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Abstract

:

Composite materials are becoming widely applied in fire-critical conditions such as, e.g., aviation interior parts. Environmental considerations motivate the use of additive manufacturing due to the decrease of polymer wastes, and therefore additional fuel sources. The aim of this work was to evaluate the effect of printing direction on flame retardancy and the tensile properties of 3D-printed test samples of polyamide 12 manufactured by selective laser sintering. The effects of printing parameters on the flammability of 3D-printed samples were investigated using vertical burn tests with varied specimen thicknesses and printing directions. It was found that these effects were substantial for the flammability at a low thickness of the test samples. No significant effects of printing direction were revealed for the tensile characteristics of polyamide 12.
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1. Introduction


Additive manufacturing (AM) is becoming widely applied as a manufacturing process in both aerospace and automotive fields, mainly due to design flexibility, reduction in the design-to-manufacturing cycle time, capability to produce complex shapes without manufacturing restraints, reduction of joints and connections, and a decrease in raw material waste [1,2,3,4]. There are also disadvantages to the use of AM, such as, e.g., a small range of available raw materials, restricted build size, postprocessing of the printed parts (cleaning and sanding, water jetting, a chemical soak and wash, air or heat drying, etc.), possible design inaccuracies, and the potential to disrupt the industry and affect employment rates in the long term [3,5]. Nevertheless, AM is a very competitive technology compared to traditional manufacturing approaches such as compression and injection moulding, extrusion, etc., especially for the low-volume fabrication of small parts (e.g., aircraft interior spare parts). Recent numerical and experimental results on the structural integrity of aircraft interior spare parts, a class divider and seat folding table, produced by fused deposition modelling revealed a potential to replace traditionally applied metals [4]. Holding the critical loads that are characteristic of the aircraft interior parts, the 3D-printed parts allowed savings of up to 30% of their weight, which can contribute to the reduction of the total aircraft weight, and can further decrease fuel consumption and CO2 release.



As a matter of fact, for all materials used in aircraft interior parts, it is crucial to pass the requirements for flammability formulated in FAR 25.853 and FAR 25.855 [6,7]. The aviation industry is one of the most regulated industries because any airborne incident could easily have disastrous results without stringent regulations surrounding materials and their use [8]. The results for the flame-retardant properties of Ultem 9085 polymer composites processed by fused deposition modelling (FDM) have been reported [9]. The effects of several processing parameters, such as percentage of infill, number of solid layers, and thickness of the samples on the burn length and heat release rate, were revealed to prove that all tested samples could pass the requirements formulated in FAR 25.853 and FAR 25.855.



In general, the flammability performance could be referred to as the reaction-to-fire processes of a substance, which consists of ignitability, flame spread, heat release, and combustion products (e.g., smoke production) [10]. Combustion is defined as a catalytic exothermic reaction maintained by internally generated heat and free radicals [11].



During the exposition to abundant heat, both natural and synthetic polymers, as well as polymer-based composites, will thermally degrade. This process is also known as pyrolysis, which evolves flammable volatiles. Mixed with air at appropriate temperatures, such volatiles will ignite. Ignition can occur either spontaneously (autoignition) or due to the presence of an external source such as a spark or a flame (flash ignition).



SLS is classified as a powder bed fusion method of building objects by sintering powder particles using laser energy [12]. Compared with FDM, due to the high resolution of the laser beam, the SLS technique allows the prodution of 3D parts with a minimal content of voids, which could be neglected [12,13]. The results on flame retardancy for polyamide 12/flame retardant compositions produced by SLS were recently reported [14,15]. It has been shown that some compositions could not be processed because of the insufficient flowing behaviour of blended powders and the ability to keep the necessary temperature range for processing [14]. Moreover, the addition of filler in laser sintering led to changes in the process behaviour and physical properties (optical, thermal, and mechanical) of the component [15]. The printing quality of 3D-printed parts can be evaluated through the mechanical properties by changing production parameters (e.g., raster angle and orientation, layer thickness, raster-to-raster gap etc.) [16,17,18]. The effect of different reinforcements on the mechanical properties of SLS polyamide 12 has also been discussed [19,20]. Nevertheless, in all these studies, the effect of printing direction for SLS technology and subsequent possible anisotropy of the physical properties (e.g., flame-retardant and mechanical properties) of 3D-printed parts were not analysed.



Therefore, the aim of this work was to evaluate the effect of printing direction on the flame-retardant and tensile properties of polyamide 12 manufactured by SLS by performing vertical burn and quasi-static tensile tests. No similar results were found in the literature.




2. Materials and Methods


2.1. Materials


PA 2241 FR supplied by EOS GmgH (Krailling, Germany) is a polyamide 12-based material that contains a halogen flame retardant [21]. Thanks to its good reusability, it is very cost-efficient compared to other traditional flame-retardant materials. The additively manufactured parts have comparatively high elastic modulus (1.9 GPa) and tensile strength (46–49 MPa), as well as heat deflection temperature (86 °C), allowing this material to be used in the interior of aircraft, e.g., ventilation ducts and exhaust valves. The study material is in the form of white powder and was stored in a vacuum-sealed protective bag. The material that was used for the sample manufacturing was stored at the same temperature (22 °C) and humidity conditions (50% RH); thus, it has the same physical properties before and during the manufacturing.




2.2. Manufacturing of the Test Samples


An EOS P 396 SLS printer (EOS, Krailling, Germany) and the post-processing machine, shown in Figure 1a,b, were used for the manufacturing of all test samples at Baltic3D.eu factory [22]. SLS is a sintered material coating process that uses a laser as a power source and directs the laser to specific points in space attributed to a 3D object [3].



2.2.1. Test Samples for Vertical Burn Test


For different printing directions, the samples were printed at varying thicknesses (1–10 mm). Some of the samples printed in the direction of XY ± 45° at different thicknesses are shown in Figure 1c. The printing parameters for the test samples used in vertical burn tests are summarized in Table 1. Full infill density was used for all samples.



After printing, the samples were required to pass post-processing (Figure 1b). It was necessary to accurately remove the excess PA 2241 material that exists in uncured powder form. The dimensions of the samples printed for vertical burn tests were 75 × 305 mm, according to the criteria formulated in FAR 25.853, Appendix F, Part I [6]. Three replicates were printed for each sample configuration.




2.2.2. Test Samples for Tensile Tests


To investigate the effect of printing orientation on tensile properties, the test samples were printed in different planes, such as XY, XZ, and ZY, with a printing orientation set as the second axis. Additionally, the samples were also printed in the YX, ZX, and ZY planes. The rest of the printing parameters were kept constant. The dimensions of the test specimens were 150 × 10 × 4 mm, according to the standard [23]. At least three samples were printed for each design configuration.





2.3. Vertical Burn Tests


The vertical burn tests were performed at Lantal Textiles AG (Langenthal, Switzerland) according to FAR 25.853, Appendix F, Part I of aviation standards. Before the tests, all specimens were conditioned at 22.5 °C and 50% RH until moisture equilibrium was reached. During this test, the resistance of materials to a flame (at a temperature of 843 °C) was tested according to 60-s vertical burn test requirements (V60). Thus, samples with dimensions of 305 mm × 75 mm were suspended vertically (see Figure 2) and a burner was placed 19 mm below the lower leading edge for 60 s, after which the flame was removed. The burner was set to provide a 23 mm core flame and a 38 mm outer flame for all tests. The main parameters of the test are the ignition time, flame time, drip flame time, and burn length. Detailed information about the main parameters has been previously reported by the authors [9]. To pass a 60-s vertical burn test, there are certain requirements for the samples: (1) the average flame time (time until self-extinguishing occurs) shall not exceed 15 s, (2) the average drip extinguishing time shall not exceed 3 s, and (3) the average burn length shall not exceed 152 mm. At least three test samples for each sample configuration (see Table 1) were tested, and the values given correspond to their arithmetic mean value.




2.4. Quasistatic Tensile Tests


Quasi-static tensile tests were performed at the University of Latvia for the samples with different printing orientations and printed on different planes (see Figure 3 using a Zwick 2.5 testing machine with a crosshead speed of 2 mm/min at room temperature. Tensile strength was defined as the maximal achieved value of stress in the specimen, and the elastic modulus was calculated from the slope of a secant line between 0.05 and 0.25% strain on a stress–strain plot by using the equation:


  E =    σ 2  −  σ 1     ε 2  −  ε 1    ,  



(1)




where ε1 and ε2, σ1 and σ2 are corresponding strains and stresses, respectively. The maximal deformations correspond to the deformation achieved at the failure of the test samples. Three test samples per design configuration were tested, and the values given correspond to their arithmetic mean value.




2.5. Density Measurements


The density of the samples printed in XY, YX, YZ, ZY, XZ, and ZX directions were determined at the University of Latvia at room temperature (22 °C) by using hydrostatic weighing in isopropyl alcohol and Mettler Toledo XS205DU balance with a precision of ±0.05 mg. First, the density of isopropyl alcohol was determined by using a sinker of a known volume of 10 cm3. Then the mass of the samples was registered in the air (ma) and a liquid of known density (ml). The density of the samples was determined by the formula:


  ρ =    m a     m a  −  m l     (   ρ l  −  ρ a   )  +  ρ a  ,  



(2)




where ρl and ρa are the density of the liquid (0.785 g/cm3 for isopropyl alcohol) and the air (0.0012 g/cm3 for air). Three samples per printing direction were weighed in air and isopropyl alcohol, and the values provided in the paper correspond to their arithmetic mean value accomplished by the standard deviation.




2.6. Microscopy Analysis


The morphology of the surface was evaluated for the test samples printed in XY, YZ, and XZ directions using a desktop scanning electron microscope (SEM) Phenom Pro in the Institute of Solid State Physics. Images were taken with a backscattered electron detector (BSD) using an accelerating voltage of 5 kV.



Freely available ImageJ analysis [24] was used to evaluate the size distribution of the 3D-printed “grains” on the fracture surfaces. By using an iso-data algorithm, the optimum brightness threshold was obtained, and the image was divided into filler particles (3D-printed grains) and background (voids) by the comparison of average brightness below and after the set test threshold value [25,26]. Thus, the 3D-printed grains were separated from the background by setting the brightness threshold between them and the background. The area of grains was defined via the number of pixels for each micrograph and was used for the subsequent histogram analysis.





3. Results and Discussion


3.1. Vertical Burn Tests


The results obtained for the vertical burn tests for the samples printed in the XY, XZ, ZY, XY ± 45°, and ZX ± 45° directions are shown in Figure 4a in relation to sample thickness. As described before, the average burn length shall not exceed 152 mm to pass a 60-s vertical burn test. According to the results provided in Figure 4a, all 3D-printed samples passed this criterion and could be applied in the interior of aircraft, meeting all requirements for flammability formulated in FAR 25.853 and FAR 25.855 [6,7].



Moreover, it is obvious from Figure 4 that, with the increase in thickness, the burn length decreases. Similar results have been obtained previously [9,23], and were explained by the fact that the greater the mass of the printed material, the higher the fire resistance and the lower the burn length. After the sample thickness of 4 mm, the burn length was almost constant (~5–7 mm). Therefore, the difference may exist only for thin samples, e.g., of thickness 1 and 2 mm. These results were compared for the samples printed in XY, XZ and ZY directions and are provided in Figure 4b. According to Figure 4b, the effect of printing direction was significant at small thicknesses. The smallest burn length was denoted for XY printing direction for both sample thicknesses. For the sample thicknesses of 1 mm and 2 mm, the burn length was reduced by 1.5 and 4 times, accordingly, if the XY printing direction is compared with the XZ and ZY ones. Therefore, despite expected isotropy for the samples produced by SLS technology, XY printing direction provides samples demonstrating the best performance for flammability. This could be explained by the reduced content of defects/voids, which was identified by the microscopy analysis.




3.2. Tensile Tests


The representative stress-strain curves for the PA 2241 FR samples printed in different directions are provided in Figure 5a. Similar results were obtained for other samples of the same printing directions. From these curves, it can be observed that the effect of printing direction on the mechanical behaviour was not substantial. The quantitative results obtained for the elastic modulus, tensile strength, and maximal deformation are summarized in Figure 5b. According to Figure 5b, the elastic modulus and tensile strength of the samples printed in XY and YX directions were slightly higher—by 3% and 2%, respectively, than the same parameters for the samples printed in the other directions.



These results indicate a rather homogeneous structure of the samples when they are printed at a certain thickness (4 mm for the tensile tests). All results obtained for the tensile characteristics of PA 2241 FR conform to the data provided by the supplier [21].




3.3. Density Evaluation


The experimental results for the density of the samples printed in different directions revealed no significant effect of the printing direction (see Table 2). Again, for the samples printed in the XY and YX directions, the results were slightly higher, but they could be neglected considering such a negligible effect on the density and standard deviation of 0.01 g/cm3. According to the data provided by the supplier, the density of PA 2241 FR is 1.00 g/cm3 [21], which is in line with the results obtained in this work. Thus, it can be concluded that density was also not affected by the printing direction.




3.4. Microscopy Analysis


Generally, the properties of 3D-printed polymer composites are dependent not only on the properties of the polymers but also on the material microstructure: the angle of printing and the thickness of the layers, as well as the interactions between the layers [27]. Some morphological peculiarities of the test sample printed in the XY, ZX, and YZ directions can be observed from Figure 6.



Obviously, the fracture surfaces for all samples were rather smooth, indicating a brittle fracture that is typical for polyamides at room temperature, although some roughness and “grainy” structures were also detected for all samples. Their size and distribution were different between the samples, with the most evident dominance for the XZ direction. A similar granulated nature for the fracture surfaces was reported at low temperatures for polyamide 12 reinforced with short glass fibres [19], which was attributed to larger thermal contraction of the matrix compared to the fibres, and the granules’ size was similar to the original powder (50–100 µm). In general, our results could indicate a reduced quality of printing in the XZ direction by using SLS technologies, resulting in a higher content of voids compared to the XY and YZ printing directions.



To investigate the distribution of 3D-printed “grains” on the fracture surface, the obtained area of all individual grain particles was used for the histogram analysis. The results obtained are provided in Figure 7, revealing a higher number of filler (grain) particles within the range of area from 10 to 90 µm2 for the samples printed in the XY and YZ directions in comparison with the XZ direction. The lower number of particles in this range indicates a higher content of voids, which is also obvious from Figure 6c. However, it should be noted that the analysis is limited by a small area rejecting the rest of the specimen, and therefore this area should be representative of the whole specimen [25].



Nevertheless, for all test samples, the results of SEM revealed some inhomogeneities (“grainy” structures and voids) that could lead to anisotropy in the physical properties, especially within the long-term use when environmental factors (e.g., absorbed moisture and temperature) could affect the structure and deteriorate the mechanical properties [27,28].





4. Conclusions


Efforts were made to evaluate the effect of printing direction on the flame-retardant and tensile properties of polyamide 12 processed by selective laser sintering.



It was experimentally confirmed that the burn length of the samples printed at all thicknesses starting from 1 mm and until 10 mm meets the requirements set in FAR standards No. 25.853 and 25.855 for compartment aircraft interiors. It was revealed that the burn length was affected by the printing direction at thicknesses of 1 and 2 mm, while after the sample thickness of 4 mm, the burn length was almost constant for all printing directions. This could be described by the scale factor and anisotropy for the thinner samples produced by SLS technology.



The morphological peculiarities of the test samples printed in different directions were examined by SEM and revealed some inhomogeneities (voids) for all of them. This should be taken into account considering the long-term use of these materials because environmental factors could deteriorate the mechanical properties.



No significant influence of printing direction was established on the tensile and density characteristics, proving homogeneous structure and the same properties at micro-scale for polyamide 12 processed by SLS technology. Moreover, because all samples passed the vertical burn tests, the manufacturing of the interior parts can also have partial infill, thus minimizing the weight of the parts and leading to a total weight reduction and fuel savings for aircraft.
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Figure 1. EOS P 396 printer (a) and post-processing machine (b) at Baltic3D.eu factory; the samples printed in the direction of XY ± 45° at different thicknesses of 1.00, 1.75, 2.00, 5.00, and 10.00 mm (c) and dog-bone samples for tensile tests (d). 






Figure 1. EOS P 396 printer (a) and post-processing machine (b) at Baltic3D.eu factory; the samples printed in the direction of XY ± 45° at different thicknesses of 1.00, 1.75, 2.00, 5.00, and 10.00 mm (c) and dog-bone samples for tensile tests (d).
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Figure 2. Schematic presentation of a vertical burn test [8] (a) and hydrostatic weighting of the test sample printed in XY direction (b). Reprinted with permission from [8], CC BY-NC-SA 3.0 NZ, 2014, ResearchSpace@Auckland, Maurice Chai. 






Figure 2. Schematic presentation of a vertical burn test [8] (a) and hydrostatic weighting of the test sample printed in XY direction (b). Reprinted with permission from [8], CC BY-NC-SA 3.0 NZ, 2014, ResearchSpace@Auckland, Maurice Chai.
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Figure 3. Printing directions for the samples used in tensile tests. 
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Figure 4. Burn length as a function of sample thickness for different printing directions, as indicated on graph (a), and burn length as a function of printing directions, as indicated on the graph for the samples of thickness 1 and 2 mm (b). 
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Figure 5. Representative stress-strain curves (a) and tensile characteristics (b) for the samples printed in different directions, as indicated on the graph. 
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Figure 6. Typical micrographs of fracture surface for the test samples printed in XY (a), YZ (b), and XZ (c) directions. 
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Figure 7. Filler particle’s area distribution for the samples printed in different directions (indicated on the graph). 
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Table 1. Printing parameters for the test samples used in vertical burn tests.
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	Thickness, mm
	Printing Direction





	1.00
	X, Y, Z, XY ± 45°, ZX ± 45°



	1.25
	X, XY ± 45°, ZX ± 45°



	1.50
	XY ± 45°, ZX ± 45°



	1.75
	XY ± 45°, ZX ± 45°



	2.00
	X, Y, Z, XY ± 45°, ZX ± 45°



	2.50
	XY ± 45°, ZX ± 45°



	3.00
	XY ± 45°, ZX ± 45°



	4.00
	XY ± 45°, ZX ± 45°



	5.00
	XY ± 45°, ZX ± 45°



	6.00
	XY ± 45°, ZX ± 45°



	7.00
	XY ± 45°, ZX ± 45°



	8.00
	XY ± 45°, ZX ± 45°



	10.00
	XY ± 45°, ZX ± 45°










[image: Table] 





Table 2. Density of the samples printed in different directions.
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	Printing Direction
	Density, g/cm3





	XY
	1.027 ± 0.007



	YX
	1.026 ± 0.005



	XZ
	1.023 ± 0.008



	ZX
	1.023 ± 0.006



	YZ
	1.023 ±0.005



	ZY
	1.023 ±0.007
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