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Abstract Selective laser sintering is the additive manufacturing technology that is
predominantly used for production of small series of products and prototypes, and
the polyamide PA 12 represents the basic material for the technology process. The
technology presents a reasonable choice for production of scientific instruments and
laboratory equipment, as it is the case with the equipment for material characteriza-
tion by sound absorption or emission. As the sound absorption by the instruments
and equipment may affect interpretation of the obtained results, it is useful to know
the frequency dependence of the sound absorption coefficient of the material used
for their construction. The paper presents the results of measurements of the sound
absorption coefficients of the PA12 samples with thicknesses between 0.7 mm and
2.2 mm in the frequency range between 125 Hz and 2.5 kHz, which is predominantly
used in the photoacoustic applications. Themeasurementswere performed according
to the method SRPS ISO 9053, using the resistance of the airflow measurements and
the Miki model. The obtained results show that the sound absorption coefficient
of the PA12 samples manufactured by laser sintering are lower than 0.05 within
the frequency range, and that it monotonously increases with frequency, similar to
the behaviour of some other studied polymers and composite materials based on
polymers.

1 Introduction

In the recent years, the additivemanufacturing (AM)has become amature technology
that is, due to the short lead times and high manufacturing costs, predominantly used
for production of prototypes and small series of products. For this reason, the AM is
increasingly used for construction and reconstruction of scientific instrumentation,
especially for configurable and customizable measurement equipment.
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The key advantage of the AM technologies is their ability to build products with
complex shapes. The ability closes the gap between the theoretical models and exper-
imental verifications for numerous research studies. For example, using a CAD and
FEA software package in conjunction with AM technologies, today it is relatively
easy to design and study lightweight parts, as well as parts optimized for specific
applications. While majority of the AM applications are based on the unique ability
of the technologies to build complex shapes, the applications are anyway affected by
the properties of the materials that are used to build the products. Since the material
properties are, in turn, affected by the production process of the AM technologies,
the current decade witnessed extensive studies of the properties of the AMmaterials.

Among many others, the fitness of the AM technologies for development of
various experimental setups attracted attention of those researchers who deal with
application of photoacoustic effect [1]. The ability of AM technologies to create
small structures with internal spaces could substantially increase sensitivity of the
photoacoustic measurement equipment. However, any application of the AM tech-
nologies for design of structures for control of sound propagation requires good
understanding of sound absorption and reflection properties of the structures [2].
Different researchers started to use AM to build specialized structures—metama-
terials, which can be used to control the sound propagation, as demonstrated by
Jiang at all [3] and Liu [4]. In their research, the main focus was put on the geomet-
rical characteristics of the structures produced by AM, and how these geometrical
characteristics can influence the coefficient of absorption of the structure. None of
the research, however, considered the influence of material to the sound absorption
during propagation through the structures.

AMcomprises various technologies that differ in basicmaterial and in principle of
joining the basic material to build the final product. While majority of AM technolo-
gies, such as stereolithography (SLA) and fused depositionmodelling (FDM), require
specialized support structures to build the parts with overhanging features, the selec-
tive laser sintering (SLS) technology does not require these structures, which makes
the technology particularly suitable for building the parts with extremely complex
shapes and design. The important advantage of the SLS technology is based on use
of polyamide PA12 powder as the basic material and laser sintering as the principle
of joining the basic material. Due to such concept of the SLS technology, the non-
sintered powder acts as the support to the product during building process. Further
advantage of the SLS technology is that the sintered PA12 has superior mechanical
properties in comparisonwith other polymerAMmaterials. Finally, the laser sintered
PA12 is stable against impact, chemicals, heat, UV light, water and dirt, and is also a
biocompatible material. Due to those advantages, the SLS technology is an optimal
choice for production of experimental equipment, and consequently, material prop-
erties of the laser sintered PA12 are subject of many studies [5]. This paper presents
a study of the coefficient of sound absorption of PA12 samples manufactured by
SLS technology, which is of interest for design of equipment used for studies of
sound propagation. To the best knowledge of the authors, the measurements of the
coefficient of sound absorption of laser sintered polyamide PA12 are not presented
in literature.
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2 Methods

The coefficient of absorption was determined on the basis of measurements of air
flow resistance, which was measured according to SRPS ISO 9053 standard, using
steady state air flow method.

2.1 Measurement Setup and Theoretical Background

Air resistance is one of themain non-acoustic parameters that shows the behaviour of
porousmaterials used in sound absorption systems. The standard SRPS ISO 9053 [9]
specifies twomethods for measuring airflow resistance: a steady state airflowmethod
and an alternating airflow method. The paper presents the results of measurements
using the method of constant air flow.

The basic element of the measurement equipment, presented in the Fig. 1, is the
measurement cell, which is constructed as a plexiglass tube with 100 mm diameter.
The sample, in the form of a thin disc with 100 mm diameter is coaxially positioned
in the middle of the measurement cell. Atmospheric pressure acts upon one side of
the sample, while the other side of the sample is exposed to the pressure produced
by a vacuum pump. The pressure difference between two sides of the sample has
to provide air flow with sufficiently small velocity so that the measured air flow
resistance does not depend on air flow velocity.

The vacuum pump ZAMBELLI, used in the experimental setup for research
presented in this paper, may achieve the maximum air flow of 30 l/min, and produces
pressure differences higher than 0.773 bar (580 mmHg). The air flow is controlled by
two ball rotameters, with the smaller rotameter controlling the air flow in the range
0.2–6 l/min, and the larger rotameter controlling the air flow in the range 5–30 l/min.
The maximum error of the air flow measurement is 2%. The pump provides airflow

Fig. 1 The measuring
system for determining the
air flow resistance
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velocity of 0.4 × 10−3 m/s through the measurement cell, which completely corre-
sponds to the recommendations of the standard SRPS ISO 9053, where the air flow
should be below the 0.5 × 10−3 m/s. The difference between the pressures on two
sides of the sample has been measured by differential pressure gauge TESTO 512.
The measurement range of this instrument is from 0 to 200 Pa, with resolution of
0.1 Pa. Therefore, the experimental setup used for the measurements is capable of
measuring the airflow resistances below 60 MPa s/m3.

2.2 Specimens

For the purposes of the study, 40 samples were made from PA12 during a single
production process using the SLS technology. All specimens are produced using an
EOS P100 machine from the PA12 powder with trade name PA2200. As explained
in the previous section, the samples had the shape of a disc with diameter of 100 mm.

The thickness of the samples was selected to study the effects of the porosity
and layered structure of the material, characteristic for the SLS technology, to its
air flow resistance and sound absorption properties. Microscopic analyses revealed
that the parts produced by SLS have grainy structure and contain porosities, as it is
shown in Fig. 2. According to the specifications of the manufacturer of the PA2200
powder, due to the porosities, the manufactured parts with thicknesses below 1.5 mm
are not watertight. As the specimens are built with layer thickness of 0.1 mm, the
samples were manufactured with thicknesses 0.7 mm, 1.2 mm, 1.7 mm and 2.2 mm,
producing 10 samples for each of the thicknesses.

Previous research [6, 7] have shown that the densities of parts produced by SLS
are around 10% smaller than the densities of the parts made by injection moulding.
As the density of the PA12 parts manufactured by injection moulding is around
1.01 g/cm3 [8], the measured density of the samples, which is around 0.93 g/cm3,
further suggests that the laser sintered PA12 should be considered to be a porous
material.

Fig. 2 The porosity of the
specimens under the
microscope
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3 Empirical Model for Estimation of the Acoustic
Properties

According to Delany and Bazley [8], the propagation of sound in an isotropic homo-
geneous material can be represented by the characteristic impedance Zc and the
sound propagation constant γ of the absorption material.

Zc = R + j X (1)

γ = α + jβ (2)

Furthermore, relying on the empirical considerations from the Delany and Bazley
research [8], the characteristic impedance and sound propagation coefficients may
be calculated using the following relations:
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where R and X are the real and the imaginary part of the characteristic acoustic
impedance Zc, α and β are the real and imaginary part of the propagation constant γ
of the sound in the absorption material, while ρ0 stands for the air density, f for the
sound frequency, c0 for the sound speed and r for the longitudinal air flow resistance
of a sample. The regression coefficients in the (3–6), denoted as C1–C8, are defined
in the Delany and Bazley paper [10] for fibrous materials and in the Miki paper [11]
for porous materials.

According to the recommendations of European norm EN 12354-6 [12], the coef-
ficient of sound absorption for porous materials can be calculated using the (7–11).
For a diffuse acoustic field, the absorption coefficient αs can be determined as:

αs =
π/2∫
0

αϕ sin ϕdϕ (7)

αϕ = 1 − ∣∣rϕ∣∣ (8)
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rϕ = Z ′ cosϕ + 1

Z ′ cosϕ − 1
(9)

Z ′ = Z ′
c coth γ d (10)

Z ′
c = Zc

ρ0c0
(11)

with the following designations:

ϕ angle of incidence, in radians,
αϕ the absorption coefficient for a plane sound wave bound to the angle ϕ,
rϕ reflection coefficient for a plane sound wave bound to the angle ϕ,
Z ′ normalized surface impedance of the sample
Z ′
c normalized characteristic impedance of absorbent material,

d sample thickness

4 Results and Discussion

The results of the measurements of the air flow resistance of the samples are given
in the Table 1.

The measurements show high values of the airflow resistance of the samples even
for thicknesses below 1.5 mm, where the material of the samples is not watertight.
The airflow resistance of the samples with thickness 2.2 mm was higher than the
maximal value measurable by the experimental equipment (60 MPa s/m3), and those
samples may be considered to be airtight.

On the basis of the obtained measurements, the frequency dependence of the
absorption coefficient was calculated in the frequency range 125–2500 Hz, which is
predominantly used in the photoacoustic applications. The calculations of the absorp-
tion coefficients were performed using theMiki model [11] for porous materials. The
results of the calculations are presented by solid lines in the Fig. 3. The results show
that the sound absorption coefficient monotonously increases with sound frequency,
but that it has values lower than 0.05 within almost the whole studied frequency
range.

Table 1 Measurements of the air resistance of the samples under study

Measured air flow resistance Calculated specific air flow resistance

d [mm] r [MPa s/m3] � r [MPa s/m3] ρ [MPa s/m2] � ρ [MPa s/m2]

0.7 6.3 0.65 71 8

1.2 8.3 1.1 54 8

1.7 17.2 2.1 64 8

2.2 – – – –
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Fig. 3 Frequency
dependence of the coefficient
of sound absorption of
polyamide PA12 calculated
using the Miki model (solid
lines) and Delany and Bazley
model (dashed lines)

The obtained resultsmay be compared to the scarcely published results for absorp-
tion coefficients of polymer materials and composites. A research on acoustic prop-
erties of polypropylene composites reinforced with stone groundwood [13] showed
specific air flow resistances around 1 MPa s/m2, considerably lower than those
presented in this paper. The difference in the measured values of the air flow resis-
tance may be explained by the differences in the microstructure of the materials, as
the laser sintered PA12 has porous structure and the polypropylene composites rein-
forced with stone groundwood is a composite material with fibrous structure. The
absorption coefficient of the material is close to 0.05 for frequencies up to 1600 Hz,
but rapidly increases for higher frequencies. The difference in the high-frequency
behaviour observed for twomaterialsmay not be easily explained by the difference in
their structure because the wavelengths of the sound in the whole studied frequency
range are much longer than the characteristic dimensions of the material features,
which represent distinction between the microstructures of the materials. However,
it may be noticed that the rapid increase of the sound absorption coefficient in the
high-frequency range is not discussed in the paper [13].

In literature is frequently used Delany and Bazley model [10] for calculation of
the frequency dependence of the sound absorption coefficients of fibrous materials.
While themicroscopy and densitymeasurements suggest that the laser sintered PA12
has porous structure, the authors nevertheless calculated the frequency dependence
of the sound absorption coefficient using the Delany and Bazley model, and the
results of calculation are shown in the Fig. 3 by dashed lines. The values of the sound
absorption coefficients calculated according Delany & Bazley model are lower than
the values calculated by the Miki model, but negative values of the sound absorption
coefficients in the range 200–1000 Hz confirm that the Delany and Bazley model is
not applicable to the laser sintered PA12, further confirming that the laser sintered
PA12 should be considered as a highly reflective porous material for the purposes of
sound propagation studies.
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5 Conclusion

In the paper are presented the results of experimental measurements of air flow
resistance and calculation of the frequency dependence of the sound absorption
coefficient of the polyamide PA12 samples produced by selective laser sintering
technology. The results have shown that the samples with thickness higher than 2.2
mm may be considered airtight, and that the absorption coefficient of the samples
with thicknesses above 0.7 mm are smaller than 0.05 in a wide sound frequency
range between 125 and 2500 Hz.

The obtained result means that the products manufactured from polyamide PA12
by the selective laser technologymay be considered highly reflective for the purposes
of the sound propagation applications, such as design and construction of the
measurement equipment based on photoacoustic effect.
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