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Abstract: Three-dimensional printing has rapidly gained traction in the automotive industry, offering
significant benefits in terms of design flexibility, production speed, and cost efficiency. However, as
the use of 3D printing grows, there is a rising focus on incorporating sustainable materials to minimize
the environmental footprint of automotive components. This study centers on using eco-friendly,
3D-printable materials to produce electric vehicle battery covers. The primary goal is to assess these
sustainable battery housings” mechanical properties, durability, and overall feasibility. Additionally,
the research explores the potential of foaming polylactic acid filaments in measurement applications
using Digital Image Correlation technology, which is widely employed in the automotive sector. The
study also evaluates these housings’ manufacturability and real-world applicability, offering insights
into their role in the future of automotive production, where sustainability is becoming increasingly
important. The research seeks to contribute to the broader movement toward greener manufacturing
processes within the automotive industry by conducting these analyses.
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1. Introduction

Due to their low weight, energy absorption, low thermal conductivity, and good ther-
mal and acoustic insulation properties, foamed polymers are widely used in applications
such as building materials, furniture, transport, automotive, medical, sports, and so on [1].
Most of them are energy efficient [2]. Their performance is affected by their density and
foam structure [3]. Various methods exist to create foam structures using 3D printing,
such as built-up porous structures, syntactic foams, post-foaming of already formed solid
structures, and the simultaneous foaming of filaments containing foaming agents by 3D
printing [4-6].

Foaming polymers are typically based on a solid polymer and a gas phase. These
materials are impregnated with a physical or chemical foaming agent responsible for
creating the foam structure in the thermoplastic polymer. Chemical blowing agents are
solids that decompose at high temperatures either exothermically or endothermically to
form gasses such as CO; or Np. CO; or N3 is usually dissolved in the polymer in the gas
or supercritical phase as physical blowing agents. During printing, the foaming agent
produces a gas and then, at high temperatures, thermodynamic instability occurs due to
pressure drop, leading to foaming. This pressure drop occurs at the nozzle, where the
material is deposited, and the foam cells are formed and grow. As a result of cooling,
the cells in the foam structure take their final shape. For materials capable of foaming,
the density of the printed body can be controlled by the 3D printing settings, nozzle
temperature and nozzle diameter, printing speed, feed rate, and layer thickness [4-7].

Foamed /porous polymers produced using CO; or N, can be used as substitutes for
more brittle, stiffer, damage-prone syntactic foams [8].
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The filaments foamed during 3D printing are usually based on PLA (polylactic acid),
which has the advantage of being biodegradable. Unlike syntactic foams, the printed pieces
are free of foreign materials and contaminants, positively impacting their recyclability [7-9].

Among the foaming agents, CO; is often used in green technologies for environmen-
tally friendly methods because it is non-toxic, non-flammable, inert, and cheap. Creating
the foamed polymer using PLA enriched with CO; allows the production process to be
maintained [9,10].

Testing of PLA containing an endotherm foaming agent showed that by increasing
the printing temperature from 215 °C to 250 °C and reducing the filament dosage from
95% to 35%, and with constant additional printing parameters, a 59% density reduction
in the foamed material could be achieved. Microscopic images of the printed samples
showed that the volume and size of the foam structure’s cells increased with increasing
temperature [8].

Experiments have shown that a printing temperature of 180 °C does not cause cell
growth; at this temperature, no foam structure is formed, the heat effect is not yet sufficient,
and in addition, as the speed increases, the material passes through the heating block
faster, and the foam expansion rate will decrease. Between 200 and 250 °C, as the printing
temperature is increased and the printing speed is increased continuously from 10 m/s to
100 m/s, the pressure drop occurs more and more rapidly, leading to an increasing rate of
foam expansion, and the fiber diameter increases progressively [4,11].

The printing speed affects the morphology of the foam. Printing at 10 mm/s at a
printing temperature of 250 °C results in the foam cells being more extensive but less
homogeneous, decreasing in size towards the center of the fiber, which is much finer and
more uniform at 100 m/s, and the fiber shell thickness is relatively thin. When the fiber
stays in the heating block for too long, the bubbles collapse and become a shell layer.
The thickness of the shell layer has a significant influence on the density of the foam
structure [4,11,12].

The difference between Filaticum Foam filament and Filaticum PLA is that 3D-printed
objects have a spongy structure, with a density of only 50-60% of conventional PLA objects.
An examination of the printed test pieces shows that the layers are barely visible, forming a
sandblasted effect due to the foam structure [13].

A special feature of the material is that, by varying different printing factors, it is pos-
sible to significantly influence the structure of the foam, such as filament dosage (40-120%),
nozzle size (0.2-1 mm), temperature (190-250 °C), and printing speed (20-100 mm/s) [13].

The lowest-weight foam can be achieved by increasing the temperature and nozzle
diameter, reducing the feed rate and lowering the print speed [13].

Experiments have confirmed that, with the same printing parameters, Filaticum Foam
filament can be used to print pieces with a significantly lower density than conventional
Filaticum PLA due to its structure and foaming. By using a constant nozzle diameter of
0.4 mm and a printing speed of 60 mm/s, and only varying the printing temperature, it
is found that, at a higher printing temperature of 245 °C, a lower mass specimen can be
obtained than at 215 °C, which occurs because, at higher temperatures, the material has
more time to foam and solidifies more slowly [13].

The frequent impact of PLA on the environment is also satisfactory. There is much
research on the recycling and sustainability of PLA. After repeated recycling, the mechani-
cal properties of rPLA (recycled PLA) deteriorate further. Research shows that the tensile
strength decreases significantly after each recycling cycle. The properties of rPLA can be
improved by using additives or adding virgin PLA. Such mixtures can help maintain or im-
prove the mechanical properties of the material. Using rPLA is environmentally beneficial
as it reduces the demand for virgin PLA and the amount of waste. Potential applications
for PLA biocomposites include automotive, construction, packaging, and medical devices.
Subsequent research should aim to improve the properties of PLA biocomposites further
and make them suitable for a broader range of industrial applications [14-18].
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The literature also shows that 3D printing can produce prototypes of foam materials
that can be used as battery housing materials. Using foamed PLA filaments for battery
housings over conventional materials is advantageous because the air bubbles have an
insulating effect, and the small micro-cells have a vibration-absorbing and shock-absorbing
effect in the event of a collision. The main objective of the present study is to determine the
technical parameters for printing battery housings of suitable quality from commercially
available foam PLA materials.

The current paper is a continuation of the authors’ previous articles [19-21].

2. Materials and Methods

This section introduces the applied materials, 3D printers, measurement methods and
printing strategies.

2.1. Materials and Printers

In preparation for the experiments, the 3D printers (Flashforge, Hangzhou, China;
Creality, Shenzhen, China) listed in Table 1 were used to print the test pieces. The test
specimen used for the tests was a calibration cube known in the world of 3D printing that
was 20 x 20 x 20 mm in size.

Table 1. The 3D printers used.

Printer Flashforge Creator Pro 2 Creality Ender 3 S1
Technology Fused Filament Fabrication Fused deposition modeling
(FFF) (FDM)
Build Volume XYZ: 200 x 148 x 150 mm XYZ: 220 x 220 x 270 mm
Filament diameter 1.75 mm 1.75 mm
Feeder type Double Direct Drive “Sprite” Dual-gear Direct
Extruder Extruder
Max. hot end temperature 240 °C 260 °C
Max. heated bed temperature 120 °C 100 °C
Print speed max. 100 mm/s 150 mm/s
Slice thickness 0.1-0.4 mm 0.05-0.4 mm
Print precision +0.2 mm 40.1 mm

Since the main objective of the experiments was to analyze the properties of Filaticum

PLA Engineering Foam (Filaticum, Miskolc, Hungary) under different printing parameters,
Table 2 summarizes the properties of the Foam filament. The research is focused on this
material because it is a domestically produced product which is easily available and of
controlled quality.

Table 2. Properties of PLA Foam filament.

Filaticum Foam
Nozzle temperature 190-250 °C
Nozzle size 0.2-1.2 mm
Bed temperature max. 70 °C
Cooling fan recommended up to 100%
Layer height 0.4-0.8 mm
Print speed optimal 20-80 mm/s, max. 100 mm/s
Flow rate 40-120%

The following software was applied to set the printing parameters: FlashPrint
(Version 5.3.1) for the FlashForge printer and Ultimaker Cura (Version 5.8.1) and PrusaSlicer
(Version 2.6.0) for the Creality Ender 3 S1.
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2.2. Printing Setup and Measuring Methods

As confirmed by the literature, the main parameters that needed to be set were nozzle
temperature and flow rate, which are the main parameters that influence the foaming
outcome. The nozzle temperature was set at 200-220-240 °C, and the table temperature
was set at 60 °C. The flow rate was set at 50-60-70-80-90-100%. Data from the literature
showed that it is not recommended to go below 70%, but the present research considered it
essential to check this. Increasing layer thickness and reducing velocity can increase the
number and size of air bubbles. Investigating these two parameters is not the subject of
this research.

Visual inspection was not sufficient to detect any differences, so the Kern ABP 100-
5DM analytical balance (Kern & Sohn GmbH, Balingen, Germany) was used to perform the
weight measurements. Table 3 summarizes the most important technical data.

Table 3. Properties of the digital weight scale.

Technical Data Kern ABP 100-5DM
Max. weighing capacity [g] 52
Min. weight [g] 0.001
Readability [g] 0.00001
Verification scale interval [g] 0.001
Linearity [g] +0.00005
Reproducibility [g] 0.00002

3. Results and Discussion

Table 4 summarizes the results of the weight measurements of the proofs printed with
different printing strategies. It is worth noting that three samples were taken from each
setup, and the table gives the average of these samples.

Table 4. Results of the weight measurement (the layer height/thickness was 0.2 mm).

ID Nozzle [°C] Bed Temperature [°C] Flow Rate [%] Weight [g]
P1.1 240 60 100 3.65083
P1.2 220 60 100 3.65097
P13 200 60 100 3.61644
P21 240 60 90 3.29265
P2.2 220 60 90 3.28735
P23 200 60 90 3.27181
P3.1 240 60 80 2.94245
P3.2 220 60 80 2.94134
P3.3 200 60 80 2.90200
P41 240 60 70 2.56432
P4.2 220 60 70 2.55836
P43 200 60 70 2.54779
P5.1 240 60 60 2.19202
P5.2 220 60 60 2.19054
P5.3 200 60 60 2.18127
P6.1 240 60 50 1.83459
P6.2 220 60 50 1.81506
P6.3 200 60 50 1.81840

The results confirm the literature data, as the temperature has no significant effect on
weight and it is likely that only the porosity rate changes. For battery housings, weight
reduction is the critical parameter (along with vibration reduction), which can only be
achieved by reducing the flow rate accordingly. As the weight data in Table 4 show, the
most significant effect was the flow rate setting.
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Figure 1 shows that the two types of slicing software do not set similar flow rates. Cura
does not set this value for the sub-configured printers despite the setting being changed, so
this should be monitored in further research.
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Figure 1. Weight difference due to the Cura (C) and the Prusa (P) slicer.

4. Conclusions

The study’s results confirmed that the temperature effect is insignificant when apply-
ing PLA Foam filaments, with a 40 °C increase in nozzle temperature causing only a 1%
change in the mass values. Interestingly, the lower temperature resulted in a lower sample
weight, which may be due to a faster bubble cavity solidification. The effect of the flow
ratio is striking; the weight of the pieces decreases significantly according to the % ratios.
At the same nozzle temperature, there was a 40-45% weight reduction, while the outer
size of the samples did not change significantly. The foaming material fills the available
volume. It is important to note that the filling and visual appearance of the samples were
satisfactory, and they did not fall apart. An additional advantage is that they showed good
blooming at lower temperatures (200 °C), so printing can be carried out energy efficiently
(with less power consumption) with simpler printers. Another significant result of the
present study is that the choice of slicing software for the printer is critical because Cura
cannot adequately reduce the flow rate compared to the Prusa slicer’s software.

Author Contributions: Conceptualization, B.ES., VN., S.S. and S.E; methodology, B.ES., VIN,, S.S.
and S.F; software, B.ES., V.N,, S.S. and S.F,; validation, B.ES., VN., S.S. and S.F,; formal analysis,
B.ES., V.N,, SS. and S.F,; investigation, B.ES., VN., S.S. and S.F; resources, B.F.S., VN,, S.S. and
S.E; data curation, B.ES., V.N., S.S. and S.F.; writing—original draft preparation, B.E.S., V.N., S.S.
and S.F; writing—review and editing, B.ES., V.N., S.S. and S.F; visualization, B.ES., VIN,, S.S. and
S.E; supervision, B.ES., VN,, S.S. and S.E; project administration, B.ES., VN., S.S. and S.F; funding
acquisition, B.ES., V.N,, S.S. and S.E. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.
Acknowledgments: This paper was prepared by the research team “SZE-RAIL”.

Conflicts of Interest: The remaining authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a potential conflict of interest.



Eng. Proc. 2024, 79, 69 60f6

References

1. Li, X,; Wang, D.; Saeed, T. Multi-scale numerical approach to the polymer filling process in the weld line region. Facta Univ. Ser.
Mech. Eng. 2022, 20, 363-380. [CrossRef]

2. Fischer, S,; Sziirke, S.K. Detection process of energy loss in electric railway vehicles. Facta Univ. Ser. Mech. Eng. 2023, 21, 81-99.
[CrossRef]

3. Safaei, B.; Onyibo, E.C.; Hurdoganoglu, D. Thermal buckling and bending analyses of carbon foam beams sandwiched by
composite faces under axial compression. Facta Univ. Ser. Mech. Eng. 2022, 20, 589-615. [CrossRef]

4. Nofar, M.; Utz, J.; Geis, N.; Altstddt, V.; Ruckddschel, H. Foam 3D printing of thermoplastics: A symbiosis of additive manufactur-
ing and foaming technology. Adv. Sci. 2022, 9, 2105701. [CrossRef] [PubMed]

5. Pawar, A.; Ausias, G.; Corre, YM.; Grohens, Y.; Férec, ]. Mastering the density of 3D printed thermoplastic elastomer foam
structures with controlled temperature. Addit. Manuf. 2022, 58, 103066. [CrossRef]

6.  Sun, B.; Wu, L. Research progress of 3D printing combined with thermoplastic foaming. Front. Mater. 2022, 9, 1083931. [CrossRef]

7. Peng, K.; Mubarak, S.; Diao, X.; Cai, Z.; Zhang, C.; Wang, J.; Wu, L. Progress in the preparation, properties, and applications
of PLA and its composite microporous materials by supercritical CO;: A review from 2020 to 2022. Polymers 2022, 14, 4320.
[CrossRef] [PubMed]

8.  Damanpack, A.R.; Sousa, A.; Bodaghi, M. Porous PLAs with controllable density by FDM 3D printing and chemical foaming
agent. Micromachines 2021, 12, 866. [CrossRef] [PubMed]

9. Tammaro, D.; Villone, M.M.; Maffettone, P.L. Microfoamed Strands by 3D Foam Printing. Polymers 2022, 14, 3214. [CrossRef]
[PubMed]

10. Trofimchuk, E.S.; Potseleev, V.V.; Khavpachev, M.A.; Moskvina, M.A.; Nikonorova, N.I. Polylactide-Based Porous Materials:
Synthesis, Hydrolytic Degradation Features, and Application Areas. Polym. Sci. Ser. C 2021, 63, 199-218. [CrossRef]

11. Marascio, M.G.M.; Antons, J.; Pioletti, D.P,; Bourban, P.E. 3D Printing of Polymers with Hierarchical Continuous Porosity. Adv.
Mater. Technol. 2017, 2, 145. [CrossRef]

12. Zhang, S.; Li, H.; Lu, X.; Xu, X,; Han, Y.; Wang, G. 3D Printing Thermoplastic Polyurethane Hierarchical Cellular Foam with
Outstanding Energy Absorption Capability. Addit. Manuf. 2023, 76, 103770. [CrossRef]

13. Székely, I.; Madarasz, T.; Kémenes, H. Experimental Production of Environmental Filters Using 3D Printing (original title:
Kornyezetipari Sz{ir6k Kisérleti El6allitasa 3D Nyomtatassal). Hidrologiai Kozlony 2022, 102, 88-92. (In Hungarian)

14. Anuar, H,; Ibrahim, M.; Jamaludin, K.R.; Yunus, WM.Z.W.; Samsudin, S.A.; Hassan, M.Z.; Jamaludin, K.H.; Misri, S. Novel Soda
Lignin/PLA /EPO Biocomposite: A Promising and Sustainable Material for 3D Printing Filament. Mater. Today Commun. 2023, 35,
106093. [CrossRef]

15.  Arockiam, A.J.; Subramanian, K.; Padmanabhan, R.G.; Selvaraj, R.; Bagal, D.K,; Rajesh, S. A Review on PLA with Different Fillers
Used as a Filament in 3D Printing. Mater. Today Proc. 2022, 50, 2057-2064. [CrossRef]

16. Tadi, S.P; Maddula, S.S.; Mamilla, R.S. Sustainability Aspects of Composite Filament Fabrication for 3D Printing Applications.
Renew. Sustain. Energy Rev. 2024, 189, 113961. [CrossRef]

17.  Trivedi, A.K,; Gupta, M.K.; Singh, H. PLA-Based Biocomposites for Sustainable Products: A Review. Adv. Ind. Eng. Polym. Res.
2023, 6, 382-395. [CrossRef]

18. Hasan, M.R,; Davies, 1.].; Pramanik, A.; John, M.; Biswas, W.K. Potential of Recycled PLA in 3D Printing: A Review. Sustain.
Manuf. Serv. Econ. 2024, 3, 100020. [CrossRef]

19. Szalai, S.; Herold, B.; Kurhan, D.; Németh, A.; Sysyn, M.; Fischer, S. Optimization of 3D Printed Rapid Prototype Deep Drawing
Tools for Automotive and Railway Sheet Material Testing. Infrastructures 2023, 8, 43. [CrossRef]

20. Szivoés, B.F; Szalai, S.; Fischer, S. Deformation Test of 3D Printed Battery Case Using DIC Technology. In Proceedings of the 2023
3rd International Conference on Electrical, Computer, Communications and Mechatronics Engineering (ICECCME), Tenerife,
Canary Islands, Spain, 19-21 July 2023; pp. 1-5. [CrossRef]

21. Szalai, S.; Szivés, B.F.; Fischer, S. Surface Preparation of 3D Printed Battery Housing Materials for DIC Measurements. In

Proceedings of the 2023 3rd International Conference on Electrical, Computer, Communications and Mechatronics Engineering
(ICECCME), Tenerife, Canary Islands, Spain, 19-21 July 2023; pp. 1-5. [CrossRef]

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/10.22190/FUME220131021L
https://doi.org/10.22190/FUME221104046F
https://doi.org/10.22190/FUME220404027S
https://doi.org/10.1002/advs.202105701
https://www.ncbi.nlm.nih.gov/pubmed/35187843
https://doi.org/10.1016/j.addma.2022.103066
https://doi.org/10.3389/fmats.2022.1083931
https://doi.org/10.3390/polym14204320
https://www.ncbi.nlm.nih.gov/pubmed/36297898
https://doi.org/10.3390/mi12080866
https://www.ncbi.nlm.nih.gov/pubmed/34442488
https://doi.org/10.3390/polym14153214
https://www.ncbi.nlm.nih.gov/pubmed/35956728
https://doi.org/10.1134/S1811238221020107
https://doi.org/10.1002/admt.201700145
https://doi.org/10.1016/j.addma.2023.103770
https://doi.org/10.1016/j.mtcomm.2023.106093
https://doi.org/10.1016/j.matpr.2021.09.413
https://doi.org/10.1016/j.rser.2023.113961
https://doi.org/10.1016/j.aiepr.2023.02.002
https://doi.org/10.1016/j.smse.2024.100020
https://doi.org/10.3390/infrastructures8030043
https://doi.org/10.1109/ICECCME57830.2023.10253004
https://doi.org/10.1109/ICECCME57830.2023.10252180

	Introduction 
	Materials and Methods 
	Materials and Printers 
	Printing Setup and Measuring Methods 

	Results and Discussion 
	Conclusions 
	References

