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Abstract This paper has been utilizing the simultaneous
thermogravimetric analysis and differential scanning
calorimetry (TG-DSC) to investigate the thermal decom-
position of nitro-HTPB as an energetic binder. Data on
thermal stability along with the decomposition kinetics of
energetic materials are required to better comprehend their
decomposition mechanism and the hazards involved in
their handling, storage and processing. The thermal
behaviors of different nitro-HTPB samples with various
nitro group contents were determined. Decomposition
kinetic was investigated by evaluating the influence of
DSC heating rate (10, 20, 30 and 40 °C min~') on the
behavior of a nitro-HTPB sample. The results as expected
showed that the decomposition temperature of the nitro-
HTPB decreases with the increase in the DSC heating rate,
while thermal decomposition of the sample followed a
first-order law. The kinetic and thermodynamic parameters
of the nitro-HTPB decomposition under ambient pressure
were obtained from the resulted DSC data via non-
isothermal methods proposed by ASTM E698 and Flynn—
Wall-Ozawa. Also, the critical temperature of the nitro-
HTPB was estimated at about 181 °C.
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Introduction

The principles behind the usage of the energetic binders in
propellant and explosive formulations are defined by the
energetic performance with the emphasis on their retaining
properties [1]. The suitability of energetic polymers
employment as the binder to improve the safety, the cor-
related problems with their preparation, the performance
and the properties has been discussed in details, previously
[1-3]. The efficiency and performance of the plastic-bon-
ded explosives (PBXs) and propellants is dependent on the
surface area, physical feature and the mechanical proper-
ties of the resulted materials, and so frequently a binder is
utilized in their formulations to improve the properties [1].
The modern composite propellants and PBXs utilize the
hydroxyl-terminated polybutadiene (HTPB) as a binder due
to its precise properties, i.e., brilliant flow properties and
substantial capacity compared with the similar binders [3].
HTPB has been utilized in the energetic formulations since
1989 as a curable and crosslinkable prepolymer due to the
desirable mechanical properties of polyurethane presented
in the polymer structure [4]. Different commercially
available explosive products are trained with the HTPB in
propellants [2-4]. HTPB possesses the excellent physical
properties for employment as a binder in explosive charges
and reduction in their vulnerability; however, it has some
uninteresting problems. Due to the inert nature of this
binder, the explosive dilutes by its usage and hence reduces
the overall energy content and also the performance. HTPB
could load only about 92 % solid materials in the propel-
lant formulation, while 8 % is remained [5]. The limita-
tions of HTPB make the development of energetic binders
inevitable, though by introducing the energetic function-
alities [4—6]. In order to retain or improve the total energy
and performance of the explosive formulations, the recent
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trend is the employment of energetic binders, i.e., nitrated
HTPB, GAP, poly(NIMMO) and poly(GLYN) in PBXs
and composite propellant formulations. Among the men-
tioned energetic binders, a considerable attention has been
paid on the nitration of HTPB to achieve higher energy
contents [7-19]. Thermal analysis investigation on high
energetic materials is suitable to appreciate the kinetic and
the mechanism of their thermal decomposition and evalu-
ate the potential hazards of their exothermic decomposition
during processing, handling and storage [20-24]. Further-
more, thermokinetic studies afford interested information
on thermal stability and shelf life of the energetic materials
to store at definite conditions [25, 26]. During this inves-
tigation, thermal stability and decomposition kinetics of the
nitro-HTPB samples with different Nitro contents were
studied by simultaneous thermogravimetric analysis and
differential scanning calorimetry (TG-DSC).

Experimental

Nitro-HTPB samples with different contents of the nitro
function (i.e., 9.4, 12.5, 14.2, 16.1 and 17.3) were synthe-
sized as proposed previously by Ref. [27]. The synthesized
samples were characterized by NMR. Thermochemical
behaviors of the nitro-HTPB samples were characterized by
a METTLER TOLEDO differential scanning calorimeter,
model TG/DSC 1. All binder samples were analyzed by
DSC/TG using an aluminum crucible under nitrogen atmo-
sphere with the purge flow rate of 50 mL min~' and heating
rate of 10 °C min~" at the temperature range of 50-600 °C.
The sample mass used in each test was 5.0 mg. The DSC
experiments were carried out on nitro-HTPB sample with the
highest nitro content (17.3 %) at the temperature range of
50-600 °C and different heating rates (i.e., 10, 20, 30 and
40 °C min™ ).

Results and discussion
Thermal decomposition of nitro-HTPB

Figure 1 shows the resulted TG/DSC curves of the 17.3 %
nitro-HTPB heated at the rate of 10 °C min~". This nitro-
HTPB sample undergoes an exothermic decomposition
with the maximum peak temperature 225.8 °C, which is
accompanied with a heat release of 1024 J g~'. Mass loss
of the sample during this exothermic event was about
75 %. It has been reported [28] that thermal decomposition
of the nitroalkenes at this temperature is due to the loss of
NO, groups in the form of HNO. The further mass loss of
this sample at higher temperature is responsible for the
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Fig. 1 DSC/TG curves of nitro-HTPB with nitro content of 17.3 %

(sample 1); sample weights 5.0 mg; heating rate 10 °C min~';

nitrogen atmosphere

decomposition of the hydrocarbon backbone of polymer
similar to the pure HTPB sample.

Effect of DSC heating rate on decomposition
of nitro-HTPB

Figure 2 shows the resulted DSC curves of the nitro-HTPB
with 17.3 % nitro content (sample 1) at several heating
rates (i.e., 10, 20, 30 and 40 °C minfl). As seen, the
decomposition temperature of the nitro-HTPB was shifted
to the higher temperatures by increasing the DSC heating
rate. These shifts in the values of onset temperature and
maximum peak temperature are shown in Fig. 3. On the
other hand, the results of our study show that as the DSC
heating rate was increased, the heat of decomposition
resulted from the peak area was increased. These incre-
ments in the heat of decomposition are presented in Fig. 4.
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Fig. 2 Effect of heating rate on the DSC results of nitro-HTPB with
17.3 % nitro content (sample 1); sample mass 5.0 mg; nitrogen
atmosphere
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Fig. 4 Effect of various heating rate on heat of decomposition for
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Fig. 5 Effect of nitro content of nitro-HTPB on DSC behavior (the
nitro content of the samples was NH1: 17.3, NH2: 16.1, NH3: 14.2,
NH4: 12.5 and NHS5: 9.4 %)

Effect of nitro content on thermal decomposition
of samples

Figure 5 shows DSC curves of the nitro-HTPB samples
with various nitro contents at the heating rate of
10 °C min~". As seen, the sample with 9.4 % nitro content
has the highest thermal stability, while the sample con-
taining 17.3 % nitro possesses the lowest thermal stability.
It was found that the thermal stability of nitro-HTPB
decreases with increasing its nitro content. The variations
in the onset temperature and maximum peak temperature of
different samples are shown in Fig. 6. Also, the results of
this study showed that as the nitro content of nitro-HTPB
samples was increased, the heat of decomposition resulted
from the DSC peak area was increased. These increments
in the heat of decomposition are presented in Fig. 7.

Kinetic of nitro-HTPB thermal decomposition

The thermokinetic parameters corresponding to the thermal
decomposition of the nitro-HTPB sample with 17.3 % nitro
content were determined by DSC data and using the ASTM
method E698 [29]. The DSC curves of the nitro-HTPB
sample obtained at different heating rates are shown in
Fig. 2. The resulted data from this figure were used to plot
the ln(ﬂng) versus T;l, and the obtained plot is presented
in Fig. 8. It could be found that plotting of ln(ﬁT;z) against
];l was a straight line for the studied nitro-HTPB sample,
which indicates that the mechanism of thermal decompo-
sition reaction is the first order [30-32].
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Fig. 6 Effect of nitro content of nitro-HTPB on the onset temperature
and peak temperature of decomposition process (the nitro content of
the samples was sample 1: 17.3, sample 2: 16.1, sample 3: 14.2,
sample 4: 12.5 and sample 5: 9.4 %)
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Fig. 7 Effect of nitro content of nitro-HTPB samples on the heat of
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for the 17.3 % nitro-HTPB

As proposed by the ASTM method, the slope of this line
is equal to —FE, R™!. Therefore, the value of the activation
energy (E,) was obtained from the slope of this graph,
while the pre-exponential factor, log(A/s™'), as another
Arrhenius parameter was computed from the following
expression given in ASTM E698:

A= B(E.R'T,?) exp(E.R'T,") (1)

The calculated values of activation energy and fre-
quency factor for the 17.3 % nitro-HTPB are listed in
Table 1. Also, a second method was utilized to achieve the
activation energy and frequency factor values for com-
parison. Based on the kinetics equations used for

heterogeneous chemical reactions, Flynn, Wall and Ozawa
(FWO) [33-38] have been proposed a method to determine
the kinetic parameters using TG/DSC curves, which so-
called isoconversional method. The FWO method is based
on the isoconversional principle which describes the rate of
reaction at a constant extent of the conversion is only a
function of the temperature. The Flynn, Wall and Ozawa
method could be described by the following equation:

E,
RT»,

AE
i _2315-0.4567
Rg(x)

where G(a) is the conversion functional relationship and
the other terms possess their usual meaning. The degree of

log p = log (2)

conversion could be defined as o = (my — m)(mg — mg) ",
while mg, m and my are corresponding to the initial, actual
and the final mass of the sample. FWO as the isoconver-
sional method permits to evaluate the dependence of the
activation energy on the degree of conversion without the
precise knowledge about G(o) [39]. At the maximum peak
temperature, the degree of conversion (o) at different
heating rates possesses a constant value [31]. Thus, de
Doyle’s approximation [33] could be applied on Eq. (2) to
simplify it, and hence, Flynn, Wall and Ozawa rewrote this
equation as:

E,
RTy

log f = Const. — 0.4567 (3)

The value of activation energy corresponding to the
decomposition of 17.3 % nitro-HTPB was predicted using
FWO method. As shown in Fig. 9, plotting of the logarithm
of heating rate values against reciprocal of the maximum
peak temperature for the 17.3 % nitro-HTPB sample yields
a straight line with 7 = 0.9993. This result confirms that
the thermal decomposition mechanism of the sample
(17.3 % nitro-HTPB) undergoes no variation at the studied
rates [33]. Meantime, the value of the frequency factor (A)
for the sample might be computed via Eq. (1). The resulted
kinetic data are presented in Table 1. The resulted data by
both methods were compared. It was found that the cal-
culated values by ASTM are faintly lower than those by
FWO method. Furthermore, thermodynamic parameters of
the activation for the decomposition reaction of 17.3 %
nitro-HTPB are calculable from the resulted kinetic
parameters (E, and A), using the following equations
[35, 36, 40]:

Table 1 Kinetic and thermodynamic parameters of the 17.3 % nitro-HTPB sample obtained by ASTM and FWO methods

Methods Activation energy/ Frequency factor Linear AG*/kJ mol ™ AH?/ AS*/ tia! T,/°C
kJ mol ™! log A/min~" regression/r kJ mol™! J mol™! year

ASTM 121.4 29.41 0.9992 106.0 117.0 21 9.2 181.4

FWO 1235 29.91 0.9993 108.0 119.0 26 11.2 181.1
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Fig. 9 Plot of log f§ versus Tp_1 for the 17.3 % nitro-HTPB sample

—E, —AG”
Aexp RT = VP Rr (4)
AH” = E, — RT (5)
AG” = AH” — TAS” (6)

where AG7,AH? and AS” represent the free energy,
enthalpy and entropy of the activation, respectively; v =
kgTh~' (while kg and h are, respectively, the Boltzmann
and Plank constants). Calculated values of thermodynamic
parameters for the nitro-HTPB sample are also presented in
Table 1.

Half-life prediction

Based on the resulted kinetic parameters (E, and A) and
assuming first-order reaction, the value of the reaction rate

constant (k) for decomposition of the nitro-HTPB can be
computed by the following equation [41, 42]:

Log k = logA—E,2.3R™'T"! (7)

Meantime, the half-life of the 17.3 % nitro-HTPB might be
predicted by the upcoming equation:

tij, = 0.693k™! (8)

where k represents the reaction rate constant and this term
is calculable from Eq. (7). At the temperature of 50 °C and
utilizing the values of activation energy (E,) and frequency
factor (A) resulted in the above, Eq. (8) was solved. The
resulted values of half-life for the 17.3 % nitro-HTPB
sample are given in Table 1. As seen, this value for the
17.3 % nitro-HTPB sample at 50 °C is about 10 years.

Critical explosion temperature

In order to safe employment of the energetic materials in
the explosives, propellants and pyrotechnic formulations,
critical explosion temperature (7}) is an essential parame-
ter. This factor is defined as the lowest temperature at
which a definite compound undergoes thermal run away
[43, 44]. Ty, is calculable based on the theory of inflam-
mation and also some thermokinetic parameters, i.e., acti-
vation energy, heat of reaction and pre-exponential factor.
Prediction of the critical temperature (7,) for the 17.3 %
nitro-HTPB is carried out by the corresponding equations
as follows [44—46].

To=Te+bp+cp, i=1-4 (9)

Table 2 Comparison of onset temperature and peak temperature of nitro-HTPB with nitrated HTPB (NHTPB) and nitrocellulose, heating rate

10 °C min~"

Compound Functional group Maximum content/% Onset temperature/°C Peak temperature/°C
Nitro-HTPB NO, 17.3 180 225

NHTPB [47] ONO, 10 167 199

Nitrocellulose [35] ONO, 13.9 188 210

Table 3 Comparison of kinetic and thermodynamic parameters of nitro-HTPB with NHTPB and nitrocellulose

Compound Methods Activation energy/  Frequency factor log Linear AG*/ AH?/ AS*/ to! T/°C
kJ mol™! A/min~! regression/r kI mol™'  kImol™' Jmol™'  year
Nitro-HTPB ASTM 1214 29.41 0.9992 106.0 117.0 21 92 1814
FWO 123.5 29.91 0.9993 108.0 119.0 26 112 181.1
NHTPB [47] ASTM 17398 19.13 0.9914 121.14 170.25 109.64 21.31 15394
FWO 173.46 19.07 0.9979 121.12 169.74 108.52 20.10 153.96
Nitrocellulose =~ ASTM 156.8 16.89 0.9925 121.41 152.88 66 6.7 196.75
[35] Ozawa  154.0 16.58 0.9917 121.38 150.01 60 47 196.95

@ Springer



940 H. Abusaidi et al.
E, — \/E? —4E,RTy 4. Rocco JA, Lima JE, Frutuoso A, Tha K, Ionashiro M, Matos J,
T, = (10) et al. TG studies of a composite solid rocket propellant based on

2R

where b and ¢ are the coefficients, while f; is the utilized
heating rate, R is the value of universal gas constant, and E,
represents the activation energy. Ty represents the onset
temperature, or T, when f§; — 0and is given by Eq. (9). The
computed value of T, is 167.25 °C for the 17.3 % nitro-
HTPB. Then, the value of the critical temperature (7) was
predicted from Eq. (10). The resulted values were 181.4 and
181.1 °C for the 17.3 % nitro-HTPB, respectively, by the
employment of corresponded ASTM and FWO data.

Comparison of thermal data with previous studies

The thermal analysis results of 17.3 % nitro-HTPB were
compared with nitrated HTPB (NHTPB) and nitrocellulose
containing maximum ONO, content [35, 47]. These com-
parative results are presented in Tables 2 and 3. The values
of the onset temperature and peak temperature of these
polymers show that the thermal stability of nitro-HTPB is
more than NHTPB, whereas nitrocellulose is slightly more
thermally stable than nitro-HTPB (see Table 2). Also, the
calculated values of kinetic and thermodynamic parameters
(given in Table 3) confirm this trend.

Conclusions

Thermal behaviors of the nitro-HTPB samples containing
different amounts of nitro groups were investigated utiliz-
ing simultaneous TG-DSC at nitrogen as the inert atmo-
sphere. Thermoanalytical data revealed that the onset and
maximum peak temperatures increased due to the higher
nitro content in HTPB. Furthermore, increasing the DSC
heating rate leads to the lower thermal stability tempera-
tures of the nitro-HTPB. The Arrhenius parameters for
17.3 % nitro-HTPB were calculated by two different
methods, ie., ASTM and FWO using non-isothermal
thermoanalytical data. Based on the resulted data, the half-
life of 17.3 % nitro-HTPB at the temperature of 50 °C was
predicted about 10 years. Meantime, the critical tempera-
ture of thermal explosion was computed as 181 °C.
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