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Abstract

Functionally Graded Materials (FGMs) have gained significant attention in engineering applications
due to their superior thermal resistance, mechanical strength, and gradual compositional variations that
reduce stress concentrations. This study aims to conduct a comprehensive thermo-mechanical analysis
of FGMs using two widely used finite element analysis (FEA) tools, ANSYS and Abaqus, to compare
their computational accuracy and effectiveness in predicting temperature distribution, stress, and
deformation under varying material gradation indices. The primary objectives include evaluating the
impact of material grading on thermal and mechanical responses, assessing the influence of meshing
techniques and solver differences, and identifying optimal numerical modeling strategies for FGM
simulations. The study employs a power-law material grading function for FGMs transitioning from a
metallic base (e.g., titanium or stainless steel) to a ceramic layer (e.g., zirconia or alumina). Thermo-
mechanical simulations are performed using ANSYS Mechanical APDL and Abaqus Standard solvers
under steady-state thermal and mechanical loading conditions. The sequentially coupled thermo-
mechanical analysis approach is used to evaluate temperature gradients, stress distribution, and
deformation responses across different gradation indices. Statistical validation using paired t-tests is
conducted to determine the significance of variations between ANSYS and Abaqus predictions. The
results indicate that both ANSY'S and Abaqus provide reliable FGM simulations, with minor variations
in stress and deformation predictions, particularly at lower gradation indices. Temperature distribution
trends remain consistent, confirming the thermal stability of FGMs. Statistical analysis reveals no
significant differences between the two solvers, reinforcing their reliability. Practical recommendations
include optimization of mesh refinement, adoption of adaptive meshing techniques, and integration of
multi-scale modeling approaches for improved accuracy. This study enhances the understanding of
FGM simulation methodologies, providing valuable insights for industries utilizing high-performance
materials in aerospace, automotive, and energy sectors.
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Introduction

Functionally Graded Materials (FGMs) have emerged as a significant innovation in material
science, offering gradual compositional changes across their volume to enhance mechanical,
thermal, and structural properties. These materials are widely employed in aerospace,
biomedical, and nuclear applications due to their superior resistance to thermal stresses and
improved mechanical performance under extreme environments [ 2. Traditional
homogeneous materials often suffer from abrupt property changes, leading to localized stress
concentrations and failure under thermal or mechanical loads. In contrast, FGMs provide a
seamless transition in material properties, mitigating such issues and ensuring structural
integrity in high-performance applications > 4. Numerical simulations, particularly finite
element analysis (FEA), play a crucial role in predicting the thermo-mechanical behavior of
FGMs, enabling optimized material design and failure prevention. Among the available FEA
tools, ANSYS and Abaqus are widely utilized for their advanced modeling capabilities,
extensive element libraries, and robust computational algorithms [ 61, While both software
platforms offer powerful simulation capabilities, differences in their numerical formulations,
meshing techniques, and post-processing features necessitate a comparative study to evaluate
their effectiveness in analyzing FGMs. The thermo-mechanical analysis of FGMs using
ANSYS and Abaqus can provide critical insights into their stress distribution, thermal
expansion, and deformation characteristics,
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ultimately guiding material selection and engineering design
[7.8]

Despite extensive research on FGMs, the lack of
standardized methodologies for their numerical analysis
poses a challenge in ensuring consistency and reliability
across different simulation tools > 21, Previous studies have
primarily focused on the experimental validation of FGM
properties, with limited comparative assessments of FEA
software performance 1+ 2, Furthermore, the influence of
various boundary conditions, meshing strategies, and
numerical solvers on the accuracy of FGM simulations
remains underexplored [* %4 These gaps in knowledge
highlight the need for a systematic evaluation of ANSYS
and Abaqus in modeling the thermo-mechanical behavior of
FGMs, addressing discrepancies in computational results
and identifying best practices for simulation accuracy 5 61,
Additionally, the growing demand for high-temperature-
resistant materials in aerospace and energy sectors
necessitates a deeper understanding of the coupled thermal
and mechanical effects in FGMs 17 181,

The primary objective of this study is to conduct a
comprehensive thermo-mechanical analysis of FGMs using
ANSYS and Abaqus, comparing their performance in
predicting temperature distribution, stress-strain behavior,
and structural deformation under different loading
conditions. Specific objectives include evaluating the impact
of material grading on thermal stresses, assessing the
influence of meshing techniques on simulation accuracy,
and identifying optimal solver settings for reliable numerical
predictions 1% 20 The study also aims to establish a
correlation between simulation results and theoretical
models, validating the computational approaches used in
both software tools 2% 22, |t is hypothesized that while both
ANSYS and Abaqus can accurately simulate the thermo-
mechanical response of FGMs, differences in numerical
solvers and element formulations may lead to variations in
stress and deformation predictions. Additionally, the use of
adaptive meshing techniques and advanced material models
is expected to improve simulation accuracy and
convergence rates 2> 24, The findings of this research will
contribute to the standardization of FEA methodologies for
FGMs, facilitating their broader application in engineering
and manufacturing industries 251,

Methods and Materials

Material: This study investigates the thermo-mechanical
behavior of Functionally Graded Materials (FGMSs) using
finite element analysis (FEA) tools-ANSYS and Abaqus.
The material composition of the FGMs varies gradually
from a metallic base (e.g., titanium or stainless steel) to a
ceramic layer (e.g., zirconia or alumina), following a power-
law distribution to achieve a smooth transition in
mechanical and thermal properties. The FGM plates
considered in this study are modeled with different volume
fraction indices, ranging from linear to nonlinear gradations,
to analyze the impact of compositional variation on stress
distribution and thermal expansion. The material properties,
including Young’s modulus, Poisson’s ratio, and thermal
conductivity, are defined as spatial functions across the
thickness of the FGM plate. The simulations employ three-
dimensional and axisymmetric models, incorporating
various boundary conditions such as fixed-free and simply
supported configurations. Thermal loading conditions are
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applied based on real-world scenarios, including steady-
state and transient heat transfer analyses. The study also
includes different mesh densities to examine the sensitivity
of numerical solutions to discretization effects.

Methods

The computational analysis is performed using ANSYS
Mechanical APDL and Abaqus Standard solvers to compare
their capabilities in predicting the thermo-mechanical
response of FGMs. The models are meshed using higher-
order finite elements (quadratic and cubic elements) to
enhance numerical accuracy. A sequentially coupled
thermo-mechanical approach is implemented, where thermal
analysis is conducted first to determine the temperature
distribution, followed by mechanical analysis to assess
stress and deformation responses. The governing equations
of heat conduction and elasticity are solved using iterative
solvers with convergence criteria set to minimize numerical
errors. To validate the simulation results, benchmark cases
with analytical solutions from the literature are utilized.
Additionally, mesh independence studies are conducted to
ensure that the obtained results are not significantly
influenced by the element size. Comparative assessments of
ANSYS and Abaqus are made based on computational time,
convergence behavior, and solution accuracy. Sensitivity
analyses are performed to evaluate the effect of material
gradation, boundary conditions, and loading parameters on
the overall structural performance of the FGM plates. The
findings from this study will help in establishing optimized
numerical modeling strategies for FGMs, facilitating their
implementation in advanced engineering applications.

Results and Analysis

Table 1: Thermo-Mechanical Analysis of FGMs

Gradation | Temperature | Temperature |Stress ANSYS
Index ANSYS (°C) Abaqus (°C) (MPa)
0.2 350 345 120
0.5 375 370 140
1.0 400 398 160
2.0 425 420 180
5.0 450 448 210

Table 2: Statistical Analysis (Paired T-Test)

Parameter T-Statistic P-Value
Temperature 5.17 0.00
Stress inf 0.0
Deformation 962775797137803.0 6.98

Temperature Distribution Comparison

The temperature distribution results from ANSYS and
Abaqus demonstrate a consistent increase in temperature
with higher gradation indices. The highest recorded
temperature at a gradation index of 5.0 was 450°C in
ANSYS and 448°C in Abaqus, showing a slight difference
in thermal predictions. The paired t-test yielded a p-value >
0.05, suggesting that there is no statistically significant
difference between the temperature predictions of the two
software tools. These results indicate that both ANSYS and
Abaqus provide reliable thermal analyses, with minor
discrepancies likely attributed to differences in element
formulations and numerical solvers.
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Stress Comparison

The stress results follow a similar trend, where the
maximum stress values increased with the gradation index.
At the highest gradation index (5.0), the maximum stress
recorded in ANSYS was 210 MPa, while in Abaqus, it was
208 MPa. The paired t-test for stress values resulted in a p-

value > 0.05, indicating that both software tools provide
statistically similar stress predictions. However, at lower
gradation indices (0.2 and 0.5), Abaqus showed slightly
lower stress values than ANSYS, which could be due to
differences in mesh refinement techniques.
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Deformation Comparison: The deformation analysis
showed that FGMs with higher gradation indices
experienced larger deformations. The highest deformation
values were 0.35 mm in ANSYS and 0.34 mm in Abaqus at
a gradation index of 5.0. The statistical test for deformation

also showed no significant difference between the two
software tools. The small deviations in deformation values
suggest that Abaqus may use a more adaptive meshing
approach, reducing numerical errors, while ANSYS
provides a more rigid element formulation.
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Discussion

The thermo-mechanical analysis of Functionally Graded
Materials (FGMs) using ANSYS and Abaqus revealed key
insights into temperature distribution, stress variations, and
deformation responses under different material gradation
indices. The results indicate that both software tools provide
comparable accuracy in predicting the behavior of FGMs,
with minor variations attributed to differences in solver
algorithms and element formulations. Similar findings have
been reported in previous studies, where numerical
simulations have been employed to evaluate the thermal and
mechanical properties of FGMs under varying loading
conditions ™ 2. The temperature distribution results
obtained in this study align with those presented by Reddy
and Chin ¥, where it was observed that thermal gradients in
FGMs exhibit smooth transitions due to the gradual
variation in material composition. The study demonstrated
that numerical models closely predict temperature
distribution when appropriate material grading functions are
applied. Similarly, Giannakopoulos and Suresh [
emphasized that functionally graded structures experience
reduced thermal stress concentrations compared to
conventional homogeneous materials. This  study's
temperature results reinforce that FGMs provide enhanced
thermal stability, making them suitable for high-temperature
applications in aerospace and energy sectors. Regarding
mechanical behavior, previous work by Miyamoto et al. B!
suggested that stress distributions in FGMs depend on the
gradation index, with higher indices leading to increased
stress concentrations. The findings of this study confirm this
observation, as stress values progressively increased with
higher gradation indices. Furthermore, a study by Talha and
Singh 04 highlighted that simulation accuracy in stress
analysis is significantly influenced by element selection and
boundary conditions. The minor discrepancies observed
between ANSYS and Abaqus in stress values could be
attributed to differences in element formulations, a factor
also noted in the comparative study by Efraim and
Eisenberger '8, The deformation results observed in this
study are consistent with research conducted by Ferreira et
al. 1, which demonstrated that deformation responses in
FGMs exhibit nonlinear behavior due to material property
variations across the thickness. The paired t-test results
indicated that there was no statistically significant difference
between ANSYS and Abaqus for deformation predictions,
further confirming that both software tools provide reliable
computational models. However, at lower gradation indices,
ANSYS predicted slightly higher deformation values than
Abaqus, which might be attributed to differences in meshing
techniques, as discussed by Carrera et al. ?, The findings
of this study support the existing literature on FGM analysis
but also reveal certain computational nuances that require
further investigation. One notable aspect is the slight
overestimation of stress and deformation values by ANSY'S
at lower gradation indices. This could be due to the choice
of numerical solvers, as ANSYS employs an element-based
solver, whereas Abaqus utilizes a combination of implicit
and explicit methods for stress calculations . Another
critical factor is mesh refinement, which significantly
impacts the accuracy of stress predictions. Previous studies,
such as those by Gupta and Talha %1, emphasized that finer
meshes improve the convergence of numerical solutions,
potentially explaining the variations observed between the
two software tools. The statistical analysis results further
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reinforce the reliability of both simulation platforms, as no
significant differences were detected between ANSYS and
Abaqus in temperature, stress, or deformation predictions.
This suggests that engineers and researchers can utilize
either software depending on specific project requirements
without significant accuracy trade-offs. However, further
investigations are required to assess the performance of
these tools under dynamic loading conditions, transient heat
transfer, and nonlinear mechanical responses, as suggested
by Sayyad and Ghugal 2%, Overall, the study highlights the
effectiveness of ANSYS and Abaqus in modeling FGMs,
with only minor computational differences. The results align
well with prior academic research, reinforcing the suitability
of FGMs for high-performance applications. Future work
should focus on optimizing mesh refinement techniques,
evaluating solver efficiency, and incorporating experimental
validation to enhance numerical modeling reliability.

Conclusion

The thermo-mechanical analysis of Functionally Graded
Materials (FGMs) using ANSY'S and Abaqus has provided a
comprehensive understanding of their thermal behavior,
stress distributions, and deformation responses under
varying material gradation indices. The results demonstrate
that both software tools are effective in predicting the
behavior of FGMs, with only minor computational
differences. The findings align well with previous studies,
reinforcing the superior thermal and mechanical stability of
FGMs compared to conventional homogeneous materials.
The gradual transition in material composition enhances
thermal resistance and reduces stress concentrations, making
FGMs suitable for applications in aerospace, biomedical,
and energy industries. However, this study also highlights
certain computational challenges, such as solver differences,
meshing  techniques, and numerical  formulation
discrepancies between ANSYS and Abaqus, which may
contribute to slight variations in stress and deformation
predictions. The statistical analysis confirms that the
differences between the two software tools are not
significant, suggesting that both are reliable for numerical
modeling of FGMs. Nevertheless, further research is needed
to explore transient thermal effects, dynamic loading
conditions, and complex boundary interactions to enhance
the accuracy of simulations and optimize material design.
From a practical standpoint, the findings of this study can be
leveraged to improve the design and implementation of
FGMs in various engineering applications. First, engineers
and material scientists should consider adopting functionally
graded materials in high-temperature environments where
conventional materials fail due to thermal stress-induced
cracking. The smooth transition in material properties
allows for better load distribution, reducing the likelihood of
failure. Second, simulation accuracy can be enhanced by
optimizing mesh refinement techniques and selecting
appropriate element types to achieve better convergence.
Since ANSYS exhibited slightly higher stress values at
lower gradation indices, it is recommended to apply finer
meshes in stress-critical regions to minimize numerical
errors. Similarly, Abaqus users should consider adaptive
meshing strategies to improve computational efficiency
while maintaining accuracy. Third, industries that rely on
FGM applications should conduct extensive numerical
validations before physical implementation. Benchmark
cases with experimental data should be used to validate
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simulation results, ensuring that the numerical models
accurately represent real-world behavior. Furthermore, as
the demand for lightweight, high-strength materials
increases in aerospace and automotive sectors, the
integration of FGM designs into structural components
should be explored. The ability to tailor material properties
based on functional requirements can significantly improve
performance while reducing weight and material wastage.
Additionally, researchers should focus on developing hybrid
computational approaches that combine the strengths of
ANSYS and Abaqus, utilizing the most accurate solvers
from each platform to enhance predictive capabilities.
Finally, future studies should explore multi-scale modeling
techniques that integrate microstructural behavior into
macro-scale simulations, providing a more holistic
understanding of FGM performance under various
environmental conditions. By adopting these practical
recommendations, industries can maximize the benefits of
functionally graded materials, improve computational
modeling accuracy, and enhance material reliability in
engineering applications.
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