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Abstract
In this study, the interlaminar region of a carbon fiber composites was reinforced with silica nano-particles, and its effect on 
the in-plane mechanical response was investigated. Also, the effect of particles on the dynamic interlaminar shear strength 
of composites was studied. Two batches of composite specimens, one batch made of only fiber and matrix and the other with 
nano-silica added as a third phase, were fabricated. The composite specimens were prepared through a high-temperature 
molding process, where the nanoparticles were dispersed on the surface of the prepreg layers before stacking. For in-plane 
properties, standard tensile test coupons were made with fibers oriented at a different angle relative to the loading direction. 
For interlaminar shear properties, a V-notch bending and three-point bending specimens were prepared. It was found that 
the nanoparticles have a sound influence on the in-plane mechanical response mainly on the in-plane shear property of the 
composite. On the other hand, the nano-filler has shown a significant effect on the dynamic interlaminar shear strength of 
the laminate.

Keywords Nano-filler · Interlaminar shear · Carbon fiber composite · Digital image correlation

Introduction

Carbon fiber reinforced composites (CFRC) are used in a 
wide range of applications, from automotive, aerospace, 
leisure to electronics industries. CFRCs is preferred due to 
its high strength to weight ratio and high stiffness to weight 
ratio than conventional isotropic materials, especially when 
it is loaded in the fiber direction. However, when the lami-
nate is subjected to a load off-axis to the fiber direction, the 
strength and stiffness of the composite drastically decrease 
[1–5].

In the case of off-axis loading, the applied load is not 
aligned with the principal fiber axes, and the fibers in the 
laminate are not subjected to the applied load directly. Thus, 
the strength of the matrix, fiber–matrix interface, and inter-
ply interface have a significant role on the load transferring 
and load-bearing mechanisms. As a result, the mechanical 
response of a laminate is highly dependent on the fiber ori-
entation angle to the loading direction [3–7]. For instance, in 

a woven carbon composite, it was observed that the tensile 
strength was reduced by 80% when fibers are 45° to the 
loading direction compared to the 0° laminate [8]. Also, it 
was observed that the failure strain in the case of 45° fiber 
angle is much higher than the 0° fibers angle to the loading 
direction. The large failure strain observed in the off-axis 
fiber orientation leads to the conclusion that the matrix is 
the primary load carrying member especially at the earlier 
stage of the loading [9, 10]. Further, it was observed that 
during the early stage of deformation, where the matrix is 
the primary load carrier, the fibers significantly rotate and 
tends to align with the loading direction [9].

For a fiber reinforced laminate, the matrix–fiber interface 
plays a crucial role in the load transferring mechanism, and 
the extent depends on the mechanical strength of the inter-
face [11, 12]. Debonding and micro-cracks are the primary 
failure initiation mechanisms in composites, especially dur-
ing off-axis loading. These micro-cracks grow and coalesce 
to form a matrix or transverse cracks across the laminate 
thickness [13, 14].

Besides the matrix cracks, interlaminar delamination is 
the other common damage mechanism in composites and 
has a sound influence on the mechanical response of the 
laminate [4, 5, 13, 14]. The emergence of delamination 
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induces a considerable reduction in the mechanical and 
thermal properties of the laminate. The loss in mechani-
cal property is presumed to be associated with a gradual 
discount of plies from the load-bearing mechanism.

In light of this, reinforcing the matrix with nanoparti-
cles was considered as a promising approach to strengthen-
ing the matrix and the interface, and gets serious attention 
recently [3, 6, 11, 15–24]. Different methods have been 
used to reinforce the nanoparticles in the composites based 
on vacuum assisted resin transfer mold (VARTM) [25, 26] 
and Fiber Winding Prepreg [21] techniques. It was discov-
ered that the addition of nanoparticles had improved the 
mechanical properties of the matrix [12, 22, 27, 28], and 
the in-plane mechanical properties [16–18, 20] and the 
fracture toughness and interlaminar shear properties [6, 
10, 20, 29] of the laminate composite. Despite the numer-
ous effort dedicated to improve the laminate property 
through nano reinforcement, there are still challenges that 
prevent utilizing the potential of nano-reinforcement effec-
tively. The techniques have limitations in infusing the nan-
oparticles properly and can negatively affect the mechani-
cal response of the laminate. There is still a need for a 
systematic approach to introduce the nanoparticles with 
less cost and efficient dispersion. Further, there is a need 
for understanding the role of the nanoparticle fillers on 
the elastic properties of woven composites as a function 
of fiber orientation angle and its effect in the dynamic 
shear properties.

The primary objective of this paper is to investigate 
the influence of filler particles on the mechanical proper-
ties such as modulus of elasticity, Poisson’s ratio, shear 
modulus and dynamic interlaminar shear strength (ILSS) 
of woven composites as a fucntion of fiber orientation 
angle  with the aid of digital image correlation  (DIC) 
technique.

Sample Preparation and Test Method

Material

As-manufactured roll of 8H-Satin woven carbon fiber 
prepreg (TC350-1 3K), obtained from Royal TenCate Co., 
was used to fabricate the coupon specimens. The prepregs 
are carbon fiber yarns woven in orthogonal directions 
(weft and warp) and have a density of about 1300 kg/m3. 
Spherical nano-silica fillers (silicon dioxide) with a par-
ticle size of 10 to 20 nm (BET) and 99.5% trace metal 
basis was purchased from Sigma-Aldrich and used as the 
nano-filler material.

Sample Preparation

Composite panels, with and without the inclusion of nano-
particles, were fabricated from the prepregs mentioned 
above using a high-temperature molding press. For pristine 
specimens (i.e., specimens without nanoparticles), coupons 
of wet prepregs were cropped out of the original roll, and 
four layers for the in-plane specimens and 32 layers for 
interlaminar shear specimens, were stacked onto each other 
with the same fiber orientation direction. The stack was 
then enclosed in a vacuum bag and kept inside the hot press 
where the air trapped between the layers was removed, and 
hot pressed at a nominal pressure of 0.35 MPa. The pressed 
panel was heated to a curing temperature of 107.2 °C for 
2 h, followed by, a post-curing temperature of 176.7 °C for 
3 h. The cured laminates were then cooled down naturally 
to ambient temperature while it was kept under pressure.

For composite panels reinforced with the nanoparti-
cle, a similar manufacturing procedure was followed as 
of the pristine samples, except nano-silica filler was uni-
formly dispersed on the surface of the wet prepregs before 
stacking the layers. Nano-silica fillers, 5g per interface 
layer, which is about 1% in weight of the prepreg layer, 
was applied with the aid of a compressed air jet. For the 
in-plane test, specimens were fabricated by applying the 
nano-silica filler in every layer. On the other hand, for 
interlaminar shear test, three different samples were fab-
ricated by adding nanoparticles on one layer (1L), three 
layers (3L) and seven layers (7L) of the 32 layers in a 
laminate. The nanoparticles were introduced in the inter-
faces symmetrical to the mid-plane of the panel, for 1L at 
the middle of the panel. For the 3L, one at the center of 
the layers, and one at the 7th layers in each side of the 
symmetry. For the 7L, the nanoparticles are placed on the 
interfaces, one at the middle of the plate and three at every 
five sheets in each side. As a result, one layer (1L); three 
layers (3L); and seven layers (7L) laminate panels rein-
forced with nanoparticle are fabricated.

For in-plane shear characterization, rectangular tensile 
coupons of 24 × 170 mm2 dimensions (ASTM 3039 stand-
ard) were extracted from the prepared laminates using a 
CNC water-jet. The specimens were cut at different fiber 
orientation angle, at intervals of 15° to the loading direc-
tion as shown in Fig. 1a.

For the interlaminar shear characterization, double 
V-notched rectangular specimens (Fig. 2) were prepared 
based on ASTM D5379 standard for quasi-static tests and 
short rectangular beams were prepared for dynamic three-
point bending test.
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Experiment Setup

Three sets of experiments were performed in this study, 
quasi-static uniaxial tension, double V-notch bending test 
and high strain rate (dynamic) three-point bending test. 
The quasi-static tension test was conducted using a Mate-
rial Testing System (MTS 810) under displacement con-
trol mode at a rate of 0.05 in/min, as shown in Fig. 3a. 
Two 5 mm thick flat aluminum tabs were placed between 
a hydraulic driven steel serrated grips and the specimen 
to reduce the damage imposed by the gripping pressure. 
The uniaxial tensile load was applied until the specimen 
failed entirely while the full-field in-plane strains were 
measured using 3D digital image correlation (3D-DIC). 
The stereo vision setup comprised a pair of 5 MP Grass-
hopper camera systems each equipped with 35 mm Nikon 
lenses. Images were acquired at a constant frame rate of 

1 fps and full-field resolution of 3376 × 2704 pixel2. The 
acquired images were post-processed using a commercial 
software VIC-3D.

The Double V-notch bending test was performed 
according to ASTM D5379 standard using Instron testing 
machine, in displacement control at a rate of 0.25 mm/min 
as depicted in Fig. 3b.

The experimental setup for the high rate three-point bend-
ing test is shown in Fig. 4. The setup consists of an incident 
bar and a projectile made of Al 6061 and a loading fixture. 
The incident bar has a semi-circular end that was in contact 
with the mid-span of the beam specimen. The impactor and 
the incident bar are 0.61 and 1.8 m in length respectively 
and 25.4 mm in diameter. Two strain gages are attached at 
the middle of the incident bar to capture the incident and 
reflected strain signals.

Fig. 1  a Specimen layouts for 
in-plane shear characterization; 
θ denotes the off-axis angle. b 
Typical speckle pattern applied 
on the specimen surface

Fig. 2  a Speckled face of the 
double V-notched beam sample 
and b the pictorial view of the 
actual sample
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The three-point bending fixture had two semi-circular 
supports apart by the gage length of the specimen and cre-
ated a line contact with the specimen. Two PCB load cells 
were attached to the two supports and acquire the load 
applied on the specimen. To measure the gradual deforma-
tion of the specimen a high framing rate camera, HPVX-2 
by Shimadzu, was used. The camera was set to capture the 
deforming surface at a framing rate of 0.5 × 106 fps. A Pho-
togenic strobe light was used to provide illumination during 
the image acquisition.

Theoretical Background

To date, there is no direct experimental approach to 
extract the in-plane shear modulus of a woven com-
posite subjected to off-axis loading. However, recently 

semi-analytical techniques have been developed from the 
basic constitutive equation and coordinate transformation 
to determine the shear modulus [3, 4]. In this approach, the 
shear modulus is expressed in terms of the elastic modulus 
and Poisson’s ratio, where the latter two parameters were 
obtained experimentally. With the assumption of plane 
stress loading condition and an orthotropic material sys-
tem for woven fiber composites, the generalized Hook’s 
law take a form as:

where S11 =
1

E1

 , S22 =
1

E2

 , S33 =
1

G12

 , and S12 = S21 =
�12

E2

 

are the components of the compliance matrix. The in-plane 
mechanical properties  E1,  E2, and ν12 are obtained from 
the uniaxial test on the specimen at 0° and 90° angles. At 
different fiber  orientation angles (θ), the generalized 
Hook’s law can be written as;

Please note, the stress components σ2′ and τ1′2′ are zero 
for uniaxial on-axis loading, however, for off-axis loading 
condition these stresses may be nonzero due to the fiber 
architecture under the given loading condition especially 
near the grips. In the off-axis loading case, the fibers have 
shown a tendency to rotate and align the loading direc-
tion with the fiber axis which induces an in-plane shear 
strain within the laminate. However, since the specimen is 
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Fig. 3  Experimental setups for a quasi-static uniaxial tension test and b double V-notch bending test
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constrained from overall deformation at the grips, resist-
ing shear stress is developed near the gripping locations. 
Nevertheless, at the location reasonably far from the grip 
location, the shear stress generated is expected to be neg-
ligible. For the sake of generality, all cases are considered 
in the analysis.

For the zero-shear stress condition (region far from the 
loading ends), purely uniaxial loading condition, the apparent 
modulus of elasticity  (E1′1′) is described as;

In the second case, beside the applied axial load the influ-
ence of shear stress is assumed to exist, and the apparent mod-
ulus of elasticity  (E1′1′) is described as;

For the off-axis loading, the components of stress along the 
fiber axes [warp (0°) and weft (90°)] are described as:

where σθ is the axial stress applied on the specimen, σ1 is the 
component of stress in the principal direction ‘1’ (the warp 
direction), and σ2 is the component of stress in the principal 
direction ‘2’ (the weft direction).

The stored strain energy (W) for the woven fiber laminate 
at different loading angle θ is expressed as:

Moreover, the strain εθ along the loading direction for the 
given stress σθ is expressed as [6]:

where

The parameter  d1 was obtained experimentally by test-
ing the on-axis (θ = 0°) specimen, and the parameter  d2 was 
obtained from the other on-axis (θ = 90°) specimen tested. 
From the uniaxial tensile tests carried out at different loading 
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angles (θ), a series of data for the stress (σθ) and strain (εθ) are 
gathered. Substituting these experimental data into Eqs. (7) 
and (8), the only unknown parameter will be  d3. This param-
eter can be evaluated using a linear least squares optimization 
algorithm. The optimization is performed by minimizing the 
least square metrics as shown in Eqs. (9) and (10)

where M is the number of specimens at loading angles θ, 
and N is the number of stress–strain data considered for each 
specimen.
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Results and Discussion

In‑Plane Property Characterization

Global Stress–Strain Response

The typical tensile stress–strain curves for pristine and 
nano-fillers modified composites loaded at different fiber 
orientation angles are depicted in Fig. 5. As shown in Fig. 5, 
the strength and modulus for both pure and modified com-
posites decreased as the loading direction deviates from the 
principal axes (weft or warp). For instance, in the case of 
the on-axis (0° and 90°) loading, the tensile failure stress is 

about 800 MPa, whereas for 45° off-axis specimen the fail-
ure stress is only about 120 MPa. For the on-axis loading, 
where the fibers are aligned with the loading direction, the 
load carrying performance of the material is dominated by 
the strength of carbon fiber.

Whereas for the case where the loading direction devi-
ates from the principal fiber directions, the load bearing 
mechanism is no longer dominated by the fibers, instead 
the resin matrix material will take part in the load-bearing, 
particularly at the early stage of the loading. When the fib-
ers are oriented off-axis, the applied load had two compo-
nents relative to the fiber axis (parallel and perpendicular 
to the fiber axis), and the fibers started to rotate and align 
with the loading direction due to the component of the 
force perpendicular to the fiber axis.

The inclusion of nano-silica fillers stiffened the matrix 
resin; thus, a significant effect is attained for the off-axis 
specimens. As shown in Fig. 6, the off-axis specimens 
with nano-silica inclusions have marginally higher yield 
strength over the pristine specimens, for the fiber angles 
of 15° and 30°. However, for the specimens (Ɵ = 0° and 
45°), the addition of nano-silica has no significant effect 
on the global stress–strain curve.

For the samples with the off-axis angles of 60°, 75° and 
90°, the failure strength of the pristine laminate is shown 
to be higher than the modified laminates. Though there 
is no clear explanation to justify this observation, it is 
presumed that the fiber angle orientation associated with 
the wave structure of the composites could influenced the 
mechanical response. As a result of the weave structure 
of the yarns, the weave along weft yarn accommodates 
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much matrix resin in the gap created between the warp 
and weft yarns. In this case, due to the inclusion of the 
nano-silica fillers the matrix resin filled in the weft yarn 
is highly resistive to the transverse deformation from the 
tensile load applied in the warp direction. Such resistance 
induces a lateral force on the weft fiber yarns and result 
in a local biaxial loading condition which lead to prema-
ture failure of the fiber. The most significant difference in 
strength is observed in the 90° which could support the 
above argument.

Apparent Failure Modes

Figure 7 depicts the full-field distribution of axial strain 
component over the entire area of interest. As shown in 
Fig. 7a–c, highly localized axial strain (ɛyy) is developed 
along the directions of principal fiber axes. This localized 
strain are the area where the failures are initiated. For exam-
ple, in the 15° specimen, the failure was initiated from the 
vertical free-edges and propagated inwards to the center of 
the sample following a path parallel to the fiber direction. 
The failure modes for the different fiber orientation angle (θ) 
can be seen at the Fig. 7d–f.

Longitudinal Modulus of Elasticity

The effective longitudinal elastic modulus (E) is evaluated 
by taking the slope of the early part of the experimental 
stress–strain plots shown in Fig. 5. In addition, the modulus 
of elasticity based on the two conditions (zero shear stress 
and zero shear strain assumptions) is obtained by inserting 
the strain obtained from the DIC into Eqs. 3 and 4. These 
two conditions are helpful to understand if the loading 
mechanism (gripping) affect the elastic modulus analysis for 

the different fiber orientation angles. The zero- shear stress 
condition guarantees the uniaxial loading condition. How-
ever, near the gripping area, the shear strain is constrained, 
which could induce shear stress in addition to the applied 
axial stress.

The elastic modulus (E) values obtained directly from the 
experiment and for the two conditions are shown in Fig. 8. 
As shown in Fig. 8, the effective elastic modulus obtained 
directly from the experiment lied between the two extreme 
conditions, zero-shear stress and zero-shear strain assump-
tions. It is observed that the zero-shear strain condition is 
far from the experimental result for all off-axis specimens 
except 45°. On the other hand, the values for the zero shear 
stress condition is very close to the experimental values. 
This is justifiable as most of the data obtained are located at 
the center of the specimen (far from the gripping boundary 
conditions) where the effect of shear stress is minimal. As 
thus the uniaxial stress assumption is used for the rest of 
the analysis.

As shown in Fig. 9, similar to the failure strength, the 
effective modulus of elasticity is also affected by the addi-
tion of nano-silica fillers. It is noticed that for the 15°, 30° 
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and 45° specimens the modulus of elasticity of the modified 
samples has increased compared to the pristine laminates. 
On the other hand, for 60° and 75° samples the elastic modu-
lus of the modified samples have decreased.

Overall, it is noticeable that the effect of nano-silica fillers 
in 15° and 30° is different from that of 60° and 75° speci-
mens. This has to do with the architecture of the fibers in 
the weave. In the 8-Harness satin weave considered in this 
study, the weft yarn passes over seven and under one warp 
yarns. As a result, a weave curvature is created at a certain 
crimp angle. It is found that the strength of the composite in 
the weft yarn direction is slightly lower than in the warp yarn 
direction as the result of this curvature [2, 29].

During the impregnation of the weave fabric, the viscous 
matrix immersed into the weave and filled the gap between 
the weft and warp yarns (seen in Fig. 10). When the cured 
laminate is subjected to tensile loading in the weft direction, 
the yarn stretched, and the dips and bumps of the weave 
curve started to shrink. This result in an increase in the yarn 
radius of curvature by reducing the gap between the two 
orthogonal yarns which was occupied by the matrix. As a 
result, the matrix material confined between the crossing 
yarns is squeezed out.

However, in the case where we have the inclusion of 
nano-fillers, the rigidity/stiffness of the matrix will increase. 
Hence, when the weft yarn is under tension, the matrix will 
not deform as much it does for the pristine case. Please note, 
there is a difference in the amount of matrix/filler in the case 
of weft and warp direction. As the fiber direction relative 
to the loading direction changes from 0° to 90°, the load-
ing direction is changing from parallel to weft fiber yarn to 
warp fiber yarn direction. In this case, the amount of axial 
deformation in the weft and warp orientation will not be 
the same. This could be the reason behind the increment 
in the elastic modulus observed for the case of 15° and 30° 
(close to the weft) direction and decrement in modulus of 
elasticity in the case of 60° and 75° (close to warp) direction 

for nano-particles reinforced laminates compared with the 
pristine laminate.

Poisson’s Ratio (ν)

Using the axial and transverse strains obtained from the 
DIC, the Poisson’s ratio (ν) for different fiber angle speci-
mens are calculated. As depicted in Fig. 11, the Poisson’s 
ratio values increased as the loading direction deviates from 
the principal directions. The increase in Poisson’s ratio as a 
function of fiber orientation angle also indicates the presence 
of the fiber rotation phenomenon discussed earlier. As the 
fibers rotate to align with the loading direction, it induced 
a higher amount of lateral/transverse material deformation 
which results in a higher Poison’s ratio as shown in Fig. 11.

On the contrary, the addition of nano-silica filler 
increased the overall rigidity of the matrix. Thus, the lateral/
transverse compressive deformation due to the axial exten-
sion and fiber rotation became much smaller for the modi-
fied matrix compared with the pristine matrix. As a result, 
the Poisson’s ratio for the nano-filler reinforced composite 
becomes lower than the corresponding pristine laminate.

Shear Properties

In-Plane Shear Strength

The in-plane shear stress–strain response of the on-axis 
specimens from two composite groups are depicted in 
Fig. 12. The in-plane shear modulus  (G12) has shown an 
enhancement by 15% for the nano-silica filled laminate. This 
is expected as the addition of the nano-silica fillers in the 
matrix increase the shear flow resistance of the matrix. This 
enhancement imposed a higher resistance to the rotation of 
the fibers within the matrix. As a result, the shear modulus 
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increased; moreover, for the same reason, the shear strength 
has also increased by 17%.

Shear Modulus  (G12)

Figure 13 depicts the in-plane shear modulus  (Gθ) of 
samples with different fiber angles for pristine and nano-
particles filled laminates. Similar to the modulus of elas-

ticity (E), the in-plane shear modulus  (Gθ) also varied 
with the loading angle. The Shear modulus decreased 

as the loading deviates from any of the principal axes. 
Concerning the two groups of laminates, it is found that 
the inclusion of nanoparticles had improved the in-plane 
shear modulus  (Gθ) substantially. The shear modulus of 
the nanoparticle reinforced sample had gone as high as 
17% than the pristine sample. Comparatively obtain-
ing a 17% increase in the in-plane shear modulus is a 
promising result.

Interlaminar Shear Strength (ILSS)

Quasi-static ILSS From the quasi-static double V-notch test, 
the interlaminar shear strength was determined based on the 
load data and geometry of the samples. The interlaminar 
shear strength for pristine composite and composites modi-
fied with particle reinforced layers are compared in Fig. 14. 
Due to the nature of the specimen geometry, only specimens 
with one (3L) and three  (7L) modified interfaces were able 
to be compared with the pristine samples. In the case of 3L 
specimens, there were three interfaces reinforced with nano-
particles but only one modified interface is located within 
the gage region, and in the case of 7L specimens, there were 
seven interface layers reinforced with nanoparticles, but only 
three of the interfaces are located within the gage region. 
Modified interfaces only located in the region between the 
V-notches (gage area) were considered as active, due to the 

fact that those interfaces are subjected to the loading and 
dominant the interlaminar shear stress.

Fig. 13  Shear modulus at different fiber angles for pristine and nano-
particles filled laminates

Fig. 14  a The average quasi-
static ILSS for the three groups 
of laminate samples and b the 
shear strain contour at different 
loading stage for 1L double 
V-notched sample
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As depicted in Fig. 14a, the effect of nanoparticle fill-
ers on the interlaminar shear strength (ILSS) is not con-
clusive, though a variation in ILSS value at the different 
group is observed. The pristine specimen has an ILSS value 
of around 38 MP; the 7L specimen has an ILSS value of 
about 43 MPa and the 3L laminate has ILSS value of about 
33 MPa. It was not clear why the ILSS value of specimen 
with one reinforced laminate in the gage region is lower than 
the pristine specimen, but atleast it indicates that the ILSS 
is affected by the number of layers reinforced with nano-
particles. The experiment for each group of samples was 
repeatable, and the error bar was small as shown in Fig. 14a.

The shear strain contour obtained from the DIC for 
1L specimen is shown in Fig. 14b, showing a dominant 
shear deformation around the gage region between the two 
V-notches. However, in most of the tests, the first interlami-
nar cracks are initiated from the root/tip of the notch, as 
depicted on the strain contour in Fig. 14b. Later, interlami-
nar cracks are seen to appear in the interlaminar shear domi-
nated region. This observation is in well agreement with 
phenomenon described in the ASTM standard D5379.

Dynamic ILSS From the dynamic three-point bending test, 
the reaction force at the support of the beam specimen 

measured by the load-cells is also shown in Fig. 15a. Based 
on the load data and the geometrical dimension, the inter-
laminar shear strength of the beam specimen is calculated. 
To get the maximum ILSS value, the instance at which the 
interlaminar failure initiated was determined from the DIC 
strain contour (i.e., depicted in Fig. 15b). The strain contours 

Fig. 15  a Load versus time plot 
and b shear strain contours at 
different loading stage

40

55

70

85

100

115

0 1 2 3 4 5 6 7 8

IL
SS

 (M
Pa

)

Numbers of Modified interfaces

Fig. 16  The dynamic ILSS value of composite laminates as a func-
tion of numbers of modified interfaces

Author's personal copy



Journal of Dynamic Behavior of Materials 

1 3

obtained at the various stages of loading were synchronized 
with the applied force plot (see Fig. 15a), and the force at 
the initiation of interlaminar failure is determined and used 
to calculate the failure stress (ILSS) of the laminate.

Figure 16 shows the dynamic ILSS of different laminate 
groups, pristine, 3L and 7L. Unlike the case of the Quasi-
static test, there is a clear trend of variation in the ILSS 
value as a function of reinforced layers in the laminate. The 
ILSS is increased from 62.5 MPa, for pristine laminate, to 
80 MPa, for 3L laminate, and to 97 MPa for the 7L laminate. 
Nearly 25% increment for 3L laminate and 55% increment 
for the 7L laminate is observed.

In comparing the ILSS obtained for the dynamic load-
ing with the quasi-static ILSS results, the dynamic ILSS is 
much higher than the Quasi-static test results. The ILSS for 
the pristine laminate at dynamic loading is 65% higher than 
that of the quasi-static loading, matches very well with the 
result reported in the literature [30, 31]. Similarly, for the 
laminates, 3L and 7L the ILSS at higher strain rate have 
grown with 137% and 118% respectively. In overall, it can 
be noted that the presence of nanoparticles at the interfaces 
has a significant effect during high rate loading.

Please note, in this work several iterations and manufac-
turing processes have attempted to get a superior quality of 
particle distribution, however, no optimization of the fill-
ers parameters such as volume fraction, particle size and 
geometry is considered. Such optimization and parametric 
studies are expected to lead into a defined particle geometry 
and type that could result in even better improvement in the 
shear modulus.

Summary

The effect of nanoparticle on the elastic properties of woven 
composites was investigated. Composite material modified 
with nanoparticles is fabricated from prepregs using high-
temperature molding press. Based on the uniaxial tensile and 
three point bending tests incorporating with 3D-DIC tech-
nique, the off-axis mechanical properties of nano-silica filled 
composite is determined and compared with pristine com-
posite. The following findings are drawn;

• The inclusion of nanoparticle fillers had affected the 
strength and the elastic modulus (E) of the composites 
marginally. The average elastic modulus of the modified 
laminate with fiber orientation angles 15°, and 30° is 
slightly higher and 60°, 75°, and 90° is marginally lower 
compared with the corresponding pristine laminates.

• The Poisson’s ratio (ν12) of the modified samples 
decreased compared with the pristine samples for all fiber 

orientation angles and could be due to the restriction of 
lateral deformation caused by the reinforced particles.

• An appreciable improvement is observed in the shear 
modulus  (G12) and shear strength of samples modified 
with nano-silica compared with the pristine composite. 
In this work, optimization of the fillers content and fab-
rication process is not considered, but up to 17% increase 
in the modulus is observed. This implicates that if the 
process is optimized by considering different type, size, 
and volume of fillers, a higher shear properties can be 
achieved.

• The addition of nanoparticle is seen to be more signif-
icant in the ILSS at higher loading rate (increased by 
55.5%) compared to the quasi-static loading condition.
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