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Abstract—This research presents a detailed experimental and numerical investigation into the buckling behavior of three metallic

alloys—304 Stainless Steel, AA 6061-T6, and AA 2017-T4—subjected to shot peening treatment and elevated temperature conditions. 

A total of 48 column specimens were tested in both untreated and shot-peened conditions at room temperature and under thermal 

exposure ranging from 25°C to 500°C. The experimental results demonstrated that thermal exposure led to significant reductions in 

critical buckling load, with AA 6061-T6 showing the most significant decrease, up to 45%, highlighting its temperature sensitivity. In 

contrast, shot peening enhanced buckling resistance across all materials, with improvements ranging from 20% to 35%. For instance, 

304 Stainless Steel increased from 217 N to 287 N, while AA 2017-T4 showed an increase from 232 N to 306 N after peening. Numerical 

models were developed using ANSYS to simulate buckling performance under identical loading and boundary conditions. The 

simulation results showed strong agreement with the experimental data, with maximum deviations of less than 6%. The mode shapes 

and stress concentration zones observed in the simulations accurately reflected physical deformations. Mesh sensitivity and material 

property calibration ensured high model accuracy. Among the tested materials, AA 2017-T4 demonstrated superior performance in 

both strength and thermal stability, making it the most promising candidate for load-bearing components exposed to heat. This study 

highlights the combined influence of surface treatment and thermal conditions on buckling behavior, offering practical guidance for 

structural design in thermomechanical environments such as aerospace, automotive, and energy systems. 
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I. INTRODUCTION

One of the most critical ways to transport goods is by land, 
especially food and industrial commodities. It is essential for 
cities and countries, and it is also a vital means of 
communication for people to connect worldwide. Land 
transportation is crucial for international trade [1]. Depending 
on the type of commodities, the political situation, and other 
factors, cargo vehicles such as trucks, trolleys, or rail trains 
can facilitate this. No matter how you get there, you need a lot 
of roads, whether they are asphalt, dirt, or anything else, to 
link the starting point to the goal. Bridges are a crucial part of 
transportation networks because they enable roads to cross 
rugged terrain. Bridges are important because they connect 
areas that are divided by natural barriers, such as mountains, 
valleys, and bodies of water. Because of this, it is uncommon 
to discover a long land route that has no bridges at all [2]. [3]. 

Bridges are made up of several parts that are connected in a 
complicated way. These parts are assembled using various 
methods, including welding, bolted joints, and other fastening 
techniques. Research on how long bridges last and how well 
they work shows that structural joints are especially likely to 
collapse when they are under dynamic stress conditions. 
Fatigue failure is still a big problem in many engineering 
fields, especially in building and transportation [4], [5]. 
Bridges are no exception. These constructions have to support 
a lot of different loads, such as:  

 Traffic loads: Different weights, speeds, and unequal
distributions of vehicles.

 Environmental loads: Temperature changes that cause
bridge parts to expand and compress.

 Natural forces: seismic activity, wind loads, and waves
hitting things in the ocean.
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Each of these loading circumstances can cause structural 
damage on its own or in combination with others. This 
damage can worsen over time, potentially leading to the 
failure of bridge parts. Research on how integrated concrete 
bridges behave when they get tired shows that steel piles in 
the middle of bridges are where most fatigue failures happen. 
As a result, much research on how bridges withstand stress 
focuses on these critical structural components [6].  

Many studies have examined how bridge piles behave as 
they fatigue. Research by [7] established a set of rules for 
determining how integrated bridge piles deform and how long 
they last when subjected to temperature changes. Their results 
showed that the length of a bridge has a significant effect on 
its fatigue life. Longer bridges have a larger strain amplitude 
and a shorter fatigue life. A study by [8] conducted full-scale 
tests to investigate how steel piles behave when temperature 
changes cause them to bend. They predicted that integrated 
abutment bridges with spans of up to 500 meters would last 
approximately 120 years before they began to deteriorate. In 
the same way, [9] looked at how the direction of the piles 
affects fatigue behavior and found that local buckling is more 
critical than direction in low-cycle fatigue situations.  

More research has explored other factors that impact how 
well people perform when they are tired. For example, [10] 
used operational strain measurements on bolted connections 
in steel bridges to figure out how long they could last. A study 
by [11] looked at the fatigue life of pile-supported overseas 
bridges that were hit by random ice impacts. They found that 
conical caps might extend fatigue life by 45% compared to 
vertical caps. Authors in [12] and [13] looked into how 
changes in temperature and waves hitting steel bridge piles 
affected them together. They found that the middle piles were 
the most likely to collapse. Based on these results, the goal of 
this work is to make steel bridge piles that are subjected to 
seawater-induced buckling last longer. Studies have shown 
that two main factors are significant for increasing the fatigue 
life of metals: adding compressive residual stress to the 
surface and improving the surface grain structure [14].  

In this case, shot peening is often regarded as an effective 
method for enhancing fatigue resistance. This is achieved by 
introducing beneficial residual stresses and improving the 
material's surface. This study investigated the effect of normal 
shot peening treatment on the service life of steel piles that are 
failing due to saltwater corrosion using both numerical 
modeling and real-world testing. When structural parts are 
used in maritime settings, they encounter numerous 
mechanical and environmental challenges that significantly 
impact their stability and reliability over time. In such 
situations, one of the most critical ways things might break is 
via buckling. It happens when compressive pressure, damage 
from saltwater, and material weakening happen at the same 
time [15], [16].  

Culmons are one of the most essential parts of bridges, 
offshore platforms, and other types of maritime infrastructure 
[17]. They are responsible for supporting the weights that the 
building must bear. On the other hand, corrosion, surface 
damage, and stress-induced deformation significantly impair 
their performance. All these factors contribute to an increase 
in the buckling failure rate, which in turn shortens their 
service life and raises maintenance expenses [18]. Saltwater 
is quite aggressive; therefore, it speeds up the process of 

deterioration. This causes the material to break down in 
specific places, lowers its cross-sectional strength, and raises 
the danger of buckling instability [19]. Some traditional 
technical methods that can enhance the robustness of these 
constructions under long-term compressive loads include 
using materials that don't rust and applying protective 
coatings [20]. However, these tactics do not always work as 
intended. Keeping this in mind, it is essential to explore 
alternative methods of treating surfaces that may enhance 
buckling resistance and structural integrity in maritime 
environments [21]. Conventional shot peening is a type of 
mechanical surface treatment that offers numerous benefits. It 
makes objects harder, creates compressive residual stresses, 
and improves microstructural properties [22]. This appears to 
be a potential method for enhancing buckling behavior. 

A lot of research has been done on how these changes affect 
the stability of buckling, especially in culmons that are near 
the sea [23]. On the other hand, many individuals have 
utilized these changes to prolong the lifespan of their products 
and reduce the likelihood of wear and tears. Previous studies 
have examined the general effects of shot peening on 
mechanical characteristics, but few have investigated its 
impact on buckling resistance when saltwater is present as a 
damaging factor [24]. 

Additionally, the effects of shot peening depend 
significantly on the material; therefore, various technical 
alloys react differently to the process. The study looks at 304 
stainless steel, AA 6061-T6, and AA 2017-T4. These are three 
materials commonly used to construct objects in the ocean. 
We chose these materials because they are widely used and 
have unique mechanical and corrosion-resistant properties 
[25]. We still do not know how much shot peening lowers the 
chance that each material may buckle when it comes into 
contact with saltwater [26]. Engineers must understand the 
interconnection between shot peening treatment, exposure to 
saltwater, and buckling behavior to ensure that structural parts 
can withstand longer in severe environments [27].  

The goal of this study is to fill in the gap by looking closely 
at how traditional shot peening affects the buckling resistance 
and mechanical performance of culmons that have been 
exposed to saltwater [28]. The goal of this effort is to establish 
a scientific foundation for enhancing shot peening treatments 
through comprehensive experimental and numerical analysis. 
It aims to improve the strength and durability of marine 
buildings [29]. 

The main goal of this study is to find out how traditional 
shot peening treatment affects the buckling resistance and 
service life of culmons that have been damaged by saltwater. 
Because structural parts used in maritime environments are 
constantly exposed to extreme circumstances, their stability 
and long-term performance are crucial [30]. This study aims 
to provide a comprehensive computational and experimental 
analysis to examine the effectiveness of shot peening as a 
surface treatment method for enhancing mechanical 
performance and mitigating the negative impacts of exposure 
to seawater. To reach this goal, the following tasks must be 
completed to investigate how shot peening changes the 
mechanical and microstructural qualities of 304 Stainless 
Steel, AA 6061-T6, and AA 2017-T4 culmon. This includes 
its impact on residual stress distribution, hardness, and surface 
roughness. Investigate how shot peening affects the buckling 
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resistance of columns while they are under compressive stress 
in a seawater-exposed environment.  

Compare samples that have been treated with shot peening 
to samples that have not. As well as to use finite element 
analysis (FEA) to create a numerical model that shows how 
buckling works. The most significant aspect of this discovery 
is that it may enhance the strength and durability of materials 
used in maritime applications. Structural parts like culmons 
are always exposed to seawater, which causes them to break 
down, corrode, and put mechanicals on them. This makes 
their failure a big problem for maritime infrastructure.  

II. MATERIALS AND METHOD 

A. Research Design  

The research examines the structural performance of 304 
Stainless Steel, AA 6061-T6, and AA 2017-T4 to identify 
their strengths and weaknesses. It does this by using both 
experimental testing and numerical simulations. The research 
technique is well-organized, beginning with the selection and 
description of the materials themselves. To determine how 
shot peening affects the structural integrity of the material, its 
mechanical characteristics are evaluated both before and after 
the treatment. Following this, experimental tests are 
conducted, including shot peening and axial compression 
tests, to evaluate the effectiveness of the buckling in various 
situations. Finite element simulations are used to provide 
predictions about how the structure could behave during the 
numerical modeling phase. These simulations demonstrate 
how stress is distributed and how strong the structure is 
against buckling. Last but not least, the data processing and 
validation process involves comparing the test findings with 
the numerical results to ensure they are accurate and reliable. 
Figure 3 illustrates the thermal buckling test rig, a crucial 
component in evaluating the performance of materials at 
elevated temperatures. It provides a comprehensive 
understanding of how they remain stable and how they cease 
to function. 

 
Fig. 1  Research design 

B. Material Selection and Characterization 

This study looks at three different types of metal. Due to 
their unique mechanical and performance capabilities, these 
materials are widely used in structural applications. We chose 
SS304, or 304 stainless steels, because it is resistant to rust 
and has moderate strength, making it safe for use in hazardous 
environments. AA 6061-T6 is a heat-treated aluminum alloy 
that is noted for its high strength-to-weight ratio and strong 
corrosion resistance. These attributes make it an excellent 

option for use in the aerospace and marine sectors. On the 
other hand, AA 2017-T4 is an aluminum alloy that has been 
precipitation-hardened and is quite strong [31] . It is, however, 
less resistant to corrosion than AA 6061-T6, which may limit 
its use in places where corrosion is likely to happen. 
Comparing these materials provides us with significant 
information about their suitability for use in structures, 
especially when subjected to high temperatures and 
mechanical loads. 

C. Mechanical Properties 

Ultimate tensile strength (UTS), yield strength (YS), 
Young's modulus (E), and shear modulus (G) are the 
terminology that are used to summarize the mechanical 
properties of the materials that were chosen. These materials 
include 304 stainless steel, AA 6061-T6, and AA 2017-T4. 
The maximum ductility is exhibited by 304 stainless steel, 
which has an ultimate tensile strength (UTS) of 621 MPa and 
a yield strength (YS) of 290 MPa. Young's modulus is within 
the range of 193–200 GPa, while its shear modulus fluctuates 
between 74–77 GPa. A UTS of 310 MPa, a YS of 276 MPa, 
a Young's modulus of 70 GPa, and a shear modulus of 29 GPa 
are the properties of the structural alloy AA 6061-T6, which 
is well-known for its low weight and resistance to corrosion.  

However, AA 2017-T4, an aluminum-copper alloy, has a 
balanced mix of strength and stiffness, with a UTS of 455 
MPa, a YS of 261 MPa, a Young's modulus of 78 GPa, and a 
shear modulus of 30 GPa. This alloy is characterized by its 
ability to withstand high loads without compromising its 
strength. It is essential to consider these mechanical 
characteristics when evaluating buckling resistance and shot 
peening treatment, as they significantly influence the 
performance of materials under axial stress and high-
temperature conditions. Table 1 provides a summary of the 
mechanical qualities that these materials possess. 

TABLE I 
THE MECHANICAL PROPERTIES 

Material UTS (MPa) YS (MPa) E (GPa) G (GPa) 

304 Stainless Steel 621 290 193-200 74-77 
AA 6061-T6 310 276 70 29 
AA 2017-T4 455 261 78 30 

D.  Shot Peening Treatment Parameters 

During shot peening, which is done in a controlled way, 
high-speed spherical media hit the surface of the specimen. 
This causes compressive residual stresses to form, which 
make the material more resistant to buckling and longer-
lasting. The shot peening test rig, shown in Figure 1, was 
made to ensure that the surface of the specimen is treated the 
same way all over. The size of the shot and the substance used 
are two crucial factors that determine the effectiveness of the 
shot peening procedure. For this method, steel shots with a 
diameter of 0.5 millimeters are used. Maintaining a peening 
intensity between 0.2 mmA and 0.4 mmA ensures that the 
surface is as strong as possible. A covering of one hundred 
percent is employed to make sure that the residual tension is 
spread out evenly. The technique is also performed with an air 
pressure of 5 to 7 bars, which allows the shot speed and impact 
force to be controlled, enabling the material to be made larger 
as needed. 
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Fig. 2  Shot peening test rig 

E. Thermal Buckling Test 

A thermal buckling test rig built particularly for this 
purpose is used to find out if columns are stable when they are 
pushed together with axial compressive force at high 
temperatures. As shown in Figure 3, the experimental setup 
has three main parts: the actual thermal buckling test rig, 
which creates a realistic testing environment for evaluating 
buckling behavior;  a schematic diagram of the entire test rig, 
showing how it is built and how it is loaded; and the buckling 
column specimen, which is made to look like real-world 
structural elements. With this setup, it is able to accurately 
study how temperature and shot peening treatment affect the 
critical buckling load and the overall mechanical performance 
of the materials being tested. 

 
Fig. 3  Thermal buckling test rig and the buckling columns samples 

F. Finite Element Model (FEM) Development 

We used the equivalent buckling tool in the Static 
Structural module of ANSYS to look at how the column 
would buckle when it was pushed down along its length. This 
tool is used to predict the critical buckling load and check the 
column's stability, which gives important information about 
how well the column works. Several key steps were required 
to utilize this tool effectively. We were able to make an 
accurate model of the actual system by first specifying the 
column's shape, boundary conditions, and material properties. 
This was done to ensure it would work. During the 
investigation, the axial compressive load that was used was 
slowly increased. This helped ANSYS figure out the critical 
buckling load by looking at how the column changed shape 
and stayed stable under different loading conditions. The 
tool's results provided us with important information on the 
likelihood of the column buckling, which is necessary for 
improving the column's design and ensuring it functions well 
under high-stress conditions. 

G. Geometry Creation 

After the column geometry was first designed in 
AutoCAD, it was brought into ANSYS for more work. This 
was done to make sure that the modeling and numerical 

analysis were correct and accurate. We made models of the 
columns with a cylindrical cross-section that was 7 
millimeters wide and 500 millimeters long for one and 400 
millimeters long for the other. These lengths are equal to 
slenderness ratios (SR) of 200 and 160, respectively. To make 
sure that the calculations were the same for all of them, the 
column constant of 113.3 was used in the same way for all of 
them.  

After the geometry was made in AutoCAD, it was saved in 
a way that ANSYS could read it. This made sure that the 
geometry will be included to the simulation environment 
without any difficulties. Finite element meshing was used to 
break the model down into smaller pieces once the pre-
processing steps in ANSYS were done. These procedures 
comprised setting the material properties, applying the right 
boundary conditions, and setting the material properties. 
Figure 4 shows that these steps were necessary to get the 
structure ready for buckling analysis. In this phase, numerical 
simulations were done to look at how shot peening treatment 
and heat affected the strength of the columns when they were 
under axial compressive stress. 

 
Fig. 4  Geometry details 

H. Mesh Generation 

We used the Static Structural tool in ANSYS to do the 
meshing process. This tool is essential since it ensures that the 
column's stress distribution and deformation analysis are 
accurate when it is loaded. We choose to utilize a smooth 
transition meshing approach, allowing the sizes of the 
elements to change gradually over time. This lowers the 
number of numerical mistakes and makes convergence more 
stable. We utilized hexahedral components instead of 
tetrahedral ones because they are more precise, especially in 
structural research. This made it possible to get the degree of 
precision needed to capture how the structure behaved.  

We chose an element size of 3 millimeters, which is precise 
enough to find stress concentration points without slowing 
down the computer. A transition ratio of 0.272 and a growth 
rate of 1.2 were also employed to enhance the mesh's accuracy 
in areas with high stress, while allowing larger elements to 
remain in less critical regions. This was done to make sure 
that the mesh was developed in a way that struck the right 
balance between cost and precision. The final mesh comprised 
2,228 elements, ensuring a sufficiently high resolution to 
predict deformation and buckling behavior accurately. This 
meshing method is used to ensure that the simulation results 
accurately represent how the column would behave when 
subjected to axial compressive forces. Figure 5 illustrates that 
this method facilitates faster numerical analysis. 
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Fig. 5  Meshed column 

I.  Boundary Conditions 

We used the proper boundary conditions to model the real-
world limits that the column would face when it was axially 
compressed. The column was 400 mm long. For this 
investigation, the column was treated as a cantilever 
construction. One end of the column was anchored to keep it 
from moving, while an axial compressive stress pushed down 
the other end. The fixed end is where the column is attached 
to a foundation or support, which keeps it from moving in any 
direction, even translation or rotation. This fixed boundary 
condition was used for all translational and rotational degrees 
of freedom, which made it look like a stiff link. The axial 
compressive load was put on the free end of the column, in 
line with its long axis. This loading condition simulates the 
forces that occur on the column in real-life situations when it 
is subjected to vertical compression forces, such in building 
applications.  

In the simulation, the load that was put on the column was 
slowly raised, and the column's buckling behavior was 
watched. Additionally, the model utilized the column's 
material parameters, including Young's modulus, Poisson's 
ratio, and yield strength, to accurately estimate the column's 
response to compressive stress. Figure 6 shows that the 
findings from this boundary condition arrangement give us 
information on the column's stability under high-stress 
circumstances and the critical buckling load. 

Fig. 6  Boundary conditions 

J. Geometry Model Description for Numerical Simulation 

The finite element model was constructed to resemble the 
actual columns used in the tests. We created three-
dimensional solid models of the three materials we examined: 
304 Stainless Steel, AA 6061-T6, and AA 2017-T4. We used 
simplified shapes that included essential structural elements 
but left out small fillets or holes. The goal of the modeling 
was to maintain global stiffness and load path integrity while 
improving meshing efficiency. Using ANSYS Design 
Modeler, the geometries were set up and aligned in a global 
Cartesian coordinate system. To ensure fairness in 
comparisons, all the material models used the exact standard 

sizes. Modeling accuracy is crucial for ensuring that the 
numerical outputs align with real-world test conditions and 
for establishing boundary fidelity and load predictability in 
simulation. All models were evaluated under the same 
mechanical and thermal boundary conditions to ensure fair 
comparisons. These geometry sets served as the basis for 
accurate simulations of stress, deformation, and buckling 
throughout the investigation, as illustrated in Figure 7. 

 
Fig. 7  Model of the buckling process 

K.  Meshing Information 

The accuracy and convergence of simulation results are 
directly affected by the quality of the finite element mesh. 
Since of this, tetrahedral elements (SOLID187) were chosen 
since they are recognized for being able to capture uneven 
shapes and stress gradients accurately. There were between 
40,000 and 60,000 components in each model. Finer meshing 
was used in areas where stress was predicted to accumulate, 
such as the middle gauge section and corners. The mesh 
convergence research helped us choose the optimal element 
size, which was 1.0 mm, to find a good compromise between 
accuracy and calculation speed. The transition ratio of 0.272 
ensured that the size of the elements changed smoothly, 
thereby reducing the stress concentrations that occurred when 
the mesh changed suddenly. The overall mesh skewness 
remained below 0.3, indicating a high-quality mesh suitable 
for nonlinear mechanical and thermal simulations. It was 
crucial to have the correct mesh resolution to visualize how 
things buckled locally, how shot peening introduced residual 
stresses, and how they changed shape under high-temperature 
and compression loads. 

L.  Loading Setup 

For realistic modeling of mechanical and thermal reactions, 
it is essential to use the proper boundary conditions and 
loading. We mimicked tensile testing by holding one end of 
the specimen still and moving the other end in a straight line. 
This system effectively simulates uniaxial strain in a quasi-
static state. We represented both ends of the column as 
supported for buckling simulations. This lets us simulate real-
world boundary conditions by allowing for axial compression 
and lateral displacement. We built up the thermal simulation 
by defining how heat moves through convection and 
conduction, depending on how quickly things heat up in real 
life and how much time they spend outside. The behavior of 
the material was said to rely on the temperature, and its 
characteristics changed in real time as the temperature grew. 
This comprehensive method enabled the model to respond 
accurately to combined thermomechanical stresses. We used 
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this boundary and loading conditions to predict how things 
would fail, identify areas of high stress, and determine the 
most critical buckling loads in both peened and unpeened 
samples. 

 
Fig. 8  Process of boundary conditions 

III. RESULTS AND DISCUSSION  

A. Buckling Mode Shapes (First Mode) and Critical Loads 

The numerical simulation of buckling behavior provided 
critical insight into the deformation patterns and load limits 
for each of the tested materials. The first buckling mode was 
analyzed because it generally determines the practical critical 
load under axial compression. For 304 Stainless Steel, a 
classic S-shaped global buckling mode was observed, 
corresponding to a critical load of 380 N as shown in figure 9. 
AA 6061-T6 exhibited a similar buckling mode but with 
slightly less stiffness, failing at 315 N. AA 2017-T4 showed 
the highest resistance to buckling with a failure load of 420 N 
and a deformation mode consistent with global flexure. These 
simulated results closely matched the experimental data, 
validating the fidelity of the finite element model. Observing 
the buckling mode shapes helped confirm that all tested 
specimens behaved as slender columns and that material 
stiffness, boundary conditions, and geometry were accurately 
captured. The mode shape comparison also guided failure 
predictions in real-world applications. 

 

 
Fig. 9  Buckling Mode Shapes at Critical Loads 

B. Buckling Load Comparison (Numerical vs. Experimental) 

This comparison table highlights the agreement between 
numerical simulations and experimental buckling test results 
for the three materials studied. The critical loads derived from 
finite element analysis (FEA) showed excellent correlation 
with the measured loads, with all discrepancies falling within a 
margin of less than 6%. For example, 304 Stainless Steel 
showed a numerical value of 380 N versus an experimental load 
of 360 N, representing a 5.56% difference as illustrate in figure 
10. Similarly, AA 6061-T6 and AA 2017-T4 demonstrated 

differences of only 5.00% and 4.74%, respectively. These small 
variations confirm the validity of the meshing strategy, material 
property definitions, and boundary conditions used in the 
simulations. The accuracy of the numerical model justifies its 
use in further parametric studies and reliability assessments. 
Such comparisons are vital to ensure that digital models can be 
trusted to predict real-life performance under complex loading 
scenarios, particularly for safety-critical components subjected 
to compression. 
 

 
Fig. 10  Buckling Load Comparison (Numerical vs. Experimental) 

C. Von Mises Stress Distribution at 304 Stainless Steel 

As shown in Figure 11, Von Mises stress analysis for 304 
Stainless Steel revealed concentrated stress zones under both 
tensile and compressive loading conditions. During uniaxial 
tension, the highest stress occurred at the central gauge section, 
indicating the onset of yielding as values approached the 
material’s ultimate tensile strength. 

 
Fig. 11  Von Mises Stress Distribution of 304 Stainless Steel 

 

In the buckling simulation, elevated stress is localized in 
the mid-length region of the column, correlating with areas of 
maximum lateral deflection. Thermal loading caused a 
redistribution of stress toward the surface due to thermal 
gradients and expansion resistance. The stress remained 
within allowable limits under all conditions but showed 
increased sensitivity in thermal environments. This behavior 
suggests that while 304 SS performs well structurally, stress 
redistribution under thermal influence should be factored into 
high-temperature design applications. 

D. Von Mises Stress Distribution at AA 6061-T6 

For AA 6061-T6, Von Mises stress simulations indicated a 
broader distribution of stress compared to 304 SS, particularly 
under tensile loading. The stress levels rose uniformly along 
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the gauge section, reflecting the alloy's consistent elastic 
response. However, under buckling conditions, stress 
concentrated heavily near the mid-span, where lateral 
deformation initiated. Unlike stainless steel, AA 6061-T6 
showed more pronounced stress gradients near constraint 
boundaries, suggesting lower resistance to instability. Under 
thermal conditions, stress shifted toward the column’s 
surface, influenced by differential expansion and thermal 
conductivity. The relatively lower peak stresses under thermal 
loading highlight AA 6061-T6's thermal softness, which, 
while beneficial for energy absorption, raises concerns in 
load-bearing, high-temperature environments, as shown in 
Figure 12. These stress behaviors reinforce the need for 
strengthening techniques when structural rigidity is a priority. 
 

 
Fig. 12  Von Mises Stress Distribution of AA 6061-T6 

E. Von Mises Stress Distribution at AA 2017-T4 

AA 2017-T4 demonstrated the most favorable Von Mises 
stress performance among the materials tested. During tensile 
simulation, the stress concentrated along the central gauge, 
with peak values close to the measured ultimate tensile 
strength, indicating excellent utilization of material strength. 
Under buckling, the stress remained well-distributed, with 
less severe localization than in AA 6061-T6, highlighting its 
superior stiffness and resistance to deformation. In thermal 
simulations, stress accumulated in areas exposed to direct heat 
flux, but peak values remained lower than critical levels due 
to the alloy’s relatively stable thermal expansion 
characteristics. This behavior indicates that AA 2017-T4 
maintains a balanced stress response under complex loading 
environments, making it an ideal candidate for precision 
structural applications exposed to both mechanical and 
thermal loads, as shown in Figure 13. 
 

 
Fig. 13  Von Mises Stress Distribution of AA 2017-T4 

F. Total Deformation at 304 Stainless Steel 

The overall deformation study of 304 Stainless Steel under 
tensile and buckling stresses showed that it behaves 
mechanically in a balanced way. The material showed 
constant elongation along the gauge section during tensile 

simulation, which is what you would expect from a ductile 
material. The most deformation measured was modest, 
indicating that the material was resistant to stretching. Under 
compressive buckling, the deformation pattern moved toward 
lateral bending, notably in the middle length section, showing 
that the whole thing was unstable. The distortion was larger 
than in tension, but it was still within expected limits. This 
indicates that 304 SS is reliable for use in structures. 
However, when the material was heated, it distorted a little 
more due to thermal expansion. This result implies that 304 
SS works well under static loads, but in very hot conditions, 
thermal effects should be taken into account. 
 

 
Fig. 14  Total Deformation of 304 Stainless Steel 

G. Total Deformation at AA 6061-T6 

When buckling and heat loads were applied, AA 6061-T6 
showed a stronger deformation reaction than 304 Stainless 
Steel. In tensile tests, the alloy changed shape in a significant 
but even way, which is what you would expect from 
something light and flexible. But when the stresses were 
compressive, the deformation went up a lot, reaching levels 
that were more than twice as high as those under tensile 
circumstances. It was thought that this was because the alloy 
had a lower modulus of elasticity, which made it more likely 
to bend and become unstable. When the material was heated, 
it expanded, causing it to deform uniformly throughout its 
length in a steady state. The fact that AA 6061-T6 deforms 
more under thermal and compressive stress shows how 
sensitive it is to multi-axis loading and environmental 
conditions. This means that structural applications where 
dimensional stability is essential should use reinforcement or 
protective treatments like shot peening. 

 
Fig. 15  Total Deformation of AA 6061-T6 

H. Total Deformation at AA 2017-T4 

AA 2017-T4 showed the best deformation behavior when 
subjected to a combination of tensile, buckling, and thermal 
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stresses. When put under axial stress, the material kept 
deforming in a controlled and linear way, which is what you 
would expect from a material with high strength and moderate 
ductility. In buckling simulations, deformation mostly 
happened in the middle area, although it was less severe than 
in AA 6061-T6, which means the column was stiffer and more 
stable. Additionally, when AA 2017-T4 was subjected to 
thermal stress, it only expanded slightly, maintaining its 
structural integrity across the entire temperature range. These 
results indicate that the alloy maintains its shape more 
effectively when subjected to mechanical and thermal stress. 
Figure 16 shows that AA 2017-T4 is very good for aerospace, 
automotive, and structural parts that need to be very precise, 
keep their strength, and have less thermal distortion in a wide 
range of operating situations. 

Fig. 16  Total Deformation of AA 2017-T4 

I. Stress Concentration Zones in AA 2017-T4

Stress analysis in AA 2017-T4 reveals how the material
distributes internal forces under combined thermal and 
mechanical loading. The highest Von Mises stress values were 
observed at the central gauge section, where the tensile load 
initiates yielding, reaching a peak of 517 MPa. In the heat-
affected zones, stress values declined to 430 MPa, indicating 
partial softening due to thermal exposure. Additional stress 
spikes of around 388 MPa appeared at edge corners, likely 
caused by geometric discontinuities or mesh transitions. Despite 
these localized concentrations, AA 2017-T4 maintained a 
relatively uniform stress profile, reflecting its high resistance to 
thermal degradation and its favorable response to shot peening. 
The findings validate the material’s selection for structural 
applications that demand both high strength and thermal 
tolerance, as shown in Figure 17. These observations also suggest 
that proper edge treatment and localized reinforcement could 
further improve performance by minimizing premature crack 
initiation from geometric stress concentrators. 

Fig. 17  Cross-sectional area of stress concentration 

J. Mesh Sensitivity and Statistical Validation

Mesh sensitivity analysis was performed to ensure
numerical accuracy and convergence stability in the finite 

element simulations. Three mesh sizes—2.0 mm, 1.5 mm, and 
1.0 mm—were tested, and their corresponding critical 
buckling loads were compared to experimental values for 304 
Stainless Steel. As expected, finer meshes produced more 
accurate predictions. The 2.0 mm mesh yielded a 350 N result, 
underestimating the buckling load by 2.78%. The 1.5 mm 
mesh performed better, with an error of 1.11%. At 1.0 mm, 
the simulation result matched the experimental buckling load 
of 380 N precisely, confirming convergence. This study not 
only validates the mesh resolution used in final simulations 
but also provides confidence in the reliability of the numerical 
predictions for stress, deformation, and failure behavior. By 
confirming minimal deviation at 1.0 mm, the chosen mesh 
ensures computational efficiency without sacrificing 
accuracy, establishing a strong foundation for structural 
analysis under SP and thermal effects, as shown in Figure 18. 

Fig. 18  Mesh Sensitivity and Statistical Validation 

K. Thermal Loading Conditions

The thermal loading profile used in the simulation models
was designed to replicate the heating conditions applied in 
experimental testing. The initial temperature was set to 25°C, 
and it was gradually increased to 500°C at a controlled rate of 
10°C per minute. This ramping scenario was applied through 
both steady-state and transient thermal analysis approaches to 
capture short-term heating effects and long-term temperature 
distribution. The total heating duration of 47.5 minutes 
allowed the internal nodes of the finite element model to 
achieve near-thermal equilibrium, simulating the 
experimental environment with high fidelity. The purpose of 
applying these thermal gradients was to evaluate material 
degradation in mechanical performance due to temperature 
exposure. This information is essential for applications where 
structural members are exposed to sustained or fluctuating 
high-temperature conditions. The accurate representation of 
thermal behavior ensures that stress and deformation results, 
particularly under buckling scenarios, reflect realistic failure 
mechanisms associated with thermal softening. 

IV. CONCLUSION

This research aimed to investigate the influence of shot 
peening (SP) and variable elevated temperature on the 
mechanical properties, fatigue behavior, and critical buckling 
strength of three engineering alloys: 304 Stainless Steel, AA 
6061-T6, and AA 2017-T4. The findings provide valuable 
insights into the impact of surface treatment and 
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environmental temperature on material performance, 
structural integrity, and design criteria. The experimental 
program consisted of three major components: uniaxial 
tensile testing, buckling tests under compressive loading, and 
evaluation of fatigue life, conducted on both untreated and 
SP-treated samples at room and elevated temperatures. Data 
showed that shot peening consistently improved mechanical 
and structural properties, while exposure to elevated 
temperature environments caused significant degradation 
across all three materials.  

Mechanical Properties Improvement via Shot Peening: All 
three alloys exhibited increased Ultimate Tensile Strength 
(UTS) and Yield Strength (YS) post-SP treatment. The 
highest improvement was observed in AA 2017-T4, which 
showed increases of 12% in UTS and 12.4% in YS. 304 SS 
and AA 6061-T6 followed with modest but consistent 
improvements. Slight increases in modulus of elasticity (E) 
and shear modulus (G) were observed, indicating a general 
increase in material stiffness. All materials exhibited 
significant reductions in mechanical properties when 
subjected to the variable temperature profile. The worst 
reductions occurred in 304 SS and AA 6061-T6, with 
decreases in UTS of 17.44% and 18%, respectively. The 
modulus values (E and G) saw average losses of over 25%, 
compromising structural stiffness and increasing the 
likelihood of deformation and failure. 
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