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Effect of self-nucleation on the crystallization kinetics and the microstructure of polypropylene parts manufactured by Laser Powder Bed Fusion
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Laser Powder Bed Fusion (LPBF) of thermoplastic polymers is an additive manufacturing (AM) technique experiencing a remarkable growth in the recent years. Nowadays the most widely used materials are polyamides (PA12, PA11…) but massively available LPBF-compatible polyolefin powders recently arrived on the market. The need of understanding the crystallization process for these new materials is essential and this was addressed in the present work. Isothermal and non-isothermal crystallization kinetics was investigated by differential scanning calorimetry and parts microstructure was analyzed using polarized light optical microscopy, scanning electron microscopy, transmission electron microscopy and wide-angle X-rays diffraction experiments. It was shown that it is important to consider the significant nucleating effect of the sub-surface layers solidification during the building stage. Indeed, half-crystallization times of the PP material are consistent with experimental observations and time range in LPBF only if crystallization occurs from a selfnucleated molten state. Evidence of the presence of nuclei were given thanks to microscopic and wide-angle X-rays diffraction (WAXD) techniques. Alternate patterns of very finely microstructured, oriented transcrystalline regions and isotropic spherulitic regions every 100 µm (i.e. the layer thickness during printing) were highlighted.

Introduction

Powder bed fusion (PBF) of polymers is an additive manufacturing (AM) technique that has seen a growing interest in the recent years, exhibiting a rapid compound annual growth rate of 22% [START_REF] Jasiuk | An Overview on Additive Manufacturing of Polymers[END_REF]. The best known PBF technique is Laser Powder Bed Fusion (LPBF) which allows the layer-by-layer construction of complex and functional parts from a selectively molten polymer powder bed. In the LPBF process a laser is used to locally fuse specific regions of the bed. The process can be divided in three major stages: pre-heating, building and cooling down [START_REF] Gibson | Powder Bed Fusion[END_REF]. The pre-heating stage consists in a gradual increase from the initial ambient temperature Ti to the building temperature Tb (which depends on the material used). The second stage is building and corresponds to the actual fabrication of the parts. It consists of the repetition of a sequence of operations until the parts are entirely produced. More precisely, the powder bed is made by homogeneously spreading a thin layer of powder (generally 100 µm) over the surface of the building platform thanks to a recoating system that can be either a blade or a roller. The powder is then heated to the building temperature (for semi-crystalline polymers, this temperature is generally slightly below the melting onset of the material) before getting locally fused by the laser beam according to the sliced three-dimensional CAD model. Once the area of the current slice was scanned by the laser, the bed platform is lowered by the height of one layer and the sequence is repeated. Progressively, as the building platform is lowered, the build chamber is heated to avoid warpage or irregular shrinkage due to inhomogeneous cooling. Finally, the whole build tank, containing the parts within the bulk of un-sintered powder, is very slowly cooled down until reaching the extraction temperature Te.

Nowadays, polyamide-based materials (PA12 and PA11) represent about 90% of the PBF compatible materials market even if they only represent about 8% of the global polymer market [START_REF] Flores | Additive manufacturing of polypropylene: A screening design experiment using laser-based powder bed fusion[END_REF][START_REF] Zhao | Crystallization Kinetics of Polyamide 12 during Selective Laser Sintering[END_REF]. On the other hand, commodity polymers and especially polyolefins represent less than 5% of the LPBF material market [START_REF] Gibson | Powder Bed Fusion[END_REF]. In 2017 appeared Ultrasint PP from BASF, which is one of the first massively available polypropylene (PP) powder compatible with the PBF technologies. Polypropylene provides an economic alternative to the common polyamides and gives access to balanced mechanical properties, with great ductility, stiffness and excellent chemical resistance [START_REF] Kaminsky | Polyolefins: 50 years after Ziegler and Natta II -Polyethylene and Polypropylene[END_REF]. So far, most of the work on LPBF-compatible PP was aimed towards the investigation of the influence of the processing parameters (processing temperature, energy density, scan speed…) on the porosity fraction and on the mechanical properties of the final parts [START_REF] Flores | Additive manufacturing of polypropylene: A screening design experiment using laser-based powder bed fusion[END_REF][START_REF] Mwania | Preliminary testing to determine the best process parameters for polymer laser sintering of a new polypropylene polymeric material[END_REF][START_REF] Zhu | Study on the selective laser sintering of a low-isotacticity polypropylene powder[END_REF][START_REF] Nsengimana | Determining optical scanning speed for laser sintering of CP75 polypropylene powder[END_REF][START_REF] Zhu | Investigation into mechanical and microstructural properties of polypropylene manufactured by selective laser sintering in comparison with injection molding counterparts[END_REF][START_REF] Tan | Comparative study on the selective laser sintering of polypropylene homopolymer and copolymer: processability, crystallization kinetics, crystal phases and mechanical properties[END_REF]. Several studies were also conducted to explore the influence of powder flow and bulk density on the mechanical properties. More specifically, the role of the grains morphology, nature of flowing agents and their dispersion method as well as the effect of thermal ageing on the coalescence behavior and mechanical properties were studied [START_REF] Bonilla | Effect of particle rounding on the processability of polypropylene powder and the mechanical properties of selective laser sintering produced parts[END_REF][START_REF] Mwania | A Review of Methods Used to Reduce the Effects of High Temperature Associated with Polyamide 12 and Polypropylene Laser Sintering[END_REF][START_REF] Bonilla | Tailored modification of flow behavior and processability of polypropylene powders in SLS by fluidized bed coating with in-situ plasma produced silica nanoparticles[END_REF].

In-depth investigation of crystallization and solidification of the molten polymer regarding its surrounding thermal environment during the printing process is of great importance since it will affect final parts microstructure, geometry and properties [START_REF] Wegner | Understanding the decisive thermal processes in laser sintering of polyamide 12[END_REF][START_REF] Amado | Simulation of warpage induced by non-isothermal crystallization of co-polypropylene during the SLS process[END_REF][START_REF] Bourell | Performance limitations in polymer laser sintering[END_REF][START_REF] Greiner | Thermographic investigation of laserinduced temperature fields in selective laser beam melting of polymers[END_REF][START_REF] Riedlbauer | Modelling, simulation and experimental validation of heat transfer in selective laser melting of the polymeric material PA12[END_REF]. The first model used to describe the crystallization was proposed by Alscher and was based on the isothermal crystallization of the parts only during the cooling stage [START_REF] Schmachtenberg | Model of isothermic laser sintering[END_REF]. Before that, molten polymer and unmolten powder would coexist side by side. Following this model, Drummer et al. [START_REF] Drummer | Development of a characterization approach for the sintering behavior of new thermoplastics for selective laser sintering[END_REF] conducted the first thermal investigation of a variety of semi-crystalline polymers (PA12, PP, HDPE, POM) to determine their potential processability by running isothermal crystallization using differential scanning calorimetry (DSC) to determine printing parameters. Subsequent investigation of the crystallization phenomena brought to light the inaccuracy of this model and authors showed that the isotherm process assumption is only valid for a narrow period of time and therefore for the uppermost formed layers [START_REF] Amado | Characterization and modeling of nonisothermal crystallization of Polyamide 12 and co-Polypropylene during the SLS process[END_REF][START_REF] Drummer | A novel approach for understanding laser sintering of polymers[END_REF]. More specifically, Amado et al. [START_REF] Amado | Characterization and modeling of nonisothermal crystallization of Polyamide 12 and co-Polypropylene during the SLS process[END_REF] conducted isothermal and non-isothermal characterizations of a PA12 and a co-polypropylene (coPP) powders to integrate these results in the Nakamura model coupled with the Hoffman-Lauritzen theory in order to simulate the printing of the first ten layers by a finite element method (other works of this type are reported in literature [START_REF] Tan | Comparative study on the selective laser sintering of polypropylene homopolymer and copolymer: processability, crystallization kinetics, crystal phases and mechanical properties[END_REF][START_REF] Neugebauer | Isothermal and non-isothermal crystallization kinetics of polyamide 12 used in laser sintering[END_REF][START_REF] Ganci | A macroscale FEM-based approach for selective laser sintering of thermoplastics[END_REF]). The authors showed that the crystallization could be described as non-constant with a "step pattern", corresponding to a sequence of quasi-isothermal and non-isothermal periods. Simulation evidenced that the crystallization was complete on the first printed layers by the time the last ones were exposed.

More recently, Drummer et al. [START_REF] Drummer | A novel approach for understanding laser sintering of polymers[END_REF] investigated experimentally the early crystallization during the building stage. First, after investigation of the isothermal and non-isothermal crystallization kinetics of a PA12 by DSC [START_REF] Zhao | Crystallization Kinetics of Polyamide 12 during Selective Laser Sintering[END_REF], the authors carried out isothermal crystallization experiments using a parallel-plate rheometer. During the time sweep, they could determine the time elapsed before the cross-over of the storage (G') and loss (G'') moduli occurred. When considering the DSC crystallization curves, it was shown that the relative crystallinity reached 20 to 30% after such time. Thus, the material can be considered as in a solid state when the relative crystallinity attains 20-30%. By relating these results with experimental measurements of the temperature in the powder bed along the Z axis, the authors could predict that, when a part is finished to print and gets covered and insulated by recoating of successive powder layers, the solidification time can be lower than 5 to 10 minutes. They experimentally investigated this assumption by building a system of "stick drop" system where a set of metallic pins are reproducibly dropped on the powder bed surface after a chosen number of insulating layers were recoated. The results show that after 10 minutes, the printed parts showed no trace of the impact, which proves that they were fully solidified. The authors finally proposed to consider that the solidification of the lastly sintered layers may be accelerated by the nucleating effect of the fresh powder recoated on top.

Later, Balemans et al. [START_REF] Balemans | Numerical analysis of the crystallization kinetics in SLS[END_REF] proposed an improved 2D crystallization kinetics numerical model along the XZ plane that showed that the first printed layers were crystallized in a colder environment, leading therefore to a finer microstructure at the bottom of the part compared to the top. One can note that their simulation also predicted a complete solidification of the parts in the range of 5 to 10 minutes after their printing. In this study, the authors neglected the surface temperature variations due to the deposition of fresh powder after each scan as well as the possible remelting of the subjacent layers during each laser scan. This approximation got addressed by Soldner et al. [START_REF] Soldner | Numerical and experimental investigation of the isothermal assumption in selective laser sintering of PA12[END_REF] in an article where they proposed a crystallization model taking into account the temperature variations due to fresh powder deposition. They also introduced a modification of the Nakamura equations allowing to consider the remelting of the top layers by the laser without interfering with the classical crystallization model. Indeed, the authors could observe, thanks to in-situ temperature measurement, that the melting temperature was reached for layers as deep as 500 µm (5 layers). In a recent paper, Greiner et al. [START_REF] Greiner | Development of material-adapted processing strategies for laser sintering of polyamide 12[END_REF] proposed a new process strategy based on the full crystallization/solidification in almost isothermal conditions within the first few layers before rapid cool down of the parts along the Z direction, allowing them to reach the extraction temperature during the building stage. This strategy could promote more homogeneous temperature history of each layer as well as accelerated process.

When a polymer melt is in contact with substrates of different nature (fillers, talc, glass fibers …), a heterogeneous nucleation can occur leading to high density of nuclei and therefore to an increase of the crystallization kinetics. However, when the pre-existing substrate is a crystalline nucleus or lamella of the polymer itself, the phenomena is known as self-nucleation or meltmemory effect [START_REF] Fillon | Self-nucleation and enhanced nucleation of polymers. Definition of a convenient calorimetric "efficiency scale" and evaluation of nucleating additives in isotactic polypropylene (α phase)[END_REF][START_REF] Fillon | Self-nucleation and recrystallization of isotactic polypropylene (α phase) investigated by differential scanning calorimetry[END_REF][START_REF] Sangroniz | Self-Nucleation Effects on Polymer Crystallization[END_REF] and it is possible to reveal it by DSC. Indeed, melting a polymer in a temperature range going above its melting peak but below its thermodynamic melting temperature will subsequently lead to an increase of the crystallization kinetics.

Most of the time, calculations used to determine the crystallization kinetics in the LPBF process are done thanks to "classically" acquired isothermal and/or non-isothermal data that do not take into account this phenomenon. Thus, this leads to solidification time estimations that are, for the temperatures involved, significantly longer than what is experimentally observed in the printers [START_REF] Tan | Comparative study on the selective laser sintering of polypropylene homopolymer and copolymer: processability, crystallization kinetics, crystal phases and mechanical properties[END_REF][START_REF] Amado | Characterization and modeling of nonisothermal crystallization of Polyamide 12 and co-Polypropylene during the SLS process[END_REF]. In consequence, it seems legitimate i) to investigate if our polymer is subject to this phenomena, ii) if so, to quantify it and iii) to take it into account in the understanding of the LPBF process.

In this work, the influence of pre-existing nuclei on the polypropylene crystallization kinetics was investigated. Isothermal and non-isothermal crystallization experiments were conducted on samples being either nuclei-free or voluntarily self-seeded by melting at a lower temperature.

The presence of nuclei and their influence on the crystalline microstructure of the sintered parts were evidenced and investigated through an extensive characterization of the microstructure by various microscopy methods as well as by wide-angle X-ray diffraction (WAXD).

Experimental

Material

Powder

The material used in this study is a propylene-ethylene random copolymer (CoPP) with an ethylene content in the range of 2 to 3 mol.%. It is a powder that was specially developed for the LPBF manufacturing process (type: Ultrasint PP nat 01, supplier: BASF 3D PRINTING SOLUTIONS GmbH [START_REF]Ultrasint PP nat 01[END_REF]). Its general properties are described in Table 1. The printed batch comprises first a series of crosses built to verify the homogeneous temperature distribution throughout the powder bed. Then a series of six large tensile test bars (1B type according to ISO 527-2 standard [START_REF]Plastics -Determination of tensile properties Part 2: Test conditions for moulding and extrusion plastics[END_REF]) was printed in the XY plane, the length of the tensile bars being in the Y direction, parallel to the direction of travel of the recoater. The laser beam displacement direction was X and Y, alternatively between each layer. A 3D view of the printed batch is presented in Figure 1. 

Mechanical properties

To ensure that the study is conducted on parts that have been properly sintered, parts mechanical properties were investigated by tensile testing. Tests were conducted on a ZWICK-ROELL Proline tensile test machine with a XForce P sensor of 5 kN. Tensile experiments were conducted at 50 mm.min -1 , according to the standard ISO 527-2:2012 for thermoplastic polymers.

DSC experiments

Differential scanning calorimetry experiments were performed under nitrogen flow using a PERKIN ELMER Diamond DSC apparatus, daily calibrated both in temperature and heat flow with indium. Sample mass was in the range 6.5 to 7.5 mg. The thermal profile of the polymer was investigated by scanning the fresh powder from 40 °C to 180 °C at 10 °C.min 1 and then by cooling it down at the same rate.

The temperature domains for the partial and the full erasing of the crystalline nuclei were determined by heating the polymer at different temperatures (called selected temperature of melt Ts) for 2 minutes and then measuring the crystallization temperatures (Tc) during the subsequent cooling at 10 °C.min -1 . Selected temperatures in these experiments were between 150 °C and 180 °C with a step of 2.5 °C. As it will be shown in the "Results and discussion" section, 180 °C corresponds to the temperature inducing a complete erasing of the thermal history before crystallization whereas 150 °C is the lowest temperature possible allowing complete melting of the crystalline entities yet letting voluntarily self-seeded nuclei in the melt.

In addition, to investigate the crystallization kinetics of the studied polypropylene, crystallization experiments were conducted in isothermal mode between 116 and 128 °C and in constant cooling rate mode from 1 to 50 °C.min -1 . These experiments were performed on both completely and partially molten samples until full crystallization of the various samples.

Moreover, the melting points of samples isothermally crystallized were measured by heating runs at 10°C.min -1 immediately after the end of crystallization.

The crystallization kinetics will be described using the relative crystallinity function α(t)

varying from 0 to 1 and defined as the ratio of the mass fraction of crystallized material at a given time Xc(t) over the crystalline mass fraction of the polymer at the end of the experiment Xc(∞) (Equation ( 1)):

𝛼(𝑡) = 𝛸 𝑐 (𝑡) 𝛸 𝑐 (∞) (1) 
For isothermal experiments, the relative crystallinity is directly calculated through the ratio of the crystallization DSC peak area before time t over its total area. The comparison between results is generally based on the half-crystallization time, t1/2, corresponding to α = 0.5. For constant cooling rate experiments, the relative crystallinity is usually expressed as a function of the temperature, α(T), and is obtained by dividing the crystallization DSC peak area from the high temperatures to the temperature T over the total area.

Microscopy

Polarized light optical microscopy

The parts microstructure was investigated by polarized light optical microscopy (POM) using a LEICA DM2700M microscope equipped with a x20 objective, crossed polarizer/analyzer and a full-wave plate. The observed samples were 20 µm-thick cross-sections sliced at room temperature along the XZ and XY planes in the center of a printed tensile test bar (Figure 1)

thanks to a LEICA RM2265 microtome. To ensure reproducibility of the observations, two different tensile tests bars, each coming from two various printing sessions were prepared and analyzed.

The microstructure of Ultrasint PP material after thermal processing consisting of isothermal crystallization from a completely or partially molten state was investigated using the same microscope setup and a coupled METTLER TOLEDO FP82HT Hot Stage. A little quantity of powder was melted between two microscope slides at 180 °C or 150 °C before being cooled down at 20 °C.min -1 to 119 °C and maintained for two hours at this temperature (the value of 119 °C will be justified further).

Scanning electron microscopy

In complement of the POM, the parts microstructure was observed by scanning electron microscopy (SEM) with a FEI Quanta 250 microscope using an accelerating voltage of 5 kV.

Studied areas were cross-sections of tensile test bars surfaced by cryo-ultramicrotomy at -80 °C using a LEICA UC7 ultramicrotome. After slicing, the surface was prepared by chemical etching before being coated by a thin Cu layer.

Etching consists of the selective elimination of a material component through the application of selective solvents, strongly oxidizing acids, or basic compounds. Good results on semicrystalline polyolefins were reported by immersion in a mixture of water, sulfuric acid and potassium permanganate for 20 to 60 minutes [START_REF] Olley | A permanganic etchant for polyolefines[END_REF][START_REF] Olley | An improved permanganic etchant for polyolefines[END_REF]. A detailed explanation of the acid solution preparation is provided in the book Electron microscopy of polymers [START_REF] Michler | Preparation of surfaces[END_REF]. In our case, the sample was immersed in the permanganic acid solution for 20 minutes under constant steering.

Transmission electron microscopy

Further investigations of the parts microstructure were performed by transmission electron microscopy (TEM) with a PHILIPS CM120 microscope using an accelerating voltage of 80 kV on 70 nm-thick cross-section slices prepared by ultramicrotomy at room temperature. Prior to slicing, the sample was trimmed and then stained by complete immersion in ruthenium tetroxide (RuO4) for 48 hours. This step has two major benefits. First the RuO4 is known to stain the polyolefins by diffusing and then forming nanoclusters, mostly in the amorphous regions, at the interface with the crystalline regions, making the TEM observation of crystallites easier [START_REF] Trent | Ruthenium tetraoxide staining of polymers for electron microscopy[END_REF].

Secondly, the presence of these nanoclusters stiffens the polymer, making the slicing by ultramicrotomy possible at ambient temperature and therefore avoiding the inconvenience of sample preparation under cryogenic conditions [START_REF] Trent | Ruthenium tetraoxide staining of polymers for electron microscopy[END_REF]. To further facilitate slicing of the samples at ambient temperature, an ultrasonic diamond knife from DIATOME was installed on the ultramicrotome.

Wide-angle X-ray diffraction (WAXD)

The crystalline structures of the various printed samples were investigated by WAXD. The powder structural study was performed in reflection mode (Bragg-Brentano) at room temperature (CuKα radiation, λ = 1.5418 Å, 40 kV, 40 mA) using a BRUKER D8 Advance diffractometer. The diffraction patterns were obtained in the 2θ range from 5° to 50° by steps of 0.02°. The WAXD patterns of the printed parts were obtained using an OXFORD Gemini A Ultra in transmission mode with the same X-RAY tube settings and a CCD Atlas detector.

Samples were 200 µm-thick cross-sections from the tensile test bars prepared in the same conditions as the POM samples. The scanned area was in the center of the cuts and was about 500x500 µm. From these transmission patterns, diffractograms were obtained by plotting the intensity averaged on the azimuthal angle Ω vs. 2θ, from 30° to 210° (to avoid beam stop). In our case, Ω = 0° is positioned on the meridional axis of the WAXD images. After acquisition, the experimental data were processed using a fitting software (FITYK) to quantify the proportion of the different crystalline phases in presence. To determine the fractions of α and γ forms, Equation (2) was used [START_REF] Jones | Crystalline forms of isotactic polypropylene[END_REF].

𝑓 𝛾 = 𝐴(117) 𝛾 𝐴(117) 𝛾 + 𝐴(130) 𝛼 (2) 
with: fγ the fraction of γ form, A(117)γ the area under the peak associated to the diffraction of the γ form (117) plane, A(130)α the area under the peak associated to the diffraction of the α form (130) plane.

To verify the reproducibility, a tensile test bar coming from two various printing sessions were prepared and analyzed by WAXD.

Results and discussion

Influence of the presence of nuclei on the crystallization kinetics

In order to investigate the hypothesis that freshly exposed layers crystallization kinetics could be influenced by the nucleation effect of the surface on which it is resting, DSC as well as POM crystallization experiments were conducted on self-nucleated samples.

First, the thermal profile at 10 °C.min -1 of the Ultrasint PP material is presented in Figure 2 (black curve). It can be seen from the thermogram that the melting of the fresh powder is complete above 150 °C. After melting and maintaining the sample 2 minutes at 180 °C, the crystallization occurs around 100 °C (peak value) upon cooling at 10 °C.min -1 . When the experiment is repeated with a selected temperature of melt (Ts) of only 150 °C, the subsequent cooling stage (still at 10 °C.min -1 ) reveals that the crystallization occurs at around 115 °C (red curve). This indicates that despite the melting of the polymer, some nuclei are still present in the melt and will further act as a nucleating agent during the cooling stage. In the following, this will be referred as a "partial melting". that the melting temperature of a crystalline lamella is given by its thickness which is itself governed by the temperature at which it was formed during the crystallization [START_REF] Hoffman | Melting Process and the Equilibrium Melting Temperature of Polychlorotrifluoroethylene[END_REF],

independently of the nucleation mechanism. On the other hand, the printed parts had a melting peak at a temperature of 135.8 °C, which, in turn, indicates a crystallization temperature of 119 °C (see the green point in Figure 5). As shown in literature, and specifically in papers from Soldner et al. [START_REF] Soldner | Numerical and experimental investigation of the isothermal assumption in selective laser sintering of PA12[END_REF] and Greiner et al.

[27], it is known that the thermal history of the layers in the part is particularly complex. Just after the laser scanning, heat losses occur at the surface of the bed by convection and radiation.

In spite of the exposure to the radiant heaters whose role is to maintain the bed surface temperature as set (133 °C in our case), the surface of the melted zone appears to reach a lower temperature than the surrounding powder, due to different emissivity. Moreover, when the next powder layer is spread over, the temperature on top of this previously melted zone obviously drops. In the present case, the feeders powder temperature is 90 °C, it is then likely that the interface temperature reaches a value close to 119 °C.

To further understand the role of the self-nucleation phenomenon on the crystallization kinetics, isothermal experiments at various temperatures were carried out on completely and partially molten samples. Figure 7 shows the comparison of half-crystallization times for fully and partially molten material highlighting a ratio of around 60 whatever the crystallization temperature. To go further in the understanding of the crystallization process, experiments under nonisothermal conditions were carried out. Figure 8 shows the results of these experiments. As expected, the presence of self-seeded nuclei significantly increases the crystallization temperature for various cooling rates.

In conclusion, it was evidenced that self-nucleation leads to a very finely microstructure samples, confirming therefore the high density of crystalline nuclei. In parallel of this, isothermal and non-isothermal crystallizations from completely or partially molten states brought to light that the presence of self-seeded germs is a necessary condition to obtain crystallization times that are consistent with the timescales involved in PBF manufacturing. The data acquired in these experiments will, in the next section, exploited to quantify the crystallization kinetics of completely or partially molten samples thanks to crystallization kinetics models of Avrami and Ozawa. 

Quantification of the crystallization kinetics using Avrami and Ozawa models

To describe the crystallization in isothermal conditions, the Avrami theory is generally used.

This model describes the evolution of the relative crystallinity over time by introducing an isothermal crystallization rate constant kAvrami(T) and the Avrami exponent n that describes the nucleation process (Equation ( 3)) [START_REF] Avrami | Kinetics of Phase Change. I General Theory[END_REF]. In our study, the values of n and kAvrami(T) were not obtained by the classical way of plotting log(-ln(1-α(t))) as a function of log(t) but instead by using a non-linear least square regression procedure applied between the calculated and experimental relative crystallinities where n and kAvrami(T) are the fitting parameters.

𝛼(𝑡) = 1 -exp (-𝑘 𝐴𝑣𝑟𝑎𝑚𝑖 (𝑇). 𝑡 𝑛 ) (3) 
In a crystallization process at constant cooling rate, the relative crystallinity evolves with Temperature. One of the methods commonly applied for the analysis of such processes was proposed by Ozawa (Equation ( 4)) [START_REF] Ozawa | Kinetics of non-isothermal crystallization[END_REF].

𝛼(𝑇) = 1 -exp (- 𝑘 𝑂𝑧𝑎𝑤𝑎 (𝑇) |𝑇 ̇|𝑛 ) (4) 
Where kOzawa(T) is the Ozawa crystallization rate constant which depends only on the temperature, |𝑇 ̇| is the constant cooling rate and n the Avrami exponent. To apply the Ozawa equation, the classical process is to plot log(-ln(1-α(T))) as a function of log(|𝑇 ̇|) for every cooling rate [START_REF] Toda | A reinterpretation of the Ozawa model for non-isothermal crystallization at fixed scan rates[END_REF]. From these plots the values of n and log(kOzawa(T)) can be extracted, but it requires to perform the experiments at cooling rates close enough from each other to obtain crystallinity rate variations in overlapping temperature ranges. In the present work, in order to analyze the crystallization over a great range of temperature using a moderate number of experiments, the function ln(kOzawa(T)) was described with a 4 th degree polynomial expression (Equation ( 5)). A non-linear least square regression procedure was applied between the calculated and experimental relative crystallinities using the results of all the cooling rates together. In a first case, all the parameters (A, b, c, d, e and n) were adjusted and in the second case, for later comparison of all the results, the n exponent was fixed to 3 and only the parameters A to e were adjusted.

It should be mentioned that the choice of a 4 th degree polynomial expression is arbitrary and without any physical basis. However, it respects the fact that kOzawa(T) should increase monotonously when the temperature decreases, starting from 0 at the melting temperature (if it would re-decrease when lowering the temperature, that would predict an inconsistent re-melting during cooling after the crystallization beginning). If used within the temperature range where the crystallization develops experimentally, this unique kOzawa(T) description is useful to adequately account for relative crystallinity variations regardless of cooling rate.

𝛼(𝑇) = 1 -exp (- 𝐴 exp (𝑏𝑇 + 𝑐𝑇 2 + 𝑑𝑇 3 + 𝑒𝑇 4 ) |𝑇 ̇|𝑛 ) (5) 
with unit of A: °Cn .s -n and unit of b, c, d and e: °C-1 , °C-2 °C-3 , °C-4 , respectively. From the obtained kOzawa(T) function, the crystallization rate constant of Avrami kAvrami(T) can be deduced using Equation ( 6) [START_REF] Hieber | Correlations for the quiescent crystallization kinetics of isotactic polypropylene and poly(ethylene terephtalate)[END_REF].

𝑘 𝐴𝑣𝑟𝑎𝑚𝑖 (T) = [- 𝑑 (𝑘 𝑂𝑧𝑎𝑤𝑎 1 𝑛 ⁄ (𝑇)) 𝑑𝑇 ] 𝑛 (6) 
The interest of plotting together the crystallization rate constants of Avrami and Ozawa is to have information on the crystallization kinetics over a wide range of temperatures. Indeed, isothermal crystallization provides information on the crystallization kinetics of slow processes (i.e. at high temperatures) but the processing of the DSC data for very fast crystallizations (i.e. at low temperatures) can become challenging. On the other hand, non-isothermal crystallization experiments are used to gather information on a wide range of temperature as long as the signal amplitude is high enough. Because this amplitude in non-isothermal mode DSC experiments is proportional to the cooling rate, the data become undistinguishable at very low cooling rates.

In conclusion, the association of the Avrami model for slow crystallizations and of the Ozawa model for fast crystallizations allows obtaining an overview of the crystallization kinetics over a wide temperature range.

Thanks to the isothermal and non-isothermal crystallization experiments, respectively, the calculated values of kAvrami(T), n and kOzawa(T) were extracted. The kAvrami(T) values are summarized in Table 3. and the parameters of the Ozawa rate constant (Equation ( 5) are given in Table 4. 

Parameters Non-isothermal crystallization from completely molten state

Non-isothermal crystallization from partially molten state

n 3.3 3.0 1.0 3.0 A (C n .s -n )
2.201x10 43 4.798x10 51 7.479x10 34 3.150x10 59 b (°C -1 ) -3.78x10 0 -4.38x10 0 -2.45x10 0 -4.37x10 0 c (°C -2 ) 4.94x10 -2 5.55x10 -2 2.56x10 -2 4.88x10 -2 d (°C -3 ) -2.24x10 -4 -2.44x10 -4 -9.28x10 -5 -1.91x10 -4 e (°C -4 ) -3.91x10 -11 -3.91x10 -11 -3.91x10 -11 -3.91x10 -11 As seen in Table 3 and Table 4 the calculated values of n for samples that were completely molten are slightly above 3 (3.3 on average), for both isothermal and non-isothermal experiments. On the other hand, n is found to be around 1.4 on average when samples were prepared from a partially molten state. There is no obvious reason that can be put forward to explain this, except that the secondary crystallization may be much more marked for crystallizations with a large number of nuclei. Indeed, the secondary crystallization [START_REF] Hillier | Modified avrami equation for the bulk crystallization kinetics of spherulitic polymers[END_REF] is not taken into account by Avrami and Ozawa models where only the primary crystallization, associated with the growing phase of spherulites, is considered. This secondary crystallization tends to delay the end of crystallization by completion inside the spherulites after their expansion. Furthermore, when there are many nuclei, the part of the secondary crystallization can become dominant because the growth of the spherulites stops very rapidly due to their impingement. Nevertheless, to legitimately compare all calculated values of kAvrami(T) obtained from isothermal and non-isothermal experiments (using Equation ( 6)), they must be calculated with the same value of n. Therefore, the calculations of the crystallization kinetics rate parameters kAvrami(T) (Table 3) and kOzawa(T) (Table 4) were performed again with a fixed value of n = 3. It may seem arbitrary to set this value but some arguments can be put forward: i) the value obtained for the totally molten polymer is very close to 3, ii) this value allows a physical meaning expression of kAvrami (= 4N0G 3 /3 with N0 the number of nuclei by volume unit and G the growth rate of spherulite radius before their impingement), iii) the picture in Figure 4 (a)

shows very similar spherulite sizes which implies an instantaneous nucleation consistent with a n value of 3. Obviously, the use of n = 3 for the partially molten polymer is much more questionable. That is why, in the following, the consequences of using this value are shown.

The effect of this approximation is shown by comparing the evolution of the experimental and calculated relative crystallinities for both isothermal (Figure 9) and non-isothermal experiments (Figure 10). In the case of the crystallization after complete melting, the use of a fixed value of n = 3 leads to a very good description of the relative crystallinity curves. However, as it could be expected, for the samples crystallized from a partially molten state, the difference between experimental and calculated curves is greater, especially for high values of α. Table 5 gives the Root Mean Square Deviation (RMSD) of all fitting performed with n = 3 for both isothermal and nonisothermal experiments. Despite these discrepancies, the calculated relative crystallinity for varying conditions is remarkably well predicted. Particularly, the shift of t1/2 and T1/2 with the increase of the isothermal crystallization temperatures and the cooling rates respectively, either with or without self-seeded nuclei is in complete agreement with the experimental results. Therefore, the use of a fixed value of n = 3 is acceptable to compare all the calculated Avrami rate constants.

Figure 11 shows the evolution of the Avrami crystallization kinetics rate functions kAvrami(T)

directly obtained from the isothermal measurements and deduced from the constant cooling rates experiments after the fitting of Equation ( 5) parameters and use of Equation [START_REF] Mwania | Preliminary testing to determine the best process parameters for polymer laser sintering of a new polypropylene polymeric material[END_REF]. Both models lead to comparable results and the difference of crystallization kinetics between the samples with or without self-nucleation is consistent, independently of the crystallization mode (isothermal or non-isothermal). In further works, this could allow the use of the Nakamura equation which predicts the relative crystallinity evolution for a complex thermal history. From both isothermal and constant cooling rates experiments, a factor of 10 6 between totally molten and self-nucleated samples is observed on the Avrami crystallization kinetics rate functions kAvrami(T) at high temperature (120 °C). It should be mentioned that for temperatures lower than the experimental temperature range, the 4 th degree polynomial chosen to describe the Ozawa crystallization kinetics rate parameters kOzawa(T) does not respect the physical limits. Indeed, since the crystallization only occurs between the glass transition temperature Tg and the thermodynamic melting temperature Tm°, the function kOzawa(T) should be 0 for high temperatures and stabilize on a plateau when temperatures are below the glass transition temperature Tg (-10 °C in our case). For the same reason, a bell-shaped curve should be obtained for kAvrami(T) with zero values for temperatures lower than Tg and higher than Tm°. Therefore, the observed increase of the values of log(kAvrami(T)) in Figure 11 for temperatures lower than about 90 °C, is only an artifact due to the derivation of the 4 th degree polynomial function and does not have physical significance.

Moreover, the Ozawa's model predictions are inaccurate above 120 °C since beyond this temperature, for constant cooling rates experiments, the crystallization process has not started (see Figure 10). Therefore, in this domain, the isothermal experiments are more suitable.

In other words, the use of the polynomial expression is valid only in the experimental temperature range (i.e. between 90 and 120 °C).

3.3.

Influence of crystalline nuclei on the microstructure of 3D printed parts

Tensile testing

First and foremost, to ensure that the presented work was conducted on parts manufactured with good energy density settings, the tensile properties of the sintered parts were investigated. The results are presented in Table 6. [START_REF]Ultrasint PP nat 01[END_REF], demonstrating therefore that the parts were correctly exposed, with a sufficient amount of energy density and that good coalescence was achieved.

Parts crystalline microstructure

Parts microstructure was analyzed using different techniques in order to scrutinize the effect of self-nucleation. Indeed, if this self-nucleation appears in some specific locations of the solidifying layer, this should lead to inhomogeneous structure, more specifically, the presence of numerous nuclei should lead to a very fine microstructure as observed in Figure 4.

It must be specified that the term "self-nucleation" will be used in the following to depict the phenomenon where pre-existing crystalline nuclei accelerate the crystallization, without distinguishing if they are due to the sublayer already crystallized or to a non-total erasing of the thermal history by the laser. The presence of the highly nucleated region at the bottom of each layer can be attributed to two different phenomena that could coexist, i) the bottom of the melt pool is nucleated by direct contact with the subjacent layer that already solidified and/or ii) the laser does not bring enough energy at the bottom of the sintered to completely erase all the nuclei (nonetheless, complete melting of the grains is achieved). Both these mechanisms imply crystalline lamellae development based on preexisting crystals. In that sense, both can be qualified as selfnucleation phenomena analogous to the crystallization described above form DSC and POM experiments. Thus, regarding LPBF process, we consider as self-nucleation both mechanisms:

 Nucleation on a pre-existing crystalline surface of identical nature.

 Increasing of nuclei number due to the memory effect of the chains segments regarding their orientation in the lamellae prior to melting. Figure 14 shows the 2D WAXD diffraction pattern of a thin cross-section sliced along the XZ and XY planes. From the azimuthal integration presented in Figure 15, it can be deduced that the studied sample is mainly crystallized in the γ form of polypropylene [START_REF] Brückner | Non-parallel chains in crystalline γ-isotactic polypropylene[END_REF][START_REF] Auriemma | Solid state polymorphism of isotactic and syndiotactic polypropylene[END_REF][START_REF] Angelloz | Crystallization of isotactic polypropylene under high pressure (γ phase)[END_REF]. Indeed, as evidenced by Brückner et al. [START_REF] Brückner | Non-parallel chains in crystalline γ-isotactic polypropylene[END_REF] and Awaya [START_REF] Awaya | The γ form of crystalline, isotactic polypropylene[END_REF], the WAXD diffraction pattern of the γ phase of PP is quite similar to the one obtained for a sample exclusively crystallized in the α form. In practice, the only difference between the γ and α forms diffractograms is the presence of the strong peak at 2θ = 20.1° corresponding to the plane (117)γ instead of the α form peak at 2θ = 18.6° corresponding to plane (130)α. Thanks to Equation (2), it can be determined that the fraction of γ form in the printed parts is about 98%. The presence of γ phase in LPBF parts made of polypropylene copolymers has already been observed in the past [START_REF] Zhu | Investigation into mechanical and microstructural properties of polypropylene manufactured by selective laser sintering in comparison with injection molding counterparts[END_REF][START_REF] Tan | Comparative study on the selective laser sintering of polypropylene homopolymer and copolymer: processability, crystallization kinetics, crystal phases and mechanical properties[END_REF].

The presence of a significant amount of γ form in the powder (Figure 15 In summary, the observation of an alternating pattern consisting of a very finely microstructured region followed by a transcrystalline region and the spherulitic region along the Z axis of the parts is consistent with the thermal analysis investigations. Indeed, the isothermal and nonisothermal crystallization experiments showed that, by introducing the notion of partial melting and self-nucleation in the LPBF process, the crystallization kinetics of the successive layers can be significantly hastened. By implementing those concepts, solidification times that are consistent with those observed during the printing process were obtained in the DSC experiments.

Conclusion

In this work the crystallization process of a polypropylene-ethylene random copolymer developed for the LPBF additive manufacturing technique was investigated. Isothermal and non-isothermal crystallization kinetics were studied by DSC and parts microstructure was characterized via POM, SEM, TEM and WAXD.

More specifically, the nucleating effect on the bottom of the melt that causes an enhanced crystallization kinetics of the PP is attributed i) to the direct contact of the melt with the partially solidified subjacent layer that acts as a nucleating agent and/or ii) to a self-nucleation (or memory effect) due to an insufficient energy input by the laser to completely erase the chain segments orientation coming from its previous conformation in the crystalline lamella. It must be specified that, in our approach, the term "self-nucleation" was understood as the fact that a pre-existing crystalline nucleus accelerates the crystallization, but we did not distinguish the pre-existing crystals due to the sublayer from the pre-existing nuclei coming from the selfnucleation itself which is due to a non-total erasing of the thermal history of the material. DSC isothermal and non-isothermal crystallization experiments showed that the half-crystallization times of the PP material are consistent with experimental observations and time range in LPBF only if crystallization occurs from a self-nucleated molten state. Indeed, by staying in a window that extends up to 15 °C beyond the end of the melting peak of the studied PP, some nuclei are still present in the melt and will significantly increase the crystallization kinetics. By applying the Avrami and Ozawa crystallization kinetics models, a factor 10 6 on the Avrami crystallization kinetics constant kAvrami(T) was found between the material crystallized from a nuclei-free state versus from a self-nucleated state.

The evidence of the presence of these nuclei during the LPBF process was brought to light by the parts microstructure investigation. Indeed, a repeating pattern every 100 µm (the thickness of a layer) of very fine microstructures, oriented transcrystalline regions and isotropic spherulitic regions were observed by microscopic methods. WAXD measurements confirmed that the crystalline phase was predominantly of γ form. In the transcrystalline regions, crystalline lamellae emerged from the highly nucleated zones and grew along the Z axis of the parts. Finally, POM observations also revealed that since the top of the parts are not ending by a highly nucleated region, the primary crystallization of the lastly sintered layer was finished by the time a new layer of fresh powder was recoated, indicating therefore that the time needed for solidification of the studied CoPP is lower than one minute.

In summary, the importance of taking in account the self-nucleating effect due to the solidification of the sub-surface layers in the crystallization kinetics of each new layer as well as its consequences on the parts microstructure was evidenced. The integration of this novel insight in the LPBF crystallization models as well as the investigation of the consequences of the inhomogeneous microstructure on parts properties represent potential future works.

Figure 1 :

 1 Figure 1: 3D view of the printed parts.

Figure 2 :

 2 Figure 2: Heating and cooling DSC curves at 10 °C.min -1 of the PP material after complete and partial melting.

Figure 3 :

 3 Figure 3: Crystallization temperature Tc (onset and peak) as a function of the selected temperature of melt (Ts). Domains I and II refer respectively to completely molten material and partially molten, self-nucleated melt.

Figure 4

 4 Figure4shows POM pictures at t = t1/2 and when crystallization is complete of samples

Figure 4 :

 4 Figure 4: POM images obtained during and after isothermal crystallization at 119 °C of Ultrasint PP after different thermal histories. (a) and (c) after complete melting of the powder (2 min at 180 °C); (b) and (d) after partial melting of the powder (2 min at 150 °C). Pictures (a) and (b) were taken at t = t1/2 (respectively 51 min and 1.5 min). Pictures (c) and (d) were taken when the crystallization was complete (100 min and 10 min).

Figure 5 :

 5 Figure 5: Hoffman-Weeks plot for all samples isothermally crystallized in DSC and additional point of the printed part.

Figure 6

 6 shows isothermal crystallization experiments on (a) completely molten (i.e. nuclei-free) samples and (b) partially molten samples. At temperatures quite lower than the printing conditions (between 125 °C for the piston and 134 °C for the powder bed), the half-crystallization times obtained from the nuclei-free molten state (a) are over 30 minutes. This is inconsistent with what is observed in the printer where partially solidified layers are noted a few minutes after their fabrication[START_REF] Tan | Comparative study on the selective laser sintering of polypropylene homopolymer and copolymer: processability, crystallization kinetics, crystal phases and mechanical properties[END_REF][START_REF] Amado | Characterization and modeling of nonisothermal crystallization of Polyamide 12 and co-Polypropylene during the SLS process[END_REF]. In order to achieve half-crystallization times which remain consistent with what is observed in LPBF, same experiments were therefore conducted after only partial erasing of the nuclei (Figure6 (b)).

Figure 6 :

 6 Figure 6: (a) Evolution of the relative crystallinity α during isothermal crystallizations at 117; 118; 119 and 121 °C after complete melting and (b) at 116; 117; 118; 119; 121; 124; 126 and 128 °C after partial melting.

Figure 7 :

 7 Figure 7: Half-crystallization times after complete melting (Ts = 180 °C) and partial melting (Ts = 150 °C).

Figure 8 :

 8 Figure 8: (a) Evolution of the relative crystallinity α during non-isothermal crystallizations at 50, 20, 10, 5, 2 and 1 °C.min -1 after complete melting (full lines) and partial melting (dashed lines); (b) Half-crystallization temperatures vs. the cooling rate after complete melting at 180 °C and partial melting at 150 °C.

Figure 9 :

 9 Figure 9: Experimental α and calculated α with a fixed value of n = 3 for isothermal crystallization after (a) complete melting and (b) partial melting.

Figure 10 :

 10 Figure 10: Experimental α and calculated α with a fixed value of n = 3 for non-isothermal crystallizations at different cooling rates after (a) complete melting and (b) partial melting.

Figure 11 :

 11 Figure 11: Avrami crystallization kinetics rate functions kAvrami(T) for a fixed value of Avrami exponent (n = 3), determined from isothermal (symbols) and from constant cooling rate (lines) experiments for samples crystallized from a completely molten state (Ts = 180 °C) and a partially molten state (Ts = 150 °C).

Figure 12 presentsFigure 4

 124 Figure 12 presents POM images and Figure 13 presents SEM as well as TEM images of a part

Figure 13 :

 13 Figure 13: (a) SEM picture of part cross-section prepared by chemical etching. The regions annotated in blue, orange and green correspond to very finely structured, transcrystalline and spherulitic regions respectively. Plain orange rectangle shows highly transcrystalline region (2) going topward, while dashed orange rectangle shows that this region is absent when going downward from the highly nucleated region (1); (b) TEM observation of an area (similar to that in the red rectangle in (a)).

  (a), fγ powder = 15%) and even more specifically in the parts (Figure15 (b), fγ parts = 98%) is not surprising since the formation of γ form is promoted by the crystallization at high temperature[START_REF] Auriemma | Crystallization of metallocene-made isotactic polypropylene: Disordered modifications intermediate between the α and γ forms[END_REF][START_REF] Foresta | Competition between α and γ phases in isotactic polypropylene: Effects of ethylene content and nucleating agents at different cooling rates[END_REF][START_REF] Alamo | Structural and kinetic factors governing the formation of the γ polymorph of isotactic polypropylene[END_REF] of short In the γ crystalline form, the chains are parallel to the diagonal of the aγbγ plane of the orthorhombic cell and form an angle of 81.4°. The chains are in the 3/1 helical conformation and are organized in double layers packed along the cγ axis for the γ form. In our study, if we consider the previous solidified layer as the (XY) plane containing the chains organized in the γ form (aγbγ), then the packing direction cγ should be parallel to the Z axis of part construction.In this configuration, because of some crystalline orientation, the diffraction pattern should present circles of non-uniform intensities, especially for the (008)γ plane which is perpendicular to the cγ-axis (thus containing the chain axis). In that regard, Figure14 (a)shows the diffraction pattern of the XZ cross-section. For these measurements, the area scanned by the X-ray beam is about 500x500 µm which comprises five layers. Thus, it corresponds to the diffraction averaged over the three identified types of zones. However, it clearly shows an intensity varying as a function of the azimuthal angle Ω revealing preferred reflections of the planes belonging to the transcrystalline regions. More precisely, the (hkl)γ reflections with h = k ≠ 0 (for instance the (111)γ, (113)γ…) show two maximums in the meridional line (0° and 180°) and the equatorial (90° and 270°) region with the equatorial maximums being the most intense. On the other hand, the reflections with h and/or k = 0 (for instance the (008)γ, (202)γ…) show maximums only in the meridional line[START_REF] Auriemma | The oriented γ form of isotactic polypropylene[END_REF][START_REF] Auriemma | Stretching isotactic polypropylene: From "cross-ß" to crosshatches, from γ form to α form[END_REF][START_REF] Van Erp | Oriented gamma phase in isotactic polypropylene homopolymer[END_REF]. The azimuthal intensity variations were plotted in Figure16for the (111)γ and (008)γ lattice planes. Strong equatorial maximum reflections and less intense meridional maximum reflections are observed for the (111)γ plane whereas strong maximum meridional reflections can be seen for the (008)γ plane, with equatorial minimums. Moreover, to verify that, for the oriented crystallites, the cγ-axis which is the growth direction of the γ phase, is the only cell axis preferentially oriented, the same experiments were conducted on slices cut along the XY plane of a printed part. The POM pictures (Figure12 (c) and (d)), the WAXD pattern (Figure14 (b)) and the intensity azimuthal variations for the (111)γ and (008)γ planes (Figure16 (b)) are all evidences that, no specific orientation is observed in the XY plane, confirming that the aγ and bγ axes are randomly distributed in the XY plane.

Figure 16 :

 16 Figure 16: Transmitted intensity vs. azimuthal angle Ω for the planes (111)γ and (008)γ from (a) a XZ cross-section of part and (b) a XY cross-section of part.

Table 1 : Manufacturer published material properties for Ultrasint PP nat 01 [31].
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	Properties	Typical values
	Bulk density	330 kg.m -3
	Parts density	890 kg.m -3
	Mean particle size (volume)	60-70 µm
	Melting temperature (10 °C.min -1 )	140 °C
	Crystallization temperature (10 °C.min -1 ) 100 °C
	Melt volume flow rate (230 °C; 2.16 kg)	14 cm 3 .10min -1
	2.1.2.	Printed parts
	The microstructure characterization was conducted on tensile test bars obtained by LPBF. The
	printing was carried out on a freely parametrizable laser sintering machine (PRODWAYS

Table 2 : Printing parameters.
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	Parameter	Value
	Layer thickness	0.1 mm
	Powder deposition mechanism Roller
	Recoater speed	160 mm.s -1
	Bed temperature	133 °C
	Piston temperature	125 °C
	Feeders temperature	90 °C
	Surface energy density	0.021 J.mm -2
	Laser power (infill)	12.5 W
	Laser power (outline)	12 W
	Scan speed	3500 mm.s -1
	Hatching distance	0.17 mm
	Layer time	50 s

Table 3 : Values of kAvrami(T) and n obtained from the isothermal crystallization experiments.

 3 

	Crystallization experiment	Isothermal crystallization temperature	n	log(kAvrami(T))	log(kAvrami(T)) with n fixed to 3
		(°C)	(-)	(s -n )	(s -3 )
	Isothermal	117	3.3	-4.8	-10.1
	crystallization from a	118	3.4	-5.1	-10.5
	completely molten state	119	3.8	-5.9	-10.6
		121	2.8	-4.5	-11.2
	Isothermal	116	1.2	-0.9	-4.6
	crystallization from a	117	1.4	-1.0	-4.8
	partially molten state	118	1.5	-1.2	-5.3
		119	1.5	-1.3	-5.7
		121	1.4	-1.3	-6.2
		124	1.5	-1.6	-7.1
		126	1.8	-2.0	-7.5
		128	1.2	-1.6	-8.9

Table 4 : Values of n and of the fitting parameters A, b, c, d and e obtained from constant cooling rate crystallization experiments.
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Table 5 : RMSD values of fitting performed with n = 3 for isothermal and non-isothermal experiments.
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	Isothermal experiments	Non-isothermal experiments
	Isothermal	Complete	Partial	Cooling	Complete	Partial
	temperature	melting	melting	rate	melting	melting
	(°C)	(-)	(-)	(°C.min -1 )	(-)	(-)
	116	(-)	0.089	50	0.019	0.038
	117	0.02	0.082	20	0.020	0.034
	118	0.012	0.088	10	0.018	0.058
	119	0.031	0.117	5	0.021	0.074
	121	0.019	0.095	2	0.021	0.056
	124	(-)	0.111	1	0.014	0.078
	126	(-)	0.082	(-)	(-)	(-)
	128	(-)	0.133	(-)	(-)	(-)

Table 6 : Summary of the tensile properties of the sintered tensile test bars.
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	Young's modulus (MPa)	1400 ± 70
	Stress at yield (MPa)	27 ± 1
	Stress at break (MPa)	23 ± 2
	Elongation at break (%)	19 ± 1
	These mechanical properties are comparable to what can be found in the technical data sheet of
	the Ultrasint PP nat 01	
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melting up to 5 layers below the surface. This could be explained by the difference of melting enthalpy between PP and PA12 or by the laser diffusion in the two different powders. In SEM and even TEM pictures (Figure 13) the alternating microstructure is also clearly visible. More specifically, three distinct areas can be identified: 1) A very finely microstructured nucleated region, 2) A transcrystalline region with crystallites all parallel to the Z axis and emerging from the first region, 3) A spherulitic and isotropic area.

isotactic sequences [START_REF] Thomann | On the γ-phase of isotactic polypropylene[END_REF][START_REF] Thomann | Influence of stereoirregularities on the formation of the γ-phase in isotactic polypropene[END_REF][START_REF] Rosa | Crystallization of the α and γ forms of isotactic polypropylene as a tool to test the degree of segregation of defects in the polymer chains[END_REF]. Short isotactic sequences are more likely to be observed in metallocene produced PP. Indeed, compared to Ziegler-Natta catalysis, metallocene catalysis promotes a more homogeneous distribution of the regio-and stereo defects as well as of the comonomers units along the polymer chains [START_REF] Hosier | Formation of the α and γ polymorphs in random metallocene-propylene copolymers. Effect of concentration and type of comonomer[END_REF][START_REF] Gahleitner | Propylene-ethylene random copolymers: Comonomer effects on crystallinity and application properties[END_REF][START_REF] Laihonen | Crystal structure and morphology of melt-crystallized poly(propylene-statethylene) fractions[END_REF][START_REF] Fischer | The influence of regio-and stereoirregularities on the crystallization behaviour of isotactic poly(propylene)s prepared with homogeneous group IVa metallocene/methylaluminoxane Ziegler-Natta catalysts[END_REF][START_REF] Rosa | Comparison between polymorphic behaviors of Ziegler-Natta and metallocene-made isotactic polypropylene : The role of the distribution of defects in the polymer chains[END_REF][START_REF] Rosa | Comparison between polymorphic behaviors of Ziegler-Natta and metallocene-made isotactic polypropylene: The role of the chain microstructure[END_REF][START_REF] Rosa | Structure-property correlations in polypropylene from metallocene catalysts: Stereodefective, regioregular isotactic polypropylene[END_REF]. 
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