Influence of the microstructure of highly confined HMX on the Combustion-Deflagration-Detonation Transition (CoDDT)
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The influence of the microstructure of highly confined secondary explosive on the transition to detonation initiated by a thermal solicitation was studied. Three batches of HMX with three orders of magnitude in the granulometry were characterized and compacted in brass tubes to determine their CoDDT distance following a LASER pulse initiation. The post-compaction granulometry was less relevant than the pellets' pore size and the batch initial granulometry which were determinant. A pore size below 200 nm was not sufficient for a transition. The run length was scaled with the inner diameter for porosities higher than 15% for the big grains.

Introduction

Contrary to the Shock to Detonation Transition phenomenon that has been widely studied for the design of nominal configurations of explosive use, the Combustion-Deflagration-Detonation Transition (CoDDT) of energetic materials has been mostly studied for safety issues. Many accidental detonations of munitions occurred due to an unwanted cook-off process. The effects of thermal aggressions on high explosives and propellants have indeed been studied by several researchers such as Sandusky & al (2005), Bernecker and Price (1974a, 1974b, 1974c), [START_REF] Butler | Analysis of deflagration to detonation transition in high-energy solid propellants[END_REF], Berghout, Son and Asay (2000a, 2000b, 2006).

The CoDDT consists in the acceleration of the burning rate of a thermally initiated explosive, which depends on many parameters such as the nature of the explosive, its mass fraction, the binder, etc. Mastering this phenomenon, thus predicting the occurrence of the deflagration-to-detonation transition, would allow the development of a new type of device only based on thermally ignited secondary explosives. This would mean safer manipulation (no primary explosives, manipulation of which cannot be devoid of any risk), greener products (no metal oxides), a longer lifetime and in some cases a greater efficiency (better power index).

The energetic material considered in this study is confined porous HMX with no binder.

The HMX powder is compacted between 75% and 90% of the Theoretical Maximum Density (TMD), which is 1.905 g/cm 3 for HMX β according to [START_REF] Gibbs | HMX[END_REF]. For such densities, the steps that are thought to occur in the CoDDT process are the following (see [START_REF] Parker | Deflagration-to-detonation transition in Hot HMX and HMX-based polymer-bonded explosives[END_REF] for a review). First, the explosive bed is thermally initiated, and the combustion front propagates grains by grains, sustained by heat conduction from the gaseous products to the solid; this is conductive burning. Then, with the generation of the combustion products, the pressure rises and the hot gases infiltrate the porous medium. The surfaces of the non-reacted explosive are thus preheated, initiating the combustion; this is convective burning, which depends on the permeability of the medium. This burning regime generates pressure waves that propagate through the non-reacted material. Those pressure waves make the pores collapse, generating hot spots upstream of the burning front; this is compressive burning. At the same time, the pressure induced by the reaction gases generates cracks in the explosive, fractures and small chunks that are pulled away from the explosive. These greatly increase the combustion surface, leading to a greater increase of the burning rate; this is deconsolidative burning. The pressure waves generated by the acceleration of the burning front compact the explosive upstream of the front to generate a "plug", a zone of HMX with a density of ~100% of TMD in which the pressure waves coalesce to form a shock wave which then triggers the detonation. This sequence of phenomena, which leads to a CoDDT has been described by Baer and Nunziato (1986) and in the seminal monograph of [START_REF] Mcafee | The deflagration-to-detonation transition[END_REF].

It is clear that the governing parameters of this behavior are the porosity and the compaction process with its effect on the particles. An experimental study has been conducted in order to investigate the influence of the microstructure of the explosive on the transition phenomenon. Three batches of HMX spanning three orders of magnitude in the initial granulometries have been chosen (~1 µm, ~10 µm and ~200 µm). The purpose of this study was to characterize these beds of HMX and to determine the run lengths of the CoDDT phenomenon.

HMX Batches Characterization

The compacted powder microstructure has to be characterized in order to study its influence on the CoDDT phenomenon. Indeed, hot spot formation and grains' burning rate are highly dependent on grain size, or in the case of compacted powder on the porosity and on the grains interactions. To obtain these data, numerous measurements were carried out on pellets of different HMX batches (M3c, at different densities (80%, 85% and 90% of TMD) using the following techniques: LASER granulometry, helium pycnometry, specific surface area measurement and mercury porosimetry. Those measurements were made on HMX pellets compacted in hard brass molds with a 4 mm inner diameter, to be as close as possible to the deflagration tests that were performed later. The pellets were then softly unmolded. To avoid any density gradient, those pellets were compacted to have a maximum height of 4 mm. Nevertheless, the measurements could not be done on the 150-200 batch at 80% of the TMD since the pressure applied to obtain this density was too low for the pellets to be properly unmolded. LASER granulometry was performed using a Coulter LS230 granulometer. A comparison of the results is illustrated in Figure 1. Firstly, the LASER granulometry results show the initial grain size distribution for the three non-compacted batches and its further modification.

Measurements were performed on compacted pellets, which were deconsolidated by performing a soft ultrasound bath treatment. Thus, even though the mean size for the pulverulent batches is quite different, 1.3 µm, 12.2 µm and 176.7 µm for M3c, Class E and 150-200 respectively, the mean diameter decreases significantly for the biggest batches, as the grains get fractured through the compaction process (see Table 1). As it can be seen, as the batches were heavily compacted, the mean diameter of explosive particles of HMX, which is known to massively fracture during pressing (Baer and Nunziato, 1986) became similar. One can notice that the initial bimodal distribution of the 150-200 batch gets monomodal with a relatively low grain size dispersion. The mean diameter for each batch after the compaction process is between 1.2 and 2.3 µm. This means that the particle size parameter cannot explain the differences observed for the CoDDT distance.

The specific surface area was obtained by performing Krypton BET (Brunauer-Emmett-Teller) measurements using a Micromeritics ASAP2020 machine on HMX pellets that were compacted in hard brass molds in order to be in similar conditions to the deflagration tests.
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Class BET measurements consist in injecting a gas (in our case Krypton, used for low specific surface area) in a vacuumed hermetic tube containing a dried sample. The gas molecules are then adsorbed by the solid surface and, considering the Brunauer-Emmett-Teller theory, by measuring the volume difference of Krypton in the tube, the specific surface (the surface reachable by the gas) of the sample can be obtained. Each result presented represents the average of multiple BET measurements of the sample's specific surface area, with the maximum relative error being below 2.5%. Figure 2 represents the results of the BET measurements of each batch compacted at 80%, 85% and 90% of the TMD as well as the results

for non-compacted powder, here at 65% of the TMD, for comparison. Significant differences between the three batches at the different densities can be observed.

It is interesting to note that, for the batch with the biggest grains (150-200), the specific surface area increases with the density, meaning that the grains have been heavily damaged and fractured by the compaction process. On the other hand, for the smallest grains (M3c), the specific surface area decreases as the density increases. This means that the grains have been less damaged and that some volumes in the pellet have been made unreachable for the gas, and thereby have been closed during the compaction process. Finally, for the medium sized powder (Class E), both phenomena can be observed. The specific surface area first increases because of the grain fracturation and then decreases because the grains become too small to be damaged and, as for the M3c, some pores are closed with also formation of aggregates. The ratio of the specific surface areas between the Class E and the 150-200 varies 3 to 8 and the ratio between that of the M3c and the 150-200 varies from 7 to 60. The differences between the specific surface area values between each batch at a given density as well as the differences in the variation of the specific surface for each batch could explain the differences in behavior that would be observed between the batches when submitted to a thermal aggression.

The mercury porosimetries also showed great differences in the pores sizes between the different batches at the different densities. The measurements consisted in injecting mercury into a tube containing the sample and in measuring the mercury volume decrease when pressure is applied, meaning that the mercury penetrates the pores of the sample. The pore size can then be deducted from the fluid properties. Figure 3 indicates the pore size distribution for each HMX batch compacted at 80%, 85% and 90% of the TMD. Even if the curves are rather noisy, the differences in the pore size distribution can be inferred. Firstly, although the post-compaction granulometries were similar, the bigger the initial granulometry, the bigger the post-compaction mean pore size. Secondly, the bigger the initial granulometry, the wider the pore size distribution. For the M3c batch, the average pore size is roughly equal to 200 nm for a density of 80% of the TMD and becomes smaller (~175 nm) for the highest TMD percentage. For the HMX Class E, two pore size populations are present, respectively around 250 nm and 750 nm for densities between 80 and 85% of the TMD, whereas a unique population centered on 350 nm is observed for a density of 90% of the TMD. In contrast, for the largest HMX batch, some larger bimodal pore distributions are observed (around 700 nm and 7000 nm), especially for the density of 85% of the TMD with the presence of pore sizes around 10000 nm. See Table 3 for a summary of the results. Those differences might explain the variability that would be observed between each batch when thermally solicited.

The noise on the curves for the two biggest granulometries are due to the pressure applied during the measurement. Indeed, the pressure applied to mercury increased up to a maximum of 220 MPa, which probably damaged the grains. These curves have been approximated with normal curves to give a better estimation of the porosities distribution. It is to be noted that, as for the other measurements, the mercury porosimetries were not performed on HMX 150-200 at 80% of the TMD. Finally, helium pycnometries were performed. Those measurements were made on HMX M3c and Class E in order to support or not our claims on the grain behavior during the compaction process (pore closure, grain fracturation).

The volume of internal defects (inclusions) was obtained for each batch by comparing the density of non-compacted powder with the TMD, and the volume of "closed" pores (pores unreachable for helium) by comparing the density of non-compacted batches with the density of compacted batches. The results are shown in the Table 2. This result is consistent with what was observed with the BET measurements.

CoDDT tests

Once the different batches characterized, they were compacted in high resistance brass tubes (yield strength of 625 MPa) in order to evaluate their tendency to transit from a deflagration to a detonation after a thermal initiation. Those tubes are 80 mm long with an inner diameter of 4 mm and a wall-thickness of 2 mm. The latter was raised to 6 mm in some cases presented hereafter, in order to prevent early rupture of the brass confinement. As for the characterizations, in order to avoid a density gradient during the compaction process, the compactions were made by increments corresponding to a height lower than 4 mm, corresponding to the inner diameter. Preliminary compaction tests using a transparent tube with metallic foil spacers showed that no height modification of the increment occurs during the successive compaction steps. This confirms that no density gradient was generated in the energetic material. The tubes were then thermally initiated at one extremity using a LASER pulse provided by a LASER diode that generated a near infrared beam. To be able to absorb the LASER energy efficiently, a layer of 1 mm of HMX mixed with 3% of carbon black was also added. This layer was in close contact with the optical fiber interface. Each batch (M3c, Class E and 150-200) was compacted to about 80%, 85% and 90% of the TMD and each of those tests was duplicated to attest of the reproducibility of the results. A series of four campaigns was conducted during this study: 20 tubes were shot during the first campaign with a 2 mm wall thickness; respectively 8 and 7 shots during the second and third campaigns involving 6 mm thick walls; and finally, 2 shots with a 2 mm wall thickness.

The mechanical behavior of the brass confinement during the decomposition of the explosive was observed with a Shimadzu HPV-X high speed camera recording at a rate of 1 image every 2 µs for a total recording time of 256 µs. At the same time, the pressure-wave velocity travelling through the apparatus was measured with 16 short-circuit needles placed every 4.5 mm along the tube that detected the mechanical deformation of the confinement. The signal sent by these short-circuit needles was recorded with a high precision multi-chronometer, recording with an error smaller than ten nanoseconds. Figure 4 below illustrates the setup used for these tests. 

Results of the CoDDT tests

These tests showed a significant difference in behavior between each batch and each density.

An example of an experimental result is illustrated in Figure 5. In Figure 5, the dynamic behavior after thermal initiation of the 80 mm tube loaded with HMX 150-200 compacted at 83% of TMD is illustrated. The explosive is initiated on the right side by the optic fiber. This shot highlighted the CoDDT phenomenon as two burning rates can be clearly differentiated. At the beginning of the sample, the tube has been broken into bigger fragments and the escape of a certain amount of white unburned powder could be observed.

These were indicative of a deflagration process. In the second part of the sample, the generation of smaller fragments and products with solid carbon was indicative of a detonation process.

This clear difference between the two decomposition regimes could also be observed with the help of short-circuit needles, results which can be cast in a (x,t) diagram (see Figure 6).

Occurrence of the successive signals corresponded to the propagation of the leading compression front. from the transition point to the last pin signal and also by the fact that the presence of a zone with a higher detonation velocity was suspected just after the transition point (slight overdriven detonation). With this method, the transition distance can be estimated easily with a precision depending on the distance between two successive needles (in our case ± 2.25 mm). Here, the transition occurred at a distance of 26.9 mm from the point of initiation.

All the test configurations were repeated to make sure that the parameters influencing the phenomenon were well identified and controlled. This good reproducibility is illustrated in the Figure 7. Figure 7 shows the results given by the short-circuit needles for the two shots involving HMX 150-200 compacted at 83% of the TMD. As it can be seen, even though the time of occurrence of the transition differed slightly between the two shots, origin of which may come from the early transients of the mixed HMX and carbon black combustion (thermal induction step) and interaction with the HMX powder, the transition distance is almost identical, which attests to the very good reproducibility of the phenomenon. This little uncertainty may also be related to the axial and radial positions of needles, which are known up to machining tolerance.

It is to be noted that the same confinement was not used for every batch. Indeed, when

HMX Class E and M3c were shot in the apparatus described earlier with the wall thickness of 2 mm, the confinement broke during the first stages of CoDDT, inhibiting a possible transition.

This was caused by an abrupt pressure rise, probably due to these batches having a relatively high specific surface area compared to the HMX 150-200. This issue was solved by compacting these batches in thicker tubes: 6 mm wall thickness instead of 2 mm.

As a result of these shots, a global tendency has been identified. The CoDDT phenomenon depended on the initial granulometry of the batch associated to the density and the confinement strength. The transition to detonation was systematically observed for HMX 150-200 compacted in 2 mm thick tubes, with a minimum distance to detonation of 23 mm for a density of approximately 75%. The transition to detonation was also systematically observed for HMX Class E compacted in 6 mm thick tubes at densities between 70% and 80% of the TMD with a minimum detonation distance of 24 mm. But, by increasing the wall thickness, we probably lowered the transition distance compared to a 2 mm thick tube. For the HMX M3c, the transition to detonation only occurred once at a very low TMD percentage (~60%) that corresponds to non-compacted powder. However, the distance to detonation remained high at about 60 mm from the ignition point.

All these behaviors are illustrated on the Figure 8 representing the distance to detonation as a function of the density for the three batches. A distance of 80 mm indicates that no transition to detonation was observed for the length of the tube of the present study, but this does not exclude a possible transition to detonation for longer tubes. Indeed, previous studies [START_REF] Parker | Deflagration-to-detonation transition in Hot HMX and HMX-based polymer-bonded explosives[END_REF], [START_REF] Bernecker | The deflagation-to-detonation transition process for high-energy propellants -a review[END_REF], Griffiths and Grookcock (1960)) have indicated that an increased run length was observed with weaker confinements. 

Discussion

CoDDT distance variation tendencies have been identified thanks to the different experimental campaigns conducted. It has been shown that the transition to detonation was achieved for HMX 150-200 and HMX Class E with a minimum distance to detonation for a density of about 75% of the TMD, which is consistent with the results obtained by [START_REF] Griffiths | The burning to detonation of solid explosives[END_REF]. Moreover, the data showed the concave-up behavior that is common to DDT with HMX and many other powdered forms of energetic materials [START_REF] Bernecker | Burning to detonation transition in porous beds of a high energy propellant[END_REF], Baer et al. (1986), Bernecker and Price (1974), [START_REF] Price | Effect of initial particle size on the DDT of pressed solid explosives[END_REF], [START_REF] Luebcke | Deflagration-to-detonation transition in granular pentaerythritol tetranitrate[END_REF][START_REF] Luebcke | An experimental study of the deflagrationto-detonation transition in granular secondary explosives[END_REF], [START_REF] Korotkov | Transition from combustion to detonation in porous explosives[END_REF]).

From the batch characterizations, it seems that porosity was the main parameter that influenced the CoDDT distance and occurrence. Indeed, it can be concluded that the pores size decreased as the initial grain size decreased and as the density increased. Furthermore, what was observed during the CoDDT shots is that the distance to detonation increased when the initial grain size decreased and when the density increased. So it can be concluded that the CoDDT distance increased when the pore size decreased, for densities higher than 70-75% of TMD.

Two possible explanations are proposed here for this observation, but both mechanisms probably operate together. One possible reason is that bigger pores tend to ease the convective burning since bigger pores facilitate the intrusion of hot gases in the non-reacted material which then facilitate the burning front acceleration. According to [START_REF] Campbell | Deflagration-to-detonation transition in granular HMX[END_REF], this primordial phenomenon takes place in the early moments of the Type I CoDDT (densities higher than 70% of TMD (McAfee 2010)). Another possible reason could come from the pore collapse during the compressive burning. The pore collapse results from the local pressure disequilibrium after the compaction wave passage. The heat deposition at the interface between the energetic material and the gas, which comes from compressional heating and from the power of the configuration pressure (average of the localized stresses at the contacts between grains [START_REF] Bdzil | Two-phase modeling of deflagration-to-detonation transition in granular materials: a critical examination of modeling issues[END_REF])) is in competition with the heat loss within the bulk of the solid [START_REF] Saurel | Multiscale multiphase modeling of detonations in condensed energetic materials[END_REF], which furthermore increases with the decrease of the pore radius. In our case, a clear delineation can be seen for a mean pore radius of about 200 nm, becoming inefficient for a population of hot spots to mature from room temperature to the ignition temperature. This balance of heat transfer at the solid-gas interface seems thus essential to the Type I CoDDT phenomenon. For percentages of TMD lower than 70%, the batches remained almost in their pulverulent state, meaning that the pore size was about the initial grain size, i.e. 12 µm and 180 µm for Class E and 150-200, respectively. The pore size is then two orders of magnitude higher than in the compacted cases, thus weakening drag forces and allowing more gas into the unreacted regions, with as a direct consequence a slowing of the pressure buildup that is needed to accelerate the burning rate. On Figure 9, two distinct parts can be identified. For densities lower than 85% of the TMD, the data from the different sources are rather grouped, suggesting that the scaling holds.

The tube diameter varied from 4 mm to 12.8 mm. We have selected data with rather initial big initial HMX particle size, ranging from 124 µm to 251 µm. The particle size distribution of the different sources is not known, even though it may vary significantly depending on the compaction method used. The ignition means have also been disregarded.

For densities higher than 85%, the data are more scattered. This may indicate a difference in the influence of the confinement strength, which differs from one source to another. Indeed, for high densities, the limitation of side pressure releases by the presence of a strong confinement may encourage the compressive burning phenomenon, which accelerates the decomposition front towards the detonation. However for smaller densities, the convective burning, which is predominant in the acceleration of the decomposition front is less impacted by those side pressure releases.

We can notice that the demarcation shown here is almost the same [START_REF] Parker | Deflagration-to-detonation transition in Hot HMX and HMX-based polymer-bonded explosives[END_REF] observed between the high-porosity (20-50%) and intermediate levels of porosity (4-20%) for hot PBXs CoDDT mechanisms, based on streak camera images analyses.

Finally, it has been observed that the detonation velocity increased with the density, as can also be inferred from a thermochemical code (see Figure 10). The differences may be due to the fact that the length of the tube of 80 mm is not sufficient enough to obtain a stable and steady detonation and that some lateral expansion of the products is also present in the tube. 

Conclusion

The objective of this study was to determine the influence of the microstructure of a compacted porous explosive on its tendency to switch from a deflagration regime into a detonation regime when thermally solicited. To do so, three HMX batches with different granulometries were chosen and tested: the M3c, the Class E and the 150-200 with approximate mean particle size of 1, 10 and 200 µm, respectively. Those batches were first fully characterized, both in a compacted and non-compacted state in order to study the impact of the compaction process on the material. It was determined that the post-compaction granulometries were too similar, due to the high propensity of the biggest grains HMX to fracture, to explain the behavior differences observed during the CoDDT tests. However, a great difference was observed in the pore size distributions of each batch at each studied density: the greater the initial granulometry, the greater the pore size and the greater the density for a same lot, the smaller the pore size. It was also observed that the greater the initial granulometry, the wider the pore size distribution (being bimodal for two batches and with the appearance of very huge pores of around 10 µm for one batch).

Those batches were then compacted at different densities comprised between 65% and 90% of the TMD in 80 mm long high resistance brass tubes and were then thermally initiated on a small point by a LASER pulse. The confinement behavior was observed using short-circuit needles and a high-speed camera in order to measure the transition to detonation distance when it occurred. The run length depended on the initial granulometry and the density. For a given density, the greater the initial granulometry, the smaller the transition distance, and, for a given initial granulometry, the greater the density, the greater the transition distance.

Those tendencies were compared with the porosimetry measured value variation in compacted samples and a correlation was identified: the greater the pore size, the smaller the CoDDT distance.

Two explanations were proposed: that a greater pore size eased the convective burning occurrence by allowing hot gas infiltration, and that a bigger pore collapsing dissipated less heat in the bulk material, creating more hot spots and thus accelerating more efficiently the decomposition front. In our case, a pore radius below 200 nm remains inefficient for a deflagration to transit.

Future work will concern the completion of HMX Class E data, the study of another HMX batch and eventually the study of HMX M3c in longer tubes, for which compaction realization is challenging with such a low inner diameter.
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 1 Figure 1 -Comparison of different granulometries for HMX M3c (blue), Class E (orange) and 150-200 (grey) non compacted (a), at 80% of the TMD (b), 85% of the TMD (c) and 90% of the TMD (d).
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 2 Figure 2 -BET Surface comparison for each batch at different densities.
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 3 Figure 3 -Comparison of mercury porosimetries for the 3 batches at a) 80%, b) 85% and c) 90% of the TMD.

Figure 4 -

 4 Figure 4 -CoDDT test setup.
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 5 Figure 5 -Picture of the CoDDT for HMX 150-200, compacted at 83% of TMD.
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 6 Figure 6 -Result of short-circuit needles for HMX 150-200, compacted at 83% of TMD. The velocity of the deflagration wave (blue points) is estimated to be 1745 m/s and that of the detonation wave to be 7829 m/s.
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 7 Figure 7 -Illustration of the shot reproducibility for HMX 150-200, compacted at 83% of TMD.

Figure 8 -

 8 Figure 8 -CoDDT distance vs. % of TMD. The wall thickness was 2 mm for 150-200 and 6 mm for M3c and Class E. The length tube is 80 mm. No observed DDT for M3c for densities greater than 70% of the TMD.

  For the lowest TMD, the CoDDT may follow the Type II transition (McAfee 2010), other possible mechanisms then coming into play. The results of the HMX 150-200 which has the most complete set of detonation distances of the three batches (the M3c did not detonate and the Class E was studied on a narrow interval) was compared with the literature data. More precisely, the transition to detonation distance was adimensionalized by the internal diameter of the confinement, as first suggested by Kapila and Hill (1995) to scale some experimental results for PETN (McAfee 2010). The results for the HMX 150-200 batch, those of Parker et al. (2020) and also other references of the literature who used big grains of HMX were then compared in the Figure 9.
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 9 Figure 9 -Lengths to detonation for 150-200 and literature data adimensionalized by the confinement's inner diameter.
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 10 Figure 10 -Experimental detonation velocity of HMX 150-200 compared with the results of two thermochemical codes.
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 1 Mean diameter (d10) for each batch at different densities.

Table 3 -

 3 Results of the mercury porosimetry. 𝜇 ! and 𝜇 " are the mean of each population mode of the bimodal distribution.

	HMX	𝜇 ! (nm)	𝜇 " (nm)	Mean pore size (nm)
		80% 195	-	195
	M3c	85% 199	-	199
		90% 224	130	176
		82% 831	202	507
	Classe E	85% 685	254	454
		90% 400	292	311
		80% -	-	-
	150-200	85% 10500	825	2798
		90% 3500	605	1603

Table 2 -

 2 Helium pycnometry results.

	HMX	% of TMD	TMD (g/cc)	Specific volume of inclusions (μL/g)	Specific volume of closed pores (μL/g)
		80%	1.905	0.9109	11.2116
	M3c	85%	1.905	0.9109	14.8121
		90%	1.905	0.9109	29.3093
		82%	1.905	3.2997	17.8857
	Class E	85%	1.905	3.2997	19.8312
		89%	1.905	3.2997	18.8717

It can clearly be seen that, while the volume of closed pores stays relatively constant for Class E, this volume almost triples for M3c between densities of 80% and 90% of the TMD.
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