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Abstract

The objective of the present research is to examine the fatigue life estimation of functionally
graded additive manufacturing (FGAM) components produced by the Material Extrusion (MEX).
Current research studies demonstrate the potential of functionally graded materials (FGMSs) in
enhancing the mechanical properties of engineered structures. The raw materials employed for the
experimentation of this study are a combination of Polylactic acid (PLA) and Thermoplastic
Polyurethane (TPU). To predict fatigue life, several researchers have utilized various statistical
approaches. In this investigation, an experimental study is conducted utilizing Tension-Tension
(T-T) loading conditions and different stress levels (80, 60, 40, and 20% of Ultimate tensile
strength), followed by the application of Basquin’s Model for fatigue life prediction. The results
obtained indicate that the model may be utilized to predict fatigue response. Overall, the soft-hard
material combinations with adaptable properties produced through FGAM have potential
applications in dental and orthopedic fields.

Keywords: Fatigue life; Fatigue Prediction; Basquin’s Model; S-N Curve; FGAM
Introduction

Multi-material additive manufacturing (MMAM) has engrossed numerous researchers due to its
inherent advantages. MMAM facilitates the fabrication of parts encompassing diverse materials in
a single manufacturing process, wherein these materials can exhibit distinct chemical, physical,
mechanical, and electrical properties [1]. In the last twenty years, AM has emerged as a pivotal
technology within the manufacturing industry. AM technologies have revolutionized traditional
manufacturing methods by offering several significant advantages [2]. Compared to conventional
approaches, AM eliminates the requirement for extensive tooling [3], resulting in cost and time
savings [4]. Additionally, AM provides unparalleled flexibility in design and allows for easy
modification of products during the manufacturing process. These capabilities empower
manufacturers to rapidly iterate and customize designs, leading to improved efficiency and
innovation in the production of various components and products [5]. MMAM encompasses a
comprehensive classification comprising seven distinct technologies. These include material
extrusion, vat photopolymerization, powder bed fusion, material jetting, direct energy deposition,
sheet lamination, binder jetting, and hybrid additive manufacturing [6]. Each technology offers
unique capabilities and characteristics, contributing to the versatility and potential of MMAM in
achieving precise material combinations and complex part geometries [7]. The MEX process in
MMAM, a variety of materials are utilized, including thermoplastics, metal-filled thermoplastics,
composites, and more. Figure 1 provides a schematic view depicting the process description of the
MEX process in MMAM.
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Figure 1: Process description of MEX process [8]

FGMs represent cutting-edge composite materials that exhibit gradual variation in constituent
composition and/or microstructure along specific directions [9]. This unique characteristic
distinguishes FGMs from traditionally manufactured laminated composites and offers a significant
advantage. The smooth and continuous variation in material properties within FGMs mitigates the
occurrence of debonding and delamination failures commonly associated with laminates [10]. The
customized nature of FGMs allows for the attainment of superior qualities in thermal conductivity,
hardness, mechanical strength, and electrical conductivity. By tailoring the material properties to
specific requirements, FGMs enable enhanced performance and durability in a wide range of
applications [11]. FGMs can be produced using various manufacturing technologies, but AM
presents a compelling opportunity to address the limitations of conventional manufacturing
processes for composite materials. AM enables the simultaneous deposition of multiple materials
in pre-defined ratios, resulting in a controlled variation of composition and microstructure across
different regions of the fabricated component. This ability to customize material characteristics in
specific areas offers a significant advantage in tailoring the properties of FGMs according to
desired specifications. By leveraging AM, manufacturers can achieve precise control over material
composition, enabling the creation of complex and highly functional components with enhanced
performance and unique material characteristics [10]-[12]. Thermoplastic materials exhibit
inherent anisotropic characteristics [13]. For several decades, the S-N behavior has been
fundamental in the analysis of material fatigue life, tracing its roots back to the nineteenth century
[14]. Characterizing the S-N curve holds great importance not only for engineering materials but
also for accurately predicting the fatigue life of various components under cyclic loads. However,
the prediction of fatigue life remains a challenging task due to the complex nature of fatigue
mechanisms and the numerous factors that influence the fatigue behavior of materials and
structures [15]. Furthermore, thermoplastics exhibits a wide range of damage mechanisms. In the
case of composite materials, their fatigue behavior differs significantly from isotropic materials
like metals. Micro-cracks in composites can initiate at an early stage of loading, yet the materials
can still endure the load until ultimate failure occurs. However, to establish fatigue S-N curves,
ASTM, and I1SO standards [16] define experimental parameters and procedures that involve testing
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multiple samples. Moreover, to minimize costs in terms of time and resources, it is crucial to
explore statistical methods for curve fitting. Various models, such as Basquin's model [17], the
Weibull distribution approach [18], the Coffin-Manson relation [19], and advanced statistical
analyses like artificial neural networks (ANN) [20] , have been successfully employed to predict
and fit the fatigue behavior of diverse materials. Another one-of-a-kind study was conducted by
Eskandari et al. [19] proposed a framework for validating a fatigue damage function and developed
a theory for predicting the remaining fatigue life at different stress levels with a constant stress
ratio. They experimentally validated the theory, focusing solely on the zero-stress condition. Later,
Pertuz et al. [21] investigated the effects of various parameters, including fiber-reinforcing
materials (fiberglass, Kevlar, and carbon fiber), infill pattern (triangular and hexagonal), infill
orientation (0°, 45°, and 60°), and concentric ring reinforcements. The researchers utilized
Basquin's model for predicting fatigue life due to its simplicity. They established a logarithmic
relationship between stress (S) and cycles to failure (Nf) for loading conditions corresponding to
95%, 90%, 85%, and 80% of the ultimate tensile stress. To analyze the obtained data at each load
level, the Weibull distribution was selected as the statistical method for data adjustment. Another
one-of-a-kind study conducted by Burhan et al. [13] employed several statistical models to predict
fatigue life in the study. The analysis included a broad range of stress ratios, with a focus on
reviewing and analyzing S-N curve models. The findings revealed that the models developed
specifically for characterizing fatigue data demonstrated significantly better data fitting
capabilities compared to the models designed to forecast the impact of stress ratios. Additionally,
Marino et al. [22] focused on examining the fatigue properties of different polymer materials. The
experimental data was validated using the mathematical Basquin's model. Specifically, the
research work highlighted the rotating bending fatigue data obtained from 3D printed specimens
fabricated using the specified materials. The specimens were subjected to various loading
conditions for the purpose of analysis. Similarly, Ghods et al. [23] conducted fatigue life study on
Grade 5 Ti6AIl4V fabricated through electron beam powder bed fusion. The study investigated the
influence of various build and component design parameters on fatigue performance. The fatigue
responses were used to construct stress-life diagrams, and the data was fitted to Basquin's model.
The stress-life distributions were then statistically analyzed using multiple linear regression to
evaluate their relationship with the factors under consideration. Eventually, Mu et al. [24]
introduced a novel S-N model, to elucidate the relationships between loads and fatigue life in the
context of cyclic loading with constant amplitude. This model offers the ability to assess the fatigue
life behavior of fiber reinforced plastic composites under various loading conditions, including
tension-tension, tension-compression, or compression-compression loading, encompassing a
range of fatigue life stress ratios. Pertuz et al. [21] conducted fatigue bending tests on continuous
fiber-reinforced composites fabricated using the MEX technique under different loading
conditions. The composites consisted of Onyx as the matrix material with 19% continuous Kevlar
fiber reinforcement. The experimental data obtained from the tests were fitted to Basquin's model,
which accurately represented 95.2% of the experimental data. Analysis of the parameter "b" in
Basquin's equation indicates that the composite exhibits brittle behavior. Finally, Fard et al.[25]
performed fatigue tests on samples, both with and without notches, utilizing a load ratio of 0.1.
The experimental results were then compared to predictions. The findings indicated that the fatigue
strength reduction factors and fatigue lifetimes were notably influenced by the raster orientation
parameter. To date, no published studies have focused on predicting the fatigue behavior of FGMs
produced using MMAM. Thus, the objective of this paper is to validate the experimental fatigue
data using Basquin's model. A statistical model is employed to forecast the fatigue life of FGM
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components manufactured using TPU and PLA. The experimental data is utilized to determine the
coefficients of Basquin's model and predict the fatigue behavior. Subsequently, the predicted
values by Basquin's model are benchmarked against the remaining experimental data. The research
work makes a unique contribution through the design, manufacturing, and characterization of
additively manufactured components using the MMAM process. Figure 2 illustrates the process
for obtaining fatigue life predictions for FGM test samples. The specimen preparation precedes
the tensile and fatigue testing, and the generated experimental data is then employed for fatigue
life prediction.
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Figure 2: Flowchart for statistical analysis of fatigue life prediction

Materials and Methods

The present study employed amorphous polymers such as TPU and PLA. These polymers were
obtained commercially in filament form from the Push Plastic company. Table 1 presents the
parameters that were utilized to 3D print the specimens in the investigation.

Table 1: Fixed processing parameters

Parameters Values
Nozzle temperature (°C) 210
Bed temperature (°C) 60
Infill density (%) 100
Infill pattern Line (0/90)
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Layer width (mm) 0.35

Layer height (mm) 0.2

Printing speed (mm/sec) 15

TPU exhibits excellent flexibility throughout a wide range of hardness levels, making it highly
versatile. It possesses exceptional low-temperature performance and impact strength. TPU also
demonstrates excellent resistance to abrasion, oil, and grease. The ideal conditions for printing
TPU specimens such as bed temperature, nozzle temperature, printing speed are 60°C, 220°C, and
15 mm/s are recommended [11]. Notably, it is crucial to disable retraction settings for optimal
results. TPU finds extensive applications across various industries, including automotive[26],
aerospace, mobile coverings, medical equipment, and wire and cable manufacturing, owing to its
unique combination of plastic and rubber properties [27]. PLA is a thermoplastic polymer
renowned for its biodegradability and absorbability. It is frequently employed in rapid prototyping
applications. PLA exhibits excellent strength and stiffness at room temperature [28]. It is
commonly used in the production of biodegradable medical devices like stents and implanted
medication dispensers. Additionally, PLA is utilized in food packaging and disposable flatware
due to its favorable properties. With its low melt temperature and user-friendly nature [29], PLA
is one of the most widely used filaments for the MEX 3D printing process[30]. Table 2 provides
an overview of the material properties of TPU and PLA polymers.

Table 2: Properties of TPU and PLA

Parameters Values

TPU PLA
Melting point (°C) 190-210 200-230
Density (kg/m®) 1.23 1.23
Tensile Strength (MPa) 26 52.8
Bed temperature(°C) 60-70 60-70
Glass transition temperature(°C) 80 60

Component design often involves managing information about materials with varying properties.
One method to address this challenge is utilizing a VVoxlizer-based slicing approach, enabling the
manipulation of material distribution based on their respective volumes. Figure 3 illustrates the
gradient interface within the investigated FGMs. Specifically, Figure 3a demonstrates a
comparison between a conventional two-nozzle Multi-material AM process and the Multi-material
FGM fabrication technique. This comparison highlights the distinctive capabilities of the Multi-
material FGM approach in creating graded interfaces within the fabricated structures. In Figure
3b, various combinations of different materials within the FGM are displayed. The Multi-material
FGM is implemented in this study using the MEX technique.

72



A

Conventional two nozzle
multi-material AM

@L c?rit::i_c ] [Rigid—soft] [Composite] [ Rigid ]

Multi-material FGM

'
Ceramics

Figure 3: Gradient transition of FGM interfaces, (a) conventional versus FGM material combination, (b) components
with different material combinations [31]

Specimen Preparation and Fabrication

The fatigue test specimen in this study follows the guidelines outlined in ASTM standard E606M
[32], as depicted in Figure 4. The specimen dimensions, including length, width, thickness, and
curvature radius, are 135 mm, 20 mm, 5 mm, and 10 mm, respectively. Figure 5 visually represents
the 3D printed FGM specimen.
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Figure 4: Dimension of the specimen as per E606 M

Figure 5: 3D printed FGM specimen

Experimental setup
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In this study, uniaxial tensile and fatigue tests were conducted on plastics using a Testresources
810E4 [33] load frame equipped with a 15 KN load cell, following the test procedures outlined in
the ASTM E606M standard. The testing setup involved a closed-loop servo-hydraulic machine of
the specified model. The Newton Testware [34] interface was utilized to control and input all
testing variables, such as frequency, amplitude, and average load. The testing device consisted of
two grasping heads, with the upper head serving as a simple grasping mechanism and the lower
head responsible for applying the load to the specimen [35]. A PID controller was employed to
maintain the desired stress level during the tests. The experimental test setup is depicted in Figure
6.
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Figure 6: Test setup

Tensile test

An experimental investigation was conducted to gain a deeper understanding of the behavior of
additively manufactured composite materials when subjected to different structural stresses. The
study involved the use of tensile test samples, which were subjected to uniaxial loading until they
reached the point of catastrophic failure within the gauge length area. The UTS values of the
specimens were recorded and compared for different materials, including PLA, FGM, and TPU,
all of which were printed using fixed processing parameters. The UTS values obtained for these
materials are presented in Table 3. Furthermore, Figure 7 displays load-distance diagrams for PLA,
TPU, and FGM specimens. Observations from the experiments indicate that the strength of the
FGM material is lower than that of PLA but higher than that of TPU. These findings highlight that
utilizing FGM can be an effective means of enhancing the strength of weak MEX parts.

Table 3: UTS (MPa) of 3D printed samples

Sample No. PLA FGM TPU
1 47.46 30.88 12.50

2 47.63 30.70 12.16

3 47.31 31.20 12.64
Average 47.46 30.92 12.43
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Fatigue test

To assess the fatigue life of FGMs under specific conditions, a tension-based fatigue test was
performed. The test involved varying parameters such as stress levels, stress ratio, and frequency.
Stress levels of 80%, 60%, 40%, and 20% of the UTS were considered, with a stress ratio of 0.1.
The frequency used in the test was 3 Hz. To ensure the consistency and reliability of the results,
three case levels were examined, where FGM specimens were subjected to different stress levels.
The test results were plotted using S-N curves. Moreover, curves are fitted with logarithmic trend
line as depicted in Figure 8. The S-N curves exhibited slight variations, suggesting the presence of
imperceptible anomalies such as voids, cracks, and porosity that may occur during the FGM
deposition process. Notably, the specimens tested at 20% of UTS demonstrated a longer fatigue
life, and the fatigue life of all samples was measured up to 140,000 cycles. Furthermore, it was
observed that the specimens tested at 80% and 60% of UTS displayed characteristic behavior of
low-cycle fatigue (LCF). Conversely, the specimens tested at 40% and 20% of UTS exhibited
behavior associated with high-cycle fatigue (HCF). The fatigue life of the FGM specimens was
found to be more sensitive to the applied load levels. These research findings hold significant
importance as they provide a comprehensive analysis of how stress levels influence the material
characteristics of FGM parts. Moreover, the utilization of multiple case levels ensures the
reliability and repeatability of the experimental outcomes, thereby enhancing the validity and
robustness of the findings.
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Figure 8: S-N curve for experimental data with case I, Il and 111

The Statistical Methods of S-N Curve Models

The S-N curve plays a fundamental role in the estimation of material fatigue life. VVarious models
have been developed to characterize experimental fatigue data subjected to constant amplitude
loading and stress ratio. Researchers have employed a range of statistical models, including
Basquin's Model, Weibull model [36], Sendeckyj[37] , Kim and Zhang model [13], and ANN [38],
for the prediction of fatigue life. These models aim to capture the relationship between stress
amplitude and the number of cycles to failure, enabling accurate fatigue life predictions for
different materials and loading conditions.

Basquin’s Model
It is widely employed by researchers for the prediction of fatigue life in additively manufactured
components due to its simplicity and applicability to both polymers and composite materials. In a
study conducted by Andrzejewska et al. [18] fitted the S-N curve for PLA using Basquin's model
for specimens fabricated through MEX and injection molding processes. Basquin's model is
mathematically represented by equation 1, where oa denotes stress amplitude, C represents the
fatigue strength coefficient, b corresponds to the fatigue strength exponent, and Nf represents the
number of cycles to failure. This model describes the linear relationship between the applied stress
cycles and the number of cycles to failure, presented on a logarithmic scale. Basquin's model can
be viewed as a power law relationship capturing the fatigue behavior of the material under
consideration.

Ao NP = C (1)
In the Basquin’s equation, Ac represents the applied peak stress, while C and b are the model
fitting parameters or constants. The parameter Nt corresponds to the number of cycles at failure.
When plotted on logarithmic-logarithmic coordinates, the Basquin’s equation yields a straight line.
Equation (2), which is commonly employed for fatigue prediction, can be expressed as a linear
logarithmic equation, as shown below:

logAc + b log N¢ = logC @)
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Results and Discussion

Following the successful fabrication of novel FGM specimens through the MEX process, a
comprehensive evaluation of their performance was conducted. This evaluation encompassed
various mechanical tests, including uniaxial tensile testing to assess their strength under axial
loading and fatigue behavior analysis under the process parameters. Additionally, a statistical
model based on Basquin's model was employed to predict the fatigue life of the FGM specimens.
Following the acquisition of experimental data, the fatigue life of the specimens was determined
by utilizing Basquin's law equation. The values of C and b in the Basquin's model can be obtained
through a process of fitting the experimental fatigue life data to the mathematical equation 1. This
process involves statistical analysis and regression techniques to determine the optimal values of
C and b that best represent the relationship between stress level and fatigue life are represented in
Table 4.

Table 4: Values of C and b of Basquin’s relation and R? correlation

Experimental Basquin’s %
Samples C b PR Model (R?) | Difference
case | 12856 | 01722 | 0.9947 0.9549 4
case || 126.74 | 0.1738 | 0.9978 0.9608 3.7
case Il 134.75 | 01786 | 0.9973 0.9608 3.65

The specimens were tested at stress levels corresponding to 80%, 60%, 40%, and 20% of the
nominal UTS. The calculated fatigue life based on the experimental data was compared with the
predictions obtained from the Basquin's model, and the S-N curve was plotted using a logarithmic
numerical function as shown in Figure 9. In Case I, the parameters C and b in the Basquin's model
were determined to be 128.56 and 0.1722, respectively as presented in Table 4. Notably, the
specimens tested at the 20% UTS stress level exhibited the highest fatigue life, exceeding 140,000
cycles. However, according to Basquin’s model predictions, the same stress level should yield a
significantly higher number of cycles, specifically 1,727,342 cycles. The coefficient of
determination (R?) was used to assess the statistical variation between the dependent and
independent variables. The R? value for the experimental fatigue life was determined to be 0.9947,
indicating a strong correlation. Similarly, the R? value for the predicted fatigue life based on the
Basquin's model was 0.9549, suggesting a good line of agreement with experimental. The
percentage error between the experimental and predicted fatigue life cycles was determined to be
4% and curves are fitted with logarithmic trend line. Eventually, in Case I, it was observed that the
experimental fatigue life and the predicted fatigue life cycles based on the Basquin's model
exhibited some similarity. These findings hold scholarly significance as they provide insights into
the comparison between experimental data and the predictions obtained from a well-known fatigue
life prediction model, further contributing to the understanding of the fatigue behavior of the
specimens.
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Figure 9: S-N curve for Experimental data and Basquin’s Predicted model for case |

In Case 11, the parameters C and b in the Basquin's model were determined to be 126.74 and 0.1738,
respectively, as presented in Table 4. The fatigue life of the specimens tested at the 20% UTS
stress level was found to be 140,000 cycles through experimental testing. Conversely, the
predictions from the Basquin's model indicated a fatigue life of 1,394,213 cycles, as demonstrated
by the S-N curve in Figure 10. For Case Il, the R? value for the experimental fatigue life was
determined to be 0.9978, indicating a high degree of correlation. Similarly, the R? value for the
predicted fatigue life based on the Basquin's model was 0.960849, suggesting a reasonably within
the expected region of the variation. The percentage error between the experimental and predicted
fatigue life cycles was found to be 3.7% and curves are fitted with logarithmic trend line.
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Figure 10: S-N curve for Experimental data and Basquin’s Predicted model for case Il
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In Case Ill, the Basquin's model parameters were calculated to be C = 134.75 and b = 0.1786, as
presented in Table 4. The experimental testing revealed a fatigue life of 140,000 cycles for the
specimens subjected to a stress level of 20% UTS. However, Basquin’s model predicted a fatigue
life of 1,315,760 cycles, Moreover, curves are fitted with logarithmic trend line as depicted in
Figure 11. For Case IllI, the R? value for the experimental fatigue life was found to be 0.9973,
indicating a strong correlation between the measured and observed data. Similarly, the R? value
for the predicted fatigue life based on the Basquin's model was 0.9608, suggesting a reasonably
consistent with the experimental data. The percentage error between the experimental and
predicted fatigue life cycles was calculated to be 3.5%.
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Figure 11: S-N curve for Experimental data and Basquin’s Predicted model for Case 11

Comparing Case I, Case I, and Case Ill, all three cases demonstrated high R? values, indicating
significant correlations between the experimental and predicted fatigue life. Furthermore, the
percentage errors for all cases were relatively low, with Case | having a percentage error of 4%,
Case Il having a percentage error of 3.7%, and Case Il having a percentage error of 3.5%. These
findings illustrate the effectiveness of the Basquin's model, with the calculated values of C and b,
in predicting the fatigue life of the FGM specimens across different stress levels. In summary, all
three cases exhibited strong correlations between the experimental and predicted fatigue life. The
Basquin's model, with the calculated parameters, accurately predicted the fatigue behavior of the
FGM specimens tested at various stress levels. These findings contribute to the understanding of
fatigue characteristics in FGM materials and highlight the reliability of the Basquin's model in
estimating fatigue life under different stress conditions.

Validating Basquin's Model for Fatigue Life Prediction in Additively Manufactured
Polymeric FGM Materials

To validate the applicability of the Basquin's model to FGM materials, a comprehensive study was
conducted involving three different stress levels: 90%, 70%, and 50% of the UTS. The research
approach involved initially predicting the fatigue life using the Basquin's model and estimating the
corresponding values of C and b. Subsequently, experimental testing was conducted to obtain the
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actual fatigue life data. The first step in the validation process was to apply the Basquin's model to
predict the fatigue life of the FGM specimens at aforementioned stress levels. Based on this initial
prediction, the values of C and b were calculated for each stress level. These values served as
crucial parameters for further analysis. Next, experimental fatigue tests were conducted on the
FGM specimens under the specified stress levels. The obtained experimental data was then
compared to the predictions made by Basquin’s model. To quantify the correlation between the
experimental and predicted fatigue lives, a power function was utilized to plot the S-N curve and
fit it to the experimental data. The R? was then computed, Moreover, curves are fitted with power
trend line as depicted in Figure 12.
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Figure 12: Comparison of Basquin’s model with experimental data

The results of the validation study demonstrated a remarkable agreement between Basquin’s model
predictions and the experimental fatigue life data. The R? value for the Basquin's model was
calculated to be 0.9991, indicating a strong correlation between the predicted and experimental
fatigue lives. This high R? value demonstrates the excellent agreement between the model's
predictions and the actual experimental data. Similarly, the experimental R? value was determined
to be 0.9763, providing further evidence of the consistent relationship between the experimental
results and the predicted values. These findings, as presented in Table 5, confirm the reliability
and accuracy of the Basquin's model in predicting fatigue life.

Table 5: Values of C and b of Basquin’s relation and R2 correlation

C b Experimental (R?) | Basquin’s Model (R?) % Difference
129.2 0.1749 0.9763 0.9953 1.90%

The small percentage error difference of 1.9% between the Basquin's model predictions and the
experimental results confirmed the suitability and accuracy of the model for predicting the fatigue
life of FGM materials subjected to different stress levels. These findings provide strong evidence
that the Basquin's model is a reliable and effective tool for assessing the fatigue behavior of FGM
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materials. In conclusion, the validation study demonstrated that the Basquin's model, with the
calculated values of C and b, provided an excellent fit for predicting the fatigue life of FGM
specimens under various stress levels. The high R? values and low percentage error difference
underscores the robustness and accuracy of the model, validating its suitability for assessing the
fatigue performance of FGM materials in engineering applications.

Conclusions

This article presents a concise overview of an experimental study conducted on FGM specimens
manufactured using the MEX process. The study focuses on the characterization of tensile
properties and fatigue behavior, with particular emphasis on predicting fatigue life. The main
findings of this research can be summarized as follows:

e FGMs exhibited promising mechanical properties in terms of tensile strength and fatigue
behavior.

e FGMs exhibited intermediate strength between PLA and TPU, suggesting their potential
for strengthening weak MEX components.

e Fatigue testing at different stress levels demonstrated that FGM specimens exhibited both
low-cycle fatigue and high-cycle fatigue behavior.

e The fatigue life of FGM specimens was more sensitive to load levels, with longer fatigue
life observed at lower stress levels.

e Basquin's model demonstrated strong correlation and reliability in predicting fatigue life
for FGM.

e The comprehensive analysis of stress levels' influence on FGM material characteristics
provides valuable insights for designing and optimizing FGM parts in various applications.
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