Benoît Cosson 
  
Le Anh-Duc 
  
André Chateau 
  
Akué Asséko 
  
Investigation of the effect of light scattering on transmitted laser intensity at the weld interface during laser transmission welding of 3D printed thermoplastic parts

Keywords: separated by '-') Laser transmission welding -3D printing -Light scattering -Ray-tracing simulation -Thermoplastic polymers -Weld interface -Transmitted laser intensity Laser transmission welding, 3D printing, Light scattering, Ray-tracing simulation, Thermoplastic polymers, Weld interface, Transmitted laser intensity

3D printing has offered cost-effective, lightweight, and complex parts. To extend their applications, 3D printed parts need to be welded in order to form the larger functional assemblies. For this purpose, Laser Transmission Welding (LTW) is a promising joining technology. This paper aims to investigate the light scattering effect on the intensity profile of the laser heat source during the transmission through the 3D printed laser-transparent part. Indeed, the inherent design of the 3D printing technology results in a complex heterogeneous microstructure with a significant amount of porosity inside the printed parts. Such structure induces the optical diffusion (i.e. light scattering) of the laser beam within the 3D printed parts. This phenomenon leads to the reduction of the transmitted energy arriving at the weld interface, which directly influences the quality of the joint and its mechanical performance. The approach adopted in this paper is to propose a ray-tracing model to simulate the optical paths of the laser beam through the 3D printed laser-transparent part, which is able to evaluate changes in the laser heat source at the weld interface directly linked with the light scattering effect within the microstructure of the parts. Experimental measurements are performed to assess the transmitted intensity flux distribution using an image processing technique, instrumented with a digital camera and macro lens. The numerical results show good accordance with the experimental one, which proves the confidence of the proposed raytracing model. Finally, 3D transient thermal model of the LTW process is performed using the FEM software COMSOL Multiphysic® to confirm the influence of the scattering effect on the temperature field and thus on the quality of the weld.
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B Benoît Cosson benoit.cosson@imt-nord-europe.fr Le Anh-Duc anh-duc.le@imt-nord-europe.fr André Chateau Akué Asséko andre.akue.asseko@imt-nord-europe.fr 1 IMT Nord Europe, Institut Mines Télécom, Univ. Lille, Centre of Materials and Processes, Villeneuve d'Ascq F-59653, France complex shapes, delivering superior mechanical properties, 23 and creating lightweight structures [START_REF] Kabir | A critical review on 3D printed continuous fiber-reinforced composites: History, mechanism, materials and properties[END_REF][START_REF] Le | Simulation of largescale additive manufacturing process with a single-phase level set method: a process parameters study[END_REF][START_REF] Werken | Additively manufactured carbon fiber-reinforced composites: State of the art and perspective[END_REF]. Despite its poten-24 tial benefits, due to the inherent design of layer-by-layer 25 production, the mechanical performances of the 3D printed of 26 CCFRCs remain limited by the orientation of the fibers in the 27 printing plane, and the relatively low strength of inter-layer 28 bonding [START_REF] Chacón | Additive manufacturing of PLA structures using fused deposition modelling: Effect of process parameters on mechanical properties and their optimal selection[END_REF][START_REF] Tian | Interface and performance of 3D printed continuous carbon fiber reinforced PLA composites[END_REF][START_REF] Zhang | Effect of build orientation and raster pattern on the fracture behavior of carbon fiber reinforced polymer composites fabricated by additive manufacturing[END_REF]. This drawback becomes particularly prob-29 lematic when dealing with complex mechanical loads in a 30 three-dimensional context. One way to address this techno-31 logical challenge is to utilize a hybrid approach that combines 32 two different processes: 3D printing and Laser Transmis-33 sion Welding (LTW). This method involves 3D printing of 34 anisotropic CCFRCs components in different printing direc-35 tions, then using LTW to join the parts together. This hybrid 36 method allows for the production of objects in which the con-37 tinuous reinforcing fibers are arranged to provide support for 38 multi-directional mechanical loads.

As carbon fibers absorb most of the energy from the laser, CCFRCs components are absorbent to the incident laser radiation. Transparent filler material was used for LTW of CCFRC components in [START_REF] Berger | Laser transmission welding of carbon fiber reinforced thermoplastic using filler material-A fundamental study[END_REF]. The two joining components are held together by a clamping device, while the transparent filler material and the joining partners are kept together only by the elastic force of the polymeric monofilament. The radiation passes through the transparent filler material and is absorbed by the two joining components. The produced heat is transferred to the filler material via heat conduction.

All three components melt, and once the materials cool down, they fuse permanently together through the diffusion of polymer molecules.

An alternative approach for the assembly process is to produce small thermoplastic windows (100% pure), which are either transparent or semi-transparent to the laser radiation, while 3D printing one of the components to be joined.

These windows enable the laser radiation to pass through the transparent component and be absorbed by the absorbent composite component at the interface. As a result, this localized heating causes the thermoplastic to melt, creating a strong bond at the weld interface.

Achieving a high-quality weld requires careful control of the interface weld temperature. This temperature is affected by multiple factors, including the optical and thermal properties of the components being welded, as well as the specific parameters used during the LTW process [START_REF] Asséko | Laser transmission welding of composites -Part B: Experimental validation of numerical model[END_REF][START_REF] Chabert | Transmission laser welding of polyamides: effect of process parameter and material properties on the weld strength[END_REF][START_REF] Le | Laser intensity and surface distribution identification at weld interface during laser transmission welding of thermoplastic polymers: A combined numerical inverse method and experimental temperature measurement approach[END_REF]. As the laser beam propagates through a heterogeneous medium, like a 3D printed component that contains a substantial amount of voids, it gets reflected and refracted every time it encounters an air-matrix interface. This occurrence results in laser beam scattering, which decreases the amount of transmitted energy reaching the weld interface [START_REF] Ilie | Laser beam scattering effects in non-absorbent inhomogenous polymers[END_REF]. As a consequence, the joint's quality and mechanical performance are directly impacted [START_REF] Asséko | Analytical and numerical modeling of light scattering in composite transmission laser welding process[END_REF][START_REF] Chen | Description of transmitted energy during laser transmission welding of polymers[END_REF][START_REF] Xu | Effect of part thickness, glass fiber and crystallinity on light scattering during laser transmission welding of thermoplastics[END_REF][START_REF] Zak | Weld line transverse energy density distribution measurement in laser transmission welding of thermoplastics[END_REF]. Kuklik et al. [START_REF] Kuklik | Enabling laser transmission welding of additively manufactured thermoplastic parts using an expert system based on neural networks[END_REF] used 3D printing and LTW process parameters to predict the weld seam strength by using a neural network-based expert system with an accuracy of 88.1%.

It has been demonstrated that the transmissivity and scattering behavior of thermoplastic 3D printed components are a function of 3D printing process parameters [START_REF] Kuklik | Laser welding of additively man-662 ufactured thermoplastic components assisted by a neural network-663 based expert system[END_REF]. In this study, we aim to comprehensively investigate the impact of light scattering on the intensity profile of the laser heat source during its transmission through a 3D printed laser-transparent part. We propose a ray-tracing model to simulate the optical paths of a laser beam through a 3D printed laser-transparent part. By using the proposed model, it is possible to predict the changes in the laser heat source distribution at the weld interface, which are directly linked to the light scattering effect within the microstructure of the parts.

The methodology employed in this study builds upon our previous work [START_REF] Asséko | Analytical and numerical modeling of light scattering in composite transmission laser welding process[END_REF][START_REF] Cosson | A non-666 destructive optical experimental method to predict extinction 667 coefficient of glass fibre-reinforced thermoplastic composites[END_REF][START_REF] Cosson | 3D 671 modeling of thermoplastic composites laser welding process -A 672 ray tracing method coupled with finite element method[END_REF][START_REF] Cosson | Numerical analy-676 sis of thermoplastic composites laser welding using ray tracing 677 method[END_REF]. However, the novelty of this paper lies in the specific case study: the application to 3D printed thermoplastic parts. This investigation comprises 93 the following key aspects: First, we conduct microstructural 94 characterization of the 3D printed thermoplastic parts by 95 varying the printing parameters; The second step involves 96 generating numerical microstructures that represent the void 97 shapes and porosity of the materials; In the third step, we 98 evaluate the influence of microstructural differences and 99 sample thickness on the resulting intensity profiles of the 100 laser at the interface. This evaluation is achieved through a 101 quantitative numerical/experimental comparison; Finally, we 102 examine the effect of light scattering on the interface temper-103 ature, and consequently, on the weld quality. By addressing 104 these aspects, we present a comprehensive analysis of laser 105 transmission through 3D printed parts. This analysis pro-106 vides crucial insights for optimizing the welding process, 107 enhancing weld quality, and improving the final product's 108 mechanical properties.

109

As a first step, the microstructures of the samples printed 110 under different printing parameters will be examined by 111 means of optical microscopy. According to the microstruc-112 ture analysis, the numerical RVEs of the samples will be 113 generated. Subsequently, ray-tracing simulations will be 114 performed to model the diffusion patterns of the light trans-115 mitting through the samples. Then, the transmitted intensity 116 flux distributions of the laser beam will be generated at the 117 weld interface and compared for different samples. In order 118 to validate the numerical model, an image processing tech-119 nique equipped with a digital camera and macro lens will 120 be used to perform experimental measurements that assess 121 the transmitted intensity flux distribution at the weld inter-122 face. Finally, 3D transient thermal model of the LTW process 123 will be conducted using the FEM software COMSOL Mul-124 tiphysic® . The thermal model will allow for confirming the 125 influence of the scattering effect on the temperature field dur-126 ing the LTW process. Accordingly, the quality of the weld 127 can be predicted. 156

Optical microscopy was carried out by means of a ZEISS Axio Zoom.V16 digital microscope and DeltaPix InSight™ V6.7.4 software. Figure 2 shows the void morphology of two sample types I and II, which were printed under two levels of the layer thickness (e = 0.2mm and e = 0.3mm) respectively. The shape of voids changes from a predominantly fully astroid-shaped for sample type I (e = 0.2mm) (Fig. 2a) to half astroid-shaped for sample type II (e = 0.3mm) (Fig. 2c). These voids were formed by the gaps between the filaments deposited during printing and were actually grooves aligned in the direction of the filaments. Although the nozzle used to extrude the molten material is circular (i.e. D = 0.4mm), during deposition, the filament was pressed down to a smaller layer thickness (i.e. e = 0.2mm and e = 0.3mm) and became elliptical. As can be seen in Fig. 2, in both cases, the bottom surfaces of the filaments cooled down quickly to form round edges. On the contrary, the top surfaces of the filaments were relatively flat due to the interaction between the nozzle and the molten polymer, and the extrusion pressure during the printing process [START_REF] Le | Simulation of largescale additive manufacturing process with a single-phase level set method: a process parameters study[END_REF]. For the layer thickness of 0.3mm, because of a large amount of extruded material, the extrusion pressure is more important, which pushes the material to the side. Moreover, a higher amount of molten polymer carries more thermal energy, resulting in better rheological properties. Therefore, the top surfaces flatten. For the layer thickness of 0.2mm, the top surfaces of the filaments are slightly deformed due to these circumstances but still maintain relatively round edges. These deformed edges, then, together with the bottom surfaces of the subsequently deposited filaments, form mostly astroid-shaped voids. The printing parameters shown in Table 1 were chosen in order to obtain these two typical void morphology of the 

Laser intensity profile measurement

The aim of the experimental measurements is first, to obtain 4). To do so, the camera is set to manual mode in order 229 to impose the same settings, except the exposure time for all 230 samples (i.e. Bracketing exposure setting mode as can be 231 shown in Fig. 5). Further explanations about the calibration 232 procedure can be found in Ref. [START_REF] Cosson | A non-666 destructive optical experimental method to predict extinction 667 coefficient of glass fibre-reinforced thermoplastic composites[END_REF]. One master curve can be 233 built for each sample, however, these curves are expected to 234 be identical for all samples. To minimize the impact of noise 235 and errors, an average master curve is used for the calibration 236 of all images, which is shown in Fig. 6. containing a void at the center is created (see Fig. 7). The RUC is in the XZ plane following the coordinate system defined in the printing process, with the vertical Z-direction being the direction of laser beam projection. It is worth noting that, in the proposed numerical model, the laser is pointed from bottom to top. Therefore, in the case of sample type II, the peak of the half astroid-shaped is pointing downwards. The size of the voids is computed based on the measured porosity of the voids from experimental images (Fig. 2). The data used in this study are listed in Table 2.

Figure 8 shows the multi-scale mesh used to discretize the 3D printed parts for ray-tracing simulations. As can be seen from the figure, the first scale, the so-called macroscopic mesh, is a regular hexahedral mesh. Then, each macroselement is discretized by a periodic microscopic mesh. The 3D microscopic mesh is generated by extrusion of the 2D RUCs in the direction Y by a unit distance.

Ray-tracing simulation

In order to describe the interaction between the laser beam and the 3D printed thermoplastic part, the ray-tracing method is chosen. This method has the advantage of following the laser beam propagation into a complex structure. In previous studies, the ray-tracing method has been successfully The power assigned to individual rays is determined by referring to the experimental data obtained from the measurement of the initial laser intensity profile in "Laser intensity profile measurement". Thereby, an initial normalized power flux distribution map of the laser beam is established (see Fig. 11). Given that the power of the laser used is P laser = 1mW , the initial power assigned to each ray is calculated by Eq. 1:

p 0 (x, y) = P laser × p normali zed (x, y) p normali zed (x, y) (1)
The path of each ray is first followed in the macroscopic mesh. In each macro element, the ray enters the microscopic mesh and then it is followed in the microelements. It is important to note that the computation of the intersection between a considered ray and all the micro mesh at the same time is obviously very time-consuming. The macroscopic mesh serves as a first filter before considering the interaction of the ray with the microscopic mesh. By this means, only one microscopic mesh is considered each time. As a result, this two-scale calculation allows for a significant reduction of computational cost.

The main phenomenon linked to the light scattering effect at the macroscopic scale is the multiple refractions in the structure at the microscopic scale. Refraction causes a change in the direction of light at the air-matrix interface. In the ray-tracing method, each time a ray encounters a change of medium, refraction is taken into account using the Snell-Descartes law:

n 1 sinθ 1 = n 2 sinθ 2 (2)
where n 1 , n 2 are the refractive indices, θ 1 is the angle of the incident ray at the dioptre, and θ 2 is the angle of the refracted ray. Refractive indices of the polymer and the void 

347 p(l) = (1 -ρ)P 0 e -K h l ( 3 
)
348
where l represents the ray path length, ρ = 0.07 [START_REF] Le | Infrared 694 heating modeling of recycled PET preforms in injection stretch 695 blow molding process[END_REF] 349 stands for the reflectivity at the incident surface. K h is the 

Thermal simulation

In order to show the influence of the scattering effect on the weld quality (i.e. heat affected zone), thermal simulations are performed using commercial FEM software COMSOL Multiphysic® . The numerical model is composed of two domains: a 3D printed transparent component made of PETG material, and an absorbent substrate of the same material, filled with black carbon. For the sake of simplicity, as a first step, the thermal properties of pure material are used (i.e. without homogenization) for both components, which are listed in Table 3. A perfect thermal contact is assumed at the interface between the two components. All the exposed surfaces are prescribed a convective heat flux boundary condition, with a heat transfer coefficient of h = 10[W /(m 2 .K )] [START_REF] Le | Infrared 694 heating modeling of recycled PET preforms in injection stretch 695 blow molding process[END_REF]. To quantify the effect of scattering on the temperature field, a first model (model 1), where scattering is neglected, is proposed. With model 1, the attenuation of the laser intensity due to absorption within the transparent part is modeled by using Eq. 4:

I (z) = (1 -ρ) × τ × I 0 × e -z D ( 4 
)
where I 0 is the initial laser intensity coming from the laser, τ is the transmissivity of the transparent part at the laser wavelength (i.e. the ratio of rays that reach the weld interface to the total number of rays), ρ is the reflectivity at the incident surface, and z is the sample thickness. D stands for the macroscopic extinction coefficient. It is noted that τ and D can be obtained either by ray-tracing simulations or by experimental measurements using an IR spectrometer. In this work, τ and D were obtained as results from ray-tracing simulations.

In the second model (model 2), the scattering effect is considered. For this model, the beam intensity profile, reaching the weld interface, calculated by ray-tracing simulations sample and are the result of the multiple refractions of the laser light at the air-matrix interfaces. In contrast, areas of the sample with no void grooves allow the laser light to travel along straight paths with no scattering. In addition, these areas also receive intensities from the scattered zones, resulting in concentrated areas of laser light. Overall, the laser beam behavior is influenced by the sample's microstructure and can result in complex intensity patterns that depend on the presence or absence of the void grooves. It can be also seen in Fig. 11e that the ray-tracing model effectively simulates this feature, resulting in an intensity map that closely matches the experimental one.

To achieve a more quantitative comparison, the laser beam profiles at the central lines of the weld interface in the directions perpendicular and parallel to the filament are plotted in Fig. 12. It is apparent from the figure that there is a good agreement between simulations and measurements. The redistribution of the laser intensity after passing through the sample is well reproduced by the numerical model. It can be observed in the linear scale (Fig. 12a) that the concentrated and attenuated areas of the laser intensity that were mentioned earlier are accurately predicted. In the logarithmic scale (Fig. 12b), the spread of the laser beam can be seen. One can readily observe that there is no spreading taking place in the direction parallel to the filament (Fig. 12d). This reflects that the scattering phenomenon is absent in this direction. This phenomenon has also been observed in the case of a unidirectional (UD) composite in previous work [START_REF] Cosson | Numerical analy-676 sis of thermoplastic composites laser welding using ray tracing 677 method[END_REF][START_REF] An | Three-dimensional 698 printing of continuous carbon fiber-reinforced polymer composites 699 via in-situ pin-assisted melt impregnation[END_REF].

The confrontations between simulation and experiment for other samples are presented in Fig. 13. It is shown that, in all cases, the intensity distributions in the central zone of the beam are well predicted since the profiles are very similar. In the logarithmic scale, the results show that the spread of the laser beam is fairly better predicted for the cases of sample type II compared with one of sample type I. For both cases of sample type I, there is a visible discrepancy in the region far from the beam center. This discrepancy can be attributed to the following. The voids are not perfectly astroid-shaped and have regular alignment, hence different than those used in the ray-tracing models. Similarly, the void shape in some regions of the sample type I might be quite small compared to the average void fraction used in the models (see Fig. 2).

Influence of sample thickness

In this section, the influence of the sample thickness on the transmitted laser intensity is investigated. For the sake of clarity, the plots of simulated and experimental results are separated to achieve more accurate comparisons. The simulated results of the three samples with different thicknesses are shown together in Fig. 14a, and the experimental ones are shown in Fig. 14b. From the figure, the attenuation of laser 

Influence of void shape

The influence of the void shape on the intensity distribution map of the laser beam at the weld interface is shown in Fig. 15.

It is observed that the size of the slits, where the laser intensity is reduced, is a function of the void size. As a result, the ones observed in sample type II are slightly larger than in sample type I. Accordingly, for sample type II, the light intensity in concentrated areas reaches higher peaks. (see Fig. 15b).

In order to compare the light scattering level inside the two sample types, the empirical cumulative distribution functions of the ray path length are depicted in Fig. 16a. It is important to note that, rays whose path lengths are lower than the thickness of the samples, are exited the numerical geometry through other faces than the weld interface (i.e. sides, and top faces). Thus, the quantity of these rays might represent the light scattering level within the samples. Accordingly, the probabilities of these rays are 0.07 and 0.11 for sample type I (2mm) and sample type II (2.1mm) respectively. For thicker samples, these probabilities also increase, namely 0.09 and 0.17 for sample type I (4mm) and sample type II (3.9mm) respectively. From this analysis, it can be concluded that the light scattering level inside sample type II is slightly higher compared to sample type I. Also, the light scattering level increases with the thickness of the sample. Figure 16b shows the total transmitted power (i.e. the integral on the surface) received at the weld interface as a function of the sample thickness for two sample types. As a result, samples type I allow more light to pass through than type II. It can also 498 be seen that the greater the sample thickness, the lower the 499 energy reaching the welding interface. From this result, the 500 macroscopic extinction coefficient of the laser intensity D 501 can be calculated according to the Beer-Lambert law (Eq. 5): 502

I (z) = I 0 × e -z D
(5) 503

where I 0 is the initial laser intensity coming from the laser 504 device, before entering the sample, and z is the sample thick-505 ness. The macroscopic extinction coefficient D is given by 506 the calculation of the slope of the line ln(I (z)) vs. z as can 507 be shown in Fig. 16c. Accordingly, the computed results are 508 respectively D = 113.7m -1 and D = 123.3m -1 for sample 509 type I and sample type II.

510

Influence of the scattering effect on the weld quality 511

For the sake of comparison, thermal simulations are per-512 formed for two different types of samples with a thickness of 513 2mm. In this application, to achieve a welding temperature 514 at the interface (i.e. above the glass transition temperature 515 T g = 81 • C), the intensity of the laser is magnified 500 516 times. The maximum temperature profiles achieved on a 517 line perpendicular to the weld seam (i.e. the red dotted 518 line in Fig. 10b) are shown in Fig. 17. Compared with the 519 no-scattering simulation, the scattering effect results in the 520 formation of narrowed regions along the weld seam where 521 the temperature is significantly reduced. This confirms that 522 the thermal diffusion rate is insufficient to compensate for the 523 non-homogenization of the intensity distribution due to the 524 model was validated by experimental measurements that used a laser as a light source and a reflex camera as a measuring device. In order to assess the influence of the scattering effect on the quality of the weld, 3D thermal simulations were conducted, which allowed for predicting the temperature field during the LTW process. The results showed a marked reduction in the quality of the weld due to the scattering effect. Future work will aim to further extend the applications of the model to predict the influence of filling patterns on the light scattering of the laser beam within the 3D printed parts. Consequently, the ray-tracing model will be coupled to a FEM model to simulate the temperature field during the LTW process of 3D printed CCFRCs.

Fused

  Filament Fabrication (FFF) based 3D printing of continuous carbon fiber reinforced composites (CCFRCs) has demonstrated impressive capabilities in reproducing Benoît Cosson and André Chateau Akué Asséko contributed equaally to this work.

147 Sample microstructures investigation 148

 148 Optical microscopy of the sample cross-sections was con-149 ducted to investigate void content and void morphology. To 150 prepare for microscopy, the samples were cut with a saw in 151 the middle, in a way that filaments were perpendicular to the 152 cut plane. The samples were then ground with SiC sandpaper 153 up to a maximum grit size of 1200 (Struers Inc., Cleveland, 154 OH, USA). Finally, the sample surfaces were polished using 155 diamond colloidal suspension to a final grit size of 1μm.

Fig. 1 Fig. 2

 12 Fig. 1 3D printing of thermoplastic samples with different thicknesses

  3D printed parts. Numerous studies have reported the internal structure of the FDM parts to be similar to the structure depicted Fig. 2 [1, 21-23]. Different printing parameters than those used in this study might be needed for other machines/materials to achieve the same microstructures. The void area fraction was measured by post-processing cross-section optical images of the samples in ImageJ software. For each treatment condition, five images were analyzed from different cross-section images to find the average value of the porosity. The voids can be distinguished from the matrix by performing an image segmentation based on pixel classification. As shown in Fig.2a and c, the green part signifies the matrix. The porosity of the sample can be calculated based on the void area fraction over the area of the whole image as shown in Fig.2b and d. These results will then be used to generate the numerical micro-structures of the samples in the flowing section.

  the initial intensity flux distribution of the laser beam without considering the light scattering effect and second, to characterize the intensity flux distribution at the weld interface considering the light scattering effect during the transmission through the 3D printed laser-transparent part. The measurement method used in this study was reported in our previous work[START_REF] Cosson | A non-666 destructive optical experimental method to predict extinction 667 coefficient of glass fibre-reinforced thermoplastic composites[END_REF]. To prepare for the experiments, sample surfaces were ground using SiC sandpaper up to a maximum grit size of 1200 (Struers Inc., Cleveland, OH, USA) and then polished using a diamond colloidal suspension up to a final grit size of 1μm. The experimental set-up can be shown in Fig.3, 219 which is maintained in a darkroom to eliminate any external 220 light that may be parasitic and affect the captured images. The 221 idea is to capture the spot of the laser beam on the back side 222 of the sample using a digital camera (i.e. Canon EOS 5D) 223 equipped with a macro lens (i.e. Canon EF 100mm f /2.8 224 USM Macro). Three images with different exposure levels 225 (i.e. under exposure, normal exposure, and over exposure) 226 are needed to build a master curve for the calibration of the 227 grayscale according to the levels of light energy (as depicted 228 in Fig.

Fig. 4 255

 4 Fig. 4 Three images with different exposure levels

Fig. 5 Fig. 6

 56 Fig. 5 Bracketing exposure representation. I k and E k stand respectively for intensity and area energy received in each pixel location (m,n), and t k stands for exposure time; k = {normal, over , under}

Fig. 7

 7 Fig. 7 Representative unit cell (RUC) for different void configurations. (a) fully astroid-shaped void for sample type I; (b) half astroid-shaped void for sample type II

350

  homogenized absorption coefficient of the 3D printed ther-351 moplastic part. It was demonstrated in Ref.[START_REF] Cosson | 3D 671 modeling of thermoplastic composites laser welding process -A 672 ray tracing method coupled with finite element method[END_REF] that the ratio 352 between the average length of the path of rays in the air by 353 the total average length path is equal to the void fraction. As 354 a consequence, the homogenized absorption coefficient K h 355 can be computed using the rule of mixture. In this work, K h 356 is set equal to 100m -1 . 357 Convergence of the model is performed during the cal-358 culations to find out the required number of rays. New rays 359 are generated until the resulting total transmitted energy at 360 the welding interface does not vary or when the error level 361 becomes acceptable. As shown in Fig. 9, 2×10 5 rays are suf-362 ficient for acquiring a good convergence for all simulations 363 in this study.

Fig. 8 Fig. 9 Figure 11 Table 3

 89113 Fig. 8 Discretization of the 3D printed parts for ray-tracing simulation

Fig. 10 (Fig. 12

 1012 Fig. 10 (a) 3D mesh of the two sample's parts in COMSOL Multiphysic®(b) Numerical model geometry with a surface heat source for thermal simulations

Fig. 13 Fig. 16 Fig. 17

 131617 Fig. 13 Comparison of simulation results and measurement results (a) Samples type I -4mm; (b) Samples type I -8mm; (c) Samples type II -2.1mm; (d) Samples type II -3.9mm

  529 type II compared to sample type I. 530 Conclusion 531 The inherent layer-by-layer production of 3D printing tech-532 nology results in a complex heterogeneous microstructure 533 with a larger amount of porosity inside the printed parts.

  

  

128 Experimental section 129 Materials and processing 130

  Anisoprint™ was used to print all the samples. Aura™ soft-138 ware was used to slice 3D CAD models and assign the FDM 139 processing parameters, as summarized in Table1. The CAD 140 models used to manufacture the samples have a rectangular 141

	The transparent Poly-Ethylene Terephthalate Glycol-modified 131
	(PETG) filament, with a diameter of 1.75 mm, supplied by 132
	Polymaker™ was used as the feedstock in this study. As 133
	indicated in the datasheet, the material has a density of 134
	1.25 g.cm -3 and a glass transition temperature of 81 • C. 135
	The nozzle temperature is recommended in the range of 136
	(230 -260 • C). A Composer Desktop 3D -printer from 137

Table 1

 1 FDM processing parameters used in this study

		Processing parameter	Value
		Nozzle temperature ( • C)	240
		Nozzle diameter (mm)	0 .4
		Bed temperature ( • C)	7 5
		Print speed (mm/s)	3 0
		Layer thickness (mm)	0 .2, 0.3
		Infill pattern	line
		Infill percentage (%)	100
		Extrusion multiplier	1
	142	bar shape, with rectangular plan dimensions of L = 60mm ×
	143	W = 40mm, with different thicknesses as depicted in Fig. 1.
	144	The nozzle temperature was set to T n = 240 • C. Apart from
	145	the parameters in Table 1, all other printing parameters were
	146	fixed, but the layer thickness was varied between 0.2mm and
		0.3mm.

Table 2

 2 Size of the voids

		Sample	Layer thickness	Porosity	Void size
		Type I	0.2 mm	7.45 ± 0.2%	a 1 = 0.071
		Type II	0.3 mm	5.23 ± 0.2%	a 2 = 0.103
	339	are respectively n m = 1.49 and n v = 1.00. The reflection of
	340	light at the dioptre is considered to be negligible in front of
	341	refraction [20]. Hence, partially reflected light is not taken
	342	into account in the calculation to lower the computation cost.
	343	The attenuation of the ray power due to absorption within
	344	the media throughout the ray path is taken into account in the
	345	ray-tracing model by using the Beer-Lambert law. Following
	346	the real ray path, the final power assigned to each ray reaching
		the weld interface is calculated by Eq. 3:

Fig. 3 Experimental set-up
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