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SUMMARY
In chemical energetic materials, sudden release of energy causing an explosion is an
important feature which has been utilized in making their use for specialized
applications. However, unless release of the stored chemical energy is controlled, the
material is unsafe and therefore has limitations in processing and use. Therefore, in
development of these materials, a major objective is to have desired control on its
energy release rate and sensitivity to initiation. Particle size in these materials can be
one important parameter to control their properties. Several researchers have
attempted to investigate and characterize the effects, but no clear trend has emerged
out or agreed upon. The focus of the present research work is to study the effect of
particle size on properties of energetic materials like TNT, RDX, PETN and
composite of Resorcinol and Ammonium nitrate to infer whether decrease in
sensitivity and improvement in performance can be achieved by reducing their particle
size. Effect of introducing voids in controlled manner on ignition mechanism in these
materials and their sensitivity has also been studied.
TNT, RDX and PETN have been prepared with particles size in wide range
from 350 micrometer down to 50 nanometers using solvent/non solvent precipitation,
spray drying and sol-gel processing and studied effect of particle size on energetic
properties of these materials. Sol gel process has been utilized for preparation of nano
sized energetic materials with induced defects like porosity and studied effect of
controlled defects on sensitivity and performance of these materials. Fourier
Transform Infra-Red (FTIR) spectroscopy and X-ray Diffraction (XRD) studies
confirmed that chemical and crystal structures of prepared materials are same as those
of raw materials. Thermo gravimetric and differential scanning calorimetric (TG-
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DSC) studies used for qualitative and quantitative confirmation of energetic materials
in samples. Electron microscopy and small angle X-ray scattering measurement
techniques were used to analyze the microstructure while particle sizes were measured
using SEM and TEM micrographs.
The studies on processed energetic materials carried out using fall hammer
impact apparatus showed that sensitivity to impact initiation decreased by about 15 %
in RDX and by 40 % in TNT with reduction in particle size. Impact sensitivity in
RDX materials has been found to increase by about 5 to 7 % with inclusion of
porosity even though the particle size is reduced. In the composites of silica with
TNT, RDX and PETN having different energetic material loading and varying pore
volume, it is also demonstrated that microstructure of the sol-gel processed material
can be tailored and effectively used for controlling their sensitivity and energy release
rate. The impact sensitivity in TNT materials could be tuned in the range of 25 % to
65 % by varying the process parameters of sol-gel method.
The kinematics parameters calculated from thermal analyses to understand
decomposition mechanism in energetic materials showed an increase in activation
energy with decrease in particle size. In materials processed by sol-gel method, silica
environment around energetic particles and reduced particle size has led to increase in
activation energy. However, kinetic parameters suggest improvement in energy
release rate due to high surface energy associated with smaller size particles. More
number of molecules undergoing decomposition simultaneously due to high
proportion of molecules on the surface and that contributes to faster decomposition in
materials with reduced particle size. In sol-gel processed materials also, the energy
release rate is enhanced as compared to that of raw materials. This suggests that high
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defect density leads to increased number of ignition centers with increase in collision
frequency that leads to faster ignition to detonation transition. The improvement in
energy release rate as predicted by thermal analysis is further substantiated by
detonation velocity (VoD) measurements. The detonation velocity in energetic
materials with reduced particle was found to be increased by about 15 % as compared
that for raw material.
The effect of particle size is prominently demonstrated in resorcinol- and
ammonium nitrate (AN) composites containing more than 85 % AN with
stoichiometric oxygen balance. The nanostructure composites processed by sol-gel
method with reduced particle size showed increase in energy release rate as compared
to that from physical mixture of resorcinol and ammonium nitrate. These composites
are safer than traditional energetic materials like RDX and PETN due to less
sensitivity and hence can be useful in various civilian applications.
From the systematic studies carried out on different nanosized energetic
materials, it is inferred that decrease in ignition sensitivity and improvement in
detonation velocity can be achieved with reduction in particle size in energetic
materials. The microstructure of these materials can also be tailored by using sol-gel
process for effectively controlling their sensitivity and energy release rate. This study
has helped to understand the ignition process in energetic materials.
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CHAPTER 1
INTRODUCTION

Chemical energetic materials have always been subject of curiosity for
mankind. However, common people’s awareness of these materials is limited to
firecrackers in festival seasons and media news related to terrorist activities. Both
these things do not present correct picture of potential use of energetic materials.
These materials have fascinated humans but more than that they have horrified them
due to their destructive capacity. The capability of energetic materials, especially their
energy density and high power has also been utilized in the development of modern
society. Energetic materials are widely used in civil applications like road blasting,
metal welding, for warheads in military applications and in basic research as a tool for
generating high pressure. The energetic materials are like a character in fairy tale
which can fulfill our any wishes when it is in our control, but it is equally harmful
when it becomes uncontrolled. The development of energetic materials has caused
numerous casualties and the accidental destruction of facilities. However, the benefits
of controlling an explosive effect of these materials are so valuable and useful that the
efforts to characterize and understand these materials and experiments to explore their
potential never seized but are continuing.
Energetic materials are associated with explosion which generates a
damagingly high-pressure pulse into the surroundings. It could also be accompanied
with fragments of casing or surrounding structures. Explosions can be sub-divided
into three types depending on their energy source namely nuclear, physical and
chemical explosions. Nuclear explosions are caused by a runaway chain reaction in
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fissile material which releases large quantities of neutrons, different types of radiation
and a large amount of heat energy. Physical explosions occur when large quantity of
physical potential energy is released very rapidly. This explosion may occur without
an energetic material, that is, without any material which contains intrinsically the
energy needful to produce the explosion. A steam boiler is example of physical
explosion. It may explode because of the heat energy put into the water. But the
energy is not intrinsic to water, and water is not an explosive. Chemical explosions are
caused by chemical energetic materials. In chemical explosions, sudden release of
large quantities of stored chemical energy generates very high temperature gases and
high pressures. In this work, we have studied these chemical energetic materials.
Chemical energetic materials have large amount of stored energy and burst
with sudden release of this energy generally associated with high temperature and
high-pressure gases. These materials commonly require some stimulus, like an impact
or a spark to trigger them to release their energy. When suitably initiated, they release
this energy violently producing explosion. This sudden release of energy makes these
materials different from other fuels like coal, and makes them suitable for use in
specialized applications. The first ever known chemical energetic material is
gunpowder. It is mixture of Coal, Nitrate salt and Sulfur. This is still used in
firecrackers and in propellants. The major development in field of energetic materials,
after gun powder, began with invention of nitroglycerine and its use in stabilized
compositions like dynamite and blasting gelatin. After World War I, use of some
powerful

energetic

materials

like

Trinitrotoluene

(TNT),

Cyclotrimethylenetrinitramine (RDX), and Penta Erythritol Tetra Nitrate (PETN) was
started, mostly in military applications. The recent technological progress demands
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more powerful and more stable energetic materials which led to development and use
of materials like Tri-Amino Tri-Nitro Benzene (TATB), Hexanitrostilbene (HNS), C4,
Cyclotetramethylenetetranitramine (HMX) in modern applications.
A combination of a fuel and an oxidizer is required in an energetic material.
When fuel and oxidizer react, it produces energy by a process called oxidation. For
release of maximum amount of energy, a balance between fuel and oxidizer is
necessary. This is represented by a quantity known as oxygen balance.
In a simple oxidation reaction mentioned below, 1 mole of methane burns with
2 moles of oxygen to form 1 mole of carbon dioxide and 2 moles of water.
CH4 + 2 O2  CO2 + 2 H2O
The heat of reaction is 218.2 kcal per mole of methane [1]. Since 1 mole of methane
weighs 16.042 grams and 1 mole of oxygen weighs 32.0 grams, the heat of reaction
per unit weight is as calculated as follows:
212.8 kcal / (16.042 g + 2 x 32.0 g) = 2.659 kcal/g
This energy release per unit weight of material is termed as energy density and is one
of the important features of energetic materials. In oxidation, coal releases
approximately eight times more energy than that of one commonly used high energy
material TNT [2]. However, TNT releases its energy far more quickly, approximately
106 times faster than coal and causes much severe effect. For energy release, fuel and
oxidizer can be physically mixed to allow them to react. Alternatively, these two can
be present in the same molecule, as is the case with most of efficient energetic
materials used in military applications. The intimacy of fuel (mostly carbon and
hydrogen atoms) and oxidizers (oxygen atoms) is the main reason for violent energy
release through rapid decomposition process causing explosion in these materials.
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The velocity with which the reaction propagates in the mass of the energetic
materials is referred as velocity of detonation. Along with energy density, velocity is
an important element influencing energy yield of these materials. Depending on the
energy release rate, these materials are classified as low explosives and high
explosives. Energetic materials in which the chemical reaction front moves faster
through the material than the speed of sound are known as High Explosives (HE).
Low explosives are materials where the rate of decomposition proceeds through the
mass is less than the speed of sound. Under normal conditions, low explosives
undergo deflagration at rates that vary from a few centimeters per second to
approximately 400 meters per second [3]. A low explosive is usually a mixture of
a combustible substance and an oxidant that decomposes rapidly (deflagration);
however, they burn more slowly than high explosives. Low explosives or propellants
burn but do not explode and function by producing gas. Black powder is a common
example of low explosives. High explosives detonate under the influence of shock
with reaction propagating at a rate ranging from 3 to 9 km/s [4]. They exert a
mechanical effect upon whatever is near them, when they explode, whether they are
confined or not. Examples of high explosives are dynamite, trinitrotoluene, tetryl,
picric acid, etc. They are normally employed in mining, demolition, and military
applications.
Most chemical energetic materials are composed of carbon, hydrogen, oxygen
and nitrogen, and are referred as CHNO explosives. In these materials, nitrate
molecules typically provide required oxygen to burn the carbon and hydrogen fuel.
The oxidizers need not be from a source separate from fuel. In energetic materials, the
different oxidizer subgroups like -NO2, –NHNO2 and -ONO2 are the major source of
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oxygen. Energetic materials based on these oxidizer subgroups in the molecule are
classified into nitro, nitramine and nitrate esters, respectively. It is interesting to note
that same nitro groups in these materials which make them effective energy source,
also make them susceptible to release energy with small trigger energy due to its
metastable nature. TNT is nitro compound in which nitro group is attached to carbon.
RDX is representative of nitramine class in which nitro group is attached to nitrogen
atom. PETN is from nitrate ester group in which nitro group is attached to oxygen
atom. These chemical groups also play an important role in governing the stability of
such materials.
Energetic materials exist in meta-stable state i.e. these materials may not
undergo rapid chemical decomposition until a definite energy (activation energy) has
been added to get the process initiated. This is termed as ignition or initiation. Various
means used for initiation in energetic materials are heat, electrostatic impulses,
friction, shock waves, or any combination of these energy sources. The ease with
which an energetic material can be initiated is known as its sensitivity. Among
energetic properties of these materials, sensitivity to initiation is very critical because
the materials should be insensitive enough from safety view that minimizes the hazard
during handling but at the same time, it should be reliable for functioning when
desired. According to sensitivity to initiation, energetic materials are categorized into
primary and secondary explosives. Energetic materials under primary category are
extremely

sensitive

to

stimuli

like

impact, friction, heat, static

electricity, electromagnetic radiation, etc. The materials like Mercury Fulminate, Lead
Azide and Lead Styphnate that can be initiated with relatively small amount of energy
and easily detonate belong to primary category. Consequently, they are very unsafe to
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handle, and considerable precautions are required when handling them. These are
often used in detonators to ignite bigger charges of secondary energetic materials
which are relatively less sensitive. A secondary type energetic material such as RDX
or TNT requires more energy for initiation as compared to that of primary type
materials. However, once they detonate, a powerful shock is generated. Because of
their less sensitivity, secondary energetic materials are usable in a variety of
applications and are safer to handle and store.
Considering many forms and structures in which hydrocarbons can be
arranged and large number of subgroups that can be attached to them, it should be
possible to have large varieties of energetic materials. However, a very few energetic
materials viz. TNT, RDX, HMX, PETN, HNS are commonly used in military and
scientific applications. The number is limited by several factors like thermal stability,
chemical compatibility, physical form, handling sensitivity and energetic output
properties [5]. Thus, the choice of energetic materials being used is limited and
therefore it becomes desirable to modify the properties of available materials to
control their performance. In order to develop safer materials to reduce the chance of
inadvertent explosion events, it is necessary to understand how these energetic
materials work. The most important feature of any energetic material is its stability.
Unless the release of the stored chemical energy can be controlled, the material is
unsafe to handle and has limitations in its use. Today, good quantum of research in
this field is aimed at addressing safety of energetic materials. From these studies, it is
observed that energetic properties of material depend upon microstructure, particle
size and its distribution, surface area, internal voids and inclusions and processing
methods of energetic materials. Among these, one of the parameters that can be

6

effectively used to modify the properties of the energetic materials is particle size.
Several researchers have attempted to study the effect of the particle size on
sensitivity to initiation in energetic materials, but no clear trends have emerged or
agreed upon. Interestingly, the results are seen to be contradictory as both the
increasing and decreasing trends in sensitivity to initiation have been observed as the
particle size of these materials is reduced from coarser to fine [6-10]. The reason for
this could be one fact that these studies have been conducted on materials with
different processing history and having different range of particle size distribution.
Different measures of initiation like using heat or impact energy were used to measure
sensitivity properties, or different parameters considered as measure of ignition may
also give different results. Therefore the available literature results are inadequate and
open for further research. Thus, it is still of great interest to investigate the effect of
particle size on the sensitivity of energetic materials to initiation.
Composites using mixture of fuel and oxidizer is another class of energetic
materials used in many applications. Gun powder, a mixture of charcoal, potassium or
barium nitrate and sulfur is the oldest known composite of this class. Their
composition with different proportion of fuel and oxidizer may provide energy over
wide range to suit various applications. The thermite mixtures consisting of metal
oxides like iron oxide and metallic aluminum as fuel are also studied [11] but, these
mixtures have less power being gasless compositions. Solid rocket propellants also
use composites containing organic polymers as fuels and ammonium perchlorate as
oxidizer [12]. The intimacy of fuel and oxidizer components through control of their
particle size and their homogeneous distribution is the key for successful energetic
composites. Organic gel has potential to be explored as fuel in energetic composites.
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Three of commonly used energetic materials like TNT, RDX and PETN are
chosen in present study. Some of the important properties of these materials are
summarized as below:
TNT:
Trinitrotoluene (TNT) which is more specifically named as 2-methyl-1, 3, 5trinitrobenzene is a chemical with molecular formula C6H2 (NO2)3CH3.

Fig. 1.1 Structural formula of TNT
It is a relatively insensitive energetic material with convenient handling and
processing properties. This is one of the earliest known and most widely used
energetic materials for military, industrial, and mining applications. TNT melts at
80 °C, far below the temperature at which it will spontaneously detonate (240 oC). It
allows to use it in casting operation and to safely combine with other energetic
materials. For detonation, TNT must be initiated by a pressure wave from another
more sensitive energetic material, called as booster. The heat of detonation for TNT is
4.184 mega joules per kilogram (MJ/kg) [13]. In detonation, only the oxygen available
in TNT molecule is used for oxidation of carbon. Energy density of TNT is used as a
reference point for many other materials including nuclear weapons. Its heat of
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combustion is 14.5 MJ/kg [14]. In combustion, all carbon atoms react with either
molecular or atmospheric oxygen to release more energy as compared to that of
detonation. Some properties of TNT are listed in Table 1.1.
Table 1.1 Some important properties of TNT
Chemical formula

C7H5N3O6

Molecular weight

227.13 g/mol

TMD

1.65 g/cm3

Melting point

80 oC

Detonation Temperature

240 oC

Detonation velocity

6900 m/s at 1.65 g/cc

Heat of Detonation

4184 kJ/kg

RDX:
RDX is the most popular energetic material. Chemical name for RDX is Hexogen or
more specifically Cyclo-1,3,5-trimethylene-2,4,6, - trinitramine. Molecular formula
for RDX is C3H6N6O6. The chemical structure of RDX is as below:

Fig. 1.2 Chemical structure of RDX.
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It has high brisance that is high pulverizing power due to its high detonation
velocity. It was considered a candidate for replacing TNT after the 1st World War and
industrial scale production of RDX started during the Second World War. During
development stage, it was referred as Research and Development Explosive and
termed as RDX. It belongs to the family of high energy density nitramine energetic
materials which also includes cyclotetramethylenetetranitramine (HMX) and
hexanitro-hexaazaisowurtzitane (CL-20). However, processing of RDX is less
troublesome than HMX or CL-20 as both HMX and CL-20 have four stable
polymorphs of which only one is desired [15]. RDX is soluble in solvents like
acetone, cyclohexanone, acetonitrile, and DMF. It is sparingly soluble in water,
alcohols, and hydrocarbons. Commercially available RDX ranges in crystal size of
hundreds of microns. Larger grained RDX is typically produced by recrystallization
from solvents such as cyclohexanone. Finer grained RDX is produced by
precipitation. Some properties of RDX are listed in Table 1.2.
Table 1.2 Some important properties of RDX
Chemical formula

C3H6N6O6

Molecular weight

222.1 g/mol

TMD

1.82 g/cm3

Melting point

204 oC

Detonation Temperature

210 oC

Detonation velocity

8750 m/s at1.76 g/cc

Heat of Detonation

6322 kJ/kg
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PETN:
Pentaerythritol tetranitrate (PETN) has IUPAC name as 1, 3-Propanediol, 2, 2-[bis(nitroxy) methyl]–dinitrate. Molecular formula of PETN is C-(CH2ONO2)4. Fig.1.3
shows structural formula of PETN.

Fig. 1.3 Structural formula of PETN
It is a white crystalline aliphatic nitrate ester with melting point 141 ºC. It is the most
sensitive among secondary energetic materials and its sensitivity is attributed to the
nitrate ester group [16]. Some properties of PETN are listed in Table 1.3.
Table 1.3 Some important properties of PETN
Chemical formula

C5H8N4O12

Molecular weight

316.1 g/mol

TMD

1.77 g/cm3

Melting Temperature

141 oC

Detonation Temperature

150 oC

Detonation velocity

8400 m/s at1.7 g/cc

Heat of Detonation

5810 kJ/kg
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It is used as booster explosive, in detonating fuses, demolition charges and initiation
devices. Its high sensitivity to mechanical and frictional stimulations poses hazard in
its handling. It is soluble in acetone and nearly insoluble in water. This property of
PETN can be used for reducing its particle size by precipitation method.
Focus of the present research work is to study the effect of particle size on
sensitivity properties of these commonly used energetic materials like TNT, RDX and
PETN to know whether ignition sensitivity and performance can be controlled by
reducing particle size. Also organic-inorganic composite using Resorcinol as fuel and
Ammonium nitrate as oxidizer has been prepared using sol gel method. Being
processed by sol-gel method, the oxidizer with nanosized particles is dispersed in
three-dimensional porous network of fuel and provides homogeneous distribution.
Energetic properties of these nano composites have also been studied.
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CHAPTER 2
LITERATURE SURVEY

A major objective in development of energetic material is to have desired
control on its sensitivity to initiation and energy release rate. An ideal energetic
material is expected to release high amount of energy and should be relatively
insensitive to accidental initiation. However, usually there is a delicate balance
between the two i. e. the energetic materials that release more energy are more
sensitive to initiation [1]. It is therefore a challenge to enhance the performance of an
energetic material without sensitizing it to inadvertent detonation. Research in this
field is aimed to reduce the sensitivity and increase the performance of an energetic
material with focus on modification of the chemical and physical structure of such
materials.
Particle size, as a key parameter, has been studied widely to modify properties
of energetic materials [2]. However, results obtained in various studies made to
analyze the effect of particle size on decomposition of energetic materials are diverse
in nature. Some researchers have reported that sensitivity of energetic materials to
impact initiation decreases with decrease in particle size [3] whereas some have
reported that sensitivity of the energetic materials was found to increase with decrease
in particle size [4]. Fathollahi et al. [5] studied thermal decomposition of RDX nano
particles prepared by wet ball milling technique and reported that activation energy of
micron size RDX is 1.5 times higher than that for nano RDX which suggests that nano
RDX is more sensitive than coarse RDX. Huang et al. [6] reported that nano size
FOX-7 material prepared by spray freeze drying technique has higher decomposition
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temperature than micron size material indicating that nano explosives is less sensitive
than the coarse one. This observation has been attributed by them to the smaller
internal stress in nanoparticles. This study also suggests that while evaluating effect of
particle size on sensitivity of energetic materials, it needs to consider the difference in
particle size distribution due to different processing methods. Hence, the method of
processing of these materials for reducing particle size becomes important. Some
typical findings are summarized here to have overall picture.
2.1 Effect of processing techniques on particle size of energetic materials:
Several researchers have used different processing techniques to reduce
particle size of energetic material and to achieve narrow size distribution [7]. These
techniques include wet milling, crystallization out of solutions, crystallization using
supercritical fluids, spray drying sol-gel technique, etc.
In milling, solid particles are broken down with mechanical forces. As these
forces may cause hazard during processing, this technique is restricted to wet milling
process in case of energetic materials. Estabrook and Somoza [8] succeeded to
achieve particle size less than 20 µm using wet grinding method. Teipel and
Mikonsaari [9] used a rotor-stator milling device with ring gear disperser to reduce
size of RDX and CL20 explosives. They succeeded to reduce particle size of these
materials from about 500 µm to less than 10 µm with size distribution of processed
material ranging from 2 to 30 µm. Song and Li [10] used raw RDX with mean particle
size of 41.8 μm with a size distribution ranging from 300 nm to 300 μm. They reduced
its particle size to a mean value of 2.86 µm using wet riddling method.
Another technique used for reducing particle size is spray drying, which
involves dissolution of the energetic material in suitable solvent and then spraying
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droplets of the solution into a heated chamber. The solvent from the droplets is
evaporated resulting in crystallization of energetic materials particles. The spray
drying technique requires high temperature to evaporate the solvent and hence is not
suitable for materials which may decompose at relatively lower temperatures. Qiu et
al. [11] prepared RDX and CL20 microparticles using spray of a dilute solution of an
energetic material and acetone. The average diameter for particles of energetic
material was about 15 µm with most particles in the range of 5 – 30 µm. Wang and
coworkers [12] produced HMX/estane nanocomposites using a similar technique.
Morphology of these nano-composites was found to be micro-spherical (1 to 8 μm
diameter) and composed of many tiny particles of 30 to 150 nm in size. Qiu and
coworkers [13] demonstrated preparation of sub-micron size HMX by spray drying
method using acetone as solvent. Average granule size of prepared materials was ~1
μm with majority of particles in range of 0.4 to 1.6 μm. Castro-Rosario and coworkers
[14] prepared RDX nano particles from an aerosol jet of RDX solution in acetonitrile.
They obtained particles with the largest and smallest diameters slightly over 1 µm and
160 nm, respectively.
The method of crystallization out of solutions is another simple and safe
technique to reduce particle size. In this method, the solubility of a substance in a
solvent can be reduced by rapidly lowering the temperature of the solution [15] or by
adding a non-solvent [16]. In a given solution, as solubility reduces, a super saturation
state is created, which leads to the nucleation of small crystallites that are separated by
filtration. Though this method is simple, it is difficult to control particle size [17] and
to obtain sub-micron sized particles. Cave et al. [18] have prepared TNT material with
mean particle size of 28 µm and size distribution ranging from 3.5 µm to 65 µm using
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this method. Kim and coworkers [19] prepared Nitrotriazolone (NTO) particles in
mixture of water and N-methyl 2-Pyrrolidone (NMP) using crystallization method.
Spherical particles of NTO with average diameter ranging from 30 to 300 μm were
crystallized by adjusting the composition of co-solvent, temperature and the agitation
rate. They studied the control on particle size by varying the composition and agitator
speed and their results have been displayed in Fig. 2.1 [19].

Fig. 2.1 Effect of a) solvent ratio; b) agitation rate on particle size of NTO [19]
Vijayalakshmi et al. [20] used similar method and achieved particle size
distribution of NTO ranging from 10 to 200 μm with controlling operation variables
like cooling rate, agitator configuration, speed, etc. Li and coworkers [21] prepared
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HMX material with particle sizes ranging from 2.98 μm to 16.1 μm by changing
solvent and non-solvent combination, stirring rate, temperature difference between
solvent and non-solvent. Moore and coworkers [22] have prepared submicron sized
HMX by pouring a solution of HMX in acetone into a cold nonsolvent hexane while
stirring at high speed. They prepared HMX material having average particle width of
~300 nm and length of ~1-2 μm. Bayat and coworkers [23] prepared submicron HMX
by spraying HMX solution made in acetone into water. The size of HMX obtained
was ranging from 14.98 μm to 481 nm depending on anti-solvent temperature,
compressed air flow rate and nozzle diameter. Yang and his group [24] prepared nano
TATB using concentrated sulfuric acid as solvent and water as non-solvent. They
prepared TATB particles with a size of about 60 nm. They reported that due to small
diameter and high surface energy, TATB particles tended to agglomerate.
Vandana and coworkers [25] utilized ultrasonic treatment along with solution
crystallization and produced HNS particles of mean diameter of 5 µm with broad size
range up to 26 µm. Sivabalan et al. [26] dissolved CL20 in ethyl acetate and added
heptanes to this solution as an anti-solvent in presence of ultrasound. The particle size
of CL-20 material thus obtained is around 5±1µm with a narrow particle size
distribution. Bayat et al [27] used similar technique and prepared ultrafine HMX with
average particle size of 50-90 nm.
One of the recent and sophisticated techniques used for producing nano-sized
energetic materials in pure form is supercritical fluid extraction known as Rapid
Expansion of Supercritical Solvent (RESS) method. In this method, a solution of
energetic material is made in suitable fluid, mostly liquid CO 2 at its supercritical state
(temperature ~ 31.1°C and pressure ~ 7.4 MPa) and then suddenly the solution is
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sprayed through a heated nozzle. The rapid expansion of the solution through the
nozzle causes super saturation at local level and thereby precipitation of energetic
material [28]. This method requires sophisticated instrumentation including low
temperature and high-pressure set-up. Mean particle size obtained for TNT using this
method is 10 µm and the size distribution is the range of 3.5 µm to 28 µm [29]. Lee’s
group [30] examined the influence of extraction temperature (293 – 333 K), extraction
pressure (8 - 20 MPa) and size of orifice nozzle (50, 100, 200 and 250 µm) on the size
and morphology of the RDX particles obtained by RESS process. The prepared RDX
particles were submicron-sized with spherical morphologies. The mean particle size of
RDX was found ranging from 2.48 to 0.36 µm. Krasnoperov’s group [31] produced
RDX nanocrystals by RESS method. They performed experiments by expansion of
supercritical carbon dioxide solution through sapphire nozzles (ID: 100 and 150 µm)
at varying pressures of 15.0 to 29.5 MPa. They produced particles of mean size in
range of 110- 220 nm.
RESS method with some modification is used as supercritical anti-solvent
(SAS) method in which a supercritical fluid is used as anti-solvent to produce
nanoparticles. Supercritical anti-solvent causes precipitation of energetic material
dissolved in a liquid solvent. Lee’s group [32] prepared micron size RDX materials
using SAS process and studied the influence of different solvents viz. Dimethyl
sulfoxide, dimethylformamide, acetone, acetonitrile, n-methyl 2-pyrrolidone (NMP),
and cyclohexanone at temperature 50 °C and pressure (13.7 or 15 MPa). Mean particle
size of the recrystallized RDX ranged from 2.6 to 17.7 μm. Using similar process,
Pourmortazavi et al [33] synthesized HMX nanoparticles of about 56 nm under
optimum conditions such as 3.5 mol/l HMX concentration, 3 ml/min solution flow

18

rate, cyclohexanone as solvent, and 70 ml/min flow rate of CO 2 as anti-solvent. Essel
et al. [34] reported preparation of RDX nano particles of about 30 nm median size by
expansion of saturated supercritical carbon dioxide/RDX solution into water.
Another method to produce energetic materials with particle size in the range
of nanometers is sol – gel method. In sol - gel method, the energetic material is
dissolved

in

solvent

and

to

this

solution

gel

forming

precursors

like

tetramethoxysilane and water are added which form nano size primary particles
suspended in solution, called as sol. The primary particles cross link to form a threedimensional network, referred to as gel that contain energetic material in the gel pores.
Evaporation of liquid from gel results in xerogel which consists of porous network of
solid silica containing nano sized energetic materials in the pores of silica network.
This method was utilized by Tillotson et al. [35] to prepare the composite of energetic
materials with silica for reducing the particle size of RDX and PETN materials with
compositions having 45 % of energetic materials and 55 % silica. They examined
impact sensitivity of the resulting xerogel but no details on particle size data of
energetic materials in the xerogel have been mentioned. Fude-Nie et al. [36] used solgel method to prepare nanoparticles of HMX/ammonium perchlorate (AP) using
Resorcinol-formaldehyde gel. The mean size of HMX crystals is less than 100 nm.
Luo and coworkers [37] prepared AP/RDX/SiO2 nanocomposites by sol-gel method
using freeze drying process. The mean grain size of AP is about 60 to 100 nm whereas
that of RDX is 100 to 200 nm.
Weeks and coworkers [38] have shown that spin coating and Dip pen
nanolithography can also be used for preparing energetic materials such as PETN and
HMX on the nanoscale without heating of the energetic material. The thickness of the
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PETN film thus prepared was ~250 nm and the roughness of the film was found to be
~25 nm. However, this technique is still less explored for energetic materials.
2.2 Decrease in sensitivity with decrease in particle size for energetic materials:
Many researchers have reported decrease in sensitivity of energetic materials
with decrease in particle size. Armstrong et al [39] studied the impact sensitivity of
energetic materials with particle size ranging from 0.01 mm to 1 mm and the results
reported in this study are shown in Fig. 2.2. They showed that impact sensitivity
decreases with decrease in particle size and proposed that large crystals give larger hot
spot sizes and lower critical temperature that affect initiation of energetic materials.

Fig. 2.2 Particle size dependence on initiation of RDX in drop-weight impact [39]
Gifford and coworkers [40] performed drop-weight experiments on PETN and
RDX available in conventional grain size (10 - 500 μm) and with fine particle size
(<1 μm). They determined the relative sensitivity of these materials and reported that
trapped gas appeared to be the main reason for ignition. As fine powders have smaller
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interstices between grains, the samples with fine particle size were less sensitive to
drop-weight impact than the conventional grain size material.
Sivabalan [26] studied the sensitivity of CL20 materials with particle size in
the range of 4-7 µm with an average particle size of 5 µm. They found that impact
sensitivity of CL 20 decreased with decrease in particle size.
Spear et al [41] determined figure of insensitivity (F of I) on two lots of RDX
powders, one with the larger size (250 µm) particles and other with smaller size
(3.9 µm) particles. Of the two, the 3.9 µm ball milled RDX exhibits lower
sensitiveness. Their explanation is that as particle size decrease, the permeability
decreases and it reduces the area of surface exposed to reaction products leading to
reduced shock sensitivity. Moreover, smaller grain size materials have smaller voids
and hence smaller hot spots, thus energy loss in thermal conduction will be higher.
Antoine et al [42] studied the sensitivity of RDX particles ranging from
1 to 10 µm prepared by solvent/ non-solvent technique and of particles in the range of
~ 400 nm to several micrometers prepared by evaporative crystallization process.
Their experiments showed that impact sensitivity of explosives decreased when used
smaller particle size RDX instead of bigger size RDX in PBX formulations.
Li and group [43] investigated response of HMX powders with different
particle sizes ranging from 0.6 to 56 μm to impact initiation. They proposed that a
fractal characteristic, quantized by size fractal dimension (D), is the dominating factor
in sensitivity of HMX rather than particle size. HMX samples with higher D value
exhibit lower impact sensitivity. They proposed that with increase in the proportion of
fine particles, thermal conductivity of HMX particles improves because of increase in
specific surface area. The size of numerous tiny holes scattered among the compressed
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particles becomes smaller which gives a higher critical temperature T c and hence it is
hard to form hot spots under impact action.
Li and coworkers [21] prepared HMX powders with particle sizes ranging
from 0.6 μm to 21 μm and studied their impact sensitivity. Their results are shown in
Fig. 2.3. They found that smaller HMX particles are less sensitive to impact force.
They attributed this to the influence of crystal defects or voids inside HMX particles.
They suggested that smaller HMX particles have uniform texture and a few crystal
deficiencies which reduce sensitivity of HMX. Furthermore, plenty of tiny air holes
among the spherical particles can cushion a blow from the impact action resulting in
lower impact sensitivity.

Fig. 2.3 Impact sensitivity of HMX as a function of particle size [21].
Qiu et al. [11] reported that for RDX particles within size range of 0.1 to 1 µm
prepared by spray drying technique, sensitivity decreased with reduced crystal size.
The low sensitivity was attributed to small crystal size as well as small void size
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(~250 nm). They proposed that lowering of void size desensitizes energetic materials
to mechanical stimuli by mitigating the formation of critical hotspots.
Stephnov and coworkers [31] measured impact sensitivity of nanosized RDX
in loose powder and pellet form. The sensitivity in terms of height at which initiation
probability is 50 % (H50) for the 150 nm RDX powder was over 100 cm whereas for
150 nm RDX pellet H50 was 42 cm. The H50 for 350 nm RDX in loose form was
73.5 cm and for pellets it was 35.5 cm. The H50 for 4.8-micron RDX loose powder
was 32.2 cm. Stephnov proposed that with smaller particle size, average intercrystalline void size is smaller than for larger RDX crystals. Consequently, having a
larger number but of smaller size voids leads to reduced initiation sensitivity.
Dabin and coworkers [44] prepared reticular structured HMX of about 50 nm
using re-precipitation method. The impact test results showed that this smaller size
HMX is less sensitive to impact. Song et al [10] produced RDX micro particles using
solvent-non solvent re-crystallization method. They observed that for these samples
H50 increases as the particle size decreases indicating that particles with smaller size
are more resistive to impact force. The average value of H50 for narrow distribution
samples (H50 = 52 cm) is slightly higher than that of broad distribution particles
(H50 = 46.49 cm) suggesting that the former is less sensitive to impact. They proposed
that during impact, the smaller RDX particles dissipate heat faster and therefore “hot
spot” is hard to form and to enable detonation.
Tillotson et al [35] produced nanosized RDX and PETN by sol-gel process
using solution crystallization and powder addition method. Fig. 2.4 shows the drophammer sensitivity test results of Tillotson et al [35]. These results indicate that
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pellets made from powders prepared by sol-gel process have significantly lower
sensitivities than the pellets made of raw explosive powders.

Fig. 2.4 Impact sensitivity of sol-gel derived energetic materials and
corresponding neat energetic materials [35]
It is reported that the aerogels containing 50 wt. % energetic materials and
50 wt. % silica failed to detonate. They proposed that the presence of gel structure
decreases the impact sensitivity due to intimate mixing of energetic material and inert
matrix. They also proposed that porous gel structure influences the sensitivity by
providing a protective insulating barrier around the energetic molecules. This structure
may absorb and transport the heat generated on impact, away from the energetic
molecules, thereby alleviating the possibility of runaway reactions and detonation.
Borne et al [45] explained ignition of energetic material due to impact, based
on pores inside the energetic particles (intra-granular pores) and the pores in the bulk
(extra-granular pores). They proposed that with the decrease in particle size, the
amount of intra-granular pores decrease that reduces the shock sensitivity. Some of
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the intra-granular pores are usual solvent inclusions resulting from the crystallization
process. These intra-granular pores can affect the sensitivity of energetic materials.
The particles internal defect population is confirmed as a very important feature to
control the sensitivity of energetic materials.
2.3 Increase in sensitivity due to reduced size of explosives:
There are also several reports claiming on increase in sensitivity of energetic
materials with reduction in particle size. Campbell and group [46] carried out
experiments on TNT pellets pressed from coarse particles (200-250 µm) and fine
grained material (20-50 µm). Their results showed that pellets made from fine grained
TNT were more sensitive than those made from coarse material.
Pant et al. [47] prepared ultrafine RDX by its non-aqueous precipitation from
acetone using hexane. It gave rod-shaped crystals with diameter < 1 μm. Oval shaped
(< 5 μm) crystals were also precipitated with aqueous anti solvent. They reported that
precipitated material was more sensitive to impact however, recommended for
detailed study to explain these experimental observations.
Stephnov and co-workers [48] prepared RDX powders with mean crystal sizes
of 200 and 500 nm by RESS method and studied impact sensitivity of these materials
for powder samples as well as pressed pellets. They found that sensitivity of RDX
decreased with decrease in particle size up to 500 nm and RDX with particle size of
500 nm being the least sensitive as shown in Fig. 2.5.
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Fig. 2.5 Shock sensitivities of uncoated and wax coated samples of 200 nm,
500 nm, 4 µm RDX [48].

However, they found that the sensitivity trend reverses when RDX particle
size is further reduced and sensitivity exhibited by 200 nm RDX is higher compared
to the 500 nm RDX. They suggested that below a certain crystal size re-sensitization
may occur. Generally, crystalline energetic materials are expected to initiate via
formation of critical hot spots due to void collapse. This mechanism appears to be
applicable in describing the trend observed for sizes down to 500 nm. However, the
reversal of the sensitivity trend for 200 nm RDX indicates that the more favorable
initiation mechanism for these samples, similar to that observed with homogeneous
explosives, occurring via thermal explosion. The enhanced reactivity due to the higher
specific surface area may explain the increased impact sensitivity of the 200 nm RDX.
Effect of particle size has also been studied in composite energetic materials.
Thermite mixtures of metallic fuel and metallic oxidizer are being used in delays or
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certain specialized applications. Effect of reducing particle size on sensitivity in
thermite mixtures consisting of dispersed phase of metal oxides like iron oxide and
Aluminum as metallic fuel has been studied in literature [49]. These mixtures have
less power due to gasless compositions. The other energetic composites in which
effect of reduced particle size has been studied are with organic gels as fuels and
oxidizers as dispersed phase. A few attempts have been made in this area using
organic components like resorcinol or phenol gel network as fuels whereas inorganic
materials like ammonium nitrate, ammonium perchlorate and magnesium chlorates as
oxidizers [50-51]. However, these compositions are not found much powerful because
of difficulties in loading high oxidizer content to highly oxygen deficient organic
gel [50]. The efficient organic-inorganic nano composites should have nearly
stoichiometric oxygen balance for high energy output to explore use of nano sized
particles.
From the literature survey, it has been observed that particle size plays an
important role in sensitivity and ignition mechanism of the energetic materials.
However, systematic study in wide range of particle size of these materials is needed
to propose a clear trend of particle size effect on properties of energetic materials.
Since these energetic materials are not as such available with the desired particle size,
suitable processes capable of producing these materials with wide range of particle
size need to be developed for studying their energetic properties. The effect of
introducing controlled defects like porosity on ignition mechanism of energetic
materials which has not been significantly explored while evaluating the sensitivity
properties also need to be studied.
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CHAPTER 3
EXPERIMENTAL TECHNIQUES USED TO CHARACTERIZE PROCESSED
ENERGETIC MATERIALS
In present works, energetic materials with different particle size have been
prepared using various processing methods. These processed energetic materials have
been characterized using techniques like FTIR, XRD, TG-DSC, SAXS, FESEM, TEM
and surface area analyzer to get information about the chemical and crystal structures,
microstructure, morphologies and particle sizes of the materials studied. To study the
energetic properties of these materials, widely accepted techniques like drop hammer
impact test to measure impact sensitivity, TGDSC analysis to study thermal initiation
and kinematics of decomposition reaction in energetic materials, gap test for shock
sensitivity and self-shorting sensor pin techniques for detonation velocity
measurement have been utilized. In the present chapter, brief description of the
experimental setup which is in accordance with acceptable standard and used for
measurements along with its

working principle and main components of the

equipment and parameters studied has been provided.
3.1

Powder X-ray Diffraction (XRD)
Powder X-ray diffraction is a versatile non-destructive and widely used

analytical method to characterize materials in powder form. It provides information
about crystal structure, impurities and grain size. A powder XRD equipment consists
of X-ray tube equipped with filter. Cathode part of X-ray tube generates electrons
which are made to accelerate from cathode to anode with high voltage. These
electrons hit the target material and some of these electrons eject lower shell electrons
from atoms of target material. In this process, X-rays are generated during electrons

28

from higher energy shell fall to lower energy shell, and the energy corresponding to
difference between electron shells is emitted as X-rays. The principle of XRD is based
on scattering of the X-rays by a well-defined array of atoms in a crystal. X-rays have
wavelengths of the order of a few angstroms that match with typical inter-atomic
distances in crystalline solids. Bragg’s law proposes that the incident X-ray radiation
would produce a diffraction peak if X-ray reflections from various planes interfered
constructively. This geometric requirement is met by following equation 3.1:
2d sin θ = nλ

... (3.1)

Where n is a positive integer and λ is the wavelength of incident X-ray beam and d is
the inter planer spacing in a crystal.
Inter-planar spacing thus determined from XRD pattern is characteristics of a
material, and hence can be used to identify the material under study. In most of the
diffractometers, Cu-Kα is used as the X-ray source and a proportional counter (Argon
filled) is used as the detector. In present work, XRD data for the processed energetic
materials has been obtained on a Rigaku X-ray diffractometer operated with
accelerating voltage of 30 KV and current 20 mA. Cu Kα (λ=1.542 Å) is used for
recording the XRD patterns. The diffracted X-rays data were collected by scanning in
step-scan mode from 2 of 10 ° to 80 ° with scan step size of 0.02°.
3.2

Fourier transforms infrared (FTIR) spectroscopy
In a material, bonds between different atoms vibrate at various frequencies

depending on the nature of atoms and the type of bonds. This feature is studied in IR
spectroscopy. Traditionally, IR spectrometers have been used to analyze samples by
means of transmitting the infrared radiation directly through the sample. Some of the
infrared radiation is absorbed by the sample and some of it is passed through
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(transmitted). The resulting spectrum represents the molecular absorption and
transmission, creating a molecular fingerprint of the sample. An infrared spectrum
represents a sample with absorption peaks which correspond to the frequencies of
vibrations of bonds between the atoms making up the material. Therefore, infrared
spectroscopy can result in a positive identification (qualitative analysis) of different
kind of materials. FT-IR spectroscopy stands for Fourier Transform Infrared
spectroscopy, the preferred method of infrared spectroscopy which is typically based
on the Michelson Interferometer. The interferometer consists of a beam splitter, a
fixed mirror, and a mirror that translates back and forth, very precisely. The X-axis of
the interferogram represents the optical path difference. Each individual spectral
component contributing to this signal is a single sinusoid with a frequency inversely
proportional to its wavelength.
In sample analysis, attenuated total reflection (ATR) technique is getting
popular in FTIR spectroscopy due to its versatility and non-requirement of special
sample preparation. In ATR, the crystal is a parallel- sided plate, with very small
crystals (typically about 2 mm across) with the upper surface exposed (Fig. 3.1). An
infrared beam is directed onto an optically dense crystal with a high refractive index at
a certain angle. Typically, ATR crystals have refractive index values between 2.38
and 4.01 at 2000 cm-1 [1], as majority of solids have much lower refractive indices.
Diamond is by far the best ATR crystal material because of its robustness and
durability. An attenuated total reflection of infrared beam occurs when the beam
comes into contact with a sample (indicated in Figure 3.1) [2].

This internal

reflectance creates an evanescent wave that extends beyond the surface of the crystal
into the sample held in contact with the crystal. In regions of the infrared spectrum
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where the sample absorbs energy, the evanescent wave is attenuated or altered. The
attenuated energy from each evanescent wave is passed back to the IR beam, which
then exits the opposite end of the crystal and is passed to the detector to generate an
infrared absorption spectrum.

Fig. 3.1 ATR system (Source: http://sites.science.oregonstate.edu/
chemistry/courses/ch361464/ch362/IR_NMRuse/ATR.htm)
In present work, IR spectroscopy measurements on energetic materials have
been carried out on Bruker make FTIR alpha spectrophotometer using ATR technique.
For IR characterization, mostly powder samples of about 3 - 5 mg were scanned
within the wave number range of 550 to 5000 cm -1 with resolution of 4 cm-1 using
ZnSe detector. For recording FTIR spectra in transmission mode, pellets of test
materials (2 % by weight) mixed with potassium bromide were used.
3.3

Scanning Electron Microscopy
Morphology of energetic materials has been studied with scanning electron

microscopy. The scanning electron microscope (SEM) uses a focused beam of highenergy electrons to generate a variety of signals at the surface of solid specimens.
Schematic diagram of scanning electron microscope is shown in Fig. 3.2.
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Fig. 3.2

Schematic diagram of scanning electron microscope (Source: Summer
Project 2015 at SNBNCBS, Ankan Mukhopadhyay, IIT, Guwahati)

In electron microscope, cathode generates an electron beam. These electrons
are accelerated through a column electromagnetic lens and focused onto objective and
also that swept across the surface of a sample. Accelerated electrons have significant
amount of kinetic energy which is dissipated in a variety of signals produced by
electron-sample interactions. These signals have secondary electrons (produce SEM
images) [3], backscattered electrons (BSE) and diffracted backscattered electrons.
Secondary electrons emitted from a thin layer of the sample surface and they are used
in imaging the morphology and topography on samples.
Field Emission Scanning Electron Microscope (FESEM) usually uses low
voltage because the FE Gun can produce high primary electron brightness even at low
accelerating potentials. This is a useful feature of FESEM for characterizing energetic
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materials as these materials are sensitive to high electron energies which can damage
the sample.
The microstructure of energetic materials in present work is studied with Carl
Zeiss Auriga FESEM. For analysis, sample powder was suspended in methanol and
suspension was dispersed on a copper plate. The samples were then gold coated to
prevent charging of specimen. The accelerating voltage was in range of 3 to 20 kV.
3.4

Transmission Electron Microscope (TEM):
Transmission electron microscopy (TEM) is a tool for understanding the

microstructure of materials. This allows for obtaining real-space images of materials
with resolutions of the order of a few nanometers while simultaneously obtaining
diffraction information from specific regions in the images. A simple ray diagram of a
TEM containing two lenses recording images is shown in Figure 3.3 a [4].

(a)

(b)

Fig. 3.3 Schematic ray diagrams for TEM. a) Image mode for TEM containing
objective and intermediate lens and b) Selected area Diffraction (SAD)
mode in TEM [4]

33

All transmitted and diffracted rays leaving the specimen are combined to form
an image at the viewing screen, in a similar manner as in a conventional optical
microscope. In this simple mode of imaging, the specimen generally shows little
contrast because all the diffracted intensity reaches the viewing screen. Fig. 3.3 b
shows a ray diagram for making diffraction patterns with the simplified two-lens
transmission electron microscope. The transmitted beam and all the diffracted beams
are imaged on the viewing screen. In this configuration, a second aperture, called an
intermediate (or selected area) aperture, can be positioned in the image plane of the
objective lens, and this provides a means of confining the diffraction pattern to a
selected area of the specimen.
In the present work, a JEOL 2000FX transmission electron microscope
operating at 160 kV has been used to record transmission electron micrograph. For
TEM analysis, powder samples were suspended in methanol and ultrasonicated for
5 minutes. The resulting methanol–powder mixture was dispersed on a carbon coated
copper grid of 200 mesh size. The methanol could evaporate leaving a uniform
distribution of particles on the copper grid. The TEM images have been recorded on
films which are subsequently scanned to obtain digital images. From the TEM
micrographs, the particle size distributions are evaluated. TEM is also used to record
diffraction pattern in selected area. The radius of the concentric rings from selected
area electron diffraction (SAED) pattern was reduced to d- spacing using the formula
given in equation 3.2:
Dd = λL

… (3.2)

where, wavelength of electron is λ =0.03 A° for accelerating voltage of 160 kV;
distance from target to screen- L = 1000 mm; D – radius of the diffraction pattern ring
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3.5

Small Angle X-ray Scattering (SAXS):
Small-angle X-ray scattering have been found to be well suited for studying

disordered systems, aggregates of particles, and gels [5]. Fractals [6] are one of the
most important system studied using this technique. The intensity I (Q) of the smallangle X-ray scattering from many disordered systems has been found to be
proportional to a negative power of the quantity Q = 4 sin ()/ where  is the
scattering angle and,  is the X-ray wavelength. Usually this dependence of I (Q) on a
negative power of Q is observed only when Q is large enough to satisfy the condition
Q >> 1, where  is a length that characterizes the size of the structure producing the
scattering. This kind of scattering is often called 'power-law' scattering and can be
described by the equation [7]
I (Q) = I0 (Q)-

… (3.3)

where  and I0 are constants.

).

Fig. 3.4 Typical profiles of SAXS measurements [8]
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Information of size and morphology are obtained from the magnitude of the
exponent  of power-law scattering [9]. Typical SAXS profile is shown in Fig. 3.4.
The scattering profiles plotted on log-log scale are straight lines over wider q-range
with change of slope at low-q regions as marked in Fig. 3.4. The scattering at low-Q
(Q < Q1) region occurs from larger, sub-micron size particles and the inter-particle
voids. Whereas the scattered intensity in the region Q2 < Q < Q1, arises due to
surfaces of the smaller particles or pores within the aggregates. From the crossover
point, the average size (D) of the basic particles within the aggregates is found. The
linear behavior of profiles indicates that SAXS profile follow a power-law: I(Q) ~ Q-.
The value of  would be 4.0 for smooth surface of the scattering object following the
Porod’s law. Whereas a non-integer value for  indicates the fractal structure. For
mass fractals with dimension Dm,  = Dm  3 whereas for surface fractals with
dimension Ds,  = (6-Ds) > 3.0 and 2  Ds  3. Thus, the slope of the scattering curve
on log-log scale indicates the type of the fractal. The slit corrected SAXS profiles of
the samples of this study are fitted to the function
I (Q) = I (0)/ [1+ (Q) 2]-/2

… (3.4)

where  = 4 for smooth surface of the pores and  is the correlation length [7]. For
nearly spherical scattering object,  represents average radius (R). However, for the
scattering profiles with the slope   4, this function is modified [10] as:
I (Q) = I (0)/ [1+ ((1+ α)/3) (RQ) 2]-/2

… (3.5)

In the present works, small angle x-ray scattering (SAXS) measurements have been
carried out using a Rigaku small angle goniometer mounted on rotating anode x-ray
generator. Scattered intensity I (Q) was recorded using a scintillation counter by
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varying the scattering angle 2. Here Q is the scattering vector equal to 4 sin ()/,
 is the wavelength of incident (Cu-K) X-rays.
3.6

Thermo-gravimetric Differential Scanning Calorimetric (TG-DSC):
Thermo-gravimetric (TG) Analysis is used to measure the thermal stability of

the compounds. This technique is used to characterize materials that exhibit weight
loss or gain due to decomposition, oxidation, or dehydration. Schematic of a thermogravimetric analyzer is shown in Figure 3.5.

Fig. 3.5 Schematic illustration of thermo-gravimetric analyzer (source:
https://www.slideshare.net/sureshselvaraj108/thermogravimetric-analysis)

In TG analysis, mass of a sample is measured with change in temperature in a
controlled atmosphere. Measurements are used primarily to determine the composition
of materials and to predict their thermal stability at temperatures up to 1000 °C [11].
Thermo-gravimetric analyzer consists of a high precision balance with a sample pan.
The pan is placed in a small electrically heated furnace with a programmable
temperature controller and a thermocouple to accurately measure the pan temperature.
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The temperature is generally increased at constant rate. TG analyzer continuously
measures mass of the sample while the temperature of a sample is changed over time.
In Differential Scanning Calorimetry (DSC), the difference in heat flow
between the sample and reference is measured as a function of temperature. This
difference in amount of heat is then plotted against time or against temperature (DSC
curve). Generally, the sample holder temperature increases linearly as a function of
time. Changes in the sample, either exothermic or endothermic, can be detected
relative to the inert reference. Thus, a DSC curve provides data on the transformations
that have occurred, such as melting, glass transitions, or exothermic decompositions.
Schematic illustration of DSC instrument is shown in Figure 3.6.

Fig. 3.6 Schematic illustration of differential scanning calorimeter (Source:
http://Hitachi-Hightec.com)

It consists of two holders, one for sample and other for reference material.
Both the sample and reference material are maintained at nearly same temperature at a
time of the experiment. When the sample undergoes a physical transformation such as
phase transitions, heat flows to it to maintain the sample and reference both at same
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temperature [12]. Heat flow to the sample depends on whether the process is
exothermic or endothermic. For example, as a solid sample melts to a liquid it will
require more heat flowing to the sample to increase its temperature at the same rate as
that of reference. This is due to the absorption of heat by the sample as it undergoes
the endothermic phase transition from solid to liquid. Likewise, as the sample
undergoes exothermic processes, less heat is required to raise the sample temperature.
Both TGA and DSC measurements can be performed with single equipment
termed as simultaneous TG-DSC analyzer. By varying heating rate, information about
decomposition temperature as well as activation energy and other kinetic parameters
like reaction rate can be obtained which is useful to assess sensitivity of these
materials to thermal initiation and their performance. In present work, TGDSC
measurements on energetic materials have been carried out from room temperature to
500 ˚C using Mettler Toledo TGDSC analyzer. The weighed samples of about 1 mg
were heated in alumina crucibles. Dry N2 was used as carrier gas at flow rate of 20
mL/min.

For DSC analysis, alumina sample holders were used as sample and

reference carriers. An energetic material sample is subjected to a linearly increasing
temperature and the heat flow, dH, is monitored continuously. For kinematic
investigations, samples were heated at different heating rate of 5, 10 and 20 oC/min.
3.7

Surface Area Measurement:
The working principle of surface area analyzer is based on the theory proposed

by Brunaur, Emmet and Teller, known as BET theory [13]. The dynamic method is
used for measurement of surface area. In this method, gas mixture composed of
nitrogen and helium continuously flows over the sample during the measurement. The
sample is dipped in liquid nitrogen. At liquid nitrogen temperature (-198 °C) nitrogen
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in this flow gets adsorbed on the surface and forms a mono layer on the surface of
sample. This adsorbed N2 is allowed to desorb by bringing the sample to room
temperature. This desorbed nitrogen is proportional to the surface area and so
measured to calculate surface area using following equation.
... 3.6
Where, W = Weight of the sample in gms.
NCS = Number of counts measured on instrument which are proportional to the
quantity of desorbed nitrogen.
Vn = Amount of N2 in c.c. injected for the purpose of calibration.
NCn = Number of counts measured which are proportional to the injected N 2
t = Room temperature
P/P0 = Partial pressure of adsorbed gas, e.g. it is 0.3 for 70 % He & 30 % N2
Multiple readings are taken at different partial pressures and a straight line is drawn.
From the sectional surface area of adsorbed gas molecule and Avogadro’s number
which gives number of molecules per 1 c.c. (6.023 x 10²³ molecules/cm³ at NTP), the
surface area covered by 1c.c. of gas is calculated.
The specific surface area and specific pore volume have been

measured by

nitrogen physisorption method using a Sorptomatic 1990 analyzer from CE
Instruments. Prior to measurement, the samples were degassed and specific surface
area was calculated from the amount of N2 gas adsorbed at 77 K at various partial
pressures (eleven points; 0.05 < p/p0 < 0.3). The pore volume measurements were
carried out at a partial pressure of P/P0 = 0.99 and the pore size distributions (PSD)
were determined by Horvath- Kawazoe (H-K) method [14].
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3.8 Impact Sensitivity Test:
Energetic materials are characterized by various techniques to determine their
energetic properties like sensitivity to initiation and velocity of detonation, etc.
Perhaps the simplest test that can be performed on small samples of energetic
materials is the drop weight impact test. In this test, a distance through which a falling
weight must drop upon the material to cause them to explode is determined. At
different places different apparatus are used and in consequence the numerical results
differ from laboratory to laboratory. The typical impact machine consists of an
impactor and an anvil. Often between the impactor and the anvil, is a striker that
transfers the impact force from the drop weight to the sample.

Fig. 3.7 Apparatus to study sensitivity to impact initiation (at our lab.)
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The drop weight impact machine used in present work consists of a free-falling
weight, tooling to hold energetic material sample and a supporting frame (Fig. 3.7).
The sample to be tested is dried, usually under vacuum, and loaded into a sample
holder. Depending on the bulk density, the sample weight varies from 30 to 40 mg. In
our works, energetic materials have been used in powder as well as in 8 mm diameter
pellet forms for test. The energetic material undergoing the test is placed in between
two steel cylinders contained in a steel guide ring and the weight is dropped directly
upon the cylinder. A standard test consists of 30 shots performed, following the
Bruceton ‘up-and-down’ method [15] that is normally used in sensitivity testing. The
interval between drop heights is 0.05 times the logarithm (base 10) of the preceding
drop height. The logarithmic scale is used on the assumption that the height at which
event occurs follows a lognormal distribution. The results are reported in terms of the
height (H50) at which an event is obtained 50 % of the time i.e. there is 50 %
probability of initiation of the sample for dropping the particular mass from that
height. A fresh sample is taken each time, and material which has not exploded from a
single impact is discarded. The energy put into the machine by releasing the drop
weight from a height H is calculated using equation 3.7:
… (3.7)

E = MgH

Where, M – mass of drop weight, g- acceleration due to gravity and H- drop height
This energy is partitioned between the elastic energy stored in the machine, the plastic
energy required to deform and heat the sample to ignition, plus the small but
inevitable amount of energy lost in the machine during the impact [16].
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3.9

Shock sensitivity:
For testing sensitivity of energetic materials to initiation with high velocity

shock, gap test is used [17]. In shock sensitivity tests a standard donor charge of
energetic material produces a shock pressure of uniform magnitude which is
transmitted to the test material through an attenuating inert barrier or gap. Degree of
shock attenuation is determined by the thickness of barrier material. By varying the
thickness of the barrier between the donor and test (acceptor) energetic material, one
can determine the barrier thickness required to inhibit detonation in the test material
half the time (G50). The gap thickness is measure of shock sensitivity of the material.
Schematic of shock sensitivity test assembly is shown in Fig. 3.8.

Fig. 3.8 Experimental configuration for shock sensitivity test

A variety of gap tests depending upon the barrier material and diameter of
acceptor charge are used to measure the shock wave amplitude required to initiate
detonation in energetic materials. In present work, shock sensitivity test was
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performed with experimental configuration similar to that of used at Los Alamos
Sandia Laboratory (LASL). The diameter of the cylindrical acceptor charge of test
energetic material is 20 mm and thickness is 10 mm. Donor charge in all test
experiments is of PETN with charge dimensions as 20 mm diameter and 5 mm
thickness. The test procedure is to fire shots with the barrier thickness alternately
increased and decreased until the spacer thickness that allows detonation in the
acceptor charge is determined. The occurrence of detonation is determined based on
the damage to the steel witness plate which receives blast resulting from the initiation
of the test sample. A clear hole in the 5 mm thick steel witness plate was considered as
indication of test material is detonated.
3.10

Detonation velocity measurement:
Performance of energetic material is an important aspect in its application.

Performance of an energetic material is generally measured in terms of detonation
pressure (P), commonly known as C-J pressure and velocity of detonation (D).
Detonation pressure in energetic material is expressed in terms of particle velocity (u)
and shock velocity (U) in the material as given below in equation 3.8 [18]:
P=uU

… (3.8)

Where,  is density of unreacted material.
Particle velocity is roughly half of shock velocity and shock velocity is roughly half of
detonation velocity. Therefore, detonation pressure is roughly calculated from value of
detonation velocity as below:
P =  D2/4

… (3.9)

Therefore, detonation velocity can be considered as measure of performance of an
energetic material. Detonation velocity is the rate of propagation of reaction in
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energetic material. Detonation velocity in energetic material is measured using streak
camera record, wedge technique or self-shorting sensor pins technique [19]. The selfshorting sensor pin technique is used in present work for measurement of detonation
velocity. In this method, sensor pins are placed in energetic material charge at
predetermined distance. Sensor pins get shorten when reaction passing through
material charge reaches at pin position and generate a signal. From time scale between
two pin signals and known distance between them, detonation velocity in the charge is
measured. Schematic configuration of detonation velocity measurement test assembly
is shown in Figure 3.9.

Fig. 3.9 Detonation velocity measurement test assembly

PETN pellets with 5 mm thick and 20 mm diameter have been used as donor
charge and 10 mm thick and 20 mm diameter pellets of test energetic materials have
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been used as an acceptor charge with Teflon disk between donor and acceptor charge.
Donor charge was initiated using electrical detonator.
In summary, brief descriptions of techniques like FTIR, XRD, TG-DSC,
SAXS, FESEM, TEM and surface area measurement set up used for this study are
given in this chapter. Also techniques and principles involved in measurements of
energetic properties, mainly associated with sensitivity and performance related
properties of energetic materials are explained.

REFERENCES:
[1] Anand Subramanian Luis Rodriguez-Saona, Fourier Transform Infrared (FTIR)
Spectroscopy in Infrared Spectroscopy for Food Quality Analysis and Control
(2009), pp.145-178
[2]

Gerrit Renner, Torsten C. Schmidt, Jürgen Schram, Characterization and
Quantification of Microplastics by Infrared Spectroscopy in Characterization
and Analysis of Microplastics (2017) pp 67-118.

[3]

Scanning Electron Microscopy, D. McMullan, Scanning, 17 (1995) 175–185

[4]

E. N. Kaufmann, Characterization of Materials, Vol. 1, A John Wiley and Sons
Publication, New Jersy, (2003) p. 1070.

[5]

SAXS Investigations of the Fractal Character of Additive Silica Xertogels, F
He, X He, M. Li, S. Zhang, J. Ceram. Proc. Res. 9 (2008) 389-392

[6]

Small Angle Scattering by Fractal Systems, J. Texeira, J. Appl. Crystallogr. 21
(1988) 781-785

46

[7]

Scattering by an Inhomogeneous Solid. II. The Correlation Function and Its
Application, P. Debye, H R Anderson Jr, H Brumberger, J Appl Phys. 28 (1957)
679–683

[8]

Preparation of Nano-Structured RDX in a Silica Xerogel Matrix, S. V. Ingale,
P. U. Sastry, P. B. Wagh, A. K. Tripathi, R. Tewari, V. B. Jayakrishnan, S. B.
Phapale, P. T. Rao, R. D. Wasnik, B, Bhattacharya, S. C. Gupta, Propellants
Explos. Pyrotech., 38 (2013) 515-519

[9]

Synthesis and Characterization of Ammonium Molybdophosphate–Silica NanoComposite (AMP–Sio2) as a Prospective Sorbent for the Separation of

137

Cs

from Nuclear Waste, S. V. Ingale, Ramu Ram, P. U. Sastry, P. B. Wagh,
Ratanesh Kumar, Ram Niranjan, S. B. Phapale, R. Tewari, A. Dash & Satish C.
Gupta, J Radioanal Nucl Chem, 301 (2014) 409-415
[10] Characterization of Anisotropic Poly(vinyl alcohol) Hydrogel by Small and
Ultra- small Angle Neutron Scattering, S D Hudson, J L Hutter, M P Nieh, J
Pencer, L E Million, W. Wan, J Chem Phys. 130 (2009) 34903
[11] Thermogravimetric Analysis: A Review, A. W. Coats, J. P. Redfern, Analyst,
88 (1963) 906-924.
[12] Differential Scanning Calorimetry Techniques: Applications in Biology and
Nanoscience, P Gill, T T Moghadam, B Ranjbar, J Biomol Tech. 21. (2010)
167–193.
[13] G. Zhu, H. Ren, Porous Organic Frameworks: Design, Synthesis and Their
Advanced Applications, Springer, (2014)
[14] Corrected HorvÁth-Kawazoe Equations for Pore-size Distribution, S. U. Rege,
R. T. Yang, AIChE Journal 46 (2000) 734-750

47

[15] A Method for Obtaining and Analyzing Sensitivity Data, W. J. Dixon, A. M.
Mood, J of the Americal Statistical Association 43 (1948) 109-126
[16] Impact Testing of Explosives and Propellants, C. S. Coffey, V. F. De Vost,
Propellants, Explos. Pyrotech. 20 (1995) 105-115
[17] Analysis on Shock Attenuation in Gap Test Configuration for Characterizing
Energetic Materials, B Kim, J Park, J J. Yoh, J. Appl. Phys. 119, (2016) 145902.
[18] Pressure and Particle Velocity Measurements in Solids Subjected to Dynamic
Loading, P. A. Urtiew, L. M. Erickson, B. Hayes, N. L. Parke, Combustion,
Explosion and Shock Waves, 22 (1986) 597–614
[19] W. M. Isbell, Shock Waves: Measuring the Dynamic Response of Materials,
World Scientific, (2005).

48

CHAPTER 4
PREPARATION OF ENERGETIC MATERIALS USING SOLUTION
CRYSTALLIZATION AND SPRAY DRYING METHOD AND THEIR
CHARACTERIZATION

The particle size and its distribution in the energetic materials as well as the
method of processing these materials is an important aspect while studying energetic
properties of these materials. To have a comprehensive picture of the particle size
effect on initiation sensitivity of energetic materials, a wide range of particle size
needs to be studied. Since the energetic materials are not as such available with the
desired particle size, development of a process capable of producing these materials
with desired particle size is necessary. Some of the popular techniques used to reduce
particle size of energetic materials are wet milling, crystallization out of solutions,
crystallization using supercritical fluids or Rapid Expansion of Supercritical Solvent
(RESS), spray drying and sol-gel technique [1].
4.1 Processing methods used to reduce particle size of energetic materials:
After reviewing various methods, solution crystallization method, spray drying
method and sol-gel method has been chosen to process the TNT, RDX and PETN raw
materials on basis of simplicity in processing, infrastructure required and safety as
well as for control over particle size. Solution crystallization and Spray drying method
used to reduce particle size of energetic materials have been discussed in this chapter
whereas studies made on energetic materials processed by sol-gel method to analyze
effect of controlled porosity are discussed in next chapter.
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Solution crystallization method (using solvent/ non-solvent combination) is
useful to produce energetic materials with particle size in the range of 5 to 50 micron.
This method uses the fact that the solubility of a substance in a solvent can be reduced
rapidly by adding a non-solvent [2]. In this method, energetic material is dissolved in
a solvent in which it has good solubility. Then non-solvent, generally deionized water
is added to this solution. In a given solution, as solubility reduces, a super saturation
state is created which results in precipitation of these materials with reduced particle
size. These precipitated materials are separated by filtration. The particle size and
particle size distribution depends on the parameters like temperature, solvent and
concentration.
In spray drying method [3], energetic material is dissolved in suitable solvent. Then
the solution is sprayed into a heated chamber through a pressurized nozzle. Instrument
used in processing energetic materials by spray drying method is shown in Fig. 4.1.

Fig. 4.1 Instrument for spray drying processing (at our lab)
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On entering into the heated chamber, the solvent is evaporated by forming a
super saturated solution that leads to crystallization of energetic materials into fine
particles. The particle size of thus processed material is in the range of submicron to
micron level. Particle size distribution depends upon concentration of energetic
material in solution, pressure at the nozzle, nozzle diameter, etc.
4.2

Preparation of Energetic Materials with Reduced Particle Size
TNT, RDX and PETN were received from the supplier with particle size in

range of 100 to 500 micrometers. These materials are designated as raw materials.
These materials were further processed to reduce their particle size
4.2.1

Solvent/non-solvent crystallization:
For processing of TNT by solvent-non solvent crystallization method, TNT is

dissolved in acetone. The solution is then added to distilled water which results in
precipitation of TNT. For obtaining uniform particle size with narrow distribution,
TNT: Acetone ratio and acetone: water ratios have been optimized to 1:5 and 1:10 by
weight, respectively. The precipitated TNT is separated by filtration using sintered
glass filter and dried in vacuum oven at ambient temperature. The resulted material
processed by solvent/non-solvent crystallization has been designated as TNT (S/NS).
RDX and PETN have also been processed similarly to reduce their particle
size. For RDX, the ratio of RDX/acetone is optimized to 1:15 ratio by weight whereas
acetone to water ratio is optimized to 1:8 by weight. The precipitated RDX separated
from water by filtration and then dried in oven. This sample has been designated as
RDX (S/NS).
Raw PETN also is dissolved in acetone to form clear solution. PETN to
acetone ratio maintained at 1:10 by weight. To precipitate PETN in acetone, water
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was added. Acetone to water ratio was optimized to 1:8 by weight. PETN prepared by
solvent/non-solvent crystallization processing is designated as PETN (S/NS).
4.2.2

Spray drying method:
In processing of TNT by spray drying method, TNT was dissolved in acetone.

TNT to acetone ratio was optimized to 1:6 by weight. Droplets of this solution were
sprayed in a heated chamber with feed rate at 1 ml /min. The temperature at inlet of
the chamber was maintained at 60 oC. An ultrasonic nozzle was used for formation of
micro droplets from TNT/acetone solution. The solvent from fine droplets evaporated,
resulting in crystallization of ultrafine TNT particles. TNT prepared using spray
drying method has been designated as TNT (SD).
RDX, while processing using spray drying method by dissolving in acetone,
resulted in wide distribution of particle size. Therefore, dimethyl formaldehyde
(DMF) which has more solubility for RDX [4] was used as solvent. RDX:DMF ratio
is optimized to 1:6 by weight. Droplets of this solution were sprayed in a heated
chamber with feed rate at 1 ml /min. The temperature at inlet of the chamber was
maintained at 150 oC. The solvent from droplets evaporated, resulting in ultrafine
RDX particles. The resulted material is designated as RDX (SD).
Auto ignition temperature for PETN being 140 °C, which is relatively less for
processing by spray drying method. Hence, PETN has not been processed by this
method.
4.3

Characterization of Processed Energetic Materials:

4.3.1

Fourier Transform Infra-Red (FTIR) Spectroscopy:
Energetic materials processed using different techniques have been

characterized by FTIR spectroscopy to determine their chemical structure. IR
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spectroscopy measurements have been carried out using attenuated total reflection
(ATR) technique. For FTIR characterization, powder samples of about 3 - 5 mg were
scanned within the wave number range of 550 to 5000 cm -1 using ZnSe detector.
FTIR spectra of raw TNT, TNT (S/NS) and TNT (SD) are shown in Figure 4.2.

Fig. 4.2 FTIR spectra of a) raw TNT, b) TNT (S/NS) and c) TNT (SD)
FTIR spectra show that in all the samples, absorption bands observed at 900
cm-1 is assigned to C-N stretching and bands observed at 700 and 1085 cm -1 are
assigned to C-N-O bending. Bands observed at 1350 and 1550 cm -1 are due to
symmetrical stretching of para-nitro group (4-NO2) and asymmetric stretching of
ortho-nitro group (2,6 NO2), respectively [5], and are typical signatures of TNT. Band
observed at about 805 cm-1 is assigned to C-H deformation. Band observed at around
3050 cm-1 is due to aromatic C-H group. FTIR spectra show that there is no change or
shift in absorption bands which indicates that chemical structure of TNT after
processing is same to that of raw TNT.
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Fig. 4.3 FTIR spectra of a) raw RDX, b) RDX (S/NS) and c) RDX (SD)
Figure 4.3 shows the FTIR spectra of a) raw RDX, b) RDX (S/NS) and
c) RDX (SD). It is evident that FTIR spectra of RDX processed using different
methods are similar to that of raw material. In all these spectra, the band observed at
750 and 780 cm-1 assigned to non planer deformational stretching of N-NO2. Peak at
850 cm-1 assigned to CH2 rocking. The peaks at 1045 correspond to C-N stretching
ring. The peaks at 1573, 1533, 1395 and 1330 cm-1 in the IR spectra correspond to
stretching of NO2 whereas the peak at 1456 cm-1 is assigned to CH2 wagging. The
bands observed at 1268 and 1596 cm-1 are attributed to symmetrical N-N vibration
and anti-symmetrical NO2 vibrations, respectively [6]. Peak at 3050 cm-1 correspond
to C-H vibration. There is no change or shift in absorption bands which indicates that
chemical structure of processed RDX is same to that of raw material.
The FTIR spectra for PETN materials are shown in Fig. 4.4. FTIR spectra of
a) raw PETN and b) PETN (S/NS) show peaks at 2900 and 1400 cm -1 corresponding
to C-H stretching vibrations from aliphatic compounds. The absorbance band at
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1285 cm-1 corresponds to NO2 symmetric stretching vibration of O-NO2 band,
characteristic of nitrate ester like PETN [7].

Fig. 4.4 FTIR spectra of a) raw PETN and b) PETN (S/NS)
The peak observed at 1700 cm-1 is due to CO from the formaldehyde structural
group. Other important vibrational signatures appeared are at 703 cm−1 (-ON
stretching, ±NO2 rocking,), 753 cm−1 (-ONO2 umbrella deformation), 869 cm−1 (-ON
stretching), 1038 cm−1 and 1306 cm−1 (-NO2 rocking) [8]. No change in absorption
bands of both materials indicates same chemical structure for both raw and
solvent/non solvent precipitated PETN.
FTIR characterization confirmed that processing of energetic materials to reduce
particle size of these materials didn’t change their chemical structures.
4.3.2

X-ray Diffraction (XRD):
XRD data has been recorded with Cu Kα (λ=1.542) X-rays to determine

crystal structure of processed material.
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Fig. 4.5 XRD pattern for a) raw TNT b) TNT (S/NS) c) TNT (SD)
Fig. 4.5 shows the XRD patterns for raw TNT, TNT (S/NS) and TNT (SD). The
diffraction peaks of crystalline phases are same for all samples. These peaks observed
at 20.9, 23.1, 23.8, 25.3, 27.5, 29.2, 29.9, 31.3, 32.9 and 33.5 degree are assigned to
monoclinic phase of TNT (PCPDF 28-1945) in light of available data for TNT [9].

Fig. 4.6 XRD patterns for a) raw RDX b) RDX (S/NS), and c) RDX (SD)
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XRD patterns recorded for raw RDX, RDX (S/NS) and RDX (SD) are shown
in Fig. 4.6 in which the diffraction peaks are assigned to the orthorhombic crystal
structure of RDX [10]. The peaks observed at 13.0, 15.4, 16.5, 17.3, 178, 20.3, 22.0,
25.3, 26.9, 29.3, 30.7, 32.3, 33.2 and 35.1 are in concurrence with PCPDF 46-1606.
The variation of intensity in the XRD patterns can be due to the preferred orientation
effect in the RDX (S/NS), and c) RDX (SD) samples.
In Fig. 4.7, diffraction patterns recorded for raw PETN and PETN processed
by solvent/non-solvent recrystallization method are similar which indicates crystal
structure of PETN(S/NS) is same as that of raw material. XRD peaks observed at
13.3, 16.2, 18.9, 21.1, 23.1, 25.0, 26.8, 29.8, 30.1, 33, 34.4, 38.1 degrees in both
samples are assigned to PETN (PCPDF 44-1623).

Fig. 4.7 XRD patterns for a) raw PETN and b) PETN ((S/NS)
It confirms that crystal structure of raw energetic materials and that of material
processed using different methods are same. Thus it is concluded that the processed
samples are same as the raw materials except there is a reduction in size.
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4.3.3

Morphology:
The morphology of energetic materials was studied using Field Emission

Scanning Electron Microscope (FESEM). The particle sizes are measured from the
micrographs to obtain size distribution of processed material. Particle sizes of raw
material found to be reduced by solution crystallization and spray drying processes.

Fig.4.8 FESEM picture of a) raw TNT and TNT processed by b) solution
crystallization and c) spray drying method.

It can be seen in Fig. 4.8 (a) that the raw TNT has bigger particles with highly
irregular shapes and complex geometry. Particle size of raw TNT is in the range of
200 to 400 µm having average particle size of 350 µm with standard deviation of
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50 µm.

FESEM image of TNT processed by solution crystallization method

(Fig. 4.8 b) shows regular rod type geometry. Also the grain size of TNT processed by
solution crystallization is much reduced compare to the raw TNT. Particle size of this
material is controlled between 5 to 10 µm by optimizing ratio of solvent and non
solvent used in processing. The average particle size is of 7 µm with standard
deviation of 1.7 µm. As shown in Fig. 4.8 c, particles of TNT processed by spray
drying method are more regular and uniform with nearly spherical shape. Particle
sizes are in range of 300 to 700 nm while the average particle size is 500 nm.

Fig. 4.9 FESEM of a) raw RDX and RDX processed by b) solvent precipitation
RDX(S/NS) and c) spray drying RDX (SD)

FESEM images of raw RDX and RDX processed by solvent/non solvent
crystallization and spray drying method are shown in Fig. 4.9. It can be seen in Fig.
4.9 a, that the raw RDX particles are relatively bigger in size and irregular in shape
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with sharp edges or horns. The particle size of raw RDX is found to be in the range of
126 ± 45 µm. Morphology of RDX material processed by solvent precipitation
method is shown in Fig. 4.9 b. The particle size of processed material is much smaller
as compared to raw RDX and is in the range of 4.37 ± 2 µm. The particles are
uniform with a few rod shaped particles where the sharp edges are reduced. Fig. 4.9 c
displays the micrograph of RDX processed by spray drying method in which it can be
seen that particles are nearly spherical in shape and uniform in size. These ultra-fine
particles are in the range of 194 nm with size distribution of ± 63 nm.
FESEM images of raw PETN and PETN (S/NS) are shown in Fig. 4.10.

Fig. 4.10 FESEM images of a) raw PETN and b) PETN (S/NS)

Raw PETN particles are bigger in size and are having irregular shapes whereas
PETN recrystallized from acetone –water mixture has particles with regular crystalline
geometry. Particle size of raw PETN is about 300 ± 52 µm whereas PETN (S/NS) has
particles with size in range of 4 to 7 µm.
FESEM characterization show that energetic materials prepared by solvent/non
solvent crystallization and spray drying method have much smaller particles compared
to raw material and are in range of micron and nanometer size, respectively. These
reduced size particles have much regular shape with smooth surface.
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For convenience, the particle size obtained for TNT, RDX and PETN by
processing these materials using different methods is summarized in Table 4.1.
Table 4.1 Particle size of energetic materials prepare by different techniques
Processing technique

Mean Particle size
TNT

RDX

PETN

Raw (R)

350 ± 50 µm

126 ±45 µm

300 ± 52 µm

Solution Crystallization (S/NS)

7± 1.7 µm

4.37 ± 2 µm

5 ± 1.5 µm

Spray drying (SD)

500 ±109 nm

194 ± 63 nm

-

4.3.4 Thermo-gravimetric-Differential Scanning Calorimeter (TGDSC) analysis:
All energetic materials are meta-stable chemicals and decompose exothermally
at a temperature. Thermal initiation of energetic materials is one of very important
aspect as initiation by any external stimuli result in thermal decomposition of
energetic materials [11]. In present work, we chose a comprehensive approach to
understand thermal decomposition mechanism in energetic materials. Along with the
apparent results from TG-DSC curves, kinetic parameters have been derived to
explain the ignition and initiation to detonation transition in energetic material. For
thermal analysis, TGDSC measurements on raw energetic materials and materials
processed by solution crystallization and spray drying method were carried out within
temperature range from room temperature to 500 ˚C. Weighed samples of about 1 mg
were heated at different heating rate of 5, 10 and 20 oC/min. in inert (N2) gas
atmosphere. Fig. 4.11 shows the TGDSC curves for raw RDX, RDX processed by
solvent precipitation (S/NS) and spray drying method, RDX (SD) recorded while
heating at a rate of 5, 10 and 20 oC /min.
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Fig. 4.11 TGDSC curves for a) raw RDX and RDX processed by b) solvent
precipitation and c) spray drying
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In Fig. 4.11, the weight loss observed in TG curves for all samples at around
220 to 260 oC is associated with thermal decomposition of RDX. These TG curves
show mass loss of about 99 % attributed to complete RDX content in these samples.
In DSC curves, the endothermic peak at about 205 oC is associated with the
melting of RDX and this is followed by an exothermic peak attributed to its
decomposition [12]. In all these samples, the endothermic and exothermic peaks are
found to be shifted to higher temperature with increase in heating rate. The exothermic
peak temperatures in the DSC curves are given in Table 4.2. The energy associated
with exothermic peak during decomposition is also more and the width of exothermic
peak becomes narrower at higher heating rate. When heating rate is high, sample is
heated to higher temperature at a relatively shorter time. At higher heating rate,
reaction rate could be faster that may cause overlapping of thermo kinetic events
resulting in high heat of reaction. The kinetic of decomposition process is function of
temperature and time, therefore, peak temperature shifted to higher value with
increase in heat of reaction.
Table 4.2 Exothermic peak temperature (Tp) and Onset Temperature (To) for
RDX materials at different heating rate
Heating rate

[°C/min.]

Exothermic peak temperature (Tp) and Onset Temperature (To) for
RDX in oC, [particle size of RDX is given in brackets]
RDX raw [126 µm]

RDX (S/NS) [4.37 µm] RDX (SD) [194 nm]

Tp

To

Tp

To

Tp

To

5

233

212

232.6

212

231.2

215

10

242.5

215

241.2

217.5

241.0

220

20

251.1

220

250.4

223

249.1

225
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As seen from Table 4.2, exothermic peak temperature shifted to lower value in
DCS curves for RDX (S/NS) and RDX (SD). This can be attributed to the fact that
materials with ultrafine particles have high surface area which favours faster
decomposition and attain peak of energy release at lower temperature. Many
researchers have reported that the shift in peak temperature to lower value indicates
the increase in sensitivity of energetic materials with reduced particle size. However,
as seen from Fig. 4.11, the onset of exothermic peak in these materials is observed at
relatively higher temperature than the raw RDX due to increase in rate of change in
heat flow is observed. In some reports, the transition from thermal decomposition to
thermal explosion is assumed to begin at the onset temperature. It suggests that the
sensitivity decreases with reduction of particle size. This appears to be the reason for
difference in interpretation of sensitivity of energetic materials to thermal initiation
reported in literature. Therefore, we tried to separate the ignition phenomenon and
ignition to explosion transition on the basis of kinetic parameters. The higher values
of onset temperature in materials with reduced particle size may be related to higher
activation energy whereas the shift in exothermic peak temperature to lower value is
due to the fact that these materials have larger proportion of atoms located on surface
and enhancement in surface area that leads to increase in reactivity and faster
decomposition.
To support this, the kinematic parameters of thermal decomposition in RDX
with different particle size were evaluated from TGDSC data. In kinematic
investigation, activation energy (E a), pre-exponential factor (Z) and decomposition
rate (dα/dT) are the important parameters. Thermally stimulated decomposition
process may be described [13] by Equation 4.1.
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dα/dt = k (T)

... 4.1

where, α is degree of conversion, t is time and k is temperature dependant rate
constant.
Temperature dependant rate constant k is assumed to obey Arrhenius equation [14]:
k (T) = Z exp (-Ea/RT)

… 4.2

where Z is the pre-exponential (Arrhenius) factor, Ea is activation energy in Joule, R is
universal gas constant in J/K.mol and T is temperature in K.
From the exothermic peak temperature observed with various heating rates given in
Table 4.2, the values of Ea are calculated by applying Kissinger’s method [15].
- Ea /R = d ln (β /Tp2) / d(1/Tp)

… 4.3

ln (β /Tp2) = ln(ZR/Tp) – (Ea/RTp)

… 4.4

where β is the heating rate in K/min, Tp is the maximum temperature of DSC curve for
that heating rate in K and Z is Arrhenius constant.

Fig. 4.12 Relationship between ln (β/Tp2) and 1/Tp for RDX processed by
different techniques.
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Values of Ea are obtained from the slope of straight line in plot of ln (β/T p2) vs 1/Tp
(Fig. 4.12) and the values are listed in Table 4.3
Table 4.3 Kinetics parameters for RDX derived from TG-DSC curves.
RDX

Particle size

material

[µm]

Kinetics parameters
Ea [kJ mol-1]

dα/dtx10-2

Z [s-1]

k x 10-2 [s-1]

Raw

126 ± 45

149  3

3.20  0.10

4.7 x 1015

69  1

S/NS

4.37 ± 2

159  7

3.21  0.07

1.4 x 1016

72  1.5

SD

0.194 ± 0.063

176  7

3.28  0.12

6.5 x 1017

81 1.5

S/NS: solvent/ non-solvent crystallization; SD- spray dried

The calculated value of activation energy for raw RDX is 149  3 kJ which is
close to the reported value in literature [16]. Activation energy for RDX (S/NS) with
particle size of 4.37 µm is 159  7 kJ and for RDX (SD) with particle size of
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nm, it is 176  7 kJ. These values are higher than that of raw material with particle
size of 126 µm. Heat buildup in energetic materials depends upon temperature as well
as its thermal conductivity. With reduced particle size, surface losses and thermal
conductivity is more as compared to heat generated in decomposition. Therefore, it
requires higher temperature to trigger ignition (higher value of onset temperature in
DSC curve) as indicated by high activation energy with reduced particle size.
From DSC curves, the reactivity and decomposition rate is estimated to
improve with reduced particle size. The energy release rate has been calculated using
Arrhenius equation given above where f (α) represents the extent of decomposition
and is associated with reaction mechanism. Fig. 4.13 shows the plot of conversion (α)
obtained from weight loss of RDX materials against corresponding temperature
derived from TGDSC curves.
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Fig. 4.13 Conversion (α) – Temperature (T) curve for RDX materials
Slope of α-T curve (dα/dt) in Fig. 4.13 is steeper for RDX with reduced
particles size indicating faster decomposition rate in these materials. It is supported
from the dα/dt values given in Table 4.3. The increase in dα/dt in these materials may
be attributed to high surface energy associated with increase in specific surface area
with reduction in particle size from 126 µm to 194 nm. It suggests a possible
improvement in performance of these samples.
To explain it further Z and k are calculated using Equation (4.1) and (4.3) and
are listed in Table 4.3. The Z and k values for RDX with reduced particles size are
higher than that of relatively coarser materials. It may be attributed to more number of
atoms undergoing decomposition simultaneously due to high proportion of surface
atoms with reduced particle size [17]. These are in vicinity of large number of other
particles which increase the collision frequency Z. The reaction rate constant (k)
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values are also found to increases from 69 x 10-2 s-1 in raw RDX to 81 x 10-2 s-1 in
RDX (SD) as seen in Table 4.3.
Similarly, the effect of reduced particle size on thermal decomposition of TNT
is studied by TGDSC analysis. Fig. 4.14 shows typical TG-DSC curves observed for
TNT materials with heating rate of 20 oC/min.

Fig. 4.14 TGDSC curves for TNT materials at heating rate of 20oC/min
In DSC curves of all samples, an endothermic peak at 80 oC is associated
with melting of TNT. In all samples weight loss of about 99 % indicating TNT
content in sample. The sudden weight loss in TG curves at around 225 to 275 oC is
due to decomposition of TNT. It is accompanied with an endotherm followed by an
exotherm observed in DSC curve. The decomposition peak is observed to be shifted to
lower temperature with reduction in particle size of TNT materials. However, effect
on sensitivity in these materials can be appreciably expressed in terms of change in
activation energy. For kinematic investigations, TNT materials were heated from
room temperature to 400 oC at heating rate of 10, 15 and 20 oC /min.
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Fig. 4.15 TG DSC curves for a) raw TNT b) TNT (S/NS) and c) TNT (SD),
recorded at heating rate of 10, 15 and 20 oC/min.
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TG DSC curves for raw TNT, TNT processed by solvent /non solvent
(S/NS) and spray drying (SD) at different heating rate of 10, 15 and 20 oC/min. are
shown in Fig. 4.15. It can be seen from figure that the decomposition peak shifts
towards higher temperature with increase in heating rate for raw TNT, TNT (S/NS)
and TNT (SD) (average particle size of 350 µm, 5 µm and 500 nm, respectively). The
values of decomposition peak temperature for TNT with different particle size are
shown in Table 4.4.
Table 4.4. Decomposition peak temperature (Tp) for TNT materials with
different particle size at varying heating rate
Heating rate in

Decomposition peak temperature (Tp) for TNT with
different particle size in oC

°C/min.

T (R) - 350 µm

T (S/NS) - 7 µm

T (SD) - 500 nm

10

255

254

252

15

264

262

256

20

276

272

267

By applying Kissinger’s method [18], activation energies for TNT with
different particle size are calculated from decomposition temperature peak and they
are given in Table 4.4.
Table 4.5 Kinetics parameters for TNT material derived from TG-DSC curves
TNT

Particle size

Kinetics parameters
Ea (kJ mol-1)

Z (s-1)

k x 10-2 (s-1)

Raw

350 µm

78.7 ± 8%

2.09 x 107

63

TNT (S/NS)

7 µm

88.3± 10%

2.19 x 108

71

500 nm

103.4± 18%

8.64 x 109

85

TNT (SD)
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Values of activation energy Ea, pre-exponential factor Z and reaction rate
constant k are calculated and they are listed in Table 4.5. The calculated activation
energy for raw TNT is in agreement with reported value in literature [19]. As shown
in Table 4.5, the activation energy is more for TNT material with reduced particle
size. However, shift in decomposition peak to lower temperature with reduced particle
size indicate that ignition to detonation transition is rapid in these materials due to
high surface energy associated with smaller size particles. Higher values of Z and k
for TNT materials with reduced particle size may also be attributed to high proportion
of surface atoms and hence a larger number of atoms decompose simultaneously.
The increase in activation energy in TNT and RDX materials with reduced
particle size indicates a decrease in sensitivity to thermal initiation whereas increase in
kinetic parameters like Z and k values with reduction in particle size observed for both
these materials suggests a possible improvement in performance of these materials.
4.3.5

Impact Sensitivity:
Mostly the inadvertent initiation in energetic materials occurs due to impact.

Drop weight impact test is an important and widely accepted technique to characterize
sensitivity of energetic materials to ignition on impact. For the impact test, various
weights are used to determine the drop height at which the energetic material samples
react during some fraction of the number of impacts. This test is performed by
dropping the weight from incremental heights and recording whether initiation occurs
or not. In present work, measurements on impact sensitivity have been carried out
with fall hammer impact test using Bruceton up-down method [20]. In this method,
the drop height is increased or decreased based on preceding result. If initiation occurs
in earlier attempt, drop height is reduced otherwise increased. Statistical average of
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such 30 measurements is calculated the height with 50 % probability of initiation in
sample. Energy required for initiation is calculated from drop weight and drop height.
Results of impact sensitivity measurements for RDX materials with different particle
size are shown in Table 4.6.
Table 4.6 Impact energy required for initiation in RDX materials with different
particle size
Material

Particle size
(µm)

Impact energy for 50 % probability of initiation in J
Numbers in bracket indicate standard deviation.
Powder sample

Pelletized sample

Raw RDX

126 ± 45

6.14 (0.21)

13.2 (0.25)

RDX (S/NS)

4.37 ± 2

6.31 (0.21)

14.2 (0.28)

RDX (SD)

0.194 ± 0.063

7.45(0.25

15.4 (0.35)

From Table 4.6, it can be seen that impact sensitivity decreases with reduction
in particle size (RDX (S/NS) and RDX (SD)) compared to that of raw RDX. The
impact sensitivity for RDX (SD) with particle size of 194 nm is lowered by about
12 % as compared to raw material. It is due to reduced crystal defect and voids in
materials with reduced particle size. Moreover, as seen from SEM in Fig. 4.9 a, raw
RDX has more surface complexity in terms of irregular shape and sharp edges. It
leads to plastic deformation and cause to increase in sensitivity on impact. RDX
(S/NS) and RDX (SD) have smooth surface and near spherical geometry with
reduction in particle size. Therefore, these materials are less sensitive to impact
initiation.
Impact sensitivity for RDX materials with reduced particle size has also been
studied for samples in pellet form. In pelletized samples, impact energy required for
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initiation of these materials is higher by about 200 % as compared to that of powder
samples. Ignition in energetic materials on impact is believed to occur at hot spots by
localizing incident energy [21]. In powder samples, entrapped air leads to hot spot
formation. In pelletized samples, porosity is less resulting in decrease in sensitivity of
these samples. The effect of porosity is substantially demonstrated in following
chapter dealing with energetic materials processed by sol-gel method. In pelletized
samples also, sensitivity to impact initiation for RDX materials has been found to
decrease by about 16 % with reduction in particle size. It may be explained from the
morphology of these samples.

Fig. 4.16 FESEM images of pelletized samples of a) raw RDX, b) RDX (S/NS)
and c) RDX (SD).
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FESEM images for RDX pellets with different particle size are shown in Fig.
4.16. As shown in Fig. 4.16, the pellet of raw RDX has wide cracks in compaction due
to irregular shape of particles. These can act as stress centers for concentrating the
energy on impact for easy ignition. As seen in Fig. 4.9, RDX (S/NS) and RDX (SD)
particles being more regular shaped have better packing density and more uniform
morphology leading to decrease in sensitivity for impact initiation.
In measurements of impact sensitivity carried out with fall hammer impact test
on TNT materials, impact height required to ignite these materials was found beyond
the range of measurement of the equipment used in this study (> 50 J). Therefore, to
measure impact energy required for initiation, a test configuration similar to Type 12
machine at LASL [22] was used. In this configuration, a sample material is placed on
sandpaper. It increases sensitivity of material, but useful in relative measurements of
sensitivity where required impact energy in normal test configuration is too high to
measure with available experimental set up.

Fig. 4.17 Impact energy with 50 % ignition probability for TNT materials.
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Fig. 4.17 shows impact energy required to initiate raw TNT, TNT (S/NS) and
TNT (SD) with average particle size 350 µm, 7 µm and 500 nm, respectively, with
50% ignition probability. As shown in Fig. 4.17, impact energy required for ignition
in TNT materials with average particle size of 350 µm, 7 µm and 500 nm is found to
be 12.6 J, 15.8 J and 17.8 J, respectively. The impact energy required for ignition in
TNT materials with particle size of 7 µm and 500 nm is 25 % and 40% more,
respectively, as compared to that for raw materials with particle size of 350 µm. It
indicates that sensitivity to impact initiation in TNT decreased with reduction in
particle size. As mentioned earlier, reduced crystal defect and voids with reduction in
particle size could be a reason for decrease in sensitivity.
PETN is considered as the most sensitive among the secondary energetic
material. Therefore, impact energy required for ignition in PETN materials is expected
to be less in comparison with TNT and RDX. This is also observed in this study. In
PETN also, a similar trend of decrease in sensitivity with reduction in particle size has
been observed. Impact energy required for ignition in PETN is found 3.7 J for raw
PETN with particle size of 300 µm and 7.6 J in PETN (S/NS) with particle size of
5 µm. The impact sensitivity for PETN is lowered by about 200 % with reduction in
particle size from 300 µm to 5 µm. It suggests that due to high surface losses in
materials with reduced particle size, more energy is required for heat buildup to cause
ignition in these materials. Impact energies required for initiation in pelletized samples
of these materials are 10.02 J and 11.24 J, respectively. Higher value of impact energy
in pelletized samples can be attributed to less porosity in the pellets.
It is an important aspect in energetic material handling that sensitivity to
impact is considerably decreased in these materials with reduction in particle size.
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4.3.6

Shock Sensitivity
Sensitivity of energetic materials to high pressure low duration impact is

termed as shock sensitivity. This is useful property to evaluate response of such
materials to accidental shock events like sympathetic detonation. It is also useful to
design experimental assemblies for reliable detonation in energetic materials for
specialized applications.

Fig. 4.18 Experimental assembly for shock sensitivity measurements
Shock sensitivity is measured using experimental configuration similar to gap
test [23]. Test setup used in gap test experiment conducted to measure shock
sensitivity is shown in Fig. 4.18. The acceptor charge, Teflon barrier and donor
charge assembly is sandwiched between Perspex and steel plate. Acceptor charge was
of TNT or RDX with dimensions of 30 mm diameter x 12 mm thickness, donor charge
was of PETN with dimensions 30 mm diameter x 6 mm thick. Teflon disks of 30 mm
diameter and 2 mm thickness were used in series between acceptor and donor charge
for shock attenuation. A SS plate of 5 mm thickness and 75 mm x 100 mm (W X L)
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size was used as witness plate. The gap thickness between acceptor and donor charge
was varied using 2 mm thick Teflon disks. Donor charge was initiated using electrical
detonator no. 33 and witness plate was checked to confirm whether the energetic
materials charge has detonated or not. A clear-cut hole on the witness plate was
considered as detonation of the energetic materials charge otherwise it was taken as no
detonation. The increase or decrease of gap thickness on detonation or no detonation
was followed to arrive at maximum gap thickness for ensured detonation. The effect
on witness plate in case of detonation and no detonation is shown on Fig. 4.19.

Fig. 4.19 Effect on witness plate a) Detonation b) No Detonation
The barrier thickness for initiation in energetic materials with different particle
size is shown in Table 4.7. The pore collapse and visco-plastic flow is dominant
mechanism causing ignition in energetic materials with short duration high pressure
shocks [24].When particle size is reduced, inter particle voids also becomes smaller. If
the critical hotspot size for that pressure is greater than the mean heterogeneity in size,
it is more difficult for hotspots to form and so the material will be less likely to ignite
when shocked [25]. This results in decrease in sensitivity of energetic materials with
reduced particle size. The trend of decrease in sensitivity with decrease in particle size
could be observed from Table 4.7.
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Table 4.7 Maximum gap thickness ensuring detonation in TNT and RDX
Material
Raw RDX

Teflon barrier thickness (mm)

126

28

RDX (S/NS)

4.37

26

RDX (SD)

0.194

22

Raw TNT

350

16

TNT (S/NS)

7

14

0.5

12

TNT (SD)

4.3.7

Particle size (µm)

Detonation velocity measurement:
Along with reduced sensitivity, performance is an important parameter for

energetic material. The energetic material with higher velocity of detonation is more
powerful. To study whether performance of energetic material can be improved by
controlling particle size, detonation velocity measurements have been carried out.

Fig. 4.20 Experimental assembly for detonation velocity measurement
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Experimental assembly for these measurements consisting donor charge of
PETN and acceptor charge of RDX along with sensors is shown in Figure 4.20. The
donor charge is 5 mm thick and 20 mm diameter PETN pellet with density of 1.7 g/cc.
The density of the acceptor charge (10 mm thick and 20 mm diameter) of RDX with
different particle size was maintained at 1.55 g/cm 3. To detect the initiation of donor
charge, a self-shoring sensor ‘S1’ is placed on the surface of the donor charge. To
measure the detonation velocity of the acceptor charge, three self-shorting sensors
‘S2’, ‘S3’ and ‘S4’ separated by a distance of 3 mm are used. Sensor ‘S4’ is placed at
rear surface of RDX charge, sensor ‘S3’ is 3 mm deep inside and sensor ‘S2’ is 6 mm
deep inside from the rear surface of the same charge. Fig. 4.21 show typical signal
profile recorded on oscilloscope for RDX (SD) with particle size of 194± 63 nm.
Sensor output on the oscilloscope record indicates the arrival of detonation wave front
at the sensor location. Detonation velocity is then, calculated by knowing the travel
time of detonation front between two sensor location.

Fig. 4.21 Signal profile recorded for RDX with particle size 194± 63 nm
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The signal profile recorded for detonation velocity measurement is shown in
Fig. 4.21. In present case, output of four sensors (‘S1’, ‘S2’ ‘S3’and ‘S4’) is shown in
step signal form. The velocity of detonation is calculated from the known distance
between the sensor pins and time measured between pin signals. Velocity
measurement data for RDX is shown in Table 4.8.
Table 4.8 Detonation velocity for RDX with different particle size.
RDX material

Particle size [µm] Detonation velocity [mm/µs]

Raw

126 ± 45

7.89 ± 0.2

Solvent precipitated

4.37 ± 2

8.26 ± 0.2

Spray dried

194 ± 63

8.89 ± 0.2

The results in Table 4.8 show that detonation velocity increased by about 12%
with reduced particle size. The detonation velocity in RDX (4.37 µm) and RDX (194
nm) is higher than that of RDX (126 µm), and that indicates once ignited the spread of
reaction leading to explosion occurs in these materials in a shorter time scale. As seen
from thermal analysis, RDX materials with reduced particle size exhibit higher
activation energy for ignition suggesting higher hot spot temperature that leads to
faster rate of chemical decomposition. Faster transition to fully developed detonation
may also result from a higher number density of hot spots as indicated by high value
of pre-exponential factor Z [26]. The larger surface area of fine-grained materials also
contributes to higher detonation velocity.
Experimental assembly used for detonation velocity measurement of TNT
charges is similar to that used for RDX charge, and consist donor charge of PETN and
acceptor charge of TNT along with four self-shorting sensors. Signal profile recorded
for raw TNT, TNT (S/NS) and TNT (SD) is shown in Fig. 4.22.
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Fig. 4.22 Signal profile for TNT: particle size a) 350 µm b) 7 µm and c) 500 nm
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To detect the initiation of donor charge, a self-shoring sensor ‘S1’ is placed on
the surface of the donor charge. To measure the detonation velocity of the acceptor
charge, three self-shorting sensors ‘S2’, ‘S3’ and ‘S4’ are used. Sensor ‘S2’ is placed
at front surface of TNT charge, sensor ‘S3’ is 5 mm deep inside the acceptor charge
from the rear surface and sensor ‘S4’ is placed on the rear surface of the same charge.
Values of detonation velocity measured from the signals recorded for acceptor charges
of TNT with different particle size are listed in Table 4.9.
Table 4.9 Detonation velocity for TNT material with different particle size
TNT processing method

Particle size

Detonation velocity

Raw

350 µm

6.39 ± 0.19 mm/µs

Solvent non solvent crystallization

7 µm

7.10 ± 0.21 mm/µs

500 nm

7.40 ± 0.22 mm/µs

Spray dried

The results in Table 4.9 show that detonation velocity in TNT (S/NS) is 7.1
mm/µs which is nearly 11% higher than that of raw TNT whereas detonation velocity
in TNT (SD) with particle size of 500 nm increased by about 15 % as compared to
that of raw material with particle size of 350 µm. Detonation velocity in TNT
materials with particle size 7 µm and 500 nm is significantly higher than that of raw
TNT. Similar to RDX, in TNT materials with reduced particle size, faster transition
from ignition to detonation are observed that indicates once ignited the spread of
reaction occurs in relatively short time scale. Larger specific surface area in these finegrained materials and higher density of ignition centers with reduced particle size
leading to more collision frequency as indicated by high value of pre-exponential
factor Z could be reason for increase in detonation velocity. From the detonation
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velocity measurements, it is observed that the performance of an energetic material
can be greatly enhanced by reducing its particle size.
4.4

Conclusions:
Since the energetic materials are not as such available with the desired particle

size, the processing methods viz. solvent precipitation and spray drying methods have
been optimized to prepare TNT, RDX and PETN materials with typical particle size
ranging from 350 micrometer down to 200 nanometers. It is revealed from the impact
initiation studies that sensitivity to impact initiation decreased by about 15 % in RDX
and by 40 % in TNT with reduction in particle size. Kinematic studies conducted for
TNT and RDX materials show an increase in activation energy for thermal initiation
with decrease in particle size. It also suggests improvement in energy release rate with
smaller size particles which is further supported by detonation velocity measurements.
The detonation velocity in these energetic materials with reduced particle has been
found to be increasing up to 15 % as compared that for raw material.
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CHAPTER 5
PREPARATION OF ENERGETIC MATERIALS USING SOL-GEL METHOD
AND THEIR CHARACTERIZATION

It is known that ignition mechanism in energetic materials is affected by
defects present in it. However, inducing the defects in controlled manner and to
analyze effect of controlled defects on ignition mechanism is not explored in case of
energetic materials. The feature of controlling porosity through sol-gel process is
useful for understanding effect of the microstructure on the sensitivity and
performance of energetic materials. Therefore, in the present work, the processing of
energetic materials by sol-gel method was taken up.
Sol-gel processing is used to prepare nano-structured silica materials using
alkoxy compounds, generally organo-metallic silicate, as precursors. Silica gels are
widely studied nano structured materials [1]. To prepare silica gels, silicon alkoxide is
dissolved in a suitable solvent. To this solution, water either as acidic or basic
(depending on type of organo-metallic silicate precursor) is added. Hydrolysis of
silicate results in nano sized silica particles suspended in solution, called as sol. These
colloidal silica particles in sol cross link to form a three-dimensional network with
solvent trapped in pores which is referred as gel. The solvent from the gel pores is
extracted resulting in porous solid with nanosized pores. This porosity has been used
for preparation of nanosized particles of other desired material.
In this work this method has been used to prepare nanostructured energetic
materials with narrow size distribution. It is advantageous that the porosity and
microstructure along with loading of the energetic materials in host matrix could be
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controlled to study the effect of controlled defects on properties of these materials. To
prepare energetic materials with reduced particle size, the material is dissolved in
solvent which get entrapped in pores of gel. Evaporation of liquid from the gel at
ambient conditions results in xerogel material with recrystallized energetic material in
nano sized pores of silica. Various steps involved in sol-gel processing of energetic
materials are shown in Fig. 5.1.

Fig. 5.1 Steps in sol-gel processing of energetic material

The sol-gel process has been optimized to obtain energetic materials with particle size
of 20 to 80 nanometers in silica gel matrix by varying the process parameters such as
molar ratio of precursor chemicals, the content of energetic material and catalyst
concentration, etc. All chemicals used were of analytical grade from Merck.
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5.1

Processing of RDX/ TNT/PETN material using sol-gel method:
For processing by sol-gel method, TNT was dissolved in acetone. To this

solution, Tetramethoxysilane (TMOS) was added as a source of silica (SiO2) and
water in the form of catalyst required for hydrolysis of silica is used. Since the
alkaline materials react with TNT and forms Meisenheimer complex [2]; acid
catalysts were chosen to accelerate gelation. Various acidic catalysts viz. citric acid,
oxalic acid, hydrochloric acid and hydrofluoric acid (HF) were used, and it was found
that with HF catalyst, clear and transparent gels are obtained in less time. Faster
gelation with HF acid catalyst may be due to the ability of fluoride ion to allow
temporary expansion of the coordination number of silica from four to five or six that
reduced the gel times [3]. The solution was constantly stirred for 15 minutes. TNT
content in final xerogel was achieved by suitably choosing quantity of TNT while
preparing TNT-acetone solution in first stage. Preparation of TNT/SiO2 xerogels with
higher content of TNT (90 %) requires higher acetone/TMOS ratio to dissolve TNT
completely in acetone. But with higher acetone/TMOS ratio, gelation time increases
and takes weeks for gelation of silica. After a series of trials, the molar ratio of
precursors TMOS: Acetone: Water: 0.5 M HF was optimized at 1: 50: 6: 4 x10-3,
respectively, for preparation of TNT/silica xerogels with 90% TNT content. With this
molar ratio, gelation occurs within reasonable time of 36 hours. Generally, in silica
gels, the solvent is extracted by supercritical drying method in which the gel is heated
to critical temperature of the solvent, preferably methanol (Critical temperature:
243 oC, critical pressure: 80 bars) [4]. Exchanging the solvent with liquid CO2 and
extraction of CO2 at its supercritical conditions (Critical temperature: 31 oC, critical
pressure: 70 bars) is another option for drying the gels [5]. However, TNT is a heat
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sensitive material and may explode at temperature around 200 ˚C; therefore
supercritical extraction of acetone from gel network has been prevented. The
solubility of TNT in CO2 supercritical fluid may affect the final composition of
TNT/silica xerogels; therefore, CO2 drying was also not opted. Instead the solvent
from the pores of gel was evaporated at ambient conditions resulting in xerogels with
TNT occupied in the pores of silica network. For comparison purpose, pure silica
xerogel was also prepared using the same molar ratio mentioned above without adding
TNT to the solution.
Similar to TNT-SiO2 composites, silica xerogels incorporating RDX and
PETN were prepared using sol gel process. For processing these materials by sol gel
method using silica as host matrix, raw material was dissolved in acetone. The amount
of RDX or PETN dissolved in acetone was chosen to obtain 90 % of energetic
material in final xerogel. To this solution of energetic material dissolved in acetone,
TMOS and dilute hydrofluoric (HF) acid (0.1M) were added. This solution
transformed to gel, and the energetic material dissolved in acetone was trapped inside
the gel pores. Ambient drying of gel to evaporate acetone resulted in silica xerogels
with crystallized energetic material in pores. For RDX/SiO2 xerogels, TMOS:
Acetone: Water (0.1 M HF) molar ratio has been optimized at 1:90:5 whereas for
PETN/SiO2 xerogel, this ratio has been optimized to 1: 70: 4, respectively.
Also the processing of trinitrotoluene energetic material using sol-gel method
was aimed to study the effect of induced defects in controlled manner on the
sensitivity of energetic materials. TNT is the most suitable material for these studies
because of its higher solubility in acetone. By controlling acetone to silica gel
precursor molar ratio, the microstructure and porosity in the TNT-SiO2 composite can
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be controlled precisely over wide range to study these materials. To prepare the
TNT-SiO2 composites, a predetermined amount of TNT was dissolved in acetone. The
molar ratio of TNT/Tetramethoxysilane (TMOS) was varied from 0.4 to 2.4 to obtain
the TNT content in the gel ranging from 60 to 90 wt %. The molar ratio of
H2O/TMOS and Acetone/TMOS were kept constant at 16 and 50, respectively. It has
helped to study the change in microstructure of silica xerogel getting more pores
occupied by energetic materials with higher loading of TNT.
To vary the pore volume in gel matrix, the molar ratio of TMOS/Acetone in
the samples containing 75 wt % TNT was varied from 50 to 20 by maintaining molar
ratio of TNT/TMOS as 0.8 and H2O/TMOS as 16. After formation of the gel, the
solvent from gel pores was evaporated at ambient conditions to obtain nanosized TNT
retained in the pores of gel. The samples containing 60 wt %, 75 wt % and 90 wt % of
TNT and Acetone/TMOS ratio as 50 have been designated as T60, T75 and T90,
respectively. The sample containing 75 wt % of TNT has been further designated as
T75-I, T 75-II and T75-III with Acetone/TMOS ratio as 50, 35 and 20, respectively.
5.2

Characterization of Energetic Materials:

5.2.1

Fourier Transform Infra-Red (FTIR) spectroscopy:
It was important to know that whether energetic material retained in the final

xerogel after sol-gel processing. Therefore, energetic materials processed by sol-gel
method were characterized by FTIR spectroscopy. The presence of RDX/TNT/PETN
materials in corresponding silica xerogel is confirmed from these studies. FTIR
spectra of the raw materials and composites of sol-gel processed energetic materials
were recorded in wave number range 400 to 4000 cm-1.
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Fig. 5.2 shows FTIR spectra for a) silica xerogel b) TNT and c) TNT
processed by sol-gel method.

Fig. 5.2 FTIR spectra of (a) silica xerogel, (b) TNT and (c) TNT/silica xerogel
In FTIR spectrum of silica xerogel (Fig. 5.2 a), the band observed at wave
number 450 and 1100 cm-1 is assigned to Si-O bonding in silica [6]. In FTIR spectra
of TNT (Fig. 5.2 b) the bands observed at 3100 and 750 cm-1 assigned to C-H stretch
vibrations of aromatic ring and bands at 900 and 1085 cm-1 correspond to C-N
stretching and C-N-O bend. The peaks at 1355 cm-1 and 1540 cm-1 correspond to the
characteristics C-NO2 symmetric and asymmetric stretching vibrations of TNT,
respectively [7]. The FTIR spectra of TNT/silica xerogels (Fig. 5.2 c), indicates bands
at 1350 and 1550 cm-1 corresponding to C-NO2 stretching from TNT and the bands
observed at 1100 cm-1 and 450 cm-1 are assigned to Si-O vibration in Si-O-Si from
silica and band at 3550 cm-1 which corresponds to vibration of structural -OH group
indicating presence of silanol groups on surface of xerogel [8]. The presence of both
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the silica and TNT in the resulting xerogel sample is marked with the characteristic
peaks observed for both.
Fig. 5.3 shows the FTIR spectra of (a) pure SiO2 xerogel, (b) RDX and
(c) RDX/SiO2 xerogel.

Fig. 5.3 FTIR spectra of (a) SiO2 xerogel (b) RDX) and (c) RDX /SiO2 xerogel
The peak at 1100 and 450 cm-1 in the spectra of SiO2 xerogel (Fig. 5.3 a) is
due to Si-O bond the and band at 3550 cm-1 corresponds to adsorbed water. The peaks
at 1593 , 1573 , 1533 , 1395 and 1268 cm-1 in the IR spectra of the RDX (Fig. 5.3 b)
are due to stretching of NO2; the peak at 1456 cm-1 is assigned to CH2 wagging; the
peak at 1047 cm-1 is attributed to ring stretching whereas the peaks at 924 cm -1, 782
cm-1 are assigned to ring stretching and non-planer stretching of N-NO2 group in RDX
[9]. The presence of peaks for both the RDX and silica materials in RDX /SiO2
composite xerogel (Fig. 5.3 c) conforms that RDX is retained in silica gel after sol-gel
processing.
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Fig. 5.4 FTIR spectra of (a) silica xerogel, (b) PETN and (c) PETN/silica xerogel
Fig. 5.4 shows FTIR spectra for silica xerogel (a), raw PETN (b) and
PETN-SiO2 xerogel with 90 % PETN content (c). FTIR spectra of PETN (Fig. 5.4 b)
shows bands 2900 and 1400 cm-1 (C-H stretch vibrations of aliphatic compounds),
753 cm−1 (-ONO2 umbrella),869 cm−1 (-ON

stretching),

1038 and

1306 cm−1

(-NO2 rocking). The absorbance band at 1285 cm-1 corresponds to NO2 symmetric
stretching vibration of O-NO2 band, characteristic of nitrate ester like PETN [10].
The peak observed at 1700 cm-1 is due to CO from the formaldehyde structural group.
FTIR spectra of silica xerogel shows bands at 1100 and 450 cm-1 from Si-O vibration
from silica and band at 3550 cm-1 indicate presence of silanol group. FTIR spectra of
PETN-SiO2 xerogel (Fig. 5.4 c) show peaks from both the spectra of PETN and silica
indicating that resulted xerogel contains both PETN and silica [11].
FTIR characterizations of energetic materials processed by sol-gel method
conformed formation of energetic materials and silica composites.
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5.2.2

XRD:
To ascertain that whether there is any change in crystal structure of energetic

materials after processing by sol-gel method, these materials were characterized by
X-ray diffraction. X-rays diffraction data for the sol-gel processed samples were
recorded in step scan mode between 2 of 10° to 80° using CuKα X-rays (1.54 Å).

Fig. 5.5 XRD patterns for a) raw TNT and b) TNT /SiO2 xerogel
Fig. 5.5 shows the XRD patterns for raw TNT (5.5 a) and TNT/SiO2
composite processed by sol-gel method (5.5 b). XRD results of TNT processed by solgel method (Fig. 5.5 b) shows that the specimen contains a mixture of crystalline and
amorphous phase.

The diffraction peaks of crystalline phase from XRD pattern

observed at 13.3, 16.1, 18.1, 20.9, 23.8, 25.3, 26.5, 28.5, 29.9, 32.9 and 33.5 degree
could be assigned to monoclinic phase of TNT [12]. The presence of amorphous silica
matrix appeared in XRD pattern as a large hump at around 20-30o [13]. This
confirmed the presence of TNT in the composite. The mean crystallite grain size of
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TNT derived from XRD pattern using Scherrer formula [14] considering full-width-athalf maximum (FWHM) for the most intense diffraction line is around 41 nm. The
XRD analysis suggests that nano crystallites of TNT are formed in the gel matrix.

Fig. 5.6 XRD patterns for raw TNT and the sol-gel processed TNT-SiO2
composites containing 90, 75 and 60 wt % TNT
Fig. 5.6 shows the XRD patterns for raw TNT and the sol-gel processed
TNT-SiO2 composites containing 90, 75 and 60 wt % TNT. It indicates the presence
of TNT in the TNT/SiO2 composites. As the silica content in the composite samples
increases from 10 to 40 %, the visibility of crystalline nature of TNT is less prominent
due to amorphous nature of silica gel. As TNT recrystallizes in the pores of silica gel,
there is some variation in the peak intensity of scattering planes.
In Fig. 5.7 showing XRD for raw RDX and RDX/SiO2 composite prepared by
sol-gel method, diffraction peaks at 13.0, 15.4, 16.5, 17.3, 17.8, 20.3, 22.0, 25.3, 26.9,
29.3, 32.3 and 35.1, recorded for both materials, are assigned to the orthorhombic
crystal structure of RDX (PCPDF 46-1606) [15]. It indicates the presence of RDX in

91

sol-gel processed composites. As seen from XRD patterns in Fig. 5.7, the crystal
structure for RDX processed by sol-gel techniques is same as that of raw material.

Fig. 5.7 XRD patterns for raw RDX and RDX/SiO2 xerogel

Fig. 5.8 XRD patterns for a) PETN and b) PETN processed by sol-gel technique
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Similar to RDX and TNT, XRD patterns for raw PETN and PETN/SiO 2 xerogel
(Fig. 5.8) indicate presence of PETN in xerogel. XRD peaks at 13.3, 18.9, 23.1, 25.0,
26.8, 30.1 and 34.4 degrees (PCPDF 44-1623) confirmed the crystal structure for
PETN processed by sol-gel techniques is tetragonal [16] same as that of raw material.
5.2.3

Morphology Studies:
Morphology of energetic materials processed by sol-gel method was studied

using FESEM and TEM techniques. The SiO2 xerogels are porous networks of
interconnected silica particles. In sol-gel processing, energetic materials are made to
crystallize in the pores of silica gel network hence constrained in the particle sizes to
about few nanometers. Fig. 5.9 shows TEM image of SiO2 xerogel.

Fig. 5.9 TEM image of SiO2 xerogel
The pores of the silica network are around 50 to 100 nm size and the sizes of
primary silica particles forming the clusters are about 5 to 10 nm. This porous
structure is utilized to load energetic materials in the gel. Particle size of the materials
loaded in gel is restricted by pore dimensions and hence energetic materials with
particle size restricted to less than 100 nm could be prepared using this method.
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5.2.3.1 FESEM:
Fig. 5.10 shows FESEM for raw TNT and TNT processed by sol-gel method.

Fig. 5.10 FESEM of a) raw TNT and b) TNT processed by sol-gel method
Particles of raw TNT (Fig. 5.10 a) have irregular shapes with sharp edges.
Particle size of raw TNT is of the order of 500 µm. In FESEM of TNT/SiO2 xerogel
(Fig. 5.10 b), it can be seen that the size of all particles are within the range of 30 to
80 nm. The average size of these particles is 50 nm with standard deviation of 15 nm.
Porous microstructure of TNT/SiO2 xerogel with closely spaced pores and particles
with rough surface morphology is observed.
The microstructure of TNT/SiO2 composites containing TNT in range of 60 to 90 %
was studied and FESEM images of TNT/SiO2 composites are shown in Fig. 5.11[17].
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Fig. 5.11 FESEM images of TNT-SiO2 xerogels: a) T75-I b) T75-III c) T90 [17]
Figs. 5.11 (a) and (b) show FESEM images of TNT-SiO2 xerogels containing
75 wt% TNT processed with Acetone/TMOS ratio as 50 and 20, respectively. As
mentioned earlier, these samples are designated at T75-I and T75-III, respectively.
Fig. 5.11(c) shows FESEM image of TNT-SiO2 xerogels with 90 wt % TNT prepared
with Acetone/TMOS ratio of 50 and this material is designated as T90.
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It is observed from FESEM that the sample T75-I (Fig. 5.11 a) is more porous
as compared to T75-III (Fig. 5.11 b). As the molar ratio of Acetone/TMOS for the
T75-I is 50 which is more than that for T75-III samples (20), the pores in T75-I are
more widespread and larger pore volume. The pores and particles are in mesoporous
range. In the T75-III sample, the particles are closely spaced due to low
acetone/TMOS ratio and the microstructure is more compact that indicates a
significant decrease in porosity. Fig. 5.11 c shows SEM image of T90 sample. The
Acetone/TMOS ratio for both T 75-I and T 90 is 50. Compared to T75-I sample, the
particles in T90 sample are well grown and has larger particle size. Due to higher
loading of TNT, more number of pores are occupied with TNT. Since the particles are
well grown and larger in size, the microstructure of T90 sample becomes less porous
compared to T75-I. As compared to T75-III sample, the microstructure in T90 sample
is less compact that is due to higher Acetone/TMOS ratio. These observations suggest
that by varying the process parameters like solvent to TMOS ratio and TNT content in
the composite, the microstructure can be suitably controlled [17].
Fig. 5.12 (a) and (b) shows FESEM image of raw RDX and RDX/SiO 2
xerogel, respectively. FESEM image of raw RDX (Fig. 5.12 a) indicates the RDX
particles with irregular shape and horny edges with particle size in range of 200 µm.
In FESEM images of RDX/SiO2 xerogel (5.12 b) which is prepared by processing
RDX using sol-gel method, though RDX and SiO2 phases cannot be resolved from
one another, the overall small particles sizes indicate that distribution of both the
constituents is in nanometer range. In RDX/SiO2 xeogel, particles are spherical in
shape with sizes in the range of 55 ± 25 nm. These particles are well connected to
form aggregates, resulting in porous microstructure of interconnected clusters.
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Fig. 5.12 FESEM of a) raw RDX and b) RDX processed by sol-gel method
Fig. 5.13 shows FESEM images of PETN processed by sol-gel method. The
PETN/SiO2 xerogel have particles with size in the range of 20-50 nm.

Fig. 5.13 SEM image of PETN/SiO2 xerogel
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5.2.3.2 Transmission Electron Microscopy (TEM):
To ascertain retention of energetic materials in porous silica gel network, these
samples were further characterized by Transmission Electron Microscopy (TEM)
along with Selected Area Electron Diffraction (SAED). For TEM analysis, the
powdered sample suspended in methanol was dispersed on a carbon coated copper
grid and the micrographs were recorded on negative films which have been
subsequently scanned to obtain digital images.

Fig. 5.14 a) TEM image of TNT nanoparticles embedded in silica xerogel matrix
b) SAED pattern of TNT nanoparticles (numbers indicate d spacing in A0)
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Fig. 5.14(a) shows transmission electron micrographs for TNT/silica xerogel with 90
% TNT content and the corresponding selected area electron diffraction (SAED)
pattern is shown in Fig. 5.14 (b). TEM image of the xerogel sample indicate that TNT
particles are dispersed in the xerogel matrix. Presence of TNT particle is confirmed by
electron diffraction recorded over selected area. The concentric rings with strong
diffraction spots from electron diffraction pattern (Fig. 5.14 b) indicate polycrystalline
nature of TNT. The radius of the concentric rings is converted to d- spacing [18]:
Dd = λL

…5.1

where, λ – electron wavelength (0.03 A°); L - distance from target to screen (1000
mm); and D – radius of diffraction pattern ring
The d-spacing values derived from the diffraction pattern matches with the reported
values for monoclinic TNT [19].
From the TEM micrograph, particle size distribution has been evaluated and
the characteristic size histogram is displayed in Fig. 5.15.

Fig. 5.15 Histogram showing size distribution of TNT in silica xerogel matrix
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As shown in Fig. 5.15, particle size of TNT in the xerogels is found in the
range of 10 nm to 50 nm, and the majority of particles with size around 20 to 30 nm.
Average diameter of TNT particles is 18 nm (standard deviation 10 nm). The average
crystallite size derived from XRD data is comparable with this value.
Fig. 5.16 shows the high resolution TEM micrograph and the selected area
electron diffraction (SAED) pattern for RDX processed by sol-gel method.

Fig.5.16 (a) HRTEM image, (b) SAED of RDX processed by sol-gel method
The High Resolution TEM (HRTEM) image of RDX/SiO2 xerogel
(Fig. 5.16 a) suggests that RDX nano particles of size ranging from 20-50 nm are
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dispersed in silica matrix. The strong diffraction spots on the concentric rings (Fig.
5.16 b) indicate crystalline nature of RDX. In the SAED, the radii of the concentric
rings are attributed to inter planer spacing of RDX [15].
The TEM image of PETN-SiO2 xerogels and particle size distribution of
PETN in gel matrix is shown in Fig. 5.17. TEM pictures of PETN-SiO2 xerogel
(Fig. 5.17 a) shows that PETN particles are dispersed in the xerogel matrix, and the
typical particle size of PETN particles is estimated to be around 10-50 nm.

Fig.5.17 (a) TEM image and (b) particle size distribution of PETN-SiO2 xerogel

101

5.2.4 Small Angle X-ray Scattering (SAXS)
Considering the fact that pores in silica network gets occupied by energetic
materials in sol-gel processing, SAXS is promising technique to study the
microstructure of these composites. The study of pore particle interface at boundary of
gel pores is useful to understand the response of energetic materials to initiation by
heat or impact energy. Therefore, to understand the effect of processing parameters on
the microstructure of these sol-gel processed energetic materials more clearly, these
samples have been further characterized by SAXS.

Fig. 5.18 Small angle X-ray scattering of silica xerogel with TNT (T). Symbols
are observed data and lines are fits of the data.
The SAXS profiles obtained for SiO2 xerogels and TNT-SiO2 xerogels are
showed in Fig 5.18. T0 is the sample of silica xeogel without any TNT content. T60,
T75 and T90 indicate TNT-SiO2 xerogels samples containing 60, 75 and 90 wt %
TNT by weight. T75.I and T75.III represent TNT-SiO2 xerogel samples containing 75
wt% TNT and processed with Acetone/TMOS ratio as 50 and 20, respectively
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Here Q is the scattering vector equal to 4 sin ()/,  is the wavelength of
incident (CuK) X-rays. Scattered intensity I (Q) is recorded using a scintillation
counter by varying the scattering angle 2. The SAXS profiles for pure SiO2 and
composites of SiO2 and energetic materials processed by sol-gel method have been
analyzed based on the data available in literature for the other porous composite
samples consisting of pores in the gel solid matrix [20-22]. In the silica xerogel, the
scattering at low-Q (Q < Q1) region occurs from larger, sub-micron size particles and
the inter-particle voids. Whereas in the region Q2 < Q < Q1, the scattered intensity
arises due to surfaces of the smaller particles or pores within the aggregates. The
scattering profiles plotted on log-log scale are straight lines over wider Q-range with
change of slope at low-Q regions as marked in the Fig 5.18. The linear behavior of the
profiles indicates that the SAXS profiles follow a power-law: I (Q) ~ Q-. The value
of  would be 4.0 for smooth surface of the scattering object. Whereas a non-integer
value for  indicates the fractal structure. For mass fractals with dimension D m,  =
Dm  3 whereas for surface fractals with dimension Ds,  = (6-Ds) > 3.0 and 2  Ds 
3. Thus, the slope of the scattering curve on log-log scale indicates the type of the
fractal. The SAXS profiles of TNT/SiO2 xerogels are fitted to the function
I (Q) = I (0)/ [1+ (Q) 2]-/2

… 5.2

Where  is the correlation length [23]. For nearly spherical scattering object,
 represents average radius (R).
SAXS profile of SiO2 without any energetic materials follows a linear
behavior with a change of slope at a Q. Below this crossover point, I(Q) varies as Q -
with a value of 1.1 for . This suggests that the silica particles are in the form of mass
fractal aggregates with fractal dimension 1.1. From the crossover point, the average
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size (D) of the basic particles within the aggregates is found to be about 18.5 nm. In
the high-Q region, the slope of the linear profile is steeper than 4.0 suggesting a fuzzy
or diffuse boundary [24] between particles and pores. For silica xerogels with TNT,
the SAXS profiles are in the same shape as for pure sample but the mass fractal
dimension has increased with highest value of 2.26 for 90 % TNT (T90). Thus, the
matrix became compact with the presence of TNT. The size of the basic particles
increased marginally to about 20 nm for T60 and T75-I samples. It is increased to
22.5 nm for T75-III sample and further rise to 30.4 nm for 90 wt % TNT sample. The
typical size of the particles is concurrent in order of magnitude with TEM analysis.
The profiles obtained for SAXS measurements on silica xerogels and
PETN-SiO2 xerogels containing 70 and 90 weight % PETN are presented in Fig. 5.19.
SAXS profiles follow a power-law I (Q) ~ Q- with  = 3.98, 4.0 and 4.1 for SiO2
xerogel, PETN-SiO2 (70:30) xerogel and PETN-SiO2 (90:10) xerogel, respectively.

Fig. 5.19 SAXS profiles for a) silica xerogel (b) PETN-SiO2 xerogel with 70%
PETN and (c) PETN-SiO2 xerogel with 90% PETN content.
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The average pore size reduced considerably to a minimum of 19.9 nm in
PETN-SiO2 xerogel with 90 % PETN content from the value of 24.7 nm obtained for
pure silica xerogel. This suggests that the PETN particles have entered into the pores,
thus reducing the average pore size of the original matrix. The surface morphology of
the pores is marginally affected. The value 4.1 of the exponent for the xerogel sample
with PETN content indicates a slightly diffuse interface between the pores and the
matrix [25]. This suggests that, at least some parts of PETN remains at the interface
between the pore and the matrix causing a change in the surface morphology.
Fig. 5.20 shows slit-corrected SAXS profiles for RDX/SiO2 xerogels.
Intensities are shown in arbitrary units and are shifted vertically for clarity.

Fig. 5.20 Small Angle X-ray scattering of RDX-SiO2 composite xerogels. Symbols
are experimental points and lines are fits to the data.
In Fig. 5.20, the samples containing 70 wt % and 90 wt % of RDX and
Acetone/TMOS ratio as 100 have been designated as RDX/SiO 2 (70/30) and
RDX/SiO2 (90/10), respectively. The samples containing 70 wt % of RDX have been
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designated as RDX/SiO2 (70/30)I and RDX/SiO2 (70/30)II with Acetone/TMOS ratio
as 100 and 50, respectively. In Fig. 5.20, slope (x) of the line profiles changes at Qc,
with a value < 3.0 for Q < Qc and ≥ 4 beyond Qc. The samples consist of mass fractal
aggregates of radius of gyration Rg made of primary particles (unit blocks of fractal
aggregates) of radius Rs. SAXS data has been fitted to the expression (Equation 5.3)
based on the unified theory for scattering from systems with multiple levels of
structural features [26].
I(Q) = G1.exp(-Q2.Rg2/3) + B1.exp(-Q2.Rs2/3).{[erf(Q.Rg/61/2)]3/Q}P1 +
G2.exp(-Q2.Rs2/3) + B2.{[erf(Q.Rs/61/2)]3/Q}P2

…5.3

Here, the constant coefficients include scattering density contrast between mass
consisting silica, RDX and pores. For spherical entities, the radius of gyration is equal
to 3/5 x r where r is the radius of the sphere. The parameters obtained from fitting of
SAXS data are listed in Table 5.1 in which RP is the average radii of pores.
Table 5.1 Parameters obtained from fitting of SAXS data of RDX-SiO2 xerogel
Radius (nm)

Power-law exponent

Sample

RP

P1

P2

R0

18.0

2.30

3.98

R70(I)

14.3

1.95

4.25

R70(II)

12.4

1.80

4.30

R90

12.1

1.73

4.30

Table 5.1 list parameters obtained from fitting of SAXS data of RDX-SiO2
composites. The exponent P1 (Eq. 5.3), which is equal to mass fractal dimension Dm,
varies between 2.3 and 1.7 whereas P2 is 4.0 for pure silica indicating smooth surface

106

for the particles. With presence of RDX, P2 becomes greater than 4.0, suggesting
diffuse inter-face between particles and the pores [27].
Thus, the porous structure of pure silica xerogel and silica xerogels
incorporated with energetic materials has been analyzed by means of SAXS. The
average pore size in the SiO2 xerogel reduces after incorporating energetic materials
suggesting that energetic materials particles have entered the pores of gel matrix.
From the values of the exponent  which is 4 for pure silica xerogel, it is inferred that
the surface of the pores was nearly smooth in the pure xerogel. However, the value of
exponent  measured for xerogels incorporated with energetic materials deviates from
the value of 4 suggesting that the surface becomes rough with surface fractal structure.
This indicates that with increasing loading amount of energetic material in the
xerogel, all this material did not confined in the pores but at least some parts of it
remain at the interface between the pore and the matrix causing a change in the
surface morphology resulting in the rough pore/surface interaction.
5.2.5

Surface area measurements:
The results observed from SAXS measurement about the occupancy of

energetic materials in pores have been further supported by surface area
measurements. Specific surface area of energetic materials processed by sol-gel
technique has been measured by nitrogen physisorption method [28]. The specific
surface area has been calculated using the Brunauer-Emmett-Teller (BET) method
from the amount of N2 gas adsorbed at 77 K at various partial pressures (eleven
points; 0.05 < p/p0 < 0.3). The pore volume measurements have been carried out at a
partial pressure of P/P0 = 0.99 and the pore size distributions (PSD) has been
determined by Horvath- Kawazoe (H-K) method [29].
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For TNT materials processed by sol-gel method, prior to surface area
measurements, the samples were first degassed at 40 oC under vacuum for 6 hours.
The results of surface area and pore volume measurements for silica xerogel and
typical TNT-SiO2 composites are shown in Table 5.2.

Table 5.2: Textural properties of SiO2 xerogel and TNT-SiO2 composites
Sample

Weight %
TNT

SiO2

Molar ratio

Pore

Specific

TMOS: Acetone: HF(0.1M):TNT

volume

surface area

(cm3/g)

(m2/g)

T90

90

10

1:50:16:2.4

0.053

74

T75 I

75

25

1:50:16:0.8

0.136

189

T75 III

75

25

1:20:16:0.8

0.011

18

SiO2

0

100

1:50:16:0.0

0.87

483

As shown in Table 5.2, pore volume and surface area values measured for
TNT-SiO2 composite are lower than that of SiO2 xerogel. The decrease in pore
volume of TNT-SiO2 composites indicates that pores of the gel have been occupied by
TNT. For samples T75-I and T90 which were prepared with Acetone/TMOS ratio as
50, the surface area has been found to be decreased from 189 to 74 m2/g and the pore
volume has been found to be decreased from 0.136 to 0.053 cm 3/g, respectively. This
is due to more occupancy of TNT particles in the pores at higher TNT content. In the
T75-I sample, some of the pores may also be non-occupied which might have resulted
in high pore volume and surface area. For T75-I and T75-III samples, the surface area
has been found to be drastically decreased from 189 to 18 m2/g. The Acetone/TMOS
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ratios for T75-I and T75-III samples are 50 and 20, respectively. The decrease in
solvent/precursor ratio has resulted in much compact network leading to decrease in
porosity. The pore volume has been found to be decreased from 0.136 to 0.011 cm 3/g
for T75-I and T75-III samples, respectively. The results show that porosity in TNTSiO2 composites can be suitably controlled by controlling the process parameters like
TNT content or solvent/precursor ratio.
The specific surface area (SA), pore volume and pore diameter of RDX/SiO2
samples obtained by N2 adsorption technique are listed in Table 5.3.
Table 5.3. Textural properties of SiO2 xerogel and RDX-SiO2 composites
BET specific surface

Pore volume in cm3/g

Pore diameter in

area in m2/g

(at P/P0 = 0.99)

nm

R0

339

1.40

21

R70 (I)

179

0.94

14

R70 (II)

132

0.30

10

R90

108

1.07

13

Sample

As noted earlier, samples containing 70 wt % and 90 wt % of RDX and
Acetone/TMOS ratio as 100 have been designated as RDX/SiO 2 (70/30) and
RDX/SiO2 (90/10), respectively. The samples containing 70 wt % of RDX have been
designated as RDX/SiO2 (70/30)I and RDX/SiO2 (70/30) II with Acetone/TMOS ratio
as 100 and 50, respectively. From the data in Table 5.3, it is found that the surface
area of RDX-SiO2 xerogel is much higher compared to that of raw RDX ( 2 m2/g).
Moreover, it decreases systematically with increase in RDX content.
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a

b

c

Fig. 5.21

PSD: a) SiO2, b) RDX/SiO2 (90/10), c) RDX/SiO2 (70/30)II xerogels
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The pore size distribution profile for SiO2, RDX/SiO2 (90/10) and RDX/SiO2
(70/30) II xerogels is shown in Fig. 5.21. It can be noticed from Fig. 5.21 that pore
size for RDX/SiO2 xerogels (100 Ao) is smaller than that of SiO2 xerogel (210 Ao).
The average pore radius measured from pore size distribution is noted in Table 5.3. It
can also be seen from Table 5.3 that the pore volumes and pore sizes are significantly
reduced after incorporating RDX. Pore volume for SiO2 xerogel is 1.4 cm3/g which is
reduced to 0.3 cm3/g after incorporating RDX in xerogels. This may be attributed to
occupation smaller particles of RDX in pores of silica matrix. The lower pore volume
for R70 (II) as compared to that in R70 (I) is due to reduced Acetone: TMOS ratio.
Similarly, specific surface area of PETN-SiO2 xerogel is found to be 75 m2/g,
whereas the same for pure silica xerogel is 512 m2/g. The reduced surface area for
PETN-SiO2 xerogel is due to occupation of silica gel pores by PETN.
The observed trend in surface area and pore volume measurements for
TNT-SiO2, RDX-SiO2 and PETN-SiO2 xerogels is in consistence with the results
observed from SAXS studies.
5.2.6

Impact sensitivity:
Initiation of energetic materials is believed to result from localization of

incident energy generating hot spots within these materials. Therefore, porous gel
matrix is an ideal host to study in a controlled fashion how defect can affect the
ignition mechanism in such materials by providing the voids as initiation centers.
Impact initiation of the sol-gel processed energetic materials has been carried out to
study the effect of porosity on sensitivity of these materials. Impact sensitivity studies
has been carried out by Fall Hammer Impact Test. Powder sample of about 30 - 40 mg
was placed on anvil and the height of drop weight was varied to arrive at a height
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where 50 % probability of initiation is found. The data for sensitivity to impact of
nano-sized TNT processed by sol-gel method is shown in Fig. 5.22.

Fig. 5.22 Impact sensitivity data for raw TNT and TNT-SiO2 composites
As seen in Fig. 5.22, the figure of insensitivity for TNT materials processed by
sol-gel technique is lower than that of raw TNT. Unlike TNT materials with reduced
particle size obtained by solution crystallization and spray drying method, here, the
sensitivity to impact of the TNT-SiO2 composite material increases even though the
particle size is less than 100 nanometers. This indicates that porosity affect the
ignition mechanism of the energetic materials. The sensitivity to impact for TNT-SiO2
composites has also been found to be increased with a decrease in TNT content in the
composite from 90 to 75 wt. %. In samples with lesser TNT content, the number of
non-occupied pores will be more which has also been observed from fractal
dimensions in SAXS studies. It results in higher defect density like pores/voids. It
may lead to adiabatic compression of interstitial gases and act as centers for initiation
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of chemical decomposition resulting in an increase in sensitivity of these materials.
When the TNT content in gel was kept constant at 75 wt. % and the Acetone/TMOS
ratio was decreased from 50 to 20, the sensitivity of the TNT decreased. This is due to
decrease in porosity as revealed from pore volume measurements.
Fig. 5.23 shows data on impact sensitivity measurements for nanosized RDX.
Tetryl with figure of insensitivity (F of I) 70 is considered as standard for sensitivity
test. A decrease in FoI indicates an increase in sensitivity of the material.

Fig. 5.23 Impact sensitivity data for RDX/SiO2 xerogels and raw RDX.
As seen in Fig. 5.23, RDX materials processed with sol-gel method require
less impact energy for initiation than that of raw material implying that these samples
are more sensitive. The porosity in these samples leads to hot spots raising local
temperature to ignition and plays vital role in impact initiation [30]. The sensitivity of
the R70 (II) is significantly lower than that of R70 (I), which may be due to the less
porosity in the R70 (II). For friction sensitivity measurements also, a similar trend of
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increase in sensitivity for RDX/SiO2 xerogels as compared to that of raw RDX has
been observed.
Results on impact sensitivity of TNT, RDX and PETN xerogels materials in
powder and pelletized samples are compiled in Table 5.4.
Table 5.4 Impact sensitivity data for powder and pellet sample of TNT, RDX and
PETN xerogels materials
sample

Impact energy (J) with 50 % probability of initiation

Raw RDX

6.14

RDX/ SiO2 (90/10)

5.87

TNT

Not initiated

TNT/ SiO2 (90/10)

7.01

TNT/ SiO2 (75/25)

3.45

TNT/SiO2 (60/40)

4.46

PETN

3.79

PETN/SiO2 (90/10)

3.66

PETN/SiO2 (75/25)

4.99

Impact sensitivity in all xerogels increased as compared to raw materials
indicating ignition mechanism in energetic materials is controlled by defect density. It
is an important observation that the sensitivity to initiation by impact can be tuned as
per requirement by controlling in the sol-gel processed energetic materials.
5.2.7

TG-DSC

DTA and TGA measurements on the xerogels within the temperature range from room
temperature to 400˚C were carried out in an inert gas atmosphere to prevent
combustion of these materials with air.
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Fig. 5.24 shows TGA and DTA curves for silica xerogel and TNT/silica xerogel with
90% TNT content.

Fig. 5.24 TGDSC curves for SiO2 xerogel (

___

) & TNT/SiO2 (90/10) xerogel (____)

In Fig. 5.24, TGA curve for TNT/ SiO2 xerogel shows sudden weight loss of
more than 85 % within a temperature range from 210 oC to 280 oC. This weight loss is
attributed to decomposition of TNT resulting in gaseous products. TNT decomposes
above 200 oC forming gaseous compounds like CO, CO2, H2, N2 etc. with a little
residue left over as shown in TGA curve. The remaining weight is attributed to silica.
These results are in good agreement with precursor composition. The weight loss of
around 5 to 6% noticed at around 100 oC in TG curve silica xerogel sample is due to
loss of adsorbed moisture and residual acetone in the sample.
In Fig. 5.24, an endothermic peak in DSC curve of TNT/SiO2 xerogel may be
noticed at around 80 oC which could be attributed to melting of TNT. An exothermic
peak is observed at around 280 oC preceded by an endotherm in the DTA curve. This
exothermic peak indicates the decomposition in TNT. These observations are in good
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agreement with reported data for TNT [31] and indicate the presence of TNT in
xerogel. An endotherm observed at around 100 oC in the DTA curve for pure silica
xerogels is attributed to evaporation of moisture and solvent traces.
Fig. 5.25 shows typical TG-DSC curves for a) R70 (I) and b) R90.

Fig. 5.25

TG (_._._.) and DSC (____) curves for a) R70 (I) and b) R90.
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In Fig. 5.25, the weight loss indicated in TG curve of both the samples is due
to decomposition of RDX and is in concurrence with the initial weight content of
RDX in the composites. The DSC curves of RDX/SiO2 xerogels in both samples show
an exothermic peak at around 210 ˚C due to decomposition of RDX. An endothermic
peak at 205 oC is associated with RDX melting [32].
Fig. 5.26 shows results of TGA and DSC analysis for SiO2 xerogel and PETNSiO2 xerogel with 90% PETN content.

Fig. 5.26 TGA and DSC curve for SiO2 xerogel (---) and PETN-SiO2 xerogel (---)
with 90% PETN content
In TG curves of Fig. 5.26, a major weight loss of around 85 % in PETN-SiO2
xerogel is seen within a temperature range from 150 to 200 oC. This weight loss is
attributed to the decomposition of PETN. The confirmation of PETN content in the
xerogels could be verified from the TG curve as the mass loss has occurred mainly
due to decomposition of PETN. The weight loss in silica xerogel at around 100 oC is
attributed to loss of moisture adsorbed on the silica due to surface –OH groups [33].
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In case of PETN-SiO2 xerogel the silica content is much less and PETN has the
hydrophobic nature, and therefore in PETN-Silica xerogel loss due to water is much
less as compared to pure silica.
In DSC curve of Fig. 5.26, a sharp endothermic peak at temperature around
140 oC and a broad exothermic peak at temperature around 185 oC is noticed in the
DTA curve recorded for the PETN- SiO2 xerogel. It agrees well to the characteristic
peaks reported for pure PETN [34]. An endothermic peak at around 140 oC is
attributed to the melting of PETN whereas the exothermic peak next to the endotherm
noticed at around 185 oC is attributed to the decomposition of PETN and formation of
gaseous products. The results from TG-DSC analysis confirmed survival of PETN
through sol-gel processing and its presence in the resulted xerogel matrix.
5.2.7.1 Thermal Initiation and Kinetic Parameters Study Using Thermal Analysis
Data
Thermal ignition mechanism in energetic materials on inclusion of voids can
be appreciated with study of kinetic parameters. Therefore, decomposition of
energetic materials is studied as a function of temperature for RDX and TNT materials
processed by sol-gel method at different heating rates. Fig. 5.27 shows the TGDSC
curves for raw RDX and RDX processed by sol-gel method from room temperature
to 300 oC at heating rate of 5 oC/min (a), 10 oC/min (b) and 20 oC/min (c).

118

Fig. 5.27 TGDSC curves for raw RDX and RDX processed by sol-gel method
with heating rate of a) 5 0C/min. b) 10 0C/min. and c) 20 0C/min.
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It can be noticed in the TG curves (Fig. 5.27) that raw RDX shows mass loss
of 99 % accompanied with an exothermic peak. This is attributed to thermal
decomposition of RDX. However, RDX/SiO2 composite shows a mass loss of 88 %
indicating that major content is RDX with remaining residue as silica and agreeing
well to our precursor composition.
In DSC curves (Fig. 5.27), the endothermic peak at about 205 oC is associated
with melting of RDX. As it can be seen in Fig. 5.27, at higher heating rate, exothermic
peak is shifted towards higher temperature in both the samples. In RDX/SiO 2 xerogel,
width of exothermic peak becomes narrower at higher heating rate. It may be because
at higher heating rate, the heat deposition in samples is faster than it can dissipate, and
it may cause overlapping of thermo kinetic events like visco-plastic flow at particle pore interface and adiabatic air compression resulting in high heat of reaction. The
exothermic peak temperature for RDX and RDX/SiO2 xerogel noted from DSC curve
is shown in Table 5.5.
Table 5.5 Exothermic peak temperature (Tp) and Onset Temperature (To) for
RDX materials (value in brackets indicates particle size) at different heating rate.
Heating rate

Exothermic peak temperature (Tp) and Onset Temperature (To) for

 [°C/min.]

RDX and RDX /SiO2 [oC]
RDX (126 µm)

RDX /SiO2 (0.055 µm)

Tp

To

Tp

To

5

233

212

231.1

220

10

242.5

215

240.2

225

20

251.1

220

246.5

233
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Though the exothermic peak temperature shifted to lower value, it can be
noticed from Fig. 5.28 that the onset (To) of exothermic peak is found to be shifted at
relatively higher temperature in RDX /SiO2 materials as compared to raw RDX. The
higher values of onset temperature in sol-gel processed materials may be related to
higher activation energy. The value of activation energy (E a) is evaluated from
exothermic peak temperature obtained with various heating rates as shown in
Table 5.5 and applying Kissinger’s method [35].
Temperature dependent rate constant k is assumed to obey Arrhenius equation:
k (T) = Z exp (-Ea/RT)

… 5.4

ln (β /Tp2) = ln(ZR/Ea) – (Ea/RTp)

…5.5

Where β is the heating rate in K/min and Tp is the maximum temperature of DSC
curve for that heating rate in K, Ea is activation energy in J, Z is Pre exponential factor
(s-1) and R is gas constant in J/K.mol
The values of Ea obtained from the slope of the straight line of plot ln (β/T p2) against
1/Tp are listed in Table 5.6.
Table 5.6 Kinetics parameters for RDX (derived from TG-DSC curves)
Samples

Particle size

Kinetics
Ea (kJ mol-1)

Z (s-1)

k x 10-2 (s-1)

Raw RDX

126 ± 45 µm

149  3 kJ

4.7 x 1015

69  1

Sol-gel processed RDX

55 ± 25 nm

215  9 kJ

8.0 x 1021

98  2.1

In RDX-SiO2 composite, RDX is surrounded by silica because of which higher
temperature is required to heat and ignite RDX in these materials. It is supported by
significantly higher value of activation energy of 215  9 kJ in this material than that
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of raw material of 149  3 kJ as shown in Table 5.6. RDX material processed by solgel method is reported to be more sensitive to impact initiation than raw RDX due to
increased density of defect like high porosity. However, this phenomenon is mainly
seen in shock or impact sensitivity of these materials. In thermally stimulated
decomposition under present studies, porosity is not seen to increase the sensitivity of
the material. As seen from Table 5.6, the frequency of collisions (Z) and reaction rate
constant (k) values for RDX/SiO2 are higher than that of raw material. It may be
attributed to high surface area which contributes to faster decomposition due to high
proportion of surface atoms. Moreover, in RDX/SiO2 materials, due to high onset
temperature, decomposition reaction favors more NO2 and CO2 contributing to more
energy release accelerating the reaction rate [36]. Increase in Z and k values suggests a
possible improvement in detonation velocity of RDX with reduced particle size.
Fig. 5.28 shows typical TG-DSC curves observed with heating rate of
20, 15 and 10 oC/min for TNT processed by sol gel method. In Fig. 5.28, the sudden
weight loss in TG curves at around 225 to 275 oC is due to decomposition of TNT. In
sol-gel processed material, the weight loss is 90 % with 10% residue for silica. It
indicates that TNT content in this material matches well with precursor composition.
In DSC curves of the two samples, an endothermic peak at 80 oC is associated with
melting of TNT. The decomposition peak is observed to be shifted to lower
temperature for TNT/SiO2 xerogels indicating decomposition at higher reaction rate.
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Fig. 5.28 TGDSC curves: raw TNT & TNT/SiO2 xerogel at different heating rate.
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To understand effect on sensitivity in these materials in terms of change in
activation energy, kinematic parameters have been calculated from TGDSC curves
obtained at heating rate of 10, 15 and 20 oC /min. Similar to RDX materials, shift in
decomposition peak towards higher temperature is observed with increase in heating
rate. Values of decomposition peak temperature are shown in Table 5.7.
Table 5.7 Decomposition peak temperature (Tp) for TNT materials at different
heating rate
Decomposition peak temperature (Tp) for TNT
Heating rate

Average particle size of TNT
350 µm

50 nm

10 K/min.

255 oC

243 oC

15 K/min.

264 oC

246 oC

20 K/min.

276 oC

255 oC

Activation energy of TNT is calculated from decomposition temperature peak
for various heating rates as shown in Table 5.7 and calculated values of activation
energy Ea and pre-exponential factor Z are shown in Table 5.8.
Table 5.8. Kinetics parameters for TNT (derived from TG-DSC curves)
TNT processed by

Average

Kinetics parameters

particle size

Ea (kJ mol-1)

Z (s-1)

k (s-1)

Raw

350 µm

78.7 ± 8 %

2.09 x 107

0.63

Sol-gel method

50 nm

144.4± 20 %

2.70 x 1014

1.25

The value of activation energy for raw TNT agrees with reported value in
literature for TNT. As shown in Table 5.8, activation energy of 144 kJ for TNT
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materials processed by sol-gel method is much higher compared to that of raw TNT. It
indicates that as TNT particles are confined in silica gel network, it requires more heat
for ignition. However, shift in decomposition peak to lower temperature indicates that
ignition to detonation transition is rapid in these materials. High surface energy may
contribute to faster decomposition in these materials. Higher values of Z and k for
TNT materials may be attributed to a greater number of atoms undergoing
decomposition simultaneously due to high proportion of surface atoms. In sol-gel
processed material, with high activation energy decomposition reaction triggers at
higher temperature that favours reaction products liberating more energy and
accelerating reaction rate.
5.2.8 Velocity of Detonation (VoD) measurements:
Thermal analysis of energetic materials processed by sol-gel method indicated
high reaction rate constant that suggest improvement in energy release rate. To assess
the performance in terms of energy release rate, velocity of detonation was measured
for these materials.
The experimental assembly to measure detonation velocity is shown earlier
(Fig. 4.20). To measure detonation velocity, three pins ‘S2’, ‘S3’ and ‘S4’ were
inserted in acceptor charge. Distance between ‘S2’ - ‘S3’ and ‘S3’ - ‘S4’ was
5 ± 0.1mm. Fig. 5.29 show typical signal profile recorded on oscilloscope for TNTSiO2 xerogel.
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Fig. 5.29 Signal profile recorded for TNT-SiO2 xerogel
From the signal profile in Fig. 5.29, it is observed that initially the velocity is less;
however, in second region it accelerates fast. These results support kinematic data that
initially buildup of reaction takes time but high surface area and high defect density
(as indicated by high value of pre-exponential factor Z) in xerogel materials favor
propagation of ignition transition in very small length scale. Sensor output on the
oscilloscope record indicates the arrival of detonation wave front at the sensor
location. Detonation velocity is then, calculated by knowing the travel time of
detonation front between two sensor location.
Table 5.9 Data on VoD for TNT, RDX and PETN processed by sol-gel method
Energetic material

Detonation velocity (mm/µs)
TNT

RDX

PETN

Raw

6.39 ± 0.19

7.89 ± 0.2

7.71± 0.2

Processed by sol-gel method

6.66 ± 0.20

8.12± 0.2

8.05± 0.2
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The data on velocity measurement for TNT, RDX and PETN is listed in Table
5.9. Detonation velocity in energetic materials and silica composites is 5 % higher
than that of raw materials. It indicates improvement in energy release rate as ignition
to explosion transition is fast due to higher defect density and high surface area of
nanosized particles. However, detonation velocity in silica composites is lower than
that of these materials with reduced particle size processed by solution crystallization
and spray drying method as noted in Chapter 4. It may be due to lower content of
energetic materials (90 %) in these materials resulting in lowering the energy density.
5.3

Conclusions:
As voids also contribute to the initiation of energetic compounds but

introducing the voids in controlled manner and analyzing its effect on sensitivity of
energetic materials has not been studied. Therefore, sol gel process has been utilized
for preparation of energetic materials in silica gel matrix with induced defects like
porosity and studied its effect on sensitivity and performance of these materials. The
sol-gel method has proved promising technique for preparation of energetic materials
with particle size less than 100 nanometers and with controlled porosity. The sol gel
process has been optimized to obtain energetic materials with particle size in range of
20 to 80 nanometers in silica gel host. Impact test studies on these sol-gel processed
samples showed increase in sensitivity even though the particle size is reduced. This
indicates that decomposition mechanism in these samples is affected by the defects
like porosity. With the energetic materials composites with silica having different
material loading and varying pore volume, it is also demonstrated that microstructure
of the sol-gel processed material can be tailor made and effectively used to control
their sensitivity and energy release rate.
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CHAPTER 6
PREPARATION OF RESORCINOL - AMMONIUM NITRATE NANO
COMPOSITE USING SOL-GEL METHOD AND ITS CHARACTERIZATION

An energetic material requires combination of fuel and oxidizer that release energy
through oxidation. Energetic materials like TNT, RDX and PETN etc., contain fuel
and oxidizer species within one molecule and therefore they are very powerful. These
materials have high brisance that could be a demerit in civil applications like coal
mining, road blasting or metal welding, and also pose safety issues due to their
sensitive nature. Therefore, composite explosives in which fuel and oxidizers are
separate entities and mixed together are being explored to obtain a wide range of
energetic materials suitable for various civil applications [1]. Gun powder which is
mixture of charcoal, nitrate salt and sulfur, is the oldest known and commonly used
composite energetic material. Ammonium Nitrate / Fuel Oil (ANFO) and Ammonium
per chlorate base materials used for rocket propellants etc. are some of the recent
examples of energetic composites in which fuel and oxidizers are physically mixed.
As fuel and oxidizer are physically mixed in these composites, they have weak
performance in terms of energy release rate and another major issue with uncertainty
in reliable ignition. The performance of these composites is governed by the particle
size of components and homogeneity of resultant mixture [2].
Nanostructured energetic composites could be a solution for this. The energetic
composites with reduced particle size of component materials to nanometer scale can
have better homogeneity in mixture of a fuel and an oxidizer and therefore can offer
high energy density with higher rate of energy release comparable with
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monomolecular energetic materials [3]. Therefore, focus in present work is mainly on
reducing the particle size of constituents to nanometer scale to have better energy
density of the energetic composites. Sol-gel method is a promising technology to
achieve the particle size in nanometer range and have better homogeneity and
proximity of the components [4]. The gel material consisting of a three-dimensional
porous network could be ideal pathway to prepare energetic nano composites utilizing
the porous network as host fuel to load oxidizer as disperse phase. In nano structured
TNT and RDX composites with silica, there is no contribution from the oxide network
in the detonation energy and the sensitivity of the energetic materials found to be more
as compared to that of raw materials. Therefore, for developing energetic composites,
organic gel is better option to work as fuel network with oxidizers as dispersed phase.
Resorcinol is one of commonly used precursor in organic gels which has
chemical structure similar to styphnate and is suitable for forming three-dimensional
network through cross linking using formaldehyde. Ammonium nitrate is generally
used in ANFO type energetic materials for its positive oxygen balance. Therefore, to
prepare energetic composites using suitable composition, we developed a method to
prepare nanostructure composite consisting of Resorcinol (R) organic gel and
ammonium nitrate (AN) as an oxidizer using sol-gel method. One of the difficulties in
the development of such energetic composites is to prepare a uniform
organic/inorganic composite with high oxidizer content which is imperative for good
energy output due to highly oxygen deficient organic gel structure [5]. The efficient
organic-inorganic nano composites should have nearly stoichiometric oxygen balance
for high energy output and sensitivity suitable for safe handling and reliable
performance. To have nearly stoichiometric oxygen balance, quantity of ammonium
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nitrate in the composite was estimated to 85 % and the preparative parameters were
accordingly optimized.
6.1

Preparation of Resorcinol-Ammonium Nitrate (R-AN) composite:

R-AN nanocomposite has been prepared using sol-gel method [6]. All the chemicals
used in the present work viz. Resorcinol, Formaldehyde (F), Ammonium nitrate,
acetone, hydrochloric acid (HCl) are of analytical grade and Merck make. To prepare
R-AN composite, resorcinol and formaldehyde, in molar ratio 1:2, were added to the
acetone. To this solution, ammonium nitrate was added in suitable proportion to
achieve desired composition of R and AN in final xerogel. Concentrated hydrochloric
acid (HCl) has been used as catalyst to accelerate the gelation. The molar ratio of
precursor chemicals R: F: Acetone: HCl was optimized to 1:2:35:0.25. The solution
turned into gel within half an hour. The solvent from the gel pores was extracted under
vacuum at 40 oC. This resulted in RF gel with gel pores occupied by ammonium
nitrate. This composite containing 85 % AN is designated as R-AN (15/85).
6.2

XRD characterization of R-AN composite:
The presence of AN in the gel has been confirmed by the X-ray diffraction

(XRD) characterization. The XRD data for the resultant R-AN composite had been
obtained using CuKα (1.54 Å). The diffracted X-rays were collected by scanning
between 10.01 to 79.99° in a scan step size of 0.02. The X-ray diffraction data
recorded for Resorcinol gel, ammonium nitrate and RF-AN composite are shown in
Fig. 6.1.
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Fig. 6.1 XRD patterns of Resorcinol (R), Ammonium Nitrate (AN) and R-AN gel
The diffraction peaks from the XRD pattern of R-AN composite in Fig. 6.1 are
assigned to ammonium nitrate. Solid ammonium nitrate (NH4NO3) exists in five
stable polymorphic forms (designated as phases I, II, III, IV, and V) below its melting
point at around 170 ◦C. The diffraction peaks observed at observed at 17.9 o, 22.4 o,
29.0 o, 33.0 o and 40.0o show that the NH4NO3 powder sample is in phase IV [7]. XRD
studies of the composite materials revealed that the ammonium nitrate survives the sol
gel processing and retained in the gel structure.
6.3

FTIR characterization of R-AN composite:
The presence of AN in the gel has also been confirmed by FTIR

characterization. FTIR spectra for AN and R-AN composite prepared by sol-gel
method are shown in Fig. 6.2.
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Fig. 6.2 FTIR spectra for AN and R-AN composite prepared by sol-gel method
In Fig. 6.2, the band observed at 3100 to 3300 cm -1 corresponds to
asymmetrical stretching of NH4+ [8]. The region near 1300 -1400 cm-1 is complex
consisting overlapping of bands for triply degenerate deformation vibration, of NH4+
and doubly degenerate stretching vibration of NO3-. The bands at around 1050, 830,
720 cm−1 are attributed to three distinct absorption peaks of NO 3−. These
characteristics peaks for NH4NO3 are also present in R-AN gel indicating that AN is
present in R-AN gel.
6.4

Morphology study of R-AN composite:

The microstructure of the composites has been observed in a high resolution field
emission scanning electron microscope (FESEM). For FESEM, the R-AN composite
powder was dispersed on carbon substrate and it was subsequently coated with gold to
get rid of charging effect.
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Fig. 6.3 FESEM of R-AN (15/85) composite processed by sol gel method
A homogeneous microstructure of RF-AN composite can be seen in the SEM
micrograph (Fig. 6.3). Pores of nanometer range have been found present all over the
samples. The AN recrystllizes in the pores of RF gel confining particle size of AN in
the range of nanometers. In R-AN composite, though the organic and inorganic phases
cannot be resolved from one another, the small particle size indicates that the
distribution of both the constituents is in the nanometer range. The particles are
connected to form aggregates resulting in a structure of interconnected clusters. The
resorcinol xerogel has porous microstructure and the porosity in the gel has been
exploited to load the inorganic component of the composite.
Specific surface area measurement is an important technique to characterize
the sol gel process derived materials. The specific surface area, specific pore volume
and pore size distribution of R-AN composite have been measured by nitrogen physisorption method. Prior to measurement, the samples were degassed at 100 oC. The
specific surface area has been calculated using Brunauer-Emmett- Teller (BET)
method from the amount of N2 gas adsorbed at 77 K at various partial pressures
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(eleven points; 0.05 < p/p0 < 0.3). The BET specific surface area as determined from
the adsorption isotherms for R xerogel is 136 m2/g whereas the specific surface area of
R-AN composite is 28 m2/g. The BET specific surface area has been found to be
decreased from 136 to 28 m2/g for RF-AN composites. It indicates that pores of R gel
have been occupied by AN in the composite.
6.5

Thermal analysis of R-AN composite:
Thermo-gravimetric (TG) and differential scanning calorimetric (DSC)

analysis on R/AN composites has been carried out in inert atmosphere by heating the
weighed samples (2-5 mg) in the temperature range 40- 500 ˚C. Alumina sample
holders were used as sample and reference carriers during this measurement.
The TG-DSC curves for AN and R-AN (15/85) composite gel at the heating
rate of 10 ˚C/min have been shown in Fig. 6.4. For comparison purpose, TG-DSC
curve obtained for physically mixed Resorcinol and Ammonium nitrate composition
in same proportion to that of R-AN gel are also shown. In Fig. 6.4, DSC curve of
Ammonium nitrate shows endothermic peaks within range from 50 to 130 oC.
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Fig. 6.4 TG-DSC curves for AN and R-AN (15/85) composite gel and R-AN
(15/85) physical mixture
These are associated with solid-solid phase transitions in AN [9]. Endothermic
peak at 170 oC indicates melting of AN. TG curve of AN shows mass loss within
temperature range from 200 to 300 oC. It is attributable to decomposition of AN in
this range [10]. Decomposition of AN is accompanied with endothermic peak that
indicates formation of NO. DSC curve recorded for physically mixed R-AN mixture
and R-AN composite gel are different from that of recorded for Ammonium nitrate by
an exothermic peak suggesting oxidation of carbon from resorcinol by Ammonium
nitrate. The DSC curve for physically mixed R-AN mixture also shows endothermic
peaks associated with AN phase transition. For this composition, the mass loss of
about 25 % is seen to be gradual within the temperature range of 150 to 220 oC and is
accompanied with an exothermic peak. It indicates a partial oxidation of resorcinol at
slower rate. The exothermic peak is followed by distinct endothermic peak with steep
mass loss. The endothermic decomposition of AN indicates that it decomposes
afterwards. It suggests that R and AN behave as separate entities and needs more
intimacy between these constituents for reaction. R-AN composite gel processed by
sol-gel method shows strong exothermic peak at 230 oC accompanied with weight loss
in TG curve. This exothermic peak with large amount of heat release associated with
formation of oxidized species indicates oxidation of carbon and hydrogen of
resorcinol fuel by AN [11]. It shows a weight loss at lower temperature compared to
physical mixture. This indicates an early decomposition of R-AN composite gel. It is
due to nano sized particles of fuel and oxidizer with close proximity. Endothermic
peak is minimized in this composition that indicates AN has been used for oxidation
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H2O, CO2

of fuel. These results are supported by evolved gas analysis (Fig. 6.5) which is in
consistence with these observations.

At 1051 sec. / 199 o C

H2O, CO2

At 1383 sec. / 265 o C

H2O, CO2

Fig. 6.5 Evolved gas data during R-AN (15/85) gel thermal analysis
Fig. 6.5 shows that gas monitored during decomposition of R-AN composite
gel associated with exothermic peak in thermal analysis consists of H 2O and CO2. It
indicates improvement in decomposition characteristics in R-AN composite gel. Nano
structured composite has certainly modified the reaction kinetics of this composite
that suggests it as promising candidate in the class of energetic materials [12].
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a
a

b
a

Fig. 6.6 TG-DSC curves for physically mixed R-AN (15/85) composition and
R/AN composite gel processed by sol-gel method with heating rate
a) 10 oC/min and b) 20 oC/min.

Kinetics of R-AN decomposition has been studied by thermal analysis by
heating this material at different heating rate. Fig. 6.6 shows TG-DSC curves for
physically mixed R-AN (15/85) composition and R/AN composite gel processed by
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sol-gel method. Kinetic parameters calculated from exothermic peak temperature of
DSC curves using Kissinger method are listed in Table 6.1.
Table 6.1 Kinetic parameters calculate for R-AN (15/85) composite gel and
physically mixed Resorcinol an ammonium nitrate (15/85 wt ratio)

Activation energy

Z (s -1 )

K (s -1)

R-AN physically mixed

116 kJ/mole

6.06 x 1011

1.05

R-AN composite gel

261 kJ/mole

1.98 x 1027

2.44

In table 6.1, activation energy in R-AN composite gel is found to be higher
in comparison with that of physically mixed RF-AN formulation. However, values for
collision frequency ‘Z’ and reaction rate constant ‘k’ both are very high for R-AN
composite gel. This is due to the nano sized particles and close intimacy of fuel and
oxidizer particles in homogeneous gel. This suggests high energy release rate in the RAN composite gel material. With these kinetic parameters, it can be inferred that these
composites are better performing energetic materials. With control on constituent
proportion, these can be tailor made over wide range of energy.
6.6

Impact sensitivity measurements of R-AN composite:

The comparative data on impact sensitivity for R/AN composite gel along with
monomolecular energetic materials is shown in Fig. 6.7. Impact sensitivity studies
have been carried out using Fall Hammer Impact Test apparatus with 2 kg weight.
For impact sensitivity test, powder sample of about 30 - 40 mg was placed on anvil
and the height of impact for 2 kg hammer was varied to arrive at a height where
50 % probability of initiation.
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Fig. 6.7 Impact sensitivity data for PETN, RDX and R/AN (15/85) gel

As shown in Fig. 6.7, energy required for initiating the R-AN composite with
50 % initiation probability is 15.6 J whereas the initiation energies for RDX and
PETN materials are 6.4 and 3.9 J, respectively. The increase in initiation energy
indicates the decrease in sensitivity of the material. The R/AN gel is found to be more
insensitive as compared to PETN and RDX. It enhances safety in handling and
processing of these materials. However, the sensitivity is in the range where it can be
initiated reliably using proper initiating source. Thus, the R-AN nanocomposite is
found to be suitable as a safe and reliable energetic composite. The decomposition of
composite on impact was found to be complete with little traces of undetonated
material which indicated that oxygen balance is achieved. The oxygen balance in the
fuel (resorcinol) and oxidizer (ammonium nitrate) which is distributed homogeneously
offer the energy output comparable with traditional energetic materials.
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6.7

Conclusions:
In conclusion, the nanostructure composite of R-AN processed by sol – gel

method containing 85% ammonium nitrate provide desired oxygen balance so as to
harness maximum energy from this fuel-oxidizer composite. This R-AN composite is
more insensitive than monomolecular energetic materials like RDX and PETN. The
impact sensitivity of R/AN gel is lowered by about 200 % as compared to that of
RDX. However, the impact initiation sensitivity is in the range such that it could be
initiated reliably with proper initiation source. Thermal analyses of the composite
indicated improvement in decomposition characteristics of the R-AN (15/85)
composite with better energy output as compared to physically mixed formulation
with same composition. The nanosized particles and homogeneity of mixture at
nanometer scale in R-AN gel composites has contributed to improve the energy
release rate in this material which is comparable to monomolecular conventional
energetic materials.
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CHAPTER 7
SUMMARY AND FUTURE PROSPECTS
7.1

Summary
Energetic materials are combination of a fuel and an oxidizer which produces

energy by a process called oxidation. For energy release, fuel and oxidizer can be
physically mixed to allow them to react or can be present in the same molecule as is
the case with most of efficient energetic materials. The intimacy of fuel (mostly
carbon and hydrogen atoms) and oxidizers (oxygen atoms) is the main reason for
violent energy release through rapid decomposition process causing explosion in these
materials. In an explosion, stored chemical energy in energetic materials is suddenly
released, and that generates hot gas and very high pressures. The sudden release of
energy makes these materials different from other fuels and makes them suitable for
specialized applications. Energetic materials are widely used in civil applications like
road blasting, metal welding, for warheads in military applications, and as a tool for
generating high pressure for basic research purpose.
The choice of energetic materials for practical applications is limited by
several factors like thermal stability, chemical compatibility, handling sensitivity and
energy output. Therefore, the properties of available materials need to be modified to
improve their performance and usability. Sensitivity to initiation is an important
parameter which needs to be controlled. It is because unless the accidental release of
the stored chemical energy is controlled, the material is unsafe and hence has
limitations in use. Therefore in the development of energetic materials, a major
objective is to have desired control on sensitivity to initiation and energy release rate.
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From the studies conducted in this area, it is revealed that the energetic
properties of the material depend upon microstructure, particle size, particle size
distribution, internal voids and defects. Among these, one of the parameters that can
be effectively used to modify the properties of the energetic materials is particle size.
Several researchers have attempted to study effect of particle size on sensitivity of the
energetic materials, but the results are still inadequate to lead to some conclusion.
Thus, it is still of great interest to investigate the effect of particle size on the
sensitivity of energetic materials to initiation.
The focus of the present research work is to study the effect of particle size
and to infer whether decrease in sensitivity and improvement in performance can be
achieved by reducing particle size of the commonly used energetic materials like
TNT, RDX, PETN and fuel-oxidizer composite like mixture of Resorcinol and
Ammonium nitrate. Moreover, effect of introducing voids in controlled manner on
ignition mechanism in energetic materials and their sensitivity has also been studied.
To analyze effect of particle size on initiation sensitivity of energetic materials, a wide
range of particle size has been studied. Since the energetic materials are not as such
available with the desired particle size, appropriate processes have been developed for
producing energetic materials with desired particle size. On basis of simplicity in
processing, infrastructure required, safety and desired particle size, solution
crystallization method, spray drying method and sol-gel method have been chosen to
process the raw materials. The sol- gel method is useful to prepare the materials in
nanometer size and with narrow size distribution. Also the porosity and solid loading
of the energetic materials can be controlled in this process which is suitable to study
the effect of controlled defects on sensitivity of these materials.
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Scope of present work include developing methods like solvent/non solvent
precipitation, spray drying and sol-gel process to obtain the energetic materials with
particle size ranging from 350 micrometer down to 50 nanometers and study energetic
properties of these materials. For preparation of energetic materials with controlled
defects like porosity, the sol gel process has been utilized to obtain these materials
with particle size in the range of 20 to 80 nanometers within silica gel matrix. Sol-gel
method has also been used to prepare resorcinol-ammonium nitrate nano-composites.
The processed materials have been characterized by Fourier Transform InfraRed (FTIR) spectroscopy and X-ray Diffraction (XRD) to confirm that chemical and
crystal structures of these materials are same as those of raw materials. Thermogravimetric and differential scanning calorimetric (TG-DSC) studies have been
performed for qualitative and quantitative analyses of the energetic materials in
samples under study. Electron microscopy and small angle X-ray scattering
measurement techniques were used to analyze the microstructure while particle sizes
were measured using SEM and TEM micrographs.
The inadvertent initiation of energetic materials can basically occur due to
energy received from impact or heat stimuli. Therefore, measurements with respect to
initiation of energetic materials due to thermal or impact energy have been carried out.
The studies conducted on processed energetic materials using fall hammer impact
apparatus showed that sensitivity to impact initiation decreased by about 15 % in
RDX and 40 % in TNT with reduction in particle size. Impact sensitivity in RDX
material increased

by about 5 to 7 % with inclusion of porosity. The impact

sensitivity in TNT could be tuned in range of 25 % to 65 % by varying the process
parameters of sol-gel method. The kinematics parameters calculated from thermal
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analyses to understand decomposition mechanism in energetic materials showed an
increase in activation energy with decrease in particle size. It also suggests
improvement in energy release rate due to high surface energy associated with smaller
size particles. More number of atoms undergoing decomposition simultaneously due
to high proportion of surface atoms contributes to faster decomposition in materials
with reduced particle size.
In sol-gel processed materials, effect of inclusion of voids on ignition
mechanism has been studied. The activation energy has been found to increase in
sol - gel processed samples. The silica environment around energetic particles and
reduced particle size has led to increase in activation energy. However, impact test
showed increase in sensitivity of these materials even though the particle size is
reduced. In the composites of silica with TNT, RDX and PETN having different
energetic material loading and varying pore volume, it is also demonstrated that
microstructure of the sol-gel processed material can be tailored to control their
sensitivity and energy release rate. In sol-gel processed materials also, the energy
release rate is enhanced as compared to that of raw materials. This suggests that high
defect density leads to increased number of ignition centers with increase in collision
frequency that leads to faster ignition to detonation transition.
The improvement in energy release rate as predicted by thermal analysis is
further substantiated by detonation velocity (VoD) measurements. The detonation
velocity in energetic materials with reduced particle was found to increase by about
15 % as compared that for raw material.
The effect of particle size is prominently demonstrated in Resorcinol and
Ammonium Nitrate (AN) composites containing more than 85 % AN with
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stoichiometric oxygen balance. The nanostructure composites processed by sol-gel
method with reduced particle size showed increase in energy release rate as compared
to that from physical mixture of Resorcinol and Ammonium Nitrate. These
composites are safer than traditional energetic materials like RDX and PETN due to
less sensitivity and hence can be useful in various civilian applications.
7.2

Conclusions:

(i) Energetic materials like TNT, RDX and PETN have been prepared with particles
size over wide range and with variation in particle size studied its effect on the
ignition sensitivity and performance of energetic materials.
(ii) Ignition mechanism is affected by defects present in charge. However, inducing
the defects in controlled manner to analyze its effect on ignition mechanism is the
less studied aspect. The feature of controlling particle and pore size through solgel process has been utilized to process energetic materials with 60 to 90 %
loading of energetic materials in porous silica and the role of microstructure and
defects on sensitivity of energetic materials has been investigated
(iii)A detailed study on initiation of energetic materials by thermal and impact energy
has helped to understand the ignition process in energetic materials. Sensitivity of
energetic materials to initiation by impact or heat energy is found to decrease with
reduction in particle size. However, the sensitivity to impact initiation in these
materials is found to be affected by the defects like porosity that control ignition
mechanism.
(iv) Detonation velocity and hence the performance of the energetic materials is
improved with the reduction in particle size.
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(v) Decrease in ignition sensitivity enable safe handling and improvement in
detonation velocity with reduction in particle size of energetic materials is inferred
and it is demonstrated that microstructure of these materials can be tailored using
sol-gel process for controlling their sensitivity and energy release rate.

7.3

Future Prospects:

The experimental data obtained from present studies is good input to improve the
models developed to study ignition and transition from ignition to detonation in
energetic materials. Sol-gel processed energetic materials have provided data to
develop models to predict effect of defect density and role of microstructure in
ignition of energetic materials. Properties of composite energetic materials strongly
depend on particle size of its components and homogeneity in mixing and in this
regard, our data on Resorcinol-Ammonium Nitrate nano composite are encouraging. It
needs more understanding through exploration over a large variety of compositions so
as to offer formulations over wide range of energy and sensitivity useful in civil
applications. Processing of nano materials is difficult due to their increased tendency
to agglomerate. This especially creates difficulty in processing of composite
propellants using nano aluminium. Sol-gel processing using a porous network as host
for these nano particles can minimize this problem by preventing agglomeration of
these trapped particles. Some more study needs to be conducted on the processing of
such composites to optimize it to suit for various civil applications in near future.
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