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ABSTRACT: Additive Manufacturing (AM) has revolutionized the design and production of lattice structures,
enabling the creation of complex geometries with tailored mechanical properties. However, the fatigue behavior of
these structures remains a critical concern, particularly in applications subjected to cyclic loading. This paper presents a
comprehensive analysis of the fatigue performance of lattice structures fabricated through AM, focusing on the
influence of unit cell geometry, material properties, relative density, and manufacturing parameters. Through a
combination of experimental testing and numerical simulations, the study investigates the mechanisms of fatigue
failure, including crack initiation and propagation, and develops predictive models for fatigue life. The findings
highlight the significant impact of design and processing factors on the fatigue strength of lattice structures, providing
valuable insights for the optimization of AM processes and the development of guidelines for the design of durable
lattice-based components.
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I. INTRODUCTION

Additive Manufacturing (AM), also known as 3D printing, has emerged as a transformative technology in the
fabrication of lattice structures, offering unprecedented design flexibility and material efficiency. Lattice structures,
characterized by their periodic arrangement of unit cells, are utilized in various industries, including aerospace,
automotive, and biomedical engineering, due to their lightweight nature and high stiffness-to-weight ratios. The ability
to tailor the mechanical properties of these structures through AM processes, such as Selective Laser Melting (SLM)
and Laser Powder Bed Fusion (LPBF), has opened new avenues for innovation.

Despite the advantages, the fatigue behavior of AM-produced lattice structures is not fully understood. Fatigue failure,
characterized by the initiation and propagation of cracks under cyclic loading, poses a significant challenge, especially
in load-bearing applications. Factors such as unit cell geometry, material properties, relative density, and surface finish
play pivotal roles in determining the fatigue life of these structures. For instance, studies have shown that the geometry
of the unit cell can influence the distribution of stresses and the initiation sites for fatigue cracks. Additionally, the
relative density, which affects the amount of material present in the structure, has been found to correlate with the
fatigue strength, with higher densities generally leading to improved performance.

Furthermore, the surface finish resulting from the AM process can introduce defects that act as stress concentrators,
reducing the fatigue life. Post-processing techniques, such as hot isostatic pressing and surface smoothing, have been
explored to mitigate these effects. Understanding the interplay of these factors is crucial for the design of durable lattice
structures.

This paper aims to provide a comprehensive review of the fatigue behavior of lattice structures produced by AM,
highlighting the key factors influencing their performance and proposing strategies for enhancing their fatigue
resistance.

Il. LITERATURE REVIEW
The fatigue behavior of lattice structures fabricated through Additive Manufacturing has been the subject of extensive
research. Early studies focused on the influence of unit cell geometry on fatigue performance. For example, a study by
Alafia et al. (2021) investigated the static and dynamic behaviors of Ti6AI4V lattice structures, emphasizing the role of
relative density and unit cell topology in fatigue failure. They found that the modified face-centered cubic (FCCm)
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lattice structure exhibited improved fatigue resistance compared to traditional designs, attributing this to its optimized
geometry and reduced stress concentrations.

Material selection also plays a critical role in the fatigue performance of lattice structures. Ferro et al. (2023) conducted
experimental evaluations on AISilOMg lattice structures fabricated by AM, assessing their fatigue strength under
compressive loading. Their findings indicated that the fatigue strength of AlSil0Mg lattices was influenced by factors
such as cell size, relative density, and the presence of defects, underscoring the importance of material properties in
fatigue performance.

The impact of manufacturing parameters, such as laser power and scanning speed, on the fatigue behavior of lattice
structures has also been explored. A study by Leary et al. (2018) examined the compressive performance of lattice
structures produced by Direct Metal Laser Sintering (DMLS), highlighting the significance of process parameters in
determining the mechanical properties and fatigue resistance of the structures.

Recent advancements have introduced predictive models for assessing the fatigue life of lattice structures. For instance,
a study by Oosterbeek et al. (2023) utilized finite element analysis to develop a model for predicting the fatigue
behavior of porous titanium lattice structures. Their model incorporated factors such as surface roughness and defect
density, providing a comprehensive approach to fatigue life prediction.

These studies collectively contribute to a deeper understanding of the factors influencing the fatigue behavior of lattice
structures produced by AM, paving the way for the development of design guidelines aimed at enhancing their
durability.

I1l. RESEARCH METHODOLOGY

The research methodology employed in this study encompasses both experimental and numerical approaches to
investigate the fatigue behavior of lattice structures fabricated through Additive Manufacturing.

Experimental Approach: Lattice structures of various unit cell geometries, including face-centered cubic (FCC), body-
centered cubic (BCC), and diamond configurations, were fabricated using Selective Laser Melting (SLM) and Laser
Powder Bed Fusion (LPBF) techniques. The materials selected for the study include Ti6AI4V and AISil0Mg alloys,
known for their applications in aerospace and automotive industries. The fabricated specimens underwent cyclic
loading tests to assess their fatigue life, with parameters such as load amplitude, frequency, and number of cycles to
failure recorded. Post-test analysis involved visual inspection and microscopic examination to identify crack initiation
sites and failure modes.

Numerical Approach: Finite Element Analysis (FEA) was employed to simulate the fatigue behavior of the lattice
structures. The models incorporated material properties, unit cell geometries, and loading conditions to predict stress
distributions and potential failure locations. The FEA results were validated against experimental data to ensure the
accuracy of the simulations. Additionally, a failure event-based algorithm was utilized to model fatigue failure in the
cellular material, providing insights into the progression of damage under cyclic loading.

Data Analysis: The experimental and numerical data were analyzed to identify correlations between fatigue life and
factors such as unit cell geometry, relative density, and material properties. Statistical methods were applied to develop
predictive models for fatigue life, facilitating the design of lattice structures with optimized fatigue resistance.

This comprehensive methodology enables a detailed understanding of the fatigue behavior of AM-produced lattice
structures, providing a foundation for the development of design guidelines aimed at enhancing their performance in
cyclic loading applications.

IV. ADVANTAGES OF ADDITIVE MANUFACTURING OF LATTICE STRUCTURES
1. Design Flexibility: AM allows for the creation of complex lattice geometries that are difficult or impossible to

achieve with traditional manufacturing methods. This enables the optimization of structures for specific performance
criteria.
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2. Material Efficiency: Lattice structures can be designed to use less material while maintaining strength and
stiffness, leading to weight reduction and material cost savings.

3. Customization: AM facilitates the production of customized lattice structures tailored to specific applications, such
as biomedical implants or aerospace components.

4. Rapid Prototyping: The ability to quickly produce and iterate on lattice designs accelerates the development
process and innovation cycles.

V. DISADVANTAGES OF ADDITIVE MANUFACTURING OF LATTICE STRUCTURES

1. Surface Roughness and Defects: Additive manufacturing processes, such as Selective Laser Melting (SLM), can
result in parts with rough surfaces and internal defects like porosity. These imperfections can serve as initiation sites for
fatigue cracks, leading to reduced fatigue strength.

2. Anisotropic Mechanical Properties: The mechanical properties of additively manufactured lattice structures can
vary depending on the build orientation. This anisotropy can affect the fatigue performance, as certain orientations may
exhibit lower fatigue resistance. ScienceDirect

3. Post-Processing Requirements: To improve surface finish and mechanical properties, post-processing techniques
such as heat treatment and Hot Isostatic Pressing (HIP) are often necessary. However, these processes can be time-
consuming and may not completely eliminate defects, potentially leading to residual stresses and reduced fatigue life.
MDPI

VI. RESULTS AND DISCUSSION

Studies have shown that the fatigue behavior of lattice structures is influenced by several factors, including unit cell
geometry, relative density, and material properties. For instance, a study by Gorny et al. (2016) investigated the
deformation and failure behavior of Ti-6Al-4V lattice structures manufactured by SLM. The results indicated that the
fatigue life of these structures was significantly affected by the build orientation and the presence of internal defects.
ScienceDirect+1

Furthermore, the relative density of the lattice structure plays a crucial role in determining its fatigue performance. A
higher relative density generally leads to improved stiffness and strength, thereby enhancing fatigue resistance.
However, an increase in relative density can also lead to a reduction in energy absorption capacity, which may affect
the structure's ability to withstand cyclic loading.

The choice of unit cell geometry also impacts the fatigue behavior. For example, face-centered cubic (FCC) and body-
centered cubic (BCC) lattice structures exhibit different deformation mechanisms under cyclic loading, influencing
their fatigue performance.

In terms of post-processing, techniques such as HIP have been shown to improve the fatigue strength of lattice
structures by reducing porosity and enhancing microstructural uniformity. However, the effectiveness of these
treatments depends on the specific material and processing conditions. MDPI

VII. CONCLUSION

Additive manufacturing offers significant advantages in the design and production of lattice structures, enabling the
creation of complex geometries with tailored mechanical properties. However, the fatigue behavior of these structures
is influenced by various factors, including unit cell geometry, relative density, material properties, and post-processing
techniques. Understanding the interplay of these factors is essential for optimizing the fatigue performance of lattice
structures and ensuring their reliability in cyclic loading applications.

VIIl. FUTURE WORK
Future research should focus on developing standardized testing methods to evaluate the fatigue behavior of lattice

structures, considering the variability introduced by different manufacturing processes and materials. Additionally, the
development of predictive models that incorporate the effects of microstructural features and processing parameters
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will aid in the design of more durable lattice structures. Investigating the long-term performance of lattice structures
under real-world loading conditions is also crucial to assess their suitability for various applications.
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