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Introduction

Preliminary Objectives ofthis Thesis

Energetic materials (Explosives, Propellants and Pyrotechnics) are used extensively in civil
as well as military fields and have a wide range of applicatjd~y. Research and
development in the field of energetic materials fesos differentaspects in ordeo fulfill
therequirements, which depend on the use of the energetic matetiénent applications.
Initially development started by seargpfor better performing substancesd later, also
energetic materials withreduced sensitivity had to be taken into acco@wver the past
decades, a large number of highergy materials for various applicationavd been
developedwhich show improvegerformance and lower sensitivity]. Nowadays, there
arestrictrequrements for energetic materials, which must shetter performance, lower
sensitivityand higher thermal stabilityas well adbeingenvironmentdl friendly andalso

safe to handlduring manufacturing and usage. However, these requirements are somewhat
mutually exclusive. The energetic materials having high performance usually exhibit high
sensitivity and bad thermal stability and vice versa.

This thesis focuseon solid propellants, which have a wide range of applications in tactical
rockets, intercontinentaand submarindased ballistic missiles, space launcher boosters,
airplane ejection seats, and even amateur hobby rockets. Solid propgpasaty fall into

one of two broad categories namelgpmogenous(doublebase) propellants and
heterogeneougcomposite) propellants. Doublmse propellants consist of nitrocellulose
(NC) as a fuel plasticized with nitroglycerine (NG) as an oxidizemgosite propellants
consist mainlyof an oxidizer (normally, ammonium perchlorate AP) that is boundaby
polymeric matrix and some metallic fuel (normally aluminum powder Al). The investigation
of new highenergy dense oxidizers (HEDQspecifically withthe aim of findinga suitable
candidate that can overcome the tremendous impact sensitivity of NG and the toxicity of
HCl(g) (which is producedrom the combustion of ARvasthe main objective of this thesis.

In addition,a further goal was to studigethermal behavior of its propellant formulations.

It was not easy to find suitablecandidatewhich fulfilled all of these requirements.



Introduction

1 Definition of Energetic Materials

Whenmany peoplénear or read the waosdienergetic materiads the first things thatame

to their minds are war ardestruction Other peopl&éowever thinkaboutsatellites and how

the missilecanovercome gravityand they drearabout flyingto the moon and discoveg

the universeOther people thinkaboutfestivak and the wonderful colors and shapes of
fireworksthat are often used on such occasi@esed orthese different points of viewt,

canbe concludedhat energetic materials have different applicatem$consequentliyave

different definitions.

Politze and Murray defined energetic materialsa@®ws: AEnergetic materials encompass
different classes of chemical compositions of fuel and oxidant that react rapidly upon
initiation and release large quantities of force (through the generation ofvefbity

product species) or energy (in the form of heat and lifi#f) While the American Society

of Testing and Material s ( ASUbsigncedreafmixtnre s e n ¢
of substances which contains the oxidizer and the fuel at the same time and is therefore
capable to reacreadily under the liberation of large amounts of heat and gaseous reaction
products without any external reaction partagr].

Baily and Murraystatethat the legal definition in Great Britain isvgn in the Explosives

Act of 1875, w h ersubstaace usedxop manfactured withsa vidw to
produce a practical effect of exploson such as gunpowder[8]. nitro
Meyer and Kohler gavéhe following definition toane x p | o s i Amexplosion &slaf A
sudden increase in volume and release ofrggneén a violent manner, usually with
generation of high temperatures and release of gases. An explosion causes pressure waves
in the local medium in which it occurf4]. Many peoplethink that energetic materials are

just explosives,howeverthe definition of Politzer and Murray is rmore comprehensive

definition of energetic materials.

2 History of Energetic Materials

It is widely reported that thdirst people who discovered energetic materiatye the
Chinesepeople who are said to haveiscovered black powder as early as 20D.AThe
earliest recordhowever, can be found the Chinese military manual "Wurdy Zong Yao"

dated 1044 A.006]. Black powder is an energetic material forntiga, which consists of



charcoal, potassium nitrate and sulflihe Chinese formula reached Europe in the 13th
century, andby 1327 A.D.,the Europeans were firing bombardsancis Bacon, who
published the formia in the West, was so impressed by its awesome power that he
speculated man would give @artingwars when he saw the terror of black powdéy.
Althoughthe first use of black powder was as a war,toothel 6 0,®black powder was
used for the first time in Hungary for minifg. Black powder was the standard formulation

in use for a couple of centuries. Howevehad some disadvantagesch agheproduction

of large amants of smoke during combustioBy the midnineteenth century, nitration
reactions had been discoveget the combination @ficohols with mixed acid (sulfuric and
nitric) resulted in the formation dfighly flammable, if not expkive, speciefl(].

Braconnot discovered nitrocellulo€¢C) or figun cottod in 1833 which was subsequently
patented by Schonbein ¥846. Sobrero tried to nitrate liquid glycerin using nitric acid in
1846 and he found that a true reaction took place. Hence, nitrocell(Ng3e and
nitroglycerin (NG) were discovered within a decade of each other, but neither found
widespread use untihé 1860's when methods of stabilizing them were dey&edd]. Due

to the extreme sensitivity and danger of nitroglycerin, Sobrero believed that his invention
couldrd be used commerciallfHowever, Alfred Nobelvho hadgoodpersonatontact with
Sobrero searched for a solution to overcome the sensitivity of nitroglycerin. Nobelgfound
way to reduce the sensitivity of NG by adsorbing it on the surface of diatomaathend

cal | ed i t[2].AHxsynreation wiaseas a revolution in the fiefeeoergetic materials
and made Nobel a rich man. He thought that his invemtmuid helpthe people andause

an industrial revolution througtime use oflynamite in the coalmines and railway tunnels.
However, after seeing the disastrous results of heniion, he decided to collect all his
money andound a prize that is given to people, who have helped humankind the most in
the previais year, which is called notlue fiNobel Prized [12].

In 1880, Hepp prepadgure 2,4,6Trinitrotoluene TNT) as a pureubstance byhenitration

of toluene with mixed nitric and sulfuric acid. Claus and Beakene able taletermine its
structure in 1883. In the early®2@entury TNT became the standard explosive during WW

I [2]. The reputation of TNT has also spread widely in the civil filed, espeamathe field

of mining andin the construction of @ads between the mountains. It has become the most
famous andextensivelyused explosiveTNT has alarge differencein its melting and
decomposition temperatures, whiawes it the advantagef being able to baised easily in

different kinds of munitionsisingthecasting techniqugL3, 14]. Unfortunately, TNT shows



somestability problemsduring storagesinceit usually contains some other isomers and
impurities which are not easy to remoVéis makes thatit doesnot comply with modern
insensitive munition (IM) requirementg]. For this reasorthe development and synthesis
of new energetic materialhgs becomthe maintargetfor many researchets improve both
the themal stability and sensitivity of the final chargelsut without affecting the
performancg¢l15-18]. Many new energetic materials have been synthesizeddikexample
but not Ilimited to, 1,3,5trinitro-1,3,5triazinane (RDX), 1,3,5;Tetranitrel,3,5,7
tetrazocane (HMX), 2,4,6,8,10A#xanitre2,4,6,8,10,1zhexaazaisavurtzitane (CL20),
1,3,3trinitroazetidine (TNAZ), cis-1,3,4,6tetranitreoctahydroimidazg4,5-d]imidazole

( BCHMX) and di hy dibistetrgzblel mdiakje(TkKX¥b0)34, 19-2§ and

the compation still continues.

3 Classification of Energetic Materials

Energetic materials can be classified into three main categories, which are Explosives,
Propellants and Pyrotechnics. Each categanybe furthedividedinto subclasgsas shown
in Figurel.

3.1 Primary Explosives

These materials are characterized by:

f Detonation reaction with moderate vetygc about4000 ms? but with very high
acceleration.

1 High sensitivty (easily initiated) to different initiatig impulses (flame, impact,
friction,...).

1 Used to initiate other explosive materials of low sensitivity. Hence they are used for
theproduction of all types of initiators, primers, primer screwpdators, detonating
capsul es, éet c.

1 Examples:

Hg(CNO)z.......Mercury fulminate Pb(Ns)2€ é .Lead Azide
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Figure 1. Classification of Energetic Materials

3.2 Secondary Explosives (High Explosives)

These materials are characterized by:

1 Very strong detonation reaction

f Velocity of detonatiorabout 510 km s'.
1 Act asa urce of highly energetic gases
1

Less sensitive towardstexnal stimuli

High explosives carme usedn military and indusial applications The industrial high
explosives are used in blasting work or demolition in legémilitary and civilian secta:
They are used fathe blasting of rocks (mine work, bench blasting, tunneling, digging of
trenches,.) and common examples dgnamite Ammonium Nitrate/Fuel Oil (ANFOand
TNT [29-32]. The military high explosives are used for filling all types of artillery shells,
rocket warheads, hollow charge ammunitions, all types of mines, attieforoduction of
blasting charges and detding fuses. These materials can be useth@pure state, in
phlegmatized state, and as mixtures with other energetic compdid@&nt34]. Hexogen,



1,3,5trinitro-1,3,5-triazinane (RDX), which is also known as cyclonite, is currently one of
the most important high explosivesridwide for both military and civil applicationg35].

HMX (1,3,5,%tetranitre1,3,5, #tetrazocangis an explosive witta high melting point and
molar mass of 296.2 g mylwhich exists in four polymorphic modification®) , b), 2,
which are most likely conformational modifications. Each of the four can be obtained by
crystallization from a different solvemthile maintaininga different rate of cooling of the
solution[36].

0N\, N2

1 Toz NO
N~ N oM N a8 O,N-K}_(N—No
&N) 1 W gI S 2 [ 2
] o,N 'l‘

Mo, N N
NO N / o
2 ON NO, 02N 2
RDX B-HMX BCHMX e-CL-20

Figure 2. Molecular structure of some cyclic nitramines

Currently, polycyclic nitraminesreincreasingly gaiing importance as prospective highly
energetic materialsThe main featuresof importanceare their high density and high
performance but with no significant increase itheir sensitivity to mechanical stimuli.
BCHMX (cis-1,3,4,6tetranitrooctahydroimideo-[4,5-d]imidazole) is onexampleof such

a promising compound and whichgeedicted to possesshigher density than HMX37].
During the 1980 &sveradedicated to rirtcen ecormmically feasible
chemical procedure to obtain this energetic material in larger amounts. Diespiktensive
work which was undertakeit wasonly possible to prepargmall quantities of BCHMX by
a 5-stage process involving expensive reagents and offering very lows yi&sd 39].
Recently BCHMX has beermbtained by an unpublishedovel two-stage methadwvhich
produces BCHMXn fair yieldswith >98% purity (checked by HPLQ30]. Within the last
few yearsmuch researchasbeen publishednhich investigats the application of BCHMX
as a highlyenergetic material. It has been shawatthereplacement of PETN by BCHMX
in Semtex explosivesesults in a decrease the friction sensitivity, enhanced thermal
stability of Semtex 10, while the imgasensitivityremainsapproximately the sam@1].
BCHMX has beenstudied as explosive filler with PIB binder (C4, polyisobutylene
plasticized by dioctybebacate, DOSnd oily material) to replace RD46], and with Viton



A to replace HMX[42]. Furthermorethe thermal behavior and decompositiomekics of
BCHMX with different thermoplastic polymeric matrices were studii49].

performance, 2,4,6,8,16tEXanitre2,4,6,8,10,2-hexaza
isowurtzitane (HNIW), popularly known as €0, is considered todalp be the most

In view of its superior

powerful explosive. It belongs to the family of polycyetiage nitramines, and has four
(U0, tunder&mbier dondiaris[24. thear e  k r
Upolymorph has high symmetry and has the highest density (2.04)gatmong thefour

stable pol ymorphs
polymorphs.Due to itshigh detonation parameters and performai® 51], it can be
regarded as aext generatiohigh-energy material. The high performance of-2.can be
traced to itsstrained cage structumhich hassix -NO» substituets. Hence CE20 is 20%

more powerful than HMX52].

Table 1. Chawcteristic properties of some high explosives

Explosives RDX [4] HMX [4] | BCHMX [44] CL-20[4]
ChemicalFormula CsHsNeOe C4HgNgOs C4HsNgOg CsHsN12012
Oxygen Balyanc -21.6 -21.6 -16.3 95
Density (g cr) 1.82 1.91 1.86 2.04
Impact Sensitivity (N m) 7.5 7.4 2.98 4
Friction Sensitivity (N) 120 120 88 48
Detonation velocity (mY 8750 9100 9050 9800

A new class of high explosive compositioknownasfi Pl a st i Ex pB corsd evce s ,

has found useand a wide field of application ithepr oduct i on

of

Explosive munitiosd A PBX is an explosive material bound by a polymeric material and
other ingredientsThe resulting PBXmixture showsvery low sensitivity to different types

of impulses as well ago battle fielddangerqbullets, fragments, detonation wave shock,
f i r eThefiyst PBX was developed in Los Alamos National Laboratory in 1@4this
PBX, thebindersthat wae usectontained a plasticizer to improve the mechanical properties
of the product Polyurethanes arehé most widely used polymers in current PBX
formulations PBXs are insensitive and good processing explosives that safdhgormed

into different srapes with the required dimensions.



3.3 Pyrotechnics

This class ofenergeticmaterials is characterized by a burning reactidrnich usually
produces amall amount of gases. It ihaterogeneous mixtuocd fuel (metal powder, metal
alloy or organianatte) and inorganic oxidizer. These composititvave different military
and civilian applications andanbe used as: Tracers, Flares, smock agents, incendiaries,

delay elements, heating mixtures, illuminating compot i ons, si gp&d5i ng s h
3.4 Propellants

Propellans are a clasof energetic materials, whichre used in the production cd
pressurized gas that is subsequently usegrdpela vehicle, projectile, or other object.
Common propellants consist of a fusld an oxidizerUsually popellants are burnegbr
otherwise decomposgtb produce the propellant ge&&ome rare examples pfopellants
are simply liquids that can readily be vaporizegroduce thrusi56]. Propellants can be
divided into two groups: Gun propellantghich mainly have military applications, and
rocket popellants, which have many civilian and research applicatcacdition tomilitary
applicationd 1, 57, 58]. Gun propellant (Powdgcharges argnited andburned completely
and instantaneously in the cartridgase(Figure 3), which remaindgnside the barrelard
produce large amoundf gaseous products, which give the projectallet) a high kinetic
energy, to deliver it from the barrel to its targets shown inFigure4. On the other hand,
Rocket propellant chaeg are burned layer by layer and produce gaseous products, which
exit the missile combustion chamber from the nozzle, duhiadight of the missileon its
trajectory

Gun propellants are all based on Nitrocellulose (NC) as the basic energetic ingrettient

powder. There are three main types of gun propel({potsders)

(@]

Singlebase powder (SBP)
Doublebase powder (DBP)

Triple-base powder (sometimes called cold powder) (TBP)

O«

O«

Table2 illustrates the composion of thesegowders



Table 2. Compositions of NePowders[59]

Designation

Component IMR M1 M2 M15
Nitrocellulose, NC (13.15 N%) 93.3 85.0 77.5 20.0
Nitroglycerine, NG 19.5 19.0
Nitroguanidine, NGu 54.0
Stabilizer Diphenylamie) 0.7 1.0 0.6 6.0
Dinitrotoluene 10.0
Other additives 6.0 4.0 2.4 1.0

IMR  Single-base powder
M1  Single-base powder (+DNTif DNT is consideredo be arexplosive, it could be considered

to be aDBP)
M2 Doublebase powder (NC+ NG)
M15 Triple-base powder (NC+ NG+ NGu)

POWDER CHARGE BULLET

PRIMER

(CONTAINS PRIMING COMPOUND) CASE

Figure 3. Construction of Bullet 9 mm PistpsQ].
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Figure 4. Gun Propellants (Powders) firing mechanig .

Rocket Propellantsan bedividedinto solid and liquid rocket propellants. Liquid propellants
can befurther sub-classifiedinto monopropellastand bipropellantsis shown irFigure 1.
A monopropellants a singleliquid that contains botthe oxidizer and fuel[62]. Despiteits



high toxicity, hydrazine (NHa) is the most commonly used monopropellant nowa§@3].
Bipropellars consist of two separately stored liquidsel and oxidizey, whichin areact
hypergolic mannerwhen they come intocontact with each otheFor this system, two
separate storage tanks are requiesttl thefuel and oxidizer are injected into a combustion
chamber continuously in a controlled manbutonly when the motor is fired. Therefore, it
is possible to control the propulsion by controlling dneount ofliquids, which aresprayed
into the combustion chambérhis is consideed to be one of theig advantageof liquid
propellants.However the complicated system design and the large spiatethetanks
requireinside the rocket engirereconsideed to bebig disadvantage

Tank pressuization
valve

Pressurized LH2 —
L
Oxidizer
tank
L A )
s

2
‘s
_J

Turbo

assembly
Fuel <-4-} I
pump
Valves
generator
| Valves
_—
Heal
exchanger
Thrust
chamber Exhaust_»
duct
Turbine
exhaust
nozzle

Figure 5. Simple diagram of liquid propellant engine containértgrbo-pump feed systenmd gas
generatof64].

Solid rocket propellants amgreferred over liquid ahhybrid propellants, because of their

reliability, simplicity, readyto-use system availabilitgnd thdower coss of the propulsion

10



systen{65, 66]. Solid rocket propellantsan becategorizednto homogeneous (doublgase)
propellants and heterogeneous (composite) propelldotaogeneous @ublebasé rocket
propellantsmainly consist ofan energetic polymer (nitrocellulose, NC) plasticized with a
nitric ester (nitroglycerin, NG)Unfortunately, this propellant formulationndergoes
continuous slow decompitisn. The decomposition products released in the decomposition
process increase ttltecomposition rate and lead to saticelerating behavior. Chemical
stability additives (stabilizers) e.g. diphenylamine (DPA) are added to prevent this
autocatalysis procesSome additives aralsoaddedto simplify themanufacture usually a
plasticizens added irtherangeof about 010% (e.g. dioctyl phthalate (DOPYo NG in the
casting solvent as it reducéhefriction and impact sensitivity. Other addite/ior specific
operatios (flashsuppressardadditives e.g. zirconium oxidezirconium silicag) can also be
added The manufacturing process of doulblase rocket propellantecurs byone of two
production methodsCasting or Extrusion process{67, 68].

Motor case

Insulation Nozzle

Igniter Propellant grain

Figure 6. Solid propellant thrussysten{69].

Since itis somémesnecessary to increase the energy level of the propellants in order to
fulfill somespecial needs and requirements, some energetic additives, such as ammonium
perchlorate (AP), Aluminum powder (Al) or some nitramines such as RDX or ldahX

also be aded to form secalled composite modified doubbasepropellants (CMDB)

propellantd70Q].

Heterogeneous (composite) propellatds so-called composite solid rocket propellants
(CSRP) mainly consist ofan oxidizer (ammonium perchlorate, AP) bonded &y
polyurethane matrix based on hydroxgtminated polybutadiene (HTPB) aadnetallic

fuel (aluminum, Al) powde[71]. In 1972, a nevseriesof what is called energetic binders

11



such as glycidyl azide polymer (GAP), lpo3-nitratomethy3-methyloxetane (poly
NIMMO) and poly 3, 3Bis 3-azidomethyl oxetand?ply BAMO), appeared enhancing the
properties of composite rocket propel&it a great exterji72]. Table3 shows the typical

ingredients of composite solid rocket propellants.

Table 3. Typical ingredients ofomposite solid rocket propellanfi&3]

Type Weight (%) Examples

o Ammonium perchlorate (AP)
Oxidizer 0-70 _ _
Ammonium nitrate (AN)

Metal fuel 0-30 Aluminum (Al)

Burning rate modifiers 0.23.0 Iron oxide

Hydroxy terminated poly butadier
(HTPB)

Prepolymer 0-18 Carboxy terminated poly butadief
(CTPB)

Glycidyl azide polymer (GAP)

_ Isophoron Diisocyanate (IPDI)
Curing agent 1.03.5 -
Hexamethylene Diisocyanate (HMDI)

Fuel Binder

Dioctyl azelate (DOZ)

Plasticizer 0-7 Dioctyl sebaate (DOS)
Dioctyl adipate (DOA)
Tris-1-(2,MethylAziridinyl) Phosphine
Bonding agent >0.5 Oxide (MAPO)

Toluene Diisocyanate (TDI)

Metal fuel: The most commonly used madlic fuel is Al (although it does not give the
highest energypincethe propellants containing Al are saflean other metallic fuels during
handling and transportation. In addition, Al is cheap weeatlily availablein comparison

with other fuelsThemain disadvantage of Al containing propellambsveverare the smoke
exhaustandthe presence of some solid particleghe plume.

Burning rate modifier: These additives accelerate the decomposition of the oxidizer by
lowering its decomposition tempewat. Iron oxides, copper chromite and organie by
products of copper, iron, chromium, or boron are used as acceldi&pr®repolymer:
Prepolymers are visceuliquid substancesihe prepolymemust bea liquid during the

preliminary phase of preparation. Binder elements must have low volatilibyder to

12



withstandthehigh vacuum during mixingzurthermore, thegnust be chemically compatible

with the oxidize, in ordernot to causea temperature increase that would result in an
exothermic reaction leading tileeunwanted autagnition of propellant. Once it is cured, the
binder should lend its properties to the propell@uting agent: Curing agents are useal

form longer chains of the prepolymes well ago interlock the formed chainand therefore
affect the mechanical properties of the produced propellants. The most commonly used
curing agents are IPDI and HMDY3]. Plasticizer: Plasticizers are used to reduce the
viscosityin order tofacilitate processingandalso affectthe mechanical properties of the
produced propellant (increasingan). The most commonly used plasticizers are dioctyl
azylate (DOZ), dioctyl sebacate (DOS) and dioctyl adibate (D@AJ,these should be
compatible with the prepolym¢r3]. Bonding agent:The main task ofhe bonding agent

is to improve the mechanical propertiaad topreventthe settling of solid ingredients of
thecomposite solid rocket propellant. The most commonly used bondingiageis1-(2,

Methyl Aziridinyl) Phosphine Oxide (MAPO)A good bonding agent must satisfy the
following demands; Abilityto rapidy coat the solid particles, compatibility with the
crosslinking agenisedand enhancement of the mechanical propefigls Oxidizer: They
should supply oxygen to burthe binder and the metal fudlhe most commadn used
oxidizer in CSRPis ammonium perchloratéAP), which hasa high oxygen balanceas
readily available, cheap and thermallyhighly stable[75-78]. Although AP hasall these
advantages, APased propellas contaminate the atmosphere by releasing hydrochloric
acid (HCI) as an exhaust produdtoreover, the soluble perchlorate anion (€)Qs
consideredo bea contaminansource Ammonium perchlorate has long been used in the
defense industry as an oxidan solid propellants and explosives. The primary sources of
soil and groundwater contamination with perchlorate are related to the production of the
compound for aerospace and military applicatipf8}. The United States Food and Drug
Administration has detected perchlorate in food crops and[8lk Perchlorate is highly
soluble in water, and relatively stable and mobile in surface and subsurface aqueous systems
[81]. The low volatility and high solubility of perchlorate make many treatment technologies
such as ultrdiltration, air stripping, carbon adsorption, and advanced oxidatiorereith
ineffective or uneconomicakurthermore, the smoke trail caused by AP is a very serious
tactical di sadvant age, becaus esystems83.dAv er s el
consequence ddll thesedisadvantagess thatmany researchensorldwide are working

intensivelyto develop new replacement oxidizéds AP, which fulfill the increasing
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requirementexpectedf solid rocket propulsion systemssich asenhanced performance,
i mproved ther mal stability and negligible

processing, handling, transport, storage, usage and disposal.

4 New High Energy Dense Oxidizers

The currently most promising chloriieee oxidizersare ammonium dinitramide (ADN),
which wasfirst synthesized in 1971 in Russia, as well as the nitroformate salts hydrazinium
nitroformate (HNF) and triaminoguanidinium nitroformate (TAGN&J]. Although ADN
would solve the toxicity problems of ARjnce ADNhas complety green (chlorindree)
decomposition productsts lower thermal stabilityconstitutesanother challenge. ADN
thermally decomposat 127 °C and melts at 91.6 f84]. Ammonium nitrate (ANJproved

to be avery interesting oxidizer to many researchers and scief@5ts86]. AN begins
decompositiorat the melting process at 169.9 °C with complete decomposition at@10
[86]. The new big challengeith AN is that it ishygroscopic and shows phase transitions
from one polymorph to another-d16.9 °C,32.3 °C, 84.2 °C and 125.2 {¢]. To overcome
these phenomena and problemesearches and scientistbave investednuch time and
effort to search forother suitable replacement candidatbst can achieve these

requirements.

5 Thermal Analysis Techniques

Thermal analysisocuses on the effect of changing the temperature on differepé pies

of a given materiaincluding the mass, dimension, volume ...&@teethermal decomposition
provides animportant and valuable reference when investigating the stability and safety of
energetic material§87]. Thermal analysis techniques calso be used to compare the
stability of different types of energetic materif¢-49, 88]. The thermalbehavior and
decomposition kinetics of energetic materials can be determitiest ssothermally or non
isothermally using different thermahalysis technique# list of the most common thermal
analysis techniquds presentd inTable4.
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Table 4. Common thermal analysis techniques

Technique Abbreviation Detected Property Sl units
Thermogravimetric Mass
Analysis TGA (mass loss) mo
Differential Scanning Enthalpy
Calolimetry DSC (heat flow) mw
Differential Thermal Temperature

: DTA . K
Analysis (temperature difference)
Thermqmechanlcal TMA Mechanical propertles mm
Analysis (length variation)
Dynam_lc Mechanical DMA Mechanlca_l properties Pa
Analysis (elasticity)

5.1 Thermogravimetric Analysis (TGA)

TGA is a technique in which the mass of a substance is measured as a function of temperature
while the substance is subjected to a controlled temperature program. Materials can be heated
in the temperature range frambientto 1600°C at rates of fractions of a degree per minute

up to 100°Cmin™. Samples are usually20 mg in weight. Different atmospheres can be
used, from inert gases such as nitrogen, to reactive gases such as oxygen, hydrogen and air
[89]. TGA can be used fatudying themass changeadsorption, absorption, dehydration,
vaporization, sublimation, oxidationeduction, sat-gas reactionsr the generalthermal
decomposition.TGA can be employed using two experimental approaches, namely
isothermal and dynamifnortisothermal)approachesThe isothermal approach involves

rapid heating of the material sample to a specificpenature and monitoring the mass
change as a function of time while maintag the temperature consta@mn the other hand,

for the dynamic approach, the sample is heated at a constant rate over the decomposition
reaction temperature range. In differehtieermogravimetry (DTG) the actual measurement
signal appears as a derivative plot of the weight loss or gain which aids in the accurate
assignment of the end and beginning points for overlapping reactions whichmbesr as
combined peaks in TGA.
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5.2 Differential Scanning Calorimetry (DSC)

DSCis a technique in which the difference in energy input into a substance and a thermally
inert reference material is measured as a function of temperature, while the substance and
reference materials are subjectieda controlled temperature program. DSC operating
temperaturerange from-180 °C to 750 °C. Some of the monitored physical changes are
melting, crystallization, fusion, liquid crystal traneits, vaporization, sublimatioand
polymer glass transitiof89]. Chemical changesvhich can beanonitored are dehydration,
decomposition, oxidative reactions, sedithte reactions, combtion, polymerization,

curing and catalyzed reactions.

5.3 Differential Thermal Analysis (DTA)

DTA is a technique in which the temperature difference between the substance and a
thermally inert reference material is measured as a functitimeabperatingemperature.
The testedsubstance anthe reference materialre subjected to a controlled temperature

between120°Cand1800°C Physical and chemical chargrocessesyre monitored9q].

5.4 ThermomechanicalAnalysis and DynamicM echanicalAnalysis (TMA & DMA)

TMA measureghe changes in the physical dimensionstioé sample as a function of
temperature undex given fixedexternal load or stress. The dinsional change is generally
measured in one direction (the length of the sample) with respect to the applifdiljoad

the absence dhe external loadthe changes in dimensisncan be related tihe thermal
expansion coefficients. TMA&an therefore based to measurtée expansion, compressipn
softening point, bending properties and extensibthe tested materiaDMA employsan
oscillating load.Deformations of the sample ameasured as function of the time,
temperature, load, and frequenclension or extension probes are used for nresgu
extension or shrinkage in thin films and fibers. The tension holder consists of a pair of grips,
clamps or hookne of themis fixed and the other is moveable to pull the sample in tension
under loadThe range of loads is 0i200 g, forces of 0i1100 N may be selected and the
furnace temperatures may be programmed frdED °C to 1000°C. Samples of various
sizes and shapes may be tested (leng8@ thm and diameter: ~ 10 mm). These instruments

must be calibrated for both temperature and dimenksioaaon.
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6 Theoretical Study of DecompositionKinetics

Many transformations may occur whasampleof solid energetic materig heated, such
asmelting, sublimation, polymorphicansformation andegradationThe transformations
involving weight orerthalpychangs are of high interest as their kinetics can be studied by
the commorthermal analytal methodsWhen a procesavolvesaweight loss, the kinetics
can bestudiedvia thethermogravimetric analys{3 GA). When teatis evolved or consumed
kinetic evaluationcould be done via thdifferential scanning calorimetry (DSC) tne
differential thermal analysis (DTAJhe weight loss othe heat flow datacan beconverted

to a normalized fornby calculating theractional conversior( Ydwhich variesrom 0 to 1
andexpresssthereaction progress$-or theisothermalprocesseghe fractionalconversion

at any timecan be defined as follows
| — 1)

Where, ng is the initial sample weight, 118 thesample weight at time, t, and = the final
sample weight.For the mn-isothermal processethe fractional conversion at any

temperaturean be defined as follows
| @)

Where, m is the sample weight at temperature T.

There ardwo different computationahethodghatcanbeusedfor analyzingthe solid-state
decompositiorkinetics data, theamelymodelfitting and the isoconversional (moeete)
methodsasis illustrated inFigure?.
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Figure 7. Computational methods for studying sedithte kinetics

6.1 ModelHitting Methods

There are rmanymodels which can be applied to the collected ditaelecthe model giving
the best statistical fitThe actiation energy (B and frequency factor (Afan be
subsequentlyalculated.The conventional isothermal moedéting methodinvolves two
types of fit the first, determines the rate constantg&gording tahe modelof the best fit
with eg. (3), while the second determindkse conventionakinetic parameters such as the
activation energy (§ andthefrequency factor (Apccording tahe Arrhenius equatiomas

written ineq. (4).

Gl Qo 3)
0 6a (4)

6.2 Isoconversional (modefree) M ethods

In these method¢he frequency factas grouped withthemodeland he slopdeads only to

the activation energy @ These methods require several kinetic curves ttope the

analysis and therefoteavebeen calledimulti-curvesd methodq92, 93]. Calculations from

several curves are performett he same value of conversia
isoconversional. As a result, the activation enatgach conversion point {Bis obtained.

The isoconversionaplot (Eav s . U) can be ulesdaherma andhe al yz e

nonisothermal data dsllows:
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Isothermal isoconversionalM ethods

These methods utilize the isothermal rate law and includéotloeving isoconversional

methods:
0 Standard IsoconversionalM ethod

This methodcan be derived by taking the logarithm of the isothermal rate dadv

rearrangingt to give:
b 11— — 5)

Theplotof-l n t v er s u sesults/infhe &ctvatioreeaecgh cofesponding to values
of fAUO0 oféthgkinetid rhodedadopted94, 95.

0 Friedman IsoconversionalMethod

This method is a differential method and was one of the first isoconversional methods. The

logarithm of the isothermal rate law gsre
| T— | 16 "Q — (6)

| n ( & plottddversus 1/Tfor eachUand the corresponding activation energy is to be
found from the slop96].

Nonisothermal Isoconversional Methods

Unlike isothermal datahe nonisothermal data involve the use of the temperature integral
The following methods of analysis are used in this work

0 Kissinger Method

Kissinger proposed a method fanalysis of thereactionorder models f( U)-87. 1
According tothis methodthe maximum reaction rate occurs when the second derivative is

zeroand therefore;

— 0¢&p | Q ()
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Whereb i s t he Thaemd aréthe valuastcesponding to this rate.

The peak of DSC or DTGindicate this conditionTaking the natural logarithm ¢ég. 7)

and rearranginghe following equation can be obtained;
- I —  — (8)
The activation energy dEcan beobtained by plotting the leftand sideof eqn. (8)versus

1/Tm for a series of runs at different heating rates.

It is worth noting that Kissingér snethodcan be considered as one of thedelfree
method sinceit doesnot require any modelistic assumptions to calculhé&e activation
energy(Ea). However, it is not an isoconversional metlasat does not calculatefvalues
atselected values @i, but only assumes a constaattivation energy, and therefozannot

detect reaction complexiti¢97-99].
0 Ozawa, Flynn and Wall (OFW)Method

Ozawa FlynnandWall independently developed &woconversionatalculation method for
analyzing thenonisothermatlata.It is commonly referred to as the OFWethod. Taking
the common logarithm of the nonisothermal rate land rearrangingt, the following

equationcan be obtained:
1TCli-6— c®pumd ux (9)

A plot of foneabc hv el .suhseselmtitsl Er e g afithd iaale] 00,
101.
0 The Modified Kissinger-Akahira-Sunose (KAS)M ethod

The modified(KAS) method ismore accuratéhan the mentioned Kissinger methd®?2].

In this method the value & is estimated from the following equation

~

1 T— & &ipBmnmy (10)

A plot of theleft hand sidefeqn. (10y er sus 1/ T ashtt b aredardiéssfy i el ds
the model.

20



In comparisonwith the OzaweaFlynn-Wall (OFW) method, the modified KAS method offers

a significant improvement in the accuracy of taevalueswhich are obtainedt has been

stated that each of the components of a kinetic triplet is associated witliuswamental

theoretical conceptEs is associated with the energy baryiér with the frequeng of

vibrations of the activated complg%03, and f (U) or g(U) with t

[104.
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7 Summary

The nvestigation of different new higbnergy dense oxidizerns order to find new
candidates, whichre suitable toeplace nitroglycerin (NG) in homegeous (doublbase)
propellants to form new smokeless doubsse propellant formulations with high
performance characteristics, high thermal stability, long difelfenvironmentally friendly
and safe during manufacturing, handling, transportatiore aafl operational useas
undertaken Moreover, candidates suitabléo replace ammonium perchlorate (AP) in
heterogeneous (composite) solid propellants to foew green (chlorindree) and high
performance composite solid rocket propellant formulatiwa® also investigated hree
promising candidates, namely Bis(2,2,2trinitroethyl}oxalate (BTNEOx), 2,2;2
trinitroethyknitrocarbamate (TNENC) and 2,22nitroethyl formate (TNEF), were
selectedbased on diterature survey and theoretical calculatiornystite EXPLO5 V_6.03
code.

Synthesis of the three higgnergy dense oxidizers (HEDOsgas performedaccording to
theliterature with the incorporation ofome new modification® the synthéc methodin

orderto improve the purity, increase the yield ahetreaséhe reaction time.

Figure 8. SEM of TNEF a) before and b) after recrystallization

Preparation of different new smokeless dotlidse propellant formulations based on
nitrocellulose (NC) and the selectexidizers usingcasting methodwas performed
Moreover, preparation of different new green (chloffie®) composite propellant
formulations based on the selected oxidizers and different binder systems, Hydroxyl
terminated polybutadiene (HTPB) and energetic binder glyeidige polymer (GAPhas

been done
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Figure 9. Prepared propellant sample

The thermal behavior and decomposition kinetics of paraples of theelected oxidizers
and allof the prepared propellant formulats usng different thermal analysis techniques
and calculation methodsere also established

All the three of the oxidizers showed great results in the formulatiémsdoublebase
propellants. They formed completdlpmogeneous propellant formulaticarsd asmokeless
burning process. Furthermorghey also demonstratedreat thermal stability with
decomposition temperatures ~ 202 °C and high performance characteristics. In the case of
composite solid rocket propellant formulations, BTNEOx and TNENC showed
incompatibility with the binder systerdue todecomposition and ignition processes, which
occurred during the curing process. TNE#wever,showedvery goodresultsin terms of

its compatibility with the two different binder systems, high thermal stability &ith
decomposition temperaturgf 210 °C, high burning ratehigh activation energyhigh
performance characteristics and green (chleiiee) gaseous decomposition products.

NC-BTNEO

NC-TNENC

sy - iy el VR

PP )

\

Figure 10. Burning of three different new fonmations of smokeless doukbase propellants
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Abstract: Di erential scanning calorimetry (DSC)
since it is relatively easy to fingerprint the thermal behavior of materials. DSC instrument
nowadays became a routine technique, which can bedfeirtually in every chemical
characterization laboratory. The sample can be analyzed over a wide temperature range using
various temperature programs under isothermal andiswbinermal conditions. It is
appropriate to determine the kinetic parameterdeumonisothermal conditions. The
sample can be in many di erent physical f o
fiber, etc.). A lot of characterization (step/glass transition, melting, and decomposition
temperature, etc.) data can be obtainecedsy way and within short time. DSC is very

helpful in analysis of energetic materials due to very small amount of material is enough to

run the experiment.

Introduction

The branch of material science which known as thermal analysis (TA) is the sty of t
effect of temperature change on the properties of materials through the investigation of the
sample behavior as a function of temperature. Different properties are studied using this
method including mass, dimension, stiffness, heat transfer and téunpefi@ has a great
ability to characterize, quantitatively and qualitatively, a huge variety of materials over a
considerable temperature range, which gave it the chance to be accepted as an analytical
technigue. Many scientists and engineers all ovemtbrld use TA in the basic researches
and other applications. Many TA books, general and specific, have been puplisiigd

When conducting experimentstivithermal analysis, the temperature generally is controlled

in a standardized format. This is achieved by keeping, increasing or decreasing the
temperature at a constant rate or working with predetermined different temperatures.
Environment is a major kein correctly conducting thermal analysis. The surrounding

atmosphere of the element being researched can have strong effects on the technical results.
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Most of the common thermodynamics study use an inert gas such as nitrogen, Argon or
helium as a surroumy atmosphere for the studied samples, which allow the minimum
effect on the heat transfer results within the study. The temperature is controlled in a
predetermined way by either a continuous raise or decrease in temperature at a constant rate
(linear hating/cooling) or by running a series of determinations at different temperatures
(stepwise isothermal measurements). More advanced techniques have been developed which
use an oscillating heating rate (Modulated Temperature Thermal Analysis) or modellate th
heating rate response to the changes in the system's properties (Sample Controlled Thermal
Analysis). In addition to controlling the sample temperature, it is also important to control

its surrounding atmosphere.

Differential Scanning Calorimetry (DSQ) one of the most common TA techniques, which

has been widely used in various fields all over the world in the last decades. At present, it is
very difficult to find ordinary substances and industrial products that have not yet been the
purpose of thermadnalysis. DSC is a relatively new technique; the first DSC has existed
since 1963 by PerkifElmer under the name of DSC According to the ASTM standard

E47 3, DSC is a thermoanal ytical technique
sample and a refence is measured as a function of temperature, while the sample and
reference are maintained at nearly the same temperature throughout the experiment. The
acronym DSC can be said on the technique (differential scanning calorimetry) or the
measuring devie (differential scanning calorimeter). As will be seen from this chapter, there

are two different techniques DISC power compensation DS@vhich was created by Gray

and OONei | -Elmer CorgomtiorPire 19€3j arftbatp u x  DvBich ,was grew

out of differential thermal analysis (DTA) that originates from the works of Le Chatelier
1887, Roberts Austen 1899, and Kurnakov 1904.

The main applications of the DSC technique are in the fields of polymer and pharmaceutical,
butal so organic and inorganic chemistry have
DSC. Some of this applications (not all, but examples) are the easy and fast determination
of the degree of purity, glass transition temperature, melting and crysiaflizat
temperatures, heat of fusion, heat of reactions, and kinetic determination of chemical
reactions, such as curing, thermal degradation, and the kinetics of polymer crystallization
[12-15]. Recentl vy, speciyc DSC instruments are
are food industry and biotechnoloph6-20].
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The choice of thermal analysis by DSC is very useful when only a limited amount of sample

is available, as only milligram quantities, generallyiQd mg, are needed for the
measurements. With development nowadays, newer techniques are introduced within DSC
itself, such as; pressure DSC, fast scan DSC, and modulated temperature DSC. Wide range
of temperature measurements are also available, which the experiment can be operated at
temperatures from180°C to 700°C with a special liquid nitrogen cooling acoesso

achieve the very low end of the temperature range. The heating and cooling processes in
DSC must be able to be in a controlled manner. In the modern DSC instruments, automatic
intelligent sample changers are available, which permit the unattenalgdisiof as many

as 50 samples or more.

Energetic materials that mainly consist of carbon, hydrogen, oxygen, and nitrogen exposed
to slow decomposition processes through the slowly breaking down of the nitro, nitrate,
nitramines, etc., in the energeticterdal molecules. Due to the let@mperature kinetics, as

well this influence of other mechanisms gives energy to the molecule such as heat (high
temperature storage conditions), light, inf
scientists ad researchers to be very interested in the thermal analysis of the energetic
materialg[21]. The investigtion of the thermal behavior and decomposition kinetics of the
energetic materials are very necessary and important for the research and development to be
able to determine the complicated decomposition reaction mechanism and to find suitable
new materiad. Thermal analysis is considered the best process to study the thermal
decomposition of energetic materials. Nowadays, many scientists and researchers use the
most common thermal analysis techniques such as thermogravimetric analysis (TGA),
differential termal analysis (DTA) and differential scanning calorimetry (DSC)
isothermally and noisothermally in the study of the thermal behavior and decomposition

kinetics of the energetic materig2-30].

Theory

The theory of DSC depends on measuring the difference in the heat flow rate (MW =mJ s

1 between a sample and an inert reference as a function of time and temperature. There are
two main instrumentatiotypes of DSCh e a t p @ndpolde® mpensated DS

the heat pux i nstrument, the same furnace h
of the sample and reference put on a heated thermoelectric disk, made of a Cu/Ni alloy
(constantan). Thettached thermocouples to the bottom of the sample and reference
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positions on the thermoelectric disk are mo
and reference during the changing in the temperature, which is directly proportional to the
difference in the thermocouple signals.

The sample temperature that is measured by the alumel/chromel thermocouple under its
position is an estimated temperature, because the thermocouple is not inserted into the
sample itself, so this temperature accuracy @élbend on the thermal conductivity of the

sample and its pan, the heating rate, and other faélignse 11 shows the schematic of a

heat flux DSC with a sample and ewmpPSCys refer
based on a ther mal equi valent of Ohmoés | aw

divided by the resistance, so for the thermal analog one obtains:

~ y
U —

1)

Where0i s the heat flow rate, T n thessample eandt e mp e

reference, and R is the thermal resistance of the heat disk.

The DSC heat flow signal is depending on other parameters according to the following

equation:
— 6 — QY 2

Where dH/dt is the DSC heat flow s, G is the sample heat capacity, dT/dt is the heating

rate and (T,t) is the heat flow that is function of time at an absolute temperature.

DSC cell
Cross section

Silver ring

Thermoelectric disc
(constantan)

Reference
pan

| Chromel disc

’é

Gas purge inlef

Figure 11. Schematic of a heditux DSC. (Courtesy of TA Instruments)

Alumel
wire

Thermeocouple
junction
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The main diference in power compensated DSC instruments is that there are two separate
heating elements are used for the sample and the reference. The sample and reference stay
at the same temperature and any change in the temperature between the sample and the
refr ence acts as a signal to Aturn onod one
glass transition or similar things occurs in the sample. It becomes a different in temperature

of the sample and reference, this leads to an extra power to be dicetttedell at th lower
temperature in order to heat it to keep the temperature of the sample and the reference cells
as constant (T = 0) throughout the experim
of the sample and reference are measured accurately anduoostinusing Pt resistance

sensors, shown iRigure 12. The power input difference is plotted vs. the average sample

and reference temperature. Power compensation instrumentation provides high sensitivity,

high cabrimetric accuracy, and high precision, which permit analysis of very small samples.

Platinum sensors

=

Sample heatA / Reference heater

Figure 12. Schematic of a powarompensated DSC (Courtesy of PerkinElmer)

The DSC peak area must be calibrated. The National Institute afastisrand Technology

NIST in the US discussed many types of high purity metals and salts that are used to calibrate
DSC instruments. As an example, NIST SRM 2232 is a piece of 1 g of high purity indium
metal for calibration of DSC and instruments. Thedngemperature of indium SRM is
certiyed to be 156.5985AC N 0.00034AC and
28.51 + 0.19 J§ A range of similar standards is also offered by NIST, these materials and
their certiyed val USE svebgsita at wiwenist.gov. uOthdr similar t h e

reference materials are offered by the government standards organizations in other countries.

SamplePreparation

As mentioned above, using of DSC is very useful in case of only small or limited amount of

samplegmilligram quantities) are available, a sample ofi01D mg is sufficient to run the

33



A Review on Differential Scanning Calorimetry technique and its importance in the field of energetic materials

experiment. Therefore, it is the best choice for thermal analysis of energetic materials, which
minimize the potential risks during the study of the thermal behaviemeretic materials.
Preparation of good sample carefully is the
samples must account for the fact that these materials are reactive, and care must be taken to
avoid premature or unwanted reaction. It isoramended to use fresh prepared samples.

The sample should be encapsulated in some kind of a DSC pan that mademirtygh

metal (Al, Pt, Au, Ag, Cu, or stainless steel), which is determined according to the sample

type. Normally, hermetically sealed p@hl pan closed with a special pin hole Al lid and

crimper coldwelds the bottom and top parts of the pan) is the most common type for various
types of energetic materials experiments with a small sample mass (<10 mg), at ambient up

to (0.2 MPa) pressurend a temperature rang#80°C to 600°C. Pt and gold pans are used

when a higher temperature range is requiw®80°C to 750°C. For the high pressure
experiments (up to 20 MPa), thick stainless steel pans and lids with a gold plated copper disk
seal sanwpedi al hi gh pressure pan kito are |1
300°C (sed-igurel3).

&= =)
S = = &
/—\ 2n -

3 A N—- e’«

N —
Aluminum pan and b hole lid Stainless steel pan and lid with gold seal

Figure 13. Different types of used DSC pans and lids

The heavy weight of thesgptes of capsules is its main disadvantage; since there are no two
capsules have the same mass and the baseline in case of using these capsules is often heavily
sloped. Therefore, it is recommended firstly to run a baseline with an empty capsule. The
gold datted copper ring and the top should be simply placed on the bottom part without
screwed together, then the same pan should be used for the sample run, and the baseline
should be subtracted. On the other hand, other special types of capsules are ,asaclable

as highvolume DSC capsules, or pans made of other materials, such as graphite pans, which
are used for evaluating materials that might alloy with the various metal pans in a
temperature range e180°C to 750°C. Nowxidizing purge gas (such as Miggen) must be

used while using such this types of pans.
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Figure 14. Hand press kit for DSC pans (Courtesy of TA Instruments)

A dry sample of the required tested energetic material should be precisely weight using four
digits aralytical balance in a weight range of 0.1 to 10 m@ (g is recommended for the
energetic materials), then it has to be pressed into a suitable pan type accourding to the
experiment conditions, as mentioned above, by means of a hand prdsgse&4). It is

very recommended to keep the sample thickness as thin as possible and to cover as much as
the bottom of the pan as possible. The upper part of the die set tool is inserted into the upper
part of the hand ss kit, then the bottom part of the die set tool is inserted into the bottom
part of the hand press kit. The pan with the sample is put on the bottom part of the set tool
and the lid is put on it, then press on the hand of the pressing kit one time twhzke

called the coldveld process. The hand of the press kit is returned to its original place and

the lower die set is removed with the welded pan.

Current Generation Machines (Not all, butExamples)

PerkinElmer as the first company that presentezlfirst DSC device to the light under the
name of DSEL did not stop at this stage. It keeps to going forward to improve and develop
this valuable device, to present nowadays DSC 4000 system, DSC 6000, DSC 8000 and
LAB SYS-DSC 8500, which make it to be ®mof the fiercest competitors in the field of

thermal analysis (sddgurelb).
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L .

Figure 15. Current different PerkiieElmer DSC devices

The DSC 4000 system is one of the current generatechines presented by PerEmer,

which has a temperature range -400°C to 450°C, and its typical applications are:
undergraduate teaching practical, evaluating additives for plastic lifetime optimization and
ideal for oxidation induction test. DSO®0 offers a wide range of temperature frai®0°C

to 450°C with a scanning rates up to 0.1°C to 100°C that gives it more typical applications
such as: Characterizing materials during product process development, -stoodtieg

product quality issues anfbr academic research and pgsaduate studies. The more
advanced DSC 8000 with a temperature rang@&i°C to 750°C and the controlled heating

and cooling for the most accurate results give it more advanced typical applications such as:
isothermal kimt i ¢ st udi es, process and product i m
academic researcho and UV curing i nD$Col ymer
8500 are: characterization of pharmaceutical materials, polymorph characterization in
pharmaceutals, process studies in pharmaceuticals and process simulation in plastics. For
the thermal study of the energetic materials, it is recommended to use DSC 8000 or higher.

TA Instruments is one of the most important and effective companies in the fibktoial

analysis and presents a large variety of thermal analysis techniques such as DSC, TGA, STA,

D MA, TMA and VSA. TA I nstrumentsé patent
revolutionary and fundamentally more accurate way of measuring heat flow. It provides
significant i mprovements in baseline fl atne
technology allows direct measurement of heat capacity, and makes Modulated® DSC
experiments both faster and more accurate. TA Instruments presents now a newogener

of DSC, which is DSC25, DSC250 and DSC2500 {3garel6).
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DSC25 DsC250

D5C2500

Figure 16. Current different TA Instruments DSC devices

All the three devices offer a wide range of temperature socam-t80°C to 725°C. This is

quite enough for the thermal study of the energetic materials, with a differences in
temperature accuracy form £ 0.1°C for DSC25 to = 0.025°C for DSC2500, also the
temperature and enthalpy precision which are £ 0.01°C and 0r1iBP&SIC25 and + 0.005°C

and 0.04% for DSC2500, respectively. No baseline subtractions required for these devices.
The main advantage of using these devices is the very high accuracy. DSC2500 also has an
advantage of the directp@easurement ability, whicis not available through other two

devices.

Figure 17. Discovery DSC 25P (TA Instruments)

Another new DSC device which are presented by TA Instruments that provides heat flow
measurements on pressure sensitive materials isu@scDSC 25P (seéigurel?). It has

a narrower temperature range than the other three devices:IF807C as a lowest possible
temperature that can be reached Awkimum a spe

temperature, but in the same time it offers a pressure range up to 7MPa or 1000PSI, and a
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wide varieties of purge gas g{\air, &, Ar, CQ,, CO, H). The Discovery DSC 25P is used

to study thermal transitions, chemical reactions and oxidative sgabidéicomposition under
vacuum, standard atmospheric pressure and
flow in a variety of inert, oxidizing or reducing atmospheres.

In 1873, NETZSCH is founded by Thomas NETZSCH and his brother Christian in
Sdb/Upper Franconia, Germany. The first products are pump wagons for extinguishing fires
and agricultural machines. Now, it grows up and has many branches all over the world Italy,
France, USA, Japan, Switzerland, Singapore, Spain, China, Argentina, etct diters
various DSC models (sdegure 18), covering a broad temperature range frdi®0°C to
1750°C according to the used furnace type (silver, copper, steel, platinum, silicon carbide,

rhodium or graphite) ahthe cooling system (liquid nitrogen, forced air or chilled water).

\

D5C 404 i Pegasus DSC 404 F3 Pegasus ’ DSC 204 F1 Phoenix
- 4 :‘m A
f ~\;-i£
Photo-D5C 204 F1 Phoenix D3C 204 HP Phoenix DSC 214 Polyma

Figure 18. Current different NETZSCH DSC devices
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All these different DSC instruments operate based on the respective instrument standards as
well as applicatn or material testing specifications, including ISO 113587, ASTM E968,
ASTM E793, ASTM D3895, ASTM D3417, ASTM D3418, DIN 51004, DIN 51007 and
DIN 53765. They work in accordance with the kit principle and feature high detection
sensitivity and longservice lives, which are ideal conditions for successful application in
research and academia, material development and quality control.

DSC 404F1 Pegasusand DSC 404-3 Pegasusare hightemperature DSC instruments,
which can be operated frosd50°C to 150°C with heating rates of 0.001 K rfito 50 K

mint. DSC 2041 Phoenixcan be operated in a temperature rangé&3°C to 700°C with

a wider range of heating rates from 0.001 K tia 200 K mint and maximum cooling

rates 200 K mirt, which make itmore suitable for the thermal study of energetic materials.
The NETZSCH Phot®SC 204F1 Phoenixis used mainly for UV curing and its main
advantage of lighturing system is their fast reaction time. Monomer solutions that are
mostly free of solvents cabe cured within only a few seconds and already at low
temperatures. That makes it very helpful in studying of plastic bonded explosives (PBXSs).
The DSC 20HP Phoenixis a highpressure DSC device, which can be operated under a
wide pressure range from waan up to 15MPa and within temperature rangel60°C to
600°C, which has varied applications such as determination of vapor pressure and
evaporation heat, curing of thermosets and oxidation stability. DS@8l44nais more
specified for polymer characteation, which operates at very low temperatdréd°C, and

wide range of heating and cooling rates from 0.001 Ktor600 K mint.

Figure 19. SHIMADZU DSC-60 Plus
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SHIMADZU also is one of the oldest companies that stahtedrtanufacture of educational
physics and chemistry instruments in Kyoto 1875. Now SHIMADZU BB®CPlus
competes in the international DSC market, it can be operate under temperature range from
140°C to 600°C with using liquid nitrogen (déigurel9).

Capabilities

The DSC instruments have a wide capabilities and applications in different fields such as:

il

= =4 =4 -4

= =4 =4 -4 A - -2

Characteristic temperatures (melting, crystallization, polymorphous transitions,
reactions, glass transitian)

Melting, crystallization, transformation and reaction heats (enthalpies)
Crystallinity of semicrystalline substances

Decomposition, thermal stability

Oxidative stability (oxidative induction time OIT and oxidation onset temperature
OOT).

Degree of curig in resins, adhesives, etc.

Purity determination of low molecular mass compounds

Specific heat (g).

Compatibility between components

Influence of aging

Distribution of the molecular weight (peak form for polymers)

Impact of additives, softeners omarktures of regranulates (for polymer materials)

Glass transition Exothermic
1
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Figure 20. Typical Transitions in a DSC thermogram

40



A Review on Differential Scanning Calorimetry technique and its importance in the field of energetic materials

Recently, a lot of scientists and researchers in the field of energetic materials used the DSC

to study the thermal behaviand decomposition kinetics of energetic materials through the
thermolysig31-42]. Energetic materials can be existed in different phases; solid, liquid and
polymeic matrices like Propellants and PBXs. Studying of thermal behavior and
decomposition kinetics of the energetic materials is very important for good characterization

and for safety processing and storage. The thermal decomposition kinetics of many PBXs

andsolid propellant formulations were studiptB-46]. This study became easier by using

DSC, which has all the above capabilities (Begure 20). Moreover, the decomposition

kinetic study using DSC ¢hnique and different methods of calculations for the

decomposition kinetic parameters.

Costs

The price of the device is the most expensive part in the DSC thermal analysis, which is
a30000,

normally starts from

the manufgeturé c e

company (brand), specifications, and the accessories. Moreover, the price of the pans and

lids which are available for one use only. The price of pans and lids is different according to

their material. The cheapest and most common pansdawhich are made of Aluminum

cost

analysis is more expensive than other thermal analysis techniques like TGA which operate

about u200 for

the experiment by one reusable crucible.

Brands

t he

package

The most common brands in manufacturing of DSC instruments are:
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Practical Information 1 i Ho wpetrd or m t he techniqueo

1 Keeping the DSC cell clean
One of the first steps to ensuring good data is to keep the DSC cell clean. DSC cell could be
contaminated by decomposing samples during DSC runs, samples spilling out of the pan or
transfer from bottom of pan to sensor. DSC catfi kept clean by:
- Dondt decompose sampl es in the DSC ¢
decomposition temperature and stay below that temperature)
- Make sure that the bottom of pans stay clean
- Use lids
- Use hermetic pans if netessmayeiriratemm
- Brush gently the cell if necessary ($&gure2l).

- Blow out any remaining particles

Figure 21. Cleaning of DSC cell

1 SampleShape
The shape of the sample in the pamasy important for accurate results; the sample shape
should be (seEigure22):
- Thin as much as possible
- Cover as much as the bottom of pan as possible
- Cut sample to make thin, dondét <crush
- If pellet, cut crossection

- If powder, spread evenly over the bottom of the. pan
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Figure 22. DSC sample shape

1 Sample Press
During sample press, some defects should be avoided:
- Dondét over c¢crimp when using crimped pa
- Bottom of pan should remaifaf after crimping (se€igure23).

- Hermetic pans are sealed by forming a ewsidld on the Aluminum pans

Crimped Pans

”~

Y

Good Bad

Figure 23. DSC pan sample press

1 SampleSize

Choosing the sample size is an onjant factor to get good results; larger samples will
increase sensitivity but on the other hand will decrease resolution. The goal is to have heat
flow of 0.17 10 mW going through a transition. Sample size depends on what you are
measuring, so:

- For extemely reactive samples (primary or high explosives), <lmg is much

recommended for running sample

- For other energetic materials, up tn8 could be a good choice

- For organic materials and pharmaceuticalS,ig is recommended

- For polymers (inert, e.gnot PBXs), ~ 10ng is recommended

- For composites, 220 mg is recommended
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1 PurgeGas
Purge gas should always be used during DSC experiments to provide dry and inert
atmosphere, ensure even heating and help sweep away any off gases that might be released,
the most common used purge gases are:
- Nitrogen: is the most common used purge gas (recommended for energetic
materials) with typical flow rate of 5@l min'™.
- Helium: has high thermesonductivity and used with upper temperature limited
to 350°C and typial flow rate of 25ml min™.
- Air or Oxygen: is used to view oxidative effects with typical flow rate ofrb0

min™.

1 SampleTemperatureRange
Choosing of experiment temperature range is important for choosing the type of pan and for
savingthetime.So¢éh i nstrument temperature range doe:
range of the experiment (i.e. if the instrument has a temperature ra+8§e’6fto 550°C,
it doesndt mean t hat y-600C amkhealitto 350Ct ool every

1 Heating Rate
Experiment heating rate is very important in each used method due to its effecting on the
sensitivity and resolution, that faster heating rates increase the sensitivity but on the other
hand, it decreases the resolution. For normal experimentsdy tite thermal behavior of
energetic materials, it is recommended to start the experiment with heating ra oird
! but on the other hand, for deep kinetic study of energetic materials lower heating rates are
recommended. For neenergetic material thermal behavior study, 1 min! is good

starting point.

Data Analysisii How t o i nterpret the resultso

The typical DSC curve (thermogram) presents the transition processes for the sample as
shown inFigure20. The first endothermic peak on the thermogram present thesaxicd
transition of the material, followed by small endothermic step of glass transition temperature
(Tg), then an exothermic peak of crystallization. Most of these transition processes for

different energetic materials lies below room temperature. The melting endothermic peak
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that is the temperature at which the solid material is melsi§Tvery important result for
characterization of any material and especially for the energetic nhatevidach can be

easily extracted from the DSC thermogram. In most cases, the exothermic peak that followed
the endothermic melting peak for pure energetic materials is the decomposition temperature
(Tdec), and for some polymers, it has a crbsking (curing) exothermic peak before the
exothermic decomposition peak.

The software interfaces nowadays became easier, although each device (brand) has its own
software, but also all of these devices software include all the required equations and
calculation mehods (integration, extrapolation, etc.) to calculate different required
parameters. We cannot explain every software, but we take the universal analysis (UA)
software that is used by ATA I nstrumento a:¢

how tointerpret the results.
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Figure 24. DSC thermogram clarification using UA software (case study)

If we look atFigure 24, we can see a DSC thermogram for a sample with three different
changes to the material sample, which from left to right are step/glass transition, exothermic
crystallization peak and endothermic melting peak. Let us know how to analyze these
phenomena. The step/glass transition analyses are used to calculate thadnséeation

and signal change of a step/glass transition in the curve. As shéuwgune?25, the onset is

the intersection of the first and second tangents, the inflection is the portion of the curve
between thk first and third tangents with the steepest slope, and the end is the intersection of

the second and third tangents.
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Tangents

\ Onset

Inflection

Figure 25. Step/Glass transition analysis

We can start the analysis by clicking on the analyze icon frortotiear then click on the
glass transition as shown kigure24. Then the software take us to pick the limits, which
can be easily picked by moving the cursor on the curve and click on the first limit (before
the step) and the end limit (after the step). By accepting the limits through clicking on the
right mouse button after picking the limits, the glass transition temperature will appear

immediately on the curve as showrFigure26.
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Figure 26. Pickup and accept the limits for step/glass transition

The steps of analyzing the other two different peaks, which are exothermic crystallization
and endothermic melting peaks are in the same waitirfgtdy clicking on the analyze
button on the toolbar and choose the integrate peak then click on linear to take you to the
pick and accept limits page on the curve which is doing by the same way as mentioned above

and as shown iRigure27.
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Figure 27. Pickup and accept the limits for peaks

By clicking on the accept limits button, the peak temperature and the change in enthalpy due

to the process will appear on the curve. The chamgathalpy is calculated by integration

of the area under the curve and presents in the unit éf Thg analyzing of endothermic

melting peak can be easily determined by repeating the same steps, which was done for the

exothermic crystallization peakirfally, all the analysis results present on the curve, and

then by clicking on the file button, we can choose to save analysis and print it as pdf file

from the export data file list as shownhRigure 28.
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Figure 28. Get results and saving

The DSC thermogram for one of a relatively new energetic materials whichlis3gls6

tetranitrooctahydroimidaze[4,5-d] imidazole (BCHMX) from a literature study is
presented ifrigure29. A solid 0.912 mg sample of BCHMX was spread on an Al DSC pan

bottom and was covered by an Al pinhole lid and measured under a dynamic nitrogen

atmosphere of 0.1Mpa with heating rate 5°Chima temperature range of ®to 300°C.
It is shown that there is only one exothermic peak with a peak temperature 249.8°C, which
t s dec o mmwihsno dany emdothernsicmetltingppeak2 8 1 6 J

refers to i
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Temperature (*C)

Figure 29. DSC thermogram of BCHMX

For more deep study, the thermal study should be at a wider range of temperature to
determine if there is any other phenomenon for this compound. For the kinetic study, lower

heating rates should be used.

Summary

This chapter is designed to provide a genenébrmation on differential scanning
calorimetry (DSC) and a variety of its applications with focusing on the energetic materials.

It includes the theory of working, how to prepare the sample for a good measurement and
some examples of the current generatmachines. Moreover the device capabilities,
average cost for the device and other requirements such as pans and lids, brands and
companies that interested in the manufacturing of the DSC devices. Furthermore the
experimental procedure and importantgbical information which should be considered
(before, during and after) the run and finally data analysis and explanation of a case study

with screen shots to clarify how to interpret the results.

Conclusions

DSC helps to follow processing conditionsp &i e i t is relatively ea
thermal behavior of materials. DSC instrument nowadays became a routine technique, which

can be found virtually in every chemical characterization laboratory. The sample can be
analyzed over a wide temperaturenga using various temperature programs under

isothermal and necisothermal conditions. It is appropriate to determine the Kkinetic
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parameters under nasothermal conditions. The sample can be in many different physical
forms and in various shapes (powdganules, fiber, etc.). Many characterization (step/glass
transition, melting and decomposition temperature, etc.) data can be obtained by easy way
and within short time. DSC is very helpful in analysis of energetic materials due to very

small amount of ntarial is enough to run the experiment.
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Abstract: Ammonium perchlorate (AP), the wdnkrseof oxidizers in solid rocket and
missile propellants, exhibits various environmental issues resulting from the release of
perchlorate into ground water, which have been directly linked to thyroid cancer.
Furthermore, the generation of hydrochloric acid causes the depletion of the ozone layer and
leads to high concentrations of acid rain. Nowadays, considerable efforts have been devoted
to developing solid propellantssinggreen oxidizersvhich demonstratéess hazards and
environmentally friendly chlorine free combustion products. Although ncangdidates for

AP replacement have been identified, most of them are far from being practically employed
in the real applicationbecause o number of severe diffitlies, including cost. In this
review, the potential green chemicafer useas oxidizersare highlighted and theseveal
interesting physicochemical properties and performance. After a quick definition of green
solid propellants and their main ingredgnthe current status of AP propellants issues is
discussed in light of possible substitution with potential green ingredients. Particular
attention will be paid to the recent advances of the green oxidizers and their characteristic
properties. The advargas and shortcomings of various green oxidizers for specific and
potential propellant uses are also discugsgeétherwith the attempts made to overcome
these problem#\s a consequengefforts wil certainly continue to seek Adtternative and

efficient green oxidizers for solid rocket propulsion in the near future.
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Introduction

Solid rocket motors (SRB) are distinguished from other kinds of propulsion systems
(nuclear, electric and radiariiy the factthat their propellants are stored in solidnfioas a
mixture of ingredients, which eject hot gases at high speeds to deliver a pagigad (
satellite, warhead). Fundamentals and historical overviewSRiMs have been reported
elsewherg[1-6]. Solid propellants find a wide range of applications in tactical rockets,
intercontinental and submarindased ballistic missiles, space launcher boosters, airplane
ejection seats, and even amateur hobby rockets, to name a few. They are preferred over liquid
and hybrid propellantspecauseof their reliability, simplicity, readyo-use system
availability, lower cost of propulsion system and compactie$$. Solid rocket propellants
typically fall into one of two broad categoriezamely homogenous (doubleas)
propellants, which contain their oxidizer and fuel in the same molecule, and heterogeneous
(composite) propellants, which consist of mechanical mixtures of separate ingredients.
These energetic materials liberate their energy through slow deflagrabioespes and it

may take up to several seconds to reach complete comb[&tibd]. The present review

will be limited to numerous types of ingredientsedas oxidizers and their effect on the
performance and environmental concerns of caitesolid propellant formulations.
Composite propellants, based on ammonium perchlorate (ARG I®E) and aluminum (Al),

have been extensively employed for both military and civilian applications for more than 60
years[7]. However, thegpecificallypose various environmental issueshree main areas:

(i) groundbased impacts ranging from groundwater contamination to accidents caused by
inopportune processy and handling of propellantgii) atmospheric impacts broadly
coming from the interaction of the exhaust combustion produdfs the surrounding
atmosphere including the ozone layer; &nyl biological impacts that encompass toxicity
and corrosiveness of propellafid-13]. Forexample AP isthoughtto affect the function

of the thyroid gland. Afbased propellants contaminatiee atmosphere by releasing
hydrochloric acidHCI) as an exhaust product. The launch of a large space vehieledang

about 580 tons dfiCl in addition to heavy toxic metal oxides, what pollute the stratosphere
including land and water sourc@de kunch of six Titan class vehicles can lead to ozone
depletion of the order of 0.024% and stratospheric acidic réimeafrder of 0.01%#]. Also,
although the compounds of aluminufior example, aluminium oxide (4Ds), are not
considered harmful, their release as small partatean Arosol may present a potential
toxic effect to humas) animals and plan{d4].
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Researchers arexploring several approaches to fulfill ihereasingequirements of solid

rocket propulsion systems that impart enhanced performance, improved mechanical
properties, prolonged life span, less vulnerabildapd negligible environmental effects
duringmanufacture, processing, handling, transport, storage, usage and disposal. Efforts are
being madeall over the world to develop modern/futuristic propellants meeting the
previously mentioned challenges. In developing new propulsion systems, optimal
compromses areoften sought that arachievable through synthesis or producing new
compoundq15-18], modifying or combining known compoung9, 20|, testing of new
formulations[21-23], experimental characterization and precise theoretical evaljadpn

25]. The development of gre@mergetic materials for propulsion purposes is an emerging
area of materials chemistry stimulated by a worldwide need to substitute the propellants
currently usedbecause othe environmental considerations and safety requirements, while

at the same timensuring high performance. This new generation of energetic materials has
to meet various standards in order to become largely accepted. In addition to the performance
characteristics, other desired criteria are stability, compatibility, reasonabléagosable
classificatio hazardas well as the new or adapted technologies to be mastered to bring such
green materialsintose i n oO6real 6 aplications

Green chemistry has been widabedn several industrial sectors such as aerospace, energy,
automobile pharmaceutical, cosmetic, electronics, and propulsion[fidl®6-29]. A more
fundamental definition fogreen chemistry involves reducing or eliminating the utilization

or generation of hazardous substances in the design, manufacture, and application of
chemical product$30]. It is worth noting, however, that the new class of-e@mdly
advanced solid propellants is not totally clebecausets constituting compounds can
engender an enviroregntal effect in one way or othgB, 31]. Nevertheless, a green
propellant is viewed as an energetic composition that seeksnimize or mitigatethe
environmental and toxicological hazards associatedauittently used materials.
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Significant advancghave been made in the synthespoduction, characterization and
development of green energetic compounds for their employment in solid propellant
formulations. Figure Ehowsthatthe investigations on green energetic materials for solid
rocket propulsion aricreasingwith agreatemumber of scientific papetseing published

in this field. Although many green propellant formulations have been tested, most of them
are far from being practically usable in thear futurebecause oh number of difficulties,
including cost considerationand consequently further effastneesdto produce mature
green propulsion systems. Currently work is continuing worldwide to overcome the existing
problems and to find reasonable solutions. Several reyie4y30-36], books[6, 11, 13, 15]

and patentg37, 38| have been published in the last two decades covering numerous aspects
related to green energetic materials for solid rocket propulsion, including, synthesis
procedures, theoretical evaluation, characterization, propellant fornmjlptimcessing and
testing. However, the focus of the present paper differs from the published literature and
where suitable, specific point®veredin the published literature are summarized and/or
referenced to theelevantpaper/patent/book. This revigvaper firstly provides an overview

of the green chemistry principles followed by the main ingrediesgsiin composite solid
propellants showing the potential green substances that lbesldstitute for the current

ones. Furthermore, a critical andaiytical examination is offered of the advantages and

disadvantagesf thevarious oxidizers developed so far.
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Green Chemistry and Propulsion

The concept of green chemistry is not nand datedack in thel960s, but ithasonly
receivedurgentattentionover the last 25 years, attus continuegsoday,with the focuson
minimizing the environmental impact of manufacturing processes through the control of
products, energy and wastes. The 12 principles of green chemistry, as described by Anastas
and Eghbal[29], provideusefulcontext to highlight selévidence challenges relatexdthe
chemical production and utilization, where several sectors of industry are associated
encompassingarious scientific disciplineg28, 29, 39]. These pringles demonstrate a
multidimensional matrix to guide the manufacturing process and the design of individual
components, and to make a processfdaeadlier. They will help the chemical engineérs
technologistg scientists carry out their work in saferdacieaner manngfi4]. The essential
factors that should be considered in the area of energetic materials for propulsion systems
are (i) the substitution of the current energetic materials that generate polluting combustion
substancewith others, which exhibit greerharacteristics and comparable performatine

the development of safer and cleaner methodsyiathesis ofubstancese(g, utilization of
supercritical carbon dioxide €0O), enzymatic procedure, mick@ave, ionic liquids,
ultrasound or formulation maufacturing €.g, solventless methods, clean solven(si)

efficient monitoring ofthe life-cycle during manufacturing, storage, testing and disposal
and(iv) reduction of costs to determine whether the processes can be commerfraliized

14, 31, 32, 34, 36, 40, 41]. The development of green propellants is urgdggnificant cost
pressurepecauset is problematial for emergent products to compete with the relatively
low cost of weltdeveloped conventional formulations. Gamtly, green energetic materials

are 100 times more expensive to produce than conventional[ bfiesTherefore, green
energetic materials for propulsion purposes require further government and other external
support to succeed and address all ofgheviouslymentiored challenges. Perhaps this
review paper camronveypart of this process by providing an overview of soohehe
challenges in this domain and their potential solutions.

It is worth noting that recent research efforts have been made towards envirolymental
friendly and nortoxic composite solid propellants. Nonetheless, adopting green energetic
materials for solid propulsion does not mean that these propellants are totally clean without
any impacts on the environment, becatlecombustion of the stalledgreen propellants
generate exhausts which may typically encompass alumina, nitrogen oxides, water vapor,

C0O, inorganic chlorine, sulfates, and s@@&t42]. Thus, these green formulations do impact
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on theenvironment but at a relatively lower level. Recently, many activities have been
conducted through several projects worldwide to devejoeen propellants. Various
candidatesuchas green composite solid rocket propellant ingredients have appeared and

continue to be developed in different laboratories and research centers all over the world.

CompositeSolid Rocket Propellant Formulations

Propellants are considered the most influential factor in the design of rockets, missiles and
launch vehicles. These energetic materials generate mainly hot gaseous products ejected at
high velocity from the gas dynamic nozzle to produce forward thoutet vehicles. Solid

rocket propellants consist, in one form or another, of a blend of fuels and oxidizers with
some structural rigidity2, 5, 6]. They are prepared ashkrry, and are commonly cast and

cured into the motor as a solid mass known as the grain. The engineered geometry of the
grain is a cru@l parameter that determines the thrust level and profile of the motor.

Modern rockets and missiles broadly employ composite propellants which are essentially
made up of an oxygerich solid oxidizer (6% - 90%) that provides oxyge(O>) for

oxidation puposes, an organic polymer that serves as both binder andfgag
combustible (8 - 15%), and a metal fuel (¥0- 20%) that generaseadditional thermal

energy to increase the propellant performaf8® 43, 44]. In addition to these primary
ingredients, other minor substances such as plasticizers, crosgyliagents, curing
catalysts, antioxidants, bonding agents, process aids, and burning rate catalysts are added to
the propellant formulation. The following sections will especially focused on composite
solid propellants oxidizers. They wilfjive detail on sbstitutes for traditional toxic
compounds such a&P. Recent advances on green ingredients used as new propellant
oxidizers aralsopresented and discussed.

Green Oxidizers

The main oxidizer that has been consistently utilized in all rocketry until sidveAP [45,

46]. Because ofits oxygen balance of 34%, high density, high thermal stability, low
sensitivity to shock, good compatibility and long sHeé#, this oxidizeris used for
application in amateur rocketry, airbag inflators, aircrajiation seat, and pyrotechnic
devicessuch aswarning flares [6, 10, 47]. The greatestbenefit ofusing AP is the huge
experience and widely available information on-Bé&sed propellants collected over many

decades, whichgivesa sound confidence in this ingredi¢A8-51]. Unfortunately, this low
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cost salthassome toxic issues, especially when considering its good solubility. Perchlorate
anions (CIQ) have been detected in drinking water supplies throughout thesestbrn

United States, where it is mistakem#ken up in place of iodide leading to dysfunction and
affecting both growth and devel opment of ht
normal pigmentation and growth is altered by the exposure tGAR his oxidizer might

be also toxic to various maelife forms. Further problems are generated Bylased solid
propellants during their combustion. Fextample the burning of the space shuttle boosters
produces a huge amount of exhaust products containing nk&@ilgnd other compounds

which are highly toxic and corrosive in nature. It is estimatad @ach flight of the Ariane

5 space launcher liberates about 270 tons of concentiftkds well asalumina, thereby
polluting the atmosphere and causing ozone depletion in the stratosphere. Acid rains can be
caused by this enormous quantity of HCI esius [10, 35]. Additionally, for military
applicatiors, the smoke trail caused by AP is a very serious tactical disadvantagesd
adversely affects guidance and control systems.

Currently, AP haso suitablealternatives; this is why intensive efforts have been devoted
and continue to be made to produce-g@ndly propellants witha reduced component of

such pollutants or altogether free from thehfhe most important benefit of developing
chlorine-free propellants is that they eradicate smokes formed by the condensation of
atmospheric water vapor and exhaust plume, and avoid the creation of a visible signature
plume (Fig. 2). Several promising candidates as oxidizers to substitute AP have been
deweloped such aphase stabilized ammonium nitrate (PSAN), ammonium dinitramide
(ADN), hydrazinium nitroformate (HNF),dxanitrohexazaisowurtzitane (HNIWor CL-

20), some molecules containing the trinitromethii ct i onal i ty or buor
derivatives, polynitresubstituted pyrazoles and triazoles, polynitroazoles, tetrazole

derivatives, carbamate derivatives and tetranitroacetimidid @cfd, 52-54].

Thesechlorinefree alternatives, which at present are in testing procedures, can overcome
most of the preously mentioned shortcomings, but at the same time bring up new
challenges as it will be described later in the pafeme properties of conventional and
advanced oxidizers, which have been investigated in the present review, are given in Table
1.
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p =

Figure 2. Smokeless and smoky exhaust products of solid propellant during combustion. Reprinted
from ref. 8 with permission. Copyright © 2017, Springer In&ional Publishing,
Switzerland

Table 1.Properties of some green and conventional oxidizers fanows sources

_ Oxygen Molar . _
Oxidizer Chemical Balance Mass Density aH; Environ Ref
Formula (g cnd) ( kJ Pm Impact
(%) (g mol)
AP NH4CIO4 +34.00 117.50 1.95 -295.8 CIHNO
HNF N2H4HC(NO,)3 +25.00 183.00 1.86 -71.0 CHNO 159
AN NH4NOs +20.00 80.04 1.73 -367.5 HNO [56]
ADN NH4N(NOy)2 +25.80 124.10 1.81 -134.6 HNO
CL-20 (NNO2)s(CH)s -10.90 | 438.20 2.04 +372.0 | CHNO .
FOX-7 CoH4N4O4 +43.20 148.10 1.88 -134.0 CHNO [57
TNAA CoHN50O9 +30.00 239.10 1.87 -322.6 CHNO [53
NTNAA C2HNsOg +30.00 239.10 2.03 -415.3 CHNO [58
TNENCA C3H3N5010 +32.70 269.08 1.73 +343.9 CHNO [59
TNEF C7H7NgO21 +30.40 553.18 1.81 -519.0 CHNO [151]
BTNEO CeH4NgO16 +30.80 416.12 1.84 -688.0 CHNO | [151]
TKX-50 CoHgN 1004 -27.10 236.15 1.92 +446.6 CHNO [60]
HADNMNT C2HgNsOy +6.35 256.15 1.87 +299.4 CHNO | [153]
DNDNT C2N1g0s +15.84 404.00 1.95 +1210.0 | CHNO
TTBTE CoH2N200s +11.06 434.00 1.92 +1274.0 | CHNO (o4
ANNPA CsH4N11010 +14.85 378.23 1.82 +491.7 CHNO
DNNPDA CsHsNgO10 +11.40 354.57 1.81 +124.1 CHNO
DNPDN C3H4NeO4 -8.51 188.04 1.82 +173.0 CHNO 2
NNTAA C4HsNgOs +10.95 | 292.00 1.79 +160.6 | CHNO
aThe acronyms are identified in the respective sections in the text.
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Phase $abilized Ammonium Nitrate (PSAN)

Ammonium nitrate (AN, NENOs) is one of the most important ammonium chemicals in the
agricultural and chemical industrigk), 62, 63]. It has been widely employed as a fertilizer
component and as an industrial explosive ingredient, as well as an oxidizer for solid
propellants, gas generator systems and emergency sthdeasise ofits low cost,
availability, chemical stabilityow sensitivity to friction and impact, releases almost 100%
gaseous products during decomposition, and has a positive oxygen bgdané2)].
Although it plays the role of a source of ammonia and nitrate ion vital to plants in the form
of nitrogen fertizer, in industrial explosives and propellants the nitrate ion is considered as
a source of oxygefb6]. AN is broadly produced by the neutralization reaction aftsstic
ammonia and nitric aci(HNOz), followed by evaporation to the melt that is subsequently
treated bya prilling process or a granulator to generate the commercial product in the form
prills (pellets orgranule$ [64]. These high density prills are frequenilsedin the fertilizer
industry. Howevertheir low liquid absorptionmeans they cannot be usedénergetic
material compositiong65]. Subsequently, Kimet al. have developed a procedsy
manufactuing spheical AN particles witha uniform distribution, which is the melt spray
[66]. The AN particles are considered to be better for energetic material compositions
because of themorphology, surface roughness, uniformity and particles size.

Much has been published about the physicochemical pregpeof AN, its thermal
decomposition, its coating, the effect of additives, its applications, its disasters and the
different challenges associated with its practical uses. For a more complete view of this green
energetic oxidizerthere are many excellereview paperd56, 64, 67-69] and bookq 10,

62, 63] that have been published in recent years. In this sethisnyill not berepea¢dbut

the most important aspects applicable to AN as oxidaresolid rocket propellantwill be
mentionedHowever this reviewwill concentrate on providing recent progresssimgAN

as a replacement of AP in solid propellant formulations.

In spite ofits hygroscopic nature, low performance, low burning rate] the near room
temperature polymorphic transitions involving a volume change, AN is actually considered
as one of the most attractive oxidif20, 54, 70-72]. Recently, there has been renewed and
growing interest in developing smokeless, chlofiree, and environmentally benign
propellants based on ANbecausemuch progress has been achieved in surmounting the
previouslymentioned shortcoming¥he hygroscopicity of AN has been recognized as the

main cause for caking and Hasenconsidered as the most serious obstacle for its utilization
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in solid propelants. Many researchers have suggested various surface modification
methodologies based on successful coating to decrease this hygroscopesty.methods

can be physical, chemical or encapsulating coatings (Tatde@)jave beedescribedvell

in the ecent reviews by Elzak& Zhang, and Jos & Mathel4, 67].

Table 2. Advantages and drawbacks of different coating methods df6&N

Method Advantages Disadvantages
L. Slmple.. 1. Uses a large amount of coati
2. Convenient and easy 1 acent
manufacture. 2 Tgtﬁck.ness of coating layer not ea|
Physical 3. Improves the stability of th({ o control glay
coating particles. . . .
. Lar fferen f interfacia
4. Safety. 3. Large difference of interfacis

tension between the surface coat

5. Enhances the compatibility ¢ layer and the polarity of AN,

particles with other materials.

1. Small dosage of coating agent. | 1. The surfactant and coupling age

Chemical 2. Strong binding force. have low molecular weight. _
coating 3. The hydrophobic group made ti 2. The surfactant has a small solubil
thin layer on the surface prever in water.
hygroscopicity. 3. Low hygroscopicity properties.
1. Improves the physical properti¢ 1. The brittle polymer is susceptible
of coated prticles on the surface cracking during the drying proces
Encapsu . . .
ation 2. Protects t.he particles  frof 2. Therg are sticky polymer adhesiv
coating external moisture. N not dlspersed.. o
3. Polymer hygroscopicity was zer{ 3. Polymer polarity low is difficult to
4. Coating layer is thin. stick on surface of AN particles.

Another major drawback of AN is the presence of temperati@@endent phases at
atmospheric pressure that are characterized by continuously more motion freedom of the
NH4* and NQ' ions. The phase transformatiavhich occursaround room temperature can

be accompanied by a substantial volume contraction and expansion which gives rise to
undesirable crack formation in the propellant grains. AN shows at least five polymorphic
transitions belw its melting point at atmospheric pressure (Fig.73]. Among the phase
transformations of AN,VT IIl phase transition happeas ambient temperature islifmved

by a volume change of about 3.8%. Therefore, many research activities have been devoted

to preventing such phenomenon.
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Figure 3. (a) Phase transitions of ammonium nitrate. Reprinted from ref. 155 with permission.
Copyright © 2017, Springer Sciencéb) lowt e mper at ur e di erent
cal ori metr yt eisde ntthieyrcneotgiroaorms of ammoni um ni
phase transitions. Reprinted from ref. 67 with permission. Copyright © 2013, Elsevier
Limited.

It is commonly achieved by add@jrorganic or mineral modifiers into the AN crystal lattice.
For examplediamine complexes of transition metals, alkali metal salts, potassium salts and
magnesium nitrate, potassium ferrocyanide, copper nitrate, potassium (KRNDg),
poly(vinyl pyrrolidine), poly(ethylene oxidg poly(acrylamidg, trioxy purine and crown
ethers have been extensively used to pistsgilized AN[10, 54, 64, 70]. Phase stabilization

of AN with metal oxides is demonstrated to be beneficial with respect to burning rate,
ignition, and hygroscopicity56]. Furthermorein spite of the stability of AN at ambient
temperature, a small amount of ammonia can be evolved, leaving the kil akigic[56].

It is worth noting that the thermal decomposition of AN strongly depends on temperature,
pressure, sample purity, state of confinement, monitoteaipniques, and amount of
additives, and experimental conditions sashsample size, sample mass hadting rate

[54, 74). It is noticeable thato simple mechanism cdre used telucidate all of the aspects

of its decomposition features. It is broadly accepted that the thermal decomposition of AN
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is initiated by an endothermic proton transfer reaction, followed by an exothermic reaction
at around @0i 230 °C[56]. Other reactions malye undergme under different conditions.
During decompositionseveral products may appearch aswater H20), nitrogen (\>),

nitrous oxide N20) and HNQ. Other minor byproducts could be detected suchnésc

oxide (NO) andnitrogen dioxide NIO>) [54]. Recently, Cagninat al.studied the gas phase
decomposition mechanism &N usingCBS QB3 ab initio calculationg[75]. Scheme 1
displays the mechanism of the formation of decomposition produ€sht, O,, OH, HNO

and NQ'. The authors proposed, as a first step, the dissociation of AN into ammonia and
HNO:a. It was suggested that the hemolytic breaking of NO bondNi®s engendered
hydroxyl radicals andNO. The reaction between hydroxyl radical and ammonia generated
amidogen radical. The successive reaction of amidogén ra a | with NO | ed
decomposition products of AN. Other detailed mechanisms, kinetics and the thermal
decomposition of AN, and the effect of different additives have been widely investigated,

and some comprehensive reviews have been wiie64, 69].
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Scheme 1Reaction paths for the decoogition of ammonium nitrate. Reprinted from ref. 69 with
permission © 2013, The Royal Society of Chemistry.
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In order to surmount the low reactivity and low energatfcAN in a propellant formulation,
different approaches have been adopted. The firsecosthe incorporation of additives to
enhance the thermal decomposition of AN. Some inorganic salts such as chromium nitrate,
iron nitrate, aluminum nitrate and iron salts have been revealed to promote the thermal
decomposition of ANbecause afhe high targe to radius ratio of the metal idi7§]. Some
monometallic catalysts such platinum @1), copper Cu), zinc (Zn) andiron (Fe) supported

on silica doped alumina shifted the endothermic decomposition of AN into exothermic
decompositior{77]. Other transition metal oxides such BIOx (M = manganeseMn),

cobalt Co), nickel (Ni), Cu) acted on the endothermic decomposition as [wé]l Some
nanocatalystsuch as nantitanium dioxide TiO2) and nana@opper oxide CuO) have been

tested by Vargeeéegroud 70, 72, 78]. The incorporation of Tiexo AN led to the decrease

of the activation energy and the plausible mechanism for the catalyzed édpited
depicted in Fig. 4a. The reaction starts by tlesatiation ofAN (stepl) followed by the
adsorption olammonia NH3) on TiO; (step 2). The dissociation of HN@roduced from

AN generates OH and N@step 3), that subsequently dissociates to NO an@t€p 4),

which interacts with Ti@as well (step 5)Like TiO», the addition of nano CuO into Adso
reduced the activation energy of the thermal decomposition. As presented in Fig. 4b, the
authors demonstrated that the CuO nanorods provide Lewis acid and/or active metal sites,
enabling the elimination AN decomposition inhibition species such as3:NiAd thereby
improve the rate of decomposition. More recently, some nanocomposites 00l as

copper iron oxiddCuFeQs) anchored on graphene oxifléO) sheethave been tested as
catalystd79]. It was shown that the decomposition temperature and the activation energy
were notably decreased whénO/GO was addei AN, whereas no synergetic effect was
found when CuF®©4/GO was addeddowever the effect of carbonaceous materials on the
thermal decomposition of AN has been widely investigated. Lurie and Lianshen deduced
that incorporation of carbon black into ANygimented the AN decomposition rate intensely
[80]. It is caused by the reduction of HBl@roduced from the disciation of AN, to HNQ@

by the carbon black and the following reactions generat®étently, Atamanogt al. have
revealed that the addition of 5 mass% of dexfeating as a catalyst¢duces the activation
energy ofAN to 64 kJ mot [81].

64



Recent Advances in Green Oxidizers for Solid Rocket Propulsion

(b)

Figure 4. (a) Mechanism of catalytic decomposition of ammonium nitrate. Reprinted from ref. 72
with permissio. Copyright © 2011, Elsevier Limited; (b) the possible mechanism of the
adsorbed ammonia surface reactions. Reprinted from ref. 64 with permission. Copyright
© 2012, Elsevier Limited.

The second approach consists of the use of dual oxidizers to intnegserformance of
AN-based propellants. Chaturvidi and Datleer[56] have shown that ANbased composite
propellants are attractive due to the clean burning arakeless exhaust. However, this
propellant present some drawbaskgeh agpoor ignition and low burning rate. Afased
composite propellants, however, have outstanding ignition and burning characteristics,
although the combustion gases contain HCI. It vstisipated that an AN/AP dual oxidizers
based propellant would have an acceptable performance for practical applications because
each oxidizer would compensdite the flaw of eaclother[56]. In another work, propellant
formulations using ddde-oxidizers such as (PSAN+AP)/hydroxyl terminated
polybutadieneITPB)/Al (40+28)/14/18, with PSAN in turn including 5% phase stabilizer,
were al so t est e[@2.bhe méasuted burmidgsateg flalloruthe low range
5to 8 mm 3 at 7MPa, withapressure sensitivity n0.580.64. Recently, Kohga and Handa

[83, 84] studied the thermal decomposition bébes and burning rate characteristics of
composite propellants prepared using combined AP/AN particles. They tested two methods

to combine both oxidizers (physical and freelzging) before propellant formulation. They

65



Recent Advances in Green Oxidizers for Solid Rocket Propulsion

deduced that the burning charactiess of the propellants produced with the combined
AP/AN samples varied from those of the propellants manufactured by physically mixing AP
and AN particles. The burning characteristics of some of the propellants produced by
physically mixing AP and AN pades exhibited unsteady combustion, whereas the
propellants manufactured with the combined AP/AN samples burned steadilys@bg

the combined AP/AN particles reduced the heterogeneity of the combustion wave of an
AP/AN propellant. In a separate workumar et al. [20] prepared a mixture of AN and
potassium dinitramide (KDNJ)sing aco-crystallization method. The authors revealed that
KDN presentsan excellent phase stabilizing effect on AN and hg®sitive effect on the
burning characteristics. The thermal analyses of differertrgstals of AN/KDN have
shown that the ratio 50/50 is the best one, since the KDN play a double role as both a phase
stabilizer and an energy enhancer. The morphology of the different prepapedigntsis

shown in Fig. 5.

Figure 5. Scanning electron microscopy images of: (a) pure AN propellant, (b) ANT-€&u
propellant, (¢) AN/KDN (75/25) + CuO propellant, (d) ANDI (75/25) + CuiCo*
propellant, () AN/KDN (50/50) + CuO propellant, and (f ) AN/KDN (50/50) + Cor
propellant. Reprinted from ref. 20 with permission. Copyright © 2016, Elsevier Limited.

It is clear that the morphology differs from one propellant totlar, becausethe
composition is different. As depicted in Fig. 6, the combustion characteristics are affected
as well. It is revealed that the propellant AN/KDN (50/50)/HTPB/catalyst (copplealt

based metal oxides, €0o*) showsthe highest burning t@ with an acceptable pressure
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index (n) value of 0.746, compared to other formulations. The authors concluded that the

propellant containing AN/KDN (50/50) is the most promising green formulation.
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To avoid redundancy, other propellant formulations based on AN as oxidizer have been
recently discussed and reviewd®4], where several fillers (cyclohexamethylene
trinitramine, cyclotetramethylene tetranitramine, Hexanitrohexaazaisowurtzitiig/),
binders  [polytetrahydrofuran, poly(3/ds(azydomethyl) oxetang) plasticizers
[nitroglycerine, 1,241 butanetriol trinitrateandtrimethylolethane trinitrat¢ TMETN)] and
catalysts (Fgs, CrOs, MnO,, SiG;, PbC, CuC, potassium dichromate, ammonium
dichromate, transition metal [Min), Fe (1), Fefi), Co(i), Ni(i), Cu(), and Zn()] salts of

5i nitroi 2,41 dihydrai 3H1 1,2,4 triaolei 3io n e ami noguaimzodiglHii um 5
tetrazolateand triamino guanidine nitrgtbave been tested. It was consequently concluded
that in spite ofthe fact thatmuch progress has been achieved in the-pidpellant
formulations studies, further endeawtould be undertaken in future reseto overcome

the remaining shortcomings and offer efficient propulsion systems using AN.

Ammonium Dinitramide (ADN)

Another promising, relatively new, candidate considered as a replacement for hazardous AP
in solid rocket propellant is the ammonium dinitrami@dN, NHsN(NO»)2] [6, 10]. This
dinitramide was first synthesized in the Soviet Union in the early 1970s, wheretéstexs

in various missile programs, artchas been del@ped in the western world since 19968,

85, 86). Its synthesis has been extensively studied and an overview of the different methods
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has beemgivenby Venkatachalaret al.[87]. These authors deduced that the most practical
procedure for scaling up is that invented by Langtetl. (Scheme 2), whicks based on the
direct nitration of ammonia sulfate derivativesing anordinary sulfenitric acid mixture

followed by reaction withiNHa.

1. HNOyH,SO, _NO,

NH,-SO,NH
2 3Ny 2. NH, 4 \NOZ

Scheme 2Synthesis of ammonium dinitramide. Reprinted from ref. 80 with permission © 2004,
John Wiley and Sons.

The current commercially available ADN from Eurenco Bofors in Sweden is produced using
this method developed and patented by &3] 88]. More recently, Kimet al. haveused
potassium sulfamate as ADN precursor and have pred that the prepared ADN presents
high purity of 99.2% with a high reaction yield of 57.289]. However, the commonly
resulting crystals of crude ADNavelow purity, high cost, irregular morphology aadigh
aspect ratio with some agglomeratebjch can complicate the processiffy 88, 90, 91].
Such issues make ADN unsuitable for propellant fdation and the feasibility of the
compositionsaregreatly compromisetiecause of thirge increase in viscosity as well as
high loading rates are envisaged. In this sense, two methods stand esltapireg the ADN
crystals, which are spray crystallimn and prilling in suspension (Fig. 190, 92]. The
disadvantage of the first method is the use of molten ADN that isrktwine unstable above

its melting point, whereas the secandthodpresents a technical complexity to be scaled
up.
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Figure 7. Principal steps of the ADMrilling process. Reprinted from ref. 85 with permission ©
2009, John Wiley and Sons.
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To overcome tl previously mentionedrawbacks and improve the properties of the final
ADN crystals, some researchers have recently patented two other crystallization methods
[91, 93]. These methods are not based on converting the crude crystals obtained, but either
on crystallization in theresence of an added chemical element (crystal modifier) or on
crystallization in solution with controlling nucleation and crystal growth in a Viggosity
solvent. It is shown that the first method based on the modified crystallization is a simple,
easly comparableoperation whose implementation does not necessitate exceptional
equipment and does not exhibit any particular pyrotechnic hazard. Furthermore, it can be
performed in inexpensive and rwxic solvents. This crystallization is revealed tarech

more valuable than prilling process. On the other hand, it is demonstrated by the second
approach that the crystals obtained presdatv shape factor of 1 to 1.5 and are perfectly
suitable to be used in energetic material formulations.

ADN has attrated attention of researchers, as a solid rocket propellant or liquid
monopropellant oxidizer, for many reasgh3]. It combines a positive oxygen balance, high
enthalpy of formation, high burning rate, does not evolve chlorine or mimic iodide, clean
burning properties, low signature combustion and does not show any phase transition like
AN or density modification under temperature stifég8. NeverthelessADN exhibits a
moderate thermal stability and high hygroscopicity. It is chemicaligtiee with some

curing systemsindthis can be problimatic, anddbes not exhibit simple ballistic control.
Consequently, extensive reseaichs been devoted to und#andng its behavior and
possiblycorrectsuch problems. Benazet and Jaf@8 demonstrated that less hygroscopic
ADN crystals can be obtained by optimizing and improving the crystallization process. In
another work, Tinget al.[96] have successfully applied an alumina coating on the surface
of ADN using an atomic layer deposition technology in order to build terwaolecule
diffusion barrier layer on the surface and improve its stability in humidHawever the
thermal behavior and combustion of ADN have not been adequately elucidated because of
the numerous and complex phenomena that can occur. Subsegsewtsalpieces of
researcthave been conducted and currently continue to be done in various laboratories over
the word.

Recently, Ermolin and Fomif97] have published a comprehensive review on the
mechanisms of thermal decomposition of ADN. It was demonstrated that ADN can
decompose ireither theliquid or solid phase. It was reported that ADN decomposition

occurred in the liquid phase proceeds througb waths, where the initial steps are
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monomolecular decomposition of the anion over theN®: bond and equilibrium
dissociation of the salt into the acid and base. The second path, hoveewesat 100 °C.

In contrast, the path of salt decomposition mgblid phase proceeds through its dissociation
into the acid and base. It was shown that the monomolecular decomposition of the anion into
NOs" and NO occursat ahigher rate than in the melt process. In addition to being thermally
labile, ADN is also lght sensitivg63]. Furthermoreit was found that the synthesis method

and conditions may certainly affetie ADN structure and its physicochemical properties.
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Figure 8. (a) PDSC of ADN. Reprinted from ref. 89 with permission. Copyright © 2014, Springer
Science; (b) T@TA-MS curves for ADN at a heating rate of 4 k rhilReprinted from
ref. 90 with permission. @pyright © 2017, Springer Science; (c) DSC measurement of
ADN at a heating rate of 0.5 k minReprinted from ref. 156 with permission. Copyright
© 1997, Elsevier Limited.
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Matsunageet al.[98] havealsostudied the thermal decomposition behavior of ADN under
pressurized conditions. The pressure differential scanning calkoyirtPDSC) curves of

ADN at each pressure value are displayed in Fig. 8a. An endothermic peak was observed at
around 92 °C and two exothermic events appeared betweefCl88d 220 °C at each
pressure. The melting temperature reported in the literatogesdrom 83C to 95 °C[63)].

This large variation in the published values is most likelgadromimpurities,which can
significantly affect the thermal behavior of ADN even at very low concentration. The first
exothermic peak became more significant with the pressure increase. Raman analysis
revealed the formation of AN during the decomposition. The authorgl fthat the AN
inhibited the decomposition of ADN atlow decomposition temperature, and contributed

to the reaction at high temperature. In a related work, the similar research group has recently
investigated the thermal decomposition of ADN using a gamebus thermogravimetry
differential thermal analysisass spectrometinfraredTG-DTAMS-IR spectroscop99].

Figure 8b shows evolving gas and thermal behawbtainedusing the simultaneous
analyses. They have shown that the main evolved gases weréNti NoO and NH, and

they indicated that the activation energiesréased with increasing progre$she reaction

and the decomposition of ADN exhibited an autocatalytic behavior.
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Scheme 3Reaction mechanism of the decomposition behavior of molten ADN. Reprinted from ref.
90 with permission. Copyright © 2017, Spyer Science.
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The proposed mechanism of the decomposition reaction of molten Adbldwsiin Scheme

3. This intricate decomposition of ADN confirmed the reported results on the complicated
combustion behavior of its energetic compositions as discusseiiammaarized by DelLuca

et al. [55, 100. However a severe chemical instability can be caused by the apgress
oxidizing ability of ADN. The lowsymmetry structure of the dinitramide anion is one of the
main reasons for the reactivity and the instability of ADMwever AP is nearly not
reactivebecause othe high symmetry and low energy of the tetrahedraltire of the
perchlorate anio6]. Thus,different reactions and compatibility behavior of ADN with
other substances that could be added to propellant formulations should be well understood.
Also, some stabilizers can be added to ADN to improve its chemical st468jt85].

Broadly, ADN does not attacki® or G C single bonds, and displays good compatibility
with compounds having doubl®unded carborj85]. However ADN exhibits severe
compatibility issues with isocyanates, and it easily reacts and decomposes in their presence
[10]]. Thus, the polymers that undergo polyurethane bonding (Scheme 4) can negatively
affect the compatibility and the cheralcstability of the ADNbased energetic composition

[102). Therefore, two main approaches have been adopted to avoid pumblem
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Scheme 4Overview of curing mechanisms, curing systems, and curing agents for glycidyl azide
polymer. Reprinted from ref. 96 with permission © 2015, John Wiley and Sons.

The first one consists of the use of polymeric coating materials to increase the compatibility
of ADN with common curing agents used in most binder systems. Several
microencapsulatig and coating processes have been developed since the first work of Green
and Schleicher in 195@3]. The technlogical procedures are widely used in nearly all
industrial and commercial fields. Teipet al. [103 104 have employed a conservation
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process according to the ceskell principle. They have utilized ethylcellulose @etlulose
acetobutyrate (CAB) as coacervate capsules (Fig. 9). They revealed that the choice of
materials is important for a successful microencapsulation process and showed that non
polar organic solvents @ve suitable for water soluble cores such as ADN AN A few

years later, Heintzt al. [109 developed a coating metthobased on fluidized bed
technology. They demonstrated that the use of polyacrgbtedyl azide polymerGAP)

and HTPB were leading to increased compatibility of ADN. The second approach, which

consists of the use of fregocyanate curing systems, was most explored pathway.

Q.0
a2

(a) (b)

Figure 9. Spherical ADN particles in CABontaining coacervate capsules. Reprinted from ref. 56
with permission © 2006, John Wiley and Sons; APNIls coated with 5%
polyacrylate/silane. Reprinted from ref. 85 with permiss@2009, John Wiley and
Sons.

The motivation of this approach was not only to improve the compatibility of ADN in a
propellant formulation, but to overcome otlikaws as well. Isocyanates are both moisture
sensitive and hazardous. They react with maagstorliberate C@and form voids in the

cured propellant, leading to poor mechanical properties during storage. In systems including
energetic nitrate ester plasticizers, isocyanates generate toxic nitroso derivatives. Some of
potental replacements for egyanatebasedcuring agentghat have been reported are:
bispropargylhydroquinong BPHQ), bisphenol A bis(propargyl etheriBABE), bis
propargylsuccinate (BPS) 1,4bis(1-hydroxypropargyl)benzene(BHPB), and other
bis(propargyl) aromatic esters and etHé&fl, 102 106, 107].

The development of ADNvased green propellamiasdriven by civilian requirements for
environmental respect in space propulsion systems and by military needsgh
performance and minimunsmoke propellant in tactical nside applications. Several

formulations have been tested to satisfy a number of critical tasks such as compatibility,
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performance, curing, mechanical properties and stability. &lal. [10§ have evaluated

the substitution of AP by ADN in solid rocket propellants, containing HTPB as binder and

Al as fuel, for large space launch boosters. The results from the performance computations
revealed that, byeplacing AP with ADN, the theoretical specific impulse increases by 3%

and the combustion temperature decreases by 4%. The authors deduced the presence of a
little reactivity between ADN and HTPB, thus these of such a formulation needs
improvement. Todrther improve the ADMbased propellant performance, some researchers
suggested the utilization GAP which is an energetic bindeo compensattor the lower

oxygen balance of ADN (+25.8%), with respect to AP (+34.04%). Thermodynamic
calculations of thetheoreticalgr avi metri ¢ speciyc i mpul se
assumption have been reported for the systems ADN/GAP/Al and AP/HTPB/AI. It was
noticed that the gravimetric speciyc i mpul
values with a maximum 96 s at 59% ADN, 20% GAP, and 21% when comparetb

the system AP/HTPB/AI (maximum 284 s at 68% AP, 12% HTPB and 20 % Al). Even more
notable is the fact that the compositions w
binder contents of 2B0% instead of 1i®0% for AP/HTPB/AI and this will permit to
manufacture such formulations with better mechanical properties. The combustion behavior
of a propellant formulation containing ADN/GAP filled with 16% of aluminum was
investigated by Weiseet d. [109]. They demonstrated that the combustion of such
propel |l ant obeys the Vieillebs | aw with a
factor of 8.82 mns™. That is quite high for practical applications and thus further efforts are
needed to decrsa the absolute burning rate. Cestial. [11( have studied the aging

behavior of several ADN/GABased propellant formulations.

déwetting —— . .
o~ b

—

&~ fracture path

Figure 10.Scanning electron microscopy analysis of the Aba¢ed propellant after the tensile test.
Reprinted from ref. 99 with permission © 2014, John Wiley 8ons.
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They revealed that the ADN/GABRased formulations show evidence of a high porosity of
the propellants and strong dewetting phenomena, as shown in Fig 10. Also, the dynamic
mechanical analysis measurements revealegh glass transition of 40 °© 60 °C, which

is higher than the ones of the current HTPB/AP/AI formulatidinsis, it was concludetthat

they cannot fulfill the NATO specification for the very wideservice temperature range of

54 °C to +71 °C, which means that intensive effortsukhde focused to address such
problems. Winborg111] has recently substituted-diaminc2,2-dinitroethene (FOX7,
C>HaN40O4) and guanylurea dinitramide (FGX2) for ADN to decrease the sensitivity thie
ADN/GAP propellant. It was concluded thaetamount of FOX should be kept below 30%

in order to obtain aasonable pressure exponent. In a separate work, propellant formulations
containing a combination of dual oxidizers AN (coated by KMNEADN with GAP and

HTPB binders have recently been tesigtl?). It was shown that varying the ratio of the
ADN/AN oxidizer mixture, the burning rate of aluminized propellant can be tuned. For
GAP-based propellants; the increase of the cami&AN led to a decrease of the burning

rate and the impact sensitivity, whereas an increase of pressure exponent to unacceptable
values was found for HTRBased propellant. It wasotedthat further researcis required

to solve some compatibility issuas well.

It was reported that any binder normally used in solid rocket propellants couigsede
allowing for the fact that the curinggent needs to be chemically compatible with ADN.
Thus, the utilization of nefsocyanate curing agents is of greatiest. Thus an alternative
methodology suggested to exploit the-diBolar cycloaddition reactiofHuisgen reaction)
between azide group of a new generation of energetic binders and triple bond of alkynes
forming 1,2,3triazoles[101]. This is considered as a versatile tool in poty chemistry for
forming crosinked retworks without any side reacticand thus is a prime example of Click
chemistry[113. In addition to GAP, several other binders can be employed in-B&¥dd
propellants such as polyfdtratomethyl3-methyloxetanejpoly(NiMMO)], poly(glycidyl

nitrat [poly(GLyN)], poly(3,3bis(azydomethybxetane) [poly(BAMO)] and
poly(azidomethyl methy oxetane)poly(AMMO)] [85]. Consequently, this kind of
ADN/binderpropellants may yield enhanced performance in terms of specific impulse as
well as produce clean environmentally acceptable combustion préddlcts
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Hydrazinium Nitroformate (HNF)

A potential ecefriendly oxidizer, hydrazinium nitroformate (HNF, 2NsC(NQO)3), has
entered the field of advanced propulsion systems some decadfpkldgbly. Although
HNF has a relatively lower oxygen balance with respect to AP, it has a noticeablpsuperi
heat of formation leading to higher specific impyseg . Additionally, it undergoes intense
exothermic combustion reaction nehe burning surface of the HNbased propellant,
giving rise to an effective heat feedbaskich augmenting the burning rafd4]. This
energetic materidtasfurther benefits over AP, such as clean combusadoy signature,
nonhygroscopic nature, high density,da@ase method of synthe§&9]. Furthermorethe
melting point of HNF lies in the range of 2124 °C depending on its purity and is suitable
for processing of propellant formatiommcausehe curing process is commonly performed
at high temperaturdn Europe, HNF was actively prodeat in the Netherlands in a pilot
plant that had a maximm capacity280 kg per yearfToday, it is mainly India and China
who continue its productioMNF is reported to have been discovered in 1952. The synthesis
of HNF involvesa two-step processvith an acidbase reaction of nitroform (NF) and

hydrazine, ashownin Scheme $10].

NO
OH  Anhydrous HNO; OZNYNOZ Nafe-Hi0 B0%) -+ 'Fi'o
2hs 2

N02 N02

(NF) (HNF)

Scheme 5.Synthesis proature of hydrazinium nitroformate. Reprinted from ref. 109 with
permission © 2014, The American Chemical Society.

NF is the key starting material for the preparation of HNF5. According to Jo@and Min

[117], Hantzsch was considered as the pionmeére production of NF by nitration reaction

of acetic anhydride to tetranitromethane, followed by its conversion to NF using sulfuric
acid (H.SQy) and potassium hydroxide. Several other procedures for the synthesis of NF
have been developed by thseof a number of substrates, comprising acetylene, acetone,
isopropanoland acetic anhydde [117-119. But several production technology methods
had to be abandondxkcause of the environmentally unfriendly substances, high costs and
many explosions occurring during the production proddsd. The only efficient
procedure for largecale manufacturing is the reaction of isopropanolHiN@s. Recently,

the reaction conditions were optead and the NF vyield of 53.6% was obtained from

isopropanol by Dingt al.[12(. More recently, Yart al.[119 have synthesized NF using
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acetylacetone as substrate and funtiNOs with acetic acid as the nitrating system. This
new synthesis route for NF is macted to be an alternative method for the industrial
production of the first step process of HNF manufacturing. This method is considered
inexpensivehasmild reaction conditions with a satisfactory yieRecent dferent recent
procedures of NF synthissare shown in Scheme 6.
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Scheme6( a) Synthetic routes for the synthesis of
from ref. 157 with permission © 2014, The American Chemical Society; (b) reaction
mechanism for the synthesis of nitroform from acetylacetone. Reprinted from ref. 108
with permission © 2016, The American Chemical Society.

However, despite the progress in the last few decades, there are various unresolved issues
concerning the thermal stability, and friction and impact sensitivity of HNF. Furthermore,
theuseof the hydrazinium cation may be critical because of the eventual liberation of highly
cancerogenic hydrazine as a consequence of thermal stress or alkaline reaction conditions,
but this latter is free of chlorine, thus the combustion reaction is considdvedlean. The

purity of the HNF produceds also crucial since the presence of solvents or impurities leads
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to serious safety problems during handling, transport and stpéad®, 35]. Recently,
several produn procedures have been optimized to overcome this drawhaéki21].

The incorporation of stabilizers will probably be required to improve the thermal stability of
HNF as well[10]. However it has long been considered that the main problem of HNF was
its sensitivity. The large lengttiameter ratio (L/D) of HNF was expected to be the reason

of its high sensitivitySeveral methodologies have been tested to decrease the L/D of HNF
crystals, but no important progress was achiay&dg simple crystallization procedures.
Recent researc¢lhy several researchelgs developethe industrial manufacturing of HNF
crystalsusingadvanced crystallization or coating methptg0-1227. Atharet al.[122, for
example have successfully desensitized HNF by changing its crystal size, shape and coating
it with nanocomposites. The authors have employed a number of methods such as
mechanical stirring, ultrasound and using crystal shape modifiers. The optimized conditions
generate a preferential axial crystals growth, where the long needles with sha@edige
cornerwhich have aery high L/D and high impact as well as friction sensitivigve been
transformed to near cubic shape crystals witower L/D and improved sensitivity, as
shown in Fig. 11. They reported that the best coating agent waydhexyl-termnated
poly(butadiengbased clay nanocomposites. In 2014, Datcal. have synthesized HNF
using NF derived from isopropanol.

Figure 11. (a) Virgin HNF crystals with sharp edges and corners and very high L/D ~ 6.0,
friction/impact sensitivik of 2. 0 kg/ 25 ¢ m; (b) Modi yed
edges and lower L/D ~ 2.0. Friction/impact sensitivity of 4.0 kg/28 cm. Reprinted from
ref. 111 with permission © 2010, John Wiley and Sons
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The morphology of HNF crystals was modified by a nundb@rystallization procedures to
decrease the sensitivity of HNF toward environmental stimulus. The morphology of HNF
crystals obtainedising different testnethods is displayed in Fig. 12. The solventinon
solvent (S/NS) crystallization using methandithloromethane displayed crystals with
small L/D ration with gentle edges and corners. However, the obtained value of L/D was
still comparable with that reported previously. The utilization of stnystallization
produced promising L/D valgewhereas sharpdges and corners still persistetbwever.

The beslL/D value was, provided by the sequential cooling crystallization method leading

to uniform crystals with soft edges and corners.

K48 S88km

S8 SO8xm

(©)

Figure 12. HNF crystals from: (a) antisolvent crystallization usingNS/ acetonitrile
/dichloromethane; (b) sormrystallization; (c) sequential cooling crystallization.
Reprinted from ref. 109 with permission © 2014, The American Chemical Society.

The synthesized HNEsing thelater procedure exhibited lower sensitivityviard friction
and impactAnotherflaw of HNF, that has been recently resolved, is its compatibility with
the most extremédinderwhich is commercially available anged, which iHTPB. The

existence of carbon double bond in the HTPB backbone was repotiethe main cause
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of the HNF/HTPB incompatibilitybecausehe carbonearbone double bond are easily
oxidized by HNF leading ta decreasef mechanical properties of the bind&d5. This
incompatibility can also be caused by the presence of isocyanates, used as crosslinking
agents, where a hydrogen transfer from HNF to nitrogen of the isocyanatei §teGpO

can occurf10]. A more recent patent by Deppettal. [123 showed a new approach to
desensitize HNF and to improve its compatibility with HTPB and its curing isocyanate
agents. HW particleshave been dispersétda polymeric binder anithere isa bonding agent

that play the role ofLewis acid to form an encapsulating film to at least a portion of the
HNF particle surfaces. A bonding agent is a component of propellant formuthtibn
improves processing, mechaniqgabperties safety, ballistic and stability characteristics,
eliminates voids and micro porosity, and enables higher solids lod@int3 43]. Several
bonding agents can be ussdch as borohhased compounds, halides, some metals, enone
compounds, and any monomer or polymer containing an atom or group that acts as Lewis
acid. The bonding agent is added to HNF in an amount of 0.1 toak® %. The molecular
mass of the binder that holds the two components (HNF and bonding agent) can be in the
range between about 600 and 300@g™. Additional additives can be incorporated into the
coated HNF to improve its properties such as othéderdil[e.g, cyclotrimethylene
trinitramine (RDX)], fuels €.g, Al), stabilizers €.g, diphenylamine), and processing aids
(e.g, catalysts]10, 124-12€]. Briefly, the hydrazinium cation @His*), of the HNF salt, that

has a nitrogen atom with alone pair of electrons can play the role of Lewis base. Accordingly,
in the presence of Lewis acid, tiigdraziniun cation of the HNF salill donate a pair of
electrons to form a Lewis adduct. The procedigeelopedeads to the chemical reaction

of the bonding agent with the surface thie HNF and during the curing step, the bonded
oxidizer and other compounds pifesent, will react with a polymeric binder to produce the
required propellant formulation without compatibility problefB8]. In anotherpiece of
researchSonavaneet al.[127] have tested a new isganatefree curing agent8PHQ) for

GAP andinvestigated the compatibility of HNF with this curing agent. It was found that
isocyanatdree curing system could be more suitable in chlefiee compode solid
propellant formulatiormandthe BPHQ showed god compatibility with HNF.

Unlike HTPB, severgbieces ofesearch have shown that HNF is compatible with the recent
developed binders such as GAP, poly(NiIMMO), poly(GLyN), polynitromethyloxetane
(PLN) and poly(BAMO). Potential benefits can be obtained rwhsing this oxidizer,

because inot only gives high performance, but alsmduces aenvironmentally benign
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exhaust as the gasedeasediuring combustion are free from chlorift 10, 14, 128. The
friction and impact sensitivity of HNBased prpellants are acceptable with respect to other
formulations being used present[\t0]. An overview of the HIN-based propellant
formulations has been summarized by Denddge.in their review articlg¢129. Propellant
formulations based on HNF demonstragecklatively high burning rate (30 mst at 7
MPa). For norcatalyzed HNFoased propellants, the pressure exponaangeal between
0.8111.12[35, 128. Then value can be decreased to more acceptable valed34<n <

0.6, by usng suitable ballistic modifiers or by reducing the mean size of HOFL3(. It

is predicted that by utilizing HNBased propellants, an increase in specific impulse of more

than 7% and a payload capacity gain of 10% can be refghe5).

FOX-7 andlts Derivatives

Some of the new energetic materials, which have been prepared during these two last
decades, have led to new possibilities not only for military but also forativilies pecause

of environmental considerations and safety requirements while at the same time securing
high performancé¢l5, 17, 131]. FOX-7, a relatively new high energetic material, presents
high thermal stability, high performance, low sensitivitigh heat of formation, favorable
oxygen balance, high density, clean decomposition products and good ibditypatith
oxidizers, polymers, plasticizers and isocyandtes 137. The synthesis procedures of
FOX-7 (Scheme 7), together with its structural, spectroscopic, thermal and explosive
properties havéeen thoroughly reviewedl32-135. This compound can hased as an
insensitive high energgensity material because its performance is comparable to the
conmmon secondary explosivesich as cyclotetramethylene tetranitramine (HMRPX

and pentaerythritol tetranitrate (PETNYhe typical structural features of F&Xare

established by alternating amino and nitro groups in the solid state.
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Scheme 7Typical methods used to synthesize FOXReprinted from ref. 122 with permission ©
2016, The Royal Society of Chemistry.

Since 1998, when FOX was first synthesized by Latypetal.[13§], it hascaused great

deal of interest and has been considered as one of the potential candidates to be used in solid
propellants. Florczak[137 performed thermodynamic calculations and studied the
thermochemical and ballistic properties of aluminized composite propellants containing
AP/Al/binder with andvithout FOX-7. The author concluded that the incorporation of FOX

7 insteadf AP led toa decreaseldeat of combustion, burning temperature, specific impulse
and burning rate of the propellant. In a separate work, @hah [138 investigated the
properties of some propellant formulations based on HTPB/FQOQising DSC and
sensitivity test apparatus. They showed that the apparent activation energy ef FOX
propellant was about 245.2 kJ-mand the friction sesitivity wasless than 68%nd the
impact sensitivitywas over 25.0 J. Compared with RDX propellant formulations,
mechanical sensitivities and electrostatic discharges of HTPB/FOsfgnificantly
decreased. Recently, Lempettal.[139 have theoretically compared the effect of F@X

and HMX on the properties of AP/Al/binder (inert or active) piiame formulations. They
reported that the FOX-based composites containing an inert bindes {f1120) had energy
characteristicsvhich were too low as it would be expected in view of the low oxygen

content in FOX7. They demonstrated that the valudsspecific impulse of propellant
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formulations with FOX7 werelower than those of composites with HMX bydé@nd 4 s at
levels of 60% FOX7 and 30% HMX in the composite, respectively. They concluded,
however, that a solid composite propellant formulatisith a specific impulse of 251 s,
densi ty d fand burnthg tengpdrature of 3600 K, can be created using 60% FOX
7 and 19% of an active binderiggdza.64N10.1d020.37). More recently, Jensest al.[14Q
showed that FOX is an attractive, but less than ideal, substitute for nitramine in smokeless
GAP-RDX composite rocket propellants that exhibit low shock sensitivity and good
mechanical properties.

However because ofthe abundnce of FOX7 chemical reactivity through acluthse
reaction, coordination reaction, reduction reaction, oxidation reaction, acetylate reaction,
nucleophilic substitution reaction and electrophilic halogenation reaction, more than 130
derivative compoundsf this energetic material have been published (Scheme 8). Recent
reviews have comprehensively collected all of these readti@¥135 141, 147. In spite

of the numerous reactiomsvolving FOX-7 described in the past ten years, meactions
continue to be founfb7, 58, 141]. Derivatives of FOX7 were not known to act as oxidizers
before 2013, and the d®eery of this behavior presents a new episode in the chemistry of
FOX-7. While these chemicals are not proposed as potential alternatives for current
propellant oxidizers, this is a valuable discovery in the chemical life and behavior ef FOX
7 [143. Therefore, finding new oxidizers with desirable propertieseisded so that they

can besubstitute forthe currently reported ones (AP, PSAN, ADN, HNF) which are limited

in numbers and present many drawlsickpractical application.
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Scheme 8Selection of FOX7 derivatives. Reprinted from ref. 121 with permission © 2015, John
Wiley and Sons.
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Incorporating further nitro groups is a practical strategy to produce energetie7 FOX
derivatives. Nitro groups aessential chemical groups of high enedgnsity materialand

their presence in molecules contributes significantly to the overall energetic performance
and enhances the density and oxygen balance of energetic materials. The Shreeve group
proposed a newxidizer tetranitroacetimidic acid (TNAA, Scheme4®) [53, 135. It was
demonstrated that TNAA is a very attractive and promising replacdoreiP. Its melting

point of 91 °C is comparable to that of ADN (93 °C) and its decomposition temperature of
137 °C is higher than that of HNF (131 °©espiteits lower thermal @bility and friction
sensitivity with respect to AP, it presents comparable properties and acceptable stability to
that of ADN and HNF, and it can be added to propellant formulations. Compared to AP,
TNAA has a considerably enhanced oxygen and nitrogetecband higher positive oxygen
balanceébecause of the presencedtlue trinitromethyl groupA similar research group pointed

out that the calculated value of specific impulse of the formulation of HTPB/TNAA/AI
(12/68/20) was 261 s. Another very promiscandidatecompoundto be considered as a
replacement foAP is the tetranitroacetamide (NTNAA»S8]. It was demonstrated by a
computational study that the synthesis of NTNAA from TNAA is thermodynamically
possible. Zhang and Going8] revealed thaNTNAA present properties similar to TNAA,

and consequently it could be a potential replacement for AP as oxidizer in composite

propellants.
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Scheme 9Polynitro derivatives of FOX. Reprinted from ref. 122 with paission © 2016, The
Royal Society of Chemistry.
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Other High Energy DenseOxidizers (HEDOS)

The challenge in the development of new HEDOs or improvement of those studied during
the last few years is to seek a good compromise between performance and pagsac
properties, in this case between high specific impulse and high oxygen balance on one hand
and acceptable thermal stability and low sensitivity on the other hand, in addition to low
cost, simplicity of the synthesis, and low hazards.

HNIW or commorty known as CE20 is regarded as one of the HEDOs for the next
generatiorof propellantd 35, 144-151]. It is found to be ecdriendlier & well as to reduce

the propellant exhaust plume signature without generating combustion stability problems.

Under ambient conditions, G0 has four pol ymor phs, U, b,

[149. These di erent polymorphs | ead to varic

stability, sensitivity, density, and performance, which govems application.
Ther mody n a mphaseis theymotherrhoeynaticallgtable and is considered as
the favored phase for propulsion applicatibesause oits highest density (2.04 g ¢in

Figure 13.(a) Ballandstick model ofu-CL-20; (b) the éur polymorphs of Ct20. Adapted from
ref. 134 with permissin © 2016, The Royal Society @hemistry.

The synthesis of G20 is considered to be one of the most complicated chemical procedures.
Several papers have been published demonstrating variotedpres involving multiple

steps and methodologies for the synttjadi4 157. However, HNIWhashigh impact and
friction sensitivity as welks high production costs. Consequently, controlling the crystal
density, decreasing the sensitivity and the production cost have received much attention in
order to produce a promising candidate-ZX) for several energetic applications. In addition

to Nar et al. [144], another interesting recendview paper byiswanathet al. [157

85



Recent Advances in Green Oxidizers for Solid Rocket Propulsion

summarizes different synthesis strategies to produc2@lith reasonable properties and

its characterization. The commgrknown methods are based on the same starting material,
hexabenzylhexaazaowurtzitane (HBIW)[153. Nevertheless, conversion of HBIW eLtly

to CL-20 is a major challenge. A rather low yield of HNIW and high costs of the
implemented nitronium tetrafluoroborate NO-BFs) and nitrosonium tetrafluoroborate
(NOBFs) catalysts necessitate improvements of the HNIW synthesis mé¢thodlore
recently, Simakoa and Parmofl53 developed a new approach based on thestep
HBIW debenzylation with separately repeatest of the palladiusbased catalyst in each
catalytic stage. This appoh is considered as a promising way to increase the catalyst
productivity and to reduce the €0 production costs. All these improvement can certainly

increase the number of its application as an AP substitute for solid rocket propulsion.

a b c d
0-N NO, NO, 0 NO.
ON W N —ENo 0 A ;
s NO NA 2 N .NO, O,N—|-CH
O;N >|/< NTE S 2 " N-NH NO. o N - »
NO, N-o NO2 Nsy g O’NHN;\ d NO,

Scheme 10Sd ect ed compounds synt he shisftenitrombthyl)3KIl-Zagp ° t k e
bi-(1,2,40xadiazole), (b) Atrinitroethylamino) tetrazole, (c) 2,2{Bnitroethyl
nitrocarbamite, (d) trinitroethane.

Several groups worldwide have intensively invesédabther potential chemicals to
substitute the current widely used oxidizer (AP). Such compounds include azide, azo, nitro,
amino functionalities ontriazine, azole, furazano, carbamite backbones to namd% few
17, 131, 154. Some of the most promigrclasses of materials were paligro moieties
compounds. One of thveell-knowngroups on the field is that of Klapotkehoinvestigated
several classes of materials such as orthocarbonatedis@tistituted tetrazoles,-ti2,4
oxadiazoles, carbamitemnd nitrocarbamites (Scheme 1Ay, 155157. These different
compounds demonstrated several adygegdut also shortcomings for the suitabilityse

for propulsion purpose arabs replacements f@kP. Based on experiments and computing
results, it was shown that propellants based on some of the synthesized chemicals broadly
exceed the performance oPAased ones, but fail to meet other requirements such as low
sensitivities or thermal stability. More recently, the Klapodtke group revealed that 2,2,2
trinitroethyl nitrocarbamite (TNENYprepared using simplesynthesis procedure can be a
potential rephcement of AP59]. This nitrocarbamite presents a melting temperature of 109
°C which ishigher than that of ADN (93 °C) and a decomposition temperature of 153 °C
which is higher than that of HNF (131 °C). Althougihhas alower thermal stability and

86



Recent Advances in Green Oxidizers for Solid Rocket Propulsion

friction sensitivitywhen comparetb AP, it exhibits comparable properties and acceptable
stability to that of ADN and HNF. Furthermore, this nitrocarbamite has a very positive high
oxygen balance and present a specific impulse comparable to a composiprABs
Advantageously, the burning ®NENC with aluminum produces no toxic substances such
as hydrogen chloridéowevery it is worth noting that the main issue of this new oxidizer is
its synthesigprocedure that involvestaxic synthesis step using gégend59]. The same
group has developed a new synthesis procedure to overconflauh[455. Thus, a less
hazardous synthesis route for 2;BjRitroethyl carbamate, used to produce 2,2,2
trinitroethyl nitrocarbamite, is performed using chlorosulfonyl isocyanate in astepe
synthesis with a yield of 96% conmea to the previously toxic procedure (71%).

K1 a p °grokpalosevealed two different HEDOs that can replace AP in the homogenous
and heterogeneous solid rocket propellants which k#sé2,2,2trinitroethyl) oxalate
(BTNEO) and 2,2,Zrinitroethyl formate (TNEF)[158 159. These new high energy dense

o x i d ioxalate andofr m ahtivesbown very good properties as green oxidizersdbd
rocket propellantsvith melting temperatures of 118C and 127 °C, respectively, and
decomposition temperature$ 186 °C and 192 °C, respectively. This means that they can
be used in the production of solid propellansng thecasting methodecause othe
difference betwen their melting and decomposition temperatures, which is near 70 °C.
Although they are perforiess wellthan AP in the thermal and impact sensitivRBf,NEO

showed a higher valuban APin friction sensitivity tesf15§.

O

0 O _C{NO,)
R — 0:N1C™ 0 ~ 213
[OzNJ;gCAOH + CI’H’CI (OzN)y
o]

o

Scheme 11Synthesis procedure of bis(2,arihitroethyl) oxalate

In the same wayxalate andormate oxidizers have agh density, which are 1.84 cn1®

and 1.81 g cm, respectively, with a high positive oxygen balance. Also, the specific impulse
of these oxidizers hich are231s and 228 s, respectivelyre higher than that of AP. The
synthesis of thesoxidizers is esy (Schemes 11 ari@) and also their decomposition is eco

friendly.

H C(NO7)3

A

~ (@]
(OsN)3C” OH  + /C#,CI R A

cl” %, 0" C(NO2)3

(02N),¢ 0

Scheme 12Synthesis method of 2,2{Bnitroethyl formate
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All these four differentHEDOs showedlear homogenous smokeless burning with high
burning rates when added to nitrocelluldd&C) as an oxidizer (Fig. 14) instead of the
extremely dangerous sensitive nitroglycer[d®(. Klapdtked group synthesized these

different HEDOs and fully characteed them. New formulations of green solid rocket

propellants based on those oxidizers with different fueldsmdre currently under study

(a) (b) ()

Figure 14. Homogenous smokel ess burning of di erent
BTNEO/NC; (b) TNENCA/NC; ¢) TNEF/NC

Recently Shreeves g [52) hgs investigated theynthesis of polynitrsubstituted
pyrazoles and triazoles as potential propellant oxidizers. The group revealeehtigd-5
3,4-dinitro-N-(2,2,2trinitroethyl)}-1H-pyrazotl-amine (ANNPA), 3,&dinitro-N-(2,2,2
trinitroethyl}1H-pyrazot1,4- diamine (DNNMA), 3,4dinitro-1H-pyrazolel,5-diamine
(DNPDN) and 3nitro-N-(2,2,2trinitroethyl}1H-1,2,4triazol1-amine (NNTAA) can be
considered as promising candidatsseplacements oxidizefor AP. These compounds
with an oxygen balance over 10% have goodntia stability, high density and favorable
performance. Morerecently, Keshavarzt al. [61] have introduced novel tetrazole
derivatives as performance energetic compouasksn oxidizer in solid propellantsThese
tetrazols (5, 5 = [-3;4diditrobeXapzdl ,5-dienel,6-diyl]bis(1-nitro-1Htetrazole),
(DNDNT); 3, detrgnitg37 3 a ,-t3e:t, r3a:hay dér, dbifetiazolofl He]
pentazine(TTBTE)) are considered as good candidabeszausehey havegoodthermal
stability, good performance and less sensitivity.

Fanet al.[16]] studied two new green tetrazole sdigjroxylammonium 2dinitromethyt
5-nitrotetrazolate (HADNMNT) and diydroxylammo n i u nbistdirazélél , -didiate
(TKX-50). Theoretically, it was revealed that HADNMNT is a promising oxidizer to replace
AP in composite solid propellants. Safety tests demonstrate@Kixat50 shows excellent

thermal stability and low mechanical sensitivities. The compatibility test€KXt50 with
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HTPB, AP, RDX, and Al powder in vacuum stability tests were acceptable. Results from
comparative investigation 3KX-50and RDX as ingredient f@omposite solid propellants
showedthat TKX-50 formulations offer the advantages of high burning rate and low
mechanical sensitivities.

Sinditskii et al. [162 focused his a#intion on highnitrogen energetic materials. Among
polynitrogen energetic materials, 1,2;4efrazine derivatives are of particular interest for
propulsion communitybecause oftheir high density, thenostability, and remarkable
Insensitivity to electrostatic discharge, friction, and impact. High enthalpy of formation and
good thermal stability of tetrazine cycle generate tetrazased energetic materials, which
can be utilized aaninsensitive, themostable, environmentally friendly ingredient in various
energetic material applicatis such as propellants and ggsnerating compositions.
Investigations of combustion behavior revealed that most tetrazines areolkiie
components with high surfacemperatures, which can play a dominant role of the

condensed phase in combustion of several tetrazine derivatives.

Conclusiors

With regard to the reference ingredient AP, which ésrtfost used oxidizer in rocket science
and is the compound to be remdcit is notable that this chemical is an ionic material with
properties which appedo be perfeGt exceptfor its toxicity. The currently developed
substitutes need optimization to fully satisfy all of the requirements of ideal oxidizers. Thus,
finding green, highperforming replacements for APagop priorityinternationdly andneed
further endeavor to readts aim.

For the near future, propellant formulations including green oxidizers are expected to
advance the stataf-the-art of solid rocket pneellants and reduce the environmental
concerns caused by the use of AP. In the last few decades, several energetic oxidizers have
appeared but most of them are far from being practically employed in real applications
because of thewarious drawbacks. Ithis review, the most potential green oxidizers that
show interesting properties and potential use in solid rocket propbbastdbeen focused

on. In addition, the advantages and disadvantages of various green oxidizersldoave
discussed. The main chatiges of green ingredients as propellant oxidizers and many of the
attempts made to overcome these poid have been also highlighted.

To overcome the flaws of the current potential greenoxidizers such as PSAN, HNF and
ADN, several procedures and methadsynthesis, crystallization and coating have been
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recently developed to improve the physicochemical properties, decrease sensitivity, enhance
compatibility, improve stabilityand performance, and reduce the roduction cost.
Furthermore, the use of dual dikiers, such as PSAN/AP or ADN/AP with less
environmental impacts has been shown to be a god solution for improving the propellant
formul ati ons 6 -p endfitotwandenvatiees TNAD And NTNAA were
revealed to be very attractive and environmépntidendly replacement for AP with
interesting roperties. GRO also proved to be a potential candidate as a replacement for AP.
The development of other HEDOs such as TNENC, BTNEO, TNEFT&X-50 has
demonstrated that these candidates can meet thdispaciormance goal and allay the
environmental concerns while presenting a helpful classification of hazards.

It is believedhat the studies presented in this review will increase the interest of researchers
on green oxidizers for solid rocket propulsias well aprovide a basitnderstanding of

these green ingredients
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Thermal Behavior and Decomposition Kinetics oBis(2,2,2trinitroeth yl)-
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Abstract: A new propellant formulation (NBTNEOx) based on bis(2,2,2
trinitroethyl)oxalate (BTNEOXx) as a high energy dense oxidizer (HEDO) mixed with
nitrocellulose (NC) matrix was prepared and studied. BTNEOx was prepared and
characterized by nuclear magnetic resonance (NMR) arad/ Xiffraction (XRD). Photos

of the prepared fonulation obtained by scanning electron microscope (SEM) clarified a
good mixing of the nitrocellulose (NC) matrix with BTNEOX. A smokeless burning was
observed and recorded for the preparedBIXNEOX by a high speed camera. The thermal
behavior and decompition kinetics of the NC matrix, BTNEOx and their mixture have
been investigated nonisothermally by using thermogravimetric analysis (TGA) and
Differential scanning calorimetry (DSC). Isoconversional (mdrkd) methods; Kissinger,
Ozawa and Flyniwall (OFW) and KissingeAkahiraSunose (KAS), were used to
determine the kinetic parameters of the studied samples. The results proved that BTNEOX
has melting temperature at 104.1 °C and maximum peak temperature at 200.6 °C, also it has
effective activation errgy in the range of 162110 kJ mof. The prepared N®@TNEOX has

no endothermic peak and has exothermic peak at 201.7 °C which means that a composite
might be formed due to the mixing of BTNEOx with NC. The prepareeBYNEOx has
effective activation eneygin the range of 17280 kJ mof. BTNEOX required more study

to proof the possibility of replacing the nitroglycerine in a smokeless double base propellant.

Introduction

The main ingredients in traditional Doukdase propellants (DBP) are nitrocellldaddNC)

as a binder plasticized by the nitroglycerine (NG) which is entrapped into the fibers of NC.
DBPs are considered one of the oldest propellant families which was developed as a result
of the development of propulsi¢h, 2]. During time and storage of DBPs, several chemical

and physical processes might take place in the propellant grains (the consumption of the
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stabilizer, migration, evaporation and decomposition of NG, éibgse processes cause
change in the performance of propellants and might cause -#grsgtin [2]. The
development in the field of rocket propellants is to increase the energy level of the
propellants in addition to solve the decomp
sensitivity[2-5].

Several researchers have studied the possibility of adding some additives such as aluminum
or nitramines in order to achieve a composite modified delddepropellants (CMDB]4,

6-9]. Researchers are currently focused on discovering new green and safe energetic
materials which can replace NG in DBPs or ammonium perchlorate (AP) in composite solid
rocket propellants and enhance the energetic characteristics, sensitivities and thermal
properties. Higkenergy dense oxidizers (HEDOs) might be used to replace Afipasite
propellants. These compounds consist of C, H, N, and O, with high oxygen contert. 2,2,2
Trinitroethanol (TNE) is one of the most suitable starting material with an oxygen balance
of +13.3 and is easily synthesized through a Henry reag¢tiOh Large number of
compounds have been synthesized sgrtiom TNE during the recent studies, but few
information are known about the chemistry of TNE with oxalyl chlofidg.

BTNEOX is an interesting new HEDO which has been prepared by Klap6tke grolipzkt al

by one step method, it has oxygen balance of +7.7, impact sensitivity of 10 J and friction
sensitivity higher than 360 N. BTNEOx has much lower sensitivities than NG and has not
been studied in any propellant formulation yet. Also the investigafithre thermal behavior

of the energetic materials is necessary and important for the research and development to
find a suitable new materials. Usually, thermal analysis is considered the best process of
studying the thermal decomposition of energetidemals. The most common thermal
analysis techniques such as thermogravimetric analysis (TGA), differential thermal analysis
(DTA) and differential scanning calorimetry (DSC) have been used isothermally and non
isothermally in the study of the decompositianetics[13-24].

In this paper, preparation and characterization of BTNEOx as a HEDO have been presented.
A propellant formulation (NEBTNEOXx) based oNC as a binder and BTNEOx as an
oxidizer have been prepared. The thermal behavior and decomposition kinetics of the
individual NC and BTNEOXx in addition to NBTNEOX, which has not previously been
reported in the literature, were studied using thermogmtvin analysis (TGA) and

differential scanning calorimetry (DSC) techniques.
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Experimental

Oxalyl chloride, Aluminium chloride and Xdichloroethane were obtained from Sigma
Aldrich. 2,2,2trinitroethanol was prepared in our laboratories as reported L&, while
Nitrocellulose with 13.15% nitrogen otent was provided by Nitrochemie Aschau GmbH.
Oxalyl chloride (1.0 g, 7.9 mmol) was added to the solution of 2t@roethanol (5.7 g,

31.5 mmol) in 1,Aichloroethane (10 ml) and Al€[0.1 g, 8.7 mmol) was added. The
solution was heated under reflfor 5 h. After the reaction mixture cooled, a colorless solid
crystals were precipitated. By filtration and washing by cold water, solid crystals are
obtained. By recrystallization from chloroform yielded (BTNEOX) as a colorless crystals (27
% yield)[12].

o} (O5N);C~OH o
CI)J\[]/CI - (OZN)SC/\OJ\H/OVC(NOZ)QJ
5 o}

Scheme 1Preparation of BTNEQOXx

The propellant formulationds been prepared by casting technique where NC ¢hitierg

i n oven at 60 eC for three days) was dissc
minutes at room temperature. BTNEOx were added to the solution in three portions for 30
minutes with continuous stirring. The viscosity of the mixture shoutiddsame during the

addition of the oxidizer by adding a few ml of the solvent in case of increasing viscosity.

The prepared propellant sample was left to be cured through evaporating the solvent in a
vacuumovenat562 e C t o dr i v e o The prepdresl saenpld hassSp wt.8odf ai r .
BTNEOXx and 50 wt.% of NC matrix.

Figure 1. Burning of the prepared sample
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The new formulation (NEBBTNEOX) was prepared in the form of strand with 100 mm
length, 10 mm width and 8 mm thickness. The strand wagdm operair) from one side

and recording the burning by high speed camera. Fig. 1 shows a screen shots from the
burning of the sample where completely smokeless gases were produced during a
homogeneous burning.

The NMR spectra were recorded with a JEBdlipse 400 instrument, and the chemical
shifts were determined with respect to the external standarsSi i, 399.8 MHz;*°C,

100.5 MHz) and MeN@(**N, 28.8 MHz).Specific crystals were selected with a polarization
microscope to be suitable for-tdy crystallography. The measurement was done using an
Oxford XCalibur3 diffractometer. KappaCCD was used as a detector. The measurement was
operated with MeKgr a d i at i o nA).Dieectmettibd (BIRIY)Avas used to solve the
structureg]25]. The result was refined by using the V@M software packagi6]. Finally,

result was checked with the PLATON softw§2&]. Scanning electron microscope (SEM)
model (FEI- Helios G3 UC) was used to study the morphology of the crystals.

The melting and decomposition points were measured with LINSEIS iDBT10 with
samples of approximately 3 mg were placed in an aluminumvghra pirthole cover at a
heating rate of 5 °C mihin a tenperature range of 25 to 400 °The thermal decomposition
kinetics of the samples were studied by using the results obtained by Thermogravimetric
Analyzer (PerkirRElmer, TGA 4000). The experim&al conditions used to determine
TG/DTG were; 13 mg samples were tested at different heating rates of 2, 4, 8 & 16
mint in the temperature rangei®@D0°C under a flow of dynamic nitrogen of 20 ml fin

Three different kinetic parameters should be determined for a complete kinetic description
of the overall reaction which include the activation eneky, reexponential factorA)
and kinetc modelf( U) ) of each i ndi vi denamhberpfracatyteas s . N o
methods are available for the kinetic parameters of distinctgbade reactions evaluation.
But on the other hand, the number of procedures for analysis of complex processes is much
more limited. Either isoconversional or modigling methods can be used to determine the
kinetic parameters isothermally or nonisothermgdfy; 29].
The following eation is usually used for the kinetic studies of thermally excited reactions
in solids:
d U/=&k@m)f ( U) Q)
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Where U is the factional conversion, t is t
and f(U) is the r ea cdpéndency ofthelraté constfirttise assumedp e r &

to obey the Arrhenius expression:
K(T) = Aexp(i E /RT) (2)

Where A is the prexponential factor, E is the activation energy and R is the universal gas

constant. By using the integral form of Eqn. 1 used for isothkconditions, it becomes:
QA . Q Q| QYo (3)

Where g(U) is the integrated form of the re
several temperatures for each reaction model selected, and the Arrhenius parambgers can

evaluated using the Arrhenius equation in its logarithmic form:
Ink(T) = InAT E/RT 4

In the isoconversional method, it is assumed that the reaction model in Eqn. 1 is independent
of the temperature. For the isothermal conditions, egns. 3 and 4 cambmed to get:

intg 51 n[ A/i E(RT) ] (5)
Where Ecan be obtained from the slope for the plotloty vis. T ..
The activation energyE{) of the exothermic decomposition reaction of the prepared
propell ants samples can be cEh6)BO.ated using

S N (6)

J

Where b i s t heisthe peakitemgeratura of ¢he BTG dherihogram at that
rate. The activation energy is calculated from the slope of the straight line which obtained
by pl ot t ip¥apinstfl/T. Inaccubate Values ofsEEan be resulted from a such
rough temperature integral approximatj@d]. More accurate equation according to Starink
[32] for Ea calculation which is commonly called the Kissirigekahira Sunose (KAS)
equation33]:

ot BE & pT Ty )

Also, Ozawa and Flyritwall (OFW) have developed an isoconversional calculation method
for nonrisothermal data (commonly referred to as the OFW method), in which taking the

logarithmof the nonisothermal rate law to give the following equat8j:
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GEM a0 dE 00— O— (8)
Substitution by usi[3%87]:Doyl ebs approxi mati on

a SQ: Q— C® pumd L @EX (9)

Then OFW equation can be written as:

AEMQ aéQ— cdpumd vx (10)

Results andDiscussion

BTNEOXx was characterized by, 13C and*“N NMR spectroscopy in [E) acetone. The CH

resonance of the trinitroethyl moiety in 1H NMR spectra was appeared as a&ingtet6 . 1 2
(s,4H,CH) ppm. In the spectra dfC NMR, the resonance for the carbonyl mypiatas
appeared at ad =153.79 [ C(O)O0O] ppm, the car
observed at g =g, 6&anfd C{ OO the ethpph. gr oup
The!*N NMR resonance for the trinitroethyl moiety was appeared as ashagmsa | i at U

35 [C(NOy)3] ppm. Al l these NMR spectra with the
values from the referen¢&2] and were found to be identical.

Figure 2. X-ray molecular structure of BTNEOX

By recrystallization from chloroform, single crystals forrXy diffraction measurements
were obtained for the oxidizer (BTNEOX). The oxalatengstallized in themonoclinic
space group?2: /c containing four molecules in the unit cell, while the asymmetric unit
consists of only two half molecules. The molecular structure of BTNEOX, as shown in Figure
2, is completed by a center of reflectiortle center of the GL1' bond. It is common for
oxalate structures that the IG12 bond is between an ordinary@single and double bonds
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with a bond length of 1.343(A [38]. The oxalate unit and each of the £gtoups are
arranged in a perfectlglanar manner. Trinitromethyl is just slightly twisted out of plane
with a torsion angle of 156.7° (CO2 C2i C3). The structure is stabilized through the
intramolecular attraction between N3 and O2 with an interatomic distance shorter than the
sum of the an der Waals radii (2.78). The nitro groups in the trinitromethyl unit arrange
around the carbon atom like a propeller shape. In this way, the intramolecular interactions
are formed between the partially positively charged nitrogen atoms and the ypartiall
negatively charged oxygen atoms, which give the geometry its stgbjty

The scanning eledn microscope (SEM) was used to study the crystal morphology of the
pure NC and the prepared BTNEOx in addition to the prepared propellaB{TNEOx.

Fig. 3 presents the SEM photos of all the studied samples. It is clear that The studied NC
consists of log fibers and after dissolving the NC fibers in acetone and evaporation of the
solvent, the fibers were bonded with each other to form a homogeneous surface taking the
shape of its mold after the casting process (Fig 3 (a/bhp.oxidizer (BTNEOx) has fine
crystals which looks like sheets with small thicknesd&4um), length and width in the
range of hundreds of um (Fig 3 (c)). Photo of the prepared propellaBTWEOX showed

a good homogeneity between the crystals of the oxidizer and the NC fiberghehengstals

of BTNEOXx were plunged between the fibers and formed a homogeneous propellant sample

(Fig3 (d)).

b)NC after drying from the solution

b o Ky
¢)BTNEOXx crystals d)NC-BTNEOXx
Figure 3. SEM of the oxidizer, NC matrix and NBTNEOx.
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TG/DTG thermograms of NC, BTNEOx and NBTNEOX at four different heating rates 2,
4,8and 1 6wer€prasanted in figures 4 and 5. The thermal decomposition of NC
occurred in one sharp step, while the BTNEOx decomposed in many steps; it lost 20% of its
weight in two early thermal decomposition steps (10% in each step) which refessgp

of two nitro groups before the main controlled thermal decomposition process occurred,
which started at 143.8 °C (onset temperature) and ends at 199.9 °C (onset temperature at the

end of decomposition peak) in case of tia?! heating rate.

100 100
90 ﬁ\\ 90 -
= 80 A1 = 80 1
< 70 < 70
2 60 Z 60
=1 ==
Z 50 1 NC g 50 4 BINEOx
g 40 1 ~—2.0 K/min 2 :0 1 —2.0K/min
S 30 { —40 Kmin S 30 —4.0 K/min
20 8.0 K/min 20 A 8.0 K/min
: ~—16.0 K/min s
10 10 A ~——16.0 K/min
0 e 0 —
80 100 120 140 160 180 200 220 240 260 280 40 60 80 100 120 140 160 180 200 220 240 260 280
Temperature (°C) Temperatwre (°C)

100
90 A
80
70 -
60

Mass Remain (%)

50 1 NC-BINEOx
01 —.0Kmin
30 1  —4.0 K/min
20 4 8.0 K/min
10 {4 ~—16.0 K'min

0

40 60 80 100 120 140 160 180 200 220 240 260 280
Temperature (°C)

Figure 4. TG curves of NC, BTNEOx and the propellants sampleBYGIEOx under different
heating rates

The TG thermogram of the prepared propellants samplesB(NEOx) showed a
homogenous controlled one step thermal decomposition reaction with decionposi
temperature values lied between the NC as a matrix and BTNEOx as an oxidizer. The

cor r es p-0cunésarg obtdined from the mass remaining vs. temperature data (see
Fig. 6).
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Figure 5.DTG curves for NC, BTNEOx and NBTNEOx under heatingates of 2, 4, 8 and 16C

The

showed that the max. peak decomposition temperature 8 NEOX lied between that of

min' 1

DTG

of

t he

studi ed

sampl es

at

t h®e

four

NC and BTNEOX. Also it is clear from Fi§.that the two early thermal decomposition steps

of the pure oxidizer BTNEOx were completely disappeared after preparing the propellant

sample, which means that the crystals of the oxidizer were completely coated by the NC

matrix. Furthermore, it might gossible that the oxidizer formed a composite with the NC

binder and the mechanism of decomposition was changed. The decomposition temperatures

obtained from TG curves and DTG peaks of NC, BTNEOx aneBNREOX are listed in

Tablel. It is also clear thatdlonset decomposition temperatures and the initial mass loss

temperatures of all the studied samples increase by increasing the heating rates.
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Figure 6. T h eT curves of NC, BTNEOx and NBTNEOx under heating rates of 2, 4, 8 and 16
°C min !

Table 1.The nonisothermal TG/DTG data for NC, BTNEOx and NBETNEOx

5 TG curves DTG peaks
Material ) Tot Ti Mass Loss Tp Toe
(K.mint)

(°C) (°C) (%) (°C) (°C)
2.0 177.74 182.19 99.74 187.57 198.11
O 4.0 183.02 188.78 99.27 193.69 209.44
< 8.0 191.75 193.85 99.53 199.76 218.54
16.0 192.79 198.34 98.96 207.28 239.68
-% 2.0 143.75 165.58 98.37 186.82 199.86
:E: % 4.0 151.97 177.91 97.68 195.41 204.23
8 g 8.0 164.65 185.07 96.56 203.74 219.56
E 16.0 181.68 200.38 94.88 210.19 238.79
=< 2.0 156.70 164.07 99.32 187.29 198.11
é 4.0 161.89 170.46 99.65 194.61 207.51
'a; 8.0 169.32 179.38 98.72 200.58 220.46
(2) 16.0 176.93 185.25 97.96 208.07 241.88

Note: To: onset temperature of decompositidi: onset temperature of the end decompositignijnitial
thermal decomposition temperaturg;: the peak temperature of mass loss rate; Mass Loss: from initial
temperature to end temperature of DTG peak

109



Thermal Behavior and Decomposition Kinetic BAfNEOx as aHEDO and its Mixture with NC

The effective activation energy was obtained by using the conventional Kissinger method.
This mehod has a disadvantage which is the inability to determine the reaction steps or
discuss the distinct activation energyfEor each f r act i eisothecm@anv er si
TGA technique was used to study the thermal decomposition kinetics where the activation
energies of the samples were calcul atted fro
versus 1/T at the fouselected heating ratéyy applying Kissinger equation (eq. 6). The
effective B of the NC matrix and BTNEOx was 187.5 kJ rhaind 109.4 kJ md
respectively while the effectivesBf the propellants sample NETNEOx was 179.5 kJ mol

1. It means that #hpropellant sample has effective activation energy very close to the pure

NC.

Ozawa and FlyriflWwall independently developed an isoconversional calculation method to
calculate the activation energy &ing nonisothermal data, which is commonly known as

the OFW method39]. The R is determined through a plot of Idgversus 1T at eachU

regardless of the employed model. The effective activation energies of NC matrix were
varied from step to step of conversion with mean value of 182.2 k3. Mioé mean value

of Ea for the BTNEOx wa< 07.9kJ mol. Fig. 7 shows theffective activation energy for

each step of conversion U f-®FTNEGxGuhichddsan x , B
effective & values very close to the NC with mean valug 82.2kJ mot?, which means

that the low effective activation energy of the oxeati has not significant effect on the

decomposition characteristics of the new propellant sample.

210

180 1 A 4 4 4 &
> O
i |
e 150 {
} 120 T " & * * * .
= 90 . NC
= 60 - P ¢ BTNEOx

¥ ® NC-BTNEOx
30

0 0.10.2030405060.708109 1
Fractional conversion (o)

Figure7.Acti vati on energies for each conversion st
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Table 2.Effective activation energies {Hor NC, BTNEOx and the formulatih NGBTNEOXx using
different methods

Effective Activation Energy HkJ mol?)
Samples _
Kissinger OFW KAS
NC 187.5 182.2 184.1
BTNEOX 109.4 107.9 108.3
NC-BTNEOX 179.5 172.2 176.9

The modified KissingérAkahiras Sunose (KAS) method could determine #ivation

energy for each degree of conversion using isoconversional way. Table 2 presents the values
of effective activation energy for the whole samples using different methods. A good
agreement was obtained by comparing the values using OFW methothase which
obtained by using the modified KAS method. The effective activation energy for NC
obtained by using KAS equation was 184.1 kJmaind for the oxidizer BTNEOXx was

108.3 kJ.mot while the new propellant sample had a mean value of effeatitreation

energy equal 176.9 kJ.mblThe kinetic data are presented in Table 3. The mean values of
effective activation energy using OFW and KAS methods were calculated in thelinferva

( U £0.7pas Bommonly suggested in literatik3; 14, 20, 40] due to the large influence

of the experimental conditions specially in case of TG/DTG on the data quality of the process
Atail so. Fig. 8 s h o wsexponentibfacter IA andithe effecivet we e n
activation energy at each step of conversion and the effect of adding the oxidizer BTNEOx
to the NC matrix which improve the normal distribution of the effective activation energy

during each U that gives a homogeneous burn
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Table 3.Kinetic data of NC, BTNEOx and NBTNEOx obtained using the modified KAS method

U NC BTNEOx NC-BTNEOx
reaced Ea logA r Ea logA r Ea logA r
0.1 139.6 | 14.28 | 0.9979| 50.2 | 5.09 | 0.9953| 121.6| 13.15 | 0.9975
0.2 176.9 | 18.61 | 0.9989| 59.9 | 5.83 | 0.9961| 141.3| 14.89 | 0.9986
0.3 183.4 19.35 | 0.9991| 88.9 8.44 | 0.9991| 157.2| 16.57 | 0.9991
0.4 183.7 19.39 | 0.9%8B6 | 101.8| 9.71 | 0.9988| 170.2| 17.87 | 0.9985
0.5 184.2 19.44 | 0.9975| 109.5| 10.42 | 0.9992| 177.0| 18.52 | 0.9989
0.6 184.5 19.55 | 0.9958| 119.7| 11.41 | 0.9967| 186.6| 19.55 | 0.9982
0.7 184.9 | 19.58 | 0.9989| 121.6| 11.55 | 0.9973| 193.6| 20.18 | 0.9986
0.8 187.1 | 19.76 | 0.9991| 118.0| 11.01 | 0.9989| 202.2| 20.92 | 0.9990
0.9 189.2 19.98 | 0.9957| 111.4| 10.13 | 0.9984| 197.9| 20.26 | 0.9986
Mean 184.1 19.45 108.3| 10.31 176.9| 18.53

The thermal behavior of the studied samples was obtainedriy DSIC at heating rate of 5
°C min ! The samples were encapsulated in an aluminum pan and measurements were

performed under comparable conditions for the different samples. The thermogram of NC
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matrix showed one sharp exothermic decomposition peak at 202.3 °C (see Fig. 9). On the
other had BTNEOX curve shows one endothermic melting peak at 104.1 °C and a rounded
form exothermic decomposition peak at 200.6 °C. While the curve eBNTEOX showed

only one welformed exothermic peak at 201C Without any endothermic melting peaks,
which means that the new formula has different behavior compared with the pure oxidizer.
This result indicated that a new composite might be formed during the mixing of the oxidizer
with the NC.

-800

-850 { | NC 202.3
14 900 { |77 ~BINEOx ;
= — - =-NC-BTNE Ox
g _os0 - 5 A
& -1000 - #2006
Q 1050 _ 5 e S
- \ - g
£ 1100 - T Y e
F1150 v-en Losnessemm? e
21200 { 1041
-1250

80 100 120 140 160 180 200 220 240 260 280
Temperature /°C

Figure 9. DSC thermogram for NC, BTNEOx and NETNEOXx at 5.0 K mih ‘heating rate

Table 4. The DSC exothermic peak data using 4&othermal DSC for NC, BTNEOx and NC

BTNEOXx
Material To (°C) To (°C) Te (°C)
NC 180.9 202.3 216.4
BTNEOXx 162.6 200.6 222.3
NC-BTNEOxX 184.5 201.7 218.9

Note: T,: decomposition onset temmagure; T: peak temperature;cTthe end decomposition onset
temperature.

Conclusiors

Bis(2,2,2trinitroethyl)oxalate (BTNEOx) as a high energy dense oxidizer (HEDO) was
successfully prepared and a new propellant formulation based on BTNEOx with NC was
prepared and studied. The SEM photos proved that the BTNEOXx crystals have different
particle sizes in the form of sheets while the photo of BIGIEOX showed a good mixing

of the ingredients. The high speed camera proved that the produced gases durimgrtge bu
process are smokeless. The thermal study proved that BTNEOx was melted at 104.1 °C and

its maximum decomposition peak was 200.6 °C while the prepared propellant had only
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exothermic peak at 201.7 °C. This result proved that a new composite mightriss fo
during the mixing of the oxidizer with the NC. Also the effective activation energy of the
prepared propellant are very close to that of the pure NC. The three different methods used
in this study showed effective activation energy of BTNEOX in thgeaf 107110 kJ mol

Lwhile the prepared propellant was in the range of1I8@kJ mot. The results of the three
methods are compatible with each other. The new oxidizer BTNEOXx has low sensitivities
compared with nitroglycerine and it has decomposikimetics close to that of NC which
means that it could be interesting to replace nitroglycerine in a smokeless double base
propellant and its performance should be studied.
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Investigation of 2,2, 2trinitroethyl -nitrocarbamate as aHigh Energy
DenseOxidizer and its Mixture with Nitrocellulose (Thermal Behavior

and DecompositionK inetics)

Published inJ. Anal Appl. Pyrol2017, 12, 397-404(DOI: 10.10L6/j.jaap2017.09.010Q

Abstract: Thermal behavior and decomposition kinetics of the new interesting high energy
dense oxidizer (HEDO) 2,2{2initroethytnitrocarbamte (TNENC) and its propellant
formulation based on nitrocellulose (NC) as a binder was investigated using nonisothermal
thermogravimetric analyzer (TGA) and differential scanning calorimetry (DSC). TNENC
has been prepared and characterized by nuclear tagesonance (NMR). Xay
diffraction (XRD) was used to study the molecular structure of TNENC. Scanning electron
microscope (SEM) was used to check the homogeneity of the new propellant formulation
(NC-TNENC). The burning behavior of the prepared-WEENC was recorded by high

speed camera to observe the smoke produced. A high specific impes244.46 s) was
obtained from the characteristics calculation of the new propellant formulation by using
EXPLO5_V6.03 software. The kinetic parameters of thdistusamples were determined

by using isoconversional (modigke) methods Kissinger, Ozawa and Flifall (OFW)

and KissingdarAkahira Sunose (KAS). The results proved that TNENC melts at temperature

of 110.5 °C and has a maximum decomposition peak temoperat 166.4 °C, also it has
activation energy in the range of 2086 kJ mof. The prepared NO NENC di dndot s
any endothermic peak and its exothermic peak was at 200.8 °C which means that a composite
might be formed during the chemical mixing of TNEMith NC. The activation energy of

the prepared NONENC was in the range of 171 kJ mof. TNENC required
experimental performance measurements to proof the possibility of replacing the
nitroglycerine in a smokeless double base propellant.

Introducti on

Doublebase propellants (DBP) which are commonly consists of the nitrocellulose (NC) as
a binder plasticized by the nitroglycerine (NG) that is entrapped into the fibers of NC are
considered as a one of the oldest propellant families which was deve®pagsult of the
development of propulsiofi, 2]. Within the time and during storage of the DBP, several
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chemical and physical processes might take place in the propellant grains which included
(the consumption of the stabilizer, migration, evaporaand decomposition of NG, etc.).

These processes cause change in the stability and the performance of propellants and might
cause a selgnition for the propellantd2]. The development in the field of rocket
propellants depends on increasing the energy level of the propellants in addition to solve the
NG decomposition probl ems a4 Sevdradreseasckersr e me |
have studied the possibility of adding some additives such as aluminum or nitramines (HMX,
RDX, etc.) to achieve a composite modifiddublebase propellants (CMDBJM4, 6-9].
Advanced nitramines were prepared and characterized in ordetetonthe the possibility

of their application on the field of energetic materfdl8-12]. Researches nowadays are
focused on the synthesis of a new green saézgetic materials which can replace NG in
double base propellants or ammonium perchlorate (AP) in composite solid rocket propellants
in order to enhance the energetic characteristics, sensitivities and thermal properties. High
energy dense oxidizers (HEIZ) might be used to replace AP in composite propellants.
HEDOSs contain high oxygen content and consist of C, H, N, ande@eeits. 2,2;2
Trinitroethanol (TNE) is one of the most important and suitable starting material with an
oxygen balance (YCO) of 30.9 % and [13s easi |
TNE was the starting material for a large number of compounds which have been synthesized
during the recent studiegl4, 15. 2,2,2trinitroethyknitrocarbamate (TNENC) is an
interesting new HEDO whi ch ha[$4, bheeaxygemr epar
balance of +14.9mpact sensitivity of 10 J and friction sensitivity of 96 N. TNENC has
lower sensitivities than NG and has not been studied in any propellant formulation yet. Also
the investigation of the thermal behavior and decomposition kinetics of the energetic
materids are necessary and important for the research and development to find a suitable
new materials. Usually, thermal analysis is considered the best process to study the thermal
decomposition of energetic materials. The most common thermal analysis testsughe

as thermogravimetric analyzer (TGA), differential thermal analysis (DTA) and differential
scanning calorimetry (DSC) have been used isothermally andatirermally in the study

of the decomposition kineti¢46-25]. The thermal behavior of TNENC has not been studied

yet.

In this work, preparation and characterization of TNENC as a HEDO have been presented.
A propellant formulation (NETNENC) based o NC as a binder and TNENC as an oxidizer

have been prepared. The thermal behavior and decomposition kinetics of the individual NC
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and TNENC in addition to NONENC were studied using TGA and DSC techniques. The
kinetic parameters of the NC, TNENC and ti@ev propellant NETNENC were determined

by using different isoconversional methods for calculation.

Experimental
Nitrocellulose (13.15% Nyvas provided by Nitrochemie Aschau GmbpkEonc. sulfuric

acid, acetonitrile, fuming nitric acid, chlorosulfonyl isacate andethyl acetate were
obtained from Sigm&ldrich. 2,2,2trinitroethanol and2,2,2trinitroethylcarbamate has
beenprepared in our laboratories as reported in[d8, 14]. 2,2,2trinitroethanol (0.76 g,

4.2 mmol) was dissolved in acetonitrile, chlorosulfonyl isocyanate (CSI) (0.64 g, 4.5 mmol)
was added with cautious atO. The mixture was stirred at roonmtperature for 1.5 h, then

the reaction mixture was cooled in an ice bath and water (50 ml) was added slowly. After
stirring for 10 min. at room temperature, the precipitate was filtered to get a colorless 2,2,2
trinitroethylcarbamate. The second step hegby adding 2,2;&initroethylcarbamate

(0.25 g, 1.1 mmol) in small portions with caution &Dinto a mixed acid of conc. sulfuric

acid (1 ml) and fuming nitric acid (99.5%, 1 ml). The solution was stirred for 2 hGaafd

then for another 2 h. ambient temperature. After quenching the mixture irneger (200

ml), extracted with ethyl acetate and then drying over magnesium sulfate. By removing the
solvent and recrystallization from carbon tetrachloride, we get 0.3 g (99 % yield) of 2,2,2
trinitroethyknitrocarbamate.

QAP 0 Q

4 0 JIq NO Q
EE—
N 2 H N8j02
2

(OZN)3CAOH + HNO; / H,S0,

/N

Cl

Scheme 1Preparation of TNENC

NC was dried aB0 °C for three days, then it was dissolved in a sufficient amount of acetone
for 40 minutes at room temperature. TNENC was added in three portitresgolution of

NC for 30 minutes during mixing. In order to keep the viscosity of the mixture the same as
started, a few ml of solvent should be added (in case of increasing viscosity). The prepared
propellant samples were poured in a specific mold aedsblvent was evaporated in a
vacuum oven at 50 £ 2 °C to drive out the entrapped air. The weight percentage of the

prepared samples were 50 wt.% of TNENC and 50 wt.% of NC matrix.
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The burning of the new propellant formulation (NGIENC) which was prepadein the
form of a strand with 200 mm length, 10 mm width and 8 mm thickness from one side (in
openair) showed a smokeless and homogeneous burning. Figure 1 shows the burning

behavior of the new propellant formulation which was recorded by high speethcame

s S G - ¥
TR 1 TR perelS

UM ® | reme SUZS

Figure 1. Burning of the new prepared propellant formulation

The NMR spectra were recorded with a JEOL Eclipse 400 instrument, and the chemical
shifts were determined with respect to the external standargSi ifle, 399.8 MHz;°C,

100.5 MHz)and MeNQ (**N, 28.8 MHz). Specific crystals were selected with a polarization
microscope to be suitable for-tdy crystallography. The measurement was done using an
Oxford XCalibur3 diffractometer. KappaCCD was used as a detector. The measurement was
opemted with MeKgr ad i at i o nA).Dmectmetitod (BIRIY)Avas used to solve the
structure]26]. The result was refined lusing the WINGX software packa@@27]. Finally,

result was checked with the PLATON softw§28]. The morphology of the studied crystals

as well as the homogeneity of the prepared propellant were studied by using SEM (FEI
Helios G3 UC). The thermal decomposition kinetics of the samples were studied using
Thermogravimetric AnalyzePerkinElmer, TGA 4000). The experimental conditions used
are as following: (TG/DTG:113 mg samples were examined at different heating rates of 2,
4, 8 and 16 °C mihin the temperature rangei®D0 °C under a flow of dynamic nitrogen

of 20 ml mint 3. Thethermal behavior was determined by using LINSEIS DFT 10 with
samples of approximately 3 mg placed in an aluminum pan withlagbéncover at a heating

rate of 5 °C mih' in a temperature range of 25 to 400 °C.

The kinetic analysis could be obtainbdaugh the determination of the kinetic triplets which
are the activation energ¥d), preexponential factorA) and kinetic modelf( U) ) . These
three kinetic parameters should be determined for complete description of the kinetics for
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each reaction step. A large number of analytical methods are available nowadays which can
be used to determine the kinetic parameters of distinctgldide reactions evaluation. The
kinetic parameters can be determined either isothermally or nonisothermally by using two
main methods which are: Isoconversional (mddst) and modelitting methodq 29, 30].

The kinetic studies of thermally excited reactions in solids is usually used the following

equation:
dU/=kt( T) f ( U) Q)
Where U is the f ac,tkiTasnhatemperaturesdepersiénorate constant st

and f(U) is the reaction model. The temper a

to obey the Arrhenius expression:
k(T) = Aexp(i E /RT) 2
Where A is the prexponential factor, E is the activaii energy and R is the universal gas
constant. By using the integral form of Eqn. 1 which for isothermal conditions, it becomes:
Q. Y Q] QYo (3)

Where g(U) is the integrated for niculattdat he r e
several temperatures for each reaction model selected, and the Arrhenius parameters can be
evaluated using the Arrhenius equation in its logarithmic form:

Ink(T) = InAi E/RT (4)

In the isoconversional method, it is assumed that the reactidelindEqgn. 1 is independent

of the temperature. For the isothermal conditions, egns. 3 and 4 can be combined to get:
ilntg, 51 n[ A/i &(RT) ] (5)
Where Ecan be obtained from the slope for the plotloty vs. T

The activation energy @t of the exothermic decomposition reaction of the prepared
propell ants samples can be c aétlod(see Egde) by e
[31].

j

- —L (6)

]

Where b i s t heistheRTGipealgtemperdtuee atathatdrateT By plotting of

| n (pd veiBus 1/F, the activation energy can be calculated from the slope of this straight

121



Investigationof TNENC as aHEDO and its Mixture with NC (thermal behavior and decomposition kinetics)

line. Such ragh temperature integral approximation may cause an inaccurate calculated
values of B [32]. More accurate equation was presented according to S{&8hkor Ea

cdculation which is commonly called the KissingAkahiral Sunose (KAS) equatidrd4]:
AE—g D& E i@y 7)
h

Ozawa and Flyrinwall (OFW) used a nonisothermal data and developed an isoconversional
calculation method (commonly referred to as the OFW method), in which taking the

logarithm of he nonisothermal rate law to give the following equafgj:
AL aéESQ & sg; 0— 8)
By substitution usi3683: Doyl eds approxi mati on
& egT_ O—  c®PpUTE UL GX (9)

Then OFW equation can be written as:

AOETQ 0 éEQ— c®puLME LX (10)

Results

TNENC was chacterized byH, 13C and*N NMR spectroscopy in [E) acetone. In théH
spectratheCHgr oup was obser ved)pan whilethe NFbgroe@Bway s, 2
appeared at U = YONMR2as(the appehrande of tieHrinitromettyl
goupat U = 12)3. I m,C@Mm@ G =:NJaAdshe EHgooppmvasd or ( C
observed at)pgpm¥N NMR21s hfovied t he tr iidil% r omet
(C(NO)3) ppm, and the nitrami 5.1 @NNQuWpN Byas o0bs
comparingthe results with the referen¢&4], it was found that the results are nearly the

same.
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Figure 2. X-ray molecular structure for TNENC

Due to the phase transition that was shown at ab6Rt’C, which leads to a micfioacture

of the single crystal thamade a measurement impossible, the data collection of the
compound TNENC had to be performed at higher temperature. So, the data collection was
carried out at 30 °C. Nitrocarbamate moiety of TNENsBows a perfect planarity as shown

by the angles sum @und the C1 and the two nitrogen atoms N1 and N2, where the angle
sum for each is 360°. The N2 bond of the nitramine moiety is 1.373 A, which indicates
the intrinsic of a double bond character, that achieved by the delocalization of the nitrogen
lone par. The carbonyl group shows also a slight shortening (1.182 A). The trinitroethyl
moiety is stabilized by the interactions betweenr® atoms (N3-07, N4--09, N5--06).
TNENC shows two traditional hydrogen bonds, which links the hydrogen that attached
N1 with the two oxygen atoms (©D4). The significantly strongest interaction is between

the carbonyl (O1) and the NH group. The improper hydrogen bond with carbon as donor
(CH---O) can be observed from figure 2. The extensive hydrbgewling betwee the
methylene (CRH2A/B) and adjoining nitro groups may help to explain the good thermal
stability (see Table 114, 39].

Table 1 Hydrogen bond lengths and angles of TNENC

DiH---A Di H H---A D---A DiH---A
N1iH1---O% 0.82 2.015 2.797 159.8
N1iH1---O4 0.82 2.634 3.117 119.3

C2iH2B:--03' 0.992 2.711 3.635 154.1
C2i H2B---O4' 0.992 2.516 3.424 157.2
C2i H2A.--010" 0.992 2.607 3.448 143.9

a)Normalized CH length 0.99 A. Symmetry codes of acceptors moleculps; Yoy, -Y2+z; (i) 1-X, -Ya+y,
1¥%2z; (i) T X, -y, 1-z.
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b. NC after drying from the solution

c. TNENC crystals d. NC-TNENC

Figure 3. SEM of the oxidizer, NC matrix and NCNENC.

SEM results showed that the matrix of NC consists of long fibers which were completely
changed to the form of a sheet after obtaining it from a solution containing acetone as a
solvent, the fibers were bonded to each other and give a homogeneaas stich took

the shape of its mold after the casting process as shown in Fig. 3. Colorless needle crystals
of the TNENC were obtained from the preparation process and after the mixing with NC, a
clear homogeneity was appeared of NC matrix with TNENChasvs in Fig. 3d. The
crystals of the oxidizer and the NC fibers are completely disappeared and mixed together
with a very smooth surface of the prepared samples. This result clarifies the homogeneous

burning process of the propellant as shown in Fig. 1.

TG/DTG thermograms of NC, TNENC and NINENC were recorded at four different
heating rates 2, 4, 8, and 16 K niand were presented in Fig. 4 and Fig. 5. It is clear from

the TG thermograms presented on Fig. 4 that the NC decomposes thermally in one sharp
step, while TNENC showed a controlled thermal decomposition process which was occurred
in one decomposition stephe effect of the TNENC on the thermal decomposition of NC

can be noticed from the TG thermogram of the prepared propellant sampIENENC),

which enhanced the sharp thermal decomposition step of NC to a homogenous controlled
one step thermal decomposition reaction with a slight effect on the thermal decomposition

temperature of the NC.
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Figure 4. TG thermograms of NC and NONENC underifferent heating rates

Also there are small mass loss exist during the heating process and before starting the onset
fast decomposition, this might be due to the evaporation of the residual solvent. At heating
rates 2K min?, the initial decompositiorof NC was at 183.2 °C and the maximum
decomposition peak was at 187.6 °C, which means that a quick decomposition occurred for
NC. In case of NETNENC, the initial decomposition was at 165.1 °C while the maximum
decomposition peak was at 185.4 °C (20 °Gedénce), this result proved that the TNENC
oxidizer acts as a cooler and reduced the decomposition process of NC, also the new
propellant had a different characteristics from both the individual TNENC and NC.

The onset decomposition temperature and thimlimass loss temperature of the studied
samples increase with increasing the heating rates. The DTG thermogram (Fig. 5) of the
studied samples at the four different heating rates showed that the decomposition peak
temperature of NONENC is very closea that of the pure NC, although the oxidizer
TNENC decomposes at lower temperature. Furthermore, a complex might be formed

between the oxidizer and the NC binder which changed the decomposition mechanism.
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Figure 5. DTG curves for NC, TNENC and NCNENC under heating rates of 2, 4, 8 andKL6

min'
Table 2 The nonisothermal TG/DTG data for NC, TNENC and-NIENC
TG curves DTG peaks
Material b_ Tot Ti Mass Loss Tp Toe
(K min?)

(°C) (°C) (%) (°C) (°C)
2.0 179.8 183.2 99.7 187.6 198.1
4.0 186.0 189.8 99.3 193.7 209.4
NG 8.0 193.8 196.9 99.5 199.8 218.5
16.0 195.8 202.3 99.0 207.3 231.7
2.0 117.9 128.8 98.5 139.6 148.3
TNENC 4.0 126.4 139.2 97.4 149.0 160.6
8.0 138.6 146.1 96.6 157.8 174.4
16.0 142.0 154.8 94.2 167.5 198.7
2.0 160.3 165.1 99.2 185.4 199.6
NC- 4.0 171.2 176.8 98.6 192.4 210.3
TNENC 8.0 178.6 181.2 98.0 198.3 227.2
16.0 182.3 185.1 97.5 205.7 236.1

Note: To:: onset temperature of decompositiogs Dnset temperature of the end decompositign; T
initial thermal decomposition temperature;: The peak temperature of mass loss rate; Mass Loss:

from initial temperature to end temperature of DTG peak
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Figure 6. T h eT cUrves of NC and NONENC under hating rates of 2, 4, 8 and 16rHin’ !

Fig. 6 showed h e

vs. temperature data. The results confirm the quick mass loss of the individual NC and the

c or r ersypveswhichrwgre dbtained from the mass remaining

decrease in the rate of the mass loss after mixing of NC with TNENC.

The conventional Kissger method was used to obtain the activation energ¥tke studied

samples. The thermal decomposition kinetics were studied using nonisothermal TGA
technique. The activation energy of the studied samples were calculated by applying

Kissinger equation (g 6)f r o m

t he sl of

op

t he $)versasil/Jht

at the four selected heating rates, where T is the decomposition peak temperature which

obtained from the DTG thermogram (Fig. 6). The activation energy of the NC matrix and

TNENC was 18.5 kJ moft and 106.2 kJ mdirespectively while the activation energy of

the propellants sample NONENC was 181.3 kJ mdl From this result, it is shown that the

propellant sample has a high activation energy value and very close to that of th&€pure N

which give the propellant good stability. Due to the disadvantage of this method which is
the inability to determine the reaction steps or discuss the distinct activation energy for each

fraction conversi on

OFW is an isoconversional calculation method which is independently developed by Ozawa

anot her

(0)

met hods of K i

and FlynriWall to calculate the activation energy Esing nonisothermal dafd(]. The
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activation energy &Hs detemined from the slop of the straight line through a plot offiog
versus 1T at eachJregardless of the employed model. The activation energy for each step
of reaction U shows the thermal decompositi
the activation energy variations for the studied samples from stépp@reaction. The
activation energy of NC was found to be 182.2 kJhfalerage value). Jutier et al stated

that the activation energy of NC depends on the nitrogen content in addition to the source of
the cellulose used for the preparation of M{J]. Juties found that the activation energy of

NC (13.5% nitrogen content) was 184 + 8 kJ hading Ozawa method which is almost the
sameas our measurements (less than 1 % difference). The oxidizer TNENC has a low
activation energy with mean value d®4.1kJ mol?, there is no published value for the
activation energy of TNENC in literature for comparison. The new propellant sample
showedactivation energy with average valueld®.4kJ mot! which is slightly lower than

that of the NC. It means that the effect of TNENC oxidizer on the activation energy of the
new propellant can be neglected and the behavior of the new propellant lod&stsirthiat

of NC.
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Figure7.Acti vation energies for each conversion st

The modified KissingdrAkahira Sunose (KAS) method was used to determine the
activation energy at each degree of conversion. Table 3 present the kinetic parameter values

of the differenstudied samples based on KAS method. The average activation energy value

of NC was 184.1 kJ.md| for the oxidizer TNENC was 105.1 kJ.nfoand the new

propellant sample was 178.9 kJ.nhoThe mean activation energy values using OFW and

KAS methodswere al cul at ed i n t h®7)dseommaenly suggestetlin ( U =
literatureqg 16, 19, 20, 42] due to the large influence of the experimental conditions specially

in case of TG/ DTG on the dat a&xpapental faciodAy of t |
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and the activation energy Eelationship was presented in Fig. 8 at each step ofecsion
where the effect of adding the oxidizer TNENC to the NC matrix improved the normal
di stribution of the activation energy durin

new propellants formula.
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Figure 8. Log A vs E for each conversionstdpU) usi ng. KAS met hod

Table 3 Kinetic data of NC, TNENC and NCNENC obtained using the modified KAS method
U NC TNENC NC-TNENC

reacted Ea logA r Ea logA r Ea logA r
0.1 139.6 | 14.28 | 0.9979| 82.9 8.45 | 0.9968| 126.4 | 12.93 | 0.9984
0.2 176.9 | 18.61 | 0.9989| 864 8.80 | 0.9974| 168.7 | 17.75 | 0.9968
0.3 183.4 | 19.35 | 0.9991| 919 9.36 | 0.9987| 174.6 | 18.43 | 0.9979
0.4 183.7 | 19.39 | 0.9986| 96.9 9.93 | 0.9983| 176.8 | 18.66 | 0.9988
0.5 184.2 | 19.44 | 0.9975| 103.6 | 10.72 | 0.9991| 178.9 | 18.88 | 0.9981
0.6 184.5 | 19.55 | 0.9958| 113.2 | 11.91 | 0.9989 | 181.2 | 19.20 | 0.9990
0.7 184.9 | 19.58 | 0.9989| 119.4 | 12.64 | 0.9978| 183.5 | 19.43 | 0.9973
0.8 187.1 | 19.76 | 0.9991| 118.3 | 12.42 | 0.9985| 184.9 | 19.52 | 0.9982
0.9 189.2 | 19.98 | 0.9957| 121.1 | 12.69 | 0.9974| 186.7 | 19.71 | 0.9967

Mean | 184.1 | 19.45 105.0 | 10.91 178.9 | 18.89

From table 3, it was observed that the activation energy of TNENC slightly increase as the
fractional conversion increase where it reached at 90% conversion to 121.1kJrheol
new propellant has activation energy 126.4 kJrablL0% conversion, thenckear increase
in the activation energy observed at 20% conversion (38 kinwkase in the activation

energy) accompanied by a balanced slight increase in the activation energy until the end of
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the conversion. This result might be due to the presgfresidue of the solvent which affect

the activation energy of the propellant at the beginning of the conversion, then a stable
increase started from 20% conversion until the end of the conversion. The same trend
observed for NC, which could be due te game reason. The presence of the new oxidizer
with the NC caused slight decrease of the activation energy of NC but in the same trend. It
is also known that the decomposition of composite explosives is a complex process and the
variation of the activatio energies of NONENC and the individual materials could be also

due to the possible effect of the complexity of decomposition.

In order to compare the results obtained by the three different methods, the values of
activation energy of all the studied gales were presented in table 4. A good agreement
was observed between the results obtained by OFW method and those obtained by KAS
method with maximum difference of 1.5%, while the maximum difference between the
results obtained by OFW and those obtaing&issinger was 3%. It means that the results

of the three methods are close to each other and the activation energy of the new propellant
NC-TNENC is in the range of 176 to 182 kJ nhwlth respect to the different methods and

the researchers can depemdtioese results in the future.

Table 4. Activation energies (£ for NC, TNENC and the formulation NCNENC using different

methods
Activation Energy &(kJ molt)
Sample _
Kissinger OFW KAS
NC 187.5 182.2 184.1
TNENC 106.2 104.1 105.1
NC-TNENC 181.3 176.4 178.9

DSC was used to obtain the thermal behavior of the studied samples at heating kate of 5
min'  The samples were encapsulated in an aluminum pan with-lolgincover and
measurements were performed under comparable conditions for the tgtargies. In fig.

9 the thermogram of NC matrix showed one exothermic decomposition peak at 202.3 °C.
On the other hand TNENC curve shows an endothermic melting peak at 110.5 °C and
decomposed with an exothermic peak at 166.4 °C. While the curve-0TNEBIC showed

only one exothermic peak at 200.8 °C without any endothermic melting peaks, which means
that the new propellant formula has different thermal behavior compared with the pure

oxidizer. This result indicated that a new complex might be formedgltirenmixing of the
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oxidizer with the NC. Brodman et al stated that NC makes a chemical complex by mixing
with RDX or HMX which was discussed in their US pat¢a8], al so a ° c
intermediate was formed between diphenyl amine (DPA) and NC due to the higcicsd

intensity possessed by the propellant compositjn Sovizi et al[44] stated that the
decomposition parameters might be affected by the particle size of NC and the maximum
decomposition peak temperature decreases as the patrticle size of NC decreases. He proved
that the maximum peak decomposition temperaturd@baNC at leating rate of 5 Knin' *

was 201.8 °C which is very close to our result at the same heating rate (202.3 °C).
Pourmortazavi et al studied the effect of nitrogen content of NC on its decompp4Hjion

he proved that the decomposition peak temperature decreases as the nitrogen content
increases. The results of DSC proved that the thermal behavior of the new prepared oxidizer
TNENC has been changed completely due to its mixing with NC which proof the advantage
of using TNENC as oxidizer with NC.
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Figure 9. DSC thermogram for NC, TNENC amdC-TNENC at 5.0K min' *heating rate

Table 5 The DSC data using neésothermal DSC for NC, TNENC and NLNENC

Exothermic peak Endothermic peak
Sample
To (°C) Tp (°C) Te(°C) | Teo(°C) | Tep(°C)
NC 180.9 202.3 216.4
TNENC 151.6 166.4 174.3 108.7 110.5
NC-TNENC 1914 200.8 211.3 --- ---

Note: To: decomposition onset temperaturg; Becomposition peak temperature; the end
decomposition onset temperaturgs Tnelting onset temperaturessTmelting peak temperature
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Conclusiors

2,2, 2trinitroethyknitrocartamate (TNENC) is a new interesting high energy dense oxidizer
(HEDO) which can be easily and safely prepared as a powder by comparing with the
dangerous liquid NG. A new propellant formula based on TNENC with NC was prepared.
The SEM photos proved that tb&idizer TNENC had a good homogeneous mixing with

NC. The high speed camera proved that burning process of the new propellant formula was
smokeless. The thermal study proved that the TNENC has melting peak at 110.5 °C and has
a maximum decomposition petdmperature of 1&4 °C at heating rate 5 Kin?, while

the prepared propellant has higher maximum decomposition peak temperature at 200.8 °C
without any melting peak. This result proved that a new composite might be formed during
the mixing process, algbe activation energy of the prepared propellant was very close to
that of the NC. The kinetic study by the different three methods showed activation energy of
TNENC in the range of 16406 + 0.2 kJ mot, while the prepared propellant showed a
higher adtation energy values in the range of 1T7&lL + 0.3 kJ mol. The new oxidizer
TNENC has a much lower sensitivity than NG in addition to the high specific impuise (|
244.46 s) of its propellant composition (NDIENC) calculated by EXPLO5_V6.03
softwarewhich means that it could be used to replace the NG in the smokeless double base

propellant and its performance should be studied experimentally.
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Abstract: A new green propellant formulatioraked on the higknergy dense oxidizer
(HEDO) 2,2,2trinitroethyl formate (TNEF) and nitrocellulose (NC) was prepared and
thermally investigated using nasothermal thermogravimetric analysis (TGA) and
differentialscanning calorimetry (DSC). Scanning &lmamicroscopy (SEM) was used to
check the crystals of the oxidizer and the homogeneity of the new propellant formulation
(NC-TNEF). The burning behavior of NCNEF was recorded by higépeed camera to
observe the smoke produced. A high specific impulse 267.4 s) was obtained from the
characteristics calculation of the new propellant formulation by using EXPLO5_V6.03
software. The NETNEF mixture did not show any endothermic peak and its exothermic
peak was at 204.6 °C, which means that acomposite iméglormed. The activation energy

of the NGTNEF was in the range of 18490 kJ mof. NC-TNEF has a higher performance
and a lower hazard compared with the douiaee propellant.

Introduction
Solid propellants have a wide range of applications indalctiockets, space launcher
boosters and even amateur hobby rocked]. Solid rocket propellants divided into two

categories: homogenous (doublase) propedints and heterogeneous (composite)
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propellants. Doubldase propellants (DBP) which are commonly consists of the
nitrocellulose (NC) as a binder plasticized by the nitroglycerine (NG) are considered as a
one of the oldest solid propellant families whichswdeveloped as a result of the
development of propulsiofiL0]. Within the time and during storage of the DBP, several
physical and chemical processes take place in the propellant grains which included (the
consumption of the stabilizer, migration, evaporation and decongosit NG, etc.). The
stability and the performance of propellants were affected and changed due to these
processes and might cause a-ggiition for the propellant§11]. The researchers are
working on solving the NG decomposi[l2f on pr
13]. The possibility of addition of some additives such as aluminum or nitramines (RDX,
HMX, etc.) was studiefil4-17]. Researches nowadays are focusethe synthesis of new
green safe energetic materials that can replace NG in DBP to overcome thesatiened
problems, and to enhance the energetic charactefis8c%9]. 2,2,2Trinitroethanol (TNE)

which is easily synthesized through a Henry readiifh, is one of the interesting starting
material for preparation of large number of compoufl§. 2,2,2trinitroethyl formate
(TNEF) is an interesting HEDO4t was firstly prepared in 19622], recently it vas
synthesized by other method3, 24]. It has been sed in various energy materifs, 26|.

't has o0xyg ed kIl % nnspact serfsitivity 6f 5 dd friction sensitivity

of 96 N[24]. TNEF has lower sensitivities, higher density and oxygen balance than NG and
has not been studied in any propellant formulation yet.

In addition, the investigation of the thernmta@havior and decomposition kinetics of the
energetic materials are necessary to find suitable new materials. The most common thermal
analysis technigues such as thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) have been usedstody the decomposition kines of many energetic
material§27-35]. Although TNEF is a new interesting HEDO, but it has not been thermally
studied yet. i this work, synthesis and characterization of TNEF have been presented. A
propellant formulation (NE&TNEF) have been prepared. The thermal behavior and
decomposition kinetics of the individual NC and TNEF in addition to TNNEF were
studied using TGA andSC techniques. The kinetic parameters of the samples were

determined by using different isoconversional methods for calculation.

C(NOy)3
3 HOC(NOL)s + CHCI, anhydrous FeCly ko
-3 HCI
(OQN)3C/\O)\O/\C(N02)3

Schemel. Synthesis of TNEF
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Experimental

TNEF has been successfully synthesized from TNEchtoroform by using anhydrous Iron
trichloride as a catalyst. It was characterized'dy *C, and?*N NMR and FTIR and
compared with the referend@4]. The results showed highly synthesized purity of the
TNEF. NC (13.15% N) was provided by Nitrochemie AscliambH.Dried NC (at 60 °C

for three days) was dissolved in a sufficient amount of acetone for 40 minutes at room
temperature. TNEF was added in three portions to the solution of NC for 30 minutes during
mixing (150 rpm). Because of the acetone high Vdlgtiew ml of acetone should be added
during the mixing process to keep the viscosity of the mixture at the same level. The prepared
propellant samples were poured in a specific mold and the solvent was evaporated in a
vacuum oven at 50 £2 °C to drivetatlhe entrapped air. The weight percentage of the

prepared samples were 50 wt.% of TNEF and 50 wt.% of NC matrix.

b)NC fibers sheet

¢)TNEF crystals dNC-TNEF

Figure 1. SEM of the oxidizer, NC and the new formulation (NREF).

Results

SEM results showed that the long fibers of NC were changetietsheet form after
recrystallization from acetone solution. The fibers were bonded together and were formed a
homogeneous surface that took the shape of its mold after the casting process as shown in
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Fig. 1b. Colorless hexagonal rods {800 um length ash 30 pum thickness) crystals of the
TNEF were obtained from the preparation process (Fig. 1c). Fig. 1d shows a clear
homogeneity of NC matrix with TNEF in the prepared propellant sample. The crystals of the
oxidizer and the NC fibers are mixed together vaittmooth colorless surface. This result

may clarifies the homogeneous and smokeless burning process of the propellant recorded by

high-speed camera as shown in Fig. 2.

Figure 2. Burning of the repared formulation

TG/DTG thermograms of NOCNEF under far different heating rates 2, 8, and 16 Knin’

! was presented iRig. 3. The thermal decomposition of NC occurs in one sharp step, while
the TNEF has a higher decomposition temperature than NC matrixs(ggmrting
information). The TG/DTG thermogramfdhe NGTNEF showed a controlled orstep
thermal decomposition reaction with higher decomposition temperature than pure NC, which
improves the thermal decomposition temperature of the new smokeless propellants
compared to NC. The characteristic paransetdrNC, TNEF and NEITNEF are listed in

Table 1shows the effect of increasing the heating rate on the theehavior of the studied
sample Conventional Kissinger method was applied to calculate the kinetic parameters (see
supporting information). Thectivation energies of NC, TNEF and NKINEF were 187.5,

198.4 and 190.7 kJ mbrespectively.
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Table 1.Characteristic parameters of the TG/DTG of NC, TNEF andNEEF

o TG curves DTG peaks
Material % mass
(Kmin?) | Tl (C) | T (C) T (°C) | Toe! (°C)
loss!”

2.0 179.74 183.19 99.74 187.57 198.81
O 4.0 186.02 189.78 99.27 193.69 212.44
< 8.0 193.75 196.85 99.53 199.76 220.54
16.0 195.79 202.34 98.96 207.28 239.68
2.0 168.66 180.37 99.62 196.87 203.46
ﬁ 4.0 174.27 187.41 99.14 203.46 218.57
E 8.0 181.11 194.16 98.53 209.78 231.28
16.0 187.96 201.75 97.98 216.21 246.94
2.0 179.81 188.04 99.13 191.69 201.52
; 4.0 192.29 195.63 98.75 198.27 214.68
'L_-) 8.0 199.53 202.71 98.09 205.08 225.35
< 16.0 204.01 208.32 97.36 211.21 241.87

[a] heating rate. [b] onset temperature of decomposition. [c] onset temperature of the end
decomposition. [d] initial thermal decomposition temperature. [e] theteegkerature of mass loss
rate. [f] from initial temperature to end temperature of DTG peak

100 -0
90 -
< 80 108
< - s
- 7 F-20 ¢
Z 60 a1 : -
= z0 4 NC-TNEF L | L _30 =0
& S0 gl _ —f— 30 :%l
40 4 —2.0 K/min ~ Hl Fec =
Z 30 { —4.0 K/min \ s
= = i 2 <
20 8.0 K/min L 208
10 4 =—16.0 K/min
R
0 T T T T T T - ‘IN ﬁ' _60

80 100 120 140 160 180 200 220 24
Temperature (°C)

260 280

Figure 3. TG/DTG thermogram of the new formulation

Also, Ozawa and Flyritwall (OFW) developed an isoconversional calculation method to
calculate the activatioanergy (E) at each fraction conversiob)(using nonisothermal data
[36]. The & of NC is varied from step to step of conversion with mean value of 182.2 kJ
mol?, while TNEF showed a higher value of activation energy with mean value of 192.6 kJ
mol™. Fig. 4shows the activation energy at each step of convetfimrthe studied samples.
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DSC was used to determine the thermal bemafithe studied samples at 5nkin' ! Fig. 5

OFW met

shows one exothermic decomposition peak at 202.3 °C for the NC matrix. Otherwige, TNE

shows a small endothermic melting peak at 126.7 °C and an exothermic decomposed peak

at 210.2 °C. Which are very close to the value of melting temperature (127.6 °C) that
determined by Hilet al[22]. NC-TNEF showed only one exothermic peak at 204.6 °C. This
result indicates that a new homogenous hydrdgerded complex of nitrocellulose and the

oxidizer might be formed as a result of the diss@vof NC and the oxidizer in a selected

solvent, followed by the evaporation of the solvent. Brodman et al stated that NC makes a

chemical comm@x by mixing it with RDX or HMX[37],a| s 0o a

compl

formed between diphenyl amine and NC due to the highré®ieal intensity possesséy

ex int

the propellant compositiof88]. Sovizi et al[39] stated that the decomposition parameters

might be affected by the particle size of NC and the maximum decomposition peak

temperature of micedC at 5 °C mih ‘was 201.8 °C, which is very close to our result at the

same heating rate. The results of DSC proved that the thermal behavior of TNEF has been

changed completely due to its mixing with NC, which proof the advantage of using TNEF

as oxidizer with NC.
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Figure 5. DSC thermogram of the studied samples at heating rate of 5°-K min
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The impact and friction sensitivities of TNEF have values of 5 J and 96 N respectively at
50% probability of initiation. These results proved that TNEF has low sensitivity cothpare
with NG. Moreover, the specific impulse calculated by EXPLO5 V_6.03 of the prepared
NC-TNEF is 257.4 s that is much higher than the traditional DBP based on NC and NG.
These results proved that replacement of NG by TNEF leads to decrease the hazard of th

DBP and increase the specific impulse.

Conclusiors

2,2, 2trinitroethyl formate is ainteresting HEDO that can be easily prepared as a powder
and easier to handle thdre dangerous liquid NG. A new propellant formula based on TNEF
with NC was prepared’he SEM photos proved a good homogeneous mixing of TNEF with
NC. A smokeless homogenous burning processreesrdedvith ahigh-speed camera. The
thermal study proved that the prepared propellardINEEF has a maximum decompaosition
peak temperature a02.6 °C, which is higher thahat of NC. The results protkat a new
composite might be formed during the mixing process. The kinetic study shibeed
activation enegy of TNEF in the range of 193 1®8 + 0.4 kJ mot, while it was 185 td 91

+ 0.4 kJ nol! for NC-TNEF propellant. The new oxidizer TNEF has a much lower
sensitivity than NG in addition to the high specific impulse of its propellant composition.
These results confirm that TNEF could be used to replace the NG in the smokeless double
base prpellant and its performance should be studied experimentally.
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Supporting Information

1. Chemicals

Nitrocellulose (13.15% Nwas provided by Nitrochemie Aschau GmbH., Chloroform,
anhydras iron(lll) chloride and diethyl ether, which were obtained from Siéidaich;

2,2, 2trinitroethanol (TNE) which was prepared in our laboratories (AK Klapdtke).

2. Experimental Techniques

The NMR spectra of TNEF were recorded with a JEOL Eclipse 400 ety and the
chemical shifts were determined with respect to the external standards Me4Si (1H, 399.8
MHz; 13C, 100.5 MHz) and MeNO2 (14N, 28.8 MHz).

The IR spectra were recorded by a Pdarkimer Spectrum FTIR spectrometer equipped
with a Smiths DuraSamift 1l attenuated total reflectance (ATR) device. The spectra was
obtained at ambient temperature.

Determination of sensitivities to different stimuli was studied; impact sensitivity (IS) was
performed by BAM falling hammer test (T 316 SS) according to SAGM489 32. and the
friction sensitivity (FS) was measured by a BAM friction tester (ODG 632 GmbH) according
to STANAG 4487 33.

The thermal decomposition kinetics of the samples were studied using Thermogravimetric
Analyzer (PerkirEImer, TGA 4000). The goerimental conditions which were used are as
following: (TG/DTG: Il 3 mg samples were examined at differerdatimg rates of 2, 4, 8

and 16 K mirt in the temperature rangei3D0°C under a flow of dynamic nitrogen of 20

ml min' . The melting and decomgtien points were measured with LINSEIS DE€T10

with samples of approximately 3 mg placed in an aluminum pan with-lagb#cover at a
heating rate of 5 Knin'! in a temperature range of 25 to 400 °C.

EXPLOS5 thermodynamic code version_6.03 has beed teseletermine the combustion
characteristics of the new propellant, NGBIEF. The combustion conditions are based on
the ideal gas equation of state with under isobaric combustion with combustion chamber

pressure of 70 atm. The specific impulse of the gltapt was recorded.
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3. TG/DTG Thermograms of NC and TNEF
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4. Kinetic Analysis

The kinetic triplets which are the activation energy),( preexponential factorA) and
kinetic model{{ U) ) represent the kinetic dneted ysi s.
these three kinetic parameters should be determined for each reaction step. Nowadays, a
large number of analytical methods that can be used to determine the kinetic parameters of
distinct solidphase reactions evaluation are available. The kinmi@ameters can be
determined either isothermally or nonisothermally by using two main methods which are:

Isoconversional (moddtee) and modelitting methods.
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Calculation of theActivation Energy:

The activation energy @t of the exothermic decoropition reaction of the prepared

propell ants samples can be calcul ated by ea
oM QI Tj"y
Y Qpj Y

Where b i s t heistheRTGipealgtemperdtuee atathatdrateT By plotting of
In(b /pT versus 1/F, the activation energy can be calculated from the slope of this straight

line.

Ozawa and FlyrinVall (OFW) used a nonisothermal data and developed an isoconversional
calculation method (commonly referred to as the OFW method), in whikihgt the
|l ogarithm of the nonisother mal rate | aw an

give the following equation.

00 ()]
aErQ o S_f?I_Y ¢ pumd U,—&"Y
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Environmentally Safe (Chlorine-Free): New Green Propellant

Formulation Based on 2,2, 2trinitroethytformate and HTPB
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Abstract: A new green (chlorinéree) high energy dense oxidizer (HEDO) 2;2,2
trinitroethytformate (TNEF) and its propant formulation based on the hydroxyl
terminated polybutadiene (HTPB) as a binder was prepared and studied. The new oxidizer
TNEF was successfully prepared and characterized by nuclear magnetic resonance (NMR)
and FTIR spectrometer. Scanning electronrasicopy (SEM) was used to check the crystal

mor phol ogy of the oxi disz250.1s)was dbiaigeld fromphe ci y c
characteristics calculation of the new oxidizer insteadsof (156.9 s) for the commonly

used ammonium perchlorate (AP)using EXPLO5_V6.03 software. The burning behavior

and the burning rate were determined by using a high speed camera. TNEF and the propellant
formulations were studied by using nonisothermal thermogravimetric analysis (TGA) and

the kinetic parameters ofdhstudied samples were determined by using isoconversional
(modelf r ee) met hods i Ki sisMalh(QFMV) and Kissirgérikahisan d  F | y
Sunose (KAS)O0. The results proved that the
have chlorineéfree decompsition products and have higher performance characteristics than

the traditional propellants.
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Introduction

Due to the large merits of high compatibility, low viscosity and the superior mechanical
properties, hydroxyterminated polybutadiene (HTPB) bewa one of the most commonly
used polymeric binders in several fields specially in the field of composite solid rocket
propellantq 1]. For the simplicity, reliability and lower propulsion system cost of the solid
propellants, they have immense range of applications in tactical rockets, subnaeeade
ballistic missiles, sapce launcher boosters and even amateur hobby rdékeds These
propellants are composedapolymeric matrix that loaded with a solid powder oxidizer and
possibly of a metal powder which plays the role of a secondary fuel component. Despite of
its smoke combustion and toxic gaseous products, still ammonium perchlorate (AP) is the
most widely $ed oxidizer for composite solid propellapdss].

Composite solid propellants that based on AP and HTPB are well known for their good
performance characteristi@and relatively low cost of manufacturing, but their limitations
regarding toxicity and environmental impact are also well documented. Perchlorate
contamination is becoming a more widespread concern in many countries all over the world
[7-12]. At high concentrations, perchlorate can affect thyroid gland functions. Away from
influencing the thyroid activity in humans, AP produce large amount of hydrochloric acid
(HCI) during its combustion. Future propellants should not have such major hazards that
cause diverse harmful to the crew or ground handling personnel. Green propellant
formulations (chlorindree) would highly reduce the risks of toxicity, operational handling
complexity, spacecraft contamination, and environmental contamination hazardous.

Many researchers are working on solving the toxicity problems of AP without affecting the
propellant performanded 3. To achieve this target, numerous researches have been studied
based on adding some additives such as metals or nitramines (RDX, HMX144t§).
Several groups worlde have intensively investigated other compounds to substitute AP
to overcome its toxicity problems and to enhance the energetic characteristit¢sjittessi

and thermal propertigd9-21]. These compounds are based on orthocarbonates, tetrazoles,
carbamates, nitroarbamates, fonates, pyrazoles and triazo[@2-24]. Henryet al[25] has
synthesized 2,2;Zrinitroethand (TNE), which is important and suitable starting material

for a numerous compounds which have been sgi#beé during the recent studigzg].

2,2, 2trinitroethytHformate (TNEF) is a new interesting high energy dense oxidizer (HEDO)
that has density of 1.81gcin oxy gen b az ol I0d &, irophact Sensitv/idy of

5 J and frictiorsensitivity of 96 N 27].
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TNEF is a chlorindree HEDO, which might have high performance and has not been
studied in any propellant formulation yet. Moreover, studying of the thesetavior and
kinetics of reaction for the new energetic materials are essential to findlsuitew
applicable applicationf28-36]. In this paper, preparation and characterization of TNEF
were presented. Propellant formulations based on HTPB as a binder and TNEF and AP as
oxidizers have been prepared. EXPLO5 V_6.03 basn used to study the burning
characteristics and decomposition products of the samples. The burning rate of the
propellants was measured. The thermal behavior and decomposition kinetics of the
individual HTPB and TNEF in addition to the two propellantalations were studied

using TGA technique. Different isoconversional methods for calculation were applied to

determine the kinetic parameters of the HTPB, TNEF and the new propellant formulations.

Experimental

Hydroxyl-terminated polybutadiene (HTPB;45M of ARCO Co.) as a prpolymer with a
hydroxyl content of 0.84 meq’ghexamethylene diisocyanate (HMDI) as a curing agent
with an NCO equivalence value of 11.83 mélgchloroform, anhydrous iron (I1l) chloride

and diethyl ether, which were obtainfdm SigmaAldrich; 2,2,2trinitroethanol (TNE)

which was prepared in our laboratories (AK Klapdtke).

The synthesis of the aiand moisturesensitive materials were done in an inert atmosphere
of dry nitrogen using Schlenk techniqy&3]. The chloroform was freshly distilled prior to

use. 2,2,2trinitroethanol (10 g, 56.0 mmol) was dissolveddry chloroform (20 mL),
anhydrous iron(lll) chloride (0.8 g, 4.92 mmol) was added under careful exclusion of
moisture. The mixture was heated under reflux at 85 °C for 5 days. After cooling, the content
of reaction was poured into diethyl ether (100 mleEther solution was washed with cold
water (3 x 100 mL) and dried over magnesium sulfate. After removing the solvent, a creamy
coloured crude product was obtained, which was recrystallized from dichloromethane to
yield 7.6 g (74% yield) of colorless ctgds of 2,2, 2trinitroethylformate.

The preparation process is based on mixing of the oxidizer (TNEF, 80 wt. %) with the pre
polymer (HTPB) in a 200 mL vertical mixer for 40 minutes at 40 °C under vacuum to drive
out entrapped air. Then, the curative (HNlldas added at 55 °C. Mixing process remained

for another 30 minutes. Finally, the prepared propellant samples were put in a specific mold
and were cured in a vacuum oven at6D°C for seven days. The weight percentage of the
binder system was 20 wt..%he AP/HTPB formulation was prepared by the same method.
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The NMR spectra were recorded for TNEF by a JEOL Eclipse 400 instrument, and the
chemical shifts were determined with respect to the external standar@s (¢ 399.8

MHz; 13C, 100.5 MHz) and Me®; (**N, 28.8 MHz). Elemental analysis of C, H, N were
performed with an Elementar Vario EL Analysis. The IR spectra were recorded at ambient
temperature by a Perkiglmer Spectrum BXTIR spectrometer equipped with a Smiths
DuraSamplIR 1l attenuated totadflectance (ATR) device. Determination of sensitivities to
different stimuli was studied by BAM falling hammer test to determine the impact sensitivity
(IS) according to STANAG 4488] and BAM friction tester (ODG 632 GmbH) for the
determination of the friction sensitiyi{FS) according to STANAG 44889]. EXPLO5
thermodynamic code ver$i06.03 has been used to determine the combustion
characteristics of the propellant samples. The combustion conditions are based on the ideal
gas equation of state with 70 atm combustion chamber pressure and under isobaric
combustion. The specific impulsétbe propellant samples were recorded. The burning rate

of the studied propellants was mea&suby using a higispeed camerfg0]. Modd (visario

g2 1500) with frame measurements (1.000 fps). The propellant samples were prepared in the
form of cylinders with dimension of 100 mm length and 8 mm diameter and the burning rate
was measured at atmospheric pressure (0.1 MPa). Each sample agasatidriple times

and the mean value was recorded (with max. error 2.8%). Thermogravimetric Analysis
(PerkinElmer, TGA 4000) was used to study the thermal decomposition kinetics of the
samples under the following experimental conditions: (TG/DT@& thg samples were
examined at different heating rates of 1, 3, 5 and 7 K!imnthe temperature rangei&D0

°C under nitrogen flow of 20 ml mir).

Results

The characteristics calculations of TNEF as a new greendngtgy dense oxidizer and
TNEF/HTPB propellants formulation that have been tested by using EXPLO5 V_6.03
thermodynamic code showed interesting results comparing with that of ARPARd PB.

Fig. 1shows the calculated mole percentage of reaction gaseous products at the nozzle exit
for the most common AP/HTPB propellant formulation and the new green TNEF/HTPB
propellant formulation. It is clear that AP/HTPB produce more than 15%hg&iochloric

acid (HClg) during the burning process. On the other hand, the new green propellant
formulation TNEF/HTPB has no H(g)in the burning gaseous products. In addition, TNEF

has specific impulseq¥ 250.1 s) and characteristic exhaust véjoe’ = 1408 m ) which
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are higher than that of APs(# 156.9 s) and (C= 947 m &). Moreover the new green
propellant formulation TNEF/HTPB has also higher values of specific impylse2@1.5
s) and characteristic exhaust velocity €£1425 m $) than the values of AP/HTPBs@&
228.2 s) and (C= 1404 m 3) respectively.

B AP/HTPB

m TNEF/HTPB

CO,(g) H,O(g) N.(g) CO(g) H.(g) HClI(g)

Figure 1. Reaction gaseous products at nozzle. exit

TNEF was prepared as discussed in the experimental part, with a yield of 74%. The obtained
crystals were colorless an&Bl was used to study its crystal morphology. Hexagonal rods
crystals with sharp edges were observed having approximate dimensieBQff jdth length

and 30 um thickness as shownHig. 2. The crystals have smooth surface without cracks,
while the sharp egbs might affect the sensitivity characteristics of TNEF. The impact
sensitivity was measured and found to be 5.4 J (50% probability of initiation) which is

slightly higher than the traditional explosive RDX, while the friction sensitivity was 106 N.

Figure 2. SEM of 2,2, 2trinitroethykormate

Results of the elemental analysis of TNEF in addition to the NMR spectroscopy and IR
spectra are presented in the supplementary information (ESBHrdicg to the combustion
theory[41]], the decomposed gases diffusion process of the AP particles and the surrounding
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HTPB at burning surface controls the combustion médePdHTPB composite propellants
[42-45]. The decomposed gases from the decomposition process of erthdres and the

HTPB binder react to produce heat on and above the burning surface. The HTPB binder as
a fuel and the AP particles as an oxidizer diffuse and mix above the burning surface to form
diffusional premixed flame (Diffusion zone) and producaficombustion products such as

COp, H20, Np, CO, K and HCI. The conductive heat feedback from the burning surface
increase the temperature in the condensed phase from the initial propellant tempegjature (T
to the burning surface temperature)(Trhen,increasing of the temperature occurs in the

gas phase due to the exothermic reaction over the burning surface and reaches the final

combustion temperature d)l(seeFig. 3.

| Diffusion
zone

<> «——
/ : Reaction Flame zone
//. i ZONE

Propellant

<—— Burning surface

Figure 3. Combustion wave structure of an AP composite propeWtit

The burning of the prepared samples (TNEF/HTPB and AP/HTP8)esth a uniform
cigarette burning as shown Kig.4. The combustion process of the studied samples are
controlled by the diffusion process of the decomposed gases of the oxidizer particles and the
surrounding binder at the burning surface of the propellédig.zone (diffusion zone) is just

above the burning surface and it seems to be dark where a series of degradation reactions
occurs rapidly. It is clear that the diffusion zones of the two propellant formulations have
almost the same thickness, which gate that the new oxidizer (TNEF) is also diffuse in

the HTPB matrix during the first burning stage of the new propellant formula. The
decomposed gases reacted (oxidation reaction occurred) and produced heat above the
burning surface. This zone is the réac zone where a highly illuminated zone appeared as

shown inFig. 4.

152



Environmentally Safe (ChlorirBree): New Green Propellant Formulation Based on TNEF and HTPB

Reaction zone
Reaction zone

Diffusion zone Diffusion zone

TNEF/HTPB

Figure 4. Burning behavior of the propellant samples

The thickness of the reaction zone of the new propellant formula is more than twice that of
the traditional propellant formuland the intensity of brightness is higher. It means that the
reaction between the fuel HTPB and the oxidizer TNEF is vigorous reaction. This may
clarify the higher performance characteristics of the new propellant formulation than that of
the traditional ae. The final combustion products are formed above the reaction zone where
thermal equilibrium of the combustion products happened, and this zone is known by the
flame zone. The thickness of the flame zone of AP/HTPB propellant is more than that of the
TNEF/HTPB. This result might be due to the high amount of gaseous products produced
over the reaction zone during the combustion of AP/HTPB compared with that of
TNEF/HTPB propellant in addition to the presence of §J@s a main gaseous product in
case ofthie AP/HTPB burning which increase the flame zone with smoke ofddCL

The burning rate of TNEF/HTPB and AP/HTPB was measured by usingpegd camera

as discussed in the experimental part. It was found that the burning rate of AP/HTPB
propellant is 2.70mm s!, while the burning rate of the new propellant formulation
TNEF/HTPB is 2.86 mm % These results proved that TNEF/HTPB is a promising
propellant formulation, which has higher burning rate than the traditional propellant
AP/HTPB and the calculatedurning characteristics are also high@s a result, the
decomposition kinetics of the two formulations was studied using thermal analysis
technique. TG curves of TNEF, HTPB, TNEF/HTPB and AP/HTPB under four different
heating rates 1, 3, 5, and 7 K miwere presented in Fig. 5. It is shown that a single
decomposition step has been observed for TNEF that starts at 188.8 °C (onset temperature)
and ends at 217.8 °C (onset temperature at the end of decomposition peak) in case of 5 K
min?! heating rate.
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Figure 5. TGA thermograms of the studied samples

HTPB decomposes on two stages starts at 330.0 °C for the first stage with mass loss ratio of
15% and at 441.3 °C for the second decomposition stage with final mass loss of about 97%,
which means thatTPB can almost decompose to gaseous products completely. The new
green propellants formulation showed a controlled homogenous one thermal decomposition
step starts at 169.5 °C in case of 5 K triieating rate, which can be the slow decomposition

of TNEF that release large amount of heat, which leads to accelerate the thermal
decomposition process of HTPB.

In addition, produce few gaseous products that cannot be released quickly. The reaction
between these entrapped gaseous products release large ambeat, afhich leads to
accelerate the thermal decomposition process. TG thermogram of the AP/HTPB propellants
showed two thermal decomposition stages that starts at 194.1 °C for the first stage. In the
second stage, many kinds of oxidizing gases are gedeaad the thermal decomposition
process accelerates due étease of large amount of he@he characteristic parameters of

the TG curves and DTG peaks of the studied samples are listalan1 which shows that

the onset decomposition temperature #ralinitial mass loss temperature of the samples
increased with increasing the heating rates. It is also obvious that the thermal decomposition
reaction process of the common propellant formula that based on AP is more complicated
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than that of the new ppellant formula, which is based on the new green-biggrgy dense
oxidizer. It is clear that the decomposition temperature of the new propellant is lower than

the traditional propellant (AP/HTBEt each studied heating rate.

Table 1.TG/DTG data of th&@ NEF, HTPB, TNEF/HTPB and AP/HTPB

_ b TG curves DTG peaks
Material _

[K.min'] To[°C] Mass Loss [%)] T, [°C] Te[°C]

1.0 169.0 98.79 186.6 196.1

3.0 184.5 97.67 200.3 211.8

TNEF

5.0 188.8 99.54 206.2 217.8

7.0 192.1 97.06 209.6 221.0

1.0(T) 301.2 14.81 322.5 357.8

1.0(2% 417.5 8429 423.6 437.6

3.0(T) 319.3 15.22 342.1 379.4

3.0(29 432.7 84.07 442.9 465.6

HTPB

5.0(2%) 338.4 13.89 353.4 392.2

5.0(29) 436.5 84.83 455.2 477.9

7.0() 346.2 14.56 361.3 408.6

7.0(29 442.0 84.08 461.6 485.7

1.0 139.8 99.13 1637 171.2

3.0 160.9 98.65 175.4 184.5

TNEF/HTPB

5.0 169.5 96.09 182.9 192.3

7.0 176.0 97.36 188.3 196.8

1.0(T) 168.0 11.82 189.9 193.6

1.0(2% 289.6 85.81 298.0 323.9

3.0(T%) 185.7 14.06 211.8 230.5

3.0(29 303.4 84.59 322.9 344.8

AP/HTPB

5.0(2) 194.1 12.68 228.2 235.7

5.0(29 309.7 86.52 335.1 361.4

7.0(1) 208.3 11.13 237.0 245.2

7.0(29 317.1 85.29 349.8 366.8

Note: To: onset decomposition temperaturg; dnset temperature of the end decompositignthe
peak temperature of masséorate; Mass Loss: from initial temperature to end temperature of DTG
peak, (1) first decomposition peak, ™ second decomposition peak.
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The thermal decomposition reaction kinetics of all the studied samples are discussed using

the conventional Kisager method, which is based on the shift of decomposition peak

temperature by changing the heating rate. The activation energies for the samples were

cal cul

selected heatpg ratedy applying Kissinger equation (see ESI). The activation energy of the

ated

from t

he

sl o

pe

2 fersus /e forshe foari g ht

new oxidizer TNEF was found to be 146.4 kJ tathile for the TNEF/HTPB was 125.6
kJ mol. The traditional propellants sample AP/HTPB had two activation energies 72.1 kJ

mol?! and 103.9 kJ mdifor the first and second steps of reaction respectively, which were
lower than that of the new green propellant formula. Although the simplicity of this method,

but it has a disadvantage, which is the inability to determine theaeatéips or discuss the
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Table 2. Kinetic data of TNEF, HTPB, TNEF/HTPB and AP/HTPB obtained using the modified

KAS method
U TNEF HTPB TNEF/HTPB AP/HTPB
reacted| Ea logA r Ea logA r Ea logA r Ea | logA r
0.1 123.8| 12.08| 0.9993| 176.2 | 10.86| 0.9933 | 99.3 | 10.35| 0.9893 | 76.8 | 5.09 | 0.9694
0.2 124.7| 11.98| 0.9989| 189.1 | 11.68| 0.9991 | 102.6| 10.33| 0.9944 | 61.3 | 3.18 | 0.9744
0.3 127.3| 1215 | 0.9991| 203.1 | 12.57| 0.9954 | 109.0| 10.82| 0.9958 | 66.9 | 3.53 | 0.9802
0.4 129.6| 12.31| 0.9986| 209.4 | 12.96| 0.9985 | 114.8| 11.28| 0.9968 | 85.3 | 5.13 | 0.9781
0.5 131.6| 12.45| 0.9994| 208.6 | 12.83| 0.9992 | 120.8| 11.78| 0.9972 | 97.1 | 6.10 | 0.9874
0.6 133.6| 12.60| 0.9988| 204.2 | 1243 | 0.9987 | 127.3| 12.30| 0.9976 | 103.9| 6.61 | 0.9865
0.7 135.4| 12.72| 0.9989| 202.0 | 12.19| 0.9993 | 125.2| 12.01| 0.9987 | 108.7 | 6.95 | 0.9909
0.8 136.0| 12.71| 0.9991| 199.5| 11.93| 0.9989 | 123.4| 11.67| 0.9977 | 111.4| 7.09 | 0.9934
0.9 135.5| 12.55| 0.9984| 197.9 | 11.69| 0.9981 | 119.6| 11.43| 0.9985 | 110.4| 6.85 | 0.9952
Mean | 131.5| 12.45 205.5 | 12.60 119.4| 11.64 924 | 5.66
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Ozawa and Flyrilwall developed an isoconversional calculation method which is
commonly known as the OFW method to calculate the activation enetbyogh a plot

ofl og b ver s WeegartlesT of the emplayedmmodel using nonisothermal data
(see ESIJ46]. It was found that the activation energy of TNEF is varied from step to step

of conversion with mean value of 132.1 kJ tholThe new green propellant formula
TNEF/HTPB showed a highevalue of activation energy than that of the traditional
AP/HTPB propellant with mean value of 120.4 kJ Wadtig. 6 shows the activation energy

at each step of conversion U for TNEF, HTPE
energy of the first stage thermal decomposition of AP/HTPB was 73.9 kY] wioile for

the second stage was 96.7 kJ tndThe activathn energies of the fuel binder, HTPB, are
higher than all the studied samples while its propellant based on the new oxidizer, TNEF,
has the same behavior as the pure TNEF. The activation energies of the new propellant are
higher than that of the traditiohpropellant (AP/HTPB). In order to confirm these results,
another method named KissingBkahira Sunose (KAS) was also used to determine the
activation energy at each degree of conversion using isoconversional method. Table 2
presents the kinetic data uak of the studied samples using KAS method of calculation. By
comparing the values using OFW method with those obtained by using the modified KAS
method, a good agreement was detected. The activation energy of TNEF obtained by KAS
equation(see ESIwas bund to be 131.5 kJ mal The new propellant formula has a mean
value of activation energy equal 119.4 kJ mathich is higher than that of the traditional
propellants formula AP/HTPB (92.4 kJ il As commonly suggested in literatures, the
mean valug of activation energy using OFW and KAS methods were calculated in the

i nt er v ali0.8)due folhe kargednfll&nce of the experimental conditions specially
in case of TG/ DTG on the [480G.a quality of th

Conclusions

2,2, 2trinitroethytformate (TNEF) is a new interesting (chlorifree) green higienergy

dense oxidizer (HEDO), which can be easily prepared g2 Trinitroethand (TNE).

The burning characteristics calculated for the new green propellant formula based on TNEF
with HTPB was higher than that of traditional propellant based on AP/HTPB. The
TNEF/HTPB propellant does not produce any toxic @l the burning procesbat makes

it environmentally safe comparing with the traditional propellant formula AP/HTPB which
produce about 15% HfgJ (mol%). The measured burning rate of TNEF/HTRBG mm 3
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1y was higher than AP/HTPR(70 mm 3). A uniform cigarette burning wasbserved for

both of the studied propellant samples with nearly the same diffusion zone and higher
intensity of brightness in case of TNEF/HTPB which is compatible with the calculated
results.The kinetic study by the different three methods showed activahergy of TNEF

in the range of 13146 + 0.5 kJ mot, while the activation energy of TNEF/HTPB propellant

is in the range of 13926 + 0.4 kJ mot, which is higher than that of AP/HTPB (89 +

0.3 kJ mof). The new TNEF/HTPB formulation is an ingsting propellant composition
which might be candidate to replace the toxic traditional composite solid rocket propellant
AP/HTPB.

References

[1] K.K. Kuo, M. Summerfield,"Fundamentalsof Solid-Propellant Combustion: New
York: American Institute of Aeronautics and Astronautit$34

[2] L.T. DeLuca, in"Chemical Rocket PropulsibnSwitzerland Springer,2017, pp. 1015
1032.

[3] H. Singh, in"Chemical Rocket PropulsitnSwitzerland Springer,2017, pp. 127138.

[4] E. Price,S. Chakravarthy, J. SAMBAMURTHI, R. Sigma@ombust Sci. Technol,
1998 138 6383.

[5] M.R. Sovizi, G. Fakhrpour, A.R. Madrad, Therm Anal. Calorim., 2017, 129 (1), 401
410.

[6] M. RodriguezPesina, J. Garcidominguez, F. Garcidernandez, L.M. FlesVélez,
O. DominguezMater. Sci Appl., 2017, 8 (6), 436447.

[7] B. Gu, J.D. Coates;Perchlorate: Environmental Occurrence, Interactions and
Treatment' Boston:Springer Science & Business Med2806

[8] B.C. Blount, L. ValentirBlasini, J.D. Ostdoh, J.P. Mauldin, J.L. Pirkle]. Exposure
Sci Environ Epidemiol, 2007, 17 (4), 40407.

[9] C. VigreuxBesret, A. Mahé, G. Ledoux, A. Garnier, C. Rosin, A. Baert, M. Joyeux, P.
M. Badot, P. Panetier, G. Riviefepod Addit Contam: Part A,2015 32 (7), 1148
1155.

[10] M. Sijimol, M. Mohan, D. Dineepknerg Ecol. Environ, 2016 1 (3), 148156.

[11] M.V. Maffini, L. Trasande, T.G. NeltneGurr. Environ. HealthRep, 2016 3 (2), 107
117.

[12] B. Chanbasha, H. Nsubu@17 US9664645

158



Environmentally Safe (ChlorirBree): New Green Propellant Formulation Based on TNEF and HTPB

[13] D. Trache T.M. Klapdtke, L. Maiz, M. AbeElghany, L.T. DeLucaGreen Chem
2017 19 (20), 4714736.

[14] M. Celina, L. Minier, R. AssinkThermochimActa, 2002 384 (1), 343349.

[15] Z. Ma, F. Li, H. BaiPropellantsExplos Pyrotech, 2006 31 (6), 447451.

[16] R. Dubey, P. Srivastava, |. Kapoor, G. SinfhermochimActa, 2012 549 102-109.

[17] J.A. Styborski, M.J. Scorza, M.N. Smith, M.A. OehlschlaeeopellantsExplos
Pyrotech, 2015 40 (2), 253259.

[18] T. KuwaharaPropellantsExplos Pyrotech, 2015 40 (5), 765771.

[19] M. Gobel, T.M. KlapotkeAdv. Funct Mater., 2009 19 (3), 347365.

[20] T.M. Klapotke,"Chemistryof High-Energy Materials". Germany: Walter de Gruyter
GmbH & Co KG,2017.

[21] M.A. Kettner, T.M. Klapdtke, iffChemical Rocke®ropulsiort. Switzerland Springer,
2017 pp. 6388.

[22] P. Yin, J. Zhang, C. He, D.A. Parrish, M.S. Jeanin®jater. Chem A, 2014 2 (9),
32003208.

[23] M.A. Kettner, T.M. KlapttkeChem.- Eur. J., 2015 21 (9), 37553765.

[24] M.H. Keshavarz, Y.HAbadi, K. Esmaeilpour, S. Damiri, M. OftadefAropellants
Explos Pyrotech, 2017, 42 (5), 492498.

[25] M.A. Epishina, I.V. Ovchinnikov, A.S. Kulikov, N.N. Makhova, V.A. Tartakovsky,
Mendeleev Commur2011, 21 (1), 2123.

[26] T.M. Klapotke, B. Krumm, RScharf,Eur. J. Inorg. Chem, 2016 2016 (19), 3086
3093.

[27] T.M. Klapotke, B. Krumm, R. Moll, S.F. Re&, Anorg. Allg. Chem, 2011, 637, 2103
2110.

[ 28] M. Abd EI ghany, PrbpelMntsExplosaPyrétdacty 2017 42 .
(12), 13731381

[29] Y.-H. Wang, L:L. Liu, L.-Y. Xiao, Z-X. Wang,J. Therm Anal. Calorim., 2014 119
(3), 16731678.

[30] Q-L. Yan, S. Zeman, FQ. Zhao, A. ElbeihThermochimActa,2013 556 6-12.

[31] M. Abd-Elghany, A. Elbeih, S. Hassanel@ent Eur. J. Energ Mater., 2016 13 (3),
349-356.

[32] Q. Wang, L. Wang, X. Zhang, Z. Ml, Hazard Mater., 2009 172 (2), 16591664.

[33] Q-L. Yan, S. Zeman, R. Svoboda, A. Elb€eltnermochimActa,2012 547, 150-160.

159

EIl b



Environmentally Safe (ChlorirEBree): New Green Propellant Formulation 8&®n TNEF and HTPB

[34] M. Abd-Elghany, T.M. Klapdtke, A. Elbeih]. Anal. Appl. Pyrolysis,2017, 128 397
404.

[35] Q-L. Yan, S. Zeman, A. ElbeiffhermochimActa,2012 537 1-12.

[36] A. Elbeih, S. Zeman, J. Pachm&ent Eur. J. Energ Mater., 2013 10(3) 339-349,

[37] D.F. Shriver, M.A. DrezdzorThe Manipulationof Air-SensitiveCompounds!" New
York: John Wiley & Sons]1986

[38] S.A. NATO,Impact Sensitivity Test§999 STANAG 4489.

[39] S.A. NATO,Explosives, Friction Sensitivity Tes2902 STANAG 4487.

[40] L. Zhang, R. Tian, Z. Zhangerosp Sci Technol, 2017, 62 31-35.

[41] N. Kubota,"Propellantsand Explosives: Thermochemical Aspeats<Combustion:’
Weinheim, Germany: WILEY/CH, 2002

[42] K.N. Ramohalli,in "Fundamentals of Sol&ropellant Combustidh New York:
American Institute oAstronautics anderonautics1984 pp.409-477.

[43] G. Lengelle, J. Duterque, J. Trubent,' Solid Propellant Chemistry, Combustidind
Motor Interior Ballistics,. Portland, USA:American Institute of Astronautics and
Aeronautics200Q pp.287-334.

[44] M.W. Becksted, R. Derr, C. PriceAlAA J, 1970 8 (12), 220e2207.

[45] T. Kuwahara, N. KubotaCombustSci. Technol, 1986 47, 8191.

[46] T. OzawaBull. Chem Soc Jpn, 1965 38 1881-1886.

[ 47] A. El bei h, M. A PropelEhtsitplasiPyrotechl 20M,.42 K1 a p © |
(5), 468476.

[48] Q-L. Yan, S. Zeman, A. Elbeih, A. Zbynekent Eur. J. Energ Mater., 2013 10 (4),
509-528.

[49] M. Abd-Elghany, T.M. Klapdtke, A. Elbeih, S. ZemahAnal. Appl. Pyrolysis,2017,
126, 267-274.

[50] Q-L. Yan, S. Zema, T-L. Zang, A. Elbeih,ThermochimActa,2013 574 10-18.

160



Thermoeanalytical Study of TNEF and Its Propellant Based on a GAP Matrix in Comparison with ADN

Thermo-analytical Study of 2,2, 2trinitroethyl -formate As aNew
Oxidizer and its Propellant Based on a GARPMatrix in Comparison with

Ammonium Dinitramide

Published inJ. Anal Appl. Pyrol2018, 133 30-38 (DOI: 10.1AL6/j.jaap2018.05.00%

Abstract: A new high energy dense oxidizer (HEDO) 2;&jgitroethytformate (TNEF)

was prepared and characterized by nuclear magnetic resonance (NMR). A new propellant
based on glycidyl azide polymer (GAB)d TNEF was prepared. Therrapalytical study

of TNEF in comparison with ammonium dinitramide (ADN) and their propellant
formulations based on GAP were investigated. The decomposition gaseous products and the
combustion characteristics of the propellamse determined by using thermodynamic code
(EXPLO5_V6.03). Scanning electron microscope (SEM) technique was applied to clarify

the crystal morphology of the oxidizers in addition to the homogeneity of the propellants
ingredients. Impact and friction sénaties of the oxidizers and the GAP binder were
measur ed. Di erenti al scanning calorimetry
techniques were used to study the pyrolysis of the oxidizers as well as the prepared
propellants. The decomposition kinetics weregedained by Kissinger and Kissinger

Akahirai Sunose (KAS) methods The thermal degradation of ADN is faster than TNEF
oxidizer. ADN and TNEF have melting temperatures at 95.5 °C and 127.1 °C and maximum
decomposition temperature at 183.5 °C and 210.1 °Gcésply. In addition, TNEF has
activation energy in the range of 1386 kJ mof, while ADN has activation energy in the

range of 114117 kIJmot. TNEF has speciyc impulse (250. .

TNEF is a promising oxidizer to be used in composite solid rocket propellants.

Introduction

Solid rocket propellants (SRP) have a wide range of applications in space launcher boosters,
airplane ejection seats, tactical rockets and even amateur hobby rotkeBue to the
simplicity, reliability andiow cost of propulsion system of the SRP, they are preferred over
liquid and hybrid propellant$2, 3]. Composite solid rocket propellants (CSRP) are
composed of an oxidizer embedded in a polymeric matrix where a metal powder might be

included as a secondary fuel to increase the specific impulse. One of the most usable
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propellant formulation for me than 60 years contains hydroxgtminated polybutadiene
(HTPB) as polymeric matrix, ammonium perchlorate (AP) as oxidizer and aluminum (Al)
as metal powdef2, 4-6]. In 1972, a new trend of energetic binders such as 3,3
Bis(azidomethyl)oxetane (BAMO), poly-@itratomethy3-methyl oxetane (poly NIMMO)

and glycidyl azide polymer (GAP) was appeared, whicharodd the properties of
composite rocket propellant to a great ex{étt On the other hand, many scientistsl an
researchers are working to develop new oxidizers for replacing AP because of its toxicity.
AP-based propellants produce large amount of hydrochloric acidgH& a gaseous
product during its burning that contaminate the atmosphere. In addition, dybetral.

stated that the drinking water obtained from southwestern USA might include perchlorate
anion (CIQ), which cause a problem in some regions of the United Si@jteAlso, the
formation of aluminum oxide (ADs) from the combustion of CSRP is a source of toxicity

to humans, animals and plaf® 10]. Synthesis of new compounds is one of the priorities

for the scientists all over the world1, 12] in addition to testing of new formulatioh$3-

15] to overcome théoxicity of the traditional SRP and to fulfill the requirements of CSRP
that impart high performance, thermal stability and environmentally safe during the
manufacture process. Many CSRP formulations based on GAP as energetic binder and
different highenegy materi als as oxidizer s[leR@.ve bee
ADN is one of the most promising green oxidizer to be used in SRP with GAP (which has
high performance characteristics and good thermal stabjif28]. 2,2,2trinitroethyk

formate (TNEF) is a new interesting highergy dense oxidizer (HEDO) thlaas been
prepared by HK2a9alphad higle gedoragce pavameters and good thermal
stability. Actually, there is no information about the application of TNEF neither as a plastic
bonded explosive nor as a composite solid rocket propgB&&3]. In addition, the thermal
behavior and reaction kinetics of the new oxidizer (TNEF) have not been studied yet. As a
result, TNEF were prepared and characterized. In addition, a new CSRP formulations based
on TNEF/GAP wagprepared and the thermal decomposition kinetics of both TNEF and its
propellant formulation were studied. ADN and the traditional propellant based on

ADN/GAP were studied for comparison.

Experimental
Glycidyl azide polymer (GAP diol 4996, 3M, St. Paul, M. (Molecular weight (Mn): 2900
g/mol). Hexamethylene diisocyanate (HMDI) as a curing agent with an NCO equivalence
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value of 11.83 meq Yy 1,1,2Tris(hydroxymethyl)propane as a crosslinking agent,
Dibutyltin dilaurate as a catalys€hloroform and Anhydnes iron(lll) chloride were
obtained from Sigm&ldrich. Ammonium dinitramide (ADN) and 2,2{2initroethanol
wereprepared in our laboratorieADN was prepared by nitration of potassium sulfamate
according to the method discussed in[84. 2,2, 2trinitroethanol (12.5 g, 70.0 mmol) was
dissolved in dry chloroform (25 mL), anhydrous ir@i) chloride (1.0 g, 6.15 mmol) was
added carefully to avoid the moisture. The mixture was heated under reflux in an oil bath at
85 °C for 120 h. The content of reaction, after cooling, was poured into diethyl ether (300
mL). The ether solution was washed with coldev@8 x 100 mL) and dried over magnesium
sulfate. After removing the solvent, a creamy coloured crude product was left., which was
recrystallized from dichloromethane to yield 9.5 g (74% vyield) of colorless crystals of 2,2,2
trinitroethylformate.

GAP wasmixed with crosslinking ageni(1,1Tris(hydroxymethyl)propane) and dibutyltin
dilaurate was added, the mixture was stirred under vacuum in a vertical mixer (500 mL) for
30 minutes at 40 °C. TNEF was added in three portions and stirred for another 8sminu
Then, the mixture was cured by adding HMDI at 50 °C and mixing process remained for
another 30 minutes. Finally, the prepared propellant samples were poured in a specific mold
and were cured in a vacuum oven at6D°C for seven days. The weight pentage of the
oxidizer to the binder system was 86:14 wt %. The ADN/GAP formulation was prepared by
the same method using oxidizer to binder system ratio 84:16 wt % respectively. The selected
percentage of eagiropellant will be discussed later in teoretical calculation results.

JEOL Eclipse 400 instrument was used to determine the NMR spectra of TNEF. The
chemical shifts were obtained based on the external standas8s (#& 399.8 MHz;'°C,

100.5 MHz) and MeN@(**N, 28.8 MHz). Impact sensitivitwas measured by using BAM
falling hammer test obtained from OZM Company, while the friction sensitivity was
determined by using BAM friction teg85-37]. The morphology of the studied crystals as
well as the homogeneity of the prepared propellant wadeesl by using SEM (FEIHelios

G3 UC).EXPLOS5 thermodynamic code version_6.03 was used to determine the combustion
characteristics of the propellant samples. The combustion conditions are based on the ideal
gas equation of state with 70 atm combustitrancber pressure and under isobaric
combustion. The gaseous products and the specific impulse of the propellant samples were
calculated. The thermal decomposition kinetics of the samples were studied using

Thermogravimetric Analysis (Perkialmer, TGA 4000)where 13 mg samples were
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examined at different heating rates of 1, 3, 5 and 7 K!imthe temperature rangei&D0

°C under a flow of dynamic nitrogen of 20 ml mi The thermal behavior was determined

by using LINSEIS DSG@ PT10 with samples of approximately 3 mg placed in an aluminum
pan with a pirhole cover at a heating rate of 5 K filiim a temperature range of 25 to 400

°C.

The determination of the kinetidplets which are prexponential factorA), kinetic model

fC U) ) and t he Egare veryimpoitaatfor tiee kieeticgryalysis, which should
be determined for complete description of the kinetics. Many analytical methods are
available nowaays that can be used to determine the kinetic parameters ojpbake
reactions. Modefitting and isoconversional (modékee) methods are considered the two
main methods to determine the kinetic parameters, which can be used either isothermally or
nonisothermally[38-41].

The activation energy deof the decomposition reaction of the samples can be calculated
from Kissinger[d2d met hod (eqgn. 1)

J

Where b i s t hegisthedlGipealgtemperdtuee atahatdateT The activation
energy can be calcul ated fr opfhivetsise/f. Suclop o f
rough integral approximation of the temperatmay cause an inaccurate calculated values

of Ea[43, 44]. More accurate equatiomas presented according to Starjdk] to calculate
Eawhich is commonly called the Kissingiétkahira’ Sunose (KAS) equatig@]:

o DE & pT Ty )

Results

The performance characteristics of the new competitor oxidizer (TNEF) and it &%
propellant formulation were calculated by using EXPLO5 V_6.03. The theoretical
calcubtions of the best formulation based on ADN/GAP and TNEF/GAP are presented in
Fig. 1. The optimum weight percentage of each oxidizer in the propellant formulation was
selected to prepare the propellant formulation. It is clear that ADN with 84 wt% presents
highest specific impulse of the ADN/GAP propellant while TNEF witk886n:t% has the
highest specific impulse of all the TNEF/GAP studied formulations. As a result, percentage
of the oxidizer selected in the preparation of ADN/GAP propellant fornonlatas 84 wt%,

while the TNEF percentage in the prepared TNEF/GAP propellant was 86 wt%.
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Figure 1. Relation between the oxidizer weight percentage in each propellant and its specific
impulse

In order to check the gaseous products produced from theustiotbof each propellant,

Fig. 2 shows the calculated mole percentage of the reaction gaseous products at the nozzle
exit for the TNEF/GAP propellant formulation in comparison with the ADN/GAP
propellant. Itis clear that the TNEF/GAP propellant prodyerdentage of C£higher than
ADN/GAP propellant (more than double the amount produced from ADN/GAP propellant).
While the percentage ofB) is higher in case of ADN/GAP. As a result, it was predicted

that the energy produced from the combustion of TAEAP should be higher than that
produced from ADN/GAP (heat of formation of €@ higher than that of #D(). In

addition, the new oxidizer TNEF has specific impulse=(1250.1 s) and characteristic
exhaust velocity (C= 1408 m &), which are highetian that of ADN (= 202.4 s) and (C

= 1243 m 3) respectively, which give it a feature of high combustion characteristics.

REACTION PRODUCTS NOZZLE

B ADN/GAP
B TNEF/GAP

mol %
\

CO; (g) H,0 (g) N2 (g) CO (g) H; (g)

Figure 2. Reaction gaseous products at the nozzle exit

The new oxidizer (TNEF) was characterized'bly 13C, and**N NMR spetroscopy. The
CH2C(NQ)s singlet moiety in théH NMR spectra can be determinediat 549 ppm in
[De] acetone. The methylene groups carbon resonanceg (Obld be observed at 63.7
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ppm, while the carbon atom of the formate group was identified at 113.6 ppm and the
trinitromethyl groups C(Ngs at 124.7 ppm in th&C NMR spectra. Thaitrogen atom of
C(NO)s group was found &t33.1 ppm in““N NMR spectra.

Figure 3. SEM of TNEF a) before and b) after recrystallization

Figure 4. SEM of a) ADN/GAP and b) TNEF/GAP

SEM was used in order to study the crystal morphologlyebbtained TNEF. The prepared

TNEF has irregular crystals with sharp edges. As a result, solversddwent
recrystallization techniques were applied to improve the morphology of TNEF. Three
different solvents (acetonitrile, acetone and chloroforng) tavo antisolvents (water and

hexane) were used. It was concluded that the system based on acetone as a solvent and water
as antisolvent with ratio 1:10 volume percentage respectively was the best selection to
obtain spherical crystals. The obtained talsshave average particle size of 50 pum with

rough surface and uniform shape as showrign 3. After mixing of TNEF with the GAP

polymeric matrix, it was observed that the crystals of TNEF were almost disappeared and a
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