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Chong Fang Shufen Li

Department of Chemical Physics, University of Science and Teclmology of China
Hefei 230026, People s Republic of China

ABSTRACT: Based on the condenscd-phase mechanism and thermolysis
experimental results, the synergistic interactions between AP and HMX: in NEPE
propcllants arc studicd from the two viewpoints of molecular structure and chemical
rcaction. Rclated to bond polarity, formal charges, chain rcaction theory and the
systematic comparison of solid monopropcllant combustion and modcling, the
“Jinkage-mutuatism™mechanism is proposed. That implics between AP and 1IMX, the
heat rclcased is interlocked while the specics produced arc mixed and reacting with
cach other in the combustion wave. AP content and particle size can influcnce the
mechanism, thercfore will have significant cflects on the ignition and combustion

characteristics of NEPE propetlants.

Introduction

Since the carly 1980's, NEPE propellants have become popular because of their
high cncrgics, good mechanical propertics and many other adaptable characteristics.
Regarding the improvements, cspecially on the decrcase of their relatively high
pressure cxponent, a varicty of crcative and sysicmatical mechanisms have been
proposcd. From the combustion bchavior of solid monopropellant, analysis on

composite/modificd doublc-basc propellant to nitramine-based composite propellant,
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rescarchers have carricd out a lot of instructive work [1,2]. Because AP and 1IMX are
both important ingredicnts in NEPE propellants but have quitc diferent roles, we
utilize the known combustion models and experimental data, based on the synergistic
intcraction, 10 proposc the “linkage-mutualism™ mechanism between AP and HIMX,

The cffects of AP content and particle size arc therefore investigated and explained.

Condcnscd-phase Mcchanism

AP's condenscd-phasc kinctics has great impact on combustion characicristics of
propcllants. AP has mclied before ignition, reactions occur in the melting layer formed
on AP's surfacc. Liquid AP can then decompose through scveral channcls 10 produce
gascous products, aficr bubbles emerge in the foam zonc; the specics relcased cntering
the gas phasc will rcact with cach other. Based on this, Tanaka ct al. raiscd AP

condcenscd-phasc mechanism {3]). See Table 1 for details.

Table 1. AP condensed-phase mechanism

No. Reaction Ia
(kJ/mol
iIc AP(s) = AP(1) = N1, +1ICIO, 1y
2C AP(1) > 11,0+ 0, + HC1 + 1INO 92
ic AP(l) - 21,0+ Cl + NO, 92
4C AP(l) - NH, +0I1 +ClO, 92

Reactions 2C, 3C and 4C occur in parallel at slightly higher temperatures, and their
products agree favorably with experimental results. The ensuing “bubble reaction™
gives olT reactive specics, whose formation and relcasce from the buming surface will

have strang cfiects on 1IMX. Afler HIMX mells, Prasad and co-workers described its
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liquid-phase dccomposition mechanism {4). The three global steps give us a general

idca of I!MX’s decomposition.

Table 2. HMX liquid-phasc mechanism

No. Reaction La
(kJ/mol)
L 1IMX = 4CH,0+4N,0 172.4
2L 1IMX — 4NO, +4I11,CN 210.0
L CH, 04+ NO, »CO+NO+11,0 57.3°

The simulation study [5) reveals that this decomposition mechanism of HMX,
probably thc main factor to cause temperature-sensitivity differences on the burning
surface, will be affected by the relcasing rate of N>O and NOa, Its interesting that NO;
is not only the product of HHMX's bond breakage (21 in Table 2), but also can be derived
from AP’s condensced-phasc degradation (3C in Tablc 1).-

We know that in the condenscd-phase reaction layer of nitraminc particles such as
RDX and HMX, two compelitive processes cxist: cvaporation and cxothenmic
decomposition. The former is the controlling step at low pressures, while the latter
dominates at high pressures. Compared with RDX, 1HIMX has the higher melting
temperature, whercas its volatility and vapor pressure are relatively low. That results in
its significant scll-catalysis involving NO; and CI1,0. The eflective activation cnergy
for HIMX's gasification is 192.5 kl/mol, which is much larger than the AP value 117.2
kJ/mol, so it's casicr for AP to decompose first during the heating process. AP can
therefore influence 1IMX by heat and specics transferred within the hetcrogencous

mclting laycr.
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From the chemical reaction angle, HMX s initial deccomposition won't be afTected
by cnvironmental atmosphere, such as i1y, Ar, Oy, CO and NO. Experiments conducted
by Palopoli ct al. [6] show that Nii; and NO, experience the different reaction
mechanism; they can readily participate in reactions that arc normally kinctic or
thermodynamic dominant, and can influcnce the original decomposition channcl of
HMX as well. Due to the N atom’s clectronic confliguration nsznpJ (n=2), its oxidation
number ranges from =3 {np subshell is full), +3 (np subshcll is cmpty) to +5 (n shell is

cmpty), so N3 and NO, arc rcactive and can produce various specics.

Expcrimental Results

Through many cxpcriments carricd out on the new scrics of NEPE propellants, the
cffects of AP content and particle sizc on samples’ combustion characteristics have
been studied systematically [7]. The interaction between AP and HMX plays an
important rolc, which corresponds Lo dilferent parameters. ‘The basic formula of
propchant samples is (AP+HMXYAI(PEG+NLZ), among which the oxide content is
57% and aluminum content is 18%. Based on the formula of sample 11-b, the variance

of AP content and particic size will account for changes Jistcd in Table 3.

Table 3. Combustion charactcristics of propcliants with different AP content and
particle sizc

Sample AP AP HMX Pressure Dcflagration
No. | Content (%) | Particle sizc | content (%) | cxponent n | heat Q **(J/g)
H-a 8 <90um 49 0.67 6637.3
H-b 13 <90um 44 0.60 7584.9
H— 20 <90um 37 0.56 $030.6
H-d 13 Grading* 44 0.64 8284.9
H— K] Superfine 44 0.72 7780.3

* “Grading™ stands for that the proportion of the amount of <90um AP particle to the amaount of superfine
AP particle is 1 10 1. “Superfine™ means the average AP particle size is 1~2um.
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** The propellants’ deflagration heat was measured by the thermostatic oxypen bumb calorimeley, at
1.96MPa in N2 atmosphere.

We can concludg¢ safely that the increase of AP content results in the decrease of n
and the increasc of deflagration heat of samples. Though the cffect of AP particle size is

less manifest, it also indicates some meaningful differences.

Table 4.* Condensed-phase degradation of propeliants with different AP content and
particle sizc

Sample Peak Pcak initiating | Pcak temperature | Heat release

No. shapc | temperature (°C) °0) Q. (V)
164.25 188.64 527.40

l-a Three 181.31 197.55 337.46
peaks 216.27 241.91 146.37

i-b Single 157.62 194.65 427.02
H- Singlc 156.54 178.77 177.58
H-d Singlc 159.08 194.11 488.92
H—¢ Single 159.72 191.93 438.74

® The DSC heating rate is 10°C /min, the atmosphere around the sample is Ny with its flow rate sct to be
zcro. The sample pan is scaled.

The DSC data in Table 4 reveal that H-b and - with the relatively high AP
content releasc less hicat in the condenscd phase, while they cffectively lower the peak
temperature. As a conscquence, the deflagration heat represented in Table 3 shall be

divided into two parts: heat from the condensed phasc and heat from the gas phase.

“Linkage-mutualism”

In order to cxplain the cxperimental phenomena, we consider the interactions
between AP and 1HIMX from both the macroscopic and microcosmic vicw. Beckstead ct
al. [8] published the combustion characteristics of RDX, [HIMX and AP as typical solid
monopropcllants, which can sublime or decompose in the solid phasc. Comparisons
between HMX and AP clucidate that 1IMX can form a visible, definite liquid layer
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where cffective cxothermic reactions won't occur below HMX's melting point; while
AP's melting layer cannot be observed directly, but AP can decompose quickly below

its anticipated melting point and breed a kind of reaclive atmosphcere.

Ignition threshold

HMX can greatly improve the propellant’s energetic propertics, because it has high
deflagration heat and deflagration rate, ctc. Though AP docsn’t have these propertics, it
can offer many other advantages, such as the improvement of the propeliant’s ignition
characteristics. Since AP has the rather low ignition threshold, if can snitiate the
procceding, and produce chemically reactive gascs such as NHj, NOz and O; because
of its high oxygen content. Hence, AP can be considered as “activated stimulation
point” in the propellant, when absorbing heat, it will be cxcited first and expericnce
somc physical/chemical changes, i.c. produce NIy and NO; (Table 1). Duc to the high
solubility and reactivity of NH; and NO; in heterogencous melting layer, AP will then

impress on HMX with its product specics and heat release,

Bond conversion
HMX can be written in the structural formula as:
OzN—rl‘J—CHz—II‘l—NOz

HC CHz
O2N—N—CHz—N—NOz

Up till now, two major mechanisms have been proposcd: onc takes the breaking of
HMX’s covalent chain as its first chemical change, while the other thinks that the
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climination of strong intcrmolecular clectrostatic forces between HMX molecules or
1IMX and its decomposition products is the rate-controlling step. The same basis of
both theories lics in that N and O arc small atoms with very high clectroncgativity. As
for the molccular accumulation structure, the polar covalent bonds aircady cxisting
within HMX such as N-C, N-O and C~I1 will be strong, so is the lattice cnergy of
HMX crystal. This explains the high melting point and decomposition temperature of

1IMX, at about 280 °C.

Formal charge
By assuming that two atoms sharc cach bond cqually, we can rcly on the reasonable

approximation to count atom formal charges in HMX molecule.

Atom formal charge = group number — number of lone pair electrons

- ¥ (number of bonding clcctrons) M
For the 8-clectron-structure molccule, another equation is also valid:
Atom formal charge = bond number - character number (2)
While character number = § - valence clectron number 3)

To be a focus of attention, N-NO; structure can be analyzcd by counting the atom

>N1_Nn<(..)_

formal charges. We mark Ny, Ny, here for reference.

Since N atom has the valence clectron number of 5, its character number is 3. In the
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formula, four bonds surround Ny, So (1) and (2) can be written respectively as,

N, formalcharge =5-0- Y (2x4) = +I 4)

N, formalcharge =4-3 = +1 &)

Then we may find out that Ny, is somewhat active, because a molecule or ion won't be
stable if any positive formal charge resides on a very high clectroncgative atom. N;
atom formal charge can also be calculated and the result is zcro, since this atom has two

lonc-pair clcctrons.

Hydrogen honding

When AP's decomposition product NH3 moves to the melting surface of 1IMX,
hydrogen bonds such as N-H-.--N~ and N~1l---O- can be formed casily.
Because of the considerably high clectronegativity of N (3.0) and O (3.5) atoms,
intcractions between them and the H (2.1) atom belonging to NI (high polarity) will
gencrate unusually strong dipole-dipole forces. So it's probable that N, with lone pair
clectrons will be involved in this type of hydrogen bonds and the bonding clectrons
between Ny and Ny will be greatly attracted to N, Together with the activity of Ny, the
Ni—Ny; bond can be casily broken. Additionally from some logical inference, C-N bond
is much more polar than N-N bond, so the breakage of C-N bond costs more cnergy,
while C atom doesn’t readily interact with H atom in Ni;. Above analysces point out the
great possibilitics for N-N bond to be broken carlier.

Certain experiment [9] has proved that in nitramine composite propeilants, N-NO;
bond within HMX would break at the beginning of 1HMX's decomposition in its
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condensed-phasc reaction zonc, and the initial products included NO;, N;O.

Chain reaction

After all, NO; cmerges in the condensed phasc cither from the degradation of AP,
the abruption of N-NO, bond or the cvaporation of 1IMX, and it tends to react with
HMX. The movability of gases released in the condensed phase is limited to some
extent, so NO; will be bounded 1o the remaining ring compound to form nitramine
again. With the heat flux added to the propellant, NOy will have more chances to escape

from the cage and duc to its special chemical structure:

.

N
O

It can therefore abstract the skeletal methyicne proton of {IMX to form
8-clectron-structure stable molccule HONQ. Symmetrical molecular construction of
1IMX is related to its “cage cflfect”, then NOj's abstraction and the further
fragmentation of those covalent chains will climinate the “cage effect™ and enhance the

decomposition of [HM X, Some representative probable reactions are listed below.

C,11,N,0, = NO, +CH, = N-43N,0+3CH,0

(at characteristic pressure, see Table 2 for comparison) 6)
1,CN 4+ NQO, —» lICN + [IONO U]
HONO - Oif + NO (8)
Nit, +Oll - NI, + 11,0 )]
Ci,0+0Il - ClIO+ 11,0 (10)
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NIl; +NO- N, +11+0l1 (1)

NO, + 11 » OH +NO (12)
CHO+ 1 - CO+H, (13)
Oll+ 1, - 11,0+ H+63.2k (14)

Both {1 and OH are intcrmediate resources of great importance (o maintain the
chain rcaction. The NH,, NO, speccics arc also rcactive, which reflects the various
oxidation numbcrs of N atom discussed in scction 2. Compared with the incrt Ar, Niiy
or NO; atmosphere can make the pyrolysis products of HMX emerge about 200ms in
advancc 6}, which affinms their high rcactivity.

This Kind of “linkage-mutualism™ between specics can greatly increase the heat
releasc, transfer and feedback. And the mechanism has been demonstrated here from
varicd aspects to indicate that the condensced-phasc reaction zone really plays an

important role in determining the decomposition features of AP and 1IMX.

Deflagration Heat Analysis
‘The basic concept of deflagration experiments is to usc heat eflect to account for
inncr changes taking place in propellants. The data in Table 3 and 4 correspond to the

overall heat relcase (Q) and the condensed-phasc heat release (Qc), respectively.

AP content cffect
The incrcase of AP content will significantly improve Q duc to the fact that,
(1) AP can decrease the ignition threshold and ignition delay time of propellants, as

“activated stimulation point™;
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(2) The increase of AP content (with the same particle sizc) will enlarge AP surface
arca, which can strengthen the “linkage-mutualism™ between AP and HMX, the
main solid ingredicnts in propellants;

(3) AP’s pyrolysis will relcase more active' gases abundant in oxygen or nitrogen to
participate in the chain rcaction, and then to enter the gas phase, which can make
the dark zone thinner, enhance gas-phase reactions, increase the heat feedback to
the combustion surface and raise the burning rate;

(4) Largec amounts of oxidative gascs can bc producced to cffectively oxidize
aluminum powders and C-H class of compounds, so they will improve the
propcllants’ combustion clMiciency.

That’s why samplc H-c (with the highest AP content) has the largest heat of
deflagration, Q (Table 3). However, from Tablce 4, H-c rcleascs, by (ar, the least amount
of heat in its thermal decomposition (177.58 J/g) comparcd to the other formulations
(over 400 J/g), possibly because there is a decrease in the peak decomposition
temperature which, in turn, will causc a decrcase in the fraction of condensed-phase
decomposition of 1IMX. This implics that the miajor contribution to the deflagration
heat Q comes from the gas phasc.

In Al-based compositions with (AP+IIMX)YAI/(PEG+NE) formulations, Al will
react with Cly, gascous product of AI”s decomposition, and gencerate so much heat that

Al melts and continucs to burn {10],

2Al(s) + 3Cl,(g) — 2AICI,(s) + 1408.4k) (15)

339



13:49 16 January 2011

Downl oaded At:

If the micro carbon structure can exist on the burning surface for some time, another

rcaction containing the coating A0, can also occur to relcase much heat,
Al O,(s) +3C(s) + 3Cl, (g) = 2AlCI, (s) + 3CO(g) (16)

When the burning sucface retires to make aluminum particles exposc to the gas
phasc, these kinds of chemical rcactions can benefit the combustion efficicncy of many

specics and increase the intensity of the flame,

AP particle sizc cffect

To decrease the particle size ol AP at the constant content will expand its surface
arca, and tend to mcerge its high-temperaturc-decomposition peak into the lower onc. As
a result, the apparent activation cnergy will be reduced and the decomposition rate of
AP will be raiscd. Attributing to the high diffusion mixing rate between AP's and
surrounding bindcr's decomposition products, chemical reaction kinetics will be more
important o determine the burning rate of propellants, while such control is obviously
influcnced by pressure because of the involvement of many gascous specics. Hence, the
pressurc exponent will increase with the decrease of AP particle size (Table 3).

Kumar [11] pointed out that in the condensed phase, the first step for AP crystal
grains to dccompose to produce NHj and HCIO,, was the degradation of thosc AP
grains to form smaller NH,CI1O, groups. As the molccule with stable clectron structure,
NI4CIO; relics on van der Waals interactions to form the whole crystal.

First, the grain boundary is a kind of two-dimensional defect, whilc the dislocation
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defect is onc-dimensional. When solid AP macrograins absorb heat, cmpty spaces or
interstitial atoms inside the grains will become more active with the increasc of
temperature, and they tend to move along the grain boundary while the degenceration of
their variation cnergy lcvels has been removed. Such effects can also be regarded as the
diffusion of thosc defects within the crystal. Hence, the inner localized stress
concentration will accclerate the intererystalline fracturc of AP

Sccond, considering the concept of “entropy™ S as a macroscopic measurc of the
disorder of a system, we can casily conclude that AP crystal’s degradation represents
the increasc of the disorder, which means the cntropy change AS relating to free
encrgy change for system is positive. Taking this as isothermal transformation, in

accordance with sccond law of thermodynamics, we can find the expression,

Q=TAS )

Here, a positive cntropy cilect implics that the system shall absorb heat. Since the
amount of reaction heat released in the gas phase is mainly determined by AP content,
the deflagration heat won't exhibit significant difJerence for propellants with varicd AP
particle size (but thc samc AP content). On the other hand, becausc the
condenscd-phasc heat releases between H-b, 11-d and 11-¢ (Table 4) arc not very
difTerent (427 10 489 J/g), it can be inferred that the dilferences possibly arise from AP
intercrystalline fracture.

Further discussions can be focusced on the combustion surface, dark zone thickncss,

heat transfer, species moving trace, fluid ficld temperaturc distribution and scnsitivity,
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and premixed-diffusion flame, cic. This paper cmphasizes the initial stage of the
burning process, but “linkage-mutualism™ can also be applicd to cach part of the
combustion wave, since complex intcractions among various specics will go on and
play their particular roles. For instance, AP's addition can lower the pyrolysis
temperature of the binder partly because of the casily established diffusion flame
between them; and aluminum can act as an cnergy pump to relcase some heat in the
primary flamc zonc in advance. The reduction of CIO, specics can also be considered.
But the limitations of the present experimental data preclude drawing a firm conclusion,
so further precisc and systematical investigations shall be carricd out on the combustion

wavec, cspecially on the condensed-phasc reaction zone of propcliants.

Concluding Remarks

The embodiment of “linkage-mutualism™ stands for the strong interactions
between AP and HIMX within the different time period, in the various regions of the
combustion wave and among the manifold specics. That can influence the overall
combustion behavior of NEPI propellants significantly. Discussions on molccular
level imply the formation of hydrogen hond and the breakage of the N-N bond, while
pyrolysis experimental analyses on chemical reactions explain the range of various
species concentrations. Results show that the increase of AP content can enhance the
condenscd-phase degradation, weak the dark zone, foster the establishment of difTusion
flame and improve the combustion clicicncy of aluminum powder: the grading AP can
also benefit the combustion characteristics of propellamts. In the near future, the

sysicmization and abundance of cexperiments, together with the gradually being
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perfected combustion model, arc surc to aid us understand and probe into the

“linkage-mutualism” between AP and HMX, and cxpand this mechanism 1o other

ingredicnts in NEEPE propellants.
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