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Abstract

In this study, tensile tests of carbon fiber-based composite materials produced by compression molding and pultrusion were
conducted at 0< 45< and 90 <fiber orientations through experiments and Finite Element Analyses (FEA), and database data were
obtained for the materials. In the study, plain-weave prepreg composites were used in the compression molding method, while
carbon fiber yarns were used in the pultrusion method. Tensile tests were carried out on a universal testing machine in accordance
with the ISO 527-4 standard. The experimental data obtained were compared with Finite Element Analyses performed in the
ABAQUS CAE environment. The results showed that fiber orientation has a decisive effect on the mechanical properties of
composites. It was determined that specimens taken in the 0 <fiber orientation exhibited superior mechanical properties compared
with specimens in the other orientations. It was observed that composites with 0<fiber orientation produced by the pultrusion
method showed higher stiffness, underwent lower deformation under the same stress, and were more resistant to elastic
deformation. It was evaluated that there was general agreement between the experimental results and numerical analyses, while
the observed differences were caused by factors such as production-related defects, test conditions, and the ideal assumptions
used in the simulations. The findings reveal that the production method and fiber layup angle are critical parameters in optimizing
the mechanical properties of carbon fiber composites.
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1. Introduction

The history of carbon fiber began in 1879 when Thomas
Edison produced the first incandescent lamp filaments by car-
bonizing cotton thread and bamboo fibers [1]. However, be-
cause these fibers had low mechanical strength, they were re-
placed by tungsten filaments at the beginning of the 20th cen-
tury. The discovery of high-strength carbon fibers occurred in
1958, when Roger Bacon accidentally observed structures

called carbon whiskers in a graphite arc furnace. By the 1960s,
studies on different precursor materials had intensified in or-
der to increase the efficiency of production processes. In 1960,
Richard Millington developed the production process for
rayon-based carbon fiber and took the first steps toward com-
mercial carbon fiber production. However, because of the low
carbon yield and limited mechanical properties of rayon, the
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industry turned toward more efficient alternatives [2]. In 1961,
Dr. Akio Shindo's development of polyacrylonitrile (PAN)-
based carbon fibers in Japan laid the foundations of the mod-
ern composite industry. PAN-based carbon fiber production
was licensed by Toray Industries in 1970, became widespread
globally, and has reached a level that today constitutes approx-
imately 90% of carbon fiber production worldwide. While
carbon fiber reinforced composites were initially used only in
military aviation and space projects, with decreasing produc-
tion costs they have spread to a wide range of applications
such as sports equipment, wind energy, and the automotive
industry.

Carbon fiber is a synthetic fiber widely used in many indus-
tries because of its prominent properties such as high strength,
tensile strength, light weight, high chemical and temperature
resistance, and low coefficient of thermal expansion. However,
the fact that these fibers are produced from non-recyclable
fossil-based materials causes the composites produced with
these fibers to leave a large carbon footprint in nature [3].
Composite materials are structures formed by combining two
or more different materials [4]. From an engineering perspec-
tive, this definition can also be expressed as the combination
of components within a specific design in order to keep their
undesirable properties in the background while bringing de-
sired properties, such as high strength and light weight, to the
forefront. In composites, the structure consists of two main
phases: the matrix and the reinforcement phase. While the ma-
trix phase of the composite holds the fibers together and pro-
vides environmental resistance and surface integrity to the
structure, the fibers forming the reinforcement phase carry the
structural load, damp thermal stresses, and provide macro-
scopic stiffness and strength to the material.

The production of composites and the testing of their me-
chanical properties have always been time-consuming and
costly processes. In addition, the results vary because of dif-
ferences caused by production method parameters and the hu-
man factor in the composites produced for testing [5]. How-
ever, today, computer-aided analysis programs are used to
help design and analyze composite materials in a more practi-
cal, faster, and lower-cost manner. Thus, the need for experi-
ments is reduced and different design options can be evaluated
rapidly. For example, instead of expensive and time-consum-
ing experiments, the elastic behavior of different fiber layups
can be predicted with high accuracy using ANSYS/ABAQUS
simulations [6]. Monti [7] et al. (2022) produced a polycar-
bonate (thermoplastic) composite component reinforced with
continuous carbon fiber by one-step hybrid molding and ex-
amined it through bending tests and FEA. The FEA model
correctly predicted the experimental bending load value with
only a 1.6% deviation. Galati [8] et al. (2021) compared the
tensile strengths of Kevlar- and carbon fiber-based thermo-
plastic matrix composite specimens produced with a Mark-
forged printer through experiments and FEA, and validated
their model for different fiber layup directions. Ansari [9] et
al. (2021) conducted an experimental study and a numerical
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simulation to examine the mechanical properties of a hybrid
kenaf/glass fiber epoxy composite material with various
stacking sequences. However, the production methods of the
composites used in the experimental study were not men-
tioned. Noman [10] et al. (2023) modeled epoxy-matrix car-
bon fiber composites using ANSYS Composite PrepPost
(ACP) software and performed tensile analyses in order to ex-
amine the effects of different fiber orientations on mechanical
properties. Hasan Ikbal [11] et al. (2016) used the
ABAQUS/Explicit program to investigate the tensile and
compressive properties of carbon and glass fiber reinforced
composite materials, and reported the effectiveness of the pro-
gram in examining the mechanical load behavior of composite
materials. The results of the study are consistent with actual
test results. Dwivedi [12] et al. (2023) investigated the tensile
behavior of carbon fiber-reinforced epoxy composites through
finite element modeling. A three-dimensional model was de-
veloped to predict stress and strain distributions in multidirec-
tional CFRP laminates. The numerical model was compared
with previously published experimental results, and the au-
thors reported the highest tensile strength for the —45° config-
uration.

In this study, the effects of carbon fiber-based composite
materials produced by compression molding and pultrusion on
the mechanical properties of the material at 0< 45< and 90°
fiber orientations were determined, and the database data to be
created for the materials were obtained. The tensile properties
of the composites were tested by experiments in accordance
with 1SO 527 standards using a universal testing machine
(Zwick) (UTM-ZW), and finite element analyses were per-
formed using ABAQUS CAE software.

2. Materials and Methods

In this study, tensile tests and numerical analyses were per-
formed on specimens taken at different fiber orientations from
two different composites with fiber volume fractions vi of 57%
and 55%. These composites, produced by compression mold-
ing and pultrusion methods, were manufactured using two dif-
ferent carbon-fiber based fiber sets. Tensile tests at different
fiber orientations were carried out using specimens cut from
the produced composites in accordance with the ISO 527-4
standard. Numerical analyses were performed using models
prepared in the ABAQUS CAE environment.

2.1. Materials

For the experiments, two different fiber sets were used as
fiber materials in composite production: UD (Unidirectional):
SPM CF 300 UD (manufacturer: SPM, Turkey), 300 gsm
(grams per square meter) and Plain Weave: SPM CF 200 P,
200 gsm. The matrix material consists of AEP 55 epoxy resin
(manufacturer: Aeropreg, Turkey), 120C Tg (glass transition
temperature). The mechanical properties of the produced com-
posites are given in Table 1.
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2.2. Production of the Composites

Prepreg (pre-impregnated) fabrics and carbon fiber yarns
were used in the methods employed for the production of the
composites. Since prepreg fabrics contain the resin and hard-
ener mixture required for the curing process, they are ready
for layup. The composites produced by compression molding,
also known as the hot press method, were made using plain-
weave prepregs, while the composites produced by the pultru-
sion method were made using unidirectional carbon fiber
yarns. The composite produced by compression molding con-
sists of 10 layers and has a thickness of 5 mm. The composite
produced by pultrusion has a width of 125 mm and a thickness
of 5 mm.

2.3. Tensile Tests

The Tensile strength refers to the highest stress level that a
material can withstand before fracture occurs, and this value
is also closely related to how effectively load transfer from

damaged fibers to intact fibers is provided through the poly-
mer phase at the interface. The tensile test is an important
characterization method that enables reliable analysis of the
stress distribution created within the material by applied ex-
ternal forces and the variation of these stresses.

The tensile tests of the composites were carried out at the
Middle East Technical University Central Laboratory using a
universal testing machine (Zwick) (UTM-ZW) with speci-
mens prepared according to ISO 527-4 standards. Tensile
specimens were prepared at 0< 45< and 90<angles (Figure 1).
The specimens were taken with dimensions of 250 x 25 mm
(1SO 527-4 Type 3) and a thickness of 5 mm. End support
plates (tabs) measuring 50 x 25 mm were bonded to the ends
of the specimens to prevent crushing by the machine grips
(Figure 2). The tests were performed at room temperature us-
ing a 250 kN load cell, with the crosshead speed set to 2
mm/min in the elastic region and 10 mm/min in the plastic
region. Three samples were taken from each specimen type,
the experimental results were averaged, and the mechanical
properties of the composites were determined.

Table 1. Mechanical Properties of the Composites.

SPM CF 300 UD / AEP 55 300 gsm (v¢

Properties SPM CF 200 P / AEP 55 200 gsm (vs = %57) - 9455)
Density (g/cm3 1,52 1,54
Longitudinal Elastic Modulus, E11 (GPa) 60 125
Transverse Elastic Modulus, E22 (GPa) 59 8,3
Transverse Elastic Modulus, E33 (GPa) 8,2 8,3
Major Poisson's Ratio, vi2 0,05 0,31
Minor Poisson's Ratio, vi3 0,30 0,31
Minor Poisson's Ratio, v23 0,30 0,44
Longitudinal Shear Modulus, Gi2 (GPa) 4.4 4.6
Transverse Shear Modulus, Gis (GPa) 3.4 4,6
Transverse Shear Modulus, Gzs (GPa) 3,4 3,0

2.4. Numerical Analyses

The Finite Element Analysis (FEA) method was used to
model and perform the tensile tests of the composites in a
computer environment. Tensile tests were applied to each
specimen type using ABAQUS CAE software. The parts used
for the analysis are of the 3D Deformable shell planar type.
The density, mechanical properties, and damage criteria data
entered into the FEA calculations are given in Table 1. Models
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such as the 0<direction specimen shown in Figure 3(a) were
subjected to load in the X direction. The velocity of the point
loaded in the velocity type was taken as 0.0334 mm/s to mimic
the tensile test condition of 2 mm/min (Figure 3(c)). Fixed
boundary conditions were added to both ends of the rectangu-
lar model, preventing movement and rotation in any direction
at the ends of the model (Figure 3(b)). The mesh structure is
shown in Figure 3(c). The mesh consists of 6225 S4AR-type
linear quadrilateral elements.
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Transverse Direction

Fiber Direction

Figure 1. Fiber Orientations.

Figure 2. Tensile Test Specimens.
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Figure 3. Load, Boundary Conditions, and Mesh Structure of the Composite Models from (a) to (c).

from the analyses performed in the computer environment are
given in Figures 4-9.

When the obtained graphs are compared, it is clearly seen
that fiber orientation has a major effect on tensile strength. In

3. Results and Discussion

The Stress-Strain graphs obtained from the tensile tests and

27
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addition, it was observed that the strength of the composites
varied according to the type of fabrics used because of the pro-
duction methods. In this study, the 0<- 45°- 90<fiber orien-
tations of the carbon fiber-based composites produced by
compression and pultrusion methods were selected for the
tests both because their properties under load show better re-
sults than the other orientations and because their use is more
common. Fiber orientations were taken with respect to the x-
axis.

In the studies conducted for composites with 0fiber orien-
tation produced by compression molding (Figure 4), it is ob-
served that the data from the tensile tests and ABAQUS CAE

simulations are very close to each other. In Experiment 1, the
maximum stress and strain values obtained as a result of slip-
ping of the machine grips remained lower than the other ex-
perimental data; therefore, although these data were presented
in the study, they were not included in the calculation of the
average material data. The average maximum stress of the ma-
terials was found from the tensile tests to be 1120 MPa, and
the average maximum strain was found to be 1,612449%. In
the ABAQUS CAE analysis, it was observed that the maxi-
mum stress and strain values were higher compared with the
experimental data (Table 2).
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Figure 4. 0°Compression Molding, Tensile Test and Analysis Stress-Strain Graph (Exp: Experiment, Avg: Average).
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In the tensile tests of composites with 45<fiber orientation
(Figure 5), the composites exhibited both elastic and plastic
material behavior. In the ABAQUS CAE simulations, it was
observed that the maximum stress and strain were high, while
the elastic modulus was low. When the obtained data are com-
pared, it is seen that the maximum stress and strain values are
close to each other in the experiments and analyses (Table 2).

When the studies performed with 90<fiber orientation are
examined (Figure 6), it is seen that the tensile tests and
ABAQUS CAE simulations are compatible with each other,
and that the maximum stress and strain in the analyses show
higher results than the experimental data. The difference in
these results is due to the presence of multiple factors affecting
the tensile tests, such as human and environmental factors; in
addition, the models made in the simulations are analyzed un-
der defect-free conditions, and therefore this difference arises
(Table 2).

In the experiments and analyses of composites with 0 <fiber
orientation produced by the pultrusion method (Figure 7), it
was observed that the elastic modulus was higher in the ex-
periments. When compared with the studies of composites

produced by compression molding with the same fiber orien-
tation, it is seen that the maximum tensile stresses are higher,
the strain is lower, and the elastic moduli are more than twice
those of the specimens produced by compression molding
(Table 3).

The experiments at 45<and 90 <fiber orientations could not
be performed because specimens with dimensions suitable for
the 1SO-527 test standard could not be cut from the dimen-
sions of the composites obtained by the pultrusion production
method. Finite element analyses were performed for these two
different fiber orientations, and the material data were ob-
tained from these analyses (Figures 8 & 9). As expected, it
was observed that the stresses and strains remained very low
compared with the 0<fiber orientation (Table 3).

The average values created in Figures 4, 6, 7 are the aver-
ages of the experimental and analysis results of the materials.

Table 4 gives the average of the data obtained for 0 - 45<-
90<°from the experiments and analyses of the compression
molding and pultrusion methods.

Table 2. Data Obtained from Experiments and Analyses — Compression.

Study Properties

Experiment Average Elastic Modulus, Eavg (GPa)
Experiment Average Maximum Stress, Savg (MPa)
Experiment Average Maximum Strain, eavg (%)
Analysis Elastic Modulus, E (GPa)

Analysis Maximum Stress, s (MPa)

Analysis Maximum Strain, e (%)

0=Compression

45°Compression 90°Compression

65,02252 12,79918 60,27933
1119,848 255,1406 925,3611
1,612449 17,96376 1,456871
58,91093 7,02072 57,92901
1336,1 287,9085 1313,83
2,2268 20,081 2,2268
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Table 3. Data Obtained from Experiments and Analyses — Pultrusion.

Study Properties 0<°Pultrusion 45<°Pultrusion 90°Pultrusion
Experiment Average Elastic Modulus, Eavg (GPa) 143,7204 - -
Experiment Average Maximum Stress, Savg (MPa) 1811,424 - -
Experiment Average Maximum Strain, eavg (%) 1,2604 - -
Analysis Elastic Modulus, E (GPa) 124,9988 172,1417 8,30
Analysis Maximum Stress, s (MPa) 2256,29 104,767 59,1463
Analysis Maximum Strain, e (%) 1,8051 0,0609 0,7126
Table 4. Average of the Experiments and Analyses.
Study Properties Compression Pultrusion
Analysis Average Elastic Modulus, Eavg (GPa) 43,6603 112,2902
Analysis Average Maximum Stress, Savg (MPa) 873,0314 1057,9068
Analysis Average Maximum Strain, €avg (%) 7,5946 0,9598

The images of the specimens after the tensile test are shown
in Figures 10-13.

As can be understood from the images after the experiment,
fracture perpendicular to the fiber direction occurred in the
specimens taken at 0°and 45<and produced by compression
molding. This situation could not be observed in the 90 “spec-
imens because of slipping in the grips of the universal testing
machine; however, when the maximum stress, elongation, and
elastic moduli observed in the simulations are examined, it can
be concluded that, due to the symmetry of the material, frac-
ture should occur in the same way as in the specimens with 0°
fiber orientation. In the specimens with 0<°fiber orientation
produced by the pultrusion method, fracture did not occur
completely in the experiment because of cracks formed in the
fiber direction. This situation is due to the presence of multiple
factors affecting the experimental conditions. It was con-
cluded that, under normal conditions, the tensile test data
should be close to the data obtained from the analysis.

The experiments and analyses showed that different fiber
orientations and the materials used directly affect the mechan-
ical properties and behavior of composites under tensile load.
The results show that the composite material produced by 0
pultrusion is the material most resistant to stress and that, be-
cause its strain is lower than that of the specimens produced
by compression molding, it exhibits a stiffer and more brittle
structure.

The graphs and tables contain the database data to be cre-
ated for the materials.

Figure 10. 0=Compression Molding, Images of the Specimens After
the Test.

e NCY

Figure 11. 45° Compression Molding, Images of the Specimens After
the Test.
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Figure 12. 90=Compression Molding, Images of the Specimens After
the Test.

Figure 13. 0°Pultrusion, Images of the Specimens After the Test.

In the studies conducted in the literature, Mohammed [13]
and Abdelbary performed tensile tests on unidirectional car-
bon fiber-based epoxy composites with fiber orientations of
0< 30< 45< 60< and 90< The tensile stresses of the compo-
sites were reported as 2857 MPa for 0< 99 MPa for 45< and
58 MPa for 90< while the tensile strains were given as 4% for
0< 7.1% for 45< and 1.9% for 90< The elastic modulus were
reported as 127.54 GPa for 0< 2.5 GPa for 45< and 5.8 GPa
for 90< When compared with the studies conducted using pul-
trusion, it is observed that the tensile stresses gave accurate
results in both the experiments and analyses, while the elastic
modulus of the composite with 45< fiber orientation was
higher than in our study because the strain value obtained from
the analysis was considerably low. This difference may have
resulted from incomplete or incorrect analysis of the parame-
ters selected during the analysis.

In another study, Canaroli [14] et al. performed tensile tests
on unidirectional prepreg, plain-woven, and twill-woven car-
bon fiber-based polymer composites. The maximum stress,
strain, and elastic modulus of the unidirectional composite

were reported as 4734 MPa, 2.01%, and 235 GPa, respectively.

For the composites produced from plain-woven fabric, the
maximum stress, strain, and elastic modulus were reported as
530 MPa, 1.31%, and 38 GPa, respectively. In the findings, it
was stated that the 0 <orientation dominated the tensile perfor-
mance. It was also indicated that strength and stiffness were at

the highest level in unidirectional composites. The findings
support the experimental and analytical results.

Hoffman [15] et al. conducted tests to examine the mechan-
ical properties of unidirectional carbon fiber-reinforced com-
posites produced by the pultrusion method. This composite,
consisting of a bio-based unsaturated polyester matrix,
reached tensile strength, strain, and elastic modulus values of
2095 MPa, 1.4%, and 167 GPa, respectively. It is observed
that the experimental and analytical results obtained for the
composites with 0<fiber orientation produced by the pultru-
sion method in this study are close to those reported in the
literature.

Figures 14-16 show the comparison of the experimental
data of the unidirectional composites with 0 fiber orientation
obtained in this study with the studies reported in the literature.
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TE’ 3000 m Canaroli et al.
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2 1000 m This Study
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Figure 14. Comparison of the Experimental Data of Unidirectional
Composites with 0=Fiber Orientation with Studies in the Literature
(Maximum Stress).
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Composites with 0=Fiber Orientation with Studies in the Literature
(Maximum Strain).

(=]
L
(=]

B Mohammed &
Abdelbary

m Canaroli et al.

200

Figure 16. Comparison of the Experimental Data of Unidirectional
Composites with 0°Fiber Orientation with Studies in the Literature
(Elasticity Modulus).

—
L
=

B Hoffman et al.

—_
[=]
(=]

il
(=]

o This Study

Elasticity Modulus (GPa)


http://www.sciencepg.com/journal/ijimse

International Journal of Industrial and Manufacturing Systems Engineering

http://www.sciencepg.com/journal/ijimse

4. Conclusion

In this study, the mechanical properties of carbon fiber-
based composite materials were determined through experi-
ments and simulations. The production methods, materials,
and fiber orientations of the composites used in the determi-
nations were taken into account. Tensile tests on two different
composites consisting of plain and unidirectional fabrics pro-
duced by compression molding and pultrusion were per-
formed using a Universal Testing Machine (Zwick) (UTM-
ZW) and Finite Element Analyses (FEA) were made in the
ABAQUS CAE program in a computer environment. The fol-
lowing conclusions summarize the findings.

1) It was found that material changes arising from the pro-
duction methods used to determine the mechanical prop-
erties of the composites and the behavior of the material
at different fiber orientations are influential factors. The
effects of these factors on tensile properties were exam-
ined both in the experiment and in the simulation.

2) Results that are close to and acceptable compared with the
data obtained from the experiments can be found by Finite
Element Analyses in a more practical, faster, and cost-free
manner. In addition, the factors affecting the experimental
results cease to be influential elements in these analyses.

3) In the tests performed in the 0<fiber layup direction, it
was concluded that the composite produced by the pul-
trusion method was more rigid (stiffer) than the compo-
site produced by the compression method, underwent
less deformation under the same stress, and was more
resistant to elastic deformation.

4) Placement of the carbon fibers of the composite material
in the 0<direction provided superior mechanical proper-
ties compared with the other orientations.

5) The database data to be created for the composites used
in the compression molding and pultrusion methods
were given in the tables and graphs.

Abbreviations

FEA Finite Element Analysis

ISO International Organization for
Standardization

CAE Computer-aided Engineering

PAN Polyacrylonitrile

UTM-ZW  Universal Testing Machine (Zwick)
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