
Experimental study on the high-damping properties of metallic
lattice structures obtained from SLM

F. Scalzoa, G. Totisa,∗, E. Vaglioa and M. Sortinoa

aPolitechnic Department of Engineering and Architechture, UniversitÃă di Udine, Via delle scienze 206, 33100 Udine, Italy

A R T I C L E I N F O

Keywords:
Additive Manufacturing
Selective Laser Melting
Lattice structure
Damping
Vibrations

A B S T R A C T

Modern additive manufacturing technologies allow the creation of parts characterized by com-
plex geometries that cannot be created using conventional production techniques. Among them
the Selective Laser Melting (SLM) technique is very promising. By using SLM it is possible to
create lightweight lattice structures that may fill void regions or partially replace bulk regions
of a given mechanical component. As a consequence, the overall mechanical properties of the
final component can be greatly enhanced, such as the resistance to weight ratio and its damp-
ing capacity against undesired vibrations or acoustic noise. Nevertheless, only a few research
works focused on the characterization of the dynamic behaviour of lattice structures, that were
mainly investigated in the low frequency range or directly tested on some specific applications.
In this work the dynamic behaviour of lattice structures in the medium-high frequency range
was experimentally investigated and then modelled. For this purpose, different types of lattice
structures made of AlSi10Mg and AISI 316L were measured. Experimental modal analysis was
performed on the obtained specimens in order to assess the influence of lattice material and
unit cell geometry on their global dynamic behaviour. Experimental results revealed that lattice
structures have superior damping characteristics compared to solid materials having an equiva-
lent static stiffness. Eventually, the classic Rayleigh model was found to be adequate - with some
approximation - to explain the damping behaviour of a generic lattice structure.

1. Introduction
Additive Manufacturing Technologies (AMT) allow the production of 3D solid parts through layer-by-layer mate-

rial addition. Modern AMT may overcome many of the typical constraints affecting the traditional subtractive tech-
nologies, thus offering new opportunities to industrial designers. Specifically, the most appealing advantages are: a
greater design freedom, good or even higher mechanical performances, shorter lead time and effective production de-
localization with respect to subtractive technologies. New revolutionary applications of AMT can be found in many
strategic sectors such as aerospace, biomedical and dental, automotive and unmanned vehicles, energy and general
mechanical industry [1].

From an engineering point of view, Selective Laser Melting (SLM) is among the most promising end effective
AMT. It is a powder-bed technique using gas-atomized metal powders that are laid down layer-upon-layer and selec-
tively melted by means of a focused laser beam. Fully dense metallic components can be 3D printed by SLM, whose
properties are in some cases comparable to those obtained from forging [2].

By increasing the geometric complexity it is possible to considerably optimize the final performances of 3D printed
parts obtained from SLM. For instance, the superior design freedom of SLM can be exploited by methods of topological
optimization as it was recently shown in [3, 4, 5].

Alternatively, by working at the meso-scale some special porous or trabecular/lattice structures have been investi-
gated in the last 5 years in order to obtain locally adjustable mechanical properties, as illustrated in [6, 7, 8, 9]. Lattice
structures can be successfully applied for weight reduction [10, 11], for increasing the impact energy absorption [12, 13]
and for heat exchange enhancement [14, 15]. However, only a few authors focused on the manufacturability limits of
SLM that may hinder the realization of generic lattice structures [16, 17].
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Table 1
Summary of recent research works studying lattice structures’ mechanical properties. �CT=micro-computed tomography;
BCC=body centered cubic; BCCZ=body centered cubic with vertical struts; DIC=digital image correlation; ECC=Edge
Centre Cube; EDS=energy dispersive spectrometer; FBCCZ=BCCZ with 45◦ struts across cube faces; FCC=face centered
cubic; FCCZ=FCC with vertical struts; F2BCC=BCC with 45◦ struts across cube faces; FEA=finite element analysis;
RD=rhombic dodecahedron; SEM=scanning electron microscopy; SHPB=Split Hopkinson Pressure Bar; VC=vertex cub e.

Ref. Date
Unit cell geometry

Cell topology Material Testing strategy Experimental method
Lattice size Cell size Strut diameter
Nx x Ny x Nz [mm] [mm]

[18] 2019 5x5x(1,3,5,7) 10 1 BCC, BCCZ AlSi10Mg Compression
SEM, �CT, Uniaxial

compression testing, FEA

[19] 2019 3x3x3 12 1,25 3D re-entrant lattices AlSi10Mg Compression �CT, Compression test, FEA

[20] 2019 4x4x4 5
wall thickness

gyroid structure SS 316L Compression
Optical microscope,�CT,

Compression test, SEM, CFD0,3-0,5

[21] 2019 5x5x5 5 0,54-1
tetrakaidecahedron,
diamond, BCC SS 316L Compression

Uniaxial compression
and tensile tests,

Confocal microscope,
SEM, EDS, FEA

[17] 2018 10x10x15 2-4 0,3
BCC, BCCZ,
FCC, FCCZ Inconel 625 Compression

�CT, Quasi-static uniaxial
compression testing, FEA

[22] 2018 5x5x1,3,5,7 10 1 BCCZ AlSi10Mg Compression

Theoretical model,
Uniaxial tensile tests,
SEM, Quasi-static

compression tests, FEA

[23] 2018 3x3x3 26,1 1,5
low-CTE lattice

structure Ti-6Al-4V Compression Compression test, FEA

[24] 2018 3x3x3 10 0,8-1,8 RD SS 316L Compression
Quasi-static

compression test, FEA

[25] 2018 6x6x6 5 0,38-1,113 F2BCC AlSi12 Compression
SEM, Uniaxial

compression testing, FEA

[7] 2018 8x8x8 2
90% to 70%

variable porosity FCC, VC, ECC SS 316L Compression
�CT, Uniaxial
compression
testing, FEA

[26] 2016 10x10x10 7,5 1
BCC, BCCZ, FCC,
FCCZ, FBCCZ AlSi12Mg Compression

�CT, Quasi-static uniaxial
compression testing, FEA

[27] 2018 8x2x1 6,3 0,5-0,9 kagome Ti6Al4V
Compression,
three-point
bending tests

Compression,
Three-point bending tests, FEA

[28] 2019 6x6x18 4 0,6
DOD, BCC1,

BCC2 ALSi10Mg Tensile
SEM, Quasi-static
tensile test, FEA

[29] 2017 4x4x18 4 0,3
rhombic dodecahedron,

BCC1, BCC2 AlSi10Mg Tensile
Uniaxial tensile
tests, SEM, FEA

[30] 2018 5x5x14-5x5x5 2,8 0,75
f2ccz and

hollow spherical SS 316L
Tensile,

compression,
fatigue

Optical microscopy, SEM,
EDS, DIC, Tension,

compression, fatigue testing

[31] 2019 2x2x2 5 0,8
Dfcc, Dhex,
FCC, BCC Ti6Al4V Impact

SHPB,
FEA

[32] 2019 1x1x1 12x8 0,1-0,5 octet Ti-6Al-4V Impact
SHPB apparatus,
High speed camera,

SEM, FEA

[33] 2019 5x5x5-4x4x4 2-4 0,344-0,689
Octet truss,

RD,
Diamond, Dode-Medium

Inconel 718
Compression,
impact

�CT, Compression test,
SHPB apparatus, FEA

[34] 2018 2x4x6 4 1 BCC SS 316L
Force controlled
cyclic loading
(0.1,1,10 Hz)

SEM, Optical microscope,
Universal testing machine,

FEA

[35] 2020
RLC:2-8x2-8x1,5-7,5

varies
RLC:2,08

RLC, RLV, IR AlSi10Mg
Vibration testing

(shaker)
Evolutionary algorithm,

Shaker, FEA
RLV:2-8x2-8x1,5-7,5 RLV:2-3
IR:2-8x2-8x1,5-7,5 IR:2-3

[36] 2018 2x2x2 25 1.5 BCC and variations Nylon 12
compression,

impact (vibrations)

Mathematical model,
Universal tensile
test machine, FEA
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Recent research works studying lattice structures properties are summarized in Table 1. Most authors focused on
the elasto-plastic behavior of lattice structures in quasi-static conditions (tension/compression) or subjected to dynamic
impact or fatigue testing. On the contrary, only a few investigated their dynamic behavior in terms of damping prop-
erties. Up to authors’ knowledge only Rosa et al. in [34] measured the damping capacity of lattice structures made of
AISI 316L stainless steel under low frequency sinusoidal excitation (less or equal to 10Hz), demonstrating that lattice
structures have a higher damping capability than bulk specimens. This behavior was associated to amplitude dependent
internal friction phenomena, mainly occurring at beam joints and in longitudinal beams.

In order to evaluate the damping behavior of lattice structures at higher frequencies, the authors of this work
recently performed experimental modal analysis on SLM lattice structures made of AlSi10Mg [37]. By so doing, the
enhanced damping properties of some specific lattice geometries were proven when considering the small amplitude,
free oscillations of the specimens at their resonance frequencies (about 700 Hz).

However, no further information about the dynamic behavior of lattice structures in the medium-high frequency
range is available for other materials.

In this work, the damping properties of SLM manufactured lattice structures made of AISI 316L austenitic stainless
steel were experimentally investigated and compared to the former results found with AlSi10Mg.

The work is based on two designs of experiments. In the first design, the influence of lattice material and of unit
cell geometry (for a given multiple-cell macroscopic geometry) is studied by performing 3D printing and experimental
modal analysis (section 2). In the second design, the influence of multiple-cell macroscopic geometry is investigated,
and a classical Rayleigh model is proposed for explaining the observed damping behavior (section 3). In the final
section the main conclusions are drawn.

2. Effects of material and unit-cell geometry on the global dynamic behavior

2.1. Lattice structure and specimen design
Here the influence of the lattice structure material and of the elementary cell geometry on its global dynamic

behavior is presented. In detail, the elementary cell geometry was varied by varying the cell size and the fill ratio, that
was defined as the ratio between the diameter of the small beams composing the cell and the cell size, according to the
design of experiments described in the following.

In addition to the light AlSi10Mg that was preliminarily tested in [37], the radically different AISI 316L stainless
steel was investigated here. The aim was to further stress the initial hypothesis, i.e. that lattice structures may provide
a better damping behavior with respect to the same material in full density bulk form. The choice of this material was
also done for extending the results that Rosa et al. [34] found at very low frequencies (below 10 Hz).

Specimens were designed with the aim of evaluating their dynamic bending behavior thorough the pulse testing
technique. For this purpose, a beam geometry was assumed with a square cross section of 21×21 mm and a total axial
length of 130 mm. The beam was composed of three connected parts: a full density lower base of 30 mm axial length,
a central part of 60 mm axial length that was entirely filled with the lattice structures and a full density upper base of
40 mm axial length. The number of cells along the axial (Z) direction was adapted for reaching the assumed length of
60 mm. During the measurements, the lower base was clamped on a vice while the upper base was hit by an impact
hammer and inspected by an eddy current probe, as it will be illustrated in Figure 6.

The following specifications were considered:

• the final results should be comparable with those obtained in [37] with AlSi10Mg;

• elementary cell size and fill ratio should be in accordance with printability limitations and process-related con-
straints that were pointed out in literature, especially by Mazur et al.[16];

• all the specimens should have a similar bending (static) compliance when they are clamped in cantilever config-
uration;

• the first resonance frequency of each specimen should be lower than about 2000 Hz in order to assure a reliable
measurement of their dynamic compliance by means of pulse testing technique;

• the multiple-cell lattice structure should have a square cross-section with an integer number of cells along each
side.
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Figure 1: Physical and numerical modeling of specimens embedding the lattice structures: linear static FEA (A); modal
FEA (B); equivalent model based on a single harmonic oscillator (C).

Table 2
Aluminum AlSi10Mg and Stainless Steel AISI 316L material properties

Property 90◦ (horizontal) 45◦ (inclined) 0◦ (vertical)
AlSi10Mg AISI 316L AlSi10Mg AISI 316L AlSi10Mg AISI 316L

Yield Strength Rp,02 [N/mm] 211 ± 4 374 ± 5 215 ± 3 385 ± 6 205 ± 3 330 ± 8
Tensile Strength Rm [N/mm

2] 329 ± 4 650 ± 4 346 ± 3 640 ± 3 344 ± 2 529 ± 2
Max. elongation ΔL∕L [%] 9 ± 1% ≥ 15% 7 ± 1% ≥ 15% 6 ± 1% ≥ 15%
Young’s Modulus E [N/mm2] 75 ⋅ 103 200 ⋅ 103 75 ⋅ 103 200 ⋅ 103 75 ⋅ 103 200 ⋅ 103

Accordingly, the FBCCZ elementary cell topology was assumed in order to optimize the stiffness-to-weight ratio
by concurrently assuring SLM printability. Then, the sizing phase was carried out iteratively by performing linear
structural FEA by means of SolidWorks Simulation module.

It is worth recalling that material properties of SLM-manufactured alloys may depend on the build direction and on
the process parameters. Here the data provided by the powder manufacturer were used for the FEA material (reported
in Table 2), since they were found in good accordance with other mechanical tests performed by the authors on 3D
printed dog-bone specimens obtained under the same process conditions.

In order to simulate the clamping conditions of the vice, two opposite faces of the lower base were fixed with an
ideal, perfect constraint. A unitary distributed load (F = 1 N) was applied on a small surface located at the edge of the
specimens upper base, and the corresponding average displacement u was obtained from the numerical calculations in
order to derive the static compliance, as follows

G =
1
k
=

u
F

[�m
N

]
(1)

which is also the reciprocal of the static stiffness k [N/�m], see Figure 1(A). Similarly, basic FE modal analysis was
carried out in order to estimate the first natural frequency under the same clamping conditions, see Figure 1(B). In all
cases, a mesh composed of tetrahedral elements was selected by performing a mesh convergence analysis. Mesh size
refinement was automatically applied for small size features (e.g. the lattice struts) or where major stress variations
were expected. At the end of the numerical, iterative phase the selected cell size levels were 2 and 4 mm, while
the selected fill ratio levels were 0.200 and 0.275, see Table 3. The theoretical stiffness variation with respect to the
reference specimen did not exceed ±15% in all cases.

A full density square cross-section sample was also designed and taken as a reference for the final comparison (see
Table 3 - sample E).

For the characterization of the global damping properties of the different specimens a model based on a single
harmonic oscillator was assumed, as follows

W (j!) =
1

m (j!)2 + c (j!) + k
=

G
(

j!
!n,1

)2
+ 2�

(
j!
!n,1

)
+ 1

(2)
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Table 3
First Design of Experiments

Name A B C D E
Cell type FBCCZ FBCCZ FBCCZ FBCCZ Full cross section
Cell size [mm] 4 4 2 2 12x12x60
Strut diameter [mm] 0.8 1.1 0.4 0.55 -
Fill ratio [ ] 0.200 0.275 0.2 0.275 -
Cells along X & Y 5 4 10 8 -
Cells number along Z 15 15 30 30 -
Total number of cells 375 240 3000 1920 -

Frontal view of lattice

where m, c and k are the modal mass, damping and stiffness coefficients respectively while G is the static compliance,
!n,1 is the natural pulsation, and � is the damping ratio.

In order to normalize the measured damping with respect to the obtained static stiffness, a simplified Rayleigh
model [38] was assumed, as follows:

c ≅ �k
[Ns
m

]
(3)

where the dependence on the modal mass that is typically present in the Rayleigh model was suppressed. Thus, the
final comparison will be carried out in terms of the � coefficient that was determined as follows

� =
c
k
= c G =

2�
!n,1

[s] (4)

2.2. Manufacturing through SLM
The CAD phase was carried out by using SolidWorks. Due to the fine details of the multiple-cell lattice structure,

appropriate STL discretization parameters were selected in order to achieve an accurate STL model. Then, the STL
models were further fixed, positioned and sliced by using Materialize Magics software.

A Concept Laser M2 Cusing was applied for the SLM production phase. The specimens were produced under an
inert atmosphere of Argon to minimize oxidation phenomena. The inert gas inside the building chamber is extracted
through a special vent. Accumulation of slag in the areas close to the vent is very likely, which may further cause
inclusions and poor surface finish. Therefore, the specimens were placed on the opposite side of the platform with
respect to the vent.

The samples were vertically aligned to exploit the self-supporting features of the FBCCZ topology and limit the
residual stressed induced by the SLM process by minimizing the layers cross-sections. As a consequence, additional
supports were only required under the lower base for an easy removal of the specimens by means of band-saw cutting.

In addition, they were oriented at 45◦ with respect to the coater blade, to obtain a progressive and uniform powder
deposition.

Three replicates of each type of specimen made of AISI 316L were produced on three different building platforms,
while only two replicates were produced when considering AlSi10Mg in the previous work [37]. Different random
distributions of specimens were also adopted, in order to avoid systematic effects on the microstructure and on the
mechanical properties. An example of specimens placement on the build platform is shown in Figure 2.

Chemical composition and particle-size distribution (PSD) of gas-atomized AlSi10Mg and AISI 316L powders are
reported in Table 4. The adopted process parameters are listed in Table 5. The islands exposure strategy was selected
in order to reduce thermal strains as much as possible. After the 3D printing process a stress relieving heat treatment
was performed as prescribed by the powder manufacturer, as described in Table 6.

The first replicates of AlSi10Mg and AISI 316L specimens after separation from the build platform are visible in
Figure 3.

F. Scalzo et al.: Preprint submitted to Elsevier Page 5 of 18



Experimental study on the high-damping properties of metallic structures obtained from SLM

Table 4
Chemical composition and particle-size distribution (PSD) of gas-atomized AlSi10Mg and AISI 316L powders

Material Data

AlSi10Mg
Chem. comp.

9.9%Si, 0.34%Mg, 0.12%O, 0.007%C,
0.006%Ti, balance Al

PSD
d10 d50 d90
10.1�m 27.5�m 45.7�m

AISI 316L
Chem. comp.

17.7%Cr, 12.9%Ni, 2.39%Mo, 1.31%Mn,
0.66%Si, 0.016%C, balance Fe

PSD
d10 d50 d90
19.8�m 29.9�m 45.1�m

Table 5
SLM process parameters

Material Power [W] Scan speed [mm/s] Spot diam. [�m] Layer thick. [�m] Tracks overlap [%]
AlSi10Mg 200 650 120 25 30
AISI 316L 180 600 120 25 30

Table 6
Stress relieving annealing heat treatment

Material
Heat-up Maintain Cool-down

Time [h] Temp [◦C] Time [h] Temp [◦C] Time [h] Temp [◦C]
AlSi10Mg 1 240 6 240 q.s. ambient
AISI 316L 3 550 6 550 q.s. ambient

Figure 2: SLM-manufactured AlSi10Mg (left) and AISI 316L (right) specimens.
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Figure 3: SLM-manufactured AlSi10Mg and AISI 316L specimens.

2.3. Lattice structure quality and dimensional accuracy
An an optical digital microscope was used to inspect the quality of the lattice structures, that can be noticed in

Figure 4. The dispersion due to process variability is clearly visible in the different replicates.
According to the dimensional measurements reported in Figure 5, struts diameters were larger than expected. The

dimensional error was moderate for vertical struts, i.e. within ±0.15mm. On the contrary, it was considerably larger for
inclined struts, that were particularly affected by the staircase effect and by the undesired adhesion of partially unmelted
powders. These phenomena are responsible for a significant cell porosity reduction, that is particularly manifest for
specimens type D that are characterized by a smaller cell size and by a larger fill ratio.

From the statistical analysis of dimensional errors (see boxplots illustrated in Figure 5), cell size and fill ratio have
no significant effect on the dimensional error.

Only the lattice material has a direct and significant effect on dimensional accuracy: struts made of stainless steel
were considerably larger than those made of aluminum alloy, probably because of a better choice of process parameters
in the last case.

However no macroscopic deformations, cracks or failures were detected, thus confirming the satisfactory printabil-
ity of vertically aligned FBCCZ lattice structures.

Figure 4: Detail views of the 3D printed lattice structures.
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Figure 5: Dimensional errors affecting vertical and inclined beams/struts composing the produced lattice structures versus
the design factors.

2.4. Dynamic identification
Experimental modal analysis was performed to identify the dynamic response of the specimens. For this purpose,

each specimen was clamped by means of a vise on the rotary table of Haas VF-2TR CNC milling machine, see Figure 6
A.

The free tip of the specimen was hit by using an impact hammer Dytran type 5800B4 (sensitivity 2.41 mV/N),
connected to a Kistler amplifier type 5134B. The resulting vibrations were measured by an eddy current probe Micro-
Epsilon type ES1 (range about ±0.5 mm) connected to an eddy NCDT3010-M controller. A triaxial accelerometer
Kistler type 8763B (sensitivity 50 mV/g), positioned on the vice near the specimen, was also used to verify that the
dynamic compliance of the vice was negligible in comparison to that of the specimen. Signal acquisition was carried
out by a National Instruments cDAQ-9178 device with NI9215 modules, which was connected via USB to a PC.
Sampling rate was set to 20 kHz. Data elaboration was executed in the MathWorks MATLAB environment.

Figure 6: Identification of the global dynamic behavior of the lattice structures: experimental setup for pulse testing (A)
and modal parameters extraction from the Empirical Transfer Function Estimate (B).
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Table 7
Average values of modal parameters obtained from the full density reference specimens of type E.

Modal parameters AlSi10Mg(E) AISI316L(E)
Avg. compliance

[
�m∕N

]
1.83 0.97

Avg. first res. freq. [Hz] 588 539
Avg. damping ratio [10−3] 0.51 2.90
Avg. modal damping [Ns/m] 0.152 1.781
Avg. Rayleigh coeff. [�s] 0.277 1.72

Figure 7: Modal analysis results obtained on lattice specimens from the first experimental campaign.
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The empirical transfer function estimate was then analyzed to extract the modal parameters of the dynamic model
based on a single harmonic oscillator, see Figure 6(B). Specifically, static compliance was computed as the mean
amplitude in the low frequency range 100÷150 Hz, as illustrated in Figure 6(B), while the other modal parameters
were derived from the dominant resonance peak. In detail, the natural pulsation !n was easily confused with the
resonance pulsation !r , while the damping ratio was estimated through the simple formula

� ≅
G

2 |||
W

(
j!r

)|||

[ ] (5)

which is valid for relatively small values of the damping ratio.
All the data obtained from modal analysis are illustrated in Figure 7. For each material the results of modal analysis

were normalized by using the average values obtained from the full density reference specimens of type E reported in
Table 7.

For both materials, the static compliances of the reference specimens (type E) are in good agreement with the
preliminary FEM calculations. The specimens incorporating the lattice structures are on average 20% stiffer in case
of stainless steel and 40% stiffer in case of aluminum as shown in the top of Figure 7. The reason is the larger strut
diameters produced by the SLM process with respect to their nominal values, as proved in the previous subsection. As
a consequence, the first resonance frequencies of lattice specimens are higher than expected.

Damping ratio � , modal damping c and Rayleigh coefficient � = c∕k – all expressed in normalized and logarithmic
form – are also compared in the same Figure.

For both materials, the specimens embedding the lattice structures have significantly higher damping properties
with respect to the full density reference specimens. The main effect of cell size is significant only in the case of
aluminum. The main effect of fill ratio is not significant neither for aluminum nor for stainless steel. In case of
aluminum the combination of a small cell size with a small fill ratio (type C) is significantly higher than the other
lattice types, as pointed out in [37]. This result is partially confirmed by lattice structures made of stainless steel,
although the level of significance with respect to the other lattice types is lower in this case. In short, the type C lattice
is the most recommended candidate for an effective damping of mechanical vibrations for both aluminum alloy and
stainless steel.

3. Development and validation of a global Rayleigh damping model

3.1. Lattice structure and specimen design
The experimental results of the first phase confirmed the enhanced damping properties of the lattice structures with

respect to the full density reference specimens, even when considering the normalized � coefficient of the simplified
Rayleigh model. On average, elementary cells having a minimum cell size of 2 mm proved to be more effective for
attenuating mechanical vibrations.

Afterwards, a second design of experiments was carried out in order to assess the influence of the multiple-cell
macroscopic geometry on the overall dynamic behavior.

FBCCZ unit cell topology was selected. Beams diameter and unit cell size were equivalent to those of A and C
samples described before. By so doing it was possible to deepen the knowledge about the most promising type C lattice
structure and to assess the influence of cell size on the global dynamic behavior, for a fixed fill ratio.

The same AISI 316L stainless steel of the first experimental campaign was chosen.
Specimens were designed with an upper base useful for the application of external loads and a lower base to ensure

a solid grip with the vice. The size of the two bases was chosen in order to reduce printing time, while the central part
of the beam-like specimen integrates the lattice structure. Also in this case the first natural frequency had to be lower
than about 2500 Hz to allow a reliable modal analysis. Thus, factors levels were chosen by evaluating the results of
FE simulations.

First of all, the diameters of the inclined beams composing each elementary cell were increased of 0.2 mm to take
into account the systematic dimensional errors highlighted by the first experimental campaign.

It is important to notice that the most accurate numerical results can be obtained by discretizing the lattice structure
with tetrahedral and hexahedral solid elements (Ansys SOLID186). This would require huge computational resources
and a long elaboration time. In order to complete the design phase in a reasonable time, a first attempt was made
by adopting a mixed mesh with ANSYS Mechanical. Specifically, circular cross-section Timoshenko beam elements

F. Scalzo et al.: Preprint submitted to Elsevier Page 10 of 18



Experimental study on the high-damping properties of metallic structures obtained from SLM

Table 8
Second Design of Experiments.

Factors
Levels
-1 0 1

Length (X-axis) [mm] 12 20 28
Width (Y-axis) [mm] 12 20 28
Height (Z-axis) [mm] 48 60 72
Cell size [mm] 2 / 4

(BEAM189) were chosen for representing the lattice beams that were coupled at joints’ centres. This considerably
reduced the total number of nodes. Nevertheless, such solution was far less accurate than that obtained by only using
solid elements, because simple Timoshenko beams having a uniform beam diameter do not correctly represent the
joint regions. As a consequence, the static compliances as well as the first natural frequencies predicted by FEA were
affected by a large estimation error of ±25%.

In the last decade some effective strategies have been proposed for improving the computational efficiency of FE
models of lattice structures [39, 40, 41]. Here an advanced mixed mesh strategy was applied, that was strongly based
on the work of Guo et al. [41].

1. A sphere incorporating the joint region was determined from the geometric procedure proposed by such authors.
2. Each Timoshenko beam was split into three parts: a central part and two parts located at beam joints. The lenght

of each joint beam element was set equal to the radius of the sphere determined before. After trial and error,
the diameter of the joint beam elements was increased of +40% in order to better represent the effective joint
stiffness. By so doing, lattice stiffness errors were compensated.

3. The mass density of the resulting lattice mesh composed of non-uniform Timoshenko beams was modified such
that the total lattice mass was equal to the true value, that was already correct when adopting the solid mesh.
Mass overestimation was due to the mass of the joint elements that are partially overlapped when approaching
the joint center. By so doing, lattice natural frequency errors were compensated.

The main differences between solid mesh, simple mixed mesh and advanced mixed mesh can be seen in Figure 8.

Figure 8: Detail view of tetrahedral mesh (A), Timoshenko beam mesh (B) and expanded view of the beam mesh
highlighting joint diameter oversizing based on [41] (C).

Here the main factors of the design of experiments were the lattice cell size and the three sizes Lx, Ly and Lz
of the lattice parallelepiped of each specimen. The factor levels summarized in Table 8 were selected by considering
the results of some preliminary numerical simulations. Thus, a 2 × 3 × 3 × 3 = 54 full factorial design was planned.
Cross-sections of the chosen lattice structures are illustrated in Figure 9. Lattice structures type A and C were included
as central points of the design, that is therefore an extension of the former. However, only 36 different specimens
needed to be actually produced, since half of them could be measured twice by simply changing their orientation in
the XY plane.
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Figure 9: Cross-section views of the lattice specimens investigated during the second experimental campaign.

3.2. SLM manufacturing
Tools and equipment for preparing the print job were the same used for the production of the specimens of the first

experimental campaign.
The 36 specimens were produced on three different platforms, by grouping them with respect to their total height,

i.e. with respect to the Lz factor. By so doing, the same process conditions were maintained for all cross-sections
of each lattice structure, in order to avoid any effect on the local mechanical properties that may depend on different
thermal histories. As done before, specimens were randomly positioned on the platform and oriented at 45◦ with
respect to the coater blade. On average each printing job required 6 days, for a total of 18 days. Then, all specimens
were subjected to stress relieving heat treatment (see Table 6). The obtained specimens having Lz = 48 mm, Lz = 60
mm and Lz = 72 mm are visible in Figure 10(A), (B) and (C) respectively.

The optical microscope confirmed the good quality and dimensional accuracy of the obtained parts, in accordance
with the dimensional results presented in the previous section.

A set of reference, full density specimens were designed and produced a posteriori, i.e. after measuring the as-built
lattice specimens, in order to further assess the superior damping properties of the lattice structures.

Figure 10: Specimens that were 3D printed for the second experimental campaign.

3.3. Dynamic characterization
Dynamic identification was accomplished by means of pulse testing by using the same experimental setup and

procedures that were adopted for the first experimental campaign (Figure 6).
The results of experimental modal analysis confirmed that the bending behaviour of all the specimens in cantilever

configuration was dominated by a single harmonic oscillator. Accordingly, the measured Empirical Transfer Function
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Estimates (ETFEs) could be approximated by an equivalent single harmonic oscillator, that was univocally determined
by its modal mass, stiffness and damping. Hence, all damping properties could be derived from measurements.

However, in the present case it was not possible to adopt the same simplified mass-spring-damper system for all
the specimens, because their shape – hence their modal parameters – varied considerably within this second design.

In order to take into account the real geometry of each specimen and its dynamic interaction with the clamping
fixture, a complex FE model was required. In detail, FE simulations were carried out by also taking into account
the vice deformability. The advanced mixed mesh composed of Timoshenko non-uniform beams for representing the
lattice structure and solid elements for all the rest was implemented, as illustrated in Figure 11. A special ANSYS
APDL routine was also developed for launching the iterative steps and the repeated calculations automatically. By so
doing, the model complexity and the total elaboration time were considerably reduced.

Figure 11: FE model of fixture-specimen assembly: tetrahedral mesh (A) compared to mixed mesh (tet-hex-beam)
exploiting Timoshenko beam elements for specimen lattice section (B). Timoshenko beams with a larger diameter are
adopted at beams connections, as illustrated in the enlarged view on the right.

Thus, the following general dynamic model was represented through the FE approach

Mü + Cu̇ +Ku = F (6)

where M, C and K are the global mass, damping and stiffness matrixes, u and F are the generalized displacement and
force vectors at nodes locations, respectively. Similarly to the one-dimensional approach adopted for the analysis of
the first design, here the simplified Rayleigh damping model [38] was adopted through the approximation

C ≈ �K (7)

For a given � value ANSYS was applied to compute the resulting ETFE by simulating both the active force of the
impact hammer and the corresponding vibration at the specimen free end. As expected, the obtained ETFE derived
from FEA was dominated by a single harmonic oscillator. By a proper calibration of the � coefficient, it was possible
to match the experimental and numerical values of the damping ratio corresponding to the dominant vibration mode.
In short, from the comparison between the experimental and numerical ETFEs it was determined:

• the experimental static compliance Gepx at specimen free end and its numerical prediction GFEM [�m/N];

• the experimental first natural frequency fn1,exp and its numerical prediction fn1,FEM [Hz];

• the � coefficient of the Rayleigh model by requiring the equivalence between the measured and the predicted
damping ratios, i.e. �exp ≅ �FEM.
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The relative errors between the numerical and experimental static compliances and natural frequencies were defined
as follows

EG =
GFEA − Gexp

Gexp
[%] ; Efn,1

=
fn1,FEA − fn1,exp

fn1,exp
[%] (8)

In most cases the observed relative errors are smaller than ±15%, see Figure 12. This satisfactory accuracy was
achieved only by including the vice into the simulation. On the contrary, by assuming a perfectly rigid constraint at
the specimen lower base the numerical predictions were much more inaccurate (relative error ±30%).

Figure 12: Relative errors between FEA numerical predictions and experimental values.

The main effects of the considered factors on the measured modal parameters can be observed in Figure 13. As
expected, the static compliance and the first natural frequency depend on the considered factors, in good accordance
with the FE model predictions.

Data analysis confirmed that lattice structures have significantly higher damping properties with respect to full
density reference specimens.

All damping properties do not significantly depend on the size of the lattice elementary cell, thus rectifying the
results obtained from the first campaign. However, they significantly vary when the sizes of the lattice region are
varied. It is worth recalling that the variation of damping ratio � and modal damping c could be the consequence of
modal mass and modal stiffness variations that were not constant among different specimens. On the contrary, the
� coefficient should be scale-independent since it represents the scale-independent connection between damping and
stiffness properties of the lattice region, as assumed in Equation 7.

An ideal Rayleigh model (without the mass-dependent term) would imply that the proportionality constant � was
a scale independent constant. Since damping phenomena are generally stochastic, such constant may be approximated
by a lognormally distributed random variable. Unfortunately here some additional scale-dependent trends of � are
visible in Figure 13.

In order to better interpret such dependencies let us first notice that the order of magnitude of the � coefficient for
the full density reference samples made of stainless steel was

�̄E ≈ 1�s (9)
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Figure 13: Modal analysis results obtained from the second experimental campaign.

as it was also confirmed by measuring the additional full density specimens that were 3D printed at the end of this
second design.

Therefore, it is reasonable to normalize the � values obtained here by means of such quantity, by introducing

�′ =
�exp

�̄E
(10)

The behavior of this coefficient can be expressed as follows
(
log �′

)
≅ f0

(
Lx0, Ly0, Lz0

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
scale-indep. term

+ f1
(
ΔLx,ΔLy,ΔLz

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
scale-dep. emp. correction

+ "
⏟⏟⏟

random term

(11)

where f0 is the mean value of log �′ with respect to the considered points, f1 describes a scale-dependent correction
that was not already incorporated into Equation 7 while " is a further (normally distributed) random term representing
the true stochastic nature of log �′.

In the current case the analysis of variance highlighted that (log �′) does significantly depend on Lx, Ly, Lz and
on the two-way interactions (Lx,Ly), (Lx,Lz). The following model was obtained by performing the stepwise linear
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regression in the logarithmic scale
(
log �′

)
≅ −0.92 − 4.34 logLx + 0.5 logLx logLy + 0.85 logLx logLz (12)

where all the sizes Lx, Ly and Lz are given in [mm]. This model can explain the variability of (log �′) around its
average value with a squared linear correlation R2 = 0.74.

Accordingly, the sum of squares of the observed values – without removing the average term – yields

SSlog �′ =
N∑

i=1

(
log �′

)2
i ≅ Nf 2

0
⏟⏟⏟

53%

+ N�2f1
⏟⏟⏟

34%

+ N�2"
⏟⏟⏟

12%

(13)

where �2f1
is the variance associated to the f1 term while �2" is the variance associated to the random term ". This means

that the constant, scale-independent term f0 may approximately explain the order of magnitude of �′. However, the
scale-dependent correction f1 would be required to explain the variability of such coefficient around its average value.

The main conclusion is that damping can be well approximated by a simple Rayleigh model provided that a scale
dependent correction is also included.

Possible reasons that may explain the need of a scale-dependent correction are the friction with the air, the unknown
contact-clamping conditions between specimen and vice, the dynamic coupling with the vice and variations of local
or global mechanical properties that are induced by the printing process (e.g. the aggregation of partially unmelted
powder or the presence of defects is higher within larger specimens).

4. Conclusions
Literature review highlighted the lack of exhaustive experimental studies evaluating the dynamic behavior SLM-

manufactured lattice structures in the medium-high frequency range.
In the first experimental design, the damping properties of lattice structures made of AISI 316L stainless steel

obtained from the SLM process were investigated and compared to those of AlSi10Mg.
Printing accuracy was sufficient but lower than expected due to the undesired aggregation of partially unmelted

powders, to the laser penetration through the previous layers and to the staircase effect that caused larger diameters of
the inclined struts.

In a previous work the AlSi10Mg lattice of type C (small cell size of 2 mm and small fill ratio equal to 0.2) was
characterized by a significantly higher damping in comparison with the reference, full density bulk material having
approximately the same static compliance (�∕�0 ≈ 3). In addition, type C lattice had a better performance than type
A and B having a larger cell size (4 mm).

In this work the significantly higher damping properties of lattice structures with respect to full density specimens
were also confirmed for AISI 316L (for type C: �∕�0 ≈ 2) but no significant differences with respect to the other lattice
types were observed in terms of � - though on average type C was better than the other types.

Afterwards, the adequacy of a global, scale-independent Rayleigh model for describing the observed damping
properties of the lattice structures was evaluated by means of a dedicated experimental design. With this aim many
specimens having different sizes were produced and tested.

In order to calibrate this second design and to obtain the final results a special FE procedure was developed. The vice
had to be included into the simulation in order to achieve a satisfactory accuracy (relative error within ±15%) in terms
of static compliance and first natural frequency prediction. An advanced mixed mesh comprising Timoshenko beams
with non-uniform diameters and solid finite elements was also necessary to drastically reduce the total elaboration
time.

According to the obtained results, the damping behavior of the lattice stuctures can be approximately described by
a simplified Rayleigh model based on single � coefficient. This should be expressed as the sum of a scale-independent
constant term plus a scale-dependent correction and a random term. The first may explain the 54% of the observed
behavior, the second the 34% and the third the residual 12%. The reasons for the need of a scale-dependent correction
are still not clear and deserve clarification in future research works. However, the proposed Rayleigh approach may
provide a first, approximated description of the observed lattice damping properties.

F. Scalzo et al.: Preprint submitted to Elsevier Page 16 of 18



Experimental study on the high-damping properties of metallic structures obtained from SLM

It would be of further interest to continue the research in this field in the perspective of developing new lattice
structures with enhanced damping properties, that may be successfully exploited for advanced engineering applica-
tions.
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