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choice of process parameters has a significant impact on the mechanical qualities of
3D-printed parts. This study examined the effect of four crucial process variables on
the tensile strength of polylactic acid (PLA) samples: infill density, printing speed, build
orientation, and layer thickness. Samples were printed in accordance with ASTM D638
using an FDM 3D printer. The findings of this study show that the tensile strength of
the PLA-printed samples is highly influenced by factors such as layer thickness, build
orientation, and infill density. The PLA-printed samples' tensile strength and Young's
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Keywords: modulus were significantly affected by the 90° orientations, hollow infill, 0.4 mm
Fused Deposition Modeling (FDM); thickness, and 100 mm/s speed. Therefore, as the FDM 3D printer becomes
Three-Dimensional Printing (3DP); progressively more significant for manufacturing engineering components, finding the
Polylactic Acid (PLA); Mechanical parameter values that may lead to stronger mechanical and physical characteristics
Properties would definitely help designers and manufacturers globally.

1. Introduction

The aforementioned problems may be resolved by additive manufacturing (AM) technology,
commonly referred to as three-dimensional (3D) printing, because of its adaptable design, ease of
manufacture, reduced production costs, and less waste of raw materials [1-3]. A number of methods
for AM are available for purchase on the market, including stereolithography, laminated object
manufacturing, inkjet modeling, and fused deposition modeling (FDM). But unlike other AM methods
that use various laser systems, resins and powders, FDM is a commonly used technology that includes
extruding semi-solid thermoplastic material via a nozzle [4-6]. Processing times can be significantly
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shortened by employing lightweight materials to create complicated geometries with the use of FDM
[7].

The most widely studied thermoplastic polymers used in the FDM technique are polylactic acid
(PLA), acrylonitrile—butadiene styrene (ABS), polyethylene terephthalate (PET), polypropylene (PP),
and high-density polyethylene (HDPE) [8—10]. One of these polymers, PLA, has drawn a lot of
attention since it is bio-based and biodegradable and can effectively replace plastics made from
petrochemicals [11]. PLA is extremely compatible with a broad spectrum of FDM equipment due to
its low melting point and significantly reduced molecular weight [12]. Based on current research, a
variety of printing parameters, including nozzle temperature, infill pattern, nozzle diameter, printing
speed, build orientation, infill density, layer thickness, etc., can be altered to improve the mechanical
performance of printed parts [13—15]. Therefore, in order to produce components with improved
dimensional accuracy and improved mechanical functioning, it is imperative to manage and regulate
all of these aspects effectively within the FDM manufacturing process [16].

The literature revealed that there had not been much research conducted regarding the effects
of the configurations for the FDM 3D printer (UpPlus model) utilizing PLA filament. The majority of
earlier studies look into how different parameter settings affect 3D printer models like the CubePro,
FlashForge, and MakerBot. This study aims to evaluate the impacts of 3D printing parameters on the
mechanical properties of PLA material manufactured by an FDM 3D printer, such as tensile strength,
Young's modulus, elongation at break, and maximum load. Other researchers who work with PLA
material could derive great insights from the study's results, which will be a useful dataset in the field
of additive manufacturing.

2. Materials and Methods

The main objective of this study was to conduct research into how 3D printing settings affected
the mechanical characteristics of PLA specimens. Figure 1 depicts the study's methodology used for
the project. The initial stage involved planning and setting up the experiment, in which the 3D
printing control configurations were carefully selected. Next, using CAD software, a 3D printer was
used to create the model of the tensile specimen. After that, tensile tests were performed on each

printed sample.
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Fig. 1. Flow Diagram of Research Methodology
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2.1 Materials

PLA's favourable printing attributes and simplicity of usage as a 3D printing filament make it one
of the most widely utilized thermoplastics for FDM. Compared with conventional polymers, this
biodegradable thermoplastic material comes from greener sources, has fewer potentially dangerous
ingredients, and can be manufactured at lower temperatures, saving energy [17]. PLA filaments with
a 1.75 mm diameter were purchased for this research from eSUN in Shenzhen, China. Before being
used, filaments were kept out of the way by being kept in plastic desiccators with silica gel inside to
prevent moisture adsorption.

2.2 Selection of Printing Parameters

Figure 2 shows the selected printing parameters; printing speed (10, 50 and 100 mm/s),
orientation (0, 45 and 90°), infill (solid, loose and hollow) and layer thickness (0.2, 0.3 and 0.4 mm).
The desire to preserve the mechanical performance and printing quality of 3D-printed parts
encouraged the selection of the parameters. Tensile tests were performed in nine sets, with three
replicates for each set. The experiment's response was determined by tensile strength (MPa), Young's
modulus (GPa), maximum load (N), and elongation at break (mm).

Printing speed (mm/s) 10, 50, 100

Build orientation 0°, 45°, 90°

Infill density Solid, loose, hollow

1131

Layer thickness (mm) 0.2,0.3,0.4

Fig. 2. Selected Printing Parameters

2.3 Printing Process

The specimens were printed using a 3D printer (UP Plus 2, Beijing, China) with a 0.4 mm nozzle
diameter in accordance with the experiment's design table. The UP Studio 3 slicer software is utilized
by this printer to slice the 3D model and adjust multiple variables of the 3D printing process, including
layer thickness, printing speed, infill type, heated bed temperature, and fan speed. Standard
tessellation language (STL) files were created from the models once the test pieces were designed by
Catia V9 software. These files were used to position the model for the construction process and
numerical slicing, enabling the FDM-3D printer to produce layers by layers. Next, using the USB or SD
card connector on the FDM 3D printer, the G-code file was uploaded. To assure printing precision
and accuracy, all samples were printed horizontally, with the print head axis aligned.
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2.4 Tensile Testing

Tensile tests were carried out on dog-bone samples in accordance with ASTM-D638, type IV
specifications, with dimensions of 115 mm (length) x 19 mm (width) x 3.2 mm (thickness). All the
samples were performed using a universal testing machine (Instron 5969, MA, USA), equipped with
a 50 kN load cell and a constant crosshead speed of 5 mm/min.

2.5 Statistical Analysis

The significant difference in the primary factors was ascertained by applying one-way ANOVA.
According to Ahmad et al. [18], an ANOVA was also utilized to determine the significant factor
influencing the experimental conditions.

2.6 Microscopic Analysis
The fractured or cracked samples were observed by an optical microscope (Nikon LV, Japan).

3. Results and Discussion
3.1 Mechanical Properties

Figure 3 shows the fractured tensile samples (after tensile testing) from a series of experiments,
E1 to E9. All printed samples failed at the necking area, and the experiment's results were collected
successfully. Figure 4 depicts the tensile strength, Young's modulus, maximum load, and elongation
at break for E1-E9 samples. According to the results, the E9 samples exhibited the highest tensile
strength and Young's modulus values of 42.7 MPa and 2.9 GPa, respectively, as shown in Figure 4(a).
This also demonstrated the relationship between tensile strength and modulus, with increasing
tensile strength leading to greater Young’s modulus. However, E5 samples had the lowest tensile
strength (30.5 MPa) and. In addition, the E1 and E7 samples had lower Young's modulus values than
the rest. Figure 4(b) shows a graph of tensile strength vs maximum load for all samples. This graph
pattern demonstrates how tensile strength increased as the maximum load ascended. However, the
relationship between tensile strength and elongation at break differs, as seen in Figure 4(c).

Fig. 3. Fractured Tensile Samples (E1 — E9)
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Fig. 4. Graphs of (a) tensile strength vs. Young’s modulus (b) tensile strength
vs. maximum load and (c) tensile strength vs. elongation at break

According to the results, the E9 sample exhibits significant mechanical properties. As a
consequence, the parameters of 90° orientation, infill (hollow), 0.4 mm thickness, and 100 mm/s
speed were found to have a substantial effect on the tensile strength and Young's modulus of PLA
samples. Furthermore, the results showed that the samples' tensile strength rose as layer thickness
grew. Previous research utilizing PLA filament reported the same pattern of increasing tensile
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strength [15,19]. Furthermore, an increase in the thickness of each layer allows the flow of the
partially melted substance within the increased gaps between the printed paths, resulting in a
significant improvement in its rigidity [20]. Table 1 shows the results of one-way ANOVA for tensile
strength, maximum load, elongation at break and Young's modulus. One-way ANOVA with a
confidence interval of 95% was used to examine the main effects of input parameters on each
response. In regard to responses, the parameter is significant if the P-value is less than 0.05. The
result indicates that the infill pattern had the significant impact on the value of tensile strength (P-
value is 0.047) and elongation at break (P-value is 0.013). However, all printing parameters were not
significantly different for Young’s modulus and flexural strength, where the P-value was greater than
0.05.

Table 1
One-way ANOVA for all responses
Response Source DF SS SS err MS MS err F-value P-value
Thickness 2 33.6 117.6 16.8 19.6 0.86 0.47
Orientation 2 67.3 83.9 33.7 14 241 0.171
Tensile Infill 2 61.8 89.4 30.9 14.9 12.07 0.047
strength Speed 2 46.8 104.4 23.4 17.4 1.34 0.329
Error 6 395.3 65.9
Total 8 604.8
Thickness 2 62689 202267 31344 33711 0.93 0.445
Orientation 2 137689 127267 68844 21211 3.25 0.111
Young's Infill 2 13089 251867 6544 41978 0.16 0.859
modulus Speed 2 10689 254267 5344 42378 0.13 0.884
Error 6 835668 139278
Total 8 1059824
Thickness 2 14784 52013 7392 8669 0.85 0.472
Orientation 2 29692 37105 14846 6184 2.4 0.171
Maximum Infill 2 27239 39558 13619 6593 2.07 0.208
load Speed 2 20809 45988 10404 7665 1.36 0.326
Error 6 174664 29111
Total 8 267188
Thickness 2 0.8801 0.2735 0.44 0.0456 9.65 0.013
Orientation 2 0.043 1.11 0.022 0.185 0.12 0.891
Elongation at  Infill 2 0.9763 0.1773 0.4881 0.0295 16.52 0.004
break Speed 2 0.124 1.029 0.062 0.172 0.36 0.711
Error 6 2.5898 0.4321
Total 8 4.6132

Note: P-value < 0.05 is significant; DF is degree of freedom; SS err is sum of square error; SS is sum of square; MS is
mean square; MS err is mean of square error

3.1 Cracked Propagation

Figure 5 shows the fractured cross-section of nine specimens. The fracture surfaces of all
specimens were perpendicular to the load direction which indicates a quasi-brittle behavior. Starting
at the necking area, the cracks continued to grow in an uneven pattern. The result indicates that the
type of crack for S2, S5, S6, S8 and S9 samples was horizontal type. Whereby, for S1, S3, S4 and S7
samples show the crack pattern was diagonal type. Theoretically, the samples with diagonal crack
will result the less in mechanical properties. It is proved that the S1 and S7 samples had diagonal
cracked showed the lower value in tensile and flexural strength.
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Fig. 5. Microscopic images on crack pattern of S1-S9 samples

4. Conclusions

In this study, the effect of printing parameters on the mechanical properties of PLA-printed
samples utilizing FDM was investigated. The samples were evaluated by tensile testing (ASTM D638).
The parameters of 90° orientation, 0.4 mm thickness, hollow infill, and 100 mm/s speed were found
to have a substantial effect on the tensile strength and Young's modulus of PLA-printed samples.
Based on experiments, the following factors influence mechanical performance in order of
preference: layer thickness, orientation, printing speed, and infill. The results of the optical
microscope observation show that the samples had cracks of the horizontal and diagonal types. This
study provides adequate information on FDM-3D printing utilizing PLA filament in the polymer
industries, automotive components, and consumer goods industries. Future recommendations
include carrying out the process of printing in a vacuum chamber to improve the final print results.
This is because the nozzle transfers less heat, resulting in a smooth and steady reduction in the
polymer's temperature, which strengthens the bonds between the layers.
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