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ABSTRACT

The objective of this study is to investigate how the mechanical properties of components produced using
acrylonitrile butadiene styrene (ABS) on a Creality Ender-3 3D printer are affected by various fused deposition modeling
(FDM) printing parameters. The impact of various factors, including infill density, printing speed, platform temperature,
extruder temperature, and so on, was assessed in terms of their influence on the ultimate tensile strength, yield strength,
and elastic modulus of the manufactured components. The impact of each parameter was assessed using a Multi-criteria
decision-making (MCDM) methodology. Finally, the second set of parameters, including a 35% infill thickness, 0.25 mm
layer level, 40 mm/s printing speed, 75 <C platform temperature, 210 T extruder temperature, and 75 mm/s travel speed,
was discovered to be the most suitable for ABS filament used to make impellers.
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1. Introduction

Over the recent years, additive manufacturing (AM) has become
a collection of potent technologies capable of facilitating innovative
approaches, using a wide variety of materials, such as metals and
plastics. These technologies are employed for creating prototypes and
final products® . Fused Deposition Modeling (FDM) has gained
growing interest because of its inherent simplicity, adaptability, and
affordability. FDM involves a manufacturing method wherein, under
controlled circumstances, a heated thermoplastic filament is extruded
onto a platform along the xy plane and it can show in Figure 1. The
construction of the 3D component involves reducing the platform in
the z-direction to produce successive layers stacked on top of each
other during printing. Acrylonitrile butadiene styrene (ABS) stands out
as a widely utilized material in FDM due to its widespread availability
and its ability to produce components of superior quality, tenacity, and
longevity. To meet the ultimate details of the product, it is essential to
anticipate the mechanical characteristics of the produced components
and materials. This involves comprehending the impact of these
properties’ FDM printing parameters. Understanding the correlation
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between the mechanical and FDM printing parameters characteristics is crucial for creating dependable 3D
printed functional components. While factors like machine settings, CAD models, environmental conditions
and properties of thermoplastic filaments contribute to the end result, the primary input variables with the most
notable influence on the mechanical qualities of the produced parts are the FDM processing parameters.
Despite a growing body of research utilizing experimental procedures and experiment design like the Single
factorial designs, Taguchi method, or ANOVA to investigate how parameters for the FDM process impact the
guality of produced parts, the complexity arises from the multitude of parameters, levels, combined effects,
and result variability® !, This complexity makes discussing the mechanical characteristics of FDM
components challenging task. This research aims to make a significant contribution to the discussion on the
mechanical characteristics of ABS components manufactured through FDM. It concentrates on exploring the
impact of various factors using MCDM method, including infill density, printing speed, platform temperature,
extruder temperature, and so on.

2. Materials and methods

Fused deposition modeling relies layer by layer, in accordance with the 3D model, during the hot melt
extrusion process information until a complete object is formed. In this process, a filament feedstock, typically
with a diameter of either 3.00 mm or 1.75 mm, is fed into a printer using a drive gear mechanism that revolves.
One of the drive mechanisms is connected to a stepper motor, providing the energy to move the filament that
passes via the system. A notched or toothed surface on both drive gears may be used to provide enough friction
so that the drive gear can grip the filament and feed it to the liquefier without slipping®®*2%l. The solid portion
of the filament then functions as a piston to force the melted material through the print nozzle when the filament
is melted in the heated liquefier and it can show in Figure 1. The specimens of ASTM D638 Type V were
produced using Creality Ender-3 3D printer and ABS filament from the same brand. Creo was used to design
the 3D models, which were afterwards exported as files in Standard Triangle Language (STL). These STL files
were processed in Flashforge 5.0 slicing software to generate the corresponding G.code file?"Y,
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Figure 1. Fused Deposited Modelling (FDM) printing process.

2.1. Assumptions of the research

Discovering the optimal printing parameters for ABS, considering data on ultimate tensile strength,
Young’s modulus, Ultimate flexural strength and surface defects, is essential for the impeller application. To
achieve this, the following assumption is taken into accountt®2-3%,
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e This analysis takes into account multiple process parameters that influence the mechanical characteristics
of the final product.

e  The evaluation framework is formulated based on the outcomes derived from available data. Tensile test
UTS results constitute Criteria 1 (C1), young’s modulus results make up Criteria 2 (C2), Criteria 3 (C3)
is ultimate flexural strength and FESEM test results define Criteria 4 (C4). Specifically, the alternatives
Al, A2, A3, A4, and A5 are explicitly mentioned instead of using the labels Sample 1, Sample 2, Sample
3, Sample 4, and Sample 5.

e  Similarly, the triangular membership function is derived from the FAHP technique, incorporating a set of
five parameters according to the TOPSIS strategy in semantics. Consequently, the assessment of criteria
is conducted with a focus on mechanical properties, ultimately determining the optimal parameter set for
impeller manufacturing among the alternatives.

o  During this assessment, the Creality Ender-3 serves as the 3D printer, and the slicing software employed
is Flash Forge 5.0. Consequently, outcomes may vary when utilizing alternative technologies

e  The printing parameter for ABS in this study has been applied within a range spanning from the minimum
to the maximum values, as reported in earlier literature.

e During this assessment, the Infill printing parameter is set to the standard line. Therefore, it has the
flexibility to transition when employing alternative infill designs such as hexagonal, triangle, and so forth.

o  Every mentioned sample corresponds to a specific set of parameters (a cluster of process parameters, as
illustrated in Table 1).

Table 1. Process parameter taken for ABS.

Process parameter Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
Infill pattern Line

Infill density (%) 30 35 40 45 50

Layer height (mm) 0.30 0.25 0.20 0.15 0.10
Print speed (mm/s) 30 40 50 60 70
Platform temperature (<€) 70 75 80 85 90
Extruder temperature (<€) 200 210 220 230 240
Travel speed (mm/s) 70 75 80 85 90

2.2. Tensile test

Tensile experiments were conducted using an INSTRON 5566J975 universal testing machine at a strain
rate of 1 mm/min. The tensile test parameters (ultimate tensile strength, yield strength, and Young’s modulus)
were assessed following ASTM 638 Type V guidelines and derived from the stress-strain relationship. The
samples were produced and subjected to tensile testing in a randomized sequence.

2.3. Multi-criteria decision-making (MCDM)

MCDM involves selecting the best choice among a number of options. Earlier scholars have employed
this approach in intricate decision-making scenarios across various domains. The MCDM methodology has
been referenced in previous academic works under various labels, including Multi-Criteria Decision Analysis
(MCDA). Andrearczyk et al.[*®! conducted a comprehensive review, investigating the widespread application
of the MCDM method in both qualitative and quantitative research according to previous literature. The
hierarchical structure of the MCDM method is illustrated, with further elaboration provided in section 3.
Various MCDM tools, such as BWM (Best Worst Method), AHP (Analytical Hierarchy Process), ANP
(Analytical Network Process), COPRAS (COmplex PRoportional Assessment), TOPSIS (Technique for Order
of Preference by Similarity to Ideal Solution), FAHP (Fuzzy Analytical Hierarchy Process) and PROMETHEE
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(Preference Ranking Organization Method for Enrichment of Evaluations), are utilized. The decision-making
process involves creating a pairwise matrix based on the decision maker’s opinions, converting it into
numerical values ranging from 0 to 9 (depending on the MCDM tool/technique)®“®®". Subsequently, the
pairwise matrix undergoes evaluation through fundamental steps like criteria weight determination,
consistency ratio assessment, and random index calculation® %3, Ultimately, alternatives are ranked using the
decision matrix and priority values, and the most suitable alternative is selected for the decision maker based
on the ranking.

2.4. Field emission scanning electron microscopy (FESEM)

FESEM was used to examine the external and fracture surfaces of ABS specimens. The FESEM images
were captured utilizing a field emission type microscope with an operating voltage of 20.0 kV, employing a
mode of secondary electron emission. The samples were attached to the FESEM sample holder using
conductive adhesive (gold spatter coating), and prior to the coating process on a sputtering system, the sample
surface was cleaned using an air flux (QuorumQ150TES).

3. Results

3.1. Tensile observation

The Tinius Olsen H1OKL machine conducted tensile testing on three samples for each set of parameters,
resulting in a total of 15 samples across five parameter sets. Tables 2 and 3 show the values for UTS (ultimate
tensile strength) and Young’s modulus respectively. Trials A, B, and C were employed for testing each
parameter set, and the average results were computed for assessing criteria using linguistic terms for UTS and
Young’s modulus.

Table 2 presents the ultimate tensile strength values for each specimen in trials I, 11, and I11. The linguistic
term has been assigned according to the average value, as detailed in Table 4. It is observed that Sample 2
exhibits the highest average ultimate tensile strength, whereas Sample 5 has the lowest. Ratings of Very High
(VH) and Very Low (VL) on the linguistic term scale were assigned to Samples 2 and 5, respectively.

Table 2. Tensile test UTS observation.

TRIAL Ultimate Tensile Strength (MPa)

Sample-1 Sample-2 Sample-3 Sample-4 Sample-5
| 30.7 37.2 42.0 30.2 29.4
] 294 40.6 331 36.2 28.4
] 39.8 38.9 30.6 40.1 194
Average 33.3 38.9 35.2 35.5 25.7
Importance L VH A H VL

The Young’s modulus values for specimens in experiments A, B, and C are presented in Table 3. Table
4 assigns linguistic terms based on the average values. Notably, Sample 4 exhibits the lowest average Young’s
modulus, whereas Sample 3 demonstrates the highest. Consequently, Sample 3 is categorized as Very High
(VH) on the linguistic term scale, while Sample 4 is classified as Very Low (VL).

Table 3. Tensile test for Young’s Modulus observation.

TRIAL Young’s Modulus (MPa)

Sample-1 Sample-2 Sample-3 Sample-4 Sample-5
A 512 584 612 563 548
B 529 562 606 495 586




Table 3. (Continued).

TRIAL Young’s Modulus (MPa)

Sample-1 Sample-2 Sample-3 Sample-4 Sample-5
C 596 523 625 523 592
Average 545.6 556.3 614.3 527 575.3
Importance L A VH VL H

Table 4. Criteria evaluation by Fuzzy TOPSIS scale.

Common Criteria’s and sorted different set of parameters TOPSIS scalel*2
(samples) based on importance from result obtained

uTsS Youngs modulus  UFS FESEM Linguistics Linguistics Triangular membership
terms scales function-based fuzzy values

5 4 5 4 Very Low (VL) 1 1,13

1 1 3 1 Low (L) 2 1,35

3 2 4 2 Average (A) 3 3,5,7

4 5 1 3 High (H) 4 5,7,9

2 3 2 5 Very High (VH) 5 7,99

3.2. Three-point bending observation

Three-point bending experiments were employed to evaluate both the flexural strength and modulus of
the composites, along with examining the failure surface morphology. This investigation aimed to comprehend
the failure mechanism and deformation process of the composites. Across three trials (designated as A, B, and
C), the flexural stress for each sample was computed using the three-point bending test. Criteria 3 were
established to evaluate different samples by considering the average value derived from the flexural test
observations and the outcomes of the flexural modulus.

The ultimate flexure strength values for each specimen in trials A, B, and C can be found in Table 5.
Additionally, Table 4 includes linguistic terms assigned based on the average values. It is noteworthy that
Sample 2 exhibits the highest average Ultimate Flexure Strength, whereas Sample 5 has the lowest value.
Consequently, Sample 2 is categorized as Very High (VH) on the linguistic term scale, while Sample 5 is
labeled as Very Low (VL).

Table 5. Flexure test observation.

TRIAL Ultimate Flexure Strength (MPa)

Sample-1 Sample-2 Sample-3 Sample-4 Sample-5
A 19.36 28.65 12.63 29.63 12.36
B 26.95 31.23 16.25 22.56 14.25
C 30.25 30.2 19.65 21.47 16.84
Average 25.52 30.02 16.17 24.55 14.48
Importance H VH L A VL

3.3. Morphology analysis

Analyzed through FESEM examination were altered printing parameter samples, revealing
microstructure defects. Subsequently, morphology analysis assessed criteria 4 on a linguistic scale (1-5) based
on these findings. The ABS samples with a gold sputter coating during FESEM analysis, enhancing the
conductivity of non-conductive materials. Based on the morphological analysis, Sample 5 exhibits a
remarkably sleek upper surface with fewer and more robust linear pattern indentations. In contrast, Sample 4
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displays a coarse surface and inadequate infill. As Sample 5 is currently assigned a Very High (VH) priority,
Sample 4 is now designated with a Very Low (VL) priority. The morphology of the five distinct samples is
illustrated in Figure 2.

(e)

Figure 2. Morphology of printed samples (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4; () Sample 5.

3.4. Formatting of mathematical components

Using the gathered information, Table 4 was generated. The triangular membership function converts
linguistic expressions into linguistic scales and then translates linguistic scales into fuzzy values.

Tables 6 and 7 present an assessment matrix for an alternative, utilizing criteria outlined in Table 4 and
the triangular membership function, respectively (see Table 4 for reference). As an example, consider
Alternative 1 (Sample 1) in the first row and first column of Table 6, which demonstrates a high (H) importance
concerning Criteria 1. This value is substituted by the triangular membership function values 5, 7, 9 in the
corresponding position of Table 7. Subsequently, the maximum value in each column is divided by the
individual values across all columns. Table 8 represents the fuzzy positive ideal solution (A*), calculated by
selecting the maximum value from each column in the favorable criteria. In addition to morphology criteria,
this study incorporates useful criteria to enhance mechanical properties. To determine the fuzzy negative ideal
solution, the subsequent step involves minimizing each column’s cost criterion (A-).



Table 6. Evaluation matrix by Linguistic scale.

C1l C2 C3 C4
Al L L H L
A2 VH A VH
A3 A VH L H
A4 H VL A VL
A5 VL H VL VH

Table 7. Evaluation matrix with triangular membership function.
C1 c2 C3 Cc4

Al 1 3 5 1 3 5 5 7 9 1 3 5
A2 7 9 9 3 5 7 7 9 9 3 5 7
A3 3 5 7 7 9 9 1 3 5 5 7 9
Ad 5 7 9 1 1 3 3 5 7 1 1 3
A5 1 1 3 5 7 9 1 1 3 7 9 9




Table 8. Estimate the fuzzy positive ideal solution (A*) and negative ideal solution (A-).

C1 c2 C3 Cc4
Normalized decision matrix
Al  0.111111111 0.3333333 0.555555556 0.111111111  0.333333 0.555556  0.555556  0.777778 1 0.2 0.333333 1
A2 0777777778 1 1 0.333333333  0.555556 0.777778  0.777778 1 1 0.142857 0.2 0.333333
A3 0.333333333 0.5555556  0.777777778 0.777777778 1 1 0.111111 0.333333 0.555556  0.111111 0.142857 0.2
A4 0.555555556 0.7777778 1 0.111111111  0.111111 0.333333  0.333333  0.555556  0.777778 0.333333 1 1
A5 0.111111111 0.1111111 0.333333333 0.555555556  0.777778 1 0.111111 0.111111 0.333333  0.111111 0.111111 0.142857




Table 9. Estimate the distance from each alternative FPIS (A*).

Cl (074 C3 C4 di*
Al 0 0.6017807 0 0.601780705 1.203561
A2 1.283 %107 0.3849003 1.283 %107 0.384900265 0.769801
A3 0.384900265 1.283 %107 0.601780705 0.181443775 1.168125
A4 0.798661432 0.7481115 0.384900265 0.748111543 2.679785
A5 0.748111543 0 0.748111543 0 1.496223

Table 9 presents the distances of individual alternatives from the fuzzy positive ideal solution, whereas
Table 10 illustrates the distances of the fuzzy ideal solution from each alternative. The calculation of these
distances can be performed using the provided Equation (1).

dixy) = SC[\/(% X [(@al —a2)*2 + (b1 —b2)"2 + (c1 — c2)"2]) (1)

If al represents the A* value for each column, and a2 denotes the individual value within each column,
the fuzzy positive ideal solution is defined by al. A1 and A2 function as variables for the values in each column
during the computation of the fuzzy negative ideal solution. The aggregate sums are presented in Tables 9 and
10. In the fuzzy positive ideal solution, the total values exhibit di* notation, while the total values exhibit di’
in the fuzzy negative ideal solution.

Table 10. Estimate the distance from every other FNIS (A-).

C1 C2 C3 C4 di-
Al 0.181443866 0 0.601780814 0.181443866 0.964669
A2 0 0.3849004 0.748111653 0.384900372 1.517912
A3 0.384900372 0.7481117 0.181443866 0.601780814 1.916237
Ad 0.601780814 2.128 <107 0 0 0.601781
A5 2.12762 <107 0.6017808 2.12762 <107 0.748111653 1.349893

4. Discussion

Based on previous research findings® ", UTS plays a significant role in determining tensile outcomes.
Consequently, sample 2 exhibits the highest strength at 35.7 MPa, securing the top position, followed by
sample 1 at 34.6 MPa (second), sample 3 at 32.1 MPa (third), sample 4 at 27.9 MPa (fourth), and sample 5 at
19.8 MPa (fifth). This implies that the TOPSIS Linguistics scale assigns a high importance of 5 points to
sample 2 with high strength and a low importance of 1 point to sample 5 with low strength.

Similarly, as per earlier research®® " Young’s Modulus significantly influences tensile outcomes.
Consequently, sample 3 demonstrates the highest strength at 591 MPa, securing the top position, followed by
sample 1 at 571 MPa (second), sample 2 at 556 MPa (third), sample 5 at 502 MPa (fourth), and sample 4 at
496 MPa (fifth). Accordingly, the TOPSIS Linguistics scale assigns a high importance of 5 points to high-
strength samples like sample 3 and a low importance of 1 point to low-strength samples such as sample 4,
indicating their relative significance.

As per previous research papersi’?, the Ultimate Flexure Strength holds significant importance in
determining flexural outcomes. Notably, sample 2 exhibits the highest strength at 26.628 MPa, followed by
sample 1 at 21.523 MPa, sample 3 at 19.572 MPa, sample 4 at 18.116 MPa, and sample 5 at 12.968 MPa.
Consequently, the TOPSIS Linguistics scale assigns a high importance of 5 points to the high-strength sample
2 and a very low importance of 1 point to the low-strength sample 5.
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In the context of morphological findings, this study focuses on surface roughness and defects. Based on
the obtained information, sample 5 exhibits a smooth surface finish with fewer defects compared to sample 3.
Sample 2, on the other hand, has a slightly smoother surface finish and fewer lines than sample 4. In contrast,
sample 1 has a rougher surface than the other specimens and is ranked fifth due to numerous surface flaws,
including pores, gaps, and other imperfections. Consequently, the TOPSIS Linguistics scale assigns a high
importance of 5 points to the high-strength sample 5 and a very low importance of 1 point to the low-strength
sample 1.

The presented decision matrix was formulated through a thorough analysis of both criteria and alternatives.
Table 11 shows the ranking of the alternatives, determined using the coefficient of closeness as per the applied
calculation Equation (2).

di~

CCara

(@)

Table 11. Ranking based on Cci.

Co-efficient of closeness (Cci) Rank
Al 0.444910626 v
A2 0.663506425 I
A3 0.621274989 1
Ad 0.183382282 \Y%
A5 0.474293002 1|

According to the observation, Sample 2 displayed the highest coefficient of closeness value among
various samples. In comparison with other samples, the parameters of Sample 2 exhibit the superior mechanical
properties for producing impellers. The combination of parameters, including 35% infill thickness, 0.25 mm
layer height, 40 mm/s printing speed, 75 < platform temperature, 210 <C extruder temperature, and 75 mm/s
travel speed, was identified as the optimal configuration for using ABS in impeller manufacturing.

5. Conclusion

The recent rise in the adoption of additive manufacturing (AM) technologies is attributed to their
numerous advantages over traditional manufacturing methods. AM offers benefits such as enhanced design
flexibility, reduced cycle times, customization of products, and progress in green technology. Although there
is a growing focus on using AM for end-use components, the planning process for AM remains challenging
due to its complexity, the evolving landscape of AM technologies, and the diversity among AM product and
service providers. Consequently, to advance AM management, it is crucial to engage in long-term and
strategically planned effective AM planning.

This research employs integrative MCDM to analyze the selection of process parameters for the material
extrusion of ABS impellers. The Fuzzy TOPSIS is utilized to assess the weights of criteria influencing the
selection of parameters for the material extrusion process.

Several assumptions underlie the research objective, with a primary assumption being that a set (cluster)
of process parameters significantly impacts the mechanical properties of products produced through material
extrusion. The study examines five sets of printing parameters as alternatives and considers mechanical
properties, including UTS, Young’s modulus, ultimate flexural strength, and morphology, as criteria for
producing tensile and flexural specimens using selected ABS filament.

Following the experimental findings, an evaluation is conducted without a decision maker, and a Pairwise
matrix is created using linguistic terms. The matrix is then solved using triangular membership functions.
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Ultimately, based on the ranking derived from the Fuzzy TOPSIS approach, sample 2 is identified as the
suitable set of printing parameters.

Future research directions include evaluating experimental data using MCDM methods as alternatives to
statistical tools employed by previous researchers. Additionally, exploring composite polymer printing
parameters for rotating component applications and investigating the combined effect of process parameters
on mechanical properties represent potential research avenues.
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