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Abstract

Hexogen can be used pressed only if its crystals are covered by some polymeric matenial (1],
either natural or artificial Mantan waxes, as natural polymeric materials, were used for the phleg-
matization. The melting process of seven types of waxes was analyzed by differential scanning
calorimetry. The thermal decomposition processes of hexogens and phlegmatized hexogens were
investigated by dynamic differential scanning calorimetry and dynamic thermogravimetric analy-
ses. Kinetic parameters of the decomposition processes of hexogens were evaluated by using data
obtained from differential scanning calorimetric curves.
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Introduction

Most explosive molecules, especially the important ones like hexogen (RDX, cy-
clo-trimethylene-trinitramine) or octogen (HMX, cyclo-tetramethylene-tetrani-
tramine) cannot be used directly in powdered form as boosters or main charge explo-
sives, principally because many of the powdered, even when compacted to high den-
sily, are 100 sensitive for military use |2]. A secondary reason, associated with those
powders having acceptable sensitivity levels, is when compacted they do not always
possess the physical characteristics permitting them to be pressed into stable, high
quality charges which maintain their physical integrity over long periods ol time.

Phlegmatization (or desensitization) of an explosive mean rendering it insensi-
tive or less sensitive to the following actions: heat, shock, impact, percussion, or fric-
tion [3]. The explosive has to be desensitized to be comparable to that of cither picnic
acid or trinitrotoluene (TNT)} [4]. One of the ways to achicve desensitization of RDX
is to coat the particles with wax [5], some artificial polymer (inert phlegmatizer) or
a less sensitive explosive such as TNT [6, 7] (active phlegmatizer).

After production phlegmatized explosives are thermally characterized. Their
melting temperatures, decomposition parameters and kinetics, as well as their ther-
mal stabilities are determined hy thermal analysis. The results of hexogen (RDX) ex-
aminations by dynamic differential scanning calorimetry (DSC) differ from each
other and they are difficult to explain. The interpretation of the results is based on the
influence of the combustion products, gases, on the condensed phase, as well as on

1418-2874/99/ % 5.00 Akadémiai Kindo, Budapest
© (999 Akadémiat Kiadd, Budapest Kiuwer Academic Fublishers, Dordrechi



1376 STANKOVIC et al.: HEXOGEN

their acceleration and inhibition effects. Reliable data for the solid phase reaction are
probably not available, due to autocatalytic and/or sublimation effects. These cffects
arc explained by the hypothesis proposed for the nitrate esters, i.c,, the ‘cage effect’
[1] induced inhibition due to radical-radical recombination. The proposed mecha-
nism does not rule out the possibility of chain reactions, autocatalysis, or differences
in the mechanism for different phases or in different temperature ranges. Activation
energies of £,=133.95-142.32 (8], E,=125.58-154.88 [9] and E,=239.44 kJ mol™’
[10], a literature value of E.=198.84 [11] and an experimental value of E=
282.14 kJ mol™! [11] are known. The differences in E, valucs, besides the above
mentioned reasons, are probably due 1o the quality of various RDX, and especially
the particle size distributions.

Experiments

Samples were analyzed using dynamic DSC and thermogravimetric analysis
(TG). The cxperiments were performed on Perkin Elmer instruments, differential
scanning calorimeter (DSC-4) and thermogravimetric analyzer (TGS-2), under a ni-
trogen flow of 50 m! min~'. For the DSC analyses. samples of approximately | mg
of explosives or 5 mg of waxes were hermetically sealed in Al pans. The temperature
range was from 30 1o 300 °C for the explosives and from 30 to 150°C for the waxes,
hecause the waxes do not have any peak, except the melting one, up to the RDX de-
composition temperature, Before scanning, the wax samples were heated until com-
pletion of melting, then cocled down, and rcheated. About 5 mg of explosive sam-
ples were taken for TG analyses. The heating rate (B) was always 10°C min™!, for
both types of analyses.

Results and discussion

Four types of RDX were used, with various distributions of particle sizes. The
highest content ol the big particle sizes has RDX 1, and the distribution of particle
sizes is falling down from the biggest to the lowest for samples RDX 1to RDX IV,
RDX III consists of the particles which pass through the sicve of 315 and remain on
the sieve of 140 nm and RDX TV has particles lower than 140 um. Seven types of
waxes were used for phlegmatization: HOECHST LP (LP), MWASK LP/2 (LP/2),
HOECHST WE4 (WE4), HOEMST KSL (KSL), HOECHST KPS (KPS),
HOECHST X22 (X22) and HOEFENST KFO (KFO). The characteristics of the
phlegmatized explosives are given in Table 1.

The DSC curves of the melting processes of the waxes X22 and KFO are shown
in Figs 1 and 2.

The values of the melting parameters of the waxes are given in Table 2.

The calculations of the rate constants, activation energics and recaction orders
from the DSC curves are based on the Arrhenius equation:

k= Ze—En/RT
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where: k — (he rale constant, 1 s~ '; » — the order of the reaction; Z — the pre-exponen-
tial factor; R — the universal gas constant, 8.267 J mol™! K"; T - lemperature, K;
and on the expression for the rawe ol a chemical reaction:

~defdr = ke®

where ¢ is the concentration of the reactant, mol dm™.

The value of ¢ usually is obtained by the partial heat, AH ., at time 1, or tempera-
ture T. The values of Aff and AH |y, are evaluated from the area under the DSC
curve.

Table 1 Characteristics of phlegmatized explosives

Sample Phlegmatized Type of Type of Cont. of phlegm./
P explosive wax RDX mass%
1 RDX I/LP LP RDX 1 4.87
2 RDX I/1.P/2 LP/2 RDX 1 4.50
3 RDX I/'WE 4 WEA4 RDX 1 5.01
4 RDX I/KSL KSL. RDX 1 4.24
5 RDX VKPS KPS RDX I 4,90
6 RDX I/X 22 X2 RDX 1 4.89
7 RDX VKFO KFO RDX I 4.91
RDX II/KFO KFO RDX I 4.62
RDX III/KFO KFO RDX III 4.76
10 RDX IV/KFO KFO RDX 1V 5.01
11 RDX II/LP L.P RDX 11 1.04
12 RDX III/LP LP RDX 111 4.88
13 RDX IV/LP LP RDX 1V 4.73
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Fig. 1 DSC curve of montan wax X22; —— derivative
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Fig. 2 DSC curve of montan wax KFO; —- derivative

Table 2 Mcliing parameters of the waxcs

TI°C

Sample AHN g
beginning end onset max, ,

LP 46.99 86.76 67.65 81.85 181.05
LP/2 32.43 78.85 41.42 45.89/54.03 181.04
WE4 40.91 84.27 63.66 76.47 146.18
KSL 36.86 85.99 66.00 80.11 181.71
KPS 38.25 85.36 56.06 72.63/78.10 165.51
X22 54.17 87.54 68.99 81.80 156.35
KFO 39.50 97.84 59.53 74.86/81.50 155.34

T, -7 of the melting peak maximum, or the maxima of a few peaks (multistep melting)

I-n

max. 208.44

mecal/s

min, 240,52
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Fig. 3 DSC curve of phlegmatized hexogen, RDX-1/X22: —— derivalive

Since there are threc unknowns, k, E, and n, to be determined, a multilinear re-
gression must be performed.

The DSC and TG curves of the phlegmatized samples 6 (RDX-I phlegmatized
with waxes X22) are given in Figs 3 and 4.
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Fig. 4 TG curve of phlegmatized hexogen, RDX-I/X22

The decomposition and kinetic parameters of hexogen and phleginatized hexo-
gen (1-13) are given in Table 3.

The DSC curves of the first and second scans of the waxes have different shapes
(number of peaks, Toneer. As the waxes were applied in the molten state for phlegma-

Table 3 Decomposition and kinetic parameters of the decomposition process of hexogen and the
phlegmatized hexogen (1-13)

Tnnscl of the AH of the

Sample decomposition/°C decompos;iltion/ l;‘ﬁ" - KJ f{’él 1 n
kI kg
RDX 1 206.5 -1726.7 42.430.9 195.134.2 0.9
RDX 11 206.1 -2860.8 38.2H0.8 177.143.8 0.9
RDX IIT 206.1 -2466.3 39.010.8 180.513.9 0.9
RDX 1V 206.9 -2063.2 42.140.9 193.5+4.2 0.9
1 2069 -2484.2 27.640.6 135.012.9 0.3
2 206.9 -2182.6 31.810.7 152.043.3 0.6
3 206.9 -2393.6 32.440.7 154.543.3 0.5
4 206.9 -2388.4 28.8H).6 139.8143.0 0.5
5 207.3 -2442.4 28.410.6 138.3+3.0 0.4
6 2077 —252R.4 27.3+0.6 133.449.9 0.5
7 206.9 -2676.1 25.310.5 125.542.7 0.5
8 206.5 -2618.1 33.940.7 160.613.5 0.6
9 206.9 -2531.7 317107 1516133 0.6
10 206.5 -24274 31.410.7 150.333.2 0.6
11 206.5 -2663.8 28.0310.6 136.612.9 0.5
12 206.8 -2368.8 28.610.6 139.113.0 0.4
13 206.1 ~2356.6 29.440.6 142.143.1 0.4
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tization of RDX, the scans of the second heating were recorded. Every melting peak
of the waxes is asymmetric and broad. The temperatures of the beginning of melting
range from 324 to 54.2°C, with the process being completed between 78.8 and
97.8°C. The melting intervals range from 33.3 (X22) to 58.3°C (KFO). Waxes with
a broad melting range are easier to apply on the crystal surface than those with a nar-
row melting range. The former usually possess excellent coating properties. Samples
LP/2, KPS and KFOQ exhibit multiple melting, the peak maxima are close to each
other (ATmaxLP’ZZS.IOC, ATmax Kp5=5.50c, and ATrnax KF0=6.60C). The DSC curves
show only melting peaks up to 204°C. The waxes are stable up to the melting 1cm-
peratures of RDX, which is important for their applications. However, what is obvi-
ous from these analyses, is the fact that some of the waxes have an extremely low
melting temperature. In addition to the good properties of waxes, like their compati-
bility with explosives, broad melting ranges and good processability, they also have
to fulfill the military specifications regarding exudation.

‘The DSC curves of RDX are characterized by two peaks, the first, endothermic
peak of melting, overlaps with the second, exothermic peak of decomposition. The
melting peaks are symmetric, with almost the same onset temperature valuez=204°C,
(203.32T 1 €204.1). The decomposition peak starts about 206°C. The valucs of Al/
decrease with diminishing grain size. The AH decomposition values of sample RDX
I and RDX II are remarkably higher and lower compared then to the AH values
RDX IIT and RIXX IV probably because of the various particle size distributions.
RDX il and RDX 1V are composed of the particles from 315-140 pm and lower of
140 um respectively. With phlegmatization the way of decomposition process is
changed becausc of the wax presence. There are not significant differences between
the Topeer values for the melting and decomposition processes of phlegmatized and
unphlegmatized RDX. Differences exist, however, between the kinetic parameters,
with the values of Ink and E, increasing with decreasing grain sizes of RDX, but the
reverse is with ». The Ink, E,, and n values for the phlegmatized samples are lower
than for unphlegmatized RDX. It seems as though the decomposition reaction was
slower for phlegmatized RDX than for unphlegmatized, probably becausc of the
molten wax layer on the surface of the undecomposed grains of RDX, which slightly
inhibits the reaction. Regarding the influences of the various grain sizes of RDX
phlegmatized with the same wax, there is no regularity (samples 7-10, and 1,11-13)
in the dependence of the kinetic parameters on grain sizes,

The results of the TG analyses of hexogen (RDX) and phlegmatized hexogen (1~
13) are shown in Table 4. Thermogravimetric examinations of RDX and the phleg-
matized RDX samples showed that there was no mass loss from 30 to 180-190°C,
and the samples lost a few mass% up to 206°C (i.e. the decomposition temperature
of RDX from DSC measurements), and after Tyecomposiion there is a sudden masgs
loss. After this rapid mass loss, there is an inflection point on the TG curve. More
than 90 mass% of the explosive mass is transformed into volatile matter. The value
of Tinnection is lower for phlegmatized compared to unphlegmatized RDX. The mass
lost is 2-3 mass% from Tinection 10 final temperature of examination. The solid resi-
due is between 0 and 2.85 for RDX, increasing to 5.68 mass% for phlegmatized
RDX. The existence of a solid residuc of about 5 mass% is caused by the presence
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Table 4 Results of the TG analyses of hexogen (RDX} and the phlegmatized hexogen (1-13)

Am from 206.6°C Solid residue after Solid residue

T, f

Sample inflection t0 Tinfeetion’ Tinftecion’ on 300°C/
mass%
RDX 1 2437 %0.3 5.6 2.8
RDX II 246.6 95.7 1.2 0.0
RDX III 246.6 93.8 4.7 1.7
RDX IV 250.0 95.8 3.0 1.0
1 237.8 95.8 7.0 1.0
2 234.4 91.8 34 5.0
3 2347 93.1 39 1.0
4 235.2 909 7.5 4.7
5 2369 92.0 6.0 3.7
6 236.1 92.1 6.8 4.6
7 235.7 92.3 6.5 36
8 233.6 90.0 7.5 54
9 2382 02.0 6.4 3.2
10 237.8 91.7 6.9 4.8
11 239.5 91.4 6.8 4.6
12 238.7 3.6 4.9 2.3
13 239.5 91.2 8.0 5.8

of the waxes (with their ‘minus’ oxygen balance) and is connected with the wax dis-
tribution in the sample of 5 mg. For some samples, the solid residue was almost
equal to the wax content in the phlegmatized RDX.

RDX loses mass more slowly with diminishing grain size. Phlegmatized RDX
starts losing mass at lower temperatures. The grain size distribution has no influence
on this process.

Conclusions

The width of the melting peak of the wax is important for the process of phleg-
matization. From this point of view, KF(Q is the best with the broadest melting peak,
and X22 the worst compared to the others. A very low Type, 0f melting is not a de-
sirable property of a wax, The wax LP/2 has the lowest T,ne. These two charac-
teristics can be seen from the DSC curves. Other qualily demands, like compatibil-
ity, exudation, etc., prescribed in military specifications, wilt determine the choice of
the wax.

J. Therm. Anal. Cul., 56, 1999
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The grain size distribution of RDX has an influence on the kinetics of decompo-
sition and on the mass Jost during dynamic examination by DSC and TG. The Ink
value increases from 38 to 42 1 5™, and £, increase from 177 to 193 kJ mo!™" with
increasing content of smaller particles, The order of the reaction decreases slightly
from 0.91 to 0.87. The decomposition reaction is slower after phlegmatization and
the kinetic parameters have lower values. For the smaller granulations of RDX (i.e.
RDX 1V), the exothermic effects of the decomposition process of the phlegmatized
RDX become greater.

The mass loss process during programmed heating of the samples depends on the
grain size distribution of the RDX. With increasing content of smaller particles,
RDX starts to lose the mass at higher temperatures. Phlegmatized RDX starts to lose
mass at lower temperatures, compared to unphlegmatized samples. This means that
RDX phlegmatized with waxes has a slightly lower thermal stability compared 1o
RDX. The solid residues, at the final temperature of examination, varied from 0 to
2.85 mass% for RDX, increasing to 5.84 mass% for phlegmatized RDX, which is al-
most the same value as the wax content in phlegmatized RDX (the higher solid resi-
dues for phlegmatized RDX compared to RDX were expected because the waxes
have a ‘minus’ oxygen balance. For explosive materials and their ingredients a ‘mi-
nus’ oxygen balance means the presence of the elementary carbon, hydrogen, car
bon(Il)-oxide, hydrocyanic acid, and etc. in decomposition products. There is not
enough oxygen to transform the elementary carbon and hydrogen in carbon(TV)-ox-
ide and water in decomposition products.) The various grain size distributions of
RDX, taken for phlegmatization, have no influence on the beginning ol mass loss.
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