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Introduction

Since many years, the risks of dust explosion of metallic powders is known in the field of industrial safety and more recently in some emerging process such as additive layer manufacturing (ALM). This technology allows to create parts with complex geometries. It is widely used in companies such as aeronautic, space, defense or medical. This process is used with various compositions of aluminum-silicon (casting alloys) and with aluminummagnesium alloys. Aluminum alloys powders can create a risk of dust explosion and this disaster dust explosion which occurred on August 2, 2014 in Kunshan [START_REF] Li | A catastrophic aluminium-alloy dust explosion in China[END_REF]) is an example. In ALM process, aluminum alloy powders are used and the question of risk assessment around this process has clearly come up with some preliminary studies, [START_REF] Bernard | Ignition and explosibility of aluminium alloys used in Additive Layer Manufacturing[END_REF] showed that AlSi10Mg alloy is explosive. It should be noted that the storage and transport of metal powders were also subject to this risk of dust explosion. In literature, few data were available on the sensibility defined by Minimum Ignition Energy (MIE) and severity explosions of aluminum alloy. The interest of this study was to collect data on the explosion parameters of aluminum alloys. In addition to focusing on industrial safety aspect of aluminum alloys, we are also interested in the scientific aspect of combustion. On the scientific aspect, the idea was to have an approach on the combustion mechanism of aluminum and aluminum alloys. Indeed, some studies like [START_REF] Lomba | Determination of aluminum-air burning velocities using PIV and Laser sheet tomography[END_REF] are interested in the use of metal powder to replace fossil fuels and reduce greenhouse gases emissions. The scientific literature is rich in knowledge on the mechanism concerning ignition or combustion of pure aluminum. [START_REF] Sundaram | A general theory of ignition and combustion of nano-and micron-sized aluminum particles[END_REF] summarize literature concerning ignition of isolated particle and proposes the scheme reproduced in Figure 1. Concerning ignition delay, different steps are encountered

• tsp which enable the spark to be established with the required energy level • theat1 which correspond to the heating of particle without phase transition • theat2 which correspond to the melting of metal inside of oxide coating • tcrack which correspond the destruction of the oxide laser by melting or cracking according to the value of the Pilling Bedworth ratio • tdif time for vaporisation of liquid after melting followed by reciprocal diffusions of metal vapour toward external oxygen which also migrate from outside toward the front flame • tchem : Chemical time for homogenous reaction in vapour phase in the front flame which surround the particle Finally, the measured time corresponds to the addition of all this times including also the response time of the sensor used for detection (photodiode, camera, Pressure gauges).. During the combustion, [START_REF] Bazyn | Evidence for the transition from the diffusion-limit in aluminum particle combustion[END_REF] have described three kinetic modes of aluminum combustion depending on flame structure (Figure 2). The first kinetic is "Diffusionlimited", when it is observed a detached flame a few radii from the particle surface. This structure has been observed for large particles. The temperature reaches its maximum in the region of the flame and is controlled by the dissociation temperature of the aluminum. The second kinetic mode is "transitional", it is the process with two reactions. The heterogeneous reactions which take place on the particle surface because oxidizer can diffuse close to the particle surface and the flame radius reduces to the particle surface, and the reactions in gaseous phase are very near the particle surface. Indeed, as particle size gets smaller, diffusion becomes faster to the reaction rates, and the flame moves closer to the surface. The temperature is similar to aluminum boiling temperature. The last kinetic is "shrinking core". For this kinetic, oxidizer diffuses to the particle surface, which creates the reactions on the particle surface. This structure has been proposed for very small particles. The temperature is just lower than aluminum boiling temperature.

Figure 2 : tree kinetic modes for aluminum particles according to Bazin et al. (2007) This evolution from diffusional to transitional and finally Shrining core is due to competition between diffusion of gaseous species and reaction rate of combustion according to Damköhler number given by equation (1).

=

Aluminum alloys can also have interesting combustion properties and a first approach of their combustion mechanism is studied in this work. This paper characterize and compare the dust explosion combustion of AlSi7Mg0.6, AlSi10Mg and AlMg5 alloys with pure aluminum. The idea was to compare the combustion of particles contents only aluminum in their chemical composition than particles contents aluminum with others elements (silicon and magnesium). To make a good comparisons, the average diameters were approximated around 30 -40 µm after selection (or separation) by sieving. Moreover, to complete the powder comparisons, two different parameters were determined: the dust explosion parameters and the flame combustion parameters. the dust explosion parameters were : the minimum ignition energy determined by using a modified version of 1.3 L Hartmann apparatus, the overpressure and maximum rate of pressure rise determined in Isochoric 20 L spherical bomb. Concerning the flame combustion parameters, the particle temperature were measured using a two color pyrometer and the flame temperatures were determined with AlO emissions during combustion.

Materials and Equipment

Materials

The powders sizes are firstly characterized using laser diffraction size analyzer (particles size distribution determination), and also using SEM coupled EDS for morphology and composition of particles. The pure aluminum (purity > 99.7 %) show in Figure 3 was made by M&C (Matériaux et Chimie). The aluminum alloys: AlSi7Mg0.6 and AlSi10Mg alloys were made by TLS Technik spezialpulver and AlMg5 by IRTES-LERMPS. Their chemical compositions resulting from EDS analysis were presented in Table 1. They were compatible with the standards provided for such alloys. The SEM photography, in Figure 2 to Figure 4, showed that alloys particles are spherical. The particle sizes of three alloys had similar average diameters. Some small particles are noted in AlSi10Mg alloy (Dv10 = 7 µm) and spherical irregularities (agglomerated particles) were present in AlMg5. Table 2 describe the particles size of all powders. Series of sieving and granulometry are carried out to obtain neighbouring granulometric distributions. 

Experimental setup

Hartmann tube device

A modified version of 1.3 L Hartmann apparatus is used to measure minimum ignition energy (E50 and E10 assimilated to MIE) according to standard EN 13821: 2002(CEN, 2003). This Hartmann tube device and its spark generator are presented in Figure 7. Dusts are disposed at the bottom of the tube and a blast of air scatters particles vertically along the tube. After a delay of 100 ms, the spark is triggered at 110 mm from the bottom of the tube. The air tank pressure, the delay between the air blast and the spark and the spark duration can be modified with our spark generator controller that was optimized in [START_REF] Baudry | Influence of the oxide content on the ignition energies of aluminium powders[END_REF]) and [START_REF] Bernard | Statistical method for the determination of the ignition energy of dust cloud-experimental validation[END_REF]. The spark energy value achieved with such an arrangement is in the range of 2 mJ -50 J, making possible to measure ignition energy of the less ignitable dusts. Langlie test method [START_REF] Langlie | A reliability test method for "one-shot[END_REF] combined with dichotomy allow to obtained ignition probability of 0.5. The MIE is determined through a fitting of ignition probability using log normal law [START_REF] Bernard | Statistical method for the determination of the ignition energy of dust cloud-experimental validation[END_REF]) probability of 0.1. MIE is communally obtained after 20 to 25 shoots and post processing of data allowed verifying the convergence of algorithm. A second series of shoots was taken to check the reproducibility. Hartman device is calibrated by using Caro 09 powders. The Calibration-Round-Robin (CaRo) was also applied to the 20-l-apparatus and the 1 m 3 vessel for the determination of Pmax and Kmax. In this study, the Round robin tests were carried out with CaRo 09 powder (pyridine-3carboxamide, year 2009). Our results gave 3.9 mJ, which is in the range given by round robin tests (0.6 to 5 mJ). The results obtained with our modified device can be compared to the standard. 

Isochoric 20 L spherical bomb

The explosions are run in a spherical 20 L explosion vessel designed at the PRISME Laboratory (Figure 8) in agreement with the international standard EN 14034-3 ( 2006), except for ignition system. Metal powder and air are introduced in the spherical chamber. A rebound nozzle (Kuhner AG) disperses the particles with air in the chamber by generating a turbulent flow. At the end of the injection period, the atmospheric pressure is reached. The explosion signal is measured by a Kistler 701A sensor and acquisition is accomplished by a numerical oscilloscope and recorded on a computer. Ignition is achieved by an electric spark generated between two tungsten electrodes in the range of 10 mJ to 500 J. The overpressure (∆Pmax) is determined as well as the rate of pressure rise (dP/dt)max . The spark energy value achieved with such an arrangement is between 10 mJ and 500 J. Table 3 presents the parameters used for explosion in the 20 L spherical bomb.

The severity parameters are not obtained according to the conditions of the standard. However the calibration is performed by using Caro 09 powder and compared to round robin results. Ours results in [START_REF] Bernard | Ignition and explosibility of aluminium alloys used in Additive Layer Manufacturing[END_REF] showed that maximum pressure Pmax value is well in the range of results given by round robin tests but not Kst value given in equation ( 2) ( V = volume). The Kst ratio between round robin measurements and our tests is 1.47 (Round Robin = 1.47 × our results). This difference can be explained by: low energy is used (electrical arc); the pyrotechnic ignition device used by the standard accelerates the combustion with multi ignition points in a large volume noted by [START_REF] Proust | Measuring the violence of dust explosions with the "20 l sphere" and with the standard "ISO 1 m3 vessel". Systematic comparison and analysis of the discrepancies[END_REF].To compare our results call "our Kst" to the standard, the Kst obtained with our sphere was × 1.47 and was call "Kst approach". 

st = dP dt ⁄ max × (2)

Particle temperature measurement

The particle temperatures are measured, using a two color pyrometer for detection of light emission of dust explosion in 20 L inside the spherical bomb. The pyrometer is placed above the spherical bomb to capture the radiative emission of the particles through a glass window (BK7 windows; transmittance over 90% between 380 to 1400 nm). The sensor includes two silicon fast photodiode detectors operating at wavelength of 750 and 950 nm with a maximum sensitivity at 850 nm. Each photodiode is equipped with an optical interference filter that selects the appropriate wavelength with a bandwidth of 10 nm. The photo detector saturation during acquisition is avoided by using a small diaphragm with diameter around 0.5 mm. No spectral radiation is present at these wavelengths. The description of this device is made in (Gillard and Roux, 2002) and (Gillard et al., 2002). The pyrometer calibration is performed using tungsten light emission and the black body law. De Izarra ( 2009) and more recently [START_REF] Bernard | Ignition and explosibility of aluminium alloys used in Additive Layer Manufacturing[END_REF] and [START_REF] Millogo | Combustion properties of titanium alloy powder in ALM processes: Ti6Al4V[END_REF] provided details on the law, calibration method and typical signals of measurement.

Figure 9 shows typical signals obtained from the two photodiodes and resulting particle temperature after calibration. The first peak corresponds to arc ignition. The temperature indicated by the pyrometer is restrain between the start and end marks of the light emission. It therefore concerns only a limited range of the explosion process. Indeed, at the beginning and the end of the explosion, light emission is not adequate to provide a good ratio signal/noise and the temperature measurement will lead to erroneous measure. 

Flame temperature measurement

The flame temperatures are determined with AlO emissions during combustion. The experimental studies of [START_REF] Lomba | Determination of aluminum-air burning velocities using PIV and Laser sheet tomography[END_REF] show that AlO species allows to determine the flame temperature by using a spectrometer. We applied this method to determine the flame temperature of aluminum and alloys by using OceanOptics HR 2000 + ES spectrometer. The radiation of the flame is collected through an optical fiber (diameter 1000 μm) connected to the spectrometer which is placed above the sphere at the same level as the pyrometer. The spectral resolution close to 0.9 nm gives a temporal resolution of 1 ms at 500 Hz of frequency which allows to evaluate the temporal evolution of the flame (< 1ms). For each time step, the detector covers a wavelength range from 200 to 1100 nm. To perform the calibration, the emission of light from the combustion products measured with the spectrometer is simulated at different temperatures. Using the method described by Pellerin et al. (1996) (equations 3 to 6), we use the ratio of the spectral luminance (equation 5) to obtain flame temperature (T) from the stimulated temperature (T * ).

= ℎ"

(3)

Where is the intensity of a spectral line, the transition probability, " = C/ with C the speed of light for the transition (n → m) and h is the Planck constant.

= # $ % & '() * -, -. & / (4)
is the number of molecules in initial state, # is the particle density, % & is the partition function, $ is the statistical weight, , is the energy and -. is the Boltzmann constant.

With = # $ ℎ" = % & '() * -, -. & / (5) = * '() 1 -, & * -& && * 2 % & * % & (6)
The main emission band of AlO spectra is at 486 nm for aluminum powders. In this study, the simulated spectral luminance between 460 and 549 nm at temperatures of 2700, 2900 and 3000 K with LTESpec software [START_REF] Sankhé | Pyrometric and Spectroscopic Measurements of Temperatures of Metallic Dust Combustion Ignited by Characterized Discherge in a Hartmann Tube[END_REF]) are used.

Results and discussions

Sensibility parameters: Minimum ignition energy

Figure 9 showed minimum ignition energy of pure aluminium and alloys as a function of concentration in the range 200 to 1200 g/m 3 . According to this concentration, MIE tends to decrease when concentration increase for all powders. At low concentration (300 g/m 3 ) the MIE are similar for aluminium and alloys. But, when the concentration increase aluminium sensibility increases sharply than alloys. The small MIE obtained for Al is 4 mJ at 1200 g/m 3 . For alloys, MIE are also obtained at high concentration1200 g/m 3 : 22 mJ for AlSi7Mg0.6, 13 mJ for AlSi10Mg and 23 mJ for AlMg5 alloys. For the three alloys the MIE are similar. It can noticed that evolution as a function of concentration are similar for alloys. The AlSi10Mg alloy MIE is slightly small than the two others and can be explained by the presence of small particles in its particle size distribution. Table 4 summarizes pure aluminium and alloys dust explosion parameters. The results showed that aluminium is more sensible and severe to explosion than alloys. The alloys are in the same class (St 1 with Kst correction) on the range concentrations tested. It can be assumed that alloys with around 90 % of aluminium in their composition at 30 μm average diameters are in the same class of explosion. [START_REF] Bernard | Ignition and explosibility of aluminium alloys used in Additive Layer Manufacturing[END_REF] obtained Kst at 165 bar.m/s for AlSi10Mg with 10 -30 µm average diameters. [START_REF] Li | A catastrophic aluminium-alloy dust explosion in China[END_REF] with alloy powder collected on the accident site obtained 250 bar.m/s for Kst, slightly higher than our results. 

Flame temperature

Flame temperature for pure aluminium combustion

Flame temperatures are determined for pure aluminum at 300, 350 and 1200 g/m 3 concentrations. For each concentration, two explosion tests are made to check results reproducibility. Figure 13 shows the flame temperature of pure aluminum as a function of time for three different concentrations. The temperature varies between 2900 and 3300 K. The measurement uncertainty is evaluated at 200 K. It is noticed that the temperature tends to increase when the concentration increases. At high concentration (1200 g/m 3 ), the temperature is close to the adiabatic flame temperature of aluminum in air (3546 K) obtained numerically by [START_REF] Sundaram | A general theory of ignition and combustion of nano-and micron-sized aluminum particles[END_REF]. [START_REF] Goroshin | Emission spectroscopy of flame fronts in aluminum suspensions[END_REF] obtained around 3250 K for the combustion of 500 g/m 3 of aluminum. Referring to the combustion mode of [START_REF] Bazyn | Evidence for the transition from the diffusion-limit in aluminum particle combustion[END_REF], the temperature values for 300 and 350 g/m 3 concentrations are close to the boiling temperature of aluminum (2791 K) witch indicate the temperatures measurement in the "Transitional" mode of combustion. The flame temperature of aluminum combustion in air was calculated at constant volume and constant enthalpy with Chemkin software at thermodynamic equilibrium. The elements and species considered in this simulation are presented in Table 5. Thermodynamic data for all chemical species were given by [START_REF] Mcbride | Coefficients for Calculating Thermodynamic and Transport Properties of Individual Species[END_REF]. The initial simulation conditions were 1 bar for pressure and 298 K for temperature. Flame temperatures were calculated at concentrations between 250 to 1200 g/m 3 . Figure 14 shows the calculated and experimental flame temperatures of aluminium as a function of concentration. For all concentrations, the calculated flame temperatures were higher than experimental flame temperatures mainly at 1200 g/m 3 . However, it is observed that the calculated flame temperature was similar to experimental flame for concentrations below 400 g/m 3 . Indeed, the combustion in numerical model doesn't take into account the heterogeneous reactions. The combustion is carried out in gas phase and the thermal losses to the walls were neglected. It is assumed that at low concentrations, combustion tends to be complete contrary to high concentrations. 

Flame temperature of aluminium alloys during combustion

The flame temperatures of aluminum and alloys are summarized in Table 6. The temperatures are similar for all powders and varied between 2800 and 3300 K.

The dispersion is the lowest for pure aluminum powder. With alloys, it increases mainly due to the lower aluminum concentration in the gas phase which is replaced by the other elements (Mg and Si) which constitute alloys. The signal to noise ratio decreases and the dispersion of the measurement increases.

Figure 15 illustrates the temporal change in temperature during one explosion test. All other achieved measurements exhibit the same order with rapid rise of temperature with a maximum temperature which occurs shortly after dp/dtmax .inflexion point or pressure curve. This maximum of temperature is located just before Pmax .

This time offset is the illustration of the laps time which exists between the exothermal kinetic reaction of combustion and the thermal equilibrium process which generated the overpressures when the whole system is heated by the moving front flame.

The flame temperature is generally not determined after the maximum pressure because the window is covered with combustion products which provide a small ratio signal/noise. As obtained in our results, [START_REF] Sankhé | Pyrometric and Spectroscopic Measurements of Temperatures of Metallic Dust Combustion Ignited by Characterized Discherge in a Hartmann Tube[END_REF] obtained the flame temperature of aluminum and AlSi10Mg alloy between 2900 to 3200 K at 242 -255 ms of combustion.

The adiabatic flame temperatures is not calculated for aluminum alloys due to the lack of thermodynamic data about alloys and species in the literature. The particle temperatures of powders studied were determined using pyrometer during explosions in 20 L sphere. The temperatures were not determined for all concentrations of pure aluminum powder due to a problem of saturation of the pyrometer sensors. During measurement, light emission was not adequate to provide a good ratio signal/noise at first stage of combustion and after the maximum pressure. Indeed, at the beginning particles do not emit enough light and after the maximum pressure because the window was covered with combustion products, which attenuate light transmission and give too small signal/noise ratio.

The particle temperatures were determined at 1200 g/m 3 of AlSi7Mg0.6 alloy, 250 g/m 3 of AlSi10Mg alloy showed in Figure 16 and 300 g/m 3 , 1200 g/m 3 of AlMg5 alloy, showed in For 1200 g/m 3 of AlSi7Mg0.6 alloy in Figure 16 (a), the first rise in temperature occurs from the beginning of the pressure rise, about 30 ms after the electric arc breakdown. The particle temperature increases gradually to reach its maximum at 1975 K about 150 ms after the maximum pressure reached. In the case of 250 g/m 3 of AlSi10Mg alloy Figure 16 (b), the first rise in temperature takes place between 2 and 4 bars of pressure, where the rise of pressure rise is maximum, about 190 ms after the electric arc breakdown. The ignition time of the particles is long compared to the ignition of AlSi7Mg0.6 alloy at 1200 g/m 3 probably due to the low concentration. The maximum temperature is recorded around 3000 K. This temperature tends to decrease sharply after the maximum pressure reached.

For the two concentrations of AlMg5 alloy Figure 17, the maximum particles temperatures obtained at the beginning of the combustion and were 2800 K at 300 g/m 3 and 2900 K at f 1200 g/m 3 . After the maximum pressure reached in both concentration cases, the temperature decreases to 2000 K. At 1200 g/m 3 concentration, it is noted that the duration of the maximum particle temperature is short compared to 300 g/m 3 concentration. It can be explained that the combustion is faster at 1200 g/m 3 than 300 g/m 3 .

Compared to flame temperatures, at the beginning of combustion, just before the maximum pressure reached, the particle temperatures at 250 g/m 3 of AlSi10Mg alloy, 300 g/m 3 and 1200 g/m 3 are similar. At this moment of combustion, we can supposed that the kinetic combustion is the "transitional" mechanism combustion. 

Conclusion

In this paper, the combustion of aluminum and aluminum alloys AlSi7Mg0.6, AlSi10Mg, and AlMg5 powders are studied experimentally. The sensibility and severity parameters, flame and particles temperatures were determined for all powders. The results show that in terms of explosion, pure aluminum powder is more sensible and severe than alloys. Evaporation and combustion kinetic are strongly dependant of the chemical composition of the alloys and it is why pure aluminium powder are more sensible than its alloys.The severity parameters of the three aluminum alloys are similar with around 6 bars for overpressure and are classified in class St 1 between 200 and 1200 g/m 3 concentrations. For similar particle size, it can be assumed that aluminum alloys with around 90 % weight of aluminum in the chemical composition have a similar sensitivity and severity. In term of combustion, the flame temperatures are similar for aluminum and alloys and varied from 2800 to 3300 K. The flame temperatures of alloys and pure aluminum are the same order of magnitude and as aluminum was mainly present in alloy chemical composition this result is not surprising. Aluminum in the gas phase feeds the combustion flame. However, it is noted that the flame temperatures of alloys were slightly higher than pure aluminum due to the interaction of alloy metallic elements during combustion. The maximum particle temperatures of 250 g/m 3 of AlSi7Mg0.6, 300 and 1200 g/m 3 of AlMg5 are similar to the flame temperatures. We supposed that at this moment of combustion much particles are in [START_REF] Bazyn | Evidence for the transition from the diffusion-limit in aluminum particle combustion[END_REF] et al "transitional" combustion mode. The maximum overpressure and flame temperature are similar for aluminum and aluminum alloys. The main difference is the rate of combustion, as it was more violent for aluminum. In our case, the aluminum powder burns around four times faster than alloys. For future studies it will be interesting to analyze combustion products to obtain more information about the kinetics combustion of alloys.
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Table 1 : Alloys powders compositions (EDS)

 1 

	Elements	Al (% wt)	Si (% wt)	Mg (% wt)	Others	EN
	AlSi7Mg0.6	91.89	7.28	0.65	Not measured	Compatible EN 1706
	AlSi10Mg	86.67	12.69	0.72	Not measured	Compatible EN 1706
	AlMg5	94.6	0.23	4.41	Not measured	Compatible EN 1706

Table 2 : Powders particles size

 2 

	Powders	Aluminum	AlSi7Mg0.6	AlSi10Mg	AlMg5
	Dv10 (µm)	8	17	7	15
	Dv50 (µm)	35	38	25	30
	Dv90 (µm)	80	67	50	60

Table 3 : Ignition condition in the 20 L spherical bomb

 3 

	Parameter	Value
	Spark current intensity, A	4
	Spark power, W	330
	Spark energy, J	130
	Electrodes gap, mm	4
	Electrode shape	Conical (40°)

Table 4 : Dust explosion parameters of powders between 200 to 1200 g/m 3 concentrations

 4 

	Parameters		Al	AlSi7Mg0.6 AlSi10Mg	AlMg5
	MIE, mJ		3 -4	22 -23	13 -15	23 -24
	Overpressure, bar		7 -8	5 -6	5 -6	6 -7
	(dP/dt)max, bar/s		1170	280	360	250
	"Our Kst" Kst , bar.m/s	317	75	97	67
	"Kst approach" bar.m/s	Kst × 1.47,	466	110	142	98
	St class (only for indication)	St 3	St 1	St 1	St 1

Table 5 : Input elements and species for simulation

 5 

	Elements	Species
	Al, O, N	Al, O2, AlO, Al2O, AlO2, Al2O2, Al2O3, O, N, N2, AlN

Table 6 : Flame temperatures (K) of aluminum and aluminum alloys

 6 

	C, g/m 3	250	300	310	350	450	1200
	Al		2920 ± 200	-	3050 ± 200	-	3300 ± 200
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