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Data on the thermal stability of energetic materials such as nitrocellulose were required in order to obtain
safety information for handling, storage and usage. In present study, the thermal stability of micron
and nano-sized nitrocellulose samples was determined by differential scanning calorimetry (DSC) and
simultaneous thermogravimetry-differential thermal analysis (TG/DTA) techniques. The results of TG
analysis revealed that the main thermal degradation of nitrocellulose occurs in the temperature range of
190-210°C. On the other hand, the TG-DTA analysis of samples indicated that particle size of nitrocel-

ﬁ?{r‘zggﬁilose lulose could affect on its thermal stability and its decomposition temperature decreases by decreasing
Nano-fiber its particle size. The influence of the heating rate (5, 10, 15 and 20°C/min) on the DSC behaviour of

the nitrocellulose with two particle sizes was verified. The results showed that, as the heating rate was
increased, decomposition temperature of the micron and nano-sized compound was increased. Also,
the kinetic parameters such as activation energy and frequency factor for the micron and nano-sized
nitrocellulose were obtained from the DSC data by non-isothermal methods proposed by ASTM E696

Particle size effect
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and Ozawa.

© 2009 Published by Elsevier B.V.

1. Introduction

Nitrocellulose is known as a versatile, widely used polymer with
numerous applications. For many years, it has been exploited as
additive in paints and lacquers, or as an important component for
propellant and high explosive formulations [1].

The size of reacting particles affects systems such as propellants,
pyrotechnics, and explosives. These reactive systems can involve
powders, slurries, or dispersions of a solid or liquid in a gas. In the
case of liquids, the droplet size must be taken into consideration.
For solids, whether the particles are spherical or jagged, the par-
ticle size is important. From a more fundamental point of view, it
is the ratio of surface area to mass that must be considered [2].
Much effort has been expended to investigate the effects of par-
ticle size for liquid fuels, monopropellants, and explosives. At first
glance, the results of these investigations [2] do not seem to be con-
sistent. On the one hand, it is well known [3] that the atomization
of a fuel very much reduces its auto-ignition delay. On the other
hand, it has also been shown [4] that each fuel, under otherwise
identical conditions, has an optimal particle size for a minimum
ignition delay: larger particles evidently are not heated sufficiently
quickly.
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Nano-sized energetic materials have recently become a subject
of intense interest. Compared to conventional formulations that
use particles with micron diameters with a broad size distribution,
nanomaterials offer the possibility of faster energy release, more
complete combustion and greater control over performance. A lack
of understanding of the fundamental mechanisms has hindered the
development of nanoenergetic materials. With conventional parti-
cles, chemistry is mainly limited by mass transport [5]. The time
for reaction in the diffusion regime is proportional to the square
of the particle diameter d2. As the particle size is reduced, the
d? behaviour will eventually break down as diffusion-controlled
processes and become comparable in rate to chemical reactions
[6].

Compatibility studies of different materials by DSC, DTA and
TG have been carried out for several years [7-12]. Kinetic studies
have become a crucial point in thermal analysis, in which the main
purpose is to determine the mechanism of pyrolysis reaction and
to calculate the parameters of the Arrhenius equation. These data
are required for energetic materials and their related compounds
to be qualified for performance and safety in their manufacture,
handling, storage and use [13,14].

In this work, the thermal stability of nitrocellulose fibers with
various particle size were investigated by means of differential
scanning calorimetry (DSC) and simultaneous thermogravimetry—
differential thermal analysis (TG-DTA). The results allowed us
to acquire information concerning this compound in the solid-
state, including its thermal stability and thermal decomposition.
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Also, this study an attempt has been made to determine the
kinetic parameters of non-isothermal decomposition of the micron
and nano-sized nitrocellulose. Until today, various data are pre-
sented on the thermal behaviour and kinetics of decomposition
of micron-sized nitrocellulose compounds [15-24]. Makashir et
al. [16] investigated thermal decomposition of nitrocellulose 12.1%
nitrate content with regard to kinetics, mechanism, morphol-
ogy and the gaseous products thereof, using thermogravimetry
(TG), differential thermal analysis (DTA), IR spectroscopy, dif-
ferential scanning calorimetry (DSC) and hot stage microscopy.
They investigated kinetics of the initial stage of thermolysis of
nitrocellulose in condensed state by isothermal high tempera-
ture infrared spectroscopy (IR). Rong et al. [18] were derived
two methods for estimating the critical temperature (T},) of ther-
mal explosion for the highly nitrated nitrocellulose (HNNC) from
the Semenov’s thermal explosion theory. They obtained values of
the thermal decomposition activation energy (E), the onset tem-
perature, the initial temperature and then calculate the critical
temperature of thermal explosion for nitrocellulose. In another
study, Binke et al. [19] studied melting process of nitrocellulose by
using modulated differential scanning calorimetry (MDSC) tech-
nique, the microscope carrier method for measuring the melting
point and the simultaneous device of the solid reaction cell in
situ/RSFT-IR. They obtained values of the melting point, melting
enthalpy, melting entropy, the enthalpy of decomposition and the
heat-temperature quotient by the MDSC curve of nitrocellulose.
Brill and Gongwer [23] analyzed kinetic constants for decom-
position of nitrocellulose in the 50-500°C range. Their results
showed that at T<100°C, three processes (depolymerization, per-
oxide formation, and hydrolysis) are consistent with the reported
kinetics. For T=100-200°C, 28 of 30 previously reported kinetic
measurements can be organized clearly into two categories by
the use of the kinetic compensation effect. These two groups
fit the first-order and autocatalytic processes. Also, in our previ-
ous study, the effect of nitrogen content of nitrocellulose on its
thermal decomposition was followed by noting the changes in

the TG-DTA and DSC curves [25]. But, to the best of our knowl-
edge, there is no report on the thermal behaviour of nano-sized
nitrocellulose.

2. Experimental
2.1. SEM analysis

Particle size of nitrocellulose samples have been tested using a
scanning electron microscope. Scanning electron micrographs were
recorded by means of a Philips XL30 series instrument using a gold
film for loading the dried particles on the instrument. Gold films
were prepared by a Sputter Coater model SCD005 made by BAL-TEC
(Switzerland).

2.2. Thermal analysis

The nitrocellulose compound with 13.9% nitrate contents in
micron particle size was synthesized in our research laboratory
(MUT, Tehran) [25]. Also, nitrocellulose nano-fibers were obtained
by applying electrospinning to 10 wt% nitrocellulose solutions in
ethyl methyl keton (EMK) [26].

Thermochemical behaviour of nitrocellulose samples with dif-
ferent particle size (micron and nano-sized) was characterized.
The DSC curves were obtained by Du Pont differential scanning
calorimeter model DSC 910S, in temperature rang of 50-400°C
using an open aluminum crucible, at different heating rates (5, 10,
15 and 20°C/min), under helium atmosphere with the flow rate of
50 ml min~!. The sample mass used for DSC experiments was about
3.0mg.

Simultaneous thermogravimetric analysis (TG) and differential
thermal analysis (DTA) were carried out using a Stanton Redcroft,
STA-780 series with an open alumina crucible, applying heating rate
of 10°C/min in a temperature range of 50-400°C, under helium
atmosphere with the flow rate of 50 mlmin~!. The sample mass
used was about 3.0 mg.
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Fig. 1. SEM images of fibrous nitrocellulose: (a and b) nano-fibers and (c and d) micron-sized fibers.
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Table 1
Summary of experimental results for DTA/TG of micron and nano-sized
nitrocellulose.

No. Sample Transition temperature? (°C)
Onset Maximum ™
1 Micron-sized 198.2(+0.1) 208.1 198-210
Nano-sized 190.8(+0.2) 202.8 190-205

2 These temperatures are peak temperatures at maximum heat flux.
b Tis the temperature range associated with a variation sample’s mass (decrease).

3. Results and discussion
3.1. Results of SEM analysis

Fig. 1 shows SEM photographs of different samples of nitrocel-
lulose, nano-fiber sample (Fig. 1a and b) and microfibers sample
(Fig. 1c and d). It is clear that two different morphologies could be
detected among the generated nano-fibers. The surface of the nano-
fibers with 90-150 nm diameters appears smooth while some pores
are observed on the surface of the fibers with greater diameters
range from 400 to 500 nm.

On the other hand, the results of SEM confirmed the well-known
fibrous structure of NC which the microfibers have 20-30 p.m aver-
age size in diameter without any agglomeration.

3.2. Results of thermal analysis

The thermoanalytical results of micron-sized nitrocellulose are
presented in Table 1. The TG/DTA curves showed a single sharp
exothermic behaviour with a maximum at 208.1 °C, accompanied
by a sharp weight loss. Previous studies [27] showed that, the
decomposition of micron-sized nitrocellulose at this temperature
produces H,0, CO, NO and CO, as evolved gases and CO is the major
decomposition product of nitrocellulose. Also, thermomicroscopy
showed [28] that the nitrocellulose melted in the region of 200°C
to give a highly mobile bubbling liquid. There was no indication of
melting on the DTA curve, presumably because any endothermic
effect was out-weighted by the concurrent exothermic decompo-
sition.

On the other hand, for the nitrocellulose nano-fibers, a thermal
pattern quite similar to its micron sized was obtained. The DTA and
TG curves of nano-sized nitrocellulose are shown in Fig. 2. But, the
results showed that thermal stability of nitrocellulose decreases
with decreasing its particle size from micron to nano-sized and the
nitrocellulose nano-fibers decompose at ~190.8 °C with decrease
in the weight of sample in temperature range of 190-205 °C. For
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Fig. 2. TG/DTA curves for nitrocellulose nano-fibers; sample mass 3.0 mg; heating
rate 10°C/min; helium atmosphere.
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Fig. 3. Effect of heating rate on the nitrocellulose nano-fibers DSC results; sample
mass 3.0 mg; helium atmosphere with the flow rate of 50 ml min="'.

this particle size, onset decomposition temperature (190.2°C) is
lower than the decomposition point of the micron sized (198 °C,
see Table 1).

3.3. Effect of heating rate

Fig. 3 shows DSC curves of the nano-fibers of nitrocellulose at
several heating rates. It was found that, by increasing the heat-
ing rate, the decomposition temperature of the nitrocellulose was
shifted to higher temperatures. These shifts in onset temperature
and peak temperature are shown in Table 2. Also, the results of this
study show that as the particle size of nitrocellulose was increased,
the enthalpy of decomposition obtained by area under DSC peaks
was increased. These changes in enthalpy of decomposition are
shown in Fig. 4.
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Fig. 4. The effect of various heating rate on enthalpy of decomposition (obtained
from area under DSC peaks) for nitrocellulose samples.
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Table 2
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Onset and maximum decomposition temperature of nitrocellulose samples with various particle sizes obtained by DSC at various heating rate.

Heat flow (°C/min) Particle size

Nano-size

Micron-size

Onset temperature (°C)

Maximum temperature (°C)

Onset temperature (°C) Maximum temperature (°C)

5 178.7 (+0.1) 190.2 192.2 (40.2) 201.8
10 190.8 (+£0.1) 202.8 198.2 (+0.1) 208.1
15 193.5 (+0.2) 207.3 202.1 (+0.1) 213.6
20 202.2 (+0.2) 214.3 205.1 (+0.1) 218.0
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Fig. 5. Plot of In(BT,, ) versus reciprocal peak temperature 1/T, for nitrocellulose samples with (a) nano- and (b) micron-size. The data derived from DSC experiments in

helium atmosphere.
3.4. Kinetic methods

The ASTM method E698 [29] was used to determine the Arrhe-
nius parameters for the thermal decomposition of two studied
nitrocellulose particle size. In order to calculate the pre-exponential
factor (Z), it was assumed that the decomposition followed first-
order kinetics. The DSC curves obtained at various heating rates for
nano-sized nitrocellulose are shown in Fig. 3. The values of T, were
corrected for scale non-linearity, heating rate changes, and thermal
lag as described in the ASTM E 698-05 standard.

The plot of the In(8T,-2) against 1/Ti, was straight lines for
nitrocellulose with various particle sizes (Fig. 5). Thus, first-order
kinetics provides a good description of the overall observed decom-
position behaviour in this temperature range [30]. The slope of the
lines was equal to —E,/R. Therefore, the activation energy (E,) was
obtained from the slope of the graph while the log of the pre-
exponential factor, log(Z/S~1) was calculated from the expression
given in ASTM E698:

[ E E,
Z=p (RTm2> P (RTm)

Table 3 contains the calculated values of activation energy and
frequency factors for nitrocellulose samples. On the other and,

(1)

from plots of the logarithm of the heating rate versus the inverse
of the temperature at the maximum reaction rate in constant heat-
ing rate experiments. The activation energy can be determined by
Ozawa method without a precise knowledge of the reaction mech-
anism, using the following equation:

log 8+ 0.496 Es

RTm =C

(2)

The activation energy of decomposition of the studied nitrocel-
lulose samples was estimated using Ozawa method. The plot of
logarithm of heating rates versus reciprocal of the absolute peak
temperature for the micron and nano-sized samples was straight
lines with r=0.9933 and r=0.9948, respectively, which indicated
that the mechanism of thermal decomposition of nitrocellulose
over this temperature range did not vary [31]. On the other hand,
frequency factor (Z) was found for the compound from Eq. (1).

All resulted data are summarized in Table 3. Comparing the
results of the application of the two methods, we observe that
values calculated for nitrocellulose samples by ASTM and Ozawa
methods are comparable.

After the kinetic parameters (E and A) were obtained, the ther-
modynamic parameters of activation can be calculated from the
following equations [32,33]:

activation energy (E;) for both samples was calculated by Ozawa A exp -E _ v exp ~AG* 3)

method. In this method, activation energy could be determined RT — RT

Table 3

Comparison of kinetic parameters of the nitrocellulose samples obtained by ASTM and Ozawa methods.

Particle size Method Activation energy (kJ/mol) Frequency factor logZ (S—1) Linear regression (1) AG* (k]/mol) AH* (kJ/mol) AS* (J/mol) —logK

N ASTM 102.5 (+0.3) 11.01 (+0.03) 0.9940 120.55 98.55 —46 6.99
ano Ozawa 105.15 (+0.3) 11.31 (+0.04) 0.9948 120.43 101.19 —40 7.33
. ASTM 157.2 (+£0.1) 16.98 (+0.03) 0.9926 121.20 153.29 68 10.59

Micron Ozawa 157.4 (+£0.4) 16.96 (+0.05) 0.9933 121.57 153.48 68 10.64

r=linear regression coefficient; AG*¥, AH* and AS* are given at decomposition temperature of nano-fibers nitrocellulose that is 202.8°C.
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AH* =E —RT (4)
AG* = AH* — TAS* (5)

where AG*, AH* and AS* are free energy, enthalpy and entropy
of the activation, receptivity. v is the v=KgT/h (where Kz and h
are Boltzmann and Plank constant, respectively). Table 3 gives the
computed thermodynamic parameters for micron and nano-sized
nitrocellulose samples.

3.5. Decomposition reaction rate constant

Assuming a first-order decomposition, the equation to deter-
mine the half-life would be: t;;; =0.693/k. The rate constant (k)
for decomposition reaction could be calculated by the following
equation [31]:

Ey
2.3RT 6
From above equation rate constant (k) was calculated at 25°C.

Table 3 listed the rate constant for these decomposition reaction.

logk = logA —

3.6. Critical explosion temperature

The critical explosion temperature (Tj,) is an important parame-
ter required to insure safe storage and process operations involving
explosives, propellants and pyrotechnics. It is defined as the low-
est temperature to which a specific charge may be heated without
undergoing thermal runaway [34-36]. 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
explosion (Ty,) for the nitrocellulose samples, Egs. (7) and (8) were
used [37].

Te=Teo + by +c¢f, i=1-4 (7)

E— \/E? — 4ERTeo
= 2R

where b and c are coefficients, R is the gas constant; E is the value
of activation energy obtained by kinetic method.

The value (Teg) of the onset temperature (T ) corresponding to
¢ — 0 obtained by Eq. (7) is 185.3°C and 168.9°C for micron and
nano-sized nitrocellulose, respectively.

The critical temperature of thermal explosion (T, ) obtained from
Eq. (8)is 196.7 °C and 186.0°C for micron and nano-sized nitrocel-
lulose by using ASTM and Ozawa data, respectively.

Ty (8)

3.7. Comparison of decomposition temperatures of micro and
nano samples

In this study, the thermal behaviour of two nitrocellulose sam-
ples with different particle sizes was studied in identical conditions.
For the nano-sized nitrocellulose, as seen in Fig. 2 and Table 1,
decomposition occurred at 202.8°C with a fall in the weight of
sample. Also, for micron-sized sample, the decomposition was hap-
pened about 208°C. On the other hand, as the results show, the
decomposition temperatures of two samples were different and
micron-sized sample shows higher decomposition temperatures
about 6°C in comparison with nano-sized sample. A comparison of
decomposition temperature of these samples is shown in Table 1.

The values of the kinetic parameters that were obtained by
the ASTM and Ozawa methods for micron and nano-sized sam-
ples showed good correlation, but the values of activation energy
obtained by Ozawa method for micron and nano-sized nitrocel-
lulose fibers were slightly higher than those obtained by ASTM
method. On the other hand, the values of AS*, AG* and AH* of

the decomposition reaction of both nitrocellulose samples were
computed. Our finding showed that, the values of the AG* for the
decomposition of micron-sized sample is higher than decomposi-
tion of nano-sized nitrocellulose. Also, the values of the activation
enthalpies (AH*)and activation energy have the same trends. Thus,
thermal stability of the nitrocellulose samples obeys the following
order: micron-sized > nano-sized.

4. Conclusion

This study indicates that thermal decomposition of nitrocellu-
lose occurs in a single step. Also, the results showed that first-order
process best describes the DSC plots for both micron and nano-
sized nitrocellulose in the investigated temperature range. Kinetic
parameters were deduced for single decomposition step under non-
isothermal condition. The kinetic parameters obtained from ASTM
method are in good agreement with those of the Ozawa method. It
was found that thermal stability of both samples increased as the
heating rate increased. Additionally, all thermal stability and kinetic
parameters for the micron-sized nitrocellulose is higher than that
obtained for the nano-sized nitrocellulose. Thus, nano-sized nitro-
cellulose fibers could be used for applications, which require more
sensitivity. Based on the kinetic data obtained for the activation
energy by ASTM and Ozawa methods, using non-isothermal ther-
mal analysis experiments, the ratio of activation energy for micron
to nano-sized nitrocellulose is approximately 1.5. These results
show that nano-sized nitrocellulose in comparison with micron-
sized nitrocellulose is a heat sensitive and needs more care during
storage period.
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