Many industrial and academic interests concerning the additive manufacturing processes are developed in the last decades. As one of the most promising technique of additive manufacturing, the Selective Laser Sintering (SLS) has been valued by both industry and academic. However, it remains that several phenomena are still not well understood in order to properly model the process and propose quality improvement of parts made.

The goal of this Ph.D. project is to develop a framework of numerical simulation in order to model the SLS process in polymer powder bed, meanwhile understanding multiple physical phenomena occurring during the process and studying the influence of process parameters on the quality of final product.

In contrast to traditional approach, based on the equivalent homogeneous material in numerical modeling of partial differential equations derived from conservation laws, we propose a global model to simulate powder-based additive manufacturing by using the Discrete Element method (DEM). It consists in a coupling between four different physical models: radiative heat transfer, discrete heat conduction, sintering and granular dynamics models.

Firstly, the submodel of radiative heat transfer concerns the interaction between the laser beam and powder bed. Several phenomena are considered, including the reflection, transmission, absorption and scattering. Besides, a modified Monte Carlo ray-tracing method is developed in order to study the influence of scattering on the distribution of the deposited laser energy inside the powder bed Furthermore, the submodel of discrete heat conduction describes the inter-particles heat diffusion. Moreover, the sintering submodel concerns the phenomena of coalescence and air diffusion. It describes the melting kinetics of grains, driven by surface tension and the release of entrapped gases inside powder bed. Finally, the granular dynamics submodel concerns the motions and contacts between particles when depositing a new layer of powders.

The coupling between these submodels leads to propose a global numerical framework, validated by comparing the results to both simulated and experimental ones from literatures. A parametric study is then proposed for model validation and process analysis. The Influence of different material and process parameters on the evolution of temperature, relative density and materials structure and characteristics are investigated. The results exhibit accurate modeling of the complex phenomena occurring during the SLS process, and the work constitute a great potential in modeling and optimization of additive processes.

Keywords: additive manufacturing, selective laser sintering, polymer, multiphysics modeling, numerical simulation, Discrete Element method, modified Monte Carlo method.

Résumé

La fabrication additive est l'un des secteurs industriels les plus en développent ces dernières années. L'une de ces technologies de fabrication les plus prometteuses est la fusion laser sélective (SLS), et relève d'un intérêt croissant aussi bien industriel que académique. Néanmoins, beaucoup de phénomène mis en jeu par ce procédé demeure non encore bien compris, entravant ainsi son développement pour la production de pièces de bonne qualité pour des applications industrielles.

L'objectif de cette thèse est de développer un cadre de simulation numérique permettant la simulation du procédé SLS pour des poudres de polymère afin de comprendre les multiples et complexes phénomènes physiques qui se produise lors du frittage laser et d'étudier l'influence des paramètres du procédés sur la qualité du produit final.

Contrairement aux approches classiques de modélisation numérique, basées sur la définition de matériaux homogène équivalents pour la résolution des équations de bilan, nous proposons une simulation globale du procédé du frittage laser de poudres, en utilisant la méthode des Eléments Discrets (DEM). Cela consiste en un couplage entre quatre sous-modèles : transferts radiatif dans le milieu granulaire semi-transparent, conduction thermique dans les milieux discrets, coalescence puis densification.

Le modèle de transferts par rayonnement concerne l'interaction du faisceau laser avec le lit de poudre. Plusieurs phénomènes sont ainsi pris en compte, notamment la réflexion, la transmission, l'absorption et la réfraction. De plus, une méthode de Monte-Carlo couplée à la méthode du Lancer de rayons est développée afin d'étudier l'influence de la réfraction sur la distribution de l'énergie du laser dans le lit de poudre.

Le modèle de conduction dans des milieux discrets décrit la diffusion thermique inter-particules. Finalement, le modèle de frittage décrit les cinétiques de coalescence et de diffusion de l'air dans le polymère et densification du milieu. Cela permet de décrire les cinétiques de fusion des grains, dont l'énergie de surface et la diffusons de l'air sont les deux moteurs principaux.

Le couplage entre les différents modèles nous a permis de proposer un modèle numérique global, validé grâce à des comparaisons à des résultats de simulations théoriques et expérimentales, trouvés dans la littérature.

Une analyse paramétrique est alors proposée pour la validation du modèle et l'étude du procédé. L'influence de différents paramètres aussi bien du procédé que du matériau sur le champ de température, la densité relative du matériau sa structure, etc , est ainsi investiguée.

Les résultats montrent une bonne précision dans la modélisation des différents phénomènes complexes inhérents à ce procédé, et ce travail constitue un potentiel réel pour la modélisation et l'optimisation des procédés de fabrication additive par matériaux granulaires.

Mots clés : fabrication additive, fusion laser sélective, polymères, modélisation multiphysique, simulation numériques, méthode des éléments discrets, méthode de Monte-Carlo Modifiée. 
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INTRODUCTION

Before detailing the objectives of this thesis, it seems to be interesting to place it in a more general context to appreciate its contributions. Nowadays, a company has to meet a world who is constantly evolving. In other words, it needs to face challenges from the development of market globalization, the acuity of worldwide competition and inventions of new technologies, but also the different demands of customers. Thus, in order to be capable of maintaining and conquering new markets, the company must adapt to market changes. However, in general, the conventional method for the development of products is expensive and long period. Therefore, it is necessary for the company to control the cost, to improve the quality of products and reduce the cycle of product development. The additive manufcaturing was born in this background.

Additive Manufacturing

The additive manufcaturing (AM) is a special technique of fabrication which is a part of mechanical engineering. Since decades, a variety of rapid prototyping techniques have been developed. such as the selective laser sintering (SLS) [1], the stereo lithography (SLA) [2], the fused deposition modeling (FDM) [3] and the laminated object manufacturing (LOM) [4]. The process of additive manufacturing consists of five steps [5,6]. The Fig. 1 illustrates the chain of additive manufacturing.

Creation of CAD part model

The quality of CAD model will strongly impact the product of additive manufacturing. These CAD models are built from the specific software, like CATIA or Pro/Engineer, which are dedicated software for processing technical draws or real objects into 3D digital models.

Tessellation of CAD model

Due to irregular curved surfaces, the approximate description of these surfaces must be effected before the fabrication. In tessellation, the digital data of AM is usually built as STL file. The STL file contains the information of a series of triangles with co-ordinate of vertices, by which various surfaces of a CAD model are piecewise approximated. The mesh is generally governed by the maximum length of triangle's sides. Sometimes, a local correction is necessary for reducing errors of STL file.

Cutting CAD model into layers

Cutting 3D model into 2D layers is the fundamental principle of additive manufacturing. The direction and thickness of cutting layers are two important parameters that influences the quality and cost of AM products. The thickness of layer depends on the required precision and productivity. The layer thickness are usually in the range of 0.05mm to 0.5mm. It is generally chosen a thickness of 0.1mm to obtain a relative smooth surface.

Fabrication and superposition of layers

According to their contours, the fabrication of layers is achieved either by agglomeration of powder material or by cutting sheet material. After formation of a layer, a new layer is spread over it, and then the new layer is processed and attached to the old layer. This process continues until the product is completed.

The post-processing

The additive manufacturing must undergo several manual post-processing operations, such as sanding, removal of supports, varnishing and even recovery operations to obtain the required precision. Currently, this post-processing is a necessary step for the process of additive manufacturing. Fig. 1. Process of additive manufacturing [6] The invention of additive manufacturing brings a breakthrough of manufacturing technology and provides huge benefits associated with it. Nevertheless, the additive manufacturing is composite and closely related to other technologies, including computer-aided design, 3D imaging, laser technology and material. Since 1990s, more than 20 different technologies of additive manufacturing have been invented and still expending. The research and development of this technology still remain a very hot state. Fig. 2. Yearly sale of additive manufacturing units worldwide [7] Fig. 2 shows the exponential growth of sales form additive manufacturing machines around the world, which confirms the growing acceptance of this technology as the new start in industry. Besides the promising future and potential advantages, the additive manufacturing also has some disadvantages. Even though the additive manufacturing has achieved significant improvement in speed, accuracy as well as its ability of processing larger range of materials, it still lags behind in aspects of reproducibility, part volume and production scale [8,9,10]. In the face of conventional manufacturing, the current limitations of additive manufacturing are illustrated in Fig. 3, which should be focused to overcome in future. Fig. 3. Performance of additive manufacturing with respect to conventional manufacturing [11] In recent years, the application of AM technologies for directly producing is continuously increased, as shown in Fig. 4. However, most of existing AM technologies are currently limited to fabricating prototypes and models. The AM technologies still lack of general application, since it is not capable of processing common engineering materials to meet the functional requirements (such as mechanic properties) [12]. The fusion technologies based on powder bed are most adaptable with not only different types of materials but also applications ranging from aerospace, automotive and medical. The selective laser sintering (SLS) and its variants (selective laser melting (SLM), electron beam melting(EBM)) are such technologies that hold potential as emerging disruptive technology in industry.

The SLS is one of the most modern and innovative AM technologies with general advantages and wide applications, as a non-contact process, which is flexible, automate and easily controlled. This technology of fabrication has been developed by Dr. Carl Deckard in the university of Texas at the end of 1980s. This technique differs from classical manufcaturing processes by machines. In effect, successive layers of material are formed by laser sintering, under computer control to create an object. These objects can be of almost any shape or geometry, and the range of available materials expends to metal, ceramic and polymer.

Until now, the SLS technology is still developing and further research is needed in order to improve our understanding of processes [13]. In fact, this technology heavily relies on empirical data obtained from experiments for now. The help from numerical simulation is restricted due to the complexity of physical phenomena involved (such as absorption of laser radiation, heat transfer inside powder, melting, coalescence and consolidation). Therefore, a numerical model, coupling multiple physical phenomena in SLS process, is highly required by both industry and academic. Fig. 4. Growth of directly producing as percentage of total revenues from AM [7] 

Aim and Outline of Thesis

In this thesis, we focus on developing a numerical model for simulating the SLS process. This numerical model is confirmed by comparing numerical results with experimental data from references. This model will allow the user of SLS machine to predict the influence of parameters on the final work piece, in order to optimize the quality of product, reduce the cost of manufcaturing and increase the efficiency of process.

The numerical simulation of this process is developed based on the Discrete Elements Method (DEM) and calculated by Fortran90. Our results are compared with those from the commercial software COMSOL based on the Finite Elements Method (FEM), in order to highlight the difference between granular and homogenous media.

We work on the numerical simulation for polymers and metals. A 3D numerical model based on Discrete Elements method (DEM) was developed. To our knowledge, for the first time, a complicated numerical model is proposed which couples multiple phenomena of the radiation transfer, heat conduction, phase change, coalescence and densification. A discrete heat conduction submodel is established based on Fourier equation, which is able to describe the thermal diffusion in granular medium and makes it possible to estimate the effect of entrapped air inside powder bed. The submodel is confirmed by comparing with the data from published literature. Furthermore, the viscoelastic coalescence theory and air dissolution model are introduced, in order to simulate the phenomena of coalescence and densification, respectively. For highlighting the validation of our work, the numerical result is compared with experimental data from literature. Finally, effects of parameters on the work piece quality are studied.

The comparison between the numerical and experimental results shows that our model has a great potential in modeling the physical phenomena of grains inside powder bed and optimizing parameters of SLS process. This thesis is divided into four chapters.

Chapter I: Generalities on Additive Manufcaturing

This chapter reviews the knowledge of the additive manufcaturing (AM) technologies. It proposes a detailed introduction of the background and principles of additive manufcaturing, including its advantages, technical limitations, categories and applications.

Chapter II: Introduction of Selective Laser Sintering in Polymers

In the second chapter, we firstly present some properties of polymers related to SLS, and then introduce the advantages of SLS compared to other AM technologies. After a detailed description of SLS process, we review previous researches of SLS process in detail. Based on the comprehensive summarization, we propose a numerical model that is able to simulate the SLS process more practically and accurately.

Chapter III:

In this chapter, firstly, a radiative heat transfer submodel is established by modified Monte Carlo Ray Tracing method, which is able to describe the phenomenon of scattering and makes it possible to estimate the distribution of radiative energy inside the powder bed. Furthermore, a discrete heat conduction submodel is established based on Fourier equation, which is able to describe the thermal diffusion in granular medium and makes it possible to estimate the effect of entrapped air inside powder bed. Moreover, the viscoelastic coalescence theory and air dissolution model are introduced, in order to simulate the phenomena of coalescence and densification, respectively. Finally, the particle dynamics is simulated based on the contact dynamics theory so as to model the SLS process with multiple layers of powders.

Chapter IV:

In the last chapter, the model developed in the previous chapters, which includes four submodels (the radiation heat transfer, discrete heat conduction, sintering and contact dynamics submodels), is applied to simulate the physical phenomena during SLS process. The whole chapter is structured into four main parts. The first part includes the investigation of energy absorption and heat transfer in the powder bed subjected to moving laser source. Two numerical comparisons are proposed, in order to highlight the effect of scattering. Furthermore, the simulated results are compared with experimental data from the literature, so as to validate our model. In second part, the SLS process with successive layers of powders is simulated. The thermal behavior of grains at different positions are investigated in order to observe the variation of temperature within the powder bed during the industrial manufcaturing process. Moreover, the relative density of sintered part is predicted and compared with experimental results from the literature. In third part, the influences of parameters on SLS process are deeply analyzed. Finally, in the last part, the model is applied to simulate the balling phenomenon and implement a test simulation so as to present its capability of capturing the spatially and temporally varying distribution of heat and displacement within the additively manufcaturingd object, simultaneously, predicting geometric features.

Chapter I: Generalities of Additive Manufacturing

Additive manufacturing (AM), also known as 3D printing, refers to various processes used to synthesize a three-dimensional object. In AM, successive layers of material are formed under computer control to create an object. These objects can be of almost any shape or geometry and are produced from a 3D model or other electronic data source.

1.Introduction of Additive Manufacturing (AM)

The first AM technique is the stereo-lithography, which was invented in 1984 by Jean Claude André. In effect, the AM is not a new technique, which has been used by industries for more than 20 years, especially for the prototyping [1,2]. In contrast to conventional manufacturing process (involving material removal to achieve final shape), the AM is an additive process wherein the part is built by sequentially fusing thin layers of material one over another.

Depending on the technique of AM, the materials used are mainly in the type of metals, polymers, ceramics and biomaterials. A range of materials used in AM is listed in 

Advantages of AM technology

Due to additive build-up principle, AM has an inherent advantage of producing parts of unlimited geometrical complexity offering possibilities for optimization even by geometrical means. The process makes use of sliced CAD data to generate successive layers from bottom to top resulting in the final product. The advantage of AM technology is manifold and listed as below 

Technological limitations of AM in industry

Peoples working in the domain of AM agree that the market in this area is growing very rapidly but not yet mature [12]. The main limitation to the development of this technology comes from the raw material. Industrialists complain about not having enough materials to meet demand and accuse the machine manufcaturingrs force the user to use only the materials they sell [12].

Other major limitations of AM are listed as following:

 Uncertain porosity: the porosity of AM product is one of the most important properties, since it is directly related to product quality and mechanical performance. However, until now, the porosity of final product is still hard to measure even not under control [13].

 Requirement of multiple skills: this technology requires multiple skills, hence, it will slow the industry to integrate it into their manufacturing processes;  Bad surface of final object: the surface condition of final parts is very bad (rough stairs effect) and post-processing requires much more time;  Lack of reliability: the process is still not fully understood and depends on empirical parameters;  Small parts only: until now, AM is not capable of fabricating products with large volume.

Categories of AM technologies

Although media likes to use the term "3D Printing" as a synonym for all Additive Manufacturing processes, there are actually lots of individual processes which vary in their method of layer manufacturing. Individual processes will differ depending on the material and machine technology used [14].

 VAT Photopolymerisation

Vat polymerization uses a vat of liquid photopolymer resin, out of which the model is constructed layer by layer. An ultraviolet (UV) light is used to cure or harden the resin where required, whilst a platform moves the object being made downwards after each new layer is cured. In this case, support structures will often need to be added. Resins are cured using a process of photo polymerization or UV light, where the light is directed across the surface of the resin with the use of motor controlled mirrors. Where the resin comes in contact with the light, it cures or hardens. 

 Material Jetting

Material jetting creates objects in a similar method to a two dimensional ink jet printer. Material is jetted onto a build platform using either a continuous or Drop on Demand (DOD) approach. Material is jetted onto the build surface or platform, where it solidifies and the model is built layer by layer. Material is deposited from a nozzle which moves horizontally across the build platform. Machines vary in complexity and in their methods of controlling the deposition of material. The material layers are then cured or hardened using ultraviolet (UV) light. As material must be deposited in drops, the number of materials available to use is limited. Polymers and waxes are suitable and commonly used materials, due to their viscous nature and ability to form drops.

 Binder Jetting

The binder jetting process uses two materials; a powder based material and a binder. The binder acts as an adhesive between powder layers. The binder is usually in liquid form and the build material in powder form. A print head moves horizontally along the x and y axes of the machine and deposits alternating layers of the build material and the binding material. After each layer, the object being printed is lowered on its build platform. Due to the method of binding, the material characteristics are not always suitable for structural parts and despite the relative speed of printing, additional post processing (see below) can add significant time to the overall process.

 Material Extrusion

Fuse deposition modeling (FDM) is a common material extrusion process and is trademarked by the company Stratasys. Material is drawn through a nozzle, where it is heated and is then deposited layer by layer. The nozzle can move horizontally and a platform moves up and down vertically after each new layer is deposited. It is a commonly used technique used on many inexpensive, domestic and hobby 3D printers. 

 Powder Bed Fusion

The Powder Bed Fusion process includes the following commonly used printing techniques: Direct metal laser sintering (DMLS), Electron beam melting (EBM), Selective heat sintering (SHS), Selective laser melting (SLM) and Selective laser sintering (SLS). Powder bed fusion (PBF) methods use either a laser or electron beam to melt and fuse material powder together. Electron beam melting (EBM), methods require a vacuum but can be used with metals and alloys in the creation of functional parts. All PBF processes involve the spreading of the powder material over previous layers. There are different mechanisms to enable this, including a roller or a blade. A hopper or a reservoir below of aside the bed provides fresh material supply. The process sinters the powder, layer by layer. Selective Heat Sintering differs from other processes by way of using a heated thermal print head to fuse powder material together. As before, layers are added with a roller in between fusion of layers. A platform lowers the model accordingly.  Sheet Lamination Sheet lamination processes include ultrasonic additive manufacturing (UAM) and laminated object manufacturing (LOM). The Ultrasonic Additive Manufacturing process uses sheets or ribbons of metal, which are bound together using ultrasonic welding. The process does require additional machining and removal of the unbound metal, often during the welding process. Laminated object manufacturing (LOM) uses a similar layer by layer approach but uses paper as material and adhesive instead of welding. The LOM process uses a cross hatching method during the printing process to allow for easy removal post build. Laminated objects are often used for aesthetic and visual models and are not suitable for structural use. UAM uses metals and includes aluminum, copper, stainless steel and titanium. The process is low temperature and allows for internal geometries to be created. The process can bond different materials and requires relatively little energy, as the metal is not melted.  Directed Energy Deposition Directed Energy Deposition (DED) covers a range of terminology: 'Laser engineered net shaping, directed light fabrication, direct metal deposition, 3D laser cladding'. It is a more complex printing process commonly used to repair or add additional material to existing components. A typical DED machine consists of a nozzle mounted on a multi axis arm, which deposits melted material onto the specified surface, where it solidifies. The process is similar in principle to material extrusion, but the nozzle can move in multiple directions and is not fixed to a specific axis. The material, which can be deposited from any angle due to 4 and 5 axis machines, is melted upon deposition with a laser or electron beam. The process can be used with polymers, ceramics but is typically used with metals, in the form of either powder or wire. Typical applications include repairing and maintaining structural parts.

Domains of AM application

AM brings a revolution in many domains: aeronautics, aerospace, automotive, dental and medical but also jewelry (Fig.I-8a), sport [16], design and fashion. In the industrial world, the AM was used for prototyping. But now, industry begins to use it to make functional parts. In particular, the AM is used to make cellular structures (Fig. I-8b), also well known as "lattices" structures, in order to lighten parts but also to dissipate heat. For the entire lifecycle of product, the AM is able to help the industry to control the cost, improve the quality of products and reduce the cycle of new product development (from design to final product) [17].

Actually, the AM has been highly developed and widely applied in the medical and dental fields. In the medical field, the AM allows to realize new orthopedic implants ( hip prosthesis [18]) and improve the ergonomics of prostheses ( hearing aids [19]). In the dental field, it realizes the large-scale production of customized prostheses.

Here, we enumerate a few examples of AM application in the industry: Cirtes company manufcaturings aircraft facilities by laminating layers for Airbus [20]. Poly-shape company has many AM machines to work on aerospace projects, particularly, fabricating lightweight solar panels located on satellites [21]. Large industrial companies, such as PSA, use the AM to develop prototypes. The technology allows them to make models on a small-scale production on the purpose of illustrating an innovative design [21]. Safran company uses AM to make functional parts of aircraft engine and rocket. The (b) Cellular structure fabricated by SLM [22].

Chapter 

Overview of SLS in polymer powder bed

Plastic materials represent the developing direction of material science. Due to their reduced densities, special structures and often combined with other materials to give them better mechanical properties. The reduction in costs and energy consumption will provide massive benefits. The progress of our knowledge of polymers (their properties, performance and durability) allows us to apply them in more and more areas, based on their mechanical, thermal and chemical behavior in various environments. Among methods of polymer production, the selective laser sintering (SLS) is a very new technology. In SLS process, successive layers of material are formed by laser sintering, under computer control to create an object. This process allows creating products from a digital geometric models and part with complex geometries without additional tools.

Influence of properties on SLS

The SLS process with polymers is very different from the case with other materials (metal and ceramic), due to the distinguishing properties and thermal behavior of polymers. The impact of polymer on SLS process will be detailed as following.

Viscosity

During SLS process, to obtain a better quality of product, it is necessary to keep viscosity of molten grains low enough so as to ensure sufficient coalescence between grains. The rheological properties of molten liquid are crucial for the success of the sintering. The viscosity of the liquid-solid mixture is explained as below [1].

The viscosity of liquid is defined as:

where is the liquid viscosity, is the applied shear stress and is the shear rate. According to Arrhenius equation, the viscosity is extremely dependent on the temperature:

Where

is the viscosity at the temperature T, A is the frequency factor (constant for a given material), E is the active energy of viscous flow and is the Boltzmann constant. The viscosity of powder during SLS process includes the viscosity of both solid and liquid phase, which is dependent on characters of solid and liquid. Agarwala et al. [2] demonstrated that the viscosity of the solid-liquid mixture increases with the volume fraction of the solid phase and decreases when the particle size increases. Moreover, the viscosity of the mixture is directly proportional to volume fraction of the liquid phase. One important consequence of melt viscosity is the balling effect in SLS process. Very high melt viscosity at low energy input generates severe balling effect(Fig. II-1), and high energy input with very low melt viscosity results in melt spreading [3]. It appears that precise control of melt pool temperatures and the melt viscosity by process parameter optimization is very critical to improve the quality of product. 

Surface tension

When the temperature is higher than the melting point, the liquid phase is formed. The densification of material occurs due to the merger of molten particles and rearrangement of solid particles under the influence of capillary forces. The capillary force during sintering is defined by [4]:

Where is the pressure on particles, is the surface tension between liquid-air interface, is the contact angle and is the distance between particles. The surface tension between interface of solid and liquid particles is defined as the energy which holds the particles together in order to minimize the superficial energy of powders. During the sintering by SLS, the material is partially melted. If the surface tension between the liquid-air interface( ) is higher than that between the solid-liquid interface( ), increases and the liquid retracts by spheroidization to minimize the superficial energy. On the other hand, if the surface tension between the solid-liquid interface( ) is higher than that between the liquid-air interface( ), the liquid spreads around particles and joins them together. The diffusing capacity of liquid on solid can be expressed by [5]:

Where is the diffusion coefficient always positive. Normally, the surface tension is less than . Therefore, it should chose materials for SLS whose surface tension is as small as possible.

Radiative properties

Thermal radiation is emitted at different wavelengths of electromagnetic spectrum, which ranges approximately from 0.1 to 100 microns, including part of the ultraviolet band and total of the visible and infrared bands. All materials emit and receive thermal radiation's energy with different efficiencies because of their distinguishing radiative properties: the emissivity, absorpitivity, the reflectivity and transmissivity. These properties are dependent on the wavelength of incident energy, body temperature, surface condition, incidence direction and composition of materials. However, radiative properties are not easy to be obtained from measurements. These properties usually defined as functions of the composition of materials and the wavelength of incident energy [6].

The laser beam is commonly used in SLS process as radiation heat source. The absorptivity of a certain laser beam depends on the wavelength of laser, composition of material, size of grains and temperature of powder bed. In industrial manufcaturing, most polymers used for SLS are assumed to be opaque in case of CO 2 laser with the wavelength of 10.6 microns. The transmissivity is zero and non-reflected radiation energy is completely absorbed by a thin layer of material [5].

However, amorphous polymers are not opaque to all wavelength, such as polycarbonate. A part of incident laser can transmit through a layer polycarbonate with thickness of 2.5mm. But, in applications, it is always assumed that all radiation energy is non-reflected and absorbed, because the powder bed is much thicker than 0.25mm. Some crystalline polymers, such as nylon, are opaque in solid phase and transparent when melting. So these materials absorb radiation energy differently depending on their state [7].

The assumption, that polymers used for SLS are opaque, is not realistic. Because the powder bed is a typical granular material. Unlike in the homogenous material, the thermal radiation in granular medium is different which the radiative intensity may be changed by absorption and scattering when a photon interacts with small particles. But, in previous researches, the influence of scattering on radiation energy is ignored.

Conventional forming method compared with SLS

Compared with conventional forming methods of polymers, the SLS process has lots of advantages. In order to make a comprehensive comparison, the most common forming processes of polymers will be listed and explained firstly.

Extrusion

The extrusion is the most common way of shaping thermoplastics. It allows to obtain long products through a die such as tubes, profiles, sheets, films, plates, or wires. The material is added continuously in the form of powder or granules and leads to the forming finished or mostly semi-finished products(that is to say still requiring one or more steps to final use), as shown in 

Pre-stretching punch

The thermoforming mainly concerns polymers with large diffusion such as polystyrene, polyvinyl chloride, poly (acryl-butadiene-styrene), poly (methylmethacrylate), polycarbonate, polypropylene, polyethylene terephthalate or high-density polyethylene. Thermoforming is a major polymer shaping methods of making sheets or plates, generally extruded or calendared, even concave objects with different dimensions. It involves heating a polymer sheet to a temperature allowing its deformation (for amorphous thermoplastics, the forming phase corresponds to the temperature range above the glass transition; for semi-crystalline thermoplastics, the molding range is smaller and corresponds to the beginning of the melting range), then shaping it into a mold (usually steel or aluminum). After cooling, the desired object is obtained. The illustration of the forming process assisted by pre-stretching punch is presented in Fig. II-3. Because they are ease to be soften, amorphous thermoplastics are the most used [9]. 

Injection molding

The thermoplastic injection is to get a melted or softened polymer into a cold mold. The polymer then takes the shape of the mold and cools. Once the polymer is cooled, the part is ejected from the mold. This process is reserved for mass production due to the cost of design and manufacturing of mold and injection machine. The forming of thermoplastic polymer by an injection molding machine is shown in Fig. II-4:

The injection blow molding allows the forming of hollow parts from semi-finished products called "preform". In this case, a preform is a hollow which is generally carried out by the injection process. This preform is then heated and stretched inside a gas injection mold. This method is widely used in the manufcaturing of PET bottles [11]. The blown film extrusion is to achieve the preform and injection blow in the same step [12]. 

Advantages of SLS

Due to additive build-up principle, SLS has an inherent advantage of producing parts of unlimited geometrical complexity, offering possibilities for optimization even by geometrical means. The process makes use of sliced CAD data to generate successive layers from bottom to top resulting in the final product. The advantages of SLS technology are manifold and listed as below [5][6][7]: (1) the technology allows extremely complex shape that is unachievable by traditional techniques; (2) the complexity of the shapes can be used to alleviate already existing parts by topology optimization; (3) SLS can be used for repairing injured parts; (4) the technique allows meet the customized requests (custom prostheses in the medical or dental sector, production tooling like molds); (5) at the end of the manufacturing process, the unused material is recycled for later use; (6) SLS does not require the use of specific tools, such as moulds; (7) products can be printed locally by sending the digital model (no transportation, saving space and minimizing losses).

Disadvantages of SLS

The biggest problem of the additive technology is well known that parts fabricated by SLS can be porous and/or have a rough surface depending on the used materials. The porosity of parts will largely reduce their mechanical performance and causes a strong anisotropy of mechanical properties: in the direction of construction (vertical, z), the mechanical strength is lower than in the (x,y) plane. Compared to parts fabricated by conventional process such as injection molding, parts from SLS can have equivalent modules without supercooling (slow cooling allows an increase in the crystallization rate). However, final properties (stresses and strain at break) are much smaller than the injected parts. An illustration of this comparison is presented in Fig. II-5. injection molding (in green) [86] Another problem, mainly for polymer parts, is the thermal distortion, resulting in the shrinking and warping of fabricated parts. This is mainly caused by the thermal residual stresses, due to the anisotropic distribution of temperature gradient. In other words, the microstructure of parts from SLS is complex and heterogeneous: some particles absorbing sufficient energy are fully melted; other particles absorbing non-sufficient energy are partially even not melted. By the optical microscopy, the crystalline morphology can be observed from Fig. II-6. It can clearly seen the heterogeneous states of particles (full, partial and non molten). Fig. II-6. Crystal morphology of PA12 transformed by laser melting [87] Due to the disadvantages above, 47% of manufactures in the USA do not yet trust this technology because of the non-reproducibility of the performances obtained, based on the survey of the Lawrence Livermore National Laboratory (USA) [88]. Hence, there is an urgent need to improve the understanding of the multiple mechanisms involved in the SLS process, and then propose a numerical modeling coupling all these multiphysical phenomena.

Introduction of SLS process

The production procedure of parts by SLS is well described in the literature [13] and illustrated in Fig. II-7. During manufacturing, a model of workpiece is created digitally with a design software. The numerical model is operated by processor of the SLS machine which will build the workpiece layer by layer. Before starting production, powders are placed on a plate of SLS machine and a powder bed with certain thickness is established in the production zone. The plate can move along the vertical axis to add new layers of powders and drop the production zone to create successive layers. Two extra plates can remove excess powders by a roller. Fig. II-7. SLS machine for fabricating thermoplastic [13] In SLS machine, powders are pushed by a roller to form a new layer in the production zone. The supply and manufcaturing plate are preheating at different temperatures. A radiative system above the production zone (such as infrared ray) can heat up the powder bed. The laser is placed above the production zone and used to merge the specifically powder on the surface of powder bed by means of a mirror system.

In order to add a new layer of powders, the powder is firstly preheated in the supply zone. Then, the supply plate rises to release the powder. Powders are moved by a roller or blade from the supply zone to production zone. Hereafter, the plate of production zone decrease. Meanwhile, excess powders are removed by the roller from the production zone to supply zone. The powders in production zone are heated up by infrared ray to the aimed temperature. And then, the laser heat a specific area of the new layer. Finally, the laser is interrupted and a new layer is added. Layer after layer, the process is repeated until obtaining the final part.

In the production zone, the temperature of powder bed is well controlled in depth by the plate for taking control of the cooling process of sintered part. At the end of manufcaturing, the production zone is filled with unmelted powders which surrounds the solidified part. Thus, it needs to remove the unmelted powders and take out the final product from production zone. After production, the unmelted powders will be recycled for further manufcaturing.

Until now, there are two main SLS machine suppliers, EOS GmbH and 3D systems Corporation. Pham et al. [14] described the feathers of these machines and analyzed the quality of SLS part by using EOS P700 machine. The schematic layout of EOS P700 is presented in Fig. II-8. 

Influential parameters of SLS process

The SLS process involves a large number of material properties and process parameters as listed in Table .II-1. The majority of these parameters are related to the thermal aspect of the process. According to previous researches [5][6][7][15][16][17][18][19], the key to successfully fabricate parts by SLS is the good control of these parameters. The quality of final part is highly dependent on the thermal cycle during processing. The importance of various process parameters have been numerically and experimentally studied by previous researches [15][16][17][18][19]. We classify the influences of parameters in The laser power is the parameter who plays the main role in the process, particularly strongly impacts the density and deformation stress. The density of parts increases with the laser power, but decreases after a certain limitation when the degradation occurs. Too much laser power can lead powders to melt and merge at the center of the laser beam, causing the Balling Phenomenon.

The preheating temperature is also limited to a few degrees below the melting temperature (thermoplastic material) or glass transition temperature (amorphous material) so as to increase the density of final parts but not to solidify the entire powder bed.

The scanning speed particularly influences the mechanical strength of the parts, but is also limited. Beyond a certain speed, a "balling" effect appears (spheroidization melted regions under the effect of surface tension). This speed is also limited by the frequency of the laser pulses (beyond a certain speed, there is no overlap between the laser spots and the melt surface is heterogeneous).

In fact, all these parameters must be considered as one entirety to achieve the best possible quality of final parts. Besides, for the same material, the parameters inducing higher density are not the same as those inducing maximum modulus.

Experimental researches of SLS process

The part treated by laser is often compared to that obtained by the injection process. Salmoria et al. [20] proposed an comparison of microstructure between two kinds of powders (PA6 and PA12) before and after laser treatment, as shown in Fig. II-9.

As presented in Fig. II-9, the powders are not totally densified and porosities are visible. While, PA6 seems more melted. We notice that grains of PA12 just attach to each other, with very little coalescence. Therefore, it indicates that the performance of pieces obtained from SLS will be highly dependent on the state of powder after melting. When fabricating pieces by SLS, several important steps take place: the choice of material used, limited preheating of powders, cooling control of production zone, choice of laser and control of its actions. In order to obtain a piece as desired, all these steps above are needed to be mastered. The detailed description of these steps allows us to deeply understand the various difficulties during the SLS process. Due to many parameters involved in this process, it is difficult to reproduce pieces with the exact same states and properties [19,21].

An overview of previous researches on the selective laser melting process [22][23][24] allows to highlight the points discussed in this section.

Preheating in supply zone

In SLS process, powders of new layer is brought form supply zone to production zone. The melted powder in production zone will be influenced by powders of new layer. In effect, a cooling process is usually induced by new arrival powders, because they are colder than those molten [19]. Therefore, it is necessary to maintain powders higher than crystallization temperature in the supply zone, in order to prolong the sintering process. This is why the powder is preheated in supply zone. But, the preheating is limited by the melting temperature, so as not to induce a variation of powder state. In the case of PA12, the preheating temperature is recommended as 170-175°C (10-15°C below the melting temperature of the material) by Pham et al. [14].

Castability of powders

The range of grain size commonly used in the SLS process is from 25µm [25] to 250µm [26]. Manufcaturingrs of powders usually offer grains with the size about 60-80µm, which are generally used for studying the process [16,27,28]. Grains with the size of 75-100µm give out good results of density and precision [29]. The thickness of single powder layer is from 100µm to 250µm [16,27,28,[30][31][32].

The castability of powder is influenced by many parameters [33]. Various studies [34][35][36] propose methods of measurement to determine the Castability of powders, statically and dynamically. In general, the humidity, temperature and grain size will be influential. Seville [37] and Israelachvili [38] show that the Van der Waals forces are negligible when compared to the gravity if the grains are large enough. When the diameter becomes less than 50µm [39,40], the castability of powders is decreased. A narrow size distribution around 60μm for PA12 mixed with a few grains under 10μm gives a good castability [41]. However, the more the grains are large, the more the initial density of the powder bed is low, resulting in weakening parts densities. Furthermore, a higher density of the powder bed induces a shorter distance of penetration of the laser [19], which must be taken into account in the selection of layer thicknesses. Finally, the surface condition of grain also has a strong influence on the castability [42]. The more circularity of the grains, the better castability.

Heating in production zone

The powders in production zone must be maintained to a temperature enabling a good castability. In the case of PA12, the powders of new layer will be heated up to 150°C by the previous powders [19,43]. But new powders must be heated to a temperature closed to its melting temperature (Tm=184°C for PA12), in order to ensure optimal conditions for maintaining it in a liquid phase after laser treatment. Therefore, the infrared heater is operated for a few seconds before laser treatment, so as to heat the powder to the temperature of about 10°C below its melting temperature. In the case of PEEK, the preheating temperature is about 340°C [31]. Besides, the preheating temperature should be maintained very precisely, because a small variation will induce a lower density of final piece [7].

Choice of laser source

The laser, better absorbed by polymers, is the CO2 laser with the wavelength of 10.6µm [44][45][46]. Each material has a different absorption for this wavelength. The choice of laser should take into account its absorption, its energy density and its pulse model. It is possible to use the Nd:Yag laser with the wave length of 1.064µm. In this case, the additive of black carbon is sensitive to the wavelength, allowing a better absorption of laser energy [47,48]. The CO2 laser is generally used with the mode of PWM (Pulse Width Modulation), in other words, by adapting the duty cycle to control the average output power.

Interactions between laser and material

The interaction between the laser and material is dependent on the wavelength of radiation laser, the chemical composition of material and the temperature [49]. This interaction has been identified and represented by a exponential law named as Beer-Lambert law [44], which indicates the laser intensity decreases along the direction of depth. The Beer-Lambert law is also suitable for either UV or IR radiation, which has been studied by various previous works [49][50][51][52][53]. For a very small penetration depth (powder bed with lower porosity), this model can be reduced to a surface model of heat flow. This is the case, for example, when using a Nd:YAG laser to treat a titanium material which penetrates only 6

in depth [54]. Dong et al. [5] used a surface model with Gauss distribution to model the interaction between laser and material.

where is the reflective coefficient on the surface, r is the radial distance from the center of the laser beam, P is the power of the laser beam and is the radius of the laser beam. In the case of polymer powder, the literature provides the average value for the reflectivity of about 4% [55]. Besides, the reflectivity is related to the wavelength of laser.

Melting of material

The laser beam provides the necessary energy to change the phase of material in a depth of several hundred micrometers. This fusion process is very fast about several milliseconds. In the case of polymer, the quantification of temperature rise caused by a CO2 laser is little known. Dong et al. [56] propose a finite element model of a powder area heated by a surface deposit laser with Gauss intensity distribution. The author estimated that the temperature increases from 398 K before laser passage to 1321 K, for a power of 8 W and a scanning speed of 0.33m/s. Such overheating may cause a degradation of polymers. In fact, the laser-material interaction should be considered as volumetric model, then this increase will be lower. The following year [57] the author proposed new results. The heating obtained for a scanning speed of 1.26m/s and a power of 3.85 W is about 340 °C. Again, the model chosen is a surface heat flux. Lower temperature rise is expected by the Beer-Lambert laws in depth. Some previous work [51,58,59] studied the interaction between the diode laser and ABS-PC and obtained the temperature rise on the surface of material. For P = 5W, V = 2mm/s, temperature rise is about 240°C [51], and P = 10W and V = 16mm/s, an overheating 90°C is observed [59]. Finally, Franco et al. [60] studied the selective laser melting in polyamide powder bed, which indicates the rise of temperature from 15°C to 180°C for speeds of 0.25m/s to 2.5m/s and laser power of 12.5W 50W. This study analyzed the thicknesses of molten powder and connected this thickness to the given laser energy density. The fusion of layers must be perfectly controlled. Too little energy will not allow to melt the various layers together, too much energy will induce melting of the previous layers that can increase the dimensions of the part manufcaturingd.

Coalescence of grains

In the liquid state, the powder grains coalesce [61,62], so as to minimize the curvature of the interface of all grains. Coalescence of all grains in the powder bed tends to densify the material and the air present between the grains escaping through even open paths to the surface of the powder bed. Dupin [19] shows that the coalescence of the polymer grains is very fast (a few seconds) relative to the holding time in the polymer of the liquid state (a few tens of seconds) in the SLM process.

Densification of powder bed and diffusion of gases

The literatures show that the final density of parts is mainly determined by the initial density of powder bed [43,63,64], the preheating temperature [65] and parameters of materials. All these parameters have influences on not only the coalescence of grains but also the diffusion of entrapped gases inside powder bed. In fact, during the densification of powder bed, closed pores inside powder bed are formed [66]. This process induces the diffusion of gases [67,68]. Gogos et al. [69] numerically determines the lifetime of nitrogen bubble in a polyethylene at 189°C and its result is consistent with previous studies [70,71]. In the case of an unsaturated polymer, the disappearance time of bubble with the radius of 10-265μm is from a few milliseconds to fifty seconds. The surface tension has little influence in this case. However, in the case of a saturated polymer, the time becomes much longer of 10 to 90 minutes for the same bubbles. And then the value of the surface tension governs the kinetics of disappearance time of bubbles. The recent study of Dupin [19] on the laser sintering process shows that the coalescence phenomena are fast and the residual porosity of parts cannot be attributed to this phenomenon alone. Thus, the evolution of the size of closed pores in the material can only be explained by the diffusion of gases in the molten polymer. Therefore, in order to obtain parts with proper densification, it is necessary to allow time for the gas to spread.

Cooling and solidification of material

The molten grains treated by laser undergo different successive cooling process: (1) just after the passage of laser beam, molten grains are rapidly cooled to the temperature of production zone; (2) grains are secondly cooled when adding next layer of powders; (3) the final cooling happens in the manufcaturing zone. If the molten grains are cooled too fast to the temperature of surrounding powder bed, it is necessary to remain the temperature higher than the crystallization temperature to guarantee enough time for solidification. According to the different heat conditions, the crystallization time can range from a few seconds to several hours. The aim is to allow molten grains to crystallize as slowly as possible. Firstly, it takes time for gases to diffuse [19], then to limit distortions of parts in depth [16], and finally to obtain a high degree of crystallinity with a good rigidity of parts [72].

Degradation of material

If being maintained in a high temperature environment for hours, the polymer powder will degrade. When manufacturing parts, about 90% of the powder is not melted and recycled. Pham et al. [14] and Dotchev et al. [73] studied the degradation of powder PA12 undergoing several production cycles. They highlight the molecular weight of PA12 is multiplied by 12 after 3 recycles. The viscosity is thus increased and an effect of "orange peel" is measured at the surface of the parts during the use of recycled powder. But, a recycling strategy is possible to replace the full recycled powder by a mixture of new and recycled powder, which can increase the performance of fabrication parts [74,75]. Dupin [19] shows that the PA12 undergoes a post-condensation reaction which increase its molecular weight and finally impacts the crystallization of future parts. A decrease of viscosity has been observed in the powder with more than 4 recycles.

Porosity of workpiece

The porosity of workpiece is one of the most important properties concerned by manufcaturingr, because it is directly related to the mechanical performance of workpiece. Dupin [19] measured the porosity of PA12 workpiece obtained from SLS process. He studied the relationship between the porosity of workpiece and the energy density . The energy density is commonly defined as below [76]:

where P is the laser power, r is the radius of laser beam, v is the scanning velocity and e is the space between two successive scanning lasers. In the experiment, different energy densities are obtained by varying the laser power. The space between each scanning laser is set to 0.15mm and the scanning speed is 5m/s. Finally, Dupin [19] obtained the evolution of total porosity with different energy densities , as presented in Fig. II-10. For Innov PA, a sharp decrease of porosity is observed between 1.36J/cm 2 and 2.04 J/cm 2 . Then the porosity continues slightly decrease to a value of 4%. As Dupin's conclusion, it is noted that the energy density of 2.5 J/cm 2 is a good choice for manufcaturingr when considering the energy consuming. 

Analysis of SLS part qualities

Mechanical properties

Narkis et al. [77] shows that the properties of sintered parts highly depend on the state of densification of the material. At the beginning, the powder grains coalesce with each other and merge quickly. In parallel, the air flows between the grains is released to the surface of powder bed. And then, closed cavities are created and the evolution of densification has a lower kinetic. The analysis of flexural modulus as a function of time shows three different kinds of behavior (Fig. The flexural strength of PEEK parts treated by laser is highly dependent on their density [31]. Thus, a 60% decreases of flexural strength is obtained for a relative density of 0.9, and 90% decrease for a relative density of 0.8. The work of Ajoku et al. [78] researched the effect of the porosity of nylon on its compression behavior. The modulus of the part obtained by laser sintering is 10% lower than that of a molded part, due to the existence of heterogeneously distributed pores. A simulation work confirms the influence of the heterogeneous distribution pores on the mechanical properties of sintered parts.

The performance of manufcaturingd parts depends on not only their porosity, but also the organization within the material. The orientation of parts with respect to the three fabrication axis X,Y and Z (Fig. II-12) strongly influences their mechanical strength [17,79,80]. The scan direction Y is the direction in which the best performance is obtained. The strength in the orthogonal direction X is controlled by the welding condition of inter-space between successive lasers. Finally, the strength in the direction Z depends on the thickness of each layer. In general, the performance of sintered parts is highly dependent on the energy supplied to the material and the inter-space between successive lasers [81]. Besides, the mechanical properties of parts also depend on the microscopic characteristics of the material after laser treatment. Thus, increasing the crystallinity of the material can greatly improve mechanical properties [19,72,82]. 

Defects of shape

The thermoplastic materials are very sensitive to thermal gradients due to inhomogeneous crystallizations. Because the perfect control of the heat in the manufacturing zone is difficult, the workpieces present shape defects of warping and distortion [16]. These defects, when they appear in the manufcaturing zone, can result in the stop of manufacturing because warping may cause a rise of material which can collide with the powder supplying system. To decrease the distortions, it is necessary to maintain the temperature as close as possible to the polymer melting temperature and guaranty the homogeneity to maintain a low and uniform rate of crystallization. Wang et al. [16] concluded the shape defect is directly relative to the laser power. Besides, the thermal conduction can induce the molten of grains closed to the fusion region and increase the size of sintered parts [17,84].

State of surface (Roughness)

The surface condition of parts is characterized in two ways. Firstly, the melting of powders leads to a more or less densification, which can induce a significant roughness. Moreover, the fusion caused by laser generates a specific effect at the edge of workpiece [16]. When the laser arrives at the edge, it will stop or change its direction. Due to the Gauss distribution of laser energy intensity, the laser does not provide enough energy to its periphery. Thus, at the edge of workpiece, the thickness of fusion area is not the same as in the area where the laser makes a complete pass. Finally, the difference of thickness induces a geometry whose edge is not smooth. A staircase effect is always observed at the surface of workpiece.

Application of SLS polymer product

The selective laser sintering of polymers is a new technology. Despite this, many applications of additive manufacturing are currently used. In fact, this technology has a great potential in the production of pieces with extremely complex geometry. That is why it has been widely used in the medical, artistic and aeronautic field.

Medical field

The medical field is one of the most consumer areas of parts manufactured by SLS. Furthermore, it is also one of the most hot topics concerned by the academic research for this process. The main reason is the uniqueness of the morphology of each individual.

Most plastic processes use expensive tools for the polymer processing. The cost of a product is almost inversely proportional to the number of parts produced. In the case of the single piece, as is the case for the medical field, the cost of tool would be unacceptable (it takes several thousands of euros for a mold of injection). In another point, this technology can facilitate the medical field by using 3D images and computer aided design software to directly produce pieces. Several applications of polymer SLS pieces in medical field are presented in Fig. II-13. The two images on the left presents a micro-surgery system developed by polyamide 12. This system can be directly placed on the patient and allows to control the manipulation of surgical instruments with an accuracy below one millimeter. The third image demonstrates another bio-product by SLS. This product shows the possibility in the future that a new biocompatible material can replace human tissue ( a bone in this case). The final image is a prosthesis leg manufactured by another machine: 3D Systems. 

Aeronautic and automotive field

Diverse applications

Due to the capability of fabricating piece with complex geometry, a large amount of applications are found in the fields of architecture, jewelry or luxury interior design. So architects can build quickly conception models of their projects, as shown in 

Multiphysical phenomena involved in SLS

In the last chapter, we comprehensively introduced the process of selective laser sintering. During SLS process, a digital model of product is created and operated by process of SLS machine. The product is built cyclically layer by layer under control of computer. This process can be divided into three steps as shown in Fig. III-1.1:

Deposition of new powder layer

Layer by layer deposition of powdered material is a key step in selective laser sintering, yielding a loosely packed irregular structure. This packing structure represents the state of powder before consolidation with sintering. This process involves phenomena of motions and contacts of particles, which is described by the dynamics of particle. The model concerning this process is based on the theory of granular dynamics so as to simulate a randomly generated powder bed. Meanwhile, for modeling purpose, all particles are assumed to have a spherical shape.

Heating by laser

In SLS process, the laser beam is the thermal source. The interaction between laser and particles is described by the theory of laser radiation transfer. Moreover, the powder bed is a granular material. Unlike the homogenous material, the thermal radiation in granular medium is different, because the distribution of laser intensity can be changed by absorption and scattering when photons interact with small particles. Furthermore, due to the granularity of powder bed, the heat conduction is different from the case of continuum medium. The quoted differences between granular and homogenous material requires the development of a model concerning the SLS process considering the characters of granular material [1][2][3][4][5].

Sintering and post process

In SLS process, selected regions of powder bed are rapidly heated through a phase transition of solid-liquid-solid state. When the temperature is higher than the melting point, small molten particles come together and merge into larger particles as a result of surface tension. This phenomenon is called coalescence. Meanwhile, the entrapped air is released from the inside of powder bed that is called the densification. The process, including these two phenomena, is named as sintering. Now, it is established that the performance of SLS product is highly related to the degree of sintering [6][7][8]. Thus, most of products will be treated by post processing so as to increase the rate of relative density and crystallinity (for semi-crystallization polymers). It also uses the optical properties of material and the geometry of grains so as to calculate the energy absorbed by powder bed. The heat flux from submodel of laser radiation transfer is regarded as the intern heat source in discontinuous heat conduction submodel. The temperature field of powder bed is calculated by discontinuous heat conduction submodel. Using this model, we can obtain the thermal history of each grain inside powder bed. Sintering submodel uses thermal data and rheological properties of particles to estimates the change of geometry of powder bed caused by the coalescence and densification. After finishing the sintering process, the contact dynamic submodel is used to simulate the deposition of successive layer of powders.

The submodel of radiation transfer concerns the interaction between the laser beam and powder bed. Several phenomena are considered in the submodel, including the reflection, transmission, absorption and scattering. The submodel of discrete heat conduction describes the transfer of heat between particles. The phenomena considered by this submodel are the thermal conduction inside powder bed and convection at surface. The sintering submodel concerns the phenomena of coalescence and densification. It describes the merger of melton grains driven by surface tension and the release/diffusion of entrapped gases inside powder bed. The submodel of contact dynamic concerns the motions and contacts between particles when depositing a new layer of powders. All these submodels above will be detailed in the following sections. 

Radiative heat transfer submodel

During SLS process, selected regions of powder bed are heated by laser beam, which is a strong thermal radiation phenomenon. The quality of final product from SLS is directly related to parameters of laser beam (such as laser power, scan speed and radius of laser beam). Therefore, the significance of thermal radiation underlines the need to develop a thermal model to improve our understanding of radiation transfer during SLS process.

Generalities of radiation heat transfer

The radiation transfer and thermal radiation are commonly used to describe the science of the heat transfer caused by electromagnetic waves. There are so many examples of thermal radiation, such as the heating from sun on a clear day or feeling of hot when facing the fire.

In fact, all materials continuously emit and absorb electromagnetic waves or photons, by lowering or raising their molecular energy levels. The strength and lengths of emission depend on the temperature of the emitting material. The range of wavelengths from 10 -7 m to 10 -3 m (ultraviolet, visible and infrared) are much more important and considered as presented in Fig. III- The thermal radiative energy can be considered as consisting of electromagnetic waves or as massless energy particles, called photons (particle and wave approaches). Both these two views have been confirmed for describing completely all radiative phenomena that have been observed. In general, the electromagnetic wave theory is more used to radiative properties of liquid, solid and interfaces, while radiative properties of gases are more conveniently obtained from quantum mechanics.

When photons strikes the surface of another medium, the photons may be reflected either partially or totally. And then, the non-reflected part will penetrate into the medium. Photons may become continuously attenuated when passing through the medium. If the attenuation is complete so that no penetrating radiation reemerges, it is known as opaque. If photons passes through a medium without any attenuation, it is termed transparent, while a body with partial attenuation is called semitransparent. Metals are commonly regarded as opaque (like steel 316L), while many polymers are semitransparent, such as Polyether ether ketone (PEEK) and Polyamide 12 (PA12).

Thermal radiation in granular medium

Unlike in the homogenous material, the thermal radiation in granular medium is different because the radiative intensity may be changed by absorption and scattering when a photon interacts with small particles. Common examples of this interaction are sunlight being absorbed by a cloud of smoke, scattering of sunshine by the atmosphere resulting in blue sky and red sun. At the beginning, astrophysicists dealt with the radiation scattering by particles due to their interests in the scattering of starlight by interstellar dust. Now, the scattering of electromagnetic waves or photons is concerned by scientists from many other domains: The scattering within the earth atmosphere is concerned by meteorologist; Physics and engineers today use light scattering as diagnostic tools for non-intrusive and non-destructive measurements in gases, liquid and solid. A review of thermal radiation phenomena in granular medium has been given by Tien and Drolen [11].

The new direction and distance of a scattered photon after passing a particle depends on many parameters: the shape of the particle; the material of the particle; the size of the particle and the clearance between particles. The shape of particles is always simplified to be spherical or cylindrical. These simplifying assumptions give generally excellent results [11]. The interaction between photons and spherical particles are shown in Fig. III-3.2.

Fig.III-3.2. Interaction between photons and spherical particles [10]

As shown in Fig. III-3.2, an electromagnetic wave or photon passing through the spherical particles will be absorbed or scattered. The scattering is caused by three different phenomena: the diffraction, reflection by a particle and refraction in a particle. In other words, the photon direction of propagation is altered by the presence of the particle, even though it never come into contact with the particle. Furthermore, the photon is reflected from the surface of particle. Moreover, the photon is partially absorbed when penetrate into the particle and then reemerge traveling into a different direction.

The scattering and absorption of radiation by single spheres was first discussed during the later part of the nineteenth century by Lord Rayleigh [12], who obtained a simple solution for spheres whose diameters are much smaller than the wavelength of radiation. This work was followed by the classical paper of Gustav Mie [13] in 1908, who developed an equivalent solution to Maxwell's equations for an electromagnetic wave train traveling through a medium with an imbedded sphere. Generally, the Mie theory must be used when the size of spheres is closed to the wavelength of radiation.

In Mie theory, the amount of scattering and absorption by a particle is usually expressed by the terms of the scattering cross section C sca and absorption cross section C abs . The total amount of absorption and scattering, called extinction, is expressed by the term of extinction cross section:

Often efficiency factors Q are used instead of cross section, being non-dimensionalized with the projected surface area of the sphere: , ,

Radiation interacting with a spherical particle may be scattered away from its original direction by an angle . The propagation vector of the photon may be redirected by the scattering angle as shown in Fig. III-3.2. This directional scattering behavior can be described by the average cosine of the scattering angle, known as the anisotropy factor g, and related to the phase function as following:

According to the work of Chu and Churchill [14,15], the scattering phase function can be expressed as a series in Legendre polynomials:

. The coefficients A n and P n are directly related to the Riccati-Bessel functions, which are rather complicated not reproduced here.

The anisotropy factor g takes value ranging from -1 through 0 to 1. When g is equal to -1, it is the backscattering. The propagation vector after scattering is opposite to the original direction. When g is equal to 0, it is the isotropic scattering, which means equal amounts of photons are scattered into all directions. When g is equal to 1, it is forward scattering. The propagation vector after scattering is the same as the original direction. The phase function with different anisotropy factors is presented in 

Review of thermal radiation models in SLS process

Unlike traditional technologies, the SLS process fabricates solid objects from powders, a typical granular medium that is very different from the homogenous medium. Until now, all thermal radiation studies in SLS process can be classified as continuum based or discrete particle based approach [17]. In the continuum approach the granular bed is assumed as a homogeneous medium having effective properties, while these properties are modeled separately or obtained experimentally. On the other hand in discrete particle approach, the packed bed is explicitly modeled and the discrete nature of system is taken into account while considering the involved phenomenon.

In the case of continuum approach, the laser beam energy input is often modeled as a heat flux with density described by the Gaussian distribution. Lin et al. [18] developed a three-dimensional finite element based model to predict the temperature and energy density distribution in sintered amorphous polymer powders modeling the heat flux as a boundary heat source on the surface. Labeas et al. [19], Grewell et al. [20] and Defauchy [21] used the Beer-Lambert law to simulate the absorption phenomenon inside the material. Becker and Potent [22] developed a mathematical model considering different energy conditions to join parts with various absorption properties. In all these works, the authors ignored the effect of scattering of the laser intensity distribution inside the semi-transparent material. This assumption is not realistic, in particular given the particulate nature of the powder. Mingliang et al. [23] studied the welding process of polycarbonate (PC), polyamide 6 (PA6) and glass fibers reinforced polyamide 6 (PA6GF), by laser transmission welding (LTM) using both the FEM numerical simulation and experimental measurements to investigate the effect of scattering. They defined global factors to describe the scattering phenomena, by separating the optical extinction coefficient into two contributions: absorption and scattering parts. This global approach is not sufficient to characterize explicitly the scattering phenomena because the redirection of photon propagation is not taken into consideration.

The granular medium can be regarded as homogenous when the porous medium with porosity smaller than 0.05 [17]. However, most of the powder beds have porosity higher than the specified limit. Therefore, radiative properties of powder bed cannot be predicted from the properties of single particle as homogenous medium.

In case of discrete particle approach, Tien [24] reviewed the radiation heat transfer in granular medium. He concluded the use of discontinuous approach based on Monte Carlo and/or ray-tracing method is found to be a natural choice for predicting radiative heat transfer in granular systems. Mariana et al. [16] used Monte Carlo method based on the Mie theory to analyze the scattering effect on laser beam in a non-absorbent polymer powder bed. Zhou et al. [25] developed a Monte Carlo method based on ray tracing scheme in the granular system to simulate the radiative heat transfer in a bimodal randomly packed structure composed of particles with various size and emissivity. He presents experimental confirmation of his Monte Carlo calculations of the light scattering in the polymeric medium. Andre et al. [26] proposed a numerical method based on ray tracing to simulate the light scattering during laser welding process. In his work, the radiative energy is estimated at the welding interface in order to describe the heat source. Singh and Kaviny [27] used Monte-Carlo method for radiative heat transfer through mono-dispersed powder bed. They proposed a discrete ordinate method based scaling approach so that independent radiative properties can be scaled to obtain effective properties in dependent regime. A ray-tracing model is developed by Wang and Kruth [28] to simulate the energy absorption and penetration during the SLS of metal powders. Their model, which is based on geometrical optics, yields the evolution of the energy absorption in the powder and accordingly predicts the sintering zone dimension. Chan and Tien [29] used discrete model to determine radiative properties of packed bed, they treated particulate medium as regularly packed system and investigated a representative unit cell using ray-tracing techniques. Kudo et al. [30] adopted Monte-Carlo technique for radiation heat transfer in representative unit cell. Yang et al. [31] investigated radiation in randomly packed bed using Monte-Carlo method.

Based on the review of existing thermal radiation models, a discontinuous approach is adopted in our work, based on the Monte Carlo ray tracing method. This model will be the subject of the following section.

Monte Carlo method for thermal radiation

Problems in thermal radiation concern the energy which travels as photons over relatively long distance along a straight path before interaction with matter. This type of problems is particularly suitable to be solved by a Monte Carlo technique [10]. Solving a thermal radiation problem by Monte Carlo implies tracing the history of a statistically meaningful random sample of photons from their points of emission to their points of absorption. The advantage of the Monte Carlo method is that even the most complicated problem may be solved with relative ease, as schematically indicated in Fig. III-3.4. Nevertheless, for a trivial problem, setting up the appropriate photon sampling technique alone may require more effort than finding the analytical solution. As the complexity of the problem increases, however, the complexity of formulation and the solution effort increase much more rapidly for conventional techniques. For problems beyond a certain complexity, the Monte Carlo solution will be preferable. 

Introduction of Monte Carlo method

The Monte Carlo method was invented by a Polish mathematician Stanislaw Ulam, which is named after the principality of Monte Carlo in the south of France. The aim of Monte Carlo method is to solve one or both of the following problems: generating samples from a given probability or/and estimating experiments of functions under this distribution. When the problem is calculating the probability of some random events or the expectation of a random variable, through some kind of "experimental" approach, the frequency or some characteristic variables of such events will be regarded as the solution of the problem. Based on different sampling methods, Monte Carlo methods can be classified as four different methods: importance sampling, rejection sampling, Metropolis method and Gibbs sampling.

Let's consider for a while the area estimation of an irregular geometry, how to use Monte Carlo method to calculate it? Let's imagine that you have a bag of beans. These beans are evenly dispread on the floor. Then we count the number of beans in the geometry. This number is an approach of the area of the geometry. The more and smaller the beans are, the more accurate the result is. Here, we assume there is no overlap between beans. For example, consider a circle inscribed in a unit square. Given that the circle and the square have a ratio of areas that is , the value of can be approximated using a Monte Carlo method, as shown in Fig. III-3.5. The difference between the estimation and real value is only 0.07%. 

Monte Carlo method based on Mie theory

At the beginning of the section 3.4, the Monte Carlo method has been introduced as a useful method for simulating thermal radiation. Mariana et al. [16] proposed a Monte Carlo method based on the Mie theory in order to simulate the scattering effect on laser beam in polymers. In this method, the trajectories of photons are simulated probabilistically through the considered medium until they hit a predefined detecting area. A flowchart is presented in Fig. III- 

Photon initialization

In general, the light is assumed to illuminate on a plane-parallel medium, which infinites in the x and y directions, with a certain thickness in the z direction, containing random distributed spheres with identically size. For each photon, provided from the laser source, the initial position is defined by the radius r and the angle in the beam section. The angle is uniformly distributed in a range of [0, 2 ]. The radial distribution is assumed to obey to Gaussian distribution. The initial direction of propagation is downward into the participating medium . So the initial conditions equations are written as following:

(III-3.1)
where and , is the radius of laser beam section. and are pseudo-random numbers distributed normally (Gauss) and uniformly over the interval [0,1] respectively. 

Photon propagation

The propagation of photon at each step is calculated based on the probability distribution of photon's mean free path or displacement [16], given by:

(III-3.2)
where is a random variable uniformly distributed over the interval [0,1]; is the absorption coefficient, is the total attenuation coefficient and is the scattering coefficient.

Photon scattering

Once the photon hits a particle, it is scattered because the particle is non-absorbent. The scattering direction is chosen according to the normalized phase function provided by Mie theory, which describes the probability density function for the azimuthal and longitudinal angles.

Scattering direction is defined by two angles relatively to the incident direction. Since we consider an unpolarized radiation and spherical particles, the phase function has no azimuthally dependence, so angle is uniformly distributed between 0 and 2 [16]:

(III-3.3)
Angle is chosen using the phase function, given a pseudo-random number, by inverting the following integral [16]:

(III-3.4)

Once the deflection angle and the azimuthal angle are chosen, the new direction for the photon propagation can be calculated using the next formulas [16]:

(III-3.5) (III-3.6) (III-3.7)
The direction cosines are the cosines of the angle that the photon's direction makes with each axis in the slab referential.

If the photon is moving over the z-direction, use of the above formulas will lead to a division by zero, since =1, so for avoiding this the following formulas have to be used [16]:

(III-3.8) (III-3.9) (III-3.10)

Reflection or transmission at the boundary

When photons reach the upper and lower boundaries of the medium, the possibility of a photon being internally reflected is computed according to the Fresnel reflection coefficient [16].

(III-3.11) where is the angle of incidence at the boundary and is given by the Snell's law , and are incident and transient refraction coefficients, respectively. By comparing the Fresnel reflection coefficient with a pseudo-random number , it is determined whether the photon is internally reflected or transmitted [16]:

For , the photon escapes the slab, it is recorded by the detector as the transmitted radiation when it leaves at the bottom or as backscattered one when it leaves from the top.

For , the photon is internally reflected and its directional cosines are updated by reversing the z component.

Radiation Transfer in SLS process

According to the work of Gusarov et al. [35], a powder bed with opaque or semi-transparent particles can be approximated by an equivalent homogenous absorbing scattering medium. Therefore, the distribution of the luminance within a powder bed involves three mechanisms: emission, absorption and diffusion, as illustrated in Fig. .

When photons pass through a powder bed, part of the flux is absorbed and the rest is scattered in multiple directions. The molecules absorb a part of the flux, in turn, emit photons at their local temperatures, and some of re-emitted flux are absorbed again.

According to literatures [36][37][38], the reabsorbed energy obtained from the emission is much smaller than the incident part from laser beam. The temperature of laser beam is usually beyond 2000K. Therefore, it is acceptable to assume that the self emission has little effect on the thermal behavior process of SLS and can be ignored [39]. In condition of little emission, the radiation transfer equation in the material, giving the laser polymer interaction, can be simplified as follow, it is named as Beer-Lambert Law [40]:

(III-3.12)
where is the monochromatic attenuation coefficient, the wave length, is the radiation energy intensity at a given depth , is the initial radiation energy intensity. For laser heat source, the radiation wave length is usually unique. So Eq.(III-3.12) can be written as:

(III-3.13)

Modified Monte Carlo Ray Tracing method

When a light beam interacts with a particle, it is demonstrated the emission of secondary radiation known as scattering. In condition that the size of particle is less than twenty times of the laser wavelength, Mie theory has been confirmed for modeling the scattering in participating medium by experiments [16,42]. Furthermore, a combination of Monte Carlo and ray tracing method is widely used in multiple scattering topics [33,34], named as the Monte Carlo ray tracing method. In this method, the trajectories of light rays (photons) are simulated probabilistically through the considered medium until they hit a predefined detecting area. Several works [16,43,44] indicate that Monte Carlo method is capable to solve more complex problem in relative cases, and it is widely used in modeling radiative heat transfers in non-homogeneous and non-continuum media.

In the SLS process, the size of particle and laser wavelength are about 40 and 10 , respectively. Besides, the powder bed is a granular material that is a typical non-homogenous and non-continuum media. Therefore, the Monte Carlo ray tracing method is very suitable in our case. However, Mariana et al. [16] assumed that polymers are non-absorbent, which is actually partial absorbent in SLS process. Thus, we modify the Monte Carlo ray tracing method by introducing the Beer-Lambert law so as to estimate the attenuation of laser energy inside semi-transparent powder bed. The main calculation steps of the modified method are illustrated in Fig. III-3.8 and details are explained here after.

Most steps of modified Monte Carlo ray-tracing method are identical to that presented in section III-3.4.2. However, it is not easy to calculate the angle due to its implicit format in Eq.III-3.4. Therefore, we introduced the Henyey and Greenstein phase function in order to save the computational consuming, which is validated by many researches in case of modeling scattering between light and small particles [42,43,45]. 

Validation of modified Monte Carlo method: case of metallic powder

The coupling of all these previously developed theories of light behavior constitutes the modified Monte Carlo theory, which will now be used to simulate the laser energy distribution in granular medium. Before applying the model to simulate the entire laser sintering process, a validation of the estimated laser heat source distribution within the materials is needed. For this purpose, we compare first the model's estimations to some results from the literature. Even there is a lack of similar simulations in the literature, the work of A.V. Gusarov et al. [35] is one interesting and recent published work dealing with radiative heat transfers in granular medium. In order to validate the model, we propose to compare results obtained with our modified Monte Carlo method developed in this paper to those published in the wrok of A.V. Gusarov et al. [35]. In their work, A.V. Gusarov proposed a 3D (2D Axisymmetric) theoretical model of the radiation transfer equation, with numerical simulation using Discrete Ordinates Method, to calculate the spatial distributions of deposited laser energy on a powder. In their work, they conclude that the scattering of the incident laser beam in the powder layer can considerably affect the distribution of heat source intensity, especially, at the center of the beam. When the number of simulated photons reaches 5x10 +6 , the distribution of scattered photons is stable. The parameters chosen for our modified Monte Carlo method are taken from the published data presented in the reference [35] and presented in Table.III-1. The numerical simulation based on Monte Carlo method is implemented in Matlab.

In is negative when implying that photons are completely reflected back on the surface of powder bed. This situation is due to the assumption of the existence of back scattering on the upper surface, which is not considered in our model, where no negative energy is predicted. In both figures, the energy distribution presents a bell shape, with a maximum energy concentration at the region close to the center of laser beam. Far from the surface, as the beams penetrates through the bottom of the material, and also for higher albedo values (high scattering), the maximum peak of radiative flux is decreasing at the center of laser beam, because the light always changes travelling direction when scattering. If we compare the energy distribution at the upper surface 0) and at the bottom 2), the difference of radiation flux distribution is about 75% for , indicating that the radiative energy is considerably absorbed by the region close to the surface. Both longitudinal energy fluxes at the surface and bottom decreases with increasing the albedo , because of a stronger effect of scattering. Hence, the phenomenon of scattering has a strong effect on the propagation of radiative flux. It is responsible of the energy distribution in laser sintering, and it defines the shape of the energy distribution within the granular medium. It must be exactly estimated, indeed it is a key factor in simulating the laser sintering process and for its optimization.

Discrete heat conduction submodel

The SLS process is multiphysical, in which most of phenomena are either purely or partially thermal induced. Given the difference between homogenous medium and granular material (powder bed), it is crucial to develop a thermal conduction model to improve the understanding of SLS process.

Introduction of granular material

A granular medium is a heterogeneous system made of solid particles with its void filled with fluids (like air and liquid), which behaves differently from any of other standard and familiar forms of matters (solid, liquid and gas). Granular materials are ubiquitous in our daily lives that can be naturally formed (rocks and sands) or fabricated (powders and insulations). Therefore, the range of particle sizes is vast and can be in the range from 10nm (atom size) to 1m (rock size). The granular material plays a very important role in many domains, such as mining, agriculture, civil engineering and pharmaceutical manufacturing.

In the field of pharmaceutical manufacturing, the mixing of granular and powder materials is a vital component. A DEM(Discrete Element Method)-based model was proposed by Bertrand et al. [48] in order to simulate the flow behavior of granular material in mixing systems. In his works, the flow behavior of spherical particles is studied under different types of mixers and blenders. 

Discrete methods

All numerical methods can be classified into continuous methods and discrete methods. These methods have been used over the years to simulate and solve a large number of mechanical problems at different scales from microscopic to macroscopic [49]. In the case of microscopic, about 10 -6 m, the interaction between atoms is governed by empirical inter-atomic potentials. The movement of atoms is obtained from classic Newton mechanics. In the mesoscopic scale, about 10 -4 m, only large scale entities are considered. The interaction between particles is also described by classic Newton mechanics. In case of macroscopic scale, about 10 -2 m, most physical systems are regarded as continuous material. The physical behavior is described by constitutive laws. Typically, at the macroscopic scale, most of materials can be treated as continuous medium even thought they consist of smaller discrete grains. Thus, the continuous methods can be used in this scale without problems. However, in the other three scales, the length of material is at the same order of magnitude of discontinuous space, which causes inappropriate application of continuous methods. Thus, discrete methods are more commonly used in these three scales.

In general, discrete methods studied materials consisting of a set of discrete elements with different shapes and sizes. These elements interact with each other by contact laws and/or cohesive bonds. Knowing forces and torques applied on the displacements and rotations computed using classic Newton mechanics. The classification and application of discrete methods are given in the coming section.

Classification of discrete methods

According to the scale, the discrete methods can be classified into three groups: quantum mechanical methods (QMMs), atomistic methods (AMs) and mesoscopic methods (MDMs), as shown in 

Quantum mechanical methods

The scale used by the quantum mechanical methods is about 10 -9 m. In this scale, the molecules are treated as collections of nuclei and electrons whose interaction is directly controlled by their quantum mechanical state without any reference to chemical bonds. These methods are all based on the Schrodinger equation proposed in 1925 as below [49].

where is the mass of particle, is the position vector of particle, is an external field, is the Laplacian, h is Plank's constant divided by , i is the square root of -1 and is the wave function which characterizes the particle motion.

In general, the quantum mechanical methods are accurate in modeling particle/electron motions [50,51]. However, the cost of simulations based on these methods is very high. Besides, these methods can be only applied in very small domains of nano-scale.

Atomistic methods

The atomic methods are used for modeling material at the microscopic scale (about 10 -6 m). In this scale, the electronic motions are ignored. The interaction laws between particles can be described by empirical inter-atomic potentials that encapsulate the effects of bonding between them [52,53]. The Lennard-Jones potential is more practical and realistic in modeling some physical interactions, such as the Van der Waals interaction: where is the depth of the potential well, is the distance at which the potential reaches its minimum and is the distance between two particles p and q. Compared to the quantum mechanical methods, the atomic methods are less accurate but relatively inexpensive. These methods are able to simulate the atomic process involving considerably large systems of up to 10 9 atoms [54]. But dynamic simulation based on atomic methods is generally limited to the timescales of a few nanoseconds, which can be flaw for the simulation of realistic mechanical problems.

Mesoscopic methods (Discrete Elements methods)

In order to overcome limitations of quantum and atomic methods, another discrete method has been developed: mesoscopic discrete methods. The scale used by the mesoscopic mechanical methods is about 10 -4 m. At this scale, the material is too small to be regarded as a continuum and too large to be simulated effectively using quantum or atomic methods. The mesoscopic scale can be treated as an intermediate scale at which the microscopic phenomena can be assumed in mechanical equilibrium, but cannot be described by continuum mechanics. In these methods, only large scale particles are modeled. Originally, this class of methods (Discrete Elements methods) was firstly developed to model movements within granular materials in rock mechanics [55]. Now, the mesoscopic methods have presented an alternative method to study realistic complex problems, for which continuous assumption is not valid, or problems with discontinuities that cannot easily be treated by continuous methods [49]. In mesoscopic methods, the contact particle method is very commonly used. In this method, elements with masses and volumes are considered to interact through contact laws, as shown in 

Applications of Discrete Elements methods(DEM)

As we discussed previously, the Discrete Elements methods (DEM) are widely used in modeling physical phenomena at mesoscopic scale, which is inconvenient for continuous methods. Here, we present several applications of DEM as following.

Heat conduction in granular medium

Unlikely in homogenous medium, the heat conduction in granular medium, such as powder bed, is defined as the transfer of heat flux through physical contacts of particles, which is strongly dependent on the nature of contact between the particles [56]. The traditional continuum model of heat conduction is not suitable in case of laser sintering process. Vargas and McCarthy [START_REF] Vargas | Heat conduction in granular materials[END_REF] has developed a thermal particle dynamic approach for heat conduction in granular medium. They assumed the temperature inside particles remains uniform because the contact thermal resistance between particles is significantly larger than the thermal resistance in the particles. The temperature gradient only exists near the contact points as shown in Under these assumptions, the net heat transferred to a particle due to conduction with its neighbor particles is given by [58]:

where N is the number of neighbor particles in contact with particle i and is contact conductance between the pair . The conductance depends on the contact force between the particles, which is obtained using Hertz's theory.

where is the effective thermal conductivity of the particles. is the normal contact force between particles, is the effective radius of contact pair and is effective Young's modulus. This approach has been used by Ram [58] to simulate the heat conduction during selective laser melting process in metallic powder bed as presented in Fig. III-4.5. 

Thermal Sintering and crack propagation

Nearly all production processes of powder technology include a sintering step at a high temperature [62]. Some of the constitutive sintering models used in the framework of continuum-mechanics were derived from micromechanical models on a grain scale [59,60,61]. These approaches are based on the Taylor-Bishop-Hill assumption [62,63], which states that the velocity of each grain is uniquely prescribed by the macroscopic strain rate. The discrete elements method (DEM) is a promising tool for overcoming the limitations of the Taylor-Bishop-Hill assumption. In contrast to continuum mechanical models, this model offers the advantage that the effect of grain rearrangement are considered by design. It also allows access to mesoscopic properties such as the position, velocity, contact area and coordination number of every grain.

In case of solid state sintering, particles are driven by the sintering force given by polynomial approximations [64]:

where is a polynomial function of the porosity and the dihedral angle . R is the identical radius of particle, is the specific surface energy and is the mid-point distance between two particles.

Besides the normal sintering force, a tangential force presenting a viscous resistance against sliding is also used [65]: where is the viscosity, A is the grain contact area, is the relative grain-grain velocity, is the unit vector in the direction perpendicular to the contact area.

Henrich et al. [66] used this approach to study the crack propagation during sintering under residual thermal stresses, as shown in Fig. III-4.6. He concluded that the DEM is well suited for treating sintering process and offers many advantages over traditional, continuous-mechanics approaches or analytical models. 

Surface tension and wetting effect

At small length scales of the order of nano and micrometers, surface tension plays an important role in free-surface and multiphase flows. In contrast to macroscopic length scales, the influence of inertial forces on the flow is greatly reduced, resulting in greater impact of surface tension forces on the shape and properties of the flow. This effect can be observed in many natural phenomena, such as the wetting of water drops on the leaves of the Lotus plant or in transpiration flow in the xylem tissues in plants. For now, a discrete elements method has been developed, which is more efficient than continuous methods for modeling structure-fluid and fluid-fluid interactions from the nano to macroscopic scales based on the Navier-Stokes (NS) equations.

where is fluid density, is dynamic viscosity, v is velocity and p is pressure, respectively. g corresponds to external body forces such as gravity.

Breinlinger et al. [67] used this approach to simulate the shape variation of water drops caused by surface tension which includes special boundary conditions for fluids in contact with solid walls as shown in Fig. III-4.7. His works shows that the discrete elements method gives accurate results for the solution of the Young-Laplace equation even at comparably low resolutions. Besides, this method is also capable of reproducing more complex wetting phenomena such as the pinning effect. 

Review of heat conduction model in SLS process

The numerical models of heat conduction for selective laser sintering process can be classified as continuum or discrete based approach, such as the finite elements method (FEM) and discrete elements method (DEM). In continuum approach the granular bed is assumed as a homogeneous medium having effective properties, while these properties are modeled separately or obtained experimentally. On the other hand in discrete particle approach, the packed bed is explicitly modeled and discrete nature of system is taken into account while considering the involved phenomenon.

According to the literatures, most of studies about heat conduction in granular media are proposed by FEM and the powder bed is regarded as equivalent homogenous media: Roberts et al. [68] built a 3D numerical model based on FEM to simulate the temperature distribution in a powder bed. He developed an innovative simulation technique as element birth and death, but, without considering the effect of scattering in participating medium. A SLS process in the metallic powder bed with two components is studied by Chen and Zhang [69]. They developed a 3D model and investigated the shape of heat affected zone inside the powder bed. The accurateness of their work relies on empirical values of thermal properties. However, the variation of density and conductivity are intricate to be measured and predicted during SLS process. Donghua and Dongdong [70] developed a numerical simulation based on finite volume method to study densification mechanisms of WC/Cu powder system during SLS process. They also regarded the powder bed as a homogenous medium and estimated the variation of material properties by empirical equations, resulting in that numerical results are always higher than those from experiments. Fischer et al. [71] proposed a 2D thermal model to predict the instationary temperature distribution in the powder bed, which is treated by periodic laser pulses during SLS process. The influence of pulse frequency on temperature in powder bed is studied, but the phase change of particles is not taken into consideration. Zhang Y.W. et al. [72] developed a 3D thermal model of SLM in a metal powder bed, which contains a mixture of two powders with significantly different melting points. The simulation results based on FEM are compared with the data from experiments. However, local boundaries of sintered areas from actual and predicted results are different, because they underestimated differences between thermal properties of homogenous and granular mediums. Several literatures [73][74][75][76] developed complex models based on FEM which coupled multiple phenomena, such as the radiation transfer, heat conduction and sintering. However, the validation and accuracy of their models are based on empirical values of physical properties, which are intricate to be measured and predicted during laser treatment. In Schultz's thesis [77], he built a 3D continuum numerical model of selective laser sintering in the polymer powder bed, including heat transfer, phase change and densification. However, his model is not able to simulate the variation of volume caused by air evaporation in SLS process.

All literatures above assumed the powder bed as a homogenous medium and estimated the variation of material properties by empirical equations, underestimating the effect of the air between grains in the laser sintering process. In fact, the powder bed is always treated as a homogeneous medium instead of discrete granular system which is an assembly of many discrete solid particles interacting with each other due to dissipative collisions. Numerical models of granular medium based on Finite Element Method (FEM) are born with several limitations: it is not possible to capture the physical phenomena of grains inside powder bed; its accuracy relies on empirical values of material properties which are hard to be measured and predicted during sintering process; it is not able to describe the phenomena of densification caused by the escape of entrapped air bubbles between grains. Compared to the Finite Element method, the discrete elements method (DEM) is particularly useful for modeling phenomena in materials that undergo discontinuous connections, which is possible to capture almost all the physical phenomena linked to the particles interactions and the granular characteristics of the materials. In spite of that, the dedicated heat transfer studies in granular medium for application to laser sintering are rather rare [78].

In view of what we have discussed earlier, we propose a heat conduction model based on the discrete elements method to model the heat conduction in SLS process. This model will be detailed in the following section.

Discrete heat conduction model in SLS process

The heat conduction in granular medium, such as powder bed, is defined as the transfer of heat flux through physical contacts of particles. The traditional continuum model of heat conduction is not suitable in the case of laser sintering process. Therefore, a discrete model is needed to describe the thermal diffusion inside powder bed. The heat conduction between two elastic particles is illustrated in . Therefore, the entire heat flux between two particles i and j is written as below:

(III-4.1)

Given that is relative to the contact area, can be given based on the Fourier equation:

(III-4.2)
where [80] is the harmonic mean of the conductivity of two particles [J/(K s m)] and is the contact area between two particles [ ]. Because the size of two particles i and j are very small, usually less than 50 , we can assume that the thickness of contact region d can be approached by the thickness of thermal conduction:

(III-4.3) Therefore, Eq.(III-4.2) can be modified as:

(III-4.4) (III-4.5) where

[K], is the heat transfer coefficient [J/(K s)]. According to Hertz contact theory [78], the radius of contact area of two elastic spheres is defined as

(IV-4.6)
where d is the thickness of contact region, is the effective radius, and are radii of two contact spheres, respectively. Substituting Eq.( III-4.6) into Eq.( III-4.5), the heat transfer coefficient can be modified as:

(III-4.7)

where and are the radii of particle i and j respectively. The heat flux by air is given by [79]: (III-4.8)

(III-4.9)

Where , is the conductivity of air and r is the radius of particle. In a multiple contacts model, we assume that each particle shares the same size of area contacted with air. If the particle i is contacted by N particles, the heat flux between particles i and others is modified as below:

(III-4.10)

With the assumption that the temperature within each particle is uniform, the heat conduction between particles in contact is calculated according to equations below:

(III-4.11) (III-4.12)
where is the mass of single particle, is the contact area between particle i and j, represents the heat conduction by contacts, represents the heat source and is the heat flux corresponding to convection.

Validation of discrete heat conduction model

Before applying the model to simulate the entire laser sintering process, a validation of the estimated heat conduction within powder bed is needed. Thus, we propose to compare our model's estimations to some results from the literature concerning metallic laser sintering. In this part, we validate the discrete heat conduction model developed in this paper by comparing the results with Ram [58], who proposed a 3D discrete heat conduction model. The SLS process is numerically simulated by a Discrete Elements Method, in order to obtain the temperature field in powder bed. For confirming our model, we proposed a simulation under the same conditions as Ram [58]. The powder bed consists of stainless steel grains. The properties of powder material is listed in Table.III-2.

Table.III-2. Thermo-physical properties and other parameters used in simulation [58]

Considering the phase change during metallic SLS process, the conductive heat transfer equation Eq.( III-4.12) can be modified as: 

Phase change and boundary conditions

Due to differences between thermal properties of metal and polymer, both Eq.(III-4.13) and Eq.(III-4.14) are not suitable to describe the process of phase change in polymer powder bed. But the mechanism of heat conduction by contacts is effective in the case of polymer. Therefore, we can modify Eq.(III-4.13) and take into account the variation of thermal properties during phase change of polymer:

(III-4.15)

The modified heat capacity integrating solid-liquid phase transformation is given as following [9]:

(III-4.16)

where and are the temperatures of melting onset and end respectively, is the latent heat of melting and is considered as a constant. Besides, the heat conductivity k and density of a single particle are also determined by its phase:

(III-4.17)

At the powder upper surface, the energy lost by the radiation and convection can be expressed as below [5]:

(III-4.18)
where is the ambient temperature, h is the convective heat transfer coefficient, is the surface emissivity of the material, is the Stefan-Boltzmann constant and k is the thermal conductivity. At the bottom of the powder bed, the boundary condition satisfier the requirement that no heat is lost though the bottom of the powder bed:

(III-4.19)

Sintering submodel

During the SLS process, selected regions of the powder bed are rapidly heated through a phase transition of solid-liquid-solid state, which is called the sintering phenomenon. Now, it is well known that the performance of product from SLS is highly related to the degree of sintering [6][7][8]. In order to predict the degree of sintering, it is important to develop a sintering model.

Generalities of sintering

Sintering is a heat treatment that can transfer one material from the state of powder to a solid material. The treatment takes place at the temperature when all the ingredients of the powder remains in the solid state. The consolidation is realized by the growing of the contact area between particles due to molecular diffusion. The driving force is the large interfacial energy of the system powder. Like the system tends to move to a state with lower energy, the interfaces with more energy, such as solid-gas type, are reduced to those with lower energy as solid-solid type. At the thermodynamic equilibrium, two particles are converted into one single spherical particle, as the illustration in Fig. III-5.1.

Fig.III-5.1. Schematic evolution of two spheres sintering

In the following paragraphs, we will describe the basics of the sintering in solid/liquid phase, including the variation of interface energy, mechanisms of transportation and different stages of the microstructure evolution.

Interfacial energy and superficial tension

The stress required for separating two media (solid, liquid or gas) is known as the surface tension. In the case of solid phase sintering, the energy consists of a contribution of solid-gas interfaces with an area of and interfacial free energy , also a contribution of solid-solid interfaces with an area of and interfacial free energy [81].

(III-5.1)

When two surfaces are intersected, a stress will be exerted along the line of intersection. The stress imposes an equilibrium contact angle, as shown in the Fig. III-5.2. In the case that surfaces are associated with different states (either solid-liquid -gas), the equilibrium angle is known as the wetting angle and satisfies the following equation:

(III-5.2)
where , and are interfacial tension of solid-gas, solid-liquid and liquid-gas respectively. When is much larger than the summary of and , the equilibrium is impossible and the liquid will flow on the surface of solid. When is larger than , the equilibrium is impossible and it cannot form the grain's joint, that is to say the natural sintering system is impossible. The consolidation of ceramic is mostly caused by sintering in solid phase [81]. But the liquid sintering is dominant in the SLS process. Although the coalescence of molten grains is contributed by the surface tension between solid-liquid-gas interfaces, the precise modeling is difficult and costs lots of computational source [START_REF] Martínez-Herrera | Viscous sintering of spherical particles via finite element analysis[END_REF][START_REF] Zhou | Three dimensional finite element analysis of viscous sintering[END_REF]. In order to simulate the sintering process in case of massive grains, many researchers proposed simplified models that replace the surface tension by sintering angle or sintering force [83,[85][86][87][88][START_REF] Swinkels | A second report on sintering diagrams[END_REF]. These simplified models will be introduced in this chapter.

Stages of sintering

The reduction of system interfacial energy during sintering is related to the growth of neck joining particles in thermodynamic equilibrium, which causes a micro-structural evolution. According to the formation of porosity, the sintering has been divided into three stages by Coble et al. [82]. In the initial state of sintering, particles are assumed to be in point contact The first stage of sintering is related to the formation and growth of necks between particles. In the second stage, the volume of the network of pores is reduced gradually. Finally, during the third stage, the spherical and isolated pores are eliminated.

1st stage of sintering

The first stage of sintering is normally completed during the heating period, before reaching the melting temperature of particles. During this stage, contacts between the particles are expanding and necks begin to grow. The growth of necks reduces the interfacial energy more than 50%. The first stage ends when the ratio of the contact radius to particle radius is about 0.3 for particles with the same size. But it could also be determined by considering other parameters such as the pressure, the area of the free surface or density.

2nd stage of sintering

The second sintering stage is particularly associated with the densification and enlargement of grains. At the end of the second stage, pores become spherical and are mainly located in the periphery grain boundaries. The elimination of small grains causes coalescence of pores progressively being attached to the corners of the grain boundaries. The growth of large pores depends on the smaller ones which uses the grain boundaries as transport paths.

3rd stage of sintering

The third stage of sintering begins when the boundary is closed, approximately when the porosity falls to 8%. Pores continue to be filled by the transporting material from the grain boundaries or center of the grain. The third stage is relatively slow compared to previous stages. There may be a phenomenon of separation between pores and grain boundaries.

Driving force and basic phenomena

The driving force of sintering is the reduction of the total interfacial energy. The total interfacial energy of a powder compact is expressed as , where is the specific surface (interface) energy and A is the total surface area of the compact. The reduction of the total energy can be expressed as [81] (III-5.5)

The variation of interfacial energy is due to the densification and the change of interfacial area is relative to the coalescence. In other words, there are two main phenomena in the sintering process: Coalescence and Densification.

Basic of coalescence

Mechanisms of coalescence

Reduction of interfacial energy is achieved by mass transportation at contacts, where necks between particles form. The mechanisms of sintering are generally classified into 4 categories: viscous model, viscous-elastic model and grain diffusion model.

Shrinking cube model

The theory of viscous sintering was explored by Frenkel. The primary concept of his theory is the balance of energy between the work done by surface tension and viscous dissipation during the particle deformation [83]: During the densification process, the volume of sphere is conservative: , Therefore, the x and r satisfy the equation as below:

(III-5.9)

A critical point in the densification process is when r= , where the flat circular area on each side of the cell connect, in other words the channels connecting the void space between the particles close, and the voids are separated. The value of x at this point is 0.8156a.

After x becomes less than 0.8156a, the isolated void keeps decreasing in its size until x=0.805a at which time the void vanishes and the structure becomes full solid. The volume conservation does not hold in this period since the contact area between two particles in not an exact circle.

For a sintered particle, the contact area vanishes and the remained surface area of the deformed particle in a unit cell is as below:

(III-5.10) For an unsintered particle, the contact area remains as a boundary between particles, and the surface area of the deformed particle is as following:

(III-5.11) Now we define a factor as the function of sintered particles. ranges between 0 and 1. When no sintering occurs between particles . With the factor , the effective surface area of a partially sintered particle is where represents the work done by surface tension and represents viscous dissipation of energy during the particle deformation, respectively. The evolution of the sintering neck radius with time is given by (III-5.38)

Viscoelastic coalescence model

The present viscoelastic sintering model is based on Frenkel's approach [83] and its subsequent correction by Eshelby et al. [86] and modification by Pokluda et al. [85]. The convected Maxwell constitutive equation is used to introduce viscoelastic behavior in the description of the sintering process.

The convected Maxwell model can be written as follows:

(III-5.39)

Where is defined as the material relaxation time and represents a general form of the invariant derivative of the extra-stress tensor:

(III-5.40) where is the substantial derivative of the extra-stress tensor and is the rotational tensor. corresponds to the upper, lower and co-rotational derivative for values equal to -1,1 and 0, respectively. The flow field in the sintering system is defined to be extensional and the rotational tensor is therefore equal to zero. Assuming quasi-steady state flow as a first approximation:

(III-5.41)

The principal components of the extra-stress tensor can be defined as where is defined as . The energy dissipated by viscous flow is balanced by the energy from the reduction of the surface.

Without the assumption that , a non-linear differential equation is obtained by equating the energy dissipated by viscous flow, as described in Eq.(III-5.44). Substituting Eq.(III-5.42,43) into Eq.(III-5.44) with some manipulations, a non-linear differential equation is obtained by the balance of energies dissipated:

(III-5.47) Where A numerical solution for is obtained from Eq.(III-4.48). The initial boundary condition is fixed as Eq.(III-5.37).

After some manipulations, a quadratic expression in term of is obtained, and with the assumption that is always positive, which is also well known as Bellehumour Law:

(III-5.48)

where is the sinter angle, h is the radius of sintering neck, r is the radius of particle, is defined as the relaxation time, is the viscosity, is the surface tension, the value is equal to -1,1 and 0, corresponding to the upper, lower and co-rotational derivative, respectively. The gradient of chemical potential in the neck, which is treated as a gain boundary, results in a diffusion flux. The classical analysis of Johnson [88] shows that at the edge of the neck, the flux feeding the surface diffusion is:

Grain-Boundary diffusion model

(III-5.49)
where is the volume of material passing out of the grain boundary at r through unit area in unit time, is the diffusivity in the grain boundary, is the atomic volume, k is the Boltzmann's constant, T is the absolute temperature, is the average compressive stress on the neck, is the energy of the free surface and is the sum of the principal curvatures at the edge of the neck. Curvature is defined to be positive when the center of curvature is outside of the particle. The total volume of material delivered to the edge of the neck in unit time is where is the thickness of the grain boundary. The shrinkage rate can be expressed as (III-5.50) Defining as the velocity of approach of one particle toward the other.

(III-5.51)

where is the effective gain boundary diffusivity. The sum of the curvatures is expressed as (III-5.52) where s is the radius of free surface curvature in the meridional plane just at the edge of the grain boundary. Coble et al. [82] assumed that two particles can be modeled as intersecting spheres jointed by neck segments with constant s meeting at a dihedral angel . When , preservation of volume to first order gives (III-5.53) Substituting Eq.(III-5.52,53) into Eq.(III-5.51), the approach velocity can be written as (III-5.54)

The average compressive stress on the neck is defined by the normal force on the inter-particle grain boundary. As the neck grows, particles are not free to slide. Thus, a tangential force, opposed to sliding has to be implemented. Swinkels and Ashby [START_REF] Swinkels | A second report on sintering diagrams[END_REF] showed that when sliding resistance is driven by diffusion, this can be expressed as a viscous force, proportional to the sliding velocity. Hence, the tangential force is given as below:

(III-5.57) where is the viscosity, is the tangential velocity and as the equivalent radius for two particles of radius and . Bouvard and McMekking [87] have simplified the normal and tangential sintering force for the numerical calculation convenience: 

Coalescence of polymer powder bed during SLS process

Coalescence of fusion polymer grains

Unlike the Newtonian fluid as water, the coalescence of fusion polymer grains is very different due to their distinguishing rheological properties. The isothermal coalescence of two PVDF grains was observed by Tcharkhtchi [START_REF] Tcharkhtchi | Rotomoulage de pièces en matière thermoplastique[END_REF]. The process takes more than 180s from melting of grains to merging into a larger one, as shown in However, the SLS process is not isothermal. According to the work of Schultz [START_REF] Schultz | Modeling Heat Transfer and Densification during Laser Sintering of Viscoelastic Polymers[END_REF] who simulated the temperature evolution of PEEK powder bed, the grains lasts less than 1s in the molten state as shown in Based on the discussion of section III-5.1.2, the coalescence process can be regarded as the first stage of sintering, in which contact areas between grains are expanding and necks begin to grow. The lack of effective time of coalescence will constrain the growing of necks and expanding of contact areas, finally resulting in a high porosity of product. Therefore, an extra post-processing is required in case of the SLS process in polymer powder bed [19]: it is necessary to maintain the chamber temperature higher than crystallization temperature for hours after laser scanning, so as to guarantee enough time for sintering.

Non-isothermal coalescence during SLS process

The SLS process is a non-isothermal process. Therefore, the coalescence process can be divided into four stages (from thermal behavior point of view) as illustrated in Fig. III-5.9. 

The first stage

In the first stage, the temperature of particles is above the melting temperature . In other words, there is no crystallization phenomenon in this stage. The mechanism of growth rate of neck radius is the same with the isothermal coalescence with the temperature above .

The second stage

At this stage, the temperature of particles begins to decrease below . That means there is possible crystallization phenomenon at this stage. It is naturally assumed that the grain begins to crystallize from the surface of particle. The liquid part of particle still obeys the viscous sintering model. Because the crystallinity is very small at the beginning, the crystallization has little effect on the coalescence process. Therefore, the mechanism of growth rate of neck radius is the same with that in the first stage.

The third stage

In this stage, the temperature of particles is much lower than . The volume of crystallized part grows larger. Meanwhile, there is no relative movement between the two particles. The coalescence ceases and there is only the crystallization mechanism.

The fourth stage

In the final stage, major part of particle is fully crystallized. The volume of crystallization part still grows until the volume of liquid phase is null. There is still no relative movement between the two particles.

Coalescence model for SLS process in polymer powder bed

The shrinking cube model is based on the ideal assumption. But, in fact, the grain won't shrink into a cube. This model cannot simulate the displacement of grain due to the coalescence. The molten polymer is a typical viscoelastic material. Therefore, the viscous coalescence model is not suitable in our case. The grain-boundary diffusion model is capable to simulate the displacement of molten grain due to the coalescence. However, this model requires many parameters (i.e. material properties) which are difficult to obtain. In conclusion, the viscoelastic coalescence model is more suitable in our case, because it can describe the change of geometry of polymer powder bed.

Basic of densification

The phenomena of densification can be distinguished into two different stages [81]: The first stage corresponds to the fast increase in density. In this stage, gains are not stuck yet. The air between grains can escape rapidly through the freeways between grains because of the high mobility of particles in liquid phase. This stage is directly controlled by the coalescence and its kinetic depends on the viscosity of material.

The second stage corresponds to the formation and release of the entrapped gases. After coalescence, interfaces between grains are not free and the air cannot escape from this way anymore. So the air is trapped in the molten polymer and forms the bubbles. The migration of the air towards outside will be performed by the diffusion of gas in molten grains. expressed as following:

(III-5.75) where is the average gas pressure within the bubble. Substituting Eq.(III-5.75) into Eq.(III-5.73) and assuming that the dynamic stress is zero at infinity, . Hence, Eq.(III-5.73) can be simplified as below:

(III-5.76)

The rate of deformation tensor in spherical coordinates is (III-5.77) (III-5.78)

Substituting Eq.(III-5.73,76,78) into Eq.(III-5.76), we can get the relationship between the pressure inside the bubble to the rate of dissolution of the bubble:

(III-5.79)

Densification of polymer powder bed during SLS process

In SLS process, the powder bed can be separated into three distinct regions, due to the non-uniform distribution of laser intensity, as illustrated in Fig. III-5.11. In the first region, the temperature of polymer grains are higher than the melting point . All grains are totally melted. Therefore, molten polymer grains in this region can be regarded as liquid. After laser treatment, there are some air bubbles entrapped inside this region. The bubble dissolution theory is suitable to model the release of entrapped gases inside fusion polymer. In the second region, the temperature of polymer grains is between the equilibrium melting point and melting point . Grains with two phase of solid and liquid both exist in this region, because they are partially molten. In this region, partially molten grains are lack of nobilities and cannot provide sufficient liquid flow. Therefore, we assume that the phenomenon of densification in this region is negligible. In the third region, the temperature of grains is lower than the equilibrium melting point . All grains are in solid state and there is no densification in this region. 

Review of numerical simulation of sintering

Although the selective laser sintering is a new technique, the sintering is actually one of the oldest human technologies, originating in the prehistoric age with the firing of pottery. Compared to its long history, the research concerning numerical simulation of sintering in SLS process is rather few.

The first numerical simulation of sintering we found is proposed by Ross et al. [START_REF] Ross | Dynamic computer simulation of viscous flow sintering kinetics[END_REF], who studied the sintering of infinite line of cylinders. Jagota et al. [START_REF] Jagota | Simulation of the Viscous Sintering of Two Particles[END_REF] simulated the viscous sintering of two spheres, using an axis-symmetric finite element method. Martínez-Herrera & Derby [START_REF] Martinez-Herrera | Analysis of capillary driven viscous fows during the sintering of ceramic powders[END_REF] proposed an axisymmetric finite element model showing the influence of grain size on the kinetic of coalescence. The first 3D numerical simulation was proposed by Zhou and Derby [START_REF] Zhou | Three-dimensional finite-element analysis of viscous sintering[END_REF], who developed a finite element model to study the viscous sintering of three connected particles and concluded that it remained lots of work for understanding the phenomena occurring during the sintering of real powder compacts. Walkley et al. [START_REF] Walkley | Finite Element Simulation of Three-Dimensional Free-Surface Flow Problems[END_REF] developed a method with 3D finite element remeshing that is able to simulate fluid flow with consideration of surface tension. The same authors [START_REF] Zhou | An assessment of a parallel, finite element method for three-dimensional, moving-boundary flows driven by capillarity for simulation of viscous sintering[END_REF] also discussed the numerical difficulties in simulation of the sintering, in particular, the mesh distortion problems in case of large deformation fluids. In order to overcome the difficulties, a new finite elements method, called the Boundary Integral Method, has been commonly used for modeling the sintering of two spheres [START_REF] Hiram | A Simulation of Surface Tension Driven Coalescence[END_REF][101][START_REF] Van Der Vorst | A boundary element solution for two-dimensional viscous sintering[END_REF][START_REF] Van Der Vorst | Integral method for a two-dimensional Stokes flow with shrinking holes applied to viscous sintering[END_REF][START_REF] Van Der Vorst | Modelling and numerical simulation of viscous sintering[END_REF][START_REF] Garabedian | A Model for the Viscous Coalescence of Amorphous Particles[END_REF][START_REF] Garabedian | Modeling coalescence in multiple-particle systems[END_REF].

However, the problem mentioned by using these methods is strongly sensitive to the number of nodes, inducing significantly computational limitation in the case of 3D modeling. Therefore, until now, no numerical simulation based on finite element method has modeled the sintering phenomenon in an area consisting of plenty randomly arranged grains with non-isothermal conditions, such as the selective laser sintering. For achieving that, a new numerical method based on Discrete Elements method(DEM) is proposed. Compared to the finite elements method, the Discrete Elements method is particularly useful for modeling phenomena in materials with evolving discontinuous connections. The DEM makes it possible to capture almost all the physical phenomena linked to interacting particles and the granular characteristics of the materials, such as the coalescence and densification.

For the last decade, several authors have presented their works of numerical simulation of sintering based on discrete element method. Martin and Bordia [107] studied the sintering process among several grains on a substrate. Martin et al. [108] and Henrich et al. [109] have focused on the influence of rearrangement of grains on the kinetic of sintering. Wang and Chen [110] studied the evolution of forces and contact networks among grains during sintering. Martin et al. [111] and Wonisch et al. [112] implemented the basic grain growth models. Wonisch et al. [112] compared the simulation results to the experimental data of the anisotropy induced by stress. Then, a couple of synchrotron X-ray microtomography studies have pointed out the ability of this method to get accurate data on the micro-structure evolution [113,114]. Olmos et al. [115,[START_REF] Olmos | Selection of Papers from the Symposium Powder Science and Technology -Powders and Sintered Material STP-PMF[END_REF] also used this approach to validate the discrete element model. Hence, DEM simulation appears to be a suitable method to simulate the sintering phenomenon in SLS process.

Based on the discussion above, we propose a sintering model based on the discrete elements method for modeling sintering phenomenon in SLS process. This model will be detailed in the coming section.

Synthetic of sintering submodel in SLS process

The sintering process of polymer powder bed can be separated into three periods: initial, intermediate and final stage. As shown in Fig. III-5.12, when the temperature of powder bed is higher than melting temperature , fusion grains begin to coalesce and necks between molten grains are created at the initial stage of sintering. In SLS process, the period of initial stage is very short, usually less than 1 second [START_REF] Tcharkhtchi | Rotomoulage de pièces en matière thermoplastique[END_REF]. When the temperature of powder bed is lower than but higher than crystallization temperature , considerable densification occurs during the period of intermediate and final stage of sintering, because lots of entrapped air escapes from powder bed. The period of intermediate and final stage depends on the preheating temperature of powder bed, usually much longer than that of initial stage. Finally, the sintering process ceases when the temperature is lower than . 

Initial stage sintering

In order to simplify the sintering of powder with complex shaped particles, the spherical particles are assumed to have the same size. In the initial stage of sintering, the neck growth can be explained by the coalescence model. For polymers like PA12 or PEEK, the coalescence only exists among molten particles.

As the discussion in the section 5.2.2, the viscoelastic coalescence model is suitable in the case of polymer laser sintering [85]:

(III-5.82) (III-5.83)

Intermediate and final stage

In the intermediate and final stage of sintering, the densification is mainly caused by evaporation and release of entrapped air inside powder bed. As discussed in the section 5.3.2, the evaporation and the release of entrapped air can be modeled by the bubble dissolution theory in the case of polymer laser sintering [START_REF] Kontopoulou | Bubble dissolution in molten polymers and its role in rotational molding[END_REF]:

(III-5.84)
where is the average gas pressure within the bubble, is assumed as the pressure atmospheric, is the radius of air bubble.

The pressure inside air bubble is given out by Perason et al. [START_REF] Pearson | Elongational flow behavior of viscoelastic liquids: Part I. Modeling of bubble collapse[END_REF]:

(III-5.85)
where is used as the reference pressure atmospheric, is the density of molten polymer, g is the acceleration of gravity, is the distance between the surface of molten region of powder bed and the center of air bubble.

As presented in Fig. , in a powder bed with homogeneous distribution, we assume that the entrapped gases are replaced by an equivalent air bubble. In case of single particle with multiple air bubble around as shown in Fig. III-5.13 (b), we assume the kinetic of particle inflating is equal to the average kinetic of air bubbles shrinkage: The particle on the surface of powder bed does not inflate because there is no difference of pressure. During the process of densification, the room of entrapped gases is gradually filled by molten polymer. Therefore, the volumetric variation of equivalent air bubble is equal to that of fusion particle closed to surface, assuring the volume conservation.

Effect of sintering on heat conduction

As the derivation in the last chapter IV, the heat conduction model is validated when all grains are assumed to be elastic spheres with rigid contacts. However, when introducing the phenomenon of sintering, relative positions of grains are not constant and necks between grains are formed as illustrated in Fig. III-5.14. Therefore, the area of contact regions between grains is function of time. where is the distance from the center of particle 1 to the interface of contact region, is the distance from the center of particle 2 to the interface of contact region, is the distance between two centers of two particles, is the radius of neck of contact region, and are radiuses of particle 1 and particle 2, respectively.

Substituting Eq.III-5.88 into Eq.III-5.89, we can obtain as following:

(III-5.90) (III-5.91)

Thus, the area of contact region after sintering is written as:

(III-5.92)

During numerical simulation based on DEM, we can obtain the position and radius of each particle at each time step, and then it is easy to calculate the area of contact region. After substituting Eq.III-5.92 into Eq.III-4.4, we can get the new heat transfer coefficient after sintering as below.

(III-5.93)

Contact dynamic submodel

In the case of numerical simulation of SLS process, the powder bed is usually assumed as a homogenous sheet [1][2][3][4][5][6][7]9]. However, this simplification neglects the characters of powder bed as a granular medium, resulting in limitations for analyzing the variation of porosity inside powder bed during SLS process. In fact, the porosity has been confirmed as a very important factor that is directly related to the performance of SLS product [5][6][7][8][9]. Thus, we need to model the geometry of powder bed so as to simulate the SLS process more precisely. The purpose of contact dynamic submodel is to simulate a randomly generated powder bed of poly-dispersed particles. Powder material may be single-component or multi-component mixture. Powder grains are simply assumed to be spherical. Using this assumption, the model is simplified significantly, because only the coordinates of centre and radius of a sphere are needed to define a sphere completely, whereas a non-spherical surface may need a number of parameters to define it. Moreover, it is difficult to estimate overlaps between non-spherical surfaces.

Review of sphere packing method

As discussed in section III-4.2, discrete methods is highly suitable for modeling the dynamics of granular medium. In general, discrete methods studied materials consisting of a set of discrete elements with different shapes and sizes. These elements interact with each other by contact laws and/or cohesive bonds. Knowing forces and torques applied on the discrete elements, displacements and rotations can be computed using classic Newton mechanics. A review of various sphere packing algorithms reveal that existing models can be broadly classified into three types:

1. Ballistic or sequential addition algorithms [START_REF] Bennett | Serially deposited amorphous aggregates of hard spheres[END_REF][START_REF] Vargas | Heat conduction in granular materials[END_REF][START_REF] Visscher | Random packing of equal and unequal spheres in two and three dimensions[END_REF] 2. Collective rearrangement algorithms [START_REF] Jodrey | Computer simulation of isotropic, homogeneous, dense random packing of equal spheres[END_REF][START_REF] Lubachevsky | How to simulate billiards and similar systems[END_REF] 3. Dynamic algorithms [START_REF] Cundall | A discrete numerical model for granular assemblies[END_REF][START_REF] Zhu | Discrete particle simulation of particulate systems: theoretical developments[END_REF] Ballistic and rearrangement algorithms are purely mathematical means to generate a model of disorderly packed structure. These algorithms, although simple, yet fail to take into account the mechanical interactions between the particles in their modeling approach. On the other hand in dynamic algorithms, the motion of individual particles is governed by Newtonian mechanics. These algorithms incorporate energy losses (due to friction, collision, deformation etc.) during packing process to obtain the final packing. For the present work we have chosen dynamic packing method to model the geometry of packed bed since it is derived based on mechanics of particle interactions during packing. In the following subsection the details of this method are provided.

Dynamic algorithm with elastic contacts

After laser treatment, a new layer of powders will be added into the production area. At this moment, all grains are solid and can be considered as rigid spheres. Thus, the process of adding new layer of powders can be simulated by the elastic contact model.

Cundall and Strack [START_REF] Cundall | A discrete numerical model for granular assemblies[END_REF] firstly proposed a simplified discrete numerical model which calculates the contact force only based on the normal and tangential displacement. This model has a smaller computational intension without significant error, which is suitable in our case.

In this model, the contact between elastic grains is simplified as the damping vibration of spring oscillator as shown in Fig. III-6.1 [START_REF] Cundall | A discrete numerical model for granular assemblies[END_REF]:

(III-6.1)
where is the distance deviated from equilibrant position, is the mass of the grain, and are damping and elastic coefficient respectively. Fig. III-6.1. Contact between elastic grains simplified as the damping vibration of spring oscillator [START_REF] Cundall | A discrete numerical model for granular assemblies[END_REF] According to Hertz theory, the normal contact force on the particle i is written as [START_REF] Cundall | A discrete numerical model for granular assemblies[END_REF]:

(III-6.2)
where is the normal overlap displacement, is the relative velocity from particle i to particle j, is the unit vector from the center of particle i to particle j, and are the normal elastic and damping coefficient respectively.

Similarly, the tangential force is written as below:

(III-6.3) where and are the tangential elastic and damping coefficient respectively, is the slip velocity at the contact point, is the slip displacement at the contact point. In multiple particles system, particle i can contact with several particles at the same time. Therefore, the resultant force on the particle i can be written as:

(III-6.4)

In our case, the diameter of particle is about 50 and the velocity is very small. So the effect of tangential force can be neglected. Therefore, Eq.III-6.4 can be simplified as:

(III-6.5) where is the force of gravity. With the assumption that the contact force is constant in the period of one time step , the velocity and displacement of one particle i can be estimated by Euler integration [START_REF] Cundall | A discrete numerical model for granular assemblies[END_REF]:

(III-6.6) (III-6.7)
where is the velocity of particle i, is the mass of particle i and is the displacement of particle i. For simulating the motion of grain, the velocity and displacement are accumulated step by step, as illustrated in Fig. III-6.2.

Fig.III-6.2. Flowchart of contact dynamics

The growth of the particle bed in the model starts by dropping the particles from a fixed height. This is achieved by inserting a group of particles of desired size distribution into a relatively small volume above the bed (Fig. VI-5) and allowing them to fall under the influence of gravity. The spatial distribution of particles in this insertion volume is random. When a group of inserted particles fall out of the insertion volume, another group of particles is inserted. This insertion continues at regular intervals until the desired fraction of total volume is filled with particles. However, the simulation stops only when all the particles settle down resulting in a randomly packed structure. The total kinetic energy of the particles is used as a measure of the dynamic state of the system. The particles lose their kinetic energy due to dissipation during each collision (inelastic). The particulate system is thus considered static when its kinetic energy becomes negligible, and the resulting packing structure is ready for further analysis. 

Generating new layers during SLS process

For ensuring the random distribution of particles, the granular package in LAMMPS has been used to generate the initial powders bed of spherical particles of a given size. LAMMPS is a freely-available open-source code, developed by Sandia National Laboratories of USA. Adding a new layer of grains starts by dropping the particles from a fixed height. This is achieved by inserting a group of particles of desired size distribution into a relatively small volume above the powder bed and allowing them to fall under the influence of gravity. The spatial distribution of particles in the box is random. The process of adding new layer of powders is simulated by Fortran90. where is the convection heat flux from Eq.III-4.12, is the temperature of particle i at the surface of powder bed, is the ambient temperature, h is the convective heat transfer coefficient, is the surface emissivity of the material and is the Stefan-Boltzmann constant

Energy deposition

In additive manufacturing, the advantageous aspects are derived from the highly directed energy which is transferred to the material. A laser or electron beam is usually used as the heat source in powder-based additive manufacturing systems. The position and orientation of heat source is controlled by a computer-control device. The geometric complexity observed in existing additive manufacturing processes dictates that the pattern of heat deposition into the selected powder will be highly non-uniform in terms of both the spatial and temporal variables.

In physical SLS process, the laser heat source moves along a predefined path in order to transfer energy to the selected powder. In the DEM simulation, this path is captured and interpreted by a discrete function of time that gives the spatial coordinate of the laser center as presented in Fig. III-7.1. This function is expressed as below.

(III-7.5) where corresponds to the Cartesian spatial position of laser center at time step i. For the period of time in which the laser is turned off, is equal to the position of the last time step, but the power of laser introduced is null.

Fig.III-7.1. Demonstration of the energy deposition methodology in SLS process

The path of laser beam as presented above is predefined before the DEM simulation begins. Therefore, the position of the heat source is known at each time step. With this information, the radiation heat transfer submodel (section III-3) is connected to the discrete heat conduction submodel (section III-4) by computing the laser energy transferred to the particles proximal to this location. Based on the radiation transfer submodel, we can obtain the distribution of laser energy as shown in Fig. III-7.2. Every point represents the scattered position of a photon that occupies a part of laser energy absorbed by particle. where represents the heat source of Eq.III-4.12, corresponds to laser intensity absorbed by the scattered position, is the number of scattered position inside the particle i, corresponds to the position of center of particle i and is its radius. As discussed in the section III-3.5, the Beer-Lambert law is introduced in order to model the attenuation of laser energy inside powder bed. We assume that the laser energy is totally absorbed by particles and ignore the absorption of air inside powder bed. Thus, the attenuation path of a photon is composited of a series of scattered positions, as shown in where is the initial laser energy carried by photon k, P is the power of laser beam and N is the number of photons used in Monte Carlo simulation. The photon is totally absorbed by particles after being scattered by n times.

Due to the discretization of scattered position, the Beer-Lambert law is discretized as

(III-7.7)
where represents the transmitted energy carried by the photon k at the scattered step q, represents the absorbed energy by the scattered potion of photon k at the scattered step q, is the absorption coefficient of powder bed and is the mean free path of photon (Eq.III-3.2). The photon is demanded to be totally absorbed if its energy is smaller than 5% of the initial energy. 

Sintering and connected neck formation

From a numerical simulation perspective, the most complex aspect of the SLS is the modeling of sintering procedures associated with inter-particle actions. For the simplification, the geometrical variation of particle is neglected in most of researches. Furthermore, the coalescence caused by surface tension is assumed to be driven by the so-called sintering forces [86][87][88][START_REF] Swinkels | A second report on sintering diagrams[END_REF][START_REF] Steuben | Discrete element modeling of particle-based additive manufacturing processes[END_REF].

In this work, we use the relative displacement caused by so-called sintering forces in order to model the sintering interaction between particles. This interaction requires a condition of sufficient temperature and physical contacts.

(III-7.8) (III-7.9) where corresponds to the displacement of particle i caused by sintering, is the relative displacement between particle i and j, represents the sintering angle from Eq.III-5.83, is the vector from the center of particle i to particle j, is the unit vector of and is the melting point. According to the discussion of section III-5.5, the coalescence only occurs in the initial stage sintering that is relatively weak. Therefore, the variation of radius caused by coalescence is neglected here.

Time step integration

In the synthetic model, the classic Euler explicit integration scheme is used, even though lots of integration schemes have been developed for DEM [START_REF] Rougier | Numerical comparison of some explicit time integration schemes used in DEM, FEM/DEM and molecular dynamics[END_REF]. At each time step, the force, displacement and heat flux have been calculated by submodels introduced in previous sections. The update scheme applied is presented by (III-7.10) (III-7.11) (III-7.12) (III-7.13) where corresponds to the displacement caused by coalescence, is the specific heat capacity and represents the total heat flux from Eq.III-4.12.

Visualization and post-processing

Normally, it involves millions of particles or more during a typical additive manufacturing. But, considering the limitation of computational performance, we usually proposed the DEM simulations in condition with less than 50 thousands particles. The visual depiction of the particle system is provided by the open source software OVITO from Dr. Stukowski's team, in order to develop, debug, calibrate and use the DEM simulation. Furthermore, the procedures outlined in the previous sections were implemented in the Fortran90 programming language. Therefore, we can access to all information of each particle at every time step for further analysis, such as the position , the velocity , the contact force and the temperature .

Implementation

The procedures presented in the previous sections are implemented by the Fortran90 programming language. The flow of execution of this implementation is shown in Fig. III-7.4. Several information of particles, such as the position of center, radius and temperature, are exported as results of simulation. These results are saved in the data file which can be directly read by the visualization software. 

Simulation of SLS process without successive layers of powders

To our knowledge, most numerical studies of SLS [1][2][3][4][5] deal with the process in a certain powder bed without successive layers of powders. Therefore, in this section, 3D numerical simulations of SLS process without successive layers of powders are proposed. Firstly, in order to highlight the effect of scattering on the thermal diffusion in SLS process, the energy distribution and the temperature evolution with different types of laser heat sources are simulated in two different SLS processes. Furthermore, the model is applied to predict main dimensions of sintered lines. The results predicted are compared with experimental results from literature so as to confirm the validity of model. Finally, the model is used to estimate the relative density of sintered part.

Model implementation

In order to simulate the thermal diffusion in SLS process, the model includes two part: laser radiation submodel and heat conduction submodel. For laser radiation submodel, in most researches of SLS process [3][4][5], the laser beam is usually assumed as a boundary or a volumetric heat source, without taking into account the phenomenon of scattering. If considering the scattering, the modified Monte Carlo ray tracing method is suitable to simulate the interaction between laser and semi-transparent medium (section III-3.4).

Boundary heat source:

In Lin's thesis [1], the powder bed is considered as an opaque medium, where the interaction between laser and grains only occurs at the surface of powder bed. He used a boundary heat source model to describe the laser energy distribution at the surface of powder bed, given by:

(IV-1.1)
where is the reflective coefficient on the surface, r is the radial distance from the center of laser beam, P is the power of laser beam, is the radius of laser beam.

Volumetric heat source without scattering

In the same situation, in order to simulate interaction between laser and semitransparent polymers, Defauchy [3] assumed a volumetric heat source applied in the powder bed. The evolution within the thickness is modeled using the Beer-Lambert Law with a material attenuation factor:

(IV-1.2)

Volumetric heat source with scattering

When considering the scattering, the distribution of laser energy inside powder bed is obtained from the simulation based on modified Monte Carlo Ray Tracing method, which has been deeply explained in section III-3.5. The link between heat conduction model and modified Monte Carlo Ray Tracing method is also explained in section III-7.3.

For heat conduction submodel, two different numerical methods (FEM and DEM) are introduced so as to highlight the granular character of powder bed and its influence on thermal diffusion. The heat conduction submodel based on DEM has been fully explained in section III-4.

Influences of scattering on distribution of laser energy

To our knowledge, until now, few literature concerning the SLS process takes the influence of scattering into consideration. However, each parameter of laser beam (like laser power, beam radius and scanning velocity) is very crucial and can even determine the performance of final product. Based on the previous researches [25][26][27][28], it is well known that the scattering will strongly impacts the distribution of laser energy in case of laser-granular interaction. Therefore, the importance of scattering is equivalent to other parameters of laser beam. So the first results of our works will research the influence of scattering on distribution of laser energy inside powder bed.

In order to highlight the effect of scattering on the distribution of laser energy, three different models are implemented by Matlab: (1) theoretical volumetric model, which is directly derived from Beer-Lambert law and obeys Gaussian distribution at the surface; (2) volumetric model without scattering, which is implemented by modified Monte Carlo Ray Tracing method. But the scattering direction is fixed as total forward and non scattering; (3) volumetric model with scattering, which is directly obtained from the modified Monte Carlo Ray Tracing method, which has been fully explained in section III-3.5.

To compare results of these different models, a simulation of laser-particle interaction is implemented in a powder bed with dimension of 200 200 100 . The radius of incident laser beam is 50.8 with the power of 10W. The reflectivity of powder bed surface is 0.04 and the particle diameter is 10

. Values of anisotropy factor g range normally from 0.3 to 0.98 for a high scattering medium, but it is commonly taken equal to 0.9 for high wavelengths [29], as is the case for a CO 2 laser. The initial conditions for our modified Monte Carlo method are listed in Table IV- , where r is the distance from the position to the center of laser beam.

Table IV-1.1. Initial conditions

Number of photons 5E+6

Initial scattering direction (0,0,1)

Anisotropy factor g 0.9

Attenuation . Besides, most of the radiative energy is concentrated near the surface and the distribution area of photons shrinks with increasing depth. In fact, the direction of photon propagation is random and not longitudinal. This leads to a heated zone at the surface larger than that at the bottom as it can be naturally expected from optical considerations.

Clearly, the rearrangement of photon distribution is caused by scattering: much larger distribution area and more concentration of radiative energy near the surface as illustrated in Fig. IV- 2 and the major part of laser intensity becomes concentrated in an area with depth less than 1 optical thickness. This is because photons change their propagation direction when travelling inside the powder bed due to the effect of scattering. These results are consistent with those from Fig. IV-1.1. In other words, the effective radius of laser beam is enlarged due to the influence of scattering. This phenomena has been experimentally confirmed by Defauchy [3]. Generally, the effect of scattering is not negligible because it will cause a strong rearrangement of laser intensity that will finally largely affects the size and depth of the heated region in the powder bed.

Effects of scattering on thermal diffusion

As we mentioned in section IV-1.1, the scattering phenomenon has a great influence on the thermal radiation in granular medium. Therefore, in this section, we deeply analyze the effect of scattering on thermal diffusion during SLS process. In the case of polymeric material, many researchers have studied the energy absorption and heat transfer in SLS process based on Finite Element Method (FEM) [1,[3][4][5]. Nevertheless, little research has been devoted to simulate the thermal behavior in SLS process based on Discrete Element Method (DEM). Thus, firstly, we implemented numerical simulations based on FEM that repeat the works of Lin [1] and Defauchy [3]. And then, other models are proposed at the same conditions based on different approaches of laser source and DEM. New results are compared with the previous one so as to highlight the influence of scattering on thermal diffusion and limitations of FEM when applied to granular material.

Results and discussion

Single laser scanning

In this section, the effect of scattering in case with single laser scanning is studied. Firstly, we repeated the work of Defauchy [3] based on FEM. Then, the result is compared to those obtained from models based on the modified Monte Carlo ray tracing method and DEM. Since the heat source model used by Defauchy [3] is volumetric without scattering, the model of boundary heat source is not introduced in this section.

In FEM modeling, the SLS process is simulated in a cuboid box with the dimension of 900 *900 *1000 . The finite elements mesh is built by COMSOL software and consisting in 1646264 domain elements, 29710 boundary elements, and 552 edge elements. The maximal size of element is 55 . We build our own program of numerical model based on DEM implemented by Fortran90. 13988 PEEK particles with diameter of 24 are deposited in a box with the dimension of 900 *900 *1500 . The total mass of grains in DEM is the same as that of powder bed used in FEM. During SLS process, the laser beam scans powder bed in the longitudinal direction ( ) for a total length of 600 . The initial temperature of powder bed is 573.15K. The temperature of air around the box is 323.15K. The diameter and power of laser beam is 300 and 5W, respectively. The extinction coefficient is 7500

. The density of neat polymer is 1327 . The thermal conductivity is 0.25 . The specific heat capacity is 1320

. The convective heat transfer coefficient with air is 15

. The starting melting temperature and total melting temperature are 552.15K and 611.15K, respectively. According to Defauchy [3], the thermal-physic properties are assumed to be independent from the temperature. To analyze the thermal diffusion in the powder bed, we pick four points at different location in the bed thickness (0 , 250 , 500 , 750 ) , which are perpendicular to the laser beam path at the center of powder bed.

In In Fig.IV-1.3(c), the result is obtained based on Discrete Element Method(DEM) and its value of peak temperature at surface is higher than the other two results. This is because, in case of DEM, the laser energy is totally absorbed by particles and the heat diffusion in the air between particles is neglected due to its low heat conductivity. However, in case of FEM, partial laser energy is absorbed by the air inside powder bed. Besides, the effective heat conductivity of powder bed is smaller than homogenous material as mentioned in section III-4. Therefore, the equilibrium temperature within the whole powder bed is reached much later.

Double laser scanning

Previously, we studied the laser-powder interaction with a single scan. Now, we propose to apply our model to analyze the heat diffusion occurring in the powder bed caused by the laser with two scans. For the need of comparison with the work of Lin et al. [4], the SLS process in polycarbonate powder bed is simulated. All the physical properties and initial conditions, needed for numerical simulation, are listed in Table .IV-2. We firstly repeated the work of Lin et al. [4] and then compare the results to those obtained from different heat source models and DEM. According to the work of Lin et al. [4], the material transformation from the powder phase to the solid phase is accompanied by the variation of the material local density . The rate of density evolution of the powder bed is given by the following differential equation: where is the Arrhenius coefficient, E is the activation energy, is the density of the solid material and R is the universal gas constant.

The heat conductivity and heat capacity of polycarbonate powder are proposed by Lin et al. [4]:

where is the effective heat conductivity, is the heat conductivity of solid polycarbonate, T is the temperature and is the glass transition temperature. 

Partial conclusion

In this section, numerical simulations are proposed in the case of radiative heat transfer inside granular media. Typically, this phenomenon occurs in processes of additive manufacturing, as in selective laser sintering of metals or polymers. One important aspect of the problem is to obtain an precise estimation of the laser power distribution inside the granular medium, which highlights the influence of scattering on the interaction between laser and semi-transparent material.

A 3D numerical model based on Discrete Elements Method is established, in order to investigate the effect of scattering on the radiative heat transfer and heat diffusion in polymer powder bed during laser sintering process. To our knowledge, for the first time, a comprehensive model concerning SLS process is proposed in the case of polymer. It couples phenomena of the absorption, scattering, reflection, convection and heat conduction.

Based on two different numerical methods (FEM and DEM), the energy distribution and the temperature evolution obtained by using different types of heat sources are simulated in two cases with single and double scan. The results showed that the scattering has a strong effect on the distribution of laser intensity in semi-transparent powder bed. Moreover, in the comparison between FEM (homogeneous material) and DEM (granular material), we clearly showed that regarding the powder bed as homogeneous material is not very practical. In other words, the introduction of discrete element method for modeling granular medium is suitable. Thus, for the aim of SLS process optimization, DEM is a more natural and accurate numerical method than FEM.

Validation of global model

A 3D global numerical model based on DEM has been proposed in chapter III, which includes four different submodels ( radiation heat transfer, discrete heat conduction, sintering and contact dynamic). Without the inherent limitations of FEM when simulating physical behavior of granular medium, the model based on DEM help us to step further and allows to predict the precise size of sintered part. Hence, we proposed to compare simulated results of global model and experimental results from the literature.

Model implementation

To our knowledge, most of numerical studies working on SLS process is implemented in condition with one single layer of powders [1][2][3][4][5][6]. Meanwhile, we want to firstly confirm the global model in this section and then continue to simulate the SLS process with successive layers of powders in the later section. Thus, the contact dynamic submodel is not introduced here. The global model in this section is composed of three submodels: radiation heat transfer, discrete heat conduction and sintering.

For radiation heat transfer submodel, the modified Monte Carlo ray tracing method is applied to simulate the interaction between laser beam and powder bed (section III-3.5). For discrete heat conduction submodel, a heat transfer model based on DEM is developed to simulate the heat conduction in granular material (section III-4.4). For sintering submodel, the viscoelastic coalescence model and bubble dissolution theory are used to describe the behavior of grains during laser sintering (section III-5.5).

Comparison of numerical and experimental results

Due to the limitations of thermal measurements during SLS process, it is difficult to obtain an ideal experimental results of temperature evolution inside powder bed. Even though obtaining the temperature evolution by thermal camera, it turns out that there is a large difference between the simulated and experimental results [7]. Unlike existing models [1][2][3][4][5][6], our model has the potentiality to predict the precise size of sintered product. Therefore, it is interesting to validate our model by comparing the size of sintered region predicted by numerical simulation to that obtained from experiments.

For the validation of our model, the results predicted are compared with the experimental works from Franco et al. [7], who used a SLS machine to produce sintered lines with different levels of energy density. The PA12 powder has been selected because of its thermal properties which are representative of the typical range of most thermoplastics used for rapid prototyping. In . The latent heat of melting is 90.8K . The effective heat capacity is dependent on the temperature and explained in section III-4.6. The starting melting temperature and total melting temperature are 448K and 507K, respectively. The extinction coefficient of Beer-Lambert law is 9000 . . This can be attributed to the laser beam diameter, which restricts laser energy localized inside the irradiated region. The differences between simulated and experimental results can be explained by two possibilities: (1) the size of grain is not uniform in experiments. But we assume that the size of each grain is identical for simplification. This dissimilarity of particle size can affect the final dimension of sintered line. (2) in SLS process, all grains randomly distribute in a certain volume, leading to the irregular shape of sintered line. The dissimilarity of grain distribution is impossible to be eliminated, which can also result in the difference between simulated and experimental results. However, in general, the average difference between simulated and experimental results is smaller than the average size of one grain, which indicates that the numerical results are acceptable and reasonable. Based on the comparison above, we can conclude that the model has a great potential in industrial applications, which is capable of predicting the geometry of product and helping to optimize parameters of SLS process. 

Influence of scattering on dimension of sintered line

As mentioned in section III-3.3, the phenomenon of scattering in SLS process is rarely considered in literatures [1][2][3][4][5][6]. In the section IV-1.1, we have concluded that the scattering will largely affect the laser energy distribution and temperature evolution inside powder bed. Hence, it will also have a strong influence on the dimension of sintered line. A comparison of results obtained from synthetic models with and without considering the scattering is proposed in Fig. IV-1.11, so as to investigate the effect of scattering on the dimension of sintered lines. The volumetric laser source of Defauchy [3] is selected as the input power (without considering scattering). At the center of laser beam (optic radius=0), the deposited laser power is larger when not considering the scattering (P 1 >P 2 ). Therefore, the depth of sintered line is larger without scattering. When the position is close to the edge of laser beam (optic radius=0.4), the deposited laser power is larger when considering the scattering (P 3 >P 4 ). Thus, the width of sintered line is larger with scattering. 

Partial conclusion

In this section, a 3D synthetic model is proposed, which couples almost all physical phenomena of SLS process, such as raditive heat transfer, scattering, heat conduction, coalescence and densification. In order to validate our model, simulated results have been compared to experimental data from the literature. It turns out that the simulated results are in good agreement with experiments, which confirms the potential of this model to predict the precise geometric features of product fabricated by SLS process.

In order to highlight the influence of scattering and confirm our previous conclusions in section IV-1.1, we proposed another comparison between the simulated results in cases with and without considering the scattering. And the numerical result with scattering has been confirmed by experimental data. Finally, this comparison shows a large difference between results obtained based on different heat source models. It indicates that the scattering has a strong influence on the main dimension (width and depth) of sintered lines, further, confirming its effect on the distribution of laser intensity and temperature evolution of powder bed.

Predication of relative density

The relative density of product fabricated by SLS process is one of the most important properties concerned by manufcaturingr. Because it is directly related to the product quality and largely affects its mechanical performance. However, very few works [8][9][10] studied the relative density of sintered piece. Besides, all these literatures only did the experimental measurements and analyzed effects of several parameters (like laser power and scanning speed) on the relative density of the final product.

Until now, to our knowledge, no research has proposed a numerical model capable of predicting the relative density. Compared with FEM, DEM has potential in modeling physical phenomena in SLS process, which is possible to capture almost all the physical phenomena linked to grains interactions and the granular characteristic of material. Hence, we modeled the SLS process based on the global model, in order to predict the relative density of the sintered region.

Definition of relative density of sintered region

The granular media, such as powder bed, is a typical porous system. After treated by laser beam, the sintering will cause a large variation of the porosity of powder bed, finally resulting in the evolution of relative density. As we have discussed in the section III-5.3, the evolution of relative density can be distinguished into two different stages. In the first stage, necks between grains are just formed and gases inside powder bed can escape rapidly through the freeways between grains. This stage is directly controlled by the phenomenon of coalescence. The second stage is related to the formation and release of the entrapped bubbles. After coalescence, interfaces between grains are not free. So gases are in trapped in molten grains and forms bubbles. The migration of gases towards outside will be realized by the dissolution of bubbles in molten polymer. This stage is known as the densification phenomenon. Generally, both stages will lead to the shrinkage of powder bed volume. This can be observed in terms of surface decreasing during SLS process, as shown in The relative density A can be naturally defined as following:

(IV-1.4)
where is the density of solid material and is the density of sintered region. The density of sintered region is defined as:

(IV-1.5)
where is the sum of particle mass in the sintered region, V is the volume of the sintered region.

is the number of grains in the sintered region, is the mass of a single grain. Thus, substituting Eq.IV-1.5 into Eq.IV-1.4, the relative density is given as:

(IV-1.6)

During laser sintering process, the mass of powder bed is constant. However, the volume of powder bed in the sintered region varies as results of the densification and coalescence phenomena. As illustrated in Fig. IV-1.11, the surface is not regular. In order to get the volume of the powder bed, we discretize the box into many meshes and assume that the volume of sintered region V is equal to the accumulation of mesh volumes as defined by followings:

(IV-1.7) where is the distance between the top of the highest particle and the bottom of powder bed in mesh i, is the width of mesh i. In fact, the powder bed is usually larger than the sintered region. That is because the laser cannot affect all grains if the powder bed is thick enough. Additionally, only a part of the region heated by the laser becomes sintered due to the Gauss distribution of laser intensity. Thus, the geometric features of sintered region only depends on the scanning route of laser beam. 

Prediction of relative density of sintered line

Due to the limitation of computational performance, we take the process of single laser scanning as example for elaborating the calculation procedures of the relative density predication. Based on the work of Franco et al. [7], we try to predict the relative density of sintered lines. In the simulation, all parameters and properties of grains are the same as those from Franco. The laser beam with the power of 50W and scanning speed of 0.714m/s is selected as the input power.

As shown in Fig. IV-1.12, the phenomenon of surface decreasing in powder bed is clearly observed after scanned by laser. It indicates there is a strong densification phenomenon inside the powder bed resulting in large evolution of the relative density. After analyzing the simulated results, we finally obtained the relative density is up to 83.47% which was about 55% before laser sintering. In fact, it is nearly impossible to measure the relative density of single sintered line. Thus, there is no experimental results which can confirm this result of prediction. But, we will simulate the fabrication of a sintered part by SLS process in the later section. And the prediction of relative density is going to be compared with experimental results from the literature. 

Simulation of SLS process with successive layers of powders

Until now, most of numerical studies about SLS process only simulate the thermal diffusion inside a predefined powder bed [1][2][3][4][5][6]. But, successive layers of powders are formed by laser sintering in industrial manufacturing. Few studies have modeled the SLS process with successive layers. In order to simulate the SLS process with additional layers of powders, the numerical model is proposed based on DEM (chapter III). In this section, the applied model includes four submodels: the radiation heat transfer, discrete heat conduction, sintering and contact dynamic submodel. The first three submodels are the same used in section IV-1.2. The contact dynamic submodel is introduced so as to model the granular dynamic when adding new layers of powders. Firstly, the evolution of temperature at different positions of powder bed is analyzed. The thermal history of different layers is also studied. Then, the synthetic model is applied to simulate the fabrication process of a sintered sheet and meanwhile predict its relative density, which is compared to experimental results from the literature.

Analysis of temperature evolution with successive layers

According to literatures [11][12][13], there is a large deformation of polymer product fabricated by SLS. It indicates the existence of thermal residual stress during SLS process, which is caused by the difference of temperature gradients inside powder bed. Therefore, the analysis of temperature evolution in powder bed is very important. It can explain the mechanism of deformation caused by thermal residential stress and then help in the parameter optimization of SLS process. In this section, we only aim to study the temperature evolution of powder bed with successive layers, so the sintering submodel is not taken into account.

Due to the limitation of computational performance of computer, a numerical simulation of SLS process with successive layers is accomplished inside a relative small volume as shown in Fig. IV- In the simulation, we assumed that the process of adding new powders is instantaneous and neglect its influence on the thermal diffusion. Considering that SLS process is very fast, we assumed that the process of thermal diffusion lasts 0.1 second in each layer before adding new powders. In order to investigate the difference of temperature between the start and the end position of laser scanning, we selected five points in the diagonal line of first layer of powder bed as shown in Fig. IV- Besides, when adding new layer of powders, the temperature firstly decrease, because the temperature of new layer is lower. The difference of peak temperature between the positions at the center and the edge(point 1 and 2) of laser beam is about 100 degree. Moreover, when the laser beam reaches the point 5, the molten grain in point 1 is already cooled. The largest temperature difference between start and end position of laser scanning(t=0.02s) is about 200 degree. These large differences of temperature can raise the temperature gradient at surface of powder bed, resulting in the existence of thermal residual stress inside sintered region during SLS process. The temperature evolution at five points is shown in Fig. IV-2.5. For the points at the center of laser beam (Points 2 and 4), the peak temperature decreases when adding new powders, while the equilibrium temperature increases. For the points at the edge of laser beam (Points 1, 3 and 5), both the peak and equilibrium temperature increases slightly when adding new powders. The different thermal history at these two types points is caused by the Gaussian distribution of laser intensity. Thus, reducing the interspace of scanning laser path is a good way to decrease the temperature gradient. Furthermore, grains at the path of laser beam (points 2 and 4) totally melted for four times (higher than the melting point of 507K). But, grains at the edge of laser beam (points 1,3 and 5) never become molten during SLS process. This can explain the existence of non-molten grain core inside sintered part as found in the literature [14]. This apparent difference of physical phase in powder bed will result in the strong thermal residual stress in sintered region. Thus, reducing the input energy intensity is also a good way to decrease the thermal residual stress. 6 presents the temperature evolution in different layers of point 2 (at the center of laser beam). The shape of the temperature evolution curves in different layers is very similar. Comparing the peak temperature at the same time, it is higher in the upper layer than that in the lower layer. This is because new adding grains are already heated by old powders through heat conduction before laser treatment. But, in industrial manufacturing, the interval time before adding new powders is usually much longer than 0.1 second and old powders reach the preheating temperature. Thus the slight difference of peak temperature can be neglected. Actually, the successive layer repeats the thermal history of the last layer. Moreover, the evolution of temperature gradient in different layers is nonlinear which behaves as the non-uniform distribution in the direction of depth. When closed to the upper surface (layers 4 and 5), the temperature gradient is small. However, when inside powder bed (layers 2 and 3 or layers 3 and 4), the temperature gradient becomes larger. Finally, when the powders is deep enough (layers 1 and 2), the temperature gradient becomes small again. Therefore, from the surface to the bottom, the temperature gradient firstly increases and then decreases. The peak temperature gradient along depth is in the middle of the region that is directly heat by laser. Due to the high temperature at surface, the sintered region consists of a zone with tensile stress, followed by a large zone of compressive stresses. Mercelis et al. [11] obtained the same conclusion when studying the residual stress in SLS process with metallic powders.

Fig.IV-2.7 presents the temperature evolution in different layers at position of point 3 (at the edge of laser beam). The result shows the same behavior as Fig. IV-2.6: similar shape of temperature evolution curves and higher peak temperature in upper layer. Still, the successive layer actually repeats the thermal history of the last layer. However, the peak temperatures of each layer are only little higher than the equilibrium temperature. Besides, the temperature gradient in the direction of depth is very small. Thus, there is less thermal residual stress in the direction of depth at the edge of laser beam.

Comparing the results of Fig.IV-2.6 and Fig.IV-2.7, in different layers, grains at the center of laser beam (points 2) totally melted for four times (higher than the melting equilibrium temperature 507K). But, grains at the edge of laser beam (points 3) never becomes melted during SLS process. This result is the same observed in Fig.IV-2.5. During cooling process, the evolution of temperature gradient in direction of depth is nonlinear at the path of laser beam, resulting in a tensile-compressive stresses in sintered region. But, at the edge of laser beam, the temperature gradient is much lower. Therefore, the thermal residual stress is mostly concentrated in the zone near the center of laser beam.

Based on the analysis of temperature evolution above, we can conclude the non-homogeneity of temperature gradient mainly display in two aspects: in case of the same layer, the temperature gradient is much higher in the zone close to the center of laser beam. Besides, grains near the center of laser beam are totally melted for several times. But, those at the edge of laser beam will be not fully melted for even one time. This divergence of phase can also cause the residual stress inside powder bed. In case of different layers, the distribution of temperature gradient is also non-uniform, leading to a tensile-compressive stress distribution. Generally, these two types divergence of temperature gradient cause the residual stress in powder bed, finally resulting in the deformation of final product. 

Prediction of relative density of sintered sheet

In the section 1.3 of this chapter, we have defined and predicted the relative density of sintered line. Now, we want to predict the relative density of sintered sheet fabricated through successive layers of powders. Dupin [10] experimentally studied the SLS process in the PA12 powder bed and measured the relative density of the sintered product for different energy density. Therefore, we simulate the SLS process in the same conditions. Then we predicted the relative density of sintered sheet and compared it to the experimental results from Dupin [10].

In the thesis of Dupin, several specimen are fabricated using different energy density . The energy density is defined as below [10]:

(IV-2.1)
where P is the laser power, r is the radius of laser beam, v is the scanning velocity and e is the space between two successive scanning lasers.

In the experiment, different energy densities are obtained by varying the laser power. The space between each scanning laser is set to 0.15mm and the scanning speed is 5m/s. The energy density used is listed in Table .IV-2. Due to the limitation of computational performance, we simulate the SLS process in a small volume with the dimension of 1.5mm 0.85mm 1mm. The size of grain is assumed to be identical as 50 . The initial thickness of powder bed is 200 . During SLS process, four successive layers of powders are added into the volume. The thickness of each layer is 100 . The preheating temperature of powder bed is 150°C. The initial temperature of successive powders is 130°C . The ambient temperature is 173°C . During the experiment, Dupin [10] maintained the powder bed for several hours after laser treatment, so as to allow enough time for densification and crystallization. However, due to the problem of time consuming, we assumed that the processing time is 0.2s for each layer. Thus, the total process time is 1s for the whole SLS process in our simulation.

The Fig. IV-2.8 presents the powder bed in different conditions: with and without laser treatment. From Fig. IV-2.8, we can clearly observe that the volume of powder bed with laser treatment is smaller than that without treatment by laser, due to the coalescence and densification. After laser scanning, the size of grain increases, which is caused by the combination of coalescence and densification(explained in chapter III). In fact, during the sintering process, small grains will merge into big grain. Furthermore, the gases inside powder bed will be released when grains are molten. In Fig. IV-2.8(b), the size of grain is much larger in the zone closed to the bottom of powder bed. It is because the successive layer of powders is added layer by layer. Therefore, it allows more time for the first layer (near the bottom) to coalesce and to densify. Fig. IV-2.9 presents the evolution of porosity with different energy densities. The porosity is defined as 1 minus the relative density of powder bed, which has been predefined in section IV-1.4. In the case of experiment, a sharp decrease of porosity is observed between 1.36J/cm 2 and 2.04 J/cm 2 . Then the porosity continues slightly decrease to a value of 5%. In the case of simulation, a sharp decrease of porosity is observed between 1.36 J/cm 2 and 2.38 J/cm 2 . Then the porosity continues slightly decrease to a value of 12%. This is because it is more difficult to decrease the porosity when the powder bed approaches to full consolidation (porosity=0). Generally, the curve of simulation results have the similar shape of experimental results. But, the predicted porosity is always higher than the experimental result about 7% of difference in porosity. This difference can be explained by the post-processing. During the experiment, Dupin maintained the powder bed at preheating temperature for several hours, which allows enough time for densification and crystallization. However, due to the problem of time consuming, we assumed that the processing time is 0.2s for each layer. Thus, the total process time is 1s for the entire SLS process in the simulation. 

Influence of SLS process parameters

Physical phenomena involved in SLS process are multiple and complex. In other words, the SLS process is controlled by many parameters, such as the laser power, scanning speed, preheating temperature, grain size and so on. Based on what has been discussed in the former sections, we have developed and validated a 3D numerical model for simulating the SLS process. Thus, we apply the same model used in the section IV-2 to analyze the influence of parameters on the final product. These results can help the user of SLS machine to optimize the quality of product, reduce the cost of manufcaturing and increase the efficiency of SLS process.

Influence of laser energy density

The energy density (ED= ) is a parameter commonly used in literatures [15][16][17][18] to express parameters of SLS process in energetic terms. This parameter involves the laser power , scanning speed and diameter of laser beam . The laser power and scanning speed are two of the most important parameters in SLS process, because they have a strong and direct influence on the quality of product and are easily controlled by manufcaturingr.

In order to investigate the influence of energy density on the peak temperature and relative density, the PEEK powder has been selected due to its representative thermal properties used for rapid prototyping. We modeled the SLS process in the same conditions as in the work of Peyre et al. In Fig. IV-3.1(a), the peak temperature of powder bed increases with the decreasing of scanning speed and increasing of laser power. When the laser power is larger than 10W, the average value of peak temperature becomes higher than 800K. According to the study of Peyre et al. [6], polymer grain transforms its state from non degradation to partial degradation (even full degradation). Therefore, the laser power of 10W or less is more suitable for laser sintering of PEEK. In fact, the range of laser power used in industrial manufcaturing is usually between 1W and 6W [3]. Thus, our conclusion and the industrial practice leads to the same recommendation. As presented in Fig. IV-3.1(b), the relative density increases with decreasing of the scanning speed and increasing of the laser power. Therefore, this indicates that higher input power or lower scan speed could provide larger range and greater flexibility in choosing process parameters for producing high quality parts. But, the laser power cannot be too large in order to avoid the degradation of polymer grain. Besides, based on the definition of energy density ED (section IV-1.4.2), there is a significant positive correlation between the energy density ED and relative density of sintered line. This conclusion can be also found in other works [10,19].

Effect of preheating temperature

The preheating temperature is one of the important parameters of SLS process [10,20]. In the case of polymer powder bed, it is usually maintaining powders higher than the crystallization temperature in industrial manufacturing, so as to prolong the sintering process [3]. In order to understand deeply the influence of preheating temperature on SLS process, we studied the relationship between final relative density and preheating temperature by numerical simulation.

The SLS process is simulated based on the model with the same conditions as that of the section IV-2.2. We simulate the SLS process of PA12 in a small volume with the dimension of 1.5mm 0.85mm 1mm. The size of grain is assumed to be identical as 50 from Dupin [10]. The initial thickness of powder bed is 200 . During SLS process, four successive layers of powders are added into the volume. The thickness of each layer is 100 . In order to study the influence of preheating temperature on relative density of product, we pick seven different values of the preheating temperature between the room temperature and the melting point of PA12 ( 20°C , 50°C , 80°C , 105°C , 130°C , 150°C and 170°C ). Due to the problem of time consuming, we assumed that the processing time is 0.2s for each layer. Thus, the total process time is 1s for the whole SLS process in our simulation.

The evolution of relative density with different preheating temperatures is shown in Fig.IV-3.2. The relative density almost linearly increases with the increasing of preheating temperature in range between room temperature and melting point of PA12. According to the fitting curve of relative density's evolution, there is no increase of the relative density when the preheating temperature is smaller than 0°C . This is because there is no sintering occurring if both the preheating temperature and the laser energy density are very small. When the preheating temperature is higher than the melting point, the relative density theoretically continues to increase until fully consolidated (relative density reaches 1). However, the preheating temperature must be smaller than melting point during manufacturing. Otherwise, the entire powder bed will be molten even without heated by laser, which means it is impossible to obtain the designed product.

To conclude, based on the analysis above, the suitable preheating temperature will be the one that is near but smaller than the melting point. In fact, in the case of PA12, the preheating temperature is recommended as 170-175°C (10-15°C below the melting temperature of the material) by Pham et al. [20]. Therefore, our conclusion based on numerical simulation is in good agreement with the recommendation of experimental research. 

Effect of grain size

In DEM, the grain is the basic unit like the element in FEM (Finite Elements Method). The mesh density in a finite elements model is an important topic because of its relationship to accuracy and numerical cost. Thus, the size of grain is also very critical in DEM. In order to be able to determine a good initial grain size for the subsequent discrete element computations, we proposed another two simulations to study the effect of grain size on the thermal diffusion. The simulations are in the same conditions as the section IV- For all these three cases, the peak temperature decreases when adding new layers of powders, while the equilibrium temperature increases at the center of laser beam(Points 2 and 4). However, both the peak and equilibrium temperatures increase slightly when adding new layers of powders at the edge of laser beam (Points 1, 3 and 5). Furthermore, the equilibrium temperatures in these three cases are the same. It indicates that the size of grain does not affect the mean temperature of powder bed. However, in the case of 100 , the peak temperature is much smaller than those in other two cases. The bigger grain can be regarded as a group of many smaller grains. Thus, the temperature of bigger grain is equal to the average temperature of those smaller grains. Therefore, it is logical and reasonable that the peak temperature in case of bigger grain is smaller. In the cases of 25 and 5 , the temperature evolutions are almost the same. It indicates that the numerical results are stable and the grain size of 50 is a good choice for numerical simulation when considering the computational cost. However, as shown in is smaller than that with 100 . The total mass of powder bed in these two cases is the same, which indicates that the initial relative density with smaller size is higher than that with bigger size. In other words, the powder bed with smaller size grains can increase the relative density of final product.

Based on the discussion above, we can conclude that the grains size only affects the peak temperature of grains in the same layer of powder bed. For the next step, we want to investigate whether the grain size has a strong effect on SLS process with successive layers of powders. Still, we selected the two same positions (Points 2 and 3) and obtained their temperature evolutions in different layers.

As shown in Fig.IV-3.5, in the center of laser beam, the temperature evolutions have the same tendency: shapes of temperature evolution curves are similar in different layers of powder bed; the peak temperature is higher in the upper layer than that in the lower layer. In the case of 100 , the peak temperature is still much smaller than those of the other two cases. In the cases of 25 and 5 , the temperature evolutions are almost the same. This conclusion is the same as that in case of the same layer. When at the edge of laser beam as presented in Fig. IV-3.6, the temperature evolutions have the same tendency as obtained results in Fig. IV-2.7. The effect of grain size on temperature evolution is much small. Furthermore, the equilibrium temperature is always the same in all these three cases with different grain sizes. Therefore, in case of different layers, we conclude that the grain size only affects the peak temperature of grain. When the size is smaller than 50 , the numerical results is still stable. Additionally, according to the experimental studying [10], the average size of PA12 grain normally used in industrial manufacturing is also 50 . Thus, the size of 50 is a good choice for numerical simulation when considering the accuracy and cost. 

Partial conclusion

In this section, the influences of different parameters on SLS process are studied. As well known, the relative density is directly related to the performance and quality of product obtained from SLS. Therefore, the suitable parameters of SLS process are those that can achieve higher relative density of product. Based on our numerical simulation and conclusion from literatures [1,[3][4][5][6]10], the relative density is positively correlated to the laser energy density and preheating temperature, but negatively correlated to the size of grain. However, each parameter is also restricted by manufacturing conditions or has its own limitations. For example, too high energy density of laser will result in the degradation of polymer. If the preheating temperature is higher than the melting point of polymer, it is impossible to obtain designed product due to melting of the whole powder bed. Furthermore, the decreasing of grain size will reduce its castability and also raise the production cost. Briefly, suitable parameters of SLS process with polymer powders should be: high laser energy density without causing degradation; high preheating temperature but smaller than melting point of polymer; the size of grain as small as possible but affordable.

Applications of global model

Based on the works we have presented previously, a numerical model of SLS process has been developed based on DEM and confirmed by comparison with experimental works from literatures. With our model, it is possible to capture almost all physical phenomena inside powder bed linked to the particles interactions and the granular characteristics of the materials, such as the radiative transfer, heat conduction, coalescence and densification. The principle aim of our project is to help manufcaturingr to optimize the quality of products, reduce the cost of manufacturing and increase the efficiency of process. Thus, we present several applications of the synthetic model in order to illustrate its capabilities.

Simulation of balling phenomenon

In SLS process, when parameters are not correctly chosen, these powders are either not sintered at all or completely melted, finally joining into rather large drops [21,22]. Usually the drops quickly spread out and their size can exceed the diameter of the laser spot. This process of droplet formation is called balling phenomenon. Due to the difference of rheological property, the balling phenomenon is more commonly observed in metallic SLM process. In order to study effects of parameters on the balling phenomenon, we proposed a simulation of metallic SLM process. In case of metallic powder, fusion grains are assumed as viscous flows. Therefore, we replace the viscoelastic coalescence model by viscous coalescence model in the sintering submodel. Besides, in order to model the phase change of metallic powders, the Eq.III-4.14 is introduced into the discrete heat conduction submodel.

In the simulation, 13909 particles with diameter of 130 are deposited in a box with dimensions of 8mm 4mm 4mm. For solid particles, the density is 8470 , specific heat is 444 and conductivity is 14.9

. For molten particles, the density is 7880 , specific heat is 611 and conductivity is 27.5

. The melting point of Ni-alloy is 1475 K. The latent heat of melting is 2.516

. The surface tension and viscosity of Ni-alloy at the melting point are 1850 and 5

, respectively. The power of input heat flux is 50 W and the radius of laser beam is 0.65 mm. In SLS process, the laser beam scans the powder bed in the longitudinal direction with various scanning speeds. The entire numerical simulation of laser sintering process in Ni-alloy powder bed is calculated by Fortran 90. 2 provides the evidence that the simulation methodology presented in this work is quite good as confirmed by comparison with experimental findings in literatures [22,24]. We conclude that the discrete numerical model of metallic laser sintering developed in this work is useful in predicting the suitable input power and scanning speed for the laser melting process to avoid the generation of strong balling process.

Results and discussion

Influences of parameters on balling phenomenon

In order to quantitatively analyze the effect of scanning speed on balling phenomenon, the width of molten track are presented in Fig. IV-4.3. When the scanning speed is too low (0.15 m/s), the average width of molten track is largest. But, the shape of molten track is in high irregularity. When the scanning speed is too high (0.65 m/s), the average width of molten track is smallest and break-ups of molten track occur (width is zero). The laser power is also a very important parameter in SLM process. In order to study the effect of laser power on balling phenomenon, we simulated the SLM process with constant scanning speed (0.25 m/s) and different laser powers (20 W, 50W and 80 W). As shown in Fig. IV-4.4, the average width of molten track is largest when laser power is too high (80 W). Besides, the shape of molten track is still in high irregularity. When the laser power is too low (20 W), the average width of molten track is smallest and molten track breaks up. Based on discussions above, the influences of scanning speed and laser power are opposite. This is because the relationship between these two parameters and laser energy density ED (ED= ) is a parameter commonly used in the literatures [30][31][32] to express the SLS process parameters in energetic terms. This parameter involves the laser power , scanning speed and diameter of laser beam . If ED is too high, there are too many grains are melted resulting in the state of high distortion and irregularity. This is because the surface energy of liquid molten track will keep decreasing in order to obtain a final equilibrium. If ED is too slow, the formation of molten grains is limited resulting in the unstable state and occurrence of break-ups. The width of molten track with different properties are presented in Fig. 14 and Fig. 15, respectively. It turns out average widths of molten track with different surface tensions and viscosities are nearly the same. In other words, the variation of surface tension and viscosity has little influence on balling phenomenon in SLM process. This is because the coalescence process of molten metallic grains is too fast. According to Frenkel's model, it only takes less than 0.001s for two molten Ni-alloy grains with diameter of 130 to join as one bigger grain. Therefore, in case of metallic SLM process, the parameters have much larger influence than material properties. 

Conclusions

In this thesis, we have developed a DEM framework for the analysis of particle-based additive manufacturing technologies. This work allows us to express to physical behaviors of discrete particles, which can be suitably adapted to a wide range of processes. In my thesis, this framework has been adapted to the application of a specific additive manufacturing process: the Selective Laser Sintering.

Firstly, the framework is applied to simulate the thermal diffusion of SLS process based on different laser radiation models, in order to study the influence of scattering on the radiative heat transfer and heat conduction in polymer powder bed. The results show the strong effect of scattering on the distribution of laser energy, further, resulting in the variation of region affected by laser and temperature evolution of grains.

Moreover, a global model based on this framework is used to simulate geometries of single sintering line and predict the relative density of sintered line and predict the relative density of sintered sheet. The simulated geometries are in good agreement with experimental results from the literature, which validates our model. The predicted evolution of relative density versus laser energy density also shares the same tendency of the experimental results.

Furthermore, the influences of different parameters on SLS process are simulated and analyzed by this framework. Based on the analysis of the influences of SLS parameters, an optimization is proposed for SLS process with polymer powder bed, which is consistent with the practice of industrial manufacturing.

Finally, our model is applied to model the balling phenomenon and implement a test simulation. The results of the section IV-4 conclude that this numerical framework is capable of capturing the spatially and temporally varying distribution of heat and displacement within the additively manufcaturingd object. It is observed that the results of the DEM simulations replicate the geometry of diagram, while also exhibiting features that are characteristic of the physical additive manufacturing process.

In conclusion, this DEM framework will allow the functional validation of the SLS methodology as using a data-driven mixed experimental/numerical technique. The geometric predictions of DEM can be regarded as a reference for the optimization methodology. This framework has a great potential for the design, characterization and certification of additively manufcaturingd components. La fabrication additive est l'un des secteurs industriels les plus en développent ces dernières années. L'une de ces technologies de fabrication les plus prometteuses est la fusion laser sélective (SLS), et relève d'un intérêt croissant aussi bien industriel que académique. Néanmoins, beaucoup de phénomène mis en jeu par ce procédé demeure non encore bien compris, entravant ainsi son développement pour la production de pièces de bonne qualité pour des applications industrielles. L'objectif de cette thèse est de développer un cadre de simulation numérique permettant la simulation du procédé SLS pour des poudres de polymère afin de comprendre les multiples et complexes phénomènes physiques qui se produise lors du frittage laser et d'étudier l'influence des paramètres du procédés sur la qualité du produit final. Contrairement aux approches classiques de modélisation numérique, basées sur la définition de matériaux homogène équivalents pour la résolution des équations de bilan, nous proposons une simulation globale du procédé du frittage laser de poudres, en utilisant la méthode des Eléments Discrets (DEM). Cela consiste en un couplage entre quatre sous-modèles : transferts radiatif dans le milieu granulaire semi-transparent, conduction thermique dans les milieux discrets, coalescence puis densification.

MOTS-CLÉS :

Fabrication additive, fusion laser sélective, polymères, modélisation multiphysique, simulation numériques, méthode des éléments discrets, méthode de Monte-Carlo Modifiée. 
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 38 Figure III-3.8. General flow chart of ray tracing process based on Monte Carlo method

  Fig.III-3.10, a comparison of 2D radiative energy distribution with different albedo is presented. The radiation fluxes are normalized by the maximum incident radiation flux as in a dimensionless coordinates and , meaning at the surface). The single scattering albedo characterizes the effect of scattering on radiation transfer. When , there is no scattering and the entire radiative flux is absorbed by particles. The comparison shows that results of Monte Carlo method are in good agreement with those from the published work. We can observe in Fig.III-3.10(a), that the value of

  Fig.III-3.10. Comparison of radiative energy distribution in the powder layer with given optical thicknesses =0 (upper surface) and 2 (lower surface or bottom) with various single scattering albedo : (a) (b) results of A.V. Gusarov [35]; (c) (d) results of modified MC method.
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  Fig.III-4.1. DEM simulation of the flow of spherical particles in the helical ribbon blender[48]: (a) triangular discretization of the boundary surfaces; (b) filling step at t = 0 s; (c-f) position of the particles after 1, 2, 5 and 6 s.
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  Fig.III-4.7. Evolution of liquid drops on a flat surface at different times [67]: (a) t=0; (b) t=0.05s; (c) t=0.25s; (d) t=1.0s.

  Fig.III-4.8. Heat conduction between two contacted elastic spheres As shown in Fig.III-4.8, the heat flux consists of two parts: the heat conduction through contact area and by air. Therefore, the entire heat flux between two particles i and j is written as below:
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  Fig.III-4.9. Temperature distribution in powder bed for increasing scan speed at P = 50 W: (a)(c) Results from Ram [58]; (b)(d) Results from our simulations.
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 410 Fig.III-4.10. Temperature history of a particle in the laser scan path: (a) Results from Ram[58]; (b) Results from our simulations.
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 52 Fig.III-5.2. Equilibrium contact angle in three phases Similarly to the sintering in solid phase, at the intersection of three surfaces, two solid grains into contact with a gaseous phase, it may define a dihedral angle balance as shown in Fig.III-5.3:
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  Fig.III-5.5. The unit cell and the densification process of a cubic pack structure[84] 
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   Where And the extra-stress tensor of Newtonian fluid can be defined as follows:(III-5.27)Consequently, substituting Eq.(III-5.26,27) into Eq.(III-5.25), the surface energy reduction can be written as follows:(III-5.28) Following Frenkel, the strain rate is approximated by (III-5.29) Where is the velocity with which point A moves towards point O. The term is the velocity of the fluid at the plane of contact of the two particles and is equal to zero. The term is of surface tension and S is the surface of the sintering system. Modifying Eq.(III-5.22) , the term can be derived (III-5.34) Thus the expression for the work of surface tension becomes (III-5.35) After some manipulations, Pokluda et al.[85] obtained (III-5.36) With the initial condition (III-5.37)

(

  stage of sintering (a= ) the strain rate and the work of the surface tension can be defined as follows, as proposed by Frenkel et al.[83] and Eshelby et al.[86]:(III-5.45) (III-5.46)
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  . Bouvard and R.M. McMeeking [87] developed a grain-boundary diffusion sintering model to simulate the coalescence of metal and polymer powders under certain conditions. A plane, circular join between two identical particles of initial radius R is considered as shown in Fig.III-5.6. The system is axially symmetric about the axis perpendicular to the neck.
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 56 Fig.III-5.6. Schematic of two particles contact[87] 
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  III-5.55) Combining Eq.(III-5.54) and (III-5.55), we can finally get the expression of normal sintering force: (III-5.56)
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  should depend on the ratio of the grain-boundary diffusion to the surface diffusion:(III-5.60)The numerical simulations on pairs of particles of Bouvard are well fitted with for all McMeeking have shown that the value of the dihedral angle has only a limited effect on and .

  Fig.III-5.7. Different steps of coalescence of two PVDF grains[START_REF] Tcharkhtchi | Rotomoulage de pièces en matière thermoplastique[END_REF] 

  Fig.III-5.8. Compared to the isothermal coalescence in Fig.III-5.7, the effective time of coalescence of polymer grains is very insufficient in SLS process.
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 57 Fig.III-5.7. Temperature as a function of time predicted by laser heat source and two relevant transition temperature [91]
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 63 Fig.III-6.3. Schematic of insertion volume[8] 

For

  example using LAMMPS, we generate a package of PA12 grains in a given box with the dimension of , as illustrated in Fig.VI-6(a). The number of grains is 16000 and they have the same size 50 . The input parameters needed for generating new layer of powders are listed in Table.III-3. In our case, we assume that all grains are randomly distributed with the same size in a given box. New added grain freely fall under the influence of gravity. After adding a new layer with the thickness of 300 , the distribution of new package of powders is shown in Fig.III-6.4(b). (a) (b) Fig.III-6.4. Distribution of powder bed in a box: (a) initial powder bed from LAMMPS; (b) new powder bed after adding grains from Fortran90.
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  Fig.III-7.3. The initial laser energy carried by a photon is the accumulation of laser energy absorbed by these scattered positions. (III-7.6)

Fig.III- 7 . 3 .

 73 Fig.III-7.3. Attenuation path of photon k inside powder bed

Fig

  Fig.III-7.4. Illustration of execution in the Fortran90 implementation of DEM framework

  1.1. The radiation fluxes are normalized by the maximum incident radiation flux as with dimensionless coordinates as optic radius

  -1.1. Distribution of photon scattered positions: (a) volumetric model without scattering; (b) volumetric model with scattering.

Fig

  Fig.IV-1.1 presents the distribution of photon scattering positions obtained from different volumetric models. Each blue point represents that a photon is scattered at that position. In case without scattering as illustrated in Fig.IV-1.1(a), all photons are constrained in the laser beam area with a cylindrical shape

1 . 1 .

 11 In order to make a more precise comparison and to highlight the scattering effect, a 2D distribution of normalized laser intensity with different optical depths is shown in Fig.IV-1.2. Two different distributions of normalized intensity without considering scattering are shown in Fig.IV-1.2(a) and (b), where the intensity distribution is modeled based on the same model but obtained from different numerical methods: the theoretical volumetric model via Beer-Lambert law as in Defauchy [3] is directly derived from its analytical solution. While, the volumetric model without scattering is also based on Beer-Lambert law but obtained from modified Monte Carlo Ray Tracing method in case of fully forward scattering. Of course, the volumetric model without scattering should be equivalent to the theoretical model. This is confirmed by Fig.IV-1.2(a) and (b), where the differences of laser intensity distributions are negligible and the extinction of laser intensity is in accordance with the Beer-Lambert law. Besides, the laser energy is only distributed in the area of the incident beam because photons totally propagate forward without any scattering. Fig.IV-1.2. 2D distribution of the normalized laser intensity in powder bed with various optical depths based on different heat source models: (a) theoretical volumetric model; (b) volumetric model without scattering; (c) volumetric model with scattering When the scattering is taken into consideration as shown in Fig.IV-1.2(c), the distribution area of laser intensity becomes much larger than that in others of Fig.IV-1.

Fig.IV- 1 . 3 ,

 13 for both methods, the shape of the temperature evolution curves is similar: the powder bed is heated very quickly and its temperature sharply increases at the very beginning of the simulation. But we can clearly observe that the peak temperatures are different in Fig.IV-1.3(a) and (b). These two results are obtained in the same conditions and implemented by FEM but based on different heat source models. In Fig.IV-1.3(a), the results is directly obtained from Defauchy [3] and the influence of scattering is not considered. The results presented in Fig.IV-1.3(b) is obtained based on the volumetric heat source with scattering. When considering the scattering, the peak temperature is higher at surface (thickness =0 µm) but lower at deeper locations. That is because the major part of laser energy is absorbed by the region closed to the surface, as confirmed in section IV-1.1. The equilibrium temperature is still identical at the end of simulation. Fig.IV-1.3. Time-temperature profile at four different points in the thickness based on FEM and DEM: (a) FEM results with volumetric heat source from Defauchy[3]; (b) FEM results with volumetric heat source with scattering; (c) DEM results with volumetric heat source with scattering.

  Fig.IV-1.4. Temperature field in powder bed: (a) FEM (b) DEM The conductive heat diffusion in SLS process is simulated by both finite elements method (FEM) and discrete elements method (DEM) as illustrated in Fig.IV-1.4. The SLS process is simulated in a cuboid specimen with the dimension of 5000*800*100 . For DEM, 27631 particles with diameter of 25 are deposited in a box with the dimension of 5000 *800 *200 . The total mass of grains in DEM is the same as that of the specimen used in FEM. During SLS process, the laser beam double scans the specimen (powder bed) in the longitudinal direction ( ) for a total length of 4 mm. To analyze the thermal diffusion in the powder bed, the laser beam scans two adjacent lines with a hatch spacing of 76.2 . We analyzed the temperature evolution of three points at different thicknesses as shown in Fig.IV-1.4. The laser displacement is defined as a function of time: (IV-1.3) where is the position of laser beam center, and are the beam velocities in x and y directions.

Figure IV- 1 . 5 .

 15 Figure IV-1.5. Illustration of the position of three points In Fig.IV-1.6, we present a comparison between the results of three different heat source models. The first peak of temperature corresponds to the first laser passage and the second peak is attributed to the passage of the adjacent line. Only in Fig.IV-1.6(a), the second peak of temperature is lower than the first one. It is attributed to the case considering only surface energy distribution. In this case, the first laser beam scanning causes the phase change and increase of the relative density at specimen surface proposed by Lin et al. [4], which leads to a higher effective heat capacity per mass and results in decreasing of temperature at surface for the second scan. In Fig.IV-1.6(b) and (c), peak temperatures of two points near surface are higher when considering the scattering (based on modified Monte Carlo method). Because, due to the effect of scattering, major part of laser intensity is absorbed by the area closed to the surface as confirmed in section IV-1.1. For the same reason derived from Fig.IV-1.3, the peak temperature near surface in Fig.IV-1.6(d) is higher than those in FigIV-1.4(a),(b) and (c).Because, in case of DEM, we assume that the total energy is absorbed by particles. The absorption of air inside powder bed is ignored. But, the effective heat conductivity of powder bed is smaller than that of homogeneous material. Thus, the temperature homogenization need more time to be reached. The homogeneity of temperature in the whole material is reached after about four times of needed time in case of homogeneous material (0.2s instead of 0.05s) as presented in Fig.IV-1.6(e).

  Fig.IV-1.7. Draft of the extraction procedure of the sintered lines [7] In the simulation, 20308 particles with diameter of 50 are randomly deposited in a box with the dimension of 2000 *1000 *1200 as shown in Fig.IV-1.8. The laser beam single scans the powder

Fig.IV- 1 . 8 .

 18 Fig.IV-1.8. Initial powder bed before laser treatment

Fig.IV- 9 .

 9 Fig.IV-9. Top view of a sintered line and measure of the averaged width: (a) Experimental result [7]; (b) Simulation result

Fig.IV- 1 . 10 .

 110 Fig.IV-1.10. Main dimensions of the profile of sintered lines as a function of energy density

Fig

  Fig.IV-1.11. Comparisons of main dimensions of sintered lines with and without scattering The main dimensions (width and depth), in both cases with and without scattering, increase with the increasing of laser energy density as shown in Fig.IV-1.11. However, the width of sintered line is always

Fig.IV- 1 . 12 .

 112 Fig.IV-1.12. Deposited laser power at different optic radius along depth

  Fig.IV-1.10(a). Unlike previous models based on FEM [1-6], the model based on DEM is able to simulate this phenomenon during SLS process, as shown in Fig.IV-1.10(b).

Fig.IV- 1 . 10 .

 110 Fig.IV-1.10. Illustration of surface decreasing of powder bed after laser treatment: (a) Experimental result; (b) Simulation result.

Fig.IV- 1 . 11 .

 111 Fig.IV-1.11. Illustration of discretisation of sintered region

Fig

  Fig.IV-1.12. Illustration of sintered line in powder bed

  Fig.IV-2.1. Illustration of SLS process in powder bed with successive layers

  Fig.IV-2.2. Five points in the diagonal line of powder bed

Fig.IV- 2 . 3 .

 23 Fig.IV-2.3. Temperature evolutions of five positions in diagonal line

Fig.IV- 2 . 4 .

 24 Fig.IV-2.4. Five points in the middle line of powder bed

Fig

  Fig.IV-2.7. Temperature evolution in different layers at position of point 3

Fig.IV- 2 . 8 .

 28 Fig.IV-2.8. Illustration of PA12 powder bed: (a) without laser treatment; (b) with laser treatment.

Fig.IV- 2 . 9

 29 Fig.IV-2.9 Evolution of porosity with different energy densities Eρ

  [6]. In the simulation, 20308 particles with diameter of 50 are randomly deposited in a volume with the dimension of 2000 *1000 *1200 . The laser beam single scans the powder bed in the longitudinal direction with several velocities. The preheating temperature and the ambient temperature are 520K and 473K, respectively. Simulations based on the integrated model were repeated over times with different input powers (10W, 15W, 25W and 50W) and scanning speeds (0.5m/s, 0.714m/s, 1.25m/s and 2.5m/s). The simulated results are shown in Fig.IV-3.1 as below. (a) (b) Fig.IV-3.1. Effects of energy density on peak temperature and relative density

Fig.IV- 3 . 2 .

 32 Fig.IV-3.2. Evolution of relative density with different preheating temperatures

  2.1 with two different grain sizes (25 and 100 ) as shown in Fig.IV-3.3. The total mass of powder bed is the same for two different sizes. Thus, the number of grain with the size of 25 is 64 times of 100. Due to the limitation of computational performance, we only simulate the SLS process in the powder bed with three layers in the case of 25 .

  Fig.IV-3.3. Temperature evolutions of powder bed with different grain sizes: (a) 100 (b) 25 In order to compare the results in the case of 50 , the same five positions are selected a shown in Fig.IV-2.4. Temperature evolutions of these five positions are presented in Fig.IV-3.4.

  Fig.IV-3.3, the volume of powder bed with 25

  Fig.IV-3.5. Temperature evolution in different layers at position of point 2 with different grain sizes

Fig

  Fig.IV-4.1 illustrates the numerical results of heat diffusion and sintering process in powder bed with laser treatment. The top view of the molten tracks and the calculated temperature distribution on the top of powder surface are presented (Fig.IV-4.1). There is no molten particle at the beginning of sintering process because of insufficient input heat flux (Fig.IV-4.1(a)). Particles start melting with increasing input

Fig.IV- 4 .

 4 Fig.IV-4.2 provides the evidence that the simulation methodology presented in this work is quite good as confirmed by comparison with experimental findings in literatures[22,24]. We conclude that the discrete numerical model of metallic laser sintering developed in this work is useful in predicting the suitable input power and scanning speed for the laser melting process to avoid the generation of strong balling process.

Fig.IV- 4 . 3 .

 43 Fig.IV-4.3. Effect of scanning speed on width of molten track

Fig.IV- 4 . 4 .

 44 Fig.IV-4.4. Effect of laser power on width of molten track

Fig.IV- 4 . 5 .

 45 Fig.IV-4.5. Effect of surface tension on width of molten track

Fig.IV- 4 . 6 .

 46 Fig.IV-4.6. Effect of viscosity on width of molten track

  Fig.IV-4.7. Illustration of letter "D": (a) diagram; (b) processing part by SLS; (c) part with constructed surface The temperature field of powder bed at different layers are presented in Fig.IV-4.8, in which the temperature evolution of powder bed during SLS process can be clearly observed. The temperature of grain in red is higher than the melting point that represents the sintered region. The processing part is shown in Fig.IV-4.7(b), which is directly obtained after laser sintering. Fig.IV-4.7(c) presents the output model with constructive surface which is more clearly to represent the geometry of processing part. The SLS process is not a perfect translation from diagram to processing part, and several defects can be seen in the output model of simulation. Firstly, the stair-step phenomenon can be clearly seen in Fig.IV-4.7(c). This is a well known artifact produced by SLS and other AM systems. Additionally, some loss of definition in the output model is presented. This is caused primarily by two factors: the size of grain is relatively large compared to the dimension of diagram; the laser energy density is high that causes grains outside of the domain of designed diagram to reach temperatures high enough for sintering.

Fig.IV- 4 . 8 .

 48 Fig.IV-4.8. Temperature fields of powder bed in different layers for manufacturing process of letter "D": (a) 1st layer; (b) 4th layer; (c) 8th layer; (d) 11th layer
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Table . I

 . -1. List of main materials used in AM[3] 

II: Introduction of Selective Laser Sintering in Polymer Powder bed Compared to other AM technologies, Selective Laser Sintering (SLS) may be one of the most challenging AM technologies to master. But the benefits offered by SLS are worth the effort. SLS provides the freedom to quickly build complex parts that are more durable and offers better functionality over other rapid prototyping technologies. Furthermore, the SLS process is faster, more affordable and can build smaller features more accurately. Additionally, SLS process has a wide selection of material for many different applications. However, even the industry has made major advances in this area, it remains that several phenomena are still not well understood in order to properly model the process and propose quality improvement of tracks and parts made. This will extend the areas of application for this technology, which promises to be very innovative, especially if we succeed to make parts with structures leading to achieve higher mechanical and thermal characteristics.

  

Table.II-1. Influential material properties and process parameters of SLS process Material properties Process parameters

  

	Viscosity	Laser power
	Granulometry	Laser velocity
	Thermal conductivity	Preheating temperature
	Specific heat capacity	Interspace between laser paths
	Radiative attenuation coefficient	Diameter of laser beam
	Density	Thickness of powder layer
	Diameter of grain	Time between successive layers

  Table.II-2.

Table . II-2. Influence of parameters on the density of final parts Parameters Influence on density

 . 

	Laser power	Augmentation with power
	Preheating temperature	Augmentation with temperature
	Scanning speed	Diminution with speed
	Thickness of layer	Diminution with thickness

Table . III-1. Parameters and properties used in modified Monte Carlo method Parameter and Property Value Diameter of laser beam, D L [ ] 120 Thickness of powder layer, h [ ] 50 Total attenuation coefficient, [m -1 ] 4e

 . 

		4
	Anisotropy factor, g	0.88
	Single scattering albedo,	0.7, 0.9, 0.95, 0.98

Table . III-6.1 Input parameters of grains [8]

 . 

	Input parameter	Value	Unit
	Gravity	9.8	
	Young's modulus	800	
	Density	1030	
	Elastic coefficient	800	
	Damping coefficient	0.012	
	Dropping velocity	0	
	Poisson ratio	0.38	

Table . IV-2. Initial conditions and material properties

 . 

	Property	Value	Property	Value

Preheating temperature, Ta [K] 373 Reflectivity of powder surface, Re 0.04 Glass transition temperature, Tg [K] 418 Attenuation coefficient, [m^-1] 20000 Initial powder density, [kg/m 3 ] 600 Convective coefficient, h [J/sm 2 K] 25

  

	Initial porosity,		0.5	Surface emissivity,	0.8
	Fully material density,	[kg/m 3 ]	1200	Activation energy, E [kJ/mol]	149.66
	Laser beam radius, RL [mm]	0.508	Velocity of laser beam, v [m/s]	1.64
	Arrhenius coefficient,	[ ]	8.84*10^16	Power of laser beam, P [W]	10

Table . IV-2. Summary of energy densities used in manufcaturing of different samples [10]

 . 

	Sample	1	2	3	4	5	6	7
	Laser power (W)	8	10	12	14	16	18	20
	(J/cm 2 )	1.36	1.7	2.04	2.38	2.72	3.06	3.4

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI012/these.pdf © [X. Liu], [2017], INSA Lyon, tous droits réservés
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where is the surface tension of the material, is the bulk viscosity of the porous structure, is the volumetric strain rate of the structure and V is the volume of the unit cell.

The surface area rate can be derived from Eq.(III-5.12) as following (III-5.14)

In Eq.(III-5.14), the bulk viscosity is a function of the viscosity of the material and the relative density. Skorohod's model directly relates viscosity to the relative density .

(III-5.15)

where . The volumetric strain of the unit cell is by definition (III-5.16) Substituting Eq.(III-5.12,13,15,16) into Eq.(III-5.14), the final sintering rate equation can be derived as (III-5.17)

Viscous coalescence model

Frenkel's model has been used by many researchers in describing the kinetics of Newtonian sintering. However the model is valid only in the early stage of sintering. Pokluda et al. [85] developed a sintering model using a similar approach to that of Frenkel and Eshelby but considering the variation of the particle radius with time. The following equation can be easily obtained based on the conservation of volume: Given that the first stage of densification is caused by the rearrangement of grains due to the coalescence, this stage of densification can be explained by the model of coalescence, as we have discussed in the last section. For now, it is necessary to pay more attention to the understanding of the second stage, and two models are introduced as following.

Mechanisms of densification

Pore filling theory

When the gas pressure in an isolated pore is different to that outside the compact, pore filling is either retarded with an excess internal pressure or accelerated with an excess external pressure. Fig. III-5.10 is a schematic showing the compact surface and the internal surface of a pore containing insoluble gases [82]. Since a hydrostatic pressure is maintained in a liquid, the bulk liquid pressure at the surface is the same as that at the pore surface. where is the liquid pressure, is the sintering atmosphere pressure, is the difference in gas pressure between the pore and the atmosphere, and are the radii of liquid menisci at the pore and at the compact surface, respectively. And is linearly proportional to the grain radius a.

( 

Bubble dissolution theory

M. Kontopoulou et al. [START_REF] Kontopoulou | Bubble dissolution in molten polymers and its role in rotational molding[END_REF] have studied the bubble growth and collapse in viscous or viscoelastic fluids and given the conclusion that the bubble's dynamics are mainly controlled by pressure differences and fluid viscosity.

By conservation of mass, the inverse-square law requires that the radially outward velocity must be inversely proportional to the square of the distance from the origin (the center if the bubble). Therefore , letting F(t) be a function of time:

(III-5.66)

In the case of zero mass transport across the bubble surface, the velocity at the interface must be (III-5.67) which gives that

In the case where mass transport occurs, the rate of mass increase inside the bubble is given by: (III-5.68) with V being the volume of the bubble. If is the velocity at the interface between liquid and bubble, then mass entering the bubble is given by (III-5.69) with S being the surface area of the bubble. Now by conservation of mass , hence (III-5.70)

In most cases, the liquid density is much greater than the bubble density. So the mass transfer can be neglected. The velocity is expressed as below:

(III-5.71)

The dynamics of the system are governed by the conservation of momentum in the radial direction, the Navie-Stokes equation in spherical coordinate:

(III-5.72) Since the fluid is highly viscous, the inertia terms can be neglected and integrate Eq.(III-5.72) from the bubble wall to infinity. So Eq.(III-5.72) becomes as below (III-5.73)

A force balance at the bubble-liquid interface gives:

(III-5.74) Since the normal stress due to a low viscosity gas can be neglected, . Eq.(III-5.74) can be

Methodology of synthetic model

Based on the discussion of analytical and numerical models presented in the previous sections, it is clear that the synthetic model must link these submodels to each other. In order to achieve this goal, we developed a numerical framework based on DEM for the simulation of SLS process, the details regarding different aspect of this framework, the constituent algorithms and implementation are given in the following sections.

Particle system definition

In this thesis, a DEM particle system is used which occupies a volume with a boundary , in Cartesian spatial coordinate (x,y,z). The single particle is defined by the position of its center and radius . The corresponding vectors of particle acceleration, velocity, displacement and force are denoted as , , and , respectively. The particle mass is and its radius is , the temperature is represented by and the heat flux by .

In the present work, we define the volume to be a regular box with parallelepiped boundary such as , and . We assume the gravity to act in the -z direction with a magnitude of 9.81 . The simulation time variable is t, if t=0 corresponding to the introduction of the first laser scanning in the box. In other words, the first layer of powder bed is predefined and its consuming time is neglected. The discrete simulation time step is , and is the total number of such time steps in the simulation. For stability, we request , which is a max time step determined from the particle system stiffness. A satisfactory approximation of the max time step is given in the reference [START_REF] Steuben | Discrete element modeling of particle-based additive manufacturing processes[END_REF] (III-7.1) where is the minimum particle mass and is the normal stiffness of the particles from Eq.III-6.2. In most cases, satisfactory efficiency can be achieved simply by taking .

Boundary conditions

In this work, the plane boundary conditions are assumed to be stationary. Additionally, these plane boundaries can be classified as two types of collision and thermal boundary.

In case of collision boundary, if particle i impinges on boundary plane k, it experiences a force normal to the plane [START_REF] Steuben | Discrete element modeling of particle-based additive manufacturing processes[END_REF] (III-7.2) where is the boundary stiffness and is the distance between the particle i boundary plane k and is the unit normal vector of boundary plane k. In case of thermal boundary, it is assumed that planes are thermal isolation. If a particle i is in contact with a boundary plane k, its heat flux is adjusted (III-7.3) At the powder upper surface, the energy lost by the emission and convection can be discretized as below:

(III-7.4)