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Abstract

The current study presents an experimental investigation devoted to the nano-

silica and cutout effects on the axial and lateral buckling responses of carbon/

epoxy fiber-reinforced composite laminates. To this end, specimens manufac-

tured by vacuum bagging after hand layup technique were prepared at various

amounts of nano-silica (0.5%, 1.0%, 1.5%, 2.0%, and 3.0% by weight) incorporated

into epoxy resin. Furthermore, semi-circular and circular cutouts were opened

on specimens to understand cutout effect on buckling characteristics of speci-

mens. The results demonstrated that nano-silica had a significant effect on buck-

ling behaviors of the carbon fiber-reinforced composites. Regardless of cutout

presences, maximum critical axial (393.33 N, 361.67 N, 320 N for W, C and S)

and lateral buckling loads (34.67 N, 33 N, 32.33 N for W, C and S), were

achieved from the samples having 1.5 wt. % nano-silica. In specimens having no

cutout, maximum improvements of 72.26% in axial and 48.6% in lateral direc-

tions were achieved from the specimens having 1.5 wt. % nano-silica content. A

further amount of nano-silica addition decreased the resistance to buckling of

the specimens. Also, the presence of cutouts on the specimens led to decreases

in critical loads. The decreases of 1.5 wt. % nano-silica doped specimens without

cutout in the axial and lateral critical buckling loads, respectively, were seen as

22.9% and 7.24% for circular cutout, 8.75% and 5.06% for semi-circular cutout. It

was concluded that cutout processing and nano-silica additions should be taken

into consideration in a material that may be exposed the buckling failures.
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• Nano-silica impact on buckling behaviors of carbon fiber-reinforced

composites
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1 | INTRODUCTION

The material selection is the foundation of all engineer-
ing applications and design. It influences the product
performance goals like reliability, service life, and cost.
Various kinds of materials such as metal alloys,
ceramics, polymers, and composites are used in a vari-
ety of industrial sectors to meet product performance
requirements. The selection of materials has many cri-
teria which include strength, stiffness, damping, impact
damage resistance, hardness, thermal stability, flam-
mability, weight, fabrication, cost, resistance to corro-
sion and chemicals. Over the last few decades,
impressive progress in the world of engineering mate-
rials has occurred and fiber-reinforced composite mate-
rials have gained considerable popularity as engineering
materials due to their outstanding mechanical proper-
ties, in particular high strength and stiffness with low
weight, resistance to corrosion, dimensional stability
and good damping.1–5

Fiber-reinforced composite materials have been
widely used in aerospace, marine, and civil engineering
applications in the form of relatively thin-walled lami-
nated configurations such as beam, plate, or shell
structures.6–9 The composite materials in such applica-
tions are subjected to various combinations of in-plane,
out-of-plane, and shear loads, and as a result, the buck-
ling phenomenon is often observed. It is a well-known
phenomenon that, due to thin sectional structure, com-
posite materials are vulnerable to buckling under
compression loads. Because of the large deformation
generation at lower stress levels, buckling is one of
the critically dangerous failure mechanisms to struc-
tural components. This led to a focus on the study of
buckling behavior in composite materials. In the litera-
ture, many studies regarding the buckling performance
of the composite materials are seen.10–12 Do�gan13 inves-
tigated the graphene nanoplatelets (GNPs) effects on
the carbon/aramid fiber-reinforced composite lami-
nates subjected to different boundary conditions. It was
reported that GNP addition enhanced the critical loads
in both axial and lateral directions. Ferreira et al.14 per-
formed a numerical study devoted to buckling and post-
buckling behaviors of cellular composite beams. Six
geometric crosssections were considered as parameters
and 120 models were processed. They stated that an
increase in web slenderness led to a change in the buck-
ling mode of the structures.

The diversity of shapes, loadings, and edge conditions
in engineering applications has engendered a great vari-
ety in researches for the buckling behavior of laminated
fiber-reinforced composite materials. For this reason, in
the literature, a considerable amount of research has
been devoted to analytical, numerical, and experimental
studies of buckling behavior of laminated fiber-reinforced
composite materials. As far as buckling characteristics of
laminated fiber-reinforced composite materials are con-
cerned, most of the available literature data refer to plates
with and without cutouts.15,16 The buckling behavior of
rectangular,17 circular,18 elliptical,19 and skew20 plates
with different end conditions,21–23 loadings,24 number of
layers,25,26 ply orientations,27,28 stacking sequences,29,30

aspect ratios,31 thicknesses,32 cutout shapes33,34 and mate-
rial nonlinearity35 have been studied by many researchers.
However, some techniques that can increase the buckling
performance of fiber-reinforced composite materials are
also widely preferred. Some of these methods include the
use of high-modulus fibers, the addition of micro or nano
particles, increasing the number of layers of the composite
structure, and the texture architecture used in the compos-
ite material. These methods not only increase the overall
mechanical performance but also contribute positively
to the buckling behavior.36–40 Amongst these tech-
niques, the incorporation of nano- or micro-sized parti-
cles into the resin has great attention in the scientific
field due to its direct impact on the mechanical perfor-
mance of the matrix which is a weaker component of a
composite. Several studies devoted to the effect of nano-
particles on the mechanical characteristics of fiber-
reinforced composites are seen in the literature.41–45

Purahit et al.46 investigated the influences of steel indus-
try waste Linz–Donawitz (LD) sludge on the physical,
mechanical, and erosion wear properties of the
polypropylene–LD sludge composites. While the sam-
ples with 20 wt. % filler increased the compressive
strength and hardness behaviors, tensile and flexural
strength values were dramatically decreased. Özbek
et al.47 examined the nanoclay impact on the buckling
performance of carbon/Kevlar intraply hybrid fiber-
reinforced composite laminates. They stated that the
specimens having 1 wt. % nanoclay content showed the
maximum axial and lateral buckling responses as
21.12% and 25.33% higher compared to specimens
without nanoparticles. The excessive inclusion of
nanoclay resulted in dramatic decreases of critical
buckling loads. Bulut48 researched the nanographene
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effect on the tensile, flexural, and low-velocity impact
properties of basalt fiber-reinforced composite lami-
nates. It was reported that 0.1 wt. % content of nanogra-
phene significantly enhanced the mechanical
performance of the specimens due to increases in bond-
ing strength in nanoparticle-epoxy-fiber interphases.

Despite its importance in structural applications,
there are relatively few studies on buckling properties of
nanocomposites in the open literature, and a detailed
investigation on how nanoparticles and cutout affect the
mechanical stability of the fiber reinforced polymer
matrix composites is not available. In this study, the
effect of nano-silica and cutout on the axial and lateral
buckling behavior of carbon/epoxy composite laminates
was investigated. In this context, laminates with different
nano-silica contents were produced by vacuum bagging
after the hand layup method. The number of layers used
was 12 and the carbon fabric in each layer has a 0/90
degree orientation. In addition, configurations without
holes, with 2-sided semi-circular holes in the center and
with 1 circular hole in the center were also examined.
Nano-silica due to its favorable properties such as good
adhesion, easy availability, strength, and low cost was

preferred and incorporated into epoxy resin at five differ-
ent weight percentages (0.5%, 1.0%, 1.5%, 2.0%, and 3.0%).

2 | MATERIALS AND METHODS

2.1 | Specimen preparation

Carbon fabrics having 204 g/cm2 areal density were used
as reinforcement material in laminates. Epoxy resin
(EPIKOTE MGS L160) with 1.18–1.20 g/cm3 density and
hardener (EPIKURE Curing Agent MGS H260S) were
stirred to obtain a matrix system in a weight ratio of
100:36, respectively. These raw materials were procured
from Dost Kimya A.Ş., Turkey. The mechanical proper-
ties of the raw materials are given in Table 1.

As a filler material, nano-silica particles having
15 nm average particle size and 99.5% purity were pro-
vided from Grafen Chemical Industries Co., Turkey. In
order to prepare of matrix phase of the composite lami-
nates, epoxy resin and nano-silica particles were mixed at
8000 rpm for 15 min. Then, the mixture added hardener
was mechanically stirred for around 10 min. Five

TABLE 1 Mechanical properties of

the raw materials.49,50
Raw
material

Tensile
strength (MPa)

Tensile
modulus (GPa) Thickness (mm)

Carbon fabric 2500–3000 200–700 0.25

Epoxy (Neat) 70–80 3.2–3.5 -

FIGURE 1 (A) Vacuum bagging

molding,51 (B) Curing cycle.
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different percentages of nano-silica (0.5%, 1.0%, 1.5%,
2.0%, and 3.0% by weight) were incorporated into epoxy
resin.

The process of hand lay-up lamination and vacuum
bag molding was carried out to fabricate composite spec-
imens as shown in Figure 1A. A flat rigid aluminum
platform equipped with electrical heating elements was
coated with a thin layer of mold release agent and used
as the bottom mold for the vacuum bagging process.
The plain weave aramid fabric was cut into 12 square
sheets with a side length of 50 cm using an electric cut-
ter. A small amount of resin mixture layer was applied
over the mold and the first fabric layer was placed on
it. An appropriate amount of resin mixture was poured
down the center of the layer and spread out using a
smooth brush to soak into the fabric. The second layer was
kept on the first layer and again a resin mixture was poured
and spread. The process is repeated for all twelve layers of
the stack. Entrapped air bubbles between the layers were
removed out of the laminate by the roller. A perforated
plastic film and a breather ply were placed on top of the
stack and the whole structure was sealed with a vacuum
bag. The air was evacuated from the bag with a
vacuum pressure of 700 mm Hg to consolidate the layers
during the curing process. The curing process was per-
formed at 75�C for 4 h and post curing was carried out at
50�C for 1 h (Figure 1B).

After the fabrication of composite laminates, speci-
mens in dimensions of 200 mm � 20 mm were handled
on a CNC router. Also, circular cutouts (3 mm radii) in
the middle and semicircular cutouts (3 mm radii)
in 2-sided were opened. The dimensions and cutout
locations are seen in Figure 2. The thicknesses of the
laminates were measured as 2.26 ± 0.2 mm. To ensure
experimental reliability, five number of specimens were
tested for each configuration. The naming and nano-
silica content of the samples are seen in Table 2. W, C,
and S represent the without, circular, and semi-circular
cutouts, respectively, and the adjacent numbers show
the nano-silica percentages in specimens.

2.2 | Buckling experiments

Axial and lateral buckling tests were conducted on a Shi-
madzu AG-X series electromechanical universal testing
machine with a 300 kN load capacity. In the axial buck-
ling test, the test specimen was firstly placed into the
upper and lower heads of the machine by aligning
the axes of the heads and fixing 20 mm length portions
from each side of the specimen with the jaws of the
machine heads. It was then compressed by a downward
movement of the upper crosshead at a constant speed of
1.0 mm/min. In the lateral buckling test, one end of the
test specimen was built into a rigid fixture to eliminate
transverse motions and rotations, and the other end (free
end) was subjected to loading by the downward displace-
ment of the upper crosshead with a constant speed of
0.25 mm/min. In order to minimize the friction in the
contact region of the crosshead and specimen, a ball
bearing was installed to free end of the specimen. With
the help of interface software installed on the com-
puter connected to the testing machine, the load–
displacement curve was plotted with the load and dis-
placement data acquired from the machine and the
software automatically stopped testing when the load
began to drop. According to the Southwell plot
method,52 the endpoint of linearity on the initial
section of the load–displacement curve was used to

FIGURE 2 Specimen dimensions

and cutout locations.

TABLE 2 The naming and nano-silica content of the

specimens.

Nano-silica
content (wt. %)

Naming (W: without,
C: circular, S: semi-circular cutout)

0.0 W, C, S

0.5 W0.5, C0.5, S0.5

1.0 W1, C1, S1

1.5 W1.5, C1.5, S1.5

2.0 W2, C2, S2

3.0 W3, C3, S3

4 ÖZDEMIR ET AL.
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determine the critical buckling load. In an axial or lat-
eral buckling test, the average and standard deviation
of values obtained from the test results of five samples
for each composite configuration was reported as the
critical buckling load. Photos of the experimental
setups taken during axial and lateral buckling of the
test specimens are presented in Figure 3A,B,
respectively.

3 | RESULTS AND DISCUSSIONS

3.1 | Axial buckling tests

The displacement diagrams of the specimens without and
with nano-silica added against axial compressive load for
circular, semi-circular, and without cutouts are given in
Figure 4. In the graphs, it was seen that there is a linear
increase up to a point and continues with a non-linear
curve due to the appearance of distortions with the
increase in load. Further, load values followed as a linear
horizontal line for all configurations. All nano-silica
doped specimens showed a better response to axial
compressive loading. According to the graphs, pure speci-
mens with circular and semi-circular cut-outs exhibited
the earliest buckling failures. The highest load-carrying
capacities were obtained from the specimens with 1.5 wt.
% nano-silica content. However, as the nano-silica con-
tent increased after 1.5 wt. %, the resistance to the buck-
ling load of specimens began to decrease. This can be
attributed to an excessive amount of nanoparticle inclu-
sion that resulted in non-uniform distribution. In litera-
ture, a lot of studies devoted to nanoparticles have
negative effects after a certain amount are seen in the
literature.47,48

FIGURE 4 Axial load–displacement responses; (A) without cutout, (B) semi-circular cutout, (C) circular cutout.

FIGURE 3 Buckling tests; (A) axial buckling, (B) lateral

buckling.
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The critical axial buckling loads of the specimens are
given in Table 3 and Figure 5. The results showed that
the maximum critical axial buckling load values were
obtained from the specimens with 1.5 wt. % nano-silica.
The improvements in without, circular, and semicircular
cutout specimens having 1.5 wt. % nano-silica were seen
as 72.26%, 62.71%, and 62.55% when compared to pure
specimens. Regardless of cutout processing, all nano-
silica doped specimens showed a better response against
compressive loads. However, more amount of nano-silica
addition (higher than 1.5 wt. %) resulted in a decreasing
trend in critical axial loads. This can be attributed to the
missing homogeneity in the material due to excessive
nano-silica might cause some agglomerations or exfolia-
tions leading to local stress concentrations. There are a
lot of studies regarding material degradation due to
excessive nanoparticle inclusion in the literature.53,54

Also, bending formations at the middle region of the
specimens were seen as the main causes of the failures
due to the compressive loads in axial directions. Addi-
tionally, the cutouts leading to a decrease in the stiffness
of the specimens exhibited negative effects on the buck-
ling resistance of the specimens. The decreases in the
specimen with 1.5 wt. % nano-silica and without cutout
were seen as 22.9% and 8.75% for the specimens having
circular and semicircular cutouts, respectively. Özbek
and Tokur Bozkurt55 reported that cutouts had a negative
impact on the vibration characteristics of the basalt/
carbon hybrid composites due to the reductions in
stiffness.

3.2 | Lateral buckling tests

The lateral load and displacement plots of nano-silica
doped carbon/epoxy composite specimens are shown in
Figure 6. It was observed that all specimens followed a
linear path up to the critical point, the specimens showed
stable behavior as long as the magnitude of the load on
the specimens remained below the critical point. Then,
slight deflections and bending of the specimens were
observed. Considering the effect of the amount of nano-
silica on the lateral load-carrying capacity of the speci-
mens, it can be said that the maximum contribution was
obtained from the specimens with 1.5 wt. % nano-silica.
However, a higher amount of nano-silica addition
decreased the load-carrying capacity of the specimens.
This may be attributed to the degradation of the speci-
mens as a result of excessive nanoparticle additions.13,48

Also, it can be stated that cutouts, whether circular or
semi-circular, exhibited lower resistance to lateral loads
due to the stiffness reduction in specimens.

The critical lateral buckling loads of the nano-silica
doped specimens according to different cutouts are given
in Table 4 and Figure 7. The maximum critical load of
34.67 N was achieved from the 1.5 wt. % nano-silica doped
specimen without a cutout, while minimum one (19.67 N)
was obtained from the pure specimens with semi-circular
cutouts. It was clearly seen that the addition of nano-silica
showed significant increases compared to the specimens
without nano-silica. The specimens with 1.5% nano-silica
were 48.6% higher in pure (23.33 N), 5% higher in S1.5

TABLE 3 Critical buckling loads of

carbon/epoxy structures in the axial

direction according to nano-silica

amounts.

Specimen

Nano-silica content (wt. %)

0.0 0.5 1.0 1.5 2.0 3.0

W 228.33 273.33 326.67 393.33 275.00 253.33

S 222.50 270.00 292.50 361.67 263.75 225.00

C 196.67 265.00 290.00 320.00 253.33 230.00

FIGURE 5 Critical axial buckling

loads.

6 ÖZDEMIR ET AL.

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.28293 by Pam

ukkale U
niversity, W

iley O
nline L

ibrary on [29/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(33 N), and 7.24% higher in C1.5. The reason for this
increase can be interpreted as the interaction between
nano-silica and epoxy matrix can be best achieved at this
value. In terms of critical buckling loads in the lateral
direction, the values from highest to lowest were obtained
from the nano-silica doped specimens of 1.5%, 1%, 2%,
0.5%, 3%, and 0%, respectively. It is possible to say that the
high amount of nano-silica resulted in a negative effect
due to the degradation of the material. Bozkurt et al.54

stated that higher nanoparticle addition can be less

effective in buckling properties of composite laminates
due to agglomerations or exfoliations.

Figure 8 represents the behaviors of carbon fiber-
reinforced composite specimens under lateral buckling
loads. Unlike axial buckling conditions, not only bending
but also twisting was seen as the main responsible for lat-
eral buckling failures. Due to the decrease in stiffness of
the specimens, the forms of twisting and large displace-
ment in the lateral direction were seen as failure causes.56

Also, fiber cracking failures were seen on the clamped
side of the samples because it was exposed to higher
stress concentrations. Many studies devoted to lateral
buckling of the composite laminates stated that a speci-
men exposed to lateral loads can be buckled due to both
bending and twisting.47,53

3.3 | SEM analysis

In this study, the effects of nano-silica particles on dam-
age properties including matrix cracking, debonding,

FIGURE 6 Lateral load–displacement responses; (A) without cutout, (B) semi-circular cutout, (C) circular cutout.

TABLE 4 Critical buckling loads of carbon/epoxy structures in

the lateral direction according to nano-silica amounts.

Specimen

Nano-silica content (wt. %)

0.0 0.5 1.0 1.5 2.0 3.0

W 23.33 29.00 32.67 34.67 32.33 27.00

S 19.67 23.75 28.00 33.00 26.67 25.00

C 23.67 26.33 29.33 32.33 26.33 25.00

ÖZDEMIR ET AL. 7
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delamination, and micro-buckling failures were investi-
gated by scanning electron microscopy (SEM) analysis.
Figure 9 represents the SEM micrograph images of speci-
mens containing various nano-silica particle percentages.
It was seen that pure specimens exhibited high fiber-
matrix compatibility and epoxy showed a homogeneous
distribution within the structure and formed a good bond
with the carbon fiber. This reduced the formation of

delamination in the structures. Also, it was observed that
nano-silica addition at various amounts provided positive
properties to the structure. However, this contribution
varies according to the amount of nano-silica. The best
results were obtained in structures with 1.5% nano-silica.
At this optimum value, it was observed that the structure
formed a good bonding capability, adhesion increased
and there was a homogeneous distribution within the

FIGURE 7 Critical lateral buckling

loads.

FIGURE 8 Laterally buckled

specimen.

FIGURE 9 SEM micrograph images of specimens.

8 ÖZDEMIR ET AL.
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structure. However, the results obtained with the amount
of nano silica were not directly proportional. For exam-
ple, there was a decrease in the mechanical performance
of structures with 3% nano-silica. It can be concluded that
the increase in the amount of nano silica negatively affects
the homogeneity of the structure since some agglomera-
tions and non-homogeneous structures resulted in local
stress concentrations and easy degradation of the
materials.

4 | CONCLUSIONS

In this study, the effects of cutout and nano-silica on the
buckling characteristics of the carbon/epoxy composite
laminates were investigated experimentally. Five differ-
ent nano-silica percentages were incorporated into the
epoxy resin and prepared specimens were exposed to
axial and lateral compressive loads. According to the
results, nano-silica showed that it was a significant filler
on the buckling performance of the specimens. Based on
the nano-silica effect alone, the maximum critical buck-
ling loads were obtained from samples containing 1.5 wt.
% nano-silica. In without cutouts, the specimens with
1.5 wt. % nano-silica exhibited the maximum critical
loads of 393.33 N for axial and 34.67 N for lateral. These
were 72.26% and 48.6% higher than pure specimens in
critical axial and lateral buckling loads, respectively.
However, an excessive amount of nano-silica addition
such as 2 wt. % or 3 wt. % resulted in a decrease trend.
This can be attributed to the formation of agglomerations
that cause local stress concentrations. Additionally, cut-
outs affected the specimens in a negative way due to the
decrease in resistance ability to compressive loads.

As a result, the study was a research aimed at improv-
ing the buckling properties of the materials used with
nanoparticle contribution, taking into account the cut-
outs that may occur in engineering structures. It has been
revealed that cutouts can marginally reduce the strength
of materials against buckling loads. On the other hand,
nano-silica contribution provided significant increases. In
conclusion, the study suggested that nano-silica usage
and cutout processing can be considered as a parameter
in applications that would be buckling loads.
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