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Introduction

The increase of greenhouse gas emissions and the consequences for the climate are leading most countries to reduce their dependence on fossil fuels and to encourage research studies on new lowcarbon energy carriers. The latter must also meet other essential criteria such as presenting a high energy density, being competitive with fossil fuels, sufficiently abundant and easily recyclable.

Various metals, such as aluminum, magnesium or iron, present these properties and are widely used since the 1960's as additive in propellants, pyrotechnic and explosives to increase the combustion rate, i.e. for processes requiring an intense and short-time energy release [START_REF] Dreizin | Metal-based reactive nanomaterials[END_REF][START_REF] Shkolnikov | Aluminum as energy carrier: Feasibility analysis and current technologies overview[END_REF][START_REF] Eckelman | Life cycle carbon benefits of aerospace alloy recycling[END_REF]. More recently, the combustion of metal particles, used as pure fuel, was considered for a direct energy production in a metal-air engine concept [START_REF] Bergthorson | Direct combustion of recyclable metal fuels for zero-carbon heat and power[END_REF][START_REF] Garra | Magnesium/air combustion at pilot scale and subsequent PM and NOx emissions[END_REF]. In these applications, metal particles burn at high temperatures in the gas phase and in presence of a flame. The mechanism of this homogeneous combustion, referred to here as "fast combustion", was extensively studied [START_REF] Markstein | Heterogeneous reaction processes in metal combustion[END_REF][START_REF] Wang | Combustion of magnesium powders in products of an air/acetylene flame[END_REF][START_REF] Sullivan | Vapor-Phase Diffusion Flames in the Combustion of Magnesium[END_REF]. On the other hand, fewer studies were conducted on combustion of metal particles in the absence of a flame, called "slow combustion" or "slow oxidation", which also occurs at lower temperatures [START_REF] Markstein | Heterogeneous reaction processes in metal combustion[END_REF][START_REF] Gulbransen | The Oxidation and Evaporation of Magnesium at Temperatures from 400° to 500° C[END_REF][START_REF] Fournier | Oxidation of magnesium[END_REF][START_REF] Takeno | Ignition of Magnesium and Magnesium-Aluminum Alloy by Impinging Hot-Air Stream[END_REF][START_REF] Chunmiao | Thermal analysis of magnesium reactions with nitrogen/oxygen gas mixtures[END_REF][START_REF] Moser | Non-isothermal oxidation and kinetic analysis of pure magnesium powder[END_REF][START_REF] Nie | Oxidation of Magnesium: Implication for Aging and Ignition[END_REF]. Slow oxidation may however be suitable for applications that do not require high power, such as static electricity generation installations.

Studies on metal combustion at low temperatures that is below the melting temperature of the metal agree that the oxidation reaction takes place according to a heterogeneous mechanism on the surface of the metal, which leads to the formation of an oxide layer through which species diffuse [START_REF] Markstein | Heterogeneous reaction processes in metal combustion[END_REF][START_REF] Gulbransen | The Oxidation and Evaporation of Magnesium at Temperatures from 400° to 500° C[END_REF][START_REF] Fournier | Oxidation of magnesium[END_REF][START_REF] Takeno | Ignition of Magnesium and Magnesium-Aluminum Alloy by Impinging Hot-Air Stream[END_REF][START_REF] Chunmiao | Thermal analysis of magnesium reactions with nitrogen/oxygen gas mixtures[END_REF]. Some authors observed, in the case of magnesium oxidation under isothermal mode, that, for temperatures lower than 450 °C, the oxidation rate is inversely proportional to the thickness of the oxide film built up on the surface, whereas at higher temperatures, the oxidation rate does not depend on the thickness of the oxide layer [START_REF] Gulbransen | The Oxidation and Evaporation of Magnesium at Temperatures from 400° to 500° C[END_REF][START_REF] Fournier | Oxidation of magnesium[END_REF]. This behavior was attributed to the characteristics of the surface oxide layer. In the first case, this oxide layer could be protective, limiting or even preventing the oxygen diffusion, while at higher temperatures, a non-protective oxide layer could be formed.

During the oxidation of magnesium discs under an hot air flow, Takeno et al. [START_REF] Takeno | Ignition of Magnesium and Magnesium-Aluminum Alloy by Impinging Hot-Air Stream[END_REF] observed the appearance of a very adherent and uniform black oxide film on the surface of the disc at the beginning of the reaction. A characterization of this black oxide, described as protective, showed that its composition is richer in Mg than the white oxide MgO. These authors suggested that in a first stage, the oxidation of magnesium is obtained by diffusion of Mg 2+ ions through this protective oxide film towards the surface of the disc. Using a single crystal of pure magnesium, Fournier et al.

[10] observed a similar formation of a protective oxide surface layer when oxidation temperatures were below 300 °C. At higher temperatures, the important increase of the oxidation rate of magnesium was attributed to its high vapor pressure. It was thus suggested that the high vapor pressure of magnesium present under the oxide provokes cracks in the oxide and allows oxygen to diffuse and oxidize Mg into MgO in the pores of the oxide film whose thickness gradually increases.

More recently, Chunmiao et al. [START_REF] Chunmiao | Thermal analysis of magnesium reactions with nitrogen/oxygen gas mixtures[END_REF] studied the oxidation of magnesium particles with a nominal size of 6 µm using thermogravimetric experiments (TG) from ambient temperature to 1000 °C with heating rates ranging from 5 to 20 °C min -1 under O2/N2 mixtures. These authors also observed that the magnesium oxidation process took place in two stages. Up to 610 °C, the TG curve was characterized by a sharp weight increase and the high oxidation rate observed in this region, from ambient temperature to 610 °C, led to an oxidation of about 70% of the available magnesium. Then the oxidation rate slows significantly down. After the melting point of the magnesium at 650 °C, the oxidation rate accelerates again up to 800 °C where all the magnesium is oxidized. The decrease of the oxidation rate was attributed to heat absorption by solid magnesium powder for melting and subsequently liquid magnesium reacting with oxygen. The kinetic analysis from these results however led these authors to propose a mean and unique apparent activation energy of 234 kJ mol -1 .

In this paper, TG analysis is used for a detailed investigation of the slow oxidation of magnesium particles and to perform a kinetic analysis. The influence of the heating rate and particle size on the oxidation process is studied. The reactivity experiments are correlated with microscope analyses of partially oxidized particles to better understand the magnesium oxidation reaction mechanism. A three-stage model is proposed which is coupled with a heat transfer one.

Materials and methods

The magnesium powder which was used in the present study was supplied by Carl Roth ® with a high purity (>99.8%). The raw powder was sieved with a Retsch GmbH AS200 sieving machine and 20, 50, 71 and 100 µm sieves. Three size fractions were obtained: 20-50, 50-71 and 71-100 µm. The particle size was accurately determined using a laser granulometer Malvern Mastersizer 2000 (λ = 532 nm) coupled with a Malvern Sirocco 2000M dry powder feeder. Both distributions in number and volume were calculated using the Mie theory. The mean Sauter diameters D [START_REF] Eckelman | Life cycle carbon benefits of aerospace alloy recycling[END_REF][START_REF] Shkolnikov | Aluminum as energy carrier: Feasibility analysis and current technologies overview[END_REF] for the three fractions were evaluated at 34.7, 61.9 and 85.7 µm, respectively.

Thermogravimetric experiments

Thermogravimetric experiments (TG) were performed using a TA Instrument ® Q500 analyzer.

Approximately 3 mg of magnesium powder were loaded in an alumina pan to cover all the bottom of the pan. The TG experiments were performed from ambient temperature to 900 °C under a synthetic air (20% O2/80% N2) flow of 3.6 NL h -1 . Heating rates of 1, 2, 3, and 5 °C min -1 were applied. Each TG experiment was reproduced at least twice.

Quenched samples

Quenched samples were obtained using a reactor placed in a removable furnace and stopping the reaction at different extents of conversion. At the outlet of this reactor, the oxygen concentration in the gas flow was continuously measured and the extent of Mg conversion into MgO was calculated from the amount of consumed oxygen. At a specific and chosen extent of conversion, the reaction was stopped by inerting the sample under argon flow and removing the furnace. Initial, quenched and totally converted samples were further characterized using a numerical-optical microscope (Keyence VHX 6000).

Kinetic modeling

The extent of conversion α(t) is defined as:

= -0 -0 1
where m(0) is the initial sample mass (Mg), is the final sample mass (MgO) and m(t) is the sample mass at time t.

To simulate the TG experiments, different models can be proposed. In [START_REF] Moser | Non-isothermal oxidation and kinetic analysis of pure magnesium powder[END_REF], a global model was proposed with a single reaction written as:

= = exp - , 2 
according to the ICTAC recommendations [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF], where A is the pre-exponential factor, Ea is the activation energy and R is the universal gas constant. In the right-hand side member of (2) different reaction functions f may be chosen.

In the present study, another model is proposed based on the following assumptions, which are in accordance with the experimental results:

• No interaction between the particles is considered, as the sample bed thickness in the alumina pan of the thermogravimetric analyzer is considered as a monolayer of particles.

• Only one chemical reaction is taken into account, corresponding to the oxidation of Mg to MgO.

• The oxidation process is supposed to take place in three stages, each of them corresponding to the oxidation of a fraction of the magnesium particle.

• No diffusion limitation of oxygen occurs in the sample and the reaction order with respect to oxygen is equal to 0 (in accordance with experiments conducted at different oxygen concentrations and not presented in this paper).

• The heat transfers by radiation and convection are taken into account, as well as the heat generated by the highly exothermic oxidation reaction. Heat transfer by conduction between the pan and the particles is neglected as, based on the shape of the particles (see "Microscopy and mechanism" section), a low surface contact is assumed and very low difference between the temperatures of the gas and the particles is calculated (see "kinetic modeling" section)

• The system (gases + reactor) is isothermal, as gas velocities and heating rates are low

• The particle temperature is uniform, as the Biot number is much lower than 0.1. Considering the heat transfer coefficient in the range 5-10 W m -2 K -1 and the thermal conductivity of Mg and MgO respectively equal to 156 and 45 to 60 W m -1 K -1 , the Biot number is smaller than 3.0×10 -5 .

In this model, the global conversion rate takes into account three successive stages of the oxidation reaction:

= exp - ! " # $, % = 1,2,3, 3 through: = ' ( ( ) ' * * ) ' + + , 4
where ' is a nonnegative coefficient corresponding to the proportion of the stage i of the magnesium oxidation process. The sum of the three coefficients ' is equal to 1. These coefficients will be estimated observing the quenched samples and the conversion and conversion rate curves.

In [START_REF] Eckelman | Life cycle carbon benefits of aerospace alloy recycling[END_REF], is the pre-exponential factor and is the activation energy of the stage i and ! is the particle temperature at time t. For each stage of the oxidation process, the following reaction function will be considered:

the first-order Mampel function (M1):

( = 1 -, -the second-order Avrami-Erofeev function (AE2): * = 2 1 - -log 1 - (/* , -the fourth-order Avrami-Erofeev function (AE4): + = 4 1 - -log 1 - +/1 .

Mampel's reaction function describes reaction mechanisms which are not limited by diffusion, while

Avrami-Erofeev reaction functions describe nucleation mechanisms.

Initial data 0 = 0, % = 1,2,3, are imposed, as the initial magnesium particle is supposed to be non-oxidized.

The particle temperature is evaluated first writing the thermal balance:

34 56 ! ! = 7 8 ! 9 ) 7 :9 ;<:! 9 ) 7 < :! 9 , 5 
Where 7 8 ! 9 is the energy exchanged by radiation during dt and defined as:

7 8 ! 9 = >?4@ ! * A 6 B 1 - ! 1 C , 6
> being the particle emissivity, ? the Stefan-Bolzmann constant, ! the particle radius, 6 B the gas temperature and ! the particle temperature at time t, 7 :9 ;<:! 9 is the energy exchanged by convection during dt and defined as:

7 :9 ;<:! 9 = ℎ4@ ! * A 6 B - ! C , 7 
h being the coefficient thermal convection between the particle and the gas, 7 < :! 9 is the heat produced by the oxidation reaction during dt and defined as:

7 < :! 9 = -∆ 56→56I ! , 8 
∆ 56→56I being the standard enthalpy of the oxidation reaction and

8K LMNO 8!
the particle mass rate at time t.

Taking 34 56 = 1.0 × 10 + Q R S( T S( , > = 0.2, ℎ = 5.0 U S* T S( , -∆ 56→56I = 6.016 × 10 V Q WX S( and ! = 1.735 × 10 SV , 3.095 × 10 SV W] 4.285 × 10 SV S( for the 20-50, 51-70 or 71-100 µm fractions, respectively, the system ( 5)-( 8) is solved using the Scilab software from the experimental data concerning the particle mass ! and mass rate

8K LMNO 8!
and the gas temperature were taken from literature [16]. A sensitive study with respect to these values was performed (not presented here). Simulations with the following other values: 0.2 < > < 0.5, 1 × 10 + < 34 56 < 1.23 × 10 + Q R S( T S( , 5 < ℎ < 10 U S* T S( , corresponding to MgO as indicated in the literature, were thus carried out. The relative variations of the kinetic parameters when changing the values of these thermal parameters were less than 2% in any case.

The system (3) is then solved using the Scilab software and the routine 'ode' simultaneously for the four heating rates 1, 2, 3 and 5 °C min -1 and with initial guesses of the six kinetic parameters. An optimization procedure involving the Scilab routine 'datafit' is used which consists to minimize the objective function defined as the sum over the four heating rates of the squared differences:

d e <f # g $ - B K # g $h * , 9 i gj( between the experimental A 8k 8! C <f # g $ and simulated A 8k 8! C B K
# g $ conversion rates at time g . J, approximately equal to 100, is the number of time points regularly distributed along the overall experiment duration being chosen to reduce the computational time.

The system (3) is finally solved with the optimal set of six kinetic parameters.

To validate the simulations, the maximal differences between the experimental and simulated conversion and conversion rates are calculated for each heating rate. R 2 determination coefficients are also calculated for the conversion, conversion rate and global variations, for each temperature ramp and each size fraction, according to the formulas:

: * = 1 - ∑ A B K # g $ -<f # g $C * i gj( ∑ A <f # g $ - 1 Q ∑ <f m i mj( C * i gj( , 10 
for the conversion, where B K # g $ and <f # g $ are the simulated and experimental conversions at time g , then, for the conversion rate:

: * = 1 - ∑ A C B K # g $ -A C <f # g $" * i gj( ∑ A C <f # g $ - 1 Q ∑ A C <f m i mj( * i gj( , 11 
and:
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for the overall variations. These determination coefficients should be as close to 1 as possible to validate the simulations.

Experimental results and oxidation mechanism

Size distribution

The volume particle size distribution of the three magnesium fractions are quite scattered (Fig. 1).

Considering the size fraction 20-50 µm, 10 vol% of the particles have a diameter smaller than 20.4 µm (D10) and 10 vol% higher than 76.6 µm (D90). Similar observations are made for the two other size fractions. The disparity in the particle sizes may be explained by the shape of the magnesium particles. In fact, the particles are not spherical, but rather coarse. However, the Sauter mean diameter D [START_REF] Eckelman | Life cycle carbon benefits of aerospace alloy recycling[END_REF][START_REF] Shkolnikov | Aluminum as energy carrier: Feasibility analysis and current technologies overview[END_REF], which is the diameter of a spherical particle exhibiting the same volume/surface area ratio as the particle under consideration, is in the middle of the range of each fraction. The D [START_REF] Eckelman | Life cycle carbon benefits of aerospace alloy recycling[END_REF][START_REF] Shkolnikov | Aluminum as energy carrier: Feasibility analysis and current technologies overview[END_REF] values are indeed equal to 34.7, 61.9 and 85.7 µm for the size fractions 20-50, 50-71 and 71-100 µm, respectively.

Thermogravimetric analyses

TG analyses revealed that, whatever the sample and the experimental conditions considered, the mass increase at the end of the experiment is equal to 65.8%, which corresponds to the expected theoretical value if all the magnesium introduced into the TG analyzer is converted into MgO. This result is in accordance with XRD analyses presented in a previous study [START_REF] Moser | Non-isothermal oxidation and kinetic analysis of pure magnesium powder[END_REF], which revealed that the magnesium powder was initially only composed of pure metal and was totally converted into magnesium oxide (MgO) after such TG experiments.

Figure 2 exhibits the conversion and conversion rate curves versus temperature obtained for the three size fractions under heating rates of 1, 2, 3 and 5 °C min -1 .

The conversion curves present similar trends, whatever the size fractions. The oxidation process occurs between 350 and 650 °C and is complete. Three stages of this oxidation process can be identified:

-The first one occurs between 350 and 500 °C, depending on the size fraction, where a low increase of the conversion is observed. Max. conv. rate -2.9×10 -4 6.7×10 -4 1.6×10 -3

Microscopy and mechanism

Figure 4 shows microscope images of initial, quenched and totally oxidized samples from the 20-50 µm fraction. Note that although quenching was not carried out during TG experiments, it was verified that stopping the reaction in the thermobalance at different temperatures (i.e. at different values of the extent of conversion) visually led to similar observations. The initial particles have a silver color and their shape is rather coarse, like chips (Fig. 4a). After quenching the sample at the end of the first stage, the extent of conversion is approximately equal to 8% and particles still have the same shape, but their color turned light brown (Fig. 4b). Fig. 4c shows particles quenched in the middle of the second stage, when the conversion rate is close to its maximum and the extent of conversion is approximately equal to 70%. The particles are no more brown but instead turn black and several white germs appear on the surface and spread to cover the particles. These white germs are voluminous and have a "cottony" appearance. Finally, at the end of the experiment, when the extent of conversion is equal to 100%, all particles are totally white (Fig. 4d). The shape of the particles is modified since the white oxide layer that grew at the surface of the particles made them bigger. The same observations are true for the two other fractions. Whatever the initial size fraction of the sample, specific area measurements of the initial, quenched and totally oxidized samples revealed an increase by a factor 10 during the oxidation process while the density decreased of about 25%.

Microscope pictures clearly show that heterogeneous reactions govern the slow oxidation. The experimental results suggest that the beginning of the oxidation process consists in the formation of a thin surface oxide layer. The low oxidation rate observed during TG analyses below 475 °C leads to the assumption that this oxide layer is protective. This protective character was already proposed in [START_REF] Markstein | Heterogeneous reaction processes in metal combustion[END_REF][START_REF] Gulbransen | The Oxidation and Evaporation of Magnesium at Temperatures from 400° to 500° C[END_REF][START_REF] Fournier | Oxidation of magnesium[END_REF] and was justified by a slowdown of the oxygen diffusion to the metal surface. In a second stage, a diffusion of Mg (or Mg 2+ ) through this oxide layer to the surface would take place and would be responsible of the black coloration (Fig. 4c). Such a black coloration was already highlighted by Takeno et al. [START_REF] Takeno | Ignition of Magnesium and Magnesium-Aluminum Alloy by Impinging Hot-Air Stream[END_REF]. Magnesium then becomes accessible to oxygen so that this second stage of the oxidation process is characterized by the formation of white MgO nuclei and the growth of these nuclei, according a nucleation mechanism. The conversion rate is important during this stage (Figs. 2 and3) where the main part of magnesium is oxidized. It is also shown that the maximal conversion rate, which is observed during this second stage, is twice higher for the 50-71 µm size fraction than that of the two other size fractions. As the Mg to MgO oxidation reaction is exothermic, particles can heat up beyond the temperature of the TG. Some of the heat generated is evacuated by convection or radiation. This important maximal oxidation rate for the 50-71 µm size fraction is attributed to the consequence of this exothermicity of reaction and the evacuation of the generated heat, which is less important for the 50-71 µm size fraction particles than for the smallest one (20-50 µm size fraction)

as they exhibit a lower surface area. This is in agreement with the lower acceleration of the conversion rate observed in Fig. 2. At the end of the second stage, there is no more magnesium left with the 20-50 and 50-71 µm fractions. Thus, it seems that for these small particles, although the size of the particles increases with their extent of oxidation, the progressive oxidation of magnesium at depth takes rapidly place, due to the large surface to volume ratio (and therefore the small thickness of the oxide layer). On the other hand, the lower maximal conversion rate obtained for the 71-100 µm size fraction in comparison to the 50-71 µm size fraction is attributed to the difficulty for oxygen to diffuse through the greater thickness of the oxide layer and thus to reach the core of the particle. Indeed, for the 71-100 µm size fraction, there is a visible third stage (Fig. 2c). Microscope analyses (Fig. 5) revealed that, at the end of the second stage, the majority of the particles belonging to the size fraction 71-100 µm are covered with white oxide, although the conversion rate is less than 85%.

It therefore seems that the core of these particles is not oxidized, unlike that of smaller size fractions.

The diffusion of the oxygen through this oxide layer to reach the core of the particle is difficult, decreasing the oxidation rate. At the same time, the temperature increase causes the particles to swell. Mechanical stresses then appear and lead to fracturing of the white oxide layer. The increase in the conversion rate above 600 °C is thus attributed to cracks in the MgO layer allowing oxygen to diffuse into the intraparticule porosity. Through these cracks, oxygen can then reach the core of the particles. This third stage is also a nucleation mechanism, since the white MgO nuclei spread towards the core of the particles. The reaction ends when magnesium is totally converted.

Kinetic modeling 4.1 Temperature of the magnesium particle

As already indicated in section 2.3, the temperature of the magnesium particles is computed solving the problem [START_REF] Garra | Magnesium/air combustion at pilot scale and subsequent PM and NOx emissions[END_REF]. The maximal differences between the temperatures of the gas and of the particle as deduced from this heat transfer model are indicated in Table 2, together with the gas temperatures at which they are taken, for the different size fractions and heating rates.

Table 2. Maximal differences (Max. diff. temp., °C) between the gas and particle temperatures and gas temperatures (Gas temp., °C) at which they are reached for the different heating rates and size fractions.

1 °C min -1 2 °C min -1 3 °C min -1 The maximal difference between the gas and particle temperatures is approximately reached at the position where the conversion rate reaches its maximal value, see Table 1. This maximal difference is approximately equal to 2, 9 and 9 °C, for the size fractions 20-50, 50-71 and 71-100 µm, respectively. It does not really depend on the heating rate.

Figure 6 gathers two examples of the curves of the difference between the gas and particle temperatures.

The shape of the curves presented in Fig. 6 follow that of the conversion rates: a unique peak in the case of the size fraction 20-50 µm and two peaks in the case of the size fraction 71-100 µm. The curves corresponding to the other size fractions or heating rates present similar trends (not presented here). This is the consequence of the thermal balance (5) which involves the particle conversion and conversion rate.

Optimal values of the kinetic parameters

Table 3 gathers the values of the coefficients ci which correspond to each stage of the oxidation process. As already indicated, these coefficients were manually adjusted in accordance with the conversion and conversion rate curves gathered in Fig. 2. The reaction functions which are used in the kinetic modeling are also indicated in Table 3. For the first stage, Mampel's reaction function is always chosen. For the second stage, Avrami-Erofeev reaction function of order 2 is chosen, because of the thinness of the peaks which appear in the conversion rate curves, see Fig. 2. For the third stage, Avrami-Erofeev reaction function of order 4 is chosen, because, the peaks which appear for the highest size fraction 71-100 µm are very narrow and high for the heating rates of 3 and 5 °C min -1 .

The optimal values of the kinetic parameters (A and Ea) returned by the numerical procedure exposed in section 2.3 are presented in Table 4. In [START_REF] Nie | Oxidation of Magnesium: Implication for Aging and Ignition[END_REF], the authors found an activation energy equal 148 kJ mol -1 for the oxidation of magnesium.

The value 162.9 kJ mol -1 which is found in the present study for the second stage (the main one) is very close to that of the literature.

Table 5 gathers the maximal differences between the experimental and simulated conversion and conversion rate curves and the determination coefficients for each size fraction and each heating rate. The relative maximal differences between the experimental and simulated conversion rate curves are quite high for many heating rates and for the three size fractions, because the unique set of kinetic parameters indicated in Table 5 partly fails to perfectly and simultaneously reproduce these experimental conversion rate curves. The shifts which are observed on the conversion rate curves when the heating rate increases (see Fig. 2) are not perfectly simulated with the present model, probably due to the presence of diffusional limitations of oxygen inside the magnesium particle.

The values of the determination coefficients : * for the conversion variations are very close to 1, whatever the heating rate or size fraction. That for the conversion rate are quite far from 1, whatever the heating rate or size fraction. An explanation for such poor simulations may be the thinness of the unique peak in the case of the 50-71 µm size fraction and of a large shoulder or of a very thin needle in the conversion rate curves for the 71-100 µm size fraction.

Figure 7 compares the experimental and simulated conversion and conversion rate curves obtained for the size fraction 20-50 µm with a heating rate of 1 °C min -1 , for the size fraction 50-71 µm with a heating rate of 3 °C min -1 and for the size fraction 71-100 µm with a heating rate of 5 °C min -1 .

A good correlation may be observed for the two first stages of the oxidation process for the two lowest size fractions. Concerning the third stage, which mainly occurs with the greatest size fraction, the first peak is quite well reproduced. But the thin needle which occurs for a heating rate equal to 5 °C min -1 (Fig. 7 f) is not well reproduced, as the simulated second peak occurs at higher temperatures. This shoulder or second peak is not well reproduced whatever the heating rate for this size fraction, which explains the low determination coefficients in this case. Modeling this shoulder or second peak is difficult with the present model, since their position and shape significantly change with the heating rate, probably due to the presence of diffusional limitations of oxygen inside the particle which are not taking account in the model.

Conclusion

Magnesium oxidation experiments were performed in a thermobalance under four low heating rates, together with microscope characterizations of the initial and partially oxidized samples. The influences of the particle size of magnesium and of the heating rate were investigated. It was shown that the oxidation process begins at around 350 °C and occurs in three stages, whatever the particle size. The first one consists in the formation of a thin and dense oxide layer at the surface of the particles that has a protective character against oxygen diffusion. Then migration of oxygen through this oxide layer occurs and magnesium oxide nuclei are formed at the particle surface. These nuclei progressively grow according to a nucleation mechanism as the temperature increases. For the greatest particles, metallic magnesium is still present in the core of the particles when the surface coverage of the particles is total. Cracks of the magnesium oxide layer are then necessary for oxygen to reach the core of the particles. These cracks occur above 600 °C.

A three-step kinetic model was proposed and optimal values of the kinetic parameters were determined. The first-order Mampel reaction function was used for the first stage and Avrami-Erofeev reaction functions of orders 2 and 4 were used for the second and third stages, whatever the size fraction and the heating rate. The activation energies for the three stages were found equal to 72.0, 155.9 and 129.0 kJ mol -1 respectively, in agreement with values found in the literature. The first-order Mampel reaction function was found to agree with a slow surface reaction and the observation of a higher conversion rate during the coating of the particle surface with a protective oxide film as the particle size decreases. The Avrami-Erofeev reaction functions associated to nucleation mechanisms were quite in agreement with the proposed mechanism based on the characterization and microscope observations of the quenched samples. Even if the simulated conversion rate curves do not perfectly fit the experimental ones for the twelve different experimental conditions, these optimal values of the kinetic parameters may be considered as relevant for the magnesium oxidation process. 
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 12 Figure 1 : Particle size distribution in volume of the three size fractions
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 34 Figure 3 : Comparison of the conversion (a) and conversion rate (b) curves obtained at 1 °C min -1 for the three magnesium fractions: solid line 20-50 µm, dotted line 50-71 µm and hyphens 71-100 µm
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 5 Figure 5 : Microscope pictures of magnesium samples from the 71-100 µm fraction quenched at 85% of conversion
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 6 Figure 6 : Difference between the gas and particle temperatures for the size fraction 20-50 µm and heating rate of 1 °C min -1 (a) and for the size fraction 71-100 µm and heating rate of 3 °C min -1 (b).
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 7 Figure7: Experimental (solid line) and simulated (hyphen) conversion and conversion rate curves, as a function of the setpoint temperature, for the size fraction 20-50 µm with a heating rate of 1 °C min -1 (a,b), for the size fraction 50-71 µm with a heating rate of 3 °C min -1 (c,d) and for the size fraction 71-100 µm with a heating rate of 5 °C min -1 (e,f).
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Table 1 .

 1 Temperatures (°C) at which the maximal conversion rates are reached for the different heating rates and size fractions and values (s -1 ) of these maximal conversion rates.

			1 °C min -1	2 °C min -1	3 °C min -1	5 °C min -1
	Size fraction					
	20-50 µm	Temp.	544	566	577	594
		Max. conv. rate 3.1×10 -4	7.1×10 -4	9.8×10 -4	1.8×10 -3
	50-71 µm	Temp.	540	557	572	583
		Max. conv. rate 7.1×10 -4	1.4×10 -3	1.9×10 -3	3.0×10 -3
	71-100 µm	Temp.	551	563	574	588
	Peak 1					
		Max. Conv. rate 3.5×10 -4	7.8×10 -4	1.1×10 -3	1.7×10 -3
	Peak 2	Temp.	-	615	623	626

Table 3 .

 3 Values of the three coefficients ci and choice of the reaction function (M1=Mampel's firstorder, AE2=Avrami-Erofeev of order 2, AE4=Avrami-Erofeev of order 4) for the three stages of the Mg oxidation process for each size fraction.

	Size	First stage	Second stage	Third stage
	fraction					
		c1	Reaction function c2	Reaction function c3	Reaction function
	20-50 µm	0.10	M1	0.90	AE2	0.00 -
	50-71 µm	0.07	M1	0.90	AE2	0.03 AE4
	71-100 µm 0.04	M1	0.61	AE2	0.35 AE4

Table 4 .

 4 Optimal values of the kinetic parameters of the oxidation process.

	Oxidation stage	A (s -1 )	Ea (kJ mol -1 )
	1	86.4	72.0
	2	1.8×10 7	162.9
	3	4.0×10 4	129.0

Table 5 .

 5 Maximal differences between the experimental and simulated conversion (Max. diff. conv., without unit) and conversion rates (Max. diff. conv. rate, s -1 ), relative maximal differences between

	the experimental and simulated conversion rates (Rel. max. diff., %) and values of the determination
	coefficients R 2 for the conversion, conversion rates and overall variations.	
			1 °C min -1	2 °C min -1	3 °C min -1	5 °C min -1
	Size fraction					
	20-50 µm	Max. diff. conv.	0.15	0.18	0.18	0.17
		Max. diff. conv. rate	8.6×10 -5	2.2×10 -4	3.4×10 -4	5.4×10 -4
		Rel. max diff.	34.9%	30.4%	34.8%	30.7%
		* : * : 9 *	0.997 0.866 0.863	0.995 0.853 0.848	0.995 0.837 0.832	0.995 0.856 0.851
	50-71 µm	Max. diff. conv.	0.21	0.15	0.19	0.13
		Max. diff. conv. rate	1.2×10 -4	5.8×10 -4	7.5×10 -4	1.2×10 -3

B , to find the particle temperature ! along the experiment time. The above thermal parameters

-The second one occurs between 500 and 550 or 650 °C, depending on the size fraction and the heating rate, which is characterized by a high increase of the conversion.

-The third one, which mainly occurs for the highest size fraction 71-100 µm, takes place after 550 °C and is characterized by a change of slope, the conversion reaching 1 at the end of the process.

The conversion and conversion rate curves are shifted by almost 40 °C to higher temperatures when the heating rate increases. This phenomenon may be explained by thermal inertia, which implies that when the heating rate is higher, the exposure time of the sample at a given temperature becomes shorter.

Considering the 20-50 and 50-71 µm fractions (Fig. 2b and2d), the conversion rate curves present a unique peak between 475 and 650 °C (the second stage of the oxidation process). For temperatures lower than 475 °C (first stage) or higher than 650 °C (third stage), the conversion rates are very low.

The maximal oxidation rate is obtained between 540 and 595 °C depending on the heating rate and the size fraction, see Table 1.

In the case of the 50-71 µm fraction, Fig. 2 d), the peak is higher and narrower than that for the two other fractions. It occurs at a slightly lower temperature than the main peak of the other size fractions, see also Fig. 3.

In the case of the 71-100 µm fraction, Fig. 2 f), composed of the largest magnesium particles, an important shoulder is observed on the right-hand side of the main peak for the heating rate of 1 °C min -1 . For the heating rates of 2, 3 and 5 °C min -1 , a second peak is observed at higher temperatures (above 600 °C). The shape of this second peak becomes narrower and higher when the heating rate increases, ending like a needle for the heating rate of 5 °C min -1 , see Fig. 2f.