses (DMA).
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were implemented on an Instron 8801 with 2 mm/min cross-head
speed as per ASTM D7078M – 19.

End notched flexure (ENF) tests were performed to assess II
delamination toughness according to ASTM D7905-14 standard.
At least five specimens were tested with the dimensions of
180x25x4 mm3. A teflon film (with a length of 75 mm) was
inserted at the midplane to form a pre-crack in the ENF test lami-
nates during fibers fabric stacking. Mode II interlaminar fracture
tests were carried out under 1.5 mm/min cross-head speed via Shi-
madzu AGS-X instrument, and the effective span was adjusted as
80 mm. One side of the ENF samples was painted with a correction
pen to track crack propagation accurately during the delamination
easily. The tests were recorded by a digital camera to measure
crack length later on.

The DMA analysis was conducted on Perkin Elmer DMA 8000 to
investigate the impact of the plasticization effect of seawater aging
on the basalt-epoxy interface. Moreover, to focus on the impact of
aging on the polymer, bulk epoxy samples were also analyzed,
which manufactured using liquid composite molding (LCM) pro-
cess. Therefore, two kinds of specimens were employed, which
were produced as laminated (fiber reinforced) specimens and bulk
epoxy (without fiber) specimens in these analyses. The same cur-
ing process was applied for bulk epoxy specimens. The tests were
performed on rectangular specimens of 56x13x4 mm3 prepared
according to ASTM D7028-07. DMA tests were conducted in 3P
bending mode at 1 Hz fixed oscillation frequency while the tem-
perature was increased from 0 to 200 �C with a 5 �C/min heating
rate.
1007
2.4. Characterizations

Surveying of scanning electron microscopy (SEM) was realized
on the damaged ENF samples’ delamination surfaces by A Zeiss
Evo LS 10. The fracture surfaces were visualized to understand
HNTs related toughness mechanisms and/or impact of seawater
aging on damage mechanisms. The SEM specimens were covered
with 4 nm thickness gold sputter coating and imaged at 20 kV elec-
tron beam acceleration voltage. Raman spectroscopy was con-
ducted with WITEC Alpha 300 Confocal Raman system with a
532 nm laser irradiation to reveal the seawater aging effect on
the epoxy structure. Raman examinations were performed with a
scan range of 3785–200 cm�1 at a resolution of 4 cm�1.

3. Results and discussion

3.1. V-notched rail shear test

The typical load–displacement curves are shown in Fig. 2 for
V-notched rail shear tests. Before seawater aging, for neat samples,
it is observed that the shear force suddenly falls after arriving at
the peak value. However, it can be seen that the load drops gradu-
ally after reaching the peak point in the case of the multi-scale
composite samples. The gradual decline indicates an increased load
transfer efficiency from the matrix to the fibers or vice versa, which
suggests improved fiber-matrix interface interaction with the
HNTs modification [25]. After seawater aging, a shoulder forms
with increasing shear strain beyond the maximum shear stress



Fig. 2. Typical stress–strain curves of v-notched rail shear test specimens: a) neat BF/EP composites, b) HNT modified BF/EP composites.
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indicating the matrix plasticization due to the absorbed water into
the matrix. On the other hand, it is noticed that gradual load drops
observed for the multi-scale composites before aging slightly dis-
appear due to the deterioration of fiber-matrix interface.

As compiled in Table 1, it is evident that the matrix modification
by HNTs significantly improves the shear properties. Before aging,
the shear strengths of neat epoxy and multi-scale composites are
calculated as 39.25 and 47.16 MPa, respectively. It is clear that
the increase in shear strength is achieved by HNTs related tough-
ness mechanisms such as crack deflection, crack pinning, and
pull-out [5,6]. On the other hand, the obtained shear strengths
decline for both neat and multi-scale composites after 6 months
of seawater aging (26.28 and 35.10 MPa, respectively). However,
it is noted that the multi-scale composites exhibit significantly
higher shear strength up to 33.5% compared to the neat samples.
Similarly, to evaluate the effectiveness of HNT addition modifica-
tion on shear modulus, multi-scale composites represent 19%
higher shear modulus compared to neat composites, and the
increase reaches up to 45% after 6-months seawater aging. Alamri
and Low reported that high aspect ratio HNTs ensure excellent bar-
rier properties by forming a tortuosity leakage path for water dif-
fusion into the epoxy [23]. On the other hand, the enhanced load
transfer effectiveness at the fiber-matrix interface can occur as
another possible strengthening mechanism [26]. As we reported
in our previous studies, this significantly enhanced seawater aging
performance has been attributed to the restricted water diffusion
mechanism rather than the toughness mechanisms provided by
HNTs [5,6].

It can be noticed from Table 1 that the shear failure strain
increases from 0.023 to 0.028 mm/mm (21.7% higher than the neat
composites) with the HNTs modification. Moreover, as the aging
time is increased to 6 months, gradual increases in shear strain
are observed, which is another indication of the plasticization
Table 1
Shear test results of BF/EP composites.

Aging Time (months) Stress (MPa) Decrease (%

Neat Ep/BF 0 39.25
3 32.61 16.92
6 26.28 33.049

HNT-Ep/BF 0 47.16
3 40.59 13.92
6 35.10 25.56
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effect. It is obtained that the seawater immersion leads to deform-
ing at higher shear strains as 56.5 and 46.4% for neat and multi-
scale composites, respectively. Interestingly, lower strain values
are obtained for the multi-scale composites compared to that of
the neat composites. This result is primarily influenced by the bar-
rier effect on the water diffusion realized with the introduction of
HNTs into the epoxy retarding matrix plasticization during seawa-
ter aging [23].

3.2. Mode-II interlaminar fracture test

The ENF samples are exposed to shear loading near the teflon
film, and initiation cracks progressing in front of the crack tip are
provided to perform mode-II fracture toughness tests. As the
applied load increases, microcracks coalescence, and crack propa-
gation is initiated. Immediately after reaching the peak load value,
the load drops suddenly. This maximum load value is used to cal-
culate the critical mode-II interlaminar fracture toughness (GIIC).
Fig. 3 shows force–displacement curves for the neat and multi-
scale composites. The aged specimens generally have exhibited
lower peak forces and higher compliances due to the plasticization
effect compared with that for the dry specimens [27]. In general,
the load rises with a linear inclination till it arrives at a critic value
corresponding to the beginning of crack propagation. Sudden load
drops caused by unstable crack propagation are obtained for the
neat samples while the formation of a plateau region is explicit
for multi-scale composites indicating more stable crack propaga-
tion. Friction between delaminated layers is responsible mecha-
nisms attributed to mod-II delamination toughness values [28].
EP modification with HNTs renders the matrix region tougher. Dur-
ing the effect of the shear load, multi-scale composites better resist
the delamination thanks to improved friction between the inter-
laminar layers and improved interface features. Thus, the modified
) Strain (mm/mm) Shear modulus (GPa) Decrease (%)

0.023 3.78
0.029 3.09 18.12
0.036 2.45 35.16
0.028 4.51
0.034 3.96 12.36
0.041 3.56 21.08



Fig. 3. Typical load–displacement curves of ENF specimens: a) neat composites, b) multi-scale composites.

Fig. 4. ENF test results: a and b) Representative R-curves, c) GIIC values as a function of seawater immersion duration, d) GIIC retention (%) as a function of seawater immersion
duration.
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Fig. 5. (a and b) storage modulus and (c and d) tan delta alteration depending on the temperature.
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samples’ delamination damage occurs at higher loads than the neat
[28]. It has been previously reported that the fiber-matrix interface
and the interlaminar bonding are improved with EP matrix modi-
fication by adding HNTs [5,6,29]. Moreover, according to some
studies, HNTs lead to covalent cross-linking density increment
between the nanotube and the EP matrix which is held liable for
the substantially enhanced performance [29,30]. Similarly, the
increased crack growth resistance attributed to the significant
impact of fiber-matrix interface interactions developed by the
HNTs addition into the matrix [6,31].

The resistance curves (R-curves) are obtained by the compli-
ance calibration method and presented in Fig. 4(a and b). While
R curves show similar trends for the neat and the multi-scale com-
posites, it is clearly seen that the neat composite exhibits relatively
lower delamination resistance compared to the BF/EP multi-scale
composites. Averaged GIIc values, including standard deviations
and changes in percentages of seawater aged samples, are summa-
rized in Fig. 4c and d. Note that GIICvalues decrease with the pro-
longed seawater aging time from 1.39 to 0.81 kJ/m2 after
6 months for the neat BF/EP composites. Similarly, average GIIC val-
ues of the multi-scale composites exhibit a lower reduction from
1.68 to 1.18 kJ/m2. After 6-months of seawater aging, GIIC delami-
nation toughness of the neat and the multi-scale composites was
1010
decreased by about 28 and 20%, respectively. Besides, thanks to
the HNTs modification, the difference of obtained fracture tough-
ness values between neat and multi-scale composites reaches up
to 45.6% due to the higher degradation rates of the neat matrix.
The impact of aging on the mode II fracture behavior is a resultant
of two rival effects. One of these, the plasticization effect caused by
water absorption, reduce brittleness, and increases the fracture
toughness. On the other hand, it weakens the fiber-matrix bond
at the same time which results in impairing the fracture resistance
[27]. The results reveal that damages the bonding between the
fiber and matrix occurs more predominantly.

All the representative experimental R-curves tend to increase
with crack propagation. The increase of GIIC values are due to the
interior irregularity in the woven fiber-reinforced composites,
and the BF above and below the midplane tended to bridge the
delamination as crack grew [32]. It can be seen from the dry spec-
imens, as the delamination propagates, the R-curves exhibit a rise
in the initial stages of crack growth and eventually reach the rela-
tively steady-state (seen as plateau region). On the other hand, in
the case of aging in seawater, the R-curve rises, however, reaches
a steady-state region less stable than the dry specimens [33]. This
can be explained by a weakening of fiber-matrix bonding, which
can be attributed impact of seawater aging. Moreover, it is noticed
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that crack propagation occurs in seawater aged specimens at large
intervals; namely, the delamination crack progresses in bigger
steps. This can be attributed to the fact that low mode-II delamina-
tion toughness (GIIC) of seawater aged composites.

3.3. Dynamic mechanical analysis

The evolution of the storage modulus (E) based on the temper-
ature at constant frequency is seen in Fig. 5(a–c). While an expo-
nential decrease in E for the bulk epoxy samples (without fiber)
with extended aging time is observed, the curves of the BF/EP sam-
ples appear to form two different regions as a glassy region (above
Tg) and a rubbery region (below Tg). In the glassy are region, spec-
imens display high storage modules due to components that are
highly immobile and closed-packed. However, as the temperature
rises, the components turn into more mobile, stiffness, and storage
modulus reduce observed due to the loss of close packing arrange-
ment. It is clear that the multi-scale composite samples represent
higher storage modules due to the fact that HNTs provide a better
fiber-matrix interaction at the interface, causing a fall in the molec-
ular mobility of the molecular chains [26,34,35]. Similarly, it is pos-
sible to associate the decrease of storage modulus values after
aging with the weakening of the fiber-matrix interface bond by
increasing the chain mobility [35]. Therefore, the investigation of
damping (tand) change is also a suitable strategy for the quantita-
tive characterization of the damage caused by aging in materials. If
the fiber-matrix interfacial bonding is adequate, damping
decreases due to the reduced polymer chain mobility [12]. In
Fig. 5(b–d), the dumping value increase can be seen that can be
associated with the fiber-matrix interfacial deterioration with the
prolonging aging time. In addition, Tg can be detected from the
temperature values in which the peak value is reached in the
damping curves. Besides, the influence of the aging duration on
the Tg value of samples can be compared in Fig. 5(b–d). The Tg val-
ues of the dry-neat and HNTmodified epoxy bulk specimens (with-
out fiber) were obtained as 98.9 and 103.5 �C, respectively. After
6 months of aging in seawater, the Tg of bulk samples degraded
Fig. 6. SEM images of the ENF specimens’ delamination surfaces: a) neat unaged compo
multi-scale composite, e) 3 months aged multi-scale composite, f) 6 months aged multi
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to 81.6 �C for the neat epoxy and 88.15 �C for HNT modified epoxy
specimens with a reduction of 17.45 and 14.90%, respectively. The
Tg values for the neat and multi-scale (fiber reinforced) dry
specimens were observed to be 99.3 and 104.2 �C, respectively.
After 6 months of aging in seawater, the Tg of samples degraded
to 83.2 �C for neat BF/EP and 89.4 �C for multi-scale BF/EP speci-
mens with a reduction of 16.14 and 14.18%, respectively.

3.4. SEM analysis

Fracture surfaces (near the crack-tip) were observed utilizing
SEM (Fig. 6a–f) to observe the impact of epoxy modification and
seawater aging on the interlaminar fracture mechanisms. Fig. 6a–
c represents neat BF/EP composite and Fig. 6d–f multi-scale com-
posite samples. In general, the SEM micrographs broadly demon-
strate that there is a rise in the surface roughness due to the
addition of HNTs (Fig. 6a–d). Similar roughness increase observed
here as in our previous studies suggests that there are various
toughening mechanisms liable for improved mechanical perfor-
mance, such as HNTs pull-out, crack pinning, and crack deflection
[5,6]. Additionally, the influence of seawater aging can be noticed
by careful examinations. The delaminated fracture surface of
unaged composites generally displays more fragment debris
between the fiber matrix regions, which refers to the brittle feature
of highly cross-linked epoxy [36]. However, the fractured surface of
seawater aged composites displays comparatively smooth texture
due to the water molecules penetrate the matrix and weakened
fiber-matrix interfacial bonding. As a result, fibers readily pull
out from the weakened fiber-matrix interface. The diminishment
of matrix fragment on the fibers and delaminated surfaces illus-
trates the increment in the ductility induced by the plasticization
effect. On the other hand, when the epoxy is modified with HNTs,
the diffusion of water molecules into the epoxy matrix is restricted
due to the efficient barrier effect of HNTs. Therefore, the fracture
surface roughness, which is mainly governed by the fiber
pull-out mechanism, is reduced for the multi-scale composite
samples compared to neat specimens. Thus, the enhancement of
site, b) 3 months aged neat composite, c) 6 months aged neat composite, d) unaged
-scale composite.



Fig. 7. SEM images of the un-aged specimens: a and b) neat composites, c and d) multi-scale composites.
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mechanical performances for multi-scale composites is not only
dependent on the additional nano-scale toughness mechanisms
but also the suppression of water absorption by a restricted diffu-
sion mechanism.

SEM images at higher magnifications taken from unaged sam-
ples to investigate the toughening mechanisms of HNT nanorein-
forcements are seen in Fig. 7. Fibers pull out, and fiber-matrix
debonding damages caused by weak fiber-matrix interaction are
clearly seen in Fig. 7a for the neat epoxy. Shallow cup formations
(proof of the excellent number of shallow cusps on the fiber edges
with good bonding) with the HNT addition are seen in Fig. 7c. The
formation of resin residues around the fiber is due to the progres-
sion of a crack close to the interface and changing direction when it
encounters with nanoparticles (Fig. 7c and d). Thus, the crack can-
not progress in the fiber-matrix interface with an unsteady growth
characteristic, and fiber imprints are formed at the interface, indi-
cating increased fracture resistance. In addition, the presence of
nanoparticles in BF/EP composites promotes mechanical locking
1012
between crack interfaces. Besides, as a result of crack deflection,
extra energy is needed to crack progressing in structure. Thus,
mechanisms such as crack deflection and HNT’s pull-out increase
the strength values [28].

3.5. Raman analysis

Raman analysis was also conducted to determine chemical
destruction of the matrix and fiber-matrix interface. Water con-
taining OH– ions react with the hydrophilic groups in the epoxy
networks and binds to the epoxy structure (with van der Waals
and hydrogen bonds) and consequently affects the absorption of
radiation. Raman spectra taken from the delamination surfaces of
tested ENF samples are presented in Fig. 8. The Al-O-Si vibration
band at 548 cm�1, the Al2OH bending band at 957 cm�1 and the
Si-O stretching band at 1031 cm�1 show reasonable contribution
addition of HNTs (as seen in Fig. 8b and c) [6]. Moreover, especially
with the increasing aging time, it is seen that there is a notable



Fig. 8. Raman spectra of the neat and HNT modified multi-scale composite.
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increase in the stretching vibrations of hydroxyl groups around the
3650 cm�1 wavenumbers for the neat composite samples. It is well
known that epoxy water absorption is relevant to the intensity of
the hydroxyl group peak [23]. It is seen that the hydroxyl group
peak intensity of multi-scale composites is lower than that of the
neat composite. It means that HNTs limit the water absorption into
epoxy by slowing the diffusion of water.

4. Conclusion

The present study was designed to determine the impact of sea-
water aging on the mechanical and dynamic mechanical perfor-
mance of BF/EP composites. Experiments have demonstrated that
1013
the mechanical properties are affected considerably by seawater
aging. However, the empirical findings illustrate matrix modifica-
tion with halloysite nanotubes significantly minimized the adverse
effect of seawater on durability. After immersed in seawater for
6 months, the shear strength and GII fracture energy values of neat
BF/EP samples decline more severe than HNT modified multi-scale
composites.

The plasticization effect after seawater aging was manifested by
the decreasing glass transition temperature (Tg) according to
dynamic mechanical analysis. HNT-basalt/epoxy hybrid nanocom-
posites evidenced a higher Tg concerning neat basalt/epoxy
composites. One of the more significant findings to emerge from
this study is that the toughening mechanisms of HNTs such as
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pull-out, crack deflection, and crack pinning were attributed to the
enhancement in the mechanical performances. The fracture mor-
phology features of multi-scale composites were observed to be
rougher than neat counterparts due to the realization of crack path
deflections. Additionally, the primary reason for the performance
decreasing after seawater immersion was related weakening of
the fiber-matrix interfacial bonding. Raman spectra showed that
the hydroxyl groups’ (OH) peak intensity of neat epoxy specimens
more intense compared to the HNT-epoxy samples as the aging
time increase. This finding should help to improve predictions of
the impact of that the epoxy modifications by adding HNTs
decrease seawater uptake.
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