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Abstract

This paper proposes a novel technique for improving the low-velocity impact response of woven composites, which
involves synthesizing ZnO nanowires on dry woven carbon fabric layers. ZnO nanowire reinforcements were added to
the interlaminar regions that are most susceptible to damage within layered composites, which were determined using
finite element method analysis. Upon fabricating the laminates with and without ZnO nanowire interlaminar reinforce-
ments, low-velocity impact responses were investigated next and the degree of damage was experimentally determined.
The physical tests reveal that the samples with ZnO nanowires experience a lower degree of damage, up to a maximum
of 25% for different impact energies, in comparison to the samples without ZnO nanowires. Therefore, the study
presented in this paper shows the potential of using ZnO nanowires as interlaminar reinforcements for woven com-

posites to improve their impact damage resistance.
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Carbon fiber-reinforced woven composites consist of
layers of woven carbon fabric reinforced in a polymer
matrix material. The region between the layers of rein-
forcing fabric is a resin-rich region known as the “inter-
laminar region,” which is highly susceptible to damage
and could lead to premature failure of the composite.'
Specifically, loads like face impact or edgewise com-
pression can cause significant damage in the interlami-
nar regions. Often, the residual strength of composites
is drastically reduced by impact damage in the trans-
verse direction due to the lack of reinforcement in the
interlaminar regions. In this paper, a novel interlaminar
reinforcing technique using ZnO nanowires is employed
and their influence on the low-velocity impact response
of woven carbon fiber-reinforced laminates is explored.

Low-velocity impacts can occur during manufactur-
ing, tool dropping during maintenance activities, acci-
dental impacts in-service, hail strikes, etc.>> Such
events can cause significant damage in the interior of
these composites, with barely visible damage on the
exterior. This is particularly dangerous, as barely visible
damage (BVD) has the potential to cause catastrophic
failure without warning. Dynamic impact is generally

divided into low- or high-velocity impact.®” Typical
low-velocity impact occurs at a velocities below 10 m/
s.* Common failure modes observed during low-velo-
city impact are fiber breakage, matrix cracking and
delamination.”™"" Of these, delamination is one of the
most common failure mechanisms'? observed during
low-velocity impact,'® which often results in the reduc-
tion of stiffness, strength, durability and stability of the
composite, resulting in the global failure of the
structure.'*!°
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To increase the delamination resistance and extend
the life of a composite structure, several through-
thickness reinforcements have been investigated by
earlier researchers. Sohn and Hu'® explored chopped
Kevlar® fibers as reinforcements in unidirectional
composites. A 100% increase in the interlaminar frac-
ture toughness value was observed, while the com-
pressive strength appeared to reduce up to 15%.
The compressive strength reduced from 652.2 MPa
without reinforcement to 559.5 MPa with reinforce-
ment. Ren et al.'” investigated flocked C-fibers to
increase the fracture toughness, which showed an
improvement of around 900%. Despite the advan-
tages, flock fibers can be shaken loose during hand-
ling, it is a time-consuming process and the quality of
the reinforcement could be reduced as the fibers begin
to lay flat on the surface of the fabric. Other meth-
ods, such as z-pinning and stitching, have shown to
decrease the area of damage and increase the com-
pression after impact (CAI) response. However, these
methods appear to decrease the in-plane properties of
the laminate due to undesired effects, such as fiber
breakage and the creation of large resin pockets
around a z-pin or thread.'”® Carbon nanotubes
(CNTs) have also been proposed as potential
through-thickness reinforcements. However, CNTs
do not distribute uniformly throughout the fabric.
Also, a decrease in the in-plane properties by nearly
55%" was reported due to damaged fibers, which is
attributed to the high temperature (723°C) required
for the reaction temperature of the dissolution of iron
catalyst into the carbon fibers. Therefore, a low-tem-
perature solution-based fabrication of zinc oxide
(ZnO) nanowires as interlaminar reinforcement is
explored in the current paper to avoid/reduce any
such in-plane damage, while improving the through-
thickness properties.

Previous researchers have verified that ZnO
nanowires have a strong chemical bonding to carbon
fibers. ZnO nanowires have very strong interaction with
carbon fibers, as previous studies have suggested.”
Functional groups, such as hydroxyl, carbonyl and car-
boxylic acid, have been found in carbon fibers that
create a strong chemical bonding with ZnO.>* %
Composites with ZnO nanowires have 23 times higher
impact energy absorption compared to pristine com-
posites.’® Also, ZnO nanowires have piezoelectric and
semiconducting properties, which make them suitable
for solar cells,?” dynamic sensors® and energy-harvest-
ing applications.?” A recent study by Castellanos et al.*°
has shown that ZnO nanowires improve mode I
(opening) interlaminar fracture toughness by approxi-
mately 74% and mode II (shear) interlaminar fracture
toughness by approximately 28% for plain weave
carbon composites.

20,21

Carbon fiber woven composites are studied in this
paper. ZnO nanowires are synthesized on dry fabric
and the composites are manufactured using the
Vacuum Assisted Resin Transfer Molding (VARTM)
process. The impact response and degree of damage
of the laminates with and without ZnO nanowires are
then compared to draw conclusions on the influence of
interlaminar reinforcements. The paper is organized in
the following sections: the second section, Methods,
gives a description of the laminate manufacturing pro-
cess, synthesis of ZnO nanowire on fabric, impact test
and modeling is given. This is followed by the third
section, the Results and discussion, where the modeling
and experimental results are described and, finally, the
fourth section 4 presents the conclusion.

Methods
Manufacturing

VARTM process for composite manufacturing. Woven com-
posites with and without ZnO nanowires were manu-
factured by the VARTM process.”’ Laminates were
fabricated by placing layers of dry carbon fabric in an
aluminum mold with layers of flow media, breather and
nylon peel ply, as shown in Figure 1(a). This was fol-
lowed by enclosing the mold in a vacuum bag (see
Figure 1(b)) and drawing it into vacuum in order to
aid the infiltration of resin.

Laminates with 16 layers of dry fabric were manu-
factured according to the ASTM Standard D7136/
D7136M.*> Dry fabrics of woven plain weave
(Figure 2(a)) were used as reinforcement with a mixture
of vinyl ester resin and methyl ethyl ketone peroxide
(MEKP) hardener as the matrix material. The resin was
catalyzed with 1.25% MEKP (by weight) and mixed
thoroughly for 1 minute, as recommended by the
manufacturer. Samples with and without ZnO
nanowires were manufactured together, as shown in
Figure 2(b), to ensure that the curing conditions were
identical. A total of five laminates of 12 in. (305 mm) by
12 in. (305 mm) were manufactured. From each lamin-
ate, six samples were obtained (three samples with ZnO
nanowires and three without). A total of 30 samples
were manufactured (15 samples with ZnO nanowires
and 15 without ZnO nanowires). ZnO nanowires were
synthesized on dry fabric at weak interlaminar regions
suggested by the simulation of the impact test. From
the simulation, the interlaminar regions with the high-
est stresses were deemed susceptible to delamination.
More details about the simulation can be found in the
Impact modeling section of this paper.

A cross-section of the manufactured laminate was
examined under a scanning electron microscope
(SEM) to obtain an average thickness of the effective
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Figure 2. (a) Woven (plain weave) carbon fabric layer. (b)
Schematic of a 12 in. by 12 in. manufactured laminate.

woven carbon fabric layers and interlaminar matrix
regions, as shown in Figure 3. The average thickness
of the matrix was 0.2mm 4 0.01 mm. The synthesis of
nanowires on dry fabric is described in the following
section.

ZnO nanowire synthesis on dry fabric. ZnO nanowires
added to the interlaminar regions more susceptible to
damage were synthesized using a hydrothermal
method. The synthesis was conducted in three steps:
the seeding process, the growth process and post pro-
cessing. For the seeding process, ZnO nanoparticles
were formed by dissolving zinc acetate dehydrate
(0.0125M) in ethanol at 50°C under vigorous stirring.
Then, the solution was cooled down to room tempera-
ture and diluted with ethanol to a concentration of
0.0014M. A 0.02M NaOH ethanol solution was simi-
larly prepared at 60°C and cooled to room temperature
and diluted to a concentration of 0.0057M. The two
solutions were then vigorously mixed at a growth tem-
perature of 55°C at a volume ratio of 18:7.% ZnO nano-
particles were coated on a carbon fabric by means of
dip coating in the mixture of the solutions.?' After that,

Vacuum Assisted Resin Transfer Molding configuration for the carbon woven composite.

Matrix
thickness

Figure 3. Cross-section of a laminated composite used to cal-
culate the matrix thickness.

the carbon fabric was annealed at 150°C for 10 minutes
to enhance the adhesion between the fibers and ZnO
nanoparticles. For the growth process, an aqueous
solution of zinc nitrate hydrate (0.025M) with hexam-
ethylenetetramine (HMTA) (0.025M) was used as the
solution for ZnO nanowire growth. The growth process
was performed in a glass beaker with the solution tem-
perature maintained at 90°C for 4 hours on a hot plate.
For post processing, the carbon fabric was removed
from the solution and rinsed with 18.2 M water and
then dried at 100°C.?' Low-molecular-weight polyethy-
lenimine (PEI, Aldrich, Mw = 25,000) was added to aid
the uniform growth of nanowires.**

The morphology (diameter, length and orientation)
and quality of ZnO nanowires synthesized on carbon
fibers can be controlled through multiple parameters:
temperature, solution concentration, ZnO nanoparticle
size and growth time.*> The temperature affects the
growth time of the ZnO nanowires. That is,
the growth of the ZnO nanowires will be slower if
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Figure 4. (a) Specimen dimensions (top view). (b) Schematic of the impact fixture.

the temperature is reduced. In addition, the solution
concentration affects the length-to-diameter ratio and
the growth rate. Further, the diameter and the length
are directly proportional to the growth time. Also, a
smaller size of nanoparticles yields smaller diameter
nanowires. In the current study, the process parameters
mentioned above resulted in an approximate final
geometry of the ZnO nanowires of 50nm diameter
and 500nm length.>' The cost for manufacturing a
16-layer laminate of 12 in. long and 12 in. wide without
nanowire reinforcement was approximately US$126.25.
Adding nanowire reinforcements to the laminate
increased the cost to US$137.47, which is approxi-
mately 9% as compared to the previous laminate.

Impact tests

Drop-weight impact tests were performed using a
CEAST 9340 Drop Tower Impact System on rectangu-
lar laminate specimens of 6.0 in. (150 mm) length x 4.0
in. (100mm) width (refer to Figure 4(a)) and thick-
nesses of 4.49mm+0.08mm. The laminates were
clamped between two metal fixtures with a test area
of 7.07 in? (45.6cm?). The impact load, using a hemi-
spherical impactor (striker) with a mass of 3.01 kg and a
diameter of 0.5 in. (12.7 mm), was concentrated at the
center of the specimen in the out-of-plane direction®?
with kinetic energies of 2, 5, 10, 20 and 25 J for both
types of samples (with and without ZnO nanowires).
Kinetic energy is calculated based on the mass of the
impactor and the impact velocity. Here, the mass of the
striker was fixed to 3.01kg. For a particular impact
energy, the impact velocity and the striker falling
height were adjusted accordingly by the Instron
machine CEAST 9340. A schematic of an impact test
is shown on Figure 4(b). Three samples were impacted
for each impacted energy and sample type.
Corresponding force—time, energy—time and force—dis-
placement plots were obtained from each test.

Impact modeling

A 16-layer plain weave carbon laminate was modeled
within the finite element method (FEM) framework
using a commercially available software (ABAQUS)
to determine the interlaminar regions that were most
susceptible to impact damage. The laminate model con-
sisted of 31 layers in total: 16 layers of effective plain
woven carbon fabric reinforcement and 15 layers of
matrix material, as shown in Figure 5.

Rectangular specimens of 6.0 in. (150 mm) long and
4.0 in. (100 mm) wide were used for experimental test-
ing, which were clamped between circular ring metal
fixtures, as shown in Figure 6. The outer diameter of
the metal fixture was 4 in. (100mm) and the inner
diameter was 3 in. (76.2mm). For the computational
modeling, only the region of the laminate enclosed
within the metal fixture was considered, as this was
the main region influenced during low-velocity
impact loading. A constant pressure of 0.2 MPa at
the top and bottom of the laminate in the circular
ring region was applied to simulate the clamping
effect of the fixture.

Mechanical properties®® of a plain weave carbon
lamina used for initial simulations are shown in
Table 1, where E;; are the elastic moduli, v; are the
Poisson’s ratios and G;; are the shear moduli in different
directions.

These mechanical properties were modified until the
initial slope of the force—time graph of the simulation
matched the slope of an experimental test impacted
with the same energy as the computational model.
Parametric studies revealed that the interlaminar
regions prone to damage were always the same regions,
regardless of the scaled lamina properties for this
laminate. This is due to the same orthotropic properties
and orientations of each lamina in the laminate. The
mechanical properties used for the simulation are
shown in Table 2.
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Figure 5. Schematic of the fabric layers and interlaminar regions of the laminate.
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Figure 6. Top view of the specimen clamped by the impact
metal fixture.

Individual layers of the laminate were modeled as
homogenized material with orthotropic properties.
Mechanical properties along the in-plane axes were
considered equal and the out-of-plane properties
(through-thickness  direction) different, E=
E>> # E33, as shown in Table 2. The kinetic energy
used for the simulation was 2 J. The impact velocity
was calculated with the following equation

1
Ek = Emv2

(1

where Ej is kinetic energy (J), m is striker mass (kg) and
v is striker velocity (m/s)

A hemispherical striker was modeled as a half
sphere following the requirements of the ASTM

Table I. Plain weave carbon lamina material constants used for
the initial computational modeling

Ey Ex Ess G2 Gi3 Ga3
(GPa) (GPa) (GPa) vi» Vi vas (GPa) (GPa) (GPa)
48 48 1.94 03 03 03 094 0.765 0.765

Table 2. Plain weave carbon lamina material constants used for
the computational modeling

Ey Exn Es; Gz Gis G
(GPa) (GPa) (GPa) vy vi3  va3 (GPa) (GPa) (GPa)

3713 37.13 1.14 02 048 027 047 038 0.38

Standard D7136/D7136M to perform a drop-weight
impact event. The striker was modeled as a rigid
body and its motion was governed by a single refer-
ence point. A circular partition with an area of ~7.0
in® (45.6 cm?) (refer to Figure 7(a)) was created on the
top and bottom faces of the laminate to simulate the
circular aperture of the clamp. All the degrees of free-
dom of the nodes of the bottom and top clamp were
restrained. Eight-noded three-dimensional (3D) elem-
ents (C3D8) were used to mesh the striker and the
laminate. Finer mesh was used at the center of the
circular region, as shown in Figure 7(b). Surface-to-
surface contact between the striker and the impacted
laminate surface was added using the contact algo-
rithm in-built within the Explicit module of
ABAQUS.
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Figure 7. (a) Impact model of the specimen with boundary conditions. (b) Meshed model using C3D8 elements.
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Figure 8. Normalized contact force versus time of the impact model.

Results and discussion
Computational modeling

The force—time response of the laminate subjected to 2
J impact energy was determined (refer to Figure 8). The
time corresponding to the maximum contact force
experienced by the impacted sample was determined
using the normalized contact force-time plot shown
in Figure 8, which was 2.3 x 10 s. The center element
in the plane of each interlaminar region was chosen to
plot the maximum principal stress—time response.
Figure 9(a) shows the maximum principal stresses
corresponding to the peak impact force. The regions
near the impacted face are under compression and the
ones close to the back face are under tension. Figure
9(b) shows the normalized maximum principal stress—
time plot of the interlaminar region that experienced

higher stresses in comparison to other interlaminar
regions. It was observed that Interlaminar Region 1
(underneath the impacted layer) and Interlaminar
Regions 1315 (three interlaminar regions towards the
back surface of the laminate) experienced relatively
higher stresses than the other interlaminar regions.
Interlaminar Region 1 experienced compressive
stresses, which is represented by blue in Figure 9(a).
Layers towards the back face of the laminate (close to
Interlaminar Region 15) experienced tensile stresses,
which is represented by red in Figure 9(a). Tensile stres-
ses have been reported to cause more damage during an
impact event.’” Further, the material layer adjacent to
the impacted surface experienced higher stresses due to
the proximity of loading as well as the surface wave
propagation known as the Rayleigh wave.’® Hence,
ZnO nanowire interlaminar reinforcements were
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Figure 9. (a) Maximum principal stresses of the interlaminar regions at the peak impact force. (b) Normalized maximum principal
stresses versus time of the interlaminar regions that exhibited higher stresses. (Color online only.)
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Figure 10. Normalized force—time response for one set of samples impacted at 2, 5, 10, 20 and 25 ] energies.

added at the interlaminar regions that exhibited at least
50% of the maximum interlaminar stresses determined
from the simulation.

Impact testing

The kinetic energies considered for the impact tests
were 2, 5, 10, 20 and 25 J. Three samples were impacted
with the same energy for nanowire-reinforced and unre-
inforced samples. Regions for nanowire interlaminar
reinforcements were computationally determined from

the Computational modeling section. For the experimen-
tal tests, the impact responses were evaluated in terms
of visual damage of the impacted specimens and by
calculating the degree of damage. The time, deform-
ation, energy, force, velocity and voltage were recorded
by the data acquisition system “CEAST DAS 8000
Junior” of the impact machine for each test conducted.
Figure 10 shows the sample thickness normalized
force—time responses from the impact tests of one set
of samples with and without nanowire reinforcements
impacted at different energies.
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Table 3. Normalized peak force and maximum deflection for samples with and without ZnO nanowires

Normalized peak
force w/ZnO

Max. deflection

Normalized peak

force w/o ZnO Max. deflection

Energy (J) (N/mm) w/ZnO (mm) (N/mm) w/o ZnO (mm)
2] 641 £ 146 1.02 £0.04 629 4+ 129 1.06 £0.04
5] 8134192 1.92+0.33 812+ 191 2.47 +£0.67

10 ) 1252 £ 51 3.06 =0.50 1122472 3.33+0.40

20 1769 £ 141 417 +£0.34 1684+ 133 4.67 +£0.54

25 ) 1884 4241 473 +1.18 1844 459 5.37+1.23

(@) 25 i (b) 25
—8— 2 Joules ZnO
——2 Joules
—a— 5 Joules ZnO
i | —— 5 Joules 1 =
==+ 10 Joules ZnO
10 Joules M
~ 15} 20 Joules ZnO = 15}
= —#— 20 Joules e
%“' —8— 25 Joules ZnO 5
S —— 25 Joules 5
10 = 10r Impact | Absorbed
Energy Energy
5l
0 2 4 6 8 10 0 2 4 6 8 10
Time (ms) Time (ms)

Figure 11. (a) Energy versus time graph. (b) Typical response of an energy versus time graph.

The force is generated by the contact of the striker
with the impacted face of the sample, which is recorded
with the data acquisition system of the impact machine.
Table 3 shows the average peak force and average max-
imum deflection obtained for each impact energy.
Predominantly, samples with ZnO nanowires displayed
higher peak force and lower deflection than samples
without ZnO. This implies that the load carrying cap-
acity of the reinforced samples increased and the overall
deformation of the laminate reduced as well.

Figure 11(a) shows representative energy—time
responses of 10 specimens (five with and five without
ZnO nanowire samples) that were impacted with the
five energies mentioned in the previous section. A sche-
matic of a typical energy—time response is shown in
Figure 11(b), where the peak value corresponds to the
impact energy and the plateau region represents the
absorbed energy.

In Figure 11(a), the difference between the absorbed
energy (plateau region) and the impacted energy
appears to increase with increasing impact energies.
In addition, the samples without nanowires manifested

higher absorbed energy for a particular impact energy,
as seen in Figure 11(a). For this reason, the specimens
without nanowires experienced more damage.

Further, to measure the damage experienced by the
impacted specimens, the degree of damage®® was calcu-
lated using the equation

D Absorbed Energy

2
Impact Energy @

Table 4 shows the average calculated degree of
damage for each impact energy for samples with and
without nanowire reinforcement. For impact energies 5,
10, 20 and 25 J, the samples with nanowires manifested
lower values of D than the samples without ZnO nano-
wires, with up to 25% reduction. It should be noted
that the degree of damage was zero for specimens
impacted with 2 J energy, which indicates that no
damage was imparted to those laminates and the striker
rebounded from the impacted surface. Hence, ZnO
nanowire reinforcement showed an improvement in
damage resistance for low-velocity impact loading.
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Images of the impacted laminates were obtained for
the samples with and without ZnO nanowires to visu-
ally evaluate the pattern and extent of damage.
Laminate cross-sections at the site of impact were
examined using a SEM with 15kV potential. An aver-
age of 70 magnified images at a scale of 500 pm per
cross-section were stitched together to generate a
larger image of the cross-section. Failure mechanisms
of the laminate under impact are enclosed within red
rectangular boxes in Figure 12, where delamination was
identified as the main damage mode.

Laminates impacted at 2 J energy were not investi-
gated for internal damage occurrence, as the striker
rebounded from the impacted surface with zero
degree of damage. For 5, 10 and 20 J, the majority of

Table 4. Percentage change in the degree of damage values for
samples with and without ZnO nanowires

the damage imparted was internal to the laminate and
barely visible on the surfaces. Thus, impacted samples
were cut along their cross-section at the site of impact
for further internal analysis. Cross-sectional images of
the samples impacted at 5 J energy are shown in Figures
12(a) and (b) for specimens with and without nano-
wires, respectively. The sample without nanowires
exhibited delamination and matrix cracks at the first
interlaminar region, whereas the specimen with nano-
wires did not exhibit delamination. This suggests a
strong bond between the layers of fabric due to ZnO
nanowire reinforcement at that site.

Images of the cross-section of samples impacted at
10 J energy are shown in Figures 12(c) and (d) for sam-
ples with and without nanowires, respectively. The spe-
cimen with nanowires exhibited a delamination at the
third interlaminar region, that is, between the third and
fourth layers of fabric. The specimen without ZnO
nanowires exhibited delamination at the first interface
of the laminate along with fiber fracture in the first

Energy D, sample D, sample Percentage  ayer and at the back face of the composite. Cross-sec-
0 wiZnO wio ZnQ change tional images of the samples impacted at 20 J energy are
5] 0.2940.03 0.21 +0.04 23%+0.02 shown in Figures 12(e) and (f) for the specimens with
10 J 0.44 + 0.03 0.35+0.02 22% +0.03 and without nanowires, respectively. The specimen with
20| 0.58 1+ 0.01 0.44 1+ 0.03 25%+002 ZnO nanowires exhibited delamination at the second
’ i ’ ' ’ (between the second and third layers of fabric) and
25 0.71 £0.04 0.53+0.06 24% +0.02 .
J 13th (between the 12th and 13th layers of dry fabric)
Impacted Samples with ZnO Samples without ZnO
Energy nanowires nanowires

5J

10J

20J

Figure 12. Cross-section of the specimens impacted at 5, 10 and 20 | for samples with and without ZnO nanowires.
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interlaminar regions. The sample without ZnO nano-
wires exhibited multiple delaminations and fiber break-
age towards the non-impacted surface of the laminate.
The overall delamination appears to have reduced
along with shifting of the interlaminar damage regions
due to the nanowire reinforcements. A future work
would involve reinforcing every interlaminar region to
capture the overall influence.

A combination of fiber breakage, matrix cracking
and delamination damage modes was observed for the
samples impacted at 25 J energy. The top impacted
surface of the laminate without nanowires exhibited a
larger damage area as compared to the sample with
nanowires. At the non-impacted surface, the sample
without nanowires exhibited a long radial crack with
fiber breakage, while the sample with nanowire only
exhibited matrix cracks and minimal fiber breakage.
However, for these samples, the interplay between dif-
ferent failure mechanisms is difficult to evaluate based
on the images of the post failed samples.

Conclusion

A novel fabrication technique for imparting ZnO nano-
wire interlaminar reinforcements in woven carbon
fiber-reinforced polymer composites was presented in
this paper. The objective was to improve the out-of-
plane impact response of the laminates without degrad-
ing the in-plane properties. A computational model was
developed within the FEM framework to identify the
interlaminar regions that are most susceptible to
damage. Interlaminar reinforcements were then synthe-
sized along the chosen interfaces, followed by laminate
fabrication using the VARTM process. Low-velocity
impact responses of carbon woven composites with
and without ZnO nanowire interlaminar reinforce-
ments were investigated next and the degree of
damage was experimentally determined. Key findings
of the research presented in this paper are as follows:

1. the impact tests revealed that the samples with ZnO
nanowires experienced a lower degree of damage, up
to a maximum of 25% for different impact energies,
in comparison to the samples without ZnO nano-
wires for a range of impact energies between 5 and
2517;

2. an increase in the impact peak load and reduction in
maximum deflection was observed from the impact
tests between samples with and without nanowire
reinforcement;

3. a low absorption of energy by the samples with ZnO
nanowires was observed, which can be attributed to
the bridging and resistance of failure initiation
caused by the ZnO nanowires at the interlaminar
regions;

4. a shift in delamination regions were also observed in
few cases, which corroborates the positive influence
of  nanowire  reinforcement on  resisting
delamination.

Even though the improvement in the impact
response is not drastic (approximately 25%), it can be
improved further by exploring the wide range of nano-
wire synthesis parameters, such as temperature, solu-
tion concentration, ZnO nanoparticle size and growth
time, as well as reinforcing all interlaminar regions. The
current study serves as a preliminary work for further
investigation into ZnO nanowires as potential interla-
minar reinforcements for woven composites for
improving their impact damage resistance. These nano-
wires have shown great potential for preventing or
minimizing the degree of damage, which would
improve the damage tolerance of composite structures.
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