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ABSTRACT

Therrnal decomposition studies were carried out on three samples of nickel azide. The samples,
prepared using different methods, are fresh nickel azide, fresh nickel hydroxy axide and the third sample
was obtained by ageing fresh nickel hydroxy azide for almost one year. Thermal decomposition of the
samiples at different temperatures was carried out using a locally designed apparatus. The decomposition
paiterns of each of the samples cannot ba explained by a singie kinetic law as each of them comprises
more than one region or stage of decompaosition. Ni(il)N; and aged Ni(OH)N; decompose with maximurh
rate from the beginning of the decomposition at all temperatures considered. Ni{OH)N; however shows an
initial induction period and considerable acceleratory rates before the degay starts. Activation encrgies
calculated from appropriate rate constants gave similar values for the exponential and decay regions for
Ni(IlN; and aged Ni(OH)N; (147+ 3 and 74+6KJ mol” respectively) while those for Ni(OH)N; in the
acceleratory and decay regions are 106KJ mole™ for both regions. The overall observation is that ageing
of Ni{OH)N,; brings about the removal of the induction period in the decomposition kinetics similar to fresh

Ni(i)Ns.
KEY WORDS:
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The effects of mechanical strain, ageing
and additives on the thermal decomposition of
inorganic compounds have been investigated in
the past (Jacobs and Whitehead, 1969) mainly
because of their technological application. For
instance ammoniunm perchlorate is an important
rocket propellant. The decomposition of the single
crystal of NH,CIQ, is observed to start at the
stiface but the surprising feature of this reaction
is that, in addition to the various gaseous
products, a finely divided solid residue is formed,
which was analysed and found to be NH,CIO,.
Optical and electronic studies (Herley et al, 1970)
on the decomposing crystal show that the
decomposition nuclei form more easily where
dislocations intersect with the crystal surface.
This demonstrates the influence of defect sites on
the: decomposition of a substance.

The effect of such factors as ageing, pre-
irradiation or presence of impurities on tre
decomposition of inorganic solids is most easily
observed in the change in induction periods of
their decomposition curve. For instance the
induction period for the thermal decomposition of
specially purified materials is longer than that for
commercially available ones which may contain
seme impurities.

Inorganic solid azides are technologically
important in medicine, military and mining fields,
arnong other areas. Azides such as the transition
imstal azides and their complexes can be
extremely explosive upon the application of

s

Ageing, activation Energy, Thermal Conductivity, order of Symmetry, Azides

impact, shock or friction.  Ni(N;); has been
reported to be a very sensitive explosive (Wohler
and Martins, 1917). A

Sood and Nya (1981) have reported on
the thermal decomposition of Ni{N;), although the
effect of any contamination on the decomposition
of the sample was not studied. The present
investigation  explores  the  alteration  of
decomposition rates of different samples of nickel
azides caused by, (1) ageing and (2) substitution
of an N3 with an OH group which, in most
preparations of Ni(Ns), form contaminants on the
azide. The activation energies, Ea, of
decomposition of each of the samples are
calculated theoretically from the rate constants
obtained from their thermal decompasition in
order to determine the degree of stability of the
samples. Having determined Ea for each sample
it is then possible to ascertain its explosivity at
room temperature using recommended
techniques eg, by weight drop or applied potential
(Sood and Alobi, 1996). If it is found to detonate
on application, for exampie of electrical field, it
can be employed in mining and other exploration
fields and can therefore be recommended as a
cheap detonator for use in various mining
operations currently taking place in Nigeria.

MATERIALS AND METHODS

Thermal decomposition of nickel azide
has already been studied (Sood and Nya, 1982).
Contamination of the normal nickel azide,
Ni(N3)2, (during evaporation) by a layer of basic
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nickel azide has however necessitated a more

careful study of the thermal decomposition of the

azide. The samples used for the thermal

decomposition are:

(i) Fresh nickel azide [Ni{N3),], referred to as

sample 1. '

(i) Fresh nickel hydroxy azide [Ni(OH)N,]
designated as sample 2 and

(i) Ni(OH)N3, ground and aged for 360 days
in vacuum over P,Q,, cailed sample 3.

{i) Fresh anhydrous nickel azide, (sample 1)
was prepared by distilling HN5 over NiCO;
followed by filtration and crystallization.
The crystals were ground very mildly ir a
dehumidified atmosphere (relative
humidity<60%) and stored in vacuum over
P,Os for 30 days before the kinetic
studies were performed The sample,
determined volumetncally with EDTA and
Van der Moulen methods (1961), has a
composition of Ni(N3),. Vander Moulen
method involves the reaclion of the azide
with excess of KMnO, in acid solution and
back titrating with Kl in order to estimate
the amount of KMnQ, that liberates all the
nitrcgen from the azide using sodium
thiosulphate.

(i) A fresh sample of Ni{OH)N; was prepared
by first dehydrating nickel azide dihydrate,
Ni(N,).2H,0, crystals over P,Os and then
exposing the normal nickel azide to mc-st
atmosphere (R.H >80%) for severai days.

The sample was thereafter mildly ground
and stored in a vacuum of 1.33 x 10~
mbars over P,O; for 30 days. It was not
subjected to further grinding during the
decomposition studies. The composition
was established by titrimetric method to
be Ni(OH)N;.

(i) A fresh sample of Ni({OH)N; was again
mildly ground and aged for 360 days in a
vacuum of 1.33 x 107 mbars over P,Os.
Ageing of sample 2 was done in a
viscometer bath with water at 30°C
circulating constantly  throughout the
period of ageing (figure 1). A mechanical
stirrer was used to ensure uniform
temperature of the sample at any instent
time. The sample was ground very mildly
before the decomposition studies were
carried out.

Jsothermal decomposition studies for the three

samples were carried out within a temperature

range of 480°K to 548°K. the decomposition in
each case was carried out using a vacuum
system evacuated to a pressure of  10°mbars

(figure 2). The total volume of the system is
2,9581.

The vacuum system is designed such that
the progress of a typical reaction of the form,

A
Agy—» B, + C in the thermal
decomposition unit, F, can be monitored by
measuring the pressure of gas, C, produced as a
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“function of time at different temperatures. In the
case of azide decomposition, conditions of very
low pressures (e.g, 10°mbars) are employed so
that minimal amounts of samples are used
because most inorganic azides are explosive. A
combination of both diffusion and rotor pumps is
employed in the system to evacuate it down to a
pressure of 10 mbars when required.

In every run 2mg of each of the samples
was accurately weighed into the sample-bucket,
B. This was suspended from a winch by means
of a copper wire and kept in the upper portion of
the decomposition tube far enough from the
heating zone, F. The sample was then evacuated
for 24 hours. Meanwhile the decompaosition tube
was maintained at the desired temperature for
scveral hours after which the bucket was lowered
to the bottom of the decomposition cell (covered
by the furnace, F). The process was
accompanied by a fall in temperature of about
1"C and the system took 5-10 minutes to adjust to
the original temperature.  The pressure of
nitrogen produced was measured with the help of
Mcleod Guage (MC) as a function of time. The
prassure values were corrected for the initial
degassing rate.

The control of the temperature of
deecomposition was 2 very important factor during
the decompaesition measurements. It was found
trat the temperature of the sample in creased
slightly with the progress of decomposition even

" though. the initial temperature was set constant

when the system was under vacuum. This

behaviour is due to the increased conductivity of
the walls of the decomposition tube in the
course of reacticn. It was therefore necessary to
keep a constant watch over each kinetic run. The
temperature of the reaction vesse! was therefore
maintained at constant value within + 0.25°C by

©an electronically controlled furnace.

RESULTS

The primary kinetics for the thermal
decomposition of sample 1 in the temperature
range of 480K to 548K are presented in figure 3.

At all temperatures covered, the sample
decomposes with maximum rate at the beginning
of decomposition. The rate  progressively
decreases  with increasing  degree  of
decomposition which is in agreement with the
results of Sood and Nya (1982) who reported that
the decomposition rate is maximum at the onset
of the decomposition. The maximum value of the
degree of decomposition, ‘c’ that could be
recorded was 0.71, above which the sample
exploded. ‘

The kinetic data for the entire
decomposition could not fit into a single rate
equation in the temperature range considered.
The initial portion could best be described by an
exponential law (fig 4b) for which the Erofeev
equation could be solved to obtain, o = 1~ exp (-
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kt) (Jacobs and Tompkins, 1955) while the later
stages of the decomposition fit into a contracting
volume kinetics presented in fig. 5 (Young, 1968).

The energies of activation for both regions
are calculated from a plot of log of the rate
constants of the exponential/decay reaction at
different temperatures versus 1/T. The values of
147.15KJ mole’ and  82.0+3KJ mol' were
obtained for the exponential and contracting
volume regions respectively.

The kinetic ' data for the thermal
decomposition of sample 2 within the same
temperature range are presented in figure 6. The
rwost significant difference from the curves in

150 200

4 Plot ol Log(1-w) vs t FOR NICKEL AZIDE, SAMPLE 1

figure 3 above is the sigmoidal character of the
curves in figure 6.

The initial stages of decomposition show
considerable acceleration before the decay starts.
The data for acceleratory region fitted intc a plot
of —log (1-w)'/4 VS t, which is the Avrami-Erofe:v
equation given in figure 7 with an exponent of ‘4’
up to the inflexion point. The deceleratory region
(decay region) could be described by a
contracting volume law (fig 8) as in sample 1.
The corresponding activation energies obtained
from arrhenius plots are 106.2KJ mole™ for both
regions. This is quite a surprising feature about
the thermal decomposition of sample 2.
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The kinetics for sample 3 were
deceleratory throughout its decomposition within
the same temperature range as in the case of
sample 1 (fig 9). Such could be described by a
unimolecular decay law in the initial stages and
then a contracting cube equation during the final
stages of decomposition. The energies of
activation corresponding to the two regions of
decomposition are 150.02+6 and 74.94+4 |.J
mole” respectively.” The, results of thermal
decomposition of the three samples of nickel

200

Unun

A0 400 S00

THERMAL DECOMPOSITION OF sample 2 (fresh but aged for T month)

azide as presented in the figures lead to the

following considerations:-

(@) The rate of decomposition at constant
temperature decreases with age of the
sample. However, on grinding the aged
sample as in the case of sample 3, the
rate  of subsequent decomposition
increases slightly. Thus the times
required for 40% decomposition at 515°%

for samples 2 and 3 are shown in the
graph to be 280 and 155 minutes
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respectively.
The energies of activation for the
exponential region in samples 1 and 3
remain virtually constant (150 +6KJ mol™)
while the Avrami-Erofeev region in sample
2 has a lower value of activation energy
(106.2KJ mole”’). Sample 2, however,

has a higher value of Ea (106.2KJmole™).
Sample 2, however, has a higher value of
Ea (106.2KJ mole™") in the centracting
volume region.

(b)

DISCUSSION

The -t curves for  exothermic
decomposition are generally sigmodal.in shape.
The shape of the a-t plots for the isothermal

decomposition of fresh nickel azide and aged
nickel * hydroxy azide is somewhat unusual
although similar deceleratory kinetics have been
reported for lead chlorate (Solymosi and
Bansagi, 1968), finely powdered silver azide
(Bartlet, et al, 1958) 4nd sodium bromate (Young,
1966).  The initial decelaratory stage can be
described only by an exponential decay law in the

case .of decomposition of nicke!l azide (Sood and
Nya, 1981). in order to determine the
appropriate law to described the experimental
results of the decomposition we need to make
reference to a-t plots of the aged sample
presented in figure 9.

Ageing brings about changes in the
physical structure of freshly prepared materials
which determines, to varying degree, the kinetics
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of its decomposition. For instance much of
irreproducibility of kiratics of isothermal
decomposition of freshly prepared barium azide
(dcobs and Tompkins, 1955, Erofeev and
Sviridov, 1958), silver oxalate (Finch, et al, 1954),
mercury fulminate (Bertlett, et al, 1956) and
potassium permanganate (Erofeev, 1961) has
been explained on the basis of ageing effects.
The freshly prepared mercury fulminate, for
example, decomposes according to exponential
law whereas a cubic law is found to hold for well-
aged samples of the compound (Bartlett et al.,

1957). The exponent of power law in the
decomposition of fresh barium azide is 6 and falls
to 3 after ageing at room temperature for several
months. The sites which were thermally
trarsformed to germ nuclei are removed by
annealing during ageing and decomposition is
thus desensitized. The desensitization effect of
ageing was further confirmed by Yoganarasinhan
and Tompkins (1967) while working on barium
azide.

Sood et. al. (1982) also made systematic
studies on the ageing of zinc azide by following
the decomposition for the first 31 days after
preparation and concluded that the rate falls for
the first 20 days and then attains a constant
value. They did not notice any significant change
in the kinetics form, may be, because the sample
was not aged sufficiently long. It is in view of this
unanswered possibility that the present
investigation on the decomposition of aged nickel
hydroxy axide (aged for 360 days) has been
carried out.

The rate of decomposition of sample 3
increases as compared to that of sample 2 even
though it is ohtained from sample 2 by ageing.
Figures 3 and 9 show the enhanced rate of
decomposition of fresh normal nickel azide and
aged nickel hydroxy axide. In contrast to the

aged sample (sample 3) where nucleation is
instantaneous or at least rapid, the appearance of
a short induction period followed by acceleration
in the decomposition profile of sample 2 (fig 6)

points towards time-dependent nucleation. Also

the applicability of the Avrami-Erofeev equation
(Erofeev, 1991),

-log [(1-0)'/,] =K, n=4

to the decomposition data of this sample
suggests that the reaction is a single-step random

nucleation, i.e, AN/dt ~IK,Not"™' (where n = 4)
with a three-dimensional growth of the nuclei.
The model of nucleation to be applied to samples
1 and 3 is the exponential law of nucleation.

The kinetic forms used in the
determination of the mechanism studies of the
decomposition reactions of solids are based upon
quantitative consideration of the nucleation and
growth of particles of the product (Bagdassarian,
1945: Jacobs and Tompkins, 1955). Conformity
of the kinetic forms to the appropriate theoretical
equation indicates, but does not necessarily
prove, the occurrences of a particular reaction
mechanism. The actual form of the nucleation
law and the geometry of the reactant-product
interface which are the basis of establishing the
mechanism of reaction are, however, very difficult
to define without making direct microscopic

observations (Garner, 1955). Wischin, (1939) for
instance, was one of the earliest scientists to
make simultaneous pressure-time measurements
and careful examination of the crystal of barium
azide under a microscope at different stages of
decomposition. It was observed that the nuclei
increase in number as the third power of time and
grow linearly in radius with time. It has also been
reported (Walker, 1969) that the scanning
electron micrography of thallous azide shows that
the decomposition advanced predominantly in the



176

I. IKORA IROM

(110) direction and bored holes of constant cross
section.”

The variation in the rate of sigmodal mode
of decomposition of solids is generally ascribed to
three factors namely,

(i) Autocatalytic effect of the solid product

(Jacobs, and Tompkins, 1955, Young,

1966).

i) Partial melting as a resuit of dissolved
product (Bawn, 1955)

(iii) Additional nucleus~forming sites

generated as a result of the strains

caused by the entrapped gaseous

product.

Since no melting of nickel azide or nickel
hydroxy azide product was observed at the
temperature range studied, the explanation for
acceleratory region has to be sought in terms of
factors (i) and (iii) only.

During ageing the surface of the primary
crystallite may be perfected due to annealing

causing the high-energy strained sites in the -

vicinity of surface irregularities like points of
emergence of dislocations and high angle grain
boundaries to relax to become more stable
(Young, 1966). In addition during ageing sample
3 might undergo about 1.5 percent decomposition
(analysis shows’ that the nitrogen content
decreases from 41.7 for sample 2 to 40% for
sample 3). It is therefore possible for a
filamentary layer of the product, nickel metal, to
deposit on the surface of the crystal. Even if the
decomposition takes place in the core particles
the product metal atoms may migrate along the
grain boundaries and accumulate on the surface
where they would crystallize to form metal nuclei
(Prout and Moore, 1966)., It is known that
dislocation cores are regions in which enhanced
diffusion takes place (Hirsch, 1972) at the
potential nucleus-forming sites (germ nuclei) on
the surface. once sufficient, nucleation, which is
facilitated by the presence of the product metal
atoms, will increase as is observed in the case of
sitver azide (Bartlett, et al. 1956).

It is a common observation that
dehydration processes in' solids give rise to
cracks and channels thereby introducing large

number of imperfections, mainly dislocations in
solids (Young, 1966, Garner, 1939, 1955).

During ageing of sample 2 for 360 days
dehydration may take place giving rise to cracks
and channels thus causing the development of a
large number of imperfections in the aged sample
(sample 3). In addition, grinding and storage of
nickel azide and / or nickel hydroxy azide for a
long period, as mentioned earlier, results in some
degree of decomposition of the sample. The
gaseous product of decomposition, i.e, nitrogen
molecules, may get trapped in the dislocation
cores thereby subjecting the lattice to strain
which get released by producing additional,
dislocations in the crystal (Herley and Levy,
1973).

The removal of —OH group from the nickel
hydroxy azide during ageing produces such
defects which will affect decomposition. These
new dislocations, on emerging at the surface
become the additional nuclei-forming sites thus
enhancing the rate of subsequent decomposition.
Thus during ageing there is an interplay of the
processes of annealing of the existing and
generation of new potential nucleus-forming sites.
The overall effect of prolonged ageing on nickel
hydroxy azide seems to be the decrease in

number of nucleus forming sites. Thus the
activation energy required in the initial stage of
decomposition of sample 3 is higher (147+ 6KJ
mole™ ) than that of sample 2 (106KJ mole™),
the fresh nickel hydroxy azide in the same
region.

Appreciable decomposition of sample 3
during prolonged ageing may create a large
number of vacancies which will migrate to the
grain  boundaries. On rapid heating to the
decomposition temperature, aggregation of these
vacancies takes place at the grain boundaries to
form small clusters which may collopse to give
dislocation rings and jogs (Tompkins and young,
1957). The stresses imposed on the lattice due
to the entrapped nitrogen molecules further
create more dislocations. The result is the
energization of certain special sites on the
otherwise annealed surface of the aged sample.
Such sites, though few, will be associated with
grater surface energy to facilitate the formation
and growth of nuclei in the later stage of
decomposition thus imposing a lower energy

Table |1 Summery ol Activation Energics in (KJ mole™)

Sample: Acceleratory/Exponential Region Contracting Volume Region
! Exp.-147£06 8243

2 Accel. 10643 10063

3 xp. 15046 7.3
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rts'zquirement1 of 74.2Kjmole™ comparc\ad to that of
106KJImole™ (sample 2) in the decay period of
decomposition. =

CONCL.USTION

The results of the present investigation
have shcwn the effect of (i) ageing and (1)
presence of ~OH moiety, on the stability of nickel
azide, Although the low energy of activation of
sample 2 in the acceleratory region is unusual
and cannot be easily explained, it is generally
observed that nickel azide (sample 1) and aged
nickel hydroxy azide (sample 3) have higher rates
of decomposition and therefore less stable than
sample 2, (apart from the low activation energy of
sample 2 in the acceleratory region, the
activation energies of samples 1 and 3 are lower
than those of sample 2). It does appear that
ageing of sample 2 for 360 days virtually

transforms it into nickel azide thus the similarities
in stability between samples 1 and 3.

Although the scope of our work does not
extend to correlating the relative stabilities of
these samples with such microscopic properties
as order of symmetry of the lattice related to A,
the phenon mean free path, we have tried to
relate stability {o the thermal conductivity of the
samples. Thermal theory of explosion postulates
that a detonation regime in a solid can be
sustained only when the thermal conductivity of
the solid is relatively small so that heat imbalance
can be maintained.

The presence of ~OH moiety in nickel
azide appears to increase the thermal
cenductivity of sarnple 2. 1t is probable that the

introduction of QH moiety increases the order of
symmetry of the nickel azide. It has been
established that a solid with a high. order of
symmetry has a correspondingly high & and is
therefore less sensitive to impact of thermal
energy. Consequently samples 1 and 3 are more
sensitive to thermal impact as determined in their
activation energies, although the low activation
energy in the acceleratory region of sample 2 is
unusual. It is necessary to carry out thermal
conductivity studies of Ni(Ns), and Ni(OH)N; to
confirm the desensitization effect of the presence
of OH moiety on nickel azide. It may also be
necessary to conduct explosivity tests of the
samples at room temperature in order to
determine their  detonation regime. Once
determined, in addition to the already established
stability profiles of the samples a choice can then
be made for use in mining and other fields of
mineral exploration.
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