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Carbon fiber reinforced polymer (CFRP) composites are widely used in engineering
applications due to their exceptional strength-to-weight ratio. These composites are
subjected to various loads, both constant and variable, which makes them susceptible to
damage accumulation in their structure. This reduces their service life and negatively
affects their performance. This study investigates the failure behavior of CFRP laminates
under constant loads for one specimen and variable loads using the low-cycle fatigue
(LCF) procedure for another until complete failure is achieved in both tests. The
experimental procedure involved the use of a specially designed apparatus to apply loads
through internal air pressure to the center of the panel once it is securely fixed in place.
The observed deformation of the specimen was tracked in line with its maximum
deflection measurements. The experimental results showed good agreement with the
theoretical results. The maximum deflection of the specimen under static loading at the
moment of failure of the specimen was (8.975 mm); in comparison, the maximum
deflection of the specimen under low-cycle fatigue at the moment of failure of the
specimen was (12.32 mm) after the internal structure of the specimen gradually
deteriorated before the complete collapse of the specimen. The specimen was analyzed
using a scanning electron microscope (SEM) after failure under a low-cycle fatigue
(LCF) test. Hardness tests were conducted before and after the experimental work to track
the failure mechanisms, which included gradual failure stages. The results and discussion
will detail a noticeable deterioration in the hardness of the material. The experimental
results showed good agreement with theoretical values and advanced insights into
understanding the failure mechanisms and safety limits in both tests of the composite
material.

1. INTRODUCTION

phase region between the matrix and reinforcing materials,
along with the material's microstructure, are the key factors

The theoretical strength of materials is often greater than
their actual strength; homogeneous metals and their alloys
may not always meet the needs of modern and advanced
technologies; only a combination of several materials Will
meet the performance criteria. Therefore, composites feature
thin-diameter, high-performance reinforcements inserted into
a matrix material, such as epoxy [1]. In composites, materials
are systematically combined to improve their strengths and
mitigate the effects of their weaknesses. The optimisation
process allows designers to move beyond the limitations tied
to the selection and production of traditional materials [2].
Fiber-reinforced polymers are being adopted more frequently
in multiple engineering fields, such as aerospace,
transportation, sports, and the manufacturing of body armor
and helmets. Thus, understanding their impact behavior is
crucial for assessing their reliability [3]. The aim of creating
composites is to develop a lightweight material that exhibits
enhanced mechanical properties, which cannot be achieved by
the individual components alone. The interactions in the inter-
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influencing the enhanced properties of the composite [4].
Recent studies have examined the effects of different loading
modes on composite structures, including impact, internal and
external pressure, and static and quasi-static loads [5]. When a
structural element is unable to perform the function for which
it was designed while still complying with the required safety
margins, it is said to have failed. Fracture of the material is an
obvious example of failure; nevertheless, it is not the only sort
of failure that may occur. Fracture of composite materials is
difficult because of their microscopic structure and anisotropic
properties, which make the process of fracture more
complicated [6]. CFRP's mechanical properties may be
impaired by different environmental conditions encountered in
certain applications. In addition, it is exposed to different loads
or increased stresses [7]. Polymer matrix composites exhibit a
tendency to experience increasing deformation when
subjected to constant loads [8]. Likewise, when a material is
subjected to cyclic stress, it undergoes fatigue, which
progressively weakens it and may eventually lead to fractures
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and damage. Although composites are designed to be
unaffected by fatigue, they are still susceptible to fatigue loads.
The importance of understanding and predicting the fatigue
life of composites is due, in part, to the fact that composite
failure occurs rapidly and without warning [9].

Fatigue refers to the deterioration of a material that takes
place when it experiences repeated cyclic loading. Following
several loads, the material starts to deteriorate, resulting in the
emergence of fractures and various defects [10]. In addition,
low-cycle fatigue is markedly different in terms of fatigue
damage. Both the high-stress and the low-cycle fatigue in
CFRP lead to irreparable damage. In high-cycle fatigue
scenarios, the stress levels are sufficiently low to ensure that
the material remains within its elastic proportionality limits,
resulting in the gradual fatigue damage of composites. The
intricate process of material fatigue can be categorised into
three specific stages: crack nucleation, micro-crack growth,
and macro-macro growth. The accumulation of micro-damage
within the material can progressively develop into macro-
cracks, ultimately resulting in macro-scale damage that leads
to the material's failure [11]. Every design procedure has to
account for fatigue and associated phenomena, as they are the
leading causes of engineering structure failures [12].

The primary factor contributing to this phenomenon in
composites is the buildup of damage; compared to fatigue
failure of metals, fatigue failure of composites is more
unpredictable [13].

The outcomes observed stem from the interplay of damage
modes, such as matrix failure, fiber pull-out, fracture, and
delamination. Defects in the material that arise during the
manufacturing process represent another contributing factor to
fatigue. Defects include wrinkles, misalignment of fibers, and
voids [12].

These defects have the potential to work as sites for fatigue
failure [14].

The characteristics suddenly decrease to an acceptable
value in line with the failure criterion, rendering the failing
section incapable of supporting the load. The cyclic loading of
composites leads to a consistent decline in their stiffness and
strength, forming the foundation of the gradual deterioration
rule [15]. The laminate’s thickness influences its sensitivity to
fatigue, which accumulates over time. Researchers discovered
that an increase in laminate thickness correlates with enhanced
resilience to fatigue loading [16].

Plate bending is the deflection of a plate perpendicular to its
plane caused by external forces and moments. As a result, it is
crucial to analyze how a plate bends [17].

The deformation of circular plates presents a significant
challenge within elastic theory. Circular plates are utilized
extensively across numerous technological domains. This has
captured the interest of many for an extended period. In the
design and analysis of structural elements or systems,
particularly when it comes to calculating the deflections and
bending moments of a thin circular elastic plate subjected to a
uniformly distributed load or internal pressure [18].

An appropriate plate theory’s differential equation can
calculate deflection. Plate stresses may be estimated from
these deflections. Failure theories can predict plate failure
under a load if stresses are recognized [17].

Using a device specifically designed for this purpose, this
paper Research presents an experimental study of the effects
of static loads and low-cycle fatigue (LCF) loads on a 0.25 mm
thick carbon fiber reinforced polymer sheet until the specimen
fails in both tests. The experimental results are compared with
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the theoretical results based on the maximum deflection of the
sheets as a criterion for deformation under internal air pressure
as a distributed load and constant boundary conditions.

2. METHODOLOGY
PROCEDURES

FOR EXPERIMENTAL

It has two sides: the first is the sample used, and the second
is the device designed for the experimental procedure.

The specimen used in this experimental study consists of a
3K orthogonal plate CFRP with an epoxy resin matrix. It has
a thickness of h = 0.25 mm, with fiber layers oriented at 45°,
and dimensions of 350 X 350 mm. The cross-section subjected
to the transverse load has a 150 mm circular diameter.

Table 1 shows the mechanical properties of an orthotropic
plate of the carbon fiber perpendicular plate after the
experimental tensile test, while Table 2 shows the chemical
analysis of the sample using the Axia chemiSEM device
compared to the results of the American standard Figure 1
illustrates the composition and distribution of elements across
the various phases.

Table 1. Mechanical properties of carbon fiber in an
orthotropic context

Parameter Symbol Value Unit
Elastic Modulus in X Ex 250*10° N/m?
Elastic Modulus in Y Ey 280*10° N/m?
Elastic Modulus in Z Ez 280*10° N/m?
Shear Modulus in XY Gxy 340%10° N/m?
Shear Modulus in YZ Gyz 150*10° N/m?
Shear Modulus in XZ Gxz 370*10° N/m?
Poisson's Ratio in XY Vxy 0.38 -
Poisson's Ratio in YZ Vyz 0.3 -
Poisson’s Ratio in XZ Vxz 0.3 -
Tensile Strength in X Rmx 750%10° N/m?
Tensile Strength in Y Rmy 1201*10° N/m?

Yield Strength in X Rpx 690*106 N/m?
Yield Strength in Y Rpy 977*10% N/m?
Mass Density p 1790 Kg/m?

Table 2. Analysis of the chemical composition of carbon
fiber-reinforced polymer

Type of Test C% 0% CI1% NI1% Other
Standard 75 22 0.3 0.1 0.5
Experimental 77.6 21.8 0.4 0.2 0.5

Figure 1. The distribution of CFRP elements

The device was designed based on a system that efficiently
regulates internal air pressure from an air compressor, which
can generate a maximum pressure of 1 MPa. Pressure control
is managed through a manual valve, allowing precise
adjustments within a range of 0 to 4 MPa. The regulated
pressure is then directed to an inlet solenoid valve, which
operates with a closing force varying from 0 to 4 MPa. This



valve facilitates the controlled transfer of compressed air into
a cast iron test cylinder, which has a thickness of 5 mm and a
transverse diameter of 150 mm.

The cylinder features an open-top transverse space, serving
as a window for the uniformly applied pressure at the center of
the sample, which is securely fixed to the top of the test
cylinder. A pressure sensor with a sensing range of 0 to 4 MPa
is mounted on the cylinder wall to ensure accurate pressure
measurement within the test cylinder.

A digital displacement disk, positioned on top of the
cylinder, monitors load-induced sample deformation. This
disk makes contact with the sample surface through a sensor
tube, detecting the maximum deviation during deformation
within a range of 0 to 26 mm, with an accuracy of 0.01 mm.
After the designated pressure retention period, the outlet
solenoid valve releases the pressure from the cylinder.

The procedural sequence of the device components is
interconnected through carbon steel connecting pipes, which
have a thickness of 3.7 mm and a length of 1200 mm, running

from the air compressor to the outlet solenoid valve. The entire
system is primarily controlled by a PLC-based control unit,
which regulates the timing of compressed air entry, the
duration of air retention within the cylinder, and its controlled
release.

The controller enables the repetition of the procedure under
identical conditions across multiple cycles, supporting a cycle
range of 0 to 999, with a timing interval between cycles of 0
to 999 seconds and a pressure retention delay of 0 to 999
seconds. The device is capable of performing both static and
fatigue tests, including low-cycle fatigue testing, which
requires repeated loading cycles. Figures 2 and 3 display the
two programming interfaces used for test automation.

The experiment was conducted at room temperature, with
loads being gradually and consistently increased in both tests
until specimen failure. Figure 4 illustrates the experimental
system used in this study, while Figure 5 provides a schematic
representation of the apparatus, detailing its components.
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Control Unit ( PLC)
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Figure 5. The experimental system's schematic diagram

3. FUNDAMENTAL MATHEMATICAL EQUATIONS
FOR UNIFORMLY DISTRIBUTED LOADS

3.1 Analysis of large deflections in orthotropic thin plates

It is assumed that the principal axes of the circle's diameter,
which is subjected to the applied load, align parallel with the
principal directions of the orthotropic material. When an
orthotropic circular plate with radius (a) and a uniform applied
load (q) is set up with a =D, it is expressed by Eq. (1) [19].

W = (az _ 7'2)2 (1)
where,
r=/x2%+y2 )
1
D=2 (3D, + 2H + 3Dy) €)

H =D, + 2G,, &)

D - By,  CE, 5
¥ 12(1 - vw,)  12(1-vwy) ®)
3G
ny = E (6)
D =t3—E’,‘ (7)
12(1-vewy)
t3E,
> ®)

D, =——2—
Y121 - vewy)

The stresses that were observed in the center of the
composite plate when r = 0, regardless of r and 0, can be
articulated as follows:

o, =g = %Tq[%]z ©)

The tensile strain at the center of the plate during significant



deflections of the composite material may be determined by
study [20].

W2
& =€ = 0.462?

(10)

The tangential strain (g) and effective strain (gcfr)
experienced by the composite plate can be determined using
the following equations [21]:

& = —[& + &)

(1)

(12)

2
5(83 + i+ stz)

Cepp =

3.2 Mechanical considerations of fatigue fracture

An analysis of stress and strains under cyclic loading is
essential for engineering applications. In certain practical
applications, the material functions under constant maximum
and minimum stress levels. This is referred to as constant
amplitude stressing. The mean stress, om, is the average of the
maximum Om,x and minimum Gmin Stress values, and the
algebraic difference is the difference between the maximum
and minimum stress values, AG = Gmax - Omin. The half range is
referred to as stress amplitude. The following are the
mathematical expressions [22]:

Omax + Omin
Om = ———5—— (13)
Omax — Omin

2

Oq =

(14)

The stress ratio R is defined as the ratio of minimum stress
to maximal stress and is:
Omin

R= (15)

Umax

where, R=1 denotes the static tensile load.

3.3 Experimental findings comparing the two tests and
discussion

Two composite carbon fiber samples, each with a uniform
thickness of 0.25 mm, were selected for the experimental test.
Pressures ranging from 1 bar to the value leading to the
complete collapse of both samples were applied to the 150 mm
diagonal cross-sectional area. Using a disc displacement gauge
set at r = 0, the maximum deflection values of the samples
were recorded. The samples were firmly placed on the test
cylinder, and the experimental test was initiated using the
specially designed testing mechanism.

In both static loading and fatigue testing under constant
load, the deformation of the samples resulted in convexity as
the applied loads increased. This deformation exhibited linear
behavior, with deflection values in the fatigue test under
constant load exceeding those recorded in the static loading
test. The fatigue test mechanism stabilized maximum
deflection values after several cycles of constant loading,
explaining this disparity.

In the static loading test, when a load of 6 x 10° N/m? was
applied, the deformation increased steadily until a cracking
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sound was detected, indicating microstructural damage in the
sample. As the pressure increased further, reaching 6.2 x 10°
N/m?, the deformation briefly escalated, leading to
instantaneous failure characterized by an explosive rupture of
the circular plate's diameter.

Similarly, during the fatigue test under constant load, an
audible fracture indication was observed at the same applied
load of 6 x 10° N/m?, specifically during the crack initiation
stage. As the applied load increased to 6.5 x 10° N/m?, the
internal structural cracking sounds became more pronounced,
signaling the transition to the crack propagation stage, where
microcracks expanded and became more visible within the
material's microstructure. The applied stress was gradually
raised to a total load of 6.8 x 10° N/m?, at which point the
cracking noise intensified significantly, accompanied by a
noticeable increase in maximum deflection. After 15 cycles of
cyclic loading, the specimen suffered complete and explosive
failure, similar to the behavior observed under static loading
conditions. However, the fragmentation of the plate was more
pronounced, with smaller scattered sections, compared to its
state under static loading. This observation suggests a gradual
structural failure during cyclic loading, commonly referred to
as fatigue failure.

A summary of the key mechanisms influencing CFRP panel
performance under different loading conditions (static and
fatigue) can be outlined as follows:

*The maximum deflection values under static loading were
lower than those recorded in the fatigue test. This is attributed
to the single application of force in static loading, whereas the
fatigue test involves multiple loading cycles, allowing
deflection to accumulate over time.

*The duration for crack propagation and damage
manifestation in fatigue testing was longer due to the cyclic
nature of loading. The brief intervals between cycles allowed
damage to accumulate gradually, unlike static loading, where
failure occurred more abruptly.

*The appearance of the failed CFRP sample varied between
the two loading conditions. After fatigue failure, the sample
exhibited a more fragmented and crumbled state compared to
its failure under static loading.

Figure 6 illustrates the sample during testing, while Figure
7 presents the two samples after failure. Image (a) depicts the
sample post-failure under static loading, whereas Image (b)
shows the sample after failure under fatigue loading. Table 3
compares the maximum deflection values for both tests, and
Figure 8 provides a graphical comparison of the maximum
deflection values.

Figure 6. CFRP specimen under 5 x 10° N/m? distributed
compression test



Table 3. Experimental aberration results for static load and fatigue under constant load conditions

Under Static Load Fatigue Under Constant Load
Pressure x Experimental Max. Deflection After a Number of Cycles Experimental Max. Deflection
105 N/m? mm mm
1 2.30 27 2.56
2 3.65 33 3.72
3 4.84 33 5.06
4 5.94 29 6.16
5 7.23 25 7.36
6.2 8.975 failure 31 9.24
6.5 11 9.72
6.8 - 15 12.32 failure

(a) The specimen under static loading

Increased

(b) The specimen under cyclic loading

Figure 7. The scattered section of the sample was subjected
to static loading compared to that under cyclic loading

=—@=—Under static load ~{i#l-Testing of fatigue under constant load

e
w n

Failure Point -

. ii Fatigue testing under constant load
g 10
S5 C
S s
8 7 /
% 6
A, Failure point
g 4 under static load
£ 3
S 2
1
0 J» ~]
0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 7.5

pressure*10° N/m?

Figure 8. The maximum deflection resulting from static load
and fatigue under constant load

3.4 SEM microstructure analysis and Vickers hardness
testing

The microstructure of the CFRP sample was examined
microscopically after exposure to low-cycle stresses. Figure 9
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presents the microscopic analysis of the sample before failure,
while Figure 10 depicts the sample after failure, consisting of
two images:

*Image (a) illustrates the initial deterioration of the matrix
and the formation of microcracks. This phase involves the
development and expansion of fractures in regions with a high
concentration of voids, as the applied loads increase.

*Image (b) shows the critical stress concentration at the
fracture tips, reaching its peak at 6.8 x 10° N/m?, ultimately
leading to the specimen's failure.

(b) Stress-induced fractures on tiny crack edges

Figure 10. Images of the microstructure of a CFRP sample
subsequent to fatigue testing under constant load
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Figure 11. Microscopic views of the CFRP specimen utilized
for Vickers hardness testing

A Vickers hardness test was conducted on the specimen
before the experimental procedure, using an applied load of
500 g for 15 seconds, with three readings taken from different
locations on the sample. The test yielded an average hardness
of 111.33 H.V. Figure 11 (a) illustrates the hardness test
conducted before the experimental procedure.

Following the experimental test, another Vickers hardness
test was performed under the same conditions to assess the
hardness of the failed specimen. The hardness measurement
after failure was 28.22 H.V., as shown in Figure 11 (b). This
significant reduction in hardness indicates material
degradation and a deterioration of the internal structure due to
the applied loads.

Figure 11 provides a microscopic image demonstrating the
impact of the Vickers hardness test tool on the sample:

*Image (a) represents the sample condition prior to testing.

*Image (b) displays the sample condition after failure,
highlighting the structural changes caused by the applied
stresses.

Scanning electron microscope analysis is essential for
identifying the stages of structural failure in specimens
subjected to different stresses and loads; the material hardness
test before and after the experimental procedure is also
considered one of the most important evidence for determining
these stages.

3.5 Theoretical vs. Experimental outcomes

The experimental results of the sample deformation stages

were compared with the theoretical results, focusing on the
maximum deflection under an ascending load gradient. This
study utilized Tables 4, 5, and 6 to calculate the maximum
deflection, stresses, and strains experienced by the sample due
to both theoretically and experimentally applied loads. Figures
12, 13, and 14 present graphical representations of the results
derived from these tables.
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g s
a 7
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=
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4] 0.5 1 15 2 25 3 35 4 4.5 S 5.5 6 6.5 7
Pressure *105 N/m?
Figure 12. Experimental deflection under static load vs
theoretical deflection of CFRP material
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Figure 13. Relationship between strain and stress based on
experimental results of maximum deflection of CFRP
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Figure 14. The relationship between the applied load and
strain based on the theoretical findings of CFRP

The experimental findings identified four key phases in
relation to the theoretical maximum deflection outcomes:
Initial Phase:



A distributed load of 1 x 10° N/m? caused the sample to
adopt a convex shape.

The difference between the theoretical and experimental
deflection values can be attributed to the application of
significant deviation theory, which does not fully capture the
slight variations observed in the experimental data.

Second and Third Phases:

The theoretical and experimental values closely aligned,
with only minor discrepancies observed.

These phases demonstrated a strong correlation between
predicted and actual deflections.

Fourth Phase:

At 6.2 x 10° N/m?, the difference between the theoretical
and experimental deflection values became more pronounced.

The experimental data recorded the complete collapse of the
sample, whereas the theoretical model continued to provide
readings with consistent differences.

This discrepancy arises because the theoretical model does
not account for sudden failure, whereas the experimental
results reflect the actual structural breakdown of the sample.

Considering the inherent uncertainty in material properties
due to industrial defects, the experimental results
demonstrated strong convergence with theoretical predictions.
This alignment allows for reliable scientific conclusions, as
highlighted in the comparison table provided below.

Table 4. Deflections of CFRP material: Experimental vs.
theoretical under static load

Pressure x 10° Experimental Theoretical
N/m? Deflection / mm Deflection / mm
1 2.30 1.68
2 3.65 3.21
3 4.84 4.74
4 5.94 6.25
5 7.23 7.77
6.2 8.975 failure 9.45

Table 5. Maximum stresses and strains for CFRP center
experimental deflection

Pressure Radial . Effective

x 10° Stress Straingr  LAngential Strain
MN/m? Strain (gt)

N/m? =0 (geff)

1 7425 0.0004345  -0.0008690 0.000869

2 14175 0.0010942  -0.0021884  0.0021884

3 20925 0.001924 -0.003691 0.0037439

4 27675 0.002898 -0.005796 0.0057959

5 34425 0.0042933 -0.008587 0.0085867

6.2 41850 0.0066159 -0.013232 0.0132318

Table 6. Maximum stresses and strains for CFRP center
theoretical deflection

Pressure Stress Radial Tangential Effective
x 10% MN/m2? Strainer= o o () Strain
N/m? £0 (geff)

1 7425 0.000231813 -0.0004636  0.0004636
2 14175 0.000846310 -0.0016926 0.0016926
3 20925 0.001845334 -0.0036907 0.0036907
4 27675 0.003208333 -0.0064167 0.0064167
5 34425 0.004958628 -0.0099173  0.0099173
6.2 41850 0.007334712  -0.0146694 0.0146694

Table 5 presents the relationship between stress and strain
based on the maximum experimental deflection, as illustrated

in Figure 13. This relationship remains linear from the initial
loading phase until it begins to deviate from linearity during
the early stages of laminate matrix damage, occurring under a
load of 4 x 10° N/m?. The deflection continues to increase until
the damage reaches its peak, culminating in structural failure
at the maximum load, where the maximum deflection values
correspond to the stresses that lead to the complete collapse of
the specimen.

Table 6 presents the theoretical strain values corresponding
to stresses at the maximum theoretical deflection, with Figure
14 illustrating their trajectory. The agreement between the
experimental and theoretical results demonstrates a high level
of convergence, with a strain progression pattern in response
to the applied loads that closely matches the experimental data.

In fatigue testing under constant load, the maximum
deflection values require a longer duration to reach
stabilization. The deflection measurements reflect the sample
deformation caused by the cyclic loading technique, in which
each load is applied in repeated cycles. This approach extends
the stabilization period of deflections and results in higher
deflection values compared to static loading conditions.

All variations observed in the first cycle correspond to those
recorded under static loading, where each pressure value is
applied in a single batch. The theoretical predictions regarding
maximum deflection closely align with the experimental
findings.

Figure 15 illustrates the relationship between the number of
cycles and the maximum deflection values for each applied
load. The black marker at the end of each deflection line
represents the stability stage of the maximum deflection value,
which is reached after several cycles, based on both the
experimental test results and the detailed theoretical
calculations.
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Figure 15. The relationship between the number of cycles
and the maximum deflection values during fatigue testing
under constant load for CFRP

Table 7 presents the values of maximum stress (omax),
minimum stress (omin), and mean stress (om), along with the
algebraic difference (Ao), stress amplitude (o), and stress
ratio (R) for loads ranging from 1 to 6.8 x 10° N/m? The stress
ratio values exhibited an upward trend, aligning with the
gradual increase in applied loads until the sample reached
failure.

Figure 16 illustrates the relationship between the number of
cycles and the stress values corresponding to each applied
load. The graphs indicate that:

*As the loads increase, the stress values also increase.

*Higher loads result in higher stress values.



*The ratios between increasing stress values gradually
decrease until they converge at peak loads.
This trend suggests a reduction in panel stiffness, attributed

to the deterioration of the microstructure and the propagation
of cracks throughout the sample. Ultimately, the sample fails
under an applied load of 6.8 x 10° N/m? during cycle 14.

Table 7. Results of testing fatigue under constant load for all applied load levels for CFRP specimen

Pressure x 105 N/m? Omax / MN/m? Omin / MN/m? om /| MN/m? 0+ / MN/m? As/ MN/m? R
1 7425 2025 4725 2700 5400 0.27
2 14175 7425 10800 3375 6750 0.52
3 20925 14175 17550 3375 6750 0.68
4 27675 20925 24300 3375 6750 0.76
5 34425 27675 31050 3375 6750 0.80
6 41175 34425 37800 3375 6750 0.84
6.5 43875 41175 42525 1350 2700 0.94
6.8 45900 43875 44887.5 1012.5 2025 0.96
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Figure 16. The relationship between the stress values and the number of cycles for each load applied to the CFRP sample
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Figure 17 illustrates the relationship between the number of
cycles and the resulting strains due to the stresses the plate
reached due to the loads applied to the sample. The steadily
increasing strain is evident at the maximum applied load 0of 6.8
x 10° N/m? due to the high stress the sample was exposed to,
which caused its hardness to decline to the point of total
collapse.

Figure 18 illustrates the relationship between the number of
cycles and the maximum stress attained by the sample, as the
maximum deflection stabilizes at the conclusion of the cycles
for each applied load. The upper section of the diagram
indicates the phase of fiber breakage and total failure of the
sample.
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Figure 17. The relationship between strains and the number
of cycles in the testing fatigue under a constant load of CFRP
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Figure 18. The relationship between the number of cycles at
each applied load and the peak stress at the conclusion of
each cycle in testing fatigue under a constant load of CFRP
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Fatigue life cannot be determined through more precise
regions, as indicated by Figure 19. Consequently, Gamstedt
and Talreja [23] proposed the &-N curve as a method for
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plotting the strain instead of the stress. This approach enables
the identification of more precise regions that correspond to
the phases of damage development in three regions. The first
region is the fiber fracture region, which occurs at a stress that
significantly exceeds the material's yield stress. The second
region is the average stress, which is the region that marks the
onset of cracking and its gradual proliferation. The third region
is the non-failure region, which is the region that immediately
precedes the matrix's fatigue limit region.

4. CONCLUSION

The device used in the experimental test was built on solid
foundations and high-precision software control of the
sequence of operations and wide time ranges through which
composite materials can be tested under different pressures
and loads, whether they are regularly or unevenly graded and
under static or dynamic loads in a practical and somewhat
accurate manner.

The phases of sample deformation exhibited comparable
linear behavior in both experiments, regardless of whether the
sample was subjected to static loading or fatigue testing under
constant load. However, at elevated pressures, distinct
variations were observed in the values of maximum deviations
and strains induced by the resultant radial and circumferential
stresses.

Under static loading, the internal structure of the sample
fractured at 6 x 10° N/m?, leading to total collapse at the peak
load of 6.2 x 10° N/m?, with a maximum deflection of 8.975
mm.

In fatigue testing under constant load, at a load of 6 x 10°
N/m?, fracture initiation occurred at a location distant from the
signs of total failure. Damage persisted through multiple
cycles, progressing through three distinct stages: Crack
initiation, microcrack growth, significant crack growth, also
referred to as crack propagation.

The pressure gradient continued to increase until it reached
its maximum at 6.8 x 10° N/m?, at which point the sample
completely failed, with a maximum deflection of 12.32 mm.

The failure mode analysis was further validated through
microscopic examination conducted after testing. The
experimental results demonstrated strong convergence with
the theoretical predictions, reinforcing the study’s findings.

The key observations from the two tests can be summarized
as follows:

*The specimen experienced a complete collapse during the
static test, which occurred shortly after the internal structure
began to deteriorate. The maximum deflection recorded was
8.975 mm.

*The internal structure of the specimen began to show signs
of deterioration early during the low-cycle fatigue test,
ultimately collapsing after a longer duration and a deflection
of 12.32 mm, indicating a gradual degradation at lower stress
levels compared to the static test.

*The material's elevated hardness resulted in the specimen's
explosive failure in both tests, as the stored potential energy
was released as a single impulse at the highest load peak
following significant degradation of hardness.

*The hardness of the CFRP sheet recorded a significant
deterioration on the Vickers scale after the sample was
subjected to complete failure due to applied pressures,
reaching 28.22 H.V compared to its hardness before the
experimental procedure, which was 111.33 H.V.



*The static test makes it difficult to foresee the specimen's
complete failure, while the fatigue test allows for incremental
material deterioration that may be monitored and built upon
before the specimen collapses.

Recommendations for future practical implementations

*Employing an additional composite material in
conjunction with CFRP during the tests, maintaining identical
thickness, and assessing the performance of both materials in
terms of fatigue resistance.

*Employing an isotropic material in conjunction with CFRP
of identical thickness to evaluate the fatigue resistance
performance of orthotropic materials relative to isotropic
materials.

*Performing low-cycle fatigue testing with fluctuating
loads. This facilitates the observation of damage and its
progression in accordance with practical applications that
align more closely with real-world scenarios.

*Conducting tests within a high-temperature range (above
room temperature) as high temperatures influence materials'
fatigue resistance and susceptibility to damage.
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NOMENCLATURE

CFRP Fiber-Reinforced Polymer composites

LCF  Low-Cycle fatigue

SEM  Scanning electron microscope
3K 3000 individual strands combined
C Carbon

(0) Oxygen

CI Chlorin

Ni Nickel

W Maximum deflection

a Radius of plate

b Outer radius of plate

h Thickness of plate



Flexural rigidity

Intensity of distributed load per unit N/m?
Normal components of the membrane stresses in
N/m?

Cylindrical coordinates

Radial

Polar strains

Tangential strain
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Effective strain

Mean stress
Stress amplitude N/m?
Algebraic difference N/m?
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