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Experimental data on burning rates and surface temperatures have been shown to allow deriving unique
information on decomposition kinetics of energetic materials at high temperatures, provided combustion
of these materials occurs in the condensed phase. In the paper, kinetic parameters of the leading reac-
tion on combustion of four solid rocket propellant oxidizers: ammonium perchlorate (AP), ammonium
nitrate (AN), ammonium dinitramide (ADN), and hydrazine nitroformate (HNF), as well as six ener-
getic fillers: 1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (HMX), 1,3,5-trinitro-1,3,5-triazacyclohexane
(RDX), bicyclo-1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (bicyclo-HMX), hexanitrohexaazaisowurtzi-
tane (CL-20), 3,3'-diamino-4,4'-azofurazan (DAAzF), and 3-nitro-1,2,4-triazole-5-one (NTO) are evaluated
from available combustion data.
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Contents
B OO 0 1 0 Ta L1 ot (o o S 1
B 25 4 5T 101 (=3 01 =) [ 2
I T NI Lt o e e F Yol L (o] o 2
152 PR 5 VT ) 2
3.2, TemMPerature IMEASUTCITIEIITS . . ettt te et et e ettt et e et et eeae e tae et e e e e e te e tae et ae e e et eae e aaeeaeeaeeaneaneeaeenneenaeenns 3
3.3.  Evaluation of kinetic data of energetic materials in the combustion waves 6
S ) s ol 11 ) (o o 11
ACKNOWIEAGIMENLS . ...ttt ettt ettt et e e e et iee et tia e e eaaaeas 11
0SS (S5 <)o T ] PP 11

1. Introduction

Experimental evaluation of kinetic parameters of energetic
materials decomposition at temperatures higher than 300-350°C
by using general methods based on monitoring sample mass
change, heat or gas evolution, usually involves difficulties con-
nected with very short conversion time. For example, time of
half-decomposition of ordinary explosives such as RDX at 350°C
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is not more than 0.0002 s, that is far below capabilities of existing
recording devices.

The condensed phase of a burning energetic material is heated
up to temperatures 250-1000 °C that can be recorded using micro-
thermocouple technique with accuracy of 5-20 °C depending on the
material nature and experimenter experience. Decreasing pressure
leads in widening combustion wave zones, making measurements
more accurate. At the same time, the burning rate measurements
are usually feasible with an experimental error less than 5%. Using
experimental data on burning rates and surface temperatures one
can derive rate constants of the leading reaction from an adequate
combustion model.

In the paper, experimental data on burning rates and surface
temperatures for a series of energetic materials from different
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classes, such as onium salts (AP, AN, ADN, HNF), nitramines (HMX,
RDX, bicyclo-HMX, CL-20), and heterocyclic compounds (NTO,
DAAzF) were used to determine decomposition kinetics in the com-
bustion wave.

2. Experimental

Syntheses of the substances, sample preparation technique,
burning rate and thermocouple measurements are described in
related papers, which are referred to in the text.

Most of burning rate measurements were carried out in a
constant pressure window bomb with a volume of 1.51. Temper-
ature profiles in the combustion wave were measured using fine
[T-shaped thermocouples. The thermocouples were welded from
80% tungsten +20% rhenium and 95% tungsten + 5% rhenium wires
20 wm in diameter and rolled into bands 7 wm thick. The thermo-
couple was embedded in the center of the strand so that the section
with the junction was parallel to the combustion front.

3. Results and discussion
3.1. Theory

Decomposition of an energetic material begins with endother-
mic rupture of the weakest bond in the molecule. Subsequent
secondary radical reactions have significantly less activation
energy. A difference in the activation energies results in the leading
reaction on combustion to be either initial endothermic decompo-
sition of the original material to form active species or subsequent
secondary heat-generating reactions, depending on the tempera-
ture interval. In the interval of 150-300°C, within which thermal
decomposition of energetic materials is most often studied, the
limiting stage is usually characterized by high activation energy,
with the secondary reactions being of low activation energy and
proceeding fast. Associated autocatalytic processes can interfere
in correct determination of kinetic parameters of bond cleavage,
but are of insignificant importance in the combustion wave at high
temperatures because of low activation energies of such reactions.

As temperature increases, secondary radical reactions get slower
than the primary decomposition of the molecule, thus becoming
rate-limiting ones in the heat generation process. Since the burn-
ing rate is determined by heat-release kinetics, the leading role can
be switched to the secondary radical reactions starting from certain
temperatures. Calculations [1], confirmed by experimental obser-
vations [2] show that this transition temperature is in the interval of
1000-1500°C for nitrocompounds and above 2500 °C for endother-
mic substances such as organic azides. These temperatures lie above
normal surface temperatures, suggesting that the rate-limiting pro-
cess in the condensed phase of a burning substance is for the most
part primary bond-cleavage reactions.

It may be supposed therefore that the decomposition kinetics
of a substance can be derived from its burning rate data if com-
bustion is governed by condensed-phase reactions. In order for
kinetic parameters of the rate-controlling reaction could be evalu-
ated from available experimental data on burning rates and surface
temperatures, an adequate combustion model must be chosen and
considered.

Several combustion models with condensed-phase priority have
created in the Soviet Union starting from the forties of past century.
Zeldovich, one of the authors of the combustion model for gases and
volatile explosives [3], proposed an expression for propagation of
the exothermic reaction wave in the condensed phase of energetic
materials. The equation was derived assuming the concentration of
a reacting substance in the reaction zone equal to initial one, i.e.,

the degree of conversion was assumed to be small:

m— Z)OZXQ (RT52> A . e—E/RT 1)
cp(Ts — To + Lm/cp)2 E

where ¢p, p, x are specific heat, density, and thermal diffusivity
of the condensed phase, Ts and Q are the surface temperature and
heat effect, E and A are activation energy and preexponential fac-
tor of the leading reaction in the condensed phase. The expression
Ts — To+Lm/cp accounts for warming-up of the condensed phase
from initial temperature, Ty, to surface temperature, Ts, and melting,
where Ly, is heat of melting.

In the subsequent years, a number of elementary condensed-
phase combustion models were proposed and were summarized
in Ref. [4]. According to Ref. [4], all the models can be divided
into two groups. The first one includes models that consider full
conversion of the substance in the combustion wave, i.e., when
the reaction proceeds at the maximum combustion temperature
Tmax =To +QJcp. This type of models was developed in theoreti-
cal works by Novozhilov [5] and Khaikin and Merzhanov [6]. The
burning rate here is independent of pressure, making these mod-
els suitable for describing combustion of materials which do not
evaporate and do not produce gases at burning.

The modes of the second group consider formation of the burn-
ing surface of different physico-chemical nature. The value of T
and degree of decomposition in the condensed phase, 1, reflect
the incompleteness of conversion (Ts < Tmax, 7<1) and determine
the burning rate. Gas-phase reactions do not influence the rate of
combustion and are not included into consideration. The burning
surface of such materials is a result of dispersion or evaporation of
the condensed phase [6-9]. As compared to Zeldovich’s model [3],
models developed in works [8-10] operate with different kinetic
equations of heat generation process: zero-, first-, second-order
reactions can be used. These models comply with the Zeldovich’s
equation for the zero-order reaction or, more specifically, for the
first-order reaction with no change of the concentration in the reac-
tion zone. If change in the concentration is taken into account, the
first-order constant calculated with these models will grow 1.2-1.8
times depending on the degree of conversion in the condensed
phase.

According to the models, the degree of conversion of energetic
materials in the condensed phase is defined as the ratio between
heat needed to warm up a material to the surface temperature,
taking into account heat of modification and phase changes, and
heat effect of the decomposition reaction. A part of the substance
remains undecomposed at the surface and is ejected into the gas
phase with flying-off gases. The following decomposition and evap-
oration of droplets does not exert essential influence on the burning
rate.

The above model is most suitable for describing combustion of
different energetic materials capable of evaporation, providing cor-
rect boundaries of application area. Flameless combustion, which
obeys to the model best, is usually observed at low pressures. As
pressure grows a high-temperature flame arises, and a judgment
aboutlocation of the leading reaction can be done by analyzing tem-
perature profiles of the combustion wave. It is generally believed
that the leading role belongs to the condensed phase if the heat
flux from the gas to the burning surface is negligibly small [11]. In
addition, the model can be employed also in the case of substan-
tial heat flux if the heat feedback, Qg, is less than or comparable to
the heat necessary for evaporation of unreacted in the condensed
phase substance, (1 — 7)Qev. In this case, all the heat Qg is consumed
for evaporation of the dispersal phase above the surface, having no
effect on the burning rate, which is determined by expression (1).

In the general case that the heat feedback from the gas becomes
superior over the heat required for evaporation, the expression (1)
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Fig. 1. Relationship between pressure and dissociation temperature of ammonium
nitrate. Gas pressure above molten AN (1 [18] and 2 [17]), surface temperatures on
burning of AN (3) and AN-based propellants: AN/HTPB (4), AN/AP/HTPB (5), and
AN/AP/AI/HTPB (6) at different pressures. Points (7) relate to surface temperatures
of ADN [20].

cannot be longer suitable for describing the burning rate, even if the
condensed-phase priority still remains. For this case several com-
bustion models have been created such as Merzhanov-Dubovitskii
model [12], or a model proposed in paper of Ward et al. [13]. In
order to evaluate the decomposition kinetics of energetic materials
which combustion obeys these models, the heat flux from the gas
phase needs to be known additionally. It complicates considerably
the task of evaluation of kinetic parameters from combustion data,
and we did not consider this case in our work.

3.2. Temperature measurements

To calculate kinetic parameters of the leading reaction, it is
necessary to know heat effect in the condensed phase and thermo-
physical properties of the reaction zone. Errors of measurements of
these values as well as using averaged parameters exert some effect
on the accuracy of rate constant calculations. However, the surface
temperature measurement error causes the most significant error
of calculated constants and activation energies; the latter can be as
large as 10 kcal mole~!. Our numerous thermocouple-aided experi-
mental studies on combustion of different energetic materials have
shown that a material in the condensed phase can be heated up to
its maximum temperature - boiling point or, in the case of salts,
dissociation temperature. This circumstance provides possibility to
resort to known temperature dependences of vapor pressures along
with experimental data on surface temperatures to describe the
temperature-pressure relation in a widened pressure interval and,
thus, significantly reduce a possible error.

Typical plots of pressure dependences of the surface temper-
ature combined with data on vapor pressures are presented in
Figs. 1-6.

Temperature distributions in the combustion wave of AN-based
compositions were studied in several works. In Ref. [14] it was
shown that the surface temperature of catalyzed ammonium nitrate
(2.5% CrO3) remained constant and equal to 576 + 12 K over a wide
pressure range (from 7 to 30 MPa). This result is strange in light
of the data on surface temperatures of other onium salts, and is
apparently caused by some methodological mistake.

Pressure, atm

-5 I | | !
0.0008 0.0012 0.0016 0.0020 0.0024

1T, K1

0.0028

Fig. 2. Vapor pressure as a function of reciprocal temperature: surface temperatures
of DAAZF (1) and NTO (2) at different pressures, initial pressures in glass Bourdon
gauges at decomposition of solid DAAzF (3) and NTO (4), vapor pressure above solid
NTO calculated from Ref. [27] (line 5).

The existence of pressure dependence of the surface tempera-
ture was found for AN mixtures with catalytic additives of 5% of KCI
and 4% of charcoal within a pressure interval of 1.5-5MPa [15], as
well as for AN mixtures containing 4% of K,Cr,07 [16].

The surface temperatures measured for AN and AN-based pro-
pellants [15,16] are shown in Fig. 1. Also presented there are data on
gas pressure above the AN liquid phase taken from Refs. [17,18] and
surface temperatures of ADN, which were shown in Refs. [19,20] to
correspond to the dissociation temperature of AN, a product of ADN
decomposition in the condensed phase. As can be seen from Fig. 1,
the surface temperatures obtained for different mixtures of AN as
well as the surface temperatures of ADN are located in vicinity of a
straight line of gas pressure above liquid AN.

Using temperatures taken from the fitting line instead of exper-
imental data obviously results in an essential decrease in error of
kinetic parameters calculations.
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Fig. 3. Vapor pressure as a function of reciprocal temperature: vapor pressure above
solid RDX (1 [28], 2 [29], and 3 [30]), vapor pressure above melted RDX (4, calculated
from Ref. [30]), and RDX surface temperatures (5 present work, 6 [31] and 7 [32]) at
different pressures.
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Fig.4. Vapor pressure as a function of reciprocal temperature: vapor pressure above
liquid HMX (1 calculated in Ref. [47]), surface temperatures of phlegmatized HMX
(2 [47]), crystalline HMX (3 [47]), and bicyclo-HMX (4 [48]) at different pressures.

In the case of AN, temperature dependence of gas pressure and
dependence of Ts on pressure both are measured for the substance
in the same phase state. In the case of high-melting substances,
data on temperature dependence of vapor pressure are usually
obtained for the solid state, whereas the surface temperature of
a burning material relates to the liquid material. Nevertheless, low-
temperature data on vapor pressure help to determine the surface
temperature more precisely. The fact is that an intersection of vapor
pressure lines above liquid and solid substance is the melting point.
Therefore, extrapolation of the temperature dependence of vapor
pressure over a solid energetic material to the melting point allows
widening temperature interval of vapor pressure over liquid. The
slope of the temperature dependence of vapor pressure over sub-
stance is determined by the phase transition heat effect: heat of
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Fig. 5. Vapor pressure as a function of reciprocal temperature: vapor pressure above
solid (1) and liquid CL-20 (2), and CL-20 surface temperatures (3 [61] and 4 [62]) at
different pressures.
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Fig. 6. Pressure dependence of the surface temperature for AP-based mixtures
obtained in thermocouple-aided measurements (2 [49], 5 [50], 6 [51], 7 [52] and
burning surface pyrometry (3 and 4 [53]). The solid and dashed lines represent
equilibrium gas pressure over solid (1 [54]) and melted AP surface.

sublimation over solid and heat of vaporization over liquid. The dif-
ference between them corresponds to the heat of melting. Knowing
heat of vaporization, one can obtain more correct description of the
burning material surface temperature as a function of pressure.

Examples of adjustment of P(Ts) dependences for NTO and
DAAZF starting from sublimation data are presented in Fig. 2. Using
experimental data on surface temperatures and vapor pressures
above solid DAAzF, measured in glass manometers (Bourdon gauge)
as onset pressure rise in the gauge at low temperatures (sublima-
tion) [21], one can describe the vapor pressure of DAAzF in the liquid
and solid phases (see Fig. 2). Melting point (T;,) is an intersection
of two straight lines, fitting high- and low-temperature data.

In the case of NTO, data on vapor pressure are shown
together with thermocouple data in the high-temperature region
and Bourdon gauge data in the low-temperature region [22].
A heat of NTO vaporization (82.4k]mole~! or 19.7 kcal mole~1)
was obtained as a difference between a heat of sublima-
tion of 110.5kJmole~! (26.4kcalmole!) and a heat of melt-
ing of 28.0kjmole~! (6.7kcalmole~'). A heat of sublima-
tion was calculated from enthalpies of formation of solid
(129.4 k] mole~! or 30.93 kcal mole~1) [23] and gaseous NTO (13.4
and23.8 kmole~1(3.2and 5.7 kcal mole~1)[24,25]). A heat of melt-
ing of 28.0k] mole~! (6.7 kcalmole~!, 51.5 calg~!) was calculated
from NTO solubility in nitric acid solutions [26]. The dependence of
NTO boiling temperature on pressure is presented in Fig. 2, which
shows a good correlation between experimental surface tempera-
tures in the interval of 0.4-2.1 MPa and the theoretical dependence
of NTO boiling temperature on pressure, calculated using heat of
vaporization and experimental boiling temperature at 0.5 MPa.

The temperature dependence of vapor pressure above solid NTO
was obtained using initial vapor pressures of NTO measured in
glass Bourdon gauge experiments on NTO decomposition and the
heat of sublimation as 110.5 k] mole~! (26.4 kcal mole~!), calcu-
lated earlier from thermodynamic data [23,25], or 107.9 k] mole~!
(25.8 kcalmole~1), calculated from experimental data [27]. Cross-
ing of two straight lines in the melting point is a good confirmation
of these calculations.
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Table 1
Thermodynamic data on evaporation and sublimation of studied energetic materials.
Substance State of matter Temperature Temperature dependence of Heat of evaporation References
interval (K) pressure above condensed phase (or sublimation)
(pressure in atm) (k] mole~1)
AP Solid 523-623 InP=17.614 — 14,468.8|T (240.6) [54]
Liquid 820-1100 InP=15.425-12,649.7|T 210.5 This work
AN Liquid 442-552 InP=16.329 — 10,031.7/T 166.9 [17]
ADN Liquid 580-750 InP=16.329 - 10,031.7/T 166.9 [20]
HNF Liquid 550-750 InP=17.03 —9909/T 164.8 This work
RDX Solid 343-447 InP=28.216 — 16,143.4/T (134.3) [30]
Liquid 590-795 InP=19.925-12,179.2|T 101.3 This work
HMX Liquid 600-835 InP=21.717 — 14,091.6/T 117 [47]
Bicyclo-HMX Liquid 630-690 InP=21.717 — 14,091.6/T 117 This work
CL-20 Solid 660-775 InP=25.328 —17,7151/|T (147.3) This work
Liquid 775-960 InP=19.337 — 13,085/T 108.8 This work
NTO Solid 523-599 InP=23.326 — 13,286.4/T (110.5) [22]
Liquid 599-1015 InP=17.123 — 9914.4/T 82.4 [22]
DAAzF Solid 523-599 InP=18.610 — 11,963.6/T (99.6) [21]
Liquid 599-1015 InP=11.623 — 7758.8/|T 64.4 [21]

Similarly, pressure dependence of the surface temperature was
obtained for RDX and other substances. Sublimation data for RDX
measured in [28-30] are presented in Fig. 3. Also shown in Fig. 3
are RDX surface temperatures measured in works [31,32] and in our
laboratory. As seen from Fig. 3, the surface temperatures fall on the
evaporation line, which has been calculated as in Ref. [30], with the
heat of melting (33.1 k] mole~! or 7.9 kcalmole~! [33]) taken into
account.

In the case of HNF, the only enthalpy of sublimation of
193.7 kJ mole~! (46.3 kcalmole~!) was measured in the tempera-
ture interval of 34.4-67.7 °C [34]. This value is in a good agreement
with the enthalpy of HNF dissociation AHg;ss (196.19 k] mole~! or
46.89 kcal mole~1) calculated from enthalpies of formation of the
solid salt (—76.86 k] mole~! or —18.37 kcal mole~! [35]), gaseous
hydrazine (95.19kJmole~! or 22.75kcalmole~! [36]), and trini-
tromethane (24.27 kj mole~! or 5.8 kcal mole~! [37]). The enthalpy
of evaporation of liquid HNF (184.9 k] mole~! or 44.2 kcalmole~1)
can be calculated as the enthalpy of sublimation minus enthalpy of
melting (estimated value 11.3 k] mole~! or 2.7 kcal mole—1).

Experimental data on Ts [38], if plotted in the coordinates
pressure vs. reciprocal temperature, yield the enthalpy of the salt
dissociation AHgjss =155.2 k] mole~! (37.1 kcal mole~1). This value
is less than the calculated one. Koroban et al. [39] and Williams and
Brill [40] obtained ammonium nitroformate (ANF) as a product of
HNF decomposition. Enthalpy of ANF dissociation, 164.77 k] mole~!
(39.38 kcal mole~1), is less than that of HNF and agrees closely with
the experimental value. Based on this fact, the surface tempera-
ture of burning HNF was proposed in Ref. [41] to be determined by
dissociation of ANF as a product of the condensed-phase reaction.
Temperature dependence of pressure above the burning surface of
HNF is given in Table 1.

Vapor pressure above solid HMX was experimentally obtained
in Refs. [28,42,30], which led to the heat of sublimation of
161.1-161.9 k) mole—! (38.5-38.7 kcal mole~1). Before melting HMX
undergoes 3 to & modification transition with the heat of
9.83kJmole~! (2.35kcalmole~!) [43]. Because of rapid decom-
position at the melting point, direct measurements of heat of
melting are difficult to conduct. Using indirect measurements,
a value 69.9kJmole~! (16.7 kcalmole~!) was obtained from the
HMX-RDX melting-point diagram [44], while a considerably less
value was measured in Ref. [45] as the heat of dissolution of
HMX in an inert solvent. The heats of dissolution in acetone,
buthylacetate, and aniline were close each other and equal to
~26.4k]mole~! (6.3 kcalmole~1). A close value of HMX melting

heat, 34.89 k) mole~! (8.34 kcal mole~1), was used also in Ref. [44].
In the present work, based on the heat of HMX melting, the heat of
phase change, and the heat of sublimation, a value 117.1 k] mole~!
(28 kcalmole~1) was adopted as the heat of HMX evaporation.
Starting from this figure and numerous converging data on the sur-
face temperature at atmospheric pressure, 377-380°C, a pressure
dependence of HMX surface temperature was constructed in Ref.
[47]. It is presented in Table 1 and Fig. 4.

We failed to find experimental data on heats of neither evapo-
ration nor sublimation for bicyclo-HMX, but the similarity in the
HMX and bicyclo-HMX molecular structures suggested the close
phase-change heats. Indeed, the surface temperatures of bicyclo-
HMX [48] practically coincide with those of HMX [47], and the P(Ts)
dependence gives the same heat of evaporation, 117.1 k] mole~!
(28 kcal mole~1) (Table 1 and Fig. 4).

We also failed to find experimental data on heats of
neither evaporation nor sublimation for CL-20, heat of sub-
limation can be calculated only. According to work [55], it
is 168.6kJ mole~! (40.3 kcalmole~'); if using enthalpies of CL-
20 formation, calculated for the gas state AHY = 590k] mole~!

(141 kcalmole~!) [56] and experimental for the solid state
AHJQ =403.3kImole~! (96.4kcalmole~!) [57], the enthalpy of

sublimation is 186.6kJmole~! (44.6kcalmole~!). Neither DSC
curves published, nor our thermocouple records during com-
bustion reveal CL-20 melting phenomenon. However, in the
temperature interval between 150 and 190°C, e-polymorph of
hexanitrohexaazaisowurtzitane transforms to the y phase by an
endothermic transition. The DSC heat of transition calculated
from integrated area of the measured endothermic response was
found to be 16.52 k] mole~! (3.95 kcal mole~1) [58], 18.0 k] mole~!
(4.3 kcalmole~1) [59], or 21.46 k] mole~! (5.13 kcal mole~1) [60].
Thus, heat of CL-20 sublimation at the burning surface may
range from 147.3 to 169.5 k] mole~! (35.2-40.5 kcal mole~1). Based
on thermocouple measurements data, value of 120.5 k] mole~!
(28.8 kcalmole~1) was proposed previously [61]. However, it can
be assumed from the above considerations that this value is under-
stated one. Thermocouple data of work [62] as well as ours are
well described by a line with the slope ratio of 147.3/R, where R is
8.314k] mole~! (see Fig. 5).

The pressure dependence of CL-20 burning rate reveals a bend at
1 MPa; the pressure exponent n in the ballistic law r;, = Bp™ changes
from 0.68 to 0.79 [61]. Such a change in the pressure exponent
for condensed-phase combustion model is obviously connected
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with a sharp change in thermophysic and kinetic parameters of
the condensed phase. One can assume that CL-20 burning surface
temperature grows with pressure and reaches the melting point
at 1 MPa. From this assumption, one can calculate the temperature
dependence of vapor pressure above liquid CL-20. The dependence
shown in Table 1 and Fig. 5 was obtained using estimated heat of
CL-20 melting as 38.5kJmole~! (9.2 kcalmole~1), which is close
to the heat of dissolving of CL-20 in nitroglycerine, 34.5 k] mole~!
(8.25kcalmole~1) [63]. The dependence was used for obtaining
decomposition parameters from burning rate data at pressures
above 1 MPa.

Deriving dependence of the surface temperature on pressure for
AP involves certain difficulties. First, finding the surface tempera-
ture is complicated by not only a very steep temperature rise in
profiles to a maximum value, but also high temperature oscillations
in the near-to-surface zone. In contrast to pure substance, mixtures
of AP with fuels readily reveal characteristic breaks on the tem-
perature profiles that correspond to surface temperatures. Second,
it is rather difficult to establish whether AP melts at the burning
surface. The presence of the liquid phase has been observed in sev-
eral studies using microphotography of quenched samples [64-66],
but it was not well defined whether the liquid layer was produced
during melting of the substance or it was an eutectic solution of
decomposition products in AP.

The equilibrium gas pressure over the AP solid surface was mea-
sured in work [54]. Experimental temperature dependence of gases
over solid AP allows dissociation enthalpy, AHg;s =240.6 k] mole !
(57.5kcalmole~!). AHgjss of a salt can be also calculated from
enthalpies of formation of the salt and gaseous base and acid. This
calculation for AP gives 241.8 k] mole~! (57.8 kcal mole~1), which
is in good agreement with the result obtained from the surface
temperature-pressure dependence and conform the mechanism of
gasification of the salt through the dissociation reaction.

Values of enthalpy from 238 to 251kJmole~! (57-60
kcalmole~1) for AP dissociation have been obtained in many
studies, however a value of 117-125 k] mole~! (28-30 kcal mole~1)
is also frequent when it has been ignored that one molecule of
the salt produces two molecules of gas rather than one. More-
over, the AP dissociation enthalpy so often has been mistakenly
taken as the activation energy of AP decomposition, with disso-
ciation process described as a reaction characterized by kinetic
parameters.

As with evaporation, the rate of dissociation is determined by
heat flux supplied that is in accordance with the first low of ther-
modynamics:

Ts
m = Iyps |:/ cdT + AHyiss
To

-1

’

where m is mass evaporation rate, I, is absorbed heat flux and ¢
is specific heat. The mass evaporation rate of AP subjected to the
laser heating flux has been shown in work [67] to depend on the
absorbed heat flux in the range from 10 to 100 W/cm? as follows:
Iabs

m= ==

where k=3347k]Jkg~! (800calg™!). This value has a meaning of
heat needed to warm up and evaporate the substance. It con-
sists of heat consumed for warming-up the condensed phase to
the phase change temperature 513K, 285.3kJkg~! (68.2calg™1),
heat of phase transition, 87.9kJkg=! (21calg~!), heat consumed
for warming-up the condensed phase to the surface temper-
ature, 468.6kJkg=! (112calg=1), and heat of AP dissociation,
~2092k]Jkg~! (500calg=1). Heat of AP melting is another con-
stituent to be included in the list to make up the balance. Heat of
melting 251 k] kg~! (60 cal g~1) and melting point 820 K were used

in work [68]. Using these values one can calculate vapor pressure
above liquid AP.

As illustrated in Fig. 6, experimental results obtained in both
thermocouple-aided measurements [49-51] and burning surface
pyrometry [53] have large scattering. They can be grouped together
along two lines that correspondingly describe the equilibrium gas
pressure over the solid and melted AP surface (see Table 1).

3.3. Evaluation of kinetic data of energetic materials in the
combustion waves

Ammonium perchlorate. AP combustion mechanism has been
studied in many works and the leading role of the condensed-
phase reactions at pressures to 10-14 MPa is postulated in many
researches. The AP surface temperature increases from 880 to
1070K as pressure increases from the limiting one (~2 MPa) to
6 MPa. The amount of heat required for warming-up the condensed
phase to these temperatures is respectively 1129.7-1506.2 k] kg~!
(270-360calg~1). Taking into account the heat generated in AP
decomposition 1590-1674 k] kg~ (380-400 calg-1), 70% and more
of AP must decompose in the condensed phase; this is in agreement
with experimental results [68-70]. The remaining substance partly
dissociates into gaseous perchloric acid and ammonia under the
heat transferred back from the gas and partly is carried away from
the surface to the high-temperature gas zone with gases produced
and undergoes there decomposition and dissociation.

To obtain rate constants of the dominant reaction on combustion
of AP, we used the Zeldovich’s condensed-phase model (1), data
on AP burning rates in the pressure interval of stable combustion
2-6 MPa [66], surface temperatures derived from the generalized
expression for gas pressure over the solid or melted AP surface,
and took into account heats of phase change and melting, 88 and
251kJ kg1 (21 and 60 calg—') [67], respectively.

The derived results are shown in Fig. 7 in comparison with
decomposition kinetics of gaseous perchloric acid [71], initial rates
of decomposition of liquid eutectic of AP with guanidine perchlo-
rate [72], and low- and high-temperature AP decomposition in
the condensed phase [71]. An excellent agreement is observed
between rate constants of the leading reaction in combustion
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Fig. 7. Rate constants vs. reciprocal temperature for the leading reaction on AP com-
bustion (1, points and dashed lines), perchloric acid decomposition in the gas phase
(2), initial decomposition of liquid eutectic of AP and guanidine perchlorate (3), AP
decomposition in the solid state at low (4) and high temperatures (5).
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Table 2

The kinetics parameters of thermal decomposition of studied energetic materials in the combustion wave.

Substance State of matter Temperature interval (K) Equation Coefficient of determination
AP Liquid 1045-1150 k=10"8.exp(—20,210/T) 0.981
AN Liquid 855-952 k=10'4.exp(—-23,754/T) 0.881
ADN Liquid 560-705 k=10'637.exp(—19,630/T) 0.985
HNF Liquid 550-675 k=10"*3exp(—18,400/T) 0.995
RDX Liquid 610-800 k=10"592.exp(—20,890/T) 0.990
HMX Liquid 660-810 k=10'678.exp(—23,440/T) 0.994
Bicyclo-HMX Liquid 650-805 k=10'731.exp(—23,380/T) 0.998
CL-20 Solid 660-770 k=10'6-35.exp(—22,870/T) 0.891
Liquid 770-960 k=10'525.exp(—19,920/T) 0.982
NTO Liquid 630-790 k=10"39".exp(—19,420/T) 0.995
DAAzF Liquid 830-1180 k=10856.exp(—16,680/T) 0.984

(k=10"18.exp(—20,210/T)) (Table 2), perchloric acid decomposition
reaction, and AP initial decomposition in the liquid state. At the
same time, these data differ more than three orders of magni-
tude from the high-temperature decomposition kinetics of AP in
solid state. So close agreement with the liquid-state decomposition
kinetics provides a convincing evidence for the previously stated
assumption on the leading role of chemical processes in thin liquid
surface layer on the burning surface of AP.

Ammonium dinitramide. Combustion of ADN has been investi-
gated in many works (see, for example, references in work [20]). Our
thermocouple study [20] showed that the lack of heat flux from the
gas at least up to 4 MPa allowed considering the condensed-phase
chemistry as determining ADN combustion at low pressures. It was
proposed that it is ammonium nitrate formed in the decomposi-
tion of ADN in the melt, which dissociates from the ADN burning
surface, thus controlling the surface temperature.

Rate constants of the dominant combustion reaction of ADN in
the pressure range of 0.02-1 MPa were obtained from Zeldovich’s
expression for the burning rate, taking the surface temperature,
Ts, as the AN dissociation one. The average specific heat, cp, was
taken as 2.05kJ kg=1 K1 (0.49 calg~1 K-1), the thermal diffusivity
of the condensed phase, x, as 1.78 x 10-7 m? s~1 [20], heat of reac-
tion, Q, as 1674 k] kg~ (400 cal g~ [73]), and heat of melting, L, as
14.2 k] mole~! (3.4 kcal mole~1).

Rate Constant, s!

10° -
b i A
0.00120 0.00160 0.00200 0.00240 0.00280
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Fig. 8. Rate constants vs. reciprocal temperature for the leading reaction on ADN
combustion (1) and the kinetics of ADN decomposition found from dinitramide-
anion and ammonium-cation disappearance rates (2 and 3 [74]), and from rates
of formation of gaseous decomposition products (4 [75] and 5 [74]). Line is drawn
through all the points.

As seen in Fig. 8, the results derived from the combustion model,
k (s=1)=101637.exp(—19,630/T), are in a satisfactory agreement
with the ADN decomposition kinetics found by different ways: from
dinitramide-anion and ammonium-cation disappearance rates
[74], k=101694.exp(—20,080/T) and k=1015-6.exp(—19,020/T), and
from rates of formation of gaseous decomposition products,
k=10144.exp(—17,866/T)[75] and k=101>4.exp(—17,765/T) [75]. All
the data can be described fairly well in the temperature interval of
370-705K by a general line k=101616.exp(—19,375/T), s 1.

Ammonium nitrate. The decomposition kinetics of liquid AN are
described by a first-order equation of autocatalysis [71], with tem-
perature dependence of the constants as follows:

ky=10"4. exp(-23, 754/T), s=' k,=1073.exp(—5736/T), s

In view of the conclusions made in Ref. [76] about ionic and
radical mechanisms of AN decomposition, it is possible to assume
that the constant k; describes the radical decomposition pathway
with the activation energy corresponding to HO-NO, bond rupture;
and the constant k, describes the low-temperature ionic pathway
of decomposition, which also includes side reactions.

Since the activation energy of the self-catalyzed stage is much
lower than the activation energy of the initial decomposition reac-
tion, the contribution of self-acceleration is negligible in the field of
high temperatures, i.e., at surface temperatures. Autocatalysis can
only reduce slightly the activation energy of the overall decompo-
sition.

Pure AN will not burn at all. An addition of some catalysts, fuels
or explosives to AN is known to increase strongly its ability to
burn. The catalysts and probably carbonaceous fuel capable of form-
ing carbon in pyrolysis, change the AN decomposition kinetics. At
the same time, the combustion kinetics of AN mixtures with such
capable of burning materials as trinitrotoluene (TNT), methylni-
trotetrazole (MNT) and glycidylazidopolymer (GAP), do not change
significantly. Although there are different opinions about possi-
ble combustion mechanism of AN, our recent thermocouple-aided
studies [15,16] clearly indicated that combustion of AN and AN-
based mixtures and propellants obeyed the condensed-phase
mechanism. Therefore, rate constants of the leading reaction on
combustion of AN with energetic materials TNT, MNT and GAP can
be evaluated from Eq. (1) (see Fig.9). This figure presents also kinetic
parameters of the leading reaction on combustion of AN with such
catalysts as KCl and charcoal.

As can be seen from Fig. 9, combustion of AN mixtures with
TNT, MNT and GAP is characterized by rate constants which are
close to the decomposition rate constants of neat AN; the influence
of autocatalytic reactions is practically absent. Rate constants of
the leading combustion reaction of AN with additives of 7% NaCl
and 7% charcoal exceed those of the decomposition reaction of neat
AN and can be described by straight lines with smaller values of
the activation energy of 142-159 k] mole~! (34-38 kcalmole~1) as
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Fig. 9. Comparison of rate constants of decomposition for liquid AN (k; (1) and k>
(2)) with rate constants of the leading reaction on combustion of AN mixtures with
15% MNT (3), 20% TNT (4), 13% GAP (5), 7% KCI (6), and 7% of charcoal (7). Dashed
line is extrapolation of k.

compared to the activation energy for neat AN as 197.5 k] mole~!
(47.2 kcal mole~1).

The introduction of C1~ ions in AN is known [71] to increase
both the initial rate of decomposition (k;), and the rate of self-
acceleration (ky), with the latter growing much faster than the
former. Increase in the degree of self-acceleration results in reduc-
tion of the activation energy of the leading combustion reaction
of catalyzed AN. Charcoal accelerates autocatalytic reactions of AN
decomposition to a greater extent than halides do.

Hydrazinium nitroformate. Kinetic data of HNF decomposi-
tion in the condensed phase were obtained by Koroban et al.
[39] in isothermal conditions within the temperature interval
of 70-100°C, i.e., below the melting point (E=169.6 k] mole~!
or 40.5kcalmole-! and A=10"6s-1 for the initial decompo-
sition; E=144.8k]mole~! or 34.6kcalmole~!, A=10161s-1 for
autocatalysis) and also by Williams and Brill [40] in non-
isothermal, “combustion like” conditions in the range of 130-400°C
(E=104.6 k] mole~! or 25kcal mole~!, A=101103 s-1), Decomposi-
tion parameters were also published by Klerk et al. [77], Winngborg
et al. [78] and Bonh [79] (E=139k] mole~! or 33.3 kcal mole~! and
A=108s1)

The mechanism of HNF transformation in the condensed phase
has been advanced in work [38] and suggested that HNF decom-
position process comprised the nitroform decomposition reaction
with high activation energy and concurrent reactions of lower acti-
vation energy between radicals formed in nitroform destruction
and hydrazine moieties of neighboring HNF molecules. According
to the above mechanism, the heat produced by the total reaction is
estimated as Q=1674 k] kg~ (400calg~1). A considerable amount
of heat capable of generating in the HNF condensed phase is also
attested by the ability of HNF to sustain its burning at low pressures
in the absence of the gas flame.

The flame structure of HNF has been first investigated fully with
thin tungsten-rhenium thermocouples in works [38,41]. The extent
to which the decomposition reaction proceeds in the condensed
phase can be found from the heat balance at the burning surface
[38]. Based on obtained data it was shown that the heat flux from
the gas phase totally consumed to evaporation of undecomposed
HNE.

Rate constants of the dominant combustion reaction in the
pressure range of 0.04-1MPa were obtained from the Zeldovich’s

expression, taking the surface temperature as the ANF dissociation
temperature. The average specific heat was taken as 1.67 k] kg~ K1
(0.4calg=1K-1), the thermal diffusivity of the condensed phase as
1.35 x 10~ m2 s~ [38], density of sample as 1.74gcm—3 and heat
of melting as 11.3 kf mole~! (2.7 kcal mole~1).

As illustrated in Fig. 10, the results derived from the combustion
model, k=101443.exp(—18,400/T),s~!, are in satisfactory agreement
with the rate constants of the HNF decomposition obtained in works
[79,39,78]. Data points obtained from the combustion model fall
on the line through data [79] extrapolated to the high-temperature
area.

Decomposition data obtained in works [40,77] differ consider-
ably from data of works [39,78,79,38], connected, perhaps, to some
methodical mistakes of measurement of the decomposition rate.

Nitramines. An analysis of the burning behavior of well-known
cyclic nitramines has shown that variations in the nitramine
molecular structure, which increased thermal decomposition rate,
resulted in a simultaneous increase in the burning rate [48,80,81].
It is obvious that the molecular structure of the series of cyclic
nitramines can exert primary influence on physico-chemical prop-
erties and decomposition kinetics of the materials rather than
kinetics of redox reactions occurring in the flame. Moreover, the
bicyclo-HMX and CL-20 are capable of sustained burning in the
lack of the high-temperature gas flame [48,61]. Therefore, with the
surface temperatures experimentally determined, rate constants of
the first-order leading reactions on combustion of four nitramines,
HMX, RDX, bicyclo-HMX, and CL-20 at low pressures, can be derived
from the condensed-phase combustion model [3].

In the calculations for HMX, the average specific heat,
thermal conductivity, A, and density of sample, were taken
as 1.8KkJkg 1K1 (043calg 'K1), 26x102KkJs I m1K!
(63x10"%cals'ecm~1K-1), and 175gcm=3, respectively.
According to DSC studies, heat of reaction in the melt at fast
heating, Q, is equal 1387 kJ kg~! (331.5calg~ 1) [82] or 1387 k] kg~!
(331.3calg™!) [83]. Heat effect calculated from the composition
of reaction products ranges from 805.4kJkg~! (192.5calg™1) for
decomposition in vacuum [47] to 1121.7kJ kg~ (268.1calg™!) for
decomposition under atmospheric pressure [84]. Heat of decompo-
sition was assumed variable in the pressure interval 0.03-10 MPa
as Q (kJkg=1)=1339+83.4.InP. The heat of phase transition was
taken as 44.8 k] mole~! (10.7 kcal mole~! or 36.1 cal g~1); this value
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Fig. 10. Comparison of rate constants of the leading reaction on HNF combustion (1,

points and dashed line) and rate constants of HNF decomposition: (2) [39], (3) [79],
(4)[78], (5) [40], and (6) [77].
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Fig. 11. Comparison of kinetic parameters of the leading reaction of HMX combus-
tion (1, points and dashed line) and decomposition in the solutions of dinitrobenzene
(2 [85]), acetone (4 [86]), and in melt (3 [87] and 5 [88]).

included heat of melting, L, (26.3kJmole~! or 6.3 kcal mole~!
[45], 32.1 k] mole~! or 7.67 kcal mole~! [33], and 34.9 k] mole~! or
8.34kcalmole~! [46]) and heat of B — & polymorph phase tran-
sition (9.8 k]Jmole~! or 2.35kcalmole~! [43]). For bicyclo-HMX
all parameters of the equation were taken as for HMX. Heat of
melting and sample density were 33.5k]mole~! (8 kcal mole~1)
and 1.75 gcm3, respectively.

In the calculations for RDX, ¢p, A and p were taken
as 159kJkg 'K-! (0.38calg 'K), 2.3 x102kJs !m-1K!
(5.6 x10~%cals~'em~1K-1) [90], and 1.75gcm™3, respectively.
According to DSC studies, heat of reaction in the melt is equal
to 1080k kg1 (258 calg=1) [82]. Heat of melting was taken as
33.1kJmole~! (7.9 kcal mole~! or 35.6 calg~1) [33].

In the calculations for CL-20, ¢y, A, and p were taken
as 1.0kJkg 1K1 (0.24calg 1 K1) [62], 6.7 x 103 k]s I m~1K!
(1.6 x 104 calsTem~1K-') [62], and 1.94gcm™3, respectively.
Based on thermocouple-aided measurements, the heat of reac-
tion in the condensed phase was taken as 711 kJ kg=1 (170 calg=1).
According to DSC studies, heat of € — vy polymorph phase transition
is equal to 21.5 kj mole~! (5.13 kcal mole~! or 11.7 calg~1) [60].

Figs. 11-14 demonstrate comparative analyses between kinetic
parameters of the leading reactions on combustion and thermal
decomposition of HMX, RDX, bicyclo-HMX, and CL-20, taken from
the literature. HMX decomposition kinetics has been taken for the
molten substance [88,87] and its solution [85,86]. As can be seen
in Fig. 11, kinetic parameters of HMX decomposition derived from
the combustion model, k= 101678.exp(—23,440/T), s~ ! are in a good
agreement with the experimental rate constants of HMX decompo-
sition in the melt and solutions obtained at low temperatures.

Experimental points of bicyclo-HMX decomposition derived
from the combustion model (Fig. 12) fall on the line
k=101731.exp(—23,380/T). Extrapolation to the low-temperature
range shows that the decomposition rate of bicyclo-HMX in the
melt exceeds the decomposition rate in the solid, but is inferior
to that in decomposition in dibutylphtalate and dinitrobenzene
solutions [87]. Such discrepancy in the reaction rates observed
for decomposition in the same aggregative state is perhaps due to
solvent participation in the process.

RDX decomposition kinetics has been taken for the molten
substance [86,88,91]. As seen in Fig. 13, kinetic parameters
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Fig. 12. Comparison of kinetic parameters of the leading reaction of bicyclo-HMX
combustion (1) and thermal decomposition in solutions of dibutylphtalate (2, solid
and dashed lines) and dinitrobenzene (3, solid line) [89].

of RDX decomposition derived from the combustion model,
k=101>92.exp(—20,890/T), s~! are in a good agreement with the
experimental rate constants of RDX decomposition in the melt
obtained at low temperatures.

In the case of CL-20, kinetic data were obtained from mon-
itoring changes in nitro group stretch vibrations in IR spectra
[92], from DSC curves at various heating rates [59], and from
weight losses in 190-204°C [92] and 183-211°C [58] temper-
ature intervals. In the last case, CL-20 decomposition reaction
was shown to proceed with pronounced self-acceleration and
could be described by a first-order autocatalysis kinetic equation.
Besides, Fig. 14 comprises data on decomposition of CL-20 solu-
tions in dinitrobenzene and acetone. As seen from Fig. 14, kinetic
parameters of the leading reaction on CL-20 combustion in the
pressure interval 0.03-1MPa (k=101634.exp(—22,470/T), s~ 1), in
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Fig. 13. Comparison of kinetic parameters of the leading reaction on RDX combus-
tion (1, points and dashed line) and decomposition in the melt (2 [91], 3 [88], and 4
[86]).
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Fig. 14. Comparison of kinetic parameters of the leading reaction on CL-20 combus-
tion in solid phase (1, points and dashed line), liquid phase (2, points and dashed
line) and kinetic parameters decomposition (3-8), obtained from IR spectroscopy
data (3[92]), weight loss data (5 [92],4[93]), and DSC data (6 [57]). Lines 7 and 8 are
temperature dependences of constants for initial rates of decomposition in solution
of dinitrobenzene (7 [93] and acetone (8 [86]).

which the surface temperature is determined by sublimation, are
in a good agreement with the decomposition kinetics of solid CL-
20.

At the same time, kinetic parameters of the Ileading
reaction on CL-20 combustion at pressures above 1MPa
(k=101525.exp(—19,920/T), s~!), in which the surface temper-
ature is determined by evaporation, are in a good agreement with
decomposition kinetics in the liquid state.

Diaminoazofurazan. A study of DAAzF combustion [21] showed
that at low pressures the burning rate was governed by the
condensed-phase chemistry. This may allow finding DAAzF
decomposition rate constants in the liquid state in the high-
temperature interval of 600-800°C using Zel’dovich expression
for the condensed-phase combustion, burning rates in the pres-
sure range of 1-15MPa, and surface temperatures derived from
pressure dependence of DAAzF boiling temperature. The average
specific heat, thermal diffusivity, and sample density were taken as
1.67kJkg 1K1 (0.4calg"'K1),1.4 x 10" m?s~!,and 1.67 gcm 3,
respectively. The heat of reaction in the melt, Q, was taken as
1840 k] kg1 (440 calg~! or 86 kcal mole~1), and the heat of melting,
Lm (35.1 k] mole~! or 8.4 kcalmole~! or 43 calg~!) was obtained as
the difference between heats of sublimation and evaporation.

As seen in Fig. 15, kinetic parameters of DAAzF decomposi-
tion derived from the combustion model, k = 108-66.exp(—16,680/T),
s~1 are in a good agreement with the experimental rate constants
of DAAzF decomposition in the solution [21] at low temper-
atures. Using rate constants of DAAzF decomposition derived
from the combustion model in the temperature interval of
600-800°C and data on the DAAzF decomposition in solution at
low temperatures, one can easily calculate the kinetics of DAAzF
decomposition in the widened temperature interval (250-800 °C):
k=10761.exp(—15,570/T), s~!. The activation energy of DAAzF
decomposition in the liquid state in this temperature interval is
129.4k] mole~! (32.9 kcal mole—1).

Nitrotriazolone. Thermal decomposition of NTO was studied in a
number of works (see, for example, references in work [22]). Such
interest was a result of unusual decomposition behavior of NTO

connected, as it was shown in work [22], with isomerization of
nitro group into the aci-form at high temperatures followed by its
decomposition.

This circumstance results in two kinetic equations with vastly
different activation energies that can be used to describe decom-
position of NTO in solid state: in the low-temperature region,
E=172.0kjmole~! (41.1 kcalmole~1), which is characteristic for
rupture of C-NO; bond, and in the high-temperature region,
E=322-368 k] mole~! (77-88kcalmole~!), a formal value con-
nected with aci-isomer decomposition, which concentration grows
with temperature.

According to our thermocouple-aided measurements and
burning-rate study [22], low values of heat flux from the gas
phase at pressures up to at least 2 MPa allow consideration of
the condensed-phase chemistry as determining the combustion of
NTO. Rate constants of the dominant combustion reaction in the
pressure range of 0.4-10 MPa have been obtained from the Zel-
dovich expression (1). The average specific heat was calculated to be
146 k] kg-1K-1 (0.35calg~!1 K1) from experimental data on ther-
mal diffusivity (1.7 x 10~7 m? s~1), strand density was 1.74 gcm3,
and thermal conductivity of the condensed phase was taken from
Ref. [96] as 5.1 x10~2kJs~ ' m~1K-! (0.00123 cals~ ! cm~1K-1).
The heat of reaction, Q, was taken as 1297 k] kg~! (310calg~1) [94],
and the heat of melting, Ly, as 215.5kJ kg1 (51.5cal g—1) [26].

During combustion, NTO is in the molten state at the surface,
having been isomerized into the aci-form. Therefore, the kinet-
ics of NTO decomposition derived from the combustion model,
k=101391.exp(—19,420/T), s~!, differ from the kinetics of decom-
position in solid (Fig. 16). In work [95], decomposition of NTO
has been studied in solutions at reduced temperatures; how-
ever, it is not obvious if isomerization proceeded to completion
at those conditions. At the same time, it is well-known that
many salts of nitrocompounds contain the nitro group in the
aci-form. As seen in Fig. 16, kinetic parameters of NTO decom-
position derived from the combustion model are in an excellent
agreement with the experimental decomposition rate constants of
ethylenediamine and potassium salts of NTO [96] at low temper-
atures. Decomposition rate constants of a water solution of NTO
are also close to rate constants of the leading combustion reac-
tion.
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Fig. 15. Comparison of rate constants in a wide temperature interval: rate constants

of the leading reaction in DAAzF combustion (1, points and line), rate constants of
DAAZzF decomposition in solution (2, points).
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Fig. 16. Comparison of rate constants in a wide temperature interval: the leading
reaction in NTO combustion (1, points and line [22]), decomposition of solid NTO (2,
points and lines [22]), decomposition of NTO water solution (3 [95]), decomposition
of NTO ethylenediamine salt (4 [96]), decomposition of NTO potassium salt (5 [96]).

4. Conclusion

Available experimental data on the burning rates and surface
temperatures of a series of energetic materials were used to derive
unique kinetic information about decomposition of the materi-
als at high temperatures from the well-known Zeldovich’s model
for combustion in the condensed phase. Kinetic parameters of
the leading reaction on combustion of AP, AN, ADN, HNF, HMX,
RDX, bicyclo-HMX and DAAZzF thus obtained are in a good agree-
ment with the decomposition kinetics of the substances measured
by other techniques at low temperatures. Two sections of the
of CL-20 burning rate curve with different pressure exponents
allowed calculating decomposition kinetics of the substance in both
solid and liquid states. In the case of combustion of AN mixtures
with catalysts and charcoal an effect of autocatalysis is observed.
Kinetic parameters of NTO decomposition derived from the model
appeared to be in a good agreement with experimental decomposi-
tion rate constants of potassium and ethylenediamine salts of NTO
rather than rate constants of NTO decomposition at low tempera-
ture. It was explained by high-temperature isomerization of NTO
nitro group into aci-form to give the molecular structure like that
of NTO salts.
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