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Abstract: In the present paper, three kinds of aged and freshly prepared
2,4,6-trinitrotoluene (TNT) based Composition B stockpiled, for a period of 20
and 32 years, were investigated for the effect of natural ageing on their thermal
degradation behaviour and kinetic parameters. The properties investigated indicated
that there was no significant change in the thermal stability of the samples aged
under natural environmental conditions. The kinetic parameters were studied by
means of the Kissinger method using the peak temperature at maximum reaction
rate from DSC data, and the isoconversional Kissinger-Akahira-Sunnose (KAS)
and ASTM E689 methods from TGA data. The apparent activation energies
calculated by the Kissinger method were 173.8 kJ-mol ! for fresh, 170.4 kJ-mol ! for
20y old and 187.1 kJ-mol™ for 32 y old Composition B, respectively. The values
calculated by the KAS method were found to be in the range 77.2-235.8 kJ-mol™!
for fresh Composition B, 75.7-224.0 kJ-mol ™' for 20 y old and 70.4-196.0 kJ-mol ™!
for 30 y old Composition B, respectively. The activation energies obtained from
the KAS methods are in good agreement and consistent with the isoconversional
ASTM E689 kinetic method. The thermodynamic parameters, such the Gibbs free
energy of activation (AG¥), activation enthalpy (AH*) and activation entropy (AS¥)
for the formation of activated complexes were also studied and are discussed.
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1 Introduction

Common energetic compounds such as 2,4,6-trinitrotoluene (TNT), 1,3,5-trinitro-
1,3,5-triazacyclohexane (RDX), 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) etc.
Are most widely used for the manufacture of bombs, artillery shells, and warhead
fillings in military applications [1]. TNT-based melt-cast explosive formulations
have been widely developed in industrial and military applications because of
their high energy content, high power performance, high detonation velocity and
adjustability to various shapes etc. [2, 3]. For example, Composition B (RDX/
TNT) and Octol (HMX/TNT) are the most popular formulations that are still
used on a large scale as the main explosive charges in munitions. TNT has the
advantages of low cost, good chemical and thermal stability, compatibility with
other energetic compounds, fairly high explosive power, a low melting point
favourable for melt casting operations and moderate toxicity [4-6].

The most popular melt-cast explosive formulation is the so-called Composition
B, which is made up of 60 wt.% of RDX and 40 wt.% of TNT. It is widely used as
a military-grade explosive because of its outstanding physical properties, ease of
manufacture and relatively high detonation power [4, 7, 8]. It has been extensively
studied for its safety parameters in terms of thermal sensitivity, mechanical
sensitivity and theoretical studies [9, 10]. These formulations, which are filled into
warheads/munitions and projectiles, have a tendency to undergo slow degradation
during storage under various conditions for many years. This phenomenon degrades
the stability of the formulations, thereby resulting in poor performance and low
service life. The degradation process may enhance the sensitivity which will be
hazardous during transportation, handling and use [11, 12]. There are many studies
reported in the literature which have described the ageing phenomena of energetic
compounds and munitions/energetic formulations [13-17]. In thermal ageing,
several energetic compounds and their formulations have been investigated at
70 °C with varying levels of humidity or without reporting the humidity. Many
researchers have paid attention to the lifetime assessment of energetic compounds
and their formulations for its direct association with storage safety and service
life. A knowledge of the expected lifetime of various formulations is valuable
information not only for safety and performance, but also for economic reasons.
In the ageing process, the thermal degradation stability can lead to failure mode
or accidental ignition during storage.
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Thermal stability is generally studied by using several experimental techniques
including thermogravimetry (TG), differential scanning calorimetry (DSC),
one-dimensional time to explosion (ODTX), scaled thermal explosion (STEX)
and accelerated rate calorimetry (ARC) [18-20]. Each of these experimental
techniques has its different characteristics and requires a small amount of sample
for reliable data acquisition which serves the safety of operation. These techniques
have also been proven to be good tools for monitoring the ageing process
of energetic compounds [21] and their formulations, including Composition B.
In the present work, we propose to investigate the effect of the natural ageing
process on the thermal properties of Composition B, which has been stored
in the casing for 20 and 32 y under natural environmental conditions. It should also
determine whether this composition could still be used for military application
or should be destroyed.

In the present paper, the thermal degradation behaviour and kinetic
parameters were investigated through the Kissinger method from DSC data,
and the isoconversional Kissinger-Akahira-Sunnose (KAS) and ASTM E689
methods from TG data. The thermodynamic parameters, including the Gibbs
free energy of activation (AG"), activation of enthalpy (AH") and activation
of entropy (AS*) for the formation of activated complexes were also studied
and are discussed.

2 Experimental

2.1 Materials

Composition B formulations which had been stored for 20 and 32 y in a magazine
was used for the thermal degradation studies. This formulation was exposed
to and was in direct contact with the casing under natural environmental
conditions. The temperature and humidity of storage were in the range 4-47 °C
and 40-95% RH, respectively. A fresh batch of Composition B was also prepared
from RDX and TNT for the thermal degradation behaviour and kinetic parameters
studies. These formulations were abbreviated as RT; for fresh Composition B,
RT, for 20 y and RT; for 32 y stored Composition B, respectively.

2.2 Characterization

Non-isothermal thermo-gravimetric (TG) and its derivative thermo-
gravimetric (DGT) analysis were performed using a Mettler Toledo
Thermogravimetry/Differential scanning calorimetry (TGA/DSC 1 Star System).
A sample mass of approximately 5 £1.0 mg was placed in a standard 70 uL
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uncovered alumina crucible where the sample was subjected to heating from 25-
400 °C at different heating rates (2, 5, 10 and 20 °C-min') under a nitrogen
atmosphere. The flow rate of nitrogen gas was kept constant at 30 mL-min".
The collected thermal data were used for calculation of the kinetic parameters
by means of different kinetic methods.

2.3 Kinetic analysis

According to non-isothermal kinetic theory of heterogeneous solid-gas processes,
the rate of reaction is the product of two variable functions, one depending
solely on the temperature (7), and the other depending solely on the extent
of conversion (a), by the well-known Equation 1:

Rate = %% = k(T) f () (1)

Mme—myg

where o= , m,is the mass of the sample at time ¢, m, and m., are the masses

Me—My
of'the sample at the beginning and the end of the degradation reaction, respectively.
The temperature dependence of the process rate which is represented by the rate
constant k(7), is generally assumed to be given by the Arrhenius equation [22],

shown in Equation 2:
Ea
k(T) = A exp. (— E) (2)

where 4 is the pre-exponential factor, E, is the activation energy (kJ-mol™).
T is the absolute temperature (K) and R is the gas constant (8.314 J-(mol-K)™).
The extent of conversion, the dependence of which is related to the experimental
data, is illustrated by the differential reaction model, f(a). For dynamic data
obtained at a constant heating rate, ¢ = d7/dz, the new term and k(7 are inserted
in Equation 1 to give the following Equation 3:

G =sew(-2)f@ 3)

For simple reactions, the evaluation of f(a) is possible with an elementary
model function. For complex reactions, the functions of f(«) are complicated
and generally unknown.

For kinetic parameter evaluation, the Kissinger method [23] represents
a simple calculation method based on an assumption that the peak temperature
for maximum mass loss changes with changes in the heating rate. Kissinger further
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assumed that the mentioned change depends only on the activation energy value
for the given reaction. This method may also be used to calculate the kinetic
parameters of solid state reactions without prior knowledge of the reaction
mechanism and reaction order by using Equation 4:

In(2) =In(F) ~ )

where ¢ corresponds to the heating rate, Tm. 1S the peak temperature
for maximum mass loss in Kelvin (K), and E, is the activation energy (kJ-mol ™).
This equation is of linear form in which In[¢/(T1nax)?] and 1/T.x are two variables
from which the activation energy can be obtained easily from the slope
of In[¢/(Tmax)?] versus 1/Tmax plots. It is interesting to note that the Kissinger
method, although initially developed for first-order reaction, holds good
for any kinetic model.

2.4 Isoconversional (model-free) method

Isoconversional methods are the most reliable for the calculation of kinetic
parameters at different extents of conversion of thermal decomposition
reactions without evaluating any particular form of the reaction model.
The Kissinger-Akahira-Sunnose (KAS) isoconversional method [24] is presently
used here to determine the kinetic parameters. The KAS is an integral
isoconversional method, which is based on the Muaray and White approximation
for the temperature integral as given by the following Equation 5:

Ing = n2% Eq

T2 Eqg(a) RT, (5)

where g(a) is the integral reaction model which is reported in the literature [24-
26]. The activation energy for constant conversion is determined from the linear
slope of In(¢/T,?) versus 1/T, at different heating rates.

3 Results and Discussion

3.1 DSC study

Figure 1(a) shows the DSC curves of fresh Composition B at heating rates
of 2, 5, 10 and 20 °C-min!' under a nitrogen atmosphere. The DSC curves
exhibited sharp endothermic and exothermic peaks corresponding to melting
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and thermal degradation, respectively. The first endothermic peak was around
80 °C, which corresponds to the melting point (7},). The single exothermic peak
appeared in the range 215-242 °C at different heating rates due to the thermal
degradation of RDX. In addition, the DSC measurements showed a broad steep
endothermic peak between the endothermic peak of melting and the exothermic
peak of thermal degradation, which corresponds to an evaporation process.
This evaporation process can be observed as a special case of a zero-order process
where the rate of evaporation depends on the temperature.
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Figure 1. DSC curves of (a) RT;, (b) RT; and (c) RT; samples obtained
for different heating rates under nitrogen atmosphere

The thermal degradation behaviour of aged samples was also investigated
by non-isothermal DSC under the same experimental conditions and compared
with a fresh sample. Figures 1(b) and 1(c) shows the DSC curves for RT,
and RT; samples, respectively. These showed similar endothermic and exothermic
peaks corresponds to the melting, evaporation and degradation processes
as observed for the RT; sample. There was no change in the endothermic
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peak corresponds to melting, while the peak temperature for the exothermic
peak appeared in the ranges 214-241 °C for RT, and 215-240 °C for RT;
at different heating rate. The results also revealed that the peak temperature
was either the same or exhibited an insignificant change for the aged samples.
The initial degradation temperature (7,uset), the peak temperature at maximum
reaction rate (7m.x) and the termination of degradation temperature (7naset)
obtained from the DSC curves are listed in Table 1. The Tiuer and Tmax values
shifted towards the upper range of temperatures with increasing heating rate.
A similar effect of shift in the peak temperature has been reported by many
researchers for different types of energetic compounds, including explosive
formulations [25]. This indicates that the peak temperatures of the RT,
and RT; samples are not changed significantly after prolonged natural ageing
periods of 20 and 32 y, respectively, compared to that of a fresh sample.

Table 1. DSC data in terms of Tonset, Tendse, and Tnax Obtained at different
heating rates under nitrogen atmosphere

Time ¢ Temperature [°C]
Sample [Y] [OC'minil] Tonset Tendset T;nax
2 184.4 223.5 215.9
5 200.5 239.3 223.4
RT, 0 10 211.4 247.4 232.2
20 219.9 257.4 241.9
2 193.7 226.6 214.6
5 203.4 239.4 223.7
RT 20 10 210.7 247.2 232.5
20 219.6 257.6 241.2
2 195.8 228.9 214.9
5 193.7 243.9 224.5
RT; 32 10 209.8 248.1 230.5
20 222.4 254.2 239.7

3.2 TGA study

The thermal degradation behaviour of fresh and aged Composition B
was investigated for their mass loss profiles by the non-isothermal TG technique.
The TG curves of RT,, RT, and RT; samples obtained at different heating rates
under a nitrogen atmosphere are shown in Figures 2(a) to 2(c). The TG curves
showed that the mass loss could be attributed to a single stage due to the thermal
degradation of TNT and RDX. A displacement of the thermal degradation
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temperature in the TG curves was seen for all samples with increasing heating rate
because the sample temperature lags behind that of the furnace temperature at high
heating rates. The heat transfer from the furnace to the sample is accompanied
with a delay process. The TG curves for RT; showed 6-10% mass residue
at different heating rates, while it was found to be 8-11% for RT, and 11-18%
for RT; samples. It was observed that the char residue for naturally aged RT,
and RT; samples was slightly higher than for fresh RT; sample.
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Figure 2. TG curves of (a) RT,, (b) RT, and (c) RT; samples obtained
for different heating rates under nitrogen atmosphere

Figures 2(a) to 2(c) also showed that the first DTG curves overlapped
with the TG curves at different heating rates. They all showed a similarly accelerating
vigorous progress that reached into a skewed maximum, and subsequently
dropped to almost zero. As shown in Figure 2, the peak temperature values shifted
towards a higher range of temperatures with increasing heating rates. The initial
degradation temperature (7o), the temperature at maximum mass 10Ss (7iax)
and the termination of degradation temperature (7enaset), the three characteristic
quantities along with residues of the RT, RT, and RT; samples, are listed in Table 2.
The results showed that the Tp.x values of RT;, RT, and RT; were 223.8, 225.0
and 228.9 °C, respectively, at a heating rate of 10 °C-min!. These T . values
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for all samples shifted towards a higher temperature with increasing heating rate.
Similar, thermal degradation behaviour has been reported by many researchers
and showed a similar trend of the peak temperature at the maximum mass loss
with heating rate [27, 28]. The thermal stability of a fresh sample was found
to be lower than that of the aged samples. This may be explained by the recent
batch of TNT being more pure in this Composition B and thus has a higher
freezing point and less thermal stability [29-31]. On the other hand, the ageing
process may be performed on samples of TNT containing other derivatives,
shifting the thermal degradation phenomena in an upwards direction.
This means that the thermal stability of the aged samples is not reduced under
natural environmental conditions during a prolonged natural ageing time of 32 y.

Table 2. TG data of Tonset, Tendsets and Timax along with residue (%) obtained
at different heating rates from TG/DTG data

Sample Time qb' . Temperature [°C] Residue
[yl [[°Cmin']| T Tendset Tnax [%]

2 187.5 227.4 216.0 10.1

RT, 0 5 200.8 232.0 218.2 6.4
10 210.9 239.7 223.8 8.3

20 218.2 247.1 232.9 7.4

2 186.7 225.6 218.2 10.8

5 201.8 238.3 223.1 8.2

RT 20 10 210.1 241.0 225.0 11.0
20 219.8 248.6 236.5 10.7

2 193.5 226.9 2212 11.4

5 201.3 238.1 227.9 15.8

RT; 32 10 211.7 241.3 228.9 14.1
20 222.01 2452 235.1 17.5

Figures 3(a) to 3(c) shows the progress of the thermal degradation in terms
of the extent of conversion versus temperature at different heating rate.
It was observed that there was no remarkable change in the mass loss
up to 200 °C. Further increase in the temperature showed a vigorous change
in mass loss, whereby their slopes increased with temperature and most samples
became depleted at 200-250 °C. These results further exhibited a single step
degradation process for all samples.
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Figure 3. Dependence of conversion (percentage) versus temperature for (a) RT),
(b) RT,and (c) RT; samples

3.3 Kinetic study

The Kissinger method was used for the investigation of the kinetic parameters
for the thermal degradation from the DSC data. These kinetic parameters
were calculated by the Kissinger equation (Equation 4) by plotting In[¢/A Tinax)*]
versus 1000/ Tax, as shown in Figure 4. The activation energy and pre-exponential
factor (4) results, calculated from the slope and intercept respectively, are listed
in Table 3. The results for the activation energies of RT,, RT, and RT; were 173.8,
170.4 and 187.1 kJ-mol™!, respectively. The main advantage of this method
lies in its robustness with respect to data-distortive effects such as thermal gradients,
inaccuracies of zero-line subtraction efc. However, the limitation of this method
is that the reaction model function f(«) should not depend on the heating rate
for calculation of the activation energy. It also enables a single activation energy
value to be produced and does not describe an actual complex process.
In a solid state reaction, a variation in the activation energy is observed
for the elementary reaction due to a complex reaction mechanism. This variation
can be investigated by means of the KAS isoconversional method.
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Figure 4. The Kissinger plots for RT,, RT, and RT; samples obtained by the
Kissinger method at different heating rates
Table 3.  The activation energy and pre-exponential factor (4) of RT,, RT,

and RT; samples for the degradation reaction obtained
by the Kissinger method using DSC data

Sample E, [kJ-mol™'] A[s!] R’
RT;, 173.8 3.6-1013 0.986
RT, 170.4 1.8-10" 0.997
RT; 187.1 9.4-10" 0.995

Application of the isoconversional method is highly recommended
by the ICTAC kinetics committee [32] in order to obtain reliable information.
The KAS equation (Equation 5) was used for calculation of the activation energy
at progressive extents of conversion from the TG data. Figures 5(a) to 5(c)
show KAS plots obtained by plotting In(¢/T,2) versus 1000/T, at different
extents of conversion. It was found that all plots exhibited almost linear slopes,
with correlation coefficients for the linear regression greater than 0.9797.
Table 4 lists the results of the activation energies along with the square
of the correlation coefficient. From Table 4, it may be seen that the values
of'the activation energy were significantly changed with the extent of conversion.
This indicates that the thermal degradation reaction mechanism is complex.
These results show that the activation energies of RT;, RT, and RT;
were in the ranges 77.2-235.8 kJ-mol™!, 75.7-224.9 kJ-mol! and 70.4-
196.0 kJ-mol! for the extent of conversion (a = 0.05-0.95), respectively.
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Figure 5.

Table 4.

at different heating rate under nitrogen atmosphere

reaction obtained by the KAS method using TG data

KAS plots for (a) RT;, (b) RT, and (c) RT; samples obtained

The activation energies of RT}, RT, and RT; samples for the degradation

RT,

RT,

RT;

E,
[kJ-mol™']

R2

E,
[kJ-mol™']

R2

E,
[kJ-mol']

R2

0.05

77.2

0.9986

75.7

0.9956

70.4

0.996

0.1

82.1

0.9949

85.3

0.9995

85.8

0.9924

0.2

99.9

0.9865

99.3

0.9815

104.4

0.9925

0.3

122.0

0.9879

116.7

0.9797

125.5

0.9958

0.4

146.0

0.9981

140.8

0.9824

143.1

0.9976

0.5

161.7

0.9974

151.6

0.9899

163.2

0.9959

0.6

182.4

0.9942

168.9

0.9961

182.5

0.9923

0.7

194.8

0.9941

182.6

0.9973

191.6

0.9951

0.8

205.9

0.9935

190.5

0.9968

196.0

0.9881

0.9

211.1

0.9993

199.9

0.9937

189.6

0.9891

0.95

235.8

0.9939

224.0

0.9982

184.2

0.9993
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The model free kinetic (MEK) software based on the American Society
for Testing and Materials (ASTM) E689 method was also used for the calculation
of the kinetic parameters. This is based on the theoretical work
of the Kissinger method and was applied using the TG data at different
heating rates. Figure 6 shows the activation energies for RT;, RT, and RT; samples
with extent of conversion as calculated by means of the MEK thermo-kinetics
software using the ASTM E698 method. The activation energies of the RT;, RT»
and RT; samples were obtained in the ranges 77.4-236.2 kI-mol™!, 76.1-
224.3 kJ-mol™! and 71.3-196.3 kJ-mol™! for the extent of conversion (« = 0.05-
0.95), respectively. The activation energies obtained by this method were in good
agreement and consistent with those obtained by the KAS method (Figure 7).
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Figure 6. Variation in the activation energy with the extent of conversion
for (a) RT), (b) RT,and (c) RT; samples obtained by the MEK software
using the ASTM E698 method
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for RT}, RT; and RT; samples obtained by the KAS method

3.4 Dependence of the activation energy with conversion

The above-mentioned results of the isoconversional kinetic computation of fresh
and aged Composition B samples show that the activation energy for thermolysis
is dependent on the extent of conversion, as shown in Figure 6. It may be seen
that the activation energy for all samples was very low (84 =2 kJ-mol!) due to the
involvement of two processes, simultaneous evaporation and thermal degradation.
Actually, the rates of these processes depend greatly on the temperature and the
evaporation at low temperature. At low conversions (o =0.05-0.2), the activation
energies were almost the same for fresh and aged samples and comparable with
those of pure TNT [8]. Actually, these stages involved less activation energy i.e.
84-110 kJ-mol! than the homolysis of C—NO, from the TNT molecule [33]. The
density dependent initial degradation path for a density dependent activation energy
has been reported to be 104.6 kJ-mol™', which is lower than the corresponding
gas phase uni-molecular reaction barrier (C—NO, homolysis). Subsequently, the
activation energy has been reported to be around 142.3 kJ-mol™! for the thermal
degradation of liquid TNT by means of ESR measurements [34, 35].

At conversions 0.4-0.5, the activation energies were at odds with the
literature, and could be the combined effect of the thermal degradation of both
TNT and RDX. It has been reported that the activation energy for the thermal
degradation of pure TNT is 140 £10 kJ-mol ! [15, 36]. At conversions of 0.5-0.6,
the activation energies were comparable to those obtained from the Kissinger
method using the peak temperatures for maximum reaction rate. Overall, the
activation energies of the RT, and RT, samples were found to increase with
increasing extent of conversion, while the activation energy of the RT; sample was
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also found to increase, and to attain a maximum at conversion, .= 0.9; thereafter it
dropped by 5.0 kJ-mol™". It has been reported that the thermal degradation of RDX
has been attributed to three major steps: vaporization, liquid phase degradation
and gas phase degradation. Therefore, the variation in the activation energy for
RDX was reported over a wide range, 175-200 kJ-mol™' using different kinetic
methods. Maksimov et al. [37] have been measured an activation energy of
180.2 kJ-mol ! for the thermal degradation reaction of Composition B (mixture
of 65% RDX, 43% TNT and 1% wax) using a DSC method. On other hand, in
the present work, the mean activation energies were around 191.7 kJ-mol™' for
fresh Composition B, 179.7 kJ-mol™! for 20 y old and 178.6 kJ-mol™' for 32 y
old, for the extent of conversion of 0.4-0.95, respectively. The dependence of
the activation energy with the extent of conversion from the KAS method was
consistent and comparable to those obtained from the MEK thermo-kinetics
software using the ASTM E698 method.

3.5 Thermodynamic parameters

The thermodynamic parameters, including the Gibbs free energy for activation
(AG"), activation of enthalpy (AH") and activation of entropy (AS¥), for the
formation of an activated complex were also determined from the theory of
activated complexes [10, 38]. The following general Equation 6 was used:

_ exkpTmax ﬂ
A= 0 exp. ( - ) ©)

where e = 2.7183 is the Neper number, y is the transition factor, which is unity
for a monomolecular reaction, kg is the Boltzmann constant (1.38-1072 J-s™"),
Tmax 18 the peak temperature of the degradation reaction rate and / is the Plank
constant (6.626-1073* J-s™'). The change of the entropy of activation
for the formation of an activated complex from the reagent may be calculated
from the following Equation 7:

AS* = Rin—22
exkpTmax (7)
since
AH* = E — RT (8)

The change of Gibbs free energy for an activated complex formation
can be calculated using the well known thermodynamic Equation 9:
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AG* = AH* — TAS* 9)

where AG", AH" and AS” are the Gibbs free energy, enthalpy and entropy
of the activation, respectively.

The thermodynamic parameters for the RT;, RT, and RT; samples
were calculated using Equations 7-9 at different heating rate and the activation
energy calculated from the Kissinger method was used. Table 5 lists
the results of the thermodynamic parameters such as AG*, AH* and AS*
for the formation of an activated complex. The value of the Gibbs energy
reflects the total energy increase of the system at the approach of the reagents
and formation of the activated complex. The value of the activation enthalpy
shows the energy difference between the activated complex and reagents.
A small difference in this parameter favours the formation of the activated
complex due to the potential energy barrier.

Table 5. The thermodynamic parameters of RT;, RT, and RT; samples
for the degradation reaction obtained from DSC data

¢ [°C-min] Sample AG*[kJ-mol '] | AH* [kJ-mol '] [ (onTK)*l]
RT, 172.7 169.7 2.2
2 RT, 172.1 166.3 -3.6
RT; 172.8 183.0 29.3
RT, 172.8 169.7 2.1
5 RT, 172.2 166.3 -3.7
RT; 172.6 182.9 29.2
RT, 172.8 169.6 1.9
10 RT, 172.3 166.2 -3.9
RT; 172.5 182.9 29.0
RT, 172.9 169.5 1.8
20 RT, 173.4 166.1 —4.0
RT; 172.3 182.8 28.9

The AG" is influenced by two other thermodynamic parameters, namely,
enthalpy and entropy of activated complex formation. The AG” values remained
almost constant, which could be attributed to the fact that the AG" value
may have no influence on the degradation mechanism. The results indicate
that all values of the AG" are positive. Therefore, the thermodynamic reactions
for degradation are non-spontancous and need heat to proceed.
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The change of entropy for the formation of an activated complex
from the reagent reflects how close the system is to its own thermodynamic
equilibrium. The low value of entropy for activation means that the system
passed through some kind of physical or chemical ageing process. It indicates
that the system is brought to a state close to its own thermodynamic equilibrium
with low reactivity. On other hand, a high value of the entropy of activation means
that the system is brought to a state far from its own thermodynamic equilibrium
with high reactivity [39, 40].

4 Conclusions

The thermal degradation behaviour and kinetic parameters of fresh
and naturally aged Composition B were studied through non-isothermal DSC
and TGA experiments. The results, as suggested by the TGA and DSC data,
show that there was no significant change in the thermal stability for the aged
samples after prolonged ageing periods. The kinetic parameters were investigated
by means of the Kissinger method using the peak temperatures from DSC data
obtained at four heating rates (2, 5, 10, and 20 °C-min!) under a nitrogen
atmosphere. The activation energies were also investigated by means of the KAS
isoconversional method from the TGA data and were found in the ranges 77.2-
235.8 kJ-mol! for fresh Composition B, 75.7-224.9 kJ-mol™ for 20 y and 70.4-
196.0 kJ-mol™! for 32 y old Composition B. These findings show that
there was no significant variation in the activation energy for fresh and naturally
aged Composition B. The activation energy was also investigated by means
of the MEK software using the ASTM E698 method and found to be consistent
with those obtained by the KAS method, lying in the ranges 77.4-236.2 kJ-mol !
for fresh, 76.1-224.3 kJ-mol™" for 20 y and 71.3-196.3 kJ-mol™ for 32 y old
Composition B. Finally, the thermodynamic parameters such as AG*, AH* and AS*
were also computed for the thermal degradation using the activated transition
theory. The positive values of the E,, AG* and AH* and the low value of AS*
indicate non-spontaneous processes.
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