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Abstract

The ageing behaviour of a pyrotechnic mixture of magnesium and potassium nitrate has been followed at 50◦C and 65%
relative humidity by isothermal heat flow calorimetry. Measurements have been carried out with samples in air and in an
inert atmosphere. The main reaction product was found to be magnesium hydroxide. This has been determined quantitatively
by thermogravimetry and the amount formed correlated with the measured cumulative heat of ageing. The results have been
compared with those obtained for magnesium powder studied under the same conditions. In addition the influence of the
ageing process on the pyrotechnic reaction has been studied by high temperature differential scanning calorimetry under
ignition conditions and modulated temperature differential scanning calorimetry.
© 2003 Published by Elsevier Science B.V.

Keywords: Ageing; Heat flow calorimetry; Magnesium; Potassium nitrate; Pyrotechnics

1. Introduction

Thermal techniques provide powerful methods for
following the ageing processes in pyrotechnic com-
positions. These compositions are based typically on
finely divided mixtures of metallic or non-metallic el-
ements with inorganic oxidising agents[1]. The age-
ing behaviour of a pyrotechnic composition relates to
the slow changes that can occur during storage. Such
changes can have a detrimental effect on the combus-
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tion properties of the composition. Often this can be
linked to the consumption of the components of the
mixture or to the production of a particular product.
Alternatively it may be changes in the physical or me-
chanical properties of the composition which result in
poor performance or even in combustion failure.

In our work, where samples have been aged at
temperatures in the range 40–70◦C and relative hu-
midities (RH) from 51 to 100%, we have adopted two
approaches. In one, the indirect approach, the samples
are aged in a humidity cabinet for different times and
then characterised by thermal analysis and calorimet-
ric techniques. A recent example of this method is a
study of the boron–potassium dichromate pyrotechnic
delay system, where the ageing has been followed
by high temperature differential scanning calorimetry
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under ignition conditions, time to ignition measure-
ments and isothermal microcalorimetry[2]. It is also
possible to perform pyrotechnic tests, such as burning
rate, light output and exothermicity measurements on
the aged compositions.

In the other approach, the samples are aged in an
isothermal microcalorimeter. This enables the ageing
process to be monitored directly since the technique
is sufficiently sensitive to measure the small amount
of heat released during ageing. The aged products can
then be characterised by thermal and analytical tech-
niques but since the sample masses are normally in
the range 100–500 mg, there is insufficient material
for the standard pyrotechnic tests.

In the present paper, preliminary results are reported
for the ageing of the magnesium–potassium nitrate
pyrotechnic system in the presence of water vapour
using isothermal microcalorimetry. Previous work on
this system has been carried out by Spasojevi et al.
[3] using the indirect approach. Samples were aged
at 85% RH in the temperature range 65–85◦C and
FTIR used to follow the formation of Mg(OH)2 and
KNO2.

Our own work has been carried out at 50◦C and
65% RH which is below the deliquescence point
of potassium nitrate. We have compared our results
with those obtained for magnesium powder under
the same conditions. Since magnesium hydroxide is
the main product of ageing, a method has been de-
veloped using thermogravimetry (TG) to enable the
amount formed to be determined quantitatively. These
studies have been supplemented by examination of
the aged samples by high temperature differential
scanning calorimetry (DSC) under ignition condi-
tions and modulated temperature DSC (MTDSC). We
have reported previously a preliminary study on the
magnesium–sodium nitrate system[4].

2. Experimental

The studies have been carried out on a magnesium–
potassium nitrate pyrotechnic composition containing
equal masses of the components. The potassium nitrate
was to Interim DEF STAN 68-63/1 and the Grade 4
magnesium to DEF STAN 13-130/1. The composition
was prepared by blending the components in a Turbula
mixer.

Microcalorimetric measurements were performed
on 100 mg samples at 50◦C and 65% RH using a
Thermometric Model 2277 Thermal Activity Moni-
tor (TAM). The samples were sealed into 3 cm3 glass
ampoules. The humidity was maintained using a sat-
urated solution of potassium iodide in a small tube in
the ampoule. Samples of the residues were analysed
for magnesium hydroxide by thermogravimetry and
characterised by high temperature DSC under ignition
conditions and MTDSC.

Thermogravimetry was carried out using a Stan-
ton Redcroft TG1000 thermobalance. A method was
devised for determining magnesium hydroxide by
heating a 10 mg sample in a platinum crucible in
an atmosphere of argon according to the following
programme:

[a] The temperature was maintained at 25◦C for
10 min to establish the initial mass reading.

[b] The temperature was raised to 150◦C at
30◦C min−1 and held constant for 10 min.

[c] The temperature was raised to 320◦C at
30◦C min−1 and held constant for 30 min.

Magnesium hydroxide was determined from the
mass loss accompanying the dehydration reaction in
step [c]. The mass change in step [b] enabled the amo-
unt of moisture present in the sample to be determined.
Measurements by simultaneous TG-mass spectrom-
etry established that potassium nitrate did not de-
compose or react with magnesium in the temperature
region of the decomposition of magnesium hydroxide.

High temperature DSC under ignition conditions
was carried out using a specially developed appara-
tus [5]. Measurements were made on 10 mg samples,
which were heated in argon at 50◦C min−1. MTDSC
experiments were performed using a TA Instruments
Model 2920. The measurements were made on 5 mg
samples contained in platinum crucibles in an atmos-
phere of helium with an underlying heating rate of 3◦C
min−1, a period of 30 s and an amplitude of 0.1◦C [6].

3. Results and discussion

3.1. Microcalorimetric studies

3.1.1. Magnesium powder
Typical heat flow and cumulative heat curves for

the magnesium sample are shown inFig. 1. It can be
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Fig. 1. Heat flow calorimetry curves for magnesium (sample mass, 100 mg; 50◦C; 65% RH; atmosphere, air).

seen that following a rapid rise to give a peak after
0.3 days, the heat flow decreased to a minimum after
about 5.5 days. The signal then increased slowly for
the remainder of the experiment.

The possible role of oxygen in the ageing process
was assessed by carrying out experiments on samples
sealed in ampoules under an atmosphere of argon. No
significant differences were found from the results ob-
tained in air. This indicates that under these closed
conditions the ageing of magnesium is due to the reac-
tion with water vapour alone. X-ray diffraction studies

Fig. 2. Thermogravimetric method for determination of magnesium hydroxide content (sample mass, 10 mg; heating rate, 30◦C min−1;
atmosphere, argon).

showed that magnesium hydroxide was the main prod-
uct of the ageing reaction. This was measured quan-
titatively using the thermogravimetric method already
described. A typical experimental curve is shown in
Fig. 2. The magnesium hydroxide contents were de-
termined from the TG curve after the application of a
small buoyancy correction.

The results of duplicate TG measurements on the
residues from two calorimetric experiments after 28
days are shown inTable 1. It can be seen that there is
good reproducibility between the individual duplicate
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measurements. The cumulative heats are also given in
theTable 1. The similarity between the heats, together
with the closeness of the TG measurements, indicates
that a similar amount of ageing had taken place in the
two calorimetric experiments.

Further determinations of magnesium hydroxide
were carried out on samples aged in the TAM for
periods ranging from 3.5 to 14 days. The amount of
magnesium hydroxide formed is plotted against the
time of ageing inFig. 3. Also included are the re-
sults from the 28 days experiments. The results show
that the magnesium hydroxide content increased in a

Fig. 3. Plot of Mg(OH)2 formed against time of ageing for magnesium samples in air at 50◦C and 65% RH.

Fig. 4. Plot of Mg(OH)2 formed against cumulative heat for magnesium samples aged in air at 50◦C and 65% RH.

Table 1
TG Determination of magnesium hydroxide content of magnesium
powder aged in air for 28 days at 50◦C and 65% RH

Experiment Mass loss (%) Mg(OH)2 (%) Heat (J g−1)

1 2.74 8.88 415
2.73 8.84

2 2.64 8.54 410
2.68 8.69

Mean 2.70± 0.05 8.74± 0.15 413± 3
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Fig. 5. Heat flow curves for (a) a 50% Mg–50% KNO3 Composition and (b) magnesium (0.5×) (sample mass, 100 mg; 50◦C; 65% RH;
atmosphere, air).

linear manner with the time of ageing. Measurements
on the unaged sample showed that this already con-
tained a significant amount of magnesium hydroxide
(2.8%).

The amount of magnesium hydroxide formed is
plotted against the cumulative heat inFig. 4. The in-
crease in the amount of magnesium hydroxide with
time of ageing correlates well with the corresponding
increase in the cumulative heat. The results point to
the reaction,

Fig. 6. Cumulative heat curves for (a) a 50% Mg–50% KNO3 composition and (b) magnesium (0.5×) (sample mass, 100 mg; 50◦C; 65%
RH; atmosphere, air).

Mg + 2H2O → Mg(OH)2 + H2

being the major component of the ageing process.

3.1.2. 50% Mg–50% KNO3 composition
The heat flow and cumulative heat flow curves

obtained by microcalorimetric studies on the 50%
Mg–50% KNO3 composition over a 28 days period
are shown inFigs. 5 and 6, respectively. The curves
are compared with those for the same amount of
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Fig. 7. Heat flow curve for potassium nitrate (sample mass, 100 mg; 50◦C; 65% RH; atmosphere, air).

magnesium as present in the composition. It can be
seen that the heat flow from the pyrotechnic com-
position is markedly greater than that given by the
magnesium alone. This is particularly significant in
the initial stages of ageing. Calorimetric experiments
with potassium nitrate alone in the presence of water
vapour gave a negligible heat output (Fig. 7). It is
therefore clear that the ageing process in the compo-
sition in the presence of water vapour must involve
interaction between magnesium and potassium ni-
trate. Experiments with samples in argon showed a

Fig. 8. Comparison of cumulative heat curves for a 50% Mg–50% KNO3 composition (a) in air and (b) in argon (sample mass, 100 mg;
50◦C; 65% RH).

15% reduction in the cumulative heat measured over
28 days (Fig. 8), thus indicating that aerial oxygen
plays a part in the ageing process in contrast to the
observations with magnesium alone.

X-ray diffraction and FTIR studies confirmed that
magnesium hydroxide was the main product formed
in the ageing process. FTIR measurements also ap-
peared to indicate the presence of a small amount of
nitrite. In order to follow quantitatively the amount of
magnesium hydroxide formed as a function of time,
a series of microcalorimetric experiments was carried



S.D. Brown et al. / Thermochimica Acta 401 (2003) 53–61 59

Fig. 9. Plot of Mg(OH)2 formed against time of ageing in air at 50◦C and 65% RH for (a) a 50% Mg–50% KNO3 composition and (b)
magnesium (0.5×).

out to age the pyrotechnic composition for time peri-
ods ranging from 3.5 to 21 days.

The amount of magnesium hydroxide formed is
plotted against the time of ageing inFig. 9, together
with the results obtained after 28 days. Also shown
is the amount of magnesium hydroxide formed by
the equivalent amount of magnesium. The quantity
of magnesium hydroxide given by the pyrotechnic
composition is markedly greater than that formed by
magnesium alone and this difference is particularly
significant in the initial stages of ageing. This re-

Fig. 10. Plot of Mg(OH)2 formed against cumulative heat for a 50% Mg–50% KNO3 composition aged in air at 50◦C and 65% RH.

flects the increased heat observed for the pyrotechnic
system compared with that for magnesium.

There is a good correlation between the amount of
magnesium hydroxide formed and the heat evolved
from the Mg–KNO3 composition (Fig. 10). The
amounts of magnesium hydroxide found are con-
siderably greater than those measured by Spasojevi
et al. [3] after ageing at 65◦C, in spite of the higher
humidity used by these authors[3]. However, the
experimental conditions adopted by Spasojevi et al.
were different to those used in the present work and
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Table 2
Ignition temperatures determined by DSC for a 50% Mg–50%
KNO3 composition aged in air for different times at 50◦C and
65% RH

Age (days) Ignition temperature (◦C)

0 627 ± 3
1 633± 0
2 639± 1
3 643± 1
5 647± 1
7 645± 1

14 645± 1

DSC conditions: sample mass, 10 mg; heating rate, 50◦C min−1;
atmosphere, argon.

the type of magnesium was not specified which makes
comparison difficult.

3.2. High temperature DSC studies

High temperature DSC studies were carried out un-
der ignition conditions to investigate the influence of
the ageing process on the high temperature pyrotech-
nic reaction. The ignition temperature of samples aged
from 1 to 14 days is shown inTable 2. The values
increased rapidly over the first 5 days of ageing and
then remained unchanged on further ageing. The DSC
curves for the compositions aged for 1 and 2 days
(Fig. 11) show that the pre-ignition exothermic reac-
tion given by the unaged composition was significantly

Fig. 11. DSC curves for a 50% Mg–50% KNO3 composition (a) unaged and aged for (b) 1 and (c) 2 days in air at 50◦C and 65% RH
(sample mass, 10 mg; heating rate, 50◦C min−1; atmosphere, argon).

reduced after only 1 day of ageing. The proximity of
the ignition temperature after 5 days of ageing to the
melting temperature of magnesium (650◦C) suggests
that fusion of unreacted magnesium may be the trig-
ger for ignition in these compositions.

3.3. Modulated temperature DSC studies

MTDSC has been shown to have a number of ad-
vantages over conventional DSC in the study of py-
rotechnic systems[6]. The resolution of the normal
DSC signal into the reversing and non-reversing com-
ponents enables the fusion behaviour of the oxidant to
be observed even in the presence of the highly exother-
mic reaction between the oxidant and the fuel.

In the present work, MTDSC measurements showed
that the pre-ignition reaction in the 50% Mg–50%
KNO3 composition started at about 330◦C. This is in
the region of the fusion of potassium nitrate, which is
shown by a sharp endothermic peak. The influence of
ageing is clearly demonstrated inFig. 12, where the
total heat flow signal after ageing for just 1 day shows
no sign of this low temperature pre-ignition reaction.
A comparison between the reversing signals for un-
aged and aged samples shows that ageing for 1 day
produces a broader melting peak with a reduced melt-
ing temperature. The endotherm at 275◦C observed
in the total heat flow signal for the aged composition,
is due to the decomposition of magnesium hydroxide
and hence does not appear in the reversing signal.
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Fig. 12. MTDSC curves for a 50% Mg–50% KNO3 composition (a) unaged and (b) aged in air at 50◦C and 65% RH for 1 day (sample
mass, 5 mg; heating rate, 3◦C min−1; atmosphere, helium; period, 30 s; amplitude, 0.1◦C).

4. Conclusions

Microcalorimetric studies of the ageing of 50%
Mg–50% KNO3 in air at 50◦C and 65% RH have
shown that potassium nitrate plays an essential role
in the increased rate of ageing compared with that
of magnesium alone. The major product of ageing
is magnesium hydroxide and a good correlation has
been found between the heat evolved in the ageing
process and the amount of magnesium hydroxide
formed. High temperature DSC and MTDSC studies
have shown that the high temperature reaction be-
tween magnesium and potassium nitrate is affected
directly by the ageing process at 50◦C and 65% RH.

Work is in progress to make additional quantitative
measurements of the components of aged samples
including total magnesium, nitrate and nitrite con-
tents. In addition, a technique has been developed for
free magnesium determination with samples in the
mass range 10–20 mg. It is hoped that these meth-
ods, in conjunction with the thermal studies, will
provide a better insight into the ageing process of

the magnesium–potassium nitrate system and other
nitrate-based pyrotechnic compositions.
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