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In this work, the effect of the axial buckling load characteristics of a composite material
consisting of epoxy resin (EP) and different weight percentages of polysulfide (PS) (0%, 2%,
4%, 6%, and 8%) prepared and reinforced with woven carbon and glass fibers was studied.
Buckling and tensile specimens were manufactured using hand lay-up techniques according
to ASTM D6641, ASTM D638, and ASTM 3039 standards. Using eight layers of fibers in three
stacking sequences S1(Carbon-Carbon-Glass-Glass)x2, S2(Carbon-Glass-Carbon-Glass)x2,
and S3(Carbon-Glass-Glass-Carbon)x2 and different orientation angles (0, 30, 60, and 90°),
testing was performed on critical buckling load specimens by applying an axial compressive
force using a testing machine. Increasing the amount of polysulfide in blends made them
more flexible, but it also made the critical buckling load, tensile stress, and modulus of
elasticity properties decrease compared to the pure epoxy. It was also observed that the
hybrid composite material made of (EP+6% PS) reinforced with fiber improved the critical
buckling load and tensile stress by (186.6%, 141%, and 219%) and (760, 698%, and 875%)
when the fibers layers arranged according to (S1, S2, and S3) models, correspondingly. The
experimental results obtained manifested that the best value of the critical buckling load
and tensile stress at stacking sequence (CGGC)x2 was when the carbon fibers were in the
direction (0-90°) and when the axial force of tension and compression was in the direction
of the fibers.
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1. Introduction

the fibers together and providing some
toughness, and transfer of loads to reinforcing

Composite materials are a blend of two or
more types of materials with different
properties. They often consist of an epoxy matrix
and reinforcing materials. Composite materials
have features that cannot be achieved for either
of the two components alone [1]. The process of
dispersing or implanting fibers within an epoxy
matrix produces composite materials that are
effective. 'The epoxy matrix provides external
protection for the fibers from chemical and
mechanical damage, cohesion of fibers, holding
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materials [2]. The matrix phases may be metals,
ceramics, or polymers, while the fibers may be
particles, filaments, or fabric [3-7].

Epoxy is a crucial polymer in technical
applications. It has been extensively used in
adhesives and materials for electronic
packaging. Epoxy compounds are used in
vehicles, aircraft, and civil engineering because
of their outstanding mechanical properties.
Epoxy is subject to fracturing under pressure
because of its high cross-link density, which
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causes it to be brittle. While polysulfide resin is
an elastomeric polymer, its structure includes
sulfur bonds in its main chain, which improve its
ductility and flexibility. Therefore, the addition
of polysulfide to epoxy to prepare a blend
polymer creates a new polymer with a good
degree of rigidity and ability to return to the
original shape under stretch and compressive
loads [6-8].

The fiber-reinforced polymer composites
are broadly employed in modern engineering,
with glass, carbon, quartz, basalt, boron, and
aramid fibers being the most commonly
employed for reinforcement. Glass fibers are the
preferred choice for structural applications due
to their great strength and cost-effectiveness [9].
Carbon-fiber-reinforced polymers are composite
materials that employ carbon fiber to improve
stiffness and _strength. Also, carbon-fiber-
reinforced. "composites and laminated plate
structures have become recently common in the
industry of aerospace, marine, automobiles, and
architectural applications [10]. In addition, they
have been used in other engineering sectors
because of their exceptional properties,
including high strength and stiffness, low weight,
and excellent fatigue resistance [11].

Hybrid composites are highly advanced
materials known for their lightweight, cost-
effectiveness in manufacturing, high rigidity, and
excellent resistance to corrosion. They are
commonly used in various industries, such as
building construction, automotive
manufacturing, aircraft’ production, and wind
turbine development. Hybrid composites are
made_of a polymer matrix, like polyester or
epoxy, strengthened with glass, carbon, and
Kevlar fibers [12]. Due to the high cost and low
strain at failure of carbon fibers, it is necessary
to determine a balance between cost and
properties of fibers when used [13]. Hybrid
composites combine the benefits of individual
fibers and can use the advantages of two
materials simultaneously, resulting in superior
physical and mechanical qualities that are highly
versatile across several industries. The current
study is focused on the mechanical
characteristics of hybrid composites [14].

Buckling is the rapid failure of a
structural element under high compressive
loads, occurring when the compressive stress at
the failure point is lower than the maximum
compressive stress thresholds of materials. The
buckling behavior is an important factor to
consider while designing modern structures,
including lightweight and thin composite
structures. Improving the safety and stability of
engineering structures is important for
maintaining their dependability. Current studies
are an effort to improve the mechanical

performance to prevent failures under heavy
loads [15]. Euler first talked about column
buckling in 1744, and Walker conducted
experimental research on it [16].

Many researchers have studied the effect
of the amount of fiber volumetric content,
stacking sequence, and fiber orientation in the
composite material and its influence on the
critical buckling load. Dr. Jawad Kadhim Oleiwi
et al. [17] tested the critical buckling load by
adding more layers of carbon and glass fibers
that were mixed together. The sample was then
put inside the layers of Perlon and covered with
the polymethyl methacrylate resin. And, it was
found that the critical buckling load rises with
the increase in the number of layers of hybrid
fibers, and the percentage increase was 257.22%
for three layers compared to one layer. Battawi
[18] discovered that with an increase in the
volume content of fibers, the critical buckling
load value begins to increase, and then after a
certain point, when the fiber volume increases to
a certain extent, the critical buckling load value
begins to decrease due to the high increase in
fiber volume. Because the fibers are not fully wet
with the matrix, this leads to the brittleness of
the content. Abdalikhwa H. Z. et al. [19] studied
the effect of woven carbon and glass fibers on
improving the critical buckling load, placed
within  layers of perlon and polymethyl
methacrylate resin. The percentage increase in
properties when using three layers of carbon
compared to using three layers of class fiber was
12.5%, 15.5%, and 17.5% for the modulus of
elasticity, tensile stress, and critical buckling
load, respectively. Dhuban S. B. et al. [20] stated
that the stacking sequence in hybrid composites
has a significant effect on the critical buckling
load. The maximum critical buckling load for
hybrid composites that contain carbon fiber as
one of their components is when the carbon
fibers are placed on the outer surface of the
hybrid composite. Bi Pin. P. B [21] investigated
the  critical buckling load behavior in a
composite plate consisting of 10 layers of carbon
fiber and epoxy with varying lengths and aspect
ratios (L/w). The Ilaboratory results
demonstrated that the critical buckling stress
varies with the length, increasing as the length
decreases. Ahamed S. R. et al. [22] studied the
properties of a hybrid composite composed of
carbon fiber and aluminum mesh in polymer
compared with aluminum panels of the same
thickness (6 and 4 mm). The experimental
results were that a 6 mm thick panel increased
the buckling load by 40.4%, and a 4 mm panel
reduced the weight by 40.6% compared to
aluminum panels. Bozkurt O. Y. et al. [9] studied
the effect of the orientation angles of
bidirectional glass fibers (0-90°) on the critical



buckling load value by implanting 12 layers of
fibers inside the epoxy matrix at orientation
angles (0-90°, 15-105°, 30-120°, and 45-125°).
The laboratory results showed that the greatest
amount of the axial critical buckling load was at
the fiber orientation angle (0-90°). Azadi R. et al.
[23] mentioned that, as for unidirectional fibers,
the largest value of the critical buckling load is at
an angle of 0 when the direction of the fibers is
in the direction of the axial compressive force.
Rostomyan, Y. and Azade, R. [24] studied the
influence of the unidirectional carbon angles on
the critical buckling load; samples were
manufactured using the hand lay-up method
according to ASTM D6641 and the Taguchi
design method by using 16 layers with different
orientations. The result was.that the highest
amount of the critical buckling load was at an
angle of 0 when the axial compressive force was
parallel to~ the ' fibers' direction, and the
minimum amount was at an angle of 90° when
the axial compressive force was perpendicular
to the direction of the fibers.

This research aimed to evaluate the
influence of polysulfide concentration up to 8%
upon the mechanical prioperties of blend epoxy
matrix, as well as, investigate the effect of woven
carbon and glass fibers with different
orientation angles (90¢, 602, 309, 02, 02, 302, 60¢,
and 9092) and three stacking sequences models
{(C-C-G-G)x2, (C-G-C-G)x2, and (C-G-G-C)x2} on
the buckling behavior of the prepared blend
matrix composites.

2. Methodology and Materials

2.1. Buckling Behavior

The theoretical critical buckling load of
composite materials and hybrid composite
materials is calculated according to Euler's
equation for long column that illustrated in
equation (1), the columns classified as long
columns when the slenderness ratio is greater
than the column constant which calculated
according to equations (2, 3 and 4) [25], for
columns subjected to a longitudinal compressive
load. The equivalent length is considered one of
the most important variables in the critical
buckling load equation, as it depends on the
method of‘installing the column in the inspection
machine (the boundary conditions of a column).
Therefore, the column fixed at both ends has the
least effective length compared to the rest of the
columns [25]. In this study, the fixed-fixed
column stabilization method was used. From
both ends, the effective length of the column is
equal to 0.5 of the original length of the column
[25].
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where Per = Critical buckling load , E = Modulus
of Elasticity, I' = Moment of Inertia, and L =
Effective Length Factor, Le = effective length, A =
the cross section area, oy = yield stress

2.2. Raw Materials
2.2.1 Epoxy (EP) and Polysulfide (PS) Resin

The epoxy used in this research is Sikadur®-
52 Injection Type LP, which comprises (2) parts:
Resin and hardener with a yellowish-brownish
color. And, the recommended mixture is (2 g) of
epoxy resin with (1 g) of hardener. Polysulfide
utilized in this study was Sikadur® polysulfide
PG, comprising two components: Resin and
hardener with a gray hue. The optimal ratio
suggested was 95 grams of polysulfide combined
with 5 grams of hardener. Tables (1) and (2)
show the properties of the epoxy and polysulfide
resins [26, 27].

Table 1. Mechanical properties of epoxy resin [26]

Properties Values
Tensile strength (MPa) 27 MPa
Modulus of elasticity (MPa) 1,060 MPa
Flexural strength (MPa) 500 MPa
Compressive strength (MPa) 70 ~ MPa
Viscosity (MPa.s) 290 MPas
Density (Kg/liter) 1.1 Kg/liter
e e

Table 2. Mechanical properties of polysulfide [27]

Properties Values
Tensile strength (MPa) 8.3
Compressive strength (MPa) 20-100
Density (Kg/liter) 1.60
Young modulus (MPa) 3.7-5
Failure strain % 550
Pot life 2 hours at 25°C

Curing Time 1 week




2.2.2 Woven Carbon and glass fibers

The fibers used in the current research are bi-
directional woven fibers (0-90°). The carbon
fiber type T300-3K was obtained from Yixing T-
carbon Fiber Material Technology Company in
China, and the glass fibers utilized in this study
were woven E-glass fibers (EWR 200) obtained
from Focus Technology Company in China. Table
(3) depicts the mechanical properties of carbon
and glass fibers [28, 29]. Figures (1) and (2)
reveal the carbon and glass fiber used in this
research.

Table 3. The mechanical characteristics of carbon fibers [28,
29]

Carbon fiber E-glass

Properties type T300- - fibers (EWR
3K 200)
Tensile Strength (MPa) 3520 3445
Tensile Modulus (GPa) 230 72
Areal Weight (g/m?2) 200 200
Density (g/m3) 1.8 2.58

Fig. 2. Woven Glass Fiber

3. Experimental Parts

3.1. Mold Preparation

According to the ASTM standards, the two
molds used' in this work were prepared with
dimensions of (200 x 140 x 4 mm) for tensile
samples and (150 x 50 x 4.8 mm) for buckling
samples, as displayed in Figure 3. The blends
typically exhibit a strong adhesion, hence
requiring molds constructed from materials of
moderate strength and hardness, therefore,
glass has been used to prepare the molds. These
molds were then cleaned, and then Vaseline and

Teflon paper (PVC) were applied to the internal
side to prevent the sticking between the molds
and the mix matrix. This will provide a
consistent dispersion and a surface that is
uniform.
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Fig. 3. The prepared molds

3.2. Sample manufacturing

The first step involved mixing the epoxy and
polysulfide (2, 4, 6, 8% wt.) resins by weight
percentage. In the second step, the epoxy and
6% polysulfide were mixed together without any
hardeners. This was done for three hours using a
magnetic stirrer of the MR Hel-Standard type (a
Heldolph instrument made in Germany) until the
mixture was homogenous. The components
were placed in-a vacuum oven (BINDER by USA)
for 30 minutes at (-25 lbs.) to eliminate the
bubbles. The  two hardeners, epoxy and
polysulfide, were mixed for five minutes
together and added to the mixture of resins.
Then, a magnetic stirrer mixed them for ten
minutes, while the manual mixing blended the
mixture for five minutes. Until the mixture
becomes homogenous enough, the first amount
of the blend was added to the mold and
distributed evenly. The first layer of fibers was
placed in the mold above the mixture, and the air
between the fibers and the mixture was
removed by moving it from inside to outside
using a brush or roller, as-well as by completely
wetting the fibers. The process was iterated for
each layer, and the final coat of the mixture was
then applied above the last layer of fibers to
ensure the perfect saturation of the fibers.
According to the data sheet for epoxy and
polysulfide, the prepared specimens must
remain in the mold for seven days at the
laboratory temperature to complete the curing
process. Then, the produced mold was cured by
leaving it for one hour in a drying oven at 50°C
to achieve proper curing. This step is very
important to complete polymerization, relieve
the stresses caused by the preparation process,
and complete the hardening of the samples [30].
The samples for each required test were then
prepared by cutting the molds with a saw and a
CNC machine according to the standard
dimensions of each mechanical test. Figure 4
illustrates the stages of sample manufacturing.
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Fig. 4. Sample manufacturing

The samples required in this study were
prepared via utilizing the Hand lay-up method in
the following two stages, and the mechanical
properties were studied for each of the two
stages and forall samples, with three samples
for each test:

First stage: In this stage, a blend matrix was
prepared by mixing epoxy (EP) and polysulfide
resin (PS) with various weight percentages (0, 2,
4, 6, and 8% wt..) of PS.

Second stage: In this stage, the optimal blend
samples (EP+6%PS) was selected due to their
balancing between epoxy brittleness behavior
and flexural polysulfide behavior to reinforced
by using (8) laminates of carbon fiber (CF) and
glass fiber (GF) with different orientations (90°,
60°, 30°,-0°, 0° 30°, 60° and 90°) and stacking
sequences. The fiber laminates are distributed in
the blend matrix according to Table 4. And, the
fibers distribute the stress throughout the
composite structure and improve the material's
structural properties by acting as crack
stoppers[31].

Table 4. Distribution of Carbon and Glass Fibers in the Blend matrix (EP+6%PS)

Orientation
90 60 0 0 30 60 90
Model
S1 C C G G G C C
S2 C G C G G C G C
S3 C G C C G G C

3.3. Experimental Tests

3.3.1.Tensile Test

The tensile- test is’' the most commonly
performed mechanical test. A uniaxial force is
applied along the main axis, which increases
gradually, and the tested specimen is deformed
until it fractures. The tensile testing machine
(computer-controlled  electronic  universal
testing machine, 50 KN) shown in Figure 5 was
used to perform the test at the lab temperature.
The load was exerted at a uniform cross-head
speed of 5 mm/min continuously till the failure
of the specimens.

The composite specimens (blend matrix)
were prepared in accordance with the ASTM
D638 standard [32]. -However, specimens
blended with carbon (CF) and E-glass fibers (GF)
were prepared in accordance with the ASTM
D3039 standard, and the nominal dimensions of
the specimens for the tensile test are 250 x 25 x
4 mm [33], as evinced in figures (5 - 7). The
tensile stress-strain relationships, tensile
modulus, and strength of composite samples
were calculated directly using the computer
software that comes with this machine. Three
tests were performed on each type of model, and
the average value was considered. The hybrid

composite and composite material samples
before and after the tensile test are elucidated in
Figure 8.

Fig. 5. Tensile Test

ASTM-D638-1, all dimension in mm
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Fig. 6. ASTM D638 standard dimensions [32]
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Fig. 7. ASTM D 3039 standard dimensions [33]
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Fig. 8. (a, b) The blend matrix composite test specimens
before and after tensile test, (c, d) the hybrid 6% PS
composite material blend matrix with different C/G fiber
orientations and stacking sequences before and after tensile
test.

3.3.2. Buckling Test

The sudden failure of a structural member under
high compressive loads is called buckling. This
happens when the compressive stress at the
failure point is less than the highest value of
compressive stress that the material can handle
[34]. Reducing the structural weight, while at the
same time increasing the buckling capacity,
enables the composite materials to exhibit high
strength-to-weight and stiffness-to-weight ratios
[35]. The critical buckling loads of the blended
matrix-reinforced and unreinforced fibers were
determined experimentally. The buckling test
samples were obtained by cutting the
manufactured composites using a circular
diamond-blade saw. The dimensions of the
samples were 140 mm length x 12 mm width x
4.8 mm thickness after being cut. At the test, the
samples were fixed at a distance of 20 mm from
the edges of the upper and lower testing devices
for the handles of the machine. Thus, the
effective length of the test samples is 100 mm
[36]. The sample is subjected to a test where the
lower jaw is fixed and the upper jaw is mobile.
The axial compressive force is applied to the
sample until it is exposed to buckling and failure.
The  load-displacement curve for each test
sample, whether reinforced or unreinforced
with  fiber, is obtained directly from the
computer controlling the testing machine. The
buckling tests were done by applying the ASTM
D6641 standard [24], with a loading rate of 5
mm/min. The buckling testing machine (a
computer-controlled electronic universal testing
machine, 50 KN) is shown in Figure 9. All the
experiments were done at the laboratory
temperature, and three samples were prepared
for each test to obtain the standard deviation
and mean values. The tested buckling specimens
from the blend matrix = with — different
percentages of polysulfide and blend reinforced
with carbon and glass fiber are portrayed in
Figures 10 (a and b).

Fig. 9. Buckling test
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Fig. 10. The buckling test specimens (a) unreinforced and
(b) reinforced with fibers

4. Results and Discussion
4.1.Mold Preparation

Figure 11 demonstrates the experimental
effects of the blend matrix, which includes epoxy
and varying proportions of polysulfide. It should
be noted that as the proportion of polysulfide in
the mixture increases, the tensile stress
decreases, but the failure strain increases. This is
because the addition of polysulfide to the
mixture reduces the brittleness of the epoxy.

S0
——— 0%PS (EP)

= _"| ——— 4%PS
Z 20 ——6%Ps
z —EPS
% 20 y
g

10

(1]

(1] s 10 15 20 25 20
Strain 9

Fig. 11. Stress-strain curve for blend matrix

Figure 12 shows the decrease in the tensile
stress of the blend after adding polysulfide. Also,
Figure 13 exhibits the decrease in the Young's
modulus value of the mixture with an increase in
the weight percentages of polysulfide in the
mixture compared with the pure epoxy.

45 43231
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25
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Tensile strength (MPa)
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Fig. 12. The influence of Polysulfide percentage on tensile
strength
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Fig. 13. The influence of Polysulfide percentage on Young
modulus

The experimental results of the tensile tests
for the blend consisting of epoxy and 6%
polysulfide reinforced by eight layers of carbon
fiber and glass fiber with different stacking
sequences and orientation angles, as shown in
Table No. 4, manifested that the fiber orientation
had a significant influence on the tensile test
outcomes. The tensile tests outcomes.evinced
that the bi-directional fiber orientation angle
had a significant influence upon the tensile test
outcomes, especially carbon fiber, because of its
unique properties when used in reinforcement
polymeric materials, which have high a hardness
and a good resistance to tensile stress,
compressive stress, fatigue stress, creep, and
corrosion resistance. Figures (14 a) and (15 a)
elucidate that the highest tensile stress value is
327 MPa recorded in model S3 as a result of
oriented the carbon fibers layers in
perpendicular direction to each other and in the
direction of the axial tensile force of the testing
machine, as well as, the arrangement of carbon
fibers layers in model S3 surrounded the outer
side of prepared composite which made it more
resistabile to tensile forces due to their high
tensile strength. On the other hand, models S1
and S2 showed lower tensile stress values than
model S3' by 288.5 MPa and 267.5 MPa,
respectively, due to the orientation of a lower
number of carbon fibers in the (0°-90°) direction
and being highly dependent on glass fiber layers
to resist the axial applied load. Figure (14 b)
portrays the amount of improvement in the
tensile stress value when reinforced with carbon
and glass fibers compared to the pure epoxy and
the mixture composed of (EP+6% PS). The
Young's modulus values (2.3903 GPa, 1.9697
GPa, and 2.7224 GPa) for the prepared fiber-
reinforced blend composite in models S1, S2,
and S3, respectively, are shown in the figure (15
b).
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Fig 14. Stress-strain curves: (a) for the blend with carbon
and glass fiber and (b) for the blend with carbon and glass
fiber compared to the pure epoxy and the mixture composed

of (EP+6% PS).
asn a7
288.5
300 267.5
_g.zso
% 200
£
o 150
—]
2
ﬁ 100
45
=0 33513
., B m
EP EP+6%PS CGOG COGG CGGC
(a)
3000 2722.468
= 2500 2390.314
z 1969.782
~ 2000
>
=
=
= 1500
3
-
w1000 890
- 561.81
S 500 I
0
EP  EP+6%PS CGCG CCGG  CGGC

(b)

Fig 15. Influence of stacking sequence on (a) tensile
strength and (b) Young's modulus

4.2 Buckling test results

The experimental outcomes of the buckling
test samples indicated that the value of the axial
buckling load and the critical buckling load for
the test specimens prepared by applying an axial
compressive load to the test specimens for the
blend matrix consisting of-epoxy and different
weight percentages  of polysulfide gradually
decreased with an increase in the percentage of
polysulfide. Figure (16) shows the values of the
experimental and theoretical critical buckling
load for the blend (2%, 4%, 6%, and 8%) and
pure epoxy, where the percentage reduction in
the critical buckling load value was (-13.9%, -
29.88%, -37.115%, and -38.89%), respectively
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compared with the pure epoxy.

Fig 16. The experimental and theoretical critical buckling
load

The experimental results obtained from the
testing machine for the hybrid composite
materials manufactured from (EP+6% PS)
reinforced with carbon and glass fibers for the
models (S1, S2, and S3) are shown in figures (17
a, b), and figure (18a) showed that the largest
amount of critical buckling load was (1.2167
KN) for model S3 when the stacking sequence of
the hybrid composite material is (CGGC)x2
followed by the value of (1.042533 KN) for
model S1 in the stacking sequence (CCGG)x2.
Also, the results revealed that the minimum
amount of the critical buckling load was
(0.92085 KN) for model S2 in the stacking
sequence (CGCG)x2 compared with the net
epoxy and blend (EP+6%PS). The experimental
outcomes compared to the theoretical results
are depicted in Figure 18. Additionally, it was
observed that the critical buckling load for the
composite materials reinforced with fibers
depends greatly on the orientation angle of the
fibers. The carbon fibers at an orientation angle
(0-90°) in Model S3 had the greatest effect in
this study on improving the critical buckling
load of composite materials because of their
high tolerance to the axial compressive force,
with the direction of the fibers due to their super



properties. Furthermore, the glass fiber, which is
in the orientation (30-60°), has the ability to
resist the formation and extension of cracks
because it has a lower Young's modulus and a
greater failure strain than carbon.

Axial buckling load-Extension for Blend 6%PS with C/G
Mber
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Fig.17. Axial buckling load-displacement curves showing the
effects of fiber orientation angle on the axial buckling load
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Fig.18. The critical buckling load for the hybrid composite
material compared with the composite material and epoxy,
depicting the experimental and theoretical results

5. Conclusions

1. The increasing in polysulfide content
decreasing the tensile stress values by (3.933%,
15.55%, 25.52%, and 28.55%) and increasing
the strain percentages by (8.388%, 85.95%,
111.768%, and 118.595) while decreasing the
critical buckling load by (13.6%, 29.6%, 37%,

and 39%) with the addition of (2%, 4%, 6%, and
8%) polysulfide respectively in comparative to
pure epoxy.

2. All the values of tensile stress have been
improved with the addition of eight woven
carbon and glass fiber layers with different
orientations and stacking sequences to blend
epoxy + 6% polysulfide. This is especially true
when all carbon fibers are oriented in a
perpendicular direction to each other in model
S3, followed by ‘models- S1 and S2, with
improvement percentages of (875%, 760%, and
698%), respectively, in comparison to the blend
epoxy + 6% polysulfide tensile stress value.

3. Due to presence of eight woven carbon and
glass fibers layers with different orientations
and stacking sequences, the critical buckling
load increased by (186.6%, 141%, and 219%) in
comparative to blend epoxy + 6% polysulfide
critical buckling load value as a result of arrange
the reinforced fibers layers according to models
S1,S2, and S3 respectively.
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