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Abstract: Sustainable building materials with excellent thermal stability and sound insulation are
crucial for eco-friendly construction. This study investigates biocomposites made from cellulose pulp
reinforced with beeswayx, fir resin, and natural fillers like horsetail, rice flour, and fir needles. Eight
formulations were obtained, and their thermal resistance, oxidation temperature, and acoustic prop-
erties were evaluated. Biocomposites exhibited significant improvements compared to conventional
materials. Oxidation temperature onset increased by 60-70 °C compared to polyurethane foam or
recycled textiles, reaching 280-290 °C. Sound absorption coefficients ranged from 0.15 to 0.78, with
some formulations exceeding 0.5 across mid-frequencies, indicating good sound-dampening potential.
These findings demonstrate the promise of these biocomposites for sustainable construction, offering
a balance of thermal and acoustic performance alongside environmental and health benefits.

Keywords: thermal properties; sound insulation; biocomposites; paper pulp; internal architectures

1. Introduction

A balance between energy, performance, and cost efficiency are critical issues in all
engineering fields. Nearly 40% of energy consumption and 36% of greenhouse gas emis-
sions are caused by residential and commercial buildings. Therefore, there are initiatives to
reduce these emissions and energy consumption while increasing the sustainability of the
built environment through the concept of near-zero energy (NZE) buildings [1]. One of
the key aspects of NZE buildings is the use of sustainable and energy-efficient materials
for construction. In response to this challenge, one ongoing research direction is aimed
at developing new eco-friendly, non-structural multipurpose materials with sound- or
thermal-insulating properties [2]. In this context, all-natural composite materials have
emerged as a promising alternative to synthetic polymer composites for various applica-
tions, including sound insulation and non-structural panels.

This paper focuses on the thermal stability and sound insulation properties of all-
natural composites, as these are crucial factors in determining their suitability for use in
various applications, such as building insulation, acoustic panels, packaging, and furniture.
Thermal stability is crucial for ensuring the long-term performance and durability of the
materials used in construction, while sound insulation is vital for maintaining a comfortable
and quiet living environment. By understanding the thermal and acoustic properties of all-
natural composites, their performance can be optimized and sustainable, and alternatives
can be designed.
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The benefits of using ecological materials instead of synthetic ones as insulation
include lower energy and carbon usage, as well as esthetic perks like unique textures,
colors, and patterns [3,4]. These ecological materials could also promote a healthier indoor
environment, including the elimination of volatile organic compounds [5-8]. In some cases,
it has been found that, for example, natural composites have lower thermal conductivity
and higher thermal diffusivity than synthetic composites, which means they can better
resist heat transfer and thermal shocks [7]. Also, natural composites can have higher sound
absorption coefficients than synthetic composites, which means they can better absorb and
dissipate sound energy [8].

Natural formulations, such as paper, natural fibers, waxes, and natural resins, have
been widely used as components of composite materials due to their availability, cost,
renewability, biodegradability, and compatibility with each other. However, the sound
performance and thermal properties of hybrid all-organic composites with natural resources
as both matrix and filler have not been extensively studied.

Therefore, this work aims to assess the evaluation of the thermal properties (first-order
transitions, glass transitions, degradation, and stability against cyclic thermal aging) and
acoustic properties (sound absorption coefficient—SAC, sound transmission loss—STL) of
several tailor-made all-organic composites from natural resources. The composites present
an organic matrix (beeswax, fir resin) and biomass fillers (horsetail powder, rice flour,
ground fir needles, recycled cellulose fibers from paper) in varying amounts. In this assem-
bly, paper and fibers can provide structural reinforcement and thermal insulation, while
wax and natural resins can act as binders and modifiers of the composite properties [9].

The advantage of using beeswax and fir resin as the matrix could be their improved
compatibility with the filler, as they contain a wide range of compounds in their structure,
including hydrocarbons with a chain length of C27-C33, free fatty acids with a chain length
of C24-C32, and fatty acid esters in the case of beeswax [10] and terpenes and rosin acids
in the case of fir resin [10], as well as other compounds. Also, among the advantages,
the easy processing may be mentioned (due to their relatively lower melting/softening
points compared to synthetic thermoplastics, for example). According to Neto et al. [9], the
thermal stability of beeswax and its composites with different fillers was investigated by
TGA and DSC. The results showed that beeswax had a melting point of about 65 °C and a
degradation temperature of about 300 °C. The addition of fillers, such as wood flour or rice
husk, increased the thermal stability of the composites by delaying the onset of degradation
and reducing weight loss [11]. Beeswax can be used as a matrix or a modifier in composites
with different fillers, such as wood, rice husk, calcium carbonate, glass fiber, carbon fiber,
and clay. Beeswax composites showed good thermal, mechanical, and electrical properties,
but their sound absorption properties have not been widely studied [12].

According to [13], the thermal stability of coniferous resin and its composites with
different fillers was studied by TGA and DSC. The results showed that fir resin had a
softening point of about 80 °C and a degradation temperature of about 350 °C, which means
that it can withstand moderate heating without significant changes to its properties [14].
The melting point depends on the type and purity of the resin and can vary from 60
to 120 °C. Coniferous resins can be used as matrices or modifiers in composites with
different fillers, such as wood, cellulose, glass fiber, carbon fiber, and clay, which generally
improve thermal stability by increasing the onset of degradation and decreasing weight
loss. Coniferous resin composites also showed good mechanical and electrical properties,
but their sound absorption properties have not been reported [15].

Natural fibers and ground plant material, in general, and their polymer composites
with synthetic matrices (polyesters, thermosets) have different thermal degradation tem-
peratures depending on their chemical composition, morphology, molecular structure,
and interfacial interactions. Generally, cellulose degrades at around 300 °C, hemicellulose
degrades at around 200 °C, and lignin degrades at around 400 °C [16]. The addition of plant
fibers, bacterial cellulose fibers, or ground plant-based material to thermoplastic matrices,
such as polypropylene, polyethylene, and polylactic acid, enhanced the thermal stability of



Polymers 2024, 16, 672

30f18

the composites by increasing the char residue and decreasing the weight loss [17]. Biomass-
derived fillers can influence the thermal conductivity, thermal expansion, and thermal
degradation of the natural composites by altering the heat transfer and thermal stability of
the matrix. The thermal properties depend on the thermal conductivity, specific heat, and
thermal degradation temperature of the fillers, as well as the thermal contact resistance and
thermal mismatch between the fillers and the matrix [18].

Horsetail and fir needles used in this study contain, in addition to the lignocellulosic
part, phenolic compounds, resin acids, or silicon dioxide (horsetail), which have a strength-
ening and thermal stabilizing effect on wax and/or resin. Rice flour contains starch, waxes,
and proteins that are compatible with the chosen matrices, and ground paper (recycled
cellulose) has a high specific surface area and a high degree of absorption/wicking for wax
and resin.

Fiber and paper composites have been extensively studied for their sound absorption
properties. Various factors, such as composite structure, fiber-based thickness, and surface
treatment, were investigated to optimize the sound absorption coefficient [19]. Generally,
natural plant-derived fillers have lower density and higher porosity than synthetic fillers,
which is beneficial for sound insulation applications. Also, natural plant-derived fillers
have more irregular shapes than synthetic fillers, which can increase the overall irregularity
of the composites, helping with sound wave scattering, diffraction, or reflection [20-22].

Chen et al. developed multi-layer gradient fiber-based composites with porous,
resonant, and damping structures, achieving a broadband sound absorption coefficient
(SAC) of 0.42 [23]. Khem et al. studied the sound absorption capability of oil palm frond
(OPF) composites and found that the sound absorption coefficient was proportional to
density and improved with alkali treatment [24]. Haghighat et al. evaluated the impact of
fiber size on the sound absorption values of sugarcane bagasse (SCB) waste fiber composites
and found that smaller fiber sizes resulted in higher absorption performance [25]. The
sound absorbing coefficient for paper pulp composites can vary between 0.2 and 0.6,
depending on factors such as fiber density and composition [26].

This study explores the synergy between natural components (beeswax, fir resin, rice
flour, and horsetail) and recycled paper pulp to create fully bio-based composites with
superior thermal stability and sound insulation. While previous research examined these
components individually, their combined acoustic insulation potential remains largely
unexplored. This study addresses this issue by evaluating how formulation adjustments
and internal composite geometry (patterned voids) affect sound absorption, transmission,
and reflection characteristics.

Compared to synthetic polymer composites, these fully bio-based materials could
offer significant environmental and economic advantages, including lower environmental
impact and, potentially, lower cost. However, a comprehensive understanding of their
sound absorption and thermal degradation properties is lacking. This study aims to fill
this knowledge gap by investigating the influence of composition, structure, and natural
component properties on composite performance, ultimately paving the way for optimized
materials for diverse applications.

2. Experimental
2.1. Materials

The natural beeswax was of the type of artificial combs used in beekeeping. The
horsetail (Equisetum arvense) plant, rice, fir resin, and fir needles were purchased from a
store specializing in natural products (Paradisul Verde, Brasov, Romania). The recycled
paper used was obtained by grinding waste document fragments (usual A4 paper with a
specific weight of 80 g/m?).

2.2. Mixtures Obtaining

A total of 8 materials recipes were obtained by melting beeswax and fir resin and
mixing it with horsetail /fir needles and ground powder/rice flour, respectively, in pre-
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determined proportions and pouring it into circular silicone rubber molds, resulting in
specimens with a diameter of 18 mm and a height between 15 and 20 mm. The composite
recipes expressed in Table 1 represent the composition of wax, resin, and ground biomass
fillers that were poured over the cellulose fiber pulp base to obtain the sound insulation
composites, as detailed in Section 2.5.

Table 1. Material recipes used in this study.

Crt. No. Material Sample Code
1 Beeswax (100%) Pr-1
2 Fir resin (100%) Pr-2
3 Cellulose pulp (100%) Hr
4 Beeswax (50%) + fir resin (50%) Pr-9
5 Beeswax (62.5%) + horsetail powder (37.5%) Pr-4
6 Beeswax (45.5%) + rice flour (54.5%) Pr-6
7 Beeswax (61.5%) + ground fir needles (38.5%) Pr-7
8 Beeswax (31.25%) + fir resin (31.25%) + Pr8

horsetail powder (37.5%)

The recipes mentioned in Table 1 were chosen based on our preliminary experimenta-
tion. The filler integration and spreading behavior of each component (fir resin, beeswax,
and their mixture) was evaluated with increasing filler(s) content. This iterative process
aimed to identify the maximum filler incorporation possible while maintaining good
processability and uniform spreading on the paper pulp core.

The miscibility of hydrophilic and hydrophobic materials at the filler-matrix interface
is crucial in controlling dispersion and determining the final composite properties. Poor
compatibility could lead to phase separation or weak interfacial bonding.

Several factors help mediate the hydrophilicity discrepancy in our formulations. First,
waxes and resins contain ester, acid, and alcohol groups, making them moderately polar
and capable of hydrogen bonding with cellulose. This increases interfacial interaction.
Secondly;, fillers like horsetail and rice contain various polar extractives and surface-active
compounds that can plasticize the interface. Heating the mixtures above the melting points
enhances molecular mobility and mixing, and strong mechanical processes like grinding
disrupt filler particle agglomeration, increasing surface area for interaction.

2.3. Thermal Analysis

The thermal analysis (TA) of the compositions corresponding to Table 1 was conducted
using a Differential Scanning Calorimetry (DSC) technique with a DSC-200 F3 Maia/STA
449F3 Jupiter (Netzsch, Selb, Germany) instrument. The thermal protocol consisted of a
heating and cooling rate of 10 °C/min, with the following steps: (1) cooling from room
temperature (25 °C) to —80 °C; (2) heating from —80 °C to 300 °C; (3) cooling from 300 °C
back to room temperature.

The composite samples underwent cyclic thermal aging by being subjected to five con-
secutive cooling/heating cycles between —70 °C and 70 °C using the same DSC instrument
and 10 °C/min heating/cooling rate as previously described.

The simultaneous thermal analysis (STA) combines Thermogravimetry (TG) and
Differential Scanning Calorimetry (DSC) into a single instrument. The sample analysis was
conducted in a temperature range of 20 to 300 °C under a nitrogen atmosphere, with a
heating rate of 10 °C/min using the STA 449F3 Jupiter (Netzsch, Selb, Germany) instrument.

Thermogravimetric analysis (TG) was conducted using the following heating program
(heating rate: 10 °C/min): heating from 20 °C to 300 °C.
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2.4. Microstructure Analysis

The cross-section of the fractured composite samples was analyzed using a digital
optical microscope Emspira 3 (Leica Microsystems GmbH, Wetzlar, Germany) at specified
magnifications as indicated on each micrograph.

2.5. Acoustic Properties Determination

To prepare the natural composite samples, two different methods were used: direct
pouring and molding. The direct pouring method involved pouring the heated wax,
resin, and filler mixture onto ground cellulose paper pulp in 3D-printed poly (lactic acid)
cylindrical molds with 50 mm internal diameter. This method produced filled samples,
which were expected to have higher density and lower porosity than the unfilled samples.
The molding method involved placing the paper pulp inside cylindrical molds with 50 mm
internal diameter, particularly in the interior part composed of a disk with pins with
different geometric configurations: circular, undulated, and triangular. The positive pins
on the interior disk conferred the desired geometry into the paper core. On the molded
pulp, the composite formulation was poured and later extracted after cooling. This method
produced samples with different shapes and sizes of voids, which were expected to affect
the acoustic properties of the samples. The samples were coded as Pr-x-filled, Pr-x-circ,
Pr-x-tri, and Pr-x-und, where “x” denotes the number of the formulation corresponding
to Table 1. The use of 3D printing and molding techniques allowed us to create various
natural composite samples with controlled and reproducible geometries, which enabled us
to investigate the effect of the composition and void shape on the acoustic properties of
the samples.

To evaluate the acoustic properties of the molded composite materials, an acoustic
impedance tube (Holmarc HO-ED-A-03, Holmarc Opto-Mechatronics Ltd., Kochi, India)
was used. This device consisted of an anodized aluminum tube with an inner diameter of
50 mm, which could measure the sound absorption coefficient (x), the sound transmission
loss (TLn), and the reflection coefficient (R) of the samples in the frequency range of
500 Hz-3150 Hz. The device also included two pairs of microphones, sample holders, a
data acquisition system, and measurement software. The transfer function method was
applied according to the current standards to analyze the frequency dependencies of the
acoustic properties of the composite samples. For each sample, several parameters were
measured, such as the sample diameter (50 mm), the microphone spacing (30 mm), the
temperature, and the humidity. Then, the sample was inserted into the impedance tube
between the two sets of microphones in a fixed position.

3. Results and Discussion

In Figures S1-57 (presented in the Supplementary Materials section), the thermal DSc
and TG/DTA thermograms are presented for the beeswax, fir resin, their mixture, and vari-
ous compositions with ground fir needles, horsetail powder, and rice flour, corresponding
to Table 1. Additionally, Figure S8 illustrates the thermograms for the paper pulp.

The thermal transitions in the negative temp domain and the positive temp domain
with low amplitude were not considered in this study for further analysis because they do
not affect significant processing or servicing temperatures of natural composites [27,28].
Negative temperature transitions are usually due to the freezing of the traces of bonded and
unbonded water within these natural materials [29], and they were not comprehensively
considered any further.

The following aspects were observed from the DSC, DTA, and TG thermograms:

e  During stage I (cooling), the crystallization of certain compounds (possibly small
molecular) from the studied matrices (beeswax, fir resin) was observed at temperatures
of approximately —20 °C. Mixing the two matrices, as well as mixing them with the
filler agent (horsetail powder, fir needles, rice flour, recycled paper), leads to a decrease
in this crystallization point by approximately 1-3 °C.



Polymers 2024, 16, 672

6 of 18

e  During stage II (heating), beeswax melting was observed at 69.8 °C, and fir resin
melting started at 58 °C and continued until 293.5 °C, corresponding to different
fractions thereof. Mixtures of the two matrices melt at temperatures 1-2 °C lower
than the pure components, and mixing matrices with the filler agent has, essentially,
the same effect. Fir resin also exhibits a softening point at 30.4 °C (glass transition
temperature, Tg); the mixture of the two matrices (wax and resin) lowers this point to
15.8 °C. No softening point was detected for pure wax.

e  During stage III (cooling), beeswax oxidation begins at 291.4 °C, and fir resin oxidation
at 181.3 °C. The mixture of the two matrices (wax and resin) is thermally stable under
the analysis conditions, with no exothermic peak corresponding to the oxidation
observed. This aspect may be favorable for obtaining composite materials with this
type of matrix. The addition of horsetail powder and fir needle powder to wax leads
to a slight decrease in the onset temperature of oxidation (288 °C and 285 °C), while in
the case of rice flour, the decrease is insignificant (around 1 °C).

e  The solidification of melts (wax + fillers, fir resin) always occurs with undercooling,
with solidification temperatures lower than those corresponding to melting at stage II.

The data from Figures S1-58 are summarized in Table 2 for the second and/or third
TA regimes, where significant changes occur in the thermograms. Also, the mass loss
(expressed in %) is given for the thermal regime end value of 300 °C.

The thermal stability of the composites is influenced by the type and amount of
the matrix and the filler materials. Fir resin has a higher thermal stability than beeswax
or plant-based materials, as it can withstand higher temperatures without degradation.
Therefore, composites with higher fir resin content show higher thermal stability than
those with lower fir resin content. Also, fir resin shifts the onsets for oxidation to higher
temperatures. Horsetail (Equisetum) is a natural filler that contains a high percentage
of inorganic silicate-based compounds, such as silica and phytoliths. These compounds
can enhance the thermal stability of the composites by increasing the char formation and
reducing the mass loss during thermal decomposition [17,30]. Hence, the composites with
horsetail addition exhibit higher thermal stability than those with fir needles or rice flour.

For comparison, the relevant thermal parameters for two of the most used insulation
materials in buildings and the automotive domain, namely, polyurethane foam and textile
rags, are also presented in Table 2. The textile rags present the second-highest mass loss
evidenced from Tg, after the composites with rice flour, while the polyurethane foam
presented the lowest thermal degradation in the studied temperature interval. The textile
rags start to degrade at around 250 °C, about the same as polyurethane, which is 30 °C
lower than beeswax and the composites with beeswax matrix, implying that the composites
used in this study have the potential to be used in a wider temperature interval. Also, paper
pulp presented good thermal stability until 200 °C, which is the onset of oxidation for this
material. By adding different natural formulations to paper pulp, its thermal stability can
be improved.

Studying cyclic heating—cooling regimes can help optimize the design and selection of
natural composites for various applications that require thermal stability and resistance. By
analyzing the thermal properties, such as melting point or onset of oxidation of different
natural composites and their combinations under cyclic heating—cooling regimes, the best
natural composites and compositions can be identified and improved [31]. The thermal
cyclic performance for the matrices and composite mixtures from this study being subjected
to five consecutive cooling/heating cycles between —70 °C and 70 °C is illustrated in
Table 3. Only the major peaks with the highest enthalpy were selected for each formulation.
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Table 2. Thermal transitions, oxidation, and mass loss for the analyzed composite mixtures.

Thermal DSC/DTA TG
Analysis
Peak . Mass Loss at .
Sample Code TA Stage Temperature (°C) AH (J/g) Observations 300 °C (%) Observations
[I—heating 68.5 —15.53 Melting Highest onset of
Pr-1 - 1. 127 oxidation
III—cooling 292.6 3.32 Onset of oxidation
30.4 - Tg—softenin
II—heating 8 8
Pr-2 58.1...293.5 —0.91...—-0.97 Melting 6.24
[I—heating 181.3 —0.003 Onset of oxidation
15.8 - Tg—softeni
II—heating gsoTening Intermediary
P9 58.4..291 -3.21 Melting 5.09 thermal stability
o ' between wax and
I—heatin } ) No oxidation was fi ;
& observed 1rresin
II—heating 70.6 —26.21 melting Highest onset of
Pr-4 III—cooling 288.8 0.29 Onset of oxidation 14.60 oxidation from all
III—cooling 292.6 3.32 Onset of oxidation composites
I h 71.2 —81 Melting Lowest thermal
—heatin i i ili
Pré g 14332807 11.09..—0.77 Melting of rice 25,53 stability from all
compounds (waxes) wax matrix
III—cooling 290.6 4.83 Onset of oxidation composites
68.2 —10.89 Melting of wax
. Melting of
Pr7 lI—heating 140.3 —4.03 compounds from fir 14.09 Intermediary
r needles ’ thermal stability
. 285.9 10.90 Onset of oxidation
III—cooling
58.4...291 —3,21 Melting
65.6 —16.87 Melting of wax
. Highest thermal
II—heat i i 5
e 174.6..290 ~035..—0.95 Melting of resin stability from the
Pr-8 components 7.61 studied
III—cooling 284.7 0.04 Onset of oxidation composite
mixtures
III—cooling 284.1 13.95 Onset of oxidation
II—heating 731 ~18.65 Free water
vaporisation
Hr III—cooling -12.2 —0.428 Free water freezing 2090
DTA 205.2 —19.7 Onset of oxidation
Polyurethane [I—heating 160.7 0.015 Melting 056
foam II—heating 246.2 —0.12 Onset of oxidation ’
Textile rags II—heating 249.8 —4.94 Onset of cellulose 16.78

oxidation

Minitab v.19 software was used to compare the peak temperatures for the different
compositions and test if the observed changes were statistically significant. The signifi-
cance level was set at 0.05. The null hypothesis is that there is no difference in the peak
temperatures for the different compositions. The alternative hypothesis is that there is a
difference in the peak temperatures for the different compositions. In the cases where p
was higher than 0.05, the differences were statistically significant. For p values lower than

0.05, the null hypothesis of no difference can be rejected.

The values presented in Table 3 showed no significant statistical differences in the
melting point of all components, except for Pr-9, but in this case, the largest difference could
be attributed to the possible elimination of some volatile compounds from beeswax or fir
resin, after which the melting point values tend to be stabilized. This is supported by the fact
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that the p-value for Pr-9 was lower than the significance level of 0.05. The values of Ty are
significantly affected by the cyclic thermal stressing regime, but this is not unusual, taking
into consideration that the glass transition temperature is a kinetic parameter, depending
more on the heating/cooling regime than the changes in the material. This is consistent
with the theory of glass transition, which states that the glass transition temperature is not
a fixed property of a material but rather a function of the thermal history and the molecular
mobility of the material. The results indicate that the peak temperatures for the different
compositions were not significantly affected by the cyclic thermal stress. Therefore, it
could be concluded that the studied composites maintained their chemical stability under
thermal cycling conditions. While the literature data for all-organic biocomposites’ thermal
stressing are missing, there seems to be associated evidence for the thermal stability of
plant-based fillers and fibers embedded in synthetic matrices [19,32-35].

Table 3. Cyclic thermal stressing of the natural composite formulations.

T(CO
Sample  DSC Heating p Value at 95% .
. Ob t
Code Stage Peak 1st Cycle Cz;cclle 3rd Cycle 4th Cycle 5th Cycle Confidence servations
i No significant
Pr-1 Wax melting 68.5 69.4 68 68.7 68.6 0.92
changes
Resin softening 30 33.4 38.1 438 441 0.00049 Significant
Pr-2 point (Tg) changes
Resin melting 58.1 60 58.4 58.5 58.6 0.97 No significant
changes
softening point 5 ¢ 22.6 21.7 38.4 485 0.00015 Significant
Pr-9 (Tg) changes
Melting 58.4 66.2 65.3 65.2 65.3 0.0064 Significant
changes
Pr-4 Melting 70.6 69.6 68.5 68.3 68.3 1 No significant
changes
Pr-6 Melting 71.2 70 69.3 68.8 68.7 1 No significant
changes
Pr-7 Melting 68.2 715 69.5 69.4 69.4 1 No significant
changes
Pr-8 Melting 65.6 64 63.2 63.5 63.5 1 No significant
changes

Figure 1 shows the optical microscopy images of the composite samples prepared
from different natural materials, as listed in Table 1. The samples were composed of a
cellulosic pulp base, onto which a mixture of beeswax, fir resin, and various fillers was
added. The fillers included horsetail powder, rice flour, and ground fir needles. Sample Hr
(Figure 1) consisted of pure cellulosic pulp microfibers, which had a compact and uniform
appearance. The microfibers might also contain some traces of binder, lignin, and other
components from the original paper source.

Samples Pr-1 to Pr-9 consisted of cellulosic pulp microfibers embedded with beeswax,
fir resin, or their blends, along with different fillers. The integration of horsetail powder, rice
flour, or ground fir needles with molten wax or resin imparts unique characteristics to each
composite. For instance, samples with horsetail powder exhibit a more granular texture
due to the incorporation of fine particles. The uniform distribution of these additives within
the cellulosic matrix is crucial for enhancing the mechanical and thermal properties of
the composites. The microscopy images illustrate this uniformity and hint at an effective
bonding between the cellulosic fibers and added materials. This bonding is essential for
achieving enhanced structural integrity and durability. Furthermore, it can be observed
that there is a variation in color tones across different samples; this could be attributed to
the natural pigments present in horsetail powder, rice flour, or fir needles. These variations
not only contribute esthetically but may also influence properties like UV resistance.
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An analysis revealed that the wetting of cellulose fibers was optimal with beeswax
(samples Pr-1, Pr-4, Pr-6, Pr-7) due to its lower melting viscosity. For fir resin, the results
showed the formation of resin-rich clusters near the surface (Pr-2) and that mixing with
beeswax improved its ability to penetrate the cellulosic matrix (Pr-8 and Pr-9). Based on
microscopic analysis, there is no clear distinction between the ground biomass fillers from
the cellulosic fibers, likely due to the homogeneous distribution of the fillers within the
cellulose pulp.

Hr Pr-1

Figure 1. Microscopic images of the obtained composite recipes.
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One of the objectives of this study was to determine the feasibility of natural composite
formulations as sound insulation materials. One feasible hypothesis was that the natural
composite formulations would have comparable or better acoustic properties than the
conventional sound insulation materials. To test this hypothesis, the sound absorption
coefficient and the sound transmission loss of the natural composite samples were mea-
sured and compared with the literature values of the conventional materials. In contrast
with “filled” materials, the voids and internal patterns of sound-absorbing materials are
important factors that affect their acoustic performance, as they influence the interaction of
sound waves with the material’s structure. Different shapes and sizes of voids can create
different modes of sound absorption, such as viscous dissipation, thermal conduction, and
resonance. Different internal patterns can also affect the sound propagation and reflection
within the material [36].

The acoustic impedance spectra results for the different compositions formulated in
Table 1, as cast on paper pulp and molded with different patterns, are presented below.
Three parameters were analyzed from the acoustic impedance spectra, namely the sound
transmission loss (TLn), sound absorption coefficient (x), and reflection (R). These parame-
ters quantify the amount of sound energy that is transmitted, absorbed, and reflected by the
material, respectively. Sound transmission loss (TLn) is defined as the difference in sound
power level between the incident and transmitted sound waves [37]. The sound absorption
coefficient («) is defined as the ratio of the absorbed sound power to the incident sound
power [38]. The reflection (R) is defined as the ratio of the reflected sound pressure to the
incident sound pressure [39]. These parameters are important for evaluating the acoustic
performance of natural composites, as they indicate the effectiveness of the material in
reducing noise and improving sound quality.

The results from Figure 2 illustrate the acoustic impedance envelope for the poured
and molded composite formulations.

60

——Pr-1 o Pr-2 Pr-d &~ Pr-§ —8—pPr-y —8—pPr-f —8—pPr-9 —8—Hr il —o—Pr-1 —a—Ppr-2 — Pra Pr-f —e—Pr-7 —a—Pr-8 —e—Pr-9 —e—Hr
095
0.9
0.85

o
0.8
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0.7
0.65
0 0.6
500 630 800 1000 1250 1600 2000 2500 3150 500 630 800 1000 1250 1600 2000 2500 3150
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95 —e—Pr1 —e—Pr:2 Pr4 Pr-6 —e—Pr-7 ——Pr-8 —e—Pr8 —e—Hr
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Figure 2. Acoustic measurements for the full molded composites and paper pulp: (a) sound trans-
mission loss (TLn), (b) sound absorption coefficient, (c) sound reflection coefficient.

A higher TLn means a lower sound transmission and better sound insulation. All
samples show an increase in TLn with frequency, which means they are more effective
in blocking high-frequency sound waves (Figure 2a). All the composite samples have
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higher TLn than Hr, which means they have higher density and lower porosity than paper
pulp. Among the Pr samples, Pr-7 (with fir needles and beeswax mixture) has the highest
TLn, which means it could have the lowest air gap among the natural composites. The
literature values of TLn for porous materials range from 10 dB to 40 dB, depending on the
frequency, thickness, and density of the material. The Pr samples have similar or higher TLn
than the literature values, which means they have comparable or better sound insulation
performance than the usual insulation materials [40].

A higher o« means a higher sound absorption and a lower sound reflection. The Pr
samples show a peak in o around 1000 Hz, which means they have a resonance frequency
at this point (Figure 2b). The resonance frequency depends on the thickness, density, and
elasticity of the material. The Pr samples have lower « than Hr (paper pulp) at low and
high frequencies, which means they have lower surface area and higher flow resistivity
than paper pulp. Among the Pr samples, Pr-1 (paper pulp with beeswax) has the highest
o, which means it could have the lowest filler content and the highest air gap among the
natural composites. The literature values of « for porous materials range from 0.1 to 0.9,
depending on the frequency, porosity, and flow resistivity of the material. The Pr samples
have relatively similar or comparable « than the literature values, which means they have
comparable sound absorption performance to the usual insulation materials [36].

Conversely, a higher sound reflection coefficient R means a lower sound absorption
and a higher sound transmission. The composites show a significant peak in R around
1000 Hz, which corresponds to the resonance frequency of the sound absorption coefficient
(Figure 2c). This means that the Pr samples reflect most of the sound energy at this
frequency, which reduces their sound absorption performance. The Pr samples have higher
R than Hr at most frequencies, which means they have a higher impedance mismatch
with the surrounding air than paper pulp. Among the Pr samples, Pr-9 (with fir resin and
beeswax mixture) has the highest R, which means it could have the highest density and
the lowest porosity among the natural composites. The literature values of R for porous
materials range from 0.1 to 0.9, depending on the frequency, impedance, and thickness of
the material. The Pr samples have similar or higher R than the literature values, which
means they have comparable or higher sound reflection performance than the usual porous
materials [36].

An improvement in the acoustic parameters of the material can be obtained by the
introduction of patterned voids in the material. This is advantageous due to two main
reasons: firstly, the material does not need further modifications (amendments in compo-
sition), and second, by introducing gaps, the overall cost or cost per weight parameters
present significant improvements.

Figure 3 presents the acoustic parameters for the samples obtained with circular patterns.

The composites with circular hole patterns have lower TLn than the filled composites
(Figure 3a), which means they have lower density and higher porosity than the filled
composites. The composites with circular hole patterns also show more fluctuations in TLn
with frequency, which means they have more resonance modes than the filled composites.
The composites with circular hole patterns also have higher « than the filled composites at
most frequencies, which means they have higher surface areas and lower flow resistivities
than the filled composites (Figure 3b). The composites with circular hole patterns have
lower R than the filled composites at most frequencies (Figure 3c).

The composites with triangular pattern voids have lower TLn than the plain and
circular-void composites (Figure 4a), higher « than the plain and circular-void composites
at most frequencies (Figure 4b), and lower R than the plain and circular-void composites
at most frequencies (Figure 4c), which means that there is an improvement in the sound
insulative properties and there is a lower number of reflected soundwaves compared to the
filled composites and those with circular patterns.
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Figure 3. Acoustic measurements for the circular-patterned molded composites and paper pulp:
(a) sound transmission loss (TLn), (b) sound absorption coefficient, (c) sound reflection coefficient.
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Figure 4. Acoustic measurements for the triangular-patterned molded composites and paper pulp:
(a) sound transmission loss (TLn), (b) sound absorption coefficient, (c) sound reflection coefficient.
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Among the composites with undulated perforations, the sound transmission loss
TLn is, on average, generally lower than the filled composites or the composites with
circular or triangular patterns (Figure 5a). Composites with undulated perforations present
a higher sound absorption coefficient o than the plain and circular-void composites at most
frequencies but lower than the triangular-void ones (Figure 5b).
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Figure 5. Acoustic measurements for the undulated-patterned molded composites and paper pulp:
(a) sound transmission loss (TLn), (b) sound absorption coefficient, (c) sound reflection coefficient.

Complementary to the sound absorption coefficient o, the sound reflection coefficient
R presents the lowest values for the undulated pattern composites at most frequencies
(Figure 5c).

To summarize the effect of the material type and internal structure on the acoustical
parameters, the average values of the acoustic parameters over the whole frequency domain
were used, and the top five materials were selected in terms of performance. The average
values can reflect the overall acoustic performance of the materials, while the values at
a specific frequency may vary depending on the resonance modes and the geometry of
the materials. Even if the general trends for the variation in the acoustic parameters were
summarized above, compositions from each category of material could present, in some
cases, the best performance.

The ranking of the composites in terms of the acoustic parameters is presented in
Figure 6.

A high TLn means that the material can block most of the sound energy from passing
through, which is desirable for sound insulation applications. It can be seen from Figure 6a
that the best sound insulation character is registered for sample Pr-7-und, based on a
paper core impregnated with beeswax and ground fir needles. However, a high TLn does
not necessarily mean a high sound absorption coefficient (x) or a low sound reflection
coefficient (R). These parameters measure the amount of sound energy that is absorbed or
reflected by the material, respectively. A high « means that the material can reduce the noise
level and improve the sound quality, which is desirable for sound absorption applications.
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A low R means that the material can avoid unwanted echo or noise, which is also desirable
for sound absorption applications. Therefore, depending on the application, it may be
better to have a high TLn, a high «, or a low R. For example, if the noise from outside
sources needs to be reduced, a material with a high TLn is desired. For improvement in the
acoustics of a room, a material with a high « and a low R might be more suitable.

0.30 1.0
— @) (b) (©)
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40 4
0.20 .
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= " 0.4
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Sample Sample Sample
Figure 6. Average values of the selected materials in terms of acoustic performance: (a) sound
transmission loss (TLn), (b) sound absorption coefficient, (c) sound reflection coefficient (Hr: paper
pulp core; Pr: composites with paper core impregnated with the formulations from Table 1).

The highest sound absorbing properties were registered for the plain paper composites
with undulated and circular patterns (Figure 6b), for which the lowest sound reflection
coefficient was also registered (Figure 6¢). The advantage of using the Pr composites
over plain paper is that they have higher density, lower porosity, higher flow resistivity,
and higher surface area than plain paper. These factors contribute to the higher sound
transmission loss of the Pr composites, which means they have better acoustic performance
than plain paper for insulation purposes.

Even if for sound absorption and reflection, the Hr samples (paper pulp) slightly out-
performed the composite formulations (Figure 6b,c), the Pr composites still have acceptable
acoustic performance for these parameters. The Pr composites have moderate-to-high
sound absorption coefficients, ranging from 0.2 to 0.8, depending on the frequency and the
pattern. The Pr composites (based on impregnated paper pulp) also have low-to-moderate
sound reflection coefficients, ranging from 0.1 to 0.5, depending on the frequency and the
pattern. These values are comparable to or slightly lower than the literature values of
sound absorption and reflection coefficients for porous materials, such as polyurethane
foam, mineral wool, fiberglass, and textile fabrics (Table 4).

Table 4. Acoustical performance of traditional insulators from literature data.

Sound Sound Reflection
Material Density (kg/m?) Thickness (mm) Absorption Transmission Ce feg 0 t(R) References

Coefficient () Loss (dB) oethicten
Mineral wool 30-200 25-200 0.8-1.0 40-60 0.2-0.4 [41]
Recycled basalt fibers
with bio-binders 10-100 10-50 0.6-0.9 20-40 0.3-0.6 [42]
Polyurethane foams 20-80 10-50 0.6-0.9 20-50 0.3-0.6 [43]
Polystyrene foams 1040 10-50 0.2-04 10-30 0.7-0.9 [44]
Wood particleboard 3, g5 10-20 0.4-0.7 15-35 05-0.8 [45]
composites
Recycled textile 10-100 10-50 04-0.8 15-30 04-0.8 [46]
materials

In terms of sound transmission loss, the composite formulation with beeswax and
fir needles impregnated paper pulp core (Pr-7) and the one with beeswax and horsetail
powder impregnated paper pulp core (Pr-4) with undulated or triangular pattern bordered
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or slightly outperformed the synthetic foams or basalt fiber in terms of their sound trans-
mission loss, which means it can effectively block the sound transmission. Furthermore, as
compared to wood-based panels or mineral fibers, paper-core composites have the clear
advantage of having higher specific acoustical properties (attributed to their density).

However, the Pr composites also show some drawbacks, such as a significant peak
in sound absorption and reflection coefficients around 1000 Hz, which corresponds to the
resonance frequency of the materials. This means that the Pr composites absorb and then
reflect most of the sound energy at this frequency, which reduces their sound absorption
and insulation performance. This peak can be attributed to the thickness, density, and
elasticity of the materials, which can be optimized by further modifying the formulation
and the pattern of the composites.

The Pr composites, due to their components, could have the advantage of being more
durable, stable, and biodegradable than plain paper, which means they have better me-
chanical, thermal, and environmental properties than plain paper. The Pr composites have
higher thermal stability than plain paper, which means they can resist higher temperatures
and dissipate heat more efficiently.

Through the simple modification of the obtained technology for the composite panels,
namely gravitational pouring (without supplementary pressing of the material in the mold),
an improvement in the sound absorption coefficient for the Pr-4 sample (beeswax —62.5%
and horsetail powder —37.5%) from 0.15 to 0.58 and the Hr sample from 0.26 to 0.78 can be
achieved. The sound absorption behavior is influenced by the micropores, resulting in the
composite material when it is not supplementary pressed.

4. Conclusions

The utilization of natural materials in sound insulation panels presents a significant
advancement in the realm of acoustic engineering, offering a promising alternative to
traditional synthetic counterparts. These panels demonstrate exceptional performance
across various acoustic parameters, often surpassing conventional materials in specific
scenarios. One key advantage lies in their multifaceted composition, incorporating diverse
natural components that synergistically enhance their thermal stability, mechanical strength,
and environmental sustainability.

The study elucidates the thermal behavior of natural composite materials derived
from recycled paper pulp, beeswax, fir resin, and various fillers like horsetail powder, rice
flour, and ground fir needles. As evidenced by our findings, these natural composite panels
exhibit superior thermal degradation behavior, the onset of degradation being as high as
290 °C compared to polyurethane foams. Also, promising thermal stability under cyclic
heating—cooling regimes has been registered, showcasing the potential for applications
requiring resistance to thermal stress.

The incorporation of patterned voids in the composites offers a promising avenue for
improving their acoustic parameters. Several architectures of these voids were researched
in this study, namely circular-, triangular-, and undulated voids, with the undulated
ones showing the highest sound absorption and transmission-blocking. Regarding the
acoustical dampening, the composites with beeswax and fir needles showed comparable
or marginally higher sound transmission loss coefficients to traditional materials such as
foams or wood particleboard.

While the results show promise for the use of these biocomposites as insulation
or acoustic panels, their suitability is restricted to indoor or climatically stable outdoor
applications. Due to the natural organic composition of the matrix and fillers, these
materials would likely be vulnerable to degradation if exposed to prolonged cold and
damp conditions. However, when encased in shells (made from polymers, polymers
composites, wood, metallic, etc.), frames, or in indoor applications, the components are
protected from weather factor variations as well as from biological attack by fungi, molds,
insects, and rodents.
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Future research could focus on further optimizing the composition and structure of
these composites to enhance their acoustic performance while maintaining their thermal
stability and environmental benefits. By modifying the internal structure and the pressure
of molding, the composites can achieve good sound insulation and absorption properties
(sound absorption coefficients as high as 0.78, as determined from our preliminary experi-
ments), making them versatile candidates for diverse acoustic applications. Additionally,
exploring novel filler materials and refining the manufacturing processes could unlock
new possibilities for improving the overall efficiency and applicability of these natural
composite materials.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ polym16050672/s1, Figure S1: (a): DSC and (b): TG/DTA
thermograms for beeswax (Pr-1). Figure S2: (a): DSC and (b): TG/DTA thermograms for fir resin
(Pr-2). Figure S3: (a): DSC and (b): TG/DTA thermograms for Beeswax (50%) + fir resin (50%) (Pr-9).
Figure S4: (a): DSC and (b): TG/DTA thermograms for Beeswax (62.5%) + horsetail powder (37.5%)
(Pr-4). Figure S5: (a): DSC and (b): TG/DTA thermograms for Beeswax (45.5%) + rice flour (54.5%)
(Pr-6). Figure S6: (a): DSC and (b): TG/DTA thermograms for Beeswax (61.5%) + ground fir needles
(38.5%) (Pr-7). Figure S7: (a): DSC and (b): TG/DTA thermograms for Beeswax (31.25%) + fir resin
(31.25%) + horsetail powder (37.5%) (Pr-8). Figure S8: (a): DSC and (b): TG/DTA thermograms for
the paper pulp sample (Hr).

Author Contributions: Conceptualization, M.A.P.,, C.C. and S.-M.Z.; methodology, M.A.P. and C.C;
software, M.A.P. and C.C.; validation, M.A.P,, M.C. and C.C.; formal analysis, C.C.; investiga-
tion, M.A.P,, S.M., C.S. and C.C.; resources, M.A.P,; data curation, M.A.P,, SM., CS. and S.-M.Z.;
writing—original draft, M.A.P. and C.C.; writing—review and editing, M.A.P., SM., S.-M.Z,, C.S.
and C.C.; visualization, M.A.P. and C.C.; supervision, M.A.P. and C.C.; project administration,
M.A.P; funding acquisition, M.A.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by a grant from the Ministry of Research, Innovation and
Digitization, CNCS-UEFISCDI, project number PN-III-P1-1.1-TE-2021-0294, within PNCDI III.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article. Supporting information can be
made available on request by the corresponding author.

Acknowledgments: This work was supported by a grant from the Ministry of Research, Innovation
and Digitization, CNCS-UEFISCDI, project number PN-III-P1-1.1-TE-2021-0294, within PNCDI III.
We also acknowledge the structural funds project PRO-DD (POS-CCE 0O.2.2.1, ID 123, SMIS 2637,
ctr. No 11/2009) for partially providing the infrastructure used in this work at the CDI Institute of
Transilvania University of Brasov.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Alabdulkarem, A.; Ali, M,; Iannace, G.; Sadek, S.; Almuzaiger, R. Thermal analysis, microstructure and acoustic characteristics of
some hybrid natural insulating materials. Constr. Build. Mater. 2018, 187, 185-196. [CrossRef]

2. Ouhaibj, S.; Gounni, A.; Belouaggadia, N.; Ezzine, M.; Lbibb, R. Thermal performance of new ecological material integrated into
residential building in semi-arid and cold climates. Appl. Therm. Eng. 2020, 181, 115933. [CrossRef]

3. Asdrubali, F.; D’Alessandro, F.; Schiavoni, S. A review of unconventional sustainable building insulation materials. Sustain. Mater.
Technol. 2015, 4, 1-17. [CrossRef]

4.  Thyavihalli Girijappa, Y.G.; Mavinkere Rangappa, S.; Parameswaranpillai, J.; Siengchin, S. Natural fibers as sustainable and
renewable resource for development of eco-friendly composites: A comprehensive review. Front. Mater. 2019, 6, 226. [CrossRef]

5. Rusu, R.D.; Abadie, M.]. New High-Performance Materials: Bio-Based, Eco-Friendly Polyimides. In Polyimide for Electronic and
Electrical Engineering Applications; IntechOpen: London, UK, 2020.

6. Maryanto, E.T,; Setyawan, A.; Maria, T.S.B.; Astuti, W. Analysis of the Performance of Natural Composite Materials Reinforced

with Sago Sheath Fibers as an Alternative Material in Overcoming the Effect of Urban Heat Islands on Buildings. Buildings 2022,
13, 18. [CrossRef]


https://www.mdpi.com/article/10.3390/polym16050672/s1
https://doi.org/10.1016/j.conbuildmat.2018.07.213
https://doi.org/10.1016/j.applthermaleng.2020.115933
https://doi.org/10.1016/j.susmat.2015.05.002
https://doi.org/10.3389/fmats.2019.00226
https://doi.org/10.3390/buildings13010018

Polymers 2024, 16, 672 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Hassan, T.; Jamshaid, H.; Mishra, R.; Khan, M.Q.; Petru, M.; Novak, J.; Choteborsky, R.; Hromasova, M. Acoustic, mechanical and
thermal properties of green composites reinforced with natural fibers waste. Polymers 2020, 12, 654. [CrossRef] [PubMed]

Sair, S.; Mansouri, S.; Tanane, O.; Abboud, Y.; El Bouari, A. Alfa fiber-polyurethane composite as a thermal and acoustic insulation
material for building applications. SN Appl. Sci. 2019, 1, 667. [CrossRef]

Neto, J.S.; de Queiroz, H.F.,; Aguiar, R.A.; Banea, M.D. A review on the thermal characterisation of natural and hybrid fiber
composites. Polymers 2021, 13, 4425. [CrossRef] [PubMed]

Dobrosielska, M.; Dobrucka, R.; Kozera, P.; Brzakalski, D.; Gabriel, E.; Glowacka, J.; Jatbrzykowski, M.; Kurzydlowski, K.J.;
Przekop, R.E. Beeswax as a natural alternative to synthetic waxes for fabrication of PLA /diatomaceous earth composites. Sci.
Rep. 2023, 13, 1161. [CrossRef]

Aldas, M.; Pavon, C.; Lépez-Martinez, J.; Arrieta, M.P. Pine resin derivatives as sustainable additives to improve the mechanical
and thermal properties of injected moulded thermoplastic starch. Appl. Sci. 2020, 10, 2561. [CrossRef]

Mohanty, A K.; Misra, M.; Drzal, L.T. Sustainable bio-composites from renewable resources: Opportunities and challenges in the
green materials world. J. Polym. Environ. 2002, 10, 19-26. [CrossRef]

Gliéciniska, E.; Kruciniska, I.; Michalak, M.; Puchalski, M.; Ciechariska, D.; Kazimierczak, J.; Bloda, A. Bio-based composites for
sound absorption. In Composites from Renewable and Sustainable Materials; IntechOpen: London, UK, 2016; pp. 217-239.

Jawaid, M.H.P.S.; Khalil, H.A. Cellulosic/synthetic fibre reinforced polymer hybrid composites: A review. Carbohydr. Polym. 2011,
86, 1-18. [CrossRef]

Garcia, D.; Bustamante, F; Alarcon, E.; Donate, ].M.; Canoira, L.; Lapuerta, M. Improvements of thermal and thermochemical
properties of rosin by chemical transformation for its use as biofuel. Waste Biomass Valorization 2020, 11, 6383-6394. [CrossRef]
Chang, R.; Lata, R.; Rohindra, D. Study of mechanical, enzymatic degradation and antimicrobial properties of poly (butylene
succinate)/ pine-resin blends. Polym. Bull. 2002, 77, 3621-3635. [CrossRef]

Asim, M,; Paridah, M.T.; Chandrasekar, M.; Shahroze, R.M.; Jawaid, M.; Nasir, M.; Siakeng, R. Thermal stability of natural fibers
and their polymer composites. Iran. Polym. ]. 2020, 29, 625-648. [CrossRef]

Khalil, H.A.; Bhat, A.H.; Yusra, A.IL. Green composites from sustainable cellulose nanofibrils: A review. Carbohydr. Polym. 2012, 87,
963-979. [CrossRef]

Gholampour, A.; Ozbakkaloglu, T. A review of natural fiber composites: Properties, modification and processing techniques,
characterization, applications. J. Mater. Sci. 2020, 55, 829-892. [CrossRef]

Jang, E.S. Sound Absorbing Properties of Selected Green Material —A Review. Forests 2023, 14, 1366. [CrossRef]

Hassan, T.; Jamshaid, H.; Mishra, R.; Khan, M.Q.; Petru, M.; Tichy, M.; Muller, M. Factors affecting acoustic properties of
natural-fiber-based materials and composites: A review. Textiles 2021, 1, 55-85. [CrossRef]

Bhuiyan, M.R.; Ali, A.; Mohebbullah, M.; Hossain, M.F.; Khan, A.N.; Wang, L. Recycling of cotton apparel waste and its utilization
as a thermal insulation layer in high performance clothing. Fash. Text. 2023, 10, 22. [CrossRef]

Chen, J.; Yan, Z; Li, H.; Zhang, Z.; Gong, ].; Zhang, J. Fabrication, sound absorption simulation and performance optimization of
multi-layer gradient fiber-based composites. Polym. Compos. 2023, 44, 5044-5057. [CrossRef]

Khem, S.; Sutikno, S.; Suwarta, P.; Istana, B. Experimental Study of Sound Absorption Coefficient Characteristics of Oil Palm
Frond Reinforced Composite. Key Eng. Mater. 2023, 941, 257-263. [CrossRef]

Haghighat, M.; Samaei, S.E.; Amininasab, S.; Faridan, M.; Mehrzad, S.; Sheikhmozafari, M.].; Taban, E. The Impact of Fiber Size
on the Sound Absorption Behavior of Composites Made from Sugarcane Bagasse Wastes Fibers. J. Nat. Fibers 2023, 20, 2175760.
[CrossRef]

Tang, X.; Yan, X. Acoustic energy absorption properties of fibrous materials: A review. Compos. Part A Appl. Sci. Manuf. 2017, 101,
360-380. [CrossRef]

Marinkovic, B.A.; White, M.A_; Chen, J.; Sanson, A. Recent Advances in Low-Positive, Zero, and Negative Thermal Expansion
Materials: Fundamentals and Applications. Front. Mater. 2022, 9, 873553. [CrossRef]

Jaafar, J.; Siregar, J.P.; Mohd Salleh, S.; Mohd Hamdan, M.H.; Cionita, T.; Rihayat, T. Important considerations in manufacturing
of natural fiber composites: A review. Int. J. Precis. Eng. Manuf. Green Technol. 2019, 6, 647—-664. [CrossRef]

Abare, A.Y.; Jawaid, M.; Hamid, N.H.; Bakar, B.F.A ; Ismail, A.S.; Sarmin, S.N.; Fouad, H.; Midani, M. Evaluation of physical,
mechanical, and thermal properties of woven kenaf/bio-epoxy composites. J. Ind. Text. 2023, 53, 15280837231163342. [CrossRef]
Bharti, P.; Verma, S.; Kumar, M.; Devnani, G.L. Thermal Stability of Polymer Composites Reinforced with Bast Fibers. In Bast
Fibers and Their Composites: Processing, Properties and Applications; Springer Nature: Singapore, 2022; pp. 147-166.

Katunin, A. Evaluation of criticality of self-heating of polymer composites by estimating the heat dissipation rate. Mech. Compos.
Mater. 2018, 54, 53—-60. [CrossRef]

Jubsilp, C.; Mora, P.; Rimdusit, S. Thermal Stability and Flame Retardancy of Epoxy/Natural Fiber Composites. In Handbook of
Epoxy/Fiber Composites; Springer Nature: Singapore, 2022; pp. 713-743.

Poletto, M.; Ornaghi Junior, H.L.; Zattera, A.]. Native Cellulose: Structure, Characterization and Thermal Properties. Materials
2014, 7, 6105-6119. [CrossRef]

Salasinska, K.; Barczewski, M.; Borucka, M.; Gorny, R.L.; Kozikowski, P.; Celiniski, M.; Gajek, A. Thermal stability, fire and smoke
behaviour of epoxy composites modified with plant waste fillers. Polymers 2019, 11, 1234. [CrossRef]

Chang, B.P; Mohanty, A K.; Misra, M. Studies on durability of sustainable biobased composites: A review. RSC Adv. 2020, 10,
17955-17999. [CrossRef] [PubMed]


https://doi.org/10.3390/polym12030654
https://www.ncbi.nlm.nih.gov/pubmed/32183033
https://doi.org/10.1007/s42452-019-0685-z
https://doi.org/10.3390/polym13244425
https://www.ncbi.nlm.nih.gov/pubmed/34960977
https://doi.org/10.1038/s41598-023-28435-0
https://doi.org/10.3390/app10072561
https://doi.org/10.1023/A:1021013921916
https://doi.org/10.1016/j.carbpol.2011.04.043
https://doi.org/10.1007/s12649-019-00863-y
https://doi.org/10.1007/s00289-019-02938-1
https://doi.org/10.1007/s13726-020-00824-6
https://doi.org/10.1016/j.carbpol.2011.08.078
https://doi.org/10.1007/s10853-019-03990-y
https://doi.org/10.3390/f14071366
https://doi.org/10.3390/textiles1010005
https://doi.org/10.1186/s40691-023-00342-y
https://doi.org/10.1002/pc.27471
https://doi.org/10.4028/p-5t05f8
https://doi.org/10.1080/15440478.2023.2175760
https://doi.org/10.1016/j.compositesa.2017.07.002
https://doi.org/10.3389/fmats.2022.873553
https://doi.org/10.1007/s40684-019-00097-2
https://doi.org/10.1177/15280837231163342
https://doi.org/10.1007/s11029-018-9717-9
https://doi.org/10.3390/ma7096105
https://doi.org/10.3390/polym11081234
https://doi.org/10.1039/C9RA09554C
https://www.ncbi.nlm.nih.gov/pubmed/35517220

Polymers 2024, 16, 672 18 of 18

36.

37.

38.
39.

40.
41.

42.
43.

44.

45.

46.

Otaru, A.]. Review on the acoustical properties and characterisation methods of sound absorbing porous structures: A focus on
microcellular structures made by a replication casting method. Met. Mater. Int. 2020, 26, 915-932. [CrossRef]

Miles, R.N.; Miles, R.N. Sound Transmission Loss. In Physical Approach to Engineering Acoustics; Springer: Cham, Switzerland,
2020; pp. 53-82.

Qiu, X. Principles of sound absorbers. In Acoustic Textiles; Springer: Singapore, 2016; pp. 43-72.

Sharma, S.K.; Shukla, S.R.; Sethy, A.K. Acoustical behaviour of natural fibres-based composite boards as sound-absorbing
materials. J. Indian Acad. Wood Sci. 2020, 17, 66-72. [CrossRef]

Huang, S.; Li, Y.; Zhu, J.; Tsai, D.P. Sound-absorbing materials. Phys. Rev. Appl. 2023, 20, 010501. [CrossRef]

Arenas, ].P; Asdrubali, F. Eco-materials with noise reduction properties. In Handbook of Ecomaterials; Martinez, L.M.T., Kharissova,
0.V, Kharisov, B.I,, Eds.; Springer: Cham, Switzerland, 2018; pp. 3031-3056.

Available online: https://www.knaufnorthamerica.com/en-us/sound-control (accessed on 25 February 2024).

Rastegar, N.; Ershad-Langroudi, A.; Parsimehr, H.; Moradi, G. Sound-absorbing porous materials: A review on polyurethane-
based foams. Iran. Polym. J. 2022, 31, 83-105. [CrossRef]

Sabbagh, M.; Elkhateeb, A. Sound absorption characteristics of polyurethane and polystyrene foams as inexpensive acoustic
treatments. Acoust. Aust. 2019, 47, 285-304. [CrossRef]

Mohammed, A.S.; Meincken, M. Thermal and acoustic insulation properties of wood plastic composites (WPCs) for interior
housing applications. Eur. ]. Wood Wood Prod. 2023, 81, 421-437. [CrossRef]

Ozdil, N.; Kayseri, G.O.; Mengiig, G.S. Investigation of sound absorption characteristics of textile materials produced from
recycled fibers. In Waste in Textile and Leather Sectors; IntechOpen: London, UK, 2020; pp. 1-20.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12540-019-00512-y
https://doi.org/10.1007/s13196-020-00255-z
https://doi.org/10.1103/PhysRevApplied.20.010501
https://www.knaufnorthamerica.com/en-us/sound-control
https://doi.org/10.1007/s13726-021-01006-8
https://doi.org/10.1007/s40857-019-00168-z
https://doi.org/10.1007/s00107-022-01897-1

\

el y “
SER materials @5
Article

Investigation into the Acoustic Properties of Polylactic Acid
Sound-Absorbing Panels Manufactured by 3D Printing
Technology: The Influence of Nozzle Diameters and
Internal Configurations

Simona Matei 107, Mihai Alin Pop 1-*(, Sebastian-Marian Zaharia 2(, Mihaela Cosnita 37, Catalin Croitoru 9,

Cosmin Spirchez 5

check for
updates

Citation: Matei, S.; Pop, M.A.;
Zaharia, S.-M.; Cosnitd, M.; Croitoru,
C.; Spirchez, C.; Cazan, C.
Investigation into the Acoustic
Properties of Polylactic Acid Sound-
Absorbing Panels Manufactured by
3D Printing Technology: The
Influence of Nozzle Diameters and
Internal Configurations. Materials
2024, 17, 580. https://doi.org/
10.3390/ma17030580

Academic Editor: Antonino Recca

Received: 5 January 2024
Revised: 19 January 2024
Accepted: 23 January 2024
Published: 25 January 2024

Correction Statement: This article
has been republished with a minor
change. The change does not affect
the scientific content of the article and
further details are available within the
backmatter of the website version of

this article.

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Cristina Cazan

3

Department of Materials Science, Transilvania University of Brasov, 500036 Brasov, Romania;
simona.matei@unitbv.ro

Department of Manufacturing Engineering, Transilvania University of Brasov,

500036 Brasov, Romania; zaharia_sebastian@unitbv.ro

Department of Product Design, Mechatronics and Environment, Transilvania University of Brasov, 500036
Brasov, Romania; mihaela.cosnita@unitbv.ro (M.C.); c.vladuta@unitbv.ro (C.C.)

Materials Engineering and Welding Department, Transilvania University of Brasov, 500036 Brasov, Romania;
c.croitoru@unitbv.ro

Wood Processing and Design Wooden Product Department, Transilvania University of Brasov, 500036 Brasov,
Romania; cosmin.spirchez@unitbv.ro

Correspondence: mihai.pop@unitbv.ro

Abstract: Sound-absorbing panels are widely used in the acoustic design of aircraft parts, buildings
and vehicles as well as in sound insulation and absorption in areas with heavy traffic. This paper
studied the acoustic properties of sound-absorbing panels manufactured with three nozzle diameters
(0.4 mm, 0.6 mm and 0.8 mm) by 3D printing from three types of polylactic acid filaments (Grey
Tough PLA; Black PLA Pro; Natural PLA) and with six internal configurations with labyrinthine
zigzag channels (Z1 and Z2). The absorption coefficient of the sample with the Z2 pattern, a 5.33 mm
height, a 0.6 mm nozzle diameter and with Black PLA Pro showed the maximum value (« = 0.93) for
the nozzle diameter of 0.6 mm. Next in position were the three samples with the Z1 pattern (4 mm
height) made from all three materials used and printed with a nozzle diameter of 0.4 mm with a
sound absorption coefficient value (« = 0.91) at 500 Hz. The highest value of the sound transmission
loss (56 dB) was found for the sample printed with a nozzle size of 0.8 mm with the Z2 pattern
(8 mm height) and with Black PLA Pro. The extruded material, the nozzle diameter and the internal
configuration had a significant impact on the acoustic performance of the 3D-printed samples.

Keywords: acoustic properties; 3D printing process; sound-absorbing panels; polylactic acid

1. Introduction

Noise pollution is the excessive and uncontrolled presence of unwanted and disturbing
sounds in a given environment, which can have negative effects on human health, wildlife
and ecosystems. The additive manufacturing of sound-absorbing panels with high acoustic
performance is a topical and intensively researched subject, mainly due to the low cost, short
manufacturing time and diversity of materials used in these types of 3D printing processes.

Noise is defined as a compound of sounds that affect the psychological and biological
state of humans and other organisms which are found in nature. It is one of the main
types of pollution, and constant exposure to it can cause different types of health problems
such as hearing loss, cardiovascular diseases, sleep disorders, discomfort, etc. [1-4]. In
this regard, sound-absorbing materials made of environmentally friendly materials [5-7]
or synthetic materials [7-9] have been developed. Of these materials, the most important
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factor influencing their acoustic performance is the porosity [10-13]. The most common
application for porous materials is sound absorption, for example in room acoustics [14,15]
or porous linings in aircraft engines or next to porous laminated composite structures for
wings or empennage [16]. Porous materials exhibit favorable acoustic properties, especially
those with a high absorption coefficient [17].

One method of developing acoustically efficient materials is fused-filament fabrication
(FFF), also known as 3D printing. The 3D printing process allows for complex shapes to
be manufactured directly from computer-aided design (CAD) templates by successively
adding layers of extruded material [18]. For porous materials, 3D printing processes result
in samples whose microstructure is known and can therefore be related to the macroscopic
homogenized quantities. There are several examples in the literature where the 3D printing
process has been used to manufacture sound absorbers. Setaki et al. [19] obtained such
sound absorbers on the basis of the destructive interference principle. With this principle,
if a peak of a single wave encounters a minimum of another wave, then the amplitude is
equal to the difference between the individual amplitudes. Ghaffarivardavagh et al. [20]
presented another approach for sound attenuation, namely a structure that reduces sound
transmission in pipes while being permeable and can thus be further used in fluid flows
using the same principle (destructive interference).

Liu et al. [21] developed multi-layer perforated sound-absorbing panels using 3D
printing technology. The acoustic properties of porous media can be estimated using
several material designs of different complexity, among which the BIOT model is the most
complex [22]. This model estimates the acoustic behavior based on parameters such as
the airflow resistivity, sinuosity, porosity, and others. Ring et al. [23] obtained porous and
acoustically efficient absorber structures using the material extrusion (MEX) process and
demonstrated the potential of these structures.

Boulvert et al. [24] researched the geometrical factors influencing the acoustic prop-
erties and reported a numerical optimization procedure of a continuous-gradient porous
layer properties to obtain perfect absorption under normal-incidence conditions for 3D-
printed samples. Following the study in [24], the best-performing continuous-gradient
microstructure, which provides optimal acoustic reflectance and/or transmission, was
designed by a nonlinear conjugate-gradient algorithm for 3D-printed cylindrical samples.

In the studies by Gino Iannace [25] and Maria Grazia De Giorgi et al. [26], natural
fibers with good sound absorption coefficients were reported that were similar to synthetic
porous materials, and upon increasing the sample thickness, the highest values of the sound
absorption coefficient moved towards the lowest frequencies with diverse applications,
including building restorations for sound isolation.

Carbajo et al. [27] obtained 3D-printed macro-perforated porous polylactic acid fila-
ment (PLA) materials using fused deposition modeling (FDM) with a simple filling pattern
that provided open porosities ranging from 8% to 39% with pore sizes of at least 0.2 mm.
The experimental results showed a high absorption performance for the samples that
exhibited macro-perforations. In addition, a comparative study on predictions obtained
with the double-porosity theory in conjunction with the Johnson-Champoux-Allard (JCA)
approach using macroscopic parameters obtained by an inverse characterization procedure
and absorption measurements showed acceptable agreement.

Gliscinska et al. [28] developed sound-absorbing materials from viscose and polylactic-
acid-based composites. They found that the presence of the polymer layer on the surface
of the composite material improved the sound absorption. In the low-frequency range of
sound, the absorption frequency range tended to expand towards lower frequencies as the
thickness of the polymer surface layer increased.

The acoustic performances of sound-absorbing panels are characterized by two impor-
tant properties: the sound absorption coefficient («) and the sound transmission loss (STL).
The sound absorption coefficient () is defined as the ratio of the sound energy absorbed
by the medium through which the wave passes to the energy of the incident wave. The
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sound transmission loss (STL) is defined as the ratio of the sound power that enters the
sound attenuator to the transmitted sound power.

In the case of porous materials, in addition to the sound absorption characteristics,
many researchers have also studied the sound reflection properties [29]. The study in [29]
of the natural behavior of infinite uniform layers of a porous material considered the
relationship between pressure and velocity, and the results focused on the evaluation of
the intrinsic properties of the material based on the acoustic surface impedance of plane
waves using two parameters: the energy deviation index and the real reflection angle.
Sound reflection is the phenomenon of a sound returning to the medium from which it
originates when it meets the separation surface with another medium, which has a different
density [30,31].

Zvonicek et al. [32] analyzed the acoustic properties of 3D-printed sound-absorbing
panels made of polylactic acid filament (PLA), polyethylene terephthalate modified with
glycol (PET-G) and acrylonitrile styrene acrylate (ASA). These researchers observed that
the PLA samples demonstrated the best results for the reflection coefficient. Also, from the
data analyzed, in terms of the acoustic performance as well as economic constraints, the
ideal combination for 3D printing stringed instruments was PET-G material with either a
gyroid or grid infill structure printed with a deposition layer height of 0.3 mm or 0.5 mm.

Monkova et al. [33] found that the reflective properties of PLA samples were influenced
not only by the type of structure but also by the porosity and thickness of the samples.
In a recent study [34], the influence of arbitrarily varying cross-sectional perforations on
the acoustic behavior of 3D-printed PLA parts with a divergent-convergent pattern was
studied. The results indicated that the sound absorption of perforated panels with a varying
cross section was better than that of perforated panels with a uniform cross section for the
given frequency range.

The influence of the spherical perforations and their grading on the acoustic charac-
teristics (sound absorption coefficient and sound transmission loss) of a 3D-printed PLA
biodegradable material were experimentally analyzed and simulated. The results demon-
strated that the sound absorption coefficient of all the functionally graded perforations
was higher at low frequencies [35]. Another study [36] researched the acoustic properties
of 3D-printed porous polycarbonate material (PPM). The acoustic tests found that with
increasing the perforation angle and with the porosity being constant, the sound absorption
decreased. Also, the acoustic results indicated that by adjusting the perforation angle and
the airgap behind the sample, a high level of sound absorption at low frequencies could
be obtained.

Vasina et al. [37] analyzed the different factors (open—porous material structure, the
excitation frequency, the sample thickness and the air gap size) that influenced the sound
absorption behavior of ABS samples. From the current state of the literature, it can be stated
that additive manufacturing processes, particularly FDM, are increasingly being used in
studies that analyze the acoustic performance of sound-absorbing panels [36], but there are
unexplored research directions that can bring important results in the acoustic field.

In this paper, sound-absorbing panels with different internal configurations made of
different types of PLA filaments were designed and manufactured by 3D printing. The
obtained samples were acoustically tested by the transfer function method using an acoustic
impedance tube. Within this study, the analyzed acoustic properties were as follows: the
sound absorption coefficient (ct), the sound transmission loss (STL) and the sound reflection
coefficient (p).

2. Materials and Methods
2.1. Design of Acoustic Test Samples
The sample design was carried out using the SolidWorks 2016 software system in

accordance with specific acoustic testing standards [38—40]. Two sample designs were used
for acoustic testing: Z; and Z;, as shown in Table 1.
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Table 1. Dimensional characteristics of 3D-printed samples.
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For each design (Z; and Z,), samples of three different thicknesses were designed.
Thus, for model Z;, the samples were 4 mm, 6.4 mm and 8.8 mm thick, respectively, and
for design Z;, they were 4 mm, 5.33 mm and 8 mm thick, respectively. The samples were
3D-printed with three nozzle diameters (0.4 mm, 0.6 mm and 0.8 mm) and from three types
of polylactic acid filaments (Grey Tough PLA; Black PLA Pro; Natural PLA). These sample
sizes were in accordance with the mentioned standards [39,40] as well as with the technical
characteristics of the impedance tube used in the acoustic tests.

2.2. Three-Dimensional Printing of the Samples

Three types of filaments, based on polylactic acid, were used to manufacture the
samples for acoustic testing: Grey Tough PLA [41], Black PLA Pro [42] and Natural PLA [43].
The sound-absorbing panels were 3D-printed using a CreatBot DX-3D printer (Henan
Suwei Electronic Technology Co., Ltd., Zhengzhou, China). In this study, PLA filament was
chosen as the base because it is based on a thermoplastic polyester made from corn starch
or sugar cane, which are renewable resources. Admittedly, other advantages of this type
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of filament were also considered, such as [44,45] its diverse range of filaments and colors,
low cost, ease of 3D printing, low 3D printing temperature (180-220 °C), high printing
quality and accuracy and low shrinkage. The manufacturing parameters were selected
according to each filament type and were controlled via the 3D printing slicing software
CreatBot—CreatWare V6.5.2. The specimens were measured after the 3D printing, and a
dimensional precision of approx. 0.1 mm was obtained. The most important manufacturing
parameters of the 3D-printed sound-absorbing panels with the 3 types of PLA filaments
are presented in Table 2.

Table 2. Filament characteristics and 3D-printed sample parameters [41-43].

Parameter Value
Grey Tough PLA  Black PLA Pro Natural PLA
Filament diameter (mm) 2.85 2.85 2.85
Filament color Grey Black Natural
Printed Part Density (g/ cmd) 1.22 1.25 1.24
Glass Transition Temperature (°C) 59 63 55-60
Melting Temperature 152 170-180 -
Layer height (mm) 0.2 0.2 0.2
Building plate temperature (°C) 40 40 40
Infill density (%) 60 60 60
Infill pattern Cubic Cubic Cubic
Print speed (mm/s) 40 40 40
Travel speed (mm/s) 120 120 120
Printing temperature (°C) 215 210 210
Top layers 4 4 4
Bottom layers 4 4 4
Nozzle diameter (mm) 0.4/0.6/0.8 0.4/0.6/0.8 0.4/0.6/0.8

The six designs shown in Table 1, with their different thicknesses and internal config-
urations, were 3D-printed with the three nozzles (0.4 mm; 0.6 mm; 0.8 mm), resulting in
54 samples (Figure 1).

L

N ‘ ‘ B T'I’ LM

Figure 1. The 3D-printed samples of the three types of materials (Grey Tough PLA; Black PLA Pro;
Natural PLA): (a) 3D-printed samples with 0.4 mm nozzle; (b) 3D-printed samples with 0.6 mm
nozzle; (c) 3D-printed samples with 0.8 mm nozzle.
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Depending on the internal configuration of the sample (Z; or Z,) and the type of
filament (Grey Tough PLA—abbreviated G; Black PLA Pro—abbreviated B; Natural PLA—
abbreviated N), the 3D-printed samples were labelled as shown in Figure 2.

No. crt. sample Sémpie paarn Filament type
Figure 2. Labelling of the 3D-printed samples.

2.3. Acoustic Analysis of 3D-Printed Samples

The acoustic analysis of 3D-printed samples was carried out using a Holmarc HO-
ED-A-03 acoustic impedance tube (Holmarc Opto-Mechatronics Ltd., Kochi, India). The
impedance system contained an anodized aluminum tube with an inner diameter of
50 mm that could perform the acoustic analysis in the frequency range of 500 Hz-3150 Hz
(Figure 3a). The acoustic properties were investigated by the transfer function method
according to the current standards [39,40]. The acoustic impedance tube had the following
parts: hollow tubes, two pairs of microphones, sample holders, a data acquisition system
and measurement software.

measurement
Measurement Anechoic microphones
microphones termination e
termination
Test e
— : -2
Specimen i
measurement
microphones
Step 2
Without anechoic
termination
o Test
specimen
(b)

Figure 3. The equipment used for acoustic tests [44]: (a) parts of Holmarc HO-ED-A-03 impedance
tube; (b) description of impedance tube operation.

In this paper, the frequency dependencies of the sound absorption coefficient (o), the
sound transmission loss (STL) and the reflection coefficient (f3) of the 3D-printed samples
using the transfer function method were investigated. The impedance tube presented two
schematic configurations through which the acoustic performance of the 3D-printed sound-
absorbing panels could be determined [46]. For the determination of the sound absorption
coefficient, the equipment also included an anechoic termination component, and for the
sound transmission loss, this anechoic termination part was removed (Figure 3b). When
testing each sample, the geometrical parameters of the samples (50 mm), the microphone
spacing (30 mm), the temperature and the humidity recorded at each test were entered. For
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each sample, the height (thickness) was measured, and the sample was then inserted into
the impedance tube between the two sets of microphones in a fixed position provided by
the device, according to Figure 3b. The device could determine the sound coefficients with
samples up to 80 mm.

3. Results and Discussion
3.1. Influence of Nozzle Diameter on Acoustic Performance of 3D-Printed Samples

A major advantage of 3D printing is that it can produce parts by the changing manu-
facturing parameters (nozzle diameters, layer height, printing temperature, printing speed,
etc.) in a short time. Thus, a total of 54 acoustic tests were carried out for the 3D-printed
sound-absorbing panels, with which the following three important parameters were de-
termined: the sound absorption coefficient (), the sound transmission loss (STL) and the
reflection coefficient (3). The values for the 3D-printed samples with nozzle diameters of
0.4 mm, 0.6 mm and 0.8 mm made from the three types of material (Grey Tough PLA; Black
PLA Pro; Natural PLA) with the dix configurations (as shown in Table 1) are presented in
Tables 3-5.

Table 3. The acoustic test results for the 3D-printed samples (nozzle diameter 0.4 mm).

Nozzle Diameter (0.4 mm)

No. Filament Type Acoustic Properties Z, Pattern Z, Pattern

4 mm 6.4 mm 8.8 mm 4 mm 5.33 mm 8§ mm
Sample type 771G 82:G 97.G 77,G 87,G 97,G

o4 091 0.86 0.84 0.84 0.83 0.78

L Grey Tough PLA STL (dB) 30.1 30.7 309 28.1 285 29.9
B 0.863 0.877 0.889 0.885 0.847 0.89

Sample type 7Z,B 8Z,B 97,B 7Z,B 8Z,B 97,B

o4 0.91 0.82 0.76 0.83 0.87 0.83

2. Black PLA Pro STL (dB) 27.9 318 319 241 298 30.9
&) 0.879 0.9 0.887 0.793 0.845 0.907
Sample type 7Z:N 8Z;N 9Z;N 7Z,N 8Z,N 97,N

o4 0.91 0.83 0.78 0.87 0.80 0.80

3. Natural PLA STL (dB) 29.7 31 317 28.7 29.4 30.4
& 0.868 0.902 0.912 0.81 0.833 0.883

Table 4. The acoustic test results for the 3D-printed samples (nozzle diameter 0.6 mm).
Nozzle Diameter (0.6 mm)
No. Filament Type Acoustic Properties Z; Pattern Z, Pattern

4 mm 6.4 mm 8.8 mm 4 mm 5.33 mm 8 mm

Sample type 421G 521G 621G 422G 5ZzG 6ZQG

o4 0.84 0.77 0.57 0.91 0.89 0.74

1. Grey Tough PLA STL (dB) 30 31.7 324 29 302 313
B 0.937 0.918 0.931 0.89 0.899 0.933

Sample type 47,B 57,B 6Z,B 47,B 57,B 6Z,B

o 0.58 0.82 0.55 0.87 0.93 0.79

2. Black PLA Pro STL (dB) 324 32.1 329 317 314 )

[8) 0.914 0.905 0.937 0.897 0.889 0.873

Sample type 421N SZlN 6ZlN 4ZzN 5ZzN 6ZzN

o4 0.38 0.34 0.36 0.77 0.65 0.71

3. Natural PLA STL (dB) 49 389 36.1 30.6 345 204

8 0.942 0.955 0.944 0.893 0.92 0.93
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Table 5. The acoustic test results for the 3D-printed samples (nozzle diameter 0.8 mm).
Nozzle Diameter (0.8 mm)
No. Filament Type Acoustic Properties Z, Pattern Z, Pattern

4 mm 6.4 mm 8.8 mm 4 mm 5.33 mm 8§ mm
Sample type 171G 271G 371G 17,G 27,G 37,G

o 0.65 0.50 0.32 0.84 0.78 0.60

L Grey Tough PLA STL (dB) 33.4 35.2 33.8 31 325 36.1

B 0.911 0.94 0.957 0.923 0.921 0.93

Sample type 1Z,B 27,B 37,B 1Z,B 27,B 3Z,B

o 0.14 0.15 0.14 0.13 0.15 0.25

2. Black PLA Pro STL (dB) 436 26 448 462 385 56

B 0.983 0.983 0.983 0.989 0.981 0.958
Sample type 1Z;N 27Z;N 3Z;N 1Z,N 27,N 3Z,N

o4 0.29 0.23 0.16 0.46 0.25 0.29

3. Natural PLA STL (dB) 37.3 28 433 39.1 38 472
B 0.957 0.955 0.974 0.927 0.959 0.951

Figure 4 plots the influence of the sound absorption coefficient (c) as a function of
the type of 3D-printed sample. In the case of the sound-absorbing panels printed with a
0.4 mm diameter nozzle (Figure 4a), an almost constant trajectory of the sound absorption
coefficient was observed. From Figure 4a, it can be observed that the highest value for
the absorption coefficient was found in three types of samples, namely 7Z;B, 7Z;G and
7Z1N. The absorption coefficient value for the three samples was 0.91, which occurred
at a frequency of 500 Hz. All the three samples had the same value for the absorption
coefficient and had the same sample thickness (4 mm) with the three types of materials
analyzed (Grey Tough PLA; Black PLA Pro; Natural PLA). The average of the 18 absorption
coefficient values for the nozzle diameter of 0.4 mm was 0.837. For the 3D-printed panels
with a 0.6 mm nozzle diameter (Figure 4b), an increase in the absorption coefficient value
to 0.93 was found for sample 5Z,B, which was recorded at a frequency of 500 Hz. In this
case, the average of the 18 absorption coefficient values for the 0.6 mm nozzle diameter was
0.692. In contrast to the panels printed with a 0.4 mm nozzle diameter and a 0.6 mm nozzle
diameter, the samples printed with a 0.8 mm nozzle diameter (Figure 4c) showed lower
absorption coefficient values. In this case (0.8 mm nozzle diameter), the highest absorption
coefficient value was obtained for sample 17,G (0.84) at a frequency of about 1600 Hz. The
average of the 18 absorption coefficient values for the 0.8 mm nozzle diameter was 0.351.

Of all the samples, the highest value for the absorption coefficient (A = 0.93) was found
for sample 57,B, which means that the noise was very well absorbed. Based on the analysis
of the average sound absorption coefficient values for the three nozzle diameters, it can be
concluded that the average absorption coefficient values for the 3D-printed samples with a
nozzle diameter of 0.4 mm were 17% higher than the average absorption coefficient values
of the samples manufactured with a nozzle diameter of 0.6 mm and 58% higher than the
average absorption coefficient values of the samples manufactured with a nozzle diameter
of 0.8 mm, respectively. Thus, it can be stated that the nozzle diameter had a significant
influence on the sound absorption coefficient, and the highest values were shown for a
nozzle size of 0.4 mm. This was because the nozzle diameter of 0.4 mm printed with more
voids compared to the nozzle sizes of 0.6 mm and 0.8 mm [47], and these small defects
(voids between layers of extruded material) are beneficial to better sound absorption [11].
Thus, in acoustic testing, the specific defects of the 3D printing process are an advantage
because they create a porosity at the structural level of the sample that leads to higher
values of the sound absorption coefficient. The defects that occur improve the passage of
sound waves entering the sample, and the air inside the voids can thus move easily, which
increases the viscous friction, causing a loss of sound wave energy and, thus, sound is
absorbed more efficiently [48]. In Figure 4d, the absorption coefficient curves are plotted
for the highest values obtained as a function of the nozzle size, and for the nozzle diameter



Materials 2024, 17, 580 9o0f17

0.4 mm, there were three samples with the same absorption coefficient value. As illustrated
in Figure 4d, the shape of these curves was similar for all the material types with very small
variations, peaking at approximately 500 Hz, 1000 Hz and 1600 Hz. On further analysis of
the experimental data, when only the nozzle diameters of 0.4 mm, 0.6 mm and 0.8 mm were
varied and the other factors were kept constant (same material, same sample thickness and
same internal configuration), it was concluded that about 80% of the maximum absorption
coefficient values were obtained with the 0.4 mm nozzle diameter and 20% of the maximum
values were obtained for the 0.6 mm nozzle diameter. Thus, it can be stated that another
important aspect regarding the FFF process was the correct choice of the deposition layer
height (0.2 mm), which is recommended to not exceed the print nozzle diameter (0.4 mm)
in order to obtain good mechanical and acoustic performance [49-51].
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Figure 4. Sound absorption coefficient of 3D-printed sound-absorbing panels: (a) samples printed
with 0.4 mm nozzle diameter; (b) samples printed with 0.6 mm nozzle diameter; (c) samples printed
with 0.8 mm nozzle diameter; (d) variation in the absorption coefficient as a function of frequency.

Figure 5 plots the influence of the sound transmission loss (STL) as a function of the
3D-printed sample. In the case of the 3D-printed samples with a nozzle size of 0.4 mm, it
can be seen that the highest value for the sound transmission loss was 31.9 dB for sample
9Z7,B, which was obtained at a frequency of 3150 Hz (Figure 5a). For the 3D-printed samples
with a nozzle diameter of 0.6 mm (Figure 5b), an increase in the sound transmission loss up
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to 42.9 dB was observed for sample 4Z;N at the same frequency (3150 Hz). An increase
in the sound transmission loss was also observed for the samples printed with a nozzle
size of 0.8 mm (Figure 5c). In this case, the highest value was recorded for sample 3Z,B
(STL = 56 dB). The curves representing the influence of the sound transmission loss as a
function of the frequency (Figure 5d) showed similar shapes, with a peak of values for all
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Figure 5. Sound transmission loss of 3D-printed sound-absorbing panels: (a) samples printed with
0.4 mm nozzle diameter; (b) samples printed with 0.6 mm nozzle diameter; (c) samples printed with
0.8 mm nozzle diameter; (d) variation in the transmission loss as a function of frequency.

After analyzing the average sound transmission loss values as a function of the three
nozzle diameters, it can be noted that the 3D-printed samples with a nozzle size of 0.6 mm
showed a 10% increase in values compared to the average 3D-printed samples with a
nozzle size of 0.4 mm, and the 3D-printed samples with a nozzle size of 0.8 mm showed a
34% increase in values compared to the average 3D-printed samples with a nozzle size of
0.4 mm. A conclusion that can be drawn from the analysis of the samples printed with the
three nozzle diameters is that the highest value of the sound transmission loss (comparing
the same material, the same sample thickness and the same internal configuration) was
determined for the nozzle diameter of 0.8 mm (for all cases). This was attributable to
the panel, which acts as a barrier preventing sound transmission. This was because the
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3D-printed panels with a 0.8 mm diameter nozzle showed fewer defects as compared to
the 3D-printed panels with 0.6 mm and 0.4 mm diameter nozzles [47].

Figure 6 plots the influence of the reflection coefficient ([3) of sound as a function of
the sample type. The highest value for the reflection coefficient, in the case of the sound-
absorbing panels printed with a 0.4 mm nozzle (Figure 6a), was 0.912 for sample 9Z;N. For
the samples printed with a nozzle diameter of 0.6 mm (Figure 6b), there was an increase
in the reflectivity coefficient, with sample 5Z;N showing the highest value of 0.955. The
reflectance coefficient further showed an increase to a value of 0.989 for sample 17,B, which
was printed with nozzle size 0.8 mm (Figure 6¢).
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Figure 6. Sound reflection coefficient of 3D-printed sound-absorbing panels: (a) samples printed with
0.4 mm nozzle diameter; (b) samples printed with 0.6 mm nozzle diameter; (c) samples printed with
0.8 mm nozzle diameter; (d) variation in the reflection coefficient as a function of frequency.

As can be found in Figure 6d, the three reflection coefficient curves peaked at around
1600 Hz, with high values for all three types of 3D printing nozzle diameters. It can be
concluded that as the nozzle diameter increased, the reflection coefficient showed higher
values, which was due to the reduced number of defects in the 3D printing with the 0.8
mm nozzle diameter, resulting in a better acoustic reflection of sound waves propagating
through the 3D-printed samples.
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3.2. The Influence of Material Type on the Acoustic Performance of 3D-Printed Samples

The choice of the type of extruded material, in the case of 3D-printed acoustic panels,
is one of the important factors in obtaining good acoustic performance. In this sub-chapter,
the three types of polylactic acid (PLA), from which the samples were manufactured, were
analyzed. This analysis was carried out while keeping the other manufacturing parameters
constant (same nozzle diameter, same internal configuration and same sample thickness)
and by conducting a horizontal analysis of the materials (Grey Tough PLA; Black PLA
Pro; Natural PLA) to determine the influence of the extruded material on the acoustic
performance (absorption coefficient, transmission loss and sound reflection coefficient).

As a result of the acoustic tests and a thorough analysis of the three types of materials,
the following conclusions can be drawn regarding the sound absorption coefficient:

e  For the samples printed with a nozzle diameter of 0.8 mm with the same sample
thickness and internal configuration, the Grey Tough PLA material showed the highest
values for o (with a minimum of 0.32—sample 3Z;—and a maximum of 0.84—sample
1Z,G). For the Grey Tough PLA material, these values were 3 times higher as compared
to the Black PLA Pro material and double that of the Natural PLA material. An
explanation for this high value of « for the Grey Tough PLA printed samples could be
attributed to the lower density (1.24 g/cm3) of the printed samples that exhibited a
higher sound absorption capacity, as demonstrated in other studies [52-54].

e In contrast, for the 3D-printed samples with a nozzle diameter of 0.6 mm with the
same sample thickness and internal configuration, the absorption coefficient values
(with a maximum of 0.91 for Grey Tough PLA—sample 4Z,G—and a maximum of
0.93—sample 5Z;,B for Black PLA Pro) were close for the materials (Grey Tough PLA
and Black PLA Pro). For the Natural PLA material, the values were lower compared
to the first two and varied for the Z; configuration (x = 0.34-0.38) and were higher for
the Z; configuration (« = 0.65-0.77). But on further analysis, it can be stated that the
maximum absorption coefficient values (4Z,G and 5Z,B) were reached for two (Grey
Tough PLA and Black PLA Pro) of the three materials.

e  For the samples manufactured with a nozzle diameter of 0.4 mm with the same sample
thickness and the same internal configuration, the absorption coefficient was close
to the maximum for each material type (Grey Tough PLA with & = 0.91—sample 7Z;G;
Black PLA Pro with & = 0.91—sample 7Z;B; Natural PLA with « = 0. 91—sample 7Z;N).
Therefore, it can be stated that for the different materials (Grey Tough PLA; Black
PLA Pro; Natural PLA) and with the following characteristics, the same absorption
coefficient results were obtained: nozzle diameter of 0.4 mm, the same sample thick-
ness (4 mm) and the same internal configuration (Z;). Thus, it can be concluded that
the FFF additive manufacturing process showed high stability in 3D printing with
a 0.4 mm diameter nozzle for the three materials analyzed. The nozzle diameter of
0.4 mm provided, in the case of the acoustically tested samples, a balance between the
details of the printed parts (fine details on X and Y axes) and the 3D printing time.

In terms of sound transmission loss, which was analyzed considering the three types
of materials, the following can be outlined:

e  For the 0.8 mm nozzle diameter with the same sample thickness and the same internal
configuration, the Black PLA Pro material showed the highest results (minimum
38.5 dB and maximum 56 dB);

e  For the 0. 6 mm nozzle diameter with the same sample thickness and the same internal
configuration, the Natural PLA material showed the highest results (minimum 32.4 dB
and maximum 42.9 dB);

e  For the 0.4 mm nozzle diameter with the same sample thickness and the same internal
configuration, the Black PLA Pro material showed the highest results (minimum
24.1 dB and maximum 31.9 dB).

Based on the aforementioned results, the sound transmission loss had a maximum
value of 56 dB, but these values are very rare, and most values for the STL are between
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30 dB and 40 dB as related to PLA material, with a maximum at high frequency (3150 Hz),
as observed in other studies [5,34,35,54].

The sound reflection coefficient ([3) measures the vertical propagation of sound waves
through 3D-printed samples [33] by using the impedance tube method. A summary of
the sound absorption coefficient results is presented as follows: the highest values for the
0.8 mm nozzle diameter were obtained with the Black PLA Pro material; for the 0.6 mm
diameter nozzle, the highest values of 3 were attributed to the Natural PLA material; for
the 0.4 mm diameter nozzle, the maximum values were very close (exceeding 0.9), and
each material had two maximum values.

3.3. The Influence of Internal Configuration on the Acoustic Performance of 3D-Printed Samples

The internal configuration of the 3D-printed samples had a significant influence on the
acoustic performance [23,34,35]. In this case, the analysis was carried out on the internal
configurations of the samples (the two zigzag configurations Z; and Z;), and the constant
factors were: a sample thickness of 4 mm, the material (Grey Tough PLA; Black PLA Pro;
Natural PLA) and the print nozzle diameter (0.4 mm, 0.6 mm and 0.8 mm). The two internal
configurations differed in terms of the tilt angle (for Z, it was 31°; for Z,, it was 48°) and
the internal configuration width (for Z;, it was 1.6 mm; for Z,, it was 2 mm).

The two internal configurations were labyrinthine with zigzag channels, as used in
various studies [55-59], due to the major advantage they confer; they are the most efficient
in terms of broad-band sound absorption, and they offer a light weight and compact size.
The analyses of the absorption coefficient and sound transmission loss were carried out
for the following sample pairs (12,G-1Z,G; 1Z;B-1Z,B; 1Z;N-1Z,N; 47,G-47Z,G; 4Z,B-
47,B; 4Z1N-47;N; 72,G-72,G; 721B-72,B; 72:N-7Z,N). With regard to the absorption
coefficient, among the samples analyzed, an internal configuration (Z;) was outlined that
showed the maximum values, for all types of material, at a nozzle diameter of 0.4 mm. The
best absorption coefficient values (x = 0.91) were obtained for the Z; configuration, for a
tilt angle of 31° and for a sample thickness of 4 mm. An important factor that has a strong
influence on the sound absorption coefficient is the sample thickness [48,60,61], and this
was also validated in this paper, where the best results, for all the types of material studied,
were obtained at a sample thickness of 4 mm.

In the case of these types of 3D-printed parts, it was also observed in other spe-
cialized studies [5,46,62] that the design of the core and the material itself have good
sound-absorbing properties up to a frequency of approximately 2000 Hz, after which the
absorption coefficient variation has a downward trend with low-intensity variations. The
same type of variation in the absorption coefficient was also encountered in the case of all
the analyzed samples made by the authors in this study, which were similarly obtained
by 3D printing. It should be noted that the Z, configuration also showed high values for
the sound absorption coefficient (at a nozzle diameter of 0.4 mm and a sample thickness
of 4 mm), with a decrease of between 6-9% as compared to the Z; configuration. In the
case of 3D-printed samples with nozzle diameters of 0.6 mm and 0.8 mm, the maximum
absorption coefficient values were obtained for the Z, configuration. From these absorption
coefficient values, it can be concluded that the tilt angle of the zigzag channels is another
important factor in determining the absorption coefficient of 3D-printed samples.

The sound transmission loss for 3D-printed samples represents their ability to provide
sound insulation, and the results were opposed to the absorption confinement. Thus, the
highest STL results were obtained for the samples printed with a nozzle diameter of 0.6
mm and 0.8 mm for the Z1 configuration, whereas for the samples printed with a nozzle
diameter of 0.4 mm, the transmission loss had the highest values for the Z2 configuration
as compared to the Z1 configuration.

4. Conclusions

The influence of three factors (nozzle diameter, material and internal configuration) of
sound-absorbing panels on their acoustic performance (sound absorption coefficient, sound



Materials 2024, 17, 580

14 of 17

transmission loss and sound reflection coefficient) were determined by the impedance
tube method.

The analysis, according to the diameter of the 3D printing nozzle, showed some
important aspects regarding the acoustic properties:

e  For the nozzle diameter of 0.4 mm, the highest values of the absorption coefficient
were obtained («x = 0.76-0.91);

e  For the nozzle diameter of 0.6 mm, the highest value of the absorption coefficient
(o« = 0.93) was obtained for sample 5Z,B (5.33 mm thickness, Black PLA Pro filament
and Z; internal configuration);

e  For the nozzle diameter of 0.8 mm, the lowest values of the absorption coefficient
were recorded;

e  The average value for « with a nozzle diameter of 0.4 mm was 17% higher than the
value of « for the nozzle diameter of 0.6 mm and 58% higher as compared to « for the
nozzle diameter of 0.8 mm;

e Based on the analysis of the samples printed with the three nozzle diameters, the
highest value of the sound transmission loss (STL = 0.56 dB) was obtained for the
nozzle diameter of 0.8 mm;

o  The reflection coefficient showed the highest value (3 = 0.989) for sample 17Z,B, which
was printed with a nozzle size of 0.8 mm, and which had the maximum value that
corresponded to the lowest absorption coefficient (o« = 0.02 at a frequency of 1600 Hz).

The extruded material used in 3D-printed samples also has an important influence on
the acoustic performance. Thus, for the absorption coefficient, the following conclusions
were drawn: for a nozzle size of 0.8 mm, the Grey Tough PLA filament had the highest
values; for a nozzle size of 0.6 mm, the Grey Tough PLA and Black PLA Pro filaments
had close values and the Natural PLA filament had lower values; for a nozzle side of
0.4 mm, the closest maximum values of « were obtained for the three material types. The
transmission loss recorded usual values for the PLA materials, showing a maximum of 56
dB for a nozzle size of 0.8 mm for the Black PLA Pro material. The reflection coefficient had
the highest values for the nozzle size of 0.8 mm and using the Black PLA Pro material.

Another important factor that was investigated in this study was the internal labyrinthine
configuration of the 3D-printed samples with zigzag channels. Thus, the two configurations
(21 and Zy) had very close values of « for the three materials and for a nozzle size of 0.4 mm.
It was noteworthy that the maximum value of the absorption coefficient (x = 0.91) was
obtained for the Z; configuration, a tilt angle of 31° and a sample thickness of 4 mm for
the three materials analyzed. The sound transmission loss had the opposite values of the
sound absorption coefficient, so the samples printed with a nozzle diameter of 0.6 mm and
0.8 mm, for the Z; configuration, had the highest values.

In conclusion, the sound-absorbing panels proposed in this study can be successfully
used in various industrial applications (in automotive manufacturing, they can be used
in the hood, the spaces next to the engine block, the interior of a car door panel, etc,;
they can also be used in aircraft panels, houses and buildings) due to their high acoustic
performance, affordable manufacturing method, lightweight internal structure and long
lifetime of 3D-printed polylactic acid material.
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Abstract: One of the latest tendencies in research related to material extrusion based on additive
manufacturing is to determine the mechanical characteristics of parts taking into consideration the
most influential manufacturing parameters. The main research objective is to describe how the
manufacturing parameters, part orientation, layer thickness and infill density influence the tensile
behavior of specimens made from PET with 15% short carbon fibers. The most advantageous result is
obtained for a layer thickness of 0.15 mm, with 100% material infill, and material deposition on the
longitudinal direction of the part. The obtained mean values are: 65.4 MPa tensile strength, 1.93%
strain at rupture, and 9 GPa Young Modulus. For these values, the tensile behavior of specimens
manufactured along transverse and thickness directions are presented. The least favorable results
are obtained for manufacturing by thickness. The novelty of the discussed research consists in all
these aspects together with an original mathematical model that was determined based on design
of experiments with a correlation of the regression model of over 90%. By optical and electronic
microscopy material gaps are visible in the filament and manufactured parts, and the failure occurs

in most cases in form of matrix cracks and delamination.

Keywords: MEX process; PET; short carbon fibers; mechanical properties; microscopy; manufacturing
defects

1. Introduction

At present, Additive Manufacturing (AM) is one of the most important topics in
the industry with various applications, from the automotive and aerospace industries to
medicine and food industry. From all processes of AM, Material Extrusion (MEX) occurs in
69% of its applications due to its advantages regarding the variety of materials which can be
used for parts manufacturing, the cost-to-quality ratio of the part, the complexity of parts
that can be manufactured through this process and their final mechanical and chemical
properties [1,2]. MEX is the manufacturing process which uses heated material in filament
form that is stacked layer by layer according to a specific desired geometry [3]. Even
though the printing process is preferred due to its simplicity, variations of the mechanical
characteristics of the obtained parts occur due to it’s the values of the manufacturing
parameters. The main parameters are: layer thickness, infill, raster angle, part orientation
on the manufacturing platform, temperature (at the nozzle, on the printing platform and
in the environment) and work environment [1-4]. A further research challenge is also
identifying the optimum combination of these parameter setpoints in order to maximize
the mechanical characteristics [4,5].
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The filaments used for manufacturing vary from simple thermoplastic materials to
thermoplastic materials combined with particles and fibers (short or continuous), called
composite filaments. In literature [4,5] also the similarity with conventional composite
materials is presented, and theoretical models for tensile strength prediction are developed
considering the transverse isotropy hypothesis, classical lamination theory and the Hill-Tsai
anisotropic plasticity criterion or the hypothesis of orthotropic materials in plane stress state.
Also, from the description of the mechanical properties, the anisotropy of the specimens is
highlighted. Other novelties are related to printable materials with shape memory, based
on the effect of thermal programming, which are translated into shape recovery and fixity
and stress recovery [6].

This study aims to present the behavior of short carbon fibers used as a reinforcement
material in a polymer matrix, which have a significant impact on the MEX process when it
is. The importance of Short Carbon Fibers (short-CF) in Additive Manufacturing resides in
the improvement of the mechanical properties of the manufactured parts and their addition
to the matrix which offer higher stiffness, strength, and thermal resilience [1,5,7,8]. As an
example, in the research reported in [9] led to obtaining a tensile strength for composite
filaments increased by 57%, compared to filaments of pure Poly(Acrylonitrile-co-Butadiene-
co-Styrene) (ABS). In [10] the researchers obtained an increased Young Modulus of 8%
for an addition of 5% glass fibers into Polylactic Acid filaments. In [11] the researchers
obtained an increased tensile strength of 20% for an addition of 10% fibers into the same
type of samples as in [10]. Furthermore, Young’s Modulus is increased by 28%. In [12],
the addition of 10% carbon fibers into the Onyx matrix increased the tensile strength from
28.92 MPa to 418 MPa.

Besides its advantages, the addition of fibers has also a negative effect on the geometri-
cal accuracy [1]. Another study [2] reports a behavior consequently to using short-CF in the
matrix; however, anisotropy of the studied materials was observed due to the alignment of
the majority of fibers by the direction of printing. In [13] a comparative study is presented
involving specimens made from polyamide with carbon fibers through by MEX and by
injection-molding, respectively. The worst results are obtained for printed specimens due
to their higher porosity of 9 to 12%, these display lower values for yield stress and 17 to 22%
lower values for Young’s Modulus compared to specimens obtained by injection molding.

Related to layer thickness as a manufacturing parameter in [14] it is asserted that
the geometrical stability is affected most by this criterion. Thus, as the value of the layer
thickness is increased, the cross section of the deposited material is more rounded, which
translates into a smaller contact surface between deposited material layers. Deposited
material cross-sections are related to the ”stair-effect” presented in [4,5], affecting also
the surface quality and mechanical properties. Thus, by decreasing the layer thickness,
the mechanical properties are improved due to the reducing of the gaps in the deposited
material [5]. In another study [15], researchers identified that yield stress, tensile and
flexural strength increased 1.16, 1.27 and 1.28 times, respectively, for a layer thickness of
0.2 mm compared to a layer thickness of 0.3 mm of Poly(vinyl chloride) (PVC).

Regarding the infill type, according to [4,5] the material can be deposited in different
patterns: linear, rectangular, honeycomb, zig-zag at a certain density. A higher infill density
entails increased part manufacturing time and material; due to their greater stiffness these
parts can carry more load.

Other papers [4,7] mentioned that the tensile strength is maximized if the direction of
load follows the printing direction. In [5] the authors investigated the impact of several
manufacturing parameters on the tensile behavior, the most influential being: the part
orientation on the printing platform, layer thickness and infill. In [7] the investigation
is concerns tensile testing of short carbon fiber polyamide parts, the most influential
manufacturing parameters being layer thickness and raster angle, which confirms the
information in [4]. The research presented in [8] provides a review of MEX, confirming
the previously presented results. Paper [16] discusses tensile testing of specimens with
100% infill while varying layer thickness for the same material. The best result of 58 MPa is
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obtained for the specimens with the thinnest layer of 0.15 mm. The study is performed on
BCNB3D Sigma, which is a printer without enclosure.

The research reported in [17] carries out comparisons of ABS versus ABS CF, PLA
versus PLA CF, Polyethylene terephthalate glycol (PETG) versus PETG CF and Amphora
versus Amphora CF, respectively, also considering part orientation from 0° to 90°. In this
case, the most advantageous results are obtained in specimens manufactured at a direction
of 0°, while the worst results correspond to a direction of 90 © Carbon fiber addition to the
matrix brought an improvement of tensile strength for 0° orientation, ranging from 5.1% in
Amphora CF to a maximum of 48% in PETG CF for the specimens made from the matrix
material. The tensile strength for PETG CF is 68.3 MPa, Young’s Modulus is 8.47 GPa and
strain at rupture is 2.99%. These results are presented for longitudinal material deposition.

In order to obtain a larger spectrum of results of the proposed study, Table 1 below
presents a summary of short carbon fiber utilization in composite filaments. It can be
concluded that the used matrix has an increased impact on the mechanical properties, the
most used matrix in studies being Poly(lactic Acid) (PLA). Based on this table material
defects can be highlighted: weak bonding between layers and material gaps, also revealed
as the most important defects by the research presented in [15]. In [18], upon identifying
these issues, the authors established that a higher enclosure temperature increases the
tensile strength of parts due to improved bond formation. These findings are verified
by scanning electron microscopy (SEM) that revealed a porosity reduced to 4.2%. Also,
from the studies mentioned in Table 1, the most common manufacturing parameters are
thickness layer and infill density.

Table 1. Composite filaments with short carbon fibers studies-summary.

Testing

Ref. Material Methods Remarks
o SEM Fiber conglomerate & Weak bonding fiber-matrix/Rm = 49.41 MPa,
[19] PLA-CF 30% Tensile E =1.26 GPa, ¢ at rupture = 7.81%
DOE Parameters: printing speed (60,80, 100 mm/min), infill (40%, 60%,
[20] PLA CF Tensile 80%), layer thickness (0.1 mm, 0.2 mm, 0.3 mm) = Rp =26.49 MPa
at 100 mm/min, Infill 60% & layer thickness = 0.2 mm.
[21] ABS/PLA/PC/PETG-CF15% Notch in tension Matrix type has an important impact over mechanical
PA-CF25% Notch in compression ~ properties—ABS; PLA & PETG-most consistent results
PLA-CF10% Tensile Most advantageous results-PLA-CF10%: Rm ~ 23 MPa, E ~ 1.8 GPa
[22] PLA-CF20% Porosity Weak matrix bonding with fibers = mechanical properties are
PLA-CF30% Roughness decreasing as the % of CF is increasing
. Infill-highest impact over mechanical properties-Rm = 61.83 MPa
(23] PLA-CF Tensile with 90% infill density and 0.05 mm layer thickness
Highest strength for 100% infill density.
o o Tensile From studied materials-most advantageous results for PLA-CF.
241 PLA-CF10%/ABS-CF 32% SEM More materials gaps for specimens with fibers compared to the

simple specimens made from matrix.

In the research presented in this paper the considered polymer is Polyethylene Tereph-
thalate, also known as PET, which forms the matrix of the composite filament of PET CF15,
namely a matrix with 15% of short and chopped carbon fibers in its composition. Based
on the findings reported in paper [25] the 15% fiber content was selected due to the most
favorable results that were obtained for this composition, namely 98 MPa tensile strength
and 14.4 GPa Young’s Modulus, the research included tensile tests for specimens with 5%,
10% and 15% short carbon fibers in polypropylene (PP) matrix.

Other studies related to PET CF composite filaments, such as discussed in [26], assert
that a reinforcement with short carbon fibers up to 40.7% determined an increased Young
Modulus of up to 390%, but also a weak interface between the fibers and the matrix.

The purpose of this research is to determine the most advantageous behavior regarding
tensile strength for PET CF15 specimens, considering several of the most influential manu-
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facturing parameters, such as layer thickness, part orientation and infill. Also taken into
account are the results obtained by other researchers, namely that mechanical properties
improve as the layer thickness decreases and the infill density tends towards 100%.

For a thorough study of the influence of manufacturing parameters on the tensile
strength of PET CF15 specimens, investigations included also various methods of experi-
ment design. The test specimens were manufactured from material deposited by the longi-
tudinal direction, taking into consideration the best results obtained by other researchers
for this direction. For corroboration purposes a visual inspection is also performed in order
to determine manufacturing defects and failure causes in search for other defects besides
material gaps, as done in the work of other researchers. A comparison of results by the
type of 3D printer can also be performed, based on the results presented in [16].

2. Materials and Methods

The material used in the research discussed in this paper is PET CF15 produced by
Ultrafuse BASF (BASF, Ludwigshafen am Rhein, Germany), whose filament has a nominal
diameter of 2.85 mm. The material is recommended especially for industrial applications.
While it is resistant to up to 100 °C, maximized characteristics can be obtained if the
material is kept under proper conditions, such as a dry environment. The producer offers a
description of the mechanical properties, as shown in Table 2 below.

Table 2. Material description: PET CF15 [27].

Property XY Plane XZ Plane ZX Plane

Tensile Strength 63.2 MPa - 12.5 MPa
Strain at Break 3.7% - 0.5%

Young Modulus 6178 MPa - 2822 MPa

The digital model of the specimen reproduces the dimensions of the Type I specimen
included in ASTM D634-14 standard [28], because the material investigated in the research
falls into the category of reinforced composites. This standard is used due to the similarity
of additive manufactured parts and composite materials. The nominal thickness of the
specimen is 3.2 mm, with a total length of 165 mm. The gage length is 57 mm and its width
is 13 mm.

The machine used for manufacturing in this research is BCN3D Epsilon [29]. It has an
enclosure and functions based on the MEX method. It covers a volume of 420 mm x 300 mm
x 400 mm, with filaments of 2.85 mm diameter. The manufacturing parameters used in
the research are defined in the printer’s software for slicing, BCN3D Cura 1.5.5, (BCN3D
Technologies, Barcelona, Spain) and are presented in Table 3 above.

Table 3. Manufacturing parameters for specimens defined in BCN3D Cura software.

Parameter Value
Layer Thickness [mm] 0.15/0.2/0.25

Wall Thickness [mm] 1.8
Top Thickness [mm] 0.8
Bottom Thickness [mm)] 0.8

Top/ Bottom Pattern Lines

Infill Pattern Lines

Infill density % 100/75/25
Nozzle Temperature [°C] 265
Build Plate Temperature [°C] 60
Print Cooling Off
Nozzle diameter 0.6 mm

Figure 1a presents a set of 5 specimens prepared for manufacturing, represented in
the slicing software. The orientation of the parts is 45° in order to have raster angles
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of 0° and 90°, respectively, and to have the material deposited in the tensile direction.
Figure 1b presents a set of manufactured specimens on the printer platform. The applied
method included the manufacturing of a set of five specimens, for each combination of
selected manufacturing parameters. Five specimens is the minimum number required by
the standard for obtaining conclusive results.

Figure 1. Tensile specimens: (a) Preview of five specimens in BCN3D Cura software; (b) five
specimens after manufacturing.

The tests carried out as part of this research take into consideration two variables:
layer thickness and infill. For each manufacturing parameter three values are relevant:

e  Thickness layer: 0.15 mm, 0.20 mm and 0.25 mm;
e Infill density: 100%. 75%, and 25%.

The tensile tests are conducted for each combination of parameters, using the following
codification: C_t_I_no, where ”t” is the value for layer thickness, “1” is the infill percentage
and "no” is the specimen number from the considered set.

While the studied material is anisotropic, for the purposes of this research it is con-
sidered orthotropic with its maximum tensile strength obtained along the direction of
machining. The study is performed considering the material being deposited along the
longitudinal direction (X) of the specimen, obtaining the tensile values along direction XX
or 11. A local coordinate system is considered for each specimen, with the X axis along
specimens length. According to [30] for laminate composite materials the tensile values are
equivalent for directions X or 11 and for directions Y or 22, respectively—see Figure 2 [30].
In this case, the results obtained for the specimens with longitudinally deposited material,
are considered with regard to the manufacturing parameters to be drivers for the next steps
of the research. The testing of the specimens and the results are presented separately for
each group, according to the orientation of the material deposition process.

/

Specimen Ii

Spedimen 1 A

]

+— U

Figure 2. Composite specimen extraction from a composite panel [30].

The values of tensile strength on the transverse and thickness directions are necessary
for a complete material description. In order to obtain the best tensile strength, the optimum
combination of manufacturing parameter setpoints has to be identified. For this a set of
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five specimens was manufactured by the transverse and thickness directions in order to be
tested, as presented in Figure 3 below. Due to the reduced contact area of the specimen with
the printer plate and the increased risk of printing failure, auxiliary supports are generated
for the part during manufacturing. These supports are removed after the manufacturing of
the specimen.

(a) (b)

Figure 3. Tensile specimens: (a) In the transverse direction with supports; (b) In the thickness
direction with supports.

The generated specimens were tested for tensile strength on the Universal Testing
Machine WDW-150S (Jinan Testing Equipment IE Corporation, Jinan, China) equipped
with a hydraulic parallel grip. The specimens are placed between the grips of the testing
machine, the longitudinal axis of the specimen being aligned with an imaginary axis
between grips. The grips are tightened to prevent the slippage of specimens from the
machine. By means of the MaxTest V1 machine software data is collected for plotting the
stress-strain curve for each specimen. This is then post-processed according to [28], due to
machine artifacts.

The post-processed results are presented in Section 3. Manufacturing defects are veri-
fied visually as well as by means of the Nikon T1-SM microscope (Nikon, Tokyo, Japan) and
the Emspira 3 microscope (Leica Microsystems GmbH, Wetzlar, Germany). SEM analysis is
performed using a Hitachi S3400N type II machine, produced in Japan, Tokyo. After tensile
testing, failure can also be identified by visual inspection. Dimensional deviations of the
specimen width and thickness were checked against the nominal dimensions. Design of
experiments (DoE) was conducted in Minitab 21 (Minitab, LLC, State College, PA, USA).
The input data used in DoE were the results obtained after post-processing the specimens
manufactured by longitudinal material deposition. DoE is performed as an iterative pro-
cess, starting with a linear regression model, then moving to a polynomial model, and to a
second-order polynomial regression. A higher order regression is not recommended as it
would yield a complex and difficult to use model. The regression model is selected based
on the level of correlation, which is recommended to be over 90%, and on the significance
of the constituent terms expressed by their respective p-value. A term is significant if its
p-value is below 0.05.

3. Results and Discussions
3.1. Tensile Testing and Results
3.1.1. The Longitudinal Direction

Each specimen is tested according to [20] and presented in Figure 4 and in Appendix A
in Figures A1-A8, before and after testing. The behavior of specimens for 100% Infill is
almost similar. The rupture of all specimens occurred in almost the same place, showing
that specimens are compact and homogenous if the infill is 100%. The thickness layer has
a reduced impact on the location of the rupture. As the infill density is reduced, rupture
occurs in a random location, the highest impact being on specimens with 25% infill density.
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(a) (b)

Figure 4. Longitudinal Tensile Specimens C_15_100: (a) Before testing; (b) After testing.

Figure 5, Tables 4 and 5, and Appendix B present the stress-strain curves for each set of
specimens and the results for each specimen: Fm (kN)—force at rupture, Rm (MPa)—tensile
strength, Fp (kN)—force at yield point, Rp (MPa)—Yield stress, E (GPa)—Young’s Modulus
and ¢ (%)—total strain percent at rupture of the considered specimen. All the values are
calculated by the testing machine software.

80
70
60 -

50

—C-15-100_1
—C-15-100_2

€-15-100_3
—C-15-100_4
—(C-15-100_5

“ 40 -
[MPa]

30
20

10

3
(%]

Figure 5. Longitudinal Tensile Specimens results—Stress-Strain curves for C_15_100.

Table 4. Longitudinal Tensile Specimens Result—C_15_100.

Specimen Fm [kN] Rm [MPa] Fp [kN] Rp [kN] E [GPal e [%]
C_15_100_1 2.661 63 2.066 49 9 1.88
C_15_100_2 2.718 64 2.133 50 9 1.82
C_15_100_3 2.753 65 2.146 51 9 1.91
C_15_100_4 2.837 67 2.228 53 9 2.05
C_15_100_5 2.86 68 2.326 55 9 1.99

Average 2.77 65.40 2.18 51.60 9 1.93

Table 5. Longitudinal Tensile Specimens Result—C_15_100—Deviations from the mean value.

Specimen Fm [%] Rm [%] Fp [%] Rp [%] E [%] e [%]
C_15_100_1 -3.79 —3.67 —5.22 —5.04 0.00 —2.59
C_15_100_2 -1.73 —2.14 —2.15 —3.10 0.00 —5.70
C_15_100_3 —0.46 —0.61 —1.55 —1.16 0.00 —1.04
C_15_100_4 2.57 2.45 221 2.71 0.00 6.22

C_15_100_5 341 3.98 6.71 6.59 0.00 3.11
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An average value is calculated for each set, as well as the deviation for each such
value. These are presented in Appendix B. Material behavior is described by the stress-
strain curves. In the linear area Hooke’s Law is applicable and the material is elastic. The
specimen will regain its initial dimensions and shape after removal of the load. Beyond
the elastic region the strains increase faster up to the yielding point. Beyond this point the
material enters the plastic area with a greater resistance to deformation.

The best results are obtained for the set of specimens with 100% material infill and
a thickness layer of 0.15 mm. These have the following average values: Rm = 65.4 MPa,
Rp =51.6 MPa, E =9 GPa and ¢ = 1.93%. These values are used for further testing specimens
machined transversally and in-depth.

For this set the obtained strength ranged from 68 MPa to 63 MPa. Young’s Modulus
had a constant value for the entire set. The strain at rupture ranged from 1.82% to 2.05%.
The maximum strain values were not recorded on the specimens with maximum strength.

Comparing the results for all sets of specimens by infill reveals the increased impact
of the thickness layer: the values have a tendency of decreasing if the infill percentage is
lower and the thickness layer increases, as already stated in Introduction.

The least beneficial results are recorded for the set of specimens with a material infill
density of 25% and the layer thickness of 0.25 mm, where the average value of strength is
36.3 MPa, yield strength is 29 MPa, Young’s Modulus is 7 GPa and the strain at rupture
is 1.44%.

According to the stress-strain curves for each set the behavior of each specimen is
almost similar. The curves tend to overlap, especially for the specimens with infill of
100% and 75%. The overlap is almost identical especially for the elastic area of the curves,
differences being noticed only in the plastic area. These can be explained by the fact the
manufacturing problems of the specimens—from the raw material to the deposited material.
These results can be corroborated with the results presented in Appendix A, where the
specimens with increased infill values display a tendency towards similar behavior.

The deviations of the results for each set are calculated by means of Equation (1):

P% = (P; — Ppm)/Pi% (1)

where:

e  P%—the difference between the specific value of a specimen and the average value of
the specimens in the set, expressed as a percentage;
P;—the specific value of the considered specimen;
Pn—the average value of a parameter in a set of specimens.

Table 6 presents the maximum deviations for all the sets:

Table 6. Maximum deviations from the average value for all the studied sets.

Fm [%] Rm [%] Fp [%] Rp [%] E [%] e [%]
Max deviation —6.91 —7.32 15.81 14.97 —14.89 19.89

The maximum deviations of the strength are recorded for specimens with 25% infill
density. This result supports the inconsistency in the behavior of the material with a
decreased infill value.

Having the results for the longitudinal direction, the specimens were machined transver-
sally using the same parameter setpoints, however with unfavorable results—see the specimens
in Section 3.1.2 for the transverse direction and in Section 3.1.3 for the thickness direction.

3.1.2. The Transverse Direction

Figure 6 presents the manufactured specimens before and after tensile testing. The
best results from the previous tests were used as manufacturing parameters.
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Figure 6. Transverse Direction Tensile Specimens C_15_100: (a) Before testing; (b) After testing.

Figure 7 below shows that the curves are not overlapping completely; the failure is
initiated in different points up to different strain values. These discrepancies are explained
by the specimens’ inconsistencies that are described in Section 3.2.

In this case, as presented in Table 7, for three out of the five specimens the material
yielding starts from 9-10 MPa, compared to the other two where the yielding starts from
values over 40 MPa. The failure occurs for Rm ranging from 41 MPa to 49 MPa. Strains at
rupture recorded lower values compared to the specimens in the longitudinal direction,
ranging from 1.00% to 1.80%.

Table 7. Transverse Direction Tensile Specimens Result—C_15_100.

Specimen Fm [kN] Rm [MPa] Fp [kN] Rp [kN] E [GPal] e [%]
C_15_100_1_t 1.769 41 0.384 9 7 1.76
C_15_100_2_t  2.027 44 2.021 44 7 1.20
C_15_100_3_t  2.004 46 0.388 9 7 1.80
C_15_100_4_t 1.741 42 0.419 10 7 1.00
C_15_100_5_t  2.045 49 1.901 45 7 1.60

—(C-15-100_1_Y
—C-15-100_2_Y

C-15-100_3_Y
—C-15-100_4_Y
—(C-15-100_5_Y

0 02 04 06 08 1 1.2 14 16 1.8 2
E
[%]

Figure 7. Transverse Direction Tensile Specimens results—Stress-Strain curves for C_15_100.
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The discrepancies between these results can be explained by the fact that the specimens
where the Rp is closer to the Rm value behave like brittle materials, whereas the others
behave like ductile materials. These differences are related to carbon fiber consistency and
arrangement in the matrix.

3.1.3. The Thickness Direction

Figure 8 presents the manufactured specimens before and after tensile testing. The
best results from the previous tests were used as manufacturing parameters.

— ‘ III

(a) (b)

Figure 8. Thickness Direction Tensile Specimens C_15_100: (a) Before testing; (b) After testing.

Figure 9 presents the results obtained for tensile specimens oriented by the thickness
direction, in this case the inconsistency between specimens is clear: the stress-strain curves
differ and failure occurs immediately. A reason for this result is the weak bondage between
the layers, also asserted in [31]. Also, this alignment of parts on the printing plate is contrary
to the recommendations found in literature based on that fact that increased tensile strength
is obtained in the printing direction. In Figure 9 it can be observed that for specimen 3 the
bondage of the layers is stronger compared to the rest of the specimens.

45
a
35
3
- /\ —C15-100_1_t
[MPa] 23 —C-15-100_2_t
2 C-15-100_3_t
—C-15-100_4_t
15 ~—(C-15-100_5_t
N
0.5 i \ \
0 = : : . ‘
0 0.05 0.1 0.15 0.2 0.25 0.3

€
[%]

Figure 9. Thickness Direction Tensile Specimens results—Stress-Strain curves for C_15_100.
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In Table 8 no values are recorded for specimens number 1 and 5 due to the fact that
these specimens could not be fit between the grips for testing. Thus an average value could
be calculated. Further on the following average values were used:3 tensile strength MPa,
1 MPa Yield Strength, 1 GPa Young’s Modulus, and 0.23%strain at rupture. The results are
necessary to offer a material description in all directions, i.e., to build the stiffness matrix in
the hypothesis of an orthotropic material. These values are selected as an average for each
type of result.

Table 8. Thickness Direction Tensile Specimens Result—C_15_100.

Specimen Fm [kN] Rm [MPa] Fp [kN] Rp [kN] E [GPal] e [%]
C_15_100_1_t 0.192 4 0.099 2 - 0.30
C_15_100_2_t  0.137 3 - - 294 0.21
C_15_100_3_t 0.184 4 0.045 1 1 0.23
C_15_100_4_t 0.070 2 - - 1 0.26

C_15_100_5_t - - - - - -

Considering the presented results, achieving an ideal positioning of the part on the
machine table represents a challenge.. The final utilization of the part should be known, as
well as the load path that can appear in the assembly and the weak points in the structure,
because the load path during operation is not singular and the risk of failure is increased.
If a predominant uniaxial tensile loading appears in the structure, it is recommended to
conduct material deposition in the part along the direction of load direction.

Another comparison can be made by the type of machine: with enclosure or without
an enclosure, respectively. For a machine without an enclosure, as stated in [16], the
best result is obtained for a thickness layer of 0.15 mm with an infill density of 100%.
The tensile strength is 58 MPa. When using a printer with an enclosure with the same
combination of parameter setpoints the tensile strength increases to 65.4 MPa. This can be
explained by the fact that the enclosure preserves better the environmental temperature, the
deposited material maintains its temperature for a longer period of time thus improving
material bonding.

3.2. Defects—From Raw Material to Final Part

The differences in behavior can be explained by defects that appear from raw material
to manufacturing. A “snow-ball effect” is generated because the raw material defects are
transferred to the final part as manufacturing defects, affecting the part’s functionality.

3.2.1. PET CF15 Raw Material Defects

PET CF15 raw material was studied under the microscope in order to check dimensional
deviations, fiber orientation and arrangement in the matrix before utilization. Figure 10 below
presents a section through the PET CF15 filament used in the research. The section shows
deviations from the circularity, with several grooves at the edges. The darker areas visible
in the cross-section indicate randomly scattered material voids and gaps. it can be noticed
further that the fibers are oriented perpendicularly on the section, with some exceptions
that are marked.

Figure 11 shows the same issues enhanced 100 times.

Figure 12 presents a longitudinal section of the filament, enhanced 100 times on the
microscope. Material voids scattered randomly are also visible. This image offers a “map”
of the studied section with fiber conglomerates and voids. This explains the unequal
material distribution in the fiber and also in the studied specimens. Fibers are orientated
mainly longitudinally in the filament. There are also fibers oriented randomly in the matrix,
as confirmed by the findings reported in [11]. Visually fiber length varies between 50 and
200 um, as concluded by analyzing the plots.
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Non-perpendicular fibers
alongthe filament

Figure 10. Ultrafuse PET CF15—Transversal view of the filament—Scale 50 x (Scale length 200 pm)
—Nikon T1-SM.

Material voids

Figure 11. Ultrafuse PET CF15—Transversal view of the filament—Scale 100 x (Scale length 200 um)
—Nikon T1-SM.

Figure 12. Ultrafuse PET CF15—Longitudinal view of the filament—Scale 100 (Scale length 200 pm)
—Nikon T1-SM.
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The results of the SEM analyses conducted on the filament are displayed in Figures 13-16.
Figure 13 shows the longitudinal view of the filament at a scale factor of 350x and in
Figure 14 shows the detailed view enhanced 600x of the area marked in Figure 13.

Externa

fibers

S3400 10.0kV 6.2mm x350 SE 100um

Figure 13. Ultrafuse PET CF15—Longitudinal view of the filament—Scale 350 (Scale length 100 um)
—Hitachi S3400N Type IL.

Figure 13 shows the external surface of the filament which is irregular, some randomly
oriented carbon fibers can be noticed on the external surface. Based on the orientation
of the fibers in the rupture area it can be asserted that the main orientation of fibers is
longitudinal. In the detailed view in Figure 14 areas without any carbon fiber are visible,
circled red, as well as areas with fiber conglomerates. Both Figures 13 and 14 reveal areas
around the fibers with micropores, accounting for the lack of adhesion of the fibers to the
matrix. Figure 14 shows also the areas of fiber breakage., In the section through the filament
voids are visible that bear the print of the pulled-out fiber.

Lack of adhesion (i b‘
of fibers to the ||

matrix

Voids with fiber pri i

%,

S3400 10.0kV 6.1mm x600 SE

Figure 14. Ultrafuse PET CF15—Longitudinal view of the filament—Scale 600 x (Scale length 50 um)
—Hitachi S3400N Type II.
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Figure 15 shows a transversal view of the PET CF15 filament after SEM analysis. The
320x scaled image shows the increased number of voids of different dimensions. Only
some of these are marked in the figure given the large amount of this defect. The same
figure reveals several areas where fiber orientation deviates from the required one. In
Figure 14 lower fiber density areas are marked with red circles, indicative of a random
distribution of fibers.

Fibers with
different

Conglomerates

LR N
§i-4 2 K 3 3 50 LI |

S3400 10.0kV 8.1mm x320 SE 100um

Figure 15. Ultrafuse PET CF15—Transversal view of the filament—Scale 320 x (Scale length 100 um)
—Hitachi S3400N Type II.

Figure 16 shows the detail marked by the red box in Figure 15. The defects highlighted
in Figure 15 are more visible, resulting from the voids that mark the poor adhesion of the
fibers to the PET matrix. Also differently oriented fibers are more visible. In this detail
image a complete fiber is visible, as well as an increased area without fibers marked with a
red ellipse. Carbon fiber conglomerates are also visible confirming an irregular distribution
of fibers in the raw material.
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Figure 16. Ultrafuse PET CF15—Transversal view of the filament—Scale 800 x (Scale length 50 pm)
—Hitachi $3400N Type II.
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Raw material issues are presented also in [32], where the studied material is PAHT-
CF15 (Polyamide matrix with 15% Carbon Fibers from Innofil/Ultrafuse (BASF, Lud-
wigshafen, Germany). In this case the porosity is described during the manufacturing
phase because the matrix is not adhering completely to fibers, resulting in material voids.

3.2.2. PET CF15 Tensile Specimen Manufacturing Defects

The defects mentioned in the previous subsection influence the characteristics of the
final parts that depend also on the machine functionality, the manufacturing parameters
and the state of the environment. All the tested specimens were visually inspected by means
of a microscope, in order to identify the manufacturing issues caused by the previously
mentioned factors.

Figures 17-35 present the identified manufacturing issues of the tested specimens.
Material gaps were identified in all specimens, as presented in [24]. FEM validation of the
tests is difficult due to unpredictable manufacturing issues. The volume of manufacturing
defects is higher in specimens with a lower infill density of 25%, confirming the geometric
instability mentioned in Section 1. It also offers an explanation for the results obtained
for tensile testing, namely the increased number of defects in the considered parts. Also,
because of material gaps, the differences in failure of parts with 100% infill are explained
by their distribution and volume.

In Figure 17 a region is highlighted where the deposited material is not bonded,
resulting in an area with material inconsistency. Also, due to the gap, the material deposited
in its vicinity tends to be affected by slippage resulting in a cross-section of variable area,
highlighted by the red polyline in Figure 17.

Figure 17. Specimens—Manufacturing defects—Voids between the layers (Scale 100x)—Scale length
200 um—Nikon T1-SM.

Figure 18 shows another case of not bonded material in a specimen obtained by
material deposition in the thickness direction. The deposited material from the infill area is
not adhering to the shell causing gaps.
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Shell

- Infill Area
Material gaps

Figure 18. Specimens—Manufacturing defects—Voids between the layers (Scale 50 x—Scale length
1 mm)—Emspira 3, Leica.

In Figure 19 an area is highlighted where the material is not deposited equally. The
layers in the vicinity of the variable width raster have defined edges. Also, the resulted
surface is not smooth due to some carbon fibers. The matrix is visibly darker and the fibers
whiter, oriented along the direction of material deposition.

Figure 19. Specimens-Manufacturing defects-Unequal layer thicknesses (Scale 100 x )-Scale length
200 pum—Nikon T1-SM.

In Figure 20 the areas are highlighted where the layers lack adhesion., The rupture
during tensile tests is initiated in this area. Also, layer 1 is narrower than layer 2.
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Figure 20. Specimens-Manufacturing defects—Lack of adhesion between the layers (Scale 100 x )-Scale
length 200 pm-Nikon T1-SM.

In Figure 21 an area of variable layer thickness is highlighted. This type of defect can
be due to a variable flow rate that causes a material conglomerate followed by an area of
lesser material deposition.

Figure 21. Specimens-Manufacturing defects-Non-constant thickness (Scale 100x)-Scale length
200 um-Nikon T1-SM.
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In Figure 22 an area is highlighted where a material conglomerate is deposited between
the layers, causing a smaller width of the upper layer. Here the width of the specimen is
different due to the layer on the left side of the highlighted region.

ar 24 w8 e e -
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Figure 22. Specimens-Manufacturing defects-Material conglomerate (Scale 100x)-Scale length
200 um-Nikon T1-SM.

In Figure 23 the highlighted region displays a faulty material deposition that fails to
follow the normal direction of manufacturing. Thus the load path is affected leading to a
maximum tensile load in the direction of material deposition.

Figure 23. Specimens-Manufacturing defects-Inadequate material deposition (Scale 100x)-Scale
length 200 pm-Nikon T1-SM.
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Figure 24 shows lack of material in the specimen, causing material inconsistency. This
defect occurred near the tensile failure area, leading to breakage in this region.

Figure 24. Specimens-Manufacturing defects—-Material voids (Scale 100 x )-Scale length 200 pm-
Nikon T1-SM.

Figures 25 and 26 show cross-sections of the specimens with material void that cause
delamination as a failure mode during the tensile testing.

Figure 25. Specimens-Manufacturing defects—-Material voids (Scale 50x)-Scale length 200 um-Nikon
T1-SM.
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Material voids

Figure 26. Specimens-Manufacturing defects-Material voids (Scale 100 x—Scale length 1 mm)—
Emspira 3, Leica.

Figure 27 shows a specimen edge of inadequate geometry.— After manufacturing, the
deposited material fails to follow the ideal geometry. The higher material flow rate in this
area causes the depositing of a larger amount of material.

Figure 27. Specimens-Manufacturing defects—Inconsistent geometry (Scale 100 x )-Scale length
200 um-Nikon T1-SM.

Figure 28 shows a specimen with a lower infill density. The weak bonding of the infill
layer is highlighted. This defect causes an inadequate load path, and failure is initiated in
this area.



Processes 2024, 12, 334 21 of 39

Figure 28. Specimens-Manufacturing defects—Weak bonding at the junction of the infill layer (Scale
100x)—-Scale length 200 pm-Nikon T1-SM.

Figure 29 highlights the “stair-effect” that occurs at dimensional variation.. The defect
appears in the area of variable width, being limited to the region held by the grips and the
region used for tensile analysis. This is more visible in thicker layers.

Figure 29. Specimens-Manufacturing defects—"Stair effect” (Scale 50 x-Scale length 1 mm)-Emspira
3, Leica.

Figure 30 refers to the same cross-section. The layers do not overlap 100%. The profile
of the offset layers follows the red polyline instead of a desired straight line. This defect is
more visible in specimens manufactured in the thickness direction.
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Figure 30. Specimens-Manufacturing defects-Offset layers (Scale 50 x-Scale length 1 mm)-Emspira

3, Leica.

For specimens with an infill density of 75% or 25% in Figure 31 it can be observed that
the unsupported layers tend to flow until the material sets, affecting the internal structure
of the specimen. This effect is more visible for specimens with a lower infill density. The
straight line in Figure 31 represents the ideal geometry of the specimen. The red rectangle
highlights the set material after flowing.

Figure 31. Specimens-Manufacturing defects—-Material flowing (Scale 75x—Scale length 1 mm)-

Emspira 3, Leica.

Figure 32 shows a SEM image of various manufacturing defects, such as deficient
inter-layer adhesion and areas with visible carbon fiber dislocation from the PET matrix.
The same plot shows the failure area after tensile testing, where the main failure mode
is delamination. The red box in Figure 32 marks a detail that is presented in Figure 33.
This is an area of inadequate material deposition that does not follow the direction of the
nozzle movement.
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S3400 10.0kV 6.8mm x42 SE

Figure 32. Specimens-Manufacturing defects—Various defects (Scale 42 x—Scale length 1 mm)-Hitachi
S3400N Type II.

In Figure 33 shows the area of deficient material deposition. An increased distance
between the adjacent layers can be observed. Also on each layer material voids and fibers
dislocated from the PET matrix are visible.

I U B |

S3400 10.0kV 6.3mm x320 SE I 100um

Figure 33. Specimens-Manufacturing defects—Various defects (Scale 320 x—Scale length 100 um)-
Hitachi S3400N Type II.
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Figure 34 shows a random inter-layer area which is irregular and also has material
voids. The randomly oriented carbon fibers are also visible. The red box marks the area
detailed in Figure 35.

53400 10.0kV 6.3mm x180 SE

Figure 34. Specimens-Manufacturing defects—Various defects (Scale 180 x—Scale length 300 um)-
Hitachi S3400N Type II.

Figure 35 shows an area with voids of different dimensions, with fibers of different
orientations dislocated from the matrix. The variable inter-layer distance it is also visible.

53400 10.0kV 6.3mm x400 SE

Figure 35. Specimens-Manufacturing defects—Various defects (Scale 400 x—Scale length 100 um)-
Hitachi S3400N Type IL.
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As a conclusion, all manufacturing defects affect the mechanical properties because
of material inconsistency that also affects the load path on the parts and, in the end, its
performance. All specimens displayed material voids of different dimensions. Other
possible defects cannot be predicted: varying fiber orientation, inconsistent inter-layer gaps
or fiber dislocation from the matrix. It is recommended to test for certain failure types in
order to define the material behavior, to determine a pattern and the optimal values for
the main manufacturing parameters. The rest of the manufacturing parameters must be
consistent, and the same machine should be used for printing.

3.2.3. PET CF15 Tensile Specimen Failure Modes

During the tensile tests different failure modes were identified that are caused also by
the manufacturing defects. The most common failure issues identified during the visual
inspection are presented in Figures 36-39.

Figure 36 shows a specimen after tensile testing, with fibers dislocated from the matrix.
This type of failure can appear due to a weaker bonding between the matrix and the fibers,
which can also cause fiber breakage.

Figure 37 shows a specimen after tensile testing where the failure is a delamination of
the layers. This can be caused by manufacturing defects, such as material gaps or material
conglomerates or weak bonding between the layers. Further it can be noticed that layer 2 is
wider than its adjacent layers.

Figure 38 shows a specimen after tensile testing and its rupture area; further cracks
near the failure area are visible.

Figure 39 shows a specimen after tensile testing and its rupture area; delamination is
present and also cracks starting from the failure region and affecting almost all the layers in
the vicinity of the rupture.

The main identified failure modes are delamination and material cracks, with fiber
brakeage. Also in many cases the fibers were dislocated from the matrix, confirming the
studies that assert that the matrix does not adhere completely to the fibers.

Figure 36. Specimens-Failure Modes-Fibers dislocated from the matrix and fiber breakage (Scale
100 )-Scale length 200 pm-Nikon T1-SM.
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Figure 37. Specimens-Failure Modes—Delamination of the layers (Scale 100 x )-Scale length 200 pm-
Nikon T1-SM.

Figure 38. Specimens—Failure Modes—Cracks (Scale 100 x )-Scale length 200 um-Nikon T1-SM.
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Figure 39. Specimens—Failure Modes—Delamination and cracks (Scale 100 )-Scale length 200 pm-—
Nikon T1-SM.

3.2.4. PET CF15 Tensile Specimen Dimensional Deviations

On each specimen the thickness and width of the area presumed to be the tensile
section was measured. Subsequently the impact of specimen orientation on the geometrical
parameters of the parts was determined as follows: for specimens with longitudinal
material deposition all width measurements were greater than the nominal dimension of
13 mm; the measured width ranged from 13.21 mm to 13.82 mm. The thickness varied
between 3.05 mm and 3.57 mm.

In specimens with transverse material deposition the measured thickness and width
were greater than the nominal values. The thickness varied from 3.37 mm to 3.44 mm. The
width ranged between 13.21 mm and 13.27 mm.

Material deposition along the transverse direction yielded thickness values ranging
from 3.15 mm to 3.66 mm. The width was smaller than the nominal dimension of 13 mm,
ranging from 12.82 mm to 12.98 mm.

These different values suggest the idea of a geometrical instability of the parts, even
for specimens printed at the same time in sets of five. In [14] it is reported that in spec-
imens with lower layer thickness the geometry varies less than in those with a greater
layer thickness. Nevertheless, in this case, in addition to the aspects mentioned before,
it can be asserted that part orientation and design also have a significant influence on its
geometrical stability.

3.3. Design of Experiments

Statistical data processing and analysis of variance (ANOVA) were applied to the
results of the tensile testing of the specimens with longitudinal material deposition. The
mathematical model expressed by Equation (2) was obtained using Minitab 21. It can
be used without further costs to expand and predict the outputs. Table 9 presents the
summary of the model implemented in 45 iterations for the prediction of Rm. It used as
input parameters the infill density (I) and the layer thickness (t), defined as independent
variables, as well as the results of the tensile testing. Evidently Rm was the predicted
dependent variable. The values of the independent variables and the running order are
presented in Appendix C.
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Rm = 67.7 +0.2739 1 — 3.15 t + 0.0653 t* )
Table 9. Summary of the polynomial equation model for the prediction of Rm.
S R2 Adjusted R? Predicted R?

2.3268 94.08% 93.65% 92.85%

This model was selected due to the reasonable number of equation terms, it represents
a strong relationship defined by the terms R?, Adjusted R? and Predicted R? presented
above. Their values also describe the correlation of the regression model, which in this
case is high, over 90%. This result can be explained by the material inconsistency and the
manufacturing defects identified during the tests.

Table 10 presents the ANOVA analysis of the regression model. Equation (2) includes
only significant terms, corresponding to the Pareto Chart shown in Figure 32. This result
was obtained after iterations where the terms with p-values exceeding 0.05 were removed
from the mathematical regression model due to their inconsistencies.

Table 10. Analyses of Variance of the regression model.

Source DF Adjusted SS  Adjusted MS  F-Value p-Value
Regression (Rm) 3 3527.67 1175.89 217.19 0
Infill (I) 1 3282.29 3282.29 606.26 0
Layer Thickness (t) 1 38.64 38.64 7.14 0.011
Layer Thickness (t?) 1 26.68 26.68 4.93 0.032
Error 41 221.97 541
Lack-of-Fit 5 93.57 18.71 5.25 0.001
Pure Error 36 128.40 3.57
Total 44 3749.64

Figure 40 describes the impact of each term: A is the layer thickness and B is the infill;
in this case, the infill has the most significant level of all the defined terms. The same result
was reported in [33]. The significance of each term is expressed by its length in the chart.
The vertical red line at 2.02 crosses all the bars representing the terms, which means that all
terms impact on the determination of the regression model.

Pareto Chart of the Standardized Effects
(response is Rm (MPa), o = 0.05)

Term 2.02

AA

0 5 10 15 20 25
Standardized Effect

Figure 40. Pareto Chart of the regression model.
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Figure 41 shows the graphs that describe the mathematical model: the first plot (a)
checks whether the residuals are normally distributed. In this case, the assumption is
verified because the residuals follow a straight line. The second plot (b) checks if the points
of residuals are randomly distributed and on both sides of the 0-axis. Some patterns of
residuals can be explained by the similar behavior of the specimens for the same parameters:
infill and layer thickness. In the third plot (c), the chart describes the residual distribution.
The last plot (d) verifies whether the residuals are independent from each other; in this case,
the points of residuals are randomly distributed on both sides of the center line, indicating
that the residuals are not correlated.

Normal Probability Plot Versus Fits
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Figure 41. Residual Plots for Rm [MPa]: (a) Normal Probability Plot; (b) Versus Fits; (c) Histogram;
(d) Versus Order.

4. Conclusions

The aim of this research is achieved by the performed tensile tests that took into
account two of the most important manufacturing parameters, namely layer thickness
and infill density. For each parameter three values were considered. For each parameter
setpoint combination sets of 5 specimens were manufactured. The material was deposited
along the longitudinal axis of the specimens.

The results are validated by a regression model obtained by an analysis of variance,
classifying the studied parameters. Having obtained the values of the manufacturing
parameters that yield the best results, further tensile tests are conducted to define the
tensile values for specimens with material deposited along the transverse and thickness
directions. In this manner the material can be described by all main directions, a novelty in
the field, as in literature to date only few studies address composite filaments with PET
matrices. After testing, specimens are visually checked under a microscope in order to
identify manufacturing defects and rupture behavior.

The aspects discussed above yield the following conclusions:

e  For the best results obtained for 100% infill and 0.15 mm layer thickness, further
tensile tests were performed for specimens manufactured by material deposition in
the transverse and thickness directions, because of the anisotropy of the material.
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The results in the longitudinal direction are: Rm = 65.4 MPa, Rp = 51.6 MPa, E = 9Gpa,
£ = 1.93%.

For the transverse direction the results are: Rm = 41-49 MPa, Rp = 945 MPa, E =7 GPa,
£ = 1-1.80%.

For the thickness direction, the results are: Rm = 3 MPa, Rp =1 MPa, E =1 GPa and
£ =0.23%.

If the material is deposited in a different direction than the direction of the load, the
results are undesired and the geometrical stability is affected.

Considering the conducted DOE, between layer thickness and infill density the most
influential manufacturing parameter is infill.

The reliability is influenced by the inconsistent results due to the defects that appear
in all stages, from the raw material to the finite parts, these range from filament
deviations to material voids and fiber conglomerates in both raw and finite materials.
The most usual defect identified in each specimen are material voids. Due to material
defects different failure modes occur during tensile loading, from layers debonding to
material cracks or fibers dislocated from the matrix and brakeage.

The results of this research can be used in other studies concerned with the FEA process

of complex products, as well as in manufacturing processes using this type of material and
3D printers. In further research the authors aim to describe the behavior at compression and
bending of the same material, working with the most beneficial manufacturing parameter
setpoints: layer thickness of 0.15 mm and infill density of 100%. In order to check the
influence of carbon fibers on the mechanical properties and geometrical deviations, the
same tests will be performed for specimens made from PET filaments.
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Appendix A

The following figures present the tensile specimens before and after testing. The

conclusions are discussed in Section 3.
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(a) (b)

Figure A1. Longitudinal Tensile Specimens C_20_100: (a) Before testing; (b) After testing.
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(a) (b)

Figure A2. Longitudinal Tensile Specimens C_25_100: (a) Before testing; (b) After testing.

(a) (b)

Figure A3. Longitudinal Tensile Specimens C_15_75: (a) Before testing; (b) After testing.

(a) (b)

Figure A4. Longitudinal Tensile Specimens C_20_75: (a) Before testing; (b) After testing.
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(a) (b)

Figure A5. Longitudinal Tensile Specimens C_25_75: (a) Before testing; (b) After testing.

(b)

Figure A6. Longitudinal Tensile Specimens C_15_25: (a) Before testing; (b) After testing.

(b)

Figure A7. Longitudinal Tensile Specimens C_20_25: (a) Before testing; (b) After testing.

(b)

Figure A8. Longitudinal Tensile Specimens C_25_25: (a) Before testing; (b) After testing.
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Appendix B
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Figure A9. Longitudinal Tensile Specimens results-Stress-Strain curves: (a) Stress-Strain curves
for C_20_100; (b) Stress-Strain curves for C_25_100; (c) Stress-Strain curves for C_15_75; (d) Stress-
Strain curves for C_20_75; (e) Stress-Strain curves for C_25_75; (f) Stress-Strain curves for C_15_25;

(g) Stress-Strain curves for C_20_25; (h) Stress-Strain curves for C_25_25.



Processes 2024, 12, 334 34 of 39

Table Al. Longitudinal Tensile Specimens Result-C_20_100.

Specimen Fm (kN) Rm (MPa) Fp (kN) Rp(kN) E (GPa) € (%)
C_20_100_1 2.402 54 1.573 36 9 1.77
C_20_100_2 2.562 58 1.702 38 9 2.03
C_20_100_3 2.695 61 1.821 41 9 2.11
C_20_100_4 2.429 55 1.621 37 9 1.64
C_20_100_5 2.538 57 1.737 39 9 1.84

Mean 2.53 57.00 1.69 38.20 9 1.88

Table A2. Longitudinal Tensile Specimens Result—C_25_100.

Specimen Fm (kN) Rm (MPa) Fp (kN) Rp(kN) E (GPa) e (%)
C_25_100_1 2.483 57 1.629 38 9 1.69
C_25_100_2 2474 57 1.614 37 9 1.88
C_25_100_3 2.484 58 1.622 38 9 2.11
C_25_100_4 2431 56 1.632 38 9 1.62
C_25_100_5 2.328 54 1.589 37 9 1.50

Mean 244 56.40 1.62 37.20 9 1.76

Table A3. Longitudinal Tensile Specimens Result—C_15_75.

Specimen Fm (kN) Rm (MPa) Fp (kN) Rp(kN) E (GPa) e (%)
C_15_75_1 2.238 53 1.811 43 8 1.8
C_15_75_2 2.314 55 1.534 37 10 1.74
C_15_75_3 2.363 56 1.555 37 9 1.90
C_15_75_4 2.209 53 1.45 35 10 1.55
C_15_75_5 2.126 51 1.469 35 10 1.42
Mean 2.25 53.60 1.56 37.40 9.40 1.68

Table A4. Longitudinal Tensile Specimens Result—C_20_75.

Specimen Fm (kN) Rm (MPa) Fp (kN) Rp(kN) E (GPa) e (%)
C_20_75_1 2.133 50 1.435 34 9 1.56
C_20_75_2 2.084 49 1.407 33 9 1.63
C_20_75_3 2.207 52 1.468 34 9 1.62
C_20_75_4 2.248 53 1.471 35 9 1.96
C_20_75_5 2.115 50 1.46 34 9 1.57

Mean 2.16 50.80 1.45 34.00 9 1.67

Table A5. Longitudinal Tensile Specimens Result—C_25_75.

Specimen Fm (kN) Rm (MPa) Fp (kN) Rp(kN) E (GPa) € (%)
C_25_75_1 2.139 50 1.435 34 9 1.58
C_ 25752 2.180 51 1.471 35 9 1.620
C_25_75_3 2.166 51 1.448 34 9 1.60
C_25_75_4 2117 50 1.429 34 9 1.57
C_ 25755 2.255 53 1.493 35 9 1.75

Mean 217 51.00 1.46 34.40 9 1.62
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Table A6. Longitudinal Tensile Specimens Result—C_15_25.

Specimen Fm (kN) Rm (MPa) Fp (kN) Rp(kN) E (GPa) € (%)
C_15_25_1 1.686 42 1.305 32 9 1.21
C_15_25_2 1.748 43 1.303 32 9 1.32
C_15.25_3 1.670 41 1.229 30 8 1.40
C_15_25_4 1.545 38 1.255 31 8 1.18
C_15_25_5 1.649 41 1.224 30 8 1.30
Mean 1.66 41 1.26 31 8.40 1.28
Table A7. Longitudinal Tensile Specimens Result—C_20_25.
Specimen Fm (kN) Rm (MPa) Fp (kN) Rp(kN) E (GPa) e (%)
C_20_25_1 1.616 37 1.235 29 7 1.60
C_20_25_2 1.631 38 1.280 30 8 1.30
C_20_25_3 1.719 40 1.254 29 8 1.59
C_20.25_4 1.762 41 1.269 29 8 1.71
C_20_25_5 1.723 40 1.291 30 7 1.53
Mean 1.69 39.20 1.27 29.40 7.60 1.55
Table A8. Longitudinal Tensile Specimens Result—C_25_25.
Specimen Fm (kN) Rm (MPa) Fp (kN) Rp(kN) E (GPa) e (%)
C_25.25_1 1.472 35 1.224 29 7 1.58
C_ 25252 1.487 35 1.196 28 7 1.29
C_25.25_3 1.626 38 1.253 29 7 1.49
C_25_25_4 1.484 35 1.237 29 7 1.33
C_ 25255 1.645 39 1.282 30 7 1.50
Mean 1.54 36.40 1.24 29 7 1.44

Table A9. Longitudinal Tensile Specimens Result—C_20_100—Deviations from the mean value.

Specimen Fm [%] Rm [%] Fp [%] Rp [%] E [%] e [%]
C_20_100_1 —4.88 —5.26 —6.97 —5.76 0.00 —5.75
C_20_100_2 1.46 1.75 0.66 —0.52 0.00 8.09
C_20_100_3 6.72 7.02 7.70 7.33 0.00 12.35
C_20_100_4 —3.81 —3.51 —4.13 —3.14 0.00 —12.67
C_20_100_5 0.51 0.00 2.73 2.09 0.00 —2.02

Table A10. Longitudinal Tensile Specimens Result—C_25_100—Deviations from the mean value.

Specimen Fm [%] Rm [%] Fp [%] Rp [%] E [%] e [%]
C_25_100_1 1.76 1.06 0.73 1.06 0.00 —3.98
C_25_100_2 1.39 1.06 —0.20 —1.60 0.00 6.82
C_25.100_3 1.80 2.84 0.30 1.06 0.00 19.89
C_25_100_4 —0.37 -0.71 0.92 1.06 0.00 —7.95
C_25_100_5 —4.59 —4.26 —1.74 —1.60 0.00 —14.77

Table A11. Longitudinal Tensile Specimens Result—C_15_75—Deviations from the mean value.

Specimen Fm [%] Rm [%] Fp [%] Rp [%] E [%] e [%]
C_15.751 —0.53 —1.12 15.81 14.97 —14.89 7.02
C_ 15752 2.84 2.61 —-1.91 —-1.07 6.38 3.45
C_15.75_3 5.02 4.48 —0.56 —1.07 —4.26 12.96
C_15.75 4 —1.82 —1.12 —7.28 —6.42 6.38 —7.85
C_15.75_5 —5.51 —4.85 —6.06 —6.42 6.38 —15.58
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Table A12. Longitudinal Tensile Specimens Result—C_20_75—Deviations from the mean value.

Specimen Fm [%] Rm [%] Fp [%] Rp [%] E [%] e [%]
C_20_75_1 -1.13 —-1.57 —0.91 0.00 0.00 —6.47
C_20_75_2 —3.40 —3.54 —2.84 —2.94 0.00 —2.28
C_20_75_3 2.30 2.36 1.37 0.00 0.00 —2.88
C_20_75_4 4.20 4.33 1.57 2.94 0.00 17.51
C_20_75_5 -1.97 —1.57 0.81 0.00 0.00 —5.88

Table A13. Longitudinal Tensile Specimens Result—C_25_75—Deviations from the mean value.

Specimen Fm [%] Rm [%] Fp [%] Rp [%] E [%] e [%]
C_25_75_1 —1.49 —1.96 —1.39 —1.16 0.00 —2.71
C_25.75_2 0.40 0.00 1.09 1.74 0.00 —0.25
C_25.75_3 —0.25 0.00 —0.49 —1.16 0.00 —1.48
C_25_75_4 —2.51 —1.96 —1.80 —1.16 0.00 —3.33
C_ 25755 3.85 3.92 2.60 1.74 0.00 7.76

Table A14. Longitudinal Tensile Specimens Result—C_15_25—Deviations from the mean value.

Specimen Fm [%] Rm [%] Fp [%] Rp [%] E [%] e [%]
C_15.25_1 1.59 2.44 3.31 3.23 7.14 —5.62
C_15.25_2 5.33 4.88 3.15 3.23 7.14 2.96
C_15.25_3 0.63 0.00 —2.71 —3.23 —4.76 9.20
C_15.25_4 —-6.91 -7.32 —0.65 0.00 —4.76 —7.96
C_15.25_5 —0.64 0.00 —3.10 —3.23 —4.76 1.40

Table A15. Longitudinal Tensile Specimens Result—C_20_25—Deviations from the mean value.

Specimen Fm [%] Rm [%] Fp [%] Rp [%] E [%] e [%]
C_20_25_1 —4.39 —5.61 —2.43 —1.36 —7.89 3.49
C_20.25_2 —3.50 —3.06 1.12 2.04 5.26 —1591
C_20_25_3 1.70 2.04 —0.93 —1.36 5.26 2.85
C_20_25_4 4.25 4.59 0.25 —1.36 5.26 10.61
C_20.25_5 1.94 2.04 1.99 2.04 —7.89 —1.03

Table A16. Longitudinal Tensile Specimens Result—C_25_25—Deviations from the mean value.

Specimen Fm [%] Rm [%] Fp [%] Rp [%] E [%] e [%]

C_25.25_1 —4.59 —3.85 —1.16 0.00 0.00 9.87

C_ 25252 —3.62 —3.85 —3.42 —3.45 0.00 —10.29

C_25.25_3 5.39 4.40 1.18 0.00 0.00 3.62

C_25.25_4 —3.81 —3.85 —0.11 0.00 0.00 —7.51

C_ 25255 6.62 7.14 3.52 3.45 0.00 4.31
Appendix C

Table A17. Design of Experiments—Independent variable values.

Run Order Infill [%] Layer Thickness [mm]
1 75 0.25
2 100 0.15
3 100 0.15
4 75 0.15
5 100 0.2
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Table A17. Cont.

Run Order Infill [%] Layer Thickness [mm]
6 100 0.2
7 75 0.15
8 75 0.2
9 25 0.25
10 100 0.2
11 25 0.15
12 75 0.2
13 25 0.15
14 25 0.2
15 75 0.15
16 75 0.2
17 100 0.25
18 100 0.25
19 25 0.15
20 100 0.25
21 75 0.25
22 100 0.15
23 75 0.25
24 25 0.25
25 25 0.25
26 25 0.25
27 75 0.2
28 100 0.25
29 25 0.2
30 25 0.15
31 25 0.2
32 75 0.2
33 100 0.25
34 100 0.15
35 100 0.15
36 75 0.25
37 25 0.15
38 75 0.15
39 100 0.2
40 25 0.25
41 25 0.2
42 100 0.2
43 75 0.25
44 75 0.15
45 75 0.25
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Abstract: The additive processes used in the manufacture of components for unmanned aerial
vehicles (UAVs), from composite filaments, have an important advantage compared to classical
technologies. This study focused on three-dimensional design, preliminary aerodynamic analysis,
fabrication and assembly of thermoplastic extruded composite components, flight testing and search-
rescue performance of an UAV. The UAV model was designed to have the highest possible structural
strength (the fuselage has a structure with stiffening frames and the wing is a tri-spar), but also
taking into account the limitations of the thermoplastic extrusion process. From the preliminary
aerodynamic analysis of the UAV model, it was found that the maximum lift coefficient of 1.2 and
the maximum drag coefficient of 0.06 were obtained at the angle of attack of 12°. After conducting
flight tests, it can be stated that the UAV model, with components manufactured by the thermoplastic
extrusion process, presented high stability and maneuverability, a wide range of speeds and good
aerodynamic characteristics. The lack of this type of aircraft, equipped with electric motors, a traffic
management system, and a thermal module designed for search-and-rescue missions, within the
additive manufacturing UAV market, validates the uniqueness of the innovation of the UAV model
presented in the current paper.

Keywords: UAV; additive manufacturing; composite structures; search-and-rescue missions

1. Introduction

Unmanned aerial vehicles (UAVs) or so-called aerial drones have experienced a rapid
development in recent years, having applications in various industrial fields. The military
domain [1-3] has undergone a significant transformation, particularly through the imple-
mentation of UAVs in modern warfare strategies, as they can be operated remotely and used
for surveillance, reconnaissance, and precise targeting with high accuracy. Currently, UAVs
are employed to provide remote medical assistance, offering a new way to deliver supplies
and medical services to those in need in remote areas such as rural villages and isolated
islands, where traditional delivery methods are not feasible [4-6]. Agricultural drones [7,8]
can be used to monitor the condition of crops and animals on farms, map agricultural
lands, as well as gather crucial information (crop health, maturity level, moisture level)
and perform agricultural tasks like phytosanitary treatments and fertilizer application.
Monitoring wildlife using UAV systems provides the opportunity to explore and observe
previously inaccessible areas considered challenging or even impossible to reach. UAVs are
successfully utilized to observe and document animal behavior, monitor animal migrations,
and control poaching activities [9-11]. UAVs equipped with advanced sensors and thermal
cameras can be used for [12,13]: scanning large areas in search and rescue operations,
monitoring hazardous terrains, investigating disasters, and locating individuals in need
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of assistance. Recent uses of UAVs, using thermal vision systems, include the inspection
and maintenance of infrastructure such as bridges, tunnels, and wind turbines [14-16]. The
delivery process by means of UAVs is implemented in various industries, including the
distribution of medical materials (equipment and medicine) and food delivery [17-20].

UAVs designers and manufacturers, when choosing the components materials, con-
sider several factors aimed at functional, aerodynamic, and structural requirements as well
as minimizing production and maintenance costs [21,22]. Today, the aerospace research is
focused on expanding the use of composite materials in the manufacture of UAVs. Compos-
ite materials provide an ideal balance between aircraft weight and aerodynamic strength,
fatigue, and corrosion resistance, while reducing maintenance costs [23-26].

To offer a more comprehensive overview of the current research status in this field,
five UAV models were studied that shared similar dimensional characteristics and flight
performances with the one developed in this study (Table 1).

As a result of this comparative study, the following conclusions were drawn: posi-
tioning the wing on the upper section of the fuselage, with a wingspan of 3.4 m, offers
numerous advantages (such as easier maintenance, greater stability, a higher lift-to-drag
ratio, and improved capacity for gliding over long distances, as well as shorter landing
distances); the use of two brushless electric motors, manufactured through metal additive
manufacturing, capable of generating a minimum of 11 kg of thrust; implementing a T-tail
configuration, with the horizontal tail positioned at 80% of the height of vertical tail, based
on considerations including removing the horizontal tail from the wake of the wing, im-
proving structural integrity by connecting the horizontal tail to the vertical tail and fuselage,
achieving high stability, and reducing drag; utilizing a tricycle landing gear, which is the
most commonly used landing gear configuration, especially for gliders and motor gliders;
incorporating a thermal module, allowing the UAV model to perform multiple missions,
including search and rescue, surveillance, reconnaissance, and wildlife monitoring. These
conclusions represent an initial step in the design, manufacturing, and testing of the UAV
model and will serve as input data for the design phases of this study.

Table 1. Design parameters and flight performances of UAV with fixed-wing.

UAV Type Design Parameters Performances Data
) ) MTOW [kg] 18 Cruise Speed [km/h] 90
Optimum Solutions Span [m] 3.2 Range [km] Long range
Condor 300 [27] Wing Area [m?] N/A Endurance [hours] 4
- Type of wing Low wing Cruise altitude [m] 3000
Tail T-Tail Payload [kg] 6
Twin electric motor . Search and Rescue of
Motor type mounted on Mission -
. Missing Persons
the wings
Power [W] N/A Takeoff Requirements Autonomous t ake-off
and landing
Battery [mAh] N/A Takeoff Distance [m] 40
MTOW [kg] 10 Cruise Speed [km/h] 68
Albatross UAV [28] Span [m] 3 Range [km] 280
Wing Area [m?] 0.683 Endurance [hours] 4
Type of wing High wing Cruise altitude [m] Medium
Tail Inverted v-tail Payload [kg] 44
Motor type Electric Mission Surveillance, sea.rch and
rescue, reconnaissance
Power [W] N/A Takeoff Requirements Entirely a?;cl(()zgfr?ous from
Battery [mAh] N/A Takeoff Distance [m] 50-100
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UAV Type Design Parameters Performances Data
MTOW [kg] 14.5 Cruise Speed [km/h] 920
Silent Falcon UAS [29] . Span [m] 44 Range [km] 15
m Wing Area [m?] N/A Endurance [hours] 5
Type of wing High wing Cruise altitude [m] 6000
Tail CCC)?J;?;?EM Payload [kg] 3
. Search and rescue, wildlife
Motor type 1.3-hp electric Mission monitoring, agricultural
yp motor & a8
survey
Power [W] N/A Takeoff Requirements N/A
Battery [mAh] N/A Takeoff Distance [m] N/A
Vector VTOL fixed MTOW [kg] 74 Cruise Speed [km/h] 70
wing UAS [30] . Span [m] , 2.8 Range [km] 25
- — Wing Area [m~] N/A Endurance [hours] 2
?l-a g ol Type of wing High wing Cruise altitude [m] N/A
> - Tail T tail Payload [kg] 0.4
\ Search and rescue, convoy
. Motor type N/A Mission protection, border patrol,
o '} traffic investigation
e Power [W] N/A Takeoff Requirements Vertical takeoff
) Battery [mAh] N/A Takeoff Distance [m] N/A
MTOW [kg] 215 Cruise Speed [km/h] 79.2
Span [m] 3.3 Range [km] 180
Wing Area [m?] 0.79 Endurance [hours] 2
Type of wing High wing Cruise altitude [m] 6000
Tail v :izs;’;fsm Payload [kg] 6.6
Motor type Gas/Electric engine Mission N/A
Power [W] 2700 Takeoff Requirements Runway, catapult or
car-launched
Battery [mAh] N/A Takeoff Distance [m] 30

A modern process for manufacturing components and prototypes of UAVs is the addi-

tive process of thermoplastic material extrusion (filament). The additive manufacturing
process by materials extrusion provides the following advantages: low price of equipment
and materials used, wide range of materials, high manufacturing speed, freedom and cre-
ativity on the design of the part, user-friendly interface [32,33]. The additive thermoplastic
material extrusion process has two similar terms in the specialized literature [34-36]: FFF
(Fused Filament Fabrication) and FDM™ (Fused Deposition Modeling) which describes
the same type of additive 3D printing process in which material (filament, fused material)
is selectively extruded through a nozzle or orifice.

However, components manufactured by additive material extrusion processes show
lower mechanical properties, compared to classic composite materials. This inconvenience
comes from the limited properties of the matrices, but also because of the low adhesion
between the layers of extruded material. These defects cause a decrease in the strength
and elongation of the 3D-printed parts [37,38]. The evolution of 3D-printing systems, by
controlling the temperature of the working area, has led to the use of high-performance
thermoplastic materials such as [39-41]: Polyether Ether Ketone (PEEK), Polyetherimide
(PEI), and composite materials (reinforced with carbon and glass fiber).

Additive manufacturing processes by material extrusion have begun to be used for
the realization of UAV prototypes that are tested in flight [42,43]. Starting from three-
dimensional digital models to flying UAV prototypes, this process is completed in a few
days with minimal designer intervention. Another direction of study is represented by the
additive manufacturing by material extrusion of drones [44], starting from the testing stages
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of lightweight cellular structures [45] or by using topological optimization techniques for
the resistance structure [46].

For the UAV models, produced by material extrusion, the aerodynamic performances
were determined by testing in the wind tunnel [47—49]. The manufacturing of morphing wing
models [50-53] lends itself very well to the additive manufacturing process by material extru-
sion, since the components are manufactured in the shortest time and at low costs. Currently,
the use of composite filaments, with short [54-56] or continuous fibers [57,58], employed
in the 3D-printing process represents an intensively researched field with applications in
aerospace. Recent studies have highlighted that by adding short carbon fibers to a PAHT
(High-Temperature Polyamide) matrix [59-61] or short glass fibers to a PLA (Polylactic acid)
matrix [62-64], the mechanical performance of manufactured parts exhibited a significant
increase in various tests (compression, impact, traction, flexural). While various types of
UAVs have been manufactured from standard materials (PLA, ABS, PETG) until now, this
study extended research to two types of materials reinforced with short carbon and glass
fibers, with the goal of enhancing the mechanical performance of UAV model components.
Moreover, through the use of these two types of short fiber-reinforced materials, the UAV
model will exhibit strong structural strength, leading to higher flight safety.

In this paper, the ability of the additive material extrusion processes of filament
reinforced with short carbon and glass fiber to obtain an unmanned aerial vehicle was
demonstrated. After completing the stages of design, preliminary aerodynamic analysis,
3D printing, and assembly of the UAV model, the flight tests were performed and the
search-and-rescue mission was accomplished using a thermal camera module.

2. Design of UAV Model
2.1. Preliminary Design

For the preliminary design of the composite UAV, four important parameters must
be established [65,66]: maximum takeoff weight (MUAV), minimum wing area (Smin),
motor thrust (T), and autopilot preliminary calculations. In the design process of the UAV
model, special attention was paid both to the parameters that must be minimized (Myay)
and the performances that must be maximized within the constraints (autonomy, flight
ceiling, aerodynamic performance). In the first stage of designing the UAV model, the basic
configuration for the four important structural components (wing, fuselage, wings, and
control surfaces) was established.

Throughout the design and physical realization processes of the UAV model, several
steps were followed, as presented in Figure 1 [67]. These stages commence with the
requirements stage and mission profile establishment, progressing through conceptual
design, preliminary design, and detailed design. The UAV prototype was developed to
facilitate additive manufacturing of components, followed by testing and flight mission
completion. The design and physical realization of the UAV model is a creative and
iterative process that combines technical knowledge, experience, and problem-solving
skills to develop the UAV solution to answer real-world problems. The seven stages of
UAYV model development are detailed below.

1.  Following the design process depicted in Figure 1, the starting point for the UAV
model is to comprehend its purpose and flight mission to determine the appropriate
design requirements for the aircraft. Since this study involved design and physical
creation of a fixed-wing, twin-engine aircraft for search-and-rescue missions utiliz-
ing a thermal module controlled by a ground control station, both flight mission
planning and design requirements had to be individually satisfied and concurrently
addressed [67]. The UAV model is intended for use in mountainous areas to locate
pilots and passengers after aviation accidents, wildlife tracking, and detecting illegal
hunting. The selection of these missions for the UAV model was not arbitrary; it was
based on studies that highlight significant deficiencies in finding economically and
technically efficient solutions for aviation accident response and anti-poaching efforts
in mountainous regions.
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Figure 1. The engineering design process of the UAV model.

2.

The conceptual design stage of the UAV model involves analyzing current concepts
and designs based on the defined design requirements to visualize the desired UAV
configuration. This initial design investigation is crucial, since the entire design phase,
up to detailed design, relies on this preliminary analysis [68] and the proposed concept.
During this stage, the project team engages in brainstorming sessions that result in a
predimensioned sketch of the UAV model. These sessions evaluate the advantages
and disadvantages of each proposed idea, taking into consideration specifications,
flight mission, manufacturing costs, and the fabrication process [69].

In the preliminary design stage, the initial UAV model will be expanded and devel-
oped in much greater detail. Optimization compromises within the project will be
made to maximize the performances of the aircraft for its intended operational roles
and flight mission. In this stage, decisions will be made about which UAV components
will be fabricated in-house and which ones will be purchased, involving a cost-benefit
analysis. Utilizing specific Computer Aided Design (CAD) software systems, the
preliminary UAV model was designed based on the previously established basic di-
mensions. Additionally, in this stage, estimates of the masses of the main components
will be made from the CAD model of the aircraft, along with establishing aerody-
namic profiles (for the wing and empennage) and obtaining initial results regarding
the aerodynamic performance of the UAV model [70].

In the subsequent detailed design stage [71] of the UAV model, computerized methods
for design, calculations, simulations (virtual development), and detailed aerodynamic
analyses (wing analysis, aircraft analysis) were employed. Furthermore, full character-
ization (mechanical and thermal) of the two types of materials used in 3D printing the
UAYV model [72,73] was performed in this stage. The detailed design for the additive
manufacturing of the UAV components was also included, considering the 3D print-
ing volume of the equipment used and the method of support structure application
and removal for certain parts. In this stage, aspects of performance (autonomy, flight
speed, ceiling) of the UAV model were obtained as the components to be used on the
aircraft (electric motors, ESC, battery) were determined.

During the 3D printing phase of the UAV prototype, detailed CAD models and man-
ufacturing parameters from the previous stage were used to produce segments of
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all UAV model components. An important aspect of this phase was testing the me-
chanical performance of the wing [74], fuselage [73], and landing gear [75]. Following
mechanical testing, the wing and fuselage proved capable of withstanding flight loads;
however, a solution in the form of CFRP material was chosen for the landing gear to
ensure safer takeoff and landing. Also at this stage, detailed tests were carried out
on the motors manufactured through the SLS (Selective Laser Sintering) process [76]
to determine their performance. This stage concludes with the simultaneous assem-
bly of aircraft components and electronic elements, resulting in the final physical
UAYV model.

6.  Within the testing stage, initial ground tests of the UAV model were conducted,
monitoring the correct functioning of controls, motors, and electronic systems (thermal
module and ground control station). Ground rolling tests of the UAV model were
also conducted during this testing stage. Following these preliminary tests, the final
stage involved testing the UAV model in flight using the ground control station and
thermal module.

7. The final stage in the development of the UAV model included the flight mission,
namely search and rescue using the thermal module. At this stage, the proposed
UAV model was validated by successfully completing the specified mission outlined
during the flight mission profile establishment phase. The fixed-wing UAV model
with a medium altitude is capable of performing search and rescue, surveillance
missions, and emergency interventions, serving as a versatile and efficient solution
with reduced operating costs. Moreover, the UAV model offers an approximate flight
time of 50 min and can cover large search areas rapidly (around 100 km) by thermal
imaging capture. Another important aspect of the UAV model is its real-time video
transmission capability, providing rescue teams with a clear and detailed view of the
operational area, enabling rapid decision-making and a timely response.

2.2. UAV Model Wing Design

The first two design characteristics established for the UAV model were the following:
maximum weight of about 11 kg and median positioning of the wings on the fuselage. The
minimum wing area (Spin) for the UAV model [42] was calculated using Equation (1) with
the following parameters: maximum takeoff weight of the UAV model (Myay = 11 kg),
gravitational acceleration (g =9.81 m/ s%), air density at sea level (p = 1.225 kg/ m?), max-
imum lift coefficient (Crmax = 1.2), and minimum airspeed of the UAV (Vin = 13 m/s).

o 2- MUAV 8 (1)
= L
g CLmax : (Vmin)

The minimum wing area of the UAV model has been calculated to be 0.868 m2. To
initiate the wing design process of the UAV model, the minimum wing area required for
the aircraft’s flight was established. The calculated minimum wing area using Equation (1)
was 0.868 m?, which is smaller than the wing area of the UAV model (0.897 m?).

Starting from the minimum surface determined with Equation (1), the UAV model
will have a wingspan (b) of 3400 mm and the wing will be positioned in the upper part
of the fuselage, which determines good stability and reduces the possibility of the wing
the ground. To determine the dimensions of the UAV wings, a new constraint is necessary.
Tapering the wing provides significant aerodynamic advantages (reducing drag force and
increasing lift distribution) as well as structural benefits (weight savings for the wing). In
the case of UAVS, this taper ratio typically has a value of 0.5 [77,78], a value obtained from
data of UAV’s with similar configurations and missions. However, for the UAV model
analyzed in this paper, a higher value (A = 0.57) was chosen because a winglet will be
mounted at the tip of wing. This taper ratio is necessary, as the wing-tip chord needs
to provide a larger surface area to facilitate the winglet connection and achieve a higher

min
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strength. The root chord of the UAV model was calculated using Equation (2) [77,78], while
the tip chord was determined using Equation (3) [77,78].
2-S

C = mr (2)

C=057-C, 3)

The mean aerodynamic chord (MAC) of the UAV model was computed using
Equation (4) [77,78].
2 1+A+A2
MAC=3 & @
The aspect ratio [77,78] of the UAV model represents the ratio between the squared
wingspan and the wing area (Equation (5)).
b2
AR = —
- ®)
Another important parameter of the UAV model is the wing loading (WL), which was
determined using Equation (6) [77,78].

WL — M, (6)
S

The wing area (S = 0.897 m?) and wing loading (WL = 120 N/m?) are currently the
most significant constraints for wing sizing and design. The wing used for the aircraft was
trapezoidal with a NACA 4415 airfoil. Other basic dimensions of the UAV model were:
root chord (C;) 335 mm and tip chord (C;) 200 mm (calculated with Equations (2) and (3)).
The design of the wings started by using the same airfoil (NACA 4415) at the root and tip
of wing. The NACA 4415 airfoil has a relative thickness of 15% and an optimum value
for obtaining a maximum lift coefficient. The design of the UAV model was made in the
SolidWorks 2021 software system (Dassault Systemes Solid Works Corporation, Waltham,
MA, USA).

The two electric motors nacelles were also attached to the wing structure. The struc-
tural stiffening of the wing has been carried out using a carbon fiber tubular spar (Figure 2a).
The internal configuration of the wing shows a three-spar structure (Figure 2b), as follows:
a C-shaped spar at the leading edge of the wing, a X truss type spar that is intended to take
the stresses from the central part of the wing and offer a mounting platform the carbon
fiber tubular spar. The C-shaped spar is required to take the stresses from the wing trailing
edge area and has built in cylindrical surfaces, through which the carbon rods needed to
facilitate the guidance of the 3D printed wing sections will be inserted. The position of the
wing spars is in accordance with aeronautical structure practice: the first C-shaped spar is
positioned between 17 and 25% of the chord, the second X truss type spar is placed between
30 and 45% of the chord, and the third C-shaped spar is placed between 60 and 75% of
the chord. Other dimensions of the UAV model wing were the following: the thickness of
the wing skin was 1 mm; the thickness of the three spars was 0.8 mm; the diameter of the
tubular spar was 16 mm.

Also, in order to reduce the mass of the UAV model and facilitate manufacturing, it
was chosen to place the resistance ribs on the bonding surfaces between the 3D-printed
wing sections, by adding 3 mm borders. The support for the electric motors has been
designed on the wing for a higher resistance, because this area is of vital importance in the
operation of the UAV model. To control the roll axis, the wing was equipped with ailerons
(Figure 3a), which has a resistance structure consisting of a longitudinal spar with I-profile.
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Figure 2. UAV model wing design: (a) wing with tubular spar; (b) the structural components of
the wing.

The hyper-sustentation devices used for the UAV model aircraft are the flaps (Figure 3a).
The flaps were arranged on the trailing edge of the wing, and by turning them, the lift will
be increased during the takeoff and landing stages. The winglet (Figure 3b) reduces the
induced drag at the wingtips and increases the lift to drag ratio. By using winglet devices,
the power consumption is reduced and the performance of the electric motors used on the
UAV model is increased. These engineered components will have a wing-like structure
with spars and ribs to facilitate 3D printing without support material and to provide a
structure with high stiffness.

(b)

Figure 3. Wing structure: (a) wing equipped with flaps and aileron; (b) wing equipped with winglet.

2.3. UAV Model Fuselage Design

The fuselage of the UAV model (Figure 4a) has an aerodynamic shape and is the
component to which the following structures are attached: the wing, the horizontal and
vertical empennage, the landing gear, and the thermal vision camera. In order to provide the
best resistance to the model, the junction of the wing and the fuselage will be manufactured,
as a single part, by thermo-plastic extrusion. The aerodynamic shape of the fuselage ensures
the maximum load capacity, at the lowest forward resistance.

To determine the fuselage length of the UAV model, two constraints were employed:
it should be between four and six times the mean aerodynamic chord and half of the
wingspan. Considering these constraints, the fuselage length (Lf) can be estimated using
the UAV wingspan (b), as provided in Equation (7) [78].

Lf _
- =053, @)
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(a)

(b)

Figure 4. Structure of the fuselage: (a) 3D model of the fuselage and vertical empennage; (b) fuselage
strength structure.

In this study, particular value of the fuselage length-to-wingspan ratio was chosen
because the vertical tail configuration shares a common area with the fuselage in the tail
landing gear section of the UAV model. As a result, the calculated fuselage length using
Equation (6) is 1.8 m.

According to statistical data for subsonic aircraft, a practical range for the fineness ratio
(Equation (8)) falls between 6 and 8, which is considered optimal [78-80]. However, this
can vary based on fuselage design requirements and the placement of electronic equipment
and engines. Therefore, in this study, a fineness ratio (Af) of 8 was utilized for the design
phases. An optimum fineness ratio of the UAV fuselage corresponds to minimal drag force.

A=t ®)

Dmean’
where Lf is the length of the fuselage (m) and Dmean is the mean diameter of the fuselage
(m). Consequently, the mean diameter of the UAV model will have a value of 225 mm.

The electronic equipment will be positioned as close as possible to the center of gravity
of the UAV model, so that the moments of inertia are as low as possible. The fuselage
will have cutouts that will allow access to the electronic components. Also, reinforcement
elements will be added to the fuselage structure in the areas where the stresses are more
intense (the attachment of the landing gear to the fuselage, the attachment of the thermal
chamber to the fuselage).

The fuselage of the UAV model (Figure 4b) is a monocoque type structure, with
components of shell and frames type. The frames are positioned in two directions at a 45°
angle in order to facilitate a support-free 3D printing. The main dimensions of the fuselage
components are the following: thickness skin of fuselage, 1 mm; stringers oriented in two
directions at an angle of £45° (X stringers); stringers thickness, 1 mm and stringers height,
4 mm. This constructive solution was chosen to use the interior space of the fuselage as
efficiently as possible, and to facilitate its assembly and manufacture.

2.4. Design of Empennages and Landing Gear

In Figure 5a, it can be seen that the fuselage and a part of the vertical empennage
were designed together. A classical configuration was selected for both the horizontal and
vertical empennage, comprising of a fixed and a movable surface. Thus, the horizontal
empennage presents horizontal stabilizer and elevator, and the vertical empennage presents
vertical stabilizer and ruder. The horizontal empennage was positioned in the upper section
of the rudder, to isolate it from the wing’s effects. The airfoil, for both empennages, was
NACA 0015. The NACA 0015 profile is a symmetric and thin airfoil used to maintain the



Drones 2023, 7, 602

10 of 28

order of magnitude of lift values during elevator or rudder command while also providing
minimal drag resistance [70].

(b)

Figure 5. Design of the components of the UAV model: (a) horizontal and vertical empennage;
(b) fuselage assembly—empennages—tricycle landing gear.

In this stage of the UAV model design process, the tail surfaces (horizontal and vertical)
were estimated using empirically found tail volume coefficients [79-81], as presented in
Equations (9) and (10) [81,82]. For an aircraft with two engines mounted on the wing, like
the UAV model, the horizontal tail moment arm (/1) was set to 1.25 m, representing the
distance between the center of gravity and the aerodynamic center of the horizontal and
vertical tail surfaces. Considering a horizontal tail volume ratio (Vyr) of 0.5 [81,82] for a
UAV-type aircraft, horizontal tail wing area (Syr) can be determined using Equation (9).

Iyt - Sur
VHT = 31 AC. 5/ )

Therefore, the horizontal tail wing area (Syr), calculated using Equation (9), for the
UAV model was 0.098 m?. For the UAV model, the vertical tail moment arm (Iy7) was
1.1 m, and the vertical tail volume ratio (V) was set at 0.2 [82,83].

lyr-S
Vyr = %, (10)

The vertical tail wing area (Syr), calculated using Equation (10), has a value of 0.055,
and the dimensions of the UAV model, computed using Equation (1) to Equation (10), have

been presented in Table 2.

Table 2. Characteristics of the UAV model.

Component Geometric Characteristic Value
Wingspan [m] 3.4

Wing area [m?] 0.897

Root chord [m] 0.335

Wing Tip chord [m] 0.200

Taper ratio 0.597

Aspect ratio 12.887

Mean aerodynamic chord [m] 0.273
Flaps Chord [m] 0.05
Span [m] 0.6

Chord [m] 0.045

Aileron Span [m] 0.65
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Table 2. Cont.

Component Geometric Characteristic Value
Root chord [m] 0.2

Winglet Tip chord [m] 0.054
Height [m] 0.18

Length [m] 1.803

Fuselage Height [m] 0.228
Width [m] 0.200

Span [m] 0.420

Vertical tail Root chord [m] 0.285
Tip chord [m] 0.200

Span [m] 0.600

Horizontal tail Root chord [m] 0.235
Tip chord [m] 0.120

. Height [m] 0.145
Landing gear WheelgTrack [m] 0315

For the manufacture of the empennages, the following strength structures were chosen:
the rudder contained ribs positioned at 45°, the rudder included a 60° positioned I-beam
spar, the stabilizer featured the wing’s structural design (three spars), and the elevator had
an I-beam spar. The landing gear of the UAV model aircraft will make it possible to taxi
safely on the ground without damaging the aircraft during taxiing, takeoff, and landing.
The chosen landing gear configuration for this aircraft is a non-retractable tricycle landing
gear, consisting of two side arms and a tail wheel (Figure 5b). The main legs of the landing
gear were positioned in the wing’s trailing edge area.

2.5. Digital Assembly of the UAV Model

The assembly of the UAV model involved the interconnection of all the essential
components (wing, winglet, aileron, flaps, fuselage, landing gear, vertical and horizontal
empennage, electric motors, and thermal imaging camera) to showcase the preliminary
design. Components assembly was performed using SolidWorks 2021 software system,
using the constraints necessary to build the digital model of the UAV. During this stage,
the UAV model components were checked for any potential collisions, ensuring a smooth
additive manufacturing process without any issues. The assembly process proceeded as
follows: it started with the fuselage structure, onto which the left half-wing and right
half-wing were subsequently mounted. The left wing and right wing were equipped with
ailerons, flaps, winglets, and electric motors. The assembly procedure continued with the
positioning of the horizontal and vertical empennages and was finished with the addition
of the tricycle landing gear and a thermal imaging camera (Figure 6).

Table 2 summarizes the main characteristics of the UAV model resulting from the
preliminary design. It can be seen that the values of the control surfaces (aileron, elevator,
and rudder) fall within the range of typical values of airplanes, which are found in various
studies in the field [84,85].
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Figure 6. Digitally assembled UAV model.

3. Preliminary Aerodynamic Analysis

The XFLRS5 software system represents a tool used for the analysis of aerodynamic
profiles, wings, and the entire aircraft, aiming to determine the aerodynamic performance
in the early stages of the lifecycle of an aeronautical product [86,87]. The modeling of
the UAV model was carried out using the geometric characteristics from Table 2. The
main stages of the modeling process were as follows: importing the aerodynamic profiles
(Figure 7a) NACA 4415 (used for the wing) and NACA 0015 (used for the empennages and
winglet), modeling the wing and winglet of the aircraft (Figure 7b), modeling the fuselage
and empennages (Figure 7c). The final stage involves the assembly of the UAV model
(Figure 7d) by constraining the previously modeled components.

The methodology for calculating the aerodynamic performance of the UAV model,
using the XFLR5 software system, is described in Figure 8a. After selecting the aerodynamic
profiles, the second step in the aerodynamic analysis of the UAV model was to determine
the Reynolds number. The kinematic viscosity (v) was calculated using the following
parameters: altitude of 300 m; temperature of 20 °C, resulting in v = 1.647-107> m?/s.
Using the kinematic viscosity of 1.647-107° m? /s, a velocity of 20 m/s, and an aerodynamic
mean chord of 0.273 m, the Reynolds number was calculated to be Re = 333,966. The
aerodynamic analysis of the UAV model was carried out for a variation of the attack angle
within the range of —5° to 12°. Figure 8b shows the variation of the pressure coefficient at
an attack angle of 5°.

Figure 8c depicts the variation of the lift coefficient for the entire aircraft as a function
of the attack angle. As can be seen, the maximum lift coefficient (C ) reached a value of 1.2
at an attack angle (Alpha) of 12°. Figure 8d shows that the drag coefficient (Cp) increased
with increasing angle of attack (Alpha) and reached a value of 0.06 at an attack angle of 12°.

The variation of aerodynamic coefficients is important for flight tests because the
obtained results describe the first aerodynamic performances of the UAV model. To
evaluate the aerodynamic performance of the UAV model, the values of the lift coefficient
(Cp) and the values of the drag coefficient (Cp) must be known at each angle of attack—in
widespread use is the method by which the aerodynamic characteristics are represented in
the form of a graph called polar of the airplane.
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Figure 7. Modeling of the UAV model: (a) aerodynamic profiles used; (b) modeling the wing
equipped with a winglet; (c) modeling the horizontal empennage; (d) UAV model made in XFLR5
software system.
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Figure 8. Aerodynamic analysis of the UAV model: (a) calculation methodology in XFLR5; (b) pres-
sure coefficient distribution on the UAV model (angle of attack 5°); (c) dependence of lift coefficient
(Cr) and angle of attack; (d) dependence of drag coefficient (Cp) on angle of attack.
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4. Manufacturing of the UAV Model Components Using FFF Process
4.1. Fabrication of the Wing Structure Using the FFF Process

This activity began with the testing and manufacturing of specimens and components
of the aircraft using various carbon fiber filaments to determine the mechanical performance
and optimal manufacturing parameters of the FFF process. In this regard, several studies
have been published regarding the FFF manufacturing of specimens/components of the
UAV model [73,74]. The first phase in aircraft manufacturing involved dividing the UAV
model (Figure 9a) into simpler components suitable for FFF manufacturing using the
Ultimaker S5 printer (Ultimaker, Utrecht, The Netherlands).

To manufacture the wings, they were segmented because of their dimensions exceeded
the print volume of the printer. Thus, each half-plane of the UAV wing structure was
divided into 12 segments (Figure 9b) manufactured as follows: wing segments made from
filament reinforced with short carbon fibers—PAHT CF15 [88]; aileron, flap, and winglet
segments made from filament reinforced with short glass fibers—Filament PLA Glass
Reinforced [89].

The PAHT-CF 15 filament is a high-temperature polyamide reinforced with 15% carbon
fiber, exhibiting the following characteristics: high chemical resistance, resistance to high
temperatures up to 150 °C, capability to manufacture strong and rigid components, high
dimensional stability, ease of processing. The PAHT-CF 15 filament can be successfully
used in aerospace and automotive applications [88], increasing the lifespan of components
manufactured from this material.

The PAHT-CF15 filament was characterized by [72] in terms of mechanical properties
(tensile tests and three-point bending) by varying the infill density (25%, 50%, 75%, and
100%), as well as infill patterns [90]. Once again, it was demonstrated that the specimens
with 100% infill density exhibited the highest values for both tensile strength (90.8 MPa)
and bending strength (114 MPa). Following the tests [90], for the same type of material
(PAHT-CF15), the triangles pattern showed the highest values in three-point bending
(108.2 MPa).

(d)

Figure 9. Manufacturing the UAV using the FFF process: (a) the UAV model prepared for FFF
manufacturing; (b) manufacturing of wing segment 4; (¢) manufacturing of segment 2, including the
engine mount; (d) left half-plane and right half-plane of the UAV wing.
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The PLA glass-reinforced filament is a biopolymer that offers superior strength and
hardness compared to standard PLA filament, making it suitable for FFF-based manufac-
turing of lightweight components in the aviation and automotive sectors, with reduced
warping [89].

For enhanced flight safety, the selection and testing of materials used in the construc-
tion of the aircraft components represented a crucial stage in the design and physical
realization of the UAV model. Consequently, the testing of PLA glass material was carried
out under tensile, flexural, and compressive loading conditions, with the following results:
a tensile strength of 49.6 MPa, a flexural strength of 89 MPa, and a compressive strength of
68.2 MPa were obtained for specimens with 100% infill density [73]. Among the three types
of tests conducted, it was evident that specimens with a 100% infill density exhibited the
highest mechanical characteristics, despite the longer 3D printing time and higher material
consumption compared to lower infill density cases of 75% or 50% [73].

After manufacturing the wing segments (Figure 9b,c) for the right half-plane, the next
step involved fabricating the segments for the left half-plane (Figure 9d). For manufacturing
preparation of the wing segments, the Ultimaker Cura 4.10 software system (Ultimaker,
Utrecht, The Netherlands) was used.

The manufacturing parameters for the carbon fiber filament (BASF Ultrafuse PAHT
CF15) and glass fiber filament (Philament PLA Glass Reinforced) using the thermoplastic
extrusion process for the UAV model components in Table 3 are presented.

The wing segments made from PAHT-CF15 filament were subjected to three-point
bending tests and analyzed using finite element analysis (FEA). The maximum bending
stress resulting from FEA was 66 MPa, and it was observed that both the tested structure
and the finite element simulation exhibited the same mode of deformation, namely, local
buckling of the skin in the region of applied load [74]. Additionally, within this study [74],
when comparing experimental and simulated results of the wing segments and analyzing
reaction forces, it can be stated that there was an error within a maximum range of 3%. The
maximum three-point bending force for the wing segments, 3D-printed from PAHT-CF15
filament, reached a maximum value of 300 N with a maximum displacement of 19 mm.

Table 3. Manufacturing parameters for the UAV model components using the FFF process.

FFF Parameter Value Value
Filament BASF Ultrafuse PAHT CF15 Philament PLA Glass Reinforced
Filament diameter [mm] 2.85 2.85
Layer height [mm] 0.2 0.2
Infill density [%] 100 100
Print speed [mm/s] 45 50
Travel speed [mm/s] 100 80
Printing temperature [°C] 260 250
Building plate temperature [°C] 95 60
Nozzle diameter [mm)] 0.6 0.6

4.2. Additive Manufacturing of the UAV Fuselage

For the additive manufacturing process of the UAV fuselage, it was divided into six
sections during the design stage (Figure 9a) to accommodate the maximum 3D-printing
volume of the Creat Bot DX-3D printer (Henan Creatbot Technology Limited, Zhengzhou
City, China), which has dimensions of 300 mm x 250 mm x 520 mm. Before manufacturing
the fuselage sections, specimens and components of the aircraft were tested and fabricated
using different glass fiber filaments to evaluate their mechanical performance and deter-
mine the optimal manufacturing parameters for the FFF process [73]. To determine the
mechanical performance (compression tests) of the fuselage sections, 3D-printed from PLA
glass filament, two variants were tested: a fuselage section with longitudinal stringers
and a fuselage section with X-shaped stringers oriented at +:45°. The 3D-printed fuselage
sections with X-shaped stringers began to yield under a compressive force of 8.45 kN, while
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those with straight stringers yielded at a load of 6.68 kN. It is evident that 3D printing
the fuselage sections with stringers arranged at £45° (with 100% infill density) results in
structures with high rigidity compared to those with longitudinal stringers, which is why
they are used in the fabrication of the UAV fuselage [73]. After the fuselage was segmented,
each segment was exported from the SolidWorks software as an STL file to be loaded
into the manufacturing preparation software, CreatBot 6.5.2 (Henan Creatbot Technology
Limited, Zhengzhou City, Henan Province, China). The manufacturing procedure was
the same for all fuselage segments: importing the STL model, generating the correspond-
ing manufacturing program code, fabrication of the fuselage components (Figure 10a),
removing the segments from the print bed, and removing the support material. During this
stage, the most complex fuselage component, namely the central segment, was fabricated
(Figure 10b), with a 3D-printing time of 74 h. The six fuselage segments manufactured
using the FFF additive manufacturing process, with glass fiber filament, in Figure 10c
are shown.

(a) (b) (c)

Figure 10. Additive manufacturing of the fuselage: (a) 3D printing of segment 3 of the fuselage;
(b) 3D printing of segment 4 of the fuselage; (c) fuselage of the 3D-printed UAV model.

4.3. Additive Manufacturing of the UAV Empennage

Because of its dimensions, the stabilizer was divided in two components (Figure 11a)
to fit within the maximum 3D-printing height of the printer. The UAV stabilizer was
fabricated from carbon fiber filament (Figure 11a), while the elevator was made from glass
fiber filament (Figure 11b). Significant difficulties in 3D printing were encountered during
the printing process (frequent nozzle clogging, detachment of parts from the printing bed)
for the composite filaments (glass fiber and carbon fiber), which are characteristic of the
FFF process [91,92].

The additive manufacturing of the vertical empennage, consisting of the rudder and
the vertical stabilizer, was carried out based on the 3D digital model, using glass fiber
filament. The two main components of the vertical empennage (rudder and vertical
stabilizer) were manufactured without being divided into sections, since they fit within
the working volume of the Creat Bot DX-3D printer (Figure 11c). The two components
(Figure 11d) were 3D-printed using support structures in the control lever area, where the
control rods for the movable surface of the vertical empennage (rudder) will be attached.
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Figure 11. Additive manufacturing of the fuselage: (a) 3D printing of the stabilizer;
(b) stabilizer—elevator assembly; (c) 3D printing of ruder; (d) vertical stabilizer—ruder assembly.

4.4. Additive Manufacturing of the UAV Landing Gear

Since the main landing gear is a vital element of the UAV model, its additive manufac-
turing and testing were carefully studied activities. Takeoff and landing are the most critical
stages of flight, which requires a structural analysis of the landing gear. In this regard,
the strength of the main landing gear was analyzed using four types of filaments (two
with glass fiber and two with carbon fiber) as well as a landing gear manufactured using
the vacuum-bagging process from high-quality carbon-fiber-reinforced polymer (CFRP),
pressed into a polished mold. The four types of filaments used in the additive manufac-
turing of the landing gear were: polylactic acid matrix reinforced with short glass fibers
(PLA GF), polypropylene matrix reinforced with short glass fibers (PP GF30), polyethylene
terephthalate matrix reinforced with short carbon fibers (PET CF15), and polyamide matrix
reinforced with short carbon fibers (PAHT CF15). For all four landing gear models, which
were 3D-printed using the Ultimaker S5 3D printer, a 100% infill density was used [75].
Based on experimental tests (three-point bending) and finite element simulations, the
following conclusion was drawn [75]: the use of landing gear manufactured by the FFF
process is not suitable because this technology compromises the structural integrity of the
entire UAV model during the most critical stages (takeoff and landing). Therefore, the main
landing gear used for the UAV model is the one made of composite materials (CFRP), which
exhibit significantly superior performance compared to models manufactured through
additive technologies [75].

The finite element method can be employed from the early stages of UAV model
development, as it provides rapid and cost-effective insights into the mechanical behavior
of both the tested materials and the UAV model components [93,94]. Further studies on
enhancing and optimizing the UAV model components and the materials used may be part
of future research of the authors, potentially leading to the production of a second version
of the UAV model.
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Weight: 62 g

Dimensions: 40.3 x 20.2 x 40.3 mm Dimensions: 23 x12x27.6 mm  Weight: 180 g

Motor: Coreless
Gears: Metal
Voltage: 4.8-6.6 V

Stall Torque (6.6 V): 14.32 kg/cm  Stall Torque (6.6 V): 4.2 kg/cm  Pulse width modulation: 8-16 KHz

Speed (6.6 V): 0.1 s/60°
()

5. Assembly of the UAV Model
5.1. Assembly of the UAV Model Components
The assembly of the UAV was performed on sub-assemblies: empennage, fuselage,

and wing and landing gear. The main electronic components used in the assembly of the
UAYV model in Figure 12 are described.

Weight: 203 g Weight: 870 g

Capacity: 7000 mAh

Motor: Coreless Max Cont Current: 120 A Voltage: 22.2 V/6 Cell
Gears: Metal Voltage: 14.8 V-51.8 V Discharge Rate: 25 C
Voltage: 4.8-6 V Input Voltage: 4-14 cells LiPo & )

Size: 138 x 42 x 65 mm

T . XT-
Speed (6.6 V): 0.08 5/60° Connector Type: XT-60

(b) (c) (d)

Figure 12. Electronic components used to assemble the UAV: (a) the servomechanism used to control
the flaps and ailerons; (b) the servomechanism used to control the elevator and rudder; (c) brushless
speed controller (ESC); (d) LiPo battery.

The assembly of the 3D-printed UAV components was carried out using medium
density cyanoacrylate adhesive commonly used for bonding plastic/composite materials.
The first stage involved the assembly of the empennages (vertical and horizontal). The
assembly of the horizontal empennage began with positioning the carbon fiber rods in the
central and leading-edge spars, followed by bonding the four segments of the stabilizer.
For the elevator control, two servomechanisms were used (Figure 13a), placed between
the two segments. Each servomechanism connection involved cable connections and
checking the correct linkage of the elevator. A single servomechanism was used for the
vertical empennage, positioned on the side surface of the rudder (Figure 13b), in the middle
position. In this case, as well, the necessary cables were connected, and proper operation
of the rudder was tested. The transmission of motion from the servomechanisms to the
elevator and rudder was achieved through the coupling formed by forks connected using
threaded rods.

(a)

Figure 13. Assembly of electronic components: (a) assembly and testing of the servomechanisms
related to the horizontal empennage; (b) assembly and testing of servomechanisms related to
vertical empennage.
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The final step of empennage assembly was to assemble, through adhesive bonding,
segment 6 of the fuselage (Figure 14a,b) to the fixed part of the vertical empennage (rudder).
The assembly of the six sections of the fuselage started from the rear, by gluing the stabilizer
to the rudder (Figure 14a).

Section1__

Horizontal stabilize\

Vertical stabilizer

Section2 _

(b)

Figure 14. Assembling the fuselage sections: (a) initial assembly of the fuselage—rudder—stabilizer;
(b) assembling the front sections.

For wing assembly, the gluing of the wing segments was carefully planned so that the
last bonded segments (Figure 15a) would allow for the positioning of the control surfaces
(flaps and ailerons) on the 3 mm diameter carbon rods. To achieve optimal alignment of the
wing structure, the wing segment gluing was carried out with the carbon rod positioned
in the cylindrical surface of the X-spar (Figure 15b). After the bonding stage of the main
components (empennage, fuselage, wing), the next steps involved sanding the glued areas
and painting the assembled components.

s N T 2 -

(b)

Figure 15. Assembling the UAV wing: (a) the first 3 sections; (b) fully assembled wing.

In the wing assembly, four servomechanisms were mounted inside the wing segments,
with two servomechanisms operating the ailerons and two servomechanisms operating
the flaps. After positioning the flaps and ailerons on the carbon rods, on which they
rotate, the wing segments were glued together. The connection of the aileron and flap
servomechanisms was carried out using control rods that link the servo arm and the
component arm. After positioning the four control arms, the threaded rods were cut to
ensure an appropriate turn, based on the specific functions they perform. The electric
motors, manufactured through the SLS process [76], were assembled using four screws
secured with nuts at the front side of the motor mount, with the help of two 2.5 mm carbon
plates (Figure 16a).
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Figure 16. Assembly of electric motors: (a) assembly of the carbon plates for the motor support;
(b) 3D printing of the motor support side covers; (c) bonding the speed controller connectors;
(d) connecting the speed controller to the electric motor; (e) programming board for the speed
controller; (f) verification of the rotation speed of the electric motors.

These carbon plates were designed to reinforce the front surface of the motor mount,
which is one of the most stressed areas of the UAV. For the final assembly of the motor
mount, the side covers with access cutouts for the motor-speed controller connection were
3D-printed using carbon fiber filament (Figure 16b). The next step involved soldering the
speed controller connectors using solder (Figure 16c), which will, in turn, be connected
to the electric motor connectors (Figure 16d). An important and complex stage was the
configuration of the speed controller settings using the ESC programming card (Figure 16e).
The main parameters set for the speed controller were the battery cell count and airplane
mode, as well as motor-specific parameters and flight commands. After configuring the
speed controller parameters, the last stage was to measure the rotational speed of the
two electric motors, manufactured through the SLS process, using a tachometer (Figure 16f),
resulting in equal values at various operating regimes.

5.2. Testing the Electronic Systems of the UAV Model

The GCSD4RSV2 ground control station (Digital Micro Devices, Valencia, Spain) serves
as a central ground control system that allows human control over the unmanned aerial
vehicle model. This professional portable ground control station is equipped with an
intelligent antenna (with a control range of 150 km), radio control, telemetry (Mavlink
and transparent data link), AES 128 encryption, a 10" Full HD high-brightness IPS LED
visible sunlight-readable display, 5.8 GHz video receiver, built-in PC with Windows 10,
and a touchscreen. Regarding the transmission of telemetry data from the UAV model
to the ground control station (GCS), it is achieved through a radio modem mounted on
the UAV model. Using the Mavlink protocol, an open-source protocol, data are sent to
the ground station through this modem. On the ground, the information is received by
the PC through the USB or Bluetooth interface of the GCSD4RSV2 control station. This
technology is compatible with most entry-level controllers such as the RXLRS system,
Pixhawk flight controller, or APM. At the software level, everything is implemented on
the Mission Planner software system, where takeoff and landing parameters, as well as
flight routes, are set for the UAV model [95]. The UAV flight management system consists
of three main subsystems: the ground control station, the communication link, and the
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UAV model itself equipped with receivers and an autopilot [96]. The Pixhawk Orange
cube allows the flight of various types of remote-controlled aircraft (helicopters, multirotor,
airplanes), which turns it into a professional UAV platform.

The Pixhawk Orange cube features three accelerometers (one for each axis of the
UAV aircraft), which require calibration. The combination of the transmitter assembly and
antenna (SMBTS + BQ89) is called the intelligent antenna. Additionally, after verifying the
operation of the ground control station, tests were conducted to assess the functionality
of the FLIR Tau thermal module (FLIR Systems Inc., Boston, MA, USA) connected to the
ground control station (Figure 17a,b).

Figure 17. Testing the thermal module: (a) connecting the thermal module—smart antenna—battery—ground
control station receiver; (b) image transmitted by the thermal module.

5.3. Final Assembly of the UAV Model

The final assembly of the UAV model began with the 3D printing, using fiberglass,
of the two fairings that protect the motors and ESC system, while also ensuring efficient
aerodynamic shapes. Prior to gluing the fairings, the propellers (16 x 8 inches) equipped
with carbon fiber reinforcement were mounted. These propellers have a thin profile,
low weight, and high efficiency. Since the initial setup of the electric motors and ESC
programming, a contra-rotating mode has been utilized, which also applies to the propellers.
During the assembly stage of the UAV model, the tail surfaces (horizontal and vertical
empennages) were fabricated using thermoplastic extrusion. After assembling the tail
surfaces’ components (Figure 18a), the control surface positions (elevator and rudder) were
determined and tested. For the assembly of the tail wheel landing gear (skid), a 3D-printed
part was used to connect the UAV model’s tail to the rear wheel assembly (Figure 18b). The
rear wheel system consists of a metal rod, two springs, and an 8 cm diameter rubber wheel
(Figure 18b). The two metal springs were installed to attenuate shocks during takeoff and
landing phases of the UAV model. The main landing gear was attached to the fuselage
of the UAV model using screw-nuts, with four screws in the central area (Figure 18c).
To further dampen shocks, especially during takeoff and landing, the main landing gear
was equipped with a hydraulic shock absorber and a 13 cm diameter rubber wheel. This
hydraulic shock absorber was connected to the landing gear using a metal piece secured
with four M4 screws (Figure 18d).

To secure the thermal module to the UAV model, a support was designed and manu-
factured using the thermoplastic extrusion process, which was then fastened to the fuselage
using two screws (Figure 18e). After verifying the positioning of the servomotors for the
control surfaces (ailerons and flaps), on the wing, the assembly of the left and right wing
was checked. Their assembly was carried out through the upper part of the fuselage, using
a mating system and a fixing screw (Figure 18f,g). Additionally, the carbon rods inside the
wing were connected using aluminum alloy junctions with threaded surfaces (Figure 18g).
Winglets were mounted on the carbon rod and then glued to the wingtip. An important
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task was to establish, connect, and test all electronic connections (servomotors, electric
motors, batteries, thermal module) to the receiver of the ground control station and the
Pixhawk cube. Once all connections were verified, the fuselage was connected to the left
wing and then to the right wing. Figure 18h illustrates the final structure of the UAV model
equipped with the FLIR Tau thermal module.

Figure 18. Assembly of the UAV model: (a) assembly of the stabilizer—elevator—carbon rod assembly
and gluing of the horizontal empennage tips; (b) assembly of the rear landing gear; (c) attachment of
the main landing gear; (d) assembly of the hydraulic shock absorber for the main landing gear and
rubber wheel; (e) mounting of the support for the thermal module; (f) left wing half; (g) right wing
half; (h) UAV model equipped with the thermal module.

Table 4 describes the weights and manufacturing time for the components of the UAV
model made from composite materials.

Table 4. Weight of 3D-printed components of UAV composite model.

Component Weight [g] Manufacturing Time [h]
Fuselage 1330 155
Wings 2680 310
Ailerons 170 28
Flaps 232 38
Winglets 240 36
Horizontal tail 248 52
Vertical tail 190 34
Nacelle 240 46
Total 5330 736

6. Testing and Verifying the Mission of the UAV Model

The testing of the model was carried out in two stages: the first stage involved ground
testing of the UAV model in the workshop, and the second stage took place on a runway.
The first stage began with a crucial activity, namely, the static balance of the model. As an
experimental model, the balance was achieved by adding the two batteries (connected in
parallel) in the nose area of the aircraft. This resulted in a balance point at 25% of the mean
aerodynamic chord, ensuring a maneuverable aircraft with a quick response time.

After balancing the UAV aircraft, ground testing of the motors (Figure 19a) was
conducted at maximum throttle. Within this stage, tests were also performed to ensure
the connection between the UAV model, ground control station, Pixhawk Orange cube,
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and the thermal module (Figure 19b). The runway testing of the UAV model consisted of
the following (Figure 19¢): verification of servo-mechanism operation, motor functionality,
ground taxiing position, examination of the ground station connection with the aircraft,
and verification of the thermal module’s connection with the ground control station.

Figure 19. Ground testing of flight controls on the takeoff-landing runway: (a) motors testing;
(b) thermal module testing; (c) preparation and verification of ground taxiing for the UAV model.

Following the flight testing, it was found that the UAV model, manufactured through
the thermoplastic extrusion process, is stable and capable of achieving a wide range of
speeds, with good aerodynamic characteristics and high maneuverability. For the flight
tests, an asphalt location was chosen to allow for a rapid takeoff of the UAV model. The
stages of the flight testing of the model were as follows: ground taxiing stage covering
approximately 30-35 m, followed by the takeoff stage of the UAV model (Figure 20a), the
third stage involved climbing to the flight ceiling (approximately 70 m), the horizontal flight
stage (Figure 20b), mission execution (search and rescue), turning maneuvers, returning to
the area of interest, and the final stage of landing the model on the ground.

(d)

Figure 20. Flight of the UAV model: (a) takeoff; (b) cruising flight; (c) flight path establishment;
(d) execution of the UAV model’s flight mission using the thermal module.
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Manual takeoff and landing were chosen for flight control, using the ground control
station. Once the aircraft reached the predetermined flight ceiling, it was switched to
semi-automatic mode by the control station, so that the aircraft can follow the predefined
waypoints from the flight management program. The flight testing was successfully
completed with safety measures in place and maximum maneuverability. The UAV model
had a takeoff weight of 11 kg and autonomy of approximately 50 min. Using the map
interface of the mission control software (Mission Planner, Q Ground Control), takeoff and
landing profiles, as well as the flight path for the UAV model, were defined (Figure 20c)
and then were loaded into the flash memory of the Pixhawk Cube Orange autopilot.

To fulfill the flight missions (search and rescue) of the UAV model using the thermal
module and ground control station, images were captured during the horizontal flight
phase. As a result, temperature variations were detected through the thermal module. In
Figure 20d, a human (blue circle) being lying on the ground and another one moving were
detected using body-temperature detection.

7. Conclusions

The paper presented a complete cycle of UAV model development, covering all neces-
sary stages, such as: design, preliminary aerodynamic analysis, additive manufacturing,
assembly, and flight testing. In the design phase, the dimensions of the UAV model were
established, and then all structural components were described, starting from the wing to
the landing gear. The final UAV model featured a configuration with the wing positioned
on top of the fuselage, twin-engine, T-tail, and tricycle landing gear. The preliminary
aerodynamic analysis highlighted that the unmanned aircraft exhibited a high maximum
lift coefficient (approximately 1.2), classifying it as a powered glider UAV, with a large wing
area and span. The FFF manufacturing of the UAV model’s components was completed
in approximately 736 h, using filament with short carbon fibers and short glass fibers. By
utilizing the FFF process, complex components were manufactured at reduced costs and in
a short timeframe for creating a UAV model. An advantage of FFF manufacturing for the
aircraft components is the ability to intervene in the model’s design at any time without
adding additional costs, compared to traditional methods involving molds. The flight
testing of UAV model was successfully completed with safety and maximum maneuver-
ability. The UAV model had a takeoff mass of 11 kg, a wingspan of 3.4 m, an autonomy of
approximately 50 min, and a control distance of about 100 km. By using the two brushless
electric motors, manufactured through the SLS process, the UAV model had a wide range
of speeds and was capable of performing search-and-rescue missions using the thermal
module and ground control station. The missions that the UAV model can perform are to
locate pilots and passengers after aviation accidents that may occur in hard-to-reach areas
(such as mountains) and to estimate wild animal populations and detect illegal hunting.
These missions can be successfully conducted using the real-time video transmission of the
UAV model via the thermal module, which provides rescue teams with a clear and detailed
view of the operational area, facilitating rapid and efficient responses.

In conclusion, this study has demonstrated the feasibility of creating the first un-
manned aircraft, made from additive manufacturing composite materials, equipped with
electric motors (manufactured through the SLS process), a traffic management system
(ground control station and autopilot), and a thermal module for search-and-rescue mis-
sions. Therefore, the designed, analyzed, and manufactured UAV model serves as clear
evidence that a nearly complete UAV model can be fabricated using the FFF process, capable
of flying and operating with good aerodynamic characteristics and high maneuverability.
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Abstract: The 3D printing process allows complex structures to be obtained with low environmental
impact using biodegradable materials. This work aims to develop and acoustically characterize
3D-printed panels using three types of materials, each manufactured at five infill densities (20%, 40%,
60%, 80% and 100%) with three internal configurations based on circular, triangular, and corrugated
profiles. The highest absorption coefficient values (& = 0.93) were obtained from the acoustic tests for
the polylactic acid material with ground birch wood particles in the triangular configuration with
an infill density of 40%. The triangular profile showed the best acoustic performance for the three
types of materials analysed and, from the point of view of the mechanical tests, it was highlighted
that the same triangular configuration presented the highest resistance both to compression (40 MPa)
and to three-point bending (50 MPa). The 40% and 60% infill density gave the highest absorption
coefficient values regardless of the material analyzed. The mechanical tests for compression and
three-point bending showed higher strength values for samples manufactured from simple polylactic
acid filament compared to samples manufactured from ground wood particles. The standard defects
of 3D printing and the failure modes of the interior configurations of the 3D-printed samples could
be observed from the microscopic analysis of the panels. Based on the acoustic results and the
determined mechanical properties, one application area for these types of 3D-printed panels could be
the automotive and aerospace industries.

Keywords: 3D printing; acoustic properties; mechanical properties; bio-degradable panels

1. Introduction

In recent times, with the development of modern industry and air and road traffic,
noise has become one of the countless factors affecting human health and the environment
worldwide. Noise has become a major problem that causes harmful effects on human

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

health, and combating it requires urgently finding the best solutions through increasingly
restrictive regulations and legislation [1,2]. Lately, the improvement of living conditions by
regulating noise in the fields of aviation (by reducing the interior noise of passenger aircraft),
railways, automobiles and buildings is a requirement forced on industrial companies [3].
In modern industry, noise is one of the most urgent issues to be addressed, researched,
and reduced using sound-absorbing materials. For sound reduction, structural design
and testing of sound absorption and sound transmission loss of industrial products is
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challenging and of great interest [4—6]. Nowadays, various types of natural materials [7-9],
composite materials [10-13] and composite sandwich structures [14-17] are acoustically
researched because of their low production cost and often environmentally friendly compo-
sitions. The application of 3D-printed materials in the aerospace and automotive industry
involves higher expenses that are especially justified for prototypes and customized compo-
nents. In general, the materials used with the FFF process have much lower costs compared
to classic technologies (plastic mass injection of components) or additive technologies such
as SLS. When sound reaches a barrier, depending on the sound absorption performance
of the material, six phenomena can occur: absorption, transmission, reflection, refraction,
scattering and diffraction [18].

The main coefficients that evaluate the acoustic performance of materials are the sound
absorption coefficient and sound transmission loss [19]. The sound absorption coefficient
reflects the ratio between reflected and incident sound intensity (W/m?). The proper
physical quantity is sound intensity, and it varies as a function of the frequency [20,21]
and angle [22] at which a sound or sound wave reaches the material under test. Sound
transmission loss is the ratio of the transmitted sound energy to the amount of sound
energy remaining on the incident side of the material under test. For the design and
manufacture of industrial products requiring high acoustic performance, material selection
and acoustic testing of selected materials are two very important activities. From the
reviewed studies [23-27], the most important factor influencing the acoustic performance
of materials is the porosity value.

Currently, additive manufacturing processes using plastics, composites and metallics
are considered the most developed and researched processes, which, in the near future,
could play a role in traditional manufacturing processes in many industries (aerospace,
automotive, marine engineering, medical and many others). Thus, the most used manufac-
turing process for the development of porous structures subject to acoustic performance
studies is fused filament fabrication (FFF) or 3D printing. In a recent study [28] the acoustic
performance of a 3D-printed biodegradable material with bubble holes of different sizes
was analysed. The results showed improved performance for different sizes of spherical
bubbles and different types of hole patterns in the low-frequency range up to 1000 Hz.

Sailesh et al. [29] used polylactic acid (PLA) granules to manufacture perforated
samples with different cross-sections via the FFF process for the purpose of determining
acoustic indicators. It was found that the maximum values of the sound absorption
coefficient are obtained in the range 500-1000 Hz. Other studies [30,31] have shown a
significant influence of pore shape, volume ratio, material thickness, and air gap size of 3D-
printed acrylonitrile butadiene styrene filament (ABS) structures on acoustic performance.
Zielinski et al. [32] proposed and acoustically analyzed a sound-absorbing material, whose
acoustic performance resulted not only from the designed pore network but also from the
microporosity of the material used during the additive manufacturing process. In this
way, a dual porosity material was successfully designed, modelled, and manufactured
based on the imperfections of the materials in the manufacturing process to obtain high
acoustic performance. Errico et al. [33] studied the vibro-acoustic behaviour of 3D-printed
panels using periodic structure theory over a wide frequency range (1000-10,000 Hz).
Boulvert et al. [34] 3D printed micro-lattices to study the manufacturing accuracy and
prediction of its absorption characteristics using the Johnson-Champoux-Allard-Lafarge
(JCAL) model in order to draw conclusions about the defects of the 3D printing process.
Thus, the accuracy was affected by the nozzle cross-section shape, which was about 8%,
but there were also deviations attributed to thermal shrinkage and micro-grooves of the
nozzle. Reentrant auxetic structures are used in various noise reduction applications (in
the automotive and aerospace fields). Hence, such cellular structures were modelled and
fabricated [35] using keratin-reinforced polylactic acid, which were 3D printed and were
able to reduce noise as they reduce the voids and airflow.

With the development of additive manufacturing processes, there is a trend towards
the development of acoustically absorbent metamaterials capable of controlling, guid-
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ing, and manipulating low- and medium-frequency acoustic waves. Gao and Hou [36]
researched the sound absorption coefficient of a 3D-printed polylactic acid microhelix
metamaterial. Their research found that the sound absorption coefficient values improve
as the gap between the micro-helices increases.

Other studies [37,38] have researched the acoustic properties of multi-layer perforated
panels manufactured by additive manufacturing processes (selective laser sintering and
stereolithography). The SLA additive process was used to manufacture porous polycar-
bonate samples to study the effects of hole angle and air gap on sound absorption [39].
The results revealed that increasing the angle of inclination of the pores reduced the value
of the sound absorption coefficient when the porosity was kept constant. Jiang et al. [40]
researched the feasibility of manufacturing materials by the MultiJet 3D printing process
and determined the sound absorption capability of materials with different geometrical
parameters (porosity, hole diameter, sample thickness and effect of aspect ratio). The results
indicated that the maximum absorption coefficients ranged from 0.24 to 0.99, and for the
samples to have good sound absorption performance, they were tested at high frequencies
from 4800 Hz to 6400 Hz.

In the research [41], the sound absorption of a micro-perforated panel (MPP) manufac-
tured by the 3D printing process was investigated, and the sound absorption coefficient of
a 3D-printed MPP layer supported with a porous material was measured and theoretically
predicted using the transfer matrix method (TMM). Moreover, another study available in
the literature argued for the use of microstructures with relatively simple pores, such as
parallel, identical, and inclined apertures, for the analysis of broadband sound absorption
through analytical and additively manufactured models [42]. Sekar et al. [43] focused on
the study of micro-perforated panels (MPP) made of polylactic acid (PLA) reinforced with
wood fibres fabricated using the FFF process. Acoustic test results indicated that changing
the perforation volume affects the acoustic absorption of the MPP. MPP with a thickness
of 2 mm and a perforation diameter of 0.2 mm presents a maximum sound absorption
coefficient value of 0.93 at a frequency of 2173 Hz.

Currently, numerous studies are aimed at developing sustainable and high-performance
materials for manufacturing perforated panels from natural resources. However, obtaining
complex holes with different geometries from different materials is an issue that requires
detailed acoustic studies and analysis. Therefore, in this study, the acoustic behaviour of
perforated panels consisting of three types of materials (PLA with a mixture of 40% ground
coconut wood particles, PLA with a mixture of 40% ground birch wood particles and plain
PLA) manufactured via the FFF process and were tested using plane rolling waves with
an incident perpendicular to the tested surface (tube method). Acoustic analysis of the
panels was carried out for five values of infill density (20%, 40%, 60%, 80% and 100%), with
three internal configurations (circular profile, triangular profile and corrugated profile).
The panel configurations with the best acoustic performance were manufactured via the
FFF process and were mechanically tested (compression and bending). Figure 1 briefly
describes the organisation of this study.
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Figure 1. Flow chart of the present study.

2. Materials and Methods
2.1. Design of the Panels

The sample design was carried out in the SolidWorks 2016 software system considering
the standards specific to acoustic testing [44,45] and compression and bending testing of
sandwich panels [46,47]. The 3D-printed samples for acoustic testing have the following
dimensions (Table 1): the upper and lower parts have diameters of 50 mm, thicknesses of
8 mm and holes of 4.2 mm required for the assembly of the two parts. These dimensions
are in accordance with the standard as well as with the technical characteristics of the
impedance tube. The stages of the acoustic tests and the three-dimensional models of the
samples are presented in Table 1 as follows: in the first stage the double panels were tested;
the second stage consisted of testing the single panels; the third stage was dedicated to
testing the single panels on which holes were drilled by means of a 3D-printed template;
and in the last stage, the panels were 3D printed with a triangular internal configuration
and a rhombic profile. A side of 1.8 mm was chosen for the holes.

Table 1. The 3D-printed samples used for acoustic testing.

Acoustic Test Specimens

Panels with
Double panel Single panel drilling holes
(Drill gage)

3D-printed panels
with holes

Circular profile

Triangular profile
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Table 1. Cont.

Acoustic Test Specimens

Panels with
Double panel Single panel drilling holes
(Drill gage)

3D-printed panels
with holes

Corrugated profile

The aim was to compare the way the shape of the gaps influences the sound-absorbing
properties. The modes of reflection and absorption of sound waves were a circular profile
(gaps that are not interconnected), an interconnected corrugated one (interconnected ovate
gaps) and a triangular one (walls with right angles). Those three cases, in our opinion, can
cover a large area of cases encountered in practice.

The dimensions of the samples tested at compression were a width of 50 mm and a
thickness of 15 mm (Table 2). The samples for the three-point bending tests were manu-
factured via the FFF process with the following dimensions: length 150 mm, width 20 cm,
and thickness 15 mm (Table 2). For the acoustic testing of the 3D-printed specimens, the
(ASTM) E1050 [44] and ISO 10534-2 [45] standards were followed.

Table 2. The 3D-printed samples used for mechanical testing.

Compression Test Specimens Three-Point Bending Test Specimens

Section
view

Circular Section
profile view 50

50
| 50 .
azr i) |
Triangular Section Section
profile view 50 view
. 50 .
1 1

150

Section ZUI

view

Corrugated  Section
profile view R0

150
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2.2. Materials Properties

The samples for the experimental tests (acoustic and mechanical) were manufactured
from three types of materials: standard PLA [45], PLA with a mixture of 40% ground
coconut wood particles [48] and PLA with a mixture of 40% ground birch wood particles.
According to the information provided by the filament manufacturer, the particle size of
birch and coconut is between 70 and 140 um [48].

PLA material is one of the most used thermoplastic polymeric materials suitable for
the FFF process. PLA has the following advantages [49-51]: it is a low-cost biodegradable
polymer; it is very easy to manufacture via the FFF process; it is the best material in terms
of dimensional accuracy (it does not undergo deformation during the FFF process nor after
cooling); it has good adhesion to the bed plate but also between the extruded layers of
material and during the manufacturing process, unpleasant smells are not emitted. PLA
reinforced with 40% ground wood particles as a filament very easy to manufacture via
the FFF process as it uses the PLA as base (matrix) material and has several important
advantages [48,52]: it is a biodegradable material that is easy to manufacture; it has a
wood-like smell and appearance; it has good adhesion in the first layer of manufacturing.

2.3. Manufacturing Process of the 3D-Printed Panels

The three types of filaments (PLA coconut, PLA birch and PLA) with different mechan-
ical properties were used for the FFF manufacture of 3D-printed bio-degradable perforated
panels. The 3D-printed panels were manufactured via the FFF process with the CreatBot
DX-3D double-nozzle printer (Henan Suwei Electronic Technology Co., Ltd., Zhengzhou,
China). The manufacturing parameters settings were selected according to the filament
type and were controlled via the 3D printing slicing software CreatBot V6.5.2. The main 3D
printing parameters of printed panels with the 3 types of filaments are presented in Table 3.

Table 3. FFF parameters of the 3D-printed panels.

Parameter Value
PLA Coconut PLA Birch PLA
Filament diameter 2.85 [mm)] 2.85 [mm)] 2.85 [mm)]
Layer height 0.2 [mm] 0.2 [mm] 0.2 [mm]
Infill density 20; 40; 60; 80; 100 [%]  20; 40; 60; 80; 100 [%]  20; 40; 60; 80; 100 [%]
Print speed 50 [mm/s] 50 [mm/s] 40 [mm/s]
Travel speed 120 [mm/s] 120 [mm/s] 120 [mm/s]
Printing temperature 240 [°C] 240 [°C] 240 [°C]
Building plate o o o
temperature S0l 0l 60 1°Cl
Infill pattern cubic cubic cubic
Hotend 0.4 [mm] 0.4 [mm] 0.4 [mm]

2.4. Acoustic Testing

The sound absorption behaviour of samples manufactured via the FFF process was re-
searched using a Holmarc HO-ED-A-03 acoustic impedance tube (Holmarc Opto-Mechatronics
Ltd. Kochi, India), which was equipped with the following: hollow tubes, two pairs of micro-
phones, sample holders, a data acquisition system and measurement software. The impedance
system contains an anodised aluminium tube with an internal diameter of 50 mm, which can
measure in the frequency range 500-3150 Hz.

In this study, the frequency dependencies of the sound absorption coefficient (x)
and the sound transmission loss (STL) of 3D-printed samples were investigated by the
transfer function method according to the current standards [44,45]. Figure 2a shows the
components of the impedance tube system used for acoustic testing. Figure 2b shows the
two schematic configurations of the impedance tube system by means of which the acoustic
performance of 3D-printed samples can be determined: for the determination of the sound
absorption coefficient, the system also contains the anechoic termination component, and
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for the sound transmission loss, this anechoic termination component has been removed.
For each tested sample, the geometric parameters of the samples (50 mm), microphone
spacing (30 mm), temperature and humidity recorded at each current test were entered.

Measurement Ahethole measurement microphones anechoic termination
microphones termination
— wt e
speamen TS
Step 2.

measurement microphones
WWithout anecheic termination
- :
specimen
(b)

Figure 2. Experimental setup of the acoustic testing: (a) Equipment used for acoustic testing of

samples manufactured via the FFF process; (b) Method of measurement of the sound absorption
coefficient and of the sound transmission loss.

2.5. Mechanical Testing

Mechanical tests were carried out using the W-150 S universal testing machine (Jinan
Testing Equipment IE Corporation, Jinan, China). Compression testing (Figure 3a) was
carried out at a loading speed of 5 mm/min according to the current standards [46,47] and
highlights the behaviour and response of the 3D-printed bio-degradable panels under a
compressive load by measuring the fundamental characteristics (compressive strength and
load—displacement curves). The 3D-printed samples were tested in three-point bending
according to the requirements of the standards [46,47] in order to determine the key char-
acteristics (bending strength and load—displacement curves). Five samples were tested
according to the standards for testing sandwich structures for both types of tests (compres-
sion and three-point bending).

Load cell
Load cell

Bending

Mobile plate with

spherical articulation

Figure 3. Mechanical testing: (a) Compression testing of the 3D-printed panels; (b) Three-point
bending testing of the 3D-printed panels.

2.6. Microscopic Analysis

Electronic Nikon Eclipse MA 100 microscopes (Nikon Corp., Tokyo, Japan) were used
to examine the condition of the 3D-printed structures after compression testing in order to
detect typical defects and specific failure modes.
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3. Results and Discussion
3.1. The Effect of Filling Density on the Acoustic Performance of 3D-Printed Double Panels

Double panels have been designed as consisting of two half-panels (demountable
assembly), dedicated to repairs when necessary (damage of only one surface) thus achieving
a reduction in manufacturing time and costs associated with their manufacture by replacing
only the damaged half-panel. Ultimately, the panels are designed and manufactured in
mirror image to each other, thus obtaining as large internal voids as possible, which causes
a decrease in the mass of the panel and implies an economy of material and reduced costs.

Analysing all the experimental data obtained for the 3D-printed panels, graphs are
drawn for all the samples to observe the differences and variations of the sound absorption
coefficient and loss transmission as a function of frequency.

In the first stage of the study, a design was made of the three types of filaments (PLA
coconut, PLA birch, and PLA) and with the five types of infill density (20%, 40%, 60%,
80% and 100%) in order to characterize the acoustic performance of those three types of
materials. Since the sound absorption coefficient is a ratio of reflected to incident sound
energy, a value of 0 indicates complete reflection with no absorption [53]. On the other hand,
the value of 1 of the absorption coefficients shows that all the sound energy is absorbed
without reflection [53].

For the first acoustic tests (Figure 4), double panel assemblies were used, where
the fill density varied as follows: 20%, 40%, 60%, 80% and 100%. These fill density
variations were analysed on three types of filaments (PLA-birch, PLA-coconut and PLA)
using the three profiles (circular, triangular, and corrugated /undulated). Thus, a total of
45 acoustic tests were carried out for the 3D-printed double panels, where the two most
important parameters were determined: sound absorption coefficient (SAC, «) and the
sound transmission loss (STL).

For each type of material, the curves for the highest values of sound absorption
coefficient () were plotted. The markings on the figures are as follows: 20%, 40%, 60%, 80%
and 100%. These represent the infill densities for circular, triangular, and corrugated; they
are the internal configurations used and PLA-birch, PLA—coconut and PLA represent the
materials from which the samples are made. In the case of the double panels, manufactured
via the FFF process, the following can be noticed: for the PLA-birch filament, the highest
value of sound absorption coefficient (x = 0.4) was for the 100% corrugated sample at low
frequencies (500 Hz), and the highest value for sound transmission loss (STL = 63 dB) was
for 60% corrugated; for the PLA—coconut filament, the highest value of sound absorption
coefficient (o« = 0. 33) was for the 40% triangular sample at low frequencies (500 Hz), and
the highest value for sound transmission loss (STL = 64 dB) was for 80% triangular; for
the PLA filament, the highest value for sound absorption coefficient («x = 0.36) was for
the 80% triangular sample at low frequencies (500 Hz), and the highest value for sound
transmission loss (STL = 62 dB) was for 20% circular.

It can therefore be concluded that the variation of the filling density influences the
acoustic performance, and samples with lower filling density result in a higher absorption
coefficient. Decreasing the filling density improves the passage of acoustic waves entering
the panel, and the air inside the voids can now move easily, which increases the viscous
friction, causing a loss of acoustic wave energy and, thus, the sound is absorbed more
efficiently [54].

Also, acoustic analyses cannot clearly establish a filling density that shows superior
performance compared to the others for all filament types analysed. This finding is based
on the typical defects (voids, inter-track voids between the layers) that occur in the parts
manufactured via the FFF process [55,56]. In contrast, at this stage, when analysing
double panels, it can be concluded that the PLA-birch filament showed the highest sound
absorption coefficient (o = 0.4). At the same time, the sound transmission loss presented
the highest value (STL = 64 dB) in the PLA-birch-triangular configuration at 80% filling
density. On the other hand, when analysed in terms of internal configurations, it can be
deduced that the triangular configuration type shows the highest values of absorption
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coefficient and sound transmission loss in two of the three configurations. The triangular
configuration shows higher absorption due to the cell walls interacting with the ultrasonic
wave along the in-plane direction [57].
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Figure 4. Acoustic test results of assembled double panels: (a) Sound absorption coefficient of PLA—
birch samples; (b) Sound transmission loss of PLA-birch samples; (c) Sound absorption coefficient of
PLA-coconut samples; (d) Sound transmission loss of PLA-coconut samples; (e) Sound absorption
coefficient of PLA samples; (f) Sound transmission loss of PLA samples.

The highest sound absorption coefficient was at the frequency of 500 Hz, namely 0.4 for
the PLA-birch-triangular configuration at 80% infill density. The results obtained indicate
that approximately 60% of the sound energy is reflected without penetrating the surface
of the test specimen. From the results of the acoustic tests, the highest sound absorption
coefficient is found at low frequencies (500 Hz), which indicates that the specimen acts as a
deflector that transfers the vibro-acoustic energy, providing some damping [53].
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Also, the difference between the highest and lowest values of the absorption coefficient
was 0.07, which indicates a low absorption of the three types of materials manufactured
via the FFF process. The sound absorption coefficient represents an important result in
the acoustic tests of the materials (PLA—coconut, PLA-birch, and PLA), but it is not the
only significant result. Increased importance is also given to the sound transmission loss
parameter for 3D-printed specimens, through which a characterization of a specimen’s
ability to block sound can be performed.

In the case of these double panels, the alpha coefficient decreases with increasing
frequency and the LTR increases very slightly with increasing test frequency.

3.2. Mechanical Performance of 3D-Printed Double Panels

From the results of the acoustic tests, two basic criteria were set for determining the
samples to be subjected to mechanical tests: the samples with the highest absorption coeffi-
cient depending on the material and the samples with the highest absorption coefficient
depending on the profile configuration. Thus, for the three-point compression and bending
mechanical testing, four sample configurations were manufactured and tested: 60% circular
PLA-birch, 100% corrugated PLA-birch, 40% triangular—-PLA—coconut, 80% triangular—PLA.
Two configurations (80% triangular—PLA and 100% corrugated PLA-birch) showed the best
acoustic performance on both criteria analysed. Five samples were tested for each type of
test (compression and three-point bending).

The results of the compression tests were presented below as load—displacement
characteristic curves (Figure 5a) for each type of 3D-printed structure. Analysing Figure 5a
and considering the numerical results provided by the testing machine in the test report,
the maximum breaking force of the 80% triangular-PLA sample reached the maximum
value of 90 kN at a displacement of 2.75 mm during the compression process. On the other
hand, the 40% triangular—PLA—coconut sample showed the lowest maximum compression
force of about 23 kN. For the five samples tested, in each configuration, the average values
of compressive strength and compressive modulus of elasticity were calculated and plotted
(Figure 5b). The average compressive strength value of the 80% triangular—PLA samples
showed the highest value of about 40 MPa. From the analysis of the tested samples, it can
be deduced that the parts with a mixture of 40% ground birch and coconut wood particles
show close values of compressive strength, but not exceeding 13 MPa.

—60% Circular PLA - birch —100 % Undulate PLA - birch ++1Compressive Strength [MPa] -m- Compressive Modulus [GPa]
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Figure 5. Compression test results: (a) Load—-displacement characteristic curves; (b) Compressive
strength and modulus of elasticity for 3D-printed samples.

This was due to the lower mechanical performance of the ground wood introduced in
this type of filament, i.e., the weaker adhesion between the matrix (PLA) and the ground
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wood. Another important aspect is the choice of the configuration type for the 3D-printed
samples. It is observed that the triangular profile absorbs the compressive stress much
better compared to the other two profiles (circular and corrugated) due to the high-stiffness
inner walls.

Following the three-point bending tests of the 3D-printed samples, the characteristic
curves of the four types of samples and the bending performance (bending strength and
modulus of elasticity) were determined. In this case, the 80% triangular—-PLA samples
also showed the best three-point bending performance. This is due to the specific bending
behaviour: during loading, both tensile (on the lower shell) and compressive (on the upper
shell) stresses occur simultaneously in the 3D-printed sample, and the core, in this case,
is shear stressed. Core shear occurs quite late because the triangular configuration has
very strong walls that maintain the structure during loading. The tests showed that the
maximum breaking force of the 80% triangular-PLA sample reached a maximum value
of 1.58 kN at a displacement of 6.3 mm during the stretching process (Figure 6a). The
maximum value of the bending strength was obtained for the 80% triangular-PLA samples.
Analysing the other types of samples made of ground wood, it can be observed that the
highest bending strength (Figure 6b) is shown by the 100% corrugated PLA-birch samples
due to the 100% filling density, which was confirmed in other recent studies [58,59].
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Figure 6. Three-point bending test results: (a) Load—displacement characteristic curves; (b) Bending
strength and modulus of elasticity for 3D-printed samples.

3.3. Microscopic Analysis of 3D-Printed Double Panels

For the microscopic analysis of the samples, the 3D-printed double panels (Figure 7)
were cross-sectioned, embedded into resin, and polished using a 1 um grit and 0.5 pm
Al,O3 suspension.

The microscopic analysis of 3D-printed double panels was carried out to exemplify the
deformations of the internal configurations and at the same time to verify the deposition
behaviour of the extruded material at different filling densities. The samples that were
microscopically analysed were subjected to plane compression tests. In Figure 7a, the
sample underwent a deformation in the middle of the part, followed by a crack with
propagation in the middle of the part. Interlayer voids are also observed on the left and
right sides. In Figure 7b, the following can be observed: uniform distribution of birch
ground wood particles, interlayer crack defects, and a reduced number of defects when
adding layers of extruded material.
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(b)

(c) (d)

Figure 7. Microscopic analysis of the samples: (a) 60% circular PLA-birch; (b) 100% corrugated
PLA-birch; (c) 40% triangular—-PLA-coconut; (d) 80% triangular-PLA.

Following the compression tests (Figure 7c), the walls of the 40% triangular-PLA-
coconut samples were deformed by lateral buckling. At the same time, a closer analysis
of these samples (Figure 7c) reveals end layer voids, defects with different configurations
(triangular and parallelepipedal) and porosity defects (voids) between the successive beads,
also found in other studies and specific to the FFF process [60-62].

Analysing the 80% triangular-PLA sample (Figure 7d), inter-layer voids and porosity
defects were identified, which led to higher performance of acoustically tested samples [32].

3.4. Acoustic Analysis of 3D-Printed Single Panels

For the next acoustic analysis, only half of the previously tested 3D-printed double
panel samples (8 mm thick) were used to determine whether the thickness of the tested
sample influenced the acoustic performance. Regarding the sound absorption coefficient
(Figure 8a,c,e), the acoustic tests showed the same types of configurations, as with the
double panels with the highest values (40% triangular-PLA—coconut, corrugated PLA-
birch and 80% triangular—PLA). The increase in the absorption coefficient for the three types
of samples, compared to the results obtained for the double panels, was as follows: 39% for
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the single 40% triangular-PLA-coconut samples; 20% for the single 100% corrugated PLA-
birch samples and 33% for the single 80% triangular-PLA samples. Therefore, it can be
stated that sample thickness is very important in acoustic tests, as previously found in
other studies [40,54,63].
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Figure 8. Acoustic test results of 3D-printed single panels: (a) Sound absorption coefficient of
PLA-birch specimens; (b) Sound transmission loss of PLA-birch specimens; (c) Sound absorption
coefficient of PLA—coconut specimens; (d) Sound transmission loss of PLA—coconut specimens;
(e) Sound absorption coefficient of PLA specimens; (f) Sound transmission loss of PLA specimens.

Regarding the sound transmission loss (Figure 8b,d,f), as found in other studies [53,64],
the STL value decreases as the thickness of the tested samples decreases, and the maximum
value is obtained at a higher frequency (in the case of these samples, at about 2500 Hz).
Thus, the values of sound transmission loss for 3D-printed single panels decreased by about
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13% compared to 3D-printed double panels. It can also be observed that the corrugated
configuration shows the highest STL values for all three material types.

Figure 8 shows that the decrease in the thickness of the specimen, from 16 mm to 8§ mm
increased the ability to absorb sound at frequencies between 1000 Hz and 2500 Hz. As the
thickness of the 3D-printed specimens increases, the acoustic absorption decreases due to
the low and mid frequency because the waves have a harder time penetrating the thicker
panels. If the thickness of the specimens is too large, the air inside the voids becomes
harder to move, and there will effectively be no friction. It can be concluded that the sound
absorption coefficient improved at lower frequencies (500 Hz) and, at the same time, an
increase was observed when the frequencies were increased (3150 Hz). The decrease in the
filling density in most of the tested specimens improves the passage of the acoustic waves
to enter the analysed structure, and the air inside the voids can move easily, which provides
an increase in the viscous friction, ultimately causing the loss of the energy of the acoustic
waves, causing higher sound absorption [51]. By decreasing the thickness of the specimen
(from 16 mm to 8 mm), the values of the sound transmission loss parameter decreased, but
the speciments still offer good acoustic insulation with values between 30 dB and 55 dB.

3.5. Acoustic Analysis of 3D-Printed Single Panels with Drilled Holes

In these tests, the 3D-printed single panels were perforated to determine the influence
of holes on acoustic performance. A template (Table 1) was used to make the holes, and
the 3D-printed single panels were then perforated. The holes were round, made with a
drill, and the diameter was 1.8 mm. They were made at right angles, as they have a higher
absorption coefficient compared to the holes made at inclined angles [39]. After acoustic
testing, 3D-printed single panels with holes showed superior performance compared to
3D-printed single panels. From the analysis of the acoustic test results, in comparison with
the results obtained on 3D-printed single panels and according to the highest absorption
coefficient values, the following was found: 40% triangular-PLA—coconut samples showed
a 73% increase in absorption coefficient; 40% triangular—PLA-birch samples showed a 122%
increase in absorption coefficient; 60% triangular-PLA samples showed an 82% increase
in absorption coefficient. The triangular configuration also had the highest absorption
coefficient values for all three material types. The filling densities which indicated the
highest absorption coefficient (Figure 9a,c,e) were 40% and 60%. Another important aspect
of the tests on 3D-printed single panels with holes was that with the use of the holes,
the peak sound absorption coefficients shifted to the value of 1000 Hz [65]. Concerning
the material, it can be concluded that PLA had the highest absorption coefficient of 0.86,
while for the birch material, a maximum absorption coefficient value of 0.78 was obtained.
Thus, it can be implied that the holes of the samples brought a significant increase in the
sound absorption coefficient, as observed in another research conducted [29,39,40,66]. The
absorption coefficient curves (Figure 9a,c,e) have stabilized, and their shape is similar for
all material types, with very small variations between them.

Regarding the sound transmission loss of 3D-printed single panels with holes, it can
be observed that the maximum value is found at 3150 Hz, so the sound wave energy
dissipation is directly proportional to the frequency [29]. As can be seen from the curves
of sound transmission loss (Figure 9b,d,f), they have a similar shape, with a maximum
of about 29 dB. Thus, a decrease in sound transmission loss of up to half is observed
compared to 3D-printed single panels, and the maximum value in this case was 29 dB for
the 60% triangular-PLA—coconut sample.
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Figure 9. Acoustic tests results of 3D-printed single panels with drilled holes: (a) Sound absorption
coefficient of PLA-birch specimens; (b) Sound transmission loss of PLA-birch specimens; (c) Sound ab-
sorption coefficient of PLA—coconut specimens; (d) Sound transmission loss of PLA—coconut specimens;
(e) Sound absorption coefficient of PLA specimens; (f) Sound transmission loss of PLA specimens.

3.6. Acoustic Analysis of 3D-Printed Single Panels with Holes

In the acoustic testing of 3D-printed single panels with drilled holes, the best per-
formance (in terms of absorption coefficient) was recorded for the following samples:
40% triangular-PLA—coconut; 40% triangular-PLA-birch; 60% triangular-PLA. For these
configurations, filling densities and material samples were manufactured via the FFF
process, and the results obtained were similar.

Therefore, to optimise the structures, the three configurations (40% triangular-PLA-
coconut; 40% triangular-PLA-birch and 60% triangular—-PLA) were kept and samples
with rhombic holes of 1.8 mm side size were manufactured via the FFF process (Table 1).
From the absorption coefficient curves (Figure 10a) the maximum value is found for the
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40% triangular-PLA-birch sample of 0.93 at a frequency of 1000 Hz. In contrast, for the
60% triangular-PLA sample, the maximum value of the absorption coefficient is 0.84 at
1600 Hz.
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Figure 10. Acoustic test results of 3D-printed single panels with holes: (a) Sound absorption coeffi-
cient of 40% triangular-PLA—coconut; 40% triangular-PLA-birch and 60% triangular-PLA; (b) Sound
transmission loss of 40% triangular—-PLA—coconut; 40% triangular—-PLA-birch and 60% triangular-PLA.

From this, it can be concluded that PLA with a mixture of 40% ground birch wood
particles can be used at high performance at frequencies up to 1000 Hz and PLA material
up to 1600 Hz for the configurations proposed in this study. The 40% triangular-PLA-
birch sample with 3D-printed rhombic holes showed a 16% increase compared to the
40% triangular-PLA-birch with drilled holes sample in terms of absorption coefficient
value. From the tests, it can be concluded that the triangular structure, at a filling density
of 40% and with rhombic holes showed the highest absorption coefficient (0.93).

As for the sound transmission loss (Figure 10b), using rhombic shaped holes increased
it by 10% compared to 3D-printed single panels with drilled holes. The maximum STL
value is 31 dB and is attributed to the 60% triangular—PLA sample at a frequency of 3150 Hz.
The shape of the curves for sound absorption coefficient and for sound transmission loss
for 3D-printed single panels with holes shows the same shape as 3D-printed single panels
with drilled holes.

Even though perforations of 3D-printed specimens can be seen to improve sound
absorption, this is due to the inherent disadvantage demonstrated by micro-perforation in
suppressing low-frequency (i.e., <1000 Hz) noise, as observed in other studies [53,67]. This
aspect was also validated in the study in this work, namely that in the case of perforated
panels, the peak values of the sound absorption coefficient were near the frequency of
1000 Hz (Figures 9 and 10). On the other hand, open porous structures could dampen sound;
this aspect is related to the airflow resistivity of these panels [31]. In general, increasing
airflow resistivity improves sound absorption properties [31] over the entire frequency
range, but only up to an intermediate value.

Because the research started from the analysis of demountable double panels and the
optimal one turned out to be a half-panel, this study has comparable results with those
obtained in other studies by other researchers.

4. Conclusions

Acoustic analysis and noise absorption are some important and research-intensive as-
pects of health and the environment that affect people’s psychological and biological states.

In this work, the sound absorption performance of samples manufactured from three
types of materials (PLA with a mixture of 40% ground coconut wood particles, PLA
with a mixture of 40% ground birch wood particles and plain PLA), with three internal
configurations (circular, triangular, and corrugated) and at five filling densities (20%, 40%,
60%, 80% and 100%), manufactured via the FFF process, was evaluated.
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The acoustic performance was measured for the double panels (designed as consisting
of two half-panels in a demountable assembly) and obtained a maximum value of & = 0.4
and STL = 64 dB. The acoustic results for the double panels (16 mm thickness) indicate excel-
lent sound transmission resistance for all types of materials used, which determines good
acoustic insulation, and these types of materials can be successfully used in the aviation,
automotive and construction fields for sandwich panels with the aim of sound attenuation.

After several tests, a compromise solution was reached that involved form iterations,
panel perforations, and porosity optimization to increase the acoustic performance of the
samples considerably, with values ranging from 72% to 122%.

For a complete characterization of the samples, mechanical tests were also carried out,
and the PLA material was clearly superior to the other two types of materials (PLA with a
mixture of 40% ground coconut wood particles, PLA with a mixture of 40% ground birch
wood particles) in both compression and three-point bending tests.

At the mechanical tests, the rhombic holes that presented the best sound absorption
results with oc = 0.93 and STL = 31 dB also presented the maximum resistance to compression
(40 MPa) and to three-point bending (50 MPa).

Microscopic analysis of the samples tested in compression showed normal defects
(voids, interlayer voids) of the FFF process and lateral buckling as the main mode of failure
of the internal walls of the samples.

The analysis of the microstructure of the panels confirms that it has been possible to
produce samples with controlled morphology and oriented regular cell patterns that could
be attained and with high sound-absorbing properties.

In the 3D-printed samples with rhombic holes, an increase of 16% in the absorption
coefficient of the PLA material with a mixture of 40% ground birch wood particles (x = 0.93)
was obtained compared to the samples with round holes.

Predominant factors that influenced sound-absorbing properties in this study were
the triangular configuration model, which exhibited the highest performance for all three
material types, and filling density, which also played an important role in the acoustic
tests of the samples manufactured via the FFF process; thus, it was determined that the
highest acoustic performance was obtained at 40% and 60%. The effects of cell orientation
impact the acoustic properties as the un-oriented cell morphology leads to enhanced sound
absorption capacity compared to the samples with more regular and oriented morphology.

Depending on the field of application, the following are recommended:

- For very good sound absorption properties, the configuration with 40% infill, triangular—
PLA with coconut ground particles and 8 mm thickness is recommended.

- The physical-mechanical properties of the material (PLA with ground coconut parti-
cles) ensure their use for obtaining protective sound-absorbing panels (near highways
or heavily trafficked roads, various casings or covers of engines).

- Transmission loss coefficient (STL) decreases with panel thickness.

As a general observation, the initial idea to obtain highway sound protection panels
with the highest possible mechanical resistance and very good sound absorption properties
was achieved.

Even if the results obtained are very good from the point of view of the sound absorp-
tion coefficient (o« = 0.93) and the mechanical resistances (40 MPa and 50 MPa), additional
scientific research is considered to increase the transmission loss coefficient and at the same
time to maintain the « coefficient.
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Abstract: The first part of this paper is dedicated to obtaining 3D-printed molds using poly lactic
acid (PLA) incorporating specific patterns, which have the potential to serve as the foundation
for sound-absorbing panels for various industries and aviation. The molding production process
was utilized to create all-natural environmentally friendly composites. These composites mainly
comprise paper, beeswax, and fir resin, including automotive function as the matrices and binders. In
addition, fillers, such as fir needles, rice flour, and Equisetum arvense (horsetail) powder, were added in
varying amounts to achieve the desired properties. The mechanical properties of the resulting green
composites, including impact and compressive strength, as well as maximum bending force value,
were evaluated. The morphology and internal structure of the fractured samples were analyzed using
scanning electron microscopy (SEM) and an optical microscopy. The highest impact strength was
measured for the composites with beeswax, fir needles, recyclable paper, and beeswax fir resin and
recyclable paper, 19.42 and 19.32 k] / m2, respectively, while the highest compressive strength was
4 MPa for the beeswax and horsetail-based green composite. Natural-material-based composites
exhibited 60% higher mechanical performance compared to similar commercial products used in the
automotive industry.

Keywords: green composites; beeswax; fir needles; recyclable paper; Equisetum arvense; mechanical
properties

1. Introduction

The circular (bioresources) economy is considered one of the most sustainable poten-
tial solutions to the global challenges of energy crises and environmental pollution. The
research community has approached this issue from two main paths: recycling waste to
develop novel materials and using natural resources to create new materials. One area
of significant attention for researchers is the development of fiber-reinforced composite
materials, which have the potential to be used in (semi) structural applications [1]. In the
last decade, great attention has been paid by the research community to the developments
of fiber (carbon, graphite, graphene, aramid, kevlar, natural, and wood fibers)—polymer
(thermoplastic or thermosetting matrices) composites. Fiber-reinforced composite mate-
rials (FRPs) are widely used in modern products due to their exceptional combination of
properties, including high specific strength and stiffness, low weight, durability, and resis-
tance to creep and fatigue. Due to the special properties in relation to weight, composite
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materials have found a safe place in top industries, such as aerospace and aeronautics
(applications for propellers of torpedoes, submarines, etc.) [2], in the automotive industry
(components of transmission, brake discs, engine components) [2-7], in electronics and
electrotechnics (manufacture of packages and layers of integrated circuit-plate supports
on which electronic circuits are mounted to capacitors, electronic transducers or electronic
filters) [8], and so on. However, achieving adequate interfacial strength between the filler
and matrix often requires the use of toxic or expensive compatibility agents. Additionally,
when synthetic fibers are used, the manufacturing process can become energy intensive
due to the high-temperature curing required for the fiber—polymer blend [9,10].

Extensive studies in the specialized literature indicate that many composite materials
with natural reinforcements use polymeric matrices that exhibit good or even very good
physical-mechanical properties [11,12]. However, the advantage of these materials is di-
minished by the polluting factor over their lifetime, as well as the high costs and complex
technological /chemical processes required for their manufacturing and the limited recy-
cling options available at the end of their product lifecycle [13-15]. The environmental
sustainability and cost effectiveness has pushed researchers’ focus to be moved from syn-
thetic FRP composites to more environmentally friendly fillers. Natural plant fibers have
emerged as a suitable alternative to synthetic fibers due to their lightweight nature, renewa-
bility, sustainability, eco-friendliness, carbon neutrality, low cost, biodegradability, and
availability. Moreover, these fibers provide good insulation, toughness, vibration damping,
flexibility, and high specific strength and modulus [16,17]. Moreover, legislative pressures
on the industrial sector have led to an increased demand for environmentally friendly
materials. As a result, natural fibers have gained traction as a commonly used alternative to
synthetic fibers in composite materials. Flax, hemp, jute, kenaf, banana, pineapple, and sisal
are amongst the most commonly used natural plant fibers as reinforcements in composite
materials [1,9,11,17-20]. Compared to synthetic carbon and glass fibers, natural plant fibers
are less expensive, lighter, biodegradable, easy to produce, and environmentally friendly.
Researchers are now exploring the use of natural fibers for higher-load applications by
incorporating ceramic fillers and synthetic fibers as reinforcements. This shift towards
biologically sourced and recyclable materials is driven by the growing demand for sus-
tainable and environmentally friendly materials in order to diminish the burden on the
environment [21,22]. A study on ramie-reinforced PLA composites was reported, with
a positive impact on the mechanical properties (tensile strength) of ramie/PLA compos-
ites [17,19]. Farid et al. [23] investigated the use of natural fibers, including kenaf, jute,
waste cotton, and flax, in blends with PP and polyester binders for sound-absorbing floor
coverings. They found that the sound absorption coefficient increased with the frequency
of sound [24]. This research highlights the potential of natural fibers in creating sustainable
products. In this context, the assimilation of pine needles (PNs) through biotechnology
can offer a valuable opportunity to enhance the circular bio-economy. Converting PNs
into biomaterials and bio-energy can help reduce the reliance on petroleum products and
promote a healthier environment by maintaining the energy—environment network [22-37].

Composite material development by using natural fibers promotes reductions in
greenhouse gas emission, biodegradability, job availability increase, energy saving, easy
decomposition, lightweight, high specific mechanical properties, less tool wear during pro-
cessing, and less density, lowering the product cost. However, there are some shortcomings
when using natural fiber composites due to their hydrophilic nature and the potential of
moisture absorption, debonding the fillers from the matrix [30-34,38]. The CO; release
during when obtaining natural fiber composites is negligible as compared to synthetic
fiber [35]. The composite structure comprises biodegradable natural fibers, which have
found significant applications as sound-proofing material for automobile components.
Composite laminates with bamboo, cotton, and flax fibers with PLA fibers showed bending
stiffness of 2.5 GPa, but the impact strength, another mechanical property required in such
applications, was been reported [36,37].
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Beeswax is derived from honey combs and is shown as a complex mixture of several
chemical compounds mostly used in the food industry (glazing, carrier of additives in
food, and texturizing agent in chewing gum production) [38]. Praveen B. et al. [38] blended
cellulose triacetate (CTA) microspheres and beeswax in order to evaluate the controlled
release of antidiabetic nateglinide [39]. Pine needles and natural materials were used
to obtain valuable products, metabolites, and bio-energy [23,24,28]. Converting natural
materials into valuable products not only promotes a sustainable energy—environment
network but also reduces the use of conventional petroleum products, resulting in a
positive impact on the environment and human health [32,34]. While technology has
advanced significantly, virtual information storage cannot completely replace readable
paper supports, leading to the continued generation of paper waste.

To the best of our knowledge, there are no previous studies on the fabrication of green
composites by pouring natural material blends based on beeswax, fir resin, fir needles, and
Equisetum arvense onto recyclable paper.

This work presents a novel approach for the development of eco-friendly composites,
consisting of two stages. Firstly, specific molds were 3D-printed using PLA to mold the
natural composite receipts based on recyclable paper, beeswax, fir resin, fir needles, rice,
and Equisetum arvense. In the second stage, eco-composites were prepared through mold
casting (pouring) several natural blends of beeswax, fir resin, with or without fir needle,
rice, or Equisetum onto recyclable paper. This study aims to contribute to the development
of sustainable materials and to reduce waste generation from paper consumption, while
also exploring the potential of natural resources for composite material production.

The major advantage of these composite materials is that both the matrix and rein-
forcement are natural, biodegradable, and recyclable.

This study is part of a larger research program aimed at assessing the feasibility of
using the obtained composites for various industrial applications, such as sound insulation,
thermal-insulating panels, or shock absorbers. In this particular study, we will focus
specifically on the mechanical properties of the composites. By examining the mechanical
properties, we can better understand how these materials can be optimized to provide the
necessary insulation and damping and to gain a more specific insight into their potential
application domains.

2. Experimental Section
2.1. 3D-Printing Molds for Green Composite Development

The research employs a variety of natural materials, such as polymers, resins, waxes,
and biomass waste, to produce composite materials with good sound-absorbing prop-
erties. These materials, which include beeswax, fir resin, ground fir needles, horsetail
(Equiseti herba), rice flour, and paper pulp, offer a high degree of recyclability, low cost, and
minimal environmental impact.

Natural wax is an excellent candidate for use as an organic matrix in sound-absorbing
materials, due to its high content of saturated fatty acids, n-alkanes, and long-chain alcohols.
Similarly, fir resin, with its abundance of resin acids, provides an ideal matrix material
for these composites. Not only do these materials possess excellent sound-dissipating
properties due to their amorphous nature but they are also easy to process, have low
softening points, and act as effective binders for filler materials. This combination of
properties makes them an attractive option for creating effective sound-absorbing materials
at a low cost.

In the pre-testing phase, it was determined that the most suitable filler material for
the composite was in ground form. This decision was based on the groundings’ relatively
large specific surface area, which enables them to bond more effectively with the matrix
material and also helps to create a structure that is as loose as possible. This loose structure
is particularly beneficial for sound absorption, as it allows sound waves to be effectively
dissipated within the material.
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Equisetum and fir needles are not only rich in lignocellulosic material but also in
phenolic compounds, resin acids, and silicon dioxide (in the case of horsetail), which
contribute to the strengthening and thermal stabilizing effect of wax and/or resin. Rice
flour, on the other hand, contains starch, waxes, and proteins that are compatible with
the chosen matrices, while milled paper (recycled cellulose) has a high specific surface
area and absorbency compared to wax and resin. These unique properties of the natural
materials make them excellent candidates for the development of eco-friendly composites
with enhanced mechanical and thermal properties.

Thus, the following eco-composites were preliminarily analyzed from the point of
view of SHORE D hardness:

(a) Beeswax (Ca) and ground horsetail (Cc)—a total of 14 composite materials were
obtained. Percent of ground horsetail between 0 and 39.4%.

(b) Beeswax (Ca) and recycled paper (Hr)—a total of 18 composite materials were ob-
tained. Percent of recycled paper was between 0 and 46%.

(c) Beeswax (Ca) and ground rice (Or)—a total of 10 composite materials were obtained.
Percent of ground rice was between 0 and 86.5%.

(d) Beeswax (Ca) and ground fir needles (Abr)—a total of 10 composite materials were
obtained. Percent of ground fir was between 0 and 86.5%.

A common/household grinding machine was used for grinding and bringing it to the
desired size, and to determine the granulation size, a system equipped with mesh sieves
between 0.036 mm and 0.5 mm diameter was used.

For each material in powder form, the amount was gradually increased step by step
with 0.25 g and then calculated as a percentage of the entire composite.

First of all, all the elements (recycled cellulose, Equiseti herba, rice flour, and paper
pulp) were chopped to the desired granulation, weighed, and prepared according to the
preset recipes for the next step, namely mixing with beeswax.

The second step was to create the composites: beeswax was melted (up to a temper-
ature of 100 °C) and mixed with various reinforcements (presented above) in different
proportions until the reinforcer/hardener was maximally moistened.

Last step was to pour the composite while it was still in a pasty state in the mold.

The combinations that produced the best results were identified, and we decided to
use these combinations as a basis for developing new composite materials, as follows:

Recyclable paper 100% denoted as S1 (as base for comparison with new composites)
Beeswax (50%) + fir resin (50%) denoted as S2

Beeswax (62.5%) + horsetail (37.5%) denoted as S3

Beeswax (55.56%) + recycled paper (44.44%) denoted as S4

Beeswax (45.5%) + milled rice (54.5%) denoted as S5

Beeswax (61.5%) + milled fir needles (38.5%) denoted as S6

Beeswax (31.25%) + fir resin (31.25%) + horsetail (37.5%) denoted as S7

Beeswax (27.78%) + fir resin (27.78%) + recycled paper (44.44%) denoted as S8

To assess the mechanical properties of the natural composite materials, including
their flexural strength, impact resistance, and compression resistance, specific molds were
designed using SolidWorks 2016 software. These molds were specifically tailored to the
unique characteristics of the natural composite materials under study. The molds were
then created using 3D-printing technology, utilizing the Fused Filament Fabrication (FFF)
technique to produce positive molds.

Silicone rubber was subsequently cast into the positive molds, creating negative
molds that were then used to shape the natural blends into their final form. These natural
blends were poured into the negative molds, which were designed to be made from
recyclable paper, enabling a sustainable and environmentally friendly production process.
By utilizing this process, precise and accurate measurements of the natural composite
materials” mechanical properties were obtained, providing valuable insights into their
potential applications.

PN LN
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International Standard ISO 14125—Plastics, Subcommittee SC 13, Composites and
reinforcement fibers—was the basis for testing the samples but not the only one; ISO 178 or
ASTM D 790 was consulted, for example.

The photo images taken from the 3D-printed molds are presented in Figure 1.

3D printed positive molds

Silicone rubber molds

Figure 1. 3D-printed positive and negative molds for mechanical testing of the green composites:
(a) for bending; (b) for impact; (c) for compression.

This method of obtaining the molds for testing the mechanical properties of the
samples was chosen due to the particularities of these eco-composites: precise, simple,
and efficient.

2.2. Materials and Green Composite Preparation
2.2.1. Materials

The green composite materials were developed using natural materials, with beeswax
and fir resin serving as the matrix and fir needles, rice, and Equisetum arvense as the rein-
forcing materials. These materials were selected for their biodegradability, recyclability,
and sustainable sourcing. Specifically, the fir resin and fir needles were collected dur-
ing trips to coniferous forests in Brasov, Romania, from fallen branches on the ground.
The natural beeswax was purchased from Apsirom SRL Vaslui, Romania, while the alli-
mentary (grocery-grade) rice and Equisetum arvense were obtained from a local shop in
Brasov, Romania.

The raw materials used for developing green composite materials are presented in
Figure 2.

All these natural materials used for green composite preparation were dried and
ground before their blending. After grinding the fir needles, the rice and Equisetum arvense
grain diameter was under 0.5 mm.

2.2.2. Obtaining Composites
The following steps were taken to prepare the green composite materials:

(1) The base natural materials (beeswax and/or fir resin) were melted at a temperature of
approximately 80-100 °C.

(2) The reinforcing natural filler powders (fir needles, rice, Equisetum arvense) were added
in the proportions specified above.
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(3) The natural material blend was mixed thoroughly.
(4) The blend was poured into silicone rubber molds, as shown in Figure 1, over the
recyclable paper.

Be

3
7\

Fir needles

Milled fir needles Milled rice Milled Equisetum

Figure 2. Raw natural materials used for the green composites.

The recyclable paper was prepared according to the process outlined in Figure 3.

Figure 3. Steps in preparing the recyclable paper: (a) shredded paper; (b) water addition; (c) homoge-
nizing with a blender; (d) paste sieving; (e) drying the paper paste; (f) grinding recyclable paper.

The green composites obtained after pouring the natural material blends onto the
recyclable paper can be seen in Figure 4.
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Figure 4. Green composites prepared for mechanical tests; (a) casting in the silicon rubber molds;
(b) samples removed from the molds.

All the natural composition blends were poured onto recyclable paper in the PLA molds.

2.3. Characterization Technigues
2.3.1. Mechanical Tests

Bending and compression strength and Young’s modulus (E) for the composite struc-
tures (sandwich structures and wing sections) were performed on the WDW-150S universal
testing machine with a constant crosshead speed of 10 mm /min for all test (Jinan Testing
Equipment IE Corporation, Jinan, China). The impact (resilience) strength of the green com-
posites obtained was measured on a Galdabini Impact 25 equipment, Cardano al Campo,
Italia, with 25 k] maximum energy. Compression and bending tests were performed with a
speed of 10 mm/s. The impact energy of the impact hammer was 5.5 J. Five samples were
tested for each mechanical test property, and the average values are reported.

2.3.2. Surface Morphology Analysis

Micrographs were obtained by using a scanning electron microscope (SEM), Hitachi,
Japan, S3400N, type II, and the images were taken from the impact-fractured composite surface.

2.3.3. Optical Microscope

Images of the fractured composite surfaces were taken using an optical microscope
type Leica (Arnhem, The Netherlands), Emspira 3 model.

3. Results and Disscusion
3.1. Mechanical Tests

The mechanical, thermal, and durability properties of a composite are largely deter-
mined by the interfacial adhesion zone in the composite system. The strength of this zone
depends on several factors, including the physical-chemical properties of each composite
component, their size and shape, mass ratio, dispersion grade of fillers into the matrix
composite, preparation technique, and technological parameters used for composite prepa-
ration. In this study, we evaluated the mechanical properties of the green composites in
terms of impact, compression, and bending maximum force, as shown in Figures 5-7.

Figure 5 shows the variation in impact resistance (resilience) for the natural composites.
It is worth noting that the addition of the melted beeswax and fir resin positively influences
the impact strength of the resulting composites (52 and S3) compared to S1 (recyclable
paper only). The addition of Equisetum arvense powder (54) and ground rice (S5) negatively
impacted the resilience value of the beeswax-based samples (52), likely due to their higher
modulus of elasticity, which includes silica-based compounds and unplastified starch.
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Conversely, the addition of fir needle powders (S6) and fir resin (S8) led to an increase
in shock resistance or resilience. The best resilience value was achieved with the S6
composite, which was based on beeswax and fir resin. Additionally, improvements in
impact strength were recorded for S2, 56, 57, and S8, with the highest values found in 56 and
S8 at 19.42 and 19.32 k] /m?, respectively. These results can be assigned to the mechanical
strength provided by fir resin, as well as the viscoelastic properties of the cellulosic fibers,
as noted by Jakob et al. [40]. It is widely recognized that cellulosic fibers significantly
contribute to the mechanical enhancement of fiber-based composites [40—44]. These findings
are consistent with a study conducted by Butnaru et al. [44], which demonstrated the
superior thermal and mechanical properties of fir needles compared to fir cone and bark.
Furthermore, in addition to their remarkable mechanical and thermal strength, fir needles
also exhibit antioxidant properties, which are of great importance in the development of
natural composite materials [35].

25
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Figure 5. Impact strength variation for green composites.
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Figure 6. Compressive strength variation for green composites.
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Figure 7. Maximum bending force variation for composites.

Figure 6 shows the compression strength of the natural blends poured onto recyclable
paper. Sample S2, based on beeswax poured onto recyclable paper, exhibited a 66.6%
increase in compression strength, while sample S3 showed a remarkable increase, exceeding
100%, from 1.8 MPa recorded for S1 (recyclable paper) to 4 MPa recorded for S3. This
significant increase in compression strength can be attributed to the insertion of melted fir
resin molecules through the paper fibers, as well as the formation of an ordered shell that
covers the paper core, as observed in the next section using light microscopy. The hardened
fir resin in S3 effectively reinforced the paper fibers, while the shell provided additional
support, resulting in a remarkable increase in compression strength.

Ground rice addition caused a slight decrease in compressive strength for the S5
sample, while the addition of fir needle powder caused a slight increase in compressive
strength for the S6 sample. The sample based on fir resin (S3) showed the best value for
compressive strength. However, the addition of Equisetum powder and beeswax (S7) and
beeswax alone (S8) had a strong negative effect on the compressive strength of sample S3.

In Figure 7, the maximum bending force of the composites is presented. The addition
of ground fir needles to the S2 sample caused a decrease in the maximum bending force for
the S6 composite. On the other hand, the addition of Equisetum powders (54), ground rice
(S5), and fir resin with Equisetum powders (S6) led to an increase in the maximum bending
force for sample S2. Among all the samples, composite S5 based on beeswax and ground
rice demonstrated the best value for maximum bending strength. This can be attributed
to the swelling of the rice fibers, as can be observed in the inset surface fracture image of
S5 in Figure 7. The rice fibers covered the paper core, resulting in higher bending force
compared to other samples.

In this study, we compared the mechanical properties of the green composites, which
were considered as the core materials for the final green products with those of similar
commercial products from the automotive sector (see Table 1). We mechanically tested the
commercial core product used as a sound-absorbing panel and found that its properties
were inferior to those of the core material composites developed in this research. These
results indicate that the green composites have the potential to be a superior alternative to
the commercial products in terms of mechanical strength and could be applied in various
fields, including automotive and sound-absorbing panels.
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Table 1. Mechanical properties of the green composites compared to similar commercial products

used in the automotive industry.

Mechanical
Property/Commercial Impact Strength Compressive Bending
Automotive Sample/Green [kJ/m?] Strength [MPa] Force [N]

Composites

11.41 <1 <3

13.26 <1 <3

Green composites’ mechanical properties

B i
é 19.42 4.60 18.20

The results obtained from the mechanical tests on the proposed composites indicate
that improvements and a different approach are necessary to further enhance these proper-
ties without sacrificing their advantages, such as being natural, ecological, recyclable, and
sustainable. However, the improved physical-mechanical properties make these compos-
ites suitable for various applications beyond the automotive industry, including aeronautics
and other fields where sound-absorbing panels are needed.

It was also observed that high mechanical properties are not always required for
materials used in the automotive industry, particularly for the lining of the engine hood
and linear luggage, where good sound-absorbing properties are more important. Over-
all, the use of natural, sustainable materials in these applications can provide a more
environmentally friendly solution while maintaining or even improving performance.

3.2. Light Microscopy

To observe the effect of the natural material blend incorporation poured onto the
recyclable paper matrix, optical images of the fractured green composites’ surfaces were
analyzed using light microscopy. Figure 8 displays representative images of all samples,
where the lowest incorporation of natural material onto the recyclable paper matrix corre-
sponds to sample S3, which was poured with fir resin. The rapid toughening of the fir resin
forms a stiff shell that encapsulates the paper matrix, resulting in the highest compression
strength of this sample compared to the others, as previously shown in the compression
test with a recorded value of 4.6 MPa.
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Figure 8. Fractured surfaces” microscope images of the green composites (30 x magnification).

The observations from the light microscopy images show that the natural material
blends were able to wet the paper core effectively. The dispersion of natural blends
was remarkable for samples S2, S6, S7, and S8, with the blends encapsulating the paper
core fibers, thereby adding mechanical strength to the resulting green composites. These
findings confirm the results from the mechanical tests, particularly the high impact strength
values of 19.16, 19.42, and 19.32 kJ /m? for the green composites denoted as S2, 56, and
S8, respectively.

3.3. Surface Morphlogy and Internal Structure

Scanning electron microscopy was performed to investigate the surface morphology
and interface structure of the impact-fractured composite samples with good mechanical
strength (52, S6, S7, and S8), as shown in Figure 9. The SEM images reveal a low-rugosity
surface, indicating strong bonding between the composite components and reflecting good
interface strength.
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Figure 9. SEM images of fractured green composites’ surfaces.

The SEM images obtained from the fractured S2, S6, and S7 samples demonstrate a
uniform morphology, indicating a high dispersion of the melted natural materials (beeswax,
fir resin with/without fir needles, and Equisetum fibers) throughout the internal structure
of the paper fiber cores. This behavior, particularly in the case of the S2 sample, confirms
its mechanical performance, as the mechanical tests showed an approximately doubled
impact strength compared to the recyclable paper-only reference. The interface failure is
observed as a matrix failure, with tearing and shearing of the matrix visible. The images in
Figure 9 also show that even after composite fracture, the paper core fibers are still covered
by the melted natural material blend.

4. Conclusions

e  This paper presents the steps involved in obtaining 3D-printed PLA molds for nat-
ural composites made of recyclable paper, beeswax, fir resin, needles, rice, and
Equisetum arvense, and it assesses the mechanical properties of the green composites;

e  The highest impact strengths, provided mainly by fir resin and cellulose, were at-
tributed to the samples with beeswax and fir needles S6 and beeswax fir resin and
recyclable paper S8, 19.42 and 19.32 k] /m?, respectively, while the highest compres-
sive strength was 4 MPa for the S3 sample. The rice fibers positively influenced the
maximum bending for the S5 sample;

e  The superiority of the green composites’ mechanical properties was proved, consider-
ing the core materials for the final green products over similar commercial products
from the automotive sector;
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e  The green composites exhibited over 60% higher mechanical properties compared
to similar products from the market used as sound-absorbing core materials in the
automotive industry;

e  The physico-mechanical properties were directly influenced by the wetting degree of
the powders for the beeswax and the fir resin and through the interaction between the
complementary chemical groups from the fillers and the matrices (possibly silicates,
phenolic carboxylic acids, resinic acids, and so on);

e  Further research is ongoing to determine the thermal and sound-absorbing proper-
ties of these composites, as well as finding new solutions to enhance their physical—-
mechanical properties. One possible solution is combining the benefits of eco-friendly
filament printing, such as polylactic acid, with the sound-absorbing properties of these
new materials.
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Abstract: Metallic additive manufacturing technology is seeing increasing use from aviation com-
panies manufacturing prototypes or components with complex geometric shapes, which are then
tested and put into operation. This paper presents the design, fabrication via a selective laser sin-
tering process, and testing of the mechanical performance by performing three-point bending and
tensile tests on A6 steel specimens. After performing the mechanical tests on specimens made from
A6 steel manufactured via the SLS process, the following performances were obtained: the maximum
three-point bending strength was 983.6 MPa and the maximum tensile strength was 398.6 MPa. In
the microscopic analysis of the specimens manufactured by the selective laser sintering process, a
homogeneous structure with defects specific to additive processes (voids) was revealed. Additionally,
the feasibility of designing, manufacturing through the selective laser sintering process and subse-
quent testing of some components (rotor, right case, left case and motor mount) from a brushless
motor made from A6 steel material was demonstrated. After testing the brushless motor, the main
performances showed stable behavior of the motor and a linear dependence with the increase in
electronic speed control signal or motor electrical speed, resulting in a maximum thrust force of
4.68 kgf at 7800 RPM.

Keywords: brushless motor; performance analysis; selective laser sintering; mechanical testing

1. Introduction

A brushless direct current (BLDC) motor is a synchronous motor that uses a direct
current (DC) power supply. The BLDC motor uses an electronic closed-loop controller to
switch DC currents to the motor windings, producing magnetic fields that actually rotate
in space and which the permanent magnet rotor follows [1]. The controller adjusts the
phase and amplitude of the DC pulses to control the speed and torque of the motor [2].
The main advantages of a brushless motor are long life, high power-to-weight ratio, high
speed and efficiency, low manufacturing and maintenance costs, almost instantaneous
speed and torque control and its compact structure [3]. In recent years, BLDC motors have
seen frequent use in fields such as aerospace, automotive, robotics, household appliances,
food and chemicals, medical equipment and computer peripherals [4,5]. Information on
the performance of BLDC motors used in aviation to propel unmanned aerial vehicles
(UAVs) is generally available from the suppliers of such propulsion systems. However, an
accurate estimate of the performance of BLDC motors depends on the materials from which
the stator and rotor cores are made, their geometry, the type and number of permanent
magnets and the winding distribution. In order to determine the performance of BLDC
motors, various studies were carried out using various techniques and methods. The
behavior of BLDC motors was analyzed using two methods: Fast-Fourier Transform (FFT)
and chaos analysis [6], and application of the cuckoo search (CS) algorithm in an attempt
to minimize the commutation torque ripple in a brushless BLDC motor [7], improving the
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efficiency and reducing the acoustic noise of BLDC motors by reducing current harmonics
using a novel commutation method to generate a sinusoidal current waveform without
requiring additional hardware [8]. Another study [9] investigates three BLDC motor
control schemes analyzed under different operating conditions, including steady-state
and transient operations. A comparative study based on qualitative, quantitative and
electromagnetic analysis of BLDC motors was carried out using finite element analysis
in order to optimize the designed models [10,11]. BLDC motors are intensively studied
and used in various aerospace applications, such as analysis of the flight performance of
drones [12-14] and UAVs [15,16], as well as various morphing wing models, actuated by
actuator systems, increasing their span/chord during flight [17,18].

Currently, additive manufacturing technologies are successfully used in various fields,
such as aviation, automotive, medicine, dentistry, architecture, various aircraft [19-21],
functional components [22-24], models for assembly testing [25] and medical device proto-
types [26-28]. Additive technology has represented and continues to represent a challenge,
especially in the field of aviation where there is fierce competition in the market to pro-
duce aeronautical products, in the shortest possible time, that respect both aeronautical
regulations and structural performances. Additive manufacturing technologies represent a
current trend in the realization of electric machines or their components, offering a high
degree of flexibility regarding the design of products in order to achieve performance
parameters which are more difficult to achieve through conventional manufacturing tech-
niques [29,30]. Manufacturing a BLDC motor, completely through additive manufacturing
technologies remains a challenge for manufacturing and aviation engineers. Next, some
studies on certain components of electric motors made using additive manufacturing tech-
nologies will be presented. In order to verify the design process, an initial study [31] was
carried out regarding selective laser melting (SLM) manufacturing of three components
from a synchronous reluctance motor (SynRM). One option for making BLDC motors
is manufacturing through the fused filament fabrication (FFF) process. In this sense, an
electric motor with permanent magnets was manufactured and tested using the FFF process
from polylactic acid filament [32]. Of course, the design for additive manufacturing is also
an important aspect that must be considered. In this sense, various models of spiderweb lat-
tice structures used in a BLDC motor were designed and analyzed using the finite element
method [33]. Garibaldi et al. [34] reported the successful manufacture, through the laser
beam machining (LBM) process, of the rotor core made of FeS5i6.9, for rotating electrical
machinery. A recent study [35] demonstrated the feasibility of manufacturing concentrated
windings through the laser powder bed fusion (LPBF) process of pure copper, with air
between the flat layered turns. Another study [36] showed that that topology optimized
soft magnetic core was successfully created using the selective laser melting process, from
Fe-Co powder. Lancea et al. [37] manufactured the components (the rotor and the two
housings right case and left case) via the FFF process, from LW-PLA filament, with the aim
of verifying the assembly of the components and finding design problems.

Thus, this study is based on previous research [37], which expanded the manufactur-
ing domain for a functional model of a BLDC motor made using the selective laser sintering
(SLS) process. Starting from the initial model, by modifying and manufacturing the com-
ponents (rotor, right case, left case and motor mount) using the SLS method, a functional
BLDC motor was assembled and tested. Prior to the SLS manufacture of the BLDC motor
components mentioned above, in this study, the A6 steel was tested (three-point bending
and tensile) and microscopically analyzed.

2. Materials and Methods
2.1. Design of Specimens Used in Mechanical Tests

By using current standards ASTM E290-14 [38] and ASTM E8/E8M-16ael [39] applied
to metal specimens manufactured via additive processes, and by using the SolidWorks 2021
software system (Dassault Systemes SolidWorks Corporation, Waltham, MA, USA), the
specific specimens for mechanical tests (three-point bending and tensile) were designed.
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The specimens, manufactured by the SLS process, tested in three-point bending, have the
dimensions shown in Table 1.

Table 1. The dimensions of specimens subjected to three-point bending.

Length Width Thickness
L [mm] w [mm] t [mm]
130 19 3.2

The specimen dimensions used in the three-point bending and tensile tests were
detailed in Table 2.

Table 2. The dimensions of specimens subjected to tensile testing.

Overall Length  Distance between Gauge Length Width of Grip Width Thickness Radius of Fillet
[mm] Grips [mm] [mm] Section [mm] [mm] [mm] [mm]
165 57 19 13 32 76

2.2. Component Design for BLDC Motor Model

The design of the BLDC motor components from the previous study [32] was opti-
mized for a more appropriate additive manufacturing process. Thus, for easier manufac-
turing, the rotor and the right housing were designed as one piece (Figure 1a), to remove
the need for assembly. This component (Figure 1a) has been provided with spacer surfaces
for easy positioning of the magnets. The other two designed components of the BLDC
motor were the left housing (Figure 1b) and the motor mount (Figure 1c). The rotor has a
wall thickness of 2 mm, a length of 55 mm and an outer diameter of 49.8 mm. The left case
(Figure 1b) has a diameter of 49.8 mm, a shell thickness of 2 mm and is provided with holes
for ventilation. The motor mount component (Figure 1c) has four arms and a thickness
of 4 mm.

(b) (c)
Figure 1. Designed components of BLDC motor: (a) rotor; (b) left case; (c) motor mount.

2.3. SLS Manufacturing of BLDC Motor Specimens and Components

After careful analysis of the design and operation of the electric motor, the following
components (rotor and right housing, printed together, left housing and flange) are good
candidates for additive manufacturing using the SLS process. The other components of
the motor (stator with winding, shaft) were manufactured using classical manufacturing
technologies. The 3D System sPRO 60 SD printer (SPRO 60, 3D Systems, Inc., Rock Hill,
SC, USA) was used to manufacture the BLDC motor components. The 3D printing facility
allows the creation of highly complex products, from a geometrical point of view, using
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metal, ceramic, polymer and composite powders. The sintering furnace attached to the SLS
printing plant ensures the sintering of ceramic and metal powders and infiltration with
different metals.

If, in the case of using polymeric materials, the final component is obtained directly
from the SLS process, without the need for other subsequent steps, in the case of using
metal powder, after obtaining the desired components, an additional bronze infiltration
step is required. This additional step is preceded by a weighing of the component and the
establishment of the infiltrant proportion (65% of the mass of the component), according to
the technical data sheet provided by the manufacturer. These bronze particles are placed
in contact with the specimens to guarantee infiltration via capillary action once melting
takes place in the furnace. Components and bronze are coated with alumina powder for
homogeneous heat transfer and infiltration. Infiltration is a post-processing method [40] of
components manufactured by the SLS process from metal powder. Infiltration is used in
particular to densify and strengthen components when the required characteristics cannot
be achieved through the main manufacturing process (SLS in this study).

The material used in the manufacture of the electric motor components, through the
SLS process, was A6 steel, produced by the 3D Systems Company. LaserForm™ A6 steel
powder is a magnetic material, used for rapid prototyping of molds and tools, which
presents the following advantages: design flexibility, excellent machinability, good thermal
conductivity and surface finish [41].

BLDC motor specimens and components, designed in SolidWorks 2021, were exported
in .stl (stereolithography) format for manufacture using the 3D System sPRO 60 SD printer.
The Vanguard software system was used to generate the machine code for the SLS manu-
facturing process of the components. In Table 3, the main manufacturing parameters used
in the SLS process to make the BLDC motor components and the specimens are presented.

Table 3. Manufacturing parameters of BLDC motor components and specimens.

Process Parameter Unit Value
Fill laser power W 15
Outline laser power W 5
Layer thickness pm 100
Scanning speed m/s 5
Laser beam diameter pm 60
Preheating temperature °C 120

After manufacturing the components of the BLDC motor (Figure 2a—c), the next steps
were to clean and weigh the parts, calculate the amount of infiltrate (Figure 2d) and place
them in the heat-treatment furnace. The infiltration temperature was 1070 °C, according
to the plant manufacturer’s specifications, in gaseous nitrogen atmosphere, and the total
heating-holding—cooling cycle was 72 h. The last stage was the removal of the “tabs”
(supports created intentionally for placing the bronze) and the turning process on a lathe.
The results of the SLS additive process can be seen in Figure 2e (BLDC motor rotor) and in
Figure 2f (specimens used in mechanical tests).

2.4. Test Conditions and Microscopic Analysis of Specimens

Three-point bending testing (Figure 3a) and tensile testing (Figure 3b) of the speci-
mens, manufactured by the SLS process, was performed on a WDW-150S universal testing
machine (Jinan Testing Equipment IE Corporation, Jinan, China). For testing, five speci-
mens were manufactured for each type of test, according to standards for the testing of
mechanical specimens. Three-point bending tests and tensile tests were carried out in order
to determine the characteristics (bending strength, tensile strength and aspects related to
the load—displacement characteristic curve) of the A6 steel material. This information was
the basis for the use of A6 steel material in the manufacture of BLDC motor components.
Both types of tests were carried out with a loading speed of 5 mm /min [42,43], until the
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specimens broke. In order to assess the manufacturing method of the A6 steel material,
microscopic analyses were performed using three sections (Figure 3c), with the help of
a Nikon Eclipse MA 100 microscope (Nikon Corp., Tokyo, Japan). The specimens were
polished and treated with aqua regia to reveal the internal structure of the A6 steel material.

Figure 2. Additive manufacturing of BLDC motor components using the SLS process: (a) Parts
cleaning; (b) left housing and motor mount; (c) rotor; (d) preparing the components for infiltration
into the sintering furnace; (e) rotor obtained after infiltration; (f) specimens obtained after infiltration.

Section 1

(c)

Figure 3. Testing and analysis of specimens: (a) three-point bending test; (b) tensile testing;
(c) establishment sections for microscopic analysis.
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(d)

2.5. Assembling BLDC Motor Components

In the first stage of the assembly of the BLDC motor manufactured via the SLS process,
the centering and fixing of the rotor component on the motor shaft was considered in
order to check the position of the shaft and the mode of operation of the rotor. Afterwards,
the winding support was fixed on the shaft and two radial ball bearings were inserted in
the specially created bearing housing from the right cover. Due to the high complexity
and precision of the execution, it was decided that the stator and winding should be
manufactured by a specialized manufacturer. This is because the manufacturing of magnets
and copper windings by additive technologies has not reached the technological maturity
and performance of the same products made using classical technologies.

The stator component contains 12 coils wrapped with 0.25 mm diameter copper wire.
The 14 neodymium magnets were glued to the rotor housing with two-component epoxy
adhesive using the spacer support (Figure 4a), made via the SLS process. The magnets have
been considered to follow the configuration of a brushless electric motor, so the magnets
inside the rotor are attached in alternating polarity and therefore attract and repel each
other. For the dynamic balancing of the rotor, it required various machining operations:
turning and internal/external grinding (Figure 4b).

(e) (f)

Figure 4. Assembling BLDC motor components: (a) rotor fitted with spacer; (b) rotor turning;
(c) motor mount and left housing; (d) assembled motor; (e) electric motor prepared for testing; (f) the
UAV aircraft on which the BLDC motors will be mounted.

Next came the assembly of the left cover equipped with a slot for removing the three
wires. These wires were obtained from the pairing of four coils on the stator. The next step
was to introduce the ball bearings on the stator mount, and they had to absorb all the forces
from the BLDC motor (vibration, torque). After the ball bearings had been fully positioned,
the shaft and rotor were reinstalled. For a more precise fixation of the ball bearings, a safety
ring C was positioned on the shaft. This safety ring C and the step washer held the BLDC
motor together. Because the BLDC motor operates at high speeds, for high operational
safety, the motor shaft was held in place by two M4 grub screws.
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On the left cover of the stator, in the four threaded holes, the motor mount (Figure 4c)
is secured by screws, which allows the positioning of the electric motor on the aircraft
structure. Once the electric motor was assembled (Figure 4d) the painting preparation
followed. The outcome of all these steps was an electric motor with components manufac-
tured using the SLS process (Figure 4e). The BLDC motor will be the propulsion system of
a twin-motor airplane, from composite materials and composite sandwich structures [44],
through the FFF process (Figure 4f). Table 4 shows the main characteristics of the assembled
BLDC motor.

Table 4. BLDC motor characteristics.

Component Unit Value

Rotor diameter mm 49.8

Stator diameter mm 40.5
Number of poles stator - 12
Number of magnets rotor - 14

Neodymium magnet dimensions mm 30x75x%x25

Length motor mm 66

Shaft Diameter mm 6.2

Weight g 417

2.6. BLDC Motor Performance Testing

To test the performance of the BLDC motor, manufactured via the selective laser
sintering process, the RCbenchmark Series 1585 traction stand [45] was used.

This test stand has the following characteristics: thrust: 5 kgf, torque: 2 Nm, voltage:
50V, current: 55 A. In order to test the electric motor, we first need to calibrate the RCbench-
mark Series 1585 experimental stand. Afterwards, the electric motor is fixed on the stand
and first tested without the propeller. When the propeller is mounted, the motor is tested
again, but first at low speeds (Figure 5a), and then the speed is increased. The following
equipment was used to test the motor: RCbenchmark Series 1585 traction test stand, an
ESC (Electronic Speed Controller) carrying a current of 60 A, 2 LiPo batteries with three
cells connected in series (Figure 5b), a computer, a RCbenchmark GUI 1.2.0 software system
and a 16 x 8-inch propeller.

SLS BLDC
motor

Electronic
speed
controller

Thrust Stand

(a) (b)

Figure 5. BLDC motor testing: (a) initial operation check of test stand; (b) BLDC motor perfor-
mance testing.
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3. Results and Discussion
3.1. Three-Point Bending Testing of Specimens Manufactured by the SLS Process

The tests in the static regime, for three-point bending, were carried out on five spec-
imens manufactured by the SLS process from A6 steel, until their failure occurred. The
load—-displacement behavior for the 5 specimens (Figure 6a), tested in a static bending
regime, shows two main stages: a linear increase obtained between the applied force and
displacement, with some non-linear behavior, towards the maximum of the curve and then
a sudden decrease, at maximum force, at the moment of specimen breakage. It can be
seen that the maximum force, until the moment when the irreversible damage appeared in
the A6 steel material, was about 0.8 kN. Additionally, the displacement of the specimens
manufactured by the SLS process from the A6 steel material, at which the irreversible
damage occurred, was 17.5 mm.

02 o Bending Strength [MPa] ~ -#-Bending Modulus [GPa]
0.8 n
= 1040
Z % 1020
L g = z
- —Specimen 1 = BT
= 05 Z 1000 =
=i —Specimen 2 = E
= L 23] b4 2
204 . .r.'r 3 5 980 -g
= / z S
0.3 @’7 —Specinjen 4 4 260 0
: 5 £ £
—Specimen 5 ) 3
[ I =
0.2 é 920 - 20 E
0.1
920 L 10
0123456758 91011121314151617 1581920 900 0
Displacement [mm] 1 2 3 4 5
(a) (b)

Figure 6. The results of three-point bending tests: (a) load—displacement curves of the specimens;
(b) bending strength and bending modulus of specimens.

Using the software system of the WDW-150S testing machine, the main mechanical
properties (bending strength and bending modulus) of the specimens manufactured by
the SLS process from the A6 steel material were determined and graphically represented
(Figure 6b). The bending performance of A6 steel specimens is higher or similar compared
to the results obtained in other studies for different types of materials fabricated by addi-
tive manufacturing technologies [46,47] or traditional technologies [48-50]. The bending
strength of tools’ steel materials varies depending on the manufacturing technology and the
heat treatment applied. In the case of steel alloys manufactured by additive technologies,
the following values were obtained: the bending strength of steel 316 L manufactured by
extrusion was 426.6 MPa [46], and for a deposition layer of 0.1 mm by the extrusion process
of the 316 L material [47], it was 914.4 MPa (flatwise) and 792.2 MPa (edgewise). A6 tool
steel and alloy steel manufactured by traditional technologies showed a bending strength
in the range of 500 MPa and 990 MPa [41,48,49].

The main statistical indicators (mean, standard deviation, coefficient of variation)
were calculated for the values of the bending strength and the bending modulus for the
specimens manufactured using the SLS process from the A6 steel material (Table 5). For
the data series above (the values of the bending strength and the bending modulus), the
coefficient of variation was determined, in order to obtain an image of the homogeneity of
the experimental data. From the results described in Table 5, it can be seen that the value of
the maximum coefficient of variation is 1.8%. If the coefficient of variation (CV) is close to
zero (CV < 30%), then the statistically processed data (the value of the coefficient of variation
CV is between 0.6-1.8%) are homogeneous and the calculated mean is representative for
these sets of values.
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Table 5. The statistical indicators determined after the three-point bending tests of the A6 steel
specimens.

Mean Standard Deviation Coefficient of Variation
(m) (s) (CV)%
Bending strength [MPa] 983.6 6.6 0.6
Bending modulus [GPa] 59.9 1.1 1.8

3.2. Tensile Behavior of Specimens Manufactured by the SLS Process

Static tensile tests were carried out on five specimens manufactured via the SLS process
from A6 steel, until their breakage occurred. The load—displacement curves (Figure 7a)
followed the same pattern for the specimens tested in bending, manufactured by the
SLS process from A6 steel. From the graphic representations of the load—displacement
curves, it can be seen that the maximum force (approximately 17 kN), at a displacement of
3.3 mm. Additionally, in the case of tensile tests, the behavior, from the point of view of
the load—displacement curves, of the 5 specimens (Figure 7a), presents two main stages:
linear growth, between the applied force and displacement, with some nonlinear behavior,
towards the maximum curves and then a sudden decrease, at maximum force, at the
moment of breaking the specimens.
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Figure 7. The results of tensile tests: (a) load—displacement curves of the specimens; (b) Tensile
strength and tensile modulus of specimens.

This test method is used to investigate the mechanical performance (tensile strength,
tensile modulus and behavior analysis resulting from the load-displacement curve) of
specimens manufactured by the SLS process, from A6 steel. For the specimens manufac-
tured by the SLS process from A6 steel, the software system of the machine allows the
calculation of the following characteristics: tensile strength and tensile modulus of elasticity
(Figure 7b). As can be seen from Figure 7b, the tensile strength varies between 326 MPa and
453 MPa, and the tensile modulus is in the range of 50 GPa and 57 GPa. This large variation
can be caused by several factors, including positioning on the table or control over the
infiltration process. The SLS additive manufacturing process is not 100% controllable and
this is where these differences may arise. However, these differences are also found in other
studies looking at the additive manufacturing process [50,51]. The tensile performance of
A6 steel specimens is similar compared to the results obtained in other studies for different
types of materials fabricated by additive manufacturing technologies [50,51] or traditional
technologies [52,53]. The mechanical characteristics of the tools steels vary by the type of
heat treatment applied and by the manufacturing process used to produce the specimens.
Aluminum alloys manufactured by additive technologies presented the following perfor-
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mances [50,51]: the tensile strength for 316 L manufactured by the SLM process indicated
values between 510 MPa and 570 MPa, on the other hand, by the FFF process the tensile
strength values were lower (between 300 MPa and 480 MPa). The tensile strength values
for A6 steel tools [52] and aluminum alloys [53] are between 400 MPa and 520 MPa.

The values of the coefficient of variation (Table 6), for the obtained experimental
data (tensile strength and tensile modulus), are relatively low. The maximum coeffi-
cient of variation for the tensile strength was 13.3%, and for the tensile modulus it was
5.4%. Thus, it can be appreciated that the experimental data are homogeneous and the
mean is representative for the specimens manufactured via the SLS process using the
A6 steel material.

Table 6. Statistical indicators determined from tensile tests of A6 steel specimens.

Mean Standard Deviation Coefficient of Variation
(m) (s) (CV)%
Tensile strength [MPa] 398.6 53.1 133
Tensile modulus [GPa] 53.2 2.8 54

3.3. Microscopic Analysis of Specimens

The microscopic analysis of the specimens was carried out after the three sections
established in Section 2.4. From the microscopic analysis of the three sections of the
speciments, it can be seen that the specific process of obtaining metal parts with the help
of the SLS process proceeded in good conditions, highlighting minor defects such as
voids [54-56] of small sizes. The capillary infiltration process took place according to the
technical conditions of the material and equipment used and at the optimal temperature, as
proven by the micrographs analyzed (Figure 8), as well as the results obtained during the
three-point bending and tensile testing of the specimens manufactured via the SLS process
using A6 steel.

(b) ()

Figure 8. Microscopic analysis of specimens manufactured by the SLS process: (a) Section 1;
(b) Section 2; (c) Section 3.

3.4. BLDC Motor Performance Analysis

The main motor characteristics were determined using the RCbenchmark 1585 test
stand and the RCbenchmark GUI 1.2.0 software, namely: ESC signal [us], torque [Nm],
thrust [kgf], voltage [V], current [A], electric motor speed [RPM], electrical power [W],
mechanical power [W], motor efficiency [%] and propeller mechanical efficiency [kgf/W].
To test the motor, a set of instructions was created to test automation, where the following
modifications were made: the minimum and maximum values that the ESC signal can take;
the number of steps and their duration; the number of repetition cycles.

What can be noted after testing the BLDC motor, with components manufactured
by the SLS process, is that it shows high performance determined primarily by the most
important result (thrust force). The maximum thrust force obtained during the tests was
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4.68 kgf. This parameter was limited by the performance of the stand; thus, the motors
functioned at approximately 75% of the thrust capacity. The results of the electric motor
testing were analyzed by the outlier analysis methods (Grubbs test). Following the statistical
processing, it can be concluded that no outliers were identified in the results of the electric
motor testing. Using the Minitab 19 software system, the mean of the main performances
of the BLDC motor was plotted. The performances of the BLDC motor were represented
graphically, as follows: thrust—signal ESC (Figure 9a), torque—signal ESC (Figure 9b),
current—signal ESC (Figure 9c¢), electrical power—signal ESC (Figure 9d), electrical speed
and ESC signal (Figure 9e), mechanical power and ESC signal (Figure 9f), motor efficiency
and ESC signal (Figure 9g), propeller mechanical efficiency and ESC signal (Figure 9h).
It can be seen that all eight parameters analyzed in Figure 9 have a linear dependence
that varies according to the ESC signal [57,58]. Additionally, the efficiency of the BLDC
motor, defined as the ratio between the electric power and the mechanical power, shows an
increase (up to about 90%) with the increase in the ESC signal (Figure 9f).
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Figure 9. BLDC motor test results: (a) Dependence between thrust and ESC signal; (b) dependence
between torque and ESC signal; (c¢) dependence between current and ESC signal; (d) dependence
between electrical power and ESC signal; (e) dependence between motor electrical speed and ESC
signal; (f) dependence between motor mechanical power and ESC signal; (g) dependence between
motor efficiency and ESC signal; (h) dependence between propeller mechanical efficiency and
ESC signal.

The force generated by the BLDC motor, manufactured using the SLS process from
Ab steel, at different rotation speeds is presented in Figure 10a. The maximum thrust
generated by the BLDC motor was 4.68 kgf at 7800 RPM. Thrust force and torque are
directly proportional to the square of the propeller rotation speed [57,58], as can be seen in
Figure 10a,b.

The maximum torque generated by the propeller equipped BLDC motor is approxi-
mately 1 Nm at 8000 RPM, as indicated in Figure 10b. The efficiency of the BLDC motor
(Figure 10c) is an important factor in determining whether the SLS motor and the ESC
signal work well together. In general, the efficiency of the motor shows an increase with
the increase in motor electrical speed, as can be seen in Figure 10c. The efficiency of the
propeller is equal to the ratio between the output quantity—in the analyzed case, the thrust
force—and the input quantity, which is mechanical power. As can be seen from Figure 10d,
the propeller efficiency has a clear trend and relationship with the motor electrical speed
parameter. Unlike thrust force, torque and motor efficiency, the propeller efficiency showed
an inversely proportional dependence in relation to the motor electrical speed parameter.

The analyzed motors that were manufactured using classic technologies [59-61] have
mass and dimensions approximately equal to those of the motor manufactured using
additive technologies. Additionally, their performances (thrust force and motor efficiency)
are similar to those of the motor manufactured via the SLS process. For these reasons, it
can be concluded that there is similar behavior between the performance of the BLDC
motor manufactured by the SLS process and the performance of the motors manufactured
by classical technologies [59-61], conclusions which result from the comparative analysis
carried out on the results of the testing of the two types of motors.
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Figure 10. The performances of the BLDC motor manufactured via the SLS process: (a) thrust
variation according to motor electrical speed; (b) variation of torque according to motor electrical
speed; (c) motor efficiency variation according to motor electrical speed; (d) variation of propeller
mechanical efficiency according to motor electrical speed.

4. Conclusions

Through metal additive manufacturing technology, more and more aerospace products
can be made faster than ever before, which means that 3D metal powder prototyping is
becoming a real and viable option for aircraft manufacturers. In the framework of this paper,
the mechanical characteristics of the A6 steel material, manufactured via the SLS process,
were studied, using three-point bending tests and tensile tests. The determination of the
mechanical performances (three-point bending and tensile) of the specimens manufactured
by the SLS process represented the first step in the manufacture of metal components for
a BLDC motor. The mechanical characteristics of the A6 steel material, manufactured by
the SLS process, had tensile strength (398.6 MPa) and bending strength (983.6 MPa) values
close to those of the materials obtained by additive processes. The microscopic analysis
of the material again revealed its good homogeneity after infiltration, with small defects
(voids) specific to additive manufacturing processes.

After testing the BLDC motor, it can be highlighted that the main performances of the
motor showed stable behavior and have a linear dependence with the increase in the ESC
signal or motor electrical speed. Additionally, the most important parameter required for
the use of this motor to power an UAV was determined, namely the thrust force having the
value of 4.68 kgf. In conclusion, the SLS process can be successfully used to manufacture
components from a BLDC motor prototype, and the advantages that this process confers
are obvious: short time to build the components for the BLDC motor prototype, good



Aerospace 2023, 10, 60 14 of 16

accuracy of the manufactured component (post processing of the parts required small-scale
machining), and the manufactured BLDC motor components have high strength, which
provides the possibility of manufacturing the BLDC motor components with complex
geometries, followed by the testing and use of these motors to power an UAV in flight.
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Abstract: From a scientific point of view, heat transfer is different in solar furnaces compared with
classical ones and the influence of direct concentrated solar radiation on sintered parts needs to be
studied in detail to determine the feasibility of solar furnaces in manufacturing small workpieces.
This study was performed on cylindrical samples with controlled morphology obtained by a powder
metallurgy 3D printing technique. All samples were heated with a heating rate of 120 4= 10 °C/minute,
with 0,1, 2, 3, 4 and 5 min holding times at 900 °C and 930 °C. The morphology of the samples was
analyzed microscopically, the microhardness was determined before and after sintering, and the
results were correlated with the sintering parameters (temperature, heating rate and holding time).
The best results were obtained at 930 °C with 5 min holding time from the microhardness value and
microstructure point of view.

Keywords: powder metallurgy; 3D printing; concentrated solar energy

1. Introduction

Three-dimensional printing is a unique technology that offers a high degree of free-
dom for customizing practical products in a short time at an acceptable price. In recent
years, the improved and reliable 3D printers and 3D scanners custom-made for additive
manufacturing technology are becoming an increasingly viable and cost-effective option
for high-mix-low-volume manufacturing of customized parts and prototypes [1-3].

These new technologies have been collectively classified as additive manufacturing
(AM), which seems to be the most commonly used name, and as rapid prototyping (RP)
technologies and solid freeform fabrication (SFF) techniques. These techniques with repro-
ducible and mathematically predictable physical properties have become a fast-developing
research area [4,5].

Computer-aided designs are applied to obtain precise geometries, with the possibility
to obtain different shapes.

The design is imported into a software, which mathematically slices the conceptual
model into horizontal layers. Toolpaths are generated before the data are downloaded to
the Filament Fused Fabrication (FFF) hardware. The FFF extrusion head operates in the
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X and Y axes while the platform is lowered in the Z-axis in order to form each new layer.
Practically, the process draws the designed model one layer at a time [1-5].

The focus of the present paper is to investigate how solar energy can be used to
sinter copper parts with internal controlled geometry via powder metallurgy. These parts
are obtained by using a negative 3D model, which is printed using polyvinyl alcohol
(PVA)-based resin filament and filled with different metallic powders. Before sintering,
the support material must be removed (PVA) by immersing it in water until it is totally
eliminated, and then, the part is dried and sintered in the furnace. By sintering, the resulting
part will have a special internal architecture given by the 3D-printed model.

A cellular architecture with deterministic 3D morphology was developed by our
research group in recent years for different prototypes to create precise models with well-
defined architectures [6,7].

On the other hand, powder metallurgy is also an evolving technology, using a wide
variety of metallic and alloy materials [8-10].

By producing parts using the PM process, we can obtain a homogeneous structure,
with controlled porosity and special properties such as hardness and wear resistance, for a
wide range of applications, especially for the automotive industry [11-14].

The action of concentrating the solar energy on small surfaces offers the possibility
of local heating necessary for obtaining these types of metallic parts. Besides obtaining
the proposed features for these types of materials, the exploitation of advantages given
by using solar energy compared with the classical ones is taken into consideration [15,16].
Environmental protection by reducing the pollution level while exploiting the technical
availabilities of using solar energy is also desirable.

The compaction of powders (semi-finished products) subjected to sintering for the
models obtained by 3D printing have the advantage that by 3D printing, parts (shapes,
molds and models) with any configuration (with complex surfaces) without the need for
further machining or raw models can be obtained directly from a computer drawing and in
a very short time. This considerably reduces the execution time of the profiled molds used
for compacting the powders and, finally, the time for obtaining the sintered parts. Sintering
in solar ovens in turn reduces the time; energy consumption; labor; and therefore, the costs
of the final parts.

Starting from these premises, we researched how to obtain parts made from Cu (99.6%
powder purity), “full” parts (without internal gaps) and parts with thin walls (with internal
gaps) by solar sintering.

The concrete objectives of the research were to obtain and establish the working
parameters for the sintering in solar ovens with concentrated energy for copper parts
with or without internal gaps and the analysis of the factors that influence their structure
and properties.

Numerous researches have been found in the literature regarding the classical sintering
of Cu or Cu matrix composite materials where the optimal temperature was determined
to be 900 °C, coupled with a holding time of 120 min [17]. Additionally, it has been
found that the relative density and hardness of sintered parts increase with the sintering
temperature [10].

The values of the micro hardness for conventionally furnace-sintered pure Cu are
43 £+ 2.6 HVyq, and by microwave sintering at 900 °C, it is 46 & 2.8 HV1py with a holding
time of 60 min [12,18-22].

The main objectives of this paper are to establish technological parameters for sintering
Cu metallic powders for the manufacture of prototypes with internal morphology using
3D printing technology under concentrated solar energy (CSE) action in relation to the
pre-established properties.
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2. Experimental
2.1. Materials and Equipment

The research was carried out on cylindrical specimens (samples) with dimensions
D x H=16 mm x 30 mm (Figure 1). The metal powder is Cu > 99% (purchased from Alfa
Aesar, Thermo Fisher Scientific, Shore Road, Port of Heysham Industrial Park Lancashire,
LA3 2XY, Heysham, Lancashire, UK) with size of <63 um [23].

Figure 1. Different internal sample architectures.

A CreatBot (Henan Creatbot Technology Limited 6#, Chaoya Industry Park, Hanghai
Road, No.13 Ave., Eco-Tech Development Zone, Zhengzhou City, Henan Province, China)
DX—a 3D double-nozzle printer—was used to obtain models with a 0.2 mm layer thickness
and PVA material (Filament AquaSolve™—PVA Natural) from Form Futura Company
(Tarweweg 3, 6534 AM Nijmegen, The Netherlands) [24]. The printing temperature for the
filament (measured at the extrusion head) was 200 °C and a bed temperature of 50 °C with
a printing speed of 40 mm/s, as recommended by the manufacturer.

For pressing, a universal testing machine, a type WDW-150S (Jinan Testing Equipment
IE Corporation, Jinan, China) was used, and for drying, a Nabertherm furnace (Nabertherm
GmbH, Bahnhofstr. 20, 28865, Lilienthal, Germany) was used.

A Delta Wasp 2040 Clay 3D printer (Via Castelletto, 104, 48024 Massa Lombarda RA,
Italy) with a 0.5 mm layer thickness was used to manufacture a ceramic crucible starting
from a ceramic slurry, followed by sintering at 1350 °C in the Nabertherm furnace.

Solar sintering was performed at Odeillo-Font Romeu (PROMES-CNRS, 7, rue du
Four Solaire, 66120 Font Romeu Odeillo, France) using MSSFs furnace with a diameter of
16 mm of the concentrated solar energy focused beam.

A FM-700 AHOTEC tester (Future-Tech Corp, Talkpier Kawasaki, Kanagawa, Japan)
was used to determine the microhardness with 100 gf for 10 's.

2.2. Technological Stages of Obtaining the Copper Parts

The copper-sintered parts were obtained following the six-step protocol mentioned
below:

1. The CAD model (SolidWorks 2016 software) was designed, and a mold (negative
part) was printed by 3D printing using FFF technology (PVA material).

2. The cavity die of this mold (the negative part) was filled gravimetrically with
metallic powder.

3. The powder was pressed unidirectional in the die at a force of F = 90 kN. The
pressing aimed to obtain a sufficient mechanical strength for the next three steps.

4. The support material (PVA) was removed by immersion in water until complete
dissolution for different time periods, depending on the amount, size of the sample and
water temperature (roughly 48 h).

5. The drying process was performed in the Nabertherm furnace at 120 °C with a
holding time of 2 h.



Materials 2022, 15, 3324 40f12

6. The dried parts were sintered in the CSE furnace and purged with N,. The N, flow
was 5 L/min to prevent oxidation of the samples.

The sintering process was performed in a 3D-printed ceramic crucible (Materials
Science Department from Transilvania University of Brasov), provided with a hole for
gas purging and holes for fixing of thermocouple for measuring the temperature during
sintering (Figure 2).

Figure 2. Ceramic crucible for sintering.

2.3. Materials Properties and Manufacturing Conditions

The theoretical heating rate was Vy =120 & 10 °C/min, but the real heating rate for
each sample (depending on solar flux incident on the sample) is presented in Table 1. The
practical sintering diagrams are presented in Figures 3 and 4 for each sintering temperature.

Table 1. The sintering parameters.

Theoretical Practical
Heating Rate Heating Rate
(°C/min) (°C/min)

112.24
125.6
126.3
116.7
122.6
110.8
111.7
1154
119.9

113.87
118.2
1171
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Figure 3. Solar sintering diagram at 900 °C, with 3 min holding time and with a 116.7 °C/min
heating rate.

930°C-3'

100 200 300 400 500 600 700 800
Time [s]

Figure 4. Solar sintering diagram at 930 °C, with 3 min holding time and with a 113.87 °C/min
heating rate.

Cylindrical specimens with dimensions D x H = 16 mm x 30 mm were used and
uniaxially pressed with a force of F = 90 kN in a metallic die.

Figures 3 and 4 show the recordings made during the sintering with CSE of the samples,
using Data Logger recorder—Pyro Tracer (model C.A. 650) and Type K thermocouples
(maximum temperature—1300 °C).

Even though there were sometimes variations in the light intensity /wind that moved
the reflecting mirrors, the temperature control with a variation of 10 °C was achieved for
all of the samples.

3. Results and Discussion
3.1. Microhardness

The microhardness was measured in nine points; the minimum and maximum val-
ues were eliminated; and from the remaining seven measurements, the arithmetic mean
was calculated.
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The study was conducted in the “filled” area—the area with thick walls—and in the
“hollow” areas—that is, in the areas with thin copper walls resulting from the dissolution
of the PVA model.

Figures 5 and 6 show the values of HV microhardness measured in the upper part of
the sample (where the solar radiation was direct) and in the lower part (where the heat was
transmitted through conductivity) in comparison with the solid and thin-walled samples.
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Figure 5. The microhardness obtained in the case of the sintering heat treatment at 900 °C.
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Figure 6. The microhardness obtained in the case of the sintering heat treatment at 930 °C.

Under normal conditions, copper as a metal presents a hardness of 50-110 HV [21-23].
When obtaining samples by pressing, a cold plastic deformation of the powder granules
occurs, having the characteristic appearance of twins. Twinning is usually associated with
internal tensions, and for this reason, the pressed samples have a higher hardness, with an
average of 119.9 HV.

When samples are sintered, there is an ongoing relief in the internal stresses due to
annealing [23].



Materials 2022, 15, 3324

7 of 12

Following the sintering process, the hardness of the samples presents different values
as a function of different processes that occur in their obtaining;:

e A uniform structure in the samples is realized through the disappearance of the
boundaries between the metal granules.

e  The remaining gaps from the stage when the samples are obtained by pressing partici-
pate in this process.

e In the case of all samples, a mechanical binding of the metal granules is noticed due
to the pressing, which leads to an increase in the hardness, while in the heat-treated
samples at 930 °C a bonding is produced due to the temperature.

e  Even if the hardness variations are higher in the case of sintered samples at 930 °C,
they are the highest.

3.2. Microscopic Analysis

The microscopic analysis was performed with a Nikon Eclipse MA 100 metallographic
microscope (Nikon Corp., Tokyo, Japan). For the structure and morphology analysis,
the next samples have been embedded into acrylic resin and leveled using an automatic
metallographic Phoenix Beta polishing device from Buehler (with Al,O3 suspension and
0.05 um grit).

3.2.1. NS—Non-Sintered Sample

From the analysis of the microstructure in Figure 7, a plastic deformation can be
observed, which appeared at the moment during pressing in the mold. Due to the different
internal energies resulting from the plastic deformations as well as the different reaction to
the reagent, there are minor differences in the microstructure.

100 pm

Figure 7. Non-sintered sample, magnification 500x.

The spaces and the limits between the copper particles are small due to the pressing,
with the mechanical binding appearing, which gives it a good mechanical resistance to the
sample as well as a high microhardness.

3.2.2. STWogo

In Figure 8 are presented the microstructures in the case of the sample with thin walls
sintered at 900 °C.
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(a) (b)
Figure 8. Sample STW900: (a) upper side; (b) bottom side (magnification 500 x).
3.2.3. SFW900

In Figure 9 are presented the micrographs for the sample with fully walls sintered at
900 °C, with a holding time of 5 min.

¥ 00 um

(a) (b)
Figure 9. Sample SFW900: (a) upper side; (b) bottom side (magnification 500 ).

As it can be seen from the micrographs presented in Figures 8 and 9 and corroborating
the values of HV microhardness presented in Figure 5, the following influencing factors
could be found:

e  The direct radiation facilitates the binding at certain temperatures and thus the sin-
tering of the material takes place, resulting in a hardness close to the maximum
hardness of Cu.

e In the case of samples with thin walls, the same amount of heat is transmitted in the
mass of the part much more easily than in solid parts, with the results being decreases
in the size, and number of defects and gaps and an increase in microhardness.

e Evenif Cuisa good thermal conductor when full parts are concerned, the sintering
process is affected, resulting in parts with a lower hardness.

e  The variation in the microhardness is uniform and similar in the case of solid samples
in the upper part and in the lower part.
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e By applying the heating process, slightly larger gaps can be observed in the samples
due to uneven expansion so that, locally, the effect of mechanical bonding is canceled
and, for thermal bonding, the temperature/time of treatment is insufficient.

3.2.4. STW930

In Figure 10 are presented the micrographs for the sample with thin walls sintered at
930 °C, with a holding time of 5 min.

50 pm

(a) (b)
Figure 10. Sample SFW930: (a) upper side; (b) bottom side (magnification 500 ).

3.2.5. SFW930

In Figure 11 are presented the micrographs for the sample with fully walls sintered at
930 °C, with a holding time of 5 min.

50 pm

(a) (b)
Figure 11. Sample SFW930: (a) upper side; (b) bottom side (magnification 500 ).

As it can be seen from the micrographs presented in Figures 10 and 11 and corroborat-
ing the values of microhardness presented in Figure 6, the following influencing factors
were found to take place:
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Direct radiation facilitates the binding at temperature (as in the case of sintering at
900 °C), and thus, the material is sintered, resulting in a high hardness.

Tt is possible to observe the disappearance of the boundaries between the grains,
a phenomenon characteristic of the thermal treatments with maintenance at
high temperatures.

The results of the microhardness in the case of the heat treatment at 930 °C do not
vary much, being close both to the solid/thin-walled samples and to the surface
where direct radiation was employed and to the lower part where the heat propagated
through thermal conductivity.

Maintaining a higher temperature can cause an increase in the size of the crystals,
resulting in polyhedral crystals with twin boundaries and orientation in bands.

In the case of heat treatments performed at 930 °C, the clear influence of the increase
in the temperature and in the holding time can be observed by decreasing the defects
in the microstructures as well as by increasing the microhardness.

By comparing the micrographs obtained at the sintered samples at 900 °C and 930 °C,
a clear improvement in the microstructures can be seen by decreasing the number of
defects and increasing the number of polyhedral crystals, which leads to an increase
in the microhardness.

4. Conclusions

Solar sintered parts with controlled internal geometry were obtained in this study

via the negative part method, achieved through 3D printing and powder metallurgy.
This approach has not been used until now, and it can be considered an innovation in
the field. The proposed configuration of the copper parts is difficult to achieve using
other technologies.

Generally, due to higher production costs, professional 3D printing technologies are
not suitable for mass production. Instead, due to the short time frame from designing
to obtaining the physical product, they are more suitable for prototypes and it is the
best solution for checking/validating the changes made to parts before their mass
production. In this way, small series or prototypes can be obtained.

With an increase in the temperature from 900 °C to 930 °C, the particles practically
bind better and the gaps (pores) disappear.

The contours of the grains are noticeable at 900 °C, even if the adhesion of the particles
is more obvious at 930 °C, a fact confirmed by the microhardness values.

In the case of heat treatment at 930 °C, a stronger finishing of the structure was obtained.
By comparison, the solid sample/the sample with gaps at the same temperature
and holding time shows a reduction in the gaps (porosities), a good compaction and
embedding of the particles clearly superior to the samples with thin walls.

Internal microporosity is random due to the technological process specific to powder
metallurgy and is dictated by the distribution of granules upon pressing.

Using 3D printing technology with the powder processing technology and solar
sintering shows combined benefits.

The 5 min holding time for these samples at 930 °C proved to be the best after we
analyzed and compared all of the microstructures made and the values of the micro-
hardness. Additionally, 5 min was proven to be the average holding time based on
the experiments.

Using solar energy in the sintering process is feasible because of its advantages:
clean energy, inexhaustible energy, environmentally friendly, and shorter heat
treatment durations.

The results presented in this paper have determined that concentrated solar energy
sintering can be successfully applied to sinter copper heat exchanger parts with a
controlled 3D-printed morphology.
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ABSTRACT: Three-dimensional (3D) printing processes are nowadays leading the charge in transforming traditional art, engineering,
and manufacturing processes. In this study, the structural and thermal behavior of commercially available filaments composed of syn-
thetic poly(acrylonitrile-co-butadiene-co-styrene) thermoplastic as well as poly(lactic acid) and poly(lactic acid)/polyhydroxyalcanoate
reinforced with bamboo (Bambusa sp.) wood flour composite biothermoplastics were assessed by differential scanning calorimetry and
infrared spectroscopy, aiming to understand the modifications that occur at the molecular level during their 3D printing. It has been
determined that the biothermoplastic materials undergo both molecular reorientations related to tacticity increase and crystallinity
decrease when submitted to 3D printing extrusion, while the synthetic thermoplastic undergoes crosslinking due to its butadiene com-
ponent. All of the studied materials present good water stability (with water uptake values between 0.8% and 24%), and the water
absorption follows a pseudo-Fickian mechanism. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019.

KEYWORDS: biopolymers and renewable polymers; cellulose and other wood products; extrusion; morphology; thermoplastics
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INTRODUCTION One of the most frequent components in filament manufacturing
is thermoplastic polymers, among which poly(lactic acid) (PLA),
acrylonitrile-butadiene-styrene copolymers (ABS),® polycarbo-
nates (PC)," polyhydroxyalkanoates (PHA),” polyurethanes (PU),
glycol-modified poly(ethylene terephthalate) (PETG), and poly-

amides (nylon) are most often used.!

In recent years, three-dimensional (3D) printing has become a
robust, standalone additive manufacturing technology due to its
almost linear design-to-object workflow."? It allows the printing
of complex products and easily reproducible pieces at high speed,

with low environmental impact, material losses, and production
To overcome the relatively poor mechanical properties of the 3D

printed polymers, a relatively wide selection of commercial fila-
ments are already available or under development, which make
use of several types of polymer blends (PLA/PHA,* PC/ABS,’

costs compared to conventional methods (drilling, milling, extru-
sion, injection, and so forth).>? The 3D printing technique has
an extensive application palette, ranging from typical consumer
goods to specialized applications such as microelectronic and

. . 1. . 4
microfluidic devices and electrodes.

The most widely used 3D printing method utilizes material extru-
sion, which deposits molten material (usually in the form of a fil-
ament), layer by layer, through a nozzle head onto a platform.'

© 2019 Wiley Periodicals, Inc.
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PU/PLA,' and so on) and composite formulations (polymer-
carbon nanotubes,'’ polymer—ceramic,'> polymer-metal'®). Fur-
ther introduction of additives into the filament recipe (coupling
agents, plasticizers, stabilizers, and so on) can fine-tune the stabil-
ity and mechanical response to several degradative factors of the

J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.47382


https://orcid.org/0000-0003-2753-2907
https://orcid.org/0000-0001-8505-6510
https://orcid.org/0000-0002-2180-5903
https://orcid.org/0000-0002-8636-5558
mailto:c.croitoru@unitbv.ro
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fapp.47382&domain=pdf&date_stamp=2018-12-31

ARTICLE

final 3D printed polymer, as well as improve the stability of the
polymer melt during extrusion.'* To minimize the environmental
footprint of the 3D printing process, biodegradable polymer for-
mulations [based on aliphatic polyesters such as PLA or PHA
and polyols (PEG)®'*'”] or composite formulations filled with

plant-derived materials are already available.'®"”

An understanding of the structural aspects and thermal behavior
of both the filament and 3D prints is of utmost importance in
designing functional products with improved properties. There
are many studies to date concerning the mechanical behavior of
3D printed structures originating from several types of filaments
(standalone polymers, polymer blends, or composites),'>*° but
only a few deal with the structural and thermal behavior of both
filament and corresponding 3D print.>"** Furthermore, among
these, most of the studies deal with custom-made filaments,
which may have limited practical applicability to mass produc-
tion of 3D printed objects. Study of the behavior of commercial
filament types is of utmost importance, especially considering
some limitations and inconsistencies of 3D printing technology
at this stage, which are manifested in the insufficient quality of
the printed items due to their internal structural defects (high
porosity or low layer adhesion)."?

This paper aims to apply the already available structural and ther-
mal characterization of bulk polymer materials, blends, and com-
posites to the 3D printing filaments and to the materials obtained
through 3D printing. The polymer and composite filaments are
typically obtained through extrusion. The 3D printing process is in
its essence an extrusion process, so the structural and morphologi-
cal properties of both filaments and prints may have unique
features not otherwise found in conventional bulk materials.”*

Two types of commercial polymer filaments, composed of PLA
and ABS, and a composite mixture of PLA, PHA, and bamboo
(Bambusa sp.) wood flour (PLA/PHA/BambooFill) have been
used in this study. The differences in morphology, structure,
thermal behavior, and stability at water immersion between these
filaments and their corresponding 3D prints have been compara-
tively assessed.

EXPERIMENTAL

Materials

PLA and ABS filaments designed for fused deposition modeling
were bought from Verbatim (Eschborn, Germany). A PLA/PHA/
BambooFill filament that is a composite mixture of PLA, PHA,
and bamboo (Bambusa sp.) wood flour (PLA/PHA/BambookFill)
at 20 wt % loading was bought from ColorFabb (Belfeld, The
Netherlands). The diameter of each type of filament, as specified
by the producer, is 2.85 £ 0.03 mm. These materials were chosen
based on their abundant availability, good extrusion properties,
good postprinting ability, and tunable texture.

A CreatBot (Zhengzhou, China) DX-3D double-nozzle printer
was used to obtain cylindrical prints 10 £ 0.1 mm in diameter
and 2 £ 0.1 mm thick and having a 0.4 mm layer thickness.

The printing temperatures for the filaments (measured at the
extrusion head) were 220 °C for the PLA and PLA/PHA/Bam-
booFill filaments and 275 °C for ABS. The bed temperature for
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the PLA and PLA/PHA/BambooFill filaments was 60 °C and for
ABS 90 °C, as recommended by the manufacturer.

For each type of material, five prints were obtained at a printing
speed of 30 mm/s for ABS and PLA/PHA BambooFill, and
40 mm/s for PLA, according to the manufacturer’s specifications.
The same printing path was used for each printed material type.

Characterization Methods

Optical Microscopy. For the structure and morphology analysis,
representative samples including both neat filaments and prints
were cross-sectioned with a microtome blade perpendicular to
the original printing direction, embedded into an acrylic resin,
and leveled using an automatic metallographic polishing device
(AL,O3 suspension 0.05 pm grit). For each sample, five different
micrographs from different regions of the cross section were
acquired with three different magnifications (10X, 25X, and
100x) using a Nikon OMNIMET-BUEHLER microscope (Tokyo,
Japan). No significant differences in morphology were detected in
the micrographs at each magnification level between various
regions located on the same sample. Only the images acquired at
25x magnification have been presented in this paper.

Water Stability and Wetting Behavior. The filaments and the
prints were immersed in distilled water (50 mL) for predeter-
mined time intervals, taken out and placed on filter paper (5 s on
each side) to eliminate excess water, and weighed. This procedure
was repeated until water absorption equilibrium was reached. A
RADWAG (Radom, Poland) analytical balance model AS 60/220.
X2 with an accuracy of 107* g was used to weigh the samples.

The relative water uptake Am (%) of the filaments and prints was
calculated using eq. (1):
m

%0’”0.100(%) (1)

Am=

where m; is the mass of the materials immersed in water at time
t, and my, is the initial mass of the materials before immersion in
water. Five samples from each type of filament and its corre-
sponding printed material were taken into the analysis, and the
average values are presented in this paper.

Thermal Analysis. Differential scanning calorimetry (DSC) anal-
ysis of the filaments and printed samples was performed in the
[(—100) <+ (+450)] °C domain under a nitrogen atmosphere, with
10 °C/min cooling/heating rate (DSC-200 F3 Maia/STA 449F3
Jupiter, Netzsch, Selb, Germany).

Spectral Analysis. The infrared spectra of the filaments and cor-
responding prints were acquired with a Bruker Vertex70 Fourier
transform infrared (FTIR) spectrometer (Karlsruhe, Germany) in
the 4000-550 cm™" interval [4 cm™" resolution, attenuated total
reflectance (ATR) mode, 10 scans per spectrum].

RESULTS AND DISCUSSION

As can be seen in the micrographs shown in Figure 1(a,c), the
PLA and ABS filaments exhibit a compact mass without any
macrostructural defects. The PLA/PHA/BambooFill [Figure 1(e)]
presents an uneven distribution of wood particles (average
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Figure 1. Cross-sectional optical micrographs of (a) PLA filament, (b) PLA print, (c) ABS filament, (d) ABS print, (¢) PLA/PHA/BambookFill filament, and
(f) PLA/PHA/BambookFill print at 25X magnification. [Color figure can be viewed at wileyonlinelibrary.com]

diameter 49.4 pm), with clustering near the center of the fila-
ment. Since all three types of filament are coextruded, this setup
is best for high-resolution microprinting.®> The diameters of the
filaments, as measured from the optical micrographs of their
cross sections, are 2.90 & 0.02 mm for PLA, 2.59 + 0.15 mm for
ABS, and 2.55 & 0.11 mm for PLA/PHA BambooFill.

In Figure 1(b), for the PLA print, the minimum and maximum
thicknesses of an individual layer were determined as hl =
0.57 mm and h2 = 0.44 mm. A fusion of two adjacent layers can
also occur such that the layers are interwoven and no longer dis-
tinguishable (h3 = 0.87 mm and h4 = 0.77 mm).

In the case of the ABS print [Figure 1(d)], because of the higher
printing temperature, the layers are merged and cannot be distin-
guished individually. In the case of PLA/PHA BambooFill
[Figure 1(e)], due to bamboo sawdust, the layers have many gaps
or agglomerations and also cannot be individually distinguished.

The cross sections of the printed samples present several defects
(interlayer pores), with regular triangular patterns in the case of
PLA [Figure 1(b)] and irregular patterns in the case of ABS
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[Figure 1(d)] and PLA/PHA/BambooFill [Figure 1(f)], caused by
the inclusion of small air bubbles and otherwise indiscernible fila-
ment defects fusioning during the extrusion through the heated
nozzle of the filament in the molten state.** The fewest defects
occur in the case of the PLA printed sample, where the deposited
filament can merge better into coalesced layers, due to the low
value of the PLA melt/air interfacial tension and due to the
higher printing speed.”> In contrast with PLA, in the PLA/PHA/
BambooFill, the density of defects is the highest, due to the local-
ized influence of the wood particles on the polymer layer distri-
bution and adhesion. The higher printing speed (40 mm/s) could
explain the regular shape of the defects in the case of the PLA [-
Figure 1(b)] print for this type of filament, which causes a reduc-
tion in the pressure-forced outgassing during extrusion; the
combination of the solidification rate of the melted polymer and
the elimination of gases results in smaller, closed pores of more
regular shape. At lower printing speeds, the emergence of perfo-
rated pores could be observed [Figure 1(d,f)].

Another factor that causes defects is the temperature of the build
platform (printing bed). At a lower temperature (such as for PLA
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and PLA/PHA/BambooFill), the bonding between layers is faulty
due to the solidification of the previously deposited layers, result-
ing in voids, pores, and poor adhesion between layers (exfolia-
tion). At higher temperatures (for ABS), the previously deposited
layers remain in a softened state, which leads to an inhomogene-
ity in the thickness of the layers as well as a diminution of the
dimensional precision.

The average roughness (Ra) and skewness (Rsk) values for the fil-
aments and prints cross sections, expressed in pm, computed
with the help of the Image] software (Roughness calculation
plugin,®® are depicted in Table I. The roughness values were
directly computed/displayed by the software on the preloading of
each micrograph image into the software. As a general trend, the
average roughness of the filaments is slightly higher than that of
the prints, as also found in other research.**

The highest average roughness values are registered for the PLA
and ABS filaments, for which the extrusion process causes a uni-
form melting of the polymer, contributing to the coalescence of
individual 3D printed tracks and to lowering of the individual Ra
values for the prints.”” A profile with a higher Rsk value tends to
be peaky (high-frequency occurrence of high asperities and deep
valleys);>” this is recorded for the PLA/PHA/BambooFill filament
and prints, due to the embedded wood particles.

Besides roughness, ImageJ software was used to determine a percent
average filament density based on the cross-sectional optical micro-
graphs from Figure 1, through the Filament-Analysis plugin,® as
well as to color map the interconnected areas in the same cross sec-
tions, through the Find-Connected-Regions plugin.*® The intercon-
nected areas were mapped to assess the compactness of the 3D
prints, based on the fact that a more monochrome surface presents a
high amount of interconnected areas and is more compact. The den-
sity profiles are illustrated in Figure 2, and the corresponding values
for the average filament densities are given in Table I.

It can be seen, in agreement with the roughness values, that a higher
filament density determines a lower average surface roughness and
lower density of microdefects in the prints. For the PLA/PHA/Bam-
booFill sample, the filament density presents lower values because
the wood particles act as local "disruptors” for the fusion of melted
tracks. Also, the highest compactness could be seen for the ABS and
PLA prints, in contrast with PLA/PHA/BambooFill

Table I. Roughness and Filament Density Values Computed with Image]

Software
Ra Rsk Filament
Material (um) (um)  density (%)
Filament PLA 63.38 0.51 —
PLA/PHA/ 5789 0.55 —
BamboofFill
ABS 61.75 0.50 —
Print PLA 61.92 0.54 49.99
PLA/PHA/ 53.57 0.65 42.47
BambooFill
ABS 5568 0.60 47.94
ADVANCED
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The water uptake kinetics for the filaments and prints are illus-
trated in Figure 3.

As a general trend, it can be seen that the prints show higher rel-
ative mass-uptake values than their corresponding printed fila-
ments, which could be due to slight modification in the
architecture of the polymeric chains at the molecular level on one
hand, and to modifications in surface Rsk values on the other
hand (the roughness profile peaks act as local water sorption
concentrators).

The highest equilibrium uptake value is registered for the PLA/-
PHA/BambooFill prints, followed by the corresponding filament,
due to the hydrophilic nature of the embedded wood particles
and to the presence of defects in the structure of the prints (inter-
connected pores), which act as pathways for water penetration
into the bulk of the material. The Am values for ABS and PLA
are the lowest, due to their lower hydrophilicity and compactness
(lower porosity).

To model the mass-uptake kinetics of the filaments and the cor-
responding printed composites, eq. (2) was used:*

Amt
Ameq

=k-t" (2)

where Am; is the relative mass uptake of the samples at time ¢,
Amneq is the mass uptake at equilibrium, k (min™) is the water
uptake rate, and # is the power-law diffusion exponent describing
the solvent transport mechanism in or through the filaments and
printed composites.

Based on the values of n, four types of water diffusion can be
described: Fickian diffusion (n = 0.5), non-Fickian or Case II
transport mode when n = 1, anomalous or Case III (0.5 < n < 1),
and pseudo-Fickian, when n < 0.5.3°

The results obtained for k and # and the R* values obtained by
fitting eq. (2) against the experimental data are expressed in
Table II. The water uptake rates are higher for the prints than for
the filaments, due to their higher Rsk values and also due to pos-
sible structural changes in the material during printing, the high-
est values being recorded firstly for PLA, followed by PLA/PHA/
BambooFill and finally ABS, for which the lowest k values have
been determined. Interestingly, PLA/PHA/BambooFill does not
present the highest uptake rate, due to the impeding effect of the
wood particles (which act as water ad/absorption centers) on
water transport into the bulk of the material.

By plotting the relative mass uptake of the filaments and printed
composites, Am;, as a function of t'/% the slope of the resulting
linear dependency, for Am, < O.ZAmeq, is represented by the
parameter p. This parameter can be used to determine the value
for the apparent diffusion coefficient, D,,,, by using eq. (3)

(Table I1):*!
_ [ hp Y
Depp =7 (4'Ameq) 3)

where h is the thickness of the material.

In all cases, except for the PLA filament, for which the model
described by eq. (2) does not apply, the water diffusion mechanism
into the mass of the material is pseudo-Fickian (i.e., it occurs with a
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Interconnected areas

Figure 2. Filament density profiles and interconnected areas computed with Image] software for (a) PLA, (b) ABS, and (c) PLA/PHA/BambooFill (25X mag-

nification). [Color figure can be viewed at wileyonlinelibrary.com]

slower onset than in ideal Fickian behavior), in accordance with
other thermoplastic polymer systems at temperatures below their
corresponding glass-transition temperatures (Tg).3 132
28
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Figure 3. Water uptake kinetics of (1) PLA/PHA/BambookFill filament,
(2) PLA/PHA/BambookFill print, (3) ABS filament, (4) ABS print, (5) PLA fila-
ment, and (6) PLA print. [Color figure can be viewed at wileyonlinelibrary.com]
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The diffusion coefficients for the prints present lower values than
for the corresponding filaments, due to tighter packing of the
macromolecular polymer assembly during extrusion and later
cooling of the materials. The PLA/PHA/BambooFill print pre-
sents the lowest diffusion coefficient among the prints, confirm-
ing that the wood particles may act as local sorption
concentrators, which has also been found in other research on
wood-plastic composites.”’ The different behavior of the PLA
print (the lowest R* value from fitting against eq. (2) among all
prints) could be due to the different pattern of pores (smaller
size, triangular-shaped, with low interconnection), which may
impede steady-state Fickian diffusion. Also, water diffusion into
the PLA filament could not be described by steady-state Fickian
diffusion. As the T, of the PLA filament is 67 °C (Figure 4), it is
expected that at room temperature, the mobility of the PLA
phase will be increased more, as compared to the PLA print and
to the other types of polymers/blends, which have a much higher
T, value. This increase in the macromolecular chain mobility
allows for different water penetration regimes into this type of
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Material k n R? Dapp (1075 mm?/min)
Print PLA 0.455 0,113 0.949 1.020
PLA/PHA/BambooFill 0.233 0.253 0.980 0.143
ABS 0.216 0.145 0.902 2.730
Filament PLA 0.933 0.016 0.002 —
PLA/PHA/BambooFill 0.156 0.454 0.982 6.466
ABS 0.128 0.392 0.842 5.089

matrix over time, contrasting with the more rigid matrix of ABS
and PLA/PHA/BambooFill, where the water flux into the poly-
mer matrix can reach a steady state with a higher probability.

The glass transition, cold crystallization, melting, and degradation
onsets for the filaments and the prints (where applicable) have been
qualitatively (through the peak temperature values, Ty, Tcc, T and
Taegr) and quantitatively (through the enthalpies) assessed from the
DSC thermograms, presented in Figures IV-VIL. The DSC heating
curve for PLA presents some well-documented features, summarized
in Figure 3. Cold crystallization of PLA occurs as an exothermic pro-
cess, from Tc = 107.5 °C for the filament to 122.8 °C for the print,
followed by a sizable endothermic peak ascribed to melting of PLA,
occurring at T, = 172 for the filament and 172.1 °C for the print, in
accordance with the values presented in the literature.>**

During extrusion, the molten material originating from the fila-
ment cools rapidly, resulting in the development of irregular crys-
tal aggregates, which means that the printed material is found in a
quenched state.”> The rearrangement of the irregular crystal aggre-
gates into new crystalline regions above T, occurs at a higher tem-
perature for the PLA print (Tcc = 122.8 °C) than for the PLA
filament (Tec = 107.5 °C), as also found in other research.*

DSC /imW/mg)

The crystallinity degree of the PLA samples was calculated using

eq. (4)>*
_ |AH,,|—|AHcc|

C
WPLA'AHS,,

-100(%) (4)

where AH,, is the melting enthalpy, AHcc is the cold crystalliza-
tion enthalpy of the filament/print, AH,,’ is the melting enthalpy
of 100% crystalline PLA (93.1 J/g),”” and wp, is the weight frac-
tion of PLA (1 for neat PLA).

The crystallinity of the PLA filament is 24.37%, and it decreases
to 18.98% for the print, showing that the latter does not have
enough time to crystallize in a more ordered manner, given the
rapid cooling gradient of the molten extruded material.

An endothermic peak, centered at T, = 67 °C for the filament
and 80.4 °C for the print, could be ascribed to the PLA glass
transition.”® The presence of only a single (not split) Tg-related
peak could imply that all of the PLA is kept in its o anomer
form, due to the high cooling gradient, which impedes molecular
reorientation in this case.”’”

Regarding the amorphous PLA fraction, the mobile amorphous
(Xma) and rigid amorphous phases (Xgs) were determined using
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. 67.0°C  -4.412 Jig 172.1°C -35.53 Jig "
glass transition melting temperature
364.5 °C -901.7 Jig
B1 s degradation temperature
e 1748J/g  1228°C 13.25.4g
— S ; b . =
81 printed material ; |
_10 4
A o0 & g 172.0°C -30.91 J1 8
80.4°C -18.38 Jig 30.91 Jig 363.2 °C 757.4 g
P glass transition ~ melfting temperature degradation temperature
-100 0 100 200 300 400

Temperature /°C

Figure 4. DSC thermograms for PLA filament and print samples. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5. DSC thermograms for PLA/PHA/BambookFill filament and print samples. [Color figure can be viewed at wileyonlinelibrary.com]

eq. (5) and eq. (6) based on the specific heat capacities of the
PLA materials at Tg:36

Xoa = 10000 )
where AC, and AC° » represent the measured specific heat
changes at T, of the PLA sample and 100% amorphous PLA,
respectively [AC°, = 0.693 ]/ (g K)]:®

XRA:I_)(C_XMA (6)
The mobile amorphous phases Xy4 decrease from 54.30% in the
case of the filament to 33.50% for the print, while the rigid amor-
phous phase increases from 21.33% (filament) to 52.48% (print),
which means that in the printed material, there is a more sub-
stantial fraction of rigidly confined macromolecules. The increase

of this fraction in the print leads to an increase in the T, values
for PLA, even though the overall crystallinity decreases, which
has also been found in other research.’®*

The decrease in crystallinity, also associated with the macromo-
lecular chains reorienting, may be responsible for a slight
decrease in the resistance of the material to thermal degradation,
because for the prints Ty is lower than for the filament.

In the case of the PLA/PHA blend with embedded bamboo wood
particles, Figure 5 reveals the main patterns that could be found
also for pure PLA, namely the T, = 62.7 °C (filament) and
60.2°C (print) and Tcc for the PLA fraction (101.8 °C for the fil-
ament and 105.2 °C for the print). The endothermic melting
peaks for PLA (centered at T,, = 152.5 °C for the filament and

DSC /{mW/mg)
. 27.8°C  11.34J/g ABS
54 Texo
2 — et ;
filament
= 1339°c -1-369 Jig 270.4 °C
] softening temperature melting temperature
21 191 Jig

o5 70oc 11.8Jig

degradation temperature

11 printed material '
] 297.7°C -199.5J/g
2] melting temperature
a1 1126 °C -1.044 J/g 133.6°C -1.386 Jig
] . 409.5°C ¥ 2295 /g
4] Softveing el degradation temperature
-100 0 100 200 300 400

Temperature /°C

Figure 6. DSC thermograms for ABS filament and print samples. [Color figure can be viewed at wileyonlinelibrary.com]
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152.3 °C for the print) occur at a much lower temperature com-
pared to pure PLA.*® The differences between PLA/PHA/Bam-
booFill and neat PLA also reside in the slightly lower thermal
degradation temperature onset of the former compared to the lat-
ter (due to more degradation-susceptible components of
wood.*"*?) In this respect, an endothermic peak between 282 °C
and 289 °C could be found in the thermograms from Figure 5,

possibly ascribed to the onset of hemicellulose degradation.*"**

Also, two endothermic peaks, centered at 169 °C for PLA/PHA/
BambookFill filament and 172 °C for the PLA/PHA/BambooFill
print, could be ascribed to the PHA melting transition* (not
marked in Figure 5), which is an indication that the two polymers
in the blend respond independently to the heating regime; that is,
the two polymers (PLA and PHA) are not entirely miscible.**

The PHA and wood particles could act as disruptors of the
orderly chain alignment of PLA macromolecules, leading to prac-
tically the same first-order transition temperatures for both fila-
ment and prints, as has also been found in other research, %4244

Considering the melting enthalpy for PLA [Figure 4, AH,, ps =
—35.53 J/g (filament) and —30.91 J/g (print)] and the melting
enthalpy corresponding to PLA in PLA/PHA/BambooFill deter-
mined from the DSC thermogram in Figure 5, the relative frac-
tion of PLA (wpr4) can be found using eq. (7):

(AHm,PLA/PHA> ) <AHm,PLA/PHA)
AHm,PLA ﬁlament’ AH’":PLA print

(7)
The calculated wpy 4 value is 0.47, and based on eq. (4), the calcu-
lated crystallinity degree for the PLA in the filament material is

6.38%, while in the print it decreases to 2.25%. These crystallinity
values are like that found in other research on PLA/PHA blends.*°

wpra = Average

This decrease in crystallinity for PLA could account for the
higher water-uptake values registered in Figure 3 and for the
lower thermal-degradation onset for PLA/PHA/BambooFill.

For ABS, the thermogram in Figure 6 registers a “softening” tem-
perature, related to the endothermic styrene glass transition at
~112 °C (observed only for the printed sample), and an

WILEYONLINELIBRARY.COM/APP

Applied Polymer

endothermic acrylonitrile  glass-transition temperature at
133-134 °C, while melting occurs at 270-297 °C.*>*¢

In general, the prints present higher transition temperatures than
the filament. Since the rubber (butadiene) phase of ABS is sus-
ceptible to thermal degradation, crosslink points are formed
between the macromolecular chains,*® which lead to a decreased
chain mobility, and an increase in the melting temperature is
expected for the heat-processed (extruded) print. The supplemen-
tary crosslinking could also contribute, besides ABS low polarity,
to the low water-uptake values (Figure 3).

The print is more prone to thermal degradation, as seen from the
~11 °C lower degradation onset (409-421 °C).

The ATR-FTIR spectra of PLAs from Figure 7 present an overall
aspect characteristic of semicrystalline PLA, including several
well-documented absorption features, such as the —C—H stretch-
ing modes at 2998-2847 cm™', the —C—O stretching band at
~1745 cm™, the ester —C—O— symmetric stretch at 1187 cm™',
and the —C—0—C— asymmetric stretch at ~1072 cm™".*” The
two bands at ~861 cm™' and ~756 cm™' can be ascribed to the
amorphous and crystalline phases of PLA, respectively.*® The
crystallinity index of PLA can be calculated as the ratio between
the two band areas A-s¢/Agg;, and it decreases from 3.095 for the
filament to 1.763 for the print, in accordance with the DSC
results.

The —C—O stretching band in PLA is sensitive to morphology
modifications, increasing proportionally to the amount of syndio-
tactic polylactide.*” It can be seen that the absorbance of this
band increases from 0.03 in the filament to 0.15 in the print,
implying chain restructuring of PLA during 3D printing.

The slight redshifting of the absorption band maxima to lower
wave-number values in the print compared to the filament could
be an indicator of polymer phase flexibilization.*® A flexibiliza-
tion of the polymer matrix along with a crystallinity decrease
could also be responsible for the higher water-uptake values reg-
istered in Figure 3 for the prints.

The FTIR spectra for the PLA/PHA/BambooFill materials in
Figure 8 suggest the overall appearance of a polyester blend. The

=0
(a) (b) s 1187 1072 861 756
-C-H ~
3 5
“ <
1 £-
: :
a Print
. N £
w w
a 4 0 4
2 <
Filament
4000 3500 3000 1500 1000 500 2000 1500 1000 500
1 1

Wavenumbers, cm”

Wavenumbers, cm”

Figure 7. ATR-FTIR spectra of the PLA filament and print samples: (a) whole spectrum; (b) detail of 2000-550 cm™" region. [Color figure can be viewed at

wileyonlinelibrary.com]
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Figure 8. ATR-FTIR spectra of the PLA/PHA/BambooFill filament and print samples: (a) whole spectrum; (b) detail of 2000-550 cm™" region. [Color figure

can be viewed at wileyonlinelibrary.com]

absorption features of wood could not be well discerned, imply-
ing that it may be well embedded in the polymer matrix.

Most of the absorption bands from Figure 8 are like those from
Figure 7, because PLA is the main component and both polymers
are polyesters. It can be seen that the intensity of the band at
~1265 cm™" ascribed to the crystalline phase of PHA* is
increased in the printed sample by about five times compared to
the filament, implying an increased ordering in the PHA phase
during the melt-extrusion printing process. This fact is also sup-
ported by the presence of a weak shoulder at ~1647 cm™" in the
printed sample, related to a crystal defect in polyhydroxyalkano-
ates that occurs during melt crystallization.>

Based on the fourfold increase in the intensity of the band at
~867 cm ™ ascribed to the amorphous PLA contributions in the
printed sample as compared to the filament, a decrease in PLA
crystallinity is expected, as also found in the DSC data.

A weak band appears at ~1855 cm™' in the printed sample,

ascribed to the weak —C—O antisymmetric stretch in
anhydrides,” implying that the PLA/PHA/BambooFill material
may be additivated (a fraction of PLA may be grafted with maleic
anhydride to improve coupling with the wood phase).

(a)

] C-H stretch .CN stretch

. ~ 2230

aromatic_ ﬂp ic /

51
': -
G |
Q
c
S | Print N\
‘6 1 -
w |
=1
< |

1 Filament I\ A ‘L
4000 3500 3000 2000 1500 1000 500

Wavenumbers, c::m‘1

The FTIR spectra of ABS in Figure 9 reveal some general fea-

! ascribed

tures, such as the absorption bands at 3057-3047 cm™
to the C—H stretching in the aromatic styrene rings, the absorp-
tions between 2916 and 2851 cm™'

modes in the aliphatic segments of ABS, and the weak band at
52,53

ascribed to C—H stretching

2230 cm™" ascribed to the —C—N vibration in acrylonitrile.
The bands at 1602-1598 cm™" and 1455 cm™" are ascribed to the
aromatic styrene ring vibration modes, while the bands at
964 cm™' and 911 cm™' are characteristic of the 1,4-butadiene
and 1,2-butadiene components, respectively.

No significant changes occur in the FTIR spectra of ABS after
printing, except for the increase in the absorbance values
ascribed to the styrene rings and butadiene vibration modes and
the shifting of their absorption maxima to lower wave numbers,
due to the higher mobility and molecular contact of the polymer
chains during the 3D printing extrusion process.”>** This could
also be related to the results regarding the weak crosslinking of
the ABS macromolecular assembly, as observed in the DSC
analysis. The general preservation of the surface chemistry, in
this case, handles the low water absorption coefficient for this
type of sample.

(b) butadiene vibration modes
1 styrene vibration modesggs 911
. 1598-1‘632 )455 ~
-
“: 4
@ |
2
'§ .ﬂf\\f/wb L*J\
8 ]
* i | 7, _/\A./\
1 Filament | | w i
2000 1500 1000 500

Wavenumbers, cm!

Figure 9. ATR-FTIR spectra of ABS filament and print samples: (a) whole spectrum; (b) detail of 2000-550 cm™" region. [Color figure can be viewed at

wileyonlinelibrary.com]
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CONCLUSIONS

Both the filaments and their corresponding prints present good
water stabilities, the water sorption uptakes being higher for the
prints than for the filaments. The increase in water uptake values
followed the order ABS < PLA < PLA/PHA/BambookFill for each
material type (filament, print).

The DSC analysis has proven that all of the studied materials
present good thermal stability, with low degradation of
the polymer phase, which may account for the slight decrease
in the degradation-onset temperature for the prints, in
comparison with the filaments. The lowest resistance to ther-
mal degradation was recorded for the PLA/PHA/BambookFill
material, due to the presence of the thermally labile wood
phase.

The ATR-FTIR results showed that no significant changes
occur in the surface chemistry of the biothermoplastic fila-
ments during 3D printing, except for molecular reorientations
(in the case of PLA and the PLA/PHA blend with embedded
wood particles) and crystallinity decrease, which could account
for the high water-uptake values and implicitly lower dimen-
sional stability of the prints. Also, due to molecular reorienta-
tions, several new bands appear in the FTIR spectra of the
PLA/PHA/BambooFill material, indicating additivation with a
coupling agent, such as maleic anhydride. In the case of ABS,
weak crosslinks can occur, related to the increase in molecular
mobility during melting.
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Abstract
Being a relatively new process, additive manufacturing needs many studies to
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be able to produce parts with the required properties. The aim of the paper is
to establish whether, based on the physical and mechanical properties deter-
mined by tensile testing and by applying finite element analysis (FEA), viable
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results can be obtained regarding the behavior of the 3D printed structures at
the different, static loading. The application of FEA for the tensile testing of
3D specimens led to the results close to those obtained by the tests. The values
of the results obtained by simulation are higher by up to 7.2% compared with
those recorded by tests. The simulation was applied both for the printed speci-
mens from a single material and from two materials (multi-material). Regard-
less of the materials used in printing and the simulation method, the results of

KEYWORDS

1 | INTRODUCTION

For thousands of years, technological processes for the
manufacturing metallic or non-metallic materials have
been based on subtractive methods (by material
removal). Whether it is the Stone Age, Bronze Age, or the
Iron Age, methods based on the removal of the material
to be processed represented the largest weight. Also, cur-
rently the weight of the subtractive methods is still
majority, although lately the manufacturing processes
have diversified. For several decades the methods of addi-
tive manufacturing (by adding material) have been devel-
oped and started to be implemented in the production
process, actually, these are continuously expanding. It is
clear, that additive manufacturing still has many aspects
that need to be improved, tested, and verified in order to
reach a high degree of reproducibility of 3D printed
structures (products, manufactured article). This is also
the reason why many current researches aim to improve
the performance of additive processing and increase the

applying FEA are close to those recorded by testing.

additive manufacturing, biodegradable, finite element analysis, mechanical properties, polyesters

quality of manufactured products. The new research also,
verifies whether certain concepts applicable to structures
manufactured by subtractive methods are also valid for
the structures (parts) obtained by additive processing.
The researches presented in the paper aims to under-
stand and thorough study the possible connections
between the processing parameters and the properties of
the structures obtained by the additive manufacturing.

A material often used in 3D printing is polylactic acid
(PLA), which is a thermoplastic aliphatic polyester pro-
duced from renewable resources. Being biodegradable, it
is used for the manufacture of various products and is a
sustainable solution for the products derived from the
petrochemical industry. Regarding the recycling of poly-
lactic acid, technologies have already been developed for
this operation, which shows that there are technologies
available for each stage of the life cycle of products
made of PLA. Frequent uses of polylactic acid are, among
other things, packaging material and disposable items
(food packaging, cutlery). Under certain conditions
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(the presence of oxygen) it is biodegradable, which is
why it can be used in medical applications. In the medi-
cal field, polylactic acid is used for stents, post-surgery
stitches, and the medical implants in the form of anchors,
screws, rod, pins, and plates. PLA medical implants disin-
tegrate (break down) in the human body in a period of
6 months-2 years, depending on where they were used.
Gradual degradation is beneficial for a supporting struc-
ture, as the weight is gradually transferred to the bone
structure during the healing of that area. Information on
polylactic acid and the 3D printed parts of it has been the
subject of numerous scientific articles, from the study of
which the following ideas emerge.

Farah et al' shows that polylactic acid is one of the
most researched studied and utilized bio degradable ali-
phatic polyester in human history. For its properties,
PLA has numerous applications in medicine as well as
in replacing conventional petrochemical-based poly-
mers. The manufacturing of PLA has some advantages,
including eco-friendly, renewable resources, biodegrad-
able recyclable, compostable. Therefore, of the global
level, it is a major interest for the utilization of this type
of bio polyester and the prediction shows a rapid growth
of the PLA global production capacities, to about
800 kilo tone per year in 2020 from under 200 kilo tone
per year in 2011.> Blending PLA with other polymers
offers a convenient option to enhance its properties or
generate novel properties for target applications without
the need developed new materials. Biocompatibility and
superior mechanical properties PLA and its blends with
other have been explored to develop porous scaffold
using different techniques.’” The experimental trials
show that, there are reasons as PLA to be assimilated as
a homogenous, isotropic, and linear-elastic material.*
Some studies try to find if exist connection between the
ultimate tensile strength and the nominal strain at
break for the printed parts made from polylactic acid.
The study shows the relations among the main process
parameters and the stiffness and strength of fused depo-
sition modeling-printed parts, made from PLA.’ Other
researchers show that the elastic response of the
3D-printed material is transversely isotropic, although
the anisotropy is mild; also, both axial and transverse
stiffness are similar to that of injection-molded PLA.
The tests show that 3D printing does not affect material
elasticity substantially. Also, study shows that PLA
material displays a pronounced tension/compression
asymmetry.°

Also, study shows that under tensile cycle loading the
favorable results were obtained for the parts in 45° build
orientation, for the fatigue tests. The parts in X and Y
build orientation had a short fatigue life. Paper shows
that the ultimate tensile stress for the sample build in X

direction is higher up to 64% of raw PLA material. For
the sample build in Y and 45° orientation the values of
ultimate tensile stress were lower than raw PLA mate-
rial.” Some researches show that, of an engineering point
of view, the influence of the deposition angle on the over-
all strength/fracture resistance of additively man-
ufactured PLA can be neglected with little loss of
accuracy.® Other tests reveal that the mechanical proper-
ties increase as the layer thickness increase. For infill, the
mechanical behavior was different. Also, the paper
shows, that it can be found valid relationships between
mechanical properties and printing parameters.” For the
3D printed PLA specimens, in the case of landfill test it
was observed positive signs of degradation of PLA under
standard atmospheric conditions. Also, the paper shows
that PLA can be further used in any biomedical compo-
nents.'” Other researches show that the structural
arrangement design in 3D printing for two materials can
affect the mechanical properties. With the optimized
arrangement of material layers can be enhanced in terms
of mechanical properties even with some ratio of mate-
rials."' In case of mixing PLA with other biomaterials
(amorphous polyhydroxyalkanoate-PHA) copolymer it is
obtained the improvement of the mechanical properties
of printed PLA parts. It is possible as notched impact
strength value of PLA/PHA 3D printed parts to increase
by 90%, compared with pure PLA.'> The researchers
demonstrated that mixing of PLA with 15% HA (hydroxy-
apatite) permitted the manufacturing of porous scaffolds
by 3D-printing with 98% recovery of the shape. Also, they
have the capacity to be used as self-fitting implants, for
the bone replacement.'> Wang et al'* shows when PLA is
reinforced with glass fiber, the positive effects appear in
the composite behavior. The tensile strength, impact
strength, and tensile modulus increase with enlargement
of glass fiber percent.

Numerous tests must be performed to study the
behavior of the 3D printed structures from polylactic
acid, at different static loadings. Research shows that
there are significant differences between the mechanical
properties of the PLA filament and those of the products
obtained by additive manufacturing process from the
respectively filament. Moreover, using the same filament
and the same printing parameters, the mechanical prop-
erties of the 3D printed products also depend of the
equipment, which was performed in the additive
manufacturing.

2 | EXPERIMENTAL

The studies presented in the paper were performed on
the following filament types: PLA and PLA-Glass. The
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PLA filament (product code PLA-S3 DPLA 01-285-1000)
has the following mechanical properties:

« impact resistance 7.5 k] m~ (ISO 180/A);

« tensile strength 1100 MPa (ASTM D882);

« modulus of elasticity 3310 MPa (AST MD882);
« bending modulus of elasticity 2392.5 MPa;

« printing speed 40-80 mm s~ ;

« printing temperature 190-225°C.

For the PLA-Glass filament (product code PLA-Glass
041-285-750), the mechanical properties are:

« maximum tensile strength 57 MPa (ASTM D638);
« tensile strength at yield 46 MPa (ASTM D638);

« tensile modulus 4.0 GPA (ASTM D638);

« tensile elongation 3.4% (ASTM D638);

« notched impact 29 J m™ (ASTM D256);

« printing speed 50-120 mm s™};

« printing temperature 190-220°C.

From the two types of filaments, 3D printed speci-
mens were used in the study. The additive manufacturing
process was performed with a Creat Bot DX-3D double-
nozzle printer. The parameters of the printing pro-
cess were:

layer height -0.2 mm;

printing temperature -210°C;

bed temperature -61°C;

print speed -30, 50, or 70 mm s_l;

printing angle (overhang angle for support) -0,
30 or 45°;

infill-100% (the internal structure is solid); also, solid
infill at top and bottom;

infill overlap-10%;

infill flow-110%.

The number of perimeter's shell is 2 and has 1 mm
thickness (in total) on horizontal and on top and bottom
each has the thickness of 0.8 mm (4 layers).

From these filaments were made by 3D printing, the
specimens used later in the tensile tests. The geometry of
the 3D printed specimens is presented in Figure 1.

The specimens were printed in different variants, the
modified parameters were material filament, printing
speed, and printing angle. Regarding the material fila-
ment used, the content of the 3D printed specimens, was
obtained by:

« using only the PLA filament (100% PLA);

« using only the PLA-Glass filament (100% PLA-Glass);

« using the PLA and PLA-Glass filament in proportion of
50% each, more precisely from the thickness of 4 mm,
2 mm were from PLA and 2 mm from PLA-Glass;

=]
225 : &0 i 225
— | [
P
@ &
J—
-+
[ I I I I
FIGURE 1 Geometry and dimensions of the specimen

+ using 50% PLA and PLA-Glass filament each; the
materials were arranged in 3 superimposed packages,
as follows: PLA-PLA-Glass-PLA with their thickness of
1-2-1 mm, or PLA-Glass-PLA-PLA-Glass with the
thickness of the packages of 1-2-1 mm.

For all 3D printed specimens, their geometric dimen-
sions were identical. The printing of the specimens in the
different variants has allowed to obtaining the specimens
presented in Table 1.

For simplification of notations and removal of errors
in Table 1 and further on, the PLA-glass filament will
simply be called glass. Also, the 3D printing of the speci-
mens obtained by combining the filaments was done as
shown in the Figure 2. The printing of the specimens was
done using speeds of 30, 50, and 70 mm s7!, which are
located toward the lower part of the recommended speed
range. From the point of view of the printing angle, it
had an inclination of 0°, 30°, and 45°, relative to the lon-
gitudinal axis of the specimen.

The tensile testing was performed for the 3D printed
specimens. The tensile tests were performed on WDW-
150S universal testing machine (the applied test force var-
ied between 0.1 and 150 kKN). The test conditions were:

. tighten speed 5 mm min™;
. stress speed 10 MPa s™".

The tensile test allowed the following parameters to
be established for each 3D printed specimen, based on
the recordings made during it (see Figure 3):

« applied force and maximum force Fy, (kN);
+ extension at break (mm);

» proportionality limit Fp (kN);

« modulus of elasticity (GPa);

« ultimate tensile strength (MPa);

+ yield strength (MPa);

« strain at break (%).
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TABLE 1

Filament type
PLA

PLA-Glass

PLA

PLA-Glass

PLA

PLA-Glass

PLA + Glass

PLA + Glass+PLA
Glass+PLA + Glass
PLA

PLA-Glass

PLA + Glass

PLA + Glass+PLA
Glass+PLA + Glass
PLA

PLA-Glass

Printing parameters of the specimens

Printing

speed Printing
(mms™)  angle (°)
30 45

30 45

50 0

50 0

50 30

50 30

50 30

50 30

50 30

50 45

50 45

50 45

50 45

50 45

70 45

70 45
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Specimen
code

P30_45
G30_45
P50_0
G50_0
P50_30
G50_30
PG50_30
PGP50_30
GPG50_30
P50_45
G50_45
PG50_45
PGP50_45
GPG50_45
P70_45
G70_45

3 | RESULTS AND DISCUSSION

The results of the tensile tests performed were processed
and analyzed. Figure 4 shows the evolution according to
the printing speed of the values for the yield strength
(YS) and ultimate tensile strength (US). The analysis
shows that for 3D printed specimens of PLA (P) the
highest value for ultimate tensile strength is obtained for
the printing speed of 50 mm s™".

For the printed specimens of PLA-Glass (G) the
highest value for ultimate tensile strength was obtained
for the printing speed of 30 mm s™". Also, the tests per-
formed show that for the other printing speeds, the
decreases of the analyzed values are not significant. The
analysis of the strain (St) and extension (Ex) to break
values (see Figure 5) shows that the highest values were
obtained for the printing speed of 30 mm s™".

The analysis of the two figures shows that the print-
ing speed has an influence on the analyzed values, but
this is not very high and the recorded differences are not
significant. The specimens obtained by the additive
manufacturing of PLA have better mechanical character-
istics than those printed of PLA-Glass.

FIGURE 2 Specimen with multi-package of materials (left-2 material packages and right-3 material packages) [Color figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 3 Load-extension curve obtained during tensile test (G30_45 specimen)
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FIGURE 4 Evolution of yield 50
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The Figure 6 shows the evolution of yield strength
and ultimate tensile strength values for the printed speci-
mens with a speed of 50 mm s™' and a printing angle of
45°, for the different combinations of the two analyzed
materials. Thus, by combining in proportion of 50%-50%
of the two analyzed materials, it is found that ultimate
tensile strength is placed between the values of that prop-
erty, when the materials are not combined. In terms of
value for the yield strength, its evolution is similar to that
of the ultimate tensile strength.

Also, the strain at break and the extension
(see Figure 7) of the tested specimens show an evolution
similar to that of the values for engineering stress (ulti-
mate tensile strength and yield strength).

For the printing speed of 50 mm s™', the Figure 8
shows the evolution of the engineering stress according to

50 ] 70
Printing speed (mm s™)

OSt-G BSt-P OEx-G OEx-P

the printing angle (G mean PLA-Glass and P mean PLA).
The figure shows that both for ultimate tensile strength
and for yield strength the printing angle of 30° allows the
obtaining the higher values for the examined properties.
But, for the strain at break and extension (see Figure 9)
the evolution is changed because for these, better results
were obtained when printing angle was of 45°.

After the tests and performed analyses, enough infor-
mation was accumulated and it can proceed to the next
stage of the study. In this stage, it is tried as on the basis
of the obtained information to appeal to the finite ele-
ment analysis (FEA or FEM) to verify if the application
of the method provides (offers) viable results. In other
words, whether by using the FEA method there is the
possibility of predictability of the behavior for the ulti-
mate tensile stress of 3D printed structures from PLA and

25U90 1] SUOWILIOD BRI 8|G0 dde au) Aq pueNob a2 SaILe VO ‘3N 0 Sa|NI 10} AReiq 1T 8UNIUO AB]UM UO (SUOTIPLIOD-PUE-SULS 00" 4B 1M AJq]1[pUIIUO//-ST1IY) SUOIPUOD) PUB SWLS | 8U) 95 *[GZ0Z/Z0/E0] U0 AIGIT8UIIUO AB]1M BIUBA|SURI L BSERYISIBAIUN Ad 95005 dde/Z00T OT/10p/w00 Ao v Akeiqjoujuo//Sdny ol popeojumod ‘9 “TZ0Z ‘829v.60T


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

CATANA anp POP

<z | wiLEY-Applied Polymer

60

50

N
o

Strength (MPa)
w
o

20 +—

10 +—

0 T T T

G50_45 P50_45 PG50_45 GPG50_45 PGP50_45
Specimen type
ovys mus
4
€
E
I
[%2]
c
2
a2
9
- 1 4+—
o
I
? 0 : : .
G50_45 P50_45 PG50_45 GPG50_45 PGP50_45
Specimen type
OSt MEx

60

50
© 40 —
o
=3
£ 30 -
(@]
C
o
& 20 —

10 +— —

0 T T
0 30 45

Printing angle (°)

O YS-G50 @ YS-P50 O US-G50 O US-P50

FIGURE 6 Evolution of yield
strength and ultimate tensile strength
depending on printed filament [Color
figure can be viewed at
wileyonlinelibrary.com]|

FIGURE 7 Evolution of strain and
extension depending on printed filament
[Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 8 Evolution of yield
strength and ultimate tensile strength
depending on printing angle [Color figure
can be viewed at wileyonlinelibrary.com]

PLA-Glass filaments. To perform the simulation process combination of filament materials used, their density was
are required information about the physical and mechan- determined. The density of the specimens obtained by
ical properties of 3D printed specimens. Thus, for 3D additive manufacturing is totally different of the filament
printed specimens, depending of the filament material or ~ density, used for their printing. Another characteristic of
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FIGURE 9 Evolution of strain and
extension depending on printing angle

w

[Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 10 Result of simulation
process for P50_45 specimen [Color
figure can be viewed at
wileyonlinelibrary.com]

the material required for the simulation is the value of
the Poisson's ratio. According to the publications, the
value of the Poisson's ratio for the printed parts of PLA is
between 0.33 and 0.36."> For the simulation processes
presented in the paper, the value of 0.35 was used for the
Poisson's ratio. Another characteristic of the material
required for the simulation process is the value of the
modulus of elasticity. Its value is that determined during
the tensile test, because among the properties determined
during that test is the value of the modulus of elasticity.
Also, for the simulation it is necessary the value for yield
strength. This characteristic is obtained, as a result of ten-
sile tests performed on 3D printed specimens. The devel-
opment of the simulation process requires the values for
thermal conductivity and specific heat, but these are irrel-
evant for the results of the tensile simulation. Those char-
acteristics are obtained from the filament manufacturers.
Knowing the physical and mechanical characteristics
of 3D printed structures, it can begin the simulation pro-
cess when the specimens are loaded with the pre-
established forces. For each specimen and its filament,
the simulation process is performed by applying at the

30 45
Printing angle (°)

OSt-G50 @ St-P50 OEx-G50 OEx-P50
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15,1
123

85 -

Yielhd Stress: 37 34

end of the specimen a force equal to the maximum force
recorded during the tensile test. The other end of the
samples is locked. By the simulation were determined
the values for Von Mises stresses that were developed in
the specimens, during static loading of these, to tensile
(see Figure 10).

The simulation was performed under the following
conditions: linear static study, tetrahedral mesh type, and
mesh size of 1.25 mm. Because, in the specimen'’s shell
manufacturing the infill value is 100%, in the FEA analy-
sis it was considered that specimen working like a single
block and has the same properties, in the entire volume.
The maximum value obtained for Von Mises stress (noted
VM) was compared with the value of the ultimate tensile
strength (noted US) recorded during the tensile test, for
the same type of specimen (material, speed, printing
angle). Also, the specimen zone where this maximum
value of stress appears was checked (see Figure 11). The
figure shows specimen zone where this will break when
loading is equal with ultimate tensile strength. The simu-
lation result corresponds with zone where the specimen
broke during tensile test.
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Mugaba FIGURE 11 Specimen zone where
stress value is equal with ultimate
tensile strength (P50_45 specimen)
[Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 2 Results of tensile tests and simulation process for 3D printed specimens

Maximum Modulus of
Specimen code force [N] elasticity [GPa]
P30_45 1688.00 4.00
G30_45 1607.80 3.80
P50_0 1869.20 4.20
G50_0 1457.00 4.00
P50_30 1941.80 4.20
G50_30 1791.80 4.80
PG50_30 1993.40 4.40
PGP50_30 2011.00 4.00
GPG50_30 1944.20 4.20
P50_45 1954.00 3.50
G50_45 1545.00 3.60
PG50_45 1721.00 3.20
PGP50_45 1815.00 3.80
GPG50_45 1724.00 4.00
P70_45 1788.80 4.00
G70_45 1544.60 4.00

Abbreviations: NA, not applicable; US, ultimate tensile strength; VM, Von Mises stress; YS, yield strength.

VM by SIM VM by ROM

YS [MPa] US [MPa] [MPa] [MPa]
35.30 42.20 44.20 NA
34.00 40.20 42.10 NA
38.40 46.20 48.90 NA
30.20 36.40 38.10 NA
37.00 48.50 50.80 NA
34.40 44.80 46.90 NA
36.20 49.80 53.40 52.20
34.80 50.30 52.10 52.60
35.00 48.60 52.10 50.90
37.30 48.90 51.20 NA
31.60 38.70 40.40 NA
36.70 43.00 46.00 45.80
38.30 45.40 48.20 47.50
32.80 43.10 45.70 45.10
36.20 44.70 46.80 NA
31.20 38.60 40.40 NA

Table 2 shows the results obtained in the tensile test
as well as those obtained by applying the simulation pro-
cess (SIM column). Also, table shows the column (ROM)
in which the results of the simulation process are intro-
duced (entered) but when the rules of mixture (ROM)
were applied. The rule of mixtures (ROM) method is fre-
quently used to estimate the tensile strength of fiber
reinforced polymers (FRPs) reinforcing bars (rebars).
Generally, the ROM method predicts the FRP rebars’
modulus of elasticity adequately but overestimates their
tensile strength. The possibility of use modified rule of
mixture is adequate and offers the better results (closer to
the tests results).'® Many studies use in their researches
the basic rule of mixture to solve different problems for
the composite materials. The rules of mixture are applied

for determine Young's modulus, Poisson's ratio, mass
density and not only.'”'® This type of simulation was
applied in the case of specimens obtained by combining
the studied materials (PLA and PLA-Glass). For these
specimens, the two studied materials are arranged in
alternative packages (2 or 3, see Figure 2). For the case
with two packages the specimen consists of a package
with a thickness of 2 mm of PLA and another package
also of 2 mm of PLA-Glass. Basically, the proportion in
the specimen is 50% PLA and 50% PLA-Glass.

For specimens consisting of three packages, there is a
2mm thick PLA-Glass package arranged between two
PLA packages, with 1 mm thick each. And in this case,
the proportion is also 50% PLA and 50% PLA-Glass.
There is also the situation when a PLA package is
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between two PLA-Glass packages. For this type of speci-
mens (obtained by combining the two materials in the
described variants) rule of mixtures was applied to calcu-
late the mechanical properties of the specimens.'® These
laws have the possibility to establish (predict) the proper-
ties of the combination of materials. To establish the
properties of the composite, the relation is:

Pe=PpVim+PyVp. (1)

In the relation (1) P.  , is property value, Vy, , is vol-
ume fraction, and c, m, p represents composite, matrix
and phase. This relationship was applied to determine
the density, modulus of elasticity, yield strength for speci-
mens that have combination of materials (multi-
package). Also, the maximum force for the specimens
with multi-package was also calculated based on the rela-
tion (1). In the simulation process of the multi-package
specimens, one of simulation applied method was those
who for each material package of the composition were
assigned the properties of the respective material (den-
sity, modulus of elasticity, yield strength, Poisson's ratio).
In these cases the specimens consist of 2 or 3 thinner
specimens (mini specimens), which by overlap form the
standard specimen. The package of 2 or 3 mini specimens
is thought that forming a single specimen (a block) and
on this block was applied the simulation process. The
force applied to the multi-package specimen was also cal-
culated with the relation (1), where the values of the
force are those obtained at the tensile test for the mate-
rials from the composition of the respective specimen.
The Figure 12 shows the comparison between the ulti-
mate tensile strength values determined by the tensile
test and those for Von Mises stress determined by

Applied Polymer_wiLEy-| 2

simulation for the speeds used in 3D printing. For those
three speeds analyzed, the values obtained by simulation
are higher than those obtained during the tensile test. By
simulation, higher values are obtained up to 4.7% than
those obtained by testing.

Figure 13 shows the comparison between the ultimate
tensile strength values determined by the tensile test and
those for Von Mises stress determined by simulation for
the different printing angles. The simulation provided
values up to 5.8% higher than those determined by the
tensile test.

The Figure 14 shows the comparison between the
ultimate tensile strength values determined by the tensile
test and those for Von Mises stress determined by simula-
tion or by applying the rule of mixtures for multi-
material specimens. In the case of simulation, the values
are up to 7.2% higher than those determined by tensile
tests. In the case of ROM application, the values are
higher by up to 6.5% compared to those obtained by ten-
sile tests. The comparison between the two simulation
processes shows that the ROM-based simulation is more
accurate (see Figure 15), in other words the values deter-
mined are closer to those obtained by the tensile test.

To verify whether the application of the simulation
process provides the expected results, three sets of speci-
mens were 3D printed. Thus, for printing speed of
50 mm s~' and the printing angle of 30° by 3D printing
were manufactured multi-material specimens (with
2 packages of material). The proportion was 80% PLA
and 20% PLA-Glass (3.2 mm thick for PLA and 0.8 mm
thick for PLA-Glass). The value determined for Von
Mises stress by applying the simulation was 7.5% higher
than that recorded by the tensile test. In the case of
applying the simulation based on the rule of mixtures,
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FIGURE 12 Comparison
between results of the tensile test and
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simulation process for used printing
speed [Color figure can be viewed at
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FIGURE 13 Comparison
between results of the tensile test and
simulation process for used printing
angle [Color figure can be viewed at
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FIGURE 14 Comparison
between results of the tensile test
and simulation process in case of
multi-package specimens
(printing speed of 50 mm s™")
[Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 15 Results of simulation process for PG50_45 specimen (left-by ROMand right-by SIM) [Color figure can be viewed at

wileyonlinelibrary.com]
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the value determined for Von Mises stress was 3.7% lower
than that recorded by the tensile test. Also, the specimens
were printed with 3 packages of material. A set of speci-
mens had a proportion of 75% PLA and 25% PLA-Glass
(2 packages of PLA with a thickness of 1.5 mm each, and
between them a pack of PLA-Glass with a thickness of
1 mm). For this configuration, the value determined for
Von Mises stress by applying the simulation was 4.5%
higher than that recorded by the tensile test. In the case
of applying the simulation based on the rule of mixtures,
the value determined for Von Mises stress was 5.3% lower
than that recorded by the tensile test. Another set of spec-
imens have had a proportion of 65% PLA and 35% PLA-
Glass (2 packages of PLA-Glass with a thickness of
0.7 mm each, and between them a pack of PLA with a
thickness of 2.6 mm). For this configuration, the value
determined for Von Mises stress by applying the simula-
tion was 2% higher than that recorded by the tensile test.
In the case of applying the simulation based on the rule
of mixtures, the value determined for Von Mises stress
was 6.3% lower than that recorded by the tensile test.
Figure 16 shows the resilience (impact resistance) evo-
lution depending on the material used in 3D printing of
the specimens. The specimens used to determine the resil-
ience were U-notched, with dimensions 55 x 10 X 10 mm.
In the case of the multi-package specimens, the thickness
of the material package was 5-5 mm for the PG type mate-
rial combination and 3-4-3 mm for PGP or GPG type
material combinations. The resilience study shows that for
the 3D printed specimens from PLA, the resilience regis-
ters the highest values. PLA-Glass specimens have lower
values, which mean that this type of material is more frag-
ile than PLA. Also, for multi-package specimens
(GPG50_45) high values are recorded compared to the
other values recorded by multi-package specimens. The
alternation of the materials in the structure (part) allows

P50_45 PG50_45

Specimen type

GPG50_45 PGP50_45

the improvement of their behavior to resilience, especially
to those in which the materials alternate of three times.

4 | CONCLUSIONS

The presented study was applied on two materials com-
monly used in 3D printing, called PLA and PLA-Glass.
The materials being used in different applications, it was
tried that based on the physical and mechanical properties
established by tests for the 3D printed structures (parts)
these can be used successfully in the FEA. The possibility
of applying the FEA with good results will allow the opti-
mization of the geometry for the 3D printed structures but
also the shortening of their design time. The simulation
process was based on information acquired during testing.
The analysis of the test results performed on the 3D
printed structures shows that the determined values have
depended on the following parameters of the printing pro-
cess: material and the printing speed and angle. The study
shows that changing parameters of the printing process
leads to a change in the value of the determined proper-
ties, but these differences are not large. The application of
the simulation process allows obtaining of results compa-
rable to those measured in the tests. The use of two simu-
lation processes allowed a comparison to be made
between the results provided, by their application. Thus,
the simulation allows obtaining results close to those
obtained by the tensile test. For the printing speeds used
in the study, the error is not higher than 5%, compared
with that determined by tests. In the case of printing
angles, the application of the simulation generated an
error of maximum 6%, compared with the test results. The
study also shows that the simulation can be applied with
good results in the case of 3D printed structures that are
obtained by combining two materials (multi-material). For
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the combination of analyzed materials, in the case of FEA
by applying rule of mixtures the error does not exceed
6.5% compared with the test results. By applying the simu-
lation (assigning for each material of composition its
mechanical properties), the error is higher than in the case
of using ROM, but even in this case does not exceed the
value of 7.2%. Also, the paper shows the resilience’s evolu-
tion for the utilized materials. By the materials combina-
tion it is possible to improve the resilience.

Because the results of the simulation process do not
concur with those of the tensile tests, the future studies
will be concentrated on the reduction of these. A possible
source of the errors is the multi-material specimen dimen-
sions (package thickness) that have deviation in compari-
son with the dimension established by design. Thus, the
accuracy of the measured dimensions for the 3D printed
specimens will increase. Whether it is considered that the
specimen's shell has other properties than those of central
area, then, through tests, they must be established. In this
case, it will be considered that the specimen is composed
of two or more zones (entities) depending on printing
parameters, and the simulation process will be performed
in the same way as for the multi-material specimens. Also,
the researchers will try to improve the mathematical
model of the simulation process for the increasing the pre-
dictability of this and to decrease the errors value. The use
of the simulation process in the design of 3D printed struc-
tures allows their optimization, because the studies pres-
ented in the paper show that the simulation results are
close to those of tensile tests. Simulation can also be
applied with acceptable results in the case of multi-
material structures. The simulation process is based on the
physical and mechanical properties obtained by per-
forming various tests on 3D printed structures. The simu-
lation will not be able to be applied if the mechanical
characteristics of the 3D structures are not known. The
study shows that these characteristics depend on the mate-
rial and the printing speed and angle. Also, the paper
shows that FEA applied to the structures (parts) design for
3D printing can be used with good results, but also, it can
save time, in comparison with classical methods.
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