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ABSTRACT

In this study, the combined effect of fiber orientation and loading frequency on tension-
tension fatigue behavior of woven Kevlar/epoxy laminates was examined. Specimens with
fiber orientations of 0°, 23°, and 45° were fabricated via hand lay-up and tested according to
ASTM D3039 and ASTM D3479 standards. Static tensile tests with ultimate tensile strengths
(UTS) of 276.1 MPa (0°), 159.2 MPa (23°), and 185.81 MPa (45°) showed clear orientation
dependence. Fatigue stresses were normalized using (omax/UTS), Fatigue experiments were
conducted at stress levels ranging from 55%to 90% of (UTS) and at two loading frequencies,
5 and 15 Hz. and the results were interpreted through normalized S-N curves, Basquin
regression fits, ANCOVA, life reduction ratio (LRR), and SEM fractography. Increasing the
loading frequency displayed reduced fatigue lives at all orientations. The 0° laminate
experienced the most consistent frequency effect, with a mean LRR of 0.446 (95% CI: 0.381-
0.511). In contrast, the 23° and 45° laminates showed smaller and more stress-dependent
reductions, with mean LRR values of 0.186 (95% CI: 0.060-0.312) and 0.162 (95% CI: 0.041-
0.284), respectively. ANCOVA results displayed no statistically significant frequency-induced
slope differences (p > 0.05) for any orientation, indicating that the fatigue-life decay rate
remained unchanged. However, intercept-level effects were practically large at 0° (partial n?
= 0.313) and 23° (partial n? = 0.229), reflecting frequency-dependent reductions in fatigue
strength. SEM observations also supported these observations, showing more extensive
matrix cracking and fiber pull-out at higher frequency. Overall, woven Kevlar/epoxy
laminates demonstrated strong anisotropic fatigue behavior, with fiber orientation serving
as the dominant factor and frequency acting as a secondary yet influential parameter.
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1. INTRODUCTION

Fiber-reinforced composites are widely used due to their high specific strength, stiffness,
and favorable mechanical performance (Reis etal., 2021). Laminated composites comprise
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stacked fiber-matrix layers, and their properties depend mainly on ply orientation,
constituent materials, and stacking sequence (Ahmed et al., 2023). The research by
(Dehnad et al., 2022) demonstrated that when fibers align with the loading direction,
woven composites show fiber-dominated load transfer and high stiffness. (Zhao et al.,,
2019) reported that increasing fiber misalignment shifts failure from fiber-dominated to
matrix-dominated modes due to higher shear deformation. Off-axis orientations reduce
axial load-carrying capacity and accelerate damage accumulation, according to (Ansari et
al,, 2022). However, variations in weave architecture (fiber strength, density, twist, and
inter-yarn bonding) make it difficult to identify a single precise off-axis angle that
corresponds to minimum failure strength (Li et al., 2025). In the laminate design must
consider loading direction, ply orientation, and stacking sequence according to the expected
axial or shear loads (Bello et al., 2015). The mechanical properties of fiber-reinforced
composites with textile fabric reinforcements can be enhanced in directions of primary
importance, generally in areas of highest stress concentrations (Chowdhury and
Summerscales, 2024). Compared to traditional unidirectional (UD) fiber reinforced
composites, woven composites offer the added advantage of tuning the mechanical
properties. This mechanical interlocking of fibers in two orthogonal directions in various
weave patterns potentially leads to complex and interacting damage mechanisms (Tewani
et al, 2025). Kevlar-reinforced composites are widely employed in demanding
environments due to their high strength, toughness, and fatigue resistance (Menail et al.,
2015; Obradovic et al., 2024; Reis et al., 2021). Kevlar is an aramid fiber of poly-para-
phenyleneterephthalamide (PPTA), where fibers are often used for high-performance
composite applications where light weight, high strength and stiffness, damage resistance,
and fatigue resistance are of utmost importance (Prashanth et al., 2017; Rajesh et al,,
2022). (Salman et al., 2016) investigated the tension-compression fatigue behavior of
plain-woven Kenaf/Kevlar laminates and found damage accumulation and progressive
stiffness loss, demonstrating that aramid fibers are sensitive to cyclic fatigue loading. Epoxy
resins are highly versatile thermosets with excellent thermal and mechanical properties.
They are widely used in coatings, adhesives, composites, insulation, and packaging materials
(Shundo et al., 2022). Composite materials possess anisotropic properties, which lead to a
more complex failure mechanism that mutually induce and couple with each other crucial
aspect of various cyclic or highly dynamic loading conditions (Yang et al., 2024). Therefore,
understanding the characteristics of these composite materials under realistic service
conditions is a crucial aspect of designing efficient and reliable products. However, the main
load-bearing parts of structures made from composite materials experience various cyclic
or highly dynamic loading conditions (Ma et al., 2022). Evaluation of the fatigue behavior
of composites under varied loading conditions is crucial to expand their usable range based
on their advantages, such as superior drapeability, lower manufacturing costs, enhanced
resistance to damage, and dimensional stability over a range of temperatures (Schulte et
al., 1987). For this, extensive fatigue experiments for establishing an engineering fatigue
failure prediction system that works for fabric composites under different fatigue loading
situations are crucial for practically addressing this issue. Previous studies on the effect of
loading frequency on laminated composites under tension-tension fatigue loading show
mixed outcomes depending on fiber orientation and material type. For graphite/epoxy
laminates, frequency had minimal influence, with only the 0° specimens showing slight
sensitivity (Justo Estebaranz et al., 2013; Marin et al., 2019). Transverse cracking studies
on CFRP cross-ply laminates revealed that higher frequencies delayed crack initiation and
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reduced propagation due to heat effects, although excessive heating could accelerate damage
(Deng et al., 2022). Studies on polyphenylene Sulfide (PPS)-Carbon Fiber (CF) and PPS-
Glass Fiber (GF) laminates indicated that higher frequencies often reduced fatigue life due
to self-heating, especially at off-axis orientations (Razek et al., 2018; Zuo et al., 2018).
Similarly, advanced sheet molding compounds (A-SMC) and low-density sheet molding
compounds (LD-SMC) showed drastic fatigue life reductions at very high frequencies (up to
40x shorter at 100 Hz) because of induced thermal fatigue (Shirinbayan, 2021;
Shirinbayan et al.,, 2017). Fiber orientation plays a central role; fatigue life decreases as
orientation approaches 90°, shifting failure from fiber- to matrix-dominated modes (Ma et
al,, 2022). Small changes in frequency show limited effect, but higher frequencies may
extend fatigue life unless overheating reduces durability (Kawai and Taniguchi, 2006;
Marin et al,, 2019). For flax fiber composites, fatigue strength generally decreased with
frequency, largely due to specimen temperature rise from internal friction (Islam and
Ulven, 2022).

Even though fatigue in composite laminates has been the subject of many investigations,
little is known about how fiber orientation and loading frequency interact to influence
fatigue performance under tension-tension loading, particularly in woven Kevlar/epoxy
composites. The absence of consistent conclusions highlights a gap in knowledge that
hinders the reliable design and application of Kevlar/epoxy laminates in structural
components subjected to cyclic loads. The study aimed to use the experimental data, then
analyze those data to evaluate the combined impact of fiber orientation and loading
frequency on the fatigue behavior of laminated woven Kevlar/epoxy composites under
tension-tension fatigue loading.

2. MATERIALS AND METHODOLOGY

This section describes the materials and fabrication process of composite laminates, as well
as the testing procedures and analytical methods employed to characterize and interpret
their tensile and fatigue behavior.

2.1 Test Coupons Fabrication and Preparation

Specimens were fabricated using the hand lay-up technique, and the typical fiber volume
fraction ranges from approximately 30-40%. This range was employed for the specimens'
fabrication. The tests were conducted in accordance with (ASTM D3039/D3039M, 2008)
for tensile testing and (ASTM D3479/D3479M, 2012) for fatigue testing. Table 1 lists the
Mechanical and physical specifications (Tensile Strength (S), Tensile Modulus (E), and
density (p)) of the Kevlar fibers and the matrix material used in the study.

Table 1. Specifications of the woven Kevlar fiber with epoxy.

Elements S(MPa) | p(g/cm?®) | E(GPa) Type
Kevlar Fiber > 2400 1.45 >90 | TWARON 930DTEX_ WRAP/WEFT
Epoxy Resin + Hardener 60 1.15 3 LR-620 epoxy+H620 hardener

A seven-layer symmetric lay-up was prepared for all laminates, with woven Kevlar fabric
oriented at 0°, 23°, or 45° depending on the test group. Each layer was impregnated manually
using LR-620 epoxy and H620 hardener at the manufacturer-recommended mixing ratio,
ensuring full resin wet-out before stacking. The laminate was consolidated using hand lay-
up with a uniform roller to remove entrapped air and achieve a consistent fiber volume
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distribution, and before curing the sheet was put under vacuum to remove the air trapped as
much as possible. A graphical representation (flow chart) of the step-by-step hand-layup
fabrication process for laminated composites is provided in Fig. 1. The composite sheets
were trimmed to standard dimensions under ASTM D3039 and ASTM D3479 standard
dimensions after manufacture, and the samples were identical for the static and fatigue tests,
with a rectangular cross-section of 44 mm?, and dimensions of (length, breadth, thickness),
with desired fiber orientations @ as presented in Fig. 2.

a)Preparation of the workspace, b)Glass base and d) Mixing epoxy resin and hardener
and the required tools Paper tape, Waxing (release agent), and Boundary - (85%:15%)
sealant placement \ 3

Em iy
T

f) Breather fabric placement,
Vacuum bag installation, and
Vacuum bagging process

¢) Applying resin to fabric using a
brush and a roller
i) Cutting of the samples (>30 min) fiber volume fr‘achf;'n ~35% avnd Lay
(ASTM D3039 and ASTM . = 2 up fiber lzm‘ma:. in the desired
D3479 dimensions), Final h) Putting in room g) Curing process in e _ | orientation
prepared specimens for cach temperature (>2 hr), oven (>2 hr. 60-70 "(_I)
orientation Final laminate L.

Boundary Sealart Tape

\Release Agent (Warng)

Figure 1. Graphical representation of the step-by-step hand-layup fabrication process of
the laminated composites.
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2.2mm—
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@ (Orientation)

— o~ Applied Stress (o)

[2)

Figure 2. The test specimen dimensions and schematic of fiber orientation (@) with
respect to the loading direction (o) for the 0°, 23°, and 45° laminates.

2.2 Testing Methodology

2.2.1 Uniaxial Tensile Testing

An SANTAM STM-250 Hydraulic testing machine located in the Materials Testing Laboratory
at Urmia University was used to perform static tensile tests at room temperature, with
displacement regulated at a rate of 0.5 mm/min. The static test was intended to determine
the maximum tensile strength that the specimens could withstand at each fiber orientation.
For each orientation, the average ultimate tensile strength (UTS) was calculated from three
woven Kevlar/epoxy specimens tested under static loading. For the static tensile test, (ASTM
D3039/D3039M, 2008) was utilized as a reference. The end tabs were made from 1-mm
aluminum sheets and bonded using a two-part epoxy adhesive in accordance with (ASTM
D3039/D3039M, 2008). Specimen alignment and bending strain were verified using a two-
sided Digital Image Correlation (DIC) system capturing synchronized strain fields on both
faces of the specimen, confirming bending levels within the (ASTM D3039/D3039M, 2008)
limit of 10%. The stress levels for the dynamic fatigue tests were determined by calculating
the UTS and expressing it as a percentage of the maximum strength.

2.2.2 Tension-Tension Fatigue Testing

Fatigue tests were performed using a Dartec servo-hydraulic fatigue testing machine, located
in the Materials Testing Laboratory at Amirkabir University of Technology (Tehran
Polytechnic). The system is equipped with controlled loading capabilities and adjustable
frequency settings, enabling precise application of dynamic cyclic loading. A sinusoidal
tension-tension loading function with a maximum load capacity of 50 kN, a maximum
operating frequency of 100 Hz, and the stress ratio presented in Eq. (1), remained constant
for all tests (R = 0.1) was employed, ensuring that frequency was the only variable affecting
the cyclic loading conditions. Tests were performed under controlled laboratory
temperature with continuous airflow, following (ASTM D3479/D3479M, 2019) standard
recommendations.

R=2mn_ 071 (1)

Omax

where omax is the maximum stress and omin is the minimum stress applied.

180



A. F. Mohammed and K. A. Abdulla Journal of Engineering, 2026, 32(1)

Based on a percentage of the UTS determined from the static tests, the stress levels were
established, which varied from 90% to 55% of the UTS, for reference. These thresholds have
been selected because they cover stress levels corresponding to the high- and low-stress
fatigue regimes that are frequently employed in composite fatigue testing, while 55% UTS is
associated with long-life, high-cycle behavior, the high stress levels 90% UTS represent low-
cycle fatigue. The tests were done at frequencies (5 Hz and 15 Hz) to assess the loading
frequency effect. A run-out limit of 10¢ cycles was adopted. Specimens that reached this limit
without failure were classified as run-outs and treated as right-censored observations

In the fatigue analysis, finally, for every test scenario, the number of cycles until failure was
recorded.

2.3 Fatigue Data Interpretation Methods and Statistical Analysis

2.3.1 Normalized S-N, Basquin, and ANCOVA Analysis

To allow direct comparison of the frequency effect across all orientations, fatigue stresses
were normalized with respect to the ultimate tensile strength (UTS) as expressed in Eq. (2),
as recommended by composite fatigue testing (ASTM D3479/D3479M, 2012).

0
Onorm = — (2)
UTS

Six normalized stress levels (55-90% UTS) were applied to each laminate (0°, 23°, 45°) at
two loading frequencies (5 Hz and 15 Hz). The resulting cycles-to-failure data were
transformed using log 1,(N) and plotted against (6,,,.m) to draw the Normalized S-N curves
for each orientation and frequency. The use of log-log S-N representation and stress
normalization follows conventional fatigue analysis (Bannantine et al., 1990; Suresh,
1998)

The fatigue behavior was quantified using Basquin’s law, expressed in Eq. (3), because it
provides a widely phenomenological model for fatigue in fiber-reinforced polymer
composites, enabling linear log-log regression between stress amplitude and fatigue life and
facilitating the comparison of frequency-dependent fatigue behavior. (Basquin, 1910;
Suresh, 1998). The analysis followed the conventional S-N methodology outlined by
Bannantine et al.,, 1990) who describe the use of Basquin’s power-law relation and the
linear regression procedures commonly applied to log-log fatigue data.

Omax = A.N7P (3)

where A is the fatigue-strength coefficient in MPa, and b is the fatigue exponent, which can
be determined using Egs. (4) and (5), respectively, and o0,,,4 is the maximum permissible
stress in MPa.

A=10° (4)

10g(Omax) = ¢ — b.1log(N) (5)

Where, c is the intercept.

Linear regression was applied to each dataset (orientation x frequency) to determine the
slope (b) and intercept (c), along with standard errors (SE), 95% confidence intervals (95%
CI), and the coefficient of determination R?> (Montgomery et al., 2021)
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To obtain orientation-independent comparisons, the fatigue strength coefficient was also
normalized as expressed in Eq. (6) (ASTM D3479/D3479M, 2012).

A

Anorm = ﬁ (6)

ANCOVA was applied to compare the Basquin-derived fatigue slopes and interceptions
between 5 Hz and 15 Hz for each orientation. The full model tested slope differences using
the interaction term in Eq. (7) (Montgomery et al., 2021; Wickens and Keppel, 2004)

logN = Bo + B1logo + B2f + B3(logo X f) + € (7)

A non-significant interaction (p > 0.05) indicated slope equivalence. When slopes were
parallel, a reduced model assessed intercept differences as expressed in Eq. (8) (Wickens
and Keppel, 2004)

log(N) = Bo + Bilog(o) + Bof + € (8)

where log (N) represents the logarithm of cycles to failure, log (o) denotes logarithm of
maximum stress, fis frequency (categorical: 0 =5 Hz, 1 =15 Hz), B, stands for the intercept,
B1 is the Basquin slope at the reference frequency (5 Hz), B; is intercept shift due to
frequency, B3 is the change in slope due to frequency (interaction term),e is residual error
term, Effect-size thresholds for partial n?: small (<0.06), medium (0.06—0.14), large (>0.14)
follow the guidelines summarized by (Richardson, 2011), based on (Cohen, 1988).

2.3.2 Frequency Comparison Using LRR

The influence of loading frequency on fatigue performance was quantified using the life
reduction ratio LRR (1 — % Jwhere N5 and N;5 represent the number of cycles to failure
5

obtained at test frequencies of 5 Hz and 15 Hz, respectively, under the same normalized
maximum stress level (0,2x/UTS). LRR was evaluated at six stress levels ranging from 90%
to 55% of UTS for each orientation (0°, 23°, and 45°).

For each orientation, six LRR values (one per stress level) were used to compute the mean
LRR and its corresponding standard error (SE). The 95% confidence interval (95% CI) was
determined using the Student’s t-distribution with five degrees of freedom (df = 5). The
corresponding %LRR values (LRR x 100) were reported in the summary table for
interpretational clarity. This procedure provides a normalized, orientation-independent
method for comparing fatigue life between the two test frequencies.

2.3.3 SEM Failure Mode Analysis

Scanning electron microscopy (SEM) was used to examine the fracture surfaces of the
specimens after fatigue failure. The SEM inspection focused on identifying dominant failure
features, including matrix cracking, fiber/matrix debonding, fiber pull-out, breakage, and
overall fracture morphology. SEM analysis was performed mainly on specimens tested at
55% UTS because the failure modes at different frequencies could be better captured by
these samples, which had the most cycles to failure, as their longer fatigue lives enabled
clearer visualization of frequency-dependent damage characteristics.
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3. RESULTS AND DISCUSSION

This section summarizes the static and fatigue results and includes statistical analyses to
evaluate the effects of fiber orientation and loading frequency on the mechanical behavior of
the composites.

3.1 Static Results

The mechanical performance of Kevlar/epoxy woven laminates was greatly affected by fiber
orientation, as demonstrated by the average stress-strain curves in Fig. 3 at 0°, 23°, and 45°.
When the fibers were parallel to the loading axis, the laminate exhibited the sharpest stress-
strain response at 0°, indicating a very high elastic modulus. Since the tensile load and the
reinforcing yarns were aligned in the same direction, this can be explained by the load acting
directly on them at this angle. Additionally, this orientation has the highest ultimate tensile
strength, indicating the increased strength generated by fiber-dominated load transfer.
However, as Table 2 shows, this alignment has a very limited strain capacity and fails
suddenly at low strain levels, unlike the other orientations. The fibers exhibit brittle-like
behavior.

——(0 Degree
250 23 Degree
45 Degree
200
©
[a
=
150
¢
w 100
£
@
g
5 20
c
w
0

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Engineering Strain (&)

Figure 3. Avg Stress-Strain curve of the woven Kevlar/epoxy samples at different fiber
orientations.

Table 2. Summary of the average tensile modulus (E,4), ultimate tensile strength (UTS,,,), and
engineering strain at UTS (&4,,4), together with their corresponding standard deviations (Eg4,
UTSgt4, €stq), for woven Kevlar/epoxy laminates at fiber orientations of 0°, 23°, and 45°.

Orientation | Egpg4 (GPa) | Eyy (GPa) UTSavg (MPa) | UTS,y (Mpa) €avg Estd
0° 58.0 12.4 276.1 8.2 0.0036 | 0.0004
23° 9.8 2.7 159.2 4.5 0.0098 | 0.0010
45° 6.0 0.8 185.8 1.8 0.0146 | 0.0020

At 23°, there is a noticeable change in the laminate's reaction. In comparison to 0°, the

stiffness and ultimate strength decrease because the fibers are not aligned to directly

withstand the applied force. Rather, the matrix transfers a greater proportion of the stress

through shear interactions between the fibers and resin. Although the strength has
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decreased, more deformation before failure is granted. The strain at the final stress was
significantly higher than at 0° indicating that a more intricate failure occurred at 23°
orientations. This is because of the transition zone, indicating a transition from fiber-
dominated to matrix-dominated failure. where both off-axis and on-axis failure modes have
been occurring in the 23° off-axis specimens. At a 45° angle, the most compliant response
was seen. The orientation with the lowest modulus among those analyzed was indicated by
the curve's shallow starting slope. In off-axis laminates, the load is mostly carried by shear
in the fiber/matrix interface due to the fibers being totally out of alignment with the loading
axis, which results in limited axial strength and rapid degradation of the composite. However,
the composite can sustain the largest strain before failing since the curve spans the widest
strain range. This illustrates a shear-dominated deformation mechanism in which matrix
plasticity, fiber shear, and growing micro-damage allow the material to stretch significantly.
After peak stress, the failure mechanism is more ductile-like and softens gradually, in
contrast to the 0° specimens that ruptured quickly. The UTS of a 45-degree orientation
fell between 0 and 23 degrees. Since the fibers at 23° are not properly oriented for axial load
or balanced shear, the performance of woven laminates depends on matrix shear, fiber
rotation, and debonding, and due to this dependability in the woven laminates, it is difficult
to identify a specific off-axis angle that consistently corresponds to the minimum failure
strength. On the other hand, the failure strain rises proportionately with the off-axial angle,
peaking at 45°.

3.2 Fatigue Results

Fatigue stresses were normalized using (omax/UTS), and the results were evaluated using
normalized S-N curves, Basquin regression, ANCOVA, LRR, as well as SEM. Basquin
parameters, ANCOVA p-values and effect sizes, and LRR statistics are summarized in Tables
3to5.

3.2.1 Normalized S-N and Basquin Curve Fits Assessments

Fig. 4(a-c) displays the normalized S-N diagrams (omax/UTS vs Log(N)) for the laminated
composites of all orientations with Basquin’s fitted lines at 5Hz and 15Hz loading
frequencies. Each S-N plot shows individual data points and fitted Basquin lines, and the
95% confidence intervals for the Basquin parameters are reported in Tables 3 to 4.

The graph for the 0° laminate with Basquin fitted lines, displayed in Fig. 4(a), showed that
the two fitted lines were almost parallel (with Similar slopes, b = 0.098) for 5 Hz and 15 Hz
frequencies. This indicates that the fatigue degradation rate was constant at both
frequencies. However, the downward vertical shift of the 15 Hz fitted line indicates reduced
normalized fatigue strength, and this indicates that increasing Frequency mostly reduces
fatigue strength without changing the sensitivity to fatigue-life and stress levels.

At 23° orientation, the fatigue response of the woven Kevlar/epoxy laminate
showed sensitivity of the laminate to loading frequency and fiber orientation. The lower
intercept in relation to 0° indicates decreased fatigue strength compared to the 0° laminates.
Basquin's fits had steeper slopes (b= 0.196 at 5 Hz and 0.178 at 15 Hz). These slopes indicate
that the separation between the two fitted lines is not constant; it is large in the high-stress
region and gradually decreases as the stress level reduces. Although the 15 Hz curve's
degradation patterns consistently exhibit a persistent leftward offset relative to the 5 Hz
curve for all tested stress levels, indicating that the 23° laminate has less endurance at higher
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frequencies. The S-N graph of the 23° laminate with its Basquin fits at 5Hz and 15Hz

frequencies is shown in Fig. 4(b).

100 100
= 5 Hzdata N m 5 Hzdata
4 15Hzdata % 4 15Hzdata
3 90 | —— 5 Hz Basquin fit —~ K0 [ ~——— 5 Hz Basquin fit
e a o
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50 50
2.25 3.25 4.25 1.90 2.40 2.90
Log10(Number of cycles to failure), log (N) Log10(Number of cycles to failure), log (N)
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Figure 4. Normalized S-N curves with Basquin fits for woven Kevlar/epoxy laminates at
fiber orientations of (a) 0°, (b) 23°, and (c) 45°.

The 45° laminate demonstrated less fatigue resistance than both the 0° and 23° orientations
since it had lower intercepts than 0° and 23°. The 45° Basquin fits' slopes (0.118 at 5 Hz and
0.108 at 15 Hz) were slightly greater than the 0° slopes, but they were still considerably
fewer than the 23° laminate's slopes, as shown in Fig. 4(c).

The 15 Hz Basquin line remained consistently lower than the 5 Hz line. At 15 Hz, the 45°
laminate likewise exhibited decreased normalized strength, but with a smaller separation
than the 0° and 23° laminates, demonstrating that increased frequency reduces fatigue
strength. However, the reduction at 45° was smaller than the reduction at 23°, and
considerably smaller than the reduction observed for the 0° laminate, which showed the
largest and most uniform frequency effect. However, for the 0° laminate, the frequency effect
was nearly constant across all stress levels, with a similar 5-15 Hz separation at both high
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and low stresses, while the 23° and 45° laminates showed a reduction in the frequency effect
at lower stress levels.

3.2.2 Basquin Regression Parameters

The Basquin regression and fatigue strength parameters are listed in Tables 3 and 4,
respectively. They quantify the trends observed in the normalized S-N diagrams and
describe how frequency and orientation influence the stress-life relationship. Basquin
coefficients (b and c) define the slope and position of the normalized S-N curves, while the
fatigue strength parameters (A and Anorm) directly measure the effective fatigue endurance
at each orientation and frequency. These parameters (b, ¢, A, Anorm, SE, and R?) offer a concise
statistical summary of the stress-life behavior for each orientation and frequency.

The Basquin fits with identical slopes (b) (0.098 for both frequencies) at 0°, moderate
difference (0.196 vs 0.178) at 23°, and small difference (0.118 vs 0.108) at 45° laminates,
indicating that in all orientations, the slope is relatively insensitive to frequency, indicating
that the rate at which fatigue life decreases per log cycle of stress is not strongly influenced
by cyclic frequency.

Both the intercept (c) and the fatigue strength coefficient (A) show the same orientation-
dependent trend in how frequency affects fatigue strength. When the loading frequency
increases from 5 Hz to 15 Hz, the 23° laminate exhibited the largest reduction in both
normalized intercept (Ac = 0.066) and absolute fatigue strength (A4 = 57 MPa, -14.2%),
the 45° laminate with a moderate reduction (Ac = 0.033, AA = 19MPa, -7.2%), and the 0°
laminate displayed the smallest reduction (Ac = 0.025, AA = 26MPa, -5.5%) indicating that
the 0° laminate experiences the smallest reduction in fatigue strength when frequency
increases, with only a minimal change in the vertical position of its S-N curve, while the 23°
and 45° laminates, on the other hand, show greater decreases, indicating higher frequency
sensitivity in terms of fatigue strength.

Table 3. Basquin Regression Parameters (b, ¢, SE, 95% CI, R?)

Orientation | Freq Slope (b) SE(b) | 95% CI (b) | Intercept | SE(c) 95% CI (c) R?
()] (Hz)
0 5 0.098 | 0.015 | 0.056-0.139 2.674 0.059 2.509-2.839 | 0.91
0 15 0.098 | 0.018 | 0.047-0.148 2.649 0.067 | 2.463-2.836 | 0.88
23 5 0.196 | 0.023 | 0.132-0.26 2.603 0.065 2.424-2.782 | 0.95
23 15 0.178 | 0.029 | 0.097-0.26 2.537 0.08 2.314-2.759 | 0.9
45 5 0.118 | 0.019 | 0.066-0.169 2.42 0.048 | 2.287-2.553 | 091
45 15 0.108 0.02 | 0.052-0.164 2.387 0.05 2.247-2.527 | 0.88
Table 4. Fatigue Strength Parameters (A, Anorm, 95% CI)
Orientation (°) | Freq (Hz) | A(MPa) | 95% CIA(MPa) | Anorm (%UTS) | 95% CI (Anorm)
0 5 472 323.1-690.2 1.71 1.17-2.5
0 15 446 290.4-684.7 1.62 1.05-2.48
23 5 401 265.4-605.7 2.52 1.67-3.8
23 15 344 206.3-574.5 2.16 1.3-3.61
45 5 263 193.6-357.3 1.42 1.04-1.92
45 15 244 176.5-336.6 1.31 0.95-1.81
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The R? values range from 0.88 to 0.95 across all cases, demonstrating consistently strong
linearity and validating the reliability of the Basquin model for this system. With R? (0.95),
the 23° laminate at 5 Hz exhibited the best fit. Finally, overlapping 95% CI shows that while
the intercepts and fatigue strength coefficients decrease with increasing frequency, these
decreases are not statistically significant, indicating qualitative patterns consistent with the
inherent variability of composite fatigue data.

3.2.3 ANCOVA Findings

ANCOVA was used to compare slopes and intercepts between 5 Hz and 15 Hz, with both p-
values and partial n? are reported to quantify frequency effects. Table 5 displays the ANCOVA
results. The results showed several points: i) frequency did not produce a statistically
significant difference in the Basquin slopes for any orientation (p > 0.05). This confirms that
the rate of fatigue-life decay per stress level remained essentially unchanged between 5 Hz
and 15 Hz. ii) the intercepts exhibited large practical (effect-size) differences at 0° (n? =
0.313) and 23° (n? = 0.229), indicating meaningful frequency-induced reductions in overall
fatigue-life levels, despite the absence of statistical significance iii) The 45° laminate showed
only a small practical effect (n* = 0.055), consistent with its lower LRR values. iv) Collectively,
these results indicate that frequency primarily influences the intercept (fatigue-life
magnitude) rather than the slope (fatigue-life decay rate), with the strongest practical effects
occurring in the 0° and 23° orientations.

Table 5. ANCOVA results for (b) and (c) differences between 5 Hz and 15 Hz per orientation.

Orientation | Effect p-value | partial n* Interpretation
0 Slope 0.978 0.0001 (Negligible) | Slopes identical
0 Intercept 0.074 0.313 (Large) Large practical effect
23 Slope 0.595 0.037 (Small) Slopes identical
23 Intercept 0.136 0.229 (Large) Large effect
45 Slope 0.677 0.023 (Small) Slopes identical
45 Intercept 0.488 0.055 (Small) Small effect

3.3 LRR Evaluation

The LRR values obtained for the three orientations provide a quantitative basis for
comparing the fatigue lives measured at 5 Hz and 15 Hz at different stress levels. the mean
LRR, SE, and 95% CI are listed in Table 6. The 0° laminate displayed the largest and most
uniform mean LRR (0.446) across the stress range of 55-90% UTS, with a relatively narrow
95% CI of 0.381-0.511. This indicates that the fatigue-life difference between the two
frequencies was consistent for this orientation across all stress levels. Lower mean LRR
values of 0.186 (95% CI: 0.060-0.312) and 0.162 (95% CI: 0.041-0.284) were obtained for
the 23° and 45° laminates, respectively, reflecting smaller differences in fatigue life between
the two frequencies compared with the 0° orientation. The broader 95%CI for the 23° and
45° laminates indicates greater variability in LRR across the examined stress levels. At 6;,,4,=
90% UTS, the LRR values were 0.48 (0°), 0.38 (23°), and 0.39 (45°). At mid-range stresses
(69-76% UTS), the LRR values decreased to approximately 0.14-0.19 for 23° and 0.10-0.11
for 45°, while remaining comparatively stable for the 0° orientation. These results display
that frequency-induced life reduction was largest and most uniform for the 0° laminate,
moderate and concentrated at high stresses for the 23° laminate, and smallest for the 45°
laminate.
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Table 6. Summary of Mean LRR, standard error (SE), %LRR, and 95% CI for each orientation.

Orientation LRR (mean) SE (LRR) %LRR (mean) 95% CI (LRR)
0° 0.446 0.025 44.6 0.381-0.511
23° 0.186 0.049 18.6 0.060-0.312
45° 0.162 0.047 16.2 0.041-0.284

3.4 SEM Results and Failure Modes

Utilizing SEM, the morphological properties of the laminated woven Kevlar/epoxy
composites were examined. These images demonstrate the main microstructural
characteristics and damage trends associated with the woven structure under various
fatigue loading scenarios. The SEM observations revealed damage mechanisms that are
widely documented in composite laminates, including matrix microcracking, fiber-matrix
debonding, fiber pull-out, and layered fracture morphology (Liu et al., 2025; Mohammadi
etal., 2024; Opelt et al.,, 2018).

Figs. 5 to 7 display the comparable SEM micrographs for the 0°, 23°, and 45° laminates at 5
Hz and 15 Hz. In general, the SEM images showed that a fibrillated and layered Kevlar
fracture was regularly seen at both frequencies and in every orientation. Higher frequency
(15 Hz) resulted in more fiber pull-out and matrix debris, along with macrocracks and voids
from concentrated stress. Both the 5 Hz and 15 Hz experiments revealed fibrillated fracture
surfaces at 0° orientation; however, the higher frequency resulted in more obvious matrix
debris and short-fiber pull-out, while the surface at 5 Hz was primarily covered by scattered
short fibers clear of debris. Significant long-fiber pull-out together with scattered matrix
fragments at 15 Hz indicated more severe fiber-matrix separation, whereas 5 Hz samples
showed a random dispersion of short and long fibers at 23° orientation. In the 45°
orientation, a similar pattern appeared. While 5 Hz testing revealed scattered short fibers,
15 Hz testing revealed increased damage with wider breaks and both short and long chaotic
fibers. No delamination occurred in either direction or frequency, indicating that the damage
was confined to the Kevlar yarns rather than spreading across layers.
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Figure 5. SEM results for 0° laminate a) failure at 5Hz, and b) failure at 15Hz at different
magnification scales
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Figure 6. SEM results for 23° laminate a) failure at 5Hz, and b) failure at 15Hz at different
magnification scales
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4. CONCLUSIONS

The combined effects of loading frequency and fiber orientation on the tensile and fatigue
response of woven Kevlar/epoxy laminates were evaluated in this study using normalized S-
N curves, Basquin regression, ANCOVA, LRR evaluation, and SEM fractography. Results show
that both orientation and frequency influence the fatigue strength and damage behavior of
the laminates.

The 0° laminate exhibited the highest static and fatigue capacities, followed by the 23°
and 45° laminates.

Normalized S—-N curves supported this classification, and Basquin parameters further
demonstrated the orientation dependence: the 23° laminate had the largest slopes, indicating
the highest sensitivity to stress level, while the 45° laminate demonstrated the lowest fatigue
strength among the tested orientations.

All specimens failed before the run-out threshold (10° cycle), so no right-censored data were
generated in the study.

The effect of frequency showed vertical shifts in the normalized S—N curves rather than
changes in slope, and ANCOVA statistics agreed with that by showing that increasing the
frequency did not significantly alter the fatigue-life decay rate for any orientation.

However, reductions in interceptions revealed decreased fatigue strength at higher frequency,
with large practical effects at 0° and 23°, and a smaller effect at 45°.

Basquin fits showed strong linearity (R* values range from 0.88 to 0.95 across all cases).
LRR analysis supported these trends: the 0° laminate showed the largest and most uniform life
reduction, while the 23° and 45° laminates exhibited smaller and more stress-dependent
reductions.

SEM observations showed more extensive matrix debris, fiber pull-out, and surface
fragmentation at 15 Hz, consistent with the measured reductions in fatigue strength.
Although specimen temperature was not recorded, prior studies suggest that self-heating at
higher frequencies may contribute to the observed reductions in fatigue strength.

Overall, fiber orientation is the dominant factor governing fatigue strength, whereas frequency
primarily affects the magnitude not the rate of fatigue degradation. These insights are valuable for
designing Kevlar-reinforced composites for structural applications requiring reliable performance
under cyclic loading.

NOMENCLATURE

Symbol | Description Symbol | Description

A Fatigue strength coefficient UTS Ultimate tensile strength obtained from
obtained from Basquin's law, MPa static tensile testing, MPa

A Normalized fatigue strength B Intercept in ANCOVA reduced model

norm -1 coefficient (A/UTS) 0 (reference level)

b Basquin slope (fatigue exponent) B Basquin slope in ANCOVA model
obtained from log-log regression ! (reference slope at 5 Hz)

c Basquin intercept, equivalent to B Intercept shift due to frequency
log(A) in Basquin’s law 2 (difference between 5 and 15 Hz)
Confidence interval (95% unless Interaction term representing slope

CI o B3
specified) change due to frequency

E Tensile modulus, GPa € Mechanical strain, mm/mm

f Loading frequency (5 Hz or 15 . Residual error term in
Hz), Hz ANCOVA/multivariate regression
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Life Reduction Ratio between 5 2 . .
LRR Hz and 15 Hz fatigue lives n Partial eta-squared effect size (ANCOVA)

Stress applied during tension-tension

N Number of cycles to failure, cycles | o fatigue loading, MPa
. Maximum cyclic stress for fatigue
R Stress ratio (0min / Omax) = 0.1 Omax loading, MPZ J
2 Coefficient of determination for Minimum cyclic stress for fatigue
R . . Omin .
linear regression loading, MPa

Standard error of slope, intercept,
or parameter estimate

Normalized stress used for constructing

SE normalized S-N curves

o/ UTS
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