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Abstract

:

Fused deposition modeling (FDM) is widely employed in prototyping due to its cost-effectiveness, speed, and ability to produce detailed and functional prototypes using a variety of materials. Simultaneously, consideration for the use of biodegradable polymers and a general reduction in their usage while enhancing the production of polymer-based products is at the forefront of sustainable practices and environmental consciousness. This study investigates the impact fracture resistance of FDM models fabricated from Polylactic Acid (PLA), examining the influence of infill density (50% and 100% infill) and sample thickness (2 mm, 3 mm, and 5 mm). Optical microscopy, FTIR spectroscopy, and SEM analysis of PLA filament and fractured FDM PLA surfaces in impacted samples were conducted to ascertain the influence of process parameters on impact damage and failure mechanisms. The results indicate that a 100% infill profile with a 2 mm thickness should be avoided due to unpredictable behavior under impact. Conversely, a 5 mm thickness demonstrates significantly higher durability in comparison to a 50% infill profile. Optimal impact strength is observed in samples with a 3 mm thickness, suggesting potential material savings with 50% infill without compromising mechanical properties. The findings contribute valuable insights for refining FDM parameters and advancing the understanding of material behaviors in sustainable manufacturing practices.
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1. Introduction


The production of structural elements can be achieved through various methods such as turning, casting, and milling. In recent years, additive manufacturing (AM) or three-dimensional (3D) printing has emerged as an alternative to these traditional methods. The choice of manufacturing technology depends on the type of pattern desired, the quantity being produced, time constraints, available resources, and other factors. If a high-quality pattern is required, particularly for industrial purposes, turning, casting, or milling is a probable choice. However, if a prototype or a small number of elements is needed, 3D printing may be a more suitable option. Another promising aspect of using AM lies in the reduction of material waste, the implementation of a lightweight design, high-strength truss geometries, and the opportunity of personalized customization and the creation of specific add-ons tailored to the requirements of the application [1]. Regardless of the manufacturing technology used, computer simulations can be used to calculate stresses and optimize the design.



One area of research that needs to be constantly monitored is materials. The most used materials in 3D-printed constructions are polymer-based materials. The selection of materials for production depends on many factors and there are advantages and disadvantages to consider. One specific drawback of polymer materials is their sensitivity to damage caused by exposure to UV radiation and the general ageing of the material [2]. The ageing of polymer materials refers to the process of their properties changing over time under the influence of various external factors. Polymer materials are preferred due to their flexibility, durability, and cost-effectiveness. However, prolonged exposure to UV radiation, high temperatures, chemical substances, and mechanical loads can lead to the degradation of the polymer and changes in their properties [3].



The most used 3D printing techniques include vat photopolymerization, fused filament fabrication (FFF), direct ink writing (DIW), Inkjet printing or material jetting, and polymer powder bed fusion [1]. Fused filament fabrication (FFF) or fused deposition modeling (FDM), considered one of the most promising additive manufacturing methods due to its versatility, reliability, and affordability, involves the direct deposition of a thermoplastic polymer filament in a layer-by-layer fashion [1,4]. The most commonly used polymers in the FFF technique are acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) [4]. Using this technique, the material is selectively dispensed through a nozzle.



With the increasing and widespread use of AM in various applications, increased demands are placed on the parameters of the construction process and the performance of the finished object. Overall, the shortcomings of AM can be seen as areas of opportunity and development [5]. One of them may be the increased demand for polymers used in AD itself. It is generally known that polymers, due to their good mechanical properties, are a very desirable material for the construction of various products. On the other hand, they represent a serious environmental problem due to their inability to biodegrade. Therefore, in today’s context, there is an increasing consideration of the possibility of using biodegradable polymers and, in general, reducing their usage while optimizing the production of polymer-based products. This aims to enhance the efficiency of the process and minimize the generation of waste and discarded materials during the production of the final product.



Poly (lactic acid) (PLA) is a biodegradable aliphatic polyester resin and a sustainable alternative to current petroleum-based materials generally used for different industrial applications [6].



The quality of 3D-printed components, and thus their mechanical characteristics, is affected by various parameters like interlayer fusion, porosity, and swelling from natural fibers and particles. In contrast, additive technology allows designers more autonomy, addressing specific challenges, such as varying infill density [7]. Additive manufacturing builds materials layer by layer and relies heavily on input parameters. The mechanical behavior of 3D-printed materials is influenced by factors such as nozzle diameter, material composition [8], added filler [9,10,11], layer orientation [12,13] and thickness [14,15,16], nozzle feed rate [15], grid angle [7,16] and width [17], and, notably, filler density [7].



Impact strength refers to a material’s capacity to withstand cracking, fracturing, or plastic deformation when subjected to sudden and intense impact or shock loads. This crucial property gauges the material’s ability to endure abrupt forces. As the layer thickness increases, the impact strength of PLA materials declines. A reduced layer thickness will enhance the bonding between layers and boost their capacity to absorb energy [18]. As for the influence of infill orientation on the impact strength, research carried out by Miron et al. [19] showed that for 0°- and 45°-oriented specimens, the impact strength was nearly identical, while for z-oriented specimens, the impact strength was lower due to the weaker layer interface, which is in agreement with the research of Rajpuronit et al. [20]. Moreover, Harshit et al. showed that a rectilinear pattern and increased infill density of printed PLA samples exhibited greater impact strength [21]. Even though there are numerous studies regarding the impact strength of PLA-based FDM samples, none of them deals with the problem of the sample thickness as a crucial parameter of the impact fracture resistance with respect to infill density and layer surface.



This comprehensive study seeks to provide insights into how the layer surface, infill density, and sample thickness influence the localized impact absorption capabilities, as evidenced by the outcomes of Charpy testing. Additionally, optical microscopy, FTIR spectroscopy, and SEM analysis will contribute to a thorough understanding of the microstructural changes, chemical composition, and surface morphology of the printed samples, further enhancing our understanding of their performance and behavior in response to impact forces.



Die-cutting tools used in the printing industry and other manufacturing sectors are designed to cut and shape various materials. The cutting surface of the die is typically made of hardened steel strips, known as steel rules, which are used to cut materials such as paper, cardboard, plastics, wood, cork, felt, fabrics, and paperboard. The cutting surface of the die is the edge of hardened steel strips, and these steel rules are usually located using saw or laser-cut grooves in plywood. The mating die can be a flat piece of hardwood or steel, a male shape that matches the workpiece profile, or it can have a matching groove that allows the rule to nest into it. This research opens up possibilities for utilizing additive technology in the production of die-cutting beds in the printing industry.




2. Materials and Methods


2.1. Fused Deposition Modeling


The process of creating tiles for printing with a thicknesses of 2 mm, 3 mm, and 5 mm involved several steps. A 3D computer program, Blender 4.1.0., was used for tile fabrication. The tiles were precisely modeled according to the specified dimensions and in three types: 2 mm, 3 mm, and 5 mm thickness. After the models were completed, preparation for export was carried out. This involved checking the dimensions and ensuring that the topology was suitable for export. In the process of preparing the models for 3D printing, the Ultimaker Cura slicer was used. The models were imported into the computer program and properly (optimally) arranged on the virtual printer’s bed.



PLA filament (Fillamentum, PLA Extrafill, 1.75 mm diameter) was selected for printing, with the nozzle temperature set to 190 °C, while the bed heating temperature was set to 60 °C. The layer height was set to 0.14 mm to achieve high precision (Table 1). For strength and print quality, four layers were chosen for the side walls, as well as for the initial and final layers. The infill was set to 50% in a grid pattern with ±45° raster orientation to achieve an ideal balance between strength and material consumption and mimic default parameters which are mostly used [22]. For comparison, samples with 100% infill were also produced under the same conditions. Grid infill geometry minimizes voids between layers when dealing with 100% infill [20]. The print speed was set to 45 mm/s to ensure a stable layer-by-layer print. When addressing infill and side walls, various settings were selected to achieve the highest quality and an efficient printing speed. The print speed for the infill was set to 60 mm/s, while the speed for the side walls was set to 22.5 mm/s to ensure the detailed and precise rendering of the model’s outer contours. The models were printed using the Creality Ender 3 Pro 3D (Creality, Hong Kong) printer which is cost-effective, easily accessible, and simple to operate, utilizing FDM (fused deposition modeling) technology. Before printing, the printer was properly calibrated to ensure dimensional accuracy and print precision.



After subjecting the samples to a controlled environment set at standard room conditions (22 ± 1 °C and 50% humidity) for a duration of 24 h, the determination of their weight was carried out. This specific conditioning period ensures that the samples reach thermal and moisture equilibrium with the surrounding environment, providing a stable baseline for accurate mass measurements.




2.2. Fracture Resistance Testing


The modification of the Charpy test was used for measuring the energy expended during the fracture of samples under dynamic loading. The device can be adjusted to measure dynamic loads for various samples. The Charpy test involves exposing a specimen to three-point flexural impact loading from a swinging pendulum. The energy absorbed is precisely quantified as the change in potential energy, correlating with the pendulum’s height difference before release and its maximum height after passing through the specimen. Adequate energy is applied to ensure complete fracture [23]. In this research, samples with dimensions of 10 mm × 10 mm × 2 mm, 10 mm × 10 mm × 3 mm, and 10 mm × 10 mm × 5 mm were used. The samples were fixed into grips and positioned so that the moment of action was maximal (in the middle of the sample). The impact force was applied at the apex of the pyramid on a pendulum. The energy required to fracture the samples, J, was read from the measurement scale.



Ten samples were used for each measurement, and they were either 50% or 100% filled. The samples were positioned such that the impact force was either on the first layer of the sample or the last layer of the sample.




2.3. Optical Microscopy


Optical microscopy was performed using the USB Dino Lite AMT413T optical microscope, which features a 3-megapixel CMOS detector. The microscope’s magnification ranges from 5× to 200×, while the integrated CMOS camera has a resolution of 3 megapixels.




2.4. SEM Microscopy


SEM micrographs were obtained with JEOL JSM-6460 (Jeol, Tokyo, Japan) scanning electron microscope. Prior to testing, the samples were gold-coated by the Baltec SCD 005 sputtering unit. The obtained micrographs were further processed with ImageJ 1.54 software in order to analyze inter-layer boundaries.




2.5. Fourier-Transform Infrared Spectroscopy


The ATR spectra of the samples surface were measured using the Shimadzu FTIR IRAffinity-21 (Shimadzu, Kyoto, Japan) spectrometer with the Specac Silver Gate Evolution as a single reflection ATR sampling accessory with a ZnSe flat crystal plate (index of refraction 2.4). The IR spectra were recorded in the spectral range between 4000 and 500 cm−1 at a 4 cm−1 resolution and averaged over 15 scans.





3. Results and Discussion


3.1. Mass Determination of Printed Samples


The additive manufacturing of a 2 mm thick sample yields a 14% reduction in material consumption when producing objects with a 50% infill. Elevating the sample thickness by 1 mm results in a 22% reduction in material usage for objects with 50% infill compared to those with 100% infill. Furthermore, opting for a 50% infill for samples with a 5 mm thickness translates to a 27% reduction in material usage compared to full-scale printing, as presented in Table 2.




3.2. Fracture Resistance Testing


The results of fracture resistance testing are given in Figure 1 and Figure 2. The key values are graphically represented with the box chart. The box is determined by the 25th and 75th percentiles. The whiskers are determined by the 5th and 95th percentiles. The mean value is represented with a transparent rectangle, while the separation line between the 25th and 75th percentiles represents the median. When the 50% infill samples are studied, there is no significant deviation in impact energy values between them, regardless of their thickness.



If the angle at which the sample is penetrated is compared (0 degrees or 180 degrees), it is observed that the mean values of impact energy and the medians are nearly identical when the sample is impacted at an angle of 0 degrees, with a slightly higher dispersion of values for samples with a thickness of 5 mm. On the other hand, for samples tested at an angle of 180 degrees, there are fewer differences within the samples, as evidenced by almost identical box sizes. If one measurement with a significant jump in value (3 mm at 50% infill and 180 degrees impact angle) is disregarded, it can be observed that the change in position does not have a significant impact on the values of consumed energy for fracture. Although all samples have four upper and lower layers with layers in-between filled to 50%, it is evident that upper/lower layers absorb most of the impact energy.



Due to this conclusion, the experiment with 100% fill samples was conducted without observing the impact on the first impact surface (Figure 2). Consistency in most results was observed, as depicted in the diagram. Earlier research indicated that increasing the number of layers enhances strength due to a higher temperature gradient and improved diffusion between the layers [24]. Nevertheless, this may also result in distortion, interlayer cracking, and the separation of parts due to frequent heating and cooling cycles, potentially causing a decline in strength over time [25].



It was shown by the results that the profile of 100% infill with a thickness of 2 mm should be avoided. The argument is made based on the significant data dispersion in the 100% infill profile compared to the 50% infill profile, indicating that the construction of such profiles exhibits unpredictable behavior when subjected to impact. Another extreme of different values is the thickness of 5 mm. At this thickness, a significant difference in medians was observed for the 100% full profile (4.5 J) and the 50% fill profile (2.2 J/2.4 J). The full profile was proven to be incomparably more durable and suitable for application. It can be concluded that, in terms of impact strength, samples with a thickness of 3 mm are optimal. This suggests that significant material savings can be achieved by using 50% infill without compromising the mechanical properties of the PLA sample.




3.3. Optical Microscopy


Optical microscopy images show that the crack propagated from one layer to the adjacent layer, tearing them apart one by one (Figure 3). Also, the delamination of the layers can be observed. The 5 mm samples made with 50% infill show different fracture behavior than the rest of the samples (Figure 3b). Crack propagation in the infill pattern for the 5 mm 50% infill sample is discontinuous, primarily resisted by crack nucleation. The higher porosity of the structure and larger void areas decreased interlayer bonding which caused irregular crack propagation within the structure, resulting in an irregular fracture pattern.




3.4. SEM Microscopy


The SEM micrograph of the PLA filament cross-section shows a brittle fracture which results in smooth surfaces (Figure 4). In addition, the presence of some inorganic additives in the filament structure can be seen, presented as white spots [26]. The presence of air voids in the filament structure probably occurs due to the filament technology process, i.e., the filament extrusion process and the presence of moisture [27].



The SEM micrograph of the interior of the 3D print made with 50% infill shows the transition from the initial layer to the 50% infill area (Figure 5). The fracture, upon closer examination, presents discernible irregularities and rough edges, providing clear indications of a fracture mode characterized by brittleness or partial brittleness. The observable jagged features on the fracture’s surface further underscore the nature of the breakage, suggesting a lack of ductility and a tendency toward brittle behavior during the impact.



Figure 6a shows layers in the printed model made with 100% infill, while Figure 6b shows an enlarged micrograph of the layers’ structure. It is obvious that the layers have a fibrous structure.



The printing was carried out using the FFF process in which a 3D print is formed through layer-by-layer deposition. In this process, the filament melts and extrudes through the nozzles. By leaving the nozzles, the filament is placed onto the printing bed. Due to its softness, the lower part is flattened while the top part forms convex structures, forming triangular voids (Figure 6c) [28]. These voids can cause an uneven bonding of the layers [29].



Figure 7 shows the cross-section view of the 3D print made with 100% infill under a magnification of 200×. Triangular inter-track voids are formed at inter-layer boundaries due to neck growth phenomena during the solidification and sintering processes when molten tracks merge [30]. Additionally, irregular micro voids at the inter-layer boundaries can be observed. The average surface area values of the micro voids (71 µm2, 63 µm2) are 100× smaller compared to the area of the triangular inter-track voids (6564 µm2) (Figure 7).




3.5. FTIR Spectroscopy


In order to analyze the influence of the fused deposition modeling process on the PLA material due to various thermal processes with a high temperature gradient (melting and extrusion followed by cooling and solidification), FTIR spectra of both the neat filament and the 100% infill FDM samples were recorded (Figure 8 and Table 3). Spectra were acquired from the lower layer. The neat filament shows characteristic peaks of PLA. The vibrational bands of the PLA filament and their assignations are given in Table 2. Strong carbonyl (-C=O) stretches are observed at a wave number of 1746 cm−1. Additionally, there are symmetric and asymmetric vibrations of the alkyl groups -CH and -CH2 between 2800 and 3000 cm−1. Furthermore, there is an asymmetric tension band of the aliphatic C-O-C group at 1182 cm−1 and -C-O-C- asymmetric stretch at ~1078 cm−1.



The FTIR spectra of the fused deposition modeling (FDM)-printed samples display identical vibrational bands, indicating that there are no substantial structural changes in the surface resulting from the cooling and solidification processes. This consistency in the spectra implies that the molecular composition and arrangement of the printed material remain largely unchanged during the transition from the melted to the solid state. The absence of significant alterations in the surface structure underscores the stability of the FDM printing process in preserving the material’s chemical integrity and overall composition.



PLA is a semi-crystalline polymer; thus, it is important to monitor the change in crystallinity during a processing method utilizing heat, since the crystallization speed of PLA is slower than the extruding process [34]. Liao et al. [34] showed the anisotropy of 3D-printed objects due to the occurrence of orientation phenomena during the filament deposition and the formation both of ordered and disordered crystalline forms. The determination of polymer crystallinity is of major concern since it influences many polymer properties (hardness, modulus, tensile strength, stiffness, crease, and melting points) [35]. The crystallinity index of PLA could be calculated as the ratio between the two band areas A754/A868 [36]. The ATR-FTIR results indicate that there are no significant changes in the surface chemistry of PLA filaments during FDM printing, except for molecular reorientations and a decrease in crystallinity, which can be attributed to a combination of thermal, mechanical, and structural changes that occur during the printing process (Table 4), which is in agreement with previous research [36].





4. Conclusions


FDM is widely embraced in prototyping due to its cost-effectiveness, speed, and versatility in creating intricate and functional prototypes using various materials. Concurrently, the growing emphasis on sustainable practices and environmental consciousness highlights considerations for utilizing biodegradable polymers and reducing their overall usage while optimizing the production of polymer-based products. This study delved into the impact fracture resistance of FDM models constructed from Polylactic Acid (PLA), specifically exploring the effects of infill density (50% and 100% infill) and sample thickness (2 mm, 3 mm, and 5 mm). In-depth analyses, including optical microscopy, FTIR spectroscopy, and SEM examinations of both the PLA filament and fractured FDM PLA surfaces, were conducted to elucidate the influence of process parameters on impact damage and failure mechanisms.



The results of the impact fracture resistance test indicate that a 100% infill profile with a 2 mm thickness should be avoided due to significant data dispersion, suggesting unpredictable behavior under impact. For 5 mm thickness, the 100% infill profile showed a significantly higher median compared to the 50% infill profile, demonstrating superior durability. Optimal impact strength was observed in samples with a 3 mm thickness, implying that material savings can be achieved with a 50% infill without compromising mechanical properties. The SEM analysis of the PLA filament showed a brittle fracture, inorganic additives, and air voids from extrusion, while the FDM models with 100% infill showed triangular voids and micro voids at inter-layer boundaries. FTIR spectroscopy showed no alterations in PLA filament surface chemistry during FDM printing, except for molecular reorientations and decreased crystallinity, which is in line with previous research.



Future research will be directed towards investigating the impact of exposing FDM samples to UV radiation and various chemicals to explore their stability under different conditions.
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Figure 1. Fracture resistance of PLA FDM models with 50% infill: (a) impact on bottom layer, and (b) impact on upper layer. 
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Figure 2. Fracture resistance of PLA FDM models with 100% infill. 
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Figure 3. Micrograph of PLA FDM models after mechanical testing; (a) 2 mm sample made with 50% infill (front view under a magnification of 5×), (b) 5 mm sample made with 50% infill (front view under a magnification of 5×), (c) 3 mm sample made with 100% infill (cross-section view under a magnification of 5×), and (d) 5 mm sample made with 100% infill (front view under a magnification of 5×). 
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Figure 4. SEM micrograph of PLA filament cross-section. 
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Figure 5. SEM micrograph of the interior of the 3D print made with 50% infill. 
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Figure 6. SEM micrograph of 3D print made with 100% infill; (a) side view under a magnification of 50×, (b) side view under a magnification of 200×, and (c) cross-section view under a magnification of 50×. 
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Figure 7. SEM micrograph of 3D print made with 100% infill (cross section view under magnification of 200×). 
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Figure 8. FTIR spectra of PLA FDM models made with 100% infill and neat PLA filament. 
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Table 1. Printing conditions.






Table 1. Printing conditions.





	Nozzle Temperature
	190 °C





	Bed temperature
	60 °C



	Layer thickness
	0.14 mm



	Layer print speed
	45 mm/s



	Number of side walls
	4



	Wall print speed
	22.5 mm/s



	Number of initial (bottom) and final (top) layers
	4



	Infill
	50%



	Infill print speed
	60 mm/s










 





Table 2. Mass of printed samples.






Table 2. Mass of printed samples.





	Sample
	Sample Mass/g





	100% infill 5 mm
	5.88 ± 0.02



	100% infill 3 mm
	3.56 ± 0.01



	100% infill 2 mm
	2.25 ± 0.01



	50% infill 5 mm
	4.28 ± 0.01



	50% infill 3 mm
	2.792 ± 0.009



	50% infill 2 mm
	1.928 ± 0.0001










 





Table 3. Vibrational bands of PLA filament and their assignations.






Table 3. Vibrational bands of PLA filament and their assignations.





	Peak Position/cm−1
	Assignation According to Refs. [26,27,31,32,33]





	2922
	C-H stretching



	2850
	C-H stretching



	1746
	C=O stretching



	1454
	-CH3 asymmetric bending



	1384
	-C–H symmetric bending



	1359
	-C–H symmetric bending



	1267
	-C–H bending

-C–O–C stretching



	1182
	-C-O-C symmetric stretching



	1078
	CH3 deformation

C–O-C stretching



	1037
	C–CH3 stretching



	868
	C–COO vibration



	754
	C=O stretching










 





Table 4. Crystallinity index of PLA filament and printed FDM samples with 100% infill.






Table 4. Crystallinity index of PLA filament and printed FDM samples with 100% infill.





	Sample
	Crystallinity Index





	filament
	1.23



	100% infill 5 mm
	0.69



	100% infill 3 mm
	0.97



	100% infill 2 mm
	0.57
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