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A large number of publications devoted to the properties, including thermal stability of CL-20,
demonstrates the interest to it as a powerful energetic compound [1,4-16]. One of the factors that allow its
use as an energetic compound is thermal stability.

In [1] the decomposition kinetics of CL-20 samples has been studied under isothermal conditions by
using TGA method and FTIR spectrometer in a temperature range of 190°C - 204° C in air atmosphere. The
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sample mass was 1-2 mg for TGA method and contained a small amount of solvent and water.
Experimental data of up to 50% decomposition satisfactorily described by the equation of the first order
and does not obey the equation Prout-Tomkins [2,3], on this basis, it is concluded that the decomposition
of CL-20 occurs without autocatalysis. Analysis of the reaction products leads the authors to conclude that
the primary act of the decomposition is NO2 detachment. The constant of the decomposition velocity
k=1036 exp(-36300/RT)(1-n) or k=10"*1exp(-38200/RT)(1-n)>.

In [4] the kinetics of decomposition was studied on the samples of e-CL-20 with particle size 163
microns and 16 microns (obtained by grinding large crystals) weighing 5 mg in static and dynamic modes
of heating. The experimental curves of weight loss at heating rates 0.5°C/ min, 2°C/min, 5° C/min and
10°C/min of 163 micron sample have two distinct decomposition stages, with increasing of the
decomposition velocity the value (in percentage) of the first stage decreases (about 55% at a rate 0.5°C/ min
to 10% at 10°C/min). Experimental decomposition curve of the sample with a particle size of 16 microns at
a heating rate of 2°C / min has no characteristic transitions such as the sample with 163 micron particle
size. In [2-3] it was noted that in the process of thermostatting samples decomposed into smaller and when
it reaches a certain size the process stopped. At the same time smaller crystals proved more stability than
larger.

Experimental data (up to 3%) of e-CL-20 decomposition with a particle size of 163 microns in a
temperature range of 16°C-180°C satisfactorily obey the equation of the first order of autocatalysis

dn/dt =10"381exp(-41150/RT)(1-n)+ 10"79exp(-44260/RT)(1-1) 1

In primary decomposition act of CL-20 the authors also suggest NO: abstraction followed by ring
opening. The kinetics of e-CL-20 decomposition in non-isothermal mode studied in [5], with speeds of 10°
C/min + 25°C/min. Using the Kissinger method the obtained kinetic parameters k=10'83exp(-47700/RT). In
isothermal condition the decomposition kinetics of e-CL-20samples was study in temperature range 210°C-
220°C under a nitrogen atmosphere. Using Avrami-Erofeev equation in the form 1 = 1-exp(-kosT)", the
kinetic parameters of decomposition process in the acceleration stage (0.05 <n <0.5) and in the stage of
retardation (0.5 <n <0.95) were determined. Kinetic parameters of the first stage equal to k=1024exp(-
53550/RT),s! with n=2, in a second stage k=10%%exp(-58840/RT),s! withn =2.5.

In [6] the kinetics of CL-20 decomposition using DSC, TGA, calorimeter with a stage heating (ARC),
a gas flow calorimeter (HFC), and the device DSC + TG + mass spectrometer studied.

The shape of the experimental curves shown in [6] obtained in the study of the thermal
decomposition under conditions of dynamic heating using DSC indicates the complex nature of the
process. Using the Kissinger method from the DSC data it was found that E=49500 cal/ mole, A =1018%.

Using isoconversion analysis authors were treated the experimental data obtained in the DSC at a
heating speed of 1° C/min to 10° C/min. The result of the analysis is the dependence of E on the
decomposition level. On the first stage of decomposition (0<n <0.4) E = 42000 cal/mol and the second stage
(0.4<n<0.8) E varies from 44800 cal/mol to 58000 cal/mole. From dependence E (1) was supposed to
determine the dependence of dr /dt (1)). The authors defined it as a set of reactions.

Experimental decomposition curves of CL-20 by the weight loss produced at heating rates of 0.5°C
/min to 10°C /min. The weight of loss curves shape is similar to the curves shown in Figure 2. From the
dependence In (3/T?) from 1/T at a given 1, the value obtained E. They range from 32200 cal/mol to 40500
cal/mole.

Using mass spectrometry data in CL-20 decomposition in isothermal condition in a temperature
range 190°C-205°C, E values were determined for the weight loss curves (curve has two peaks) and curves
NO: formation. The kinetic parameters for the TG curves for the first peak 10%3%exp (-35450/RT) and the
second peak 10'648exp (-38950/RT) (determined on depending of Intp from 1/T, where 1p -time of achieve
maximum of decomposition curve) to form NO:2 k = 103%xp (-33300/RT) (depending on Intp 1/T), and k =
10160%exp (-38700/RT) (in depending of InAp from 1/T, where Ap - maximum value of NO: formation
curve).

In [7-9] various modifications of CL-20, including e-CL-20 in a temperature range 183°C-211°C was
investigated.



DHEPTETUYECKME MATEPUAABI 1 ®U3NKA AETOHAIIUN
62 ENERGETIC MATERIALS AND PHYSICS OF DETONATION

It was observed that after 1% of e-CL-20 decomposition transits into y-CL-20. The experimental
curves of decomposition of all modifications were processed using the equation of the first order
autocatalysis. For e-CL-20 decomposition equation has the following parameters:

dn/dt = 1023exp (-53100/RT)(1-n)+1076exp (-45400/RT)(1-n)n.

It is noted that the activation energy depends not only on the molecular structure of CL-20, but also
on the crystal properties (crystal size, size distribution, and the presence of crystal water, etc.).

In [10] a study of the weight loss of CL-20 sample with a particle size of 5 microns (obtained by
grinding particle size of 163 microns in water), was obtained. Obtained equation of the first order
autocatalysis is :dn/dt = 105%exp (-44300/RT)(1-1) + 10'778exp (-43600/RT)(1-1)n

In [11] reviewed the available literature on the properties of CL-20 data. In [12] to study the kinetics
of degradation products propose following equation of CL-20 decomposition

dn /dt =10"%exp (-38600/RT)(1-1).

Thus, the analysis of literature data on research of CL-20 decomposition in the solid phase indicates
that, firstly, for the large crystals decomposition curves are more complex than to the smaller ones.
Secondly, for the experimental data processing used the several different approaches, some of which
allows to determine the kinetic parameters only at certain points of curves. Some approaches are only
applicable to simple reactions (Kissinger method), others only to reactions with a single constant (equation
Prout-Tompkins, Avrami-Erofeev, isokinetic approach). Formal kinetics method does not limit the use of
models of any complexity, which allows processing the experimental data of almost any complexity. The
activation energy value range from the of 34500 cal/mol to 53500 cal/mole. In [13] from the velocity data of
CL-20 combustion at various pressures determine the kinetic parameters of CL-20 high-temperature
decomposition. For the pressure range 0.03-1 MPa the decomposition velocity constant equal to
k =10%¢34exp (-44500/RT)(AT = 387°C -502°C) and for pressures above 1 MPa k = 10'5%exp (-39600/RT)
(AT = 502°C - 687°C). The authors conclude that the melting of CL-20 occurs at a pressure 1MPa
respectively first constant relates to the decomposition in the solid phase, the second - to a liquid.

In [14] by the methods of molecular dynamics the process of high-temperature decomposition of
CL-20 (AT = 1227°C -2727°C) was study. It was found that only one channel of reaction start is the N-NO:
bond breaking. After that the molecule passes in one closed ring which have from zero till two nitro
groups. Decomposition in the crystalline state is described by the first order equation with constant
k =10%41%exp (-32800/RT).

Research of decomposition in solution often allows simplifying the decomposition curves, since the
influence of the crystal lattice disappears (although the effect of the solvent continues). Thermal
decomposition of CL-20 solution was studied in [9, 15-16].

Using the experimental data presented in these studies the model selection of minimal complexity
was conducted, which allow to process the experimental data satisfactorily. The experimental curves of the
thermal decomposition of CL-20 [9] dissolved in m-dinitrobenzene in a temperature range of 150°C - 195°C
satisfactorily described by an equation of the first order (k=10"4exp(-36500/RT)).

In [9] the thermal decomposition of CL-20 dissolved in m-dinitrobenzene in a temperature range of
150°C-195°C was investigated. The experimental curves are satisfactorily described by the equation of the
first order (model A — B, k1 = 10™4exp (-36500/RT) = 104 at 160 ° C), the complexity of the model
(A — B — C) did not improve practically the congruent of experimental and calculated curves.

The experimental decomposition curves of CL-20 [15-16], dissolved in benzene, toluene and
m-xylene at a temperature of 160 ° C processed with the first-order equation.

Figure 1 shows the experimental and calculated curves for the first-order decomposition model
(A — B, 1afigure) and two consecutive reactions (A — B — C, 1b figure).
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Figure 1. Experimental and calculated curves of CL-20 decomposition

Figure 2 shows the experimental curves of CL-20decomposition under dynamic heat obtained in
[4,10]. The calculated curves for the sample with a particle diameter of 5 and 163 microns is deduce using
the model A — B A + B — 2C (Figure 2a, 2b), and the model A - B — C A + B — 2C + C — 2C (Figure 5c,
5d).
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Figure 2. Experimental and calculated curves of CL-20 decomposition

The calculations show that using of formal kinetics models satisfactorily describe the experimental
data of complex shapes that do not permit the proposed equation of heterogeneous reactions.

Research of m/v influence on the special characteristic of the decomposition process in air-locked
cells showed that the decomposition velocity for the m/v 0.5 g/cm? and 0.75 g/cm? and 1.0 g/cm? is almost
similar (shape of the curve is similar to the expansion shown in Figure 3a) [17-19]. In the transition from
m/v =1.0 g/cm?® to m/v=1.2 g/cm?, a sharp increase in the decomposition speed as the initial stage (more
than 10 times), and the acceleration phase (about 1000 times) (Figure 3b). This velocity jump can be
associated with the appearance of the intermediate liquid products. This assumption is confirmed by the
views of the condensed decomposition products in dynamic heating conditions. In the case that the
reaction proceeds without an explosive, solid decomposition products observed with voids corresponding
to the distribution of the dislocation (Figure 4a). Figure 4b shows the products after explosive reaction. The
calculated curves for the sample with a particle diameter of 5 and 163 microns is deduce using the model:

A —-B->C+C-»D A+B—2B B+D—-2C+D
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Figure 3. Experimental and calculated curves of CL-20 decomposition
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Figure 4. The decomposition products without an explosive (a) and after explosive reaction (b)

Thermal decomposition of coarse sample of spheroid CL-20, shown in Figure 8a, spheroid crystals
with sizes > 80 microns in Figure 8c, spheroid crystals with sizes <80 microns in Figure 8d, was
investigated under dynamic heating at heating rates 0.1°C / min 3 ° C / min. For all studied samples of CL-
20 having dimensions of several tens of microns, it is necessary to have a model with two limiting stages
Figures 8b and 8d to describe of experimental curves. The first step is a first order model of autocatalysis.
The second stage is a first order autocatalytic model with bimolecular transitional stage. A — B—C+C—D
A+B—2B  B+D—-2C+D
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Figure 5. Experimental and calculated curves of CL-20 decomposition
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Thus, for the processing of CL-20 decomposition experimental data requires model A — B — C
A +B — 2B B + C — 2C, which at different constant ratios can described a simple experimental curves
(model A — B), curves with sharp acceleration (model A — B + B A + B + B — 4B), and two-stage complex
curves. At relatively high densities of filling the reaction volume the mechanism is change, perhaps caused
by the avalanche of crystals cracking and the appearance of liquid intermediates. The absence of express
autocatalysis indices for models decomposition of ionic crystals, possibly due to the limiting stages of the
chemical decomposition process.
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AHA/0T'MsI COOTHOINEHVUI MACIITABHBIX BPEMEHHBIX XAPAKTEPYCTUK
TEIIA0BOI'O 1 AETOHALIMMIOHHOI'O B3PBIBOB

C.I'. Andpees

MITY um. H.D. bBaymana, Mocksa, Poccrst

Kputnueckne ycaosus TernaosBoro B3pbeiBa Oblam ompegeaensl J. A. ®pank-KameHenxmm Kak
TpaHMIla CYIIeCTBOBaHMS pellleHUs 3adadll O CTallIOHapHOM IIPOCTPaHCTBEHHOM paclpejeleHnUn
TeMIepaTypbl B pearupyiomieit cpegde [1]. Ilpu »Trom Obla BbIsIBAEH Oe3pa3MepHBII KOMIIAEKC,
HOAYYMBIINIA IIO3JAHee HasBaHme uncaa Ppanx-Kamenenkoro, mnpescraBAsioninii coDOJ1 OTHOIIIeHN e
BpeMeHHOro Macmitaba orsoda £ m BbldedeHUs] T dHeprum: Fk = [Q/T]TB (3aech: T- aamabaTUUECKU
IepnoA MHAYKINY, 8- BpeMs TeIlA0BOM peJaKcallMM paccMaTpuBaeMoil o0aacTu pearupyiomero BB) n
ero Kpuruyeckue 3Havenwust Fk™ = [6 /1]5;

B pabGore B. C. Posmura u IO. b. Xapurona [2] npu oObsicHeHMM KpUTHYECKMX YCAOBUIA
pacrpocTpaHeHus JeTOHAIIMM MacIiTaOHOe, MAM XapaKTepHOe BpeMs OTBOAa BHepruu f onpeaeasaoch
KaK BpeMs pasOpoca pearMpyIoIleli cpeApl IO AeCTBMeM MeXaHMJ4eCKMX CMA, a T KaK BpeMms
IIpaKTMYECKOIO 3aBeplleHMs peakluyu B JeTOHalMOHHOM ¢ponTte. Ilpu »TOM mHO4aradoch, 4To IpHU
YCTOIYMBOM A€TOHAI[MOHHOM PEXIMe «A0AKHO MMETh MECTO HePaBeHCTBO T < B», uan [8/1] ., = 6, > 1.
B nocaeayioreit padote 0. b. Xaputona [3] 661410 npuHATO, 4TO 8 = d /c (d- AnameTp 3aps4a, € CKOPOCTh
3ByKa), a KPUTMYECKOE 3HAYeHVe BeANYUHBIA, I101araioCh PaBHbBIM eAVHuIe (MHBIMU CAOBaMU
6 = [6/7]7 = 1)

Ilpeaniosaras aHaAOIMIO BAMAHMS Ha IOBeJeHMe 3apsgos BB orHomrenmit mMacmra®oB BpemeH
OTBOA@ M BBIAEAEHVsI DHEPrUy IIPY TEIAOBOM [6/T]rz M mpu aeToHaUMOHHOM B B3pBIBAX, MOKHO
ITOAYYINUTDH BBIPa>KeHMs AAd BpeMeHHBIX MacIITa0oB # U T AeTOHAIIMOHHOTO ITpollecca U 3HadeHle HTOTO
OTHOIIIeHsl, KPUTUYECKOe AASl YCTOMYMBOTO pacripocTpanenus Aetonanuu 67 = [8/1]F,. Aas sT0TO
CHadya/la HeOOXOAMMO PeIlInTh 3ajady O HaXOXAeHIM CKOPOCTU HeljealbHO AeTOHAaIlMU B 3aBUCUMOCTH
OT AMaMeTpa OTKPBHITOIO IIMAMHAPUYECKOTO 3apsiga BB, u, 3a TeMm, B pesyabTare aHaamu3a IOAYy4eHHOMN
3aTICK ypaBHEHUS «CKOPOCTU HeMAealbHON JeTOHAIUI» BBIBUTH BHIPaXeHUs Aas 6 u 6, . 3HaueHue
BeAWYUHBI B, TIOAyYalOIeecs: TIPU KPUTHUECKOM AMAMeTpe 3apsja, SBASIONIerocs rpaHuieil obaacTu
3HaYeHUIT AVIaMETPOB, A5l KOTOPBIX CYIECTBYeT pellleHe STOT0 ypaBHeH s, 0003HauuM G5,

B ocHOBY pelreHne s3agaum moaoskeHa paborta [4], B KOTOpOI yIUTHIBAeTCs BAVSHIE PaCHIVpeHNs
LIEHTpaABHOM TPyOKM TOKa y ocu cuMmmeTpuu 3apsda (Puc.1).





