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The advent of additive manufacturing (AM) has dramatically shifted the manufacturing sector
conceptualization, design, and creation of products. AM is poised to revolutionize goods production
by establishing a new manufacturing paradigm, from reducing lead times to enabling rapid
prototyping. AM cans facilitate the production of complicated geometries and create functioning
components withedistinctive features for aerospace and automotive applications. However, defects
such as pores, woids,interfaces, and inclusions can impair the quality and functionality of AM
components.

Vibration Analysis(WVA) has become a popular tool for the dynamic qualification and testing of
products and n@n-destructive testing, but the literature lacks a comprehensive review of VA applied
to AM. Hence, _this paper summarizes recent advances in the application of VA for identifying and
characterizing flaws_in' metal alloys, including titanium, aluminum, and nickel-based alloys produced
by AM. The review also includes studies on defects, such as porosity, cracks, and inclusions, and
their effect on WA. The article concludes with a discussion of the limitations of VA for defect

characterization and future research directions. Owverall, VA is a promising non-destructive testing
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method for quality assurance in AM and offers insights on overcoming the difficulties for further
development and application of this technology.

Nomenclature

AM Additive Manufacturing
LPBF Laser Powder Bed Fusion
SLM Selective Laser Melting

EBM Electron Beam Melting

PSP Process Property Relationship
FGM Functionally Graded Materials
E Young’s Modulus

p Density

®n Natural Frequency

FFT Fast"Fourier Transform
TPMS Triply Periodic Minimum Surfaces
SR Stress,Relief

W-SR Wrought Stress Relief

C Damping Coefficient

SDC Specific Damping Capacity
L-PBF Laser Powder Bed Fusion

1. Introduction

Additive sManufacturing (AM), often referred to as 3D printing, has revolutionized the
landscape of component design, manufacturing, and assembly in a multitude of sectors, ranging from
biomedical and nuclear to transportation. Unlike traditional manufacturing methods, AM transcends
the confines 0of conventional processes, offering unparalleled potential for complexity and
customization.l!! This, transformative technology enables the creation of intricately detailed structures
previously inconeeivable through traditional means.[2-B1 AM can effectively fabricate components
made of metal alloys using various techniques, [®] such as selective laser sintering, selective laser
melting (SLM), and laser melting deposition.[71-[14]

Laser-based techniques comprise numerous process attributes such as hatch spacing, laser
power, scan speed, spot size,[15-191 deposition orientation,[151120-23] or geometry.[?4] These attributes,
along with the scanning strategy and component shape, affect thermal history and determine the
mechanical properties of the as-built parts.[251126] As the demand for advanced manufacturing

solutions continues to surge, fully harnessing the potential of AM hinges upon a comprehensive
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understanding of its behavior and properties under service conditions, such as dynamic loading from
high-frequency vibrations to extreme temperatures. While traditional manufacturing methods have
well-established prognosis principles, AM introduces additional complexities due to its layer-by-
layer fabrication process and the inherent interaction of various process parameters. This complexity
extends to understanding how these parameters influence the as-built part microstructure, thermal
behavior, and mechanical performance.

Vibrationanalysis (VA) stands out as a potent and practical technique in the realm of dynamic
behavior characterization for both materials and structures.[2728] This methodology empowers
engineers to identify, potential failure modes and anticipate the response of components to external
mechanical stimuli. The analysis of natural frequencies and mode shapes is a critical tool for robust
component Fqualification and certification by detecting defects or anomalies in additively
manufactured parts. The analyses of vibration signal deviations from nominal responses can identify
the presence ©f“cracks, voids, or delamination whereas real-time vibration monitoring during
manufacturing.ean detect defects in production. [2°1 In addition, the VA can aid in evaluating the
design of parts bywanalyzing their vibration responses and designing heterogeneous components to
optimize their performance and reliability.[3%1 One such component design could be the Ilattice
structure, which possesses excellent energy absorption and acoustic damping characteristics.
Biocompatible TIBAKXV metallic foams produced by AM are shown to have frequencies above the
critical frequency compared to other metallic foams. [31 In addition, the porous layer achieved by
lattice design jprovides an effective interaction and bonding with micro-perforated panels for
outstanding performance. [32]

The metal, alleys.fabricated through the AM possess various types of defects. As the VA
mainly uses thefdensity and young’s modulus values of the AM metal alloys, the porosity and
cracking through™the”surface can be more susceptible to failure of AM parts by vibrations[331(34],
Similarly, because of process parameters, there are various defects like lack of fusion, [35] balling, [36]
and keyhole depression, [371 which can also contribute to the changes in the mechanical properties of
AM Dparts. [34] The defect mainly affects the tensile properties and density of the AM metal alloys; the
more the porosity=0f the AM metal alloys, the more the density will reduce, which can change the
natural frequencies: of the AM parts. [38]

Significant progress has been made in exploring the realm of VA for polymers and their
composite counterparts fabricated with AM. However, a relatively sparse body of work has
concentrated on unraveling the vibrational behavior exhibited by AM-fabricated components crafted
from pure metals and metallic alloys. This notable gap in the existing literature underscores a unique

opportunity to probe the dynamics of this subset of materials.[39-441 The challenge lies in the
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distinctive properties of metals and their alloys. Metals boast intrinsic characteristics that are
inherently intertwined with their crystalline microstructures and complex interatomic interactions.
This nuanced interplay, coupled with the intricate lattice configurations found within metals,
potentially introduces a rich tapestry of vibrational behavior that merits exploration.

This article offers a thorough overview of the VA of AM metal alloys. By delving into a
comprehensive synthesis of prior research endeavors, this article aims to shed light on the distinctive
vibration behavior exhibited by AM metal alloys when juxtaposed against conventionally produced
materials. A central*focus of this article is to expound upon the vibrational characteristics manifested
by AM materials, considering a diverse spectrum of influencing factors. Thus, it examines how
varying process. parameters, part orientation during the printing process, intricate geometries, and
particle-damping™effects collectively contribute to the vibrational attributes of AM-fabricated
components. The article also discusses potential challenges and opportunities for future research,
along with case “studies that illustrate the use of VA methods on AM materials. By better
understanding .the" response of AM materials to vibrational excitation, researchers can develop
improved design guidelines and enhance dynamic loads functionality and characteristics of AM
components.

2. Origin of materials effect on vibration analysis

Frequency analysis is often used to assess natural frequencies and associated vibration modes,
which normally assumes a structural linear response under harmonic loads.[3] The analysis requires
solving the structure )dynamic equation to calculate the frequency or amplitude of the structure
response as a Junction of frequency. Frequency analysis is often used in designing structures,
including buildings,..bridges, and machinery, to ensure that their natural frequencies do not coincide
with the frequencies of anticipated loads, which might lead to resonance and potentially catastrophic
collapse. [45:461"“Several authors have recently investigated the dynamic properties of different
materials and structures using model analysis.[47-53] Engineers can discover possible failure modes
and enhance the_structure design using modal analysis to determine the main vibrational modes of a
structure. [27.54), However, sub and super-harmonics of these natural frequencies do not exhibit
themselves in thesmodal analysis technique because of the assumption of linearity, which is the
method’s main drawback.

Structural dynamic analysis is a broader term used in various techniques for examining
structural behavior under dynamic loads. Other methods like time-domain and response spectrum
analysis also incorporate frequency and modal analysis. Compared to conventional materials, the

anisotropic nature of AM materials leads to different dynamic behaviors, which require additional
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considerations for predicting their properties. 11 For example, porosity and other microstructure
defects can affect the vibrational behavior of the materials.[®]

Lattice morphologies and other complex geometric structures can significantly change the
vibrational or damping characteristics of the materials. For example, Ti6AKYV, [241156] stainless steel
316,571 and other biocompatible materials with novel lattice structures can be fabricated with Electron
Beam Melting (EBM) to develop implants for the biomedical industry. [58-601 Similarly, Functionally
Graded Materials” (FGM) are widely used for various applications, and various studies investigate
their distinctive Vibrational response. [551(61-64]

The dynamic Jbehavior of materials and structures is often assessed by measuring the system
reaction to a kmown.input or excitation—typically mechanical vibration or shock. Critical information
about a material*or structure’s properties, such as its natural frequency, damping, stiffness, and mode
shapes, can be estimated.[%%] Vibration analysis is particularly useful for assessing materials and
structures subjected™te”cyclic or dynamic loads, such as those found in rotating equipment or vibrating
structures. Engineers can identify and diagnose possible problems before they result in catastrophic
failures by examiningythe vibration response of these systems. Vibration analysis may also be used
to test the efficacy of design adjustments or revisions and to gauge how well the new materials or
constructions will perform in actual usage.

The equation of a cantilever uniform beam in transverse vibration is determined using the
static equilibrium equations by adding the forces and moments acting on the beam, following the

Euler-Bernoulligbeamjtheory. The free transverse vibration of a beam can be described by, [66.67]

- 0*U(x,t) N AGZU(X, t) _ 0 1
ot PA 5~ M

where E is the Young’s modulus of the material, | is the second moment of inertia, p is Density, A is

the cross-section,area of the beam, and U(x,t) is the beam transverse deflection.

4 pluﬂ]n2
— 2

and B corresponds to the dimensional frequency constant depending upon the type of the beam and

w, Is the natural frequency. From equation 2, we can separate the natural frequency, which would be

equal to:

EIl

Wy, =,32 p_A (3)

AM process parameters and manufacturing route can affect Young’s modulus and Density,

both of which inform the vibrational response. Hence, as per Equation 3, natural frequency and modal

analysis require understanding the relationships between E and p with AM process parameters and

This article is protected by copyright. All rights reserved

85US017 SUOLILLOD BRSO 3|l |dde 8Ly Ag pauienob a1 sajolfe YO ‘SN J0 S3|nI 0} A%Iq1T 8UIUO /8|1 UO (SUORIPUOD-PUR-SLLBI WD  AB | IMARIq 1 RU1IUO//SARY) SUORIPUOD PUe SWHS L 83U} 885 *[7202/TO/TE] Uo ARiqIT 8ulluO A8 (1M “in'de pR1jURIN® BqUBW-<YR|00a1uS> Aq 0S9TOEZ0Z LLSPR/Z00T 0T/10p/LLI00 A3 | im Afeiq 1 puluoj/sdny Lol pepeojumoq el ‘8y9z.25T



structures. The geometrical shape of the product is also a crucial parameter in VA that needs to be
considered. The scope of VA can be expanded to encompass structures with diverse boundary
conditions, geometries, and densities. Despite variations in these aspects, the fundamental definition
remains consistent, as every structure possesses a specific boundary condition that can be
approximated as a beam. This approach is mirrored in numerous existing studies. [67-701
3. Effect of Process Parameters on Vibrational Characteristics of AM Materials

Among yarious, AM process parameters, laser power, scan strategy, scan speed, spot size,
build orientation, “and" hatch space significantly affects the mechanical response of the materials due
to differences in. residual stresses, influencing the Young’s Modulus.[16:1971] Figure 1 shows the
fundamental AM, process parameters used to print parts. The melt pool shape, affecting the process
stability and the™quality of the finished component, is greatly influenced by the heat input governed
by the process ‘parameters. The melt pool instability can cause defects such as balling, and lack of
fusion occurs due“to”insufficient laser power input or high scanning speed.l’2731  On the other hand,
excess laser power input or low scanning speed can trigger the switching of laser melting mode from
conduction to keyhole,mode, making the melt pool deeper and creating keyhole porosities in the form
of spherical gaps in the bottom of the melt pool.[’475] The printing orientation can influence the
vibration characteristics of a material in AM.[2223.76] For instance, Lesage et al. analyzed the
vibrational response of AISilOMg samples produced using conventional and AM methods.[21] The
AM samples were printed in horizontal (flat), vertical (upright), and rotated orientations, with the
build angle ranging from O to 90°. A cantilever beam with accelerometer sensors was employed to
record displacementwand frequency to determine the natural frequency of the samples. The Fast
Fourier Transform (EFT).analysis depicted in Figure 2 reveals that the frequency of the first vibration
mode remains nearly“identical for all AM and subtractive samples. Utilized extensively in spectrum
analysis, the Fast=Fourier Transform (FFT) is a potent vibration signal processor that yields the
signal’s amplitude, frequency, and phase.l’””] However, slight differences emerge in the second and

third vibration modes, particularly for the horizontally printed AM sample ata 90° rotation.
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Layer
Thickness

Melt pool Depth

Hatch Distance

Figure 1. LPBF process parameters: laser power, scanning speed, hatch spacing, and layer
thickness. (Reproduced under terms of the CC-BY license.l”8] Copyright, 2023)

The presence _of inhomogeneous material distribution along the sample gives rise to different
dynamic respenses, resulting in the horizontal sample being less stiff than the wvertical and rotating
orientations in printing: Stiffer samples exhibit higher natural frequencies, which explains why the
vibration-damping characteristics of AM samples, in all orientations, are inferior compared to
subtractive manufacturing.[’® The orientation in the SLM process differs for each sample, leading to
an inhomogeneousy distribution of material. As a result, the vibration-damping behavior of the

samples also varies in/response to random or sinusoidal inputs, affecting the propagation of waves. 0!
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Subtractive vs Flat Print 0° 45° 50°

T Analysis: Elgen Frequendies 1,2 3 ‘

N (1)
Subtractive vs Additive Rot Print 0°,45°,50° ‘
FFT Analysis: Eigun Frequendes 1,23

~ ) (h) ‘
Subtractive vs Upright Print 0* 45" 50°
FFT Analysis : Egen Frequencies 1,23 |

Figure 2. The_kast Fourier Transform (FFT) analysis observed for the subtractive and AM
manufactured samples<at 0°, 45°, and 90° for orientation of (a) Flat, (b) Rotation, and (c) Upright
(Reproduced with“permission from.[21] Copyright 2022, Elsevier)

Similarly,,Ghadimi et al. studied the effects of printing orientation on AM samples and
showed that vertical< specimens exhibit low ductility due to more pores and defects than their
horizontal counterparts.[28] A lower ductility usually correlates with lesser vibration-damping
characteristics comparable to previous studies.[81-831 For instance, K. Guan et al. observed similar
results for horizontal and vertical printed samples.[84] The latter behavior of AM components can also
be explained based “en the grain orientation during the solidification of molten metal. The AM
building platform is parallel to the plane in which the molten layers are located. Therefore, the
samples printed in different orientations had differing microstructures, resulting in varying material
characteristics. Owerall, these results from various efforts demonstrate that build orientation
significantly affects the vibration characteristics and can be used to engineer the material properties

by optimizing build orientations.
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Kladovasilakis et al. studied the effect of varying laser power, scanning speed, and spot size
on the Inconel 718 AM samples.[6] Based on the experimental results, a regression model relating
Young’s Modulus E with the processing parameters was developed, as shown in Figure 3. [16] The
model shows that Young’s modulus decreases as the scanning speed increases. Similarly, the study
conducted by Valdez et al. also indicates that increasing the scanning speed contributes to a decrease
in E and Density.[85] The effects of scanning speed on material vibration characteristics can be inferred
through Equation 3.[%71 It indicates that an increase in scanning speed generally leads to a decrease
in the natural frequency.

Furthermare, JIncreasing the spot size and laser power increases E to some extent. However,
beyond a certain,threshold, a further increase in spot size and laser power leads to a decrease in the
value of E [81=The=impact of power and spot size on the natural frequency can vary, potentially
resulting in an“increase or a decrease, such as in [8%]; the authors reported that an increase in laser
power led to a reduction in both E and Density, subsequently impacting the natural frequency.
Similarly, variation in scanning strategy affects the vibrational characteristics of the AM parts. Cobbs
et al. investigated the, effect of five different scan strategies (i.e., continuous skywriting, continuous
with no skywriting, strip skywriting, strip with no skywriting, and island strategy) on Inconel 718
AM samples 271" A“continuous scan pattern without skywriting resulted in beams with the lowest
densities and natural frequencies across all vibrational modes. In contrast, the island strategy
produced test ‘specimens with densities and vibrational modes resembling wrought Inconel 718.
Additionally, the; islands strategy approach exhibited higher frequency among the built parts than other
strategies. Interestingly, the vibrational modes of the continuous and strip scanning strategies did not
show significant differences from each other. [17]

The scanning’strategy is another important parameter that can impact the mechanical
properties of the™AM parts. It changes the heat input to the material, affecting the residual stress
generation in the built; parts. Studies have demonstrated that adopting an island scanning strategy in
AM results in the lowest residual stress levels compared to other scanning strategies.[86] Reducing
residual stress has_abeneficial effect on the mechanical properties and vibrational characteristics of
AM parts. Usingsthe island scanning strategy helps to mitigate stress concentrations and potential
distortions, improwving structural integrity and stability. These factors contribute to enhanced

vibrational behavior in the printed components. [17]
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Figure 3. The regression model obtained from experimental data for E varying with scanning speed,
spot size, and laser pewer Inconel 718 (Reproduced under terms of the CC-BY license [16], Copyright
2022)

Hatch .spacing/also contributes to the variation in Young’s modulus and Density, affecting the
vibrational charagteristics of the AM parts. West et al. used hatch spaces between 75 — 150 pm on
SS304 samples.[87)The samples were printed on a plate with a specific orientation to observe the
natural frequeney., Figure 4 presents the Frequency Response Function (FRF) of the component,
illustrating the three vibration modes and the plate resonance. FRF is the ratio at the applied frequency
between the sresponses and excitation of the system.[88] FRF represents three values that must be
displayed: the complex function of the frequency and the real and imaginary components.[89] The
results indicateds that “Density decreases with an increase in hatch spacing (Figure 5(a)). Besides,
Figure 5(d) demonstrates that Young’s modulus initially increases until a hatch spacing value of 105
pm and decreases afterward. Consequently, the variations in E and Density substantially impact the
vibrational behavior. The frequency analysis for the first three vibration modes, shown in Figure
5(g), represents a.similar trend for E concerning hatch spacing. The frequency for all three modes

initially increases.till 105 pm and decreases afterward, attributed to the lack of fusion and porosity.[87]

(Figure 5(b),(c)(e).(F)).
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Figure 4. Experimental setup with samples and the samples’ FRF graph with three modal frequencies
(Reproduced Mission from. [87] Copyright 2017, Elsevier)
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(b),(c), (e), and (f) shows the micrographs at different hatch spacing, (d) shows the relationship
between hatch spacing, and E shows a polynomial curve while (g) Relationship between the natural
frequency of the first three modes and hatch spacing (Reproduced with permission from. [87]

Copyright 2017, Elsevier)
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These results demonstrate that the unique combination of process parameters employed in
AM gives rise to a Volumetric Energy Density (VED) that significantly influences the mechanical
behavior of materials, affecting the vibration response. A significant consensus exists within the
literature about the VED as a highly effective parameter for defining the required energy needed to
get dense components in Laser Powder Bed Fusion (LPBF) processes.[®?l The primary purpose of
utilizing the VED is to characterize the empirical observations obtained from LPBF
experiments.[9111321 The formulation begins by considering the most crucial process parameters in the

following manner:

VED = P
" Vht

In particular, variations in the VED can lead to differences in the degree of fusion or the extent
of melting during.the.AM process, thereby influencing the E value.[161(851[87] Figure 6 presents data
reported in the fiterature relating the VED to E. [16] The plotted data shows a non-linear relationship
between them where*at lower VEDs, the E values are higher, but as the VED increases, the E values
fluctuate and make, it very difficult to find the optimum range of VED for the desired E, as it is in the
case of relative density.[®3] In addition, the optimum range of required VED can vary from one
material to another;7and it needs to be considered while using the VED as a collective parameter for
studying the mechanieal properties of the as-built AM parts. Hence, only looking at the energy density
arising from pracess parameters cannot be single-handedly effective in optimizing the E because it
only considers the“four process parameters (i.e., laser power, hatch space, scan speed, and layer
thickness) and “excludes other parameters and material properties affecting the E. Therefore, a
comprehensive study would be needed considering the important processing parameters, material
properties, and aother, factors affecting the E. One such solution could arise from the modification of

the VED formula_to include the mentioned aspects for optimizing the E. [221[94]
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HISTOGRAM OF ENERGY DENSITY
AND YOUNG MODULUS
= Energy Density = Young Modulus
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Figure 6. shows the relation between VED and E using the tabular data from the literature [16]

5. Effect of AMe=fabricated geometries on vibrational characteristics

The vibrational characteristics of materials in AM vary depending on the geometry type and
structural changes.[%] The geometry of AM-fabricated metal alloys significantly influences the
vibrational and, damping performance.l?6971 The AM technology helps to fabricate complex
geometries, such as cellular or lattice structures (LSs). The LSs are naturally inspired structures
formed by repeating the fundamental building block known as the unit cell.[%8] The LSs have various
applications and advantages as compared to conventional parts. The lattice structures vary the
mechanical properties, of the AM parts.[?9] As discussed in the section related to VA, the vibration
characteristics are.mainly. governed by Young’s modulus and Density. Hence, changing the type of
lattice structure mwould, also affect the vibrational characteristics of AM lattice parts.[190] Moreover,
the cell size withudifferent unit cell thickness can also influence the elastic properties. The LSs make
the ideal parts with the optimized property for strength-to-weight ratio. It will be beneficial to use
LSs as a design for, sustainability, as it will reduce energy consumption. The biomedical application
for the LSs is widely utilized in literature, as the mechanical properties of the LSs can be matched
with the specific_reguirements for the human bones.

LSs are“used in various technical applications because they exhibit a high strength-to-weight
ratio. Nowadays, improvements in AM have made it possible to manufacture complex lattice
structures like triply periodic minimum surface (TPMS) models. Liu et al. studied Ti alloys,
investigating the dynamic behavior of various lattice structures made of Ti-6Al4V.[24]1 They
examined three cell sizes and four different lattice structure types, as shown in Figure 7. Figure 8

(a) demonstrates the behavior of the printed cells. Cell 3, with a 1.2 mm size, exhibits the highest
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natural frequency, comparable to that of a solid sample. The natural frequency and Density exhibit a
similar trend for cells 2 and 3, while there is a slight variation for cells 1 and 4. As a result, it reinforces
the observation that density variation due to different lattice types affects the owverall vibrational
behavior.

Furthermore, Figure 8 (b) presents the damping ratio of the four different cell types with
varying cell sizes compared to solid samples. The damping ratio is generally defined as the measure
of the energy dissipated by any system under vibrational loads or conditions. As the damping ratio
increases, the amount of energy dissipated also increases, which helps reduce the effects of vibrations.
For instance, If the damping ratio of the system is between zero and one, the system is underdamped,
while for one, ‘the system is critically damped. The value above one is usually defined as the
overdamped system:[661(1011 Among the cells, Cell 3, referred to as Solidify, exhibits the highest
damping ratio, ‘indicating good vibration-damping characteristics. Interestingly, there is an inverse
relationship between™the natural frequency and the damping ratio. Higher natural frequencies are
associated with=lower Density, which increases the specimens’ stiffness and reduces their vibration-

damping characteristics. The lattice or porous structures exhibit excellent vibration-damping

characteristics compared to solid samples.
@ CIN  Cell2  Cell3  Cell4

Figure 7. (a) Actual, and (b) schematic image of the cells and the lattice structures (Reproduced with
permission from. [241 Copyright 2021, Elsevier)
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Figure 8. (a) The relationship between the natural frequency of Laser Powder Bed Fusion (L-PBF)
build TI6GAKV with varying cell types and sizes while comparing it to a solid sample (b) Relationship
between the damping ratio of L-PBF build Ti6AKXV with varying cell types and sizes while

comparing it to asolid sample (Reproduced with permission from. 241 Copyright 2021, Elsevier)

Ramadani et al. further investigated the vibration-damping efficiency of AM parts by
incorporating a lattice structure using different materials.[56] Three gear geometries were studied,
including solid ‘gear and lattice structure gears, one filled with polymer. Figure 9 presents the
frequency spectrumy for each sample, where the solid gear exhibits the tallest and most distinct peaks.
In contrast, the lattice structure gear reduced the maximum amplitude and distributed the amplitudes
of significant harmonics more evenly. This effect was particularly pronounced in gear with polymer
infill, as its vibration energy spectrum demonstrated a decrease in amplitudes. The findings highlight
the effectiveness of a lattice body construction in minimizing gear vibrations. Moreover, it is
suggested that implementing polymer enhances structural damping, providing valuable benefits. In
another study,=M. Kam et al. conducted experimental investigations into the damping properties of
metal/polymer composite sleeve bearings.[1921 They revealed that composite sleeve bearings,
characterized by diverse constructions and varying occupancy rates, exhibited substantial disparities
in their damping capacities. Among these variations, sleeve bearings featuring a 3D honeycomb

filing structure demonstrated a notably heightened capacity for vibration absorption. This
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observation implies that the intricate honeycomb-filling structure plays a pivotal role in enhancing a

bearing’s ability to attenuate vibrations, particularly concerning occupancy rate.
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Figure 9. Frequency response of the sound pressure for gears having (a) solid body (b) lattice
structure (c) lattice structure with polymer inserted (Reproduced with permission from. [561Copyright
2021, Springer)

Hussain et al. examined the practical application of vibration analysis for AM parts
incorporating lattice / structures within airfoils.[193]  The authors specifically investigated the
comparison between®a solid blade model and a model with a lattice structure inside the blades,
utilizing the NACA®23012 standard airfoil profile. As presented in Figure 10 and Table 1 the
frequency resulis*reveal that the lattice blades exhibit higher natural frequencies for the first and third
modes than the solid blades. Notably, the solid blade model demonstrates a minimum natural
frequency of 1887.50 Hz and a maximum natural frequency of 1987.50 Hz for the 0.25 mm lattice
blade model. Furthermore, a decrease in lattice unit cell thickness corresponded to an increase in the
first and third natural frequencies. Modal analysis findings indicate that lattice-based blades generally
exhibit higher natural frequencies. In turbine applications, the working speed of stiff rotors needs to

be lower than the first natural frequency, making an increase in the first natural frequency desirable.
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For instance, Presas et al. suggest that raising the natural frequency can extend the operating speed
range of turbines.[1%4 Since the natural frequencies in the second and third modes surpassed the
average turbine operating speed, they were not considered significant.

Table 1. Experimental modal natural frequencies for solid and lattice-type blades (Table Reproduced
under terms of the CC-BY license [103])

Number of Lattice Blade with 0.25 Lattice Blade with 0.5 Lattice Blade with Solid Blade Model
modes mm thickness mm thickness 0.75 mm thickness
First 1987.50 1962.50 1925.00 1887.50
Second 4650.00 4675.00 4700.00 4762.50
Third 5950.00 5900.00 5850.50 5837.50
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Figure 10. FRF_of experimental three modes of vibration for (a) solid and lattice thicknesses of (b)
0.75 mm, (c) 0.5.mm,and (d) 0.25mm for blades (Reproduced under terms of the CC-BY license [103]
Copyright 2022)

The dampingsratio presented in Table 2 indicates that the first mode exhibits the highest
damping ratio.“Unlike solid blade models, the lattice models show a slightly higher damping ratio in
the first modal vibration. The first mode consistently demonstrates the highest damping for all blade
models, with the 0.75 mm lattice blade model exhibiting the maximum value of 0.0251. The results
align with the preference for high damping ratios, effectively absorbing vibration energy, reducing
vibratory stresses, and ultimately enhancing turbine blade lifetime.[193]1 Additionally, the variation in

lattice structure thickness contributed to improved vibration damping, as evident in Error! Reference
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source not found. when comparing the damping ratios, which is consistent with the findings of Liu et
al.

Moreover, simulation results indicated that the initial mode for all blade types is the flap-wise
bending mode. In this mode, the solid blade model demonstrated the lowest natural frequency of
1813.10 Hz, while the 0.25 mm lattice blade model exhibited the highest natural frequency of 1971.40
Hz. The lattice blade shows an approximately 8% higher natural frequency than the solid blade in the
flap-wise bending mode. The trend is inverted for the second and torsional modes, where the solid
blade has the highest natural frequency. The torsional mode is also observed in the third mode, with
the 0.25 mm lattice blade exhibiting the highest natural frequency.

Table 2. Damping_ratio of solid and lattice structured blades estimated from experimental results
(Table Reproduced under terms of the CC-BY license [103])

Number of Lattice Blade with 0.25 Lattice Blade with 0.5 Lattice Blade with Solid Blade Model
modes mm thickness mm thickness 0.75 mm thickness
First 0.0244 0.0220 0.0251 0.0212
Second 0.0070 0.0071 0.0089 0.0070
Third 0.0073 0.0073 0.0066 0.0079

Similarly, Simsek et al. analyzed the modal characterization of TPMS AM structures using
HS188 alloy.[108] The'study involved four TPMS structures: primitive (P), Gyroid (G), diamond (D),
and Schoen IWPRyas depicted in Figure 11. For frequencies up to 7100 Hz, the FRF shown in Figure
12 (a) exhibitedwsimilar behavior. However, beyond this frequency limit, changes in the frequencies
were observed: Specifically, the diamond structure exhibited the lowest value (10710 Hz), while the
primitive structure demonstrated the highest value (11600 Hz) in the third mode. The findings
highlight the influence of lattice structures on material behavior and demonstrate that altering the

structures is relatively feasible using AM techniques. [105]
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Figure 11. Experimental samples with lattice structures of (a) primitive (b) diamond (c) IWP (d)
gyroid (Reproduced=with permission from. [1051 Copyright 2021, Springer)

In Figure 12 _(b) to (g), the frequencies of TPMS structures are compared while varying the
relative Density.from 0.1 to 0.5. Modal analysis was conducted for each TPMS structure to investigate
the results for the bending, torsional, and longitudinal modes. All TPMS structures exhibited a linear
relationship with the volume fraction, with the bending mode displaying greater sensitivity to changes
in volume fraction. The change in frequency for TPMS structures was substantial in the bending
mode (2.5 times)scompared to the torsion mode (0.4 times) when altering the volume fraction.
Concerning the “bending mode, the primitive, IWP, and Gyroid structures showed greater sensitivity
to changes in«wolume-fraction, while the diamond structure was the least affected in all three modes:
bending, torsion{ and longitudinal. A consistent pattern can be observed across the first three bending
modes for all TPMS structures. The highest modal frequency at a relative density of 0.5 was observed
for the IWP structures, even though the diamond structure exhibited the highest modal frequency at
a relative density of 0.1. The same bending mode is evident in diamond and IWP-type cell structures
at a relative density of 0.3. The comparison between the Gyroid and primitive structures yielded
similar results.

Regarding“torsion modes 1 and 2, the primitive structure demonstrated the best torsional
properties, follewed by the Gyroid, diamond, and IWP structures. The diamond and Gyroid structures
performed similarly instorsion modes. The longitudinal mode exhibited the same trend as the bending
modes for the TPMS structures. The diamond structure exhibited the highest longitudinal modal
frequency at a relative density of 0.1. However, at a relative density of 0.5, the IWP structure

exhibited the highest longitudinal modal frequency.
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Figure 12. w(@)=FRF response of the primitive, diamond, IWP, and gyroid lattice structures
Experimental madal analysis for lattice structures at (b) first, (c) second, and (d) third bending modes,
(e) first and (f)*second torsion modes, and (g) longitudinal mode (Reproduced with permission from.
[105] Copyright 2021, Springer)

Considering aerospace applications, Bari and Bollenbach  proposed replacing the motor
holder’s regular_geometry with lattice structures, as shown in Figure 13.[1%6] The material used in the
motor holder Tis Aluminium 6061T. Although the study comprises only simulations, results
significantly differifram the solid holder, which is helpful for future studies.

(@) (b)

(c) (d)

Figure 13. Lattice structures used for a motor holder, namely (a) polyhedral, (b) snowflake, (c)
circular, and (d) linear spider web (Reproduced under terms of the CC-BY license. [106] Copyright
2022)

The results of the modal frequency analysis simulation reveal that the motor holder with linear

spider-web unit cells exhibits the most significant reduction in noise vibration compared to mode
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frequency (1), as presented in Table 3. This design demonstrates high resilience to vibration in aircraft
applications, which is particularly important in aeronautical, where weight reduction is crucial.
Among the different modes, mode (1) possesses the lowest frequency while maintaining an adequate
level of safety. The linear spider-web motor holder, weighing only 0.3473 g with a porosity of 84%,
offers the lightest weight. By fulfiling the required standards, the linear spider-web holder
demonstrates strong mechanical properties while minimizing weight. Various factors influence the
holder’s mechanical “properties, including design, porosity, and material selection. The primary
objective of this ‘project was to develop a design concept for brushless motors that achieves weight
and noise reduction, regardless of whether the item is manufactured using SLM. [106]

Table 3. Modal'natural frequencies simulation results (Table Reproduced under terms of the CC-

BY license [106})

Number Lattice' Blade with  Lattice Blade with  Lattice Blade with Solid Blade Holder without
of modes 0.25mm thickness 0.5 mm thickness 0.75 mm thickness Model lattice
First 9766 11072 10530 9542 15351
Second 19081 17756 19762 12856 28315
Third 20078 21895 19907 17864 28343
Fourth 33069 21945 27846 20451 43761
Fifth 34996 26289 31404 21102 49730
Sixth 35249 28467 31478 23381 63426
Seventh 38256 30596 34528 24270 64649
Eghth 39823 30987 34605 24715 69107

Several approaches have been proposed to reduce vibration and improve damping, with
conventional materials exhibiting different vibration behavior than AM materials. One critical issue
discussed by Raval et al. is the vibration of AM materials during machining.[197] The study focused
on the effect of .eutting forces on Titanium alloy, considering four samples: Wrought (W), Wrought-
Stress Relieved' (W-SR), AM, and AM-SR. In general, titanium alloy is machined under wet
conditions to preventthigh temperatures during cutting, as temperature plays a crucial role in wear
and vibrations. The“cutting temperature of AM samples was lower than that of the wrought samples,
with the AM-SR sample exhibiting the lowest cutting temperatures. These results align with the
hardness values andsspecific cutting forces, indicating reduced heat and mechanical stresses during
the cutting of*AM components.

Figure 14 (a) and (b) demonstrate that both Titanium Wrought (W) and Wrought-Stress
Relieved (W-SR) exhibit lower vibrations compared to the AM samples during cutting. However, if
stress relief (SR) is applied to the AM samples, the vibration improves and becomes comparable to
the wrought material. This improvement can be attributed to the microstructure created by the AM

process. The wrought material has equiaxed grains, while the AM samples exhibit slender needle-
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like grains. 1971 Also, known defects in AM parts, such as pores, flaws, oxygen contamination, and
inclusions, could contribute to the observed vibrations. Figure 14 (c) and (d) indicate that these
vibrations do not follow a specific pattern, suggesting that the vibration source is the material rather
than the machine tool. However, heat treatment, specifically in the case of AM-SR compared to AM
without stress relief, appears to reduce the wide-band vibration observed in the printed components.

AM-SR vibrations are comparable to those observed in the wrought material in frequency. [107]

100 —6F—

; ST ———

» 80
£ |
éf
S 60 "
-~ 40 ‘
0
# ) =
€ 501 -
S 20 - ‘
z | ewEmwTeaacs
0 -I - .l .I I
w W- SR AM AM-SR '
(a) (b)
1 ——— - e e e 2
:{R AM frequency spectrum nw {
} { ™ { Al ency spec w11
(C) :,:"'.‘,f | (d) has a wide range as Sy ’

1
}
compared to others “
\
1
\

Amplitude, m/s®

0
0 1000 2000 1000 4000 so00 O

n
Frequency, Hz 0 1000 2000 3000 4000 5000

Frequency, Hz
Figure 14. (a)"Histogram of cutting vibrations, (b) vibration response for AM samples at cutting
velocities of 120 mvmin and 90 mVmin and Wrought sample at 120 mvmin. FFT analysis of cutting
vibrations to compare AM and Wrought materials for cutting velocities at (¢) 90 m/min and (d) 120
m/min (Reproduced with permission from. (1971 Copyright 2023, Elsevier)

For observing the AM sample related to different vibrations, some studies have suggested
using particle damping’ or inherent damping.[1811108-113] |n their study, Ehlers et al. proposed using
particle dampers, for AM samples, as illustrated in Figure 15 (a).['*3] The concept of employing
particle damping proved to be effective in reducing the vibrations of AM samples. Figure 15 (b)
demonstrates the distinct differences in FRF among fully fused beams, fused beams with cavities,
and particle-damped beams. The particle-filled beam exhibits the lowest amplitude and maximum
damping, indicating its superior vibration reduction capabilities. The natural frequency of the particle-

filled beam closely matches that of the hollow unfilled beam, suggesting that the particles have a
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minimal impact on frequency shift but contribute to non-linear damping. Moreover, the fully fused
beam and the partially filled beam with cavities exhibit damping values of a similar magnitude,

enabling accurate quantification of the influence of particle damping on a beam.

(o b | T

Friction Impact
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Figure 15. (a)»Schematic representation of the particle damping and (b) comparative FRF response
between a fully fused (with and without cavities) and a particle-damped beam (Reproduced with
permission fremxlt3LCopyright 2022, Elsevier)

Guo et al._presented a numerical and experimental study on different structures for particle
damping of AM materials.[8] The particle damping phenomenon observed in the study involves non-
elastic collisions and »friction, which assist in dissipating vibrational energy and thereby enable
particle damping=of=*AM materials. The experimental setup considered a cantilever beam with a
particle damper .attached.at the beam end. This study distinguishes itself from previous research by
exploring various arrangements of unfused particles within cell structures. These cells range in
quantity from a single hollow cube to a box containing 64 cells within a single cube. The study also
contains detailed mathematical modeling of the particle cube damper. The model assumes the
cantilever beamas sa Euler-Bernoulli beam for a single-degree-of-freedom system under ideal
conditions,

Mii(t) + Cu(t) + Ku(t) = Fp(t) Equation (4)
where M, C, andwK are the mass, damping constant, and stiffness, respectively, and u denotes the
displacement, a dot is the time derivative, and t is time. Fp(t) is the impact force between the particles
and walls applying on the cube. The model uses a term called specific damping capacity (SDC),
which can be calculated from the ratio of kinetic energy converted to dissipative energy, either heat
or sound (AT), to the maximum Kinetic energy during a cycle (T). [18]1 The equation is written as

follows:
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AT
Y (SDC) = ra Equation (5)

Figure 16 (a) provides valuable insights as the model exhibits results that are comparable to
the experimental study, demonstrating the potential of mathematical models for AM materials in
predicting their properties. Numerical models based on multi-physics modeling for AM materials
contribute to a deeper understanding of their behavior. Furthermore, the effectiveness of utilizing a
cellular structure .with, particle damping is demonstrated in Figure 16 (b) for four different samples.
The graphs indicate that a damping sample with one or eight cells inside a cube exhibits superior
damping capacity=compared to samples with 27 or 64 cells. The Structural Damping Coefficient
(SDC) results further highlight that the fully fused beam significantly lags behind the beams with

particle damping, as energy dissipation is more efficient when particles are present inside the cube.
(18]
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Figure 16. (a) [Comparison of experimental with the simulation results at various acceleration values
for a sample with 64-unit cubes inside and (b) SDC values of the samples at various acceleration
values with varying.sample cells inside for 1-, 8-, 27-, and 64-unit cubes inside (Reproduced with
permission from. 1281 Copyright 2022, Elsevier)

In their study, Onome E. et al. examined beams incorporating unfused powder and compared their
damping performance with conventional fully-fused beams.[!1l The findings revealed that the
investigated beams could provide up to 10 times more damping than the baseline solid beam despite
only a 1-4% modification of the internal beam volume. The primary mechanism for vibration

suppression was identified through investigations into the impact of different parameter values on
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damping. The study highlights the potential of internal feature optimization through L-PBF to
enhance damping efficiency by validating the underlying physics of vibration suppression. [111]

6. Comparison of vibration analysis results between AM and conventional materials
Considering all the articles discussed above, Table 4. Summary of vibrational analysis of AM
summarizes the AM techniques, the effect of the process parameters, printing orientation and
geometry, Young’s modulus, Density, natural frequency, and damping, comparing AM materials
with conventionally fabricated materials. AM techniques discussed in Table 4. Summary of
vibrational analysis“of AM are SLM and LPBF, while the materials are AISilOMg, Inconel 718,
Ti6AKYV, and some Stainless steel.
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Table 4. Summary of vibrational analysis of AM

Material Fabricated

AM Techniques/Process

Printing Orientation/

Effect on Young Modulus (E)

Effect on Natural Freq./Damping as

parameter Geometry and Density compared to the conventional
fabrication process
AlSi,oMg SLM/ Seven angles from0to 90  The samples printed in the Upright Upright and Rotation printing has the

[21]

17-4 PH stainless
[23]

Inconel 718
[16]

Inconel 718
[85]

25 pm layer thickness, 1.2m/s
scanning speed and 400 W

laser pow er

L-PBF/ --

SLM/

Set of process parameters
such as laser pow er of 120W,
140W, and 160W, scanning

speed from 900mmnvs,

1000mm/s and 1100mnvs and
Spot size 45 pm, 60 um,75 pm

L-PBF/

Five sets of process

parameters such as laser

pow er, scanning speed, and

w ith three printing
orientations are: Flat,
Upright, Rotation

Horizontal (H) and Vertical

(V) printing orientation

Standard tensile specimen
as per ISO 527

Specimen fabrication and
testing according to ASTM
E8/E8M and ASTM E9

and Rotation orientations have a
larger E value compared to the
Flat and Subtractive samples

The E value of samples printed in
the Hdirection is larger as
compared to the V direction

Spot size influences more as
compared to scanning speed to
change E. Spot size and laser
pow er both influence more in
changing the E.
High laser pow er with high
scanning speed also decreases
the E

The relation established betw een
density and process parameter
set. As the Density decreases, E
also decreases.

This article has been accepted for publication and undergone full peer review but has not
been through'the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.76802 /adem.202301650.
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highest frequency, than flat printing.
Subtractive has the least among all AM
samples.

Not discussed in the article, but a
possible approach for VA for various
process parameter combinations

Not discussed in the article, but a
possible approach for vibration analysis
for various process parameter
combinations

Not discussed in the article, but a
possible approach for vibration analysis
for various process parameter
combinations

a ‘el ‘8y9eLesT

woyy

WBPE/Z00T 0T/ I0PALIOY

0 PUE SWIS | 34} 89S *[¥Z02/TO/TE] U0 ARiqIT8unuO AB A

5UB0 17 SUOWLLIOD BANEBID 31ESI e U A PoUBAGS 3.2 SIPILE WO ‘381 J0'S9IN 10} ARIITBUIUO BIIMA UO


http://dx.doi.org/10.1002/adem.202301650
https://onlinelibrary.wiley.com/doi/full/10.1002/adem.202301650

Stainless Steel 304L
187]

Ti-6Al-4V
[24]

Ti-6Al-4V
[56]

hatch spacing, respectively; (i)
195W, 1.2mvs, 90 pm, (ii)
150W, 2mv's, 150 pum, (iii)
150W, 2m/s, 200 pm (iv)
100W, 2m/s, 200 pm, (v)

150W, 2nvs, 250 pm

SLM/
200W laser pow er, 800 mm/s
scanning speed, and
50 pum layer thickness
85 and 150 pm hatch spacings.

L-PBF/

Laser pow er 125W,
Scanning speed 2800 mnvs,
Hatch spacing 110um, Layer

thickness 30um,
Laser spot diameter 60um,
Volumetric energy density 13.5
Jimm?

SLM/
Laser pow er 75W, scanning
speed 600mm/s,
hatch spacing 77um, laser
beam diameter 0.11mm, and
pow der
layer thickness 25um

Specimen as per ASTM
ES/EBM-22
Standard Test Methods for
Tension Testing of Metallic
Materials

Four cells w ith lattice
structures, Cell 1 is FCCZ,
Cell 2 is the rhombic
dodecahedron, Cell 3 is
Solidify type, Cell 4 is a
stochastic type

Gears used are Solid-
body, Lattice structure
and attice structure w ith
a polymer insert

This article is protected by copyright. All rights reserved

Keeping the scanning speed and

Laser pow er constant w hile
increasing the hatch spacing
decreases the Density and E

Keeping the scanning speed and

Hatch spacing constant w hile
decreasing the laser pow er

decreases the Density and E.

Density decreases with
increases in hatch spacing and
E increases till hatch spacing of
105 pm then starts to decrease.

Highest value for E at hatch
spacing of 105 pm
Cells density decreases with an
increase in cell unit lattice
dimension. The damping ratio
increases with an increase in
cell unit lattice dimension (w ith
some exceptions for cells 1 and
2 at 1.6mm). The damping ratio
for all cell types at 2.4mm ssize
is greater than a solid sample

Lattice structured gear body
low ers the maximum amplitude
means better damping.
Vibration reduces in gear

because of the lattice structure

For all three modes of frequency, the
frequency value increases up to 105 ym
hatch spacing, then decreases with an

increase in hatch spacing

The frequency
decreases with an increase in cell unit
lattice dimension. Maximum frequency
obtain for cell structure Solidify type with
2.4mm, w hich comparable to a solid
sample

Frequency harmonics amplitude reduces
w ith the incorporation of lattice structure
w ithin the gear hub
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Inconel 718
[103]

AlSi;oMg

[113]

Stainless Steel 316 L
18]

SLM/

Laser pow er 200W, scanning
speed 875mnvs, layer the
thickness of 60pm, hatch

spacing 90um

LPBF/

Laser pow er of 370W, up and
dow n skin 360W and 340W,
respectively.

Hatch spacing 0.19mm.
Scanning speed 1300 mms,
up and dow n skin 1000mm/s
and 1150mm/s respectively

LPBF/
laser
pow er 107W, scanning speed
of 300mnvs, line thickness of
40um,
layer thickness 25 pm, beam
diameter 40um.

Gas turbine blade similar

to NACA 23012 aerofoll
w ith the geometries that
are Solid, 0.75 mm Lattice,
0.50 mm Lattice and 0.25

mm lattice

Fully fused beams w ith
lying and standing
positions for printing.
Partially fused beams w ith
5%, 10%, 20% cavities

Samples in cube shape
comprises 1, 2, 3, and 4
small units inside it
Additively Manufactured
Multi-Unit Particle Damper
(AM-MUPD)

Only modal analysis w as
presented in the study

Only modal analysis w as

presented in the study

Only modal analysis w as
presented in the study

The solid bladehas three natural

frequencies that are 1887.50, 4762.5,

and 5837.50 Hz. Blade with 0.75 mm

lattice has 1925.00, 4700.00, 5850.50
Hz. Blade with 0.50 mm lattice has

1962.50, 4675.00, 5900.00 Hz

Blade with 0.25 mm lattice has 1987.50,

4650.00, 5950.00Hz.
The natural frequency of vertical
beams is greater than horizontal
beams w hile printing

A higher damping ratio w as observed for
partially fused beams than the fully fused

beams

Damping Capacity increases and then

decreases for different inputs but is
greater than the fully fused block.
Damping capacity decreases with

increases in the quantity of unit particle

damper
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7. Future Directions and Challenges
7.1 Limitations and challenges of existing vibration analysis techniques for AM
materials

Developing specific application materials and structures like FGM using AM remains
a challenging endeavor. There is a persistent limitation in thoroughly investigating the
vibrational behavior of the AM parts. [’] This gap in understanding was highlighted in a study
by Tevet etyal,<which explored the anisotropy of Ti6AKV parts fabricated by AM in
comparison™te"“conventional methods.[114] Interestingly, the study revealed only minimal
differences in elastic characteristics across various orientations. It is crucial for designers to
consider _the variation in elastic characteristics resulting from different manufacturing
techniques =and=directions (i.e., AM build direction), because it can significantly affect the
vibration respense..of the built parts. Limited research has been carried out on analyzing the
effect of machining parameters on residual stresses and dynamic response during material
machining operations [1151 whereas the vibration characteristics of AM-manufactured parts
differ from those of conventionally fabricated parts. These differences and possible challenges
should also™befurther investigated and understood before generating models for vibration
prediction. Aswarresult, it is imperative to delve deeper into the limitations and practical
challenges researchers may encounter while analyzing the vibration behavior of the AM
materials. At the same time, these challenges are pivotal in shaping the future trajectory of
vibrational analysis in the realm of AM. The following are the challenges and practical
difficulties researchers might encounter while conducting such studies:

e Anisotropy, and Directional Dependencies: Unlike conventionally manufactured
materials, the mechanical characteristics of AM materials can vary significantly based
on the build direction and orientation. Researchers may encounter practical difficulties
in addressing this anisotropy, as the AM build direction introduces unique
considerations for vibrational analysis. Understanding the nuanced relationship
between.vibrational behavior and building orientation remains a complex task.

e Lackeof Standardization in Testing Protocols: A notable challenge in the vibrational
analysis of AM materials is the lack of standardized testing protocols. Researchers often

face difficulties establishing universally accepted methodologies for conducting

This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1002/adem.202301650.
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vibrational analyses on AM components, leading to variations in testing procedures and

making it difficult to compare results across different studies or implement consistent

quality control measures.

e Sensitivity to Process Parameters: AM processes are highly sensitive to a myriad of
parameters, such as laser power, scanning speed, and layer thickness. These variables
directlys influence the mechanical properties of the final product, affecting its
vibrational<Characteristics. Researchers may encounter practical difficulties in isolating
the“impact of each parameter on vibrational behavior, especially when dealing with
complex geometries or intricate lattice structures.

e Post:-Processing Effects: Most AM components undergo post-processing treatments,
suchraswheat treatment or machining, to enhance their mechanical properties and surface
finish.~nderstanding how these post-processing steps affect vibrational characteristics
is a_challenge. The interactions between the AM process and subsequent treatments
pose practical difficulties in predicting the vibrational behavior of components after
post-processing, requiring a comprehensive investigation into the combined effects.

o Validation of Numerical Models: Numerical models play a crucial role in predicting
vibrational characteristics. However, validating these models for AM materials presents
a unique set of challenges. Researchers must grapple with the need for extensive
experimental data to wverify the accuracy of numerical predictions. The inherent
variability..in AM material properties and the dynamic nature of the printing process
further_complicate the validation process.

Mitigating these challenges requires a concerted effort from the research community.
Researchers ‘should collaborate to establish standardized testing procedures, develop robust
numerical moadels, and explore innovative approaches to account for anisotropy and sensitivity
to process parameters. Emphasizing the need for transparency in reporting methodologies and
results can facilitate' a more systematic progression in the field of vibrational analysis for AM
materials.

Moreover, understanding the physical mechanisms responsible for vibrations in AM
materials is crucial. The vibrations in AM materials can result from various factors involved in
the AM process. The intricate interplay of melting and solidification dynamics during the AM
process primarily contributes to vibrations. As the energy from the laser or electron beam is
absorbed, a rapid phase transition in the powder bed takes place and introduces thermal stresses

and gradients, generating internal forces within the material. This phenomenon keeps repeating
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as the material undergoes successive layers of deposition; thus, the uneven distribution of heat
can give rise to transient vibrations. The localized cooling and solidification of each layer
introduce variations in microstructure and material properties. These variations, in turn, create
internal stresses that may manifest as vibrations during subsequent stages of the manufacturing
process or during the service life of the component. As mentioned earlier, the quality of
interlayer bonding, and the presence of porosity contribute significantly to vibrational
characteristics;, Insufficient bonding between successive layers or the existence of voids and
pores within“the“material can amplify vibrations, wherein the structural imperfections may alter
the dynamic respomse of the material, affecting its natural frequencies and damping properties.
Investigating .the _correlation between interlayer bonding quality, porosity, and vibrations is
essential for -enhancing the owverall integrity of AM components. The sensitivity of AM
materials to process parameters such as laser power, scanning speed, hatch space, and layer
thickness playss=@ pivotal role in vibration generation. Variations in these parameters directly
influence the™energy input and cooling rates, thereby affecting the thermal history of the
material and, consequently, its vibrational behavior. Understanding the intricate relationship
between process parameters and vibrations is essential for optimizing the AM process and
minimizing unwanted dynamic effects. In addition, adopting lattice structures and complex
geometries in” AM' .components introduces additional complexities in vibrational behavior. The
intricate  lattice ™ formations, designed for lightweight and improved mechanical properties,
interact with“external forces, leading to vibrations. Understanding how these lattice structures
respond to dynamic¢ loads and external stimuli is crucial for predicting and managing vibrations
in componentsswith complex geometries. In summary, addressing these root causes requires
tailored strategies; including optimized printing parameters, adopting controlled cooling
strategies, post-pracessing techniques, leveraging advanced modeling techniques, refining the
design of parts™(e.g., lattice structures), and material design considerations are avenues to
explore for minimizing vibrational issues in AM materials.
7.2. Practical Implications and Real-World Applications

The“knowledge from the comprehensive review on vibrational analysis of materials
manufactured through AM processes holds significant practical implications for various real-
world scenarios. By understanding the vibrational characteristics of AM materials, researchers
and industrial practitioners can pave the way for advancements and applications in several key

areas:
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e Quality Assurance in AM: Understanding the relationship between AM process
parameters and vibrational characteristics enables better control and monitoring of the
manufacturing process. Consequently, it facilitates identifying and mitigating defects
such as porosity and cracks, ensuring the production of high-quality components.

e Optimal Design of AM Components: The vibrational analysis results provide valuable
informationy for the optimal design of AM components. By considering the effects of
geometry,« process parameters, and material properties on vibrational behavior,
engineers and designers can make informed decisions to enhance the structural integrity
and [performance of AM parts, especially in industries where lightweight and
structurallywefficient components are of paramount importance.

e Development of Standard Specifications for AM Materials: The review findings
contribute==to establishing standard specifications for AM materials. It involves the
identification of key parameters influencing vibrational characteristics and the
development of standardized testing procedures. These standards can serve as a
reference for researchers and industry practitioners, fostering consistency and reliability
in"assessing, AM materials.

e Advancements in Predictive Maintenance: Understanding the vibrational
characteristics of AM components can be leveraged for predictive maintenance
strategies. Monitoring changes in vibrational behavior allows for early detection of
potentialissues, reducing the risk of unexpected failures, specifically for industries
where, the/ reliability of components is critical, such as aerospace and automotive
applications.

7.3. Future Research Paths

Prior research on AM parts has demonstrated that different AM techniques and post-
AM heat treatment produce varying microstructures and machining behavior compared to
traditional manufacturing. Given the complexity, few studies have developed Process-
Structure-Property (PSP) relations through physic-based,[116-118] or data-driven models.[119-122]
AM has a greater._capacity to make components with complicated geometries, more operational
flexibility, and shorter production times than traditional processes. However, severe problems
related to the mechanical properties and surface quality of AM processes also exist. Therefore,
various post-processing technologies, such as heat treatment and machining, are being used to
enhance the surface quality of the parts produced through AM.[123-128] The effects of these post-

processes on the vibration performance of the printed parts also need to be studied. Considering
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the effect of post-processing presented in the literature on the mechanical properties of AM
materials, it is critical to analyze the vibrational characteristics of materials after post-
processing.[107]

Multiple modeling efforts have focused on predicting process-induced temperatures
and thermal gradients in forecasting location-dependent mechanical characteristics of
components. .Critical temperature ranges, basic thermal frequencies, and other essential
mechanistic elements of the AM process may be revealed by the framework of multi-resolution
analysis and“importance analysis.[129-131] The outcomes show that the developed technique can
make reasonable predictions with a minimal quantity of noisy experimental data. It offers a
firm foundation _for a ground-breaking technique that uses cutting-edge algorithms, domain-
specific knowledge, and predictions of mechanical characteristics of spatial and temporal
development,t131]

Furthermore, in charting the future research paths for investigating vibrational
characteristicsin_ AM materials, it is essential to outline comprehensive methodologies
encompassing experimental setups and numerical simulations. Integrating diverse approaches
will facilitate”a“holistic understanding of the dynamic behavior of AM materials and pave the
way for effective solutions to the identified challenges. Implementing advanced in-situ
monitoring techniques offers an avenue for real-time observation of the AM process. High-
speed cameras, thermal imaging, and acoustic emission sensors can capture dynamic events
during material_deposition. Integrating these technologies into the experimental setup provides
valuable insights into the temporal evolution of vibrations and their correlation with specific
process parameters. Conducting modal analysis and dynamic testing on fabricated components
allows for ‘“directly measuring natural frequencies, damping ratios, and mode shapes.
Experimentalsetups employing accelerometers, strain gauges, and other sensing devices
facilitate the “characterization of vibrational behavior under varying conditions. Excitation
through controlled loading or external stimuli aids in quantifying the response of AM materials
to dynamic forces: Exploring the vibrational characteristics of AM materials after post-
processing “treatments is a crucial aspect of experimental investigations. Heat treatment,
machining, or surface finishing may influence the dynamic response of the material.
Experimental setups focused on evaluating the impact of post-processing steps on vibrational
properties contribute to a comprehensive understanding of the material behavior beyond the
AM stage.

Additionally, leveraging numerical simulations such as Finite Element Analysis allows

researchers to create virtual models of AM components and simulate their dynamic response.
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Incorporating material properties, process parameters, and microstructural features into Finite
Element Analysis models enables the prediction of natural frequencies and mode shapes.
Sensitivity analyses within  the numerical framework aid in identifying critical factors
influencing vibrational behavior. One step further could be adopting multiscale modeling
approaches to accommodate the hierarchical nature of AM materials, encompassing
microstructuralss mesoscopic, and macroscopic levels. Coupling computational tools with
experimental \data< facilitates the development of accurate and predictive models. The
integration™“of““multiscale  simulations  elucidates the intricate interactions  between
microstructural variations and vibrational responses.

In_ addition. to these techniques, machine learning techniques hold promise for
predicting vibrational characteristics based on large datasets. Establishing correlations between
process parameters, material properties, and vibrational outcomes through machine learning
models enhances™the predictive capabilities of numerical simulations. Such an approach can
streamline thewidentification of optimal process conditions for desired vibrational performance.
In a greater sense, machine learning algorithms can play a pivotal role in predicting material
properties;~“optimizing process parameters, design of novel materials through identifying
patterns and“=correlations between material compositions and vibrational behavior, using
previous designs and their vibrational response to establish a feedback loop for iterative design
of new structures with desirable vibration characteristics, and detection of anomalies indicating
defects such™as_porosity or structural inconsistencies through analysis of vibrational signatures
and other relevant parameters (see Figure 17 showing a general perspective of machine learning
usage in enhaneing, the AM process). Apart from the suggested solutions, the AM community

needs to develop guality assurance techniques for robust and fast certification of AM parts.
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Figure 17..Possible usage of Machine Learning for design AM materials (Reproduced with

permission frem.[132] Copyright 2020, Elsevier)

8. Conclusions

This review discussed the vibration analysis of materials manufactured through AM, the

relationship-between AM process parameters and other factors, and the techniques and methods

used by the,author for vibrational characteristics, including experimental and simulation

results. The following conclusions can be drawn:

During.the AM process, parameters such as laser power, scanning speed, spot size, etc.,
can significantly change the mechanical behavior of materials. Combining these
processparameters changes the energy density during the process; hence, the final part
property also changes. For vibration analysis, Young’s modulus and Density are vital
properties of the material, as the natural frequency of the fabricated part would change
with ‘both values.

Vibration analysis effectively detects and characterizes various defects in metal alloys
commenly“used in AM, such as porosity, cracks, and inclusions. A solid relationship
exists=between AM material process parameters and vibrational characteristics. The
geometry.of the AM materials can also play a significant role in suppressing untoward
vibrations.

The limitations of vibration analysis for exact defect detection and characterization,
such as the dependence on material properties and the need for extensive signal
processing, should also be considered. Conventional numerical methods also need to

be changed according to material behaviors.

This article is protected by copyright. All rights reserved

351801 SUOLLILIOD) @AEBID) 3(qedddde 8L Aq peuenob a1 a1 O 88N J0 SaINI 10} ATIGIT BUIIUO AB|IM O (SUONIPLIOD-PUE-SULBIALIY" A3 1M ATR1q)1[BuUO//SIL) SUOIPUOD PUE SWLB | 3L 38 *[¥Z0Z/TO/TE] U0 AIqiT 8UIUO 4|1 n'de"P 1L .I0@) BAWRL-<URR 000 /US> AJ 0S9TOEZ0Z WAPe/Z00T 0T/10p/LI0d" A3 | Ateiq1jouuoj/Sdiy woay papeojumo 8! ‘8yoz/zST



More research should be done on the finding of Young’s modulus and Density as a
function of AM parameters, leading to an empirical formula of the vibration relation of
conventionally produced and AM materials.

Further research is needed to address these challenges and to fully understand the
potential of vibration analysis for quality control in AM. The latest techniques in this
field, sueh @as Machine and Deep Learning models, would be very effective in predicting

the dynamic behavior of the AM parts.

Overall, thes*findings of this review highlight the importance of non-destructive testing

techniques for“ensuring the quality and reliability of AM parts. Furthermore, using vibration

analysis andyotherptesting methods can provide a comprehensive and efficient approach to
quality contrel in AM.
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