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Abstract

A novel technique to improve the Mode | and Mode Il interlaminar fracture toughness
of woven carbon-fiber polymer matrix composite face sheets using zinc oxide nano-
wires is proposed. Zinc oxide nanowires are directionally synthesized on dry carbon
fabrics that are used to manufacture the laminate. The influence of zinc oxide nanowires
on interlaminar fracture toughness is compared against regular interfaces using double
cantilever beam and end-notched flexure tests to provide fracture toughness values.
A significant improvement in the Mode | and Mode Il interlaminar fracture toughness
values is observed with zinc oxide nanowires. Therefore, zinc oxide nanowire inter-
laminar reinforcement has been proven to enhance the interlaminar fracture toughness
of textile composites.
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Introduction

Composite materials have become an attractive replacement for conventional
materials, such as steel or aluminum, to improve performance and reduce the
weight of high-performance structures [1]. Their use has been successfully inte-
grated into aerospace vehicles, wind energy turbine blades, rockets, marine struc-
tures, and automobiles [2], owing to their tailorable mechanical properties and high
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specific stiffness, strength-to-weight ratios, corrosion, and fatigue resistance [3.4].
In particular, sandwich composites are used in ship hulls because of their high
bending stiffness. Sandwich composites consist of a core sandwiched between
face sheets. To improve the damage resistance and durability of sandwich compos-
ites, it is essential to improve the properties of both the face sheets and the core. In
this study, the focus is on improving the interlaminar fracture toughness of carbon-
fiber-reinforced face sheet composites.

Carbon-fiber-reinforced woven composites consist of layers of woven carbon fabric
in a polymer matrix. Although the in-plane stiffness and strength of these composites
are high, the resin-rich region interlaminar region between the carbon-fiber layers of
the composite is susceptible to damage and can result in premature failure of the
composite [5,6]. The life of a composite structure depends on its response to different
failure mechanisms, such as delamination or interlaminar fracture, matrix cracking,
matrix-fiber debonding, fiber breaking, and fiber pullout [7,8].

Delamination or interlaminar fracture is one of the most common failure mech-
anisms in composites [7]. Delamination can occur as a result of manufacturing
defects, such as bad lay-up, cracks between layers, weaker matrix phase, etc. or
in service, owing to interlaminar stresses, impact, static overload and fatigue [9—13].
This often results in a reduction in stiffness and strength of the composites, leading
to global failure of the composite structure. Therefore, in this study, interlaminar
fracture toughness is investigated, to establish the damage resistance and tolerance
of a composite structure. Interlaminar fracture toughness is the amount of energy
required to create fracture surfaces under three fracture modes: Mode I (opening
mode), Mode II (sliding shear mode) and Mode III (scissoring shear mode) [9,14].
The focus of this study is on enhancing the pure Mode I and Mode II interlaminar
fracture of carbon-fiber woven textile composites.

Different through-thickness reinforcements have been studied by earlier
researchers, including stitching, weaving, braiding [13], and z-pins [15], to improve
the interlaminar fracture toughness of composites. Although an increase in
through-thickness response was observed, these methods have been shown to
decrease the in-plane properties, owing to reduction in the in-plane volume frac-
tion, damaging the reinforcing fibers or creating large resin pockets [13,16].
Another method is the application of nanofiber carbon nanotubes on the surface
of the dry fabric by chemical vapor deposition. However, carbon nanotubes do not
distribute uniformly, tending to create bundles and branches [6,17]. Further, the
techniques that currently exist to disperse the carbon nanotubes tend to damage the
carbon fiber [6,18,19]. Moreover, several studies reported a decrease in the tensile
strength of the fibers after carbon nanotubes had been grown on them [16]. Qian
et al. [20] reported a decrease in fiber tensile properties by nearly 55%. To prevent
damage in the fiber due to high growth temperature and reduction of in-plane
properties, a low-temperature solution-based fabrication of ZnO nanowires as
interlaminar reinforcements was studied.

According to Kong et al., [21] different types of nanowire can enhance interfacial
mechanical properties; however, ZnO nanowires are expected to be less prone to
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impact damage. Recent results from Hwang et al. [22] have shown that vertically
aligned ZnO nanowires lead to approximately 23 times higher energy absorption
and 11 times higher peak load than pristine composites. ZnO nanowires also have
piezoelectric and semiconducting properties, which make them well suitable
for solar cells [23], dynamic sensors [24], and energy harvesting materials [25].
A recent study by Lin et al. [26] has shown that ZnO nanowires improve the
interfacial shear strength of the individual carbon fibers by 113% and the laminar
shear strength and modulus by 37.8% and 38.8%, respectively. In this study, the
influence of ZnO nanowires on the Mode I and Mode II interlaminar fracture
toughness of carbon-fiber woven composites was investigated. To our knowledge,
this is the first time that ZnO nanowires have been used as a means to improve the
interlaminar fracture toughness of woven composites.

Carbon-fiber woven composites were primarily studied. ZnO nanowires were
synthesized on dry fabric, and the composites were manufactured using vacuum-
assisted resin transfer molding (VARTM). The interlaminar Mode I and Mode 11
fracture toughness with and without nanowires were compared using double can-
tilever beam and end-notched flexure tests, respectively. A significant improvement
in Mode I and Mode II fracture toughness of the interfaces was observed as a result
of ZnO nanowire reinforcement.

The paper is organized in the following sections: a brief description of the
VARTM process for composite manufacturing and ZnO nanowire synthesis on
fabrics is given next, followed by the test methods used to determine Mode I and
Mode II fracture toughness values. Finally, a comparison of interlaminar fracture
toughness values between laminates with and without ZnO nanowire reinforcement
is provided before conclusions are made.

Manufacturing
The VARTM process for composite manufacturing

The VARTM process [27] was used to manufacture woven composites with and
without ZnO nanowires. Laminates were fabricated by placing layers of dry carbon
fabric in a mold with flow media, e.g. breather or nylon peel ply, as shown in
Figure 1(a). This was followed by enclosing the mold in a vacuum bag (see
Figure 1(b)) and drawing it into a vacuum, to aid infiltration of the resin [27].
Laminates were manufactured with 8 layers of dry fabric for Mode I tests and 20
layers for Mode II tests. Dry plain-weave fabrics were used as reinforcement with
vinyl ester resin and methyl ethyl ketone peroxide hardener as matrix material. The
resin was catalyzed with 1.25% methyl ethyl ketone peroxide (by weight) and
mixed thoroughly for one minute, as recommended by the manufacturer. All the
specimens (with and without ZnO nanowires) for the double cantilever beam and
end-notched flexure tests were fabricated as single laminates, as shown in
Figure 1(c) and (d) to ensure that the curing conditions were identical. A Teflon
sheet of 0.05mm (0.002 in) thickness was placed between the 4th and the 5th layers
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Figure 1. (a) VARTM configuration for the 2D carbon woven composite; (b) Laminate prepar-
ation in progress using VARTM process; (c) Teflon sheet insert to simulate a crack for double canti-
lever beam sample; (d) Teflon sheet insert to simulate a crack for end-notched flexure sample.

to create a pre-crack for the double cantilever beam test samples (Figure 1(c)), and
between the 10th and 11th layers for the end-notched flexure test samples
(Figure 1(d)). Furthermore, ZnO nanowires were synthesized on the surfaces of
the 4th and the 5th layers for Mode I tests and on the surfaces of the 10th and 11th
layers for Mode II tests, thereby reinforcing the fracturing interface of the double
cantilever beam and end-notched flexure samples, respectively. Nanowire synthesis
on dry fabric is described in the following section.

ZnO0 nanowire synthesis on dry fabric

ZnO nanowires have very strong interaction with carbon fibers, as previous studies
have suggested [28]. Functional groups, e.g. hydroxyl, carbonyl, and carboxylic
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acid, have been found in carbon fibers that create a strong chemical bonding
with ZnO [29-31]. ZnO nanowires added at the mid-plane of the laminate were
synthesized using a hydrothermal method, in which a ZnO nanoparticle seed
layer was deposited on a woven carbon-fiber surface by dip coating [32]. ZnO
nanoparticles were formed by mixing solutions of zinc acetate dihydrate and
ethanol with sodium hydroxide and ethanol in a volume ratio of 18:7 at 55°C
[33]. Then the carbon fibers were covered with ZnO nanoparticles by dip coat-
ing [26]. After that, nanowires were grown in a glass beaker on a hot plate,
where the deposition on carbon fibers occurred in an aqueous solution of zinc
nitrate hydrate and hexamethylenetetramine. The temperature of the solution
was maintained at 90°C for 4 hours. Finally, the carbon-fiber layers were
removed from the solution and rinsed with 18.2M() water and dried at
100°C [26]. A low-molecular-weight polyethylenimine (Aldrich, M, =25,000)
was added to aid uniform growth of nanowires [34].

The morphology (diameter, length, and orientation) and quality of ZnO
nanowires synthesized on carbon fibers can be controlled through a number of
parameters: temperature, solution concentration, ZnO nanoparticle size, and
growth time. The approximate final geometry of the ZnO nanowires in
this study was 50 nm diameter and 500 nm length [26]. Figure 2 shows scanning
electron micrographs of the resulting ZnO nanowires grown on the woven fabric at
different scales.

Figure 2. ZnO nanowires grown on 2D woven carbon fiber at different scales: (a) | mm,
(b) 40 um, and (c) 5 pm.
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Interlaminar fracture toughness

Mode I fracture toughness tests were performed using the double cantilever beam
test method. Other possible tests are the wedge-insert-fracture [8] and compression—
tension [7] tests. Mode II fracture toughness tests were performed using the end-
notched flexure test method. According to Wang and Williams [35], the two
common test geometries for Mode II tests are the end-loaded-split and end-notched
flexure specimens. The 3-ENF method was originally proposed for testing, but was
later developed into the S-ENF, T-ENF and 4-ENF methods [36]. However,
according to Pereira et al., [37] the end-notched flexure test is the best method
for Mode II testing, owing to its simplicity, negligible friction effects, and low
tendency for geometric non-linearity [38].

Mode | fracture toughness: double cantilever beam

Mode I interlaminar fracture toughness, which is the critical strain energy release,
measured in joules per square meter, was determined using the double cantilever
beam test. The double cantilever beam specimen typically consists of a rectangular
uniform-thickness laminated composite with a non-adhesive insert at the mid-plane
that serves as a delamination initiator [39]. Opening forces are applied to the
double cantilever beam specimen using hinges on the top and bottom surfaces at
one end of the specimen by controlling the opening displacement, while the load
and delamination length are recorded [39].

Test samples. According to the American Society for Testing and Materials (ASTM)
Standard D5528-13, [39] the dimensions (Figure 3) of each specimen were 127 mm
(5.01n) long, 25.4mm (1.0 in) wide and 2.54 mm (0.11in) thick. A Teflon sheet of
63.5mm (2.5 in) length x 25.4 mm (1.0 in) width x 0.05 mm (0.002 in) thickness was
inserted to simulate a pre-crack. A pre-crack (about 2mm) was propagated by
loading the hinges with an Instron 8801 machine with a displacement control
unit at a loading rate of 5mm/min (the recommended loading rate was 1-5mm/
min, according to ASTM Standard D5528-13). Eight specimens were tested in total
(four specimens with ZnO nanowires and four without ZnO nanowires). The initial

<
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Figure 3. Sample dimensions for double cantilever beam test.
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delamination length was measured from the point where the load was applied to
the end of the pre-crack. A loading—unloading procedure was followed for crack
propagation; the applied displacement was stopped when a significant crack
growth accompanied by an abrupt load drop was observed. The crack extension
was recorded and the specimens were restored to their original position at an
unloading rate of 25mm/min. About four or five loading—unloading cycles
were conducted for each double cantilever beam specimen. All tests were per-
formed in the Manufacturing and Mechanics Laboratory, which is a part of the
Challenger-Columbia Structures and Materials Laboratory at the University of
Texas at El Paso.

Complex data-reduction methods were used to calculate the critical strain
energy release rate, Gyc, which is influenced by the accuracy of the measured
load, displacement, crack length, and change in compliance with crack length.
Three data-reduction methods were applied to the load—displacement data
obtained from the tests: (1) modified beam theory, (2) compliance calibration,
and (3) modified compliance calibration, as specified in ASTM Standard
D5528-13 [39]. Figure 4 shows the double cantilever beam test in progress for
one of the specimens.

Mode Il fracture toughness: end-notched flexure

Mode II interlaminar fracture toughness, which is the critical strain energy
release rate, measured in joules per square meter, was calculated using the
end-notched flexure test. The specimen for this test consists of a rectangular,
uniform-thickness laminated composite with a non-adhesive insert at the mid-
plane that acts as a crack initiator [40]. The end-notched flexure specimen is
loaded in a three-point bend fixture that consists of two support points at the
bottom and one load point at the top of the specimen at the mid-span [41].
The load, center point displacement, and crack length are measured and rec-
orded during displacement controlled tests.

\

Figure 4. Double cantilever beam test of carbon-fiber laminate with ZnO nanowires.



8 Journal of Sandwich Structures and Materials 0(00)

200 mm 6\6\
B
50.8 mm
(;D 14 3.4 mm
@) O
100 mm

Figure 5. Sample dimensions for end-notched flexure test.

Figure 6. End-notched flexure test of carbon-fiber laminate with ZnO nanowires.

Test samples. According to ASTM Standard D7905/D7905M-14 [40], the dimen-
sions (Figure 5) of each specimen were 200 mm (8.0 in) long, 25.4 mm (1.01in) wide,
and 3.4mm (0.1 in) thick. A Teflon sheet of 50.8 mm (2.5 in) length x 25.4 mm
(1.0 in) width x 0.05mm (0.002in) thickness was inserted to simulate a pre-crack.
Tests were performed on an Instron 8801 machine at a loading rate of 0.5 mm/min.
Eight specimens were tested in total (four specimens with ZnO nanowires and
four without ZnO nanowires).

The compliance calibration method is detailed in ASTM Standard D7905 [40] to
calculate the Mode II interlaminar fracture toughness value. The specimen was
positioned in a three-point bend fixture when the crack length was 30 mm.
The specimen was loaded until the crack propagated and an abrupt drop in
force was observed. The unloading rate was 0.5mm/min. The compliance was
determined by linear least squares regression analysis of the slope of the load—
displacement curve. The fracture toughness was then calculated using the compli-
ance calibration method as described in ASTM Standard D7905. Figure 6 shows
the end-notched flexure test in progress for one of the specimens.

Discussion of results

Interlaminar fracture toughness values of composites with and without nanowires
were compared, to evaluate the influence of ZnO nanowire reinforcement.

Mode | fracture toughness: double cantilever beam

Mode I fracture toughness (Gy¢) values of composites with and without nanowires
were compared. Figure 7 shows the load—displacement response of one specimen
without nanowires. As explained before, the specimen was loaded until an abrupt
drop in load was observed. The extent of crack propagation was measured, and



Castellanos et al. 9

70 . . . . . . Y
—p— 1st Crack
60 —6—2nd Crack
=8 3rd Crack
W —6—4th Crack
Z a0} ' .
bt
£
e 1
BE B kT 4
10 4

40
Displacement (mm)

Figure 7. Typical load—displacement response of double cantilever beam test specimen
without nanowires.
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Figure 8. Typical load—displacement response of double cantilever beam test specimen with
nanowires.

then the specimen was unloaded to restore it to its original position. This process
was repeated until the next load drop occurred. The load—displacement plot for
four cycles for a specimen is shown in Figure 7.

Figure 8 shows the load—displacement curve of one of the specimens with ZnO
nanowires. The sample without ZnO nanowires (Figure 7) showed larger drops in
load corresponding to crack extension. However, the load did not drop as
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Table 1. G (kJ/m?) without ZnO nanowires.

Specimen MBT CC MCC
| 0.442 0414 0.465
2 0.424 0.427 0.477
3 0.424 0.376 0418
4 0.454 0.505 0.434
Average 0.430+0.001 0.431 £0.047 0.449 £0.023

CC: compliance calibration; MBT: modified beam theory; MCC; modified compliance
calibration.

Table 2. Gic (kJ/m?) with ZnO nanowires.

Specimen MBT CcC MCC
| 0.747 0.772 0.726
2 0.683 0.777 0.734
3 0.718 0.726 0.809
4 0.760 0914 0.832
Average 0.716 £0.026 0.797 £0.070 0.775£0.056

CC: compliance calibration; MBT: modified beam theory; MCC: modified compliance
calibration.

drastically in the specimen with ZnO nanowires (Figure 8). As stated before, Gjc
values were calculated using three reduction methods: modified beam theory, com-
pliance calibration, and modified compliance calibration. The values are shown in
Tables 1 and 2 for specimens without and with ZnO nanowires, respectively. ZnO
nanowire interlaminar reinforcement showed an increase of approximately 66.5%
using the modified beam theory method, approximately 84.9% using the compli-
ance calibration method, and approximately 72.6% using modified compliance
calibration method. Therefore, ZnO nanowires appear to greatly improve the
Mode I interlaminar fracture toughness of carbon woven composites. This increase
can be attributed to the bridging effect and cohesive matrix failure of the laminate.
An analysis of the surface of a single fiber showed a cohesive matrix failure, which
supported resistance of the nanowire toward the formation of new surfaces at the
interlaminar regions [26].

Mode Il fracture toughness: end-notched flexure

Figures 9 and 10 show the load—displacement response of specimens without
and with ZnO nanowire reinforcement for end-notched flexure tests, respect-
ively. The displacements are normalized by the displacement corresponding to
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Figure 10. Load—displacement response for specimens with nanowires for end-notched
flexure test.
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Table 3. Gc (kJ/m?).

Specimen Without ZnO With ZnO

I 0.422 0.584

2 0.459 0.557

3 0.426 0.513

4 0.437 0.571
Average 0.436£0.014 0.556 £0.027

the peak load, to account for the slight increase in thickness due to nanowire
reinforcement.

During the experiments, it was noticed that crack progression in the sample
without ZnO nanowires was more sudden than that in the samples with ZnO
nanowires. This is manifested by a steeper drop in the post-peak response of the
samples without ZnO nanowires (Figure 9), as compared with the gradual drop in
peak load for samples with ZnO nanowires (Figure 10).

As stated before, Gyjc values were calculated using the compliance calibration
reduction method; Gyjc values calculated for the specimens without and with ZnO
nanowires are given in Table 3. ZnO nanowire reinforcement showed an average
increase of approximately 28% using the compliance calibration method. This
increase is attributed to the shearing effect of ZnO nanowires at the laminate
interfaces, thus reducing the ease of creating new smooth fracture surfaces.
Therefore, ZnO nanowires appear to improve the Mode II interlaminar fracture
toughness of carbon-fiber woven composites.

Fractographic analysis

The fractured surfaces were examined under a scanning electron microscope to
explore the interlaminar fracture mechanism of the specimens with and without
ZnO nanowires. Fracture surfaces in both cases were restricted in the mid-plane
interlaminar region of the composite. In samples without ZnO nanowires, the crack
propagated predominantly through the resin, as shown in Figure 11(b). That is, the
interface is smooth, with only a small amount of fiber separation at the interface.
Whereas, for samples with ZnO nanowires, a large amount of fiber separation at
the interface was observed, as shown in Figure 11(a), which is attributed to the
ZnO nanowires at the interfaces. Based on these observations, it is hypothesized
that the ZnO nanowires improve the bonding between the interfaces. Owing to
enhanced shear resistance imparted by the ZnO nanowires, fracture surface pro-
gression is accompanied by fiber separation from the layers, which appears to
improve the Mode II interlaminar fracture toughness. That is, a higher resistance
is present in the sample with ZnO nanowires, where the fracture surface not only
propagates through the interlaminar region, but also pulls the carbon fibers, as seen
in Figures 11(c) and (d).
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Figure 11. Fracture surfaces for: (a) specimen with ZnO nanowires (scale: | mm); (b) speci-
men without ZnO nanowires (scale: | mm); (c) specimen with ZnO nanowires (scale: 500 um);
(d) specimen without ZnO nanowires (scale: 500 im); (e) specimen with ZnO nanowires
(Scale: 100 um); (f) specimen with ZnO nanowires (Scale: 100 pm).

Conclusions

In this study, Mode I and Mode II interlaminar fracture toughness values of
carbon-fiber woven composite face sheets with and without ZnO nanowire
reinforcement at the interlaminar regions were compared. Double cantilever
beam tests were used to determine Mode I fracture toughness values with three
data-reduction methods: modified beam theory, compliance calibration, and mod-
ified compliance calibration. End-notched flexure tests were used to determine
Mode II fracture toughness values, using the compliance calibration method.
Eight specimens were tested for each mode; four with ZnO nanowires and four
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without. This study revealed that the Mode I interlaminar fracture toughness
increased significantly: approximately 66.5% using modified beam theory, 84.9%
using the compliance calibration method and 72.6% using the modified compliance
calibration method. The Mode II interlaminar fracture toughness of samples with
ZnO nanowires increased by approximately 28%, compared with samples without
ZnO nanowires. Therefore, this study shows that very promising results can be
obtained by adding ZnO nanowires at the interlaminar regions to improve Mode I
and Mode II fracture toughness values.
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