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Abstract

This review represents an attempt to summarize literature data on thermal decomposition of ammonium perchlorate. The mechanism of thermal
decomposition and various factors which influence on the thermal decomposition of ammonium perchlorate are discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Properties of ammonium perchlorate in general and particu-
larly its thermal decomposition have been a subject of extensive
literature including reviews [1–5].

It was revealed during investigation of thermal decomposition
of ammonium perchlorate that the process is characterized by
a number of features which were of purely scientific interest
irrespective of applied problems at which these investigations
had been aimed at first. It turned out that the character of thermal
decomposition of ammonium perchlorate below phase transition
at 240 ◦C and above this point is different.

Low-temperature thermal decomposition of ammonium per-
chlorate turned out to be extremely sensitive to the “biogra-
phy” of a crystal, the presence of admixtures in it, preliminary
mechanical treatment and irradiation. It was also revealed that
addition of simple and complex oxides, which are typical cata-
lysts of oxidation–reduction processes, has a very strong effect
on the rate of thermal decomposition. It was established that low-
temperature thermal decomposition of ammonium perchlorate
proceeds not completely and runs through the formation and
growth of reaction nuclei composed of unreacted NH4ClO4.
Since no solid products are formed during thermal decompo-
sition of ammonium perchlorate, a usual scheme of the process
auto-localization due to catalysis by a solid product of the
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with proton transfer from the cation to anion, similarly to decom-
position of all the ammonium salts.

2. Properties of ammonium perchlorate

2.1. Crystal structure

2.1.1. Phase transition
Ammonium perchlorate is a white crystalline substance. Two

most important crystal modifications of ammonium perchlorate
are: orthorhombic (region of existence: T < 240 ◦C) (Fig. 1) and
cubic one, which is stable at temperatures T > 240 ◦C.

Heat of phase transition of ammonium perchlorate from
orthorhombic to cubic modification is 11.3 kJ/mol [6].

The unit cell of the orthorhombic modification contains four
molecules. The unit cell parameters are: a = 0.9202, b = 0.5816
and c = 0.7449 nm. Four oxygen atoms form a tetrahedron
around the chlorine atom. The distance between chlorine and
oxygen is 0.143 nm. Each ammonium ion is surrounded by 12
oxygen atoms. Eight of them are at a distance of 0.294–0.308 nm
and four at a distance of 0.325–0.352 nm [7].

The high-temperature cubic modification has a structure
of sodium chloride. The unit cell contains four molecules,
a = 0.763 nm [8].

Investigation with the help of NMR, neutron diffraction [9]
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eaction could not be accepted; therefore, another scheme of
eedback leading to auto-localization of the process, specific for
mmonium perchlorate, had to be searched for. Below the phase
ransition at 240 ◦C reaction arrest after the decomposition of
ne-third of ammonium perchlorate is also unusual.

High-temperature thermal decomposition of ammonium per-
hlorate proceeds till completion; no dry residue is formed.

In the very beginning of study, the mechanism of thermal
ecomposition of ammonium perchlorate was not clear. There
ere at least three points of view on the elementary stages from
hich the process of thermal decomposition starts. Accord-

ng to one of these opinions, decomposition is considered to
tart with electron transfer from the anion to cation similarly
o the case of heavy metal azide decomposition. According to
nother one, the decomposition process starts with the rupture
f chlorine–oxygen bond, similarly to thermal decomposition
f perchlorates of alkaline metals. According to the third point
f view, thermal decomposition of ammonium perchlorate starts
nd ESR [10] shows that both the ammonium and perchlorate
ons can rotate freely. In the cubic structure, both ions rotate; in
he orthorhombic one, only ammonium does.

It was assumed that the phase transition of the first kind at
40 ◦C is preceded by the transition of the second kind, which
s the reason of deviation from the normal behaviour observed
n ammonium perchlorate under thermal decomposition [5]. It

ig. 1. The shape of ammonium perchlorate crystals. Designation of faces: a:
1 0 0); : (0 0 1); m: (1 1 0); r: (1 0 2); q: (0 1 1).



V.V. Boldyrev / Thermochimica Acta 443 (2006) 1–36 3

Fig. 2. A scheme of the observation of polymorphous transition in ammonium
perchlorate crystals in the plane (0 0 1).

turned out later than the phase transition at 240 ◦C itself depends
on the ability of perchlorate ion, hanging before the transition
on N–H–O hydrogen bonds in the lattice, to rotate freely.

Polymorphous transition in ammonium perchlorate crystals
was studied in [11]. It was discovered that there are two mech-
anisms of the transformation of the rhombic modification into
cubic one. At low-temperature, the transition follows atom-by-
atom mechanism. At temperature increased up to 243 ◦C, the
transition is of martensite type. In both cases, the polymor-
phous transition proceeds through the formation and growth of
the nuclei of the new phase; the growth of martensite nuclei
occurs not continuously but jumpwise. The interface boundary
can be coherent during the transition form rhombic modification
into the cubic one [11]. During this process, the (0 1 1) plane of
the rhombic modification corresponds to the (0 0 1) plane of
the cubic one. The angle of surface relief is equal to 13.14◦ in
the case when full coherence takes place, which happens, for
example, during martensite transition (Fig. 2). During the atom-
by-atom transition, which allows slow relaxation processes to
occur, the angle of relief decreases. To measure the relief angle,
the effect of preliminary irradiation on the rate of thermal decom-
position of ammonium perchlorate was used [12], which allows
one to develop a latent photographic image formed in a crys-
tal during exposure to the ultraviolet radiation through a stencil
with square orifices.

For martensite transition above the phase transition point dis-
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tice parameters. According to the opinion of the authors of this
hypothesis, compacting of the lattice should prevent the for-
mation of interstitial ammonium ions, the process which was
postulated to be one of the most important stages of the mecha-
nism of thermal decomposition based on electron transfer from
perchlorate ion to ammonium ion. However, this hypothesis was
not confirmed experimentally because the density of ammonium
perchlorate was observed not to increase but to decrease from
1.95 to 1.76 g/cm3 as a result of the phase transition [5].

The reactivity of solids usually increases during the very
moment of phase transition, and this phenomenon is well known
in solid state chemistry as Hedvall effect. As we can see, thermal
decomposition of ammonium perchlorate is an exception. Here
we have, so to say, a reverse Hedvall effect.

Investigation of the behaviour of ammonium perchlorate
under the pressure up to 25 GPa showed that at temperatures
slightly above 240 ◦C (the point of transition from the rhombic
modification to the cubic one), melting is observed [17].

2.2. Conductivity of ammonium perchlorate

Conductivity of ammonium perchlorate has long been the
subject of discussions between researchers. There were three
points of view on the mechanism of charge transfer in ammo-
nium perchlorate crystals, and therefore on the mechanism of
the conductivity process itself. One of the possible reasons of
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ortion of the angle of the square stencil was 11.5◦, which is close
o the requirement provided by full coherence (13.2◦). For atom-
y-atom transformation, coherence angle could decrease to 2◦.
he course of phase transition from the orthorhombic modifi-
ation into the cubic one was followed in [13] by heating the
rystal and simultaneously recording X-ray diffraction patterns
nd IR spectra.

One more curious fact was revealed during investigation of
hermal decomposition of ammonium perchlorate: the rate of
hermal decomposition sharply decreases at the moment of phase
ransition [14,15] because rearrangement of the lattice from
he rhombic into cubic at the moment of transition results in
harp worsening of the conditions for the accumulation of prod-
cts catalyzing thermal decomposition in the system. In earlier
orks [16], this effect was explained by a decrease in the lat-
ontroversy about the mechanism of transfer processes in ammo-
ium perchlorate crystals providing its conductivity was surely
omplicacy in arranging correct experiments on measuring the
onductivity. A reflection of these difficulties is substantial scat-
ering in conductivity values obtained by different authors (for
xample, see [4]). In part, poor reproducibility of the results
an be explained by the use of pressed ammonium perchlorate
ablets instead of single crystals as the objects of investiga-
ion. However, in the cases when single crystal samples of
mmonium perchlorate were investigated, such factors as the
resence of unintentional impurities or partial decomposition
f ammonium perchlorate during measurements due to its ther-
al instability, polarization of the crystal during measurements

nvolving direct current can also be the reason of deviations
etween the experimental data. In addition, in our opinion, it
as not correct to study the conductivity of ammonium per-

hlorate separately from the conductivity of other ammonium
alts.

.2.1. Mechanism of conductivity in ammonium perchlorate
n the basis of the assumption about electron transfer

The assumption about the existence of electron conductivity
n ammonium perchlorate was made by Maycock and Verneker
18,19]. Having obtained four regions separated from each other
y jogs in the curve of the temperature dependence of conductiv-
ty (Fig. 3), these authors concluded that if the low-temperature
egions (up to 92 and 171 ◦C) corresponded to the surface and
mpurity conduction, above 171 ◦C they came across the bulk
on conductivity and above 233 ◦C, the electron one. No spe-
ial confirmation of the existence of electron conductivity in
mmonium perchlorate was reported, except coincidence of the
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Fig. 3. Electroconductivity of ammonium perchlorate as a function of temper-
ature [18]. AB: the region of electron conductivity; BC: conductivity due to ion
defects of the cubic modification; CD: the same for the orthorhombic modi-
fication; DE: extrinsic conductivity of the orthorhombic modification; EF; the
surface conductivity. (Interpretation of the curve by authors [18]).

activation energy determined experimentally (5.6 eV) with the
activation energy values (6.06 eV), which can be obtained by
investigating the absorption edge of ammonium perchlorate. The
authors assume that this transition relates to the band-to-band
type, which later became the grounds to criticize the electron
mechanism of conductivity proposed by the authors because one
can easily imagine that the probability of the process with such a
large activation energy and small kT value should be extremely
low.

Even if we admit that the electron transition proceeds not
according to the band-to-band mechanism but according to a
more probable hopping mechanism of electron transfer [20], the
set of experimental data available at present make this assump-
tion improbable.

2.2.2. Mechanism of conductivity in ammonium perchlorate
based on the assumption about charge transfer by the point
ion defects

Zirkind and Freeman were the first to propose the ion mech-
anism of charge transfer in ammonium perchlorate [21]. The
assumption about charge transfer by ion defects was made in
the work by Maycock and Verneker cited above [18], but it was
assigned to the low-temperature region (90–150 ◦C). Small acti-
vation energy (0.5–0.6 eV) was interpreted by the authors of [18]
as the confirmation of the fact that the charge is transferred by
i
e
w

Owen and Thomas adduce proofs in favour of the ion mech-
anism of conductivity [22–24]. They think that the ion mecha-
nism of conductivity in ammonium perchlorate can be proved
by coincidence between activation energy of conductivity in
ammonium perchlorate and in rubidium perchlorate, the latter
compound exhibiting undoubtedly the ion mechanism of con-
ductivity. Crystal chemical similarity of lattices in rubidium
perchlorate and the orthorhombic modification of ammonium
perchlorate is sometimes mentioned as an additional argument
[22–25].

Since simple equality of the data on conductivity activation
energies for the two solid salts is evidently insufficient to prove
the mechanism of transfer processes, and since the ion mech-
anism did not explain such features of transfer processes as a
strong dependence of conductivity on the composition of gas
phase atmosphere above ammonium perchlorate and especially
on ammonia pressure, changes in conductivity during thermal
decomposition, etc., the ion model of conductivity held its posi-
tion not very long and then gave place to the mechanism based
on proton transfer.

2.2.3. Proton transfer
2.2.3.1. Proton conductivity. The hypothesis of the proton
mechanism of current arose as a result of the earliest investi-
gations of conductivity of ammonium perchlorate. Wise [26]
measured conductivity of ammonium perchlorate, discovered
t
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nterstitial ions. Above 150 ◦C, when activation energy becomes
qual to 2 eV, it is assumed that charge carriers are vacancies
hich are Schottki ion pairs.
hat is changes substantially in the atmosphere of ammonia and
oncluded that the conductivity is proton-type. The same con-
lusion was made by Khairetdinov and co-authors [27,28].

In order to establish the type of current carriers in ammonium
erchlorate, a procedure described in [28] was used. A modified
chmidt coulometer was used as a measuring cell. Simultane-
usly with ammonium perchlorate, measurements were carried
ut also with the samples of monosubstituted ammonium phos-
hate which is known to be a typical proton conductor, and
mmonium chloride. Since ammonium salts were subjected
o electrolysis, electrodes were made of materials which were
ither proton conductors (for example, such a material is mono-
ubstituted ammonium phosphate) or compounds forming com-
lexes with ammonia thus binding ammonium evolved at the
node.

At first, Murthy’s experiments with monosubstituted ammo-
ium phosphate were repeated; it was confirmed that this com-
ound is a proton conductor. Then the mechanism of conductiv-
ty was investigated for the sandwiches composed of the crystals
f monosubstituted ammonium phosphate and perchlorate con-
ected with each other. The results are shown in Fig. 4. One can
ee that the amount of gas evolved during electrolysis depends
n electrode polarity. The slope of curves suggests that for the
ase when palladium electrode is the cathode, the ratio of the
umber of moles of the gas evolved to the quantity of electricity
assed through is χ = 0.5/F mol/C, where F is Faraday num-
er. According to Faraday’s law, this is the necessary condition
or proton conductivity. With opposite polarity, χ = 1.5/F, which
orresponds to the evolution of additional amount of gas (ammo-
ia) from the anode region of the crystal. With silver electrode,
is equal to 0.5/F for any polarity. Mass spectrometric analysis
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Fig. 4. Dependence of pressure of the gas evolved during electrolysis on the
polarity of current and quantity of electricity passed through the ammonium
perchlorate single crystal: (1) cathode region; (2) silver electrodes, anode region;
(3) palladium electrodes, anode region.

showed that gas evolving at the cathode is hydrogen, while gas
evolving at the anode is ammonia.

It was concluded on the basis of these data that the mechanism
of conductivity is proton.

Later on, the hypothesis concerning proton conductivity was
verified and confirmed experimentally by the investigations of
Jacobs [29,30], who studied changes in the conductivity of
ammonium perchlorate caused by doping with Ba2+ and SO4

2+,
the effect of water vapour, ammonia, and cycling for conduc-
tivity. The mechanism of proton conductivity in ammonium
perchlorate proposed by Jacobs can be reduced to proton detach-
ment from the ammonium ion, its transition to a trap and then
transference of thus formed proton vacancy along the cation lat-
tice.

Another mechanism of proton conductivity was proposed in
subsequent works. It consists of three stages [31].

1. Proton transfer from cation to anion. Formation of current
carriers.

NH4
+ + ClO4

− → NH3 + HClO4

2. Reorientation of the protonated anion.

HClO4 → ClO4H

3

Fig. 5. Temperature dependence of the volume conductance of ammonium per-
chlorate crystals: (1) pure; (2) 8 × 10−4; (3) 1.4 × 10−3; (4) 3.5 × 10−3; (5)
1.31 × 102; and (6) 3.9 × 10−2 mol% NH4HSO4.

Stages 2 and 3 correspond to transfer of the carrier along the
lattice.

Doping of ammonium perchlorate crystals with HSO4
−,

which is donor of protons, causes an increase in conductivity
(Fig. 5). At the same time, activation energy decreases.

Investigation of temperature dependence of the time of dielec-
tric relaxation of ammonium perchlorate crystals with HSO4

− as
a dopant gave activation energy Ed close to the value determined
previously for mobility Em. This allowed concluding that the
limiting stage of transfer is reorientation of the protonated ion,
that is, stage 2. Table 1 shows the time of dielectric relaxation
(τd) and time of correlation for proton diffusion process (τc)
calculated on the basis of α and the modified Nernst–Einstein
equation

τc =
(

eγα2

µkT

)
,

where e is elementary charge, α is lattice parameter, γ is steric
factor determined by the lattice geometry, k is Boltzmann con-
stant.

One can see in Table that τd and τc values for ammonium
perchlorate and for ammonium salts for which the proton con-
ductivity had already been proven are close to each other.

Permittivity (dielectric constant) of ammonium perchlorate
was measured within the frequency range from 100 to 10000 Hz
a
w
o
c

m
d

m

T
P

A γ

N 1
N 1
( 1
. Proton jump from one anion to another.

able 1
arameters of dielectric relaxation and diffusion mobility of ions in NH4ClO4

mmonium salt Em (eV) Ed (eV)

H4ClO4 0.81 ± 0.05 0.76 ± 0.06
H4H2PO4 0.54 ± 0.03 0.50 ± 0.04

NH4)2SO4 0.49 ± 0.03 0.51 ± 0.03
nd is equal to 5.1 ± 0.3 [32] (Fig. 6). It was shown in the
ork that the values of conductivity of ammonium perchlorate
btained directly from measurements coincide with those cal-
ulated using tangent of the loss angle.

A specific feature of the proposed mechanism is that proton
igration proceeds over the anion sublattice with reorientation

ue to rotation of ClO4
−anion.

This idea was confirmed and adapted in later version of the
echanism of proton conductivity proposed by Jacobs [33,34].

α 10−8 (cm) τd 105 (s) τc 105 (s)

/4 5.8 6.7 × 103 3 × 103

/4 7.4 4.6 8.3
/6 6.0 5.5 3.3
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Fig. 6. Temperature dependence of the time of dielectric relaxation in ammo-
nium perchlorate crystals containing 10−1 mol% NH4HSO4.

He showed in those works with the help of Raman spectroscopy
that the additives used as dopants actually enter the lattice sub-
stituting NH4+ and ClO4

−. In addition, strong anisotropy of
proton transfer was discovered in experiments with ammonium
perchlorate, which the authors related to structural features of
ammonium perchlorate and to the distances between ions in
the lattice. It was assumed in [35] that proton conductivity is
realized due to the formation of complex N2H7

+ between the
ammonia molecule located in the interstitial space and one of
the ammonium ions surrounding it. As a confirmation of the
existence of such a complex, the authors refer to the results of
their calculations carried out by means of molecular dynamics
and the experimentally observed shift of the NH stretching peak
into longer wavelengths. The formation of ammoniate in pres-
ence of gaseous ammonia can be the reason of large increase
in conductivity of solid ammonium perchlorate [36]. Without
denying principal possibility of the occurrence of such a chan-
nel of proton movement over the lattice along with the channel
described above, it should be noted that this transfer process is
likely to be valid for the subject of our present consideration,
thermal decomposition, at the very beginning when proton gets
liberated from NH4

−ion.
Importance of proton transfer for thermolysis of alkyl- and

aryl-substituted ammonium salts, including ammonium perchlo-
rate, was considered in [37].

2

n
s
t
t
b
T
t
d
c
d
E
o
i

sponding to the screw dislocations emergent from surface, are
elongated along the longer axis of the rhombohedron. In addi-
tion, it was noted that dislocations are mainly grouped around
the defects of crystal growth; dislocation picture itself, depicting
the topography of dislocations on the faces of ammonium per-
chlorate crystal, is strongly dependent on mechanical treatment
of the crystal.

Using the method developed by us to observe dislocations
emergent from on the crystal surface, but using not only ethanol
but also butanol, or mixtures of these etchants, the authors of [40]
showed that etching proceeds in different manners at the pris-
matic and rhombohedral faces: etch pits are shaped as rhombs
at the rhombohedral face, while they are rectangles at the pris-
matic face. The same authors showed that it is possible to obtain
etch pits close in size, shape and areal density not only using
solvent as etchants but also carrying out careful sublimation
of ammonium perchlorate at 205 ◦C in vacuum. The basic dis-
location glide planes in crystals were determined: (0 1 0) and
(0 0 1).

The assumption that movement of dislocations occurs along
densely packed planes of ammonium perchlorate crystal was
confirmed in [41,42]. The ideas about the most active planes of
dislocation movement were specified; these planes turned out to
be (2 1 0) and (0 0 1); reliable data on the shape of etch pits were
obtained: rhombs at the (0 0 1) face, parallelepipeds at (2 1 0)
face chip, and triangles at (2 0 1).

c
m
i
b
c
t
s

d
h
w
d
t
d
l
c
t
t

3
c
d

c
t
t
o
o
a

.3. Dislocations in ammonium perchlorate crystals

The fact that the low-temperature decomposition of ammo-
ium perchlorate starts from separate sites in a crystal stimulated
earch for defects as potential centres of the reaction where
he reaction starts. These defects turned out to be dislocations;
heir presence in ammonium perchlorate crystals was studied
y means of method of etching proposed by our laboratory.
he etching agent was ethanol (95.5%). How we have selected

his etchant, see [38]. It was shown that the maximal density of
islocations corresponds to the sites which had been mechani-
ally deformed preliminarily. A more detailed investigation of
islocations in ammonium perchlorate was carried out in [39].
tching was carried out at the rhombohedral and prismatic faces
f ammonium perchlorate crystal. Results of these experiments
ndicated that the etch pits at the rhombohedral face, corre-
The initial dislocation structure of ammonium perchlorate
rystals depends, as shown in [43], not only on mechanical treat-
ent but also on crystallization conditions. It recrystallization

s carried out several times, the density of dislocations revealed
y etching decreases substantially. By selecting supersaturation
onditions during the growth of ammonium perchlorate crys-
als, one can grow the crystals containing no dislocations, the
o-called dislocation-free whiskers [44].

The data available on the effect of ammonium perchlorate
oping with isomorphous ions are controversial. On the one
and, there are indications that ammonium perchlorate doping
ith SO4

2− and Ba2+ ions up to 0.01% causes an increase in
islocation density. An increase in micro-hardness corresponds
o this observation. On the other hand, ammonium perchlorate
oping with copper ions does not change the density of dis-
ocations. However, the number of dislocation sliding systems
hanges substantially, which may be due to the formation of Cot-
rell’s clouds surrounding the dislocations, which should prevent
heir motion [45].

. General information about thermal stability and the
omposition of products formed under thermal
ecomposition of ammonium perchlorate

Ammonium perchlorate is considered to be rather stable
hemical compound. Its decomposition starts at 130 ◦C. At this
emperature, ammonium perchlorate is decomposed about 10
imes slower than ammonium nitrate. However, thermal stability
f ammonium perchlorate is strongly dependent on the method
f obtaining crystals, preliminary treatment and storage time
fter obtaining the crystals [46].
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The data reported by Dode [47,48] should be considered
as being among the earliest data on the chemical composi-
tion of the products of thermal decomposition of ammonium
perchlorate. Dode discovered that the composition of the prod-
ucts of thermal decomposition depends on temperature. Below
300 ◦C, ammonium perchlorate decomposes according to the
scheme:

4NH4ClO4 = 2Cl2 + 2N2O + 3O2 + 8H2O

In addition to the decomposition products shown above,
ClO2, HCl and N2 are formed.

At temperatures above 380 ◦C, the scheme of perchlorate
decomposition can be presented as:

2NH4ClO4 = Cl2 + 2NO + O2 + 4H2O

Additionally, traces of HCl, NOCl and NO2 are formed.
Similar results on the composition of gas mixtures were

obtained in [16]. The authors of [16] detected N2, O2, H2O.
NO2, Cl2 and ClO2 by means of gas chromatography and mass
spectrometric analysis. The presence of ClO2 in the products
was believed to have a special importance for explaining the
behaviour of ammonium perchlorate under heating; ClO2 was
thought to initiate the combustion process in perchlorate. It
should also be noted that ClO2, which is a stable paramag-
netic molecule, is detected with the help of electron paramag-
netic resonance among the products of low-temperature thermal
d
f
t
r
N
r

t
b
H
g
f
i
d
o
a
a
o
t
m
p
w
p
t
a
g
a
c
2
o
p

Fig. 7. The scheme of ion source according to Korobeinichev. (1–3) Nets of the
ion source; (4) titanium tape.

decomposition processes; (b) the possibility of secondary reac-
tions in pores between the crystals of ammonium perchlorate.
Rather substantial time, which is required to heat the sample to
the required temperature, creates additional difficulties in sepa-
rating the primary and secondary processes taking place during
thermal decomposition of ammonium perchlorate.

Korobeinichev [53–55] studied thermal decomposition of
ammonium perchlorate using pulse heating of small (10−6 g)
amounts of ammonium perchlorate deposited as a thin layer
on a titanium heating element, in combination with time-of-
flight mass spectrometer (Fig. 7). A specific feature of the mass
spectrometric procedure used in these investigation was that the
distance from the ion source to the titanium tape, on which
ammonium perchlorate was placed and which was directed to
the wall of mass spectrometer, was only several millimeters. A
special device allowed heating the tapes with crystals situated
on them so that the time from the start of reaction to the start
of recording was 1 ms. This allowed avoiding the loss of the
main products, formed during the decomposition of ammonium
perchlorate, in secondary reactions between them, as well as
in their interaction with the metal parts of mass spectrometer,
if the time of their consumption was shorter than the time that
passed from the moment of their formation till the moment of
their disappearance in mass spectrometer.

With the help of this procedure, mass spectrometric data
on thermal decomposition of ammonium perchlorate at 400 ◦C
w

t
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ecomposition of ammonium perchlorate [49]. The rate of ClO2
ormation can be changed by adding heterophase catalytic addi-
ives, while the amount of ClO2 formed during decomposition
emains unchanged. The addition of homophase additives into
H4ClO4 crystals, for example, SO4

2− ion, changes both the
ate of ClO2 formation and its yield.

Since the works cited above did not exclude the possibility of
he effect of secondary processes taking place in the gas phase
etween the products formed during thermal decomposition,
eath and Majer [50] carried out mass spectrometric investi-
ation of the products of thermal decomposition placing the
urnace with the decomposing ammonium perchlorate near the
on source of mass spectrometer. As a result, at 111–120 ◦C, they
iscovered NH3, HCl, Cl2, O2 and small amounts of nitrogen
xides among the products of decomposition; they did not detect
molecular complex NH3HClO4 the existence of which was

ssumed in previous investigations of thermal decomposition
f ammonium perchlorate [51]. Analyzing the results obtained,
he authors of [50] concluded that the primary products of ther-

al decomposition ammonium perchlorate are ammonia and
erchloric acid. However, in the opinion of the authors of [50]
ho excluded the possibility of secondary reactions in the gas
hase, the presence of HClO4, NO, NO2, O2 and Cl2 among
he products under high vacuum indicates the occurrence of

parallel reaction proceeding in the condensed phase. Gosh-
arian and Walton [52] came to the same conclusion as Heath
nd Majer using a high-resolution mass spectrometer, Knudsen
ell and ammonium perchlorate samples heated preliminarily to
00 ◦C and kept under high vacuum for 48 h. The shortcomings
f both works were that they did not take into account: (a) the
ossibility of superposition of sublimation processes on thermal
ere obtained (Table 2).
The reported mass intensity ratio 35:51:67:83:100 is close to

he ratio of these masses in the mass spectrum of perchloric acid
56]. So, not only ammonium but also perchloric acid, which
s the second product of ammonium perchlorate dissociation
ccording to the proton mechanism, was detected in the mass
pectra.
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Table 2
Mass spectrometric data on thermal decomposition of ammonium perchlorate
at 400 ◦C

m/e Intensity

16 NH2
+ 53

17 NH3
+ OH+ 93

35 Cl+ 13
51 ClO+ 13
67 ClO2

+ 73
83 ClO3

+ 100
100 HClO4

+ 53

The same conclusion was made by the authors of [57] inves-
tigating heat effect of thermal decomposition of ammonium
perchlorate with the help of fast-operating pulsed adiabatic
calorimeter designed by these authors [58], under the conditions
excluding the possibility of secondary processes. A mixture of
ammonium perchlorate with an inert diluent was placed as a thin
layer (thinner than 10 mkm) on the inner part of a pack made of
two sheets of titanium foil 40 �m thick. The pack was heated
with a special device to a required temperature with electric cur-
rent during time shorter than 10−2 s. Chemical reaction initiated
by heating of the plates caused either cooling or heating of the
foil, depending on the sign of heat effect. Measuring the accom-
panying changes in the resistance of titanium with the help of
a fast-operating bridge, one could calculate the heat effect. For
ammonium perchlorate, the heat effect coincided with the heat
of dissociation of ammonium perchlorate into ammonia and per-
chloric acid (242–251 kJ/mol) [59].

Thermal decomposition of ammonium perchlorate under
rapid heating with the help of CO2 laser providing the possi-
bility to obtain heat flow 39 to 222 cal/(cm2 s) was studied in
[60]. According to the data reported in that work, the primary
products of pyrolysis are ammonia and HClO4. The ratio of
NH3 to HClO4 decreases permanently, which is an evidence
that ammonia is removed more easily while the acid is accumu-
lated in the crystal. Then, after 100–200 ms, H2O, O2, Cl2, HCl,
ClO2, N2O and N2 appear; these compounds are the products of
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such a strong disordering of the lattice occurring during the reac-
tion that this becomes an essential obstacle for electron transfer
from anion to cation, which was postulated by these authors as
the basis of the mechanism of thermal decomposition of ammo-
nium perchlorate.

Schulz and Dekker [61] following the hypothesis of the pro-
ton mechanism of thermal decomposition in ammonium per-
chlorate explained the reaction arrest by the fact that at low-
temperatures, the most active mozaic structure is burnt away. A
similar point of view was reported in [51].

It was also established that the decomposition product after
mechanical treatment and exposure in water vapour becomes
again able to decompose thermally. Investigations carried out
with the help of optical and electron microscopy showed that
unreacted ammonium perchlorate contains micron-sized pores.
It is assumed that the process arrest can happen due to several
reasons. Among these reasons, accumulation of perchloric acid
leading to the shift of the proton equilibrium to the left-hand side
[62] or accumulation of ammonia due to its predominant adsorp-
tion on pre walls [63] was mentioned. A reason of the arrest of
the process participated by gaseous decomposition products and
ammonium perchlorate forming pore walls can also be selective
removal of gaseous products from a pore [64] and accumulation
of water which stabilizes thermal decomposition of ammonium
perchlorate [65].

It was established that the addition of a residue formed under
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econdary reactions which are likely to proceed on crystal sur-
ace. After 200 ms, NH3 and HClO4 disappear gradually. These
esults can also be considered as a confirmation of the idea of
roton mechanism of decomposition in ammonium perchlorate.

Since the earliest works on thermal decomposition of ammo-
ium perchlorate, the nature of non-decomposed residue of the
ow-temperature decomposition was the subject of investigation
f many scientists. At first, this residue was considered to be
mmonium nitrate, which is often formed in the decomposition
f ammonium salts containing oxidizing anion [47,48]. How-
ver, after the work of Bircomshaw and Newman, it turned out
hat the residue is ammonium perchlorate, indistinguishable by
omposition from the main substance. The newest investigations
f the IR and UV spectra of the residue and of the initial ammo-
ium perchlorate showed that they were completely identical.

Bircomshaw and Newman [16] investigating thermal decom-
osition of ammonium perchlorate discovered that below 240 ◦C
ecomposition proceeds only by 30%. Bircomshaw and New-
an thought that the reason of the decomposition arrest was
ow-temperature decomposition of ammonium perchlorate can
atalyze subsequent thermal decomposition of perchlorate sub-
ected to thermal decomposition [66].

In spite of interest in revealing the reasons of the arrest of
ow-temperature decomposition of the orthorhombic modifica-
ion of ammonium perchlorate and the continuing attempts to
nderstand the mechanism of this effect, as evidenced by recent
ublications, the problem remains unsolved yet.

. Topography of the process of thermal decomposition
f ammonium perchlorate

.1. The general characterization of the process topography

The early investigations into thermal decomposition of
mmonium perchlorate showed that clearly exhibited localiza-
ion and auto-localization of the process take place. In other
ords, thermal decomposition of ammonium perchlorate starts
ot over the whole crystal volume and not on the whole surface
ut in some sites near the outer and inner surfaces of a crys-
al. Having started at this active centres of a crystal, the reaction
ropagates near the place where it has already started, that is, the
ormation and growth of reaction nuclei occur. Reaction nuclei
row, merge each other forming the reaction region; its propa-
ation is well seen with a microscope (Fig. 8) [16].

More detailed investigations [39,40,44] showed that local-
zation of the nuclei formation process is connected with the
crew and edge dislocations emerging from the crystal surface,
nd especially with their crossover points inside the crystal. It
as established that there is a connection between the shape
f nuclei, the geometry of their position, on the one hand,
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Fig. 8. Shape of decomposition centres in NH4ClO4 crystal.

and crystal chemical features of the crystal structure, prevail-
ing directions of dislocation glide planes.

Reaction nuclei are usually formed not at the very surface
but at some distance from it, inside the crystal at a depth of
20–30 �m [42,44]. With large magnification (×1000), the nuclei
are observed to be not continuous; they consist of separate seeds
about one micron in size. The shapes of nuclei are different
at different faces of the crystal and depend on temperature at
which thermal decomposition is carried out. Below the phase
transition point, the nuclei at the rhombic face of the crystal
are cigar-shaped, while at the prismatic face they are round.
Above the phase transition point, the nuclei are spherical. The
growth of nuclei proceeds due to the formation of new seeds
near the boundary of a nucleus. Photo-filming of the crystal dur-
ing decomposition helped to establish that the nuclei are in the
movement condition along the diagonal of the rhomb at a veloc-
ity of 7–10 �m per minute (for T = 230 ◦C). With even larger
magnification achieved by using the scanning electron micro-
scope, it was shown that the nuclei are initially not round as
it was suggested by studying them with electron microscope;
they have a clearly exhibited shape corresponding to the crys-
tal chemical features of a given face [67]. For example, on the
rhombic face, the nuclei have a shape of rhomb, while on the
prismatic face, they are rectangular. During decomposition, the
nuclei reach the size of several microns and stop growing; their
shape changes; they gradually become round.
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Fig. 9. Nucleus structure diagram for thermal decomposition of ammonium
perchlorate (a) and mechanical strain distribution (b).

Thermal decomposition of ammonium perchlorate starts at
dislocations. This is evidenced by the correspondence between
the geometry of etch pit positions and the sites from which
the formation of nuclei starts during thermal decomposition of
ammonium perchlorate. According to Raevsky, each nucleus
formed during thermal decomposition of ammonium perchlo-
rate is composed of three zones (Fig. 9): the region of a porous
core formed by junction of seeds (1); the region of chemical
reaction (2); and the periphery of he growing nucleus (3). Chem-
ical reaction of thermal decomposition proceeds in the region
(2) starting mainly on dislocations. Since the gaseous products
evolved during the decomposition into the sub-surface pores can
raise pressure up to 20 atm, the crystal of ammonium perchlorate
gets subjected to mechanical strain and deformation in this zone.
A consequence is multiplication of the existing dislocations and
the formation of new ones along the periphery of the growing
nucleus (region (3)).

The formation of new dislocations at the boundary between
the nucleus and non-reacted ammonium perchlorate was demon-
strated by Raevsky in direct experiments; he showed that the
density of etch pits characterizing the dislocations wedging out
on the surface is much higher near the boundary of a nucleus
than in other parts of the crystal.

Raevsky showed that the crystals containing no dislocations,
so-called whisker crystals are more stable than usual crystals. In
addition, unlike for usual crystals, thermal decomposition starts
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The positions of nuclei with respect to each other are different
or different faces. For the (1 1 0) face during thermal decompo-
ition for 15 min at 205 ◦C, separate nuclei are located mainly
long the directions corresponding to the directions of dislo-
ation glide planes; for the (0 0 1) face, swarm-like formation
f nuclei occurs. The “swarm” gets stretched along the [0 1 0]
irection or, less frequently, along the [5 1 0].

The topography of processes taking place during thermal
ecomposition of ammonium perchlorate was investigated in
ore detail by Raevsky [44]. He concluded that a united topo-

raphic mechanism of thermal decomposition exists; this is a
echanism in which the active centres where the reaction starts

re dislocations. According to Raevsky, the shape of reaction
uclei is a consequence of anisotropy in the mechanical prop-
rties of the lattice of ammonium perchlorate. These properties
efine the features of movement, multiplication and distribution
f dislocations in the crystal.
n the whisker crystals at the maximal rate and is not accompa-
ied by auto-localization of the process.

As far as the seeds comprising the nucleus are concerned,
aevsky succeeded in observing two kinds of them. The seeds
f the first kind, which he called centres of partial decomposition,
re formed mainly in the defect regions of a crystal, preferably
n the sites where dislocations are accumulated. These centres
re subsurface micro-cavities in the crystal. They grow until
hey reach a size of several microns in diameter, after which
hey stop to grow. It is these centres on which the evolution of a
ubstantial amount of gaseous reaction products occurs; a crystal
s deformed around them.

Unlike these centres of partial decomposition formed during
hermal decomposition of the cubic high-temperature modifica-
ion of ammonium perchlorate, Raevsky discovered also other
entres and called them centres of complete decomposition. The
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centres of complete decomposition are filled with liquid and do
not stop growing while the process runs. Completeness of total
(overall) thermal decomposition depends on the kinds of centres
on which it proceeds. If the centres are of the first kind, decom-
position of ammonium perchlorate proceeds only by 30%; the
product of reaction is porous perchlorate identical in its chemical
composition to the initial compound. If decomposition occurs
due to the centres of complete decomposition, thermal decom-
position proceeds till completeness.

Since ammonium perchlorate is extremely sensitive to irradi-
ation, Galwey and co-authors [68,69] carried out direct electron
microscopic observation of the ammonium perchlorate surface
using a special procedure which allowed them to exclude error
connected with the use of electron beam for this purpose. In gen-
eral, the results of these observations coincide with the earlier
data obtained by Herley and Raevsky [40,44]; flat pits appear
during the induction period; they do not overlap each other;
while the process develops further on, some pits merge together;
they also develop into the crystal depth along dislocation lines.
The final result of such a development is a porous mass com-
posed of ammonium perchlorate. The pore diameter according
to the data obtained by Galwey is the same as that obtained by
Raevsky: 1–2 �m; broadening of pores was observed at the sites
of crossover points of the linear defects, as predicted by Raevsky
[40].

Galwey observed the indices of the participation of the liquid
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thermal decomposition were tested, starting from the first-order
equation and ending with Prout–Tompkins and Avramy–Erofeev
equations.

However, remembering that in the chemistry of heteroge-
neous processes with variable degree of heterogeneity, the very
fact of coincidence of the experimental kinetic curve with the
curve describing the process in the framework of the proposed
theoretical model is yet not a proof of the process mechanism,
we will not consider these works in detail.

The viewpoint described in [71] is likely to be close to this
one, stating that the application of one of the topokinetic equa-
tions to complicated multistage processes at different regions of
the kinetic curve has no sense.

This may be illustrated by the dependence of activation
energy of ammonium perchlorate versus transformation degree
plotted according to the data of different authors who applied
different kinetic models to describe thermal decomposition of
ammonium perchlorate using various methods [72].

One can see that activation energy values can be different
at different stages of the process, and different values can be
obtained for activation energies using different models for the
kinetic analysis.

Since we came to this conclusion at the very beginning of
our investigations, it was decided to use the method of direct
measurement of the rate of formation and growth of reaction
nuclei to study the dynamics of the process. This method allows
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hase in the development of centres which by description resem-
le the centres of complete decomposition; unlike Raevsky,
alwey thinks that the liquid phase is not an eutectic mixture
f ammonium perchlorate with the products of its decomposi-
ion but nitrile perchlorate NO2ClO4, which he considers to be
ormed as an intermediate product resulting from oxidation of
he ammonium ion with the oxygen-containing compounds of
hlorine.

The results of similar investigations were described in [70].
he authors used nanosecond and picosecond laser irradiation of

he surface of ammonium perchlorate and X-ray photoelectron
pectroscopy to show that the primary decomposition product is
mmonium chlorate. At temperature close to that on the surface
f perchlorate incorporated into mix propellant, decomposition
s localized on the defects of surface, cracks and so on, which
hen appear as a result of polymorphous transition at 240 ◦C dur-
ng thermal decomposition and can be clearly detected with the
elp of optical, electron scanning and atomic force microscopy.

Relying on the data obtained, the authors proposed a model
f decomposition based on initiation of the reaction at the sites
f dislocations emerging out and on the development of reaction
ront due to the formation of new dislocations, similarly to the
odel proposed by A.V. Raevsky.

.2. Anisotropy of the rate of nuclei formation and growth
uring low-temperature (up to 240 ◦C) thermal
ecomposition of ammonium perchlorate

In order to describe the kinetics of thermal decomposition
f ammonium perchlorate before and after the polymorphous
ransition, different equations based on different models of its
etermining not the overall reaction rate but specific rate of the
rocess. If this rate is unknown, it is very difficult to carry out a
orrect kinetic analysis of the heterogeneous processes.

It was shown in [44] that the rates of nucleus growth along
nd across the direction [0 1 0] of ammonium perchlorate crystal
iffer about 10 times.

Considering the edge of a nucleus as a site where the hetero-
eneous chemical reaction proceeds at a given moment, a test
as carried out to check correspondence between the total rate
f the process, determined with an automated thermogravimet-
ic set-up, and the rate of reaction zone propagation determined
y means of microscopy [73–75].

Specific rate of reaction of low-temperature thermal decom-
osition of ammonium perchlorate was determined using two
ethods:

(a) on the basis of Rozovsky equation [76] proposed for
anisotropic model;

b) on the basis of the equation of contracted parallelepiped
[77].

The values obtained were compared with the specific rate
easured from reaction front propagation on the basis of micro-

copic observations. Unlike dehydration of magnesium sulphate
eptahydrate, a process in which the character of reaction zone
evelopment is similar to the low-temperature thermal decom-
osition of ammonium perchlorate, and which was thus used
s a reference, specific rate values determined on the basis of
icroscopic observations do not coincide with the specific rate

alues obtained on the basis of kinetic analysis. In the case of
nalysis according to Rozovsky, specific rate values are 1.2–1.7
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Table 3
The influence of Sr(ClO4)2 additive on the rate of formation of the reaction nuclei (dN/dτ), their maximal number per unit surface area (nmax), longitudinal (v1) and
latitudinal (v2) rates of nuclei growth during thermolysis of NH4ClO4 at 230 ◦C

Sample dN/dτ (1/mm2 min) nmax (1/mm2) v1 (�m/min) v2 (�m/min)

NH4ClO4 (pure)
±0.69 ±4 ±2 ±0.2

5.9 23 20 3.3
±0.37 ±2 ±1 ±0.1

NH4ClO4 + 0.032 mol%
Sr(ClO4)2

±1.09 ±9 ±2 ±0.2
10.9 44 20 3.4

±0.59 ±5 ±1 ±0.1

Note: Confidence intervals are shown to the right of the rate values; the upper number is the confidence interval for reliability 95%, lower for 70%.

times lower than the rate determined from the direct microscopic
observations; for the kinetic analysis on the basis of the equa-
tion of compressible parallelepiped, the difference could reach
1.6–3.4 times.

This discrepancy was considered as an indirect indication that
the process of thermal decomposition is not localized on the flat
boundary between non-reacted part of a crystal and a nucleus
but proceeds within some diffuse layer.

The effect of homophase cation additives, incorporated into
the lattice of ammonium perchlorate, on the rate of forma-
tion of reaction nuclei, their maximal number per unit sur-
face, and the rate of nucleus growth along the principal axis
of ellipse and perpendicular to it were studied in [74]. It was
shown (Table 3) that the homophase heterovalent additives
(divalent cations) cause a decrease in the induction period, an
increase in nuclei formation and maximal number of nuclei
per unit surface. At the same time, the additives do not affect
the rate of nucleus growth both in lengthwise and crosswise
directions.

The effect of water vapour was investigated in [73]. It turned
out that the rate of nuclei formation is not affected by water
vapour concentration. The nucleus growth rate is affected by the
changes in water vapour concentration; however, the character
of anisotropy of the nucleus development remains unaffected.
Synchronous changes occur in the growth rate of nuclei both
in the direction parallel to the principal axis of symmetry and
perpendicular to it. Changes in nucleus growth rate occur in
phase with the changes in the total rate of thermal decomposition
process determined gravimetrically, and resemble Topley–Smith
dependence known from experiments on dehydration of crystal
hydrates.

Dependencies of the rate of nucleus formation, maximal num-
ber of nuclei and the induction period on partial pressure of
ammonia and perchloric acid are shown in Fig. 10. One can see
that an increase in the partial pressure of ammonia causes an
increase in the induction period, a decrease in the rate of nuclei
formation and in their number. An increase in perchloric acid
pressure leads to an increase in the nuclei formation rate.

F induc
( partia
N

ig. 10. Dependence of the rate of nuclei formation dN/dτ (1), n max (2) and
a) and equilibrium pressure of perchloric acid (b) at 230 ◦C. The influence of
H4ClO4 (c).
tion period τ (3) for thermolysis of NH4ClO4 on partial pressure of ammonia
l pressure of ammonia on the rate of reaction nuclei growth for thermolysis of
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Partial pressure of ammonia affects not only the formation
rate but also the nuclei growth rate, which decreases as partial
pressure of NH3 increases (Fig. 10c).

5. Mechanism of thermal decomposition of ammonium
perchlorate

It has already been mentioned above that different points
of view on thermal decomposition of ammonium perchlorate
existed.

According to one of them, the decomposition is a conse-
quence of electron transfer from anion to cation, that is, the
decomposition of ammonium perchlorate proceeds similarly to
the case of thermal decomposition of azides, fulminates and
other similar compounds.

One of the first versions of such a mechanism of that proposed
by Bicromshaw and Newman [16]. According to Bircomshaw,
at first electron transfer from perchlorate ion to ammonium ion
occurs:

ClO4
− + NH4

+ → ClO4
0 + NH4

0

Since electron transfer occurs locally, the probability of its
realization is the higher, the smaller is the distance between the
ions. Because of this, an efficient acceptor of electrons is con-
sidered to be not any ammonium ions but only those located in
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Since thermal but not optical excitation is considered, in order
to obtain a reasonable value for the activation energy close to the
value determined experimentally, some advocates of the electron
mechanism [51] applied the known Mott equation [78]. In this
case, activation energy is determined to be 146 kJ/mol, which
is close to the experimentally measured activation energy of
thermal decomposition of ammonium perchlorate (134 kJ/mol);
however, one cannot now speak of a direct band-to-band transi-
tion.

Understanding low probability of the band-to-band transi-
tion in a dielectric with such a broad width of the forbidden
gap, instead of the band-to-band transition, Galwey and Jacobs
[51] postulated the formation of molecular complex [NH4·ClO4]
due to local electron transfer from anion to cation; the com-
plex is then transformed into the final products. These authors
considered the formation of perchlorate radical to be the lim-
iting stage of nucleus formation process, while the decom-
position of the molecular complex was considered to be the
limiting stage nucleus growth. At first, water is formed dur-
ing decomposition, and then chlorine dioxide and nitrogen.
The mechanism of decomposition of ammonium perchlorate,
based on electron transfer, had been discussed earnestly in lit-
erature for rather long time. Usual arguments in favour of the
electron mechanism were sensitivity of thermal decomposition
of ammonium perchlorate to irradiation and strong influence
of the oxides, being typical catalysts of oxidation–reduction,
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nterstices. Another item is a postulate that the electron transfer
ccurs not in volume but on the surface, where the conditions
or its realization are better due to the presence of local surface
evels of Tamm or Shockley type.

After having captured an electron, the ammonium radical
ecomposes into ammonia and hydrogen atom:

H4
0 → NH3 + H

Hydrogen migrates over the lattice. Electron migrates exactly
n the same manner over the anion sublattice:

lO4
0 + ClO4

− = ClO4
− + ClO4

0

As a result of the interaction between ClO4 radical and H,
ClO4 is formed. It may continue interacting with H:

ClO4 + H → H2O + ClO3

The ClO3 radical is a trap for electrons. Having trapped an
lectron, it is transformed into ClO3

− ion.
After that, chlorite ion and ClO4 radical can decompose, inter-

ct with NH4
+ ions, etc. As a result of interaction, secondary

roducts are formed; among them, the major ones are chlorine,
itrogen hemioxide and water.

While Bircomshaw and Newman speak of a local electron
ransfer in their work, Raevsky and Manelis [42] consider elec-
ron transition within the energy-band theory, that is, as the
ransition of an electron from the valence band into conduction
and.

Since ammonium perchlorate is a typical dielectric with the
orbidden gap width about 5.6 eV, while kT value for decom-
osition temperature (450 ◦C) is about 0.2, it is evident that the
robability of such a direct electron transfer is low.
n the reaction rate. Below we will show that these facts
an be explained without enlisting the mechanism of electron
ransfer.

An argument against the electron mechanism was the fact that
mmonium perchlorate is a typical dielectric; at low-temperature
f thermal decomposition, the process cannot be sustained by
lectron transfer because of its low probability. Then, none of
he attempts to discover the molecular complex assumed by Gal-
ey and Jacobs was a success. On the contrary, primary products
etected in the experiments of different researchers were ammo-
ia and perchloric acid. This allowed assuming that the primary
tage of the process of thermal decomposition of ammonium
erchlorate is proton transfer.

.1. Mechanism of thermal decomposition of ammonium
erchlorate, based on the proton transfer from cation to
nion

Arguments in favour of the proton mechanism were coinci-
ence between the activation energies of thermal decomposition
nd sublimation [79], identical composition of the products of
ecomposition [80] and sublimation [81], inhibition of the reac-
ion in ammonia vapour [80] and acceleration in the vapour
f perchloric acid [74,75], the influence of dopants [82] and
ther factors that accompany thermal decomposition [83,84].
he inhibiting action of water vapour, which is known to sta-
ilize perchloric acid, can also be considered as an indirect
onfirmation of competence of the proton mechanism.

A scheme of thermal decomposition of ammonium perchlo-
ate proposed by Jackobs can be presented as a version of proton
echanism [79]:
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State (I) corresponds to the pair of ions in perchlorate ammo-
nium lattice. Decomposition or sublimation start with proton
transfer from ammonium ion to perchlorate ion. At first, molec-
ular complex (II) is formed; then it decomposes into ammonia
and perchloric acid. The molecules of ammonia and perchloric
acid either react in the adsorbed layer on the surface of perchlo-
rate or desorb and sublime interacting in the gas phase.

At low-temperature (<350 ◦C), the reaction of the surface
proceeds more rapidly than sublimation. Above 350 ◦C, inverse
relation of these processes is observed.

For the reaction proceeding in the adsorbed layer, it is
assumed that perchloric acid is desorbed more rapidly than
ammonia; oxidation of ammonia becomes incomplete; the sur-
face gets saturated with ammonia, which is the reason of cessa-
tion of the reaction and incomplete transformation of perchlo-
rate.
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introducing essential corrections into the proposed model of
the mechanism of thermal decomposition of ammonium per-
chlorate, and distinguishing the conditions under which thermal
decomposition of ammonium perchlorate occurs and sublima-
tion takes place.

The first thing to be taken into account when considering
the mechanism with proton transfer is rather clearly exhib-
ited localization and auto-localization of the process. In other
words, thermal decomposition of ammonium perchlorate pro-
ceeds through the formation and growth of reaction nuclei.
Therefore, the scheme of thermal decomposition mechanism
should first of all take into account non-uniformity of different
sites in ammonium perchlorate crystal with respect to chemical
activity, and also it should establish the forms of the feedback
due to which nuclei growth occurs.

At present, it may be considered to be established that the
process of low-temperature thermal decomposition starts with
the formation of nuclei. The nuclei, which are cavities filled
with the gaseous products of decomposition of ammonium per-
chlorate (centres of partial decomposition, according to Raevsky
[44]) or with liquid (centres of complete decomposition) are
formed as a result of proton transfer and capture by a trap. The
sites where these processes occur can be linear defects of the
ammonium perchlorate lattice, for example dislocations. The
most important factor for understanding the process of thermal
decomposition of ammonium perchlorate is the presence of pro-
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However, the available experimental data showed that the
cheme proposed by Jacobs is still simplified in comparison
ith the reality. For instance, this scheme cannot explain the

act that the addition of ammonia has an effect only at high pres-
ure and stops acting at low pressure, in spite of the fact that
ts partial pressure is several times higher than the equilibrium
ne. In course of thermal decomposition, not ammonia but per-
hloric acid is accumulated in perchlorate [80,81]. From Jacob’s
iewpoint, the reason of localization and auto-localization of the
rocess during thermal decomposition of ammonium perchlo-
ate remains unclear.

These considerations made it necessary to develop the notions
bout the mechanism of proton transfer further on taking into
ccount the physicochemical features of ammonium perchlorate,
ore detailed view of the chemical reactions that may occur,

nd topography of thermal decomposition of ammonium per-
hlorate.

In the previous sections, we have already stressed the pro-
on character of conductivity in ammonium perchlorate, the
resence of dislocation structure in the crystals of ammonium
erchlorate, and a close connected of this structure with the cen-
res from which thermal decomposition starts. These data should
e supplemented with the data on accumulation and diffusion of
erchloric acid in ammonium perchlorate crystals during ther-
al decomposition, obtained by Koroban [85,86], the data on

he strong catalytic action of the ammonium perchlorate crystal
n the decomposition of perchloric acid, and important role of
hlorine oxides formed during decomposition, during oxidation
f ammonia and ammonium ions. The important role which may
e played by ClO3

− ions present in ammonium perchlorate as
dmixture was demonstrated in [28,87]. Altogether, this allowed
on trap, which is ClO3
− ion:

H4
+ + ClO4

− k1�
k2

NH3 + HClO4

ClO4 + ClO3
− k3�

k4
HClO3 + ClO4

−

The formed HClO3 is unstable and decomposes. Its decom-
osition products include ClO2, which was detected as an inter-
ediate product during thermal decomposition of ammonium

erchlorate as described in the works of different researchers,
ncluding ours.

Chlorine dioxide can interact with ammonium perchlorate
86,87]. It was demonstrated that the interaction proceeds mainly
s a result of the reaction with NH4

− ion. In addition, ClO2 can
nter chemical interaction with ammonia which is formed during
he dissociation of ammonium perchlorate:

lO2 + NH4
+ → H2O + N2O + HCl + R1

lO2 + NH3 → N2 + H2O + Cl2 + R2,

here R1 and R2 are the products of ammonia oxidation, which
an be hydrazonium or hydroxylammonium ions, NO2ClO2 and
o on.

As a result of these processes, the nucleus grows reaching
he size of 2–3 �m. Then it stops growing. Since a pressure
f the order to 20 atm arises inside the cavity [42], the crystal
round the nucleus gets deformed. The fact that deformation of
attice actually occurs can be observed by examining the region
f ammonium perchlorate crystal adjacent to the nucleus with
he help of polarized light. A consequence of deformation can
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Fig. 11. Injection of the protons in parent crystal from nuclei.

be the formation of new dislocations. In addition, the accu-
mulation of perchloric acid in the cavity of the nucleus may
lead to proton migration into the region neighbouring with the
nucleus, where a linear defect exists and ClO3

− ion is avail-
able, which is an efficient renewable trap for protons [87]. The
fact that perchloric acid can migrate from the region of a crys-
tal where the reaction has already passed into the regions of
unreacted ammonium perchlorate could be concluded from the
works of Koroban cited above [85,86]; later on, direct experi-
mental evidence was obtained that the acid actually drifts from
the region of the nucleus into the adjacent regions of the crystal
[88,89]. As already above mentioned migration of protons from
the sites where perchloric acid is accumulated is one of reasons
of auto-localization of low-temperature thermal decomposition
of ammonium perchlorate. To demonstrate this special experi-
ments were done. The scheme of experimental set up and main
results are shown in Fig. 11. A partly decomposed crystal of
perchlorate was placed in a sample holder of the microscope.
The surface of the crystal was treated by an indicator (iodide-
iodate solution mixed with starch) which changed colour in the
presence of excess protons. The crystal was illuminated from
the lamp. The light conductor placed under the crystal could be
moved by micrometer screw. Moving the light conductor along
the crystal from the nucleus to the parent crystal and measuring
light absorption by photomultiplier connected via amplifier with
potentiometer, it was possible to follow the change the protons
c
(
m
n

Fig. 12. Diagram of formation and growth of nuclei during thermal decompo-
sition of ammonium perchlorate.

An essential feature of the process of thermal decomposi-
tion of ammonium perchlorate is that the process occurs not at
the very surface but in pores beneath it at a distance of about
several microns. This is a difference of thermal decomposition
of ammonium perchlorate from its sublimation. This entails the
necessity to understand the important role played by secondary
processes in the arrangement of the feedback.

The general scheme of thermal decomposition of ammonium
perchlorate at low-temperature is shown in Fig. 12 [64].

(a) At first, a proton passing from the ammonium ion to perchlo-
rate ion becomes mobile. In agreement with the mechanism
of proton conductivity, it starts migrating over the ammo-
nium perchlorate lattice until it is captured with a proton trap.
Proton trap can be ClO4

− ion located in a special defect-
oncentration as a function of the distance from the nucleus
Fig. 11). It was assumed [90] that chlorine dioxide can also
igrate in a neighbouring pore; however, this assumption was

ot confirmed by any theoretical or experimental data.



V.V. Boldyrev / Thermochimica Acta 443 (2006) 1–36 15

bearing site of the lattice. An efficient proton trap can be
ClO3

− ion [32,91,92]. The course in general chemistry sug-
gests that the affinity of chlorate ion to proton is higher than
that of perchlorate ion. This dependence existing for solu-
tions is likely to be conserved for crystals. Chlorate ion is
always present in ammonium perchlorate as a technological
impurity [93].

(b) The formed perchloric and chloric acids can decompose.
Chloric acid decomposes more rapidly since it is less stable.
Chlorine oxides formed in the decomposition of chloric acid
catalyze the decomposition of perchloric acid. ClO2 which
is formed during decomposition of HClO4 can interact with
ammonium ions located in the perchlorate lattice, and with
ammonia formed during its dissociation. The essence of
chemical processes occurring at this stage and the possi-
bility of the influence of the cage effect on these processes
allow concluding that the sites favourable for the chemi-
cal processes should be the regions of a crystal in which
a free volume is present initially. As we assumed in [64]
and Raevsky showed experimentally [44], these sites may
be dislocation crossover points and the boundaries of blocks
formed by them.

The accumulation of perchloric acid in a pore can pro-
ceed due to different reasons. This may happen as a result
of separation of ammonia and perchloric acid because of
difference in the rates of Knudsen diffusion of these gases.

(

t
i

Fig. 13. Feedback contour proposed for thermal decomposition of ammonium
perchlorate.

that thermal decomposition of ammonium perchlorate is a com-
plicated process depending on diverse factors. Actually, the
scheme of feedback connections of thermal decomposition of
ammonium perchlorate is even more complicated because it
should be taken into account that the nuclei can be of two types:
the centres of partial decomposition and the centres of com-
plete decomposition [44]. Since the growth of the former stops
when a definite critical size is achieved, while the latter grow
without stopping, they are likely to differ from each other in
the nature of chemical processes involved in their development.
Different intermediate products may be also expected (for exam-
ple NO2ClO4) to be formed in secondary reactions occurring in
these centres [96,97].

It follows from the above considerations that, in spite of
essential advances in understanding the mechanism of low-
temperature thermal decomposition of ammonium perchlorate,
the problem remains not fully solved yet and requires additional
investigations.

5.2. The mechanism of high-temperature (>350 ◦C)
thermal decomposition of ammonium perchlorate

Bircomshaw and Newman [16] were among the first
researchers who investigated thermal decomposition of ammo-
nium perchlorate within this temperature range. Having deter-
mined activation energy of thermal decomposition of ammo-
n
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The rate of Knudsen diffusion is known to be proportional
to the square root of molecular mass. Because of this, the
rate of ammonia outflow from a pore should be about 2.5
times higher than that of perchloric acid.

As the acid is accumulated, some protons get drawn into
the neighbouring defect sites in the lattice and “infect” them
turning these centres from the potential into acting ones.

The accumulation of gaseous products in a pore leads to
an increase in pressure, deformation of the crystal near the
pore, subsequent formation of dislocations. This is how new
potential centres appear which may afterwards (after proton
migration into them) turn into nuclei; then the growth of the
nucleus occurs.

c) At the same time, during the interaction between chlorine
anions with ammonia and the walls of unreacted ammonium
perchlorate, an increase in pore diameter occurs; water is
accumulated as the reaction product. Both these processes
can be reasons for reaction arrest at a definite stage of the
development of a nucleus. An increase in pore diameter can
cause cessation of Knudsen diffusion, as soon as the size
of a pore becomes larger than the free path of molecules.
Accumulation of water, which is a stabilizer of thermal
decomposition of both perchloric and chloric acids, should
cause a decrease in the rate of secondary chemical processes
in a pore. As a result, chemical reactions in the pore stop.
Judging from the data reported by Raevsky, this happens
when the pore size reaches 2–3 mkm.

The general scheme of feedback routes arising in this sys-
em, taking into account the stages mentioned above, is shown
n Fig. 13 taken from [94,95]. One can clearly see in this scheme
ium perchlorate, which was of the same order as that for ther-
al decomposition of potassium perchlorate (about 293 kJ/mol),

hey concluded that ammonium perchlorate decomposes under
hese conditions similarly to potassium perchlorate, and the pro-
ess runs through the primary stage of rupture of the chemical
ond between chlorine and oxygen.

Since high-temperature thermal decomposition of ammo-
ium perchlorate is technologically important (within this tem-
erature range ammonium perchlorate usually decomposes in
he combustion zone of composite propellants), the hypothesis
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was tested in the works of numerous researchers in this area, and
was not confirmed.

It was shown that the high-temperature thermal decompo-
sition is dissociation of ammonium perchlorate into ammonia
and perchloric acid, i.e. starts from the same elementary stage
of proton transfer from ammonium ion to perchlorate ion. The
difference is that the process starts not in a subsurface site but
on the surface; secondary chemical reactions between the prod-
ucts of thermal decomposition of perchloric acid and ammonia
occur either on the surface of ammonium perchlorate or in the
gas phase above the surface. If the conditions allow avoiding
secondary reactions, for example when the process is carried
out in vacuum, sublimation of ammonium perchlorate occurs
[60,98–100].

The mechanism of secondary reactions above the surface of
ammonium perchlorate changes while temperature and pressure
are changed. For example, with temperature rise, the NO to NO2
ratio changes due to the decomposition of NO2 at high temper-
ature and due to the possibility of direct interaction between
ammonia and perchloric acid [2].

The fact that the activation energy of thermal decomposition
of ammonium perchlorate turned out to be smaller than the heat
of sublimation (88 and 125 kJ/mol, respectively) had been the
subject of discussion for some time. This contradiction can be
overcome if we accept that quasi-equilibrium is established on
the surface of ammonium perchlorate between the perchlorate
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5.3. General remarks about the mechanism of thermal
decomposition of ammonium perchlorate

Now one may say: it is quite well established that the process
of thermal decomposition both at low and high temperatures
has a common start, which is proton transfer from the cation
NH4

+ to the anion ClO4
−. The difference between the decom-

position of low-temperature orthorhombic modification and the
high-temperature cubic one arises when the secondary processes
occur. These secondary processes during the decomposition of
orthorhombic and cubic modifications differ both in the charac-
ter of chemical processes and in the topography of their course.

The decomposition of the low-temperature orthorhombic
modification proceeds in the pores beneath the surface in the
sites where the secondary products of dissociation can be accu-
mulated, and in the sites where the conditions for regeneration of
active centres exist, either due to pressure of the gases formed in
a pore or due to decomposition of perchloric acid and interaction
of the products of its decomposition with ammonia. It is the con-
ditions for secondary processes, providing the feedback between
the accumulation of reaction products and the formation of new
active centres, that act as the main reasons of decomposition of
the orthorhombic modification. Because of this, the action of
additives, irradiation and other factors affecting the reactivity
of the initial crystal is mainly restricted to the initial period of
reaction, its initiation.
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nd dissociation products, while the limiting stage is desorption
f dissociation products: ammonia and perchloric acid. In this
ase, it may be shown that the activation energy is equal to 1/2 of
he heat of sublimation. Another version of explanation of small
ctivation energy of the high-temperature thermal decomposi-
ion of ammonium perchlorate can be consideration of Volmer

odel of stepwise evaporation [59]. According to this model,
he transition of molecules from crystal into the gas phase in
single step is of low probability. More realistic is rupture of

onds made in turn; the number of bonds decreases gradually
uring this process. Physically, this looks like a transition from
he most bound state at a step to a less bound state (for example,
n a smooth surface).

In [101], an attempt was made to calculate, by means of
olecular dynamics, the possible intermediate states through
hich the crystal of ammonium perchlorate passes during its

hermal decomposition.
As a result of calculations, the structure of molecular complex

as proposed, which is a precursor of the stage of removal of
mmonia and perchloric acid molecules from the crystal.

In spite of recognition of the proton mechanism by the major
art of researchers, works appear from time to time the authors
f which try to revive the idea of participation of electron trans-
er in the initial stages of thermal decomposition of ammonium
erchlorate [102,103]. The main arguments presented usually in
avour of this idea are the features of catalysis with additives,
he role of interparticle contacts between the catalyst and ammo-
ium perchlorate, detection of NH4

+ ions and NH4 radicals with
he help of high-resolution mass spectrometry, and other facts
hich from the point of view of above cited author can hardly
e explained using the proton mechanism.
The situation changes when higher temperature is employed,
nd when we come across decomposition of the cubic modifica-
ion. In this case, the major role is played by the processes taking
lace on the surface of the crystal: adsorption and desorption of
mmonia and chloric acid; so, the role of the primary processes
onnected with proton transfer increases. A result is larger effect
f the introduction of dopants, which change the concentration
f protons in the lattice during the decomposition of the cubic
odification, and stronger effect of ammonia. The hypothesis

ormulated by Kaidymov [104,105] is likely to be worth men-
ioning; it says that the catalytic activity of the orthorhombic

odification with respect to the decomposition of perchloric
cid, an important stage through which thermal decomposition
roceeds, is much higher than that of the cubic modification.

So, in spite of advances in investigating the mechanism of
hermal decomposition of ammonium perchlorate, many aspects
emain unclear and wait for researchers.

. The effect of irradiation on thermal decomposition of
mmonium perchlorate

The use of ammonium perchlorate as a component of solid
ropellants was one of the reasons of increased attention to radi-
tion chemical processes taking place during its irradiation, and
hanges in the reactivity of ammonium perchlorate under irra-
iation.

The mechanism of processes occurring during the radioly-
is of ammonium perchlorate was investigated in a number of
orks. According to their results, excitation of ions occurs under

he action of irradiation both in the cation and in the anion sub-
attices.
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Possible processes in perchlorate ion under excitation are the
following [106,107]:

In addition to excitation, ionizing radiation can cause ioniza-
tion of ClO4

− ion:

ClO4
− → ClO4

0 + e

and formation of ClO4
0, which can either recombine with elec-

tron or further decompose:

ClO4
0 → ClO3

0 + O

Ionization and excitation of the cation leads to the formation
of NH3

+ radicals:

(NH4
+)• → NH3

+ + H

Some of the products of radiolysis, such as ClO3
−, ClO−,

ClO2 and NH3
+, were detected in the irradiated ammonium

perchlorate by means of chemical analysis [107], electron para-
magnetic resonance [108–111], thermoluminescence [112]. Of
special interest is the formation of NH + radical during radi-
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Fig. 14. The DTA curves for ammonium perchlorate after irradiation with
X-rays. Heating in the air at a rate of 5◦/min. Dose rate 1.4 × 10−3 eV
molec.−1 h−1. Curve: (1) dose 0.27 eV/molec.; (2) dose 3.5 × 10−4 eV/molec.;
(3) 5.4 × 10−5 eV/molec; (4) non-irradiated sample.

cially immediately after it. In addition, irradiation causes the
appearance of a new peak at 360 and a shift of the peak at 450 ◦C,
corresponding to the high-temperature decomposition. During
annealing the irradiated ammonium perchlorate at 100 ◦C for
200 h, the effect decreases but does not disappear completely.
Similar results were obtained also in later investigations (for
example see [117–123]).

For the decomposition of ammonium perchlorate carried out
under isothermal conditions, a decrease in the induction period
was noted first of all [117]. The dependence of induction period
on the absorbed dose is described by equation:

I = C1 − C2 log D

and is shown in Fig. 15.
It was shown in [123] that irradiation may affect even ther-

mal decomposition at very low (145–140 ◦C) temperature, when
induction period of thermal decomposition of ammonium per-
chlorate can reach several hundred or thousand hours. A feature
of the effect of irradiation on the decomposition of ammonium
perchlorate under these conditions is that the samples composed
of coarse crystals turn out to be most sensitive to radiation.
After grinding in a mortar, their sensitivity to radiation decreases
sharply.

Comparison of preliminary irradiation of ammonium per-
chlorate, a pure sample and a sample with aluminium additive,
w
[
p
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p

3
lysis. This radical is rather stable and starts perishing at a
emperature of 300–370 K.

The concentration of ClO3 radicals is about two orders of
agnitude lower than NH3

+, because recombination of the for-
er occurs more rapidly. Finally, in our opinion, one of the most

mportant results of radiolysis is the accumulation of ClO3
−

ons in the crystals of ammonium perchlorate; these ions are
ne of the most efficient traps for protons regenerating during
he process. It was shown that the accumulation of ClO3

− ions
akes place during irradiation of ammonium perchlorate, either
ressed in tablets with KCl/KBr or pure. This increase in the
oncentration of chlorate ions reaches maximum at the dose of
.5 MGy, then the concentration decreases [113].

Another result of radiolysis which is important for subsequent
hermal decomposition was considered [114] to be the formation
f additional number of dislocations in crystals, starting from the
dsorbed dose of the order to 105 rad and higher.

Some of these chemical and physical results of radiolysis can
ead and do lead to the acceleration of thermal decomposition
rocess.

One of the first investigations of the effect of preliminary irra-
iation on the thermal stability of ammonium perchlorate was
he works of Freeman and Anderson [115,116]. These authors
howed that the curves of differential thermal analysis and ther-
ogravimetric curves of perchlorate ammonium irradiated with
-rays and with gamma radiation substantially differ from the

orresponding curves for non-irradiated ammonium perchlorate.
One can see in Fig. 14 that for an increase in the dose of

-ray radiation absorbed by perchlorate from 5.4 × 10−5 to
.5 × 10−4 eV/molecule, thermal decomposition proceeds with
noticeable rate even below the phase transition point and espe-
ith protons, fast neutrons, and gamma radiation carried out in
119] showed that the most effective radiation is that accom-
anied by the formation of thermal peaks, as happens during
rradiation with fast neutrons and with protons. Irradiation with
amma rays, which does not cause the formation of thermal
eaks in perchlorate, is less efficient.
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Fig. 15. Kinetic curves of decomposition of ammonium perchlorate at 135 ◦C after �-irradiation. (a) The sample not treated mechanically: (1) 100, (2) 300, (3) 60
and (4) 30 s of irradiation with �-rays, (5) non-irradiated sample. (b) The sample ground in a mortar: (1) 300 and (2) 60 s of irradiation with �-rays, (3) non-irradiated
sample.

The influence of gamma radiation of Co60 on the activation
energy of thermal decomposition of ammonium perchlorate was
studied in [120]. It was shown that irradiation with a dose up to
0.6 Mrad causes more than a two-fold decrease in activation
energy.

Skorik and co-authors [124,125] carried out investigations
of the rate of thermal decomposition of ammonium perchlorate
under X-ray irradiation (dose rate 300 rad/min) during decom-
position. It was discovered that irradiation during decomposition
has no effect on the process rate.

As far as the reasons of the effect are conserved, they are con-
nected both with chemical and with physical processes accom-
panying irradiation of ammonium perchlorate. Among chemical
reasons, the main one is accumulation of chlorate ion during
radiolysis [115]; the addition of this ion is known to produce a
strong accelerating effect on thermal decomposition of ammo-
nium perchlorate. An argument in favour of this assumption is
considered to be the similarity of derivatographic curves of the
irradiated ammonium perchlorate and that containing ClO3

−
additive which was introduced into crystals during obtaining
them (Fig. 16).

Komarov with co-authors [32] made an attempt to test this
idea. Unlike Freeman [115] who introduced chlorate ions into
the crystal of ammonium perchlorate by co-crystallization with
potassium chlorate, in this work chlorate ions were introduced
from ammonium chlorate solution, which made the experiment
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(Fig. 17, lower part). Since dislocations are known to be the sites
where the initial reaction centres are formed, an increase in the
number of dislocations due to deformation of the walls of a pore
in which radiolysis occurs became considered as the second
reason of the influence of preliminary irradiation on the rate of
thermolysis of ammonium perchlorate.

In [126,127], the dislocation model of the effect of prelim-
inary irradiation was tested for the cases of influence of X-ray
radiation (the source of radiation was Mars-2 set-up with copper
cathode and the accelerating voltage of 18 kV) and UV light (the
source was a mercury quartz lamp PRK-2).

The effect of development of a latent image by heating the
irradiated crystal of ammonium perchlorate was used as a test
fort he influence of preliminary irradiation.

It was shown in specially arranged experiments that even
for small doses of irradiation with X-rays (102–103 rad), for
which the corresponding density of dislocations is not changed,
as demonstrated by etching of the mirror chips, the effect of
preliminary irradiation is exhibited rather clearly. The same is
true for the irradiation with the UV light.

The fact that the effect of preliminary irradiation is exhibited
for the doses three orders of magnitude below the threshold,
at which a noticeable increase in the number of dislocations
is observed [114], serves as an indication that he main fac-
tor responsible for the influence of preliminary irradiation on
the rate of thermal decomposition of ammonium perchlorate
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ore correct. In this case, the effect of radiation treatment turned
ut to be higher that the effect observed after the introduction of
hlorate ion into ammonium perchlorate crystal in the amount
qual to that formed during radiolysis, as determined by the
esults of analysis.

So, it was assumed for radiolysis of ammonium perchlorate
hat, in addition to the formation of chlorate ion, the rate of
hermal decomposition is affected by another factor causing an
ncrease in the reactivity of ammonium perchlorate. Herley and
evy [114] discovered that irradiation of ammonium perchlorate
auses, on the one hand, dislocation displacement in crystals,
hich can be observed as etch pits on mirror chips (Fig. 17,
pper part); on the other hand, if the dose absorbed by the crystal
xceeds 105 rad, an increase in the number of dislocations occurs
s the formation of ClO3
− ions (proton traps) in the lattice

nder the action of radiation. The presence of dislocations in
he crystal is likely to affect the influence of irradiation on
he rate of thermal decomposition process, but this influence
hould not be overestimated. It is likely to be of secondary
haracter.

Unfortunately, a direct answer to the question concerning
he importance of the dislocation mechanism of acceleration of
hermal decomposition of ammonium perchlorate as a result of
rradiation has not been given yet; the experiments mentioned
bove cannot serve as a direct confirmation of participation or
on-participation of dislocations in the effect of preliminary acti-
ation. A more or less direct answer to this question is likely to
e expected from experiments on the effect of irradiation on
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Fig. 16. The effect of irradiation and ammonium chlorate additive on thermal
decomposition of ammonium perchlorate. (a) Kinetic curves of decomposition;
(b) DTA curves. (1) Pure; (2) containing 0.153 mol% ClO3

−; (3) containing
1.13 mol% ClO3

−; (4) pure, irradiated with a dose of 4.5 × 106 rad.

dislocation-free ammonium perchlorate crystals; however, no
such experiments have been carried out yet.

Preliminary irradiation with the UV light produces an effect
similar to the effect of X-rays and gamma rays, which was
observed by Bircomshaw [128]. The action of light, similarly
to the action of ionizing radiation, is mainly restricted to the
induction period. Similarly to the action of the ionizing radiation
[117], the dependence of induction period on the absorbed dose
is described by equation τ = τ0 − B log θ, where θ is absorbed
dose [127] (Fig. 18).

Chemical analysis indicates that the accumulation of chlo-
rate ion occurs in the crystals of ammonium perchlorate during
irradiation.

During subsequent decomposition, all the curves have a typi-
cal S-shaped appearance with the rate maximum corresponding
to the inflection point at the transformation–time curve strongly
shifted towards the axis of ordinates. The descending part of the
rate–time curve is satisfactorily described by equation

α = k(t − t0)n

As irradiation with light proceeds, the k and n parameters
change.

Changes in the maximal decomposition rate Vmax and the
time of achievement of the maximal rate in course of irradiation
of ammonium perchlorate with PRK lamp are shown in Table 3.
One can see in these data that the number of potential reaction
centres increases during irradiation; a decrease in the induction
period corresponds to this observation. At the same time, the
degree of localization of the process in course of irradiation
changes, which is depicted in a decrease in factor n.

Specially arranged experiments showed that the efficiency of
preliminary irradiation increases if the longer wavelength region
is cut off with filters from the spectrum; the efficiency reaches
maximum for λ = 220–240 nm.

As early as after three minutes of irradiation of ammonium
perchlorate with light, the positive reaction with o-tolidine indi-
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ates that chlorine oxides ClO, ClO2, ClO3 and ions ClO−,
lO2

−, ClO3
− are formed in ammonium perchlorate cerystals

s a result of irradiation. This provides evidence that the scheme
f photolysis of ammonium perchlorate corresponds in general
o the scheme of radiolysis.

If ammonium perchlorate single crystal is irradiated with
ight through a stencil, it turned out that irradiation creates a
atent photographic image in the crystals; it can be developed by
eating the irradiated crystal at 230 ◦C. A sample of the negative
mage of the stencil thus obtained is shown in Fig. 19.

An interesting feature of this process is the fact that the image
ppears in the crystal not only on the side facing the light source
nd the mask but also at the opposite side. No substantial changes
ccur in the crystal volume. If we cleave the irradiated crystal
nd heat both parts, the latent image develops on both cleaved
ides.

The longer is the distance from the cleaved surface to the
rradiation source, the weaker is image.

A linear dependence of the optical density of image developed
y thermal decomposition on ammonium perchlorate crystal
hips taken at different distances from the irradiated surface cor-
esponds to Bouguer–Lambert–Beer law which is usually used
o describe absorption of light when passing through a light-
bsorbing medium:

= I0 exp(−kx)

All these experiments provide evidence that under irradiation
otential centres arise over the whole crystal volume. However,
or these potential centres to be transformed into the active cen-
res from which thermal decomposition of ammonium perchlo-
ate starts and the nuclei of the products are formed, conditions
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Fig. 17. (a) Radiation-caused movement of dislocations in ammonium perchlorate crystal, revealed with the help of etch pits. A mirror chip of the (2 1 0) plane. (a)
Non-irradiated chip, (b) irradiated with �-rays (104 rad). Dislocations shifted as a result of irradiation are marked with “M”, while those conserving their positions
are marked with “S”. Shift of dislocations is substantially larger than that taking place during crystal cleavage without irradiation.

Fig. 18. Dependence of induction period τ for thermal decomposition of ammonium perchlorate on the time of preliminary UV irradiation. (a) In the ordinary
coordinates, (b) in logarithmic coordinates.

are necessary under which a part of gaseous products could be
removed from the reaction zone during heating the ammonium
perchlorate. These conditions are likely to be realized in the
subsurface layer of ammonium perchlorate crystal and cannot
be realized in its volume due to the cage effect.

As one can see in Table 4, sensitivity of ammonium perchlo-
rate to irradiation can be changed by introducing into ammonium
perchlorate additives, which are the donor compounds (sen-

Table 4
Induction period (τd) of development of latent photographic image for pure
ammonium perchlorate sample and for the sample containing additives

Sample τd (min)

NH4ClO4 15
NH4ClO4 + 5.1 × 10−2% HSO4

− 9
NH4ClO4 + 5.0 × 10−2% CS(NH2)2 20
NH4ClO4 + 5.0 × 10−3% HPO4

− 25
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Fig. 19. A sample of photographic image obtained by combining the preliminary
irradiation with UV light and thermal decomposition of NH4ClO4.

sitizers of the sensibility to irradiation) and proton acceptors
(inhibitors).

7. The influence of additives on thermal decomposition
of ammonium perchlorate

A specific feature of thermal decomposition of ammonium
perchlorate is extremely high sensitivity to the action of vari-
ous additives, either entering the lattice (homophase) or forming
their own phase (heterophase). These additives can accelerate or
decelerate the process of low-temperature thermal decomposi-
tion, which is important for the storage of ammonium perchlo-
rate and mix compositions based on it. The additives may affect
the deflagration delay time. It was assumed that there existed
a correlation between the effect of the additives on the rate of
thermal decomposition and their influence on the combustion
rates of mix compositions incorporating ammonium perchlo-
rate as the major component. This stimulated attention of many
research groups, especially those dealing with the development
of solid propellants, to the problem.

7.1. The influence of heterophase additives

As early as in the first works of Bircomshaw and Newman
[16,128] the action of various additives on the rate of thermal
decomposition of ammonium perchlorate was studied. These
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Fig. 20. The influence of oxide additives on thermal decomposition of ammo-
nium perchlorate at 170 ◦C. Mixtures used: 100 mg of NH4ClO4 + 30 mg of
an additive: (1) NH4ClO4; (2) NH4ClO4 + MgO; (3) NH4ClO4 + Cr2O3; (4)
NH4ClO4 + MnO2; (5) NH4ClO4 + (Co2O3 + Co3O4).

chromium and magnesium oxides affect later stages of the pro-
cess.

Galwey and Jacobs [130] investigated the action of differ-
ent manganese oxides on thermal decomposition of ammonium
perchlorate in more detail. According to the results obtained by
them, maximal catalytic activity is exhibited by manganese diox-
ide, but it affects the initial period of reaction while sufficient
contact exists between the catalyst and ammonium perchlorate.
Using MnO2 labeled with 18O oxygen isotope, it was shown that
since the gaseous products of reaction do not get enriched with
the label, chemical interaction between manganese oxide and
ammonium perchlorate is excluded. In the presence of MnO2
catalyst, transformation degree during thermal decomposition
of ammonium perchlorate reaches 100%, while non-catalyzed
decomposition is usually limited by the level of 30%. Deflagra-
tion delay time decreases, too. Manganese dioxide as the catalyst
of thermal decomposition of ammonium perchlorate was also the
subject of investigation in [131]; the authors of that paper thinks
that MnO2 catalyzes mainly high-temperature decomposition of
perchlorate.

Oxides of monovalent and divalent copper were also stud-
ied as catalysts of low-temperature thermal decomposition of
ammonium perchlorate. Jacobs and Kureishy [132] showed that
addition of Cu2O decreases deflagration delay time of per-
chlorate both due to the catalytic action itself and due to heat
evolution during oxidation to copper oxide. The use of Cu O as
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esearchers discovered that the most efficient additive acceler-
ting thermal decomposition of ammonium perchlorate is man-
anese dioxide. Less efficient catalyst of thermal decomposition
s ferric oxide. Aluminium oxide did not affect the rate of thermal
ecomposition.

Hermony and Salmon [129] studied the effect of various
dditives on thermal decomposition of ammonium perchlorate
ithin temperature range 170–200 ◦C. The results of their exper-

ments are shown in Fig. 20. One can see that the maximal
atalytic activity is exhibited under these conditions by cobalt
nd nickel oxides, which affect mainly the initial period of reac-
ion. Manganese dioxide occupies intermediate position, while
2
fficient catalyst of thermal decomposition of perchlorate is also
escribed in [131,133].

In the presence of copper(II) oxide, thermal decomposition
f ammonium perchlorate starts at 180 ◦C, while usually it starts
t a temperature about 200 ◦C; catalytic action of copper oxide
anifests itself even in the case when its amount is only 0.5%
ass. Similarly to the case of manganese dioxide, decomposi-
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Fig. 21. The influence of doping of CuO on its catalytic activity in
thermal decomposition of ammonium perchlorate at 194 ◦C. (Molar ratio
NH4ClO4:CuO = 1:1).

tion of ammonium perchlorate in the presence of the catalyst
proceeds almost till completion. It was established that doping
of copper oxide with lithium increases its catalytic activity, while
doping with chromium, vice versa, decreases it (Fig. 21) [134].
The author of [135] observed a decrease in the activity of copper
oxide additive for perchlorate decomposition when doped with
Cr3+ ions and an increase in the activity of chromium oxide
when it was doped with Cu2+ ions.

The catalytic action of nickel oxide on thermal decomposi-
tion of ammonium perchlorate is similar to the action of copper
oxides. Doping of nickel oxide with lithium and chromium leads
to the same changes in the catalytic activity as those for the case
of copper oxide. In addition to doping, catalytic activity of nickel
oxide can be changed using thermal treatment. With temperature
rise above 500 ◦C, the catalytic activity of the additive decreases
substantially [4].

The effect of nanoparticles (∼10 nm) of nickel oxide on ther-
mal decomposition of NH4ClO4 was studied in [136]. It was
shown that addition to perchlorate about two weight percent of
NiO brought about decrease of decomposition temperature and
increase of heat of the reaction from 580 to 1490 J/g.

Iron(III) oxide is a catalyst of thermal decomposi-
tion of ammonium perchlorate mainly at high temperature
(320–380 ◦C). The effect of the catalyst is observed at the later
stages of the process [129,137]. It was shown that the efficiency
of catalytic action of ferric oxide increases sharply when passing
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ammonium perchlorate but also of the binder. Chromium(III)
oxide, as well as other catalysts of oxidative-reductive processes,
was used as an additive accelerating thermal decomposition of
ammonium perchlorate. For this oxide as an example, as well as
for the case of nickel and copper oxides, a strong effect of thermal
treatment of an oxide and its doping with heterovalent foreign
atoms on its catalytic activity was demonstrated. Similarly to
ferric oxide, chromium oxide affects mainly not the initial stage
but subsequent stages of thermal decomposition, and also affects
deflagration delay time.

Burcat [142] and co-authors tried to reveal, using Cr2O3
labeled with 51Cr isotope, whether the action of the additive
on thermal decomposition of ammonium perchlorate involves
oxidation of chromium(III) to chromate or the additive remains
untransformed acting as a catalyst. Results of experiments
showed that no traces of hexavalent chromium could be detected
after thermal decomposition of ammonium perchlorate with the
additive taken in the ratio 1:1. Moreover, it was established that
if Cr2O3 additive is heated at a temperature of 300–310 ◦C in
the air for 3 h, up to 4% of Cr2O3 is transformed into chromate.
Therefore, under heating the additive with perchlorate, the fac-
tors inhibiting oxidation are actual.

Copper chromite, CuCr2O4 which is a component of tra-
ditional catalysts of combustion for solid fuels (for example
Harshaw 0202P), was also the subject of investigation as an addi-
tive affecting the rate of thermal decomposition of ammonium
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rom micro-scale of the size of catalyst particles to the nano-size
138]. These authors also established a correlation between the
pecific surface of the catalyst and its catalytic activity toward
ecomposition of ammonium perchlorate.

Different opinions on the mechanism of catalytic action of
erric oxide exist. According to [139], the catalytic action of
erric oxide is due to the formation of iron perchlorate as an
ntermediate compound.

The authors of [140] think that the mechanism of the action
f Fe2O3 is connected with the formation of nitryl perchlorate
s an intermediate compound. These authors also established
correlation between specific surface of the catalyst and its

ctivity. The authors of [141] showed that during decomposition
f solid fuels ferric oxide catalyzes decomposition not only of
erchlorate. According to the results described in [143,144],
t low-temperatures up to 270 ◦C copper chromite has a slight
ffect on the rate increasing it by a factor of 2. However, at higher
emperature (280–340 ◦C) its effect becomes more noticeable.
opper chromite affects the deflagration delay time decreas-

ng it. Since industrial catalysts of combustion based on copper
hromite contain not only copper chromite but also other com-
ounds of copper and chromium, for example CuO and Cr2O3,
he authors of [145] carried out comparative investigation of
he catalytic activity of different components of the industrial
ombustion catalyst. The results are shown in Table 5.

It was shown in [146] describing investigation of the igni-
ion of propellants based on ammonium perchlorate that copper
xide, copper chromite, iron(III) oxide and potassium perman-
anate change the lower ignition limit with respect to pressure.

typical dependence of the lower ignition limit with respect

able 5
omparison of catalytic activity estimated on the basis of flash temperature

or the mixture catalyst + NH4ClO4 for different components of the copper-
hromium catalyst of combustion

atalyst Specific surface (m2/g) Flash temperature (◦C)

uO 1.64 275.8
u2Cr2O4 2.24 281.0
uCr2O4 7.5 273.0
uCr2O4 + Cr2O3 281.0
uCr2O4 + CuO 284.0
uCrO4 21.2 275.5
arshaw 0202P 23.25 276.0
r2O3 30.61 –
H4ClO4 pure 435.0
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Fig. 22. Dependence of the lower ignition limit of ammonium perchlorate on the
concentration of CuO mechanically mixed with ammonium perchlorate. With
flash (1), without flash (2), lower pressure limit (3).

to pressure on the concentration of CuO additive is shown in
Fig. 22 [144]. One can see that the limit with respect to pressure
at first increases with an increase in the amount of the catalyst
and then decreases. It is assumed that the occurrence of a max-
imum on the curve is a result of superposition of two effects:
the catalytic action of the additives and heat losses connected
with them [147]. A common feature for all the oxide catalysts
of thermal decomposition is that they are known as the catalysts
of oxidation–reduction. Because of this, their action of the rate
and degree of transformation during thermal decomposition of
ammonium perchlorate were often used as an argument to prove
the scheme of decomposition mechanism based on the stage of
electron transfer from anion to cation.

At the same time, as it was mentioned in the section describ-
ing the mechanism of thermal decomposition of ammonium
perchlorate, the data on physicochemical properties of ammo-
nium perchlorate and the decomposition process itself do not
allow accepting the electron mechanism. The mechanism of
catalysis at the contact between the solid ammonium perchlorate
and the solid additive is not clear, too, if we take into account the
fact that perchlorate is a typical dielectric with broad forbidden
gap.

In order to try to eliminate this contradiction, it was assumed
that the additives affect not only the solid ammonium perchlo-
rate, but the reactions proceeding in the gas phase. The grounds
for this assumption was the fact that the rate of thermal decompo-
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Fig. 23. The effect of NiO additive on thermal decomposition of NH4ClO4 at
250 ◦C, when the catalyst and ammonium perchlorate are separated by space
(gap). Diagram of the experiment and the kinetic curves. (1) Without additive;
(2–4) with NiO added, with the specific surface 2.0, 5.4 and 36.0 m2/g, respec-
tively.

In order to check the assumptions about possible role of catal-
ysis in the gas phase, a series of experiments was carried out in
[148]; in these experiments, perchlorate decomposing at 250 ◦C
and NiO additive were separated with a glass filter. The scheme
of this experiment and the results are shown in Fig. 23. One can
see that the additive affects the rate and degree of transforma-
tion even under the conditions which are usually considered to
be low-temperature ones. One can also clearly see in the data
shown that the larger is specific surface of the additive, includ-
ing both the outer geometrical surface and the inner surface, the
higher is its catalytic action.

In subsequent experiments investigating the effect of the addi-
tive using the usual method, that is, by adding nickel oxide in
the amount of 1% mass to ammonium perchlorate under simple
mixing in a vibratory mixer for an hour and pressing tablets from
the thus prepared mixture, it was shown (Fig. 24) that NiO addi-
tive, having larger specific surface, is more active, too. Similar
results were obtained with copper oxide.

Special experiments were carried out which showed that if we
take different weighed amounts of NiO and CuO preparations
so that the surface of an additive was the same, the effect of
an additive on the rate would be the same. For example, the
action of 1% mass. NiO additive with specific surface 36 m2/g

F
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ition of ammonium perchlorate measured both gravimetrically
nd volumetrically relates not only to the reaction which pro-
eeds within a definite subsurface layer, as suggested by the
ata on the process topography, but also inevitably includes dis-
ociation of ammonia and chloric acid from the surface, and
he secondary reactions with the participation of these prod-
cts. Reasoning from the features of thermal decomposition of
mmonium perchlorate, we may state that there are grounds
o assume that the subsurface reaction, the reactions on the
urface and those in the gas phase are closely connected with
ach other.
ig. 24. The influence of specific surface of NiO additive on its catalytic activity
oward thermal decomposition of ammonium perchlorate. (1) Without additive;
2–5) in the presence of NiO with the specific surface 0.7, 2.0, 5.4 and 36.0 m2/g,
espectively.
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is equivalent to the action of 51% NiO additive with the surface
of 0.7 m2/g. Later similar results were obtained for catalysis
of ammonium perchlorate decomposition by copper chromite
additive [144].

As regards the processes catalyzed in the gas phase by oxide
additives, these may be either decomposition of perchloric acid
or oxidation of ammonia. This class of the data is likely to include
also the data on the action of the palladium catalyst additive sup-
ported on �-Al2O3 [149], as well as the experiments on the use of
oxides of rare earths as catalysts [150] of thermal decomposition
of ammonium perchlorate, though in the latter case one cannot
exclude acceleration of the reaction due to possible chemical
interaction of the oxides of rare earths with perchlorate, simi-
larly to the situation with MgO. Addition of MgO, CdO, ZnO
oxides accelerates thermal decomposition. However, the reasons
of this acceleration are connected mostly not with the catalytic
action of the additives but with the chemical interaction of these
oxides with ammonium perchlorate or with perchloric acid, one
of the products of perchlorate dissociation [151–155].

Several assumptions had been made with respect to the mech-
anism of the accelerating action of such additives as MgO and
ZnO: (a) the reaction accelerates because zinc and magnesium
perchlorate originating from the interaction between the oxides
and ammonium perchlorate form easily melting eutectics. Due
to the transition from the solid state into liquid, the rate of the
process increases [153,154]; (b) the rate of the process increases
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Fig. 25. Dependence of the catalytic activity of copper-chromium ferrites on
their composition.

In [161], the effect of ferrite spinels as additives on the rate of
thermal decomposition of ammonium perchlorate was studied.
A series of spinels, belonging to the system of solid solutions
copper chromite–copper ferrite with the composition chosen to
provide the possibility of passing from copper chromite to fer-
rite by means of gradual substitution of Cr3+ ions with Fe3+,
was used as additives. The additives, with the specific surface
approximately equal to 1 m2/g, were mixed with ammonium per-
chlorate. The results of experiments on the kinetics of thermal
decomposition of ammonium perchlorate are shown in Fig. 25,
where the abscissa axis shows changes in the composition of
spinel, while the ordinate axis shows the time within which the
gaseous products reach a pressure of 14 mmHg; as a first approx-
imation, this time can be considered as a characteristic of the
reaction rate. One can see that all the studied additives catalyze
thermal decomposition of ammonium perchlorate. As chromium
is substituted with iron, the catalytic activity decreases until the
composition CuCr0.25Fe1.75O4, and then starts to grow.

In this respect, the behaviour of the catalysts of ammonium
perchlorate decomposition does not differ from the behaviour of
spinels in oxidation–reduction processes: passing from normal
spinel to the inverted one, the catalytic activity drops down,
provided that the cubic form of spinel is conserved. As soon as
copper chromite containing iron and having cubic structure is
transformed into the tetragonal form, its catalytic activity starts
to increase. Thus, two opposite factors act in the system copper
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ue to the formation of intermediate amine compounds [156];
c) the O2− ions formed during decomposition of perchlorates
nd the surface of the oxides itself are proton traps and thus they
implify thermal decomposition, for example due to reaction
152]

NH4
+ +O2− → H2O + 2NH3

Addition of fluorides of transition metals were also tested
s catalysts of thermal decomposition of ammonium perchlo-
ate at 230 ◦C. The catalytic activity of fluorides changes in the
equence Co2+ > Mn2+ > Zn2+ > Cu2+ > Ni2+; with other condi-
ions being kept constant, it is always lower than the catalytic
ctivity of the corresponding oxides [157].

The effect of the additives interacting with ammonium per-
hlorate is not always acceleration of the process. For example,
he addition of lithium perchlorate in amounts more than 10%
or the compounds forming in the interaction with perchlorate
n equivalent amount of lithium salt) causes strong inhibition of
he process of thermal decomposition. Ammonium perchlorate
ith 1% mass of lithium perchlorate added can survive heating

t 270 ◦C for up to 24 h without any noticeable indices of thermal
ecomposition [158]. The same happens also in the case when
ithium fluoride is used as an additive. Interacting with ammo-
ium perchlorate, it forms lithium perchlorate which inhibits
ubsequent decomposition [159].

Simchen [160] showed that during heating of ammonium
erchlorate with additives – potassium and sodium chlorides,
arium and strontium carbonates – the interaction of ammonium
erchlorate with an additive occurs, resulting in the formation
f the corresponding perchlorate which decomposes under sub-
equent heating.
hromite–copper ferrite: inversion of spinel, which decreases the
atalytic activity, and a decrease in the lattice symmetry, which
ncreases catalytic activity. The observed effect is a result of
uperposition of these two factors. Attention should be paid to
he fact that this dependence is conserved also for the combustion
f mix model fuel.

To reduce the action of additives to simple catalysis of decom-
osition of one of the products of dissociation, namely, perchlo-
ic acid, means to simplify the question. The second component,
mmonia, directly participates in catalysis. According to the data
f works [162–164], the most active catalyst of perchloric acid
ecomposition is chromium(III) oxide. According to the data of
ifferent authors who investigated the effect of Cr2O3 additive
n thermal decomposition of ammonium perchlorate, this effect
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was rather small. Moreover, though Al2O3, TiO2 and SnO2 cat-
alyze decomposition of perchloric acid, these oxides have no
effect on the decomposition of ammonium perchlorate. Vice
versa, cobalt, nickel and copper oxides which are known as the
most active additives have rather moderate activity when used
as catalysts of decomposition of perchloric acid.

It was shown in the experiments carried out in our laboratory
[165] to compare catalytic activity of different oxides when used
as catalysts of thermal decomposition of ammonium perchlorate
that the activity changes in the order:

MnO2 > CuCr2O4 > Fe2O3 > SiO2

Introduction of ammonium into the system in which the rate
of catalytic decomposition of perchloric acid was studied caused
a sharp (more than 10 times) increase in the rate of the process.

This is an evidence that the effect of catalytic additives on the
decomposition of ammonium perchlorate is connected mainly
not with the catalysis of decomposition of perchloric acid as it
was initially assumed, but with other reactions which may occur
in this system, for example oxidation of ammonia by the products
of decomposition of perchloric acid. The most active catalyst
should be considered to be the catalyst accelerating both the
decomposition of he acid and oxidation of ammonia [163–167].

The opinion according to which the catalysis of ther-
mal decomposition of ammonium perchlorate plays the major
role in the action of additives during decomposition of com-
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products, similarly to heterophase additives, affect the rates
of secondary processes; (c) additives that cause the combined
action of (a) and (b).

7.2.1. The influence of additives on elementary stages of
thermal decomposition of ammonium perchlorate

Addition of foreign ions entering the lattice of ammonium
perchlorate can change its physical and chemical properties. This
is true also for thermal stability. Because of this, attempts were
made to modify the properties of ammonium perchlorate by
introducing the ions which could substitute wither NH4

+ cation
or ClO4

− ion.
Maycock and Payne [170] introduced Ca2+, SO4

− and
C2O4

2− ions into ammonium perchlorate. According to the
results obtained by them, Ca2+ ions create additional num-
ber of cation vacancies in the lattice in agreement with the
electroneutrality principle. An increase in the number of vacan-
cies decreases the number of interstitial NH4

+ ions, which are
considered to be electron acceptors according to the electron
theory of thermal decomposition of ammonium perchlorate.
According to Maycock, this is the reason of inhibition of ther-
mal decomposition of ammonium perchlorate. According to the
same principle of electroneutrality, the introduction of double-
charged anions into the lattice of ammonium perchlorate should
cause an increase in the number of anion vacancies. Interact-
ing with the cation vacancies, the anion vacancies decrease their
c
b
T
n
e
e
i
[
b
n
d
a
t

o
I
t
a

F
W
o

ustion of fuel mixtures is reasonable not in every case.
n [168], the effect of spinels NiFe2O4, NiFeCrO4 and
iCr2O4, obtained by solid-phase interaction between the

orresponding oxides, on thermal decomposition of ammo-
ium perchlorate and its mixtures with polystyrene was stud-
ed. Relative efficiency of the catalysts for pure perchlorate
ecreases in the series NiCr2O4 > NiFeCrO4 > NiFe2O4 and
iFeCrO4 > NiCr2O4 > NiFe2O4 for the mixture. The catalytic

ction of these catalysts on polystyrene decomposition is char-
cterized by the series NiCrO4 > NiCr2O4 > NiFe2O4.

It was shown in [169] that boron additive can decrease
he temperature of exothermal peak on DTA curve of AP and
ncrease of enthalpy of all the process.

.2. The influence of additives introduced into ammonium
erchlorate crystals by means of co-crystallization

As early as in the first works on thermal decomposition of
mmonium perchlorate, it was noted that the additives intro-
uced into the lattice of ammonium perchlorate during its syn-
hesis or during obtaining crystals have a substantial effect on
hysicochemical properties of ammonium perchlorate in gen-
ral, and in particular on the rate of its thermal decomposition.

All the additives introduced into the lattice of ammonium
erchlorate can be divided into three groups according to the
haracter of their action: (a) the additives that cause changes in
he conditions of proton, ion or electron transfer (if we assume
he latter to take place) and therefore affect (accelerate or inhibit)
hermal decomposition; (b) additives that decompose below the
ecomposition point of ammonium perchlorate (or together with
t) and act as precursors for catalytically active products. These
oncentration in the lattice and therefore they prevent recom-
ination of interstitial NH4

+ ions with the cation vacancies.
his causes acceleration of thermal decomposition of ammo-
ium perchlorate. However, subsequent tests failed to confirm
ither experimental results of Maycock or his explanation of the
ffect of additives on the rate of thermal decomposition. First,
t was established that doping with divalent cations of calcium
82], strontium [83], zinc [171] and barium [14] does not inhibit
ut, quite contrary, accelerates thermal decomposition of ammo-
ium perchlorate. Moreover, it was shown that doping with a
ivalent cation affects the rate of thermal decomposition due to
cceleration of the nuclei formation process and does not affect
he rate of nuclei growth (Table 3).

The results obtained by Maycock on the accelerating action
f doping with divalent SO4

2− anions were not confirmed, too.
t turned out that the addition of SO4

2−, similarly to other di- and
rivalent anions, does not accelerate thermal decomposition of
mmonium perchlorate but inhibits this process [90] (Fig. 26).

ig. 26. Thermal decomposition of pure and doped ammonium perchlorate. (1)
ithout additive; (2) with addition of 2 × 10−2 mol% Ca2+; (3) with addition

f 1 × 10−2 mol% SO4
2−; (4) with addition of 1.5 × 10−2 mol% PO4

3−.
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Similarly to the case of cation doping, the effect of doping
of the anion sublattice on the rate of thermal decomposition is
exhibited mainly as changes in the nuclei formation rate. The rate
of their growth is not affected by doping of the anion sublattice
(Table 7). According to [173], for doping the perchlorate crystals
with barium ions, the rate of thermal decomposition decreases
at first, then passes through a minimum and then increases with
an increase in dopant concentration.

The reason of differences it the data obtained by different
authors is not quite clear, because the description of an impor-
tant and responsible operation of introduction of a dopant into a
crystal is often very scarce, and there are no proofs that a dopant
has entered the crystal and is not present as a heterogeneous
admixture.

Experimental data obtained later by other researchers con-
firmed the results obtained by us on the effect of heterogeneous
dopants (for example see review [4]). Theoretical notions about
the mechanism of thermal decomposition of ammonium per-
chlorate have changed, too. The entire set of the data available at
present provides evidence that the only mechanism according to
which ammonium perchlorate decomposes is the proton mech-
anism. Because of this, the effect of dopants is to be explained
basing on the fact that the reaction starts with proton transfer
from cation to anion, followed by migration of proton over the
anion sublattice.

From this point of view, the formation of additional number
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by the action of divalent copper ions introduced into ammonium
perchlorate lattice by means of the joint crystallization of copper
salts with ammonium perchlorate is explained by Keenan [174]:
copper ions form amine complexes with ammonia, one of the
products of dissociation of ammonium perchlorate; they bind
ammonia and thus hinder the reverse reaction. In addition, it
is assumed that ammonia bound in the amine complex would
more easily enter the secondary reactions of its oxidation by the
products of decomposition of perchloric acid.

Similarly, the inhibiting action of anion additives can be not
only a consequence of the formation of anion vacancies but it
can result from the fact that the additives themselves play roles
of donors and acceptors of protons.

As an example of the action of proton donor additive, the
effect of HSO4

− ion additive on the rate of thermal decompo-
sition of ammonium perchlorate should be considered. This ion
has a size close to that of the perchlorate ion; judging from the
results of conductivity measurements, it enters the ammonium
perchlorate lattice rather well [172]. The data on the effect of
proton donor additives on the rate of nuclei formation and growth
are shown in Table 6.

With the introduction of proton accepting additives, accord-
ing to the scheme of proton mechanism of ammonium perchlo-
rate decomposition, a decrease in proton concentration should
cause a decrease in the process rate. in [87,171], in order to
check this assumption, the effect of (NH ) SO , NH H PO
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f cation vacancies during doping the ammonium perchlorate
attice with heterovalent cations should be considered as the
ormation of an additional number of proton traps in the lattice.
ctually, since a cation vacancy is a site of local negative site due

o the absence of positive ion in this site of the lattice, protons
hould be accumulated in this site; the formation of perchloric
cid as the reaction product should occur in this site.

To the contrary, heterovalent anions, when introduced into
he anion sublattice, form additional number of anion vacancies;
hey should inhibit the process due to elimination of a part of
ation vacancies, because the anion–cation vacancy equilibrium
hould remain constant.

In addition to the effect on the rate of thermal decomposition
f ammonium perchlorate through changes in the concentrations
f ion defects, the dopant ions being donors or acceptors of
rotons can directly affect the processes participated by protons.
or instance, the acceleration of thermal decomposition caused

able 6
he effect of proton donor additive HSO4

− on the rate of nuclei formation, max
ecomposition of ammonium perchlorate at 230 ◦C

dN/dt (1/mm2 min) δ max (

H4ClO4

±8.0
45.7 1003

±4.0

H4ClO4 + 5 × 10−3 mol%
SO4

−
±20

149.0 1680
±10

H4ClO4 + 5 × 10−2 mol%
SO4

−
±25.0

210 2229
±12.0
4 2 4 4 2 4
nd (NH4)2HPO4 on thermolysis rate was investigated.

The fact that these additives are indeed acceptors of protons
an be demonstrated for the system NH4H2PO4-NH4ClO4 as an
xample. The most probable reactions involving proton transfer
n this system and the corresponding equilibrium constants can
e written down as follows:

NH4 + ClO4
− → NH3 + HClO4 K1 = [NH3] [HClO4]

[NH4
+][ClO4

−]

NH4 + H2PO4
− → NH3 + H3PO4 K2 = [NH3][H3PO4]

[NH4
+][H2PO4

−]

H2PO4
− + ClO4

− → HPO4
2− + HClO4 K3 = [HPO4

2−][HClO4]

[H2PO4
−][ClO4

−]

2H2PO4
− → H3PO4 + HPO4

2− K4 = [H3PO4][HPO4
2−]

[H2PO4
−]2

ClO4
− + H3PO4 → HClO4 + H2PO4

− K5 = [HClO4][H2PO4
−]

[ClO4
−][H3PO4]

number of nuclei per unit surface area and rate of nuclei growth during thermal

2) v1 (||) (mkm/min) v2 (⊥) (mkm/min)

84 ±5.4 ±0.5
32.3 4.3

48 ±2.7 ±0.20

02 ±3.9 ±0.5
26.5 4.3

50 ±1.9 ±0.2

18 ±5.6 ±0.60
32.4 5.5

59 ±2.8 ±0.30
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In this system of chemical equations, the three first ones are
independent; because of this, only these equations will be con-
sidered below. The equations of material balance and charge
equation are:

[H3PO4] + [H2PO4
−] + [H2PO4

2−] = [H2PO4
−]o,

where [H2PO4
−]0 is total concentration of the additive intro-

duced into perchlorate, and

[HClO4] + [H3PO4] = [NH3] + [HPO4
2−]

The equation of material balance can be rewritten taking into
account the above equations as

[H+](K1 − [H+]2)K2

K2[H+]2 − K1K3

+ K1(K1 − [H+]2)

K2[H+]2 − K1K3

+ (K1 − [H+]2)K1K3

[H+](K2[H+]2 − K1K3

= [H2PO4
−]o

It may be shown that if the relation K2[H+]2 > K1K3 is ful-
filled, then K1 > [H+], and the additive will be acceptor of pro-
tons.

If K1 < [H+]
2
, the additive will be donor.

If K1 = [H+]
2
, the additive will be neutral.
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Fig. 27. The kinetic curves of NH4ClO4 decomposition at 235 ◦C in the presence
of organic additives which are proton acceptors. (1) Without additive; (2) 1 mol%
of diphenylamine; (3) 1 mol% of carbamide; (4) 1 mol% of thiocarbamide.

One can see in the data presented in Table 7 that the inhibit-
ing effect of an additive is determined mainly by its proton
acceptor activity. Generation of anion vacancies during doping
is likely to be of secondary importance for this case. Because of
this, H2PO4

−which does not produce additional anion vacan-
cies when introduced into the lattice, turns out to be more active
than SO4

−.
Similarly, the rate of thermal decomposition of ammonium

perchlorate decreases if the compounds known in organic chem-
istry as proton acceptors are added to ammonium perchlorate by
means of the joint crystallization: diphenylamine, carbamide,
thiocarbamide, that is, primary and secondary amines (Fig. 27).

7.2.2. The effect of chlorate ion additive
The effect of chlorate ion on thermal decomposition of

ammonium perchlorate is of special importance. First, it is
known that the addition of chlorate ion causes a substantial
decrease in thermal stability of ammonium perchlorate [90–92].
Second, chlorate ion is one of the main products formed during
storage and irradiation of ammonium perchlorate [4].

It was shown in [32,91,92] that the addition of chlorate ion
into ammonium perchlorate causes a substantial decrease in the
induction period of thermal decomposition. However, since only
overall rate was studied in [32] and it was not clear if the additive
affects the formation of nuclei or their growth, special investi-
g
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et us rewrite K2[H+]
2

> K1K3 as
K2

K3
>

K1

[H+]2 .

In order to make quantitative estimations, it is necessary to
now constants K2 and K3. Let us admit that the constants in the
olid are of the same order of magnitude as those in liquid, as a
rst approximation. Then we may use the relations known from
eneral chemistry:

[H2PO4
−][H3O+]

[H3PO4][H2O]
= 10−2;

[NH3][H3O+]

[NH4
+][H2O]

= 10−10;

[HPO4
2−][H3O+]

[H2PO4
−][H2O]

= 10−7;
[ClO4

−][H3O+]

[HClO4][H2O]
= 1010

ividing we will obtain:

2 = [NH3][H3O+][H3PO4][H2O]

[NH4
+][H2O][H2PO4

−][H3O+]
= 10−8

nd

3 = [HPO4
2−][H3O+][HClO4][H2O]

[H2PO4
−][H2O][ClO4

−][H3O+]
= 10−17

Here we obtain K2/K3 = 109. This means that NH4H2PO4 will
e proton acceptor with respect to ammonium perchlorate.

Evidently, if NH4H2PO4 is proton acceptor, this will be even
ore for (NH4)2HPO4 and SO4

2−.
The data obtained by us when investigating the rate of thermal

ecomposition of ammonium perchlorate with proton accep-
ors as additives provide evidence that these additives indeed
ecrease the rate of thermal decomposition of ammonium per-
hlorate.
ation of this problem was carried out in [90]. The results of this
nvestigation are listed in Table 8. Chlorate ion was introduced
nto the crystal by means of joint crystallization of ammonium
hlorate and perchlorate. The content of the additive in crystals
as determined using a known procedure with o-toluidine.
One can see in the data presented in Table 8 how strong

s the effect of ClO3
− additive on the rate of decomposition.

ith an increase in ClO3
− concentration up to 0.1 mol%, the

uclei formation occurs at such a high rate that it can hardly
e recorded; induction period decreases to 1 min and becomes
omparable with the time of heating of the weighed portion to
he required experimental temperature.

In order to answer whether chlorate ion is indeed proton
cceptor and whether thermal decomposition occurs as a result
f proton addition, experiments on thermal decomposition of
hlorate ions in inert matrix in the presence of proton donors
nd without them were carried out [87]. Potassium perchlorate
as used as inert matrix; NH4

+ ion was used as proton donor.
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Table 7
Dependence of the rate of nuclei formation (dN/dt), maximal number of nuclei formed per unit surface area (δ max), rate of nucleus growth parallel and perpendicular
to the rhombic axis of ammonium perchlorate crystal during its thermal decomposition at 230 ◦C

dN/dt (1/mm2 min) δ max (1/mm2) v1 (||) (mkm/min) v2 (⊥) (mkm/min)

NH4ClO4

±8.0 ±284 ±5.4 ±0.5
45.7 1003 32.3 4.3

±4.0 ±148 ±2.7 ±0.20

NH4ClO4

3.2 × 10−3 mol% SO4
2−

±9.0 ±120 ±5.0 ±0.4
28.2 640 35.5 4.3

±4.5 ±60 ±2.5 ±0.2

NH4ClO4 + 4.5 × 10−2 mol%
SO4

2−
±3.0 ±61 ±7.0 ±0.4

12.0 448 37.6 4.8
±1.5 ±30 ±3.6 ±0.2

NH4ClO4 + 7.6 × 10−2 mol%
SO4

2−
±2.5 ±6.0 ±6.0 ±0.5

7.5 336 35.8 4.8
±1.2 ±3.0 ±3.0 ±0.2

NH4ClO4 + 6.1 × 10−3 mol%
H2PO4

−
±3.4 ±64 ±7.9 ±1.1

10.1 374 34.5 4.7
±1.7 ±32 ±3.9 ±0.5

NH4ClO4 + 4.3 × 10−2 mol%
H2PO4

−
±3.2 ±57 ±5.0 ±1.4

5.8 290 35.5 4.5
±1.6 ±28 ±2.5 ±0.7

NH4ClO4 + 3.0 × 10−4 mol%
H2PO4

−
±1.5 ±92 ±5.7 ±0.7

7.1 371 34.2 4.7
±0.7 ±46 ±2.6 ±0.4

NH4ClO4 + 3.1 × 10−2 mol%
H2PO4

−
±1.6 ±94 ±5.9 ±0.6

3.3 257 31.9 3.9
±0.8 ±47 ±2.7 ±0.3

The introduction of chlorate ion and ammonium ion into the
matrix was carried out by means of joint crystallization. Ther-
mal decomposition was carried out at 320 ◦C. The composition
of gaseous products was recorded with MSKh-4 mass spectrom-
eter. The results of these experiments showed that the products
of thermolysis are ammonia, water, oxygen, nitrogen oxide and
hydrogen chloride. Kinetic data on thermolysis of ClO3

− ions

in the matrix containing proton donor and containing no pro-
ton donor are shown in Fig. 28. One can see comparing the
curves that the decomposition of chlorate ion occurs much more
rapidly in the presence of proton donor additive than without
it. It is natural to think that in the ammonium perchlorate crys-
tal, in which NH4

+ is every second ion, the route of ClO3
−

decomposition through proton addition is the only one. Substan-

Table 8
The influence of chlorate ion additive on the rate of formation of the reaction nuclei (dN/dt), their maximal number per unit surface area (Nmax), rate of nuclei growth
parallel (v (||)) and perpendicular (v (⊥)) to the crystal axis, and the induction period (τ) at 230 ◦C

dN/dt (1/mm2 min) δ max (1/mm2) v (||) (mkm/min) v (⊥) (mkm/min) τ (min)

NH4ClO4 recrystallized
five times

±4.2 ±59 ±5.8 ±0.6 ±5.4
21.4 612 36.1 4.7 40.0

±2.1 ±31 ±2.7 ±0.2 ±2.7

NH4ClO4 recrystallized
two times

±8.0 ±284 ±5.4 ±0.5 ±2.8
45.7 1003 32.3 4.3 29.7

±4.0 ±142 ±27 ±0.2 ±1.5

NH4ClO4 + 8 × 10−4 mol%
ClO3

−
±36 ±155 ±5.8 ±0.8 ±4.7

146 1860 30.7 5.7 23.0
±17 ±71 ±3.0 ±0.4 ±2.1

NH4ClO4 + 2 × 10−3 mol%
ClO3

−
±99 ±525 ±41 ±1.1 ±2.7

481 3632 31.1 5.9 12.0
±52 ±275 ±21 ±0.6 ±1.4

N −2

C

±86 ±575 ±2.9 ±0.5 ±0.8

H4ClO4 + 6 × 10 mol%
lO3

− 615 4613
±43 ±280
30.6 4.6 10.0
±1.6 ±0.3 ±0.4
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Fig. 28. The kinetic curves of thermal decomposition of the sam-
ples: (1) KClO4 + 1.7 × 10−2 mol% ClO3

− + 1.0 × 100 mol% NH4
+; (2)

KClO4 + 3.1 × 10−1 mol% ClO3
−; (3) KClO4 + 2.5 mol% NH4

+; (4) KClO4;
(5) KClO3. T = 320 ◦C.

tial importance of ClO3
− concentration for determining thermal

stability of ammonium perchlorate is seen in the data on the
dependence of induction period of thermal decomposition on
the concentration of chlorate ion.

7.2.3. Additives introduced into the ammonium perchlorate
lattice to serve as precursors of the catalysts of thermal
decomposition of perchlorate

These additives include silver ions, which are transformed
into metal silver during thermal decomposition, or MnO4

− and
Cr2O7

2− ions, which form oxide catalysts as a result of decom-
position. The addition of MnO4

− ion introduced into ammonium
perchlorate lattice attracted special attention of researchers.
There were two reasons of this: first, it is well known that per-
manganate and perchlorate ions are isomorphous, so it was not
difficult to obtain solutions of one of them in the other; second,
thermal decomposition of permanganate, which is less stable
than perchlorate, results in manganese dioxide, the catalytic
action of which was established in the earliest works on thermal
decomposition of ammonium perchlorate.

Schmidt and Stammler [175] introduced additives into
ammonium perchlorate by means of its joint crystallization
with potassium permanganate, potassium periodate, potassium
iodate and calcium chromate. The results of investigation of
thermal decomposition of ammonium perchlorate with 2% of
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Fig. 29. Thermal decomposition of ammonium perchlorate crystallized together
with KMnO4.

erating action to permanganate ion, which can (when introduced
into the lattice) either directly oxidize ammonium ion or do this
due to the atomic oxygen evolved during decomposition of per-
manganate:

MnO4
− → 1/2MnO4

2− + 1/2MnO2 + O

Unlike MnO4
−, the IO4

− ion causes much weaker action on
the rate of thermal decomposition of ammonium perchlorate and
only when the process has already started.

Addition of dichromate ion introduced into the lattice of
ammonium perchlorate is likely to play a binary role. While
the dichromate has not decomposed yet, which occurs at the
initial stages of the process, it is an active proton acceptor and
so inhibits the formation of reaction nuclei [64,176,177]. While
the degree of ammonium perchlorate decomposition increases,
especially at high temperatures, the dichromate ion decomposes,
and the product of this reaction chromium(III) oxide can cause
catalytic action on the rate of thermolysis of ammonium per-
chlorate.

Mixed crystals of ammonium perchlorate with cobalt, nickel
and iron perchlorates, obtained by the joint crystallization of the
salts, belong to the same class.

Thermal decomposition of these salts was studied in [178].
It turned out (Fig. 30) that the addition of cobalt ions is most
efficient. Nickel ions occupy an intermediate position, while iron
i
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ermanganate added by co-crystallization are shown in Fig. 29.
or comparison, the same Figure shows the curve of thermal
ecomposition of ammonium perchlorate into which KMnO4
as added by means of mechanical mixing. One can see that

somorphically introduced KMnO4 has a strong effect on the
rocess rate.

The effect is strongly dependent on the size of particles of he
olid solution. It is observed at higher extent for smaller parti-
les. Thermograms of the solid solution indicate that its thermal
ecomposition occurs within temperature range below the phase
ransition. As far as the dependence of acceleration effect on con-
entration is concerned, the highest effect is caused when 50%
f perchlorate is substituted by permanganate.

Since the experiments with mechanically added KMnO4,
2MnO4 and MnO2 did not reveal catalytic effect at low-

emperatures, the authors assign a special mechanism of accel-
ons are the least active.
Three possible ways of the influence of additives were dis-

ussed: (a) Acceleration due to the formation of cation vacancies
uring the introduction of doubly charged ions into the lattice.
s we have already mentioned this in the section dealing with

he effect of homophase additives of alkaline metal additives,
his way of process acceleration due to localization of protons
n the lattice of ammonium perchlorate is principally possible if
ufficient amount of the transition metal ions enters the lattice
uring co-crystallization. Versions of explanation are possible:
ransition metals are able to bind ammonia into ammoniates thus
reventing ammonia from recombination with protons. (b) Per-
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Fig. 30. Thermal decomposition of ammonium perchlorate dopes with Co2+,
Ni2+, Fe2+ ion at 275 ◦C: (1) without additive; (2) Fe2+; (3) Ni2+; (4) Co2+.

chlorates of transition metals decompose to form oxides. These
oxides are catalysts of low-temperature thermal decomposition
of ammonium perchlorate. This direction of influence is likely
to be the major one. In any case, the curves of the effect of Co2+,
Ni2+ and Fe2+ on the rate of thermal decomposition of ammo-
nium perchlorate and the curves of the effect of Co2O3, Ni2O3
and Fe2O3 additives on the rate of thermal decomposition of
ammonium perchlorate are similar (Fig. 31 [178]).

Similar results were obtained by Pelly [179] who showed by
means of DTA that the addition of Cu2+, Mn2+, Co2+ and Fe2+

affect the rate due to lattice modification and the formation of
catalytically active oxides during decomposition.

7.2.4. The effect of heterophase additives which are
precursors of the catalysts of thermal decomposition of
ammonium perchlorate

A special place among the additives affecting the rate of ther-
mal decomposition of ammonium perchlorate is occupied by the
additives which themselves do not catalyze thermal decomposi-
tion but form the catalysts during thermal decomposition of the
precursor or during its interaction with ammonium perchlorate.

As an example, we may cite the results of work [180] in which
the comparison of the effect of different copper salts as additives
on thermal decomposition ofammonium perchlorate was carried
out. It was shown (Table 9, Fig. 32) that the efficiency of an
a
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Table 9
The effect of copper-containing additives on thermal decomposition of ammo-
nium perchlorate

Additive Temperature of
salt decomposition
(◦C)

Flash temperature of the
mixture ammonium
perchlorate + additive (◦C)

Ammonium perchlorate
without additive

– –

Copper oxide – 259
Copper dichromate 400 298
Copper sulphate 600 333
Copper nitrate 220 245
Copper oxalate 240 251
Copper lactate 210 262

Fig. 32. The influence of copper salts as additives (1 mass%) on thermal
decomposition of ammonium perchlorate at 250 ◦C: (1) copper bichromate and
sulphate; (2) without additives; (3) copper benzoate; (4) copper benzoate heated
preliminarily at 250 ◦C; (5) copper lactate; (6) copper oxalate; (7) copper oxide;
(8) copper nitrate.

stronger affected by the additives which themselves can easily be
decomposed or give rise to decomposition products accelerating
thermal decomposition (for example, copper nitrate which forms
nitrogen oxides during decomposition).

It is interesting to note that this dependence is also conserved
for combustion of the model mix fuel based on ammonium per-
chlorate with copper salts as additives (Table 9).

Similar results were obtained by other authors, for exam-
ple Singh [181] who used copper and chromium carbonates as
precursors of the oxide catalysts of decomposition. A metal com-
plex which contain iron or vanadium as a central ion had high
activity during thermal decomposition of ammonium perchlo-
rate. (see also [182–186]).

8. The effect of electric field on thermal decomposition
of ammonium perchlorate

Since the edge components of dislocation in ion crystals
are charged, an attempt was made in [187,188] to study the
effect of the constant electric field on thermal decomposition of
ammonium perchlorate. The results of experiments carried by
the authors of [187,188] showed that a constant electric field
with electrostatic intensity 0–10 kV/cm affects the character of
dditive depends on the features of its thermal decomposition.
he rate of thermal decomposition of ammonium perchlorate is

ig. 31. The influence of oxide additives on the decomposition of ammonium
erchlorate at 275 ◦C: (1) without additive; (2) 1% Fe2O3; (3) 1% Ni2O3; (4)
% Co2O3.
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thermal decomposition development in the crystal: anisotropy
of reaction increases due to prevailing growth of nuclei along
the main diagonal of the rhombic face of the crystal.

When the field is imposed along the direction [100], a
decrease in the induction period and increase in the surface den-
sity of the initial reaction centres occur. Orientation of the field
along [0 1 0] did not cause changes in these parameters.

The authors explain the first of the effects discovered by them
in terms of Coulomb interaction of the field with the edge dislo-
cations formed in the pore walls under the pressure of gaseous
products, and in terms of reorientation of the dipole complexes
of point defects in crystal located in the dislocation glide planes.
The formation of new centres is assigned to an increase in the
number of dislocations as a result of mechanical strain arising
in the crystal under the action of the electric field.

The action of pulsed field on ammonium perchlorate crystals
and on their thermal decomposition was studied in [189]. It was
shown that under the negative pulse decomposition process is
inhibited: temperature of the start of decomposition increases by
100 ◦C, while the rate of decomposition process itself decreases
by 20%. Change in the polarity of the pulse leads to an inverse
picture: decomposition accelerates substantially. In the opinion
of the author of [189], under the action of the electric field,
change in the limiting stage of thermal decomposition occurs:
instead of the proton transfer from cation to anion activated ther-
mally, the stage of activation of ion polarization under the action
o
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Along with these factors, we should also take into account
changes in the density of dislocations in ammonium perchlo-
rate crystals as a result of mechanical treatment. It was shown in
[190] that mechanical treatment of ammonium perchlorate under
the action of shock wave causes substantial acceleration of the
process of low-temperature thermal decomposition. This may be
seen from the comparison of thermograms of the mechanically
treated ammonium perchlorate and the untreated ammonium
perchlorate. While for the mechanically treated ammonium per-
chlorate the exo-peak corresponding to thermal decomposition
lies on the DTA curve before the phase transition at 240 ◦C,
for ammonium perchlorate not treated mechanically this peak is
shifted to the temperature region above the phase transition.

Changes happening in ammonium perchlorate crystals under
mechanical treatment in vibratory mill were investigated in
[191]. It was shown that amorphization of the crystals under
mechanical treatment leads to a decrease in the temperature of
the start of thermal decomposition (see also [192,193]).

The rate of thermal decomposition of ammonium perchlorate
is found to be significantly modified by precompression [194].
In author opinion precompression does not influence on reaction
mechanism. This kind of treatment only modify the concentra-
tion of potential centres of reaction.

The nature of the shock sensitivity of ammonium perchlorate
and mix compositions based on it was investigated with high-
speed photography in the Cavendish Laboratory [195].
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f the field appears.

. The effect of crystal size and mechanical treatment
n thermal decomposition of ammonium perchlorate

Anomalous dependence of the rate of thermal decomposition
n crystal size was noticed even in the earliest works on ther-
al decomposition of ammonium perchlorate [16]. It turned out

hat with a decrease in the size of crystallites the rate of thermal
ecomposition passes through some optimal value; that is, as
he specific surface area of ammonium perchlorate increases, no
ncrease in rate is observed unlike the usual case of topochemical
rocesses. A reason of such a specific dependence is likely to be
he fact that the process of thermal decomposition of ammonium
erchlorate, as we have already noted in the section describing
opography of the process, starts not on the surface but in the
ubsurface layer on potential reaction centres formed as a result
f interaction of dislocations with the point defects. These cen-
res are renewed in course of the reaction; due to this, the chain
haracter is sometimes assigned to the process. In order to put
uch a potential centre into operation, it is necessary that primary
ecomposition products accumulate in it. Because of this, crystal
ispersing brings about two opposite factors. Since the removal
f reaction products occurs through the surface, a decrease in
rystal size improves the reaction conditions. On the other hand,
tarting from the moment when the crystallite size becomes of
he same order of magnitude as the distance from the potential
eaction centres to the surface, the conditions for accumulation
f gaseous reaction products and formation of new dislocations
s a result of their accumulation become worse, which causes a
ecrease in the reaction rate.
0. Conclusion

Studies of the thermal decomposition of ammonium perchlo-
ate are interesting not only because of the application of the
mmonium perchlorate as a component of solid propellants.
he reaction provides a unique example of the auto-localization
f thermal decomposition of a solid, when no solid products
re formed, and the feed-back during the reaction is due to
he secondary reactions, in which gaseous reaction products are
nvolved.

As a consequence, a study of the mechanism of this reaction
hould consider both purely chemical stages at the elementary
icroscopic level, and the stages responsible for the spatial prop-

gation of the reaction at the macroscopic level, the macrokinet-
cs. A complex study should take into account all the details of
he process in all their complicated interrelations. It would be
rroneous, to over-estimate the role of any process and any effect.
or example, an over-estimation of the role of the dislocations
ormed near a growing nucleus in the auto-localization of the
eaction (“dislocation-chain theory of thermal decomposition”)
196] and an under-estimation of the role of point defects in the
ame process resulted in the discrepancy between the experi-
ental data and the theoretical predictions [197].
A complex approach to the study of the thermal decompo-

ition of ammonium perchlorate requires not only to consider
ll the facets of the process, but also to apply as many vari-
us techniques, as possible. For example, AFM, optical near
eld microscopy [198], synchrotron radiation diffraction exper-

ments [199,200] might give a new knowledge on the structure of
he reaction interface, on the characteristics and properties of the
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“solid product” of the incomplete thermal decomposition—the
remaining unreacted ammonium perchlorate. The changes in
the immediate surroundings of the ammonium cations and per-
chlorate anions during the reaction course and the dynamics
of the ions in the structure could be studied by the solid-state
multinuclei NMR [201] and some other techniques [202]. Ther-
mal decomposition of ammonium perchlorate is one of the most
extensively studied thermal decomposition reactions, and it still
remains a mystery to a large extent. The studies of this old reac-
tion might have a sort of renaissance, if the new techniques were
applied and a new generation of researchers succeeded to com-
bine seemingly contradictory observations and interpretations
into a unifying picture of a complex process, which is so beau-
tiful in its complexity.
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