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Abstract

The fatigue performance of 2024-T3 aluminum alloy is of critical importance in aerospace
applications, yet the combined effects of stress ratio and geometry remain insufficiently ex-
plored. The objective of this study is to numerically investigate how different stress ratios
(R =-0.2, 0.1, 0.4) and specimen geometries influence fatigue life, damage, and safety factor
under varying tensile stresses (483, 241.5, and 120.75 MPa). Three specimen configurations
— open-hole, transverse, and shear — were modeled and simulated using ANSYS Workbench,
with input data obtained from literature-based mechanical properties and S-N curves. Re-
sults demonstrate that increasing tensile stress markedly reduces fatigue life and safety factor,
whereas stress ratio exerts a non-linear influence, with intermediate values yielding the most
detrimental effect. The findings reveal the interaction between stress ratio and geometry, pro-
viding new insights for fatigue life prediction and structural design of 2024-T3 aluminum
alloy.
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1. Introduction

2024 aluminum alloy (2024-T3), a member of the
hard aluminum group, is extensively employed in
aerospace applications such as fuselage skins, wing
ribs, and various structural components [1-3]. Its
widespread utilization arises from favorable proper-
ties including good machinability, excellent formabil-
ity, and superior resistance to fatigue [4]. Statisti-
cal data indicate that fatigue failure is a major con-
cern for structural elements in aircraft, representing
a significant safety challenge in the aviation industry.
Many aircraft accidents have been directly attributed
to fatigue damage in structural parts, highlighting the
critical need for fatigue assessment [5-7]. The occur-
rence of fatigue cracks in aluminum alloy components
during service can lead to catastrophic consequences,
including severe accidents and even loss of human
life. Therefore, ensuring the durability and reliabil-
ity of aluminum alloy structures under cyclic loading
is essential for the aerospace sector. Previous stud-
ies on the fatigue behavior of aluminum alloys can be

broadly classified into experimental, numerical, and
repair-based approaches. In particular, numerical ap-
proaches such as finite element methods and XFEM
have gained significant attention for predicting fatigue
life and crack propagation behavior. When the studies
on the fatigue behavior of aluminum alloys are exam-
ined in the literature, Fageehi [8] numerically inves-
tigated the fatigue life of a perforated plate made of
Aluminum 7075-T6 alloy (7075-T6) and reported that
the presence of the hole significantly affects the fatigue
life. Li et al. [9] proposed a new continuous failure
mechanics-based model to predict the thermal corro-
sion fatigue life of Al alloys, validating their model
with experimental data. Gairola et al. [10] applied
the extended finite element method (XFEM) to an-
alyze the fatigue behavior of Al 2024. Nejad et al. [11]
experimentally determined the fatigue life of riveted
joints in 2024-T3 sheets and reported that the fatigue
life increases with increasing rivet shank length and
rivet diameter. The fatigue behavior of specimens pre-
pared using two V-notch cracked Al alloys (2024-T3
and 7075-T6) repaired with carbon/epoxy patches was
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Table 1. Mechanical properties of material [32]

Material Elastic modulus, E (GPa)

Poisson ratio, v

Shear modulus, G (GPa)

2024-T3 71.6

0.33 26.9

investigated experimentally and numerically by Mo-
hammed et al. [12], who concluded that rectangular-
shaped patches were more efficient than triangular and
trapezoidal ones. Chen et al. [13] examined the fatigue
crack propagation behavior of 2024 aluminum alloy
under varying stress ratios (R = 0.1, 0.2, 0.4). Dai et
al. [14, 15] also applied the MAO coating method to
2024-T3 and 7075-T6 alloys and experimentally deter-
mined the fatigue behavior under different duty cycles.
Borges et al. [16] studied the variation of fatigue crack
growth (FCG) of AA2024-T351 (2024-T351) with in-
creasing stress ratio (R = 0.1-0.7) and reported that
the FCG rate increases as R increases. Yadav et al.
[17] investigated the influence of a 3.5% NaCl solu-
tion on the fatigue crack behavior of welded 2024-T3
and concluded that exposure to the solution reduces
fatigue life. Other investigations include Nejad et al.
[18, 19], who analyzed riveted joints in 2024-T3 sheets
both numerically and experimentally, and Chakher-
lou et al. [20], who examined fretting fatigue in cold-
expanded plates. Duncheva et al. [21] investigated the
effect of single toroidal roller burnishing on 2024-T3
and reported an increase in fatigue limit. Maximov et
al. [22] proposed a method to enhance fatigue life in
fastener holes of 2024-T3. Although some studies fo-
cused on different materials such as 7075 aluminum
alloys and GLARE laminates, these works provide
general insights into fatigue mechanisms. Gao et al.
[23] experimentally investigated the fatigue behavior
of notched glass fiber reinforced aluminum (GLARE)
sheets. Madhavi et al. [24] examined the fatigue be-
havior of AA6061-T6 (6061-T6) coated with micro-
arc oxidation (MAO) at different thicknesses and re-
ported that 50 pwm is the optimum coating thick-
ness. Ganesan et al. [25] compared the fatigue life
of welded and non-welded AA7075-T651 (7075-T651)
joints and concluded that welding improves fatigue
life. Zhang et al. [26] investigated the influence of ul-
trasonic nanocrystalline surface modification (UNSM)
on corroded 7075-T651 aluminum alloy and reported
that UNSM significantly increases fatigue life. You
et al. [27] analyzed the effects of friction coefficient
and impact angle on GLARE laminates under low-
-speed impacts using ABAQUS/Explicit. Zamani et
al. [28] investigated adhesive-bonded Al-GFRP single-
lap joints under varying maximum fatigue loads and
load ratios. Mosayyebi and Chakherlou [29] studied
the effect of composite patch geometry on the fatigue
life of V-notch and cracked aluminum panels and val-
idated their numerical results with experimental find-

ings, showing that the use of patches improves fa-
tigue life. Taware et al. [30] numerically studied the
fatigue performance of edge-cracked 6061-T6 panels
repaired with asymmetric CFRP patches and reported
improved fatigue performance. Ahmed et al. [31] in-
vestigated the effects of distilled water aging on CFRP
patches bonded to 2024-T3 sheets and concluded that
the aging effect has a negligible influence on mecha-
nical properties. However, limited studies have sys-
tematically investigated the combined effects of stress
ratio and specimen geometry on the fatigue behav-
ior of 2024-T3 using numerical methods. This pa-
per numerically investigates the variation of fatigue
behavior of 2024-T3 for different stress ratios (R =
-0.2, 0.1, and 0.4) and tensile stress levels (483, 241.5,
and 120.75 MPa). Three specimen types (open-hole,
transverse, and shear) were designed in a CAD en-
vironment and imported into ANSYS Workbench in
“.step” format. Fatigue simulations were performed
using literature-based mechanical properties and S-N
curves. Therefore, this study numerically investigates
the combined effects of stress ratio and specimen
geometry on fatigue life, damage, and safety factor
of 2024-T3, revealing the interaction between these
parameters and providing a comparative evaluation
across different specimen geometries, thereby offering
original contributions to the literature.

The paper is structured as follows: Section 2 pro-
vides an overview of the alloy and specimen config-
urations, as well as finite element modeling details.
Section 3 presents and discusses the influence of ten-
sile stresses and stress ratios on fatigue life, failure,
and safety factor. Section 4 concludes the study.

2. Test method and procedure
2.1. Material and specimen

In this research, 2024-T3 was selected to investi-
gate the effects of stress ratio and stress level on its
fatigue performance. The mechanical properties em-
ployed in the simulations were obtained from an ex-
perimental study reported in the literature [32] and
are summarized in Table 1. Three specimen geome-
tries were considered, each prepared in accordance
with different ASTM standards. The first configura-
tion was the open-hole specimen (OHS) defined by
ASTM D6484 [33], featuring a 6 mm hole, a thick-
ness of 0.1524mm, a width of 36 mm, and a length
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Fig. 1. Dimensions of the specimens: (a) OHS, (b) TS, and
(c) SS [33-35].

of 300 mm. The second was the transverse specimen
(TS), modeled according to ASTM 638 [34], with a
thickness of 0.1524 mm, a width of 19mm, and a
length of 143mm. The third was the shear speci-
men (SS) following ASTM 7078 [35], characterized by
a thickness of 0.1524mm, a width of 56 mm, and a
length of 76 mm. These three specimen types were se-
lected to systematically investigate the effect of ge-
ometry on fatigue behavior, as each type represents
different stress concentration and loading conditions
encountered in structural components. Moreover, the
extent and shape of the plasticity zone resulting from
fatigue loading are expected to differ among these
specimen types due to variations in stress distribution
and constraint conditions. All specimen models were
created using CAD software, and their dimensions are
presented in Fig. 1.

The modeled specimens were converted to “.step”
format and transferred to the ANSYS Workbench pro-
gram. Here, mechanical properties and the S-N curves
were defined for the program. The S-N curves were
defined separately for each stress ratio (R = —0.2,
0.1, and 0.4). The negative stress ratio (R = —0.2)
was chosen to represent tension—compression loading,
where crack closure effects become significant. The
small positive ratio (R = 0.1) reflects loading condi-
tions commonly encountered in aerospace structures,
whereas the higher positive ratio (R = 0.4) was used
to examine the effect of reduced stress range (Ao)
on fatigue life. The case of R = 0 was not consid-
ered, since this loading condition, corresponding to a
fully tensile but zero-based cycle, is generally regarded

“
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Fig. 3. Mesh convergence analysis for OHS.

in the literature as non-stable fatigue and does not
accurately capture crack opening and closure mech-
anisms observed in practical applications. This S-IV
curve was obtained from the literature and given in
Fig. 2 [36]. Then, the meshing process was carried out.
To obtain optimal results, mesh convergence analy-
ses were performed for all specimen types (OHS, TS,
and SS). Figure 3 presents the mesh convergence re-
sult for the OHS specimen as a representative case.
In the convergence plot, once the safety factor value
stabilized despite an increase in the number of nodes,
the selected mesh size was considered suitable for the
analyses. Similar convergence trends were observed for
the TS and SS specimens. The finite element models
and boundary conditions for different specimen types
are presented in Fig. 4. The mesh characteristics of
these finite element models are given in Table 2. The
OHS specimen has a higher number of elements due
to the geometric complexity around the hole, which
requires finer mesh discretization. Three-dimensional
quadratic SOLID186 elements were employed in the fi-
nite element models to ensure accurate representation
of stress gradients and fatigue behavior.
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Table 2. Mesh characteristics of the finite element models for different specimen types

Specimen type

OHS TS SS
Total number of elements 119704 58800 44170
Total number of nodes 843688 414653 311528
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Fig. 4. Finite element models and applied boundary con-
ditions of the specimens: (a) OHS, (b) TS, and (c) SS (A:
fixed support, B: applied tensile stress).

3. Results and discussion
In this section, the fatigue behavior of three dif-

ferent specimens is evaluated in terms of their varia-
tion with tensile stress (o) and stress ratio (R). The

200 300 400 500
Tensile stress (MPa)

Fig. 5. Variation of parameters for the OHS specimen un-
der different stress ratios: (a) R = —0.2, (b) R = 0.1, and
(¢) R=04.

results presented in the figures represent average val-
ues. In addition, deformation results corresponding to
fatigue life at o = 483, 241.5, and 120.75 MPa are also
illustrated.
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3.1. Analysis results for OHS specimen

The variation of fatigue behavior for the OHS spec-
imen is presented in Figs. 5 and 6 in terms of tensile
stress (o) and stress ratio (R). The plotted results in
Figs. ba—c show that fatigue life and safety factor de-
crease, while damage increases with increasing o for
all stress ratios. This trend can be attributed to the
increase in plastic deformation and accelerated micro-
crack initiation at higher stress levels. Under cyclic
loading, crack propagation becomes faster, which sig-
nificantly reduces the fatigue life of the material. In
addition, since the safety factor is defined as the ra-
tio of allowable strength to applied stress, it decreases
with increasing o, indicating a higher risk of failure.
For R = —0.2, as shown in Fig. 6a, the minimum
life regions are highly localized around the hole at
o = 483 MPa, indicating that fatigue damage initi-
ates in these stress concentration regions. As the ap-
plied stress decreases to 241.5 and 120.75 MPa, the

distribution of fatigue life becomes more uniform and
the minimum life increases significantly. At the lowest
stress level, the fatigue life reaches values exceeding
106 cycles, indicating a substantial improvement in fa-
tigue resistance. For R = 0.1, as illustrated in Fig. 6b,
the failure regions become more widespread compared
to the R = —0.2 case. This indicates that the positive
stress ratio promotes earlier and more distributed fa-
tigue damage across the specimen. Although the stress
levels are the same, the presence of a positive mean
stress accelerates fatigue damage accumulation, lead-
ing to a reduction in fatigue life. For R = 0.4, as
shown in Fig. 6¢c, the effect of the positive stress ra-
tio becomes more pronounced. While the behavior at
higher stress levels is similar to the R = —0.2 case,
at o = 120.75 MPa the fatigue life can be considered
effectively infinite, as the minimum cycle exceeds 10°.
The contour plots also indicate that the damage is
significantly reduced and distributed more uniformly
across the specimen. Overall, for the OHS specimen,
both tensile stress and stress ratio play critical roles in
fatigue behavior. Increasing o leads to a sharp reduc-
tion in fatigue life, while positive stress ratios promote
earlier fatigue initiation and more distributed damage,
especially around the hole region where stress concen-
tration is dominant. These results are consistent with
previous studies. Mazlan et al. [37] and Liu et al. [38]
reported that increasing stress levels accelerate crack
initiation and propagation, while Evran [39] showed
that the safety factor decreases with increasing ap-
plied load.

3.2. Analysis results for TS specimen

The fatigue behavior of the TS specimen is pre-
sented in Figs. 7 and 8. As shown in Figs. 7Ta—c, in-
creasing tensile stress results in a significant decrease
in fatigue life and safety factor, while damage increases
for all stress ratios. This behavior is associated with
increased stress concentration in the narrow (waist)
region of the specimen, where deformation is more
pronounced under higher loading conditions. For R =
—0.2, as illustrated in Fig. 8a, the lowest fatigue life
is concentrated in the thin section of the specimen at
o = 483 MPa. This region acts as the critical location
for crack initiation due to geometric stress concentra-
tion. As the stress decreases to 241.5 and 120.75 MPa,
the affected region becomes smaller and the fatigue life
increases. The color transition from low-life regions to
high-life regions indicates a reduction in failure-prone
areas. For R = 0.1, as shown in Fig. 8b, the damage
distribution becomes more uniform compared to the
R = —0.2 case. At 0 = 483 MPa, the failure region is
still concentrated in the thin section, but its intensity
is reduced. As the stress decreases, the fatigue life in-
creases significantly, and at o = 120.75 MPa, high-life
regions dominate the specimen. For R = 0.4, as illus-
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Fig. 7. Variation of parameters for the TS specimen under
different stress ratios: (a) R = —0.2, (b) R = 0.1, and
(¢) R=04.

trated in Fig. 8c, the influence of the positive stress
ratio becomes more evident. At lower stress levels, es-
pecially at 0 = 120.75 MPa, the specimen exhibits pre-
dominantly high-life regions, and the fatigue life can
be considered effectively infinite. The contour plots
indicate that the failure-prone regions are minimized.
These observations indicate that the fatigue behavior
of the TS specimen is strongly governed by the geom-
etry of the narrow section. The stress concentration in
this region controls crack initiation and propagation.
The obtained results are in agreement with previous
studies. Liu et al. [38] reported that fatigue failure is
dominated by stress concentration regions under high
tensile stress conditions.
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Fig. 8. Variation of deformation for the TS specimen at
different stress ratios: (a) R = —0.2, (b) R = 0.1, and (c)
R =0.4.

3.3 Analysis results for SS specimen

The fatigue behavior of the SS specimen is pre-
sented in Figs. 9 and 10. As shown in Figs. 9a—c,
fatigue life decreases and damage increases with in-
creasing tensile stress for all stress ratios. This behav-
ior is primarily controlled by the notch region, which
acts as a stress concentration zone. For R = —0.2, as
illustrated in Fig. 10a, the lowest fatigue life is con-
centrated at the notch at ¢ = 483 MPa, indicating
severe stress concentration. As the applied stress de-
creases to 241.5 and 120.75 MPa, the fatigue life in the
notch region increases significantly. The contour plots
show a transition toward higher life regions at lower
stress levels. For R = 0.1, as shown in Fig. 10b, the
fatigue behavior is similar to the R = —0.2 case; how-
ever, the life distribution becomes more uniform. The
notch region still controls the fatigue behavior, but the
effect of stress concentration is slightly reduced. For
R = 0.4, as illustrated in Fig. 10c, the fatigue life in-
creases further, particularly at lower stress levels. The
contour plots indicate that high-life regions dominate
the specimen, and the damage distribution becomes
more uniform. Overall, the fatigue behavior of the SS
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specimen is governed by the notch geometry, and both
stress level and stress ratio significantly influence crack
initiation and propagation. These findings are consis-
tent with the study of Roundi and Elgharad [40], who
showed numerically that fatigue life increases as the
stress ratio approaches positive values.

The overall trends obtained for the OHS, TS, and
SS specimens are consistent with the findings reported
in the literature. Previous studies have shown that in-
creasing tensile stress accelerates crack initiation and
propagation, leading to a significant reduction in fa-
tigue life and an increase in damage accumulation.
Similarly, it has been reported that the safety factor
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decreases with increasing applied stress due to higher
loading severity. In addition, stress concentration re-
gions such as holes, notches, and geometrical discon-
tinuities play a dominant role in fatigue failure by
acting as primary crack initiation sites. The present
results also indicate that the stress ratio has a con-
siderable influence on fatigue behavior, where positive
stress ratios can alter damage distribution and fatigue
performance depending on specimen geometry. These
observations are in agreement with the experimental
and numerical findings of Mazlan et al. [37] and Liu
et al. [38], who demonstrated that higher stress lev-
els accelerate fatigue damage mechanisms, as well as
Evran [39], who reported a decrease in safety factor
with increasing applied load. Furthermore, the effect
of stress ratio on fatigue life is consistent with the
numerical study of Roundi and Elgharad [40], who
showed that fatigue performance varies significantly
with stress ratio conditions.

The variation of fatigue parameters with respect
to stress ratio (R = —0.2, 0.1, and 0.4) for differ-
ent tensile stress levels is presented in Figs. 11-13 for
OHS, TS, and SS specimens, respectively. As shown
in Figs. 11-13, for all specimen types, fatigue life ini-
tially decreases and then increases with increasing
R, while the safety factor consistently increases. In
contrast, damage generally decreases with increasing
R, except for the OHS and TS specimens at o =
120.75 MPa, where a non-monotonic behavior is ob-
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served. In these cases, damage first increases and then
decreases, forming a triangular trend. This behavior
can be explained by considering the effect of stress
ratio on the stress range (Ao = Omax — Omin). As R
increases, the minimum stress approaches the maxi-
mum stress, leading to a reduction in stress range. A
smaller stress range slows down crack propagation, re-
sulting in lower damage accumulation and improved
fatigue life. Consequently, the safety factor increases
with increasing R. However, when R is negative, crack
closure effects occur during cyclic loading. This crack
closure reduces the effective stress intensity at the
crack tip, thereby slowing down crack growth and in-
creasing fatigue life. As a result, relatively higher life
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Fig. 12. Variation of fatigue parameters for the TS speci-
men at different stress levels: (a) 483 MPa, (b) 241.5 MPa,
and (c) 120.75 MPa.

values are observed at both low (R = —0.2) and high
(R = 0.4) stress ratios. At intermediate stress ratios
(R = 0.1), the cracks tend to remain open during the
loading cycle, leading to higher effective stress ranges.
This condition accelerates crack propagation and re-
duces fatigue life. Therefore, the relationship between
fatigue life and stress ratio exhibits a nonlinear trend.
Damage, which represents the consumed portion of fa-
tigue life, is strongly related to the stress range. As the
stress range decreases with increasing R, the rate of
damage accumulation also decreases. Additionally, at
higher R values, the loading cycle remains predomi-
nantly in tension, which reduces the severity of cyclic
loading and contributes to improved fatigue perfor-
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Fig. 13. Variation of fatigue parameters for the SS speci-
men at different stress levels: (a) 483 MPa, (b) 241.5 MPa,
and (c) 120.75 MPa.

mance. Overall, the results clearly indicate that the
fatigue response of all specimens is highly sensitive to
the stress ratio, and the relationship between R and
fatigue life is nonlinear. Similar nonlinear trends be-
tween stress ratio and fatigue life have also been re-
ported in the literature by Moers and Dresbach [41].

These results can support researchers in develop-
ing more reliable numerical fatigue models and assist
engineers in designing safer and more durable struc-
tural components, particularly in aerospace applica-
tions. Furthermore, the findings of this study may also
be applicable to other engineering fields where fatigue-
critical metallic structures are used.

4. Conclusion

In this study, the fatigue behavior of 2024-T3 was
numerically investigated under different stress ratios
(R=-0.2,0.1, and 0.4) and tensile stress levels (483,
241.5, and 120.75 MPa) for three specimen geometries
(OHS, TS, and SS). The main findings can be sum-
marized as follows:

— Increasing the tensile stress from 120.75 to
483 MPa resulted in a significant reduction in fatigue
life for all specimen types, with life values decreas-
ing by several orders of magnitude, while damage in-
creased substantially.

— Among the specimen geometries, the OHS spec-
imen exhibited the lowest fatigue life due to severe
stress concentration around the hole, whereas TS and
SS specimens showed relatively higher fatigue resis-
tance.

— The effect of stress ratio on fatigue behavior was
found to be nonlinear. Fatigue life decreased at R =
0.1 compared to R = —0.2, while a noticeable increase
in fatigue life was observed at R = 0.4, particularly at
lower stress levels where the life exceeded 10° cycles.

— The safety factor decreased with increasing stress
level, while it increased with higher stress ratios, indi-
cating reduced loading severity at higher R values.

— The results demonstrated that fatigue damage
initiation and propagation are strongly governed by
stress concentration regions such as holes, notches,
and geometrical discontinuities.

Overall, the findings clearly indicate that both
stress ratio and specimen geometry have a combined
and significant influence on fatigue life, damage, and
safety factor. Therefore, these parameters must be
considered simultaneously for reliable fatigue life pre-
diction and safe design of aluminum alloy structures.
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