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The influence of the fuel to oxidant ratio on the ageing behaviour of the magnesium–strontium nitrate pyrotechnic system in th
f water vapour has been investigated by isothermal microcalorimetry in conjunction with chemical and thermal analysis meas
he major products of ageing were identified as magnesium hydroxide and strontium nitrite. Measurement of the ratio of the
agnesium hydroxide formed to that of strontium nitrate reacted has shown that for compositions containing from 10 to 60% ma
ajor component of the ageing process could be represented by the equation 3Mg + Sr(NO3)2 + 4H2O → 3Mg(OH)2 + Sr(NO2)2 + H2. DSC

tudies have confirmed that the formation of strontium nitrite during ageing has a significant influence on the high temperature p
eaction between magnesium and strontium nitrate.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Thermal techniques are powerful methods for the charac-
erisation of pyrotechnic compositions. These are typically
ased on mixtures of finely divided metal powders with in-
rganic oxidising agents[1]. The compositions have a wide
ange of applications utilising the production of light, heat,
ound or smoke[2]. A high light output is required for com-
ositions that are used as flares or tracers and in these cases
agnesium powder is frequently employed as the fuel.
Pyrotechnic compositions containing magnesium can

egrade during storage. As discussed previously[3], the

∗ Corresponding author.
E-mail address:e.l.charsley@hud.ac.uk (E.L. Charsley).

technique of isothermal heat flow calorimetry is sufficie
sensitive to study the ageing process directly in the
perature range from 25 to 70◦C. We have reported th
application of microcalorimetry to examine the ageing
a 50% magnesium–50% strontium nitrate compositio
air at 50◦C and 65% relative humidity (RH) using clos
ampoules[4]. Comparison of the results with those obtai
for magnesium powder under the same conditions sh
that, following an initial induction period, the pyrotech
composition reacted at a much faster rate than the magn
alone. This demonstrated that the ageing process, i
presence of water vapour, involved a direct reaction betw
strontium nitrate and magnesium.

The main reaction products of ageing were found to
magnesium hydroxide and strontium nitrite and the amo

040-6031/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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formed were correlated with the cumulative heats of age-
ing [4]. DSC studies showed that the formation of strontium
nitrite had a significant influence on the high temperature py-
rotechnic reaction between magnesium and strontium nitrate
which resulted in a reduction in the ignition temperature of
the composition. This increase in reactivity was in contrast to
the expected behaviour where ageing normally reduces the
reactivity of a pyrotechnic system and hence increases the
ignition temperature.

The magnesium–strontium nitrate system does not seem to
have been studied previously by isothermal microcalorime-
try. Barǐsin et al. [5–8] have investigated magnesium-
strontium nitrate compositions that also contained potassium
perchlorate, an aluminium–magnesium alloy and a phe-
nolformaldehyde resin binder. The samples were aged in
hermetically sealed containers and removed at intervals for
examination by IR spectroscopy and X-ray diffraction. The
results in our studies cannot be compared directly with those
obtained by Barǐsin et al. This is due to the markedly higher
humidities used in their work, which in some cases would
have been above the deliquescence point of strontium nitrate
[4].

In the present paper, the influence of the fuel to oxidant
ratio on the extent and nature of the ageing process has been
evaluated by studying magnesium–strontium nitrate compo-
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electrode (ISE). Since nitrite interfered with the ISE mea-
surements it was removed by the addition of sulphamic acid.

High temperature DSC under ignition conditions was
carried out using an apparatus especially modified for
pyrotechnic studies[9]. Measurements were made on 20 mg
samples, which were heated in 2 cm long quartz crucibles,
at 50◦C min−1 in flowing argon. Shallow inconel crucibles
containing titanium powder were placed on top of the DSC
head to reduce the level of oxygen impurity in the argon.
A photocell was used to detect the light emitted as the
composition ignited.

Experiments were also performed on the aged samples un-
der non-ignition conditions, over the temperature range am-
bient to 500◦C using a Mettler DSC 822e. The measurements
were made on 10 mg samples, in alumina crucibles with lids,
at a heating rate of 10◦C min−1 in an argon atmosphere.

3. Results and discussion

3.1. Microcalorimetry studies

Preliminary experiments at 50◦C and 69% RH on the
composition containing 50% magnesium confirmed the large
reduction in induction period before the onset of the main re-
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itions containing from 10 to 90% magnesium. The exp
ents have been carried out in air at 50◦C and 69% RH in

losed ampoules. The RH has been increased from the
f 65% used previously to reduce the complications du

he variation in the time before the onset of the main reac
hich was observed at the lower humidity.

. Experimental

The binary compositions were prepared from Grade 4
agnesium (to Defence Standard 13-130/1) and stron
itrate (to Defence Standard 68-40/2). The strontium ni
as dried at 80◦C and passed through a 125�m sieve befor
se. Compositions containing from 10 to 90% magnesiu
0% increments were prepared by blending the compo

n a Turbula mixer.
Microcalorimetric measurements were performed

00 mg samples at 50◦C and 69% RH using a Thermom
ic Model 2277 Thermal Activity Monitor. The samples w
ealed into 3 cm3 glass ampoules and the humidity was m
ained using a saturated solution of sodium nitrate conta
n a small tube placed in the ampoule. The experiments
arried out over a period of 28 days and the heat flow from
amples was monitored continuously throughout the ag
eriod.

The experimental procedures for analysis of the aged
les have been described previously[4]. The aged compo
itions were analysed for water and magnesium hydro
ontent by thermogravimetry (TG), for nitrite using a sp
rophotometric method and for nitrate using an ion sele
ction on increasing the relative humidity from 65 to 6
4]. Duplicate experiments over a 28 day period gave g
eproducibility and one of the curves is shown inFig. 1. It can
e seen that following an induction period of approxima
days, the heat flow signal rose rapidly to give a peak
days. The heat flow decreased to a minimum after a

2 days and then increased slowly for the remainder o
xperiment.

Selected heat flow curves for other compositions in
ange are also given inFig. 1. Apart from the sample co
aining 10% magnesium, all the compositions showed a
efined peak. The values obtained for the maximum hea
ignal increased with increasing magnesium content u

ig. 1. Heat flow curves for magnesium–strontium nitrate compositions
aining (a) 10% Mg, (b) 30% Mg, (c) 50% Mg, (d) 70% Mg and (e) 9
g (sample mass, 100 mg; 50◦C, 69% RH; atmosphere, air).
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Fig. 2. Maximum heat flow signals for a range of magnesium–strontium
nitrate compositions (sample mass, 100 mg; 50◦C, 69% RH; atmosphere,
air).

70% magnesium and then showed a small decrease (Fig. 2).
A short induction period was observed before the onset of
the main reaction and the time to reach the peak maximum
decreased from over 6 days for the 20% magnesium composi-
tion to between 2 and 3 days for the compositions containing
70–90% magnesium.

The shape of the heat flow curves for the compositions
containing 20–40% magnesium was similar to that observed
for the 50% magnesium composition. However, for com-
positions containing more than 50% magnesium the curves
showed a discrete reduction or step change in the signal fol-
lowing the peak maximum. The time to the onset of the step
change showed a linear decrease with increasing magnesium
content and reduced from about 22 days for the 60% magne-
sium composition to below 8 days for the sample containing
90% magnesium. The magnitude of the step increased from
20�W g−1 at the 60% magnesium level to 2050�W g−1 for
the 90% magnesium composition and occurred in two stages
for the compositions containing from 70 to 90% magnesium.
These changes are discussed later in the context of the ana-
lytical results.

The cumulative heat measured over 28 days for the in-
dividual compositions is plotted as a function of magne-
sium content inFig. 3. The total amount of heat evolved
increased with the magnesium content up to 80% magne-
s sium
c ation
b mu-
l

sium
c lts to
t 70%
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s ation
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Fig. 3. Plot of cumulative heat at 28 days against magnesium content for a
range of magnesium–strontium nitrate compositions (sample mass, 100 mg;
50◦C, 69% RH; atmosphere, air).

The results of the magnesium hydroxide determinations
on the aged compositions are shown inFig. 4, together
with the measured water contents. The amount of hydrox-
ide present increased with magnesium content and reached a
maximum of 29.5% at 70% magnesium. The water content
increased linearly with increasing magnesium concentration
and reached a maximum value of 2% at 60% magnesium.
At higher magnesium concentrations the amount of water
present decreased.

The amount of strontium nitrate in the aged composition
decreased in a linear manner with increasing magnesium con-
tent and at 60% magnesium only about 3% of nitrate remained
(Fig. 5). Strontium nitrite was present in all the aged compo-
sitions with the exception of the composition containing 90%
magnesium. The amount of nitrite increased with increasing
magnesium content and reached a maximum value of 18.7%
for the composition containing 60% magnesium (Fig. 5). The
nitrite present then decreased rapidly on increasing the mag-
nesium content further and only 1% nitrite was found in the

F ge of
m
f

ium and showed a small decrease for the 90% magne
omposition. In addition, there appeared to be a correl
etween the maximum heat flow signal and the total cu

ative heat for each composition.
Microcalorimetry measurements on the 50% magne

omposition in an argon atmosphere gave similar resu
hose obtained in air, as did a single experiment on the
agnesium composition. The presence of oxygen doe

herefore seem to be playing a significant part in the rea
etween magnesium and strontium nitrate up to 70% ma
ium. At higher magnesium levels there was some indic
f increased reaction in the presence of air but further w
ould be required to confirm this.
ig. 4. Plot of magnesium hydroxide and water contents for a ran
agnesium–strontium nitrate compositions aged at 50◦C, 69% RH in air

or 28 days.
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Fig. 5. Plot of strontium nitrate and nitrite content against magnesium con-
tent for a range of magnesium–strontium nitrate compositions aged at 50◦C,
69% RH in air for 28 days.

aged 80% magnesium composition. The amount of water in
the aged compositions showed a direct correlation with the
amount of nitrite formed indicating that the nitrite was con-
verted into the monohydrate.

The analytical results for strontium nitrate and nitrite lead
to a possible explanation for the steps observed in the heat
flow curves for compositions containing 60% and above
of magnesium. In these compositions there is only a small
amount of nitrate remaining at the end of the ageing process.
Strontium nitrite was found to be absent in the aged residue
from the composition containing 90% magnesium and there
was only 1% present in the residue from the 80% magnesium
composition. The rapid decrease in the heat flow is therefore
considered to be related to the exhaustion of the nitrate and
for the compositions containing 80 and 90% magnesium also
nitrite.

The amount of magnesium hydroxide present in the aged
composition was corrected for the increase in mass of the
sample on ageing to give the amount present in 1 g of compo-
sition. The amount formed was then obtained by subtracting
the hydroxide values determined for the unaged composi-
tions. A similar approach was used to determine the amount
of strontium nitrate reacted and the amount of strontium ni-
trite formed.

The results are plotted as a function of cumulative heat for
c
I trate
a near
f ndi-
c are
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c f the
m ed by
E

Fig. 6. Plot of (a) strontium nitrate reacted, (b) magnesium hydroxide formed
and (c) strontium nitrite formed against cumulative heat for a range of
magnesium–strontium nitrate compositions aged at 50◦C, 69% RH in air
for 28 days.

The cumulative heat for a sample mass of 1 g is plotted
as a function of the amount of magnesium reacted inFig. 7.
The values for magnesium were calculated from the amount
of magnesium hydroxide formed on the assumption that no
other magnesium products were formed. The slope of this plot
gave an internal energy of reaction of−20.5 kJ g−1 of mag-
nesium. The standard thermodynamic internal energy change
calculated fromEq. 1, assuming that the water is in the gas
phase, is−21.7 kJ g−1 of magnesium (the standard state val-
ues relate to 25◦C, but the heat capacity correction to 50◦C
will be small). The closeness of these results lends support to
the proposed reaction stoichiometry. However, it should be
noted that contribution to the overall heat of reaction from
the hydration of the anhydrous strontium nitrite has been ne-
glected, since a value for the heat of formation of the mono-
hydrate does not appear to be available.

It can be seen fromFig. 5 that the amount of stron-
tium nitrite present decreased rapidly as the magnesium

F unt of
m posi-
t

ompositions containing up to 60% magnesium inFig. 6.
t can be seen that the consumption of strontium ni
nd the production of magnesium hydroxide are both li

unctions of cumulative heat. The ratio of the slopes i
ate that approximately 3 mol of magnesium hydroxide
ormed for each mol of strontium nitrate reacted. This i
ates that a major component of the ageing process o
agnesium–strontium nitrate system may be represent
q. (1).

3Mg + Sr(NO3)2 + 4H2O

→ 3Mg(OH)2 + Sr(NO2)2 + H2 (1)
ig. 7. Plot of cumulative heat for a sample mass of 1 g against amo
agnesium reacted for a range of magnesium–strontium nitrate com

ions aged at 50◦C, 69% RH in air for 28 days.
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concentration was increased above 70%. This indicates that
strontium nitrite can react with magnesium in the presence
of moisture. Since strontium nitrite is not available commer-
cially, a sample is being synthesised and microcalorimetry
studies will be performed on a magnesium–strontium nitrite
mixture to ascertain the nature and extent of the reaction.

3.2. DSC studies

DSC has been used to evaluated the influence of ageing on
the reactivity of the compositions by comparing the results
obtained for aged and unaged compositions. The experiments
were carried out under both ignition and non-ignition condi-
tions.

Studies on the unaged compositions under ignition condi-
tions showed that ignition was achieved for samples contain-
ing from 20 to 80% magnesium. Representative curves are
shown inFig. 8, together with a plot for strontium nitrate ob-
tained under the same conditions. For the compositions con-
taining 40 to 80% magnesium, a single exothermic peak was
given which resulted in ignition. A more complex pattern was
observed for the lower magnesium content mixtures. This is
considered to reflect the overlap of the exothermic pyrotech-

F
m
r

Fig. 9. Plot of ignition temperature against magnesium content for a range
of magnesium–strontium nitrate compositions (a) unaged and (b) aged for
28 days in a closed ampoule in air at 50◦C and 69% RH (sample mass,
20 mg; heating rate, 50◦C min−1; atmosphere, argon).

nic reaction with the fusion and decomposition of strontium
nitrate, which was observed above 650◦C. The ignition tem-
peratures are plotted as a function of magnesium content in
Fig. 9and show a reduction from about 640◦C for the 20%
magnesium composition to 595◦C for the 40% magnesium
composition. There were no marked changes in the ignition
temperature on increasing the magnesium concentration fur-
ther.

DSC measurements, under ignition conditions, on the
aged compositions confirmed that the ageing process has a
marked influence on the high temperature pyrotechnic re-
action and ignition was only achieved for the compositions
containing from 20 to 50% magnesium. Representative DSC
curves are given inFig. 10and the ignition temperatures are
plotted inFig. 9. The aged compositions showed a linear in-
crease in the ignition temperature with magnesium content
rising from 570◦C for the 20% magnesium composition to
590◦C for the 50% magnesium composition. Comparison of
the ignition temperatures for the aged and unaged compo-
sitions showed that the samples containing 20–40% magne-
sium gave a reduction in the ignition temperature on ageing.
This was greatest for the composition containing 20% magne-
sium, which showed a decrease of some 70◦C. The reduction
in the ignition temperature for a given composition on age-
ing decreased with increasing magnesium content and similar
v for
b

R

ig. 8. DSC Curves under ignition conditions for a range of
agnesium–strontium nitrate compositions (sample mass, 20 mg; heating

ate, 50◦C min−1; atmosphere, argon).
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alues were given for the 50% magnesium composition
oth aged and unaged samples.

In our previous paper[4] we showed that at 50◦C and 65%
H the ignition temperature of the 50% Mg–50% Sr(NO3)2
omposition decreased with increasing cumulative hea
inimum value of 560◦C in the region of 700 J g−1 was
iven and the ignition temperature did not change sig
antly on further ageing to 1000 J g−1. Studies in progress o
his composition, where samples are being aged for diffe
imes at 50◦C and an increased humidity of 69% RH, sh
hat similar ignition temperatures are obtained in the cu
ative heat range 500–900 J g−1. As the samples were aged
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Fig. 10. DSC curves under ignition conditions for a range of
magnesium–strontium nitrate compositions aged for 28 days in a closed
ampoule in air at 50◦C and 69% RH (sample mass, 20 mg; heating rate,
50◦C min−1; atmosphere, argon).

higher cumulative heats, the ignition temperature increased
and as indicated above after 28 days (1700 J g−1), were show-
ing similar ignition temperatures to the unaged material.

It can be seen from a comparison ofFigs. 8 and 10that
there are marked differences in the pre-ignition region be-
tween the unaged and aged compositions. In the unaged com-
positions there were no significant reactions below 550◦C.
In contrast, the aged compositions all show exothermic reac-
tions commencing above the endothermic peak due to the de-
composition of magnesium hydroxide in the region of 400◦C.
The initial part of these reactions is shown in more detail in
the DSC curves inFig. 11, which were obtained under non-
ignition conditions.

We have attributed this exothermic reaction to the pres-
ence of strontium nitrite formed in the ageing process[4].
Strontium nitrite has been reported to melt and to undergo
slow decomposition at about 360◦C [10]. This is supported
by our recent work, using simultaneous TG-mass spectrome-
try, where we have observed that aged 50% magnesium–50%
strontium nitrate samples evolved small amounts of NO
above 260◦C and that the rate accelerated markedly above
400◦C [4]. Since strontium nitrate was found by TG-mass

Fig. 11. Comparison of DSC curves for a range of magnesium–strontium
nitrate compositions aged for 28 days in a closed ampoule in air at 50◦C
and 69% RH (sample mass, 10 mg; heating rate, 10◦C min−1; atmosphere,
argon).

spectrometry to decompose above 570◦C [4], we considered
that the nitrite could exhibit increased reactivity towards
magnesium compared with the nitrate. The presence of nitrite
was confirmed by the small endothermic peak at 270◦C on
the DSC curves for compositions containing from 30 to 70%
magnesium and is illustrated inFig. 11for the compositions
containing 40 and 60% magnesium. The peak corresponds
to the reported solid-solid transition in strontium nitrite[10].

The absence of significant low temperature exothermic re-
actions in the compositions containing more than 70% mag-
nesium can be explained on the basis of the chemical analysis
results. These show that significant amounts of strontium ni-
trite were not present.

4. Conclusions

Microcalorimetry studies on a range of magnesium–
strontium nitrate compositions, in conjunction with chem-
ical and thermal analysis measurements on the products of
ageing, have enabled the influence of the fuel to oxidant ratio
on the ageing process to be evaluated. The major products
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of ageing were found to be magnesium hydroxide and stron-
tium nitrite. For aged compositions containing from 10 to
60% magnesium the consumption of strontium nitrate and
the production of magnesium hydroxide were found to be
linear functions of cumulative heat. The ratio of the slopes
indicate that approximately 3 mol of magnesium hydroxide
were formed for each mol of strontium nitrate reacted. This
suggested that a major component of the ageing process of the
magnesium–strontium nitrate system could be represented
by the equation 3Mg + Sr(NO3)2 + 4H2O → 3Mg(OH)2 +
Sr(NO2)2 + H2 and that the mechanism of reaction was inde-
pendent of the amount of fuel present. This has the important
consequence that studies on a selected composition can be
considered to be representative of the system as a whole. The
absence of a significant effect

DSC studies have confirmed that the formation of stron-
tium nitrite during the ageing process has a significant influ-
ence on the high temperature pyrotechnic reaction between
magnesium and strontium nitrate. Compositions containing
from 20 to 40% magnesium gave a reduction in the igni-
tion temperature on ageing for 28 days. This was largest for
the composition containing 20% magnesium, which showed
a decrease of some 70◦C This increase in reactivity is in
contrast to the expected behaviour where ageing normally
reduces the reactivity of a pyrotechnic system.

n car-
r con-
fi ents
a with
s 0%

Sr(NO3)2 composition. It is intended to age the samples suf-
ficiently to react all the nitrate present. This should enable
the contribution of the magnesium–strontium nitrite reaction
to the overall heat flow signal to be assessed. In addition,
ageing studies will be carried out on magnesium–strontium
nitrite mixtures prepared using a sample of strontium nitrite,
which is currently being synthesised.
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