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EFFECT OF HALLOYSITE NANOTUBES ON MATRIX
MICROCRACKING IN CARBON FIBER/EPOXY
COMPOSITES
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Matrix microcracking is considered the main factor responsible for the gas permeation in linerless pressure
vessels and storage tanks. The addition of halloysite nanotubes (HNT5) to them at different concentrations
was studied in order to enhance their microcrack resistance. A 50% increase in the cracking onset stress was
Jound at a 5% addition of HNT to the epoxy matrix. Moreover, a 60% increase was observed at a similar level
of microcrack density compared with that of neat epoxy. A reactive diluent was used as an alternative to keep
the viscosity suitable for the filament winding process and to offset the rise in viscosity by HNT incorporation.
Despite the fact that the matrix fracture toughness increased even to 10% of HNT5, no growth in the microcrack
resistance was found at more than 5% of HNT5. As a result, it was concluded that the microcracking phenomenon
can be affected not only by the matrix fracture toughness, but also by the residual thermal stresses.

1. Introduction

The uses of carbon-fiber-reinforced epoxy have been increasing in such structural applications as the aerospace
and automotive industries. These industries are particularly interested in the use of polymer-matrix composites in various
structural members in comparison with conventional metal ones because it is a way to increase their energy efficiency by
reducing the weight of the structures. Pressure vessels are commonly employed in satellite launchers and hydrogen or
compressed natural gas-powered vehicles. Currently, there are different options available in the market: all-metal (Type I),
metal with a composite overwrap in the hoop direction (Type II), metal-lined (Type III), and polymer-lined (Type IV) with
full composite overwrapped.
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In order to fulfill the industrial requirements of weight and cost reduction and design flexibility, ultralight linerless
composite products have appeared as an appealing solution. The main challenge for ultralight tanks and storage vessels is the
permeation of composite materials under loading due to the formation of microcracks in them in the absence of liners, which
could act as leakage barriers.

Matrix microcracking is usually the first noticeable damage mechanisms encountered in composite laminates. It may
form leak paths at high strain levels and reduce their strength, stiffness, and dimensional stability [1]. These microcracks ap-
pear and propagate perpendicularly to the fiber direction and generally occur due to fracture events in which full microcracks
appear instantaneously on the experimental time scale at a load level far below that required for fiber failure [2].

Even though microcracking in composites has been thoroughly explored in the last decades, the main variables in-
volved in the formation of cracks are not yet completely understood. Studies on stacking sequences indicated that in laminates
with 90° oriented outer plies microcracks arose at significantly lower loads than in other ones [3]. Nairn [3] investigated the
thickness effect of 90° plies on the stress corresponding to the initiation of microcracks and found that microcracking increased
as the thickness of the 90° plies decreased. Furthermore, the importance of residual stresses due to thermal shrinkage in the
microcracking process was stated. Talreja et al. [1] reported that the ductility of matrix in a composite laminate affected the
initiation and progression of microcracking. Timmerman et al. [4] studied the influence of fiber type and matrix composi-
tion on microcracking during cryogenic cycling and found that an increase in the backbone flexibility of matrix and a high
tensile modulus of fibers increased the microcrack density by altering the thermal stresses present in the material. Mallick [5]
experimentally investigated the microcracking of composites with different matrices and showed that, despite similar strains
at failure, the matrices exhibited different tendences to microcracking. Therefore, it can be inferred that important is not only
the laminate geometry, but also matrix properties in the microcracking phenomenon.

Epoxy matrices are particularly susceptible to microcracking due to their inherent brittleness. One possible way to
enhance their toughness is by dispersing its particles, which activates different toughening mechanisms depending on their type.
A considerable toughening is usually achieved by adding rubbery particles to the matrix. Nevertheless, this method decreases
the elastic modulus, hardness, and, in most cases, the strength [6-9].

Nanofibers and nanoparticles are found to be superior additives for increasing the fracture toughness of epoxies without
sacrificing their basic properties [10, 11]. Particularly, carbon nanotubes (CNTs) are considered as ideal modifiers due to their
high strength, low density, and nanoscale and, most importantly, high aspect ratio. Extensive research efforts have been made
over years in developing CNTs/epoxy composites [12-15]. Gaaz et al. [16] showed that the impact properties of epoxies can
be significantly improved by adding titanium oxide nanoparticles (up to 6%) to them.

However, considering the extremely high cost and difficulties in the preparation of CNTs and other metal-based nanopar-
ticles, halloysite nanotubes (HNTs) were found to be as an attractive alternative additive for polymers [17-19]. Halloysite is an
abundant and cheap tubular clay material with a structural formula Al,(OH),Si,0,-2H,0, inner diameter of 1-30 nm, outer diameter
of 30-50 nm, and length of 100-2000 nm [20]. Despite their tubular structure, resembling that of CNTs, HNTs exhibit another
advantage over CNT — it is easy to disperse them in a viscous polymer, because they are straight, with no entanglement [21].
For that reason, a variety of different applications, both in thermoplastic and thermosetting polymers, can be found in the litera-
ture. For instance, Gaaz et al. [22] added HNTs to polyurethane resins, increasing their tensile, flexural, and impact strengths
at only a 1% concentration. In the case of epoxy resins, HNTs are added mainly to improve their fracture toughness [23-25].

When continuous fibers are incorporated into nanocomposites, their mechanical behavior is more difficult to analyze,
and in some investigations of three-phase nanocomposite laminates, different results have been found. On one hand, Yokoseki
et al. [26] demonstrated that the dispersion of CNTs in conventional carbon-fiber-reinforced plastics (CFRP) retarded the for-
mation of matrix cracks owing to the growing matrix toughness. On the other hand, a considerable improvement in fracture
toughness was achieved for the organic tri-block-copolymer modified epoxy resin, with no effect on microcracking [27].

In our previous research [28], we improved the toughness of an epoxy formulation by adding HNTs, with no significant
increase in the viscosity of resin. In the present work, we investigated the effect of HNTs addition to the substrate material on
the transverse matrix microcracking, mechanical properties, and fracture resistance. The idea was to improve the resistance
of filament-wound pressure vessels to matrix microcracking without increasing the viscosity of resin, because it considerably
hinders their production process.
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TABLE 1. Chemical Composition of Epoxy Matrix Formulations

Sample Halloysite, wt% Reactive diluent, wt%
Ep ONT 0 0
EpR ONT 0 5
EpR SNT 5 5
EpR 10NT 10 5

2. Experimental

2.1. Materials

HNTs of diameter of 30-70 nm and length of 1-3 mm from Sigma-Aldrich® were used as a source of nanotubes in this
study. The resin used was a bisphenol A diglycidyl ether (DGEBA) from Dow Chemical® DER 383, with an epoxy equivalent
weight of 182.6 g eq !, as determined by titration (ASTM D1652, method B). A C12-C14 (Distraltec® DLR001) alkylglicidyl
ether was used as the diluent to decrease the viscosity of the epoxy resin. Its epoxy equivalent weight was 284 g eq!, also de-
termined by titration. A Jeffamine® D230 polyetheramine with an equivalent weight of 60 g eq™' was used as the curing agent.

HNTs were dried in an oven at 65°C for 24 h in order to remove the moisture, and DGEBA was preheated at
60°C to reduce its viscosity by gently stirring before mixing with the reactive diluent. Then, nanotubes were incorporated
into the system and subjected to an ultrasonic mixing for 10 min (160 W, 40 kHz). Ultrasonication is a high-shear mixing
technique that has been found more effective for dispersing HNTs into an epoxy resin than the mechanical one [23-29].
Then, the curing agent was added to the mixture, while stirring it slowly to prevent the formation of bubbles, and the
mixture was degassed in a vacuum chamber at 60°C for 15 min.

Four types of epoxy formulations containing 0, 5, and 10 wt% of HNTs were prepared (Table 1).

Cross-ply [0,/90,]  laminates were prepared using TorayCA® T700SC 12K carbon fibers. The fiber volume frac-
tion was set to 50%. The laminates were manufactured by the hand lay-up method and cured using a hot-pressing machine
for 6 h at 65°C. Their postcuring was carried out for 3 h at temperatures above the glass-transition temperature 7, (at 90
and 100°C for the EpR and Ep, respectively) to ensure high curing degrees. Figure 1 summarizes the experimental pro-
cedure for the preparation of cross-ply laminates.

2.2. Characterization of the halloysite-epoxy nanocomposite

A TEM, JEOL 100 CX II transmission electron microscopy was used to identify the dispersion of HNTs in the
halloysite-epoxy nanocomposites. Samples were cut from cured plaques by using a microtome.

The glass-transition temperature 7, of cured systems was determined by means of the differential scanning calorimetry
(DSC) using a DSCQ2000 TA Instrument. The scanning was carried out from 25 to 220°C at a heating rate of 10 °C min™".
Alow pressure N, flow (20 mm min ') was employed in order to prevent the occurrence of thermooxidative reactions.

The rheological properties of an uncured halloysite-epoxy mixture are important factors for two reasons: first, the vis-
cosity of the mixture greatly affects its processability by the filament winding method, and second, it might be a good indicator
of dispersion degree of halloysite in epoxy mixtures [30]. Therefore, the effect of incorporation of HNTs on the viscosity in an
uncured epoxy resin was studied using a Brookfield Viscometer DV2T in the cone and plate configuration (spindle SP52, 35°C).

Dogbone-shaped tensile test specimens were prepared by cutting cured plates approximately 60 mm long and 2 mm
thick with a gage length of 4 mm. The experiments were conducted at a crosshead speed of 1 mm/min. Young’s moduli of
different formulations were determined according to ASTM D638. Five specimens of each sample were tested.
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Fig. 1. Preparation of laminate samples and the experimental set-up.

The plain-strain fracture toughness ( K- ) was calculated using single-edge-notched specimens (41x10x4.5 mm)
in the three-point bending configuration according to ASTM D5045. Precracks in the specimens were introduced at the end
of 2-mm-deep notches by hammering a thin razor blade directly into the specimen perpendicularly to its thickness. The
initial crack length was examined after the specimen had been tested. The fracture tests were performed at a constant cross-
head speed of 10 mm min!).

2.3. Transverse cracking

The microcracking behavior was evaluated by means of uniaxial tensile tests on cross-ply laminates. Tensile test
specimens of dimensions of 120x13x2.1 mm were cut from [0,/90,]_ panels. The tests were performed at a crosshead speed
of 0.2 mm min~! along the 0°-direction. The polished edges of specimens were inspected with a CCD camera at different
strain increments. The number of microcracks in the central 90° ply of the specimens were counted. The optical observation
of cracks is the simplest experimental method for evaluating carbon-fiber-reinforced composite laminates, because intra-
laminar cracks are opened and the polished fiber cross-sections are bright and shiny [31, 32]. The microcrack density was
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Fig. 2. Microcracking test: a schematic diagram (a) and a view of the experimental configuration (b):
1 — microcracking in [0,/90,]  laminate, 2 — computer, 3 — light source, 4 — CCD camera,
5 — extensometer, 6 — Univsersal testing machine, 7 — PC storage strain and load, 8 — specimen.

Fig. 3. TEM micrographs of the distribution of halloysite nanotubes in an epoxy EpR SNT 10,000x (a),
EpR 5NT 50,000% (b), EpR 5NT 100,000x (c), EpR 10NT 100,000x (d).

calculated as the ratio of the number of microcracks to the gage length and reported as the density of microcracks (cracks
per unit length). Five specimens were tested for each formulation. Figure 2 shows the microcrack testing configuration.

A universal Instron 3369, MA, testing machine equipped with a +50 kN load cell, was used to determine the tensile
fracture toughness, and the transverse microcracking. The tests were conducted at an ambient temperature (20°C).

3. Results and Discussion

3.1. Morphology of HNTs and their dispersion in epoxy resins

Figure 3 shows TEM micrographs of a halloysite-epoxy nanocomposite. HNTs were dispersed into the epoxy matrix
in the form of clusters of different sizes. In spite of the fact that the halloysite clusters were not in the nanoscale range, a
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TABLE 2. Thermo-Physical Properties of Different Epoxy Resins.

System T, °C Viscosity at 35°C, cP
Ep ONT 91.5 294
EpR ONT 82.4 192
EpR S5NT 79.7 264
EpR 10NT 80.8 378

thorough inspection showed that the resin certainly had penetrated into the cluster and had formed a halloysite-rich region
(Fig. 3¢). Other researchers also have identified this phenomenon [21, 25, 33, 34], and different alternatives were proposed
in order to enhance the dispersion of HNT particles. According to literature data, the main strategies adopted to prepare a
mixture containing individually dispersed HNTs includes such effective mixing methods as the three-roll milling [35, 36]
and the modification of particle surfaces [37-40], leading to improved mechanical properties. However, in the latter case,
improvements may be due to both a better dispersion of HNTs in the epoxy matrix and a stronger adhesion between the two
phases due to the surface modification [41]. In [42], the authors also observed no evidence of enhancement in the mechanical
properties by an improved dispersion.

Figure 3d shows the typical size of HNTs, which are in accordance to the supplier data sheet (length of 1-3 pm and
diameter of 30-70 nm). Furthermore, a hollow tubular shape for some of the halloysite particles was observed, showing a
large aspect ratio, resembling that of CNTs.

3.2. Glass-transition temperature and viscosity

Table 2 shows the measured thermophysical properties, 7, and viscosity at 35°C, of halloysite-modified epoxies.
The incorporation of HNTSs into the epoxy did not result in any significant change in the 7, . The similarity of 7, for all EpR
samples indicates that they all had been cured to the same extent, which means that any changes in the mechanical properties
seen caused by the presence of HNTs, and not by differences in the network structures of the epoxies.

It was reported previously that the presence of HNTSs in epoxy nanocomposites decreased the 7, of resin [35, 43].
This phenomenon was mainly attributed to two factors: an increase in the free volume due to the reduced interaction between
the epoxy and HNTs, and a reduced interconnection of polymer chains, which affects the cross-linking ability of the epoxy
resin. However, some authors have reported a slight increase in the 7, at small amounts of HNTs due to the presence of
halloysite agglomerates and their mutual interaction [43]. Thus, there are two counteracting factors affecting the structure of
epoxy network: the rigid-phase reinforcement and the reducted cross-linking density [21].

The addition of HNTs to the uncured epoxy increased its viscosity only slightly, and carbon fiber/epoxy composites
could be processed under similar conditions as the neat epoxy. The increase in viscosity can be attributed to the restricted
motion of the epoxy matrix due to the presence of nanotubes [23]. Therefore, the formation of HNT clusters could hinder a
direct interaction between nanotubes, resulting in a reduced growth in viscosity [44]. The addition of the reactive diluent is
an effective method to maintain the viscosity of neat epoxy at an unchanged processability.

3.3. Mechanical properties

3.3.1. Fracture toughness. Figure 4 shows the fracture toughnesses K calculated for four matrix formulations. It is
improved after the incorporation of the reactive diluent. In the literature, this enhancement has been attributed to the increased
ductility related to the reduced cross-link density of epoxy samples containing a diluent [45].

As expected, the introduction of HNTs into the epoxy improved fracture toughness further. An addition of 10 wt%
HNTs into the matrix increased the toughness two-fold.
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Fig. 5. The normalized tensile modulus £, (a) and the normalized tensile strength o, of halloysite-
epoxy composites EpR (m) and EpONT () vs. HNT matrix loading (W , %).

The toughening mechanism of reinforcing particles, such as halloysite, at a very high aspect ratio has been proposed
in [21, 24, 37]. As HNTs are much stronger and stiffer than the epoxy matrix, the crack front, pinning or bridging, appears as
an effective mechanism making the crack propagation more difficult. However, the presence of nanoparticle clusters induce
other toughening mechanisms, which are considered as prevailing: plastic deformation of the epoxy matrix around particle
clusters and crack deflection throughout clusters [10]. HNTs restrict the propagation of cracks, resulting in an increased frac-
ture toughness [23-25, 33, 37, 42]. In [46], novel nanocomposites with nanotube-rich regions (hierarchical composites) were
designed. As a result, an increase in the fracture toughness was observed due to the increased tortuosity crack path.

3.3.2. Tensile properties. The elastic modulus and tensile strength of neat epoxy were 2.73 GPa and 60.77 MPa, re-
spectively. In Fig. 5, the average normalized tensile properties of neat epoxy and its nanocomposites are presented.

When comparing Ep ONT and EpR ONT, it was seen that the elastic modulus had increased considerably, while the
tensile strength had remained unchanged. Similar tendencies can be found in the literature about the effect of reactive diluents
on elastic modulus and resistance [45, 47-49]. This effect may depend on different chemical characteristics of the reactive
diluent (functionality, molecular weight, and copolymer formation ability).

The incorporation of 5% HNTs increased the elastic modulus of the formulation, but at a higher incorporation of
nanotubes, this modulus grew insignificantly. Other authors have also reported a similar behavior of halloysite-epoxy nano-
composites [50-52]. Ravichandran et. al. [50] attributed the initial increase in the elastic modulus to the restricted mobility and
deformability of epoxy. A further addition of HNTs led to the formation of agglomerates acting as stress concentration points
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Fig. 6. View of the microcrack in a [0,/90,] cross-ply carbon fiber/epoxy laminate.
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Fig. 7. The applied stress o vs. microcrack density D in [0,/90,] carbon-fiber-reinforced epoxy
composites.

rather than a reinforcement. According to Saif et. al. [52], a high content of HNTs theoretically can improve the mechanical
properties of epoxy composites, but the formation of clusters can reduce them.

In contrast to the important toughening effect found, no significant improvement in strength was observed. This lim-
ited reinforcing effect on the tensile properties was already reported in [53] and was attributed to various defects introduced
into nanocomposites — trapped bubbles during sample preparation, stress concentrations on HNTs, and the heterogeneous
network density. Besides, the enhancement in the mechanical properties was also attributed to the efficient load transfer from
the polymer matrix to nanoparticles [14, 19]. Creating mechanisms improving the interfacial halloysite-epoxy adhesion can
be a way to achieve an effective growth in the tensile strength and elastic modulus [54].

3.4. Matrix microcracking in cross-ply laminates

The matrix microcrack density was measured for four formulations as a function of the applied laminate stress.
The procedure was repeated until the delamination or tensile failure of the specimens occurred. The microcracks of the
specimens were counted in situ at each stress increment. Figure 6 shows the cross-sectional view of the typical transverse
microcrack in a damaged laminate.

Figure 7 displays the curves for applied stress versus microcrack density in cross-ply laminates. EpR ONT showed
the same microcracking behavior as Ep ONT (Fig. 7a). An increase from 100 MPa to 154 MPa in the applied stress required to
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initiate microcracking (onset stress) in the epoxy nanocomposites, can be observed as the result of incorporation of HNTs. In
addition, a higher stress was needed to obtain the same amount of matrix microcracking. For instance, the stress required for
the 0.22% microcrack density raised from 208 to 332 MPa for EpR ONT and EpR 5NT, respectively. No improvements were
observed at a further addition of HNTs (Fig. 7b).

This behavior can be explained by the crack deflection mechanism, when the crack deviated from its initial propaga-
tion direction and bypassed fillers particles without penetrating them [55]. In the neat epoxy, microcracks propagated mostly
through the interfacial zone between the carbon fibers and the epoxy matrix, owing to the poor interfacial interaction between
them. Therefore, it can be assumed that a good interfacial interaction between fillers and the epoxy matrix is essential for
achieving a significant improvement in the microcraking resistance.

Although the matrix toughness was revealed as an important factor hindering the formation of microcracks, other
parameters can also be considered significant. In our case, we found no direct correlation between the matrix toughness and
microcracking resistance of the composite laminates. Consequently, it seems that the microcracking process does not follow the
conventional fracture mechanics, which deals with crack propagation [56]. The formation of microcracks occurs due to fracture
events where full microcracks appear instantaneously on the experimental time scale. Considering this fact, a finite fracture
model was developed by Nairn [2] based on the critical energy release required for the formation of a new finite crack surface.

The experimental results found in the literature show that other variables, such as the thermal expansion coefficient,
the stress-free temperature (associated with T, ), and cure shrinkage, [4, 57] affecting the residual thermal stresses can be
associated with the microcracking phenomenon. Yokozeki et.al. [26] considered the residual thermal stresses in the 90° ply
and the fracture toughness associated with the matrix, as the main reasons for the retarded formation of matrix cracks.

A thorough study on the material behavior at the microscale to limit and manage the development of matrix micro-
cracks considering all variables is necessary.

4. Conclusion

HNTs were found as a well dispersing phase in the epoxy matrix. However, at a lower scale, microclusters were also
found to appear. Cluster formation reduced the overall interaction between halloysite particles, resulting in a lower-than-expected
increase in viscosity, thus retaining the low viscosity needed for the filament winding process. Moreover, the formation of
halloysite clusters was found to be responsible for the about two-fold increase in the fracture toughness at 10 wt% of HNTs,
preventing the propagation of microcracks by crack deflection and plastic deformation mechanisms.

The mechanical properties of EpR did not the change significantly after the addition of HNT. The tensile strength
remained the same, while the elastic modulus slightly increased only to a 5 wt% of HNTs. A thorough literature review showed
that an improved interfacial adhesion between the halloysite and epoxy is a promising way to achieve an effective increase in
the for mechanical properties of all formulation. The surface modification and grafting of HNTs with aminosilanes and hybrid
nanofillers (HNTs and CNTs) have been proposed for generating an effective load transfer between the matrix and reinforce-
ment [42, 54]. Further research in this area may lead to an improved reinforcing ability of the epoxy matrix at a low content of
HNTs. The dispersion of HNT particles can be evaluated by the electronic microscopy of fractured specimens (SEM and TEM).

Despite the low reinforcing effect found by the addition of HNTs to the epoxy matrix, we observed a great increase
the microcracking resistance of the carbon fiber/epoxy composites investigated. It was shown that a higher applied stress was
needed to initiate microcracking. It was also demonstrated that the microcracking phenomenon depends not only on the frac-
ture toughness of matrix, but also on the residual thermal stresses generated during laminate fabrication. The thermal stresses
appear as a result of different thermal expansion coefficients and the curing shrinkage of epoxy. These two counteracting
properties could be further tailored either by adding particles with a negative thermal expansion (NTEs), such as ZrW,O,, or
by exploring new formulations of epoxy resins with a reduced shrinkage [58-60].
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