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Abstract  This is a novel idea: replacing highly dangerous and complex testing of solid thermally reactive materials through smart technology. We investigated the prediction of the storage lifetime and the thermal impact of thermally reactive material by different thermal analysis models: differential scanning calorimetry (DSC) for non-isothermal tests versus DSC isothermal tests. Two kinds of kinetic models were compared for evaluating appropriate kinetic parameters of thermal decomposition, and then the thermal hazard parameters were estimated by cartridge package simulation, which could result in reliable thermal hazard properties of a thermal reactive material’s thermal decomposition. We also determined the unsafe characteristics of a thermally reactive material stored in a depot under lifetime, so as to prevent runaway reactions that induce incidents by heat attack during storage. We were interested in an effective and smart analysis technology to reduce energy consumption of the dangerous testing. There are also calls for a smart testing technology, which is the achieved object here for reducing energy consumption and avoiding runaway reaction disaster of thermally reactive materials.
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List of symbols
CP

Specific heat capacity (J g–1 K–1)
CT

Control temperature (°C)
Ea

Activation energy (kJ mol–1)
E1

Activation energy of the 1st stage (kJ mol–1)
E2

Activation energy of the 2nd stage (kJ mol–1)
ET 

Emergency temperature (°C)
fi

Kinetic functions of the ith stage; i = 1, 2, 3

f(α)

Kinetic functions

k0

Pre-exponential factor (m3 mol–1 sec–1)
ki

Reaction rate constant (mol L–1 sec–1); i = 1, 2

n

Reaction order or unit outer normal on the boundary, dimensionless

NC

Number of components, dimensionless

ni

Reaction order of the ith stage, dimensionless; i = 1, 2, 3

Qi∞

Specific heat effect of a reaction (J kg–1)
q 

Heat flow (J g–1)
R

Gas constant (8.31415 J K–1 mol–1)
ri

Reaction rate of the ith stage (g sec–1); i = 1, 2, 3, 4

S

Heat-exchange surface (m2)
SADT
Self-accelerating decomposition temperature (°C)
T

Absolute temperature (K)
T0

Exothermic onset temperature (°C)
TCL

Time to conversion limit (year)
TCR

Critical temperature (°C)
TER

Total energy release (kJ kg–1)
Te

Ambient temperature (°C) 

TMRiso
Time to maximum rate under isothermal conditions (day)
Twall 
Temperature on the wall (°C)
t

Time (sec)
W 

Heat power (W g–1)
z

Autocatalytic constant, dimensionless

α

Degree of conversion, dimensionless

γ

Degree of conversion, dimensionless

ρ

Density (kg m–3)
λ 

Heat conductivity (W m–1 K–1)
χ

Heat transfer coefficient (W m–2 K–1)
∆Hd 
Heat of decomposition (kJ kg–1)
Introduction 

Many thermal explosions and runaway reactions have occurred globally in depots, resulting in a large number of injuries and fatalities in recent years. Thermally reactive materials have also caused many serious accidents involving storage and transportation, such as gun propellants, which have been very easy to decompose by heat effect. One reason involves the nitrate ester (–O–NO2) and hydroxyl group (–OH) of propellants, due to thermal instability and high sensitivity to thermal sources, ambient temperature, and ambient humidity [1–6]. Table 1 shows selected depot explosion accidents caused by thermally reactive materials, where many kinds of accidents involving thermal reactive materials have also occurred in storage or transportation conditions. 

Our aim was to use differential scanning calorimetry (DSC) for non-isothermal and isothermal tests to predict the kinetics of thermal decomposition and the thermal hazard of gun propellants, such as 40 mm grenade propellant (M9). Since we could not find a swift and effective way to analyze the thermal hazard parameters of gun propellants [7–16], the goal of smart testing technology here is to replace the energy consumption and dangerous explosion tests by simple and safe thermal analysis models by simulation of kinetics and thermal hazards for the thermally reactive materials.

In particular, we developed an effective technology that is based on actual possible applications and not only for laboratory study. It is novel idea to improve the precision and accuracy of kinetic predictions, and then to obtain reliable kinetic parameters to assess the thermal hazard parameters of thermal decomposition. We established a novel analysis model for predicting thermal hazards of thermal reactive material by smart testing technology.
Thermal hazard parameters and the explosion parameters of thermal reactive materials have generally been evaluated by approaches such as accelerating degradation [8,9], vacuum stability[10–13], actual cartridge cook-off [14,15], One-Dimensional Time to Explosion (ODTX) technique test [16], and self-accelerating decomposition temperature (SADT) tests [17–26]. These are very dangerous and complex methods for thermally reactive materials of testing models. The current testing methods are as follows: 1) The accelerating degradation test of the propellants complies with the criterion of the North Atlantic Treaty Organization (NATO) STANAG 4117, under isothermal temperature 65.5 °C for during 60 and 120 days, respectively [8,9]. 2) The vacuum stability test apparatus (STANAG 4556) is used to measure the variation of pressure owing to the gas products of thermal decomposition of propellant on the condition of vacuum and 90–120 °C for 40–48 hours [10–13]. 3) The applied heating rate is 3.3 °C h–1 according to STANAG 4382. The Manual of Tests and Criteria of the United Nations (UN) on the transport of dangerous goods and on the globally harmonized system of classification and labelling of chemicals indicates that the characterization of the materials is based on the heat accumulation storage tests [14,15]. 4) Tran et al. redesigned the ODTX facility at Lawrence Livermore [16] with the aim of having more accurate control of timing, sample delivery and temperature. The ODTX machine delivers one piece of information, the time to explosion. An estimate of the violence of the event would also be useful in hazard assessment [16]. 5) SADT is generally determined by one of four testing methods recommended by the UN orange book: the United States SADT test, the adiabatic storage test, the isothermal storage test, and the heat accumulation storage test [17–26]. In addition, the SADT is a very crucial parameter for assessing the safety management of reactive substances in storage and transportation. 

There are significant disadvantages to these five testing models of thermally reactive materials for smart testing technology in promoting the use of resources, preventing pollution, reducing energy consumption, and protecting peoples’ lives. Our goal was to develop a smart testing technology that could replace the dangerous and complex tests. 

Clearly, thermally reactive material storage safety is of utmost importance, not only for the military but also for the life and property of the general populace. Achieving the goal will result in an effective and precise model that is suitable for thermal reactive material management and safety control.

Testing technology

Kinetic parameters evaluation
Simulations of kinetic models can be complex multi-stage reactions with several independent, parallel, and consecutive stages [17–24]:
Simple single-stage reaction:
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Single-stage for n-th order reaction:
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Multi-stage for autocatalytic reaction:
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where Ea is the activation energy, k0 is the pre-exponential factor, z is the autocatalytic constant, and n1 and n2 are the reaction orders of a specific stage.

Reactions that include two consecutive stages:
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where ( and ( are the conversions of the reactant A and product C, respectively. E1 and E2 are the activation energies of the stages.
Two parallel reactions for full autocatalysis:
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where r1 and r2 are the rates of each stage, and n3 is the reaction order of stage three.

The chosen approach was to obtain reliable kinetics and parameters of thermal decomposition that included the kinetic parameters, such as the kinetics of reaction, pre-exponential factor (lnk0), reaction order (n), activation energy (Ea), and heat of decomposition (∆Hd). The unsafe characteristics of the thermal decomposition for the storage duration condition of the depot included parameters such as isothermal time to maximum rate (TMRiso), time to conversion limit (TCL), and total energy release (TER) [17–26], and in addition, the thermal reactivity properties of thermal reactive material, that could be applied as a reduction of energy potential and safer design during storage conditions.
Cartridge thermal hazard parameters determination
To simulate the thermal hazard of a solid thermally reactive material, the critical parameters for the thermal hazard were determined numerically from the chemical kinetics for several types of cartridge geometries and various boundary conditions, including the possibility of setting boundary shells. The chosen approach was to establish a procedure for thermal hazard assessment that included a critical parameter, such as the SADT, control temperature (CT), emergency temperature (ET), and the critical temperature (TCR), for a cartridge containing thermal reactive materials under actually storage conditions in the depot. For cartridge thermal hazard simulations, the following statements were used [17–24]:
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      Thermal conductivity equation                       (6)
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          Kinetic equations (formal models)                    (7)
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                  Heat power equation                               (8)
where Т is the temperature, t is the time, ρ is the density, CP is the specific heat, λ is the heat conductivity, Qi∞ is the reaction calorific effect, W is the heat power, r is the reaction rate constant, α is the degree of conversion for a component, NC is the number of components, and i is the component number.
The initial fields for the temperature and the conversions were constant throughout the cartridge volume:
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The index 0 indicates the initial values of the temperature and conversion.

The boundary conditions of the first, second, and third kind were specified as:
1st kind: 
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2nd kind: 
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3rd kind: 
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  Newton’s cooling equation                        (12)
The indices “wall” and “e” relate to the parameters on the boundary and the environment, respectively; q is the heat flow, and n is the unit outer normal on the boundary.
Experimental and method
Samples
M9, which was supplied directly from National Defense University of the Republic of China (ROC) in Taiwan, was stored under 15 °C. Experiments involved DSC non-isothermal tests at various scanning rates of 1, 2, and 4 °C min–1. DSC isothermal tests were held at conditions of 165, 170, and 175 °C, respectively.
Differential scanning calorimetry (DSC)

Temperature–programmed screening experiments were performed with DSC (TA Q20). The test cell was used to carry out the experiment for withstanding relatively high pressure to approximately 10 MPa. ASTM E698 was used to obtain thermal curves for calculating kinetic parameters. Approximately 1.0–1.2 mg of the sample was used to acquire the experimental data of non-isothermal tests and isothermal tests. Non-isothermal tests of the scanning rate selected for the programmed temperature ramp were 1, 2, and 4 °C min–1. The range of temperature rise chosen was from 30–300 °C for each experiment. Isothermal tests of the holding isothermal condition were several at 165, 170, and 175 °C. The results for the thermal decompositions of M9 from the non-isothermal and isothermal of DSC tests are listed in Tables 2 and 3, and the test curves of DSC are in Figs. 1 and 2, respectively.
M9 cartridge boundary conditions
The cartridge is barrel-shaped, the total inner volume is ca. 40000 mm3, the diameter is 40 mm, the total height is 98.8 mm (inner height is 39 mm), and the shell thickness is 1.95 mm. Consider a cartridge of the simplest barrel shape with the following properties: CP = 2,000 J kg–1 m–3, λ = 0.5 W m–1 K–1. There is heat exchange on the boundary top, side, and bottom given by all conditions which were the third kind (Newton’s cooling law): the environment temperature Te = 20 °С, the heat transfer coefficient χ = 10 W m–2 K–1. In addition, the M9 cartridge was packed in ca. 30 g thermal reactive material for storage.
Results and discussion
Prediction of M9 kinetic parameters of the thermal decomposition
The kinetic parameters were determined from the DSC experimental data at various scanning rates of 1, 2, and 4 °C min–1 and isothermal tests holding isothermal conditions of 165, 170, and 175 °C for M9. In the general condition of an isothermal calorimetric test, one can only conduct the thermal analysis temperature range from 15–150 °C [27]. In particular, we overcame the highly isothermal analysis technology by DSC isothermal test. The thermal decomposition of M9 represents an unknown reaction mechanism, such as an n-th order or autocatalytic reaction, in this study. Processing the n-th order and autocatalytic simulations to predict the kinetic parameters and then to compare the results of non-isothermal and isothermal of kinetic model simulation, here, could lead to reliable kinetics and parameters of thermal decomposition for M9. The simulation results are in Tables 4 and 5.
Tables 4 and 5 show they match very well the results of the autocatalytic simulations for M9. Comparisons of experimental data and data derived from autocatalytic reaction for heat production and heat production rate versus time of non-isothermal and isothermal-kinetic-models simulation are shown in Figs. 3–10, respectively. In Figs. 3, 5, 7, and 9, we observed the results of kinetic simulation for M9, which heat production and heat production rate versus time were providing questionable and confusing results by n-th order reaction kinetic simulations too, indicating that for M9 the mechanism of thermal decomposition belongs to the autocatalytic reaction again.
In contrast to the fact that the use of simulated autocatalytic kinetic models to match original DSC non-isothermal experimental data (Figs. 4 and 6) was proven to give superior results, not all of the data are compatible with the model. In Figs. 4 and 6, for M9 at the 2 °C min–1 the scanning rate is incompatible with the other scanning rates. Moreover, from comparisons of Tables 2 and 4 and Figs. 4 and 6, we could observe for the 2 °C min–1 the scanning rate of kinetic model simulation of non-isothermal, that the heat effect is greater than the 1 and 4 °C min–1. This data set was excluded from further analysis. Fortunately, we successfully obtained adequate kinetic parameters from the isothermal-kinetic simulation from highly isothermal analysis tests in this study. The analysis of kinetic parameters of the thermal decomposition of M9 depends on the reliability of the kinetic model. We applied the non-isothermal and isothermal-kinetic-model for the evaluation of kinetic parameters, and compared the results to simulated kinetic analysis of thermal decomposition. This method led to the development of a dependable and effective procedure for the evaluation of reliable kinetic model and the parameters of M9. 

While analyzing the kinetic parameters by kinetic model simulation, we obtained five values for the autocatalytic kinetic parameters of DSC tests by using scanning rates of 1 and 4 °C min–1 and holding isothermal temperature at 165, 170, and 175 °C for the unsafe characteristics simulation of thermal decomposition for storage lifetime in duration condition of a depot.

Prediction of M9 unsafe characteristics of thermal decomposition for storage duration condition of depot
The thermal hazard properties of M9, the TMRiso, TER, and TCL were predicted by simulating autocatalytic non-isothermal and isothermal-kinetic-models simulation, as displayed in Figs. 11–13. Moreover, in Figs. 11–13, for the M9 at the 4 °C min–1 scanning rate and isothermal temperature 165 °C are unreliable data, which are not synchronized with the others. These data sets were also excluded from further analysis. While analyzing the kinetic parameters by kinetic model simulation, we obtained three values for the autocatalytic kinetic parameters by using scanning rates of 1 °C min–1 and holding isothermal temperature at 170 and 175 °C in the storage safety parameter simulation. 
Figure 11 shows the TMRiso of M9 obtained, which values were less than 49.09 °C and exceeded the upper limit of 100 days, and Fig. 12 shows the TER of M9 is stored in greater than 49.09 °C, and immediately reaches the maximum energy release. Fig. 13 shows the TCL of M9 is less than 27.27 °C, which is beyond the upper limit of 10 years. The simulation result is explicit: M9 must be in low ambient temperature for storage duration condition of the depot. Thus, we used swift and effective analysis technology to predict the safety parameters of M9, which also can be applied to improve storage safety, and to correct operation mistakes for other thermally reactive materials.

Prediction of M9 in cartridge package thermal hazard

The prediction of the kinetics and unsafe characteristics of M9’s thermal decomposition was derived from autocatalytic reaction simulation. The results of the thermal hazard simulation for the SADT, CT, ET, and TCR are presented in Table 6. We developed a reliable, smart testing technology to determine the kinetic parameters, storage safety parameters and the cartridge package thermal hazard of M9. 
These results could be applied toward energy reduction and safer designs for use and in storage of thermal reactive materials. In addition to analyzing the thermal decomposition kinetic parameters through comparing non-isothermal and isothermal-kinetic-model simulations, we found that the results presented a reasonable and dependable model to calculate the kinetics, unsafe characteristics, and thermal hazard parameters of thermal decomposition. The validity of the results significantly depends on the reliability of the applied kinetic model, which can be validated by the proper selection of a kinetic model for a reaction, and the correctness of the methods used for the kinetics, unsafe characteristics, and thermal hazard evaluation for heat effect. The model can be applied to evaluating other thermal reactive materials.
Conclusions
We compared non-isothermal versus isothermal kinetic simulation, and then provided precise kinetic information and thermal hazard parameters depending on an available model for M9. This study has shown that through smart testing technology one can predict reliable kinetic and safety parameters, and precisely and effectively predict the thermal hazard of thermally reactive materials. Using various calorimetric tests one can avoid the single thermal analysis method, which is a kind of easy-to-make mistake for the application of thermal analysis. There are significant disadvantages to dangerous complex explosive performance tests in terms of a smart testing technology of thermal hazard assessment, which is the object for reducing energy consumption and avoiding runaway reaction disaster of thermally reactive materials. The goal has been achieved in an effective and precise model that is suitable for thermal reactive materials management and safety control, which will guarantee the safety of the military and the populace, and reduce accidents of the depot.
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Table 1  
Selected explosion accidents of depots caused by thermally reactive materials in the world
	Date 
	Location/Country
	Hazardous 
	Fatalities
	Injuries

	2005.04.22
	Ammunition depot/Taiwan
	Explosion  
	1
	0

	2005.09.07
	Ammunition depot/Taiwan
	Explosion
	2
	0

	2005.10.01
	Ammunition depot/Russia
	Explosion
	N/A
	N/A

	2006.05.10
	Ammunition depot/Taiwan
	Explosion
	2
	10

	2007.03.22
	Ammunition depot/Mozambique
	Explosion
	100
	200

	2007.07.26
	Ammunition depot/Congo
	Explosion
	3
	52

	2007.10.19
	Ammunition depot/Syria
	Explosion
	15
	50

	2007.10.19
	Ammunition depot/Serbia
	Explosion
	N/A
	20

	2007.12.31
	Ammunition depot/Taiwan
	Explosion
	1
	1

	2008.03.15
	Ammunition depot/Albania
	Explosion
	26
	300

	2008.07.03
	Ammunition depot/Bulgaria
	Explosion
	N/A
	N/A

	2009.04.29
	Ammunition depot/Tanzania
	Explosion
	26
	300

	2009.06.08
	Ammunition depot/Kazakhstan
	Explosion
	1
	0

	2010.08.20
	Ammunition depot/Taiwan
	Explosion
	0
	0

	2010.10.28
	Ammunition depot/Russia
	Explosion
	0
	1

	2011.01.30
	Ammunition depot/Venezuela
	Explosion
	1
	3

	2011.02.16
	Ammunition depot/Tanzania
	Explosion
	26
	N/A

	2011.03.04
	Ammunition depot/Libya
	Explosion
	60
	N/A

	2011.06.02
	Ammunition depot/Russia
	Explosion
	2
	85

	2011.07.07
	Ammunition depot/Turkmenistan
	Explosion
	15
	N/A

	2011.07.11
	Ammunition depot/Pakistan
	Explosion
	1
	3

	2011.07.11
	Ammunition depot/Cyprus
	Explosion
	13
	61

	2011.08.24
	Ammunition depot/Russia
	Explosion
	6
	12

	2011.09.13
	Ammunition depot/Croatia
	Explosion
	N/A
	N/A

	2011.11.12
	Ammunition depot/Bulgaria
	Explosion
	0
	0

	2012.03.05
	Ammunition depot/Congo
	Explosion
	200
	1000


N/A: Not applicable 
Table 2  

Results for the thermal decompositions of M9 from DSC non-isothermal tests
	Sample mass/mg
	Scanning rate/°C min–1
	Peak temperature, Tp/°C
	ΔHd/kJ kg–1

	1.0
	1
	155.2
	4413

	1.1
	2
	158.7
	5302

	1.2
	4
	166.5
	4725


Standard deviation: temperature accuracy: +/- 0.1; temperature precision: +/- 0.05
calorimetric reproducibility: +/- 1 %; sensitivity: 1.0 uW.
Table 3 

Results for the thermal decompositions of M9 under different isothermal tests
	Sample mass/mg
	Isothermal conditions/°C
	Maximum heat flow/mW
	ΔHd/kJ kg–1

	1.0
	165
	5.48
	4266

	1.1
	170
	7.02
	5351

	1.0
	175
	8.57
	5617


Standard deviation: temperature accuracy: +/- 0.1; temperature precision: +/- 0.05
calorimetric reproducibility: +/- 1 %; sensitivity: 1.0 uW.
Table 4 

Comparisons M9 of the kinetic parameters for the evaluation of n-th order and autocatalytic models under non-isothermal conditions

	Scanning rate/°C min–1
	1
	2
	4

	Kinetic model
	N-th order
	Autocatalytic
	N-th order
	Autocatalytic
	N-th order
	Autocatalytic

	ln(k0)/ln (sec–1)
	72.9788
	26.3648
	56.6196
	26.5478
	81.0460
	26.7315

	Ea/kJ mol–1
	289.3975
	116.4866
	231.0631
	117.2282
	322.0204
	111.0027

	Reaction order (n)/nth 

Reaction order (n1)/auto
	2.0991
	2.1331
	1.7147
	2.1666
	2.4592
	2.8977

	Reaction order (n2)
	N/A
	0.7221
	N/A
	0.6855
	N/A
	1.7197

	Autocatalytic constant (z)
	N/A
	4.082E-05
	N/A
	0.0205
	N/A
	0.0138

	ΔΗd/kJ kg–1
	4314.3949
	4457.2736
	5100.7982
	5217.3989
	4551.9269
	4768.4481


N/A: Not applicable 
Table 5  
Comparisons M9 of the kinetic parameters for the evaluation of n-th order and autocatalytic models under isothermal conditions
	Isothermal temperature (°C)
	165
	170
	175

	Kinetic model
	N-th order
	Autocatalytic
	N-th order
	Autocatalytic
	N-th order
	Autocatalytic

	ln(k0)/ln (sec–1)
	14.3468
	25.3971
	51.6077
	26.3328
	26.4381
	26.0543

	Ea/kJ mol–1
	78.7140
	111.4382
	215.9597
	115.8905
	121.9446
	113.4905

	Reaction order (n)/nth 

Reaction order (n1)/auto
	0.0193
	1.5731
	0.1427
	1.5628
	0.2670
	2.5232

	Reaction order (n2)
	N/A
	0.9643
	N/A
	0.7420
	N/A
	0.7599

	Autocatalytic constant (z)
	N/A
	0.0146
	N/A
	3.000E-07
	N/A
	4.617E-14

	ΔΗd/kJ kg–1
	4558.9966
	4809.3950
	3811.8323
	3930.2927
	3558.3351
	3811.6079


N/A: Not applicable 
Table 6
Thermal hazard simulation for the SADT, CT, ET, and TCR at DSC non-isothermal scanning rate of 1 °C min–1 and DSC isothermal conditions under 170 and 175 °C in the cartridge

	Non-isothermal/°C min–1 /

Isothermal/°C
	SADT/°C
	CT/°C
	ET/°C
	TCR/°C
	SADT/°C
 in literature

	1/non-isothermal
	92
	82
	87
	93.48
	N/A

	170/isothermal
	90
	80
	85
	91.25
	N/A

	175/isothermal
	89
	79
	84
	89.06
	N/A


N/A: Not applicable 
Figure captions

Fig. 1.  DSC non-isothermal curves of heat flow versus temperature for M9 decomposition with scanning rates of 1, 2, and 4 °C min–1.
Fig. 2.  DSC isothermal curves of heat flow versus temperature for M9 decomposition with


isothermal temperature at 165, 170, and 175 °C.
Fig. 3.  M9 heat production versus time curves of the n-th order reaction with scanning rates of 1, 2, and 4 °C min–1 by experiment and simulation.
Fig. 4.  M9 heat production versus time curves of the autocatalytic reaction with scanning rates of 1, 2, and 4 °C min–1 by experiment and simulation.
Fig. 5.  M9 heat production rate versus time curves of the n-th order reaction with scanning rates of 1, 2, and 4 °C min–1 by experiment and simulation.
Fig. 6.  M9 heat production rate versus time curves of the autocatalytic reaction with scanning rates of 1, 2, and 4 °C min–1 by experiment and simulation.
Fig. 7.  M9 heat production rate versus time curves of the experimental data and n-th order reaction simulation with isothermal temperature at 165, 170, and 175 °C.
Fig. 8.  M9 heat production rate versus time curves of the experimental data and autocatalytic simulation with isothermal temperature at 165, 170, and 175 °C.
Fig. 9.  M9 heat production rate versus time curves of the experimental data and n-th order reaction simulation with isothermal temperature at 165, 170, and 175 °C.
Fig. 10.  M9 heat production rate versus time curves of the experimental data and autocatalytic simulation with isothermal temperature at 165, 170, and 175 °C.
Fig. 11.  Thermal hazard assessment of M9 time until the maximum rate with DSC non-isothermal tests at scanning rates of 1 and 4 °C min–1 and DSC isothermal tests at 165, 170, and 175 °C.
Fig. 12.  Thermal hazard assessment of M9 total energy release with DSC non-isothermal tests at scanning rates of 1 and 4 °C min–1 and DSC isothermal tests at 165, 170, and 175 °C.

Fig. 13.  Thermal hazard assessment of M9 time until 10% conversion with DSC non-isothermal tests at scanning rates of 1 and 4 °C min–1 and DSC isothermal tests at 165, 170, and 175 °C.
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Fig. 1.  DSC non-isothermal curves of heat flow versus temperature for M9 decomposition with scanning rates of 1, 2, and 4 °C min–1.
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Fig. 2.  DSC isothermal curves of heat flow versus temperature for M9 decomposition with


isothermal temperature at 165, 170, and 175 °C.
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Fig. 3.  M9 heat production versus time curves of the n-th order reaction with scanning rates of 1, 2, and 4 °C min–1 by experiment and simulation.
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Fig. 4.  M9 heat production versus time curves of the autocatalytic reaction with scanning rates of 1, 2, and 4 °C min–1 by experiment and simulation.
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Fig. 5.  M9 heat production rate versus time curves of the n-th order reaction with scanning rates of 1, 2, and 4 °C min–1 by experiment and simulation.
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Fig. 6.  M9 heat production rate versus time curves of the autocatalytic reaction with scanning rates of 1, 2, and 4 °C min–1 by experiment and simulation.
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Fig. 7.  M9 heat production rate versus time curves of the experimental data and n-th order reaction simulation with isothermal temperature at 165, 170, and 175 °C.
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Fig. 8.  M9 heat production rate versus time curves of the experimental data and autocatalytic simulation with isothermal temperature at 165, 170, and 175 °C.
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Fig. 9.  M9 heat production rate versus time curves of the experimental data and n-th order reaction simulation with isothermal temperature at 165, 170, and 175 °C.
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Fig. 10.  M9 heat production rate versus time curves of the experimental data and autocatalytic simulation with isothermal temperature at 165, 170, and 175 °C.
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Fig. 11.  Thermal hazard assessment of M9 time until the maximum rate with DSC non-isothermal tests at scanning rates of 1 and 4 °C min–1 and DSC isothermal tests at 165, 170, and 175 °C.
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Fig. 12.  Thermal hazard assessment of M9 total energy release with DSC non-isothermal tests at scanning rates of 1 and 4 °C min–1 and DSC isothermal tests at 165, 170, and 175 °C.
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Fig. 13.  Thermal hazard assessment of M9 time until 10% conversion with DSC non-isothermal tests at scanning rates of 1 and 4 °C min–1 and DSC isothermal tests at 165, 170, and 175 °C.
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