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INVESTIGATION OF THE DAMPING EFFECTIVENESS OF PARTIC LE
DAMPER INTEGRATED STRUCTURES DESIGN PRODUCED BY LASER
POWDER BED FUSION UNDER DIFFERENT BOUNDARY CONDITIONS

SUMMARY

Particle damper (PD) technology has been increasingly adopted as a passive damping
mechanism in structures to minimize vibrations androwp their performance. This
technology is particularly advantageous due to its design simplicity, low cost, and
applicability in harsh conditions, making it an attractive alternative to traditional
damping techniques.

The production of structures with egrated PDs using additive manufacturing,
particularly theLaser Powder Bed Fusion (LPBpjocess, has become increasingly
studied in recent time3his approach eliminates the need for external dampers to be
implemented into the structursimplifying the design process and reducing costs.
However, in order to fully utilize the potential of PDs, a deeper understanding of their
dynamic behavior is required.

To this end, a studis conducted to investigate th@pactsof integrated PDs on the
dynamic behavior of additively manufactured structures. The study examined 16
different cases of integrated PDs with different sizes, numbers, and positions on the
structure. For example, PDs with different total volumes were designed and located at
various positions in the structure to understand the size and positjwecton the
dynamic behavior at the first and second modes of the structure.

Hammer impact testsvere performed on the additively manufactured samples to
calculate the frequency responsadtions (FRFs). fie modal parameters such as the
natural frequency and damping ratio were obtainssihg the rational fraction
polynomial (RFP) methodccording to the findingghe damping performance of the
parts wasmprovedup to 10 times by using bgdntegrated PDs compared to the fully
fused specimen.

It was also observed that the effectiveness of Hothgrated PDs depend significantly

on the volume and spatial location. For instance, damping was generally increased
when the volume fraction wasdreased. This increase in volume fraction also reduced
the total weight of the specimens by up to 60 g. Moreover, the damping performance
significantly increased for a specific mode if the PDs were located around the
maximum displacement regions.

Another design group was created to investigate the boundary conditions. The samples
in this group were tested with both frébee and fixediree boundary conditions.
According to the results, although higher results were obtained for theffeed
bounday conditions for the first mode, it was revealed that there are many parameters
to be investigated such as mode shapes and system dampings.

The findings of this study are of great significance to the manufacturing industry as
they provide insights into hpotential benefits of using integrated PDs in structures.
With the ability to reduce vibrations and improve performance, structures
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incorporating PDs can be designedfudfill the particular requirementsf various
industries such as aerospace, autoveoind civil engineering.

Additionally, the study highlights the potential of additive manufacturing to produce
structures with integrated PDs. With the flexibility of the powder bed fusion process,
designers can easily incorporate PDs into their deswitisput the need for external
dampers. This approach not only simplifies the design process but also reduces costs,
making it an attractive alternative to traditional damping techniques.

It is worth noting that while the results of this study are prorgisadditional
researchsare requiredo fully understand the dynamic behavior of structures with
integrated PDs. Future studies should focus on optimizing the size, shape, and location
of PDs to achieve maximum damping performance. Moreover, reseasziuisedto
investigate theffectivenessf integrated PDs on other modes of the structure, as well
as on structures subjected to different loads and operating conditions.

In conclusion, the use of particle damper technology in structures has the pttential
improve their performance and reduce vibrations. By incorporating PDs into structures
using additive manufacturing, designers can achieve greater design flexibility and
reduce costs. However, further research is needed to fully realize the potetitial of
technology and optimize the design of structures with integrated PDs.
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1. INTRODUCTION

Vibration is a mechanical oscillation that plays a significant role in humanTlife.
process of hearing involves the vibration of the eardrum and related mechanisms,
while speech is produced by the vibration of tbegue and vocal cords. This is
because the creation of sound and the perception of sound through hearing both rely
on the concept of vibration. Is also utilized in construction to remove voids in
concrete or to drill through a hard surface with a percussion Mdhy musical
instruments, particularly those with strings, require vibration to produce their intended
sound However, vibration canlso be an unwanted and destructive phenomenon for
numerousnechanical systems. Vibrations in an aircraft fusetagelead to higitycle
fatigue and consequeti¢fects such as crackébrations caused by earthquakes could

be the reasoto failuresin buildings, and mechanical connections can also loosen due

to vibration[1, 2].

In summary, vibration is a phenomenon that can impact the structural integrity of
designs, and even the characteristics of the vibration itself can be a deciding factor.
While thee are scenarios where vibration is advantageous as mentioned above,
minimizing vibration and its harmful effects is typically a priorit€ontrolling and
conducting tests and analyses for vibration, whether it is a desirable state for a system
or not, iscrucial in terms of engineeringo control and reduce the negative effects of
vibration, dampers are used. Examples of the traditional dangyergiven in

following pharagraphgli 3].

Viscous dampers use a silicoehased fluid in a cylinder to absodmergy from the
pistoni fluid interaction This dampetype can reduce vibrations induced by strong
wind and earthquakes. However, the temperature range for their usage is limited to
40 to 70AC due to changes i ntherhand;stretcht y .
an elastomer along with metal components to dissipate mechanical energy by
transforming it into heat. The effectiveness of this type of damper is influenced by
various factors, such as ambient temperature and loading frequency. Ftartipers

consist of multiple steel plates that move against each other and dissipate energy



through friction between these surfacBsned Mass Dampers (TMDs) are mechanical
devices that are installed at certain locations within a structure as a passnat con
system to minimize the magnitude of vibrations generated by powerful lateral forces.
Yielding dampers absorb energy by allowing yielding or plastic deformation to occur
in a specific region. Finally, magnetic dampers use magnetic fields to generate
damping forces and help reduce vibration in structures. They are highly responsive

and effective in controlling vibrationyith usingelectromagnetic inductiof3].

Moreover, the choice of the appropriate dampgre is dependon the modal
characteristicand the damping requirements of the specific system. Viscous dampers,
for example, are commonly used in buildings and bridges to reduceindoded
vibrations, while yielding dampers are preferred in seismic regions to absorb the
energy of earthquakieduced vibrations. Magnetic dampers, on the other hand, are
effective in controlling vibrations in highpeed machinery and equipment. Regardless

of the type of damper used, their main purpose is to dissipate the energy of vibrations

and reduce their amplitedo acceptable leve]3].

In this study, another type of damper was investigated which is particle dépiper

In recent years, there has been a growing interest in PD technology as an effective
passive damping mechanism to reduce vibrationsstiuctures They work by
absorbing energy generated by the interactbmarticleparticle andparticle-cell

walls, resulting from friction and collisions. This energy absorption leads to a

reduction in the amplitude of vibrations and improves the dynaesigonse

Particle dampers (PDs) provide numerbasefitssuch as simple design, low c¢ét

7], long component lifd4], excellent performance at high temperatures and oil
contaminated conditior{§, 8/ 11], and broadband dampipf2i 16] comparedo their
conventional counterparts. Due to these advantages, PDs are used in diverse fields

such as in medical, energy, automotive, and aerospace ind{ktijies

To utilize the full potential of PDs, it is important to understand their dynamic
behavior The performance of PDs is influenced by various factors, including the size,
number, and position of theniResearchers have conducted numerous studies to

understandheimpactof these factors on the damping performance of PDs.

Particle dampers have fodirextensive application in a variety of fields to mitigate

vibrations.For instance, they have been utilized to minimize vibrations in cutting tools,



engine turbine systems of space shuttles, and antenna strujdtdyeks, 19] In
addition to these apightions, particle damping technology hdsmonstrated its
effectiveness in controlling vibrations and noise in engineerij§, 20 24].
Furthermore, particle dampers have been explored for the purpose of reducing
vibrations in medical instruments[25]. Despite the excellent effectiveness, the
understanding of vibratioreductionmechanisnof PDshas been limitedbecause of

their highly nonlinearbehaviour[26, 27] As a result, a wide and optimal design
methods for PDs is yet to be develog&8]. However, ongoing research has been
conducted to better understand thedamental®f particle damping technology and

to build upadvanced design methodologies to optimize its performance.

1.1 Types of Particle Dampers

Traditional PDs can be classified irftur main types based on the number of cavities
and patrticles within thenkigure 1.1 demonstrates types of the dampers vdrelthe
impact dampefID), multi-unit impact dampe(MUID), particle dampe(PD), and
multi-unit particle dampefMUPD) [5].

@ | &

(a) (b) (c) (d)

Figure 1.1 : The four types of tradition&Dsare represented in a diagram as:
(@) ID, (b) MUID, (c) PD, and (d) MUPIK].

A single cavity damper type, ID, designed to absorb and dissipate energy generated by
impacts.The multiunit impact damper, on the other handmprises multiple impact
dampersan be constructed series or parallel to increase the dampaffgctiveness
of them. [28i 30]. The particle damper, which is also a singet damper, utilizes
particles- such as steel balls or sando dampen vikations. When subjected to
vibration, the particles movwithin the cavitiesand causefrictional forces, which
convert the vibration energy into heat. The mutiit particle damper is similar to the

MUID in that it consists of multiple partickampers aanged in series or parallel to



increase damping capac(ty3]. The studies conducted on the mentioned types of PDs

are exemplified in the following paragraphs.

Lieber and Jensestudiedon theworking principlesof an acceleration damper, which

is a type ofiD consisting of a particlen a cavity[30]. One of the dundations of this

study is that the efectiveness of the PD is related with the degree of freedom of the
particle within its cavityThe theory provides formulas farore efficiendesignof the
damper forparticular applications and procedurg30]. They also validated their
theory with experiments, and found that friction forces were detrimental to the
damper's efficiency. The paper also discusses the potential applicationsibthe
such as fatigue, helicopter and aircraft vibration contfolally, a methodology is

proposed to calculate the impact of the danjp@}.

Nayeri et al. studied the intricacies of enhancing the efficiency of particle dampers,
which are affected by internal friction, momentum transfer, and nonlindafy

Their reseech outlines feasible desigmethodsto provide the besefficiency on
dampingof MUIDs under random excitation, with simulations conducted using up to
100 damperf29]. The results indicate that MUIDs can optimize their performance by
achieving a balare between reducing high vibrations over a wide range and
decreasing attenuation to a certain degree across a broader Taegesearch
employs simulations that mimic common earthquake ground motions, featuring both

stationary and nonstationary excitaoto illustrate its methodolod®9].

Papalou and Masri studied to investigate the performance of PDs in controlling
vibrations in structures subjected to random wided excitationlt considers system
parameters like mass, particle and casiges, intensity, and excitation directidr3].

The study shows that wallesigned®Dscansuccesfullydecreaselynamicresponse

of gructures.By replacing the solid particle with numerous particles of equivalent
mass, noise levels can be successftdlgluced, and sensitivity to cavity size and
excitation amplitude can be decreagE®]. The study discovered that smaller particle
sizes decrease the impact of cavity size and excitation intensity, leading to an
expansion of the optimal design, althougBponse levels may be slightly highEne

study provides an analytical approach that utilizes the idea of an equivalent single
particle damper which estimates the response of a primary structure subjected to

random excitation. This solution assumes thatstructure is equipped with a particle



damper functioning within its optimal rang&xperimental measurements are

presented to validate the analytical solufib8].

Saeki conducted a study on th#ectivenesof a MUPD in a system that vibrates
horizontally [8]. The damper removes vibratory energye to interactiorof the
particles. The study presented an analytical solution that accurately estimates-the root
meansquare (RMS) response of theain system using the discrete element method
(DEM) [8]. The performancef the PDwas found to depend on threlume fraction

and the number d?Ds Additionally, thehighestRMS resultsof the main systend s
amplitudeat the optal cavity radius wereeomparable for all the system parameters

examined8].

1.2 Additive Manufacturing of Particle Dampers

The ability to customize particle dampers (PDs) for specific applications is greatly
expanded by the design freedom offered through additive manufacturing[{&M)

The design flexibility of AM can also be ed to create PDs with multiple cavities of
different sizes and shapes, which can improve their damping performance by
increasing the amount of particle movement and energy dissiqa@pnThe laser
powder bed fusion (LPBF) process is the preferred Abkcess for PD functional
integration because it allows leaving the powder particles inside the cavities without
sintering during the part build as opposed to electron beam melting or binder jetting
processe$l12]. FurthermoreLPBF provides vast designeiibility by adjusting the
size/lgeometry[12] and location[31] of unfused powder (referred to as cavity
throughout the script). This flexibility is important for the application of PDs which
have been already utilized in various fields such as engineering, the automotive
industry, machine tools, helicopter blades, wind turbie¢s,for a long time[32].
Although the design flexibility of PDs provided PBF was a milestone for these
applications, thempactof PD on the dynamic behavior thfese structuregquiresto
befully comprehendetb utilize its full potentia[33, 34] Overall, the combination of

AM and advanced materials offers a range of possibilities for the development of PDs
with customized damping performance for various applications. Ongoing research in
this area is expected to lead to the creation of new amdatine PD designs that can

significantly improve the performance and reliability of structures in a wide range of



industries. The following subsection provide detailed information on LPBF

manufactured structures that contain PDs, including insightsetewant studies.

1.2.1Laser powder bed fusion

The LPBF process is a type of AM that has transformed the manufacturing industry
by enabling the creation of complex components at a lower cost and with less labor. It
allows for the production of complex shapes without the need for tooling or
conventionalmanufacturing methoddt is crucial to comprehend the connection
between operational parameters and the final properties of the component in the LPBF
processThis technique involves spreading a layer of powder onto a bed, then utilizing
high-intensity bser energy to selectively melt and fuse-gegermined regions of the
powder, layer by layer, in accordance with CAD geometry. The term LPBF that
describes the use of a laser energy as a heat source, the melting of powder, and the
selective application dieat to specific parts of the powder kgishown in Fig. 1.2

[35, 36]

Laser Source Focus Lens Scanning Mirrors

O—N\

Rollers

/ Powder Bed

Powder Supply

Feed Piston G s
Build Piston

Figure 1.2 : The basic operational structure of a typical LPBF macf8bg

For most of the cases, powder discharge is a concern for design for \ARBIg. and
Xia discussed the challenges of closed voids in powdsed 3D printing and

proposes a solution using topology optimization to create cavities/spaces automatically



for powder discharge[37]. The primary stages of the suggested approach are
optimization and extraction of topology, as well as cavity creation. The effectiveness
of the created cavities is verified via experiments, and six standard structures with
numerous enolsed empty spaces are examined to understand the usefulness of the
approachH37]. On the other hand, this method brings advantage to produce PDs that
are integrated with the main bodyhe reason for this is that the manufacturing
technigue permits theetiberate retention of existing powders for manufacturing in the

body through proper design, which allows for thenufacturingpf PDs

Ehlers et al. utilized LPBF to manufacture specimens composed of AISi10Mg in the
shape of a beam. They evaluated the g&dformance using curves generated for
different specimens and design configurati¢gh®]. Their study yielded valuable
insights into the potential of particle damping for reducing unwanted vibrations in
dynamic systems. The results demonstrated thaticlegfiled cavities can
significantly increase damping, up to 20 times higher than -fukbed
componentd?]. The width and height of the cavity were found to have a greater
impact on damping when compared the length. The researchers tested both
horizontally and vertically manufactured specimens, and found that the vertical
specimens had a higher packing density. Another finding from the research is the
impact of force on damping curves, which take the shape of a hyperbola. These curves
remain approxirately constant for impacts over 100 IN addition, the study found

that frequency is another important factor affecting particle damping, anefiskyl
specimens exhibit a hyperbolic damping curve when the impact frequency exceeds the
natural frequency12]. They suggest several areas for further research, including
optimizing the location of specimens for fr’ee boundary conditions on the foam,
subjecting the beams to heat treatment, and evaluating the longtime impact of PDs
produced by AM.Additionally, the development of a surrogate model for particle
damping could provide a better understanding of its potential applic4fi@hsThe
insights gained from this study may have implications for reducing unwanted
vibrations in various fields, fromehicle engineering to civil engineering and space
travel. Overall, the study contributes to a deeper understanding of particle damping
and its potential applications for reducing unwanted vibrations in dynamic systems

[12]. In another similar study by BEdrs and Lachmayer, they investigated the design



of particle dampers produced by LPBF, including the effects of printing direction and

the necessary design consideratif3g].

In another study conducted by Ehlers et al. too, a method was developedifprig

effect optimized components with high stiffness and high damping using particle
damping[33]. This method was applied to a motorcycle triple clamp, which was
topology optimized and extended by particle damping for vibration reduction. LPBF
was uilized to integrate particilled cavities directly into the componei33].
Experimental studies indicated that particle damping can increase by a factor of more
than 20.Simulative evaluations demonstrated the static strength of the material, and
anexpected damping increase e53imes for several bending modése developed
method provides a solution to the challenge of conflicting objectives faced by
engineers when designing dynamically loaded structural components with unwanted
vibrations[33]. Another prominent research group in this field is the group led by
Emuakpor et a[31, 3943]. Beam components with special internal designs that
manufactured using LPBF can improve system damja®y. They tested four
Inconel 718 beams with unfed powder pockets using a shaker setup and found that
these beams demonstrated up to 10 times more damping capability than a solid
baseline beanf39]. Goldin and colleagues utilized LPBF to add unfused powder
pockets into the design of a compressor bladsuppress vibrations and enhance
robustness to high cycle fatig(#0]. The study employed various testing methods,
such as computed tomography scans and structured light scan, to examine the dynamic
behavior of the bladel'he results showed that the blade had comparable endurance
and damping capabilities to previous stud#x] the remaining powder in the cavities

did not have any significant impact on the measured mode spH}jes

1.3 Numerical Modeling

Numerical modeling isutilized to understand the dynamic behavior of particle
dampersHowever, one of the main challengeghenonlinearity in terms of dynamic
behaviorof PDs, which can make it difficult to accurately predict the effect of the
dampers on the dynamic behavior of the structures they are appjiet].tdonlinear
behavior can arise from various factors,lsas changes in stiffness or fluctuations in
particle packing density, which can make it challenging to model accufateiy].

There are various approaches to address the issue.



1.3.1Discrete element method

The discrete element method (DEM) is@mputatimal approach used to study the
mechanical behavior of discrete bodigsorder to model the movements of discrete
bodies, DEM is utilized. This technique involves dividing the bodies into multiple
discrete elements, which are governed by local interalaes and Newton's equation

of motion to describe their movementsis method is based on the assumption that
allows for the forces impacted on each particle teecifiedonly by its interaction
with neighbors at all time#\s a resultthis techniquesnables a detailed modeling of
the behavior of whole systemherefore, the forces acting on any particle at any given
time are solelgpecifiedby its interactions with its adjacent partic[g$. For example,
Quin at al. modeled thiateraction between elements using spring forces in the linear

elastic contact mod&vhich represented in Fig.3[45].

Figure 1.3 : The figure shows three components of a DEM model: (a) the model
itself, (b) the normal spring force, and (c) the shear spring {d&je

In the figure above, rocks and soil are depicted as a collection of bonded components
with distinct mechanical properties, represented using [MEN The contact model
between these elements was linear elastic, which considers the interatigodriven

by spring forces. In herghe normal force is represented wit® and the normal
deflection showed witkd within two components are represented by a normal spring

[45].
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@ is required displacement to break bonds@nds normall stiffness in this equation
[45]. @ signifies the distance of displacement from a specified reference point, and it
is utilized to determine the force acting between the individual eleménie &
exceedsh , the normal spring breaks, resulting in a tensile force of zero. there would
be no"O between components when tfe is equal to or higher than zero if normal
spring would breakiHowever, even when the elements return to a compressive state,
the force of repulsion remains actii4b]. The simulation of the shear forc® and
shear deformation® within two componentss accomplished using a tangential
spring.The shear stiffness, denoted by, and the relative displacement in shear,

are both included in the equation belpi®]:

O LW (12)

The tangential spring fails according to the M@uwoulomb criterion, wheréd is
thehighestshear force antD represents the initial shear fonwéhin elementsWhen
the™O 1, "0 is thehighestshear forceha represents thbondof model in Fig. 1.3

[45]. As the"O value increases, the value'@falso escalatest the tangential force

exceeds'O , the tangential spring breaks and s$ijpegan45]. The friction force

due to slipis equal © "Owhere' s the frictioncoefficientbetween the inter

elementd445]. Fig. 1.4 illustrateshe elastic clump model

0 ‘0 ¢ O 13

By employing the Newton equation of motion andtarative algorithm for time step,

the elastic clump model can calculate the displacement of individual eleriéets
linear motion of each element is calculated based on force, acceleration, velocity, and
displacement within a small step time. After tladcalation, a new time step is initiated

for its calculationsThe simulation requires several million iteratipalowing for the

computation of micromechanical behavior using comptsks
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Figure 1.4 : The visual representation of the elastic clump mtt].

Researchers have proposed several contact force models to calculate normal and
tangential contact forces, however, it is a common practice to use the linear contact
model for the normal direction and the Coulomb friction model for the tangential
direcion [46]. The linear contact model states that the contact force corresponds to the
penetration depth of the bodies in contadtile the Coulomb friction model assumes

that the tangential force isorrespondgo the normal force and the coefficient of
friction between the contacting surfaces. These models provide a simple and efficient
way to simulate the contact between particles and have been shown to produce
accurate results in various applications, including the simulation of particle dampers
[46].

Predicting the impact of PDs on the dynamic behavior of the parts is difficult due to
the nonlinear nature of PDsPourtavakoli et al. claim that the DEM is prevailing
computational approaches for analyzing the dynamics of PDs by using unit cells of
paricle regiong47]. In this study, DEM is used for particle simulations using the to
examine the impact of particle shape on theffectivenessof PDs. The DEM
simulations use various modelsdefinetheinteractionforceswithin particles, chosen
based o the shapeand material of the particles being simulated. Specifically, a
viscoelastic interaction modelugilized to describe the normal contact force between

particleg47]. The numerical experiments involliendreds of complex particlesach
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with a mass equivalent to a 4 mm diameter steel sphere. These complex patrticles are
made up of multiple spheres with diameters chosen to achieve the desired mass. The
particles are initially deposited on the bottom oPB under Earth's gravity, and
subsequenyl subjected to shaking of the damper with a specified frequency and
amplitude in a weightless environmg#a]. The research calculatés , Which
represents the energy dissipated by the damper for each cycle, based on the amplitude
of the dampes' movementThis calculation involve800 total force applied by the
particles on the cavity boundries of the PD in the motion direction and velocily

over one period’Y ¢“7  with a frequency af ando [47].
w 0 ogio (14)

Hence dissipated energy can be fo{#d:

@) wo 0o (15)
Damping efficiency is related wit® 7O . O can be found byO
a v whered represenimass and is velocity[47]. Thus:
(@) Td0 ] (1.6)

As a result of damping efficiency calculations, they gavegtiaghich asn Fig. 1.5
[47].
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Figure 1.5 : The relationship between damping efficiency and oscillation
amplitude[47].
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Guo et al. mentioned that the DEM method is computationally expensive due to the
need to analyze millions of particles, especially when dealing with unfused cavities
although its benefitpl4]. Saeki used the muitinit particle damper methaghich is

based on the linear combination of responses from multiple unit[8¢ll¥et, particle

based numerical simulations using the DEM are unable to investigate the numerous
design parameters that have thighestimpacton the damping, such as excitation
leve, cavity dimensions, and packing dendify 9] which can only be investigated

experimentally.

1.3.1.1Discrete element method and finite element methocbupling

Particle dampers are typically simulated using DEM while analyzingrihvary body
is generallycarried out through finite element method (FEM) when both are used

together in structures which have mualéigree of freedom (MDOR}].

The coupé of FEM and DEMweresuccessfully applied toasicstructureslaying the
groundwork for its extesion to more complex host structures. This approach involves
the use of both FEM and DEM in combination, allowing for a nexteaustiveanalysis

of the dampingmpactof PDs on MDOF structures. With this theoretical foundation,
researchers and engineeas @xplore the potential of using FEM and DEM to improve
the performance dPDs in more complex structural systems. By doing so, it may be
possible to enhance the efficiency and effectiveness of particle dampers in mitigating

noise and vibration in a vatieof industrial applicationfb].

Xia et al.usedPD on brake system ad vehicle to manage its noise and vibration by
calculating the damping effect resulting from the fodce to interactiorwithin the
particles and the plate. They also suggest ith@irporating theunion of FEM and

DEM is a natural trend in designing particle dampers for MDOF strucfd83sTo

begin, the researchers calculated the initial positions and velocities of the particles.
Then, they used FEM to calculate tteactionof the plate to anmpactin one time
step[48]. Next, they evaluated the relationship between the particles and the plate.
This involved calculating the forcalie to interaction withirparticlesparticlesand
between particleplate. Using DEM, they then calculated the motion of the particles
[48]. Finally, they calculated the response of the plate in subsequent time steps, taking
into account both the excitation force and the contact force using &Edhown in

Fig. 1.6[48].

13



— 0% Cal

& 0% Exp Lx,
011fF - _. 30% Cal O 30% Exp ]
0.1F """ 90% Cal ¥ 90% Exp o 7
- 50% Cal © 50% Exp
- 70% Cal =

7T0% Exp

The r.m.s value of the brake drum response (mm)

225 230 235 240 245 250 255
Frequency (Hz)

Figure 1.6 : Example omparison of experimental and calculated results for the
first mode[48].

By combining FEM, DEM, and experimental results, researchers successfully
examined the impact of particle damping. While some differences were observed
between testthe results were consistent overdlhe findings from the simulation
suggest thgparticle dampers can significantiecreaseibration in brake drumd&he
performance of PD can be affected by various factors, such as the patrticle filling ratio,

cylindrical cavity diameter, and number of cavit|d8].

1.4 Experimental Method

Experimental reseah has been conducted by scholars to investigate the mechanism
of PD. This has been done through various methods, such as studying the effects of
gravity onimpact damper$49, 50] examining the dissigi@n of energy in impact
particles[51], and analyzing thenpact of strain gradienhduced shear frictiofb2].

Lastly, through the use of metal and ceramic particles, Hollkamp and Gordon
discovered thiathe vibrational energy resulting from thibdration of primary bodys

able to balecreasethrough collisions among the particlgs]. The results of these
experiments demonstrate tiDsare able teensuresubstantial damping over a wide
frequencyrange, andone possible way to achieve optimal damping is by using
multiple particles as impact bodies, and considering the effects of friction, impact, and

shear mechanisnjS3].

The otherway involves validating results and studying the dampeffgctivenesof

differentPDsin vary structures that are exposed to vibration duexteraalimpacts
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Scholars have conducted experiments on vertical multiparticle impact dafspgrs
particle dampers under centrifugal loafs5], and compared the dampieffectiveness

of PDs and MUPDg56]. Simplified models of resilient bags and particle dampers
have been established and validated by experintenjs-urthermorethere have been
multiple experimental researches conducted to investigate the behavior of PDs under
different levels of amplitudgs8i 60].

In the third aspect oPD researchfocuses on exploring how different design
parameters impact theibration decrease om structureand howto apply this
knowledge in practical engineering settings through parametric analysis. Studies have
examined the effects of factors such as material, mass, and optimal clearance of the
impact bodies on damping performanj6&i 64]. Design curves have bedaveloped

to forecast the damping properties of PBsd various design parameters have been

analyzed through testing, including particle type, placement, and packinggdtio

1.4.1Review ofexperimental studies

Ehlers et al.'s experimental study provided valuable insights into the impact of
different design parameters on the dynamicsvanufacturecparts with PDq12].
Specifically, the study focused on the effects of excitation level, particle mass, packing
density, and PD dimensions. By systematically varying these parameters, the
researchers were able to identify the optimal combination of design factors that
produced the desired damping effeéldhe researchers utilized a hammer impact test
setup controlledoy a step motor to provide similar impacts to the specimen. The
specimen was positioned on foams to allow forfiree boundary conditiong 2].

Figure 1.7 illustrates the test setup.

Figure 1.7 : A testsetupwhere impulse hammer excitation was controlled by a
moator was employed to assess the particle damping propéudiasstudy of Ehler at
al.[12].
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The findings of this study have important implications for the practical application of
PDs in engineering. Further research in this area could help to refine our understanding
of the factors that influence the performance of PDs and ultimately lead ® mor
effective and efficient damping solutions for a wide range of engineering applications.
[12, 38] The investigation of PD ooPBF Al-Si-10Mg unconstrained beams involved

a thorough experimental setup, where impulse hammer excitation was controlled by a
motor.Through this experimental approach, Ehlers et al. were able to explore the
influence of several design parameters, including PD dimensions, packing density,
particle mass, and excitation level, on the dynamics of fabricated parts with PDs. This
resarch is crucial in understanding the behavior of PDs in unconstrained beams and
could provide valuable insights for the optimization of PD designs in various industrial
applications.[12]. A notable decrease in vibration amplitudes by using PDs while
acheving broadbandlamping of the first seven bending modesas revealed12].

Ehlers et al. demonstrated that the damping behavior of the fabricated parts with PDs
is dependent on the frequency of vibration and that damgialgle tobeimprovedup

to 20 times Additionally, they examined the sensitivity of damping to the excitation

of force amplitudes and determined that the damping ratios remained consistent for
impact force magnitudes above 100[I]. These findings are significant as they
provide nsight into the effectiveness of PDs in reducing vibration amplitudes across a
broad frequency range and their robustness in varying force amplitudes. These results
can be useful in the development of damping solutionsniany applications,
particularly n the manufacturing industry whetsageof PDs can help mitigate
vibration and improve product qualitf12]. However, as the force magnitude
increases, the particles gain enough momentum to overcome stiction and start damping
the vibrations effectivelyj13]. This leads to an increase in damping as the force
magnitude increases. This finding highlights the importance of understanding the
relationship between impact force magnitude and damping behavior in particle
damping systems, and it could have gigant implications for the design of effective

damping systems in engineering applicatigh3].

Emuakporet al.investigated how the position of PDs affects damping effectiveness in
IN718 beams manufactured throud!PBF [41]. To conduct their study, the

researchers utilized a shaker setup with a claripEdboundary condition. The shaker
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allowed for controlled citation, while damping behavior was measured using

accelerometergll]. Test setup is given in Fig. 1.8.

Figure 1.8 : The shaker test setdpm study of Emuakpour at ahcluded a
cantilever clamped beam, which is depicted in (a) as a full view and in (b)hseti
bolts attached to [¢1].

The beams had a length of 120 mm, width of 10 mm, and height of 3 mm, with PDs
placed at 20% and 80% of their length. The researchers measured damping using an
electrodynamic shaker and observed that PDs located claber¢amping point had

a stronger damping effect, with the PD located at 80% of the beam's length showing
the highest damping rati®@1, 39, 4143]. Goldin et al. stugd to explore how the
number of PDs influences the damping behaviotPBFmanufactured AISI 316L
beams. The beams, which were 100 mm in length, 10 mm in width, and 3 mm in height,
were equipped with PDs placed at the center. The number of PDs used tandthe s
varied from one to three, and the damping behavior was measured using a laser
vibrometer.The study's findings showed that an increase in the number of PDs led to
a corresponding increase in the damping rdtiee greatest increase in damping ratio
was observed between one and two HBG]. The damping capability of four different
beam configurations subjected to clamyfiexe boundary conditions was found to have
significantly improved according to the results of modal tests. To conduct these tests,
a fully-fused solid beam was compared with three other beams that had internal

unfused powder volume modifications varying from 1% to[8% 39]

The analysis concentrated on the initial three bending madesthe results revealed
that the altered beams exhibited up to 10 times greater damping capability than the

fully -fused solid beam. The study findings indicate that modifying the internal unfused
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powder volume ofLPBFmanufactured beams has the poténta significantly
enhance their damping capabiliti§31, 39]

Unfused powder volume fraction was found to be effective for less than 4% on
damping performancg89]. Knowing thethresholdof volume fraction is crucial to
building a mechanically vengimilar partto a fully dense versiowith optimal
damping performancpB9]. In a recent study, a compresdie blade geometry was
employed to demonstrate the validity of the unfused powder volume effective
threshold42]. This confirmed that the unfused cavities can be utilized to suppress the
vibrations for complex structureven when the total unfused volume is less than 1%.
Furthermore, it has been investigated that the damping performance of PDs ecome
stablewhen millions of cyclesare applied at high strain ranges to understand the
sustainability of the damping performze. Even thougla substantial drop in the
damping with PDs observediit is still two times higher than the damping performance

of a fully dense versioi42].

1.5 Thesis Outline

Although the fact that numerous studies have explored the effedivefsedesign
parametersexamples may includeavity location, number, and dimension on the
damping performance of structures, to the best of the authors' knowledge, no single
study has systematically compared and quantified the influence of these design
parametes. Although some individual studies have investigated the impact of each of
these design parameters separately, the lack of a comprehensive comparison limits the
ability to understand their relative importance and to identify optimal design
configurationsTherefore, a study that quantifies and compares the influence of these
design parameters could provide valuable insights into how to optimize damping
performance in various applications, such as aerospace, automotive, and civil
engineering. The potentialto optimize damping performance through design
parameter alterations is crucial in various engineering applications. However,
achieving optimal damping performance requires a deep understandingfiétdief

each design parameter on the overall dampeéttaviorof the structure. Therefore, the
present study aims to provide valuable insights into the influence of key design
parametersfor instancethe volume of unfused powder, cavity nhumber, and their

positions, on particle damping performandéis stug aims to contribute to the
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development of structures that have improved damping capabilities by quantifying the
effect of these design parametéerle findings of this study could help engineers and
designers to tailor the design parameters to specifidicgpions and optimize the
damping performance of various structures. Additionally, the insights gained from this
study could contribute to the development of new materials and fabrication techniques
that can improve damping performance, thereby operpngew avenues for research

in the field of structural engineerin§o accomplish the goal of quantifying the impact

of the volume of unfused powder, cavity number, and their positions on particle
damping performance, a systematic approach is necessamefdiee a design of
experiment (DoE) is prepared, taking into account the aforementioned design
parameters. This approach allows for the creation of a structured experimental plan
that covers the possible variations of each design parameter, ensuringpshe m

efficient use of the available resources and reducing the potential for errors.

To investigate the damping performance of the samples, sixteen specimens with PDs
defined in the DoE and a fulfused beam made of Inconel 718 were fabricated using
LPBF. The use ofLPBF provides a high level of control over the manufacturing
process, enabling the production of samples with precise dimensions and geometries.
Furthermore, the use of Inconel 718, a haglength, corrosiomesistant superalloy,
ensureghat the results obtained from this study are applicable to a wide range of
engineering application3.o evaluate the impact of the design parameters on particle
damping performance, experimental modal analysis is performed using impulse
excitation. This @chnique enables the measurement of the natural frequencies and
damping ratios of the samples, providing a quantitative assessment of their damping
performance. Thémpactof each design parameter on the damping performance is
examined for each sample, ath@ results are compared with those of the fhllyed
sample. This comparison enables the identification of the design configurations that
exhibit the most significant improvements in damping performance, providing
valuable insights into the optimal dgsi of structures with enhanced damping

capabilities.

To understan the vibration behavior of the printed samples, a quantitative evaluation
method is necessary. Therefore, in addition to the modal analysis, the root sum square
(RSS) method is identified askey performance metric in this study. The RSS method

is a widely used approach for analyzing vibration data and is particularly useful for
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characterizing the damping behavior of structures. By utilizing the RSS method, the
damping performance of the spmens with unfused cavities can be accurately
measured and compared with that of the ffiliged componen&urthermore, tdor

better understandingf the damping behavior of the specimens with unfused cauvities,
finite element analysis (FEA) is conductexigetthes a mp mads shapesihese
shapes obtained from FEA are then used to analyze the damping characteristic of the
specimens. This approach enables a detailed analysis mlétienof the damping
performance and the mode shapes of the specimpemsding valuable insights into

the underlying mechanisms of particle dampifige results demonstrate that the
integration of particle dampers can significantly improve the damping performance of
structures, with up to 10 times improvement observed eoetpto a similar fully

fused component. These findings highlight the importance of considering the design
parameters of particle dampers when developing structures with enhanced damping
capabilities.Finally, the DoE approach employed in this study carutilized as a
guideline for estimating the damping behavior of beams with particle dampers. This
approach enables the identification of the optimal design configurations for particle
dampers, facilitating the development of structures with improved dampin

performance in a range of engineering applications.
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2. MATERIALS AND METHODS

2.1 Design ofExperiment (DoE)

To provide a comprehensive analysis of #fiectof design parameters on damping,

this gudy considered thiempactof size, location, and number of the damper cavities.

A design of experiment (DoE) was prepared to systematically vary these parameters,
resulting in a total of 16 specimens with integra@&being additively manufactured.

In addition to the 16 specimemvith PDs a fully-fused specimen was also included as
the control specimen. The inclusion of this control specimen enabled a direct
comparison between the damping performance of the-fulgdspecimerand those

with integrated®Ds providing a baselintor assessing the effectiveness of egsin
enhancing damping performance. The use of a DoE approach enabled the investigation
of the individual and combined effects of design parameters on darei@yiour

This study aimed to compare configurations PDs by systematically varying these
parameters in a methodical mann&Ds Overall, this study highlighted the
significance of taking PD design parameters into account to enhance the damping
capabilities of structures. To achieve this goal, a widegydesi experiment (DoE) and

the inclusion of a fullyfused control specimen were used. Tasultsdemonstrated

the crucial role of design parameters in determining damping performance

To ensure consistency across all specimens, the external dimendioespécimens

were maintained at 148 mm 60 mm 10 mm.The PDs were designed to have a
constant thickness of 6 mm and a width of 40 mm, centered in both directions. Lengths
of PDs were varied to create a feasible study design that would allow for a
compehensive investigation of the damping effects on mode shapes. Purpose was
conducting a Design of Experiment (DoE) study exploring the relationship between
mode shapes and damping performance. The length of PDs were chosen as 20 mm, 40
mm, and 80 mm. The @iensions and locations of the PDs in all specimens are shown
in Fig. 2.1. In addition to the length of the PDs, their thickness and location on the
specimen are also important factors that can influence the damping performance. By
controlling these variabk, the DoE study can systematically evaluate how different

damping mechanisms affect the mode shapes of the specimens. For example, the
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thickness of the PDs can be adjusted to control the level of damping, with thicker PDs
generally providing greater dammg. On the other hand, in this study the rest of the

dimensions were kept constant for PDs except lenght.
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Figure 2.1 : Schematic side view of specimens. Geometric center and tips of
specimen showed with dashed line. The region of maximum displacement due to the
first mode is shown with the red rectangle, and the maximum displacement regions

due to the second mode are shown with the blue rectangles.

The study also explored the effects of varying the location and number of PDs on
damping performanceFig. 2.1 provides a visualization of the different PD
configurations used in this study. The number of PDs, their size, and their location
were changed to understand the individual and combined effects of these parameters
on damping. By placing the PDs in diffatdocations, the study planned to investigate
how damping affects different regions of the specimen, and how this impacts the

overall mode shapes.

This study aimed to be an experimental referéaceptimizing the most effective PD
configurations for ehancing damping performance in additively manufactured
structures. Overall, the dimensions of the PDs, as well as their placement on the
specimen, play a critical role in the DoE study, allowing researchers to systematically
investigate the relationship tweeen damping and mode shapes in a controlled and

meaningful way

The specimens were grouped to determindrtipactsof the cavity length, location,

and the number d?Dson the damping performandgefinitions of the grouping for

22



the LEN, LOC, and NOD argiven in Tabl&.1 Groups of LEN I 4 were designed

to understand the effect of PD length on damping performance. Note that, the regions
(center or tip) and the number of PDs were designed similar for the specimens in each
LEN group. LOC 1i 6 were usd to understand the effect of the PD locations
considering different numbers and sizes of dampers. Finally, NODwiere prepared

to examine the effect of the number of PDs. Furthermore, NOR and NOD 3 4

were designed to investigate the PDs lodatiethe center and the tip of theecimens

respectively. Fig2.1 depicts the schematic side view of the specimens.

Table 2.1 : Designed specimens in groups according to the investigated parameter

Parameter Definition Group Specimens in

Name Group

I) Effect ofthe length of the dampers LEN 1 1,3,5
LEN 2 2,4,6
LEN 3 8,11
LEN 4 9,12

II) Effect of the locations of the damper LOC 1 1,2
LOC 2 3,4
LOC 3 56
LOC 4 7,8,9
LOC 5 10, 11,12
LOC 6 13, 14, 15

[Il) Effect of the number of dampers NOD 1 1,7,16
NOD 2 3,10
NOD 3 2,9
NOD 4 4,12

A furtherDoE was carried out with the aim of exploring how the damping performance
is affectedby variousparametersuch as thickness, width, and boundary conditions
(In the upcoming section, this DoE will be referred to a2®0E.). For specimens

with an increasing number of cavities, the volume fraction between pdiliete
cavities and the total structurelume is 9.2%, 18.4%, and 27.6%, respectively (see
Fig. 2.2 for specific dimensional properties). To measure damping performance
improvement, researchers used six pariitled specimens with varying design
parameters and a fulfiused specimen of the sandimensions. Additionally, to
examine the effects of boundary conditions, the specimens were tested under ¢lamped

free and fredree conditions.
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damping(a) TN Models (b) TK Models
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2.2 Manufacturing of The Specimens

2.2.1Design parameters and build layout

Once the designs are finalized at compatieled design (CAD) environment, the next
step in the manufacturing process is to create a build layout. This |ayoutidal in
ensuring that the design is optimized for additive manufacturing (AM) and follows
best practices for this particular procesach as crossection approximation, tilt

angle, wall thickness, part size, ¢32].

One important consideratiomhen designing a build layout for AM is cressction
approximation. Ehlers at al. suggest that by following manufacturing limitations, it is
feasible to create cavities filled with particles that have a smallesteectisnal area

of2 2 m[33]. Another crucial factor to consider when designing a build layout is
the tilt angle. This is the angle at which the part is positioned on the build platform,
and it affects the support structures needed to hold the part in place during the printing
processOptimal tilt angles help minimize the need for support structures and improve

the part's surface quality. This angle st
study. Wall thickness is another design consideration that impacts the build layout

[32]. The CAD software will ensure that the wall thickness is consistent and
appropriate for the selected material and printing process. Additionally, the software

will take into account the part size and the printer's build volume to optimize the layout

for the best printing results. Study of Ehlers at al. specifies that the wall thickness is

restricted to a minimum of 0.6 m[82].

Figure 2.3 : (a) Isometric view and (b) transparent top view of printed samples
on the build plate
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Overall, creating a build layout iscaucial step in the AM process, as it ensures that
the part is optimized for the selected printing technology and results in -abédity

final product. In this study, these and similar criteria were taken into account during
the design process. Howevitishould be noted that these limiting factors may change

in the future with developing material and machine technology.

In this study after design phase was completedild layout was prepared as shown

in Fig. 23 andstarted to work omonverting these to machine readable format.

Similar processes were performed 8% RoE too. Build layout and printed specimens

showed in Fig 2.4.

(b)

Figure 2.4 : (a) Specimens in CAD environmefit) printed specimens.

2.2.2Machine readable format and slicing

The processfoconverting a threelimensional (3D) model into a set of instructions
that can be interpreted by a 3D printer is commonly referred to as "slicing.” Essentially,
this technique involves dividing the 3D model into multiple thin layers and
determining the ajpmal printing approach for each layer (i.e., the tool path) to achieve
desired outcomes such as minimum time, maximum strength, and other relevant
characteristics. Slicing plays a crucial role in the successful implementation of 3D
printing technology, pdicularly in the manufacturing industry, and thus
understanding this process is essential for effective and efficient use of this technology

[66, 67] Process illustration is given in Fig. 2.5.

Build a layouts that are represented in Fig. 2.3 and Fig. 2.4, which indicates how the

parts are arranged and aligned on the build plate to optimize the use of space and
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minimize support structures. Then, transform the CAD data of the parts into a format
(.cls) that the machine can read and interpret, including details about the parts' shape

and slicing settings such as layer thickness and hatch spacing.

STL ><=> SLICER =——> 3DPRINT

Figure 2.5 : lllustrations of slicing and printing of a 3D dd&6].

Hence, it is possible to create gcodestha parts, which are a series of commands
that specify the coordinates and parameters for each layer. Generating gcodes for the
additive manufacturing (AM) machine is essential, as they are instructions that tell the
machine how to move and deposit matendayers according to the gcode commands.
This way, printed models that conform to the design criteria and specifications, such

as dimensional accuracy and surface quality, can be produced.
2.2.3Material and manufacturing

2.2.3.1Inconel 718

The exceptional propees of Inconel 718 have made it a highly desirable material for

a wide variety of industrial and aerospace applications. This nickel chromium alloy
exhibits superior durability and corrosion resistance, making it ideal for use in harsh
environments that rgne f rom cryogenic temperatures
Inconel 718 has excellent mechanical properties, including high tensile, fatigue, creep,
and rupture strength, which make it a popular choice for fabricating components that

require highstress pedrmancg68].

In addition to its use in traditional manufacturing processes, Inconel 718 has become

a popular material in metal additive manufacturing due to its-tegiperature
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resistance and structural integrity. Its applications in this field include manufacturing

parts for aircraft, gas turbines, and other corrosive and structural components.

Numerous studies researchiéeé mechanical properties of Inconel 718 manufactured

using additive manufacturing techniquyés].

Praxair, the vendor for Inconel 718 powdenyades data on the element composition

of the alloy in Table&.2[70].

Table 2.2 : Element composition in vendor d4#0].

Element Composition
Range

Ni 50.071 55.0®
Cr 17.0007 21.000
Fe 15.007 21.00

Nb+Ta 4797 5.5
Mo 2.8007 3.3
Ti 0.6%0171 1.1
Al 0.2007 0.800
Co O 1.00
Mn O 0. 35
Si O 0.35
Cu O 0.30
C O 0.08
Ta O 0.05
P O 0.01
S O 0.01
B O 0.00

According to Praxair's data, the alloy

( 7 0 4 & @reviously stated emother sourcd=urthermore, Praxair provides typical

mechanical properties of the alléyr as build structures theTable 2.3below[70].

Table 2.3 : Mechanical properties at room temperature for Inconel 718 powder

vendor datg70].
Mechanical Orientation As Built As Built Min.
Property ASTM F305514

. XY 1080 N ¢  980Mpa
Tensile Strength 7 960 'S' 5 920 Mpa
. XY 800 N 5 940 Mpa
Yield Strength 7 625 'S' 5 920 Mpa

Elongation XY e N . o

g Z 35 N 5 12 %
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It is worthnoting that the particle size distribution of the Inconel 718 powder can be
customized to suit specific applications upon customer redé@pstFor this study,
particle size distributiomcludesdio= 2 3 s3m,35d Om= &06d Od.

Overall, the unique combination of properties exhibited by Inconel 718, including its
excellent mechanical performance, resistance to corrosion, and ease of fabrication,
have made it a versatile and widely used material in a diverse range of indOatees.

to its remarkable mechanical characteristics such as robustness, endurance against
fatigue, creep, and rupture, the alloy proves to be a dependable anthdbng
substance in severe surroundings addition, Inconel 718's customizability and
versatilty make it an attractive option for use in various industrial and aerospace
applications, including components for gas turbines, cryogenic tankage, and various

sheet metal parts.

2.2.3.2Manufacturing with | aserpowder bedfusion

Laser Powder Bed Fusipiis a cuting-edge technology that is revolutionizing the
manufacturing industry. The use of lasers to melt thin layers of metal powder is
allowing for the creation of complex and intricate 3D objettss process ot PBF
begins with the creation of a CA@enerated .stl file, which is then converted into a
sliced file using specialized software. This sliced file is then transformed into .cls and
sent to a machine for building. The use of lasers to selectively melt tiigipain the

metal powder allows for precise control over the manufacturing process, resulting in

objects with uniform and accurate featufes).

Figure 2.6 : Laser melting phase of LPBF procelgdl].
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The process of building the object layer by layer is mamsiple by the motion of the
recoater is responsible for applying a fine layer of metallic powder onto the printing
surface The laser follows the scan paths laid out in the sliced file to melt the powder
This process is repeated until all layers havenhgénted, and any excess powder is
removed to reveal the final prodyetl]. A picture from part manufacturing is given

in Fig. 2.6.

One of the most significant advantages BBF is the minimal finishing required on

the final product. The precision and accuracy of the laser melting process result in
objects with smooth and even surfaces, reducing the need for additional processing.
As this technology continues to advance, itislly to become an increasingly essential
part of the manufacturing industry. The ability to produce complex 3D objects quickly
and with minimal finishing is a gamme&hanger that is opening up new possibilities for

designers and engineers al[k4].

2.2.4Postprocessing

After the completion of the printing process, unmelted powder was evacuated. The
next step is to remove the printed object from the build plate. In the caseld?Blre
process, the removal of the object from the plate is performed with theohelipe
electrical discharge machining (EDM) operatiddn heat treatment and/or surface

finishing process was applied to the printed specimens.

Volume fractions of the PDs are important to compare with each njddgl In
addition to the volume fractio information, the specimens were weighed using a
precision scale with 1 g sensitivity (Techfit -©10), and the results have been
presented in Table.2 The weight information is crucial for analyzing the density of
the specimens and identifying anyaspancies in the printing process. By comparing
the weight and volume fraction data, one can obtain insights into the accuracy and
guality of the 3D printing process, and identify any potential errors or defects.
Therefore, the combination of volume frmet and weight data provides a

comprehensive picture of the 3D printed specimens and their characteristics.

The processes were the same for #fi5sDoE, but unlike thelst DoE, tests were
conducted to simulate the clampide condition before the separation process with
EDM. This was a lessons learned that will be discussed in more detail in the section

where modal tests are described. In the first DoE, clanmeedtests weralso
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attempted, but unstable measurements were obtained due to insufficient clamp load.
The aim in the2"d DoE was to find a solution to this issue. The cutting process was
performed after the clampdtke tests in this casResults for 2¢ DoE are giverin

Table 2.5.

Table 2.4 : Dimension of PDs, volume fraction of PDs and mashespecimesin

the 15t DoE.
Specimen No Centerline Number Mass Volume Cavity
Based of (9) Fraction Locations
Cavity Cavities (%)
Dimensions
(mm)
0 (Fully Fused) - - 731 - -
1 80 40 6 1 670 20 Center
2 80 40 6 1 669 20 Tip
3 40 40 6 1 697 10 Center
4 40 40 6 1 701 10 Tip
5 20 40 6 1 711 5 Center
6 20 40 6 1 712 5 Tip
7 40 40 6 2 670 20 Center
8 40 40 6 2 669 20 2 Tips
9 40 40 6 2 671 20 Tip
10 20 40 6 2 700 10 Center
11 20 40 6 2 698 10 2 Tips
12 20 40 6 2 701 10 Tip
13 20 40 6 3 685 15 Center
14 20 40 6 3 684 15 Center & 2 Tips
15 20 40 6 3 685 15 Tip
16 20 40 6 4 669 20 Center
Table 2.5 : Dimension of PDs, volume fraction of PDs and mashespecimes in
the 2"4 DoE.
Specimen No Centerline Number Mass Volume Cavity
Based of (@)  Fraction Locations
Cavity Cavities (%)
Dimensions
(mm)
0 (Fully Fused) - - 737 - -
1 40 55 4 1 707 9.2 Tip
2 40 55 4 2 677 18.4 Tip & Center
3 40 55 4 3 647 27.6 Center & 2 Tips
4 40 38 6 1 708 9.2 Tip
5 40 38 6 2 677 18.4 Tip & Center
6 40 38 6 3 646 27.6 Center & 2 Tips
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For 29 DoE, he fully-fused counterparts of partiefiled beams are up to 13%
heavier. More specifically, around 30 g of material is saved in each unfused cavity

since the particles in the unfused cavities are less dense than those in the fused material.

After the tests were conducted, Specimen 5 was selected (arbitrary), dridletbtp
the powder, and testeHig. 2.7 shows specimen and emptied powdlke objective
here is to compare the results of this test with the results before the powder was

emptied and the results of the fufiysed specimen.

Figure 2.7 : Specimen 5 and emtied powder

2.3 Numerical Modeling

Finite Element Analysis (FEA) is a potent technique utilized to model and analyze the
behavior of various systems. In this instance, ANSYS 19.2 was utilized for Fgg4 to
mode shapes. Natural frequencies denote the inherent vibraégoehcies of a
structure, which are crucial for identifying potential design flaws or sources of failure.
Mode shapes, on the other hand, represent the deformation or vibration pattern of a

structure at each natural frequency.
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The FEA conducted determingtle natural frequencies and mode shapes of the
specimensin question, enabling the validation of experimental results and
comprehension of thempactof PD location. This information can be crucial for
optimizing the system's design to maximize the imp&eD and enhance its damping

capability.

The use of FEA allows for a detailed understanding of the behaviBDetunder
different deformation profiles of the specimen. The SOLID45 hexagonal mesh
elements(as shown in Fig. 2.8ksed in building the FEMs provide a robust and

accurate representation of the structure being analy2gd

M v o.P
| K.L
J
i Prism Option
Element coordinate
system (shown for
KEYOPT(4) = 1) M,N,O,P

I
) o
J
Tetrahedral Option -

not recommended
v Surface Coordinate System
X

Figure 2.8 : SOLID45 Geometry72].

The approximation of particle damper cavity volumes as empty regions enables the
simulation of thedampingbehavior without the influence of the cavity shape and size
on the structuredowever, it is important to consider the mass of unfused powder in
thePD, which can affect the overall behavior of the syst€munderstand this impact,

the accurate modeling of the mass of the unfused powder iRRhe essential for
understanding its behavior and optimizing its design to enhance its performance in

reatworld applications.

The MASS21 nodal mass element is commonly useeEiA to model concentrated
masses in structures. It is a point element that is typically located at a node of a
structural element such as a beam, shell or solid element. The MASS21 can have up
to 6 degrees of freedom (DoF). Each coordinate direction canahawigue mass and

rotary inertia assigned to[if2]. Therefore, the MASS21 nodal mass elements were
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used to model the mass of the unfused powldegse elements are highly effective in
accurately representing the mass of each particle and its digtnitwithin the damper.
Additionally, the RBE3 elements used to tie the nodal masses to the external nodes of
the cavity walls help prevent any additional stiffness from being introduced into the
model[73].

During the modal analysis, the boundary condgiovere set as free on all sides, and

the first two modes, namely the bending and torsional modes, were dtud@tpare

with modal testsThefirst two mode shapes of the fully fused model can be seen in
Fig. 2.9. The mode shapes of all the specimenkilgk minor differences, such as
frequency shifts and deflection variations, due to the location of the internal cavity and
the effects of thd°Ds Also, first five mode shapes of all specimens $hDbE are

given in appendixOn average, the first mode had a 4.1% shift, and the second mode
had a 3.3% shift, according to the test results. These variations are caused by the
changes in stiffness and mass resulting from the particle dampers. It is crucial to
consider these variatns and accurately model the mass of the unfused powder in the

PDto optimize its design and improve its performance in practical applications

1st Mode 2nd Mode

Figure 2.9 : The first two mode shapes (bending and torsional modes) of the
fully fused model

Since the 2nd DoE does natrato compare the impact of mode shape, it was not

included in the scope, and analysis was not performed fotfizoE.

2.4 Experimental Setup and Test Plan for Extracting Damping Ratio

Vibration tests can be used to determine the naftequencies, damping ratios, and

mode shapes of an object. Modal tests are commonly employed for this pUmpstse
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consist of measurement and ppsbcessing stages. It is possible to perform
experimental modal analysis using a shaker, as well as readtsrdrom an
accelerometer by applying an impact with a hammer equipped with a sensor at the tip
as illustrated in Fig. 2.1[2, 74, 75]

Time

W Real || Modal Parameters
Curve *Frequency
—/\-/H/—Jmag Fit *Damping
*Mode Shape

Figure 2.10 : Hammer impact test illustratidi5].

Hammer impact modal testing is performed by striking a structure wismanter and
measuring the response with sensors such as accelerometers. The test is conducted by
striking multiple locations on the structure and recording the response with sensors,
followed by analyzing the data to determine the natural frequencies angingam

ratios. This technique can be conducted on existing structures without requiring
modifications and is relatively quick and inexpensive compared to other modal testing
methods. However, the results can be influenced by the impact location, the type of
hammer used, and the sensor measurement accuracy. Furthermore, hammer impact

testing only provides information about the impact pdjigjs

Firstly, as seen in Fig. 21l1a clampedree test setup was created. Tha® holding

area provided during thaesign stage was held with a vise and tested on the samples.
Due to excessive noise, a reliable measurement could not be taken. Even though the
clamping area was increased, stable test results could not be obtained. Therefore, it

was decided to obtain rdsionly for freefree boundary conditions.
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Impact
Locations

Figure 2.11 : Clampedfree test setup forsiDoE.

The free-free experimental setup depicted in Fig12a was utilized to extract the
damping ratio of the specimens. This setup comprised of a specimenpészu
supports, an impact hammer, an accelerometer, and a signal acquisition module. To
measure frequencies, the impact hammer was utilized to stimb&atgpecimens at
various points along their surfaces, while the ensuing vibrations were gauged using the
accelerometer and recorded using the signal acquisition device and computer. This
methodology was employed to accurately determine the damping ratiheof

specimens.

To provide the fredree boundary condition, a soft foam (sponge) was used and the
contact area between the soft foam and the test samples was minimized (approximately
5% of the total surface area of the specimens) to prevent damping feognaiand.

The excitation was ensured via an impact hammer (Dytran Dynapulse 5800B4), and
the corresponding response of the system was measured using an accelerometer
(Dytran 3225F1). To collect the impact and response data, National Instruments NI
USB-4431dynamic signal acquisition module was used during the experiments, and
frequency resolution and the sampling rate were set as 0.5 Hz and 102,400 Hz,

respectively.
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Accelerometer
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Impact Hammer
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Figure 2.12 : Freefree test setup fors1DoE.

In order to enhance the precision of the investigatitig, 212b displays twelve
marked points indicated with cross symbols, which were identified during the hammer
impact excitation.The results obtained from these twelve points are averaged in
investigating the effect on the damping behavior of the speairiiée experimental

setup involved the application of a minimum of five impacts to each point during
testing to obtain reliable data. The data was then used to calculate the frequency
response functions (FRFs). The frequency rangeiof®00 Hz wagleteminedto

cover thanitial two natural frequencies of the specimens, and FRFs ot¢agnedor

each specimen within this range to calculate damping ratios.

A new test was conducted on Specindn the F' DoE by emptying the powders
shown in Fig. 2.13Due to issues encountered in the previous test setup, an alternative

setup was established, and measurements were taken. In this setup, a Dytran 3255A
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accelerometer and a PCB Piezotronics 086E80 impaatieanvere used, along with

DEWE 43 A for data processing. The impact points are shown as indicated in 2.12 (b).

| Accel era
:f" Cabl e

Figure 2.13 : Freefree test setup fdEmptied Specimen 5 irfDoE.

When the clampedtee results could not be obtained appropriately for fh®dE,

tests were conducted in th&? ®oE without separating the specimens from the build
plate first. The purpose here was to eliminate noise by leaving a bulk mass at the
bottom. Thus, both clampddee and fredree results were obtained to observe the
behavor of the damping performance according to boundary condifidresrelevant

test setups are provided in they. 2.14, respectively, for clampeftee and fredree

configurations.

(b)

Figure 2.14 :a) Clampedree and b) Freéree modal test setugisr 2" DoE.

In orderto achieve consistent outcomes by delivering equivalent impacts, the samples
were stimulated from the nine locations depicted in Figh Asing an impact hammer

for both clampedree and fredree tests. An accelerometer was placed at the center of
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the bak face of the specimens to measure the accelerations. The same devices used in
the P' DoE test were also used in this study. The natural frequencies and damping
ratios of all specimens for the first mode are reported in this study to evaluate the

effectsof the particle damper.

45 mm

45 mm

*—30 mm——30 mm—
X Hammer impact points
Figure 2.15 : Excitation points on specimens
2.4.1Step bystep postprocessing ofthe testdata

In this section, the pogtrocessing of a arbitrarily chosen analysis of the fully fused
component is described step by step, explaining howldkee provided in the Results

section were obtained.

Firstly, as shown in Fig. 261 measurement results are collected in a single folder
along with the files modal_parameter.m, orthogonal.m, and rfp.m. The relevant codes
are provided in the attachment. Tingoortant aspect here is not the file extension but
the content of the results. The first column represents frequency, and the second and

third columns represent the real and imaginary parts of the magnitude, respectively.
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Name ={HD3f E3 |
HB1.frf [0.000000e+000 3.862351e-001 -0.

5.0¢ 00 9.315198e-002 2

000000e+000
20

HB2.frf
HB3.frf
HD1.frf
HD2.frf
HD3.frf
HM1.frf
HM2.frf
HM3.frf
HT1.frf
HT2.frf
HT3.frf
[

\_ modal_parameter.m

[

ML LA NU U D B WWN N -

{_ orthogonal.m

L fpm 5
Figure 2.16 :Required folder format

Next, using a program that can open files with the .m extension, such as MATLAB or
Octave, the modal_parameter.m file is opened. In this s@@tiyJ Octaver.3.0was

usedand some rows are modified as shown in Fig. 2.17

¥, modal_parameter.m

" clear all;

10 deltaf=(S(2 1)-5(1,1,1)):% d v
11 omega=S(l+round(fregst/deltaf) gen/deltaf),1);
12 rec=5(l+round(fregst/deltaf):l+round(freqgen/deltaf),2)+1i.*S(l+round(fregst/deltaf):l+round(freqen/deltaf),3)

14 error=zeros(no_modes,l):

for N=1:no_modes
17 [alpha,modal_par]=rfp(rec,omega,N);
error (N)=sum((abs(rec-alpha')));
end

21 [¥,I]=min(error);%fir
22 [alpha,modal par]=rfp(r

24 close all;
25 figure(l):
26 semilogy(omega,abs(rec))
27 hold

30 xlabel('
31 ylabel('
32 legend('
33 set(gca,'fontsize

Figure 2.17 :Modified parts of code

In this file, first, the name of the desired result file is provided on line 9. In this
particular study, it was possible to capture the first two modes within-4@90 Hz
range, and the other results were not read due to their high coherence valuesr@heref
the exact positions of the first two modes can be observed by limiting the analysis to
this 0-4000 Hz range in lines 6 and 7. Although increasing the value in the "number of
modes" part on line 8 may result in a befigmg curve, it also makes imore
challenging to determine the actual mode. Obtaining the most accurate result with the
minimum number of modes yields more reliable results. Fitting the curve to each mode

individually allows for this approach. This is addressed in the subsequemtsfigur
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Figure 2.18 :Raw data and fitted curve on first two mode

As shown in Fig. 2.8, even though the number of modes was set to 2, the second
mode was not captured effectively. However, from this graph, it was determined that
the first mode is within the range of ZL&® 2300 Hz, while the second mode is within

the range of 3000 to 4000 Hz. By fitting the curve to each mode individually, a better
curve fit can be obtained. Initially, for the first mode, lines 6 and 7 were updated as

shown in Fig. 2.9, and Fig. 20was obtained.

¥ modal_parameter.m
clear all;

omega=5 (1+round (fregstc/deltar
ound (fregst/deltaf) : 1

16
17 [alpha,modal_paz]=zfp(zec,omega,N) ;
18 error (N)=sum((abs(rec-alpha‘)));
end

21 [¥,I]=min(error);%find min error place

22 [alpha,modal_par]=rfp(rec,omega,I) %rerun alpha with min error

24 close all;
25 figure(l);
26  semilogy(omega,abs(rec))

Figure 2.19 : Modified parts of code to capture the first mode
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Figure 2.20 : Fitted curve for the first mode

Once it is ensured that the curve in Fi®its well, the modal parameters become
extractable. If it is believed that the curve does not fit well, thmlrer of modes and
frequency values, i.e., lines 6, 7, and 8, can be revised appropriately to search for a
better result. In this visualization, it is concluded that the result is sufficiently good,
and the result is obtained from here. Thus, the frequandylamping ratio values can

be read from the modal_par matrix.

modal_par [2x4 double]

1 2

1 i2066.9 0.01631

2 IEJ.EE.-E 0.00071254 I

Figure 2.21 :First column is frequency and second column is damping. ratio

Since the number of modes was chosen as two, two results are olainddg. 2.21
However, it is clearly seen from the graph that the primary root is around 2200 Hz.
Therefore, the second line result, which corresponds to the first mode, is obtained as

2196.8 Hz, and the damping ratio for the first modé.is24. The following images
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(Fig. 2.22i Fig. 2.24)also demonstrate that the same result is achieved for the second

mode. The method is the same for this part as well.

modal_parameter.m [£J

1 clear all:

clc;

and ending frequency to get a good fit

10 deltaf={5(2,1,1)-5{1,1,1)};% delta freguency
11 omega=5(ltzound(Eregst/deltaf): ltzound (fzegen/deltaf), 1) ;
12 rec=S(ltround(fregst/deltaf) : l4round (fregen/deltaf) ,2)+1i.45 (1+round (Eregst/deltaf) : l4round (fregen/deltaf) ,3) ;

14 error=zeros(no modes,l1);

16 [Jfor N=1:no modes
17 [alpha,modal_par]=rfp(rec,omega,N) ;

18 error (N)=sum((abs(rec-alpha')}) ;

15 | end

20

21 [Y,I]=min(error);$find min error place

22 [alpha,modal_par]=rfp{rec,omega,I);$rerun alpha with min error
23

24 close all;

25 figure(l):

26 semilogy(omega,abs (rec))
27 hold on

28 semilogy(omega,abs (alpha),'t')
29 title('HD3 - Second Mode','FontSize', 18)

30 =xlabel('Frequency [Hz]','FontSize', 18)

31 ylabel('Magnitude X/F-[m/N]','FontSize', 18)

32 legend('Measurement','Curve Fit','FontSize', 18)

33 set(gca,'fontsize',18)
Figure 2.22 :Modified parts of code to capture the second mode

For the second mode, the frequency and damping ratio vakresobtained as 3423.9
Hz and5.0e-4, respectively. However, these values are only obtained from the results

of a single test point.
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Figure 2.23 : Fitted curve for the second made
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modal_par [2>4 double]

1 2
1 (2129 ~0.019885
5 |3&23.9 0.00050279 I

Figure 2.24 :First column is frequency and second column is damping. ratio

The samgrocedures were repeated for 12 test points in thelfoBt and 9 test points

in the second DoE, and the average values are provided in the results section.

2.5 Methods of Analysis

The Frequency Response Funct{RF) describe the relationship between input and
output signals in linear systems and are important for understanding the system's
dynamic behavior. They are calculated as the ratio of output to input Fourier
components, but approximations are used iotpra. FRFs are only available at virtual
harmonic frequencies where continuous input signals are appl&jd FRF is a
function that has both real and imaginary components and is defined across a range of
frequenciesCurve fitting is typically utilizel as a means of extracting information

from measurements of this nature

A complex mathematical expression (2.1) is obtained when displacement (mm) is used
as the response parameter for FRF, which includes both magnitude and phase
components. The magnitudemponent, which is calculated using expression (2.2), is

used for analysis output purpo$ég].

o W Ha aa 2.1)
B 5 — P
S o1 a o (22)

In the equation, tha&isplacement represented byw'", force by ""O" dynamic
flexibility by " ", rigidity by " "Q", frequency by1" ", mass by '& ", and damping
constant by " for a systemlf velocity is used instead of displacement, equation 2.1

becomes 2.2 and equation 2.5 become$7Zp
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WO WQ (2.3)

DO WO WQ QD (2.4)
W] 0 Q]_O Qw1 (2.5)
W) & 1 W 8 (2.6)

The term "mobility" is used to refer to the expressidn . Similarly, when
acceleration is taken as the response parameter, the expréssionrepresents
inertancqg77].

WO o (2.7)

0 .
o 1O (2.8)

01
In addition to these calculationthe Rational Fraction Polynomial (RFP) method,
which is able tobe used tacurve fitting to the FRFs in order to determimeodal
parameter®f the most significant vibration modes of thgecimeng78]. Hence, in
the first step, the RFP method, which is a technique that uses a complex function
valued within a usedefined frequency79], was used to fit a curve on test data for
each FRF measurement and obtain the corresponding natural frequencies and calculate
the damjng ratios. The rational fraction form is a mathematical expression that
contains two polynomials with independent orders for the numerator and denominator.
The characteristic polynomial, which forms the denominator of the transfer function,
has rootghat correspond to the points where the transfer function approaches infinity,
also known as the poles of the transfer funcfitd]. On the other hand, the roots of
the numerator polynomial correspond to the zeros of the transfer function where it
becones zero. To determine the poles and zeros of the transfer function, the rational
fraction form is fitted to frequency response function data using equation 2.9, and then

the roots of both polynomials are solved [f09].

o B i
T B i (2.9)
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The coefficients for the numerator and denominator polynomials, represented as
whQ m8 R and @AQ 18 R , respectively, are solved for in order to obtain
the rational fraction form. The variallewhich is a complex numbeygically denoted

as the Laplace variable, is used to evaluate the transfer fujéf@nrhis method

applied with a MATLAB code which is given in appendix.

Then, in the second step, the overall acceleration function'suoesquare (RSS) is
calculatedup to 4,000 Hz to quantify the average vibration amplitude of the specimens.
This method is a statistical method used for combining uncertainties from multiple
sources into a single, overall uncertainty vgR@. This method is commonly used in
engineering and science to estimate the overall uncertainty of a measurement or
calculation based on the uncertainties associated with individual measurements or
parametersThe RSS method has found extensive application in diverse, areas
including aerospae, chemistry, physics, and metrolodwy. this study,acceleration

data was collected from various points on beams as stated above and the dynamic
behavior of the parts withini04,000 Hz was evaluated and compared with each other

and to the fully fused odel using the following equations:

01 W] (2.10)

YUY 61 (2.11)

Here, N is number of measured valuess frequencygis acceleration measured from

accelerometer at a specific natural frequency,@isdsum of measuregvalues.
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3. RESULTS AND DISCUSSION

3.1 Determination of Particle Mass andPacking Density

Before discussing the results of tsteidy, it is important to understand the two types

of density that were measured. The first is true density, which refers to the actual
density of a material, taking into account any internal voids or cavities. True density
(or bulk density)s calculatedy dividing the mass of the material by its true volume.
The second type of density measured in this stutgpigeddensityas shown in Fig.

3.1 Tappeddensity is a measure of the density of a powder material when it is packed
or settled into a containelt is determined byapping or vibrating the container and
measuring the change in volume or mass of the material as it becomes more
compacted. Both true density alagppeddensity are important measureslog powder
properties and can provide valuabitgormation for understanding its behavior in
different applicationsin the context of the study discussed here, both types of density
were used to gain insight into tlimpactsof integrated cavities on the mechanical

properties of an additive manufaatdrstructure.

Tapped Density
(Unfused Portion)

True Density
(Fully Fused Portion)

Figure 3.1 : True density & tapped density definitions on computed toapigr
can view from study oEhlers et al[12].

For thels DoE, the fully fused beam has an outer volume of 88.8 and a mass of
731 g, resulting in a true density of 8.232 gicirhis value is slightly higher than the
density provided by Praxair's additive powder datasheet, which is 8.2. ¢fanthe
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2"d DoE, the fully fused beam has an outer volume of 90 cm3 andss of 737 g,
resulting in a true density of 8.183 g/&m

The tappeddensity of the powder bed was determined to be 4.5113g#tnthe
locations of the cavitiefor 15t DoE, which is lower than the 5.0 g/érdensity stated
in Praxair's additive powder datasheet. This means that the relative density of the
structure was calculated to be around 55%, based on the calculated triag @extl

densitiesThis density was calculated as 4.58 gi¢an 2" DoE and rat is 56%.

Theobservatiorthat the bodyintegrated cavity increment of the specimen reduced its
mass compared to the fully fused structure, resulting in a lower relative density, has
significant implications for industries that rely on lightweight yet tileamaterials,

such as aerospace. Ultimately, this knowledge can lead to the creation of stronger,

more lightweight, and efficient products.

3.2 Results of Tests and Analysifor 15t DoE

In this section, the examination and analysis outcomes ofinthestigation are
displayedMore precisely, by utilizing the RFP technique, a comprehensive evaluation
of the measured FRFs led to the determination of the natural frequencies and damping
ratios of theinitial two modes.All FRF graphs are given in apperdTo ensure
accurate and reliable results, the investigation was conducted using the test matrix
provided in Table3.1 Furthermore, in addition to the natural frequencies and damping
ratios, mode shapes for the first two modes were also generated haetajled
analysis. These mode shapes provided valuable insights into the dynamic behavior of
the system and helped to identify any potential issues or areas for improvement.
Overall, the results of the analysis presented in this section are critical for
understanding the dynamibehavior of the system under investigation. This
informationis able tobe utilized to optimize the system's performance, improve its
reliability, and ensure that it operates safely and efficiently under a wide range of

operatingconditions.

The fully-fused specimen was tested to determine the first two natural frequencies and
damping ratios, which were then compared with those of PD integrated structures to
assess the effectiveness of PDs. Specifically, the anaiysexd to getesults ofthe

first and second mode$he results of the analysis revealed that the first mode of the
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structure had a natural frequency of 2,197 Hz, while the second mode had a natural
frequency of 3,424 Hz. Additionally, the damping ratios for these modse

measuredsand x® p 1 andu8t p 1T respectively

The comparisons amresented in Fig3.31 3.5anddetailed descriptiosnof theseare
ensuredn the subsequent sectiof$e study showed that specimen 1 had the highest
damping ratio for the first mode x& p 1 (see Fig3.39, and specimen 2 had the
highest damping ratio for the second modetr& p 1 (refer to Fig.3.3b).

Significant improvements in damping ratioene observed when using PDs.

Damping ratios for the first mode and second mode using PDs were found to reach up
to 10.8 times and 9.4 times, respectively, when compared to fully fused specimens.
These findings are presented in Table 3.1. Therefore, PDdeea to substantial
improvements in damping ratios, which are useful in engineering applications where
vibration control is critical. The study's results have significant implications for

designing and constructing structures that require enhanced apogpabilities.

As mentioned earlier, the FEA provided information about the first two natural
frequencies of the specimen, as well as their corresponding bending and torsional
mode shapes. However, it was observed that there were shgiations in the
predicted natural frequencies compared to the actual experimental values. This could
be attributed to the approximations made during the numerical modeling priecess.
instance, when considering the fully fused specimen, the FEA prddiatdirst two

natural frequencies to be 2,331 Hz and 3,339 Hz, respectively. However, these values
had discrepancies of 6.1% and 2.5% when compared to the values obtained through
experimentatiomhe FRFs can be used to extract information about the dgnam
properties of the specimens, such as their natural frequencies, damping ratios, and
mode shapes. The RSS values, on the other hand, provide an indication of the overall
response of the specimens in the frequency range of interest, allowing for a
comprekensive evaluation of their performand@able 3.1 presents the experimental
data for all the specimens containing PDs, including the RSS values besides to natural
frequencies and damping ratios of the measured FRi&s frequency range for the
calculationof the FRFs was set between 0 and 4,000 Hz, which covers the first two
modes. These results are significant in identifying the behavior of the specimens under

test and analyzing the impact of the PDs on their performance.
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Table 3.1 : Experimentally identified modal pameters of the specimens and the
RSS values of the calculated FRFs

Parameter 13*Mode 1*Mode 2""Mode 2"9Mode  RSS from
Frequency Damping Frequency Damping Experiment

(Hz) Ratio (Hz) Ratio (0-4000 Hz)
0 (Fully Fused 2,197 7.1e4 3424 5.0e4 0.036
1 2,201 7.7e3 3340 3.1e3 0.060
2 2,207 6.4e3 3294 4.7e3 0.039
3 2,238 5.3e3 3321 7.7e4 0.034
4 2,168 3.1e3 3424 2.0e3 0.043
5 2,204 3.3e3 3373 5.2e4 0.032
6 2,218 2.4e3 3437 1.3e3 0.033
7 2,139 5.8e3 3317 2.3e3 0.051
8 2,111 4.7e3 3396 3.0e3 0.051
9 2,202 7.1e3 3339 2.4e3 0.045
10 2186 4.7e3 3342 8.4e4 0.035
11 2196 2.6e3 3432 1.8e3 0.032
12 2175 2.9e3 3453 1.5e3 0.038
13 2149 4.3e3 3337 1.8e3 0.037
14 2178 4.3e3 3436 3.2e3 0.029
15 2203 4.8e3 3373 1.7e3 0.038
16 2145 4.6e3 3376 3.8e3 0.038

The PDs reduces the displacement amplitudes, and thus the RSS values will decrease
around the natural frequency regions. However, considering the whole frequency
range up to 4,000 Hz, the RSS value may irggea the other regions of the measured
FRFs as shown in Table 3.1 since the stiffness of the specimens is also decreasing with
PDs. This phenomenon can be observed fromF&that shows the measured FRFs

of the fully fused specimen and specimen 14 Wwislbows the lowest RSS.

5.00E-05 —Fully Fused
- =Specimen 14

5.00E-06

5.00E-07

5.00E-08

Magnitude (m/N)

5.00E-09

5.00E-10
0 500 1000 1500 2000 2500 3000 3500 4000
Frequency (Hz)

Figure 3.2 : FRF comparison of fully fused beam and specimen 14

50



These results provide critical insights into the dynamic behavior of theftidd
specimen under various operating conditions. They are essentialderstanding the
system's behavior and can be used to optimize its performance, improve its reliability,
and ensure that it operates safely and efficieatlgl ey provide a foundation for
more indepth investigations and can be used to guide futurangdsefforts in this

area.

One key finding from this research is that the damping performance of PDs is heavily
influenced by several factors, including the volume fraction, location, and number and
length of the dampers. In particular, studies have shinanhincreasing the volume

fraction of PDs in a given host material leads to a corresponding increase in damping

ratios, agsllustrated in Fig 3.3

Another crucial element that influences the damppegformance of PDs is the
location of the dampers withithe host material. As shown Fig. 3.4, the damping

ratios for both the firstwo modes of vibration are significantly influenced by the
location of the PDs. Specifically, dampers located closer to the center of the main body
exhibit higher damping rais for the first mode, while dampers located near the tip

regions perform better for the second mode.

The number and length of PDs are also important considerations when designing and
implementing these dampers. Studies have found that increasingritieer of PDs

can lead to improved damping performance, although there may be diminishing returns
beyond a certain point. Similarly, increasing the length of the PDs can also improve
their damping capabilities, but there may be practical limitations to Ibogy these

dampers can be.

Overall, these findings underscore the importance of carefully considering the various
parameters thatffectthe performance dPDs By taking these factors into account,
engineers and designers can optimize the damping ciipalolf these materials for a
wide range of applicationfetails discussions of these results in terms ofrtipgact

of parameters (such as volume fraction, location, number and length of PDs) are given

in the following sections.

3.2.1Size effect of the unfued cavities

The size effect of the PDs wagaminedusing the LEN 11 4 groups of specimens.

The specimens were grouped in a way that the location/region and the number of PDs
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were kept similar. The damping ratios for the first two modes of all specimens a
shown in Fig3.3.

The findings reveal that the damping ratios obtained from specimens 1, 2, 8, and 9
were comparatively higher than the other specimens within their respective groups,
mainly due to the presence of PDs with high volume fractions. fiipéds that as the
volume fraction of PDs decreases, the damping performance for the first two modes
also declines. Furthermore, the extent of reduction in damping ratios, in relation to
changes in the volume fraction, is influenced by the regions cobgre: PDs. These
regions can affect the way the PDs interact with the surrounding material, leading to
variations in the damping respongéhich shows that these variations are also

influenced by the mode shape profile of the specimens.

It is worth notingthat the alignment between the PDs and the mode shape profile is
critical in optimizing the damping performance of structures. This is because PDs are
designed to dissipate energy by applying forces that are proportional to the velocity of
the structure'snotion. Therefore, if the PDs are not aligned correctly with the mode

shape, the damping effect may not be fully utilized.
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Figure 3.3 : Effect of length of particle dampers (a) LEN 1, (b) LEN 2, (c) LEN
3 and (d) LEN 4. Red lines represent the cavity length@ation for illustration
purposes to compare the data clearly.
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In addition, the results presentedFig. 3.3a showthat the effectiveness of PDs in
damping the vibration modes depends on their length. As the length of the PD
enhanceghe probability oft coinciding with the maximum deformation region of the
mode also increases, resulting in better damping performance. However, the degree of
improvement in damping performance varies depending on the location of the PD
within the structure. For examples aeen irFig. 3.3a the damping performance for

the first mode decreases significantly as the length of the PD decreases.

Theseresultshave significantsuggestiondor the design of damping systems for
structures, particularly for applications that inv@lcomplex vibration modes. It is
crucial to carefully consider the placement and length of PDs to ensure that they are
aligned correctly with the mode shape profile, and to optimize the damping
performance of the structure. By doing so, it is possikteitimize the damage caused

by vibrations and improve the durability of structures, ultimately leading to safer and

more efficient designs.

3.2.2Location effect of the unfused cavities

The effectiveness of PDs is heavily dependent on their location and placeihémt

a given structureTo betterunderstanding of this phenomenon, six distinct groups
(LOC 17 6) were formed and conducted a comprehensive analysis of the results. The
findings, which are presented in Fi§.4, shed light on thesignificance of the
placement of PDs in relation to specific regions within the b&ds. studyproved

that the location of PDs within a beam plays a critical role in their efficacy.
Specifically, for the first mode, PDs that were placed closer to thercesgion of the

beam proved to be more effective. Conversely, PDs placed nearer to the tip regions
demonstrated a higher efficacy for the second mode. These results can be attributed to
the unique deformation profiles of the mode shapes, as discussieel preceding

section.

Recalling Fig.2.9, thedisplacement of the middle section of the specimen is higher
for the first bending mode and the displacement of the tip regions are higher for the
second mode. Hence, as previously discussed, the displaceintieatmiddle section

of the specimen is greater for the first bending mode, while the displacement of the tip
regions is more significant for the second mode. This phenonignbie tdedefined

by the unique deformation profile of each mode shé&gieen this information, it
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becomes clear that PDs placed at the tip regions of a structure would be more effective

at increasing damping for the second mode.

This is supported by our results, as demonstrated by the comparison of-BOC 1
Fig. 3.4a-c. In contast, for the first mode, PDs located closer to the center region of
the beam were found to be more effective in increasing damping which can be also

observed in same figures.

(a)
8E-03
o TE-03
< S 6E-03

0 3
105 < 5E-03
£ 4E-03
& 3E-03
35 5 2603
2 1E-03
0

(b) LOC 2

(mm)

140

105

70

35

Volume Fraction (%)
Damping Ratio
Volume Fraction (%)

Position and Length of PD (mm)

Position and Length of PD

Specimen Specimen

(d) LOC 4

0
—

LOC3

(

SE-03
140 7E-03
6E-03
5E-03
4E-03
3E-03
2E-03
1E-03

o0
o
o
e

E-03
E-03
E-03
E-03
3E-03
E-03
E-03

@
¢ Ratio

e e |

ampin

35 2

Damping Ratio

D
—_1

Volume Fraction (%)

Position and Length of PD (mm)
Volume Fraction (%)
Position and Length of PD (mm)
J

Specimen Specimen

o
S

LOC 5 (f) LOC 6

8E-03

140 7E-03
- 6E-03
105 SE-03
4E-03
3E-03
2E-03
1E-03

140

105

gth of PD (mm)

70 70

Damping Ratio

35

Volume Fraction (%)
Volume Fraction (%)

10 11 12
Specimen

Position and Length of PD (mm)

Position and Len

Specimen

tz3Damping Ratio of 1st Mode sYDamping Ratio of 2nd Mode
- - Volume Fraction (%) —Position and Length of PD

Figure 3.4 : Effect of the dampers on different mode shapes (a) LOC 1, (b)
LOC 2, (c)LOC 3, (d) LOC 4, (e) LOC 5 and (f) LOC 6. Red lines represent the
cavity length and location for illustration purposes to compare the data clearly

Hence, it wasshowedhat the presence of PDs located at the tips effectively increases
the damping for theecond mode, which is evident when comparing the results of LOC
17 3, asshowedn Fig. 3.4a-c.

In the existence of multiple PDs in the structure (LOC@lgroups), the results are
presentedn Fig. 3.4d-f. LOC 4 and LOC 5 include two PDs, and LOC 6 @peens
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have 3 PDs along the length of the beams. Similar to the results obtained for beams
having a single PD, the location is the most critical factor for improving damping of a
specific modeThe intersection of PDs with the maximum displacement regibns
modes is also crucial for optimal damping performance. When PDs intersect with the
maximum displacement region, their effectiveness in reducing vibrations is increased.
Conversely, if there are regions of maximum displacement that are not covered by

danpers, the damping performance may be reduced.

For instanceconsidering the specimens listedli@C 4, specimer8 has PDs both
around theip regions; thus, the damping ratio of the second mode is the highest in this
group with a value ob8t p 1 . However, specimen 9 has the best performance for
the first mode since one of the PD locations is well aligned with the high deformation
zone of thdirst mode.In the case of specimen 7, despite the PDs being located near
the center, their damping performance is inferior to that of specimen 9. This is because
there is a gap between the two PDs, which intersect with the maximum displacement

region forthe first modeThus, statemens above could be observed on these results.

Also for the PDs of specimens in groups LOC 4 and LOC 5 are similarly dispersed in
the main body. It might have been expected that the damping performance order of
LOC 5 specimens fothe first mode would be similar to LOC 4, with a descending
order of damper performances for specimens 10, 12, and 11, given the-gokiag

PD locations. However, there are differences observed between the two groups. The
PDs in LOC 5 are shorter iength than those in LOC 4, which causes them to miss
some of the maximum displacement regions and reduces their damping performance.
Consequently, a descending order of specimens 12, 10, and 11 was observed for the
damping performance of the first moaellOC 5.

Finally, LOC 6 specimens once again showed that the fact that PDs positioned at the
center are more effective in the first mode and those placed at the tip(s) are more

effective in the second mode.

From the results of LOC % 6, we can concludénat PDs that are better dispersed in
the main body generally lead to increased damping ratios for both nfslasesult,

it is crucial to carefully consider the placement of PDs to ensure that they effectively
intersect with the maximum displacement e of modes, thereby achieving optimal

damping performance.
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3.2.3Effect of the number of the unfused cavities

As explained in the previous sections, the mode shape deformation profile plays a
critical role in determining a specimen’s effectiveness for a givede. One of the

key ideas in this study was to investigate how the distribution of particle dampers
(PDs) within the main body affects the specimen’'s behavior. To this end, specimens
were designed with PDs having equal volume fractions for each growatyirig in
number, and efforts were made to maintain the PDs' locations within the main body as
similar as possible. The resulting four comparison groups were labeled NOD 1 through
4.

Fig. 3.5displays the results for specimens in groups NOD, With Fig.3.5a showing

group NOD 1, which contains specimens 1, 7, and 16. Considering the specimens in
NOD 1 (see Fig3.5a), it was found that specimen 1, which has a single cavity for the
same volume fraction, was the most effective for the first mode. Howsyecjmen

16 exhibited the best performance for the second mode in this group, owing to its mode
shape deformation profile, as mentioned in the previous sections. Moreover, the
damping ratio of the first mode for specimen 7 fell between those of specinaguis 1

16. However, its performance was the worst among the three specimens for the second
mode. In the case of specimen 7, although the PDs are located closer to the tips than
in specimen 1, their position is also closer to the nodal points of the secalel mo
shape, resulting in lower damping ratios. This highlights the fact that the PDs' location
has a greater impact on the overall damping performance of the specimen than their

quantity.

In the case of NOD 2 specimens (see Bi§b), we compared specimen 3, which has

a single cavity, to specimen 10, which has two cavities. The damping ratio of the first
mode is higher for specimen 3 because it covers a larger region in the high deformation
zone for the first mode, unlike specime®d With its two distributed cavities that are
located away from this regionHowever, the damping ratios of the second mode are
similar for both specimens since neither of them covers any region closer to the tips,
which is the high deformation zone for thecend mode. A similar trend can also be

observed for the groups of NOD 4 specimens, as shown i13 5.

In summary, separating cavities can result in missing the maximum deflection zone

due to their location. This was observed more clearly in NOD 3revinen a small
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shift in the cavity location had a noticeable impact. It was found that changing the
number of particle dampers (PD) did not cause a significant increase or decrease in
damping performance, as long as the volume fractions and locatiome d?0s
remained similarNonetheless, it wasbservedthat the location of the dampers is

closely associated with their efficacy.
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Figure 3.5 : Effect of the number of dampers (a) NOD 1, (b) NOD 2, (c) NOD 3
and (d) NOD 4. Red lines represent the cavity length aratitotfor illustration
purposes to compare the data clearly.

Additionally, the results of this studgcommendhat the number and distribution of
cavities in a specimen can significantly impact its effectiveness for different modes.
Specimen 1, for instae, has a single cavity, whereas specimen 16 has multiple
cavities. Nevertheless, specimen 1 performed better than the other specimens in NOD
1 for the first mode, proving that having a single, weélced cavity can be more

effective than having multipleavities in certain cases.

As a summary, these findings highlight the importance of carefully designing the
geometry and properties of specimens to optimize their performance for different
modes. By doing so, it may be possible to enhance the mechanicalidre of

materials and structures and, in turn, improve their efficiency and durability in various

applications.
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3.2.4Results ofemptied specimen

Below are the normalized comparisons of the test results conducted before and after
dust emptying irBpecimen 5n Table 3.2 The graphs and damping ratio calculations
clearly show the damping effect caused by plgvder Due to the different setups,
backto-back amplitude values could not be obtained, and therefore, an RSS

comparison could not be perfoeh.

Table 3.2 : Fully-fused specimen, specimen 5 with powder and specimen 5 without
powderresults

Parameter 1*Mode  15tMode 2"9Mode 2"¢Mode
Frequency Damping Frequency Damping
(Hz) Ratio (Hz) Ratio
0 (Fully Fused 2,197 7.1e4 3424 5.0e4
5 (With Powder) 2,204 3.3e3 3373 5.2e4
5 (Without Powder) 2189 1.1e-3 3366 4.6e4

The normalized graph is presented with a focus on the first mode since this specimen
is more effective in that mode. The FRF results for each point are provided in the
appendix.The comparison plot® Fig. 3.6include the fully fused specimen as well,

ensuring a clear comparison.

FRF Comparison Plots
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Figure 3.6 : Fully-Fused Specimen & Specimen 5 with and without powder
normalized FRF comparison for the first mode

The normalized graph ispecifically focused on this specimen because it is more

effective in the first mode. The FRF results for each point are provided in the appendix.

The results clearly indicate that emptying the powder has led to a threefold decrease

in damping ratio for th first mode and a 1.3®ld decrease for the second mode. In
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fact, it has been observed that the damping ratio of the second mode is even lower

compared to the fully fused specimen

3.3 Results ofClamped-Free and FreeFree Testsfor 2" DoE

Theimpactof thedesign parameters and boundary conditions on the datimayior

is examinedn this section, where comparative experimental results are proVAdled.
FRF graphs are given in appendiable3.3 presents the natural frequencies, damping
ratios for the fist mode, and weight of the printed specimens. The specimens were
excited from 9 different places as indicated in Big5, and each damping ratio given

in Table3.3was averaged by these points to provide a better interpretation. The natural
frequencies andamping performance are significanthgpactedby the total mass of

the fabricated beams and the volume fraction of the unfused cavity to total volume. It
is alsoshown in Table3.3 that PDs exhibit up to 12 times higher dampimwghen
compared to th&ully fused onewhile a change in natural frequencies less than 3% is

observed for specimens tested both clamripeel and fredree.

Table 3.3 : Damping ratio comparison accorditggboundary condition

Parameter Boundary Natural  Damping
Condition Frequency Ratio
(Hz)

Clamped-Free 299.8
0 (Fully Fused P 0.0059

FreeFree 1912 0.0010
. Clamped-Free 3139 44993
FreeFree 1915 0.0034
X Clamped-Free 3165 44110
FreeFree 1966.2 (5086
4 Clamped-Free  303.7 4136
FreeFree 1956.7 5087
. ClampedFree 3149 54143
FreeFree 1881 0.004
c Clamped-Free  313.7 40071
FreeFree 19814 40111
6 Clamped-Free 3009 44175

FreeFree 1912.8 0.0122
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3.3.1Effects of thickness and width on damping performance

In this sectionthe effects of the cavity thickness on the damping performance is
investigated To examinethe impact of damping performance while keeping the
overall unfused particle volume constdmams with two different cavity thicknesses

of 4 mm and 6 mm are fabricated, with the widths of the unfused powder cavities
adjustedaccordingly. Fig.3.7 presentghe damping ratios of the first mode of the
beams with unfused cavities. It can be observed that the dampingRiD timegrated
specimensnhancewith increasing cavity thickness for all specimens under both
clampedfree and fredree boundary conditiws. A similar trend was also reported by
Ehlers et al. in their study on the effect of cavity thickness on damping performance
[12].
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Figure 3.7 : Effectof boundary conditions on the damping performance

The improvement in the damping performance by increasingydhickness is related

to the increasing crossectional area in the direction of vibration. However, in the
current study, the crossectional area was kept constant while increasing the thickness
of the unfused cavity through reducing the cavity widthe results indicate that the
variation in thickness in the direction of vibration has a gresftecton the damping

performance than the variation in width.

3.3.2Effects of boundary conditions on damping performance

The damping performance of the fabricated beams is tested under cliepadd

freefree conditions to characterize thmpact of the boundary conditions. The
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obtained damping ratios from impact hammer testing are compared in&ifj.can
beseentha damping values of the clampéee specimens are higher compared to the

specimens tested under frigee condition for the first bending mode.
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Figure 3.8 : Effectof boundary conditions on the damping performance

This can be explained by the frequency and modpesdapendency of the damping
performance. Theanpactof the frequency dependency of the particle dampers on the
dampingbehaviorthrough testing beams only under the ffeme condition for higher
bending modes was demonstrated by Ehlers €tLd|.38] The results show that
damping decreases with increasing frequency, confirming the findings of the present
study. However, assessments should be repeated for higher natural frequencies under

different boundary conditions to have frequengpendent dampingharacterization
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5. CONCLUSION

This thesisexaminedthe dynamic behavior of Inconel 718 samples with integrated
particle dampers (PDs) produced uslti®BF. Modal tests were conducted, and the
modal parameters weobtainedrom the FRFs up to 4,000 Hz using the RFP method.
Two modes (bending and torsionadodes) were identified within the measured
frequency range. Thienpactof parameters such as the number of PDs, location, and
size on the damping characteristics of the fabricated beams was examined separately
by conducting a wide DoE analysis. The residteealedhat the damping performance

is better for larger PDs (i.e., for higher volume fractions), and the location effect is the
most important factor in the damping performance of the particle dampers for a
specific mode. Additionally, the damping @i can be enhanced up to 10 times

compared to the fully fused specimen.

In the section where boundary conditions are investigated, it was observed how much
damping ratios can vary. Therefore, it was emphasized that boundary conditions
should beconsideredn PD design. Additionally, it should be noted that damping can
also come from the clamped end if there is one. Moreover, since mode shape can also
vary depending on the boundary conditions, attention should be paid to the issue
discussed in th&st DoE. Further investigations on these areas are necessary in future

studies.

In addition to the aforementioned conclusions, there is a need to develop analytical
solutions, increase experimental studies, and establish a suitable optimization method
to make this technology usabklso, it is possible to use experimental modal analysis

to determine the dynamic characteristics of physical systems while considering
structural parameters, validating models, troubleshooting and fault detection,
conducting suctural health monitoring, and performing design optimization
Moreover, although there are limited examples in the literature, there is also a need for
studies with structures simulating a real component, in addition to simple test samples.
The effectivmess of these structures should be demonstrated not only in laboratory

tests but also in real applications.
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In summary, while PDs integrated into structures offer advantages such as additive
manufacturing, lighter designs, and improved damping performéurteer research

is needed. Developing higfidelity numerical models can better understand how PDs
affect the dynamic behavior, and experimentally extracting damping characteristics
for higher modes and different boundary conditions can create a diatapessible
optimization applications. The use of PDs in various industries, along with continued
research and development, can lead to significant advancements in engineering design

and manufacturing.
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APPENDIX A: Dimension details for PD cavities on a section view.
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Figure A.1 : Dimensiondetails for PD cavities on a section viéuy the first DoE

(Print direction is from bottom to top.)
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FEM Model details.
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Figure B.1 : Section view of the PD
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Figure B.2 : RBE3connection between internal nodes and MASS21 elements

(RBE3 elements shown in pink).
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APPENDIX C: First 5 mode shapes of 1st DoE

Figure C.1 : First 5 mode shape of fully fused specimen ¢aMbde (b) 29 Mode
(c) 39Mode (d) 4" Mode (e) ' Mode.

Figure C.2 : First 5 mode shape of Specimen 1 (&Mbode (b) 29 Mode (c) 3
Mode (d) 4" Mode (e) ¥ Mode.
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