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Abstract In order to investigate relative reactivity of dif-
ferent oxidants in solid-state reactions of pyrotechnic
mixtures, thermal properties of Sn + Sr(NO;3), Sn +
Ba(NOs;),, and Sn + KNO; pyrotechnic systems have been
studied by means of TG, DTA, and DSC methods and the
results compared with those of pure oxidants. The apparent
activation energy (E), AG*, AH", and AS" of the combustion
processes were obtained from the DSC experiments. The
results showed that the nature of oxidant has a significant
effect on ignition temperature, and the kinetic of the pyro-
technic mixtures’ reactions, and the relative reactivity of
these mixtures was found to obey in the following order:
Sn + Sr(NOs); > Sn 4 Ba(NOj3), > Sn + KNOs.

Keywords Pyrotechnic - Oxidant effect - Nitrate salts -
Tin powder - Thermal ignition - Kinetic parameter

Introduction

Solid-state redox reactions occurring in pyrotechnics mix-
tures are accompanied with generation of heat, light, or
color and used in emergency signaling, fireworks, air bag
inflators, and special effects devices for the entertainment
industry [1]. A pyrotechnic mixture consists of one or more
oxidizers together with one or more fuels. Oxidizers used
in pyrotechnics, such as potassium nitrate, KNO;, are
solids at room temperature and release oxygen when heated
to elevated temperatures. The oxygen then combines with
the fuel, and heat is generated by the resulting chemical
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reaction. For such a chemical system, the ignition tem-
perature is defined as onset temperature for a rapid, self-
propagating reaction between the oxidizer and the fuel [2].

In order to predict the reaction behavior of a pyrotechnic
composition, it is not possible, or only partly possible, to
apply the theory of inorganic chemistry which bases on
chemical redox reactions in solutions. Pyrotechnic reac-
tions are high-temperature redox reactions; they take place
in a temperature range of 1,500-4,000 °C.

Thermal methods of analysis are now firmly established
in many fields in which reactions show exothermic or
endothermic changes with variation of temperature. Pyro-
technic compositions react at solid state to give out a large
amount of heat and, therefore, are suitable subjects for
study by these techniques [3, 4].

The rate of combustion process and the ignition tem-
perature for a pyrotechnic system depend on various oxi-
dant properties such as oxidant’s nature, the ability of the
oxidizer to release oxygen, its decomposition temperature,
and the net heat input required for its decomposition.
Therefore, the selection of a suitable oxidant is a critical
parameter for the efficiency of pyrotechnic systems [5].
The oxidants used in this study include KNO;5, Ba(NOs),,
and Sr(NO3),, however, the use of KNO; has been found to
be fairly widespread as an oxidizing agent in the pyro-
technic industry [6, 7]. Although, Ba(NO3), and Sr(NOs),
were rarely used as oxidants in pyrotechnic systems, the
use of these two nitrate salts in light-producing composi-
tions has been investigated in pyrotechnic studies [8, 9].

In this study, tin powder was used as fuel for pyro-
technic systems. At ordinary temperatures, tin is stable in
air. It actually forms a very thin protective oxide film. In
powder form, and especially in the presence of moisture, it
oxidizes. When heated with oxygen, it forms tin (IV) oxide,
SnO,. Several studies could be found on the hazards and
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safety of tin powder [10—12]. Some articles [13, 14] have
established possible application of tin powder as fuel in
pyrotechnic systems, but, to the best of our knowledge,
there is no report on the thermal properties of pyrotechnic
systems containing tin powder as fuel.

The aim of this study is to compare the thermal behavior
of three pure nitrate oxidants as individual reactants and
also, that of combustion of their tin-binary pyrotechnic
systems. Non-isothermal kinetic analysis is used to esti-
mate Arrhenius parameters using isoconversional method.
Three new pyrotechnic mixtures, Sn + Sr(NOj),, Sn +
Ba(NOj),, and Sn + KNOj, have been proposed as pyro-
technic systems containing nitrate salts.

Experimental
Materials

Laboratory reagent grade strontium nitrate, barium nitrate,
potassium nitrate, and tin powder were all purchased from
Merck (Tehran, Iran). The particle size of powdered tin
was about 40 pum, and all other oxidants used were sieved
through 30 pm before being mixed with tin powder.

Procedure

The Sn/oxidant binary compositions were initially prepared
based on their reaction stoichiometric ratio (as presented in
Table 1) through wet mixing in acetone. After evaporation
of the solvent, small quantities of the pyrotechnic mixtures
were carefully sieved through a slightly coarser sieve than
the particles [15].

A thermobalance (Stanton, model TR-01, sensitivity
0.1 mg) with a differential thermal analysis attachment
(STA 1500) was used for TG/DTA studies. In this study,
the TG/DTA thermogram of pure compounds and mixtures
were studied, separately under similar conditions (the
pressure during heating was 1 bar; the sample’s mass was
3.0 mg and heating rate 10 °C min~'). Argon atmosphere
was used in this study to investigate the thermal behavior
of pure oxidants and mixtures also; air atmosphere was
used for tin powder. Before testing, all the samples were
stored in a vacuum oven at 65 °C at least for 3 h. The
thermochemical behavior of pure tin powder, Sr(NOj3),,
Ba(NOs3),, KNOj, and also mixtures of them was charac-
terized according to Table 1.

DSC experiments were run with a DuPont DSC model
910 at the heating rates of 10, 20, 30, 40 °C min~" with
temperature ranging from 50 °C up to the end of the
reaction. DSC measurements were conducted by placing
3.0 mg of mixtures in an alumina pan with a perforated
cover under argon atmosphere (40 mL min™ ).

Results and discussion
Thermal properties of pure compounds

The oxidation of tin powder was studied by simultaneous TG/
DTA in air at the heating rate of 10 °C min~"'. The results are
shown in Fig. 1a. No thermal event was observed prior to the
melting point near 232 °C, when the tin undergoes a sharp
endothermic phenomenon involving melting. Above this
temperature, the tin fuel, in the first step of its oxidation, is
oxidized to SnO by air at a maximum of 577 °C peak tem-
perature, and the sample mass increases, as shown in the DTA

Table 1 Summary of experimental results for DTA/TG of pure components and mixtures

No. Component Composition/% Transition temperature®/°C
Fusion® Trnax’ AT?

1 Sn 100 232 577, 750 550-900 (increase)
2 Sn® 100 2339 585.5, 800 555-920 (increase)
3 Sr(NOs), 100 571 658 560-700 (decrease)
4 Ba(NOs), 100 588 685 575-778 (decrease)
5 KNO; 100 337 695 500-800 (decrease)
6 Sn + Sr(NO3), 36/64 235 437, 552.2 420-610 (decrease)
7 Sn + Ba(NO3), 31.3/68.7 236 462.6, 527.7 450-555 (decrease)
8 Sn + KNO;3 46.9/53.1 237, 339 485.5 482-510 (decrease)

# These temperatures are peak temperatures at maximum heat flux

° Fusion temperatures for the mixture are related to fuel and oxidant, respectively

¢ Tmax is maximum temperature of oxidation (No. 1, 2), decomposition (No. 3, 4, 5), and ignition phenomenon (No. 6, 7, 8)

9 AT is Temperature range associated with a variation in the sample’s mass

° These data were obtained at a heating rate of 20 °C min~'
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Fig. 1 TG and DTA curves for 160 2 160 2
. 577 °C
neat tin powder (a) and (b), 150 150 585.5°C 800°C
strontium nitrate (c), barium
. . 140 140
nitrate (d), and potassium
nitrate (e); (sample mass was R 130 L e
. B o
3.0 mg; heating rate of 8 120 2 G 120
P— 2]
20 °C min~" for b and = E S 0
10 °C min~! for other samples; <
. 100 100
air atmosphere for a and b, o 05 JUR am = +18% 05
and argon atmosphere 90 ' %0
for ¢, d, and e) 80 1 80 -1
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Temperature/°C Temperature/°C
(a) Tin Powder (b) Tin Powder
110 2 110 5
o > N
S E 3
g 5 2
=
658°C 685 °C
20 —1 20 -1
400 500 600 700 800 900 400 500 600 700 800 900
Temperature/°C Temperature/°C
(C) Strontium nitrate (d) Barium nitrate

120

2

100

80

60

Mass/%

40

20

1.5

1

0.5

AT/mV

and TG curves. The oxidation process is continued, and the
produced SnO, in the second step of tin oxidation, is oxidized
to SnO, by air at maximum 750 °C peak temperature, and the
sample mass again increases. This second peak is observed as
a shoulder of the first oxidation peak. Thus, complete oxida-
tion of tin fuel with a mass gain of 26%, occurred in the
temperature range of 550-900 °C [16]. After complete oxi-
dation of the sample, SnO, was produced (1).

Sn(lig) + Ox(g) — SnO,(s) (1)

The results of TG/DTA studies for oxidation of tin
powder in air at the heating rate of 20 °C min~" are shown
in Fig. 1b. As shown in this figure, at higher heating rates,
the oxidation of tin powder takes place in two separate

0 200 400 600 800

Temperature/°C
(e) Potassium nitrate

steps, and two exothermic peaks corresponded to the oxi-
dation steps are well resolved. The melting point of tin
powder, at the heating rate of 20 °C min~!, was shifted to
233.9 °C, and complete oxidation of tin fuel occurred in
the temperature range of 555-920 °C with two exothermic
peaks appearing at maximum of 585.5 and 800 °C.

These results show that as the heating rate increases, tin
smelt oxidizes to SnO and SnO, in air at higher tempera-
tures. The following exothermic reactions occur between
tin fuel and oxygen:

2Sn(liq) + O2(g) — 2SnO(s)
2Sn0(s) 4+ 0,(g) — 2Sn0;(s)

First stage
Second stage (3)
Sn(lig) + O,(g) — SnO,(s) Total oxidation reaction
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A comparison of Figs. 1a and b shows that heating rate
plays a major role on the oxidation mechanism of tin powder.
Atlow heating rate, the oxidation steps of tin are consecutive,
and exothermic peaks are overlapped; however, at higher
heating rates, these peaks are resolved and oxidation process
takes place during two separate stages.

The DTA and TG curves for pure strontium nitrate are
shown in Fig. lc. The strontium nitrate undergoes two
overlapping consecutive endothermic phenomena includ-
ing melting and decomposition at peak temperatures of 571
and 658 °C, respectively. The thermal events are accom-
panied with a 52% mass loss. Previous studies [17, 18]
have shown that strontium nitrate has two different
decomposition mechanisms depending on the reaction
temperature. At low temperature, strontium nitrate
decomposes endothermically near to its melting point
according to the following mechanism:

Sr(NOs),(lig) — Sr(NO3),(s) + Oa(g)
Sr(NO3),(s) — SrO(s) + NO(g) + NO,(g)

First stage  (5)

Second stage (6)
Sr(NO3),(liq) — SrO(s) + NO(g)
+ NOy(g) + Ox(g) Total reaction (7)

Strontium nitrite, Sr(NO,),, is formed as an intermediate
in this decomposition reaction, and a substantial quantity of
the nitrite can be found in the ash of low flame temperature
mixtures. At higher reaction temperatures, the decom-
position mechanism is as follows:

. 3
SI‘(NO3)2(11q) — SI"O(S) + ZNO(g) + EOz(g)
First stage

(3)

Produced NO gas by the reaction is accompanied by
nitrogen dioxide/nitric oxide equilibrium as follows:

2NO,(g) =2NO(g) + O2(g) )

All oxides of nitrogen can eventually be reduced to
molecular nitrogen:

INOs () — 2NO(g) + Os(g) — N-0(g) +3 Os(g)
— Ny(g) +20,(g) Second stage (10)

These reactions occur as per the following overall
reaction scheme:

Sr(NO3),(liq) — SrO(s) + Na(g) + %02(g)

Total reaction

(11)

This is a very strong endothermic reaction, with a heat
of reaction of +385 kJ mol_l, and corresponds to an active
oxygen content of 37.7%. Little ash is produced by this
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high-temperature process, which occurs in mixtures
containing magnesium or other “hot” fuels [17].

Thermal analysis (TG/DTA) of pure barium nitrate
indicated that Ba(NOj), melts at 588 °C with a strong
endothermic peak (Fig. 1d), which subsequently decom-
posed at 685 °C. This result agrees with the TG curve
showing that barium nitrate decomposes at 575-778 °C
temperature range with 42% mass loss. Previous studies
[19, 20] have shown that barium nitrate decomposes sim-
ilar to strontium nitrate with two, low and high tempera-
tures mechanisms as follow:

Low temperature
Ba(NO3),(liq) — BaO(s) + NO(g) + NOz(g) + Oz(g)

(12)
High temperature

Ba(NOy), (lig) — BaO(s) + Nofe) +302(e)
Figure le shows the results of DTA and TG curves of
the KNO; sample used in this study. The endothermic peak
at 130 °C corresponds to the crystal change from rhombic
to trigonal structure, whereas the endothermic peak at
337 °C corresponds to the melting point of KNO;. DTA
and TG analyses from the melting point to 500 °C indicate
that KNOj is melting but still neither decomposing nor
gasifying because no change on TG curve is observed.
Therefore, KNOj is stable under melting state during this
wide range (163 °C) of temperature. The gasification
reaction, indicated as a large decrease of TG curve,
started at 500 °C and ended at 800 °C. Accordingly, the
reaction processes of KNOj are suggested as follows:

2KNOs (lig) — K:O(lig) +2NO(g) +30s(g)  (14)

It is clear that the gasification reaction of KNO; is an
endothermic process. On the other hand, previous
investigation on TG-DTA characteristics of KNO; in
nitrogen atmosphere showed that potassium nitrate
decomposition occurs above 500 °C in two partially
overlapping stages (500-770 and 770-1,000 °C). The
mass losses were 72.0 = 1.2% and 14.0 = 1.0% between
500 and 770 °C and between 770 and 1,000 °C,
respectively [21-23].

The proposed mechanism for this reaction could be
written as

2KNO; (liq) — 2KNO; (liq) + Os(g) (15)
2KNO, (lig) — K30(s) + 2NO(g) + 5 O (e) (16)

KO0 is not formed until 1,000 °C and decomposition is
only complete above 1,200 °C [21, 24]. The mass of
residue in N, (12.1 & 1.8% of the original) is less than
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expected for K,O and supports reports of volatilization of
K50 (m.p. 380 °C).

Thermal properties of binary pyrotechnic mixtures

For Sn 4 Sr(NOsj),, as seen in the DTA curve, no change
in the curve of the mixture is observed up to 235 °C
(Fig. 2a) when the mixture undergoes a sharp endothermic
phenomenon containing melting of tin fuel powder. Above
this temperature, there are two exothermic peaks with
maxima of 437 and 552.2 corresponding to the ignition of
tin with released oxygen from oxidant. Total mass loss was
about 24%. By considering mass loss during this reaction
and low temperature decomposition mechanisms of stron-
tium nitrate, the following main reaction between fuel and
oxidant is proposed:

Sn(liq) 4+ Sr(NOs),(s) — SnO,(s) + SrO(s) + NO(g)
+NO(g) (17)
In the TG and DTA curves for Sn + Ba(NO3), shown in
Fig. 2b, no thermal event was observed prior to 236 °C,
when the tin fuel undergoes a sharp endothermic phe-
nomenon involving melting. Above this temperature, there
is an exothermic peak with maximum of 462.6 and which
is continued with a small shoulder at 527.7 corresponding
to the ignition of tin with released oxygen from oxidant.
There is an interval (~ 65 °C) between the first and second

Fig. 2 TG and DTA curves for 110

step of ignition where the oxidant releases whole of its
oxygen content. The mixture gets ignited during this
interval, and the sample mass decreases (by ~21%), as
shown in the DTA and TG curves. The reaction between
fuel and oxidant is a complete reaction:

Sn(liq) + Ba(NO3),(s) — SnO;(s) + BaO(s)

+NO(g) + NO(g) (18)

In the DTA and TG curves for Sn + KNO; mixture
(Fig. 2c), no thermal event is observed prior to 131 °C, at
which potassium nitrate undergoes an endothermic
phenomenon including phase transition. An endothermic
peak at 237 °C is observed, corresponding to a melting of
tin fuel without any decrease in the sample’s mass. After
this, as seen in the DTA curve in Fig. 2c, potassium nitrate
in the mixture undergoes fusion at 339 °C. Above this
temperature, the mixture is ignited exothermally at
485.5 °C. Thus, this temperature corresponds to an
ignition temperature. This result agrees with the TG
curve for this sample with 18% mass loss. Such a
behavior suggests that this pyrotechnic system gets
ignited in single step. The reaction between fuel and
oxidant for this sample is that of complete oxidation:

4KNOj;(lig) 4 3Sn(lig) — 3SnO,(s) + 2K,0(s)

+4NO(g) (19)

All thermal analysis results are summarized in Table 1.

the mixtures of tin powder and
Sr(NO3), (a); tin powder and
Ba(NO3;), (b); and tin powder
and KNOj; (c); (sample mass
3.0 mg; heating rate
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Effect of heating rate

Figure 3 shows DSC curves for the ignition of
Sn + Sr(NO3), pyrotechnic mixture at several heating
rates. The curves show that as the heating rate was
increased, the melting and ignition peaks of mixture were
shifted to higher temperatures. As shown in Table 2, this
trend was observed for all mixtures.

Kinetics of thermal ignition

Potential hazards associated with the thermal behavior of
energetic materials require that stability evaluation and
decomposition kinetics be carried out to insure their safe
processing, handling, and storage. In this study, kinetic
parameters were determined using Kissinger approach
[25]:

In this method starting from

de A

d_(: =5 eP(-E/RT) (1 - 2)'
where, o is degree of conversion, A the pre-exponential or
Arrhenius frequency factor, ¢ the heating rate, E the
activation energy (kJ mol™'), R the gas constant, T the
temperature of the sample, and n the reaction order.

(20)

o T

]% =g(n) = % / exp <;—5> dar (21)
0 70
ln% = ln%-;—g (22)

Kissinger [25] had suggested several approaches for
apparent kinetic parameter calculation, from DSC data:
A E 1
In % =In{—) —5-=— for
T2 RT R T,

n=1 (23)

40 °C/min

Heat flow/mW

" " " " " " " " " -1
150 200 250 300 350 400 450 500 550 600 650

Temperature/°C

Fig. 3 The effect of heating rate on the DSC thermal ignition of Sn
and Sr(NOs), mixture
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_ 2RT,
n(l—oy)" '~ 1+ n-1)- for n#0

and n#1 (24)

n=126-5 (25)

where ¢ is the heating rate, R is the gas constant, E is the
activation energy, T, is the temperature of max/min peaks
of DSC curve, o, is the conversion degree to temperature,
T, and S is the form factor which presents the absolute
value of the gradients of DSC curves in the points of min/
max. For the reaction order other than 1, parameters are
calculated from [26, 27]:

C-'.A-R E 1
In iz =In(>——)-=.-— for
T2 E R T,

and n # 1 (26)

which state that activation energy could be calculated from
In (d) / Ti) as the relation 1/T,,, without interfering with the
values of n. On the other hand, the Arrhenius frequency
factor (A) was found for all mixtures from the following
relation [28, 29]:

A = [$E exp(E/RT,)]/RT, (27)

The calculated activation parameters for all mixtures are
given in Table 3.

The entropy of activation (AS¥), the enthalpy of acti-
vation (AH#), and the free energy of activation (AG# )
corresponding to the each mixture were obtained [30].
Table 3 gives the calculated thermodynamic parameters for
the studied pyrotechnic systems.

Critical ignition temperature

The critical ignition temperature (7,) an important
parameter required to insure safe storage and process
operations involving explosives, propellants, and pyro-
technics. It is defined as the lowest temperature to which a
specific charge may be heated without undergoing thermal
runaway [31]. T, may be calculated from inflammation
theory and appropriate thermokinetic parameters, namely,
the activation energy, pre-exponential factor, and heat of
reaction. In order to obtain the critical temperature of
thermal ignition (7}) for the pyrotechnic mixtures, Eqs. 28
and 29 were used [32].

Te = TeO + b(l’)l + C¢1‘27

E? — 4ERT
2R

i=1-4 (28)

7E_

Ty (29)
where b and ¢ are the coefficients, R is the gas constant,
and E is the value of activation energy obtained by kinetic
method.
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Table 2 Effect of heating rate on the melting point and ignition temperature of pyrotechnic mixtures
Sample Heating rate/°C min~" Fuel fusion/°C Oxidant fusion/°C Ignition/°C
Sn + Sr(NO3), 10 235 - 437.0
20 239.6 - 445.5
30 245.5 - 4522
40 256 - 457.3
Sn + Ba(NOs), 10 236 - 462.6
20 243 - 470.1
30 247.5 - 475.5
40 259 - 479.0
Sn 4+ KNO; 10 237 339 485.5
20 242 349 493.3
30 248 352 498.2
40 256 357 500.7
Table 3 Kinetic and thermodynamic parameters of thermal ignition for pyrotechnic mixtures
Mixture E/KJ mol ™ Frequency factor r¥ AG*/KJ mol ™! AH*/KT mol ™ AS*7 mol ™' K™
log A/s™!
Sn + Sr(NO3), 282.1 20.6 0.9962 470.3 2759 —274
Sn + Ba(NOs), 374.3 26.5 0.9990 562.5 368.2 —264
Sn + KNO; 424.7 29.2 0.9988 612.9 418.5 —256

r* Linear regression coefficient

The value (T.y) of the onset temperature (7,) corre-
sponding to ¢ — 0 obtained by Eq. 28 is 422.15, 436.15,
and 482.85 °C for Sn + Sr(NOj3),, Sn + Ba(NOs),, and
Sn + KNO; mixture, respectively.

The critical temperatures of thermal explosion (7})
obtained from Eq. 29 is 436.85, 447.53, and 494.53 °C for
Sn + Sr(NO3),, Sn + Ba(NOs3),, and Sn + KNO; mix-
ture, respectively.

Effect of cation type on oxidant thermal behavior

In this study, the thermal behavior of three nitrate salts
containing various cations (strontium, barium, and potas-
sium) commonly used as pyrotechnic oxidants was studied
in identical conditions. As shown in Fig. 1 and Table 1, the
maximum decomposition temperatures for strontium, bar-
ium, and potassium nitrates in argon atmosphere, are 658,
685, and 695 °C, respectively. Many factors are involved
in the thermodynamics of decomposition, including ionic
size and charge, the hardness or softness of the ions the
crystal structure of the solid, and the electronic structure of
each of the ions. This stability trend may be related to
changes in the degree of interaction between the nitrate and
the cations. The interactions can be expressed in terms of
hard and soft acids and bases (HSAB), in which the metal
cation acts as a Lewis acid, and the nitrate anion as the

Lewis base. These cations belong to hard acid group, and
also nitrate ion is known as a hard base [33, 34]. Hard acids
and bases are small and rigid ions; and hence, ionic
interactions between two hard species are stronger than
those between one hard and one soft species. Relative
stability of ionic bonding in these nitrate salts can be
rationalized based on the ionic potential of metal cations
(i.e., cation charge to radius ratio), because higher ionic
potential in cation causes lowering ionic bonding strength
in nitrate salts. Therefore, the most stable salt, KNOj3 in
which ionic potential of K is lower than that of Ba>" and
Sr** in Ba(NOj), and Sr(NOs), respectively, has the
greatest stability and the lowest tendency to undergo
decomposition.

Comparison of ignition temperatures of mixtures

In this study, the thermal behavior of three pyrotechnic
mixtures was studied in identical conditions. Tin powder,
as seen in Table 1 and Fig. la and b, is a slack fuel and
oxidizes at above 500 °C and may react with oxidant at
higher temperatures (the common temperature for ignition
of pyrotechnic mixture is below 500 °C). Therefore, oxi-
dant nature and heating rate could have significant effects
on tin thermal oxidation. At low heating rate, air oxidation
of tin powder starts at 550 °C, and tin oxidizes to SnO
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intermediate and then, in the next step, SnO reacts to
produce SnO; at 750 °C. By increasing the heating rate, the
exothermic peaks of oxidation reactions are completely
resolved and appearing within a 365 °C temperature range.
These results show that by increasing heating rate, oxida-
tion temperature of tin fuel shifts to higher temperatures.

For the Sn + Sr(NOj), mixture, as seen in Table 1, the
fuel melts at 235 °C and, in the next thermal event, ignition
happens at 437 °C; then, combustion continues until
610 °C with a fall in the mass of sample. By considering
mechanisms for thermal decomposition of pure strontium
nitrate and mass loss of the mixture, it could be concluded
that strontium nitrate decomposes in this mixture according
to the low temperature mechanism, and the combustion
occurs within a 200 °C temperature range. This relatively
wide temperature range implying that combustion power of
the system is not so great as to be suitable for pyrotechnic
system. By replacement of Sr(NO;), in this mixture with
Ba(NO3),, the tin fuel undergoes melting at 236 °C and
ignition steps occur at 462.6 and 527.6 °C. A comparison
of the combustion characteristics of these mixtures shows
that Sn + Ba(NOs), is a more efficient pyrotechnic system
than Sn + Sr(NO3), since combustion power of the former
is higher than that of the latter.

On the other hand, by replacing Ba(NO3), with KNO;
powder, the sensitivity of the mixture is decreased. As seen
in Table 1 and Fig. 2, the melting point for the fuel in this
mixture is 237 °C. Figure 2c¢ shows that the mixture of
Sn + KNOj; ignites at 485.5 °C. The results also show that
the ignition temperature of Sn + KNO; mixture is higher
than that of other mixtures. However, the combustion of
this mixture occurs during single step within a 30 °C
temperature range so that this pyrotechnic mixture is a
more useful and efficient system than the other two. It may
be related to the fact that both fuel and oxidant melt before
the ignition process. A comparison of ignition temperature
of these mixtures is shown in Table 1.

Conclusions

The thermal studies carried out using non-isothermal TG
and DTA in argon atmosphere to characterize thermal
ignition of tin-fueled pyrotechnic mixtures with different
nitrate-based oxidants. The result shows that Sn + KNOj3
pyrotechnic system with the highest ignition temperature is
an efficient pyrotechnic mixture. However, inclusion of
Ba(NOs3), in a mixture with tin powder results in lower
stability and lower ignition temperature, because Ba(NO3),
is less stable than KNOj5. In addition, mixing tin powder as
fuel with Sr(NO3;), instead of Ba(NOs), in a pyrotechnic
composition decreases ignition temperature of the mixture.
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However, this mixture has the lowest efficiency between
the pyrotechnic systems investigated.

It was observed that nature of the cation in nitrate oxidant
is an important factor in the thermal ignition of pyrotechnic
mixtures. Finally, the values E, AS*, AG*, AH", and T, for the
ignition reaction of pyrotechnic mixtures were computed,
and based on thermal properties of mixtures; the following
order in the reactivity of the mixtures was noticed:
Sn 4+ Sr(NO3), > Sn + Ba(NOs3), > Sn + KNOs.
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