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Titanium alloys such as Ti6Al4V is amongst the most widely studied metallic materials in the broad context of
metal 3D printing. Although the mechanical performances are well understood, the acoustic performance of 3D
printed Ti6Al4V, and Ti6Al4V ELI (Extra Low Interstitial) has received limited attention in the literature. As such,
this study investigates the normal incidence sound absorption coefficient (@) and Sound Transmission Loss (STL)
of both Ti6Al4V and Ti6Al4V ELI samples manufactured using Selective Laser Melting (SLM). The influence of
material thickness on acoustic responses and the potential of developing Ti6Al4V micro-perforated panels (MPP)

at 400-1600 Hz is also explored. The sound absorption of three aesthetic perforations printed using Ti6Al4V and
the influence of a porous back layer was also investigated. The experimental measurements were carried out
using an impedance tube following ISO10534-2. The result of the study establishes that 3D printed non-circular
perforations featuring porous back-layer can exhibit improved sound absorption coefficient.

1. Introduction

Structures featuring high mechanical properties, energy absorption
and acoustic performance are of interest to numerous sectors such as
automotive, aerospace and the built environment [1-3]. Automotive
floor panels [4] and aerospace bulkheads [5,6] are examples of me-
chanical structures where the secondary function extends to
vibro-acoustic isolation [7,8]. Metallic foams [9] have gained popularity
as a potential contender in this aspect due to their sound absorption
coefficient. However, metallic foams still cannot match the structural
performance of their bulk counterparts. As such, there is a requirement
for alternative sound absorbers that feature good acoustic properties
while offering excellent structural integrity.

Maa [10,11] proposed a design based sound-absorbing technology
called Micro-Perforated Panel (MPP) that may be modified to suit these
situations. The MPPs originally put forwarded by Maa used minute holes
of radius r over a panel of thickness d at a perforation ratio ¢ resulting in
an acoustic impedance Z. If the acoustic impedance of the panel (Z) can
be matched to the air impedance (Z,), then the MPP can provide sig-
nificant sound absorption coefficient (@) [12,13]. However, doing this
requires an imaginary impedance that counteracts the reactive part of Z,
which can be introduced by an air cavity of depth L. The result of the
coupled structure is a single-layer MPP whose performance depends on

the variables r, d, ¢ and L.

Building on Maa’s model, Kang and Fuchs [14] later introduced the
influence of plate vibrations. Various other designs such as multiple
panels were also experimented with to improve the sound transmission
loss (STL) [15,16]. Notable modifications include the one proposed by
Cobo et al. [17-19] where MPPs were used in conjunction with active
control to form hybrid systems resulting in wideband a. Generally, a
broadband (100-3150 Hz) high a« MPP require thousands of microscopic
perforations per square metre where the fabrication becomes chal-
lenging. This has led to several studies [20-22] focusing on strategies for
reducing the manufacturing costs of MPPs leading to the introduction of
slits known as micro-slotted panels (MSPs) [23-25]. Combining tradi-
tional MPPs with micrometric mesh resulting in a micro-perforated
insertion unit (MIU) [26] are other notable modifications. MIUs offer
the advantage of the carrying plate which can be machined and
micrometric meshes can be introduced as separate elements which help
to reduce the cost [27].

Honeycomb sandwich back-cavity MPP by Meng et al. [28] and the
parallel-arranged sub-cavity by Min and Guo [29] are other potential
directions. These approaches show that the design of the back cavity can
influence peak absorption frequency which was also confirmed by Miasa
et al. [30] through extensive studies on partitioned MPPs. This study
also showed that varying the perforation dimensions widens the

* Corresponding author. School of Engineering, Faculty of Science and Engineering, University of Wolverhampton, Telford Innovation Campus, Telford, TF2 9NT,

UK.
E-mail address: a.arjunan@wlv.ac.uk (A. Arjunan).

https://doi.org/10.1016/j.rineng.2021.100252

Received 26 June 2021; Received in revised form 16 July 2021; Accepted 17 July 2021

Available online 21 July 2021

2590-1230/© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:a.arjunan@wlv.ac.uk
www.sciencedirect.com/science/journal/25901230
https://www.sciencedirect.com/journal/results-in-engineering
https://doi.org/10.1016/j.rineng.2021.100252
https://doi.org/10.1016/j.rineng.2021.100252
https://doi.org/10.1016/j.rineng.2021.100252
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rineng.2021.100252&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Arjunan et al.

absorption frequency bands compared to traditional MPPs. While the
literature discussed thus far utilises impedance models and methods to
study the acoustic performance of various MPP systems [31-34], no
studies have been devoted to the acoustic performance of alternatively
shaped perforations (non-circular) on metal MPPs. One of the primary
reasons for this is the difficulty in manufacturing such microporous ar-
chitecture at a low cost. This meant that aesthetic perforations cannot be
translated to acoustic advantage simply because design data is unavai-
lable. Furthermore, neither @ nor STL of additively manufactured Tita-
nium alloys is available in the literature. Moreover, the application of a
porous back-layer on metal MPPs is another dimension of investigation
that offers the potential to develop a structurally strong and compact
acoustic system suitable for practical application.

The rise of 3D printing techniques such as selective laser melting
(SLM) [35,36] can create complex perforations that are geometrically
accurate and repeatable [37-39]. Although outside of MPP, Zhang et al.
[40] developed continuously graded ‘phononic’ crystals using SLM and
showed a broadband noise reduction potential at 1.35-3 kHz. The po-
tential for carefully controlled geometrical architecture was also by Gao
and Hou [41] in addition to Aslan and Turan [42] in achieving enhanced
acoustic performance. In general, the geometrical freedom offered by 3D
printing is accelerating the developments in design-based materials
[43-45]. The rise in metamaterials targeted towards acoustic [46,47],
energy harvesting [48] and auxetic [49,50] performance are all exam-
ples of the effectiveness of additive manufacturing in conceiving intri-
cate geometric architecture.

Overall, there are various directions in which the research commu-
nity is expediting design-based acoustic solutions. Nevertheless, the
literature on @ and STL performance regarding AM metal MPPs are
scarce. In any case, studies on the acoustic behaviour of non-circular
perforations except for slits are yet to be investigated. In this regard,
this study explores the potential of developing a 3D printed Ti6Al4V
non-circular MPP system focusing on both « and STL. The fabrication is
realised by taking advantage of the SLM 3D printing process in Ti6Al4V.
Emphasis was placed on the perforation shape effective at 400-1600 Hz.

According to Maa [3], for optimum sound absorption, the ratio of
hole diameter to the thickness of the MPP should be one. This means that
for a practical MPP sound absorber the thickness of the panel will be
sub-millimetres resulting in significant structural challenges during
installation and maintenance. Furthermore, the MPP will be purely for
acoustical reasons and cannot be expected to contribute towards the
structural integrity of the overall system requiring additional
load-bearing components. As such, this research investigates structur-
ally robust MPPs that can be 3D printed in Ti6Al4V for aerospace and
motorsport applications. Building on the methodology proposed by Maa,
strategies to improve a using a porous back layer is explored so that the
thickness of the MPP can be designed to preserve the structural stability
of the overall system. Furthermore, the use of non-circular perforations
taking advantage of the design freedom offered by the 3D printing
process to exploit the hole interaction effects is also investigated [51].

2. Material and methods
2.1. Non-circular micro-perforated panels (MPPs)

Porous rigid frames are characterised by their porosity and flow re-
sistivity, which is, related to the size of the perforation and the perfo-
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ration rate [52]. Therefore, approximating an MPP as a porous frame,
the acoustic effect can be attributed to the perforation rate or porosity
(), perforation size or flow resistivity (o), perforation thickness (d) and
the mounting conditions. Even though the panel vibration also plays a
role, for most cases the stiffness can be neglected and only inertia need to
be accounted for. Depending on the design, the base material can also
affect the acoustic performance of MPPs, as a result, non-metallic ma-
terials are often used resulting in poor structural strength. In such cases,
MPPs combined with a suitable backing cavity and additional porous
layers forms an effective design [14,53].

Rather than using the traditional methodology [10,21,54], this study
presents a general methodology that can handle aesthetical perforation
using a transfer function method [52]. It is shown that the peak fre-
quency of a random shaped MPP can be characterised using an equiv-
alent fluid model following the Johnson-Allard approach. The
methodology adopted follows the work of Atalla and Sgard [52] where it
was shown that classical models for MPPs can be reobtained using the
equivalent fluid model.

For an MPP backed by an air cavity of depth L, the air in the cavity
can be considered partitioned at normal incidence. This means that the
MPP can be approximated as a collection of Helmholtz resonators
[55-58]. Here each cell represents an individual Helmholtz resonator
with an air cavity volume V4, neck length d and neck aperture area
Apers, the volume in this instance, can be linked to the back-cavity depth
L using Eqn. (1):

Apers X L
@

Veaw = (1)

However, since the acoustic wavelengths under consideration are
larger than the cavity dimensions, the normal surface impedance of the
air layer can be expressed as shown in Eqn. (2):

Zg= — jpyco cot(koL) 2

where p, = 1.225 kg/m® is the density of air, co = 343 m/s is the sonic
velocity and ko = w/cy is the wavenumber. Accordingly, the total input
impedance of the perforated-air layer combination can be written as
shown in Eqn. (3):

2d e\ Ry 1 . .
Zy= <7+47> ; +; (2e, +d)jwp, — jpyco cot(koL) 3

It can be seen that Ingard [59] in calculating the resistive part of the
impedance in the perforation assumed a different correction length than
the one used for the inertial part. This can be associated with the
assumption that the distorted flow area may span half a sphere of radius
r centred at the surface of the perforation. It is well known that for such a
resonance-based system the highest @ corresponds to the frequency of
maximum resonance, which in this case occurs at zero reactance.
Therefore, following Atalla and Sgard [52], the first mode of resonance
at low frequency can be written as shown in Eqn. (4):

co’p
=2 4
Y=\ e, 1 dL )
Equating Eqn. (4) with Eqn. (1), the resonant frequency (@) can be
expressed in terms of the perforation area (A,qs) as shown in Eqn. (5):
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Fig. 1. Design variants considered for a 1 mm Ti6Al4V MPP showing identifiers for solid (T1), maze (M1), hexagonal (H1) and star (S1) design.
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Fig. 2. Test cases considered where (a) MPP backed by 44 mm air cavity, (b) MPP backed by 25 mm foam and 19 mm air cavity and (c) MPP holder and test

assembly used.

_ | co’Aper
=\ e, + d) Vi )

where Apr/Veq represents the ratio of the perforation area to the cor-
responding volume of the backing cavity and e, ~ (1 —1.14,/p ) is the
correction term accounting for the interaction between the perforation.
d is the perforation thickness and ¢y = 343 m/s is the sonic velocity.
Furthermore, &y can be related to A,y assuming the radiation reactance
of a circular plane piston baffled in an infinite wall as shown in Eqn. (6):

A erf
o~ E [Cperf. 6)
3n T

This shows that the resonance frequency of the corresponding MPP
based on the equivalent fluid model can be classified using the perfo-
ration area, which is the design strategy considered. Accordingly,
keeping the Apy ~ 2.54 x 107®m? (equivalent area of a circle of
diameter 1.8 mm) as a constant, three different perforation shapes (M1,
H1 and S1) were designed as shown in Fig. 1. However, the ratio of the
small to large area (A;/A;) within a perforation is 0.6, 0.3 and 0.15 for
S1, M1 and H1 respectively. An additional design T1 was also conceived
and made of fully dense Ti6Al4V. This was used as the control specimen
to characterise the acoustic performance of the AM material. The
thickness (d) and diameter (D) of the panel used is 1 and 90 mm,
respectively.

For the perforated designs (M1, H1, and S1), two test cases were
considered: case 1 with (Fig. 2a) and case 2 without (Fig. 2b) a porous

Table 1
Properties of the designs and materials considered.
Design Thickness Foam Aperf Ag/A; L
(mm) placement (10-% m?) (mm)
T1 1 - - - 44
F25 25 - - - 20
S1, M1, H1 1 - 2.54 0.651, 44
0.3m1,
0.15¢7
S1F25, 1mpp+25f0am Rear 2.54 0.651, 19
M1F25, 0.3m1,
H1F25 0.1547

The flow resistivity of the perforated panel is 7312 Pa s/m? and foam is 10,900
Pas/m.2.
The tortuosity of the foam is 1.

foam backing. To minimise air gaps and to ensure repeatability, the
assemblies are made inside a holder as shown in Fig. 2c. The thickness of
foam (f;) used was 25 mm. A summary of the properties and the test
designs are listed in Table 1.

2.2. 3D printing
All the MPPs were 3D printed using an EOS M290 machine at 30 ym

layer thickness. This is a laser powder bed fusion (L-PBF) system
featuring a 400-W fibre laser and a build volume of 250 x 250 x 325
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Table 2

Chemical composition of the material used.
Material Al A C Fe o N H Ti
Ti6Al4V ELL 5.5-6.5 3.5-4.5 <0.08 <0.25 <0.13 <0.05 <0.012 Bal.
Ti6Al4V 5.5-6.7 3.5-4.5 - - - - - Bal.

mm. Atomised Ti6Al4V and Ti6Al4V ELI with a bulk density of 4430 kg/
m® were used as the powder bed feedstock. Extra-low interstitials refer
to the reduced levels of oxygen, nitrogen, carbon, and iron present in the
composition. Although both Ti6Al4V and the ELI variant offers high
strength, low weight ratio and outstanding corrosion resistance. The
lower interstitials result in improved ductility and better fracture
toughness which makes them desirable for a range of applications [60,
61]. Ti6Al4V ELI is stabilised as a mixture of BCC () and HCP (a) phases
resulting in Yield strength ranging from 930 to 795 MPa [62,63].

The feedstock featured a 10-45 pm particle size at a D50 of 27 pm.
Titanium alloy was used due to its high stiffness, strength and low
weight making it suitable for aerospace and motorsport applications.
The composition of the material is summarised in Table 2. The selective
laser melting was carried out at a laser power of 175 W at a scan speed of
1250 mm/s resulting in a fully dense print. All samples were built flat on
the base plate using solid support structures which were removed using
wire EDM. The printed samples were cleaned using compressed air, grit
blasted and heat-treated in argon for 3 h at 650 °C.

2.3. Acoustic testing

2.3.1. Sound absorption coefficient (@)

The sound absorption coefficient (¢) was measured using the
impedance tube setup following ISO10534-2 [64] at a relative humidity
and temperature of 64 % and 20 °C respectively. The acoustic source was
an in-tube generator externally connected to a frequency controller. The
sound pressure level (SPL) generated within the impedance tube
post-excitation was recorded via high sensitivity microphones. The first
(m;) and second (my) microphones were placed at 150 mm and 230 mm
from the test specimen. Based on the acoustic pressure levels p; and p,
from microphones m; and mj respectively, the transfer function H; and
normal incident sound reflection factor r was computed using Egs. (7)
and (8):

Hyp=— @)

e ks
H12 e ezﬂm
¢r —Hp

r=r,+jri = ®
where P; and P, are the transformed pressure level from p; and p,. The
parameters r, and r; represents the ‘real’ and ‘imaginary’ parts of the
acoustic reflection. The distance between the two microphones is s and
x; is the length from the sample to my. Furthermore, k = 2zf/ ¢, ata
sonic velocity of ¢ and frequency f. As such a of the samples being tested
can be calculated using Eq. (9):

a=1-r] )

For repeatable measurements, an airtight mount and rubber sealant

Fig. 3. 3D printed titanium MPP mounted in the impedance tube.

St
S

Lk 10)

ring was used to fit the specimen to ensure no sound leakage as shown in
Fig. 3. These elements were kept constants for all samples to not influ-
ence the acoustic measurements. Each sample was analysed at 1/3rd
octaves at k = 1/3 where the step size was represented using Eq. (10):

2.3.2. Sound transmission loss (STL)

STL was characterised using a 4-microphone rig that was arranged as
shown in Fig. 4. The arrangement featured two additional microphones
ms3 and m4 that were placed in the closed terminal. While the micro-
phones in the source chamber capture the incident acoustic pressure the
transmitted pressure was measured at the other end. As such the sound
pressure at the respective microphones were computed using Eq. 11-14:
where x3, X2, X3, and x4 are the length at which the respective micro-
phones m;, my, ms and my are placed, respectively. A and B represent the
incident and the reflected sound in the first chamber whereas C and D
refer to the transmitted and the reflected sound in the 2nd chamber as
shown in Eq. 15-18:
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Fig. 4. Test right used to characterise the STL of the 3D printed samples.
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Fig. 5. Validation of the experimental test setup showing the difference between actual and measured data for (a) sound transmission loss and (b) sound absorption.

Table 3 j(Plejkxl — Py .
Comparison of allowable measurement uncertainty against measured for sound T 2sink (x; —xp) 1s)
transmission loss.

Frequency (Hz) Measurement Uncertainty _J(P L — P (16)

Acceptable (+dB) Measured (dB) 2sink (xl - xz)

400 1.2 +0.01 j(Pyel — Py

500 1.2 -0.39 = m a7)

630 1.2 +0.04 3T

800 1.0 +0.13 ) " i

1000 1.0 +0.35 _ (g — Py 18)

1250 1.0 -0.11 2sink (x3 —x)

1600 1.0 +0.31
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Fig. 6. Normal incident sound absorption coefficient measured for (a) 1 mm Ti6Al4V and Ti6Al4V ELI unpolished flat specimens manufactured using SLM and (b)

showing the influence of material thickness.

The data was collected for two scenarios; with 2nd chamber closed
(subscript 1) and open (subscript 2) which were compiled using Eq. (19)
to solve for a:

AD, — A;D,
_ 19
“= D, — GD, a9
where A;, C1, D1 and A,, C3, D, are the pressure levels captured at the
two chambers. As such the STL matrix brings together the forward and
backward travelling components as listed in Eq. (20):

Al [a B
()1
where a and § are the pressure transmission loss coefficient of test
specimen determined from the first chamber and receiving chamber,

respectively. # and y are the acoustic impedance parameters of the
waveguide. Subsequently, the STL can be computed using Eq. (21):

STL= —20log(a) (21)
3. Results and discussion
3.1. Validation

When using impedance tube experimental setup, it is important to
calibrate and validate the setup before commencing the characterisation
of the 3D printed test samples. This is often done by measuring acoustic
data of a material where the performance from an alternate laboratory is
available for comparison. This step not only validates the test setup
compliance with 1ISO10534-2 [65] but also quantified the measurement
accuracy. A polymeric foam material with a density of 6 kg/m? at a 25
mm thickness was used as the reference material for the test rig
validation.

The acoustic qualifiers describing the sound performance of any
material is its experimentally measured « and STL. As such the reference
material was characterised for both parameters to quantify the mea-
surement uncertainty. The sound transmission is characterised in deci-
bels and the higher the value the higher is the sound insulation.
However, « is the ratio measured from 0 to 1, where 0 indicates no sound
absorption and 1 indicates complete absorption. Comparison of the
measured values with respect to reference data obtained from an inde-
pendent test at a one-third octave band is shown in Fig. 5. A comparison
of the curves as shown in Fig. 5a and b shows a good agreement between
the actual and measured data for both « and STL, respectively. As listed
in Table 3, the maximum change was 0.39 dB at 500 Hz which is well
within acceptable measurement uncertainty following BSENISO10140

0 1 1 1 1 1
400 500 630 800 1000 1250

F (Hz)

1600

Fig. 7. Influence of material thickness on the normal incident STL for Ti6A14V
manufactured using SLM.

[66].

When it comes to @, a maximum difference of 0.06 was observed,
which is a deviation of 6%. Generally, a 10 % variation in sound ab-
sorption coefficient equates to an uncertainty of 0.5 dB in the sound
power absorbed which is also within the standard measurement uncer-
tainty [67]. As such the impedance tube test rig developed in this study
is accurate and can be used for characterising the acoustic performance
of the material following relevant standards.

3.2. Sound absorption

The frequency-dependent normal incidence sound absorption coef-
ficient for 3D printed Ti6Al4V and Ti6Al4V ELI samples are shown in
Fig. 6a. Since a is a ratio of reflected to incident sound energy, a value of
‘0’ indicates complete reflection without any absorption. On the other
hand, a value of ‘1’ indicates that all the sound energy is absorbed with
no reflection. Consequently, for Ti6Al4V, an a curve representative of
non-porous hard metals can be observed from Fig. 6. The highest ab-
sorption was observed at 500 Hz namely 0.15 and 0.14 for Ti6Al4V and
Ti6Al4V ELI, respectively. This showed that approximately ~ 85-86 %
of the sound energy is reflected without penetrating the surface of the
material. While this shows both the Ti6Al4V and Ti6Al4V ELI
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manufactured using SLM are fully dense from a structural point of view,
the behaviour is acoustically poor and is similar to other dense hard
metals such as steel.

When compared the performance between Ti6Al4V and Ti6Al4V ELI,
the difference is negligible and are well within the measurement un-
certainty. This means that the extra low interstitial version acoustically
behaves like normal Ti6Al4V. Consequently, any further tests are
limited to Ti6Al4V alone as the performance can be considered similar to
Ti6Al4V ELL The relatively high absorption at low frequencies
(400-800 Hz) can be attributed to the 1 mm sample and the 44 mm air
gap. This means that at low frequencies the sample can act as a baffle
transferring the vibro-acoustic energy providing some damping. In any
case, the difference between highest and lowest a values was limited to
~ 0.13 indicating an overall poor sound absorption of as manufactured
SLM Ti6Al4V.

Fig. 6b shows the influence of material thickness on « for Ti6Al4V
samples. A slight increase in a can be observed at the low frequencies
which can be attributed to the shift in resonance frequency due to the
added mass. The highest improvement of ~ 0.05 was found at the
highest thickness of 3 mm at 630 Hz in comparison to 1 mm. While
certain differences can be observed in the a peaks between the material
thickness tested, overall sound absorption remained poor despite the
increased material thickness. Nevertheless, the results establish that the
overall accuracy of @ depends on the material thickness and the varia-
tion in magnitude is higher at 500-800 Hz in comparison to other fre-
quencies tested. Consequently, this study shows that SLM manufactured
Ti6Al4V samples under optimum process parameters are fully dense and
do not contribute significantly to sound absorption.

3.3. Sound transmission loss (STL)

While «a is an important parameter determining the acoustic perfor-
mance of the material, it is not the only one. Equally important is the
sound transmission loss, which characterises the ability of a material to
block sound. Sound-absorbing materials are generally porous and allow
sound pressure fluctuations to enter their surface and dissipate energy
through a variety of mechanisms. However, sound barrier materials
reflect sound and are dense and nonporous. In general, a single homo-
geneous material will not be both a good absorber and a barrier.

Given the increasing application of Ti6Al4V as engine mounts and

1.0
Hoe ML e &= §1
08 | -—0-—- H1 —8F—TI
06 |
® o R
0‘4 | . o e "‘*\\\\{‘:
. 4
]

400 500 630 800
F (Hz)

1000 1250 1600

(@)

Fig. 8. The sound absorption of Ti6Al4V non-circular MPP designs with a 44
mm back cavity.
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turbofans, it may be argued that the STL, in this case, is an important
parameter than a. Accordingly, Fig. 7 shows the STL measured for
Ti6Al4V samples featuring a thickness of 1, 2 and 3 mm. The results
show that fully dense Ti6Al4V is excellent at resisting sound trans-
mission and hence has a high STL. Generally, the higher the STL curve
the better the acoustic isolation. This shows that Ti6Al4V is an ideal
material to be used in noisy engines to deaden the sound.

Furthermore, the material thickness has a substantial impact on the
STL curves. The highest rate of improvement (+5 dB avg.) was observed
when the thickness was increased from 1 mm to 2 mm. Even though the
performance further increased at 3 mm, the rate of improvement was
limited to +3 dB avg. The improvement in STL due to thickness observed
can be primarily attributed to the increase in mass and can be related
using Eqn. (22):

STL, ~20log 10 (fin") — 47 (22)

where f is the frequency and m” is the mass per unit area of the flat
specimen. The mass law behaviour extends from the first resonance of
the specimen up to just below the critical frequency. At high frequencies,
the coincidence region occurs where the wavelengths in Ti6Al4V and air
are similar. Here a dip in the STL occurs at the critical frequency;
extended studies are needed to identify the extent of this dip and its
dependence on the material.

3.4. Ti6Al4V micro-perforated panel

Traditional MPPs feature either circular or slit type [23] perforations
that are distributed evenly along the panel face. The dimensions of
which dictate the peak absorption frequency. However, having estab-
lished the potential of using Ay in the equivalent fluid model to design
the MPP presented, the peak absorption was expected to occur at
~ 1000 Hz for all the three novel perforation shapes (M1, S1 and H1)
following the Helmholtz theory.

Fig. 8 shows the a observed for the three micro-perforation designs
considered. The micro-perforations have a significant impact on the
performance with absorption improving for most of the frequencies
(630-1600 Hz). However, a 10 % decrease in performance was observed
at the lowest frequency (400-630 Hz) tested. While the performance of
all the designs shows a similar trend, the best performance was exhibited
by the design S1 followed by M1 and then H1.

The shape of perforation had a significant effect on the frequency of
maximum a, only the design S1 (star-shaped perforation) corresponded
with the theoretical frequency which can be attributed to the ratio of
small to large perforation area (A;/A;). The designs S1, M1 and H1
featured a A;/A; values of 0.6, 0.3 and 0.15, respectively. Accordingly, it
can be said that to use the perforation area instead of diameter in the
equivalent fluid model, the ratio of perforations (A;/A;) has to be greater
than 0.5. For the design H1 and M1, the peak absorption was observed at
1250 Hz as opposed to the design frequency of 1000 Hz. In addition,
looking at the absorption values, the best performance was observed for
design S1 again reiterating the importance of the A;/A;. The highest
absorption despite sharing the same perforation area was observed for
the highest A;/A;.

Even though the micro-perforations can be seen to improve the ab-
sorption, the best performances (25-30 % improvement) were observed
at frequencies at or above 100 Hz. This is because of the inherent
disadvantage demonstrated by the micro-perforation in suppressing the
low-frequency noise (i.e. <1000 Hz) despite the optimal perforation area
which is well documented [58]. To solve this problem, the layer inter-
action effect is exploited by coupling a 25 mm porous media to the
highly stiff and reflective Ti6Al4V microperforated layer backed up by a
19 mm air cavity.

Fig. 9a shows the sound absorption of the 25 mm porous backed MPP
featuring a 19 mm back cavity in comparison to the best performing
Ti6Al4V MPP without a porous layer. It is clear from the results that the
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Fig. 9. The absorption coefficient observed for (a) micro-perforated Ti6Al4V panels featuring a 25 mm porous layer and (b) shows the results above the critical

frequency for clarity.

addition of a porous layer significantly increases a in comparison to all
other cases considered. The performance improvement can be primarily
attributed to the interaction effect caused due to the constitutive pa-
rameters, importantly the ratio of porosity and stiffness between the
MPP and porous medium. The contribution of the interaction effect to
is so significant that complete absorption was observed at a frequency
range of 800-1250 Hz with the overall performance following a
quadratic curve.

However, the improvement in a towards the lower frequency is
limited by the critical frequency (f,.= 500 Hz) which is the first eigen-
mode frequency of the system. The critical frequency is identical for all
F25 variants as they feature similar thicknesses. The critical frequency
here is dependent on the stiffness of the panel, which is primarily
influenced by the material thickness. Overall, the interaction effects of
the hybrid system featuring both the MPP and the porous layer out-
performs the case that of the MPP that feature only the back-cavity. The
MPP by itself feature relatively large perforation and Ti6Al4V inherently
possess high structural strength and reflectivity. The foam on the other
hand offers a high porosity though it is structurally weak. However, the
combination is acoustically effective for enhanced sound absorption
(Fig. 9b). Furthermore, the MPPs demonstrate frequency dependency,
which offers the potential for their sequential arrangement to enhance
absorption at targeted frequencies. However, this aspect requires further
experiments investigating the effect of multiple perforated panels ar-
ranged sequentially.

The manufacture of complex perforation in high strength metals such
as Ti6Al4V, which can be coupled with a porous medium to develop
high-efficiency sound absorbers in the low to medium frequency range is
demonstrated in this paper. The study further validates that the perfo-
rations can be of any shape and not necessarily circular to obtain high «
values when used with a porous layer. This allows the design to
accommodate both structural strength and aesthetics when designing
micro-perforations-based sound absorbers. Furthermore, a greater
number of applications can be envisaged, both in room acoustics and
industrial noise control.

4. Conclusion

Experimentally measured sound absorption coefficient (a) and
transmission loss (STL) for additively manufactured Ti6Al4V specimens
are presented in this study. The as-manufactured Ti6Al4V and Ti6Al4V
ELI using optimum SLM parameters do not absorb sound well and
exhibited a sound reflectivity of ~ 85-86 %. In addition, the a of
Ti6Al4V and ELI variant was found to be similar with any differences
less than the measurement uncertainty. While the influence of material

thickness on the sound absorption was found to be insignificant (limited
to 0.05,), the highest material thickness (3 mm) exhibited the highest
absorption (~ 0.18 avg.) along with the low frequencies (400-800 Hz).
When it comes to STL, fully dense Ti6Al4V showed excellent perfor-
mance with a +5 dB (avg.) increase on doubling the thickness. Never-
theless, the improvement in STL can be attributed primarily to the
increase in mass following a trend that can be expressed as
20 log 10 (fm") — 47. The result of the novel Ti6A14V MPP developed in
this study shows significant improvement in « at all frequencies above
the critical frequency (f.) of 500 Hz. The high performance can be
attributed to the interaction effect between the MPP and the porous
layer. It was found that for non-circular perforation, the perforation area
can be used for the equivalent fluid model to predict the peak absorption
frequency. The development of traditional MPP has been limited due to
their low absorption bandwidth at low frequency (<1000 Hz) and high
manufacturing cost. These limitations can be overcome through AM
allowing complex geometrically precise micro-perforation as demon-
strated in this study.
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