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An advanced kinetic study on the thermal behaviour of pyrotechnic ignition mixtures has been carried out by differential scanning cal-
orimetry using different B/KNO; mixtures (50:50, 30:70, 20:80) as a model reaction. The experimental conditions applied (isochoric
conditions/closed crucibles and isobaric conditions/open crucibles) as well as the composition of the mixtures noticeably influences
the relative thermal stabilities of the energetic materials. The kinetic study focused on the prediction of the thermal stability of the dif-
ferent mixtures both in extended temperature ranges and under temperature conditions at which ordinary investigation would be very
difficult. Using advanced numerical tools [1], thermal ageing and influence of the complex thermal environment on the heat accumula-
tion conditions were computed. This can be done for any surrounding temperature profile such as isothermal, non-isothermal, step-
wise, modulated, shock, adiabatic conditions and additionally for temperature profiles reflecting real atmospheric temperature changes
(yearly temperature profiles of different climates with daily minimal and maximal fluctuations). Applications of accurate decomposi-
tion kinetics enabled the determination of the time to maximum rate under adiabatic conditions (TMR,4) with a precision given by the
confidence interval of the predictions. This analysis can then be applied for the examination of the effects of the surrounding

temperature for safe storage or transportation conditions (e.g. determination of the safe transport or storage temperatures).
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Introduction

To get an ideal ignition of rocket motors containing
composite or double base propellant it is very impor-
tant to use igniter compositions with an excellent per-
formance concerning the production of hot gases,
glowing reaction particles in a short reaction time. On
the other hand, igniter compositions for rocket motors
should not be sensitive towards environmental influ-
ences. To use such compositions to ignite LOVA pro-
pellants of insensitive munitions their ignition level
must be quite high. Additionally such compositions
should not age too fast under normal conditions. Today
the pyrotechnic materials ‘black powder’ or boron/po-
tassium nitrate mixtures are commonly used.
Typical composition of ‘black powder’:

 charcoal 75 mass%
e sulfur 10 mass%
+ potassium nitrate 15 mass%

Typical composition of boron—potassium nitrate
ignitor:
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» boron 30 mass%
* potassium nitrate 70 mass%

The investigations of the decomposition process
and determination of the aging properties of igniters
can be carried out by applying thermoanalytical meth-
ods such as differential scanning calorimetry (DSC) or
thermogravimetry (TG).

Experimental

The DSC data were collected on Mettler Toledo, type
821 thermoanalyzer, Switzerland. The DSC measure-
ments were performed in closed crucibles with a lid
having three small holes and in fully closed high pres-
sure gold crucibles. The applied heating rates were 1,
2,3,5and 10 K min". Figure 1 shows the DSC signal
at 10 K min~' ofa boron/potassium mixture (30:70) un-
der isobaric conditions.

The DSC plot (Fig. 1) shows at a temperature of
134°C an endothermal event resulting from the phase
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Fig. 1 DSC plot of a boron/potassium nitrate composition
30:70 mass%, crucible closed with a perforated lid

transition of potassium nitrate (literature data 129°C).
The endo-peak at 335°C is due to the melting of KNO;
(literature data 334°C) [2]. The rate of exothermal redox
reaction between boron and potassium nitrate has the
maximum at temperature of 537°C. After baseline sub-
traction and normalization, these exothermal peaks ob-
tained by different heating rates were used for the simu-
lations with the AKTS-Thermokinetics software [1].

Calculation methods

Determination of the baseline

The selection of the evaluation range of the baseline
should contain the part of the signals before and after
the occurrence of the thermal effects. Generally the ap-
plication of straight-line form for the baseline is incor-
rect [3]. The recorded signal results not only from the
heat of the reaction but is additionally affected by the
change of the specific heat of the mixture reactant-
products during the progress of the reaction.
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with B(7) the baseline, S(7) the differential signal, the
reaction progress x(7) can be expressed as
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The tangential area-proportional baseline is the
mostly applied type because of its correction possibili-
ties. It is created at x(7)—0 and at x(7)—1 by the ap-
propriate tangents at the beginning or the end of the
measured DSC signal. It allows compensation of not
only changes of the ¢, values of the reactant and prod-
uct, but also of changes in their temperature depend-
ency. This type of baseline can be described by the fol-
lowing equation:

B(T)=[1-x(D))(ar+bi T)+x(T)(ax+b2T) 3)

with (a,+b,T) — tangent at the beginning of the signal
S(T); (ay+b,T) — tangent at the end of the signal S(7).

B(T) can be calculated iteratively. The conver-
gence is achieved as soon as the relative average devia-
tions between two iterations are smaller than an arbi-
trarily chosen value (e.g. 1E-6). Presented in Fig. 2 an
area-proportional baseline has been calculated using
arbitrarily chosen 300 iteration loops.
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Fig. 2 a— DSC heat flow curve and the baseline calculated for
the heating rate of 5 K min ' (open crucibles/isobaric
conditions B/KNO; 20:80 mixture);

[Units of S(T)=(mW mg")], b— inset: DSC heat flow
curve after baseline subtraction and normalization

It is obvious that the baseline determination can
significantly influence the determination of the kinetic
parameters of the reaction. Moreover, the correct base-
line determination should be intimately combined with
the computation of the kinetic parameters for the inves-
tigated reaction. Advanced mathematical procedures
are therefore necessary for an objective calculation of
the most appropriate baseline for each DSC signal.

Kinetic parameters

The noticeable weakness of the ‘single curve’ methods
(determination of the kinetic parameters from single
run recorded with one heating rate only) has led to in-
troducing the ‘multi-curve’ methods over the past few
years: see e.g. the International ICTAC kinetics pro-
ject [4-7]. Only series of non-isothermal measure-

J. Therm. Anal. Cal., 80, 2005



ADVANCED KINETIC TOOLS FOR THE EVALUATION

ments carried out at different heating rates can give a
data set which generally contains the necessary amount
of information required for full identification of the
complexity of a process. This data set usually contains:

« the relationship between specific conversion degree,
x;, and temperatures for different heating rates (non-
isothermal mode)

« the relationship between specific conversion, x;, and
time for different temperatures (isothermal mode)

Commonly applied isoconversional methods are
known as methods of Friedman [8] and Ozawa—
Flynn—Wall [9].

Friedman analysis, based on the Arrhenius equa-
tion, applies the logarithm of the conversion rate dx/d¢
as a function of the reciprocal temperature at different
degrees of the conversion.

ln%

2 :lnA—%ﬁLln[f(xi)] @)

X 1)

with i — index of conversion, j — index of heating rate,
fix) the function dependent on the decomposition
mechanism.

As f(x) is assumed to be constant at each conver-
sion degree x;, the dependence of the logarithm of the
reaction rate over 1/7 is linear with the slope of m=E/R.
If the decomposition follows a single mechanism then
the reaction can be described in terms of a single pair
of Arrhenius parameters and the commonly used set of
reaction models (Table 1). In such cases the reaction
rate can be described by the following expression:

dx _E
TN Aexp[ 7RT(t) ]j(x) (5)

However, this approach is not fulfilled during
most of the decomposition reactions because, as pre-
sented in Fig. 3 for the examined B/KNO; samples, the
activation energy is often strongly dependent on the re-
action progress. Decomposition reactions are often too
complex to be described in terms of a single pair of
Arrhenius parameters and the commonly applied set of

Table 1 The forms of the f{x) function dependent on the reaction
model and their commonly used abbreviations

A1.5: 1.5(1=x)[-In(1-x)]"?
A2: 2(1-x)[-In(1-x)]"?
An: n(1-x)[-In(1-x)]"'"™

Autocatalytic: (1-x)"x™

Fl: 1=«

F2: (1) R2: 2(17x);Z
F3: (1-x)° R3:3(1-07",
Fn: (1—x)" Rn: n(1-x)
0
11:; )zcxl/z DI1: 1/2x y
P3: 3x** D2: [n(1-x)] 1/31-1 2/3
P4 4304 D3: 1.5[1—(1—)15/)3 ] gl—x)
Pn: el D4: 1.5[(1—x) 1]
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Fig. 3 Activation energy of the B/KNO; samples as a function of
the reaction progress for closed and open crucibles. The
activation energy is strongly dependent on the reaction
progress. It can be observed that the different composition
of the mixtures influences strongly the dependence of the
activation energy on the reaction extent. These differences
will strongly influence the prediction of decomposition
progress for other temperature profiles

reaction models. As a general rule, these reactions
demonstrate profoundly multi-step characteristics.
They can involve several processes with different acti-
vation energies and mechanisms. In such situations the
reaction rate can be described only by complex equa-
tions, where the activation energy term is no longer
constant but is dependent on the reaction progress
x(E#const. but £=E(x)) [8, 9]. Thus, a simplified ki-
netic analysis can no longer lead to an accurate de-
scription of the experimental data. For multistage,
overlapped reactions the prediction of the thermal be-
havior under any new temperature profile, without tak-
ing into account the dependence of the activation ener-
gies E(x) on the conversion degree x, is of little value.
The accurate determination of the kinetic parameters
under experimental conditions applied which enables
the correct fit of the experimental data is a prerequisite
for prediction of the reaction progress under any new
temperature profile. When solving the complicated in-
terrelation between the baseline, the kinetic parameters
of the reaction and reaction progress, two important
points have to be considered:

(7)) The dependence of the reaction rate on temperature
should follow the Arrhenius equation.

(if) When measuring the progress of a reaction, one
tries to eliminate the systematic errors so that only ac-
cidental errors have to be taken into account. In that
case the measured values will spread around the aver-
age value for each heating rate, in a form of the Gaussi-
an-type curve. The Gaussian distribution results from a
summation of several events, e.g. overlapping reac-
tions, noise, drift, artefacts, uncertainties in the base-
line construction, etc. During the optimization, the true
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information has to be extracted taking into account the
requirement of the point (1). Once, the optimization is
finished, the reliability of the predictions depends on
the sum of all possible sources of errors. Therefore, un-
der consideration of all heating rates the mathematical
approach has to determine for each heating rate the
‘best value’ or ‘central tendency’ of the signal, for
which the chance of the good reproducibility on subse-
quent measurements is maximal.

Fulfilling both above conditions (I — Arrhenius
type reaction rate, and I — Gaussian-type distributed
errors) makes possible the iterative calculation and
objective determination of the correct baseline for
each signal measured under different heating rates.
Baselines are no more arbitrarily chosen by the users
but objectively optimized taking into account:

* statistics, for the consideration of the experimental
noise and shape of the signals

+ kinetic parameters, for the consideration of reaction
rates following Arrhenius relationship

Results

The kinetic parameters calculated from the non-iso-
thermal experiments then make possible the prediction
of the reaction progress for any other heating rate and
more generally for any temperature mode. In the fol-
lowing Figs 48 the results of computations performed
with AKTS-Thermokinetics software [1] are shown for
the different B/KNO; mixtures.

 top graphs in all figures present the reaction rates
(normalized DSC-signals after correctly calculated
baselines and kinetics) as a function of the tempera-
ture for the various B/KNO; mixtures under isobaric
and isochoric conditions. Experimental data are rep-
resented as symbols; solid lines represent the calcu-
lated signals. The values of the heating rate in
K min™" are marked on the curves

S(T)rate:S(DnormedB(t):S(T)normed(aT/at):
=(1/K)(K/s)=1/s=[units of Sy(T)=(1/s)]=
=conversion rate

* bottom graphs show the reaction progress as a
function of time under isothermal conditions. The
values of the temperature in °C are marked on the
curves. Results of some experiments done under
isothermal conditions (temperatures 320°C) are
presented as symbols together with the predicted
relationships (Figs 4 and 5)

Decomposition reactions generally involve differ-
ent reactions with various activation energies. They are
thus influenced in different ways by the temperature.
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Fig. 4 B/KNO; 50:50 (closed crucibles/isochoric conditions)

This is illustrated by the fact that, according to the tem-
perature range taken into consideration, it is one of the
reactions that will dominate. In fact, a mistake about
the energy of activation can have dramatic conse-
quences as far as the safety of a process is concerned. It
is thus strongly recommended to verify the results ac-
cording to an isothermal measurement achieved di-
rectly in the temperature range taken into consideration
as illustrated in Figs 4 and 5. This is particularly impor-
tant for the safety analysis of storage and transport of
potentially reactive materials.

Thermal risks: calculation of adiabatic thermal
transformation and heat accumulation from
non-isothermal DSC measurements

The precise prediction of reaction progress under adia-
batic conditions is necessary for the safety analysis of
many technological processes [10—12]. Calculations of
an adiabatic temperature-time curve of the reaction
progress can also be used to determine the decrease of

J. Therm. Anal. Cal., 80, 2005
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Fig. 5 B/KNO; 30:70 (closed crucibles/isochoric conditions)

the thermal stability of materials during storage at tem-
peratures near the threshold temperature for triggering
the reaction. Due to limited thermal conductivity, a
progressive temperature increase in the sample can
easily take place, resulting in rapid decomposition or
an explosion [13].

A commonly used approach for the determination
of the time to maximum rate under adiabatic conditions
TMR,4 [14] applies the following formula with the ar-
bitrarily chosen zero-order reaction [15]:

TMRu=c,RT, /(qoEs) (6)

where ¢, (J kg ' K) — specific heat, T, (K) — initial tem-
perature of the runaway, ¢o (W kg ') — maximum spe-
cific heat flux measured during an isothermal exposure
at the temperature Ty, E, (J mol ') — activation energy of
the reaction, R (=8.31431 J mol ' K™') — gas constant.
However, when applying the above approach to
predict the TMR,4 the only one, simplified zero-order
kinetic equation is used by fitting the reaction/decompo-
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Fig. 6 B/KNO; 50:50 (open crucibles/isobaric conditions)

sition exotherms by the Arrhenius relationship. This
method unfortunately gives a very rough approximation
of the TMR,4 due to the severe assumptions made con-
cerning both the kinetics and the constancy of the value
of the activation energy. As presented in Fig. 3, the acti-
vation energy is strongly dependent on the reaction
progress for the considered compounds. In addition, it
can be observed that the different compositions of the
mixtures as well as the different experimental conditions
(isochoric/isobaric) strongly influence the dependence
of the activation energy on the reaction extent. The solu-
tion of the problem should therefore be achieved numer-
ically. The computations have to consider the depend-
ence of the activation energy on the reaction progress
and the optimization of the baselines. For predictions
with a certain level of accuracy, advanced kinetic analy-
sis is therefore required because most decomposition re-
actions are complex combinations of several steps.

The potential damages due to a loss of control of
the reaction are also related to the quantity of heat re-
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Fig. 7 B/KNO; 30:70 (open crucibles/isobaric conditions)

leased. The heat of reaction is one of the key data re-
quired for correct evaluation of the potential risks. Es-
timating the thermal risks involves the evaluation of
the severity and the probability to generate a runaway
reaction. In order to find and elaborate the appropriate
measures that will reduce the risks, it is crucial to eval-
uate in which part the severity and the probability play
the role in the case of thermal risks. The thermal risk
related to a chemical reaction is the risk of loss of con-
trol of a reaction and its possible consequences such as,
e.g, a runaway risk. It is thus essential to understand
how a reaction can shift from its normal course to a
runaway scenario [16]. For all exothermic reactions,
the heat of reaction is a factor of severity. It gives a di-
rect measure of consequences which result from a run-
away destruction potential. A more common and easier
value to use and understand is the adiabatic tempera-
ture rise. The adiabatic rise can be calculated by
dividing the heat of reaction by the specific heat.
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Fig. 8 B/KNO; 20:80 (open crucibles/isobaric conditions)

Using the reaction heat AH, presented in Table 2
and a specific heat ¢, of 1.62 ] g °C' for the various
B/KNO; mixtures under isochoric and isobaric condi-
tions, one can calculate the reaction progress due to
self-heating for the different AT,q (with AT,q=AH,/c}).
Figure 9 and Table 2 present the results of such calcu-
lations for a starting temperature of 370°C. The results
illustrate how the thermal stability may be investigated
using DSC experiments and advanced kinetic analysis.

As for the determination of the correct course of
the baseline, the predictions of the reaction progress
will spread (with Gaussian distribution) around an av-
erage value. The predictions of the reaction progress
for a given temperature profile will give the ‘central
tendency’, for which the chance of the good re-
producibility on subsequent measurements is maximal.
The illustration of these remarks for the investigation
of the B/KNO; mixture with ratio 20:80 under isobaric
conditions for a starting temperature of 370°C is pre-
sented in Fig. 10a. The mean value of the TMR,q4 pre-
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Fig. 9 Adiabatic runaway curves for the various B/KNO; mix-
tures under isochoric and isobaric conditions for a start-
ing temperature of 370°C. The different B/KNO;
composition ratios as well as the TMR 4 are marked on
the curves. Under isochoric conditions the B/KNO;
mixtures are thermally by order of magnitude less stable
than under isobaric conditions. Similar behaviour is ob-
served when comparing the different compositions of
B/KNOj; mixtures. It can be observed that mixtures with
equimolar ratios have both, for the experimental condi-
tions considered, shorter TMR 4 (or lower thermal sta-
bility) and smaller AT,4 (or lower heat of reaction)

diction is about 28.5 h. The lower and upper limits of
the confidence intervals are 21.7 and 37.4 h, respec-
tively. These values indicate that there is a 95% proba-
bility that the mean TMR,4 is greater than 21.7 h and
lower than 37.4 h. Figure 10b and Table 3 present the
relationship between the starting temperature and cor-
responding adiabatic induction time TMR 4. The confi-
dence interval was determined for 95% probability.
Depending on the decomposition kinetics and AT, the
choice of the starting temperatures strongly influences
the adiabatic induction time and, therefore, the bound-
ary conditions valid for achieving necessary safety
(e.g. storage or transport of self-reactive substances).
The adiabatic induction time is defined as the time
which is needed for self-heating from the starting tem-
perature to the time of maximum rate (TMR,4) under
adiabatic conditions. Depending on the decomposition
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Fig. 10 a — Adiabatic runaway curves for the B/KNO; mixture
(20:80) under isobaric conditions showing the confi-
dence interval for the prediction (7yein=370°C and
AT,=AH,/c;=3222+152.6°C). The confidence interval
was determined for 95% probability; b — starting tem-
perature and corresponding adiabatic induction time
TMR 4 relationship of the mixture with ratio 20:80 un-
der isobaric conditions. The choice of the starting tem-
peratures strongly influences the adiabatic induction
time (Confidence interval: 95% probability)

Table 2 AH,, AT,;=AH,/c, (c,=1.62 ] g’1 °C’l) and TMR,4 of the different B/KNO; mixtures for a starting temperature of 370°C

Compounds AH /T g AT, =AH,/c,/°C TMRq
B/KNOj; — isochoric conditions:

50:50 4248+119.9 355323?57?4 7s
30:70 6291+245.3 I 12 min
B/KNOj; — isobaric conditions:

50:50 2010+161.6 1240+99.7 58 min
30:70 40214246 2482+151.8 112 min
20:80 52214247.3 3222+152.6 28.5h
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Table 3 Starting temperature and corresponding adiabatic in-
duction time TMR, relationship of the B/KNO;
mixture with ratio 20:80 under isobaric conditions.
The choice of the starting temperatures strongly in-
fluences the adiabatic induction time (Confidence
interval: 95% probability)

TMR ¢
7/°C
lower limit mean value  upper limit
360 43.08 h 56.67 h 74.76 h
365 30.51h 40.04 h 52.71h
370 21.72h 28.44h 37.36 h
375 15.54h 20.31h 26.62 h
380 11.18 h 14.57h 19.06 h
385 8.08 h 10.51h 13.72h
390 5.86h 7.62h 9.92h
395 256.97 min 5.55h 7.21h
400 188.38 min 243.66 min 526 h
T
Temperature/°C

400 500 1000 2000

1E+6
1E+4

.. 1E+3

m
T
=)

1E-2
1E-4

sl a0 -14 12 10 08 06 04
~1000/T /~1000K "

Reaction rate (normed: exothermal)/% s

Fig. 11 Heat rate curves vs. temperature for the B/KNO; mix-
ture with ratio 30:70 under isochoric conditions

kinetics and AT, the choice of the starting temperatures
strongly influences the time to explosion but also the
rate of the decomposition process under adiabatic condi-
tions. Figure 11 presents the heat evolution rate curves
of the B/KNO; mixture with ratio 30:70 under isochoric
conditions for different starting temperatures.

Conclusions

Based on the decomposition of different B/KNO; mix-
tures under isobaric and isochoric conditions, the dis-
cussion shows how advanced numerical techniques
can be applied for the interpretation of the measured
signals. The main challenge is the prediction of the re-
action progress both in extended temperature ranges
and at the temperature conditions for which experi-
mentation is difficult or impossible. With at least three
DSC experiments done under isothermal or non-iso-
thermal conditions it is possible to compute the kinet-
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ics of decomposition of the products of interest. De-
composition reactions usually have a multi-step nature;
therefore, the accurate determination of the kinetic
characteristics strongly influences the ability to cor-
rectly describe the progress of the reaction. For self-
heating reactions, incorrect kinetic description of the
process can be the main source of serious errors in its
interpretation. It can be hazardous to develop safety
predictive models that are based on simplified kinetic
assumptions. The goal of the presented advanced nu-
merical approach of the kinetic analysis is getting a
deeper insight into the reaction course for a better con-
trol of the examined process. In general, advanced ki-
netics can be applied for the examination of any type
energetic materials allowing better understanding of
thermal hazards and an ability to predict safety limits.
Finally, kinetics allows not only examination of the
thermal behaviour under adiabatic conditions but the
prediction of the thermal stability can be extended also
to any required temperature profiles, such as isother-
mal, non-isothermal, stepwise, modulated, shock and
additionally temperature profiles reflecting real atmos-
pheric temperature changes (yearly temperature
profiles of different climates with daily minimal and
maximal fluctuations) [17].
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