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Introduction Polymer-bonded explosives (PBXs) consist of solid energetic materials and a polymer binder. The initiation of chemical reactions in these high explosives under mechanical loading at  low impact velocities is governed by hotspots created by localization of mechanical dissipation. The hotspots are heavily influenced by frictional dissipation at intergranular fracture sites or boundaries between energetic grains (e.g., HMX) and the binder. Here, we study the effects of mechanical loading on hotspot formation, and the subsequent evolution of temperature fields due to combined chemical – thermomechanical processes. 
Framework of Analysis A multiphysics framework is developed to analyze the ignition response of PBXs under low velocity impact loading. The analysis utilizes a two-stage technique which combines a mechanical response simulation and a chemical decomposition simulation. The first stage uses a fully dynamic cohesive finite element method (CFEM) which allows the effects of large deformation, thermomechanical coupling, failure in the form of microcracks, and frictional heating to be tracked. The analysis considers a two-phase (HMX and Estane binder) PBX. The binder is modeled using a finite deformation viscoelastic model. A 22-element Prony series from Ref. 1[]
 is used to characterize the variation of the shear modulus with the relaxation time. For the HMX granules, a hyperelastic constitutive model is used. This framework includes cohesive elements which are distributed throughout the model at all bulk element interfaces. The cohesive elements follow a traction-separation law relating the traction on the cohesive surface pair to the interfacial separation. Failure of cohesive elements results in the creation of new surfaces, which represent cracks. The Coulomb friction law is used to determine the frictional force between contacting surface pairs.
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Figure 1. Decomposition time of HMX as a function of initial temperature


The evolution of hotspot temperatures is influenced by chemical reactions in the HMX grains as well as mechanical frictional dissipation. While the first stage calculation provides a themomechanical effect using CFEM framework, the second stage analyzes changes in hotspot temperatures due to chemical decomposition, accounting for the coupled chemical kinetics. Specifically, the four-step chemical kinetic model for  HMX decomposition developed by Tarver et al.2[]
 is used. The initial two steps in this model are endothermic processes and the succeeding two steps are exothermic processes. The changes in energy of hotspots due to chemical decomposition are updated to the CFEM framework. 
Result and Discussion The decomposition time of the HMX is heavily affected by the initial temperature of hotspots. To analyze the time to decomposition, two conditions of heat conduction are analyzed. The first condition involves no heat transfer at the hotspot boundary, assuming that the hotspot is thermally isolated. The second condition assumes that the initial temperature of the HMX remains constant due to the infinite rate of conduction into the environment whose temperature is the same as the initial temperature of HMX. The time to decomposition is analyzed as a function of temperature, as shown in Fig. 1. Pressure effects are not considered in this analysis. In the figure, “adiabatic” in blue represents no heat transfer (first condition), and “isothermal” in red represents infinite rate of conduction into the environment (second condition). Experimental data from references 
 ADDIN EN.CITE 
[3-5]
 are also shown in the figure (black). For relatively long decomposition times (>10-2 s), the experimental data 3[]
 is in good agreement with the results associated with the isothermal condition. On the other hand, for relatively short decomposition times (< 10-7 s), the experimental data 4[]
 is in good agreement with the results associated with the adiabatic condition. For the regime of decomposition times on the order of 10-5 s < t <10-3 s, the experimental data 5[]
 lie at the intersection of results of the isothermal and adiabatic conditions. 
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Figure 2. Criticality threshold from Ref. 6[]
 and from FDM calculation based on Ref. 2[]



In real PBX microstructures, a finite amount of heat is transferred from a hotspot to the surroundings. Criticality occurs when the temperature in a hotspot of a given size is high enough so that the rate of temperature increase due to chemical reaction is higher than the rate of temperature decrease due to heat loss through conduction across the surface of the hotspot. Solutions of the heat diffusion equation with heat generation due to chemical reaction provide the criticality threshold. Prior to the four-step kinetic model developed by Tarver et al. [2] in 2004, Tarver et al. 6[]
 developed in 1996 a three-step chemical kinetic model and a hotspot thermal runaway threshold for HMX. The ambient temperature of surrounding HMX is set to 300K. The threshold is based on a size-temperature combination that can be regarded either as the minimum diameter required for thermal runaway for a hotspot at a given temperature T or as the minimum temperature T required for thermal runaway for a hotspot of a given size. All hotspots above the threshold boundary will reach thermal runaway. Barua et al. 7[]
 developed an ignition criterion by applying this threshold. We have obtained the hotspot size-temperature threshold based on Tarver’s new model (four-step decomposition model in Ref 2[]
) using a finite difference method (FDM) developed for chemical reactions with heat conduction. The result is similar to the threshold obtained from the three-step model, as shown in Fig. 2.
To study the hotspot transition from a stage dominated by mechanically-induced heating to a stage dominated by heating from chemical decomposition, CFEM simulations and the four-stage chemical decomposition model are combined. The analysis uses microstructures generated using Voronoi tessellation, such as the one shown in Fig. 3. The loading configuration approximates normal impact of an infinitely wide material block under conditions of macroscopic uniaxial strain. The imposed constant boundary/piston velocity of v = 200 m/s corresponds to an input stress level of σ = 250 MPa. 
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Figure 3. PBX microstructure and loading condition

The hotspot field from CFEM framework is shown in Fig. 4(a). The changes in hotspot field due to chemical reaction coupled with conduction are shown in Fig. 4(b). The timescale for hotspot generation under the mechanical loading is on the order of a few microseconds. On the other hand, timescales for chemical decomposition vary from a few hundred microseconds to hours in the temperature regime of 600 K < T < 800K. The mechanical loading duration required to yield hotspot fields that can lead to thermal runaway under subsequent heating due to only chemical decomposition without further mechanical loading is established as a function of load intensity. 
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Figure 4. Evolution of temperature field under heating due to only chemical reaction
Conclusion This study focuses on the combined effects of thermal-mechanical and chemical processes on hotspots evolution in two-phase PBXs. CFEM calculations are used to develop hotspots under mechanically-induced heating, followed by chemical kinetics associated with the decomposition of HMX. It is observed that the timescale of the chemical process varies over several orders of magnitude. For the time range of 0 < t < 10 μs, temperatures of hotspots due to coupled mechanical-chemical process are lower than those due to mechanical process alone. 
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