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Introduction

In 2030, 80% of the electric energy is expected to flow through a power electronics converter (switchmode power supplies, SMPS) [START_REF]Power Electronics[END_REF], [START_REF] Tolbert | Power Electronics for Distributed Energy Systems and Transmission and Distribution Applications: Assessing the Technical Needs for Utility Applications[END_REF]. The main and current challenges related to these converters rely on their power density increase (miniaturization) and efficiency enhancement [START_REF] Bohnke | Prototyping and testing embedded transformer for 100W 1MHz GaN converter[END_REF], [START_REF] Ferreira | The Impact of ITRW: How Can WBG Power Semiconductors Break Through?[END_REF]. Passive components, such as transformers, inductances, common mode chokes, differential mode chokes, may represent a large part (> 50% vol.) of the total converter's volume [START_REF] Walker | Novel Core Designs to Miniaturise Passive Magnetic Components[END_REF], [START_REF] Gong | Design of high power density DC-DC converter based on embedded passive substrate[END_REF]. With the advent of wideband gap semiconductors (silicon carbide, SiC and gallium nitride, GaN) the increase in the SMPS switching frequency (> 100 kHz) will constitute an interesting option for increasing the power density, as the volume of some of these passives could be reduced (the energy per cycle decreases for same power transfer at higher frequency). However, higher thermal gradients may occur inside the smaller size components and this aspect must be considered. The mitigation of the effects of iron and copper losses on core thermal behavior may lead to more innovative core geometry [START_REF] Delette | Thermal Management Design of Transformers for Dual Active Bridge Power Converters[END_REF]. Additive Manufacturing (AM) emerges as a solution that allows the fabrication of magnetic ferrite cores featuring improved thermal management ability [START_REF] Liu | UV-assisted 3D-printing of soft ferrite magnetic components for power electronics integration[END_REF]- [START_REF] Liu | Ferrite Paste Cured With Ultraviolet Light for Additive Manufacturing of Magnetic Components for Power Electronics[END_REF]. However, as the performances of ferrite cores are strongly dependent on the microstructure, the impact of AM process on the characteristic of the built material should be better controlled Additive manufacturing technique using UV-light cured resin, such as stereolithography (SLA) or digital light processing (DLP) is a process based on the photo-polymerization of a UV-photosensitive formulation. This manufacturing method can be used to process dense ceramics parts, such as ferrites, (after thermal debinding and sintering) by loading ceramics particles into the photo-curable resin. The printing consists of a layered manufacturing based on UV photosensitive resin highly loaded (> 40%.vol) with ceramic powder [START_REF] Zakeri | A comprehensive review of the photopolymerization of ceramic resins used in stereolithography[END_REF] to be able to obtain final dense part. One of the critical aspects in the process is the initiation of the photo-polymerization, which requires the absorption of the UV-light energy by the photo-initiator, contained in the formulation. Nonetheless, the UV-light transmission may be mitigated by other phenomena such as reflection, light scattering, and absorption, induced by lightparticle interactions. This can result in the incapacity of processing a part by 3D printing [START_REF] Zakeri | A comprehensive review of the photopolymerization of ceramic resins used in stereolithography[END_REF], [START_REF]Preparation of Mn–Zn ferrite ceramic using stereolithography 3D printing technology[END_REF].

Several studies dealt with formulations containing alumina, zirconia, hydroxyapatite (HAP), and other ceramics materials [START_REF] Fu | Preparation and stereolithography 3D printing of ultralight and ultrastrong ZrOC porous ceramics[END_REF]- [START_REF] Zhang | Micro-stereolithography of polymeric and ceramic microstructures[END_REF]. These ceramics exhibit low scattering effect and low absorption to UVlight, which may ease the process using UV AM [START_REF]Preparation of Mn–Zn ferrite ceramic using stereolithography 3D printing technology[END_REF]. However, few studies have explored formulations containing ferrite particles for the fabrication of passive components [START_REF] Liu | UV-assisted 3D-printing of soft ferrite magnetic components for power electronics integration[END_REF], [START_REF] Liu | Ferrite Paste Cured With Ultraviolet Light for Additive Manufacturing of Magnetic Components for Power Electronics[END_REF], [START_REF]Preparation of Mn–Zn ferrite ceramic using stereolithography 3D printing technology[END_REF]. Generally, photocurable formulations with ferrites are slurries containing low particles content (1 to 25%.wt) [START_REF] Safaee | Investigation of a Magnetic Field-Assisted Digital-Light-Processing Stereolithography for Functionally Graded Materials[END_REF]- [START_REF] Domingo-Roca | 3D-printing polymer-based permanent magnets[END_REF]. Increasing the amount of the solid content enhances the absorption of the UV radiations by the particles, which inhibits the light absorption by the photo-initiator causing the failure of the 3D printing for highly loaded resins [START_REF] De Hazan | Functional ceramic and nanocomposite fibers, cellular articles and microspheres via radiation curable colloidal dispersions[END_REF].

For highly charged resins (> 40%.vol of particles), light scattering and absorption of the UV incident radiation by the particles are the main issues when preparing UV-cured resins containing ferrite ceramics [START_REF]Preparation of Mn–Zn ferrite ceramic using stereolithography 3D printing technology[END_REF]. Reducing these light scattering and absorption phenomena is crucial to successfully print a part. Sun et al. [START_REF] Sun | The in¯uences of the material properties on ceramic microstereolithography[END_REF] studied the influences of the ceramics' properties for stereolithography using Monte Carlo simulation. Their results show that for decreasing light scattering effect, the particle's diameter should not be in the range of the incident light wavelength. Furthermore, large particle size distribution induces stronger light scattering effect. Indeed Sun et al. shows that increase from 0.05 to 0.3 µm of the particle distribution (mean size of 0.5 µm) decreases the curing depth from 68 to 48 µm. A larger particle size distribution means that there is a greater amount of fine particles, which may have a size close to the wavelength and, in turn, may increase the scattering effect. Similarly, the Mie theory shows that large particles (> 10 times the incident wavelength) have lower and constant scattering effect conversely to particles with a size around the incident wavelength [START_REF] Glatter | Chapter 10 -Light Scattering From Large Particles: Lorenz-Mie Theory[END_REF], [START_REF] Ye | Measurements of Particle Size Distribution Based on Mie Scattering Theory and Markov Chain Inversion Algorithm[END_REF]. In the case of ferrite powders, a systematic study of the impact of some powder parameters (particle size distribution and morphology) on the interaction with incident light is still required to design reliable ferrite parts using UV-light cured AM.

This paper focuses on the analysis of the optical properties of formulations containing Mn-Zn ferrite powder. First, experimental data obtained on formulations with a low content of ferrite particles (15%.wt) are quantitatively confronted to the results issued from the classical Mie theory. Then, high solid content (75%.wt) are investigated to cover the practical applications in DLP and the role of light scattering is elucidated in this specific configuration.

Experimentation

2.1. Methods

Milling Process and particles' size selection

A commercial ferrite powder (Z70-L2G) from Japan Metal and Chemicals (JMC) made for pressing manufacturing was used for the photosensitive formulation. The raw ferrite powder has a particle's size d50 of 260 nm. Curing was not possible using a formulation with 75%.wt (40%.vol) of the raw ferrite powder. The mean particle's size of 260 nm may be too close with the wavelength value of 365 nm, which may increase the scattering effect or absorption. To increase the particle's size, the raw powder was calcinated at 1160 °C for 4 hours. Then, the ferrite powder milling was carried out using planetary milling technique with a RETSCH PM100 device (300 g of ferrite powder; 150 g of 1 cm steel ball; 250 RPM for 5 min). After the milling process, the particles' sizes were selected by using manual sieving with circular motions under 30 min. The used sieve meshes were 71, 63, 50, 40 and 32 µm to obtain large particle's size compared to the incident wavelength. Particles' size and distribution of the ferrite powder after the milling and sieving process were measured using laser diffraction technique with a Malvern Mastersizer 2000 device Figure 1 shows the particle size distribution after milling. All of the ferrite powder particle's distributions present a single peak centered to a median value close to the corresponding mesh size. In the following, each powder batch is referred according to the mesh size (P71 for a mesh size of 71 µm), as indicated in the Table 1. The particle size, particle distribution and particle morphology are the three main parameters influencing the powder behavior during the process. Not only the powder dispersion, sedimentation and rheological properties of the formulation are impacted but also the optical properties of the powder, such as specular transmission and reflection, diffuse transmission, reflection and finally absorption of light. This dependence will be described in the section 3.

Figure 1: Particle size distribution in number of the ferrite powder after milling and sieving process

Figure 2 shows the morphology of the ferrite powder that went through P71 to P32 batches. We can see in P71 and P63 samples that the powder is mainly composed of spherical particles in opposition to P50, P40 and P32 batches, which are mainly composed of faceted rough particles. In P40 and P32 samples, tiny fine particles (in average 9.5 ± 1.8 µm) are observed around the surface of the bigger particles. The presence of the fine particles may increase the surface area and roughness. This variation of surface roughness may change how the light interact with the particles [START_REF] Hu | Effect of SiC powder on the properties of SiC slurry for stereolithography[END_REF]. 

Optical properties measurement

The curing performance of a formulation depends on the capacity of the photo-initiator to absorb the UV-radiation energy during the curing. Solid particles dispersed in the formulation generally reduce the energy received by the photo-initiator by absorbing the UV-radiation energy at a rate that depends on the powder loading and particle size. Light-particle interaction involves the combination transmission, reflection, and absorption of the incident beam (Figure 3). Transmission and reflection can be accompanied by diffusion also called scattering, which is the process of deflecting a radiation beam into multiples directions. In this case, this is diffuse transmission and diffuse reflection. When no scattering occurs, transmission or reflection of a radiation beam results in a radiation beam according to the laws of geometrical optics. In this case, this is specular transmission and specular reflection. Total transmission is the sum of specular and diffuse transmission, and it is the same for reflection. Absorption is the transformation of a radiant power of a radiation beam to another type of energy, usually heat. Optical transmission and reflection ferrite formulation were carried out using quartz cell with an optical path length of 100 µm supplied by Starna Scientific Ltd and an integration sphere spectrophotometer (Lambda 950 Perkin Elmer) from 250 to 800 nm with a 5 nm step. The formulation was prepared by mixing the ferrite powder at 15%.wt (3.6%.vol) to understand how the ferrite particle interact with the light and compare it to the Beer-Lambert law using Mie theory. Then measurements were repeated at a ferrite content of 40%.vol to characterize the optical behavior of ferrite particles in a high loaded formulation. Both formulation was prepared using pentaerythritol tetraacrylate (Sigma Aldrich) and mixed using planetary mixer Kurabo. The high viscosity of the resin is convenient for the measurement as it prevents ferrite particles from sedimentation during the measurement.

Preparation of the formulation and cured layer thicknesses measurement

The resin is a mixture of 80%.wt of trifunctional amine-modified polyether acrylate and 20%.wt of 1,6hexanediol diacrylate commercialized by Arkema as CN509 and SR238 respectively. The acrylate resin mixture was chosen because it allows a debinding temperature below 400 °C. Higher debinding temperature may form manganese carbide, which is not wanted. The photo-initiator (a blend of 50%.wt 2-methyl-4'-(methylthio)-2-morpholinopropiophenone and 50%.wt phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide commercialized by Sigma-Aldrich as 2-Methyl-4′-(methylthio)-2morpholinopropiophenone (Irgacure 907) and Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure 819) respectively is added at 5%.wt into the resin. The photo-initiator mixture was chosen because it enables thicker cured monolayer.

To measure the cured layer thickness, a layer of non-cured ferrite formulation was spread on a glass slide with a blade. Using the V6000 UV-light 365 nm and a power of 85 mW/cm², a square shape of 1 cm² was exposed to UV-light for a duration comprised between 1 s and 10 s. The cured layer was collected and cleaned with dipropyleneglycol n-butylether by Sigma Aldrich. Thicknesses were a b measured using precision comparator. Each thickness value is the average of five measurements at different locations of the square shape cured layer.

Results

Curing performance of the photosensitive resin loaded with controlled ferrite particles

Figure 4: Effect of the particle's size of the ferrite powder on the single cured layer thickness for highly loaded formulations (40%. vol of ferrite particles)

Figure 4 shows the influence of the particle's size of the ferrite powder on the cured monolayer thickness. The cured layer thickness decreases with the particle size; after 5 s of insolation the values are 241.5 ± 6.1 µm (P71), 232.5 ± 5.8 µm (P63), 216 ± 5.4 µm (P50), 132 ± 3.3 µm (P40) and 129 ± 3.2 µm (P32). Note that curing of the ferrite formulation with the finest particles collected from the sieve bottom revealed to be not possible. The absorption and the scattering effect of the particles of the sieve bottom may be too high enough to allow the initiation of the photo polymerization process. In addition, it can be seen that the cured layer of the formulations based on P71 and P50 batches has reached the maximum thickness achievable, since for 10 s, the cured layer thickness was very similar to the one obtained after 5 s. The behavior upon curing changes for formulations based on the P40 and P32 powders. Indeed, we can see that there was a huge difference between the cured layer thickness of formulations containing P71, P63 and P50 powder samples and those made up with P40 and P32 powders. Indeed, with particle size d50 growing from 51 to 72 µm (41% increase of size); the cured layer goes from 216 to 241.5 µm (12% increase of thickness) whereas within range 44 to 51 µm (16% increase), cured layer goes from 132 to 216 10 µm (64% increase). Moreover, with P40 and P32 powders, the cured layer thickness has not reached the maximum thickness possible compared to the other particles' sizes. Upon curing, formulations prepared with large particles (P71 to P50) behave clearly differently than formulations containing small particles (P40 to P32)., In the following, the quantitative data obtained from optical properties measurement will help to unveil the effect of particle's size of the ferrite powder on the curing efficiency 

Optical properties of the controlled ferrite particles

Measurement at low concentration of ferrite particles 3.2.1.1. Total transmission, reflection, and absorption

Exposition to UV-light initiates the curing process of the formulation. When the formulation is exposed to the UV-light, part of the light is transmitted, part of it will be reflected and part of it will be absorbed. High amount of solid content may have a high absorption value, which can prevent the discrimination of the transmission and reflection values. To measure those three optical parameters, low concentration of ferrite particles (15%.wt) is more appropriate to investigate the optical properties of dispersed ferrite particle and compare these results to the Beer-Lambert law using Mie theory. However, the low content does not fully represent how the UV-light interacts with a high solid content formulation. Therefore, these results should be considered as guidelines to better understand the curing phenomenon. Figure 5 shows the influence of particles' size of ferrite powder on the total transmission. At a wavelength of 365 nm, the total transmission, reflection, and absorption values are reported in Table 2.

As the particle's size decreases, the total transmission value decreases too. In this dilute configuration the evolution of the transmission regarding size particle was almost linear (R² ~ 0.98). For this reason, the variation of total transmission is not representative for the dependence of the curing behavior on the particle size as observed with highly loaded configurations.

Regarding total reflection the measured values slightly decreases with particle size in the upper part of the range, typically from 12% with P71 powder to 10 % with P40 powder. However, within the lower part of the size range (P32-FP), the decrease is more pronounced, the reflection being divided by a factor 2. The reduction observed between P32 and FP powders may be related to the sharp increase in the particle number for the same concentration of powder [START_REF] Galy | Revisiting independent versus dependent scattering regimes in suspensions or aggregates of spherical particles[END_REF]. Further explanation will be provided by measurements of optical data at higher concentration 3.2.2.2.

Table 2 also shows the influence of particle's size of ferrite powder on the absorption for a wavelength of 365 nm. As the particle's size decreases, the absorption value increases almost linearly (R² ~0.96).

The rise in the absorption could qualitatively explain the trend toward a reduction of the curing efficiency but cannot account satisfactorily for the large drop of the cured thickness layer noticed on P50 and P40 powders. In fact, the comparison of all the optical data reported on table 2 did not reveal any sudden transition in the curing behavior within the particle size range (Figure 4).

Further investigations were performed to analyze the effect of the ferrite particle's size on the diffuse transmission and diffuse reflection.

Diffuse transmission and diffuse reflection

Upon diffusion, light is deflected into multiples directions when the beam interacts with an object. The diffusion of light, also called scattering, can be separated into two components diffuse transmission and diffuse reflection (Figure 3). The magnitude of the two components can be quantified by measuring the transmitted and reflected haze factors. The haze factor is the intensity of light that undergoes diffuse transmission (or reflection) in the medium divided by the total intensity measured after transmission (or reflection). In the case of media made of powder dispersions, this factor physically accounts for the interaction of light that occurs at the scale of the particle. This phenomenon is closely dependent on the particle size, morphology and surface state. Figure 6 shows the influence of particle's size of ferrite powder on the reflected haze factor. The values of the reflected haze factor are shown in Table 3 for a wavelength of 365 nm. Diffuse reflection slightly increases from the P71-P63 group to the P50-P40 one but significantly rises between P32 and FP samples. As for total reflection, this stepped evolution of diffuse reflection may be related to the increase in the particle number for the same concentration of powder.

Figure 7 shows the influence of particle's size of ferrite powder on transmitted haze factor over the studied range of wavelengths. Values measured at 365 nm are reported on Table 3. The share of diffuse transmission evolves slightly in the group P71 to P50 and start to increase inversely to the particle size in the group P40 to P32. Between P40 and P32 samples, diffuse transmission rises rapidly revealing a change in the particle light interaction regime. This relation observed between then particle size and then ratio of diffuse transmission over the full range of diameters, closely follows the trend noticed for the cured layer thickness. Indeed, from P40 to P32, the cured monolayer thickness were drastically reduced compared to the bigger particle's sizes (from about 200 µm to 125 µm after 5 seconds of UVexposure). Moreover, transmission of light is necessary to allow the process of the photo polymerization to be initiated deeply into the formulation. If the transmitted light deviates from the original radiant source (i.e diffuse transmission), the light penetration is impeded which means lower cured layer thickness. Therefore, the increase in the diffuse transmission from P40 to P32 could be reasonably related to the discontinuity in the evolution of the curing efficiency. However, the fact that the loading rate of the ferrite powder studied in this section (15%.wt) is much lower than the one in DLP formulation (75%.wt) should be kept in mind. The above experimental measurements, obtained with a low concentration of particles, will be consistently interpreted in the frame of the optical models depicted in the section 4. The basic assumptions made in these models apply for large dispersions of particles for which the particle-light interaction is accounted as if each particle of the formulation acted independently. However, these models fail to describe quantitatively higher loading rates due to occurrence of multiple interactions. Therefore, the analysis based on low loading results (15%.wt) gives some guidelines and helps to understand the impact of the ferrite powder on the optical properties of the formulation.

To be able to state if the diffusion of light is quantitatively linked to the efficiency of UV curing in the DLP process, further optical measurement has been conducted on DLP formulations with a more representative loading rate.

Measurement at high concentration of ferrite particles 3.2.2.1. Total transmission, reflection, and absorption

In this experimental part, the optical measurements performed with a 75%.wt solid content formulation are reported. 8 shows the influence of particles' size of ferrite powder on the total transmission whereas the optical data measured at 365 nm are summarized in Table 4 (transmission, reflection, absorption). Note that the transmission rate for the highly loaded formulations (75%.wt) are lower than 2% within the whole particle size range. Transmission has been found to be much lower (by one or two orders) than the values measured on low loaded formulations. Following the general trend observed on theses formulations, the transmission in DLP formulations still decreases with the median diameter.

However, in DLP formulations, the particle's size does not have a significant influence on the total reflection rate. In the whole range of diameter values, the total reflection evolves steadily whereas, for a low solid content, the reflection rate exhibits a plateau for the P32 and FP powder samples (~5%) and then rises by a factor 2 for the P71-P50 group (10% In some extent, the total light reflection seems to be determined by the density of particles (number per unit volume) rather than the volume content. Once the specific number of particle exceeds a threshold value, the reflection rate tends toward an asymptotical value of about 5 %, whatever the solid content of the formulation. This condition in fulfilled for the low loaded formulations containing small particles (P32 and FP) and in every case for the high loaded formulations investigated here. Tiphaine galy et al.

shows that the parameters governing the scattering are exclusively the number of particles, the particle' mean size, the interparticle distance (which is function of the solid content and the particle' size [START_REF] Park | Direct calculation of inter-particle distance in suspension by image processing[END_REF]) and the optical parameters of the particle [START_REF] Galy | Revisiting independent versus dependent scattering regimes in suspensions or aggregates of spherical particles[END_REF]. According to the author, upon a certain value of the interparticle distance (in our case 5 time the wavelength), the scattering is considered independent (the radiation characteristics of the particle can be determined by adding the contributions of each particle in the system). However, when the interparticle distance is lower than this value, the scattering is considered dependent, which leads to different contribution of the scattering. These results may explain the reasons why the total light reflection and the reflected haze factor tends toward an asymptotical value for high solid content and for low solid content (case of P32 and FP) compared to low solid content (P71 to P40). Indeed, At 75%.wt (and 15%.wt for P32 and PF), the interparticle distance may be less than 5 time the wavelength, which change the scattering regime from independent to dependent. Thus, the light-particle scattering interaction may be in average the same because the high solid content formulations and P32-PF low content are on the same scattering regime. Therefore, the scattering contribution for low solid content (P71 to P40) (independent scattering regime) and high solid content, plus P32 and PF at 15%.wt (dependent scattering regime), is significantly different.

For a constant loading rate, UV-light absorption through high and low loaded formulation decreases with the median diameter of the ferrite powder. However, for DLP formulations, the absorption rate does not vary much within the diameter range compared to the low solid content case. It is worth noting that the average absorption rates in DLP formulations (95 %) is close to the value measured with fine particles (FP) in the low content case.

To summarize the behavior observed in DLP formulation, total transmission is reduced, and absorption grows as the particle size decreases, whereas particle's size does not significantly influence the total reflection. This trend has been found to be poorly correlated with the curing efficiency, therefore light diffusion phenomenon through DLP formulations has also been investigated.

Diffuse transmission and reflection

Figure 9: Effect of particles' size of ferrite powder on transmitted haze factor for a high concentration of load (75%.wt)

Figure 9 shows the influence of the ferrite particle's size on the transmitted haze factor. All the DLP formulations tested can be roughly described with two levels of diffuse transmission rate. For the group of samples P40 -P32, the haze factor is about 0.5 -0.6 whereas it is significantly lower, i.e. 0.3 -0.4, for the group P63 -P50. In the case of small particles (FP), the transmitted haze factor has not been determined because the total transmission value was 0%. The separation into two levels, with a cut-off in the diffuse transmission phenomenon around a diameter of about 40 µm, reflects quantitatively the discontinuity of the curing efficiency, observed for the same particle size (figure 4). It can be inferred that both phenomena, UV diffusion and curing, are intricately linked in high loaded formulations.

Diffuse reflection, as for the total reflection, does not significantly vary with the particle's size (see Table 4). As mentioned below, the number of particles for the high loading rate may be enough to cap the reflection phenomena (total and diffuse), whatever the particle size. For low loading, the number of particles for the smallest size groups may also be sufficient to achieve similar reflection values of high solid content.

Discussion

Role of the density of particles

The UV-curing is triggered by the radical polymerization of the photosensitive acrylate resin. This includes an energy transfer from incident photons for the activation of the photo-initiator (contained in the photosensitive acrylate resin) and then for the chain growth and termination. When the medium is only constituted by resin, the radiation is partly transmitted and reflected but mainly absorbed through the sample for the photo-polymerization process. When solid particles are present, one part on the incident radiation interacts directly with the powder. The reflection, absorption and even diffusion of the UV light by ferrite hardly contribute to the curing of resin located around and beneath the particles. Only the energy brought by the transmitted light is available for increasing the penetration of the polymerization process. The analysis of the parameters governing the transmission of light in the solid-content resin could be helpful to design formulations with particle characteristics suited for curing. Physical models have been proposed for describing particle light interaction [START_REF] Zakeri | A comprehensive review of the photopolymerization of ceramic resins used in stereolithography[END_REF] in the case of high concentration of particles. However, they require several parameters that should be set in an empirical way: critical energy for the initiation of photocuring, inter-particle distance, penetration of the light in the media, etc. For this reason, the implementation of simulation tools is hardly developed to fairly predict the optical behavior of highly loaded photo-curable (>40%.vol) resin exposed to UV-light radiations. In contrast, for diluted medium (formulations containing less than 10%.vol of particles), the combination of the Mie theory and the Beer-Lambert law [START_REF] Hergert | The Mie Theory[END_REF]- [START_REF]Beer-Lambert law[END_REF] has been successfully implemented. The Mie theory can predict the absorption and scattering of the light during its interaction with particles, whereas the use of Beer-Lambert law allows predicting the total light transmission. Both calculations rely on theoretical parameters that can be found in the literature [START_REF] Querry | Optical Constants[END_REF]. Therefore, theses approximations help to understand how light interacts with the particles in dilute medium. They also shed the light on some parameters that could govern the curing in DLP formulations, as some similarities in the optical behavior of highly and low loaded resins may be observed.

The Beer Lambert law [START_REF]Beer-Lambert law[END_REF] (Equation ( 1)) describes in a semi-empirical approach the transmission of light as a function of the medium thickness.

𝑇 = 𝐼 0 𝑒 -𝐾𝐿 ( 1 ) 
𝐾 = 𝑁𝐶 𝑒𝑥𝑡 ( 2 ) 
T is the transmitted light intensity, I0 is the incident radiation intensity; K (cm -1 ) is the absorption coefficient; L (cm) is the optical path length (i.e. the light penetration depth). The absorption coefficient depends on the constitutive elements of the medium, approximated here by a dispersion of monosized spherical particles (i.e. the ferrite particle) in a specific medium (i.e. the acrylate resin).

It can be seen from equation ( 2 ) that the absorption coefficient depends on N, the number of particles per cm 3 and on Cext, the extinction cross-section coefficient, which characterizes the interaction between a given spherical particle and the incident radiation. The transmitted light decreases exponentially with the absorption coefficient and with the optical path length. For practical application, the light transmission is limited by the number of particles in the formulation (i.e the loading rate) and the penetration depth.

The values of extinction cross-section coefficient are tabulated or are estimated with numerical tools. The magnitude of the cross section depends on the particle's size: when the mean diameter of the particle is below 10 times the wavelength of the light source, the value of Cext is low (~10 -15 m²), which implies low interaction between light and particle. This condition between particle's size and wavelength determines the Rayleigh scattering regime. When the mean diameter of the particle grows and becomes comparable to the radiant wavelength, the value of Cext rises by several order of magnitude (~10 -12 ), which implies more interaction between light and particles. This last condition corresponds to the Mie scattering regime. Then, when the particle's diameter is bigger than ten times the incident light wavelength, the value of Cext is still higher (> 10 -10 m²) but evolves slowly with the particle size. The optical behavior of the medium then follows the laws of geometrical optics (Snell-Descartes laws).

The extinction cross-section coefficient Cext was calculated in this study using the free MiePlot software (supplied by Philip Laven ( [START_REF]MiePlot[END_REF]). The density of particles N was determined from the concentration and the volume of the particle using the d50 of the distribution as the diameter of the particle. Table 5 reports the parameter's values used to calculate the total transmission using Beer-Lambert law. It is worth noting that the absorption coefficient K increases inversely with the particle diameter d50 (~ 1/d50) as the result of the rapid rise in the value of N that follows a 1/d50 3 evolution (constant loading) that overcomes the decrease of Cext that evolves linearly with the projected area ~ d50 2 . Figure 10 shows the evolution of the measured and theoretical total transmission at 365 nm as a function of the particle's size. The calculated transmission displays a logarithmic evolution as expected. For the largest particles sizes (66 and 72 µm) the measured values are closer to the theory whereas there is a large discrepancy for the smaller particles (51, 44 and 38 µm). In paragraph 2.1.1, we saw that particles in batches P71 to P63 exhibits a smooth and spherical morphology conversely to the lower particle sizes for which the shape is more angular. The fact that the theoretical transmission calculation stands for spherical particles may explain why the large particles cases are close to the theory compared to the smaller one.

However, the measured total transmission showed lower values compared to the theoretical computation within the whole diameter range. This can be partly attributed to the simplifications made for the calculation of the extinction cross section. Firstly, the ferrite particle is not purely spherical and does not have smooth surface involving that the cross section may not evolve linearly with the projected particle area. In addition, the calculation of the particle density was made using only the d50 particle diameter. However, the whole particle size distribution affects the measured transmission, which may decrease the total transmission due to the presence of lower particle sizes [START_REF] Sun | The in¯uences of the material properties on ceramic microstereolithography[END_REF]. All these differences may explain why the behavior of the ferrite particle is different from the theory.

Despite the fact that the simple model does not account quantitatively for the effect of particle size on light transmission, it points out that the density of particles determines the optical properties of the formulations within the range of ferrite powder size (10 -100 µm) considered for practical application. For instance, the extrapolation of the previous data for a particle size of 15 µm leads to a transmission of about 50 % for a volume content of 3.6%.vol (i.e. 15 % wt). 

Role of light diffusion during curing of DLP formulations

Figure 11 compares the evolution of the total transmission at 365 nm and the evolution of the cured layer thickness with the particle's size. The total transmission evolves linearly and does not reflect the stepped evolution of the cured thickness. A correlation between optical measurement and curing efficiency on DLP formulation is however well established when the diffuse transmission rate is selected as an indicator of the photo-polymerization depth. This finding is clearly illustrated by the Figure 12 where two regimes in the optical properties can be distinguished amongst the investigated powder batches. More precisely, higher diffusion rate and lower curing efficiency are together evidenced under a median diameter of 40-50 µm. The behavior of the formulation made of fine particles (FP) is worth noting since it exacerbates the detrimental effect of light diffusion. The total transmission value is null for the high loaded resins and is very low (0.6 %) even for the low loaded formulation. This result explains why it was impossible to cure the DLP formulation containing small ferrite particles (~ 1 µm).

In this condition, the interaction between light and particles follows the Mie scattering regime, which induces high interaction between light and particles, and enhances the diffusion mechanism. .

For a similar reason, the modification of the surface roughness due to small particles stuck on the surface of the bigger ones (see P40 and P32 samples) may also account for the optical behavior of the corresponding formulations. Therefore, the increase in the surface roughness due to the milling process has to be controlled since it can be detrimental through the parasitic effect of light diffusion. Furthermore, the rising of transmitted haze factor with low diameter samples (P40 and P32) was observed together with low and high content concentrations of ferrite particles. Values of the transmitted haze factor are different between low and high concentration, probably due to the particle's number in the formulation. However, low and high concentration show a similar rising in their diffusion rate, which supports the conclusion that for ferrite powder, light scattering is the key parameter. This parameter is closely related to the particle morphology and can be hardly estimated by simulation. However, it may be possible to characterize a powder with low concentration and make assumptions on how it may change the curing performance.

Conclusion

A commercial raw MnZn ferrite powder has been used in this study. This powder presents particle's size (d50 ~260 nm) approaching the incident radiation wavelength (365 nm), which makes impossible to cure the ferrite formulation by DLP. The major difficulty to cure a high content (75%.wt) of ferrite particle formulation was mitigated by sintering, milling and controlling the particle's size of the raw ferrite powder. Different particle's sizes (from 71 to 1.3 µm) were used to study the influence of the cured monolayer thickness evolution and the optical properties of the ferrite formulations.

(1) The particle's size of the ferrite powder has a great influence on the cured layer thickness. As the particle's size decreases, the cured layer thickness decreases. A significant decrease in the cured layer thickness was observed at certain particle's size (40 µm), which was related to a different particle-light interaction behavior. (2) For a low solid content of ferrite, the total transmission decreases and the absorption increases when the particle's size decreases. The evolution of the measured total transmission idoes not follow the theoretical transmission using the Beer-Lambert law. This may be explained by the differences regarding the assumptions related to the use of Beer-Lambert law compared to measurements. At mesh 32 µm to sieve bottom, the total reflection and the amount of diffuse reflection significantly decrease, probably due to higher value of number of particles for the same concentration. The amount of diffuse transmission, drastically increases from mesh 40 µm (3) For a high solid content of ferrite, the total transmission decreases with the particle's size. The variation of the absorption value is not the same as the low solid content and is explained by the number of particle inside the formulations. Total reflection and diffuse reflection seem to be constant regardless of the particle's size and the obtained values were correlated to the values of low loaded formulations containing particles of 32 µm or below. The amount of particles, at high solid content, may be enough to cap the reflection properties. In the case of the diffuse transmission, bigger particle's sizes (meshes 63-50 µm) present lower diffuse transmission than smaller particle's sizes (mesh 40-32 µm), which shows two different behaviors directly related to the cured layer thickness phenomenon. (4) Transmitted light is needed to initiate the process of the photocuring regarding the depth of the formulation. Deviation of the transmitted light (diffuse transmission) from the original radiant source may lowered the light depth penetration, which reduces the cured layer thickness. Higher amount of diffuse transmission at mesh 40-32 µm may explain the significant reduce of the thickness layer. The milling and sieving process may have increased the surface roughness of the particle's size and change the particle-light interaction, which increases the diffuse transmission.

Specular transmission is the key parameter to obtain thick cured layer using DLP technology. To reduce the diffuse transmission, particle's parameter of the ferrite powder needs to be chosen wisely. Spherical with smooth surface particle and a mean size that allows significant and measurable transmission are advised to achieve better curing performance.
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 2 Figure 2 : SEM morphology of powder after selection with different meshes: (a) 71 µm; (b) 63 µm; (c) 50 µm; (d) 40 µm and (e) 32 µm
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 3 Figure 3 : Light particle interaction, diagram of (a) transmission and (b) reflection
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 5 Figure 5 : Effect of particles' size of ferrite powder on total transmission for formulations with low content of ferrite particles (15 %.wt)
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 6 Figure 6 : Effect of particles' size of ferrite powder on reflected haze factor for formulations with low content of ferrite particles (15%.wt)
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 7 Figure 7 : Effect of particles' size of ferrite powder on transmitted haze factor with a low content of ferrite particle (15%.wt)
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 10 Figure 10 : Comparison of the measured transmission at 365 nm (for formulations with low content of ferrite particles; 15%.wt) to the theoretical transmission using Beer-Lambert law
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 11 Figure11: Evolution of the total transmission value at 365 nm for DLP formulation (75%.wt)
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 12 Figure 12 : Evolution of the cured layer thickness and transmitted haze factor (75%.wt)

Table 1 :

 1 Particle's sizes of the ferrite powder

		Mesh 71 µm	Mesh 63 µm	Mesh 50 µm	Mesh 40 µm	Mesh 32 µm	Sieve bottom
		25				
		20				
	(%)	15				
	Intensity	10				
		5				
		0				
		0.1	1		10		100	1000
				Particle's diameter (µm)
		Powder	Mesh size	D50	D10	D90	Particles Aspect
		batch	(µm)	(µm)	(µm)	(µm)
		P71	71	72 ± 2.2	56 ± 1.7	108 ± 3.3	Round smooth
		P63	63	66 ± 1.5	57 ± 1.3	82 ± 1.9	Round smooth
		P50	50	51 ± 2.3	37 ± 1.6	79 ± 3.5	Faceted smooth
		P40	40	44 ± 1.9	36 ± 1.5	61 ± 2.5	Faceted rough
		P32	32	38 ± 2.2	27 ± 1.6	56 ± 3.3	Faceted rough
		FP	Sieve bottom	1.3 ± 0.05	0.76 ± 0.03 4.6 ± 0.2	x

Table 2 :

 2 Value of total transmission, reflection and absorption at 365 nm in function of mesh size

	Powder sample	Total transmission (%)	Total reflection (%)	Absorption (%)
	P71	74 ± 0.8	11 ± 0.2	15 ± 0.2
	P63	67 ± 0.7	10.9 ± 0.2	22.1 ± 0.2
	P50	59 ± 0.4	10 ± 0.06	31 ± 0.2
	P40	53 ± 0.4	9.7 ± 0.08	37.3 ± 0.3
	P32	43 ± 1.6	5 ± 0.2	52 ± 2
	FP	0.6 ± 0.01	4.4 ± 0.1	95 ± 1.4

Table 3 :

 3 Haze factor values at 365 nm in function of mesh size for formulations with low content of ferrite particles (15%.wt)

	Powder sample	Haze factor (reflection)	Haze factor (transmission)
	P71	0.13 ± 0.003	0.12 ± 0.003
	P63	0.12 ± 0.003	0.11 ± 0.002
	P50	0.18 ± 0.002	0.12 ± 0.001
	P40	0.19 ± 0.002	0.16 ± 0.001
	P32	0.35 ± 0.02	0.28 ± 0.02
	FP	0.38 ± 0.01	0.90 ± 0.03

Table 4 :

 4 

			Mesh 71 µm	Mesh 63 µm	Mesh 50 µm	
			Mesh 40 µm	Mesh 32 µm	Sieved bottom
		1				
		0.9				
	factor	0.7 0.8				
	Transmitted haze	0.2 0.3 0.4 0.5 0.6				
		0.1				
		0				
		300	400	500	600	700	800
				Wavelength (nm)	

Figure 8: Effect of particles' size of ferrite powder on total transmission for highly loading (75%.wt) formulations. Total transmission, reflection, absorption and haze factor values at 365 nm in function of mesh size for highly loaded (75%.wt) formulations

Table 5 :

 5 Values of the parameters used to calculate the total transmission using Mie theory with L = 100 µm

	Particle size (µm)	Cext (10 -9 cm²)	N (Nb.cm -3 )	T (%)
	72	8.3	1.8 10 5	85.8
	66	6.9	2.4 10 5	84.7
	51	4.2	5.2 10 5	80.6
	44	3.1	8 10 5	77.7
	38	2.3	1.2 10 6	74.9
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