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The major aspects affecting the environmental and health impact of the fused deposition modelling (FDM) are
concerned with energy consumption, waste material, and emission of harmful by-products. To reduce pollution
associated with 3D printing development, a study has been conducted to optimize operating temperatures,
process times, and filament constituting material, with carefulness as the same characteristics may adversely
affect the appearance and mechanical properties of 3D printed parts. In this regard, pellets of polylactide acid
(PLA) have been extruded in a lab compounder to create a bio-based filament that was printed under various
operating conditions, i.e., by changing layer thickness (0.14, 0.19, 0.29 mm), infill density (50, 70%, 100%),
patter (linear, honeycomb, octangular), extruder temperature (from 180 to 220 °C). 3D printed specimens were
examined using dynamic-mechanical analysis (DMA) by verifying the sample size and weight, as well as the
printing time. Analysis on material viscosity at different testing temperatures was also performed to identify
potential range of extruder temperatures, and limit printing attempts Finally, measurements of volatile organic
compounds (VOC) emission have been conducted on thermally treated samples at temperatures of 70°C,
190°C, and 220°C, to gain information on potential quantity of pollution deriving from the extruded polymer,
deposited layers on the heated plate, and potential residues in the printer.

1. Introduction

The fused deposition modelling (FDM) is one among the various methods belonging to the wide family of
Additive Manufacturing (AM) technologies. It consists in a filament, of neat or filled polymer, melted and extruded
through a nozzle, and deposited on a heated platform in a layer by layer manner (Patti, et al., 2021b). Even
though FDM is considered a relatively eco-friendly technology when compared to traditional plastic material
processing, however, this method has an environmental impact, as it consumes material and energy and emits
semi-volatile organic components (SVCs) into the environment also by printing the most common polymers,
such as acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA). The main sources of emissions are the
exit of high-temperature melted polymer from the die, as well as the presence of residues left in the nozzle.
Printing speed and flow material have a small effect on emissions, whereas bed and extrusion temperatures are
the leading contributor of energy consumption (Simon et al., 2018). The materials used in FDM technologies
contribute significantly to the environmental impact. Recyclable materials could be adopted notwithstanding the
uncertainty of final properties that may deteriorate compared to virgin resources (Patti, et al., 2021a), or design
parameters, such as filling level and processing temperatures, could be optimized to allow the reduction of waste
material and energy consumption (Suarez et al.). The effect of three infill densities (25, 50, and 75%), and three
infill patterns (grid, tri-hexagon, and concentric) on tensile features of printed PLA-based objects has been
examined by Rismalia et al. (2019). According to results, the concentric pattern with 75% in infill density had the
highest tensile properties, and ultimate strength of 42.2 MPa. The mechanical properties of samples at 100% in
infill density were not affected by the patter. Layer thickness and extruder temperature were discovered as
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determining factors in affecting the surface roughness of PLA samples produced by FDM: reducing the layer
thickness and increasing the printing temperature resulted in a better surface quality. (Kovan et al., 2018)

In this framework, the study aimed to optimize the printing process of PLA-based filament by opportunely
choosing technological parameters such as layer thickness, infill density, extruder temperature, and design
pattern in view of reducing the used material and printing time, by checking the mechanical characteristics of
final products. In addition, the material flow behaviour and VOC emissions at different temperatures have been
investigated.

2. Material and methods
2.1 Material

For the investigation, pellets of PLA based polymer (cod. Ingeo™ Biopolymer 4032D, specific gravity 1.24 g/cc)
were supplied by Natureworks. From the technical datasheet, this polymer is an ideal product for lamination and
other packaging applications and can be converted into biaxially oriented films. Preliminary thermal analyses
confirmed a melting point around 175°C and glass transition temperature of 65°C.

2.2 Filament preparation

Pellets were extruded in a twin-screw extruder (mod. KETSE 20/40 D), produced by Brabender (Duisburg
Germany). According to technical data sheet, processing temperatures were established in the range of 180-
210°C. In particular, the feed temperature was set at 180°C, the adapter and die temperatures were set at
200°C, the melting zone was set at 210°C, and a screw speed of 30 rpm was fixed. When the material came
out from the die, it was stretched and cooled in air using a roller system. To achieve a nominal filament diameter
of 1.75 mm for next extrusion in 3D printer, the stretching speed of the first drive system has been set at 1.5
rpm, that of the second drive has been fixed at 2.5 rpm.

2.3 Sample Preparation

The so-obtained filament was processed using fused deposition modeling (FDM) technology in a Zortax 3D
printer (cod. M200) (Olsztyn, Polonia). Rectangular specimens suitable for dynamic mechanical analysis (DMA)
testing, nominal size 2x6x26 mm3, were realized by varying extruder temperature, layer thickness, infill density
and geometrical pattern. Table 1 contains a summary of chosen processing conditions for 3D printing. The other
printing parameters were left at their default settings (printing speed, extruder flow rate, fan speed), or specific
values were established: the bed temperature was fixed at 70°C, the retraction speed was kept at 36 mm/s, the
retraction distance at 1.2 mm, the first layer gap at 0.39 mm, layers number of the top and bottom surfaces
equal to 4. The nozzle diameter was 0.4 mm. Prior to the process and testing, the material was dried in an oven
for 10 hours at 80 °C.

Table 1: Processing conditions for the filament printing

Extruder Layer Infill  DensityPattern
temperature thickness (%)

(°C) (mm)

210 0.14 100 Linear

210 0.19 100 Linear

210 0.29 100 Linear

210 0.19 70 Linear
210 0.19 50 Linear

210 0.19 70 Honeycomb
210 0.19 70 Octangular
180 0.19 100 Linear

190 0.19 100 Linear

200 0.19 100 Linear

220 0.19 100 Linear

2.4 Characterization techniques

The linear viscoelastic characterization of filament was carried out in a rotational rheometer (mod. ARES-G2)
supplied by TA Instruments (New Castle, DE, USA), with parallel plates, 25 mm in diameter, in the frequency
range from 0.1 to 100 rad/s, strain of 1%, at 170, 190, and 210 -C, under air atmosphere (through the so-called
“Frequency sweep tests”).
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Figure 3: Effect of printing parameters on storage modulus (E’) against temperature, printing time and sample
weight: (a) extruder temperature (190, 200, 210, 220°C); (b) infill density (50, 70, 100%); (c) design pattern
(Linear, Honeycomb, Octangular); (d) layer thickness (0.14mm, 0.19 mm, 0.29 mm).

4. Conclusions

In this work, the influence of layer thickness, design patter, extruder temperature, infill density on thermo-
mechanical characteristics of 3D printed PLA-based parts has been studied. To optimize the printing process,
by reducing the involved material, and duration, changes in sample weight and printing time as function of
different printing parameters have been also evaluated. Rheological behaviour and VOC emissions at different
temperatures have been also investigated. Results allowed to identify flow characteristics suitable for the
printing at temperature at least of 190°C. The storage modulus, as well as the sample mass and printing time
resulted to be slightly affected by infill density, design pattern and extruder temperature. On the contrary, a
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strong effect of the layer thickness has been found on investigated properties. In this latter case, by increasing
the layer thickness, lowest values in sample mass and processing time were achieved, but also a strong
reduction of mechanical resistance. VOC emissions deriving from heating the polymer to 70 °C were found to
be very small, especially compared than those measured at 190 °C, and even more so at 220 °C. So, it was
concluded that the main source of pollution occurred during polymer processing at the extrusion temperature:
the lower the extruder temperatures, the lower the volatiles release in the environment. Then, once melted
filament has been deposited on the support, at temperature close to the polymer glass transition, the volatiles
emitted could be considered negligible.

Acknowledgments

A. Patti wishes to thank the Italian Ministry of Education, Universities and Research (MIUR) in the framework of
Action 1.2 “Researcher Mobility” of The Axis | of PON R&l 2014-2020 (E66C18001370007). S. Acierno and G.
Cicala acknowledge the support of the Italian Ministry of University, project PRIN 2017, 20179SWLKA “Multiple
Advanced Materials Manufactured by Additive technologies (MAMMA)”.

References

Behzadnasab, Morteza, Yousefi, Ali Akbar, Ebrahimibagha, Dariush and Nasiri, Farahnaz (2020), Effects of
Processing Conditions on Mechanical Properties of PLA Printed Parts. Rapid Prototyping Journal, 26(2):
381-389.

Calafel, M. I., Aguirresarobe, R. H., Sadaba, N., Boix, M., Conde, J. |., Pascual, B. and Santamaria, A. (2018),
Tuning the Viscoelastic Features Required for 3D Printing of PVC-Acrylate Copolymers Obtained by Single
Electron Transfer-Degenerative Chain Transfer Living Radical Polymerization (SET-DTLRP). Express
Polymer Letters, 12(9): 824—835.

Ding, Shirun, Ng, Bing Feng, Shang, Xiaopeng, Liu, Hu, Lu, Xuehong and Wan, Man Pun (2019), The
Characteristics and Formation Mechanisms of Emissions from Thermal Decomposition of 3D Printer
Polymer Filaments. Science of The Total Environment, 692: 984-994.

Kovan, V., Tezel, T., Topal, E.S. and Camurlu, H.E. (2018), Printing Parameters Effects on Surface
Characteristics of £D Printed PLA Materials. Machines. Technologies. Materials., 12(7): 266—269.

Li-Destri, Giovanni, Menta, Dario, Menta, Carmelo and Tuccitto, Nunzio (2020), Effect of Unmanned Aerial
Vehicles on the Spatial Distribution of Analytes from Point Source. Chemosensors, 8(3): 77.

Nugroho, A., Ardiansyah, R., Rusita, L. and Larasati, |. L. (2018), Effect of Layer Thickness on Flexural
Properties of PLA (PolyLactid Acid) by 3D Printing. Journal of Physics: Conference Series, 1130(1): 012017.

Patti, Antonella, Cicala, Gianluca and Acierno, Stefano (2021a), Rotational Rheology of Wood Flour Composites
Based on Recycled Polyethylene. Polymers, 13(14): 2226.

Patti, Antonella, Cicala, Gianluca, Tosto, Claudio, Saitta, Lorena and Acierno, Domenico (2021b),
Characterization of 3D Printed Highly Filled Composite: Structure, Thermal Diffusivity and Dynamic-
Mechanical Analysis. Chemical Engineering Transactions, 86: 1537—1542.

Rismalia, M., Hidajat, S. C., Permana, I. G.R., Hadisujoto, B., Muslimin, M. and Triawan, F. (2019), Infill Pattern
and Density Effects on the Tensile Properties of 3D Printed PLA Material. Journal of Physics: Conference
Series, 1402(4): 044041.

Sangroniz, Leire, Ferndndez, Mercedes, Partal, Pedro, Santamaria, Antxon, Antonio, Rafael, Gimeno, Balart,
Moreno, Vicente Compafi, Maria Diez-Pascual, Ana, Serra, Angels, Velasco, Rebeca Hernandez and
Mecerreyes, David (2021), Rheology of Polymer Processing in Spain (1995-2020). Polymers, 13(14): 2314.

Simon, Timothy R., Lee, Wo Jae, Spurgeon, Benjamin E., Boor, Brandon E. and Zhao, Fu (2018), An
Experimental Study on the Energy Consumption and Emission Profile of Fused Deposition Modeling
Process. Procedia Manufacturing, 26: 920—928.

Suérez, Luis and Dominguez, Manuel Sustainability and Environmental Impact of Fused Deposition Modelling
(FDM) Technologies. available at https://doi.org/10.1007/s00170-019-04676-0 [12 April 2021].

Wojtyta, Szymon, Klama, Piotr and Baran, Tomasz (2017), Is 3D Printing Safe? Analysis of the Thermal
Treatment of Thermoplastics: ABS, PLA, PET, and Nylon. Journal of Occupational and Environmental
Hygiene, 14(6): D80-D85.





