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Abstract. The current study aims to bridge a crucial gap in existing research, potentially paving
the way for a groundbreaking transformation in the development and application of PLA/Brass
composites within diverse industries such as aerospace, automotive, consumer goods, and
medical devices. The primary objective of this research is to assess the mechanical properties of
a composite material made up of Polylactic Acid (PLA) and Brass, produced using Fused
Deposition Modelling (FDM) 3D printing technology. Brass, renowned for its exceptional
mechanical properties, has been integrated into PLA to form this composite material. The study
employs various analytical techniques, including Fourier Transform Infrared Spectroscopy
(FTIR), Scanning Electron Microscopy (SEM), and Energy-Dispersive X-ray Spectroscopy
(EDX), to scrutinize the chemical and physical characteristics of the PLA/Brass composite. This
research revolves around exploring the impact of different printing parameters on the mechanical
behavior of the printed specimens. The investigation delves into aspects such as tensile strength,
compression resistance, bending properties, and impact resistance. To achieve this, test
specimens with varying compositions have been produced using a Raise3D N2 Plus FDM 3D
printer, with careful manipulation of printing parameters such as layer height and printing speed.
The compositional variations range from 15% wt. to 80% wt., with layer height values spanning
0.25 mm, 0.30 mm, and 0.35 mm, and printing speeds ranging from 20 mm/s to 40 mm/s. The
outcomes of this research have revealed the distinct influences of specific printing parameters
on various mechanical properties. For example, in the context of tensile testing, it was observed
that the combination of a layer height of 0.25 mm and a printing speed of 30 mm/s resulted in
the highest elastic modulus. Similarly, the study provides crucial insights into optimizing
PLA/Brass composite material properties through controlled additive manufacturing parameters,
catering to diverse application requirements. Key findings include an elastic modulus of 0.870
GPa, ultimate tensile strength of 17.53 MPa, yield strength (0.2% offset) of 15.47 MPa, bending
strength of 42.25 MPa, bending modulus of 3.679 GPa, compression strength of 33.46 MPa,
compression modulus of 5.748 GPa, and energy absorption of 0.246 J. This study advances our
knowledge of PLA/brass composite while also providing a chance to create innovative materials.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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1. Introduction

Additive manufacturing, commonly known as 3D printing, stands as a burgeoning field in component
production. It involves the meticulous layer-by-layer construction of three-dimensional objects,
enabling the fabrication of intricate geometries and optimized designs [1],[2]. Among the prevailing
techniques in 3D printing, Fused Deposition Modelling (FDM) has gained widespread adoption. This
process employs an indexing nozzle to deposit a thermoplastic material onto a platform. FDM offers
distinct advantages including durability, user-friendliness, and streamlined manufacturing procedures

[3].

In the realm of FDM, materials such as PLA (Polylactic Acid) and ABS (Acrylonitrile Butadiene
Styrene) are frequently utilized due to their favorable thermal and rheological properties for component
production [4]. Nonetheless, notable strides have been made in the development of new thermoplastic
filaments for FDM, such as PLA/Copper, PLA/Steel, PLA/Brass, and PLA/Copper, which demonstrate
enhanced thermal conductivity [5]. These materials find applications across diverse industries including
automotive, electronics, biomedical, construction, aerospace, and appliances [6-10].

The judicious selection of printing parameters is pivotal in achieving optimal performance and
mechanical integrity in FDM-manufactured products [5]. Variables like infill pattern, infill density,
raster width, raster angle, layer thickness, printing speed, air gap, operating temperature, and build
orientation wield significant influence over the mechanical properties of the printed specimen as well as
the efficiency of the manufacturing process [4],[11],[12]. Several researchers have investigated the FDM
process parameter's effect on mechanical behavior. Lanzotti et al.[ 13], found that increasing raster angle
resulted in a drop in strength while lowering layer thickness increased tensile strength. According to
Chacén et al.[1], specimens that had lesser layer thickness had greater tensile strength and ductility;
these improved mechanical qualities were attained with flat edge orientation.

This study aims to comprehensively characterize the physical properties of PLA/Brass composites
employing techniques such as Scanning Electron Microscopy (SEM), Energy Dispersive X-ray
Spectroscopy (EDX), and Fourier Transform Infrared Spectroscopy (FTIR). Furthermore, it seeks to
investigate the impact of different factors on the mechanical properties of PLA/Brass samples fabricated
through FDM. Experimental tests, encompassing tensile, compression, and bending testing, will be
conducted to ascertain the strength and stiffness of the printed samples [4], [5].

In summary, the project background, objectives, and scope are discussed in the introduction. The
material and methods section describes the procedures and approaches used by the RAISE3D N2 Plus
printer to carry out this study. Next, the design of the experiment consists of a list of the constant and
variable parameters for setting up and calibrating the 3D printer. In the results and discussion, the
characterization of the PLA/Brass's physical and chemical properties utilizing FTIR analysis and SEM
+ EDX analysis is included. Finally, the results and analysis of the mechanical testing which consists of
tensile, compression, bending, and impact are then discussed.

2. Materials and Methods

During the experimental process, the tensile test specimens were created using the Idea Maker 3D
Desktop Raise3D N2 Plus Printer with a 0.4 mm nozzle, and PLA filament with a 1.75 mm diameter
was utilized. G-code files are generated through the Idea Maker slicing software that controls the
printing process. Several factors, as indicated in Table 1, were maintained constant throughout the
experiment to ensure precise and reliable results.
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Table 1. Constant Printing Parameters.

No Parameters Values (Kept Constant)

1 Horizontal Shell: solid layer Top: 8 layers, Bottom: 7 layers
2 Fill Pattern Concentric

3 Infill Percentage 50%

4 Raster angle 0°

5 Nozzle Speed 0.4 mm

6 Filament Diameter 1.75 mm

7 Extruder Temperature 210°C

8 Bed Temperature 60°C

2.1. Design of Experiment

The experiment's design includes the chosen parameters and their respective values for investigation.
The three parameters selected are layer height, printing speed, and metal composition. Two weight
percentages were chosen for metal composition: 15% and 80% of the metal. A concentric infill pattern
and a 50% infill percentage were maintained throughout the experiment. In total, there were nine
different combinations of parameters. Since there were two samples for each combination, a total of 18
specimens were printed. Additionally, these 18 specimens were multiplied by the two different Brass
metal compositions, resulting in a total of 36 samples printed for each mechanical test. The list of
parameter combinations is listed in Table 2.

Table 2. Parameter Combination List.

Combination Layer Height (mm) Printing Speed(mm/s)
1 0.25 20
2 0.25 30
3 0.25 40
4 0.30 20
5 0.30 30
6 0.30 40
7 0.35 20
8 0.35 30
9 0.35 40

2.2. Fabrication of 4 Types of Specimens

The 3D model of the tensile, compression, bending, and impact geometries was created by using
SOLIDWORKS 2021 edition. The tensile specimen’s dimension was determined based on the ASTM
D638 type 1 standard. For the impact specimens, dimensions were defined according to the ASTM D256
standard. In contrast, the compression specimens were developed based on the ASTM D695 standard,
and the bending specimens were based on the ASTM D690 standard. The design files were saved in .stl
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format after the modeling process to be further processed using slicing software. In this project, Idea
Maker was utilized as the slicing program.

The specimen's print settings, filament settings, and specific values for the printing parameters were
adjusted following the experiment's design using the slicing software. The software then generates G-
code instructions after slicing. The G-code files were then transferred to a Secure Digital (SD) card and
inserted into the LCD of the 3D printer for recognition. During physical manufacturing, a PLA-Brass
filament extruder with a heat block and integrated heating element was fed PLA-Brass filament. The
filament was pushed into the heat block, where it melted with the assistance of gears and rollers inside
the extruder. The molten material was then extruded through the nozzle of the heat block and deposited
onto the printing platform layer by layer in the x and y axes using the movable FDM head [14]. The
extruder head made the necessary adjustments and continued building layers until the complete physical
replication of the CAD file was produced. The functioning mechanism of FDM is illustrated in Figure
1.

Figure 1. Working mechanism of FDM

2.3. Tensile Testing

A tensile test was conducted using the INSTRON 3367 machine. This machine has a maximum load
capacity of 50 kN. According to the ASTM D638 standard [15], the maximum testing rate allowed is 5
mm/min. Figure 2 illustrates the shape and dimensions of the Type 1 specimen used in the test, which
has a thickness of 3.2 mm.
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Figure 2. (a) Type 1 specimen geometry according to ASTM D638 standard (b) A sample of printed
tensile specimen
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2.4. Compression Testing

The compression test was performed using the INSTRON 3367 machine, which has a maximum load
capacity of 50 kN. Next, the test was conducted following the ASTM Standard D695, which specifies a
cylindrical specimen with a diameter of 12.7 mm and a length of 25.4 mm. The testing speed for
compression is set at 1.3 = 0.03 mm/min. Figure 3 provides a visual representation of the shape and
dimensions of the compression specimen.

50.8 mm

12.7mm

(a) (b)

Figure 3. (a) Specimen geometry and dimension according to ASTM D695 standard (b) A sample of
printed compression specimen

2.5. Bending Test

The bending properties of both metal weight compositions were evaluated using the INSTRON 3367
device, which has a maximum load capacity of 50 kN. The ASTM D790 standard was utilized for this
test. The criterion for determining the specimen's cracking or deflection is when it exceeds 5% of its
initial dimensions after the ASTM D790 test is completed. While various specimen shapes are
acceptable, but most common ASTM specimen size is (3.2mm x 12.7mm x 125mm). Figure 4 illustrates
the shape and dimensions of the bending specimen.
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Figure 4. (a) Specimen geometry and dimension according to ASTM D790 standard (b) A sample of
printed bending specimen

2.6. Impact Test

The Izod impact test was selected as the testing method, following the ASTM D256 standard, for the
printed samples. The dimensions of the test specimen will adhere to the requirements specified in ASTM
D256, as outlined in Figure 5(a). The CEAST 9050 impact pendulum, which has an energy range of 0.5
to 50 J, will be used for the I1zod impact test. Figure 5 provides a visual representation of the shape and
dimensions of the impact specimen.
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Figure 5. (a) specimen's geometry and dimensions conform to the ASTM D256 standard (b) A sample
of printed impact specimen

3. Results and Discussion

3.1. FTIR Analysis

Fourier Transform Infrared (FTIR) analysis stands as a pivotal technique in the realms of materials
science and chemistry. Its widespread application lies in dissecting the chemical composition of various
materials. This method hinges on measuring the absorption of infrared light by the sample under
scrutiny. When infrared light permeates the material, it engages with the different chemical bonds
present, causing specific wavelengths to be absorbed. The resultant spectrum, a product of FTIR
analysis, exhibits distinct peaks and troughs. Each of these points corresponds to the absorption and
transmission of infrared light at precise wavelengths. These peaks and troughs are invaluable, offering
profound insights into the functional groups and molecular structure inherent in the sample. Therefore,
FTIR analysis emerges as an indispensable tool, enabling the identification and thorough analysis of a
material's chemical composition.
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Figure 6. (2) Analysis Stacking Graph for PLA and PLA/Brass (b) Analysis Overlay Graph for PLA
and PLA/Brass

FTIR spectroscopy was utilized to examine the surface composition of materials used in the production
of both Polylactic Acid (PLA) and PLA/Brass filament. In Figure 6(a), the obtained spectra are
presented, revealing distinct characteristics associated with both PLA and PLA/Brass. These spectral
features correspond to various functional groups, including carboxylic and carbonylic groups, as well
as chemical bonds such as C-H, C=C, and C-O-C.



7th International Conference on Mechanical Engineering Research 2023 (ICMER 2023) IOP Publishing
2688(2024) 012003  doi:10.1088/1742-6596/2688/1/012003

Journal of Physics: Conference Series

In the wavenumber range spanning from 2900 to 3200 cm™!, discernible peaks linked to C—H compounds
present in PLA are evident. Furthermore, the region encompassing 1086.27 to 1200 cm™! indicates the
presence of oxygenated compounds. Notably, peaks at 1755.21 and 1455.58 cm ™' signify the vibrational
modes associated with carboxyl and/or carbonyl groups in PLA [16]. Intriguingly, these characteristic
peaks from both PLA and PLA/Brass materials remain evident in the spectra, suggesting that the
fingerprint region does not display significant distinctions. This observation can likely be attributed to
the 15wt.% composition of metal within the PLA/Brass composite. Figure 6(b) presents an overlay
graph, facilitating a direct comparison of the FTIR spectra between PLA and PLA/Brass, thus
highlighting the remarkable similarities between these two materials.

3.2. SEM and EDX Analysis

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX) stand as two
complementary techniques extensively employed for the microscopic analysis of materials [17]. SEM
facilitates the examination of a sample's surface topography with remarkable resolution by scanning it
using an electron beam. This process generates signals that yield intricate images of the sample's surface,
allowing researchers to scrutinize its morphology and structural characteristics. In conjunction with
SEM, EDX is frequently utilized to dissect the elemental composition of materials. It achieves this by
subjecting the sample to electron bombardment, which prompts the atoms within the material to emit
distinctive X-rays. The ensuing energy spectrum of these emitted X-rays is subsequently analyzed. By
delving into this energy spectrum, researchers can discern the elements present in the sample and glean
insights into their relative abundance. SEM and EDX together provide invaluable insights into the
composition, structure, and morphology of materials at a microscopic scale. Consequently, they
empower researchers to explore and comprehend diverse material properties and phenomena

B NSO L TR % SR

Figure 7. (a) SEM micrograph of PLA/Brass without metal particle (b) SEM micrograph of
PLA/Brass with metal particle

Table 3. Element content table of the PLA/Brass

Element Line Mass% Atom%

C K 48.50 + 0.63 62.86 +0.82
0] K 33.73£1.02 32.82+1.00
Cu L 13.32+£1.03 3.26+0.25
Zn L 445+0.75 1.06 £0.18
Total 100.00 100.00




7th International Conference on Mechanical Engineering Research 2023 (ICMER 2023) IOP Publishing
Journal of Physics: Conference Series 2688(2024) 012003  doi:10.1088/1742-6596/2688/1/012003

Table 3 in this study presents the outcomes of SEM and EDX analyses carried out on a PLA/Brass
filament that was manufactured under the Magma brand. This particular filament boasts a metal
composition of 15wt.% and exhibits a diameter measuring 1.75mm. The meticulous analysis conducted
has revealed the presence of minute metal particles embedded within the filament's structure. Upon a
careful examination of the data provided in Figure 7(a), it becomes evident that the elemental
composition of the filament is predominantly composed of carbon, comprising a significant portion of
the mass, specifically 48.50%. In the given composition, oxygen stands out as the second most abundant
element, making up a significant 33.73% of the total mass. Following closely is copper, contributing
13.32% of the mass, with zinc trailing behind at 4.45%. Figure 7(b) provides a detailed examination by
zooming in, offering a closer inspection through a single-point analysis of the filament. This specific
view unveils the dimensions of the metal particles within the filament, with their size measured in
nanometers (nm).

3.3. Tensile Results

The stress-strain curves were obtained through conducting tensile tests, serving as the foundation for the
analysis of the mechanical properties of the material. In Figure 8, the stress-strain behavior of a particular
specimen is depicted. This specimen was produced using printing parameters (0.30, 30) and accounts
for 15% of the material composition.

Table 4 provides the average values of the yield strength, elastic modulus, and ultimate tensile strength
for various sets of parameters. These values hold significant importance as they furnish valuable insights
into how the printed specimens react when subjected to tension. They contribute to a comprehensive
understanding of the mechanical characteristics exhibited by these printed materials.

;

Ultimate Tensile
Strength

Elastic Modulus

0.008 \ 5L

0.006 % \

0004 - n

noo P ’ Yield Strength
//

Stress (MPa)

0.2% offset

6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23

Strain

Figure 8. The stress-strain curve of a specific printing parameter (0.30, 30) — composition: 15 wt.%.

The stress-strain curve plays a pivotal role in understanding a material's mechanical properties. In this
graphical representation, the x-axis represents the applied strain, indicating how much the material
deforms. On the other hand, the y-axis shows the corresponding stress, which is the force experienced
by the material per unit area. One crucial parameter extracted from this curve is the ultimate tensile
strength (UTS). This value signifies the maximum stress a material can endure before undergoing
significant plastic deformation. Essentially, it gauges the material's capacity to withstand tension without
fracturing. Another vital aspect is the elastic modulus, often referred to as stiffness. This metric
quantifies the material's resistance to deformation when subjected to applied stress. It is essentially
represented by the slope of the linear segment of the stress-strain curve and serves as an indicator of the
material's ability to revert to its original shape after the stress is relieved. The yield strength, on the other
hand, delineates the stress necessary to induce a specific degree of plastic deformation in the material.
This point on the curve marks the transition from the linear elastic phase to the plastic deformation
phase, providing a pivotal insight into the material's behavior. These mechanical attributes hold
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paramount importance in the prediction and understanding of material performance under diverse
loading conditions. Consequently, they empower engineers and researchers in the judicious selection
and design of materials tailored for specific applications.

Table 4. Average results of Elastic Modulus, Ultimate Tensile Strength and Yield Strength

Layer Height, Composition Elastic Modulus  Ultimate Tensile Yield Strength
Strength (MPa)

Printing Speed (%) (GPa) (MPa)
0.25,20 15 0.810 13.36 13.27
0.25, 30 15 0.870 16.08 13.55
0.25,40 15 0.786 14.60 12.78
0.30, 20 15 0.810 17.11 13.42
0.30, 30 15 0.786 16.22 10.33
0.30, 40 15 0.792 14.94 12.92
0.35,20 15 0.807 16.14 15.47
0.35,30 15 0.820 17.53 14.41
0.35,40 15 0.772 14.57 13.86
0.25,20 80 0.620 11.14 8.43
0.25,30 80 0.580 11.69 8.31
0.25,40 80 0.620 11.78 8.52
0.30, 20 80 0.631 12.01 9.00
0.30, 30 80 0.622 11.62 8.40
0.30, 40 80 0.622 11.58 8.61
0.35,20 80 0.657 12.15 8.88
0.35,30 80 0.663 11.92 8.86
0.35,40 80 0.657 12.31 9.01

Figures 9(a), 9(b), and 9(c) offer a visual representation of how parameter combinations (layer height,
printing speed) and metal composition relate to mechanical properties such as ultimate tensile strength,
elastic modulus, and yield strength. Figure 9(a) specifically depicts the influence of these combinations
on ultimate tensile strength. By scrutinizing the graph, one can discern the impact of varying layer
height, printing speed, and metal composition on the material's ultimate tensile strength. Moving
forward to Figure 9(b), it clarifies the connection between different parameter combinations and the
elastic modulus. This graph is instrumental in understanding how changes in layer height, printing speed,
and metal composition impact the material's stiffness. Lastly, Figure 9(c) visually represents the
relationship between various parameter combinations and yield strength. A careful analysis of this graph
enables one to assess how different combinations of layer height, printing speed, and metal composition
influence the material's ability to withstand plastic deformation. These graphical representations are
invaluable tools for analyzing the impact of parameter combinations on the mechanical properties of the
material. They assist in recognizing trends, correlations, or notable variations, ultimately enhancing the
understanding and optimization of the manufacturing process and material selection for specific
applications.
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Figure 9. (a) Elastic Modulus against layer height and printing speed (b) Ultimate Tensile Strength
against layer height and printing speed (c) Yield Strength against layer height and printing speed

The findings from the experiment, detailed in Table 4 and illustrated in Figures 9(a), 9(b), and 9(c),
provide significant insights. Notably, specific combinations of layer height and printing speed stood out
concerning the elastic modulus. For the 15wt.% composition, the most noteworthy results were obtained
with settings (0.25,30), leading to a modulus of 0.870 GPa. Similarly, for the 80wt.% composition, the
combination (0.35,30) yielded the highest modulus of 0.663 GPa. Conversely, combinations (0.35,40)
and (0.25,30) produced the lowest elastic modulus values: 0.772 GPa for the 15wt.% composition and
0.52 GPa for the 80wt.% composition. Turning to ultimate tensile strength, the combination (0.35,30)
emerged as the most effective, yielding a strength of 17.53 MPa for the 15wt.% composition. In contrast,
the (0.25,20) combination resulted in the lowest values, with a strength of 13.36 MPa for the 15wt.%
composition and 11.14 MPa for the 80wt.% composition.

Similarly, in terms of yield strength (0.2% offset), the combination (0.35,20) exhibited the highest
values: 15.47 MPa for the 15wt.% composition. On the other hand, the combination (0.30,30) showed
the lowest value: 10.33 MPa for the 15wt.% composition and 8.31 MPa for the 80wt.% composition at
(0.25,30). Overall, the 15wt.% composition demonstrated higher elastic modulus, ultimate tensile
strength, and yield strength (0.2% offset) than 80wt.% composition. These findings highlight the metal
composition's influence on the printed specimens' mechanical properties. Additionally, the specific
combinations of layer height and printing speed play a crucial role in achieving optimal mechanical
performance. These insights are valuable for understanding the relationship between the printing
parameters, metal composition, and mechanical properties. Previous studies have shown that adding
fiber reinforcement increases the tensile strength of pure polymers, with findings for carbon fiber
reaching 234 GPa [19], carbon nanotube reaching 270-950 GPa [20], pure PLA reaching 1280 MPa

10
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[21], and pure ABS reaching at 1681.5 MPa [22]. They can guide future material selection and process
optimization efforts for desired mechanical characteristics in 3D printing applications.

3.4. Compression Results

Plastics with and without reinforcement can both have their compressive characteristics measured using
the ASTM D695 test. Compression properties comprise two significant aspects: compressive strength
and compressive modulus. Compressive strength denotes the capacity of a material to endure stress
without breaking when subjected to a progressively increasing load. The strength is calculated by
dividing the initial cross-sectional area of the compression specimen into the maximum load. Young's
modulus of compression, often known as the compressive modulus, shares similarities with the tensile
modulus and characterizes the material's rigidity when subjected to compressive forces. The calculation
of the compression modulus relies on the magnitude of the applied compressive strength.

Table 5. Average results of Compression Strength and Compression Modulus

Layer Height, Composition Compression Strength Compression Modulus
Printing Speed (%) (MPa) (GPa)
0.25,20 15 15.05 5.748
0.25, 30 15 23.62 4.154
0.25, 40 15 19.62 4.905
0.30, 20 15 26.69 3.628
0.30, 30 15 27.57 4.405
0.30, 40 15 28.58 3.277
0.35,20 15 28.34 4.584
0.35, 30 15 33.46 3.427
0.35, 40 15 33.10 3.398
0.25,20 80 6.35 2.648
0.25, 30 80 9.74 2.114
0.25, 40 80 10.3 2.430
0.30, 20 80 7.15 2.884
0.30, 30 80 10.3 2.535
0.30, 40 80 6.61 3.110
0.35,20 80 9.36 2.443
0.35, 30 80 10.94 1.867
0.35, 40 80 12.00 1.653

The relationship between the independently collected mechanical property data and the combination
of parameters was investigated, and the graphs were generated to identify any patterns or trends.
Specifically, the impact of layer height, printing speed, and metal composition on compression strength
and compression modulus was examined. The resulting graphs can be found in Figures 10: (a) and (b).
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Figure 10. (a) Compressive Strength against layer height and printing speed (b) Compressive
Modulus against layer height and printing speed

The analysis of Table 5 and Figure 10(a) uncovers significant trends in compression strength concerning
different combinations of layer height and printing speed, specifically focusing on two distinct material
compositions, 15wt.% and 80wt.%. Notably, the highest compression strength was attained when
employing a layer height and printing speed of (0.35, 30) for the 15wt.% composition, yielding an
impressive strength value of 35.46MPa. In contrast, the combination (0.25, 20) exhibited the lowest
compression strength for both compositions, with values of 15.05MPa for the 15wt.% composition and
6.35MPa for the 80wt.% composition. This indicates that (0.25, 20) is a suboptimal parameter set for
compression strength, regardless of the material composition used. Upon comparing the two
compositions, a clear pattern emerges - the 15wt.% material consistently demonstrated higher
compression strength than the 80wt.% material.. This observation may have implications for the
selection of material compositions in applications where compression strength is a critical factor.
Turning attention to the analysis of compression modulus in Figure 10(b), it is apparent that the
specimen with a layer height and printing speed of (0.25,20) in conjunction with a 15wt.% composition
achieved the highest modulus at 5.748GPa. Conversely, the combination (0.30,40) displayed the lowest
modulus for the 15wt.% composition, measuring at 3.277GPa. Furthermore, the combination (0.35,40)
yielded the lowest modulus for the 80wt.% composition, measuring at 1.653GPa. Overall, the 15wt.%
material demonstrated a higher compression modulus compared to the 80wt.% material. Low-infill
specimens with cavities and voids are likely to significantly affect the strength of the specimen [18].

3.5. Bending Results

The bending test results will primarily revolve around the analysis of bending properties, specifically
bending strength and bending modulus. Bending strength pertains to a material's ability to withstand
stress when subjected to bending forces perpendicular to its longitudinal axis, thereby indicating its
stiffness [19]. On the other hand, bending modulus, also referred to as bending modulus, quantifies a
material's resistance to bending. Following the completion of the bending test on the entire specimen,
average values of the bending properties are calculated and organized into a tabular format. The
relationship between the independently collected mechanical property data and the combination of
parameters was investigated, and the graphs were generated to identify trends. Specifically, the impact
of layer height, printing speed, and metal composition on bending strength and bending modulus was
examined. The resulting graphs can be found in Figures 11: (a) and (b). These graphs visually represent
how variations in the mentioned parameters and metal composition influence the bending strength and
bending modulus.
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Table 6. Average results of Compression Strength and Compression Modulus

Layer Height, Composition Bending Strength Bending Modulus
Printing Speed (%) (MPa) (GPa)
0.25,20 15 33.08 2.483
0.25, 30 15 31.76 3.224
0.25, 40 15 31.97 3.075
0.30, 20 15 37.91 3.591
0.30, 30 15 42.25 3.679
0.30, 40 15 34.73 3.016
0.35,20 15 35.49 3.050
0.35, 30 15 34.46 3.269
0.35, 40 15 37.38 3.315
0.25,20 80 25.85 1.883
0.25, 30 80 25.71 1.897
0.25, 40 80 27.33 1.896
0.30, 20 80 18.81 1.736
0.30, 30 80 28.70 1.970
0.30, 40 80 16.98 2.118
0.35, 20 80 25.12 1.768
0.35, 30 80 26.34 1.915
0.35, 40 80 26.10 1.784

Bending Strength (MPa)

W
D_/W,:._a

== B0t % compositior

(a)

Layer Height, Printing Speed

Bending Modulus (GPa)

S~

o—c—a\‘,//_\w,zc’\_a
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Figure 11. (a) Bending Strength against layer height and printing speed (b) Bending Modulus
against layer height and printing speed
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Based on the data provided in Table 6 and Figure 11(a), it can be observed that the specimen with a
15wt.% composition, layer height, and printing speed of (0.30,30) demonstrated the highest bending
strength at 42.25 MPa. On the other hand, the lowest bending strength for the 15wt.% composition was
observed at (0.25,30) with a strength value of 31.76 MPa, for the specimens with an 80wt.%
composition, the lowest bending strength was recorded at (0.30,40) with a strength of 16.98 MPa.
Overall, the 15wt.% composition exhibited better bending strength compared to the 80wt.%
composition. Similarly, based on Figure 11(b), it can be seen that the specimen with a 15wt.%
composition, layer height, and printing speed of (0.30,30) displayed the highest bending modulus at
3.679GPa. Conversely, the lowest bending modulus for the 15wt.% composition was observed at
(0.25,20) with a modulus value of 2.483GPa. For the specimens with an 80wt.% composition, the lowest
bending modulus was recorded at (0.30,20) with a modulus of 1.736GPa.

3.6. Impact Results

This test aims to measure the energy absorbed by the specimen. Energy absorbed refers to the amount
of energy the specimen can withstand and dissipate during an impact test. This value provides insights
into the material's toughness or hardness. The sample undergoes plastic deformation during the trial,
particularly in the notch region. As the test progresses, the specimen absorbs energy and experiences
work hardening within the plastic zone near the notch. Eventually, when the specimen reaches its energy
absorption limit, a crack occurs, indicating the maximum energy it can absorb without fracturing.

Table 7. Average results of Energy Absorbed

Layer Height, Composition Energy Absorbed
Printing Speed (%) J)
0.25,20 15 0.094
0.25, 30 15 0.108
0.25, 40 15 0.104
0.30, 20 15 0.102
0.30, 30 15 0.139
0.30, 40 15 0.122
0.35,20 15 0.103
0.35, 30 15 0.111
0.35, 40 15 0.110
0.25,20 80 0.193
0.25, 30 80 0.217
0.25, 40 80 0.249
0.30, 20 80 0.239
0.30, 30 80 0.246
0.30, 40 80 0.236
0.35,20 80 0.220
0.35, 30 80 0.214
0.35, 40 80 0.209
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The relationship between the independently collected mechanical property data and the combination
of parameters was explored, and graphs were generated to identify the trends. Specifically, the impact
of layer height, printing speed, and metal composition on energy absorbed and impact energy was
examined. The resulting graphs can be found in Figure 12 (a). These graphs visually represent how
variations in the mentioned parameters and metal composition influence the energy absorbed and impact
energy.

Energy Absorbed (J)

0.25, 20 0.25, 30 0.25, 40 0.30, 20 0.30, 30 0.30, 40 0.35, 20 0.35, 30 0.35, 40

Layer Height. Printing Speed

e | St % cOmMposition - = 80wt % composition

(a)

Figure 12. (a) Energy Absorbed against layer height and printing speed

Based on the data provided in Table 7 and Figure 12(a), it can be observed that the specimen with an
80wt.% composition, printed at a layer height and printing speed of (0.25,40), displayed the highest
energy absorbed at 0.249 J. Conversely, the lowest energy absorbed was observed at (0.25,20) for both
the 15wt.% and 80wt.% compositions, measuring 0.094 J and 0.193 J, respectively. The comparison
between the two compositions, it can be concluded that the 80wt.% specimens absorbed more energy
than the 15wt.% specimens.

4. Conclusion

In conclusion, this study focused on examining the physical and mechanical properties of PLA/Brass
composites and analyzing the mechanical performance of 3D printed components made through fused
deposition modeling. The study analyzed the impact of printing parameters (layer height, printing speed)
and composition on various mechanical properties, including elastic modulus, ultimate tensile strength,
yield strength, bending strength, bending modulus, compression strength, compression modulus, and
energy absorbed. The results highlighted the significant influence of both printing parameters and
composition on the mechanical properties of the PLA/Brass composites.

The specimens with a 15wt.% brass composition and specific printing parameter combinations
exhibited the highest values for several mechanical properties. However, the optimum composition for
impact properties was found to be 80wt.% Brass. The layer height and printing speed were found to
have the most influence on the elastic modulus, while the composition had the greatest impact on the
impact characteristics, we could conclude from the results above. These findings underscore the
importance of selecting appropriate printing parameters and composition to optimize the mechanical
characteristics of 3D printed PLA/Brass composites.

The research utilized the Raise3D N2 Plus Printer for conducting the experiments and reported on
the maximum mechanical responses achieved within the investigated parameter ranges. In the future
parameters such as infill pattern or raster angle also can be varied with the layer height and printing
speed to identify the detailed effect of the printing parameters.
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