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FOREWORD 

Despite rapid growth and developments in different areas of 
advanced solid rocket propellants such as composite modified 
double base (CMDJ;3), fuel rich propellants (FRP) for IRR applications, 
ammonium dinitramide (ADN) and hydrazinium nitroformate (HNF) 
based propellants, during last few decades, composite 
propellants (CP) are still widely used for different military and space 
applications. A number of research groups are engaged in the basic 
and applied research on the combustion of composite solid 
propellants. Although the literature on various aspects of combustion 
of CP is enormous, but it is scattered. There has been considerable 
interest in understanding the role and importance of condensed 
phase and flame zone reactions in controlling the burning process. 
The combustion behaviour of CP is characterised by the steady linear 
regression rate of the burning surface and is regarded as the most 
important and critical performance parameter for the rocket designer. 

While Chapter 1 of the present monograph introduces the 
subject of combustion of CP, Chapter 2 deals with the effect of 
particle size and its distribution on condensed phase reactions, 
measurement of burning rates, and the factors affecting the 
burning behaviour. In addition, the combustion of CP in low, 
medium and high pressure domains has also been discussed. The 
effect of other variables affecting burning rate like oxidizer, shape, 
size, size distribution and purity, fuel and metal content, shape and 
particle size of metals, type and ratio of binder-plasticizer and total 
solid content (solid loading), influence of catalysts and additives, 
initial pressure and initial temperatures, effect of processing 
parameters, and ageing behaviour are also discussed. The oxidizer 
content not only affects the energy in terms of specific impulse (Isp), 
but also the mechanical properties of the resultant propellant, 
safety and cost. While comparing the properties of the various 
oxidizers namely, ammonium perchlorate (AP) , cyclo-l,3,5 
trimethylene-2,4,6 trinitramine (RDX) , octahydro-l,3,5,7-
tetranitro-l,3,5,7, tetrazocine (HMX), ADN, ammonium nitrate (AN), 
one must look for higher performance, good compatibility and 
stability, adaptabili ty to tailor a wide burning rate range, and 
relative insensitivity, low cost and availability. 

Chapter 3 essentially reviews the thermal decomposition 
behaviour of AP (proton transfer, electron transfer) and effect of 
pressure on the thermal decomposition behaviour. Various binders 
(polyesters, polydhers, polyurethanes, polybutadienes, etc.) have 
been useu in CP formulations. Chemical and structural 
characteristics of the binder and its role in the overall combustio!l of 
CP is very important. This aspect has been brought out in Chapter 4 



(xii) 

including salient featu res of fuel-binder pyrolysis and condensed 
phase and gas phase Gombustion behaviour of fuel-cum-binder. The 
authors have also covered the modelling studies in each subchapter, 
the importance of which does not need overemphasis. Ferrocene 
compounds, which have been used to increase bum rates (100-150 
per cent) of CP are prone to migration and affect the ageing process. 
The authors have covered these aspects in Chapter 5. Ageing is a very 
important aspect that has to be considered when formulating 
propellants for various missions. Various factors that affect the safe 

. and useful life of the propellants, kinetics and mechanism of ageing, 
estimation of safe-life, and ways and means to increase the life of CP 
are considered by the authors in Chapter 6. 

To obtain higher energy (Isp), superior mechanical properties, 
new and more energetic binders and oxidizers are being searched 
continuously. Oxetanes-bis-azidomethyl oxetane (BAMO) and 
azidomethyl methyl oxetane (AMMO)-and their derivatives are 
attracting considerable attention due to their low polydispersity, low 
glass transition temperature (Tg), higher energy and easy handling 
characteristics. Glycidyl azide polymer (GAP) is finding applications 
in CP, low vulnerability ammunition (LOVA) propellants for guns, 
and plastic bonded explosives (PBX). Chapter 7 is therefore 
devoted to high energy binders , oxidizers and advanced 
prOpellal1.ts. To overcome the limitations of AP-based propellants, 
various other environment-friendly oxidizers like ADN and HNF 
are being evaluated. The properties of these two oxidizers are 
explained in detail in Chapter 7. The authors' views on the future 
directions of research in the area of combustion of composite 
propellants are covered in Chapter 8. 

This monograph is the most comprehensive review of 
condensed phase behaviour of AP-based solid propellants and 
covers all important aspects of AP-based CPo The language is very 
lucid and easy to understand. Prof. K Kishore is a well known 
propellant and polymer chemist and a renowned teacher and has 
incorporated his wide and rich experience both as a researcher and 
a teacher in the form of this monograph. It was indeed a delightful 
experience for me to work with Prof. Kishore during the preparation 
of the monograph. I am confident this monograph will serve as a 
trustworthy reference book in the field of CP to all scientists/ 
engineers of aerospace engineering. 

/}I)~ 
(APJ Abdul Kalam) 

SA to RM and Secretary Defence R&D 
Ministry of Defence 



PREFACE 

There are about half a dozen books dealing with propellant 
chemistry but much of the information available therein is rather 
old and none of them discusses the condensed phase combustion 
chemistry of solid propellants in detail. The present monograph is 
the first of its kind in which the material accumulated over several 
decades has been sifted from literature and articulated to highlight 
the importance of condensed phase chemistry which seems to be 
vital for understading the key phenomena like burning rate 
modulation and ageing. Besides, the subtle roles of binders. 
oxidizers and catalysts have been brought out. It has also been 
demonstrated as to how condensed phase chemistry is vital in 
understanding the commonly observed phenomena in solid 
propellants like extinction. intermittent. plateau and flame-less 
combustions. 

In defence and space laboratories and also in some private 
companies. a large number of scientists and engineers are involved 
in work on propellants. This monograph will be extremely useful 
for this large community. not only in helping them to assess the 
progress made in AP-based composite solid propellants but also 
to grasp the key phenomena in an organised manner. It will also 
serve as a useful information source for those who wish to enter 
the fascinating field of solid propellant combustion. Besides. there 
are many academic institutions and universities where propellant 
chemistry is taught either as an independent subject or under the 
general courses in combustion or fuel science and technology. This 
monograph will serve as a good reference book not only for those 
opting for these courses but also for those engaged in basic research 
in propellant chemistry. This monograph is aimed at catering to 
the information needs of readers at postgraduate and research 
levels. The readers of course are required to have some exposure 
in, propellants. 

The authors are extremely thankful to the Indian Space 
Research Organisation (ISRO), Bangalore and ISRO-Indian 
Institute of Science-Space Technology Cell for providing funds for 
writing this monograph. The authors are also thankful to ISRO for 
agreeing fQr the open publication of the monograph by DRDO and 
to have no claim on its copyright from DRDO. They are also thankful 
to Mr S Vasudeva Murthy for the assistance rendered in the 
preparation of the manuscript. 

Bangalore 
January 1999 

K Kishore 
K Sridhara 





CHAPTER 1 

INTRODUCTION 

Man's desire to explore outer space and build a strong defehce 
edifice has culminated in the development of space vehicles and 
missiles in which composite solid propellants (CSP) are the major 
source of chemical energyl.2. Being complex mixtures, their 
combustion behaviour too is 'quite complex and is not yet fully 
understood. CSP3-6 are heterogeneous mixtures consisting of a 
large proportion of oxidizer, usually ammonium perchlorate (AP), 
and a fuel-cum-binder, generally hydroxy-terminated polybutadiene 
(HTPB) or carboxy-terminated polybutadiene (CTPB). In addition, 
they contain curing agents, plasticizers and bonding agents for 
improving their mechanical properties, and metallic fuel additives 
and burning rate modifiers for improving specific impulse and 
burning rate , respectively. A typical CSP composition is given in 
Table 1.1. 

Table 1.1. Typical composition of CSp6 

Ingredients 

Ammonium perchlorate 

Butadiene polymer 

I Aluminium 

Curing agent(s) 

Stabilizers 

Weight, % 

60 - 84 

12 - 16 

2 - 20 

0 ,2 - 1.0 

o - 1.0 

The chemistry of a CSP formulation and its combustion is an 
engrossing complex phenomenon and has been the subject of many 
studies7

-
14

. The combustion profile of the propellant can be classified 
into several zones, such as heated zone , chemical reaction zone , 
burning surface zone and porous zotle, all in the condensed phase, 
and fragment flowing zone and product zone in the gas phase ls . 
The combustion ofCSP occurs to varying degrees in both condensed 
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and gas phases16. There are two schools of thought regarding the 
combustion of CSP. According to one school, the gas phase 
processes are believed to control the burning of the propellant; the 
gaseous species emanating from the pyrolyzing surface are 
considered to intermix and react exothermally in the gas phase to 
form final products, liberating heat and establishing an eqUilibrium 
flame temperature. Part of the heat generated in the flame is 
transferred to the surface to be used up in pyrolyzing and gasifying 
the surface layer, so that the combustion process recurs steadily. 
In modelling gas phase combustion processes, the reactions 
occurring therein are considered to be fast and the heat transfer 
from the flame to the surface is considered to be the rate-controlling 
step. 

The other school of thought I6.18, which also includes the 
Bangalore group19.26, believes that the condensed phase reactions 
occurring at or just below the burning surface are important. The 
decomposition/ degradation in addition to the gas phase reactions 
of the oxidizer and the binder, and the cross-reactions between 
their products are exothermic in nature and contribute significantly 
to the total energy of the propellant. Condensed phase processes 
also include melting and gasification phenomena at the surface. 
Knowledge about the chemistry of condensed phase reactions, 
which is a key process, will facilitate understanding of vital 
phenomena like burning rate modulation and ageing. An organized 
comprehension of the condensed phase chemistry will also provide 
a better insight into the extinction phenomenon and intermittent, 
plateau and flameless combustion. 

Kishore and coworkers l9-27 demonstrated both qualitatively 
and quantitatively the existence of condensed phase reactions. In 
AP /polystyrene (PS) model propellant I9-26 , mass spectroscopic 
analyses have indicated that the mass spectrum of CSP is different 
from the additive spectra of AP and PS individually. Likewise, the 
enthalpy of propellant decomposition, which is a nucleation
controlled phenomenon28 , is larger compared to the additive 
enthalpies of the individual components29,30. This excess enthalpy 
ofthe condensed phase is about one third of the calorimetric value 
(total heat of combustion) 18,23,24,3 1. This is corroborated by a master 
plot of the thermal decomposition rate against the burning rate of 
propellants, which suggests that the burning rate increase / decrease 
is about one third of the order by which the rate of thermal 
decomposition increases / decreases in the presence of 
additives21 ,22,25 . Separation ofthe binder portion from the quenched 
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propellant surface and analysis by thin layer chromatography have 
shown a number of spots, suggesting complex nature of the 
condensed phase reactions2s,32 . The largest proportion of the 
intermediate was found to have peroxy linkages in the polymer 
backbone. Spectral and chemical analyses confirmed the existence 
of poly(styrene peroxide) (PSP) in AP IPS propellant system32,33 . Both 
partially decomposed propellant residue and an aged propellant 
show the presence of this intermediate, which was later used as a 
natural catalyst for burning rate modification34,3s. This has led to 
detailed investigations on the syntheses of several polyperoxides 
of styrene36-43 , methyl methacrylate4\ vinylnaphthalene4s, 
divinylbenzene46, vinylacetate47 , a-methyl styrene48,49, 
copolyperoxidesso,s l, terpolyperoxidess2 and on several aspects of 
their physicochemical behaviours3,s4. 

Thermochemical calculations of exothermic degradation of 
polymeric peroxide have led to the unique discovery that polymers 
of this class undergo "autopyrolysis" and these are highlighted as 
special fuels ss . The critical AP concentration in CSP for just 
sustaining its combustion is considerably reduced in the presence 
of PSP due to its high pyrolytic exothermicitys6 not only in the 
combustion of propellant but also in the ageing process. It has 
been demonstrated that the condensed phase reactions are 
important. In this laboratory, the rate controlling step for the ageing 
process has been shown to be proton transfer in oxidizer 
decomposition, which has led to the use of ammonium salts for 
increasing the longevity of propellantsS7-66. 

The literature on various aspects of the process of combustion 
of CSP is enormous and fragmentary. In this book, an attempt has 
been made to present various facets of propellant combustion, 
focusing attention on the importance of condensed phase reactions, 
hitherto unattempted in this fashion . The subtle role of the binder, 
which has so far remained latent, compared to that of the oxidizer, 
is also brought into prominence and its impact on combustion 
parameters has been presented. While maintaining the above 
objectives, this book begins with a brief introduction about CSP in 
this chapter followed by a discussion on the influence of non
chemical factors, such as pressure and initial temperature in 
Chapter 2. Chapters 3, 4 , 5 and 6 are devoted to CSP, oxidizer, 
fuel-binder, catalyst and ageing, respectively. Chapter 7 describes 
recent developments in the area of high performance binders, 
oxidizers and propellants. These aspects are briefly highlighted 
below. 
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The combustion behaviour of esp is generally characterized 
by the steady linear regression rate of the burning surface, known 
as the burning rate (f), and is regarded as one of the most important 
performance parameters. It strongly depends on the nature of the 
condensed phase and gas phase reactions and on other variables2.7 . 
But its dependence on pressure (P) and initial temperature (T,,) is 
the most important and well recognized aspect67 ,(\8 . Although 
information on these aspects is available in literature, important 
features of empirical relationships of f with P and To are discussed 
in this book to get an overall comprehensive picture as to how f is 
primarily influenced by the oxidizer, nature of the fuel :binder, 
catalyst, heat release rate, etc. Some of these features are helpful 
in understanding plateau and extinction phenomena as well. 

The combustion behaviour of CSP also depends on the burning 
behaviour of its major component69-the oxidizer AP - which 
happens to be the most commonly used oxidizer in esp 
formulations . AP is a unique oxidizer, which is capable of supporting 
its own combustion (i.e ., monopropellant) also and has been the 
subject of vast investigations for a long time to understand its 
decomposition and deflagration behaviour. AP deflagration has also 
been used as a prelude to the development of a suitable model for 
esp combustion. Despite the existence of extensive literature on 
AP, its decomposition mechanism is still a matter of debate, while 
the deflagration process is intriguing in its various facets , making 
their mechanistic understanding more elusive as much it is 
pursued. For example, a clear understanding of the low pressure 
deflagration limit (LPL) has remained an elusive goal. Literature 
has been organised to clearly comprehend the decomposition and 
deflagration processes, emphasis being laid on the analysis of LPL. 
Although the oxidizer happens to be the largest ingredient in CSP, 
it is the binder which is the key fuel in solid propellant formulations , 
controlling their energetics, but it has not received adequate 
attention 70 . The impact of structural and other physical features of 
the binder has largely been ignored in literature. The subtle role of 
the binder, which has so far remained latent compared to that of 
AP, has also been brought into prominence, and its impact on 
combustion parameters has been discussed. Chemistry of AP 
decomposition! deflagration and binder degradation! combustion 
has been presented separately to assess their relative performance 
in esp. 

A lot has been said in literature about various kinds of catalysts 
and additives for controlling the f of esp and AP. The most effective 
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a nd commonly used catalysts are transition metal oxides (TMO) 71. 
The present book overviews the existing knowledge in the field of 
catalysts and discusses the mechanism of their action on AP and 
b inder decomposition. Currently, ferrocene derivatives are receiving 
considerable attention and much of the available information is 
patented. In this book, information on various ferrocene derivatives 
used in CSP has been consolidated ; their a dvantages and 
multifunctional role72 have also been highlighted. 

The useful life of a propellant is extremely important from the 
point of view of its flawless performance during the stipulated usable 
period. Various chemical reactions that occur and lead to changes 
in characteristics of the oxidizer and the binder a re presented. 
Strategies for remedial measures, which have emerged from such 
studies, have been pointed out. 

There has always b een interest to develop high energy binders 
and oxidizers which could not only provide high specific impulse 
but should also be safe to handle and should produce pollution
free combustion plumes. High en ergy polym ers based on oxetanes 
and their derivatives are attracting considerable attention and 
appear to be the most suited binders in this regard. A separate 
chapter has been presented on various high energy binders and 
oxidizers . 





CHAPTER 2 

COMBUSTION OF COMPOSITE SOLID 
PROPELLANTS 

2.1 DETERMINATION OF BURNING RATE 

The combustion behaviour of a CSP is generally characterized 
by the steady linear regression rate of the burning surface known 

as the burning rate (i) and is regarded as one of the most 
important performance parameters. It strongly depends on the 
nature of the condensed phase and gas phase reactions and on a 
host of other variables2.7. It is expressed as : 

(1) 

where P is the pressure; To, the initial grain temperature; 0 P' the 
oxidizer particle size; tj), the oxidizer-fuel mixture ratio; C-F, the 
chemical formulation of the propellant; Ug, the transverse velocity 
of the combustion gases wetting the burning surface and Gp , the 
propellant grain shape factor. Although i depends upon a large 
number of physicochemical factors , its dependence on P and To is 
very important and is well recognized6 7

•
68

. 

The most convenient and common mp.thod employed to 

measure i is the strand burning technique developed by Crawford, 
et a['3 and Grune, et a['4. Thin fuse wires are embedded through 
the propellant strand at accurately measured distances. The fuse 
wires are connected to an electronic timer and the strand is 
mounted in a closed chamber pressurized by an inert gas like 
nitrogen (N2 ) or argon (Ar). The desired constant pressure in the 
bomb is maintained during combustion by the use of a large 
surge tank of an inert gas . The propellant is ignited a t the top by 

means of a hot wire and the value of i is calculated from the 
distance between the wires and the burning time elapsed between 
the fuse wires . Though this method is simple, its drawback is 
that gas flow is not the same as enco1.~!1tered in rocket motors. 
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r has been measured on the basis of simulated motor burning 
conditions described by Osborn, et a[15. This method, involves 
photographing the moving burning surface in a ventilated chamber 
and computing the distance from the photographs for a known 

time interval. Though this method yields reliable r data and does 
not disturb the flow field, data reduction is tedious and time
consuming. Another m ethod reported by Osborn76 involves a servo 
mechanism, which moves the propellant sample in a direction 
opposite to that of the receding burning surface with a velocity 

which will be equal to r, such that the surface of the propellant is 
maintained at a fixed position. 

r has also been measured by the acoustic technique. The 
propellant is dipped in water with a small portion protruding above 
the water surface at the top of which a nichrome wire is contacted 
for achieving ignition. This method is known to give very accurate 
results . An acoustic emission technique having 94 per cent 
accuracy has been reported by Caveny, et a[17. Ultrasonic method78 

is made use of to check the r of uncured propellant prior to casting 
and the feasibility of this method has been demonstrated. Change 
in electrical capacitance of the propellant sample during 

combustion has also been used for the determination of r. A 
method which involves continuous measurement of such 
resistance has been proposed by Osborn, et a[19. 

One of the most widely used techniques80 is the closed bomb 
technique. In this method, pressure variation with time is 
measured. The pressure is allowed to build up, thereby 
accelerating combustion. The pressure is recorded as a function 

of time . At any time, t, the value of r is determined by the 

instantaneous pressure prevailing therein at that time. r is 
calculated using the following empirical relationship: 

In (dP/ dt) = In (q a 1 / LCpTo) + (l+n) In P (2) 

where L is the length of the cylindrical sample; q, the heat of 
combustion in call g; n, the number of moles of the gas; and a 1 is 
a constant. Thus, a plot of In (dP/ dt) vs In P will give a straight 
line with a slope of (1 +n) and intercept of In (qa1/ LCpTo), where 
Cp is the specific heat. From the intercept, a 1 could be calculated, 

since other parameters, q, L, Cp and To are known. The value of r 
is calculated at a desired pressure . Recently , a closed bomb 

device 8 ) w hich p rovides direc t measure of r combining the 
advantages of co n ven tiona l Crawford bomb and a closed bomb 
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is described. The closed bomb method of Richard82 involves the 
principle of microwave interferometry. An advantage of this method 
is that the contact of foreign substances, such as wire probes, 
etc. with the sample is avoided and the pressure could go up to 
1000 atm. 

2.2 INFLUENCE OF PRESSURE ON BURNING RATE OF 
CSP 

Of all the variables, pressure is the most important parameter 
on which r depends 67 . Generally, as the pressure is increased, r 
is accelerated (Fig.2.1); efforts have been made to develop laws 
relating r with P. Various empirical relationships proposed (Eqns, 
3-15) are summarized in Table 2.1. Their adequacy in satisfactorily 
fitting the experimental data in different pressure domains and 
the associated physicochemical processes are discussed below. 

The most popular and commonly used empirical relationship 
for CSP4 and Ap83 is Vieille 's law (Eqn. 3, Table 2.1) in the pressure 
domain up to around 100 atm in rocket motors. Constant 'a'in 

4.0 r----------------------, 

3.0 -PSU } 
--PU 
---- CTPB, HTPB 
_ ·-PS 2.0 

-" '- Paraformaldehyde} 

t Plateau region (n --7 0) 
u 
~ 1.0 
E 
~ 

'1.. 

0.2 
L-___ ~ ________ L_ __________ L_ _____ ~. ____ ~ 

5 10 20 50 l GO 200 
Pressure (aIm) 

Figure 2.1. Burning rate of CSP as a function of pressure. 
Source : Cohen, N., et ai. Role of binders in solid propellant combustion. AIAA. 

J, 1974, p .12-18 . (Reproduced with permission from Aerospace Access, 
American Institute of Aeronautics & Astronautics , New York) . 
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Eqn (3) is d ependent on To, wherea s the . pressure exponent (n) is 
rela ted to th e characteristics of the components 3 .98 . The influence 
of n is s ignifican t for a s ta ble operation and its m agnitude p rovides 
an importa nt diagnos tic of the effect of pressure on the combus tion 
process . 

Physica l s ignificance of the n va lue in Eqn (3 ) is discu ssed below. 

n -* 0 , f a pproach es a con stan t value a nd becom es less sen si tive 

to P, res ulting in p la teau burning. It is des ira ble tha t f 
s hould have th e least influen ce on P a nd for this purpose 
it is usua lly preferred to h a ve as Iow a n n value as pos sible. 

11 -* 1 , A linear relationship is acquired between f a nd P. However, 
th e co nsequ en ce under this condition in the actua l motor 
performance is dis astrous , a s the ch a mber pressure (Pc) 
tends to infinity when n a pproaches unity, a s shown99 by 
Eqn (16) . 

Table 2 . 1.Empirical relationships of the pressure 

dependence of r 
Eqn Relationship 
No. 

3. 

4. 

5. 

6. 

r = ap" 
(Vie ille 's Law) 

f = a + bP 
(Mu raor) 

I' = a + bp" 

(~)=~ + p~3 
(Summe rfield) 

Features 

Fits CSP clata; n <1 ; P = 20-80 a tm . 
Fits AP combustion data; n = 0.77 ; 
P = 20-80 atm . 
Fits Gun propella nt d a ta ; n = 1 
a: co n s ta nt , To-depende nt. 
n: pres sure expon en t , compos it ion 
d epen d ent. 

Fits CSP combustion da ta ; P< 1 a tm. 
Fits DB propellan t data; P<70 a tm. 
a, b: con s ta nts 

Fits CSP a t h igher P up to 8 0 atm .; 
n = 0 .45-0 .6 
Fits DB p ropellant da ta ; P > 70 a tm. 
a, b: cons ta nts 

Fits CSP combus tion d ata; 

Ref 

3,4 
83 

84 

85 

4 

P= 1- 100 a tm . 5 
a and b a re empirical con stants; 'a ' 86 
i s know n as the c h emical react io n t ime 
parameter. Chemical kin etics con trols th e 
overall rate a t low p ressure a nd governs th e 
p remixed fl ame. b: d iffusion time p a rameter 

Contd .. . 



Eqn Relationship 
No. 
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Features 

and has particle size effect related to diffusion 
coefficient . High pressure behaviour not well 
understood . 

Ref 

7. Gr =( ~r +(p~;3 r FitsCSPdata;P= 1-136atm. 87 

8 . 

9 . 

(Penner) 

(Von Elbe) 

(Rosen) 

(~)a(~r3 
(Rosen) 

!... ~ exp( -n,) = const 
a 
(Rosen) 

10. (Hermance)' 

a* and b* are constants; b* varies with 
particle size. In obtaining this relationship 
mass burning rate for combined diffusion and 
gas phase reaction is considered and is, 
therefore, better motivated than 
Summerfield's equation, which considers a 
separate mass burning rate. With the same 
physical model, Penner has obtained this rate 
law which fits Summerfield's data 
satisfactorily. 

Fits CSP data ; P < 100 atm. 

a and C are constants; a depends 
upon chemical reaction rate, while Cdepends 
upon diffusional mixing rate . 

Fits CSP data in the range 1-136 atm 

a: prefactor of the pyrolysis law 
and is a constant related to the 
propellant composition. b: a 
parameter with the dimension of 
pressure. 

88 

89 

Fits high pressure behaviour in the 89 
range 1-136 atm. 

This limiting factor relationship is 89 

asymptotically constant for very high 
pressures (1360 atm.), indicating that the 
pyrolysis law with Ts = Tf provides the 
maximum r. But additional high pressure 
measurements are needed to test this theory. 
ns is the index for surface decomposition, 
which is same as the activation temperature. 
Fits CSP data; P = 1-400 atm. 90 
Surface reaction energetics have a significant 
role. ai' b I' c3, d l are constants, m is the 

*r = a exp ( - E f J + biP" (C3 _ !!..L)exp [ -( Eox + Es] 
1 EOs tI/ 2 r . pm EOs Contd ... 
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Eqn Relationship 
No. 

11. m = P'Ax' exp(-E/ RT) 
or 

m = p "!2 (kJ..( / Cpr' 
(Becks tead- Derr-Price 

Triple Flame Model) 

12 . P 
r = -----,----,::--:-,~ 

A f + Br p I2 -"" 2 

(Fenn's Phalanx Model) 

13. (Kumar)* 

Features 

diameter exponent for particle ignition and 8 
is the reaction order. 

Ref 

Ingredient parameters: Activation 90 
energies for gas phase reaction (E), oxidiser 
pyrolysis (Eo.J, fuel pyrolysis (Ef), and surface 
reaction (E s) are considere d . es is the 
dimensionless temperature at the surface. 

Fits CSP data and predicts r - P curve 

well; P < 70 atm. Vapour phase considered. 

At low P, premixed flame controls r. At 

high P, diffusion flame controls r. r, is the 
mass burning rate, A: pre-exponential factor , 
8: arbitrary reaction order, E: activation 
energy , x': flame stand off distance, T: 
temperature, k: pseudo-rate constant, Cp : the 
mean specific heat of the solid and gas, A: the 
thermal conductivity, ~ ' : the non dimensional 
stand off distance. 

91 

Fits CSP data; P < 100 atm. 8: gas phase 92 

chemical reaction order, B: cons tant; 
Af a parameter related to T., Tf and the 
enthalpy difference perunit mass between the 
solid and gas phases. This model considers 
the flame as occurring at the interfacial region 
between streams of fuel and oxidant produced 
by rapid vaporization of the components. 
Fits CSP data; P= 1-50 atm . 93 
Considers the condensed phase processes. 94 
<p: interfacial reaction layer thickness, which 
is considered as the melt layer thickness on 
AP crystals in the propellant . For AP /CTPB 
(75/25), cp is 5 ~lm, 'a' is oxidiser particle size 
taken as 90 ~m for the above propellant. (6cpv/ 
a) is the volume fraction of AP undergoing 
degradation and 'v ', the volume fraction of the 
oxidiser loading. Fragment size vaporizing 
(FSV) for binder is taken based on the 

(E/RT )(Tw- To)i( D 1\ ( FSV ) D ] 
w Tw l C(Tw-To) + ) d\FSV - l - C(Tw- To)FSV 

* r = 

Contd .. . 



Eqn Relationship 
No. 

14. 

( f)2 _ a " - ---b 
p p 

(Rastogi) 

15. r=clff + 

(b/ p+at./ pl/3f 

(Miller) 

r =aps + gpJ/3 

(Miller) 

1 
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Features 

consideration that r (AP) = r (binder). D: heat 
degradation of the binder to monomer units. 
E : activation energy for the thermal 
degradation, Cp : specific heat, Tw: wall 
temperature, Pc: the density of CSP , Bo the 
pre-exponential factor for the degradation 
process. 

This model fits esp combustion 

Ref 

95 

data (P = 1 - 95 atm.) and gives a 96 
better correlation than Summerfield's 
equation. a" and b" are constants . a" is a 
function of temperature, while b" is related to 
the volume of activation. The value of b" is also 
determined by the type of oxidizer and its 
mechanism of thermal decomposition in esp. 
For KN03 or NaN03 , b" is negative, while for 
perchlorates, it is positive. 

Fits esp data for 68 < P < 340 atm. 

This relationship possesses 'qualitative' 
exponent break information. a, b, C, s are 
constants, dox is the oxidizer particle size. a 
and s are identified with AP for esp containing 
endothermally degradable binders. For 
reactive binders that sustain rapid 
defiagration , they are identified with the 
binder. 

97 

This relationship fits esp data for P 97 

>340 atm as (b/ p}««cdox /P' /3 ) in the above 
relationship. 'g ' is a con s tant inversely 
proportional to dox . 

P = -'.!!m'---_ 

1 
k pac' 11- fI 

C a j 16 

where k.", is the grain area to nozzle throat area ratio, 'a', a constant, 
p, the propellant density, C*, the characteristic -velocity, an':';' g, 
acceleration due to gravity. The aboV8 cOlldition may lead to 
explosion and motor failure. 
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n > 1: r becomes more sensitive to pressure . However, its 
consequence in Eqn (16) is that Pc becomes much less, 
which has no practical meaning. 

r becomes inversely proportional to pressure. Its 
consequence in Eqn (16) is that Pc decreases and this 
condition leads to unstable combustion, known as 
'chuffing' and 'extinction'. Propellants with negative 
exponents are known, but they are rare I00-102. 

Generally, n is 0.7 and 0.4 for double base (DB) propellants 
and espl, respectively. 

2.2.1 Combustion Behaviour of CSP in Different Pressure 
Domains 

2.2.1.1 Low pressure domain « 1 atm) 

At low pressures , Eqn (4) adequately describes the behaviour 
of esp. The constant 'a'is governed by thermal conductivity and 
is independent of pressure in the condensed phaseI03.106 . At 1 
atm, with a = 0 and n = 1, Eqn (5) tends itself to Eqn (3) and offers 
ballistic calculations in gun propellants with some accuracy; 
however, it fails to describe the esp behaviour. 

2.2.1.2 Moderate pressure domain (1 - 100 atm) 

At moderate pressures, the dependence of r on P can be 
represented adequately by Eqns (3) and (4), but more precisely 
by Eqn (5), which is almost a combination of Eqns (3) and (4) 
describing the behaviour of esp and DB propellants, respectively 
107. With a = 0, Eqn (5) tends to Eqn (3) and has been verified to 
describe the behaviour of esp. Summerfield's equation Eqn (6) is 
also applicable to esp, but it breaks down when the oxidizer 
particle size is < 250 ~m. This is because the flame is no longer 
unidimensional, as assumed in the theory. Eqns (7) and (8) have 
been verified on the basis of experimental data; they are as good 
as Summerfield's equation (Eqn 6). 

2.2.1.3 High pressure domain (> 100 atm) 

At higher pressures, the flame passes from a homogeneous 
to heterogeneous structureI08.109. The plateau effect (Fig.2.1) 
depends on the nature of the fuel binder and particle size of the 
oxidizer; n decreases when q> decreases. If the particle size is in 
the intermediate range of 200-250 ~m, Eqn (6) breaks down for a 
reason similar to that mentioned in the previous section. In fact, 
due to this weak effect of the oxidizer particle size on r, the effects 
of high pressure on n and binder are not well predicted either by 
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Eqn (3) or Eqn (6) . Incorporating some of these effects, not 
understood by the empirical laws relating rand P, the importance 
of surface heterogeneity has been recognised. Considering various 
effects, several laws have been proposed (Table 2.1). Equations 
(9),(10),(13),(14) and (15) consider the importance of surface 
heterogeneity, oxidizer decomposition and binder degradation 
characteristics. Equations (11) and (12) consider the gas phase 
chemical reactions. 

The above discussion ofthe combustion ofCSP, as influenced 
by pressure in different domains 110 implies that it is not possible 
to present a unique mechanism for the combustion of CSP in the 
entire pressure range of interest in rocket motors. 

2.2.2 Surface Heter,ogeneity and Thermal 
Decomposition of CSP 

The burning surface ofCSP, with the complex decomposition 
and pyrolysis reactions of the dispersed oxidizer and the inter
dispersed binder is highly heterogeneous in nature and is 
markedly influenced by the flow fields 90. Although surface 
heterogeneity has been recognized as important in the formulation 
of empirical laws, its nature is not fully understood . Surface 
features like microstructure, particularly the oxidizer particle size 
effect have been studied I I I , which indicates that rand n may 
change as the cross-flow velocity increa ses for oxidizer particle 
size > 10 pm. It has also been found 11 2 that for an oxidizer mixture 

of different particle sizes, the experimental r us Pbehaviour agrees 
well with the theoretical observations . The effect of particle size 
and its distribution in the steady and non-steady burning rate 
and pressure exponent has been studied 113,114. Concomitant with 
changes in the composition (i .e ., </», the propellant material ablating 
from the surface affects the surface heat release and causes 
fluctuation in the burning process l0B. 109,11 5-117. Damping of these 
fluctuations has been found to result in the extinction 
phenomenon11 B. Shannon 119 has studied the photomicrographs of 
PBAN, PU and CTPB - based AP propellants prior to ignition. In 
all cases, polymer melting and flowing were observed and the large 
particles of AP were found to protrude from the surface. The surface 
showed a pebbled structure and was found to be coated with 
molten polymer. Such protrusion has been confirmed by Lengelle, 
et a[l 20 from SEM studies on polybutadiene propellants. 
FUi!hermore, study of the surface structure has revealed that the 
protruding AP particles at low pressure recessed at higher 
pressures where plateau is observed . Boggs, et aP 21 also confirmed 
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that at 6.8 atm, AP particles protruded on the surface, suggesting 

that the r of AP was lower than that of the binder, but at 54.4 atm, 
the reverse situation was observed. At still higher pressures, 
regression of the binder was slower than that of AP and the binder 
melt covered AP crystals, bringing about extinction. 

Apart from surface heterogeneity, the heat transferred from 
the flame to the unburnt solid 122 results in thermal stresses and 
increases the thermal gradient in the burning surface layer. This 
induces microcracks l23 , thus increasing the surface area; 
propagation of microcracks activates the condensed phase 
reactions 124.125. 

There has been a lot of interest in understanding the role of 
condensed phase reactions during the combustion of solid 
propellants 30.7o . For instance, in NH 4CI0 4-NaN03 eutectic 
formation, the flux growth of NH 4N0 3 and cooperative 
rearrangement of the ions to NaCI04 occurs, leading to reduction 

in the r of magnesium-based fuel-rich propellantsl 26. Quantitative 
contribution of the condensed phase reaction at ambient pressure 
is known21. As a logical consequence, it would be of interest to 
show the contribution of condensed phase reaction at elevated 
pressures; such studies are, however, very few . In a PVC-AP 
propellant, plateau effect is observed in a given pressure range. 
When KCl04 is used as oxidizer, no plateau effect is observed due 
to high combustion temperature and KCl does not participate in 
the chain termination mechanism 127 . 

According to Bouck, et aZ. 127 the temperature for the onset of 
runaway exothermic reaction of solid propellant is a function of 
pressure and heating rate. Waesche, et a[l 28 studied the thermal 
decomposition of AP/polybutadiene acrylic acid (PBAA) propellant 
at ambient 17 atm pressure to examine the effect of particle size 
and catalyst. A close examination of their results showed that 
pressure sensitizes thermal decomposition of the propellant. The 
heat of reaction of DB propellant was found to depend on 
pressure. The work of Eisenreich and Pfeil129 reveals that below 
30 atm, there is a strong dependence of heat of reaction on 
pressure; above 30 atm, however, this effect is less pronounced. 

Although correlation of r and thermal decomposition rate in the 
propellant at higher pressures has been indirectly shown through 

similarity in the exponent of thermal decomposition rate and r, 
the exact contributions of the condensed phase at higher pressure 
is not known precisely. It is believed that propellants with higher 
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r 's will have a diminished contribution from condensed phase 
reaction since the residence time available in the condensed phase 
gets reduced successively as the pressure is increased. The same 
holds good for the effect of particle size with respect to the depth 
of h eat penetration, when the contribution of the condensed phase 
reaction becomes smaller. 

To obtain a realistic picture about the contribution of the 
condensed phase reactions at elevated pressures, more 
investigations may be necessary. 

2.3 INFLUENCE OF TEMPERATURE ON BURNING 
RATE OF CSP 

2.3.1 Basic Analysis 

Generally, r increases with To98,99.130, 131, but the magnitude of 

the variation is much less pronounced compared to that of r 
variation with pressure. However, it is significant to consider it 
from the point of view of its influence on propellant storage under 

varie~ climatic conditions. The change in value of r with To, at a 
constant P, is defined as temperature sensitivity ((Jp) of the burning 
rate1,3, l1 3 

(17) 

(Jp is a basic propellant characteristic and is expressed as 

%jOC. Attempts to explain temperature dependence of r have been 
reviewed by Cohen and Flanigan 132 . Schoyer and Korting 133. 134 
observed that the coefficient and exponent in Vieille's burn rate 
law Eqn (3) vary with To; he suggested that (Jp varies as a function 
of temperature according to the equation: 

(18) 

In Eqn (18) , the variation in values of a and n with To 
accounts for its influence on the propellant composition and 
thus (Jp depends on the propellant formulation as well135-138. To 
predict the effect of the main parameters influencing (Jp' fuel-rich 
propellant and non-fuel-rich propellant containing the same 
ingredients have been studied 120. Kubota and MiyazakP39 found 
th:> t (Jp obeys the equation: 
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(19) 

where y=(dT/ dx)s,g is the temperature gradient and z=[Ts-TdQs/ Cp)j, 
where Ts and Qs are the surface temperature and surface heat 
release, respectively. Thus, (Jp consists of two parameters and 
Eqn (19) is written as: 

(Jp =Y+Z (20) 

where Yis the gas phase reaction parameter and Zis the condensed 
phase reaction parameter. Temperature sensitivity of the solid 
phase reactions is found to playa more dominant role in (Jp than 
that of the gas phase reaction in the pressure range tested. 

2.3.2 Initial Temperature Effect and Condensed Phase 
Considerations 

During combustion, a thin zone beneath the burning surface 
is conceived to be effectively heated from To to its reaction 
temperature 140, depending upon If> and chemical nature of the 
propellant 139,141. When combustion of the oxidizer and the fuel 
takes place in stoichiometric amounts, (Jp assumes a minimum 
value 142. The existing analyses of r us To data for esp are 
fragmen tary and do not adequately explain various 
physicochemical processes and their mechanistic implications 143. 
Literature data on the effect of To are compiled in Table 2.2 and 
important conclusions are presented in Table 2.3. Experimental 

and theoretical studies on the effect of To on r of esp, summarized 
in Table 2.3, suggest that (Jpis influenced by oxidizer particle size, 
additives, metallic fuel, condensed phase processes , nature of the 
fuel-binder and pressure. 
(Jp is generally observed to increase with increase in oxidizer 
particle size91.139.155. It also increases with oxidizer loading91. For 
very low particle size range « 10 /lm), (Jp is almost constant, but 
beyond 101 flm, (Jp increases with particle size and particle size 
distribution 150 . However, this trend is reversed if the propellant 
burning is erosive153. 

At a given pressure, ee increases (Jp for eTPB propellant 
both in the presence and absence of AI, but for PU-containing 
esp, it decreases in the presence of AP 02. It could , therefore , be 
inferred that the chemical nature of the binder influences (Jp. Even 
as a function of pressure, the effect of ee in the presence of Al 
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shows no significant e ffect on (Jp for CTPB propellant.. This is 
somewhat strange, since CC, in the absence of AI , shows decrease 
in (Jp with pressure l

" " , thereby s u ggesting significant influe nce of 
metal on catalytic reactions . For variation of (Jp with pressure, in 

PU-based CSP, both r ca talys t (CC) a nd inhibitor (LiF ) follow the 
same trend, i.e ., (Jp d ecreases with increase in P l48. On the other 
hand, for HTPB and CTPB-based propellants, catalysts like BEFP 
(for coarse AP particles only) I:!9, CC 148, Fe20 315.1 , and an inhibitor 
like LiF !48154 show an opposite trend . It may b e generalized that 
(Jp ' as a funct ion of P, d ecreases for catalysts and increases for 
inhibi tors. 

Melting and combustion of Al influence (Jp at a given pressure. 
For instance, in CTPB propellant, decrease in (JI ' is attributed to Al 
m elting, re sulting in increase in Ts. However, (Jp is not affected by 
CC or LiF in the presence of AI. Interestingly, in AI-containing PU 
CSP, the magnitude of the effect of catalysts/ inhibitors remains 
the same, although reduction in (Jp values is influenced by the 
binder characteristics. Thus , combustion of Al overshadows the 
effect of the catalyst or the inhibitor102 . Al also suppresses t h e 
plateau effect observed in propellantsl 56 . Al h as low propensity to 
react on the surface and in the conden sed phase, a nd h ence it is 
more sensitive for radiative feedback. Mg and B , on the other h a nd , 
react readily on the surface a n d in the condensed phase and hence 
are more sensitive to condensed phase h eat release 157 . 

Ana lytical models of combustion of CSP have shown much 
concern for the condensed phase processes l58 . Some of the models 
consider surface heat release on account of condensed phase 
reactions . If the surface heat r elease fa lls below a certain critical 
value, the predicted performance parameters do not match with 
the experimental values, the reby s howing the significance of 
condensed phase reactions . Generally, conden sed p h ase heat 
release occurs at or just below the burning surface. Consequently, 
it affects Ts and the kinetics of s urface pyrolysis, which is reflected 
·in Es (surface activation energy). Some of the models, where Qs, Ts 
a nd Es are considered as surface features, are briefly discussed 
below. Depth profile studies on the burned propellant samples 
by IR microscopy reveal that ch emical reactions occur within 10 
urn 159 from the surface. 

In the model of Beckstead , et af l , oxidize r d ecomposition 
occurs at the surface a nd its associated h eat release is regarded 
as a n important parameter. It is realized that a crit ical value of 
h eal: reiease in the range 100-200 cal/g is n ecessary to predict 
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the r for its To dependence . This is borne out by the fact that if the 
heat release is less than the critical value, (Jp becomes very much 
lower than the experimental value . Ewing and Osborn1 4 6 studied 

the effect of. surface feature parameter (u) on r and suggested the 
following relationship: 

(21) 

where u is defined RS 11 = T~ - Tu -(Qs / Cs); and ro is the b urning 
r a te at so m e r efe r e n ce temperature, T{} . The predicted a nd 

experime n tally observed effe ct of u on r o f four AP / PBAA 
propella nts , s hown in Fig. 2.2, suggests that the catalyzed (CC) 

propellants follow the pre dicted trend in r. On the b as is of 
Summerfie ld 's GDF mode l, Cohen Nir '48 derived an expression 
for G p ' which is essenti a lly based on the param eters TSJ Qs and Es· 
His result s of analysi s o f (Jp agree with the experime ntal 
observations; the expression for (Jp is as follows: 

1 
(22) 

where d p is the t emperature coefficient of r u sed in iteration, Es , 

the surface activation e n e r gy, Ts , th e s urface t e mp e r a ture 
corresponding to s ome r eference temperature, To, Cs , the heat 
capacity of the solid; and R the gas constant. 

It h as a lready b een n oted in the foregoing discussion th a t in 
CTPS and PU CSP, the che mical nature of the fu el-binder affects 
the 0 p s ignificantly both in the a b sen ce and presence of a catalyst '48 . 

Furthermore, when the extin c tion phen om en a for different binder s 
in a propell a nt a re con s idered, varied b eh aviours are observed, 
suggestive of a strong influence of the fu e l binder ch a racteris tics . 
CTPS or HTPB propella nts do n ot s h ow extinction in the u sual 
pressure range of inter est, whereas PBAA and PU propella nts 
exhibit intermittent burning'46 a nd extinction 148 , respectively. For 
PSAA propell a nt, inte rmitte nt burning occurs in the pressure 
r a n ge 15-35 atm. T h e intermitte n t burnin g and extin c tion 
phe nome n a could b e exp la ine d by Summerfield 's g r anular 
diffus ion fl a m e model (GDFM)5, which con s id e rs that binder m elt 
covers oxid izer pa rticles to bring about local extin ction. However , 
in PSAA - b ase d propell a nt , the bind e r does not melt in 
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Figure 2.2. Effect of parameter u on the burning rate. 
Source: Ewing, et 0 1. Burning rate temperature sen s itivity o f composite solid 

propellants. Journal of Spacecraft and Rockets, 197 1, 8(3). p . 290-92. 
(with p ermiss ion from Aerospace Access, AlAA, New York) . 

this pressure range , a nd therefore, GDFM is inadequate to explain 
intermittent burning in PBAA propella n t; the predicted pressure 
range for extinction from GDFM theory does not tally with the 
experimental observations. PU-based propellants, at low 
percentage of the binder (20%), undergo self-extinction a bove 70 
atm. At higher percentage of PU (30%), self-extinction occurs at 
all pressures in the range 1-80 atm , except at 7-12 atm. Scanning 
electron microscopic observations of the extinguished surface 
(70 atm burning) revealed that the PU binder forms extensive ch a r 
covering AP particles. From these observations, it is inferred that 
the carbonized layer on the oxidizer particles s trongly perturbs ¢, 
cau s ing local self-extinction; this perturbation in ¢ is d ependent 
on press ure i60 . 

Now, we consider a no th e r aspect , which exemplifies the 
influence of chemical nature of the binder, namely, effect of binder 
on the burning behaviour. Unlike in the case of CTPB , where a 

steady increase in r is observed with To, in a PU -contain ing 
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propellant, a large scatter is observed for r at To's beyond 60 0 C. 
This is attributed to deflagration along the faces of the burning 
strand 102. This kind of burning behaviour is usually moderated 
by the addition of metal fuels like AI. Another important aspect is 
the effect of pressure on the CY p of CSP. In AP j CTPB or of HTPB 
propellant, CYp is almost invariant with pressureI 02. I09 . However, a 
theoretical study91 on AP jpolysulfide propellant suggested that 
CYp should increase with pressure. Perhaps more studies are 
needed to understand this, aspect to arrive at some useful 
generalised conclusions. 





CHAPTER 3 

SUBLIMATION, THERMAL 
DECOMPOSITION & DEFLAGRATION 

BEHAVIOUR OF AMMONIUM 
PERCHLORATE 

3.1 AN OVERVIEW 

AP is the principal ingredient and the most practical oxidizer 
in CSP I6. It is also used in explosives I6 J.l62 . The available literature 
indicates that it is one of the most studied molecules in respect of 
various facets, especially its decomposition and combustion 
behavioursI 63-J65; studies on decomposition outnumber those on 
combustion . Recently, considerable interest has been evinced in 

porous AP, it is promising for obtaining increased r of the 
propellant I 66. The decomposition of porous AP is faster than that of 
fresh AP, it decomposes at a temperature 50 °C below that at which 
fresh AP decomposes l67 . But heat of decomposition is not affected 167. 
In the propellant, the binder diffuses into the pores of porous AP 
and as a result, elongation of the propellant decreases l68 . It also 
affects the cross-linking density of the binders J69 . 

AP in a propellant can be reliably estimated by titrating with 
tetra-butyl ammonium perchlorate using pyridine as the solventl7o. 
It has also been found that rof the propellant increases by using 
freeze-dried AP I7l . 

AP can undergo either sublimation or decomposition or 
decomposition and sublimation simultaneously, depending upon 
the temperature and pressure conditions J72- J75 . Under deflagration 
conditions, whether sublimation occurs or not is a debatable point. 
Studies on the decomposition characteristics of AP are of prime 
importance and give valuable information regarding the actual 
species emanating from the propellant surface that mix and react 
in the gas phase, and on the phenomenon 176 of ageing of CSP etc. 
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Studies by Kishore, et al. 6 1.1 77 , 178 have revealed that changes in 
propellant i' , thermal decomposition rate and the extent of ageing, 
get reduced as the oxidizer loading increases . It has also been 
observed 176 that amrponium salts like (NH4bHP04' NH4 F, NH4 Cl 
and NH4Br de~ensitize.the thermal decomposition of AP to increase 
the thermal stability and hence the longevity of the propellants!79. 
Thus, the ageing characteristics an~. directly related to the thermal 
stability of the oxidizer. . . 

In this; chapter, the decomposition characteristics of AP, as 
affected by temperature, purity and pressure are presented. The 
reactions initiated at the solid surface leading to 30 % decomposition 
in the low temperature region, and the high temperature 
decomposition characteristics are discussed. Theoretical and 
experimental aspects of enthalpy and activation energy for the 
decomposition processes and their mechanisms are discussed. 

AP is a unique oxidizer and functions as a monopropellant 
too , since it self-deflagrates above its low pressure limit (LPL, 20 
atm) 163. The deflagration rate of AP is of the same order as that 
observed for many AP-based CSP's at typical pressures and since it 
is present in large proportions it may control the combustion of 
CSP . Deflagration of AP is considered as a prelude to the 
understanding of the more complex processes of combustior: of CSP. 
Many models like the Hermance mode190 and multiple flame mode191 

consider AP mono propella nt flame as the key step in the condensed 
phase and gas phase combustion of CSP. Studies on deflagration 
of AP also help in understanding the mechanism of catalyst action 
on the burning rate l6 163 of CSP. In this chapter, various 
physicochemical processes operative in the condensed phase are 
described. Results of studies on the self-deflagration characteristics 
of AP influenced by P and To are presented. The exis tence of LPL, 
its dependence on physicochemical characteristics of the solid phase 

and interrelationships with rand (Jp are discussed. Variations in (Jp 

with pressure as evidenced by condensed phase processes, are also 
discussed. 

3.1.1 Physical Properties of Ammonium Perchlorate 

There have been a lot of studies on the determination of 
heat capacity (ep ), density (p), thermal conductivity (k) and thermal 
diffusivity (aJ of AP. The results are summarized in Tables 3.1 and 
3.2. k and a values for AP in the cubic region have been obtained 
by extrapolation of the reported data. 
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Table 3.1. Specific heat (ep ) and density (p) data for AP 

Source of data 

Hall and Pearson8 5 

Beckstead, 
Derr and Price9 1 

Manelis and s trunin l 8 1 

Price, Boggs 
and Derr l 8 2 

Sohn l83 

Hertzberg l84 

Rosser , Inami 
and Wise 185 

Experimental work 

Guirao and Williams l 8 0 

Hall and Pearson85 

Beckstead, Derr and Price9 1 

J acobs and Whitehead 163 

Hertzberg l84 

Sohn l83 

Caveny and Pittman 186 

Ortho 

0 .309 

0.308 

0.300 

0.300 

0 .332* (473K) 

0.370 

0.333 

0.340 

Ortlw 

1.95 

1.95 

1.80 

1.95 

1.95 

1.95 

* C" (Orthorhombic) = 0.13626 + 0.000414T 
C" (Cubic) = 0.15309 + 0.000414T 

Specific heat (cal g_1 K- I) 

Cubic Melt Gas 

0.365 

0.365 

0.300 

0 .300 

0.432(673K) 

0.370 

0.340 

0.328 

Density (g cm-3) 

Cubic Melt 

1.71 

1. 71 

1.76 

1.71 

0.300 

0.305 

0.306 

0.312 

Table 3.2. Thermal conductivity (k) and diffusivity (a) data 
for ammonium perchlorate 

Source of data 

Guirao and Williams l80 

Hall and Pearson85 

Manelis and Strunin l SI 

Price, Boggs and Derr lS2 

Beckstead, 
Derr and Price l S 7 

Sohn l 83 

Thermal conductivity (cal cm-I S-I K-I) 

Solid Melt Gas 

0.9 X 10.3 0.1 X 10.3 

1.112 X 10-3 

1 X 10.3 

fIT) (0.3 to l)xlO·3 

0 .3 X 10.3 

0.16 X IO.J 

Contd ... 
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Source of data 

Caveny a nd Pittman ' 86 

Rosse r , Inami 
and Wise '85 

Ha ll and Pearson85 

Kuma r9-' 

Ros s er, Inami 
a nd Wi se'ss 

Price , Boggs 
and Derr ,s2 

Ro s se r , lnami 
a nd Wise ISS 

Calcula tion from 
k , and Cp 

Experimenta l work 

* Value extra pola ted from d a ta. 

Thennal conductivity (cal cm -I S-I k -I ) 

Solid 

0.97 X 10-3 

0 .90xl0··' (673K) 
(extrapola ted) 

M elt 

Thermal diffusivity (cm2 S_I) 

2 . 17 X 10-3 

1.50 X 10 3 

2.5 X 10-3 

0_7 X 10.3 

(673K)" 

1.5 x 10-3 

(673K)" ' 

1. 1 x 10-3'" 

1.5 X 10-3 

1.77 X 10-3 

Gas 

4.55 X 10-6 T 

** Calcula ted from k=0.9 ca l cm-' s' K' ; P = 1. 76 g cm-3 and C" = 0 .34 cal g' K ' 
*** In s olid AP it is a mean of 0.7 x 10-3 and 1.5 x 10.3 cal s " K' ; Cp = 0.33 ca l" g-' K' and p 

= 1. 71 g cm -3 

3.2 SUBLIMATION FEATURES OF AMMONIUM PERCHLORATE 

AP undergoes phase transition from orthorhombic to cubic 
structure at 240 DC due to the rotation of perchlorate ion 163. From 
data given in Ta ble 3.3, a n average value of 20 cal g'] may be 

Table 3.3. Enthalpy data for AP phase transition, sublimation, 
decomposition and melting 

Process 

Phas e tra n s ition 

Sublima tion 

Decompositio n 

Meltin g 

Enthalpy (call g) 

+19.57 '88 , +22.9885 , +21.28 '80 
+21.28 '89 , +19.50 ' 86 , +20.30 '80 
+20.00 '91 , + 19 .60 'S2 

+497.0 '80, +500.4 '92 , +480.091 

+500.0 12°, +493.6 ±17 (Exptl)' 93 
+ 497.9 '94 

-260.0 (Exptl) '95, -270.64 'S ' 
-300 '97, _385 '93 , -800 '89 
-3 26. 5 5 '96 , _277.4 '90 

+59 .6 '80. 182 
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assigned for the enthalpy of phase transition of AP. AP also 
undergoes sublimation and decomposition under appropriate 
pressure conditionsl 72-174 . Sublimation of AP strongly depends on 
its purityl 98. It is also affected by additives l99 . It has been shown 172,191 
that below 20 torr, AP undergoes dissociative sublimation and above 
60 torr and up to 250 atm, AP only d ecomposes with a heat release 
of 260 cal g-1 and with little or no sublimation. However, Kraeutle200 

has reported that the residue obtained on decomposition undergoes 
sublimation quantitatively even at 1 atm pressure. Boldyrev, e t a[I96 

have shown by mass spectroscopy that at 1 to 50x10-6 torr and 
280 °C-500 DC, AP dissociates to NH3 and HCl04 • As regards the 
mechanism, it is generally believed that proton transfer is the rate
controlling step in sublimationI98.201,202. 

NH4 Cl04 ~NH3(ads ) + HCl04 (ads) ~NH3 (g) + HCl04(g) 

3.2.1 Enthalpy 

The dissociative sublimation process gives rise to a broad 
endotherm after phase transition. Figure 3 .1 shows a typical 
differential thermal analysis (OTA) curve. The heat of endothermic 
dissociative sublimation (Table 3.3) was m easured by Inami, et a[l93 

while other authors reported only calculated values. An experimental 
value of 494 cal g-1 has been considered by Price , et a[l82. and Guirao 
and Williams 180 . Kishore, e ta[l 94 calculated the heat of sublimation 
to be 497.9 cal g-l. Considering the theoretical and experimental 
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-----------------------
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Figure 3.1. DTA trace of AP phase transition and sublimation under 
reduced pressure 17

\ 
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values, a mean value of 496 cal g-I could be assigned for the 
endothermic sublimation of AP. 

3.2.2 Activation Energy 

Bircumshaw and Phillip s 203 studied the vacuum sublimation 
rate by the weight-loss technique in the temperature range 260-
320 °c . For the observed activation energy (E) of 22.0 kca l/ mole , 
they advocated the proton transfer mechanism. Jacobs and Jones204 

reported a high E value of 30.0 kcal/mole. rai Verneker, et all71 

studied thermal decomposition and sublimation in the temperature 
range 220-320 °c and reported a value of 18.2 kcal/mole, thereby 
resolving the discrepancy in the high value observed by Jacobs and 
J ones204 . More appropriately, Kishore and Pai Verneker194, based 
on the thermodynamic interpretation of the process, simplified 
activation energy (E) dependence on enthalpy of sublimation to the 
following form . 

E = [ LJH s(NH 3) + LJH s(I-ICI04) ] (23) 

where LJ H
S

(NI-I3) and LJ H
S
(HCI04) a re the enthalpies of sublimation of 

NH3 and H CI04 components. E value for AP sublimation calcu lated 
from Eqn (2 3 ) has been found to be 16 .3 kcal/mole. 

3.3 DECOMPOSITION OF AMMONIUM PERCHLORATE 

Decomposition of AP strongly depends on t h e prevailing 
experim ental conditions of pressure, temperature and whether it 
occurs in an open or a closed system. Depending upon the pressure, 
s ublima tion and decomposition occur s imultaneou s ly to som e 
extent in an open system, while in a closed system the sublima tion 
process is overtaken by decomposition205 . The chemical reactivity 
is influenced by active volume, surface of the sample container 
and temperature distribution prevailing in i f w6 . In aqueous solution, 
AP decomposes at a much slower rate than in neat form207 . But in 
methanol, it decomposes at the same rate as neat AP207 . 

Thermal decomposition of AP has been studied widely at 
atmospheric pressure85,163.190.20S-210. A typical DTA curve (Fig. 3.2b) 
s hows phase transition endotherm at 240 °c and decomposition 
exotherms at about 300 °c and 400 oc, w hich we s h a ll term as low 
t emperature decomposition (LTD) and high t e mperature 
d ecompositio n (HTD) exotherms, respectively. Decomposition of 
AP often d epends on the degree of puri ty211. A typical differential 
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Figure 3.2. Effect of pressure on DSC and DTA thermograms of 
AP195, 208, 209 & 210. 
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scanning calorimeter (DSC) thermogram of AP of different purity 
levels is shown in Fig. 3.3. Commercial AP shows a large exotherm 
around 300 °C which is less pronounced in the case of AP crystals 

Commercial 

0 
x 
w 

i Ultra Pure 
I-
<J 

J, 
0 
"0 Single Crystals c 
w 

230 280 530 
Temperature (OC) 

Figure 3.3. Effect of purity on DSC thermograms of AP211. 

of the h ighest purity and is absent in the case of single crystals. 
However, it undergoes 30% decomposition when i t is he ld 
isothermally at 230°C (below its phase transition temperature) for 
several hours212. Crystals , when ground and heated, exhibit the 
first exotherm due to the formation of perchloric acid or generation 
of more defects213. Several views have been express ed21

-l as to the 
cause of the first exotherm. One view is that transition metal 
impurities , such as copper salts , catalyse the thermal decomposition 
of AP to produce the exotherm . Another view is that it could arise 
from excess HCI0 4 trapped with AP crystals. As per still another 
view chlorate could be present in AP as an impurity. Rajeshwar, et 
a[2 15 observed that the decomposition temperature of AP is lowered 
by as much as 100 °C in the presence of electric fie ld. 

A p lausible explanation for AP to undergo decomposition in 
two temperature regimes216.2 17 is based on the fact that at low 
temperatures (-300 DC) , decomposition occurs to only about 30% 
and is incomplete; above this temperature it decomposes to 
completion. When AP is kept isothermally in the orthorhombic 
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region , it also decomposes , but at a much slower rate. LTD occurs 
below 300 °C and covers both orthorhombic (240 °C) and cubic 
(240-300 0c) AP. Even thermogravimetric (TG) s tudies show a break 
at 30% weight loss around the temperature of the first exotherm. 
In the low temperature region , the reaction is initiated on the surface 
and does not penetrate into the interior, as it is limited by the 
intermosaic block of AP crystal and only 30% decomposition occurs. 
The res idual porous solid from LTD was found to contain a loose 
aggregate of crystallites with a few imperfections and with a total 
surface area greater than that of the original sampleI 63 .1 88. According 
to Maycock and Pai Vernekar21 7, the CI0 4 " radical formed by 
electron transfer from CI04 - to interstitial NH4 ' requires fresh surface 
to d ecompose and to oxidize NH3. Formation of a Frenkel defect 
does not lead to fresh surface, and, therefore, the decomposition 
terminates at 30%. Boldyrev, et aF1 8 found that the HCI04 formed in 
the primary stage of LTD accumulates and combines with NH3 
before it has a chance to decompose and oxidize NH3 and thereby 
the reaction comes to a h a lt at 30% weight loss . Pai Verneker, e t 
a[21 9 have shown that accumulation of acid in the solid phase 
takes p lace during the thermal decomposition of orthorhombic AP 
at 230 DC. However, Davies e t aF2D found that loss in weight of AP 
occurs even after 30% decomposition when it is left for several 
days ; they argued that it happens due to sublimation. But the 
questions are; (i) whether sublimation or decomposition or both 
occur and (ii) whether orthorhombic AP decomposes to completion? 
It has been found that LTD is not incomplete, but goes to completion 
with an activation energy of 20 kcaljmole and the process is 
exothermic219. The fact that it is a decomposition reaction and not 
sublimation is supported by the IR analysis done by Varadaraju22 1; 
the process seems to be akin to the low temperature decomposition 
of cubic AP. 

Jacobs 163 extended the mechanism for the decomposition of 
orthorhombic AP to explain the decomposition of cubic AP; at high 
temperatures, both HCI04 and NH3 desorb into the gas phase 
(details given in Section 3.3.3). Ifthe ambient pressure is increased, 
diffusion of the products decreases and the usual dissociation of 
HCI04 and oxidation of NH3 occur. According to Pearson and 
Jacobs222 , the chemistry of high temperature decomposition (HTD) 
of AP is dominated by the decomposition reactions of HCI04 and by 
the oxidation of NH3. The formation and decomposition of HCI04 

h ave been monitored at some distance above the surface and the 
decomposition kinetics is found to depend on the temperature223 . 
Koroban and Guk224 found that the gaseous products of 
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decomposition of d eutera ted AP influen ce the d ecom position r a te, 
which is more in the cubic region compa red to n orma l AP. Unlike 
the Frenkel defect , Sch ottky typ e of d efects, formed in the cubic 
region, are known to produce a n ew surface a nd the d ecomposition 
proceeds to completion 2!7. 

3.3.1 Enthalpy 

There is a lot of controversy a bout the entha lpy value fo r the 
exothermic d ecomposition of AP, as seen in Ta ble 3 .3 . One can see 
tha t the values r a n ge from 260 cal g.! to 800 cal g.! . Waesch e , 
e t a[l 95 reported 2 60 cal g.! from DSC m easurem ents. Th ey compared 
the experimenta l value with t h e theoretical value calculated by 
product distribution !28 , for which n o d eta ils a re given. Based on 
DSC exp eriments, Kish ore et a [l 90 ob tained a value of 277 cal g- !, 
whic h i s the n e t entha lpy of th e LTD a nd HTD exothe rms. 
Con s idering the th eoretical value of 260 cal g.! from th e reaction 
en ergies of th e decomposition products a nd th e experimen tal values 
of 2 6 0 cal g.l a nd 277 cal g.! , a n a verage value of 2 65 cal g.! could 
be assign ed for the exothermic d ecomposition of AP. 

3.3.2 Activation Energy 

Activation en ergy m easurem ents h ave been m a de in d ifferent 
tem pera ture regimes. Stu d ies225 on th erma l d ecomposition in th e 
presen ce of elect r ic fi eld have s h own th a t the activa tion en e rgy in 
the ran ge 140- 19 0 °C (or th orh ombic) is a roun d 15 kcal/ mole which 
compares reason a bly well with the va lu e of 20 .0 kca l/ mole obta in ed 
from electrica l conduction s tudi es; charge-carrying s pecies , such 
as H+ and NH4+ are k n own to b e involved . 

In the range 190-240 °c, the extent of decomposition us time 
curve of orthorhombic AP is sigmoidal with an induction period, 
an acceleration region and finally a deceleration region. Activation 
energy in this region is found to be 30 kcal/mole and decomposition 
goes up to only 30%. While studies stress the decomposition to be a 
proton-transfer process, some authors argue that decomposition 
proceeds by the initial destruction of NH4 + interstitials . 

In the range 240-350 °C (cubic AP), decompos ition goes to 
completion. However, a break occurs at 30% decomposition. The 
extent of decomposition us time curve for this range is characterized 
by a short induction period, the main reaction being deceleratory 
in nature. Two activation energy values (30 kcal/mole for the proton 
transfer process and 20 kcaljmole for diffusion in Schottky type 
defect structure) have been reported in this range. 
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Above 350°C (cubic AP), decomposition exhibits a total 
deceleratory curve and is associated with fastness and completeness 
of decomposition. Two values of 30 kcal/mole and 60 kcal/mole 
have been reported for the decomposition , and the mechanism has 
been argued in terms of proton transfer process, electron transfer 
process and Cl-O bond dissociation. 

Although activation energy measurements made for the , 
sublimation and decomposition processes point td"proton transfer 
as the rate-determining step, the activation energy values for the 
two processes differ. This does not give a unified picture of the 
mechanism operative in the decomposition of AP. 

3.3.3 Mechanism of Ammonium Perchlorate Decomposition 

Several studies have been made to understand the mechanism 
of d ecomposition of AP226.228. Reviews by Hall and Pearson85 , J acobs 
and Whitehead l63, and Kishore and Sunitha7 1 give good accounts of 
the mechanism of thermal decomposition of AP, but it still remains 
a matter of debate. Three important decomposition mechanisms 
are discussed below. 

3.3.3.1 Proton transfer mechanism 
Bircumshaw and Newman2290231, Jacobs and Whitehead 163 and 

Isaev, et a[232 proposed proton transfer from cation to anion, resulting 
in adsorbed ammonia and perchloric acid on the surface of AP, 
followed by evaporation of NH3 and HCI04 into the gas phase, 
d e pending upon the prevailing temperature a nd pressure 
conditions . 

Proton Transfer Process 

~ 
NH4 +Cl04 (s) ~ NH/ + Cl04 ° 

~ 

NH3(g) HCl04 (g ) I 

7,\ 
Sublimation Decomposition Products 

These authors have argued that LTD being faster than the 
rate of sublimation in vacuum must involve the adsorbed species, 
viz ., NH3 and HCl04 . Confirming the proton transfer mechanism of 
decomposition of AP over a wide range of temperature, Boldyrev, et 



42 Solid Propellant Chemistry 

a(233 and Khairetidinov234-236 showed that the proton transfer process 
includes reorientation of the protonated anion: 

for which the frequency is 103 sec!, and proton jumps to a 
neighbouring anion for which a lso the frequency is 10!3sec l. 

'.;,(, 

These two steps are believed to be responsible for migration of the 
proton to the anion in the lattice . The main contribution to the 
value of the activation energy for the migration is made by 
reorientation ofthe protonated anion. According to this mecha nism, 
which is widely accepted237, both sublimation a nd decomposition 
could occur, depending upon the experimental conditions like 
pressure and temperature. 

Tang and Fenn:238 observed that the vapours subliming from 
the surface of the single crystal of AP were of NH3 and HCI04 . The 
decomposition, according to the proton transfer mechanism, could 
be a direct bimolecular reaction between NH3 and HCI0 4 or could 
proceed via bimolecular decomposition ofHCI04 . This gets support 
from the fact that decomposition of Ap239-241 is accelerated by HCI04 
and retarded by NH3240 . 

3.3.3.2 Electron transfer mechanism 

Maycock and Pai Verneker217.242, based on a careful kinetic 
analysis of the decomposition products and electrical conductivity 
studies, have argued in terms of a point defect model. They have 
assumed a Frenkel structure in orthorhombic AP with NH4 + ions in 
the interstitial position. They have pointed out that the 
decomposition proceeds via the initial destruction of the NH4+ 
interstitials, which is expressed as follows4 : 

C14 + NH; ~ CIO~ + NH~ 

NH4 ---+ NH3 + H· (26±1.0 kcal/mole) 

CIO~ + 2Ho ~ H 2 0 + CI03 
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The CIO~ radical formed in the body ofthe crystal will be stable 
because of the crystalline force fields . However, it is probable that 

CIO~ radical can effectively migrate to the surface by an electron 

transfer process from CIO~ to CIO~ radical. Break-up of CIO~ radical 

on the surface and subsequent oxidation of NH3 will give rise to a 
decomposition nucleus, which will then grow into the crystal. 
Decomposition on the inner face ofthe nucleus will not occur readily, 
because electron transfer will be more difficult in a disorganized 
lattice. Gamma-irradiated AP also decomposes by an electron-

transfer mechanism. NH: and CIO:;, in the interstitial site, react to 

form NH~ and CIO~ radicals which decompose to NH3 and CIO/43 . 

A very important feature of this mechanism is the requirement 
of a fresh surface for the decomposition to proceed. The formation 
of Frenkel defects does not Jead to the production of a fresh surface 
and hence the decomposition terminates at 30%. The defect 
structure in the temperature range 250-350 °c is of the Schottky 
form. The creation of a new Schottky pair produces a new surface 
and hence decomposition proceeds to completion. In the 
temperature range 350-440 oC, AP is shown to exhibit e lectronic 
conduction due to electronic transition. 

3.3.3.3 Mechanism via formation of nitryl perchlorate 
intermediate 

Bircumshaw and Newman230,231 suggested that ammoniu m 
nitrate may be a product of decomposition of all ammonium salts 
of sufficiently oxygenated acids. Kishore, et a[244 observed that there 
is flux growth of ammonium nitrate from a eutectic mixture of AP
NaN03 at 233 °C in which CI04 - is stabilized by a metathetical 
reaction . Solymosi245 suggested that the stability of the CI04- ion 
gets reduced on covalent bond formation. 

Galwey and Mohamed246.248 confirmed the qualitative results 
of Pai Verneker, et a[249 that oxidized nitrogen species (N03- ) are 
formed in partially decomposed AP. They proposed that the 
oxygenated nitrogen must be in the form of nitryl perchlorate 
intermediate in the low temperature decomposition of AP in the 
range 187-237 °c wherein the reactions pertain to the orthorhombic 
AP. It is believed that the formation and rapid decomposition of 
N02CI04 is the rate-controlling step in AP decomposition. This 
mechanism is valid in the orthorhombic region represented in the 
following scheme. 
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The highly active dis in tegra tion p roduct of CI04 - ion fo rmed 
by d ecompos ition of AP oxidizes NH4 - a nd/or NH., to yie ld NO:/ , 
which combines with the Cl04 - ion a nd forms nitryl p erchlora te 
(N02CI04 ) a n d t h ey exis t in a dy n a mic equilibrium. It is observed 

NH" ., 
t 

i , 

NH .,NOI ~ Ox ida tion NH ~ / NH ] + (CIO ~, O , etc) 

I '~ I 

CIO ; NO - + 20(or O 2 ) NO ~ 

t t 
,C~O ; , + ,WO + 2010; o')l OCIO; 

qlO; + [0)'r0] 

.. [02N - 0 - CIO] ] 

Covalen tly bonded 
n itryl perchlorate 

in term ed iate 

tha t N02 CI0 4 is vola tile a nd is confined within the pores of the 
reaction zone in the molten phase. N02Cl04 being uns ta ble, rupture 
of the covalent bond to [02WO] a nd Cl03- ion occurs more readily 
tha n that of the ionic p e r c hl o r a t e 25o . Th e [0 2N+0 ] fo rm e d 
subsequently disintegrates to (W O) a nd O~ (or 20) which combine 
with Cl03 to form NO+Cl03 a nd O2 (or 2 0 ). This s p ecies cap a ble of 
ox idizing NH <j + and / or NH3 to N+0 2 , t h ereby r egen e rating the 
intermedia te; the cycle r ecurs. The Cl03- ion is cap a ble of oxidizing 
NH3 a nd / or NH4 + to form NH4 N03. This is a lso s upported by the 
fa ct tha t NH4 Cl0 3 on d ecomposition forms NH4 NOl30. 

Evide n ce supporting thi s m ech a ni s m includes a n a ly ti cal 
d e tection of the N02 CI04 intermedia te. The ac tivation en ergy for 
AP d ecompos ition is close to that rep o rted for N0 2CIO.

" 
w hich is 

3 l.0 kcal/ mole, indicating th a t the sam e ra te-controlling process 
opera tes in both the decompositio n reaction s. Eva lua tion of the 
time required to complete LTD by extra p ola t ion of th e k inetic data 
for AP h a s su ggested tha t th e d ecomposit ion o f N0 2CIO.\ is a ra te
controlling s t ep . Addition ofNH4N0 3 or Mg(N03h.6H20 r educes the 
induction p eriod. The a dditives d o not ch a n ge th e m ech a nis m ; this 
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is consistent with the view that the promotion of decomposition 
involves the conversion of N03- to N02 +, which participates in the 
reaction, as mentioned in the above sch eme. 

3.3.4 StoichIometry of Ammonium Perchlorate 
Decomposition 

Chemical analysis of the decomposition products of AP is rather 
complex. The basic ch emistry of the exact reaction involved is n ot yet 
clear. Simchen206 has reviewed the ch emical, th ermochemical and 
stoichiometric aspects ofthe results of this reaction. Several equation s 
are proposed which are stoichiometrically cor rect and chemically 
wrong, as some of the products identified do not account for the 
proposed reaction scheme. 

Dode 251 did chemical analysis of the gaseous products of 
vacuum decomposition of AP, after conden s ing them in a liquid a ir 
tra p, a nd proposed equation s for LTD a nd HTD. At temperatures 
in the range 200-230 DC, the stoichiometry is expressed252 as : 

NH4 CI04 ~ 2H20 + 0 .5C12 + 0.7502 + 0.5N2 0 

and for the temperature ra n ge 300-420 °C, the stoichiometry iS85 : 

NH4 Cl04 ~ 2H20 + 0.5C12 + 0.502 + NO 

Bircumshaw and Newman229 and Ross er et arSJ confirmed 
Dode's25 J observation of temperature-sensitive product distribution . 

In ord er to identifY the primary products of decomposition 
of AP and minimize the interference of secondary reactions in 
produc t a n a lysis, mas s spectroscopic technique has been 
employed85 . Detailed investigations by Pellet and Saunders254 have 
establis h ed th e following product composition in the temperature 
ra nge 140-240 DC: 

NH4CI04-+ 1.83H20+0.33HCI+0.602+0.33CI2+0.33N20+0.33N02 

They also found tha t the product composition changes above 
240°C. 

Since the n a ture and relative proportions of the products 
formed depend on tempera ture, pressure, and sampling technique 
employed , Jacobs and Pearson252, on the basis of analysis of major 
products reported by several workers, have given a typical average 
representation of the stoichiometry of decomposition of AP in the 
tempera ture range 160-380 DC : 

NH4CI04 -+ 1.88H20 + 0 .24HCl + 0.602 + 0.38C12 + 0 .2 64N20 + 
0.323N02 + 0 .07N2 + 0 .0 INO 
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It m ay be seen from the above two equations tha t in the wider 
temperature range of 140-400 °c, except for a relatively small 
proportion ofN2 and NO at higher temperatures , the major products 
a nd their compositions are almost same, unlike the s toichiometry 
reported by Dode251 . 

3.3.5 Effect of Pressure on Thermal Decomposition of 
Ammonium Perchlorate 

The first r ep ort on th e s tudy of th ermal decomposition of AP 
as a function of pressure was by Stone20S (Fig . 3.2) . The author l95, 
201:\ ·21 0 h as not di scu ssed much about the pressure d ependence of 
decompos ition of AP, but a n examination of the DTA curves clearly 
indicates that d ecompos it ion of AP is acceler a ted as the pressure 
i s increas e d . Waesch e and Weno g r a d 195 r ec orded DSC 
thermogram of d ecompo s ition of AP up to 30 atm and obse rved 
that when press ure is inc reased , the high tempera ture peak 
b e comes sharper and occurs at lower t emperatures , but the 
phase transition temperature is unaffected. This may be due to 
the negli gib le volume change taking place during phase transi tion. 
Similar r esults were obta ined by Morisaki and Komamiya209 who 
obtained DTA of AP in N;2 and O 2 a t various pres sures (Fig. 3.2 ). 
Schmidf210 obtain ed DTA thermogram of AP up to 136 a tm. H e 
h as not reporte d the co mplete thermograms , bu t it is poss ible 
to identify th e t e mperature at which the onse t of the fa s t 
decompo s ition in the high temperature region occurs (Fi g. 3.2 ). 
This temperature ge ts lowered as the p ressure is increased. The 
data of Schmidt21 0 were plotte d agains t the above tempe ra ture 
and linea r d e p endence was obtained, s u gges ting a correla tion 
between i' and the rmal d ecompos ition of AP at higher pressures. 
Similar to the effect of the rm a l d ecomposition, th e ignition of AP 
is a lso sen s itize d with pressure 255256. D e m azeu, et a l2 57 studied 
the effect of pressure on t h e the rma l d ecompos ition of AP+Cr2 0 3 

at 350 °C; at 2000 atm pressure, Cr0 2 , a magne tic mate ria l , is 
obtained . 

3.4 SALIENT FEATURES OF AMMONIUM PERCHLORATE 
DEFLAG RATION 

The deflagra tion of AP h as been studied as a function of various 
parameters , such as pressure258.259 , initial temperature25S.260.263 and 
particle size 258 . ~ 60 . 262 . The effects of catalysts as well as inhibitors 
have also been th e subject of many studies25s,260 264.266 . One of the 
unique and elus ive features of det1agration of AP is the existence of 
LPL (20 atm) b elow whic h AP does not undergo d eflagration. 
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Although there a re several inte resting characteristics of deflagration 
of AP, t h e main emphasis h ere is on the condensed phase behaviour , 
int1uence of P a nd To, exis ten ce of LPL a nd its interrelationship 
with other parameters'267 . 

3.4.1 Condensed Phase Characteristics during Ammonium 
Perchlorate Deflagration 

Deflagratio n of AP is depicted sch em atically in Fig. 3 .4 , phase 
transition occurs in th e s ubsurface region 26s.27o . The thickness of 
the phase transition layer in quenched s ingle crystals of AP was 
m eas ured by Beckstea d an d Hightowe r 27 1 . Acco rdin g to 
McGurk272.~7.1 , orthorhombic a nd cubic phases coexist over a time
dependant 50 pm zone in th e s urface layer, which becomes an 
a dvan cing combustion s urface . Melting of AP is not observed during 
d ecompos ition conditions. DTA curve (Fig. 3.2 b) shows that the 
decompos ition goes to completion at 400 °C at atmospheric p ressure 
a nd gets sen s itized at higher pressures; however, it does not undergo 
m elting. Hightower and Price268 a nd other investigators77 .2 11 obtained 
evidence that the surface o f d efl agrating AP is covered with a liquid 
p h ase; the quenched samples s how the existence of m elt . 

FIQm~ 

(560 Tm - x x x x x 
Ts- IT= "c) 1--

Melt laye r thi c kn ess 

T _ ~x~Ull. I Ph ase! transili on 
x x x x x x ~ tll ic kn t>ss 

( 240°ClTtr ~t------1 

To 
Figure 3.4. Schematic representation of ammonium perchlorate 

deflagration. 
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As mentioned earlier, at and above 1 atm pressure, AP 
undergoes only decomposition. However, whether decomposition 
alone or decomposition with sublimation occurs during deflagration 
is not known for certain and it is difficult to confirm the occurrence 
of sublimation under combustion conditions. Conflicting views 
regarding the occurrence of sublimation are available in literature. 
According to Lengelle , et al l 20, rapid decomposition and sublimation 
of AP occur during deflagration . The work of Waesche and 
Wenograd 195 showed that AP does not undergo any sublimation at 
P> 1 atmosphere. Hightower and Price268 and Boggsl21 also argued 
against the occurrence of sublimation. 

As in CSP, condensed phase reactions have been found to occur 
in AP too267.274,275 . The heats of phase transition, sublimation, 
decomposition and melting are taken into account (Table 3.4) and 
the condensed phase heat release has been obtained by a simple 
thermodynamic approach: 

(1-,B) LlHd 
Heat released in the condensed phase = 431.5 + ftLlH s (24) 

where f3 is the fraction of AP sublimed, t1Hd the heat of 
decomposition, and t1Hs is the heat of sublimation. Sublimation 
during deflagration may be considered to occur somewhere between 
o and 30%202 . Even with 30% sublimation, significant condensed 
phase heat release occurs just below the surface and thus it plays 
an important role in deflagration of AP. Derivation of Eqn (24) is 
based on the energy balance during the steady state deflagration 

Table 3.4. Data on AP 

Phase transition temperature (T" l 

Melting temperature (Tml 

Surface temperature (Tsl 

Flame tempe ra ture (Trl 

Heat of Phase tra n s ition (t-.H,,) 

Heat of Sublimation (t-.Hs) 

Heat of Decomposition (t-.Hd) 

Heat of Melting (t-.Hml 

Specific heats of 

a) Orthorhombic solid (CPo) 

b) Cubic Solid (CPc) 

c) Melt (Cpm) 

d) Gaseous products (Cpg) 

240 °C 

560 °C 

Ts = f(p) 

1127 °C 

+20 cal g' ! 

+496 cal g" 

-265 .0 cal g" 

+60 cal g" 

0 .34 cal g" C· , 

0 .34 cal g' ! C-! 

0 .33 cal g" C· , 

0.30 cal g" C· , 
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process. It is considered that AP, on complete combustion, releases 
heat (t1H), which is adiabatically u sed to raise the temperature of 
the product gases to the adiabatic flame temperature , Tf . In order 
to calculate the enthalpy changes at various stages in the 
combustion process, Hess's cycle is used. Accordingly, the energy 
released to raise the temperature of AP from To to a diabatic flame 

- temperature Tf is given by 

,1H = {3t1Hs + (1 -{3) t1Hcl = (CPo{Ttr-To) + t1Htr + CPiTm-TtrJ + 
t1Hm + Cpn,(Ts-T mY + CPg(Tr Ts)} (25 ) 

where CPO) Cpo CPm and CPg are the specific heats of orthorhombic , 
cubic, melt and the gaseous products of combustion, respectively; 
Tto Tm and Ts are the phase transition, melting and surface 
temperatures, respectively; and t1Hto t1Hm and t1Hr are the heats of 
phase transition, fusion and gas phase reaction , respectively (Table 
3.4)188_ Evidences in favour of the occurrence of condensed phase 

reactions in deflagration of AP are as follows. A correlation of r 
with the temperature of decomposition of AP has been obtai~ed 

from the data of Schmidt21O , which indicates that r depends on the 
rate of thermal decomposition of AP _at higher pressures70. Kinetic 
analysis274, which is primarily based on the proton transfer 
mechanif"]'1 is outlined below: 

k1 
NH4G04 <=> NH3 + HC104 - 58 kcal 

k 2 

k3 

NH3 + Hel04 + xN2 q Decomposition products + xN2 + LlHd 

(26) 

(27) 

is consistent with the observation that the decomposition of A'P is 
sensitized with increase in press ure1 95.209.2 10. 

3.4.2 Chemical Reactions in the Gas Phase 

In the gas phase, Korobeinichev and Kuibida276 detected HCI04 , 

which is the basic product of condensed phase gasification. A 
general scheme for the chemical reactions associated with the self
sustained combustion of AP has been formulated l 63 . According to 
this scheme, HCI04 decomposes in the gas phase produ cing initially 

CIO; and ·OH radicals: 
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'CI0 3 radical is very unstable and decomposes either bimolecularly 

to CI02 and O2 or unimolecularly to CI02 and oxygen atom, or to 
CIO' radical and O2 : 

2'CI0
3 

-> 2CI02 + O2 

'CI03 -> CI02 + 0' 

'CI03 -> 'CIO + O2 

The next stage is attacked by radicals on the ammonia 

molecules, principally by CIO' radicals and possibly by 'OH radicals 

and by oxygen atoms, to form 'NH 2: 

NH3 + • CIO -> 'NH 2 + CIOH 

CIOH can further react with oxygen atoms or with 'OH radicals 

to regenerate CIO' radicals: • 

CIOH + o· -> CIO' + OH 

CIOH + 'OH -> CIO' + H20 

Reaction of NH2 with O2 gives NO, which then reacts as 
follows: 

NH2 + NO -> N2 + H20 

Ermolin, et a[277-279 substantiated direct and reverse rate 
constants for a large number of reactions involving several species 
in the AP flame. By mass probing, concentration profiles of the 
reacting species and temperature profile of AP flames have also 
been obtained. The mechanism of combustion of AP changes in 
the presence of fuels and additives7l . 

3,4,3 Influence of Pressure on Ammonium Perchlorate 
Deflagration 

Most of the existing combustion data relate to pressures 
well above 1 atm. Some representative atmospheric pressure 
data for the combustion of AP, assisted by preheating, are also 
available255 . AP undergoes self-sustained combustion only in a 
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certain pressure range, giving rise to pressure limits; it burns 
only above LPU80. The value of r at LPL for single crystals or 
high density discs is 2-3 mm/s. LPL is attributed to the radiant 
heat loss to the surroundings183.281 and to the dependence cf heat 
of decomposition of NO on pressure109. At LPL, sufficient amount 
of NO is observed in the final product of decomposition of AP while 
little {s observed at higher pressures. This indicates that NO fails 
to decompose below a certain pressure and its persistence lowers 
the net energy release and contributes to LPL. LPL can be reduced 
to atmospheric pressure by increasing To> by incorporating additives, 
by adding fuels or by changing its particle size28o,282 . LPL of AP is 
affected by catalysts. Fe203 and copper chromite reduce it, while 
LiF and CaC03 increase it283. 

Considerable data exist on the dependence of r of AP on 
pressure . Several workers83,284,285.29o have studied AP deflagration 
as a function of pressure. For a given To, the deflagration rate 
curve is divided into four pressure-dependent regimes based on 
the characteristics of burning surface structure, subsurface profile 
and energy transfer mechanism. Figure 3.5 shows the r us P plot 
taken from the paper of Boggs, et a[284. The data of other 
investigations have also been added. 

Regime I (20-55 atm): Dependence of r on P is represented 
by Eqn (3) with n = 0.77. The value of r lies between 0.13 and 0.34 
cm/ s depending on P. The value of r increases with pressure. The 
regression is smooth and planar and the surface contains a thin 
layer of liquid over it. This regime is of importance in propellant 
combustion. 

Regime II (64-138 atm): The value of n is found to be less 
than 0.77 and the r lies between 0.34 and 0.48 cm/ s. Melt is 
observed in this region too. The surface exhibits a conspicuous 
intricate pattern of ridges and valleys, where reaction sites are 
localized. 

Regime III (138-275 atm): The value of r lies in the range 
0.48-1.0 cm/ s. In this region, n is found to have a negative value 
and r decreases when pressure is increased, this is accompanied 
by a sporadic uneven surface. Quenched samples have indicated 
the formation of some needle-shaped crystals on the surface . 

Regime IV (>275 atm): The value of r increases again as the 
pressure is increased. Tn this region, no melt is observed. The surface 
is found to be covered entirely by needle-shaped crystals. The upper 
pressure limit (UPL; 300 atm) up to which deflagration can be 
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maintained and beyond which steady deflagration becomes difficult 
a lso exists281 ,288 

In both III a n d IV regimes , Glaskova289 observed irregular 
com bu stion and found th e valu e of r to increase at pressures beyond 
350 a tm. 
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Figure 3 .5. Dependence of burning rate of AP on pressure (ref. 284 
and data added from ref. 85, 182, 268, 285-290) . 

Source : Boggs, T.L. De flagration rate, s urface st ru cture and s ub s urface profile of 
self-d eflagrating s ingle crys tals of ammonium perchlorate. AIAA. J , 1970, 8 (5) , 
P.867-73. (with pe rmiss ion from Aerospace Access AlAA, New York). 

3.4.4 Melting of Ammonium Perchlorate 
Several studies I87,258.268 have revealed the presence of a melt 

on the surface of AP during d eflagration . The melting temperature 
(T"J h as been reported to b e in th e range 442-592 :!:: 20 0C 186,27 1,291,292 . 

Based on the theory of corresponding s tates , Cordes29 1 has obtained 
th e Tm of AP by extrapolating both Tm and vapour pressure data for 
various ammonium salts as a function of inte r-ionic distance (A), 
as shown in Fig 3 .6 . Using Eqn (28) and setting th e values for the 

log (Pm/POS) = (6283. 7/ T"J(O.2S) (28) 

ratio of the vapour press ure by extrapolation, Tm of AP has b een 
found to b e 592:!::20 DC. Here Pm and Po are the vapour pressures of 
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the salts at some fixed fraction of Tm. Through microscopic studies, 
Beckstea d and Hightower27 I showed that the surface is not planar 
and the phase transition thickness was taken at the bottom of the 
depression. The ups on the surface seem to be due to solidification 
of molten AP and, therefore, the temperature measured at the bottom 
of the depression could be considered as the liquid-solid cubic AP 
interface temperature . The temperature reported as 560±.35 °C 
could be taken as the Tm of AP. From electrical conductivity studies, 
Melik-Gaikazov and Marshakov293 , found that the hypothesis of 
liquid AP cannot explain the low value of equivalent conductivity 
and suggested that the liquid layer on the surface during 
combustion at 1 atm pressure is due to the eutectic of the 
decomposition products, such as HCl04 and NH4 CI04 • 

No experimental data are available in literature on the enthalpy 
of AP melting. However, Guirao and Williams 180 and Price, et a[l 82 
used 59.6 cal g.] (Table 3 .3 and 3.4) as the heat of melting 

c 
0; 
o 
-J 

2.0 

1 .0~--------------~--------------~------------~ 
2.0 3.0 4.0 5 .0 

Interionic Distance (Ie ) 0 A 

Figure 3 .6 . Dependence of reduced pressure ratio on inter-ionic 
distance in ammonium salts291 • 

Source: Cordes, H.F. Est imate of the melting point of a mmoniu m perchlo rate. AlAA. J , 
1969, 7 (6 ). P. 1193-95 . 

(,1HrrJ of AP, which is actually the heat of fusion of LiCl04 . In the 
absence of experimental data on melting of AP, this value is used 
as the h eat of melting of AP. 
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3.4.5 Temperature at the Burning Surface 

Several inves tigators have measured T, of AP27 1.28 1.294-297 u sin g 
thermocouples . However, the accuracy of m easured values of Ts 
also dep en d s on th e h ea t capacity a nd bead s i ze o f the 
thermocouplel 09.:l81. Optica l methods h ave a lso b een u sed 294295 a nd 
the associated uncertainties h ave been discussed in detail by Price, 
e t al.182

• 

The Ts values for deflagration of pure AP a r e presented as a 
function of P in Fig. 3.7 . It is seen that the value of Ts increases 
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Figure 3.7. Dependence of Ts on pressure in AP deflagration 12o ,180, 1820. 

with pressure ; the values reported by of Price, et aP S2 are high er 
than those of Guirao and Williams 1so and Le nge lle 120

• From 
knowledge of Ts of CSP (which could be higher than that of AP), 
it appears that the values of Ts reported by Price , et aP 82 a re on the 
higher side and, th e refore, the data of Guirao and Williams 180 and 
Lengelle l20 could be taken as authentic values of Ts. 

3.4.6 Temperature of Ammonium Perchlorate Flame 

In literature , two sets of data (Fig . 3.8) on Tf seem to exist , one 
in the range 930-980 °C while the other in th e ra n ge 11 30-1180 nC. 
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Figure 3 .8. Dependence of flame temperature o n pressure in AP 
defla gration.109, 120, 180, 182,267,288, 294. 

The lower values of ~ are the ones obtained experimentally 
wh ile the higher values are th eoretical. The lower value of ~is the one 
obtained from the experiments while the higher value is obtained 

theoretically. The theoretical values of Tf is in the range 1110-1180 °e 
(To=25 0c) for the following combustion process: 

The experimental values of Tf are well below the theoretical 

adiabatic Tp This difference could be due to error in the experimental 

measurements or due to heat losses. 

3.5 INFLUENCE OF INITIAL TEMPERATURE (To) ON 

DEFLAGRATION OF AMMONIUM PERCHLORATE 

Dependence of d eflagration of AP on Tois as significant as that 

observed in esp. The salient observations from various observations 

(Table 3.5) are outlined in Table 3 .6 . 
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Table 3 .5. Dependence of r on To of AP monopropellant 

System P (atm) To (0C) r = f(To) (Jp and important Ref 
(em/ sec) observations (1 °C) 

Pellets upto150 2 1 0 .5 - 1.3 (i) At 21°C, both 284 

150-300 21 1.3- 1.15 LPL and upper 
upto 200 70 0.3 - 1.5 pressur e limits 
200-300 70 1.5 -0 .4 exit. However , 

irrcrease in To to 
70° Clowers LPL 
to 20 atm and 
raises UPL 

(ii) Rigorous 
conclus ions 
regard in g pressure 
limits are not 
reac h ed. 

Pellets upto 350 20-150 (i) Increase in To 262 
increases, 
i·, lowe r s LPL and 
ra ises UPL. 

(ii) Critical pressure 
below which r 
becomes pulsating 
has been found to 
inc rease with To 

Pelle ts 50-200 50-150 (i) (J" Changes with 262 

P. (Jp in itially 
increases and then 
decreases as the 
pressure increases 
to 100 a tm. 

(ii) (Jp=O.OO 1-0.003 

upto 350 20-150 (i) Increase in To lead s 298 
to increase in r and 
d ecrease in LPL a t 
which combustion 
begins 

room (i) LPL is 30 atm . 298 

tem p (ii) LPL is 15 atm 298 

30-150 150 (i) Combustion 261 
mechanism important 
in the solid phase. 

20-100 (ii) Ts increases with To 

Pellets 20-140 20-120 .30-1.20 (i) Limiting 299 
pressure of 

Contd ... 



System P (atm) 

(AP 
particle 
size) 

(SO ~lm) 40-100 

(100- 20-80 
160 11m) 

(250- 20-80 
315 11m) 

Crystals/ 14 - 29 
pe llets 
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20-120 

20-120 

20-120 

-40 to 
+50 

50 

;- = I(To} 

(cm/sec) 

0.30 

(Jp and important 
ObSel1Jations (/oC) 

combustion 
decreases 
with increase in 
To and m ean 
particle size. 

(Jp=O.O 13-0 .005 

(Jp= 0.0094-0. 003 

(Jp= 0.0053-0 .0028 
(ii) (Jp decreases with 

increase in pressure 
and particle s ize. 

(iii) Softening or 
coalescence of AP 
particles leads to 
decrease in LPL 

(iv) Combustion of AP is 
determined by the 
r.eaction in the 
condensed phase and 
by its dispersion. 

(v) Sublimation of AP also 
needs to be considered 

Ref 

A linear 300 
re lationship exists 
between LPL and To; 
LPL d ecreases linearly 
from 26 to 15 atm. 

(ii) Single crystals (LPL = 
19 atm) and pellets (LPL 
= 22 atm) have almost 
similar LPL. Therefore, 
LPL is a property of AP 
and is not influenced by 
in ter- p~rticle processes 
in pellets, as was 
thought previously. 

LPL 
asymptotically 
approaches a 
minimum. 

300 

Contd .. . 
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System P (atm) To (0C) r = f(To) (Jp and impOltant Ref 
(em/sec) observations (/0 C) 

AP LPL to 89, 23 (i) Consistent s hape 287 
single 82 and and-28 of the va riation of 
crystals 340 r vs P curve is 

observed as To 
decreases . 

23 and (ii) r initially 287 
89 increases and the 
23 to -28 deflagra tion 

mechanis m seems 
to change as the 
pressure is increased . 

(iii) This provides an 
opportunity for gainin g 
further under s tanding 
of the deflagration 
process . 

28-38.5 -28 An apparen t froth 287 
is observed a t the 
surface 

136- -28 Deflagration of 287 
306 AP occurs nor ma lly, 

However, discontinui ty 
in the burning 
behaviour at hi gh 
pressure is not 
described , which may 
explain the high 
pressure limit observed 
for AP pelle ts . 

-28 High pressure 258 
asymptote is 
reached. 

14 20-180 0 . 19-2 .30 (i) r is not zero at 258 
LPL. 

(ii) (Jp =O. 0064-0 . 0020; 
it decreases as a 
function of pressure 

AP 18-32 20, 60 0 . 17-0.19 (i) r is not zero at 3 01 
strands LPL. 

(ii) LPL decreases wit h 
increasin g s trand 
density , burning 
surface a rea a nd To· 

COl1td .. 



Sys tem P (atm) 

Recta n g- 10- 2 6 
ular AP 
s trand s 

Cylindrical 10-26 
strands 

AP Pressure 
in dime-
nsionless 
form 

150 

Single 3 - 102 
crystals 
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2 0-:2 00 

20-200 

To 
para-
meter 
as 9

0 
~ 

0.2-0.3 

26- 150 

r ~ f(To) 
(em/sec) 

limit ;- ~ 

0.17-0 . 19 

0 .38 - 1. 3 5 

(Jp and important 
observations (/ 0C) 

(iii) Mainten a nce of 

Ref 

combus tion is difficult 
due to h eat loss, if void 
fra ction increases or 
d en s ity decreases . 

Observation of 301 
the burning surface at 
LPL indicates that it is 
n o t uniform; th e 
s urface is fl a tte r at 50 
a tm th a n a t 22 a tm . 

(i) LPL~k/ {exp 2 (Jp 301 
(To-T*)I a nd gives 
(Jp ~ 0 .001 8 close to 
a n experimen tal 
value of 0.002. 

(ii) LPL drops from 
24 to 13 a tm. 

LPL drops from 
20 to 11 atm 

(i) The model proposed 302 
considers exothermic 
decomposition in the 
condensed phase and 
and the calculated 
value of (Jp ~ 0.00283 
validates the model. 

(ii) At low P, 1/(Ts- To) 

accounts for the 
decrease in (Jp. 

(iii) At high P, E/2L 
(T",-Ts ) accounts for 
the increase in (Jp . 

(iv) (Jp falls when P is 
replaced by its growth . 

r is same for s ingle 259 
crystals and for AP 
of different particle 
s izes(300-500 ~m) 
and there is no 
discernible particle 
s ize effect. 
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Table 3 .6 . Effect of various parameters on LPL, UPL and Ts 

Strand density 

Burning surface 
area 

Particle size 

LPL, rand (Jp 

Increase in To decreases LPL 

Increase in To increases UPL 
Increase in To increases T, 

Increase in stra nd density 
decreases LPL 

Increase in burn ing surface 
a rea decreases LPL 

Increase in pa rticle size 
decreases LPL 

;- is not zero a t LPL but 
acqui res a c ritical value. 

Relat ion ship between LPL 
and (J" exists a nd predic ts 
(Jp value and the genera l 
agreement is that To 

increases ;- a nd decreases LPL 

The experimenta l observation 
of (JI' vs P is highly 
controversial in literature ; 
With increase in P 
(I) (Jp decreases 
(ii) (JI' increases a nd 

decreases 
(ii i) (Jl' increases 

262,281, 
298-301 
262,28 1 
261 

301 

301 

303', 30 1 

258-301 

301 

258, 259, 263 
281, 299 , 298, 
300 
258,301 

Maksimov, et a l.299 found th at coalesence of AP particles occu rs 
and this redu ces the LPL with rise in To. Investigations of Shannon263 

and Friedman. et a[280 . 282 also support this hypothes is299. With 
increase in To, the UPL increases262.281 . 

Combustion of AP is cons idered to be determined by reactions 
in the condensed phase leadin g to increase on Ts with T o261 . The 
para metric relationship between Ts a nd To is expressed as300 

(29) 

wh ere To is th e initial temperature; T s th e surface temperature, 'x' 
the d istance from the burning surface in to th e solid a t which 
temperature is T, and ex, the thermal diffusivity . In deflagration of 
AP, condensed phase reactions are very significant, which a lso 
accounts for the increase in Ts with To' The importance of condensed 
phase process is further revealed through (Jp calculations based 
on a modepo2 that cons iders exothermic decomposition in th e 
condensed phase. Ma neli s a nd Strunin 1S1 obta ined (Jp values based 
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on condensed phase considerations. PriCe, et al. 182 considered the 
condensed phase r eactions as an important energy source for 
self-deflagration of AP and their model appears to predict C5p . 

Although Guirao and Williams l80 h ave considered exothermic 
condensed phase reactions in a liquid layer, equilibrium dissociative 
vaporization and gas phase combustion h ave not predicted the 
effects of To. 

LPL is observed for both compressed pellets and single crystals 
which is regarded as a characteristic property of AP 268,300. Occurrence 
of a common LPL for pellets and single crystals is attributed to the 
presence of molten AP on the burning surface. LPL decreases with 
increase in strand density30 I. Compared to a single crystal, pressed 
pellets of a certain particle size contain voids. Pellet density 
decreases as the particle size increases , and the same way the void 
fraction is more for a pellet of larger particle s ize. At low pellet 
densities, void fraction is higher and heat losses occur in the pores. 
Consequently, it becomes difficult to maintain combustion and as 
a result LPL increases. But with increase in density, the void fraction 
decreases, so that combustion occurs easily and LPL decreases . 
Also, as the particle size decreases, the density ofthe pellet increases 
and ultimately approximates the dens ity of a single crystal. The 
burning surface is observed to be nonuniform with apparent froth 
formation at LPU87.301. With increase in the burning surface area 
from 10 mm2 to 500 mm2, LPL reduces by 4-7 atm. This decrease is 
also significantly affected by strand density30I. 

LPL increases with decreasing particle size299 ,301 ; from a very 
large particle size up to 80 11m, change in LPL is marginal from 20 
to 23 atm. LPL of a single crystal of AP (19 atm) is also very close 
to 20 atm. However, a drastic increase in LPL is observed for very 
fine particles (below 19 I1mj299,301 . The change in LPL here is from 
23 atm to more than 75 atm . Similarly, Maksimov, et a1. 299 found 
that LPL increases to an alarmingly high value of 110 atm for 
particle size below 50 ~lm. These observations are at To of 20 °c. 
Interestingly, at higher To, LPL change is marginal (14-17 atm) and 
is a lmost independent of particle size. 

Isothermal r data286 for AP single crystal at low pressures have 

indicated that transition of r occurs from the low pressure 

mechanism to the high pressure mechanism. Extrapolation of r 
data302 to LPL is not zero, but 0.2 mm S· I. If this is a critical value 
between temperature conditions for deflagration and non
deflagration, a different mechanism may be involved in the 
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deflagration process, as reported by Friedman and Levy3C>3 and 

theories will have to account for this. Confirming the idea that r 
does not approach zero at LPL, Cohen Nir258 ,301, based on the 
criterion of critical burning rate at LPL, has given the fo llowing 
empirical equation for the dependence of LPL on To: 

(30) 

where To· is the reference initial temperature and k l is a constant. 

This equation predicts <Y" and there is general agreement that r 
increases with To and that it decreases with LPL. Howeve r, the 
rationale for considering 'n 'value as 0.5, in deriving the above 
equation , has not 'been given by Cohen Nir301 Beckstead, et 
al. l8 7 also examined the <Yp by differentiating th e governing 
equations. 

A plot of <Yp us Pbehaviour, observed by several investigators, 
is presented in Fig. 3.9. It is evident that the variation of <Yp as a 
function of Pis highly controversial; in a majority of cases however, 
a decrease is observed, A plausible expianationJ04 for the differences 
in reports of different authors may be due to the potassium impurity 
present at different levels in the sample used. Strunin and Manelhlo2 

found that r is determined by the condensed phase reactions a:nd 
<Yp is expressed as 

(31) 

where E9 is the activation en ergy of the gas phase reaction ; L, a 
parameter that represents the saturated vapour pressure of AP, 
Trn is the maximum temperature given by T'rn = To +Q/ C (Q is the 
heat of decomposition and C is the specific heat). At low pressures, 
the variation in <Yp is d e termined by the second term and the 
d ecrease in <Yo depends considerably on To and only slightly on 
the decomposition. At low pressures, the variation in <Yp is 
d e termined by the second term and the decrease in <Yp depends 
considerably on To and only s lightly on the decomposition and 
vaporization actiyation energies. At high pressures , Ts~ Tm, and 
<Yp is given as 

<Yp~ ( Es /2RT/ ) (32) 

However, variation of sp as a function of pressure would remain 
unclear until a more concerted mechanism for the physicochemical 
factors operative is accounted for. 
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3 .6 MODELLING STUDIES 

A numbe r of m od e lling efforts have been made to describe the 
d eflagration of AP for its To a nd P dependence on r 180,18 L187 . Here , 
an attempt is made to cover in brief as to how the effects of P and To 
have been visualized by various theories and the importance of 
condensed phase reactions realised. 

Johnson and Nachbars modep05 includes an arbitrary heat loss 
term in order to explain the existence ofLPL. Theoretical r us Pcurves 
h ave been presented for different values of Es in the range 5-60 
kcaljmole . Although its effect on r is not much at pressures of 3 
and 100 atm, there is slight variation in r at intermediate pressures. 
Waesche and Wenograds theoryl 9s.30G of AP combustion 
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Figure 3.9. Effect of pressure on temperature sensitivity of burning 
rate of AP [l(ref 299); 2(ref 282); 3(ref 258); 4(ref 287); 
5(ref 263) ; 6 (ref 298); 7(ref 259)]. 

Sou rce : Combus tion Scic nre and Techllology. 1972, 4,227·32. (with pcrmission fro m 
Go rdon &. BrcDeh Pll bl ish ers, World Trade Centre , Swi tze rl a nd and I. Gl assman, 
Ed itor , CST). 
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differs from the other theories in that the combustion reactions occur 
in the condensed phase prior to vaporization . The velocity of 
propagation is determined by the chemical kinetics and thermophysical 
properties ofthe combustible material. From the steady-state equation, 

the expression for the mass burning rate (m) is : 

(33) 

where k is the thermal conductivity, Ts ' the surface temperature p, 
density, ill, the volumetric rate of energy release which is a function 
of surface temperature governed by Arrhenius expression, Cp , the 
specific heat and E, the activation energy of the driving reaction. 
Dependence of Ts on P is taken from the data of Inami, et al. 193 and 
Powling and Smith294

. The same approach has been applied to esp 
also286 . 

Becks tead -Derr- Price's model 18 7
, originally developed to 

describe esp, essentially reduces to the following three equations 
for AP deflagration: 

(i) Surface regression is described by: 

m = A exp (-Ed / RTs) (34) 

where m is the mass burning rate; A is the pre-exponential factor, 
R is the gas constant; and Ed is the activation energy for AP 
decomposition. 

(ii) Surface temperature resulting from energy balance at the 
surface is expressed as: 

(35) 

where Qs is the condensed phase energy release at the surface and 
the last term is the energy transferred from the flame to the surface, 
and ~* is the non-dimensional flamestand off distance given by 

s* = (Cp/K') (7712/ kPO) (36) 

where k'is the average gas phase thermal conductivity, k, is the 
gas phase rate constant which is a function of TJ and Qg is the heat 
released in the flame; and 0 is the reaction order. 

(iii) Heat release in the flame is expressed as: 

(37) 

where tJ.H" is the heat of AP decomposition. An effective way of 
looking at LPL in this model is to obtain the value of n when the 
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slope of the r us P curve becomes infinite a nd the rate zero . 

The pressure expo·nent is given by 

d In rn. is 
n == - - -- = 2 * '" 

d InP 2 + {(CpRTs J/ EdQr/~ exp(-; Jl 

which is obtained by differentiating Eqn s (34-36) a nd solving for n . 
It can be seen that n is d ependent on Ts and ~', which are variables. 
The value of (Jp h as a lso b een obta ined by differentiating Eqns (3 4) 
- (3 7) with resp ect to To a nd is evalua ted as a fun ction of P with 
~H,I and E" as pa rame ter s for the decomposition of AP. 

The principa l features of Guirao and Willia ms ' m odel Hlo a re 
the introduction of the reactions of AP undergoing exothermic 
condensed phase reactions in a liquid layer a nd consideration of 
the fact that the overall gasification process is exothermic. They 
have also assign ed the key reaction rates a nd the overall reaction 
activation energies for the gas phase reaction s in an attempt to 
predict r of AP. It h as b een found that LPL occurs when the Ts falls 
b elow the m elting point of AP (560 DC). The initial temperature 
sem;itivity a ppears to b e a simple energy consequence and is 
probably n ot related to a ny deta il s of chemistry and thi s theory 
does not predict the effect of To. 

Price, et al. 182 in their NWC model considered various processes 
of phase transition, m elting, vaporization, condensed phase 
reactions a nd gas phase combus tion s . The overall enthalpy change, 
~Hsolid ' for the s olid phase h eated from To to Tm is given as: 

Trr Tm 

L1 H solid =' f CpodT +.J H ,r + f Cl'rdT (39) 

where C po a nd C p c are the s pecific h eats of orthorhombic a nd cubic 
AP respectively and ~H1r is the h eat of phase transition from 
orthorhombic to cubic form. A s imple expression for (Jp is obtained 
from the governing equations. It is believed tha t such expressions are 
useful in correlating experimental d a ta to evaluate floating parameters, 
which otherwise get frozen . The E value of 15 kcal/mole, used to 
predict TJ, is considered to be a floating parameter. This model 
predicts (Jp and considers the condensed phase reactions as an 
important energy source for self-deflagration of AP. 

Ma n e lis and Strunin 18 1 describe combustion as condensed 
phase and gas phase processes. Dependence of (Jp for the condensed 
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phase is given as: 

(J p = ( ~ lnr J = (~ In;- ) ( ~ Ts ) 
o To c Ts 0 To p p p 

(40) 

and for the gas phase as: 

(J p = (~l;r 1 = 2:~2 
o 'p s 

(41) 

where Eg is the activation energy of the gas phase reaction. 
Incorporating the experimentally observed microstructure at 

the burning surface, Sohn307 formulated a unified theory explainin g 

ignition and ;- as a func tion of P, To and LPL (at various To's) by a 

single framework, the ;- - Ts relationship is given by: 

(42) 

where i;,* is the burning rate at reference surface temperature, T/. 
According to Kumar's93.94 condensed phase model, ;- as a 

function of P is given by: 

;-= '¥ (FSV-l/2) B.,(P/Po) exp(-Es / RTsJ (43) 

where '¥ is the thickness of the surface m elt layer on the oxidizer; 
B o , the pre-exponentia l factor in the Arrhenius law for thermal 
degradation; Po, the ambient pressure; and FSV is the fragment 
size vaporizing taken as 8 for AP. The FSV concept which describes 
the s ize of the fragment coming out from the surface may be realistic 
for binder species whe re size larger than that of the m onomer 
(FSV> 1) is justified but extension of this to AP is highly debatable. 

Based on surfac e heating by conduction and pyrolysis, 
Gordan308 d eveloped an analytical model of combustion of AP for 

the calcula tion of propellant ;- from P and Tf . Recently, Kishore and 
Sridhara27

,) proposed a novel thermodynamic model of deflagration 

ofAP based on the partial differentiation of ;- as a function of P and 
T". Conside ring other governing equations for surface regression, 
pressure and temperature sensitivity of burning rate, the expression 
obtained for the overall surface activation energy, (Es) is: 

(n/P)RTs2 

+ (44) 

where R is the gas constant, (jp the temperature sensitivity of burning 
rate, (dTs! dTo)p and (dTs/ dP)T To, the surface temperature sensitive 
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parameters for the physicochemical changes occurring in the 
condensed and gas phases, respectively; n, the pressure exponent 
and P, the pressure. Thus, Es comprises the true surface activation 
energy of reactions in the condensed phase occurring ju;-t below 
the surface (Es ,) and the true activation energy for gas phase 
reactions occurring just above the surface (Es,g), Eqn . (44) could be 
written as: 

This kind of a situation, where condensed and gas phase 
reactions occur just below and above the burning surface, h as 
been vi sualized in the combu stion of CSP309 . This thermodynamic 
model can also be applied to any other self-deflagrating system 
and, therefore, appears to be universal in character. This model 
has been critically scrutinized to understand the subcritical (1-20 
atm, hereby called regime 1') deflagration of AP; a low valu e of E s,c 
(5.3 kcal/mole) is attributed to the acid catalyzed decomposition310 

of AP, which is further authenticated by the following observations: 

(1) The value Qf E s,c has been estimated directly using 
Arrhenius equation and Ts data obtained at different To 
values (180 °C-260°C) and pressures in r egime l' and 
found to be 5.8 kcal/mole. 

(2) It has been shown that AP recrystallized from acids, such 
as HCI, HN03310 ,3 11 and HCI04 , undergoes catalyzed 
decomposition. 

(3) The quenched surface shows the presence of a liquid; pH 
measurements and ch emical analysis of the liquid s how 
acidic nature of the surface in regime 1', which is attributed 
to the formation of HCl04 . Acid formation is not observed 
either in the case of virgin AP or in the sample quenched 
above LPL (above 20 atm, regime I). 

(4) Microscopic observations of the extinguish ed surface of 
AP in regime I' reveal porous structure formed by the 
cluster of microdents . They are perhaps formed by the 
faster rate of d ecomposition. of catalyzed AP, as compared 
to the uncatalyzed AP. -Surface features of samples 
quenched in regime I (at 30 atm) do not eXlliJ?2t any such 
dent formation, whereas samples quenched clO'se- to LPL 
exhibit the combined features of regimes l' and I 
representing transition of the surface features from I' 
to 1. 
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(5) Electrical conductivity data29J on the combustion of AP h ave 
suggested that the burning surface consists of a eutectic 
of AP with HCIO'I' forming charged species, such as NH 4 + . 

HCI04 , and H30+.HCI04 . An observed activation energy of 
5-6 kcal/mole has been ascribed to such a reactive liquid 
laye r on the burning surface, which is in excel lent 
agreement with E, .c' This provides strong support for the 
thermodynamic approach for deriving the true surface 
activation energy for deflagration of AP. 

A thermochemical approach 2 74 ,275 has bee n adopted to gain 
further understanding of critical phenomenon of LPL and to find 
the surface heat release in both regimes l' and l. According to 
Hess cycle, the total h eat (i'lH) required to rai se the temperature 
of AP from To to TJ is given by i'lH = i'lH] + t1H2 where t1H] = [Cpo(T,,
To} + (i'lH" + CpJTm-Ttr) + i'l Hm + Cp",(Ts- TmJ! is the heat required to 
raise the temperature of AP from To to Ts and iJH2 = C"g(Tr Ts)J is the 
heat required to raise the temperature from T, to Tr- Substituting 
appropriate values of the physical consta nts (Table 3.4 ) in Eqn . 
(45), it is found that at LPL (unde~ adiabatic conditions of 
deflagration), the total heat (i'lH = 432 kcal/ g) must be self
generated by the condensed phase (i'lHJ= 263cal g-l ) and gas 
phase (i'lH2 = 169.0 cal g'! ) heat releases, which are sufficient to 
support the combustion in their respective regimes. In regime l' 
(below LPL) at 1 atm, the total surface heat release is 274 call g 
and accounts for 21 % sublimation; it decreases with increase in 
pressure up to LPL, where it is zero. This is also realized from 
the temperature profile analysis of the heat release rate from 
deflagrating AP at various initial temperatures at 1 atm. Above 
LPL, the surface is covered with molten AP and E s,c=35 kcal/ 
mole is attributed to the melt state decomposition of AP; excess 
heat is transferred from the gas phase to the condensed phase, 
which goes .to increase the melt layer thickness in the condensed 
phase. Thus, ' thermochemical and temperature profile analyses 
of the deflagrating surface in regimes l' and I are different, 
suggestive ofthe different physicochemical phenomena operative 
in regimes l' and 1. We can now examine ' the condensed phase 
heat release , i'lHJ = 105 cal/g (at 1 atm), which corresponds to 
21 % sublimation. Heat release data computed by other 
investigators (Table 3,7) show a large variation, which may be 
attributed to (i) variance in the value o (i'lHd and i'lHs of AP, and 
(ii) variance in the proportion of decomposition/ sublimation of 
AP. From Table 3.7 one could assign the most accepted value as 
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Table 3 .7 . Net AP gasification heat release during deflagration 
in the condensed phase 

Net heat release Ref 
J /kg x 10-3 

-502.4 133 

-418.7 180 

-167.5 181 

-544.3 310 

-314.0 91 

-142.4 295 

-335 .0 297 

-502.4 297 

-774 .6 202 

350-550 J / g. This could lead to the consideration of sublimation. 

From this thermodynamic model, th e dependence of (Jp on P 
has been verified as follows. Rearranging Eqn (44), (Jp may be written 
as, 

(45) 

Substituting the values of Es,c and Ts obtained at variou s pressures312 

in regime 1', (Jp decreases with pressu re which is due to the steep 
decrease in (dTs/ dTo)p and it turns out to be 0.5 at LPL (Fig 3.10) . 
Consequently, Eqn (45) at LPL becomes 

(Jp = Es,cl2RT/ 

which is similar to the equation based on Belayaev-Zeldovich 
modePl3, suggesting that calculation of (Jp u sing above equation is 
valid only at LPL. At other pressures, it is likely to give erroneous 
values . Variation vf (Jp with pressure has a lso been examined314 by 
differentiating, with respect to P, the following expression, which is 
the modified form of the equation given in reference 135: 

(Jp = 1/ (Ts - To) 

dO' P =_(J'2 ( dT s J 
dP PdP T o 

(46) 
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Figure 3.10. Variation of ( :~: J p as a function of pressure31
,40. 

It is apparent from Eqn (46) that (fp should decrease with pressure, 
since both (fp and (dTsl dP) To are positive quantities. Experimentally, 
(fp has been found to decrease with increase in pressure in both 
regimes l' and I. 

At pressures above LPL (beyond 30 atm), it may be seen from 
Fig. 3.10 that (dTsl dTo)p is a lmost constant, having a value of 0 .1 
in regime I and, therefore , (fp can be written as: 

(fp = (10RT/ ) 

Above equation has been ve rified for the d a ta of Guirao and 
Williams 180 , Lengelle 120 , Cohen Nir258 and Boggs315 . It is found that 
Cohen Nir's data258 give a better dependence of Ts on P. 



CHAPTER 4 

ROLE OF POLYMERIC FUEL-CUM-BINDER 
DURING BURNING OF COMPOSITE 

SOLID PROPELLANTS 

4.1 AN OVERVIEW 

In esp, the binder is a continuous phase and begins as a 
liquid prepolymer, mixing easily with the particulate oxidizer, and 
constitutes the second important ingredient after the oxidizer. 
These prepolymers generally contain reactive groups, which can 
be chain-extended or cross-linked during cure to a solid98 in the 
binder matrix. Polymer chain s of different molecular weights, M I , 

M2 , M3 etc., as depicted in Fig. 4.1, not only provide structural 

.t.:0J. 
~ Crossiink junction 

-.". Polymer chain 

Figure 4.1. Binder-matrix holding the ingredients. 
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integrity for imparting sufficient m ech a nical strength to the 
propellant by holding the ingredients tightly but a lso function as 
a fuel. The molecular structures of some typical prepolymers and 
their curing agents are given in Table 4.1; molecular weight of a 
semi-fluid viscous prepolymer is usually in the ra nge 2000-5000. 
Depending on the functionality of the reactive groups a nd their 
molecular weight, a crosslinked n etwork (Fig. 4 . 1) is built up a nd 
a significant increase in molecular weight takes place in presence 
of 80-90% particulate ingredients during propellant curing. The 
molecular weight of the finally cured poly m e r influences the 
properties of a CSP significantly316 . Crosslinks invariably increase 
the mechanical strength6 of the propellant, which also depends 
on how the reactive functional groups are located in the prepolymer. 
If random, as in PBAA, curing (Table 4 . 1) gives rise to free d angling 
chain ends which are not effective in providing d esirable a nd 
reproducible physical properties. By loca ting the functional groups 
at the chain ends (e .g., telechelic polymers, su ch as HTPB or CTPB; 
Table 4.2), improve d ten s ile strength with good elongation 
characteris tics, besides batch - to- b a tch reprod uci bili ty of the 
formulation, has been achieved ll1. 115. 

Th e most wid e ly u sed poly m e r s a re HTPB (cured with 
isocyanates) and CTPB (cured with aziridines or epoxy compounds) . 
HTPB crosslinking agents, isophorone diisocyan ate (IPOI), toulene 
diisocyanate (TOI) , h exame thyle ne dii socyan ate (HMOI) and 
diiphynylmethane diisocyanate (MOl) , s how gel time in the 
followin g order: IPDI > TDI > HMDI >MDI , suggesting low reactivity 
ofIPDI, MOl-cured propellant gave 15-24% higher j- and three times 
higher tens ile s trength than IPDI. TOI a nd HMDI cured composites 
have intermediate values 317. HTPB a nd CTPB a lso have excellent 
low temperature properties due to their low glass transition 
temperature (-60 OC)318. In a ddition to the effect of factors like 
functionality, mol ecular weight, etc . of prepolymers o n the 
mechanical properties of the cured propellant319.321 , it has also been 
recognized that the chemica l nature and structure of the binder 
affect the ballistic properties, such as specific impulse a nd j- 322-3 26 

Table 4.2 , for example, indicates that the contribution of the binder 
to specific impulse and j- is also determined by the structure of 
the binder. 
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Table 4 .2. Performance dat a fo r CSP containing different 
fuel binders98 

Property NH.C1O. NH. Clo., NH4 CIO. NH,CIO. 
Polyester Poylvinyl Polyure- Polybu-

chlorde thane/ tadiene 
aluminium 

Process Cast Cast Cast Cast 

De n s ity (g/cm3) 1.88 1.64 l.72 1.74 

Chamber 30- 140 1- 120 1-140 1-140 
pressure (kg/ cm' ) 

Specific 180-200 225 240 250 
impulse (s ) 

Burning rate l.75 0.65-l.30 0.50-l.00 l.20 
(ca l/ s ) 

Pressure 0.60-0 .59 0.40-0.30 0.50-0.40 0.24-0 21 
exponent (n) 

Mechanica l Excellent Excellent Excellent Excell e nt 
properties 

Although fuel binder happens to be a n important ingredient 
controlling the mechanical properties and the energetics of a 
propellant, it is surprising that enough attention has not been 
paid to understand its chemical nature and st ructura l 
ch aracteristics that influence the CSP behaviour. However, there 
has been a realization that the importance of the binder cannot be 
neglected and that its role in the overall combustion of CSP is 
important. The available literature on the pyrolysis of fuel binders 
used in propellants pertains mostly to individual polymers. These 
studies were carried out with the main objective of obtaining 
information on the energetics and pyrolysis kinetics with th e hope 
that it explains the role of the binder in propellant combustion. 
But propellant being an exotic mixture of ingredients, it affects 
the binder pyrolysis k inetics and energetics significantly. Much 
less is known about the decomposition m echanis im of the fuel 
binder during propellant burning. It is, therefore, n ecessary that 
th e enthalpic changes and the surface pyrolysis of the fuel binder 
be viewed in an actual combustion environment. Such an attempt 
has not been made hitherto . In this chapter, we discuss the role of 
chemical natu re and structure of the fu el binder from the point of 
view of condensed phase reactions to understand its role in CSP 
models. 
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4.2 SALIENT FEATURES OF FUEL BINDER PYROLYSIS 

Pyrolysis of fuel binders in CSP has been a subject of 
continued interest 327.238 Of the various techniques used in polymer 
pyrolysis studies , DSC has provided information on the energetics 
of polymer degradation/decomposition brought about by 
endothermic or exothermic processes . DSC thermograms for some 
of the important polybutadiene polymers are given in Fig. 4.2; 
polymer degradation/ decomposition is affected by the heating rate. 
According to Varney and Strahle329 , at low h eating rates up to 5 
DC/min, in N2 , CTPB exhibits slow outgassing in the range 340oC-
4 20°C. A m elt is observed at 420°C, which is followed by rapid 
endothermic decomposition beyond 420 DC, completing at 500 °C. 
However, at higher h eating rates (33 °c / s), Bouch, et a[330 observed 
that the decomposition process becomes exothermic beyond 380 
DC. From TO studies , Thomas and Krishnamurthy326 found that 
CTPB degrades in two stages in the h eating rate range 1-1 10 ° C/ 
min. The first stage is primarily due to partial degradation and 
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Figure 4.2 . DSC traces of degradation of polymeric binders 
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cyclization, while the second stage is due to the subsequent 
depolymerization of the undegraded polymer. This kind of two
stage degradation behaviour had been observed earlier by Brazier 
and Schwartz33 1 for polybutadiene. They have shown that the 
exothermic decomposition of polybutadiene occurs not only at 
higher heating rates (100 DC/min) but at lower heating rates as 
well. Significant exothermic decomposition has also been observed 
for HTPB polymer33o . In diisocyanate-cured HTPB, the first step is 
the cleavage of urethane crosslinks. It then crosslinks exothermally 
and cyclizes and also depolymerizes to give butadiene and its 
oligomers and formaldehyde 332 . The overall exothermic 
degradation/ decomposition may be due to the precursor reactions, 
leading to depolymerization, cyclization and crosslinking3 31 . 

According to the free-radical degradation/ decomposition scheme 
shown in Fig. 4.3 , there is primarily a hydrogen abstraction, leading 
to cyclization or crosslinking (200 0c) in addition to fragmentation 
of the main chain to low molecular weight species. Subsequently, 
up to 350 DC, depolymerization leads to gasification of the products . 
The solid residue that remains due to crosslinking and cyclization, 
decomposes at higher temperatures (above 45 °C) to the main 
products, such as butadiene, 1,5-hexadiene, 1,3-cyclohexadiene, 
cyclopentene and vinylcyclohexane. 

The events that take place before volatilization of pyrolyzed 
products constitute condensed phase reactions ofthe binder, which 
can be visualized as follows . The binder in its original state has a 
large molecular weight and very low vapour pressure; it cannot 
volatilize. Hence, it undergoes bond breakage when heat is 
supplied. The long chain undergoes bond scission until a requisite 
mean fragment size is reached, the vaporization of which becomes 
more economical than the bond breakage process. These small 
fragments are actually involved in gas phase combustion. 
Sometimes, the small fragments which interact in the binder matrix 
could also undergo condensed phase reactions . Generally, the bond 
breakage process is endothermic. But recently we have shown in 
this laboratory that special polymers like polyperoxides degrade 
exothermally55. 

The mean fragment size volatilizing at the surface has been 
explained through various models . Kumar94 has defined the mass 
burning rate in terms of fragment size vaporizing (FSV) , which directly 
relates to the number of unbroken bonds during vaporization. 
Rabonovich 333 has defined the volatile fragments in terms of critical 
fragment size (CFS), which is the ratio of the C-C bond energy to the 
heat of vaporization of the monomer. Kishore, et al. 334 defined these 
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fragments in terms of mean fragment size (MFS) , which is the 
statistical average emerging from the surface and is obtained from 
thermodynamic considerations. A discussion on MFS is given 
below. 

Mean Fragment Size (MFS) 

The MFS of the polymer is d efined as the a verage s ize of the 
species as a multiple of the fundam enta l rep~ating unit leavin g 
the pyrolyzing surface of the poly m er during gasification. Consider 
a unit weight of the polymer h eated to a certa in temperature at 
which it gasifies ra pidly. The total h eat expended is the sum of the 
h eat required to raise the temperature of the polymer from the 
ambient temperature (To) to the gasification temperature (T"os ) plus 
the h eat of gasification. For crystalline polymers, h eat of melting 
h as to b e included . 

If the h eating ra te at which the sample temperature is ra pidly 
r a ised to TqCls is high enou gh , negligible degr a d a tion m ay be 
assumed to occur in the process. From the energy bala n ce, the 
tota l hea t (1H,J absorbed during gasification of 19 of the polymer is 
given by: 

Tgas 

t.Hr = f C[)dT + Qg 

Ta 

where Qg, the h eat of gasification , is the h eat a b sorbed by the 
sample at Tqas to volatilize into products . Gasification of the polymer 
involves pyrolysis of the polymer and subsequent volatilization of 
the products. So , the term Qg can be visu a lized as the sum of two 
terms , h eat of depolymerization (Qp) a nd h eat of vaporization (Q,, ) 
of the pyrolyzed fragments. 

Qg = Q" + Qv 

Formation of a polymer molecule, (M}n, where M represents the 
monomer and n, the degree of polymerization, can be represented 
as: 

nM ~ (M}n + L1 Hp 

where L1H" is the heat of polym erization from m onomer to polymer. 
If the polymer, on py rolys is , is completely depolymerized into the 
monomer, then 

L1Hp = Qp 

Evidently, the MFS in this case equals unity. For example, in 
poly(methlylmethacrylate) (PMMA), the MFS is unity in the 
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temperature range 400-600 oC, because this polymer is well known 
to pyrolyze exclusively into monomers . But such a situation arises 
only in a few polymers, hence MFS will be given by the direct 
rela tionshi p: 

(47) 

which says that when the average size of the fragments is equal to 
that of the dimer, the heat of py rolysis is half of the heat of 
polymerization, for the trimer, the heat of pyrolysis is one third of 
the heat of polymerization, etc. It may be noted that we are 
considering only those poly mers , like, for example, polystyrene, 
PMMA, poly (a-methylstyrene), polypropylene (PP), PE, etc., which 
on degradation mostly yield monomer, dimer, trimer, etc. 
Understandably, the reliability of MFS values will be less in cases 
where other pyrolysis products are also formed in addition to 
monomer, dimer, etc. Such a situation will be particularly more 
pronounced when the monomer itself undergoes pyrolysis at 
relatively higher temperatures; in such cases, MFS will be lowered 
considerably. 

It can be conveniently assumed that after pyrolysis, the total 
heat of vaporization is independent of the sizes of the fragments 
and depends only on the total amount of the sample. This 
assumption requires the heat of vaporization to be linearly 
proportional to the size of the number of carbon atoms present in 
the molecule. Literature data justify this assumption for 
homologous compounds, like, for example, n -alkanes . Hence, in 
the present situation, Qv in the equation Q9 = Qp + Q v above can be 
replaced by vaporization energy of the monome r (t1HJ Combining 
with Eqn. (47), we get. 

Q
9 

= t1Hp/ MFS + t1Hv (48) 

In Eqn . (48) , all the energy terms are with respect to the 
quantity of the monomer unit in the chain. MFS is a dimensionless 
quantity and (DHp ) is the heat of depolymerization of the solid 
polymer, which is equivalent to the heat of polymerization of the 
monomer. On rearrangement, Eqn. (48) becomes: 

(49) 

From the data on DHp , Q
9 

and DHv, MFS can be calculated ; Q9 

can be measured from block calorimetric experiments using 
isothermal DTA principle 334 . The value of Q9 increases with 
temperature , which indicates that more a nd more pyrolysis occurs 
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as the temperature is raised. This leads to lower values of MFS at 
higher temperatures . 

The MFS values were further verified from the gas composition 
data obtained by the pyrolysis gas chrom atograph technique u sing 
the following expression: 

n 
L X· 

. l 
MFS = l = 1 

n X~ M L l 
M· 

i = 1 l 

(50) 

where X i and Mi respectively represent the weight fraction and the 
corresponding molecular weight of the pyrolys is products, and M 
the molecular weight of the monomer. Both Qg a nd gas composition 
data provide concordant values in MFS . Though MFS is not a 
subs titute for a complete analysis of the pyrolys is products, which 
i s much m ore diffi cult to carry out, it certainly provides a 
considerable insight into the gasification process . 

Merits of FSV and MFS are discussed below. CFS is a limiting 
parameter for a particula r polymer. It only indicates that during 
pyrolysis any fragment could vaporise , provided its size is equ a l to 
CFS. The value of CFS is constant for a particula r polymer a nd, 
therefore, it does not vary with temperature. CFS can be considered 
only under ideal situations, s ince it does not involve the kinetics 
of vaporization and the bond-break ing process or the pyrolysis 
condition that would drastically a lter the s ize of the volatilizing 
fragments . The quantity FSV proposed by Kuma r and Stickler335.336 
gives a better picture of the actual gasification than CFS . But FSV 
was computed from the vaporization data for hydrocarbons. 
Although the physical co ncept is admirable in e n a bling 
identification of th e gasification of a polym er as a boiling 
phenomenon, the inevita ble pyrolys is that occurs before the 
gasification is ignored. In place of the physical binding between 
th e vaporizing molecule in the liquid phase, the fragm e nts 
vaporizing during the gasification of a polymer a re originally bound 
with strong ch emical bonds. In the case of FSV also, the values 
appear to indicate the limiting size of the vaporizing species. 

On the other hand, the MFS values indicate the average 
size of the species volatilizing from a polymer a t a ny temperature. 
Each MFS value r e pre sents a particular set of pyrolysis 
conditions. Any polymer can have a wide range of MFS values 
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from very low (at very high temperature) to high, depending on 
the experimental conditions and chemical characteristics of the 
polymer. MFS appears to give a better picture of pyrolysis and 
gasification of a polymer. 

Data on heat of formation of the binder is essential for the 
computation of condensed phase energy changes in propellants. 
Compared to AP, thermophysical data for the binder are very scarce. 
No consistent value of h eat of formation of CTPB is reported in 
literature . Considering the basic structure of the binder to be 
similar to that of polybutadiene, the f1H/ of CTPB/PBD was 
obtained 139 from the following thermochemical cycle: 

The experimental l:,.HC1 for CTPB is -551 .82 kcal/ mole and from 
this value, l:,.H/ values for CTPB were calculated using l:,.H/ of CO2 
and H20. The heat of combustion, t1Hc2 , for butadiene (-607.9 kcal/ 
mole) 337 and t1H/ for butadiene polymerization338 were obtained 
from literature. From l:,.H/ and l:,.Hc2 , the value of l:,.H/ of CTPB 
was calculated. In yet a nother way, l:,.H/ for CTPB was obtained 
from l:,.Hpo and l:,.H/ of butadiene (26 .33 kcal/mole) 339. Using a ll 
the above methods, an average l:,.H/4.94 kcal/mole was assigned 
for CTPB. The calorific value of the polymer is an important factor 
as far as propellant energy is concerned . It is also logical to expect 

the degradation kinetics to have a significant influence on r. 
However, very little effort has been made to understand binder 
degradation relevant to propellant combustion. 

4.2.1 Activation Energy 

Several investigators236.239.331 ,34o-342 have obtained values for 
various polymers in the hope that the results will suggest and 
resolve whether physical or chemical properties of a binder are 
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important in propellant combustion. It can be seen from Table 4 .3 
that the activation energy values for pyrolysis depends upon the 
technique and heating rate employed. In bulk pyrolysis methods, 
s uch as DSC and DTG, the heating rate usually employed (1-100 
DC/min) is regarded low compared to that for linear pyrolysis 
methods (i.e . layer by layer burning in propellant) where very high 
heating ra tes 

Table 4 .3. Activation energies for pyrolysis of typical binders327 

Binder(s} Exper- Te mp- Heating Ea (k Ref 
imental e rature rate cal mor '} 
method range fC} fC min'} 

CTPB DTG (b) 317-557 2-100 25-39 326 

PB D DTG / 317-577 2- 100 60/40 331 
DSC (b) 

CTPB,PBAA DSC(b) 177-477 1-80 28 329 

HTPB,CTPB Focussed 127-527 3000-18000 10- 15 330 
PBAA, source 
PBAN, PIB method 

CTPB , HTPB DTG(b) Not g iven 1-100 30-45 340 

PMMA Hot 277-627 11-29 343 
plate (1) 

PM MA 0 2/ N:Je t(1) 447-587 37 344 

PS Rocke t 477-727 40-50 345 
exhau s t (1) 

CTPB , HTPB Arc image 327-777 300 cal 192 
PBAN furnace (l ) cm-2 s -1 (h) 

PVC 29-32 346 

No te: PBD=Poly butadienc; PlB=Polyisobuty len e ; b=bulk method : I=linear py rolys is m ethod; 

h =heat flux 

exist. It h as been observed that for CTPB, bulk pyrolysis methods 
give high er E values in the ra nge 24-45 kcal/mole at h eating rates 
0(,}-10J) °C/min32fi32634o However, for higher h eating rates (3000-
18,000 °C/min), the E values are lower (10-15 k cal/mole)311 A 
s imilar b e haviour is observed for HTPB po lymer a ls0 330.34o. 
Degradation of HTPB and PBAN in the presence of AP gives an 
ac tivation Energy of 12,4 kcal/mo)347-34il . Different binders exhibit 
a ra n ge of kinetic parameters ; th e E values for s urface 
decomposition li e in the r a n ge 10-30 kca l/mole (Fig. 4,4), 
d epending on the n a ture of the polymer a nd the decomposition 
temperature 120 Although some workers I2ll.349 , h ave considered 
breaking of the C-C bond to be the rate-determining s tep, the low 

83 
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E values obtained at high h eating rates a nd surface tem p eratu re 
conditions cannot rep resen t any s uch specific chemical processes; 
th ey represent physical processes; like vaporization of fu el at the 
burning s urface .!50 Activation e nergies for the gasification of 
polymers like p olye thylene, poly isobutylen e, polyvinyl alcohol, 
polyvinyl pyridin e and PVC are low (20 to 50 k cal/ mole), which is 
attributed to vo la tiliza tion of the degraded products. 

These low values for gasification , th eir s imilarity in various 
polymers a nd CSP 331 and the fact that the E value fo r the bon d 
break age process is very high support the view that the ignition 
phenomenon is controlled by gas ification. The low activation energy 
values obtained at h igh heatin g rates/ fluxe s also suggest the 
invalidity of low heating rate data to prop ell a nt combustio n 
conditions , where high heat fluxes exit330 . According to Price351 , 

the bulk pyrolysis data obtained by u s ing low h eating rates in the 
range 1-100 DC/min a re ques tionable when extrapolated to 
propella nt combustion conditions where the surface h eatin g is 
several times the order u sed in s uch techniques. Therefore, there 

o 

0.3 

( 5) to k Cel! mol .. 
0 .1 

0 .01 
"------ (3) 30 kCel! mol.,. 

0.001~ ___ ~ ___ ~~ __ ~~ ___ ~~ ___ ___ 
0 . 9 

1,...,3 0 -1 
- Reciprocal temperature -2..>l-( C ) 

Ts 

Figure 4.4 . Arrhenius plot for the pyrolysis of various binders [( 1) 
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is a s trong general opinion310 that binder pyrolysis studies should 
be carried out under conditions approximating actual propellant 
combustion. 

4.3 ROLE OF FUEL BINDER IN COMPOSITE SOLID 
PROPELLANT COMBUSTION 

Combustion of polyme ric binders has been of importance in 
view of the unders tanding of their role in CSP combustion. 
According to the reviews by Kishore7o.352 and Yano, et al. 353 , in a 
typical CSP burning, polymer sustains combustion, depending on 
the flammability and the heat fed back to the polymer. The 
combustion rate depends on several physical factors like melting, 
diffusion, volatility, conductive hea t flow, etc . Polymer combustion 
is also viewed as a solid phase reaction forming hydrocarbon 
fragments; the gas phase flame is considered to be similar to the 
flames obtained on gaseous hydrocarbon burning. However, the 
polymer behaviour in CSP combustion seems to be complicated in 
view of the vast physico-chemical processes that occur in the 
condens ed and gaseous phases. In the multitude of processes 
involved, it is difficult to extract a single hypothesis for the role of 
fuel binder in the overall combustion process . Study of the effects 

of 10 binde r on the r value of the propellant show that it is strongly 
dependant on binder d e composition temperature354 . The 
temperature of initial decomposition of the propellant is controlled 
by the binder355 . 

In order to obtain an understanding of the main features of 
the effect of chemical nature and structure of the fuel binder 
affecting the r value of CSP, features related to condensed and 
gas phase behaviours are given . 

4.3.1 Condensed Phase Behaviour of Fuel Binders 

During propellant combustion, the binder surface regresses 
as a result of heat transfer from the gas phase flame to the surface. 
In the process, the binders actually get heated at low heating rates 
in the subsurface region to high heating rates at the burning 
surface. The reactions proceed extensively, modifYing the virgin 
polymer before high temperatures are reached330.356. It has been 
proposed357.359 that degradation of the binder occurs at the weak 
link, which generally exists at the crosslink junctions (Fig. 4.1). In 
aziridine-cured CTPB, the weak link is the P-N bond, whereas in 
isocyanate-curred HTPB, the weak link is the urethane linkage. 
This weak link degradation mechanism renders the binder once 
again in the liquid form, which gets accumulated at the burning 
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surface. The thickness of the molten fuel layer decreases as the 
heating rate increases and the polymeric fuel is known to break 
down to chain fragments of varying sizes (as in Fig. 4.3). monomers, 
dimers, trimers, etc. Also, light hydrocarbons are obtained due to 
the degradation of the monomer and side chain scission31 o.346.36o . 
It is suggested that any mechanism of polymer degradation at the 
burning surface must also take into account the physical processes 
of melting, boiling, vaporization, etc350 . 

Studies have shown that almost all pyrolyzed binders have a 
molten surface layer with varying amounts of char192 . The molten 
binder over the oxidizer surface interferes with the AP 
decomposition process in the vicinity of the binder192,361. Thus, 
the propellant burning surface gets complicated by a mixture of 
the molten fuel and char. Smith362 has proposed a model based on 
the heterogeneous gas-solid reactions primarily occuring at the 
propellant surface. Such reactions may involve fuel gases and solid 
oxidizer, or oxidizer gases and solid fuel. In fact, several 
workers 306 ,363.364 have taken into account the occurrence of 
interactions among the constituents and this offers an opportunity 
to explore the possible oxidative degradation effects of the oxidizer. 
The products of oxidizer decomposition and fuel pyrolysis formed 
a t the oxidizer-binder interface within the solid fuel matrix are 
considered to be important36o . McAlevy and HanseP50 have found 
that C12 and N02 which are the products of breakdown of AP, 
influence the rate of pyrolysis of PS a nd a re of much relevance to 
studies on PS-containing propellants. Kishore, et 0.[365 have found 
the occurrence of condensed phase interactions in potassium 

perchlorate (KP)/PS propellants, the r being correlated to the 
thermal decomposition of KP. 

Fishman366 , from his arc-image furnace experiment on the 
ignition of CSP, observed that exothermic reactions occur at the 
propellant surface prior to ignition. This exotherm at the surface 
seems to be associated with heterogeneous decompostion of HCl04 
and heterogeneous oxidation of the fuel. The ignition and extinction 
characteristics of CSP also depend upon the nature of the binder 
and on its decomposition characteristics367.368 . Kishore, et a[369-373 

found that in the case of fuel binders such as CTPB, PS and PVC, 
ignition occurs when the polymer gasification rate reaches a critical 
value, which varies with the type of binder. It may be noted that 
oxidation of the binder with HCl04 becomes more pronounced in 
the condensed phase compared to that with O 2 and hence brings 
about faster ignition of the propellant. Furthermore, studies on 
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the propellant weight loss prior to ignition, ignition temperature 
and high pressure decomposition of AP and binders in the presence 
of oxygen, clearly show that ignition of the propellant follows the 
trend of the binder ignition suggesting thereby that the ignition of 
the propellant is governed by gasification of the binder370 . Thus, 

the role of the binder in terms of its effect on ignition and r374 is 
manifested by the process of its degradation or decomposition in 
the condensed phase375.377. 

The combustion wave structure of AP-based CSP has been 
studied and the effect of binder, such as HTPB and hydroxy-

terminated polyester (HTPE), on r has been examined378 . Actually, 
the physical state of the binder near the burning surface of the 
propellant3l5. 326 affects the surface structure and thereby the 

combustion wave. This is evidenced by the changes in rand 
structure of the burning surface and is explained by the pytolysis 
law of certain binders which differs, depending upon the layer size 
and chemical nature of the fuel binder360,379-381 . 

4.3.1.1 Influence of microscopic features ofthefuel on the 
burning rate of model composite mixtures 

Not much parametric information is available on CTPBjHTPB 
gumstock382 as to how molecular weight, its distribution, 
functionality, cis-trans isomerism, etc. influence the properties of 

CSP, particularly, r. Hence, it is necessary to gain some knowledge 
about the structure-property relationships. For simple polymeric 
systems, it is necessary only to know the molecular weight or chain 
length to predict the properties of the polymer383 . Thus, one needs 
polymeric samples of varying molecular weight, with other 
properties remaining constant . Realizing that only simple organic 
model fuels with definite molecular weights could be examined 
without much difficulty, a system of aliphatic dicarboxylic acids 
was chosen with the hope that it provides some insight into the 
characteristics ofthe binder and its impact on the ultimate ballistic 
behaviour. 

The influence of molecular weight on the r value of AP 
+aliphatic dicarboxylic acid (n= 1-8) has been studied384 by varying 
the molecular weight of the acid fuel and keeping other dependent 

factors constant. The r values of APjCTPB and APjHTPB have 

also been obtained. Fig. 4.5 indicates that the value of r increases 

exponentially with increase in molecular weight. The r values of 
APjCTPB and APjHTPB fall on the extrapolated curve, suggesting 
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that the influence of molecular weight of the acid fuels could be 
extended to polymeric fu els as well. In fact , Fig. 4 .5 provides an 
idea of the average size of the fragment resulting from degradation 
of CTPB or HTPB, which eventua lly participates in the combustion 
process. Extrapolating the MFS data334 at different temperatures 
of a structurally close polymer like polythylene to the Ts of burning 
AP /CTPB system, a n aver age s ize which em anates from the surface 
is rea lized to be 200, which is close to th e molecular weight of 
sebacic acid . It is, therefore, interesting to note that th e dependence 

of r on molecula r weight provides very useful information on the 
average s ize of th e fragment eman ating from the surface during 
combustion. The thermal cyclization of HTPB residue depends on 
its molecula r weight and n ot o n its hydroxy content385 . Thus , 
studies on AP+sebacic acid mixture seem to provide information 
which could be extrapolated to CTPB or HTPB propellants. The 

dependence of r, at constant P and To, on the molecular weight (M) 
of a fuel of a particular class is defined as the molecular weight 
sensitivity of burning rate (O'm) and is defined as384

. 

(51 ) 

a nd expressed as fractional chan ge in r / g mole-! of th e molecular 

weight of the repeat unit. From the plot of In i- us M, three different 
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Figure 4.5. Dependence of burning rate of AP+dicarboxylic acids 
on the molecular weight of the acids384
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values of (Jm have been obtained from the slope corresponding to 
three intersecting lines, I, II and III (Fig. 4.6). Up to adipic acid, (Jm 

is 12.8 X 10.3 g/mole' 1 of the molecular weight of the repeat unit 
(Slope I). The slope becomes 2.9 x 10.3 for acids beyond adipic acid 
up to sebacic acid for Slope II. Corresponding to Slope III, for high 
molecular weight fuels, such as CTPB or HTPB, (Jm (=0.05 x 10-3 ) 

becomes least sensitive. This anomaly in the transition of (Jm values 
from I to III with increase in molecular weight of the fuel arises due 
to the microstructural differences in the planarity of the molecules, 
proximity and interaction between the end groups , chemical 
structure of the backbone and size of the fragments emanating 
from the burning surface. Consequently, (Jm turns out to be a 
representative parameter significant of the changes the fuel 
component undergoes during solid-melt-gaseous transitions of 
the entire combustion profile. 
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Figure 4.6. Plot of in r us M of dicarboxylic acids, HTPB and CTPB 
with AP384. 
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Further, condensed phase analysis of the quenched surface 
of the burning mixtures suggests anhydride formation in the case 
of acids represented by Slope I, while no anhydride formation is 
observed for systems represented by Slope II. Structural sensitivity 
is also apparent from the differences in the volatility of the acid 
fuel /gas ification product in the two regions, as evidenced by 
simultaneous DTA-TG-DTG analysis. Accordingly, the study of 
temperature profiles of the burning mixtures of the model 
composite systems reveal that the burning s urface reaction is 
uneven with irregular temperature jumps in the region of Slope I 
and smooth for acids in Region II. A clearer interpretation of the 
temperature profile and of the physico-chemical processes in the 
condensed phase is made by transforming the temperature profile 
into heat release rate profiles. In fact , the DTA-TG-DTG profiles 
turn out to be complementary to these profiles and are helpful in 
the identification of the processes which may occur in the 
condensed phase . From the heat release rate profiles, ratio of the 
condensed phase enthalpy to gas phase suggests that the extent 
of condensed phase enthalpy increases linearly up to adipic acid 
and deviates thereafter up to sebacic acid with less variation as~a 
function of molecular weight. The heating rate at the burning 
surface of AP-sebacic acid mixture (470 °C/s) was found to )Je 
almost of the same order as expected in real CSP systems348. Thus, 
the surface and subsurface seem to be the zone wherein the 
physico-chemical characteristics of the acid fuel sensitize the 
burning behaviour. 

The effect of different end groups on r has been studied by 
measuring the r values of AP-sebacic acid derivatives with varied 
end groups. Fror.n a knowledge of the Taft constant (eJl ) of the end 
group substituents, the plot of r us eJ l suggests that the r decreases 
(Table 4.4) become more and more electron withdrawing. This trend 
of the effect of end groups on r, visualized in model fuel molecules, 
could also be realized in practical telechelic polymers containing 
similar end groups384. This correlative study is suggestive of the 
manner in which microscopic changes in the fuel binder at the 
molecular level bring about macroscopic changes385 in gross 
phenomenon like r . Cis/ trans and vinyl contents in HTPB affects 
the mechanical property and viscosity significantly, but not the 
ballistic property386 . The r values of maleic acid-AP and fumaric 
acid-AP mixtures were found to b e only m arginally different, only 
6 per cent more for the trans isomer384 . Polymer viscosity increases 



Role of Polymeric Fu ('/· cum -Uilld e r 9 1 

on in c reasing the 1,2 vinyl contentJ86
. The tensile s tren g th a nd 

e longat ion increase on increas ing the tra n s content a nd d ec rease 
on d ecreas ing th e 1.2 vinyl content386 . But the b a lli s ti c prope rties 
of HTPB propellant with different microstructures were more o r 
less of the same o rd er:18l; . 

Table 4.4 . r data for AP / sebacic acid deriva tives a nd Taft 
constants (CYd for acid derivatives384 

Df' ri vatiue M Of r (cm/s) 

HO-C -X -C-OH 202 .3 +0.34 0.101 

H 2N-C-X-C-NH 2 200 .3 +0.21 0.118 

C I-C-X-C-CI 239 .2 +0.39 0.093 

H3CO-C-X-C-OC H3 230.3 +0.30 0.102 

NJ-C-X-C-N3 252.3 0.1 40 

H O-X-O H 146.3 +0.25 0 . 121 

C I-X-CI 183.0 +0.47 0.083 

Br+X- B, 272 .0 +0 .45 0.08 7 

NJ-X-N .j 196.0 +0.43 0.107 

Note : X = (CHJ s 

4 .3.2 Gas Phase Behaviour of Fuel Bin ders 

Gasification of the propellant s urface layer involves poly m er 
degradation, and the gas phase reac tions are s imi la r to those 
occurring in the diffusion flames of gaseou s hydrocarbons7o .Jo<J • .16o . 

The metha n e -oxyge n diffusion fl a m e can b e co n s id e red as a 
mod e l for the more complex polymer fl a mes. Beack stead -Oerr
Price (BOP) mode l. 

91 considers the input p aram e t ers in t e rms o f CI0 2 -CH 4 

reactions. However, the gas phase reaction s a lso d e pend on 
the kind of products b e ing gas ified from the condensed phase 
a nd the nature of fuel binder present the r e in . In fact, the m ass 
transfer numbers of s u c h com bustible fuels a re c lass ifie d on 
the bas is of their structura l characteristics as aromatic, a liphatic, 
e t c. a nd a r e related to t he apparent h eat of gas ification of the 
fu e ls 387

. Thus, the h eat of gas ifi cation is not an inde p e nd ent 
parameter, but is relat e d to the c h e mi cal st ru cture of the fuel. 
It h as a lso bee n found that the fe edback of h ea t fro m th e gas 
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phase to the condensed phase, which decides the linear pyrolys is 
rate of the binder and heat release at the burning surface, depends 
on the structure of the fu e l binder388 . 

Although both conden sed and gas phase behaviours of 
the fuel binder point to the fact that its ch emical nature a nd structure 
affect the combustion behaviour of the propellant, yet there is no 

direct relationship between r and chemical structure of the fueP89. 

4.4 MODELLING STUDIES AND ROLE OF FUEL BINDER 

Many idealizations to rationalise the effect of variables, such 
as P and To, on the combustion of CSP have resulted in various 
combustion models which have been reviewed by Kishore70 and 
Cohen390 . These theories have been developed largely to predict r 
values ; they are prima rily based on the condensed phase details 
and gas phase considerations. It would, however, be worth while to 
draw attention to the r ole offuel binder implicit in structuring these 
theories of CSP combustion. 

4.4. 1 Condensed Phase Considerations 

The main feature of condensed phase theories, in the light of 
various models, is that the solid phase has b een primarily treated 
as a source for t he gaseous m a teri a l to support the fl a me70

. 

Considering that the m ajor conden sed phase reactions occur at 

(A) 

AP particles under 
less strain 

Binder film 

(8) 

AP particles under 
more strain 

Figure 4.7. Propellant (A) with lower AP loading and (B) with higher 
AP loading 26, 27. 



Rol e of Polym e ri c Fu e l -c um-Binder 

the surface , followed by diffusion of the reaction products to 
undergo secondary combustion in the gas phase, a reasonable 
correlation of the data of Summerfield5 has been made purely on 
the basis of surface reaction and convective transport362 . 

According to the model proposed26 ,27 at this laboratory 
(Fig. 4.7), AP particles are surrounded by a thin polymer film. As 
the AP concentration increases (i .e., at higher AP loading), the film 
imparts strain on the AP particles; higher the AP loading, the higher 
is the strain. The behaviour of strained AP particles in the propellant 
can be examined by studying their decomposition in the 
orthorhombic and cubic regimes. It is observed that d ecomposition 
of the propellant, where AP particles exist under strain , is 
desensitized in the orthorhombic region and the propellant can be 
examined by studying its decomposition in the orthorhombic and 
cubic regimes. It is observed that decomposition of the propellant, 
where AP particles exist under strain, is desensitized in the 
orthorhombic region and sensitized in the cubic r egion. This 
behaviour is analogous to the thermal decomposition of pure AP 
as a function of precompression pressure, which induces strain 
on AP particles27 ,391. Further support for this model is afforded by 
results of initial pyrolysis of API PS propellant sample26 . The initial 
decomposition products that emanate are thos e from PS 
degradation. Mass spectroscopic studies on growth a nd decay of 
styrene and benzene confirm this. Chemical analysis of KP I PS 
propellant365 also supports the view that the initia l decomposition 
product is styren e. As the decomposition proceeds further, the 
binder film surrounding the AP particles is ruptured and the 
decomposition products from the oxidizer and the reaction products 
of the binder and oxidizer species are observed. These degradation 
studies support the view that AP particles, surrounded by the 
binder film , experience strain. 

Several investigators24 ,392 have obtained evidence supporting 
the contribution of heterogeneous condensed phase reaction during 
propellant combustion. According to Pantoflicek and Lebr theory393. 
r is influenced by the reactions occurring during melting and 
gasification ofthe propellant surface layer. Melting is found to have 
a destabilizing effect on the propagation of the r eaction front in the 
combustion of the condensed phase394 , but the mechanism is not 
clear. 

Sammons 18 has proposed a model (Fig. 4.8) for CSP exhibiting 
the occurrence of condensed phase reactions. AP and binder both 
decompose in the solid phase in such a way that the products mix 
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and interact in the inter stices between the AP particles. At high er 
heating rates encountered during combustion , finer AP particles 
are assumed to be completely decomposed in the liquid binder layer, 
resulting in large exothermic condensed phase reaction s. 

Gas phase 
react ions 

~--+rrr7l---b-r7.,.-,.t Surface 

Oxidiz 

Fuel Fue l 

Sandwich columnar diffusion 
model (ref. 398) 

Gas phose flame Surface 

',0:. 0"0" 0 :.0,' 
'f '.' •• ".. •• Solid phasl' 

with bimodal 
AP 

: . 0.0 •. 0 . .0,,0 
, .. ··'··0··0' :O,;,.q ~~ ~ .. ';" .0. 

Condensed phose model (ref. 18) 

Heat 

---~.,L.~---Surface 

Sitl' for possible hl'terogeneous 
reactions 

02 +(CH2)n -+ products + heat 

CI 2 ~ (CH2)n -+ products ~ heat 

~O+ (CH 2)n -+ products + hl'at 

CI 20 7 t (CH2)n -- products + heat 

HCI04 +(CH2)n- products + heat 

Condensed phose model (ref. 396) 

Combustion rE.'Oc\ions 

AP particles 

Granular diffusion flame model (rd. 5 ) 

Oxidizer- binder 
gas phose 

reaction 

Diffusion 
of binder 

gas 

Thermal layer theory (ref. 400) 

Final diffusion 
flome 

Multiple flame model (ref. 91) 

Surface 

Figure 4.8. Schematic representation of various models of CSP 
combustion. 
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Waesch e , et al. 128 observed a n intense a nd energetic exothermic 
condensed phase reaction to occur in CSP, which points to the 
degree of interaction between the oxidizer and the binder. Such 
condensed phase interactions are strong functions of the chemical 
nature of the binder u sed. Polysulfide-based propellant shows a 
low temperature exotherm and results in 'flameless combu s tion'. 
PU propellant is characterized by lesser interaction between the 
oxidizer and the binder and lesser energy release. Study of PBAA 
propellant shows that both low and high temperature d ecomposition 
of AP occur with a significant heat release to m a intain the 
combustion wave of the propella nt. However , this model does not 
explain 'intermittent burning' 14(i of the propellant. The key ingredient 
of Hermance model90 is h eterogeneity of the burning surface. The 
physico-chemical processes considered are: surface processes of 
endo-thermic pyrolysis of th e binder, exothermic oxidizer 
decomposition, exothermic ch emical reaction between the fuel binder 
and the oxidizer and gas phase combustion of the products of 
d ecomposition of the fuel and the oxidizer. This model envisages a 
very large exotherm near the surface . In the relationship developed 

for linear r (Table 2.1), activation energies for fuel binder pyrolysis, 
surface reactions and gas phase reactions are considered in addition 
to the activation energy of oxidizer decomposition. This model 
predicts Ts and heat generated in the condensed phase. However, 
the effect of chemical nature of the fuel binder is not clearly 
understood4

• 

Kumar93,94 considering the overall rqte determining step to be 
the condensed phase reaction, has predtcted r values (Table 2.1) 
based on the thickness of the melt layer on the oxidizer crystals 
and fragment size vaporizing (FSV) of the fuel from the surface. The 
FSV varies from PQlymer to-polymer which was also observed by 
Braginskii and Bakhman395 . 

Theories have been developed to predict r as a function of Ts 
and condensed phase details of polymer combustion 16,396.397. Brown, 
et al. 16 ,39 6 suggest significant interfacial reaction between 
decomposition products of the fuel and the oxidizer much below Ts 
(400-700 0c) . It is believed that highly reactive HCI04 and O2 are 
capable of attacking typical binders during combustion. Several 
possible heterogeneous reactions are proposed (Fig. 4.8) to occur 
at the oxidizer-polymeric binder interface. It is interes ting to note 
that the binder-structure dependent factor 'Z' is related to the heat 
generated at the surface (Qs) and in the subsurface region (Qss) as: 

Z = Qs! [(LXorJ exp (Es! RTs) (53) 
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(54) 

where Ts and T a re the temperatures at the surface and in the 
subsurface, 11, the order of surface reaction , L a nd Mthe constants 
and X o the mole fraction of the oxidizer s pecies. The above two 
expressions h ave been u sed to obtain the en ergy ba lance a round 
the solid phase reaction zone. 

Although the structure of the fue l binder is recognized , no 
model h as ye t proposed any unique parameter representative of 
the effect of fuel c h a r acterist ics on the overall bu rning of a 
propellan t. 

4.4.2 Gas Phase Considerations 

The major feature of a gas phase theory is that the heat 
produced by exothermic reactio n of the gaseou s products of 
de co mposi tion / degradation of the oxid ize r a nd the binde r is 
important in determining values of i· 61 . The ro le of fuel is quite 
apparent in many of the gas phase models a nd is discusseed below. 

In 'Sa n dwich Columnar Diffus ion Fla m e' model, Nachbar a nd 
Parks 39s (Fig. 4.8) consid er con version of thin plates of fu el and 
oxidizer (sandwiched as a two-dimensional array) into gas phase 
from the dry solid-gas in terface. This theory does not take into 
account the condensed phase detai l s and predicts r t o be 
indep endent of pressure. 

Th e Two-Temperature Pos tul a te d eveloped by Shultz a nd 
Decker399 states that the oxidizer and th e binder decompose more 
or less independently. Although the physico-chemical properties 
of the two a re quite different, the Ts of each adjusts itself in su ch a 
way that the ra te of consumption beco m es equal to i' of- the 
propellan t . 

C h a ike n 's Th ermal Laye r Theory-l()O is b ased on the two
temperature pos tula te a nd con s iders d ecompos ition of the oxidizer 
separately from tha t of the binder. It is assumed that a thermal 
layer or flame zone a djacent to the oxidizer pa rticle size exists 
(Fig . 4 .8) and heat tra nsfer occurs from thi s layer to the conden sed 
phase. Thermal layer thickness (8) during s teady state burning is 
found to be sensitive to <I> a nd pressure, 8 is given as: 

8 = r 0 / (1 + <I> .t9 (55) 

where ro is the average oxidizer particle radius a nd 8 is the mixture 
ratio. The heat affected zone of abou t 0 .02 5 cm is found to extend 
into the solid phase. Although satis factory prediction is m ade for 
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AP propellant, the model is not completely in accordance with the 
experimental findin gs . 

Rosen89 obtained the following relations hip for r: 

]

1/ 2 
neT +!JH d r / a = P / b[F[ s . - po; n] 

in(a / r) !JH 9 
(5 6) 

which incorporates the solid phase h eat release (L1Hd) due to the 
decomposition occurring at the s urface, L1 Hg is the h eat of reaction 
in the gas phase ; ns , index for surface decomposition; and n, index 
for the chemical reactions in the gas phase. Constants 'a' and 'b ' 
are rela ted to propellant decomposition, thereby revealing the 
importa n ce of condensed phase also; F is a function. 

Summerfield5 proposed an elabora te model known as the 
Gra nular Diffu s ion Fla m e Model (GDFMJ, which is shown in 
Fig. 4 .8 . According to this model, a steady gaseous flame just over 
the burning surface is con sidered . The oxidant andj or the fuel are 
believed to leave the surface directly by sublimation or pyrolysis 
in the form of tiny packets of a certain mass without undergoing 
a n y ch emical reaction among them in the solid phase. The only 
ch emical process of a ny significance a t the surface, according to 
thi s model, is gasification of the propellant. The oxidant andj or 
fu el pocke ts mix in the gas phase a nd undergo combustion to form 
the fina l products. The pockets are con s idered to be consumed at 
a rate controlled by diffusional mixing a nd chemical reaction. With 
the a bove assumptions, the following expression for r is obtained; 

(57) 

where, Pp a nd Pg a re the d ensities of the propellant and the gas 
phase respectively; A, the mass of the fu el vapour as packets; 11 
a nd 12 a re factors associated with fla m e length when it becomes 
ch emical reaction controlled and diffusion controlled, respectively; 
Ag , thermal conductivity in the gas phase; Dg the intermolecular 
diffusion coefficient, and Qs , the n et h eat release (positive) for 
gasification of the propellant. Summerfield considered Qs of the 
binder as "probably negative" and for AP it is taken as endothermic 
(25 6 caljg). The average Qs for both binder a nd AP is considered 
as + 100 caljg. 
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Although Chiken's mode140o considers the importance of the 
thermal layer in the gas phase , basically it is a gas phase model. 
Nevertheless, it considers decomposition of AP in the condensed 
phase as exothermic in contrast to GDFM theoryS, where both AP 
and binder gasify independently and endothermally. The 
endothermic gasification of AP can be only due to its dissociative 
sublimation. It may be noted that the average enthalpy for 
dissociative sublimation of AP is 496 cal/g (Table 3.3). Further, it 
may be noted that this model does not consider that factors such 
as heat of gasification, mass transfer (related to Dg) and heat transfer 
from the gas phase to the condensed phase are dependent on the 
structure of the fueP88.389,395 

According to Summerfield's modeP, pressure dependence of 
r is given by Eqn (6) (Table 2.1), where constants a and b are related 
to the chemical reaction time and diffusion time parameters 
respectively. Ebenezer, et a1. 401 found that b would be somewhat 
sensitive to the mixture ratio as well as to the oxidizer particle 
size. Bernard, et al.4 0 2 .403 , explained the satisfactory fit of the 
experimental data of Summerfield on the basis of the dissociative 
process and phase changes. Considering the fact that the fuel
oxidizer gases emerge from the regressing propellant surface, Rice404 

and Von Elbe, et al.88 obtained Eqns. (7) and (8) (Table 2.1). 

Fenn92 , in his phalanx model, has provided a detailed 
description of the flame zone and diffusion flame burning at the 
interface between streams of fuel and oxidant vapours emitted from 
the propellant surface. The r-P relationship is represented by Eqn 
(12) (Table 2.1). Assuming an effective and rate-determining 
reaction layer between the decomposition and flame zones, Hur 
and Mok405 , developed theoretical relationship for predicting r. 

According to Arden, et al. 109
, volatility of the fuel is found to 

affect the vlaue of r . With very volatile fuels, propagation is normal 
to the surface and the flame appears to be homogeneous. As the 
fuel becomes less volatile, the mode of flame propagation becomes 
abnormal and shows some progressive changes, and departure 
from one-dimensional model becomes obvious; the consumption 
of the burning surface by wave reactions across the burning area 
becomes pulsating or rhythmic. This is believed to be fundamental 
in all solid propellants. Even in small proportions, the binder has 
been shown to profoundly influence steady state combustion329 as 
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well as oscillatory combustion406 . Combining the concept of 
perturbation of vapour diffusion with AP decomposition flame, 
Ebenezer et al. 401 have modified Summerfield's GDMF which is 
referred to as the modified granular diffusion flame model (MGDFM). 
MGDFM incorporates intermixing of fuel vapour into the AP 
decomposition flame and an additional reaction with AP 
decomposition flame is also considered to occur and the effects of 
pressure, AP particle size, mixture ratio and To and r are predicted. 
The compositional dependence of r of propellants is described by 
a percolation model of propellant combustion47o • 

The BDP mode191 shown in Fig 4 .8 proposes three different 
flames, namely, the primary flame due to the decomposition 
products of the initial fuel and the oxidizer, AP monopropellant 
flame above the oxidizer and the final diffusional flame due to AP 
and fuel decomposition. Depending upon the pressure, these 
flames assume different levels of importance. This model considers 
preheating of the components and exothermic condensed phase 
reaction between the decomposition products of the oxidizer and 
the binder. Based on the kinetics of a series of chemical reactions, 

a relationship is developed to predict the dependence of r on To, 
mean Ts etc. The model developed by Beckstead and McCarty4°8 
indicates that the decomposition characteristics of the binder are 
important in the burning process . In their more general approach, 
the binder and the oxidizer are allowed to have independent Ts 
values. The concept of burn through time, which represents the 
unsteady nature of binder pyrolysis in a propellant environment 
is introduced and indicates that the fuel binder has a more 
significant influence than was previously thought. Attempts are 
also made to explore as how the binder is proportioned to the 
various oxidizer fractions in the gas phase. It is found that the 
flame appears at stoichiometric conditions, while some portion of 
the binder is left over. For AP propellant, most of the binder reacts, 
but the extent depends on the energy fed back from the primary 
flame over the binder. It appears to be related to To and possibly 
the stoichiometry. However, quantitiave data are not available to 
allow estimation of the fraction of the binder that does not react. 
More fundamental work is perhaps needed on binder behaviour409. 

The binder regression rate determined using Arrhenius 
equation is used to understand the surface structure in the BDP 
mode191

. This equation, according to Cohen and Strand410 is 
inconsistent, since it utilizes Ts of AP, which is assumed to be 
uniform. The criticism is that the binder is given too subordinate a 
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role, as it is made to simply exhibit AP regression behaviour. A 
related problem is that there is no mechanism for heating the binder 
directly; the heat fed back from the flame is apportioned between 
AP and the binder. This looks too simple and a separate energy 
balance is given410 such that the energy required to heat the binder 
to its Ts, including the heat of decomposition, is equal to the fraction 
of primary diffusion flame energy utilized to heat the binder. This 
treatment suggests that the portion of the diffusion flame over the 
binder does not seem to be a part of the usual BDP flame. 
Incorporation of this treatment however, has improved the r model 
in predicting high pressure burning behaviour, such as prediction 
of propellant Ts and also a better understanding of the surface. 
Combustion regimes of volatile substances decomp~sing in the 
condensed and gas phases are, however, analyzed and this appears 
to be a good beginning41 1. 

The thermodynamic model of deflagration of AP proposed by 
Kishore and Sridhara274, besides considering both condensed and 
gas phase processes, has a universal character and could be applied 
to other self-deflagrating systems. This equation was used in the 
case of combustion of stoichiometric mixture of AP-sebacic acid 
model fuel system and later of AP ICTPB propellant. The Es .c and 
E S ,9 values for the atmospheric pressure burning of AP-sebacic acid 
system were obtained by substituting the values of the input 
parameters of (Jp' Ts, n, (dTj dTo)p and (dTs/ dP)r in Eqn. (5) of 
reference 274, 

ES ,9 = (n/ P)RT/ / (dTs/ dP)To = 65.4 kcal/mole 

(58) 

(59) 

The low E s,c value of 6 .2 kcal/mole has been ascribed to the 
decomposition of pure AP, because sebacic acid being a fusible 
fuel vaporizes at much lower temperatures, leaving behind AP in 
the condensed phase, so that essentially the decomposition of AP 
occurs at the burning surface. The similarity of E s,c in deflagration 
of AP-sebacic acid mixture and AP suggests274 that the condensed 
phase chemistry is more or less similar in the two systems. From 
the temperature profile analysis of the heat release rate, the gas 
phase heat release per g of AP in AP+sebacic acid mixture is found 
to be 1162 call g, which is larger than that observed for pure AP 
(169 call g) . 

Unlike AP+sebacic acid systems, the situation completely 
changes in the case of AP/CTPB propellant, where the fuel cannot 
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volatilize prior to its degradation and, therefore, extensive interplay 
in the condensed phase is expected. Thus, the polymeric nature 
of the fuel brings about a substantial contribution in the condensed 
phase. Upon extending this model to a real fuel system comprising 
CTPBj AP, it provides valuable insight into the polymeric nature of 
the fuel. Substituting all the input values of the parameters in 
Eqns (58), (59), E s,c= 1 kcaljmole and E s,g = 30 kcaljmole were 
obtained. Unlike in AP+sebacic acid fuel system with E s,c = 6.0 
kcaljmole, the low Es cvalue observed for APjCTPB propellant is 
attributed to the softening of CTPB, which occurs by overcoming 
the secondary interactions, such as Van der Waal forces and dipole
dipole interactions. This energy may, be of the order of 1 kcalj 
mole the softening of CTPB, which subsequently covers the AP 
particles to promote reactions in the condensed phase, could be 
the rate-controlling step. 

Since the oxidizer happens to be present in a large proportion, 
viz., in stoichiometric amounts (>75%), it is reasonable to consider 
the gas phase reactions just above the surface to be predominantly 
of the AP flame reactions. Thus, the gas phase activation energy of 
E s,g = 30 kcaljmole can be assigned for the gas phase flame 
reactions of AP deflagrating as a monopropellant; this is in 
accordance with the BOP model85 (Fig 4.8), where 30 kcaljmole 
has been considered to represent the AP monopropellant flame 
extending from the surface rather than occurring at the propellant 
surface. 

Thus, the thermodynamic model applied to AP, AP+sebacic 
acid mixture and AP j CTPB systems illustrates that the E s,c values 
and condensed phase reactions operative in AP and AP+sebacic 
acid systems are similar, although Es,g values differ widely. In AP 
and AP j CTPB systems, the Es,g values are similar, but the E s,c values 
differ considerably. 

The thermodynamic model also provides some basis for 
explaining some special combustion features, such as intermittent 
burning, flameless combustion and plataeu burning. The main 
controlling factors in Eqn (5) (ref 274) are nand (dTs/dPJr and, 
therefore, Es,g may be written as: 

(60) 

In practice, in CSP, the variation of n (0.4-0.8) compared to 
(dTs/ dP)r will be much smaller and it is rarely> 1. Hence Es,g is 
primarily controlled by (dTs/ dP)r so that 

o 
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(61) 

In PBAA propellant, intermittent burning and extinction have 
been observed 146

• In this particular case, (dTs/dP) -+ ° (Fig 4.9). 
As a result, according to Eqn (61) E s,g becomes so high that the gas 
phase reactions do not take place and condensed phase reactions 
predominate. Waesche, et al. 128 observed that extensive condensed 
phase reactions occur in PBAA propellants. Even in flameless 
combustion, which is primarily supported by condensed phase 
reactions, the second term in Eqn (5)274 has no contribution. Unlike 
in PBAA propellant, PU propellant exhibits plateau burning148 (1-
80 atm), (dTs/ dPJr is very large (Fig 4 .9) and n-+O, such that the 
gas phase reactions could be favoured over the condensed phase 
reactions. This behaviour of PU propellant of gas phase-controlled 
combustion is further corroborated by the work of Waesche, et 
al.128 who observed lesser interaction between the fuel and the 
oxidizer in PU propellant in the condensed phase. Similarly, the 
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behaviour of poly isobutyl ene-based propella nt, which also exhibits 
plateau burning86, can be explained by this thermodynamic model. 

Thus , the modelling studies reveal that solid phase 
considerations have the potential to predict the heat release in the 
solid phase, temperature sensitivity of r and catalyst action. 
Although gas phase considerations identifY the role of binder as 
significant, the effect of changes in the binder characteristics on 
the regression rate has neither been analyzed nor predicted69 . 

4.5. EFFECT OF FUEL BINDER STRUCTURE 

The structure-property relationships of fuel binders are 
important not only in propellant combustion, but also in 
pyrotechnics41 2, explosives413 and fire extinguishers414. In 
pyrotechnic compositions, the binder induces a new exotherm and 
reduces the ignition temperature415 . The reaction between the 
binder and the nitrate in Mg-NaN03 and Mg-Sr(N03)2 compositions 
appears to be important. Such chemical reactions of the ingredients 
changes the ignition temperature416. 





CHAPTER 5 

EFFECT OF BURNING RATE MODIFIERS 
ON COMPOSITE SOLID PROPELLANTS & 

THEIR COMPONENTS 

5.1 AN OVERVIEW 

Additives are known to affect the combustion of CSP and its 
components-the oxidizer and the binder. It is a vast subject and 
has been reviewed by Hall and Pearson85 , Jacobs and Whitehead 163, 
and Kishore and Sunitha71 . Additives generally are of two types, 

namely, those which enhance the r value of propellants (catalysts) 

and those which decrease their r value (inhibitors) 163. 

Effective catalysts, known to modifY the decompos ition and 
combustion rate of CSP and its constituents, are transition metal 
oxides (TMO), such as Fe20 3 , Mn02, Ni20 3, copper chromate, etc. 7l

. 

The concentration of these catalysts is another important aspect 
in their effectiveness41 7; the concentration should be such that it 
does not alter the propellant composition and must be as low as 
possible, so that the propellant energetics is not affected. Kishore, 

et al. 418 found that the decomposition and r va lue of AP / PS 
propellant increase up to a certain catalyst (Fe20 3) concentration 
beyond which the effect either levels off or decreases . Although 
Fe20 3 is an effective catalyst and is used widely, the catalysts 
currently in vogue are ferrocene-based compounds which possess 

better processing characteristics than Fe20 3 and they increase r 
by over 20%419-421. 

Some of the important aspects that serve to explain the 
mechanism of catalyst action are summarized below l 6 . 

(i) Metal components in TMO can exhibit variable valence or 
oxidation states and hence TMO's are effective decomposition 

and r catalysts. 
(ii) Additives which are electron donors or acceptors can :norli f'; 

oxidation/ decomposition products. 
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(iii) Cata lytic activity results from physical contact; the reaction 
ceases when p a rticles no longer have an oxidizer-additive 
interface. 

(iv) Gaseous product distribution may be altered by some catalytic 
agents. 

(v) Iron compounds are common catalysts for AP propellant 
systems; a redox-cycle involving the ferric-ferrous couple may 
be the key mechanism in c ombustion catalysis by iron 
compounds. 

(vi) ;- depends on catalyst concentration, surface area and state 
of aggregation. 

Not many studies have been reported on the additives which 
decrease the r of CSP and decomposition of its components . 
However, LiF is known to inhibit r of CSP, probably due to the 
formation ofNH4F through the formation of an LiF-NH4Cl04 eutec::tic 
mixture348 . NH4F and other easily decomposable ammonium salts , 
such as NH4Cl, NH 4Br, etc, are versatile inhibitors for AP 
decomposition/deflagration and CSP combustion422 . Thus, LiF 

reduces the ;- of CSP by reducing the thermal effect in the condensed 
phase to 15-20%3 13. The available literature mostly concerns 
mechanistic studies on the action of the catalyst on the 
decomposition and combustion behaviours of AP and CSP. Such 
studies are important from the standpoint that propellants may be 
formulated to give predetermined ;- 71.252 . In this chapter, the present 
status of the catalyzed decomposition of AP, binder, CSP and their 
combustion is presented to understand the mechanism of their 
action. Widely used catalysts, such as TMO and copper chromite 
have been covered in the present discussion . Shortcomings in the 
use of Fe20 3 have led to the use offerrocene derivatives for improving 
the performance . While discussing these aspects, emphasis is laid 
on the condensed phase processes and on identification of the site 
of catalyst action . 

5.2 EFFECT OF CATALYSTS/INHIBITORS ON 
DECOMPOSITION AND DEFLAGRATION OF 
AMMONIUM PERCHLORATE 

Cataly zed thermal decomposition 195 .230.423.424-426,9,17 and 
deflagration249 of AP in the presence ofTMO, such as Fe20 3, Mn02' 
CuO, Cu20 , Cr20 3, CuCr03, CuCr04 etc. have been a subject of 
wide interest. However , the exact mecha nism of catalyst action on 
the d ecOmI)Osition of AP is still not clear, it has been broadly 
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explained on the basis of the mechanism of decomposition of AP. 
Catalyzed decomposition of AP into NH3 and HCI04 by proton 
transfer427 and subsequent oxidation of NH3 (adsorbed on the 
catalyst surface) by HCI04 at the catalyst site has been reported428,429. 
Diffusion of CI04" into the catalyst surface in close contact with 
AP is considered430 to be an important feature; Decomposition of 
CI04" via CI-O bond cleavage is believed to be the rate-controlling 
step. 

Apart from the proton transfer mechanism, electron transfer 
mechanism has also been proposed. TMO is understood to provide 
a sort of bridge in the electron-transfer process facilitating low 
temperature decomposition of Ap230,431 , and this is considered to 
be the rate-controlling step432 . Kishore, et al. 433 proposed an electron 
transfer mechanism for the catalytic action of Mn0 2 on 
decomposition of AP: 

Mn4+ + 0104- ~ 'CI0
4 

+ Mn3+ 

(62) 

The activation energy is observed to correspond to the electron 

transfer process434 . The ·NH. and ·CIO. radicals further decompose 
into NH3 and oxides of chlorine 196, the products of catalyzed 
decomposition seem to be different from those of pure AP435,436. 
Calcining of a TMO like Fe20 3 has little effect on its activity437. 

Rastogi, et al.438.439 described the following equation which 
applies not only to catalyzed decomposition of AP but also to its 
inhibition: 

dajdt= (aa- b(2)j(1+ha) (63) 

where a is the fraction decomposed at time t; a, band hare 
constants, a being associated with the nucleation process and h 
with the adsorption of HCI04 on the catalyst surface. h is large for 
catalysts and zero for inhibitors . 

Like decomposition, catalyzed deflagration of AP440 depends 
on the catalyst .::;o ncentration264 , particle size441 and its 
distribution442,443 . Catalyst concentration, for example, has an 
important bearing on the LPL of pure AP. CuO, Cr20 3, Fe20 3, Mn02 
and KMn04 increase LPL at low concentrations and decrease the 
same when pr~sent at higher concentrations 442 . At low 
concentrations (- 3 wt%), the endothermic step and heat loss are 
dominant and LPL increases. At higher concentrations, the rate of 
exothermic reaction becomes predominant and heat feedback to 
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the solid surface outweighs the heat loss; consequently, LPL is 
lowered282.441. Catalysts are known to act in both condensed and 
gas phases442 . In the condensed phase, catalysts alter the surface 
features in AP combustion; the influence of AP melt and its 
enhancement is profound in increasing r and is affected by T/ 7

3. 

Actually, it has been found 444 that there is an inherent instability 
of deflagration of the condensed phase; the effects of preheating, 
external heat flux and catalysts on LPL have been explained. 

According to Boggs, et al. 264 the catalytic action of Cu, CuO 
and CU20 in the condensed phase is responsible for accelerating 
the deflagration of AP. The observed Ts (-630°C), temperature 
gradient at surface and concentration gradient of the catalyst due 
to surface inhomogeneity are such that the catalyst action, under 
these combustion conditions, cannot be equated to their behaviour 
under decomposition conditions. Boggs, et al. 264 are, therefore, of 
the opinion that direct application oflow temperature decomposition 
studies in deflagration conditions may be deceptive44s. 

Generally, the inhibition of deflagration of AP is achieved by 
the addition of (i) readily decomposable ammonium salts, such as 
NH4 F, NH4CI, NH4Br, NH4HP04 , NH4H2P04 , etc, (ii) salts which 
bind HCI04 or its decomposition products into less reactive 

4~------------------------------------~ 

3 

i 
In 2 

OL---~----~--~----~~~~--~3~OO 

Pressure (otm) ---+ 
Figure 5.1. Effect of ammonium salts on deflagaration of AP265. 
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compounds like CdF2, and PbCl2, ZnF2' etc., and (iii) compounds 
like urea , oxamide, etc . which inhibit the decomposition of HCI04. 
Alfa kir , e t a1446 .447 studied the inhibitory effect of readily 
d ecomposable salts of ammonia like NH4CI, NH4F, etc. on the 
combustion of AP. Ammonium salts are highly effective, because 
they shift the dissociative equilibrium towards the reactants due to 
the excess NH3 generated. Glaskova265 determined the effectiveness 
of inhibition in terms of coefficient of inhibition In as: 

I = Tit of pure AP 
n m of AP with an inhibitor (64) 

where m is the mass burning rate. The inhibitory effect of 
a mmonium halides (Fig. 5 . 1) decreases with reduction in the 
quantity of NH3 generated during decomposition. In decreases 
from 3 .7 to 1.9 for salts (1.0 wt.%) from NH4F to NH4Br. NH4F is 
the most effective inhibitor; AP begins to burn only at 100 atm 
(LPL) and the deflagration rate is 3.7 times slower than that of 
pure AP. Salts like PbCl2 , PbF2, CdF2, and ZnF2 are also equally 
effective , but they act by their exchange reaction with AP, resulting 
in more stable perchlorates of the metals . Reduction in the 
completeness of the oxidation reaction of NH3 alters heat release in 

the condensed phase and decrea ses the r value . 

5.3 CATALYZED DECOMPOSITION & COMBUSTION OF 
BINDERS 

Not many studies have been reported on catalyzed 
d ecomposition of the binders . TMOs are known to catalyze 
hydrocarbon oxidation reaction by inducing free radical 
d ecomposition of hydroperoxides formed by the reaction of oxidizer 
and hydrocarbons448

• 

ROOH + Mn+ ~ RO· + HO- + M(n+!)+ 

ROOH + M(n+!)+ ~ RO; + H+ + Mn+ 

In hydrocarbon oxidation, metal salts like cupric stearate have 
been found to act as accelerators by lowering the activation energy 
for hydroperoxide decomposition. This depends upon the redox 
potential of the metal ion, which is further correlated with the 
catalytic activity449 . 

Kishore450 found that TMO's , such as Fe20 3, Ni20 3, C020 3 and 

Mn02 decrease the r of polymer combustion. These oxides affect 
th e cond en sed phase rea ctions by suppressing the gasification 
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and subsequent gas phase reactions by radical recombination on 
the oxide surface. Fe20 3 affects the decomposition of the binder3s.'i .426 

and lowers its decomposition temperature425 . It is found to affec t 
the kinetics of the first stage ofisophorone diisocyanate-cured HTPB 
and also its exothermicity348. The liquid catalyst, 2,2-bis(ethyl 
ferrocenyl) propane, activates decomposition of the binder426

; it also 
decreases the ignition delay and activation energy of the 
propellant451 . Similarly, butyl ferrocene and carborane also decrease 
the ignition delay and activation energy of the propellant451

• 

Ammonium phosphate suppresses polymer combustion 70
, it 

primarily acts in the condensed phase, and flame retardation is 
due to extensive char formation at the burning surface, which acts 
as a barrier for effective heat transfer from the flame to the 
condensed phase. Combustibility of polymers is compared in terms 
of a laboratory test parameter, 'limiting oxygen index' (LOI)452. LOI 
is the minimum fraction of O2 in an 0 2/ N2 mixture, which is required 
to maintain the burning of a polymer sample of defined dimensions 
after it has been ignited by a pilot flame . A conspicuous example of 
study of catalyst action exclusively from binder considerations in 
CSP is that of the action of metal phthalocyanine complexes. These 
complexes are known to catalyze thermal decomposition of the 
binder resulting in the breaking of urethane linkages producing 
liquid or molten binder phase on the propellant surface; condensed 
phase reactions are believed to be the rate-controlling step358,453 . 

Some examples demonstrate the importance of condensed 
phase reactions . Martin and Rice454 observed that AI20 J .3H20, 
beyond 40% loading in epoxy resin increased the LOr, while 
anhydrous A120 3 acted as an inert filler supporting the occurrence 
of condensed phase reactions with A120 3 .3H20 . Fennimore and 
Jones4S5 found that LOr vastly differs for PVC and poly 3,3-
bis(chloromethyl)oxetane with similar Cl2 content, indicative of the 
fact that the structure of the polymer in the condensed phase is 
important. Chlorine, when chemically bound to polyethylene and 
other plastics, retards the combustion more effectively than when 
it is added to the atmosphere around the burning polymer. 

5.4 CATALYZED DECOMPOSITION & COMBUSTION OF CSP 

The effect of TMO on the;- of CSP has been studied456-458 
and reviewed by Kishore and Sunitha71 .459. Apart from TMO, 
ferrocene and its derivatives are also known424 .427 ,428 to enhance 
the of CSP41 9-42 1. Kishore, et a1. 418 made a systematic study of 
decomposition of AP and propellant burning as a function of catalyst 
concentration. Effectiveness of the catalys t for increasing propellant 
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burning rate (i b) and thermal decomposition rate (f;J of AP was 
estimated on the basis of the following relationship : 

rbe i: of catalyzed propellant 

rbu i: of uncatalyzed propellant 
(65) 

and 

rde rate of thermal decomposition of catalyzed AP 
rdu rate of thermal decomposition of uncatalyzed AP (66) 

and they are plotted as a function of catalyst concentration in 
Fig. 5 .2 . The i: value of the catalyzed propellant increases as the 
catalyst concentration is increased and reaches a maximum value 
around 1% of the catalyst, except for cobalt oxide. After the maxima, 
r either levels off or decreases. At low concentrations, r increases 
without significantly affecting the calorimetric value of the 
propellant. With increase in catalyst concentration, the calorimetric 
value is found to decrease, since the catalyst not only reduces the 
weight of the propellant but also takes away some heat to raise its 
temperature in the flame and hence reduces r . Similar observations 
have been made in respect ·of thermal decomposition of catalyzed 
AP (Fig. 5.2). Effective catalyst concentration on the binder surface 
seems to provide adequate contact with the fuel vapour, bringing 
the flame closer to the surface460.461. Catalysts accelerate the initial 
decomposition by reducing the decomposition temperature of CSP, 
leading to shorter ignition delays depending on the catalyst 
concentration462 . 

Salts of aromatic carboxylic acids (salicylates and 
resorcylates) have been widely used as effective i: modifiers in DB 
propellants463-467 ; they exert plateau and mesa effects. However, 
these salts have not been tried in CSP . Kishore, et al. 468 

demonstrated that these m .etal salicylates significantly affect 
degradative ignition and combustion of polymers. They also enhance 
the rand Ts of CSP. The condensed phase heat release was found 
to be very significant in the presence of these salicylate additives, 
which in fact, explains sensitization of the ignition of CSP. Iron 
So.licylate brings about the highest increase in the condensed phase 
heat release. Consequently, r is the highest for iron salicylate as 
compared to other salicylates . 
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Figure 5.2. Dependence of burning rate ratio and thermal 
decomposition ratio on catalyst concentration in PSI 
AP propellant418

• 

Very few studies have been reported on high temperature 
degradation relevant in ignition and combustion of esp. Since 
polymer degradation is oxidative in nature , particularly in the 
ignition process , Kishore, et al 4 69 have shown that the 
activation energy for the oxidative degradation of polystyrene 
is 28-30 kcal/mole corresponding to 0-0 bond scission, which gets 
incorporated in the main chain during degradation. Studies on 
oxidative degradation in the presence of several metal salicylates, 



Effect of Burning Rate Modifiers on Composite Solid Propellants... 113 

especially iron salicylate have shown no change in E value, 
suggesting that the metal ions do not interact during the initiation 
step. However, there is sensitization of degradation of poly(styrene 
peroxide), where 0-0 bond intentionally incorporated in the 
backbone follows a different order (Fe> Co > Ni > Mn) compared to 
the oxidative degradation ofPS: (Ni > Co> Mn > Fe). This opposing 
trend once again reaffirms that metal ions do not interact in the 
initiation step. Kishore, et al. 470 have shown that the metal ions 
affect the propagation step. 

The mechanism of action of catalysts on the decomposition 
and combustion of CSP is not clearly understood. However, it is 
believed that the reaction between NH3 and HCl04 (initial 
dissociation products of AP) and between HCl04 and fuel enhances 
heat release on the catalyst surface46o,471. Consequently, the 
activation energy of the primary flame reaction decreases, and as a 

result r value increases472 . 

Attempts have also been made to ascertain whether the 
catalysts act in the condensed phase or the gas phase; yet there 
has been no definitive study on the regime of catalyst action during 
propellant combustion. Cavenyand Pittman 186 have shown that at 
higher pressures, the subsurface temperature is large enough, so 
that the transient reactions occurring in it have no contribution to 

the r ofthe propellant. However, Pearson473
, considering the concept 

of melt layer on the surface, believes the catalyst to be operative in 
the heterogeneous surface region . Doping and coating of AP with 
the catalyst have been found to be less effective in altering the 
burning behaviour of CSP; gas phase decomposition mechanism is 
considered to be important. Nadaud474, on the basis of the results 
of APjpolybutadiene sandwich experiments, concluded that the 
catalysts do not operate in the condensed phase, but probably act 
in the gas phase increasing the reaction rate of HCl04 and its 
initial decomposition products . According to Zhang475 , the catalysts 
increase the heat of condensed phase reactions and raise the r of 
the propellant. Although several studies regarding the role of 
catalysts have been reported, unfortunately no clear-cut knowledge 
on the site of catalyst action in CSP combustion is available at 
present. Variable surface and subsurface heat release have been 
incorporated into BDP model to explain the catalytic effect476 • 

It may be worthwhile to examine the effect of additives on CSP 
in the light of their action on the combustion of the polymer and 
AP. Fe2 0 3 accelerates the deflagration of AP, besides augmenting 
its decomposition and the overall effect of Fe2 0 3 in CSP is its 



114 Solid Prop e llant C h e mis try 

enhancement in the value of i- 71. Fe20 3 , however, decelerates 
combustion ofthe binder l50 . This shows that the effect of the catalyst 
of the combustion of AP is dominant over its effect on combustion 
of the binder. Interestingly, ammonium phosphate, unlike Fe20 3 , 

lowers the i- of both polymer and AP, besides decelerating the 
decomposition of AP. The effects of catalysts and inhibitors can be 
examined more quantitatively from Table 5 . 1 . Fe20 3 clearly shows 
th at the effect of the catalyst on the deflagration of AP is predominant 
and is reflected in the propellant. Fe2 0 3 is m ore effective in 
augmenting r than Fe30 4479 ; it also brings about plateau and 
mesa burning characteristics. Such an effect of Fe20 3 on pressure 
sensitivity indicates that condensed phase chemistry 

Table 5.1. Effect of catalyst/inhibitor on i- value of AP/PS 
CSP 

Catalyst/ Inhibitor wt. % % change in i- Ref 

AP PS AP/ PS 

Fe20 3 +68 -9.4 +64.0 21 ,450 ,456 

(NH')2HP0 4 1/ 4 -72* -20 .0 -15.0 21 ,265 ,477 

NH4 Cl 1/ 3 -70* +4 .0 -5.0 177 ,265 ,478 

NH4Br 1/ 5 -47* +14.0 -3.4 177 ,265 ,478 

+ Increa se 
Decrease 

% change in r was calculated on the bas is of effectiveness of the inhibitor a nd th e burning 
rate law constants 265 

plays an important role in the mechanism of catalysis480 . The shape 
of Fe 20 3 particle also affects the i- of the propellant. Among 

spheroidal and acicular particles, the latter show higher i- of the 
propellant479 . The opposite effect of Fe20 -l on binder combustion in 
altering the overall combustion of esp is very little . In short, it 
could be said that the effect of the catalyst on the deflagration of 
AP, which is present in larger proportions in esp, overshadows the 
effect of the same catalyst on the binder in the combustion of the 
propellant. 

Examining the effect of inhibitors (e .g. ammonium salts), it 

may be observed in a qualitative fashion that the decrease in the i
of AP too is reflected in the propellant. The extent to which one 
would have expected retardation in the combustion of the propellant 
is, h owever, far too low. This goes to show that the influence of the 
inhibitor on combustion of the binder is significantly involved . 
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Unlike the less reactive Fe20 3 , which augments r by a physical 
electron transfer process in the decomposition of AP, ammonium 
salts decompose to give acids which may react with the binder and 
change the decomposition or combustion behaviour significantly. 
Whereas HCI and HBr basically desensitize polymer combustion by 
the gas phase mechanism4 76

, H 3P04 produces significant quantity 
of char in the condensed phase and acts as a barrier for the transfer 
of heat from the flame to the virgin polymer4 78

. The pronounced 
effect of ammonium phosphate among the ammonium salts may 
perhaps be due to significant char formation481

, which once again 
sufficiently demonstrates the importance of condensed phase reactions. 

SrC03 , LiC03 , BaC03 , LiF, oxamide and catocene reduce r of the of 
AP-HTPB propellant48 1-484. Oxamide was found to suppress pressure 
oscillations at the end of combustion483

. CaC03 enhances the 
combustion of AP at low pressures « 1.96 MPa ) and depresses the 
same at pressures above it (> 1.96 MPa ). CaC03 reacts with AP to 
produce CaCl2 and promotes the melting of AP on the burning 
surface. The concentration of CaCl2 on the quenched surface is 
increased with increase in pressure48S

. 

It may, therefore, be concluded that the effects of catalysts/ 
inhibitors may not follow any definitive mechanism and hence a 
generalized picture cannot be given for their action. Each case, 
perhaps, has to be examined on its own merit . 

5.4.1 Effect of TMO 

The effect ofTMO on the decomposition or combustion of CSP 
has been reviewed by Kishore, et a[l l . Based on the linear dependence 

of increase in r on the redox potential of metal oxide and the 
associated heat of reaction, an electron transfer process is found 

to promote the thermal decomposition and r value, besides 
lowering486 the pressure exponent. 

TMO is also known to act via the formation of thermally stable 
metal perchlorate amines4 s6

. The relative effectiveness in enhancing 
the r in TMO follows the order: 

Ni20 3 - Fe20 3 > C020 3 > Mn02 

It is observed that Ni20 3 is as effective as Fe20 3 . However, recently 
Cr20 3 has been reported to be more effective than Fe20 3 in the primary 
propellant flame with low va lue for the pressure exponent, which 

decreases with increase in Al content487 . In another study, the r of 
HTPB-AP propellant was found to decrease in the order488 : 

CuO > Fe20 3 > Cr03 > C20 S > TiO'2 
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Calcining of Cr03 and CuO at high temperture increases their 
catalytic action on the deflagration of AP434. Calcining of Fe20 3 at 
higher temperatures h as negligible effect on it s catalytic 
properties437 . 

Kuratani431 found no correlation between r and thermal 
d ecomposition and suggests that gas phase processes are important 

in catalytic control of r . The results of Hermoni and Salmon 189 

indicate that the catalysts influence the reaction in both solid and 
gas phases . No definitive evidence about the site of catalyst action 
is as yet available. 

5.4.2 Effect of Copper Chromite and Copper Chromate 

Copper chromite (CC) and copper chromate a re excellent 
catalysts for increasing the r of CSPS,423,490A92, The effect of CC and 
copper chromate was studied by Pearson493 ; h e has suggested a 
electron transfer process. CC alters the low temperature 
decompos ition of AP and its cataly tic activity is destroyed since it 
is oxidized to chromate by the products of decomposition of 
catalysed AP. The products of d ecompos ition of catalysed AP have 
been found494 to be different from those obtained on decomposition 
of neat AP in several ways. It is envisaged that the enhancement 

of r is due to an exothermic redox cycle between cupric oxide/ 
cuprous oxide/Cu formed at high temperatures at the burning 
surface of the propellant. However, the exact route by which these 
catalysts act is not clear. The dual role of these catalys ts in 
accelerating the decomposition of AP and promoting oxidation of 
the fuel by heterogeneous reaction in the condensed phase has 
been considered462,492 However, investigations of Jones and 
Strahle495 have indicated that CC possibly promotes the gas phase 
reactions. 

5.4.3 Effect of Iron Oxide 

Fe20 3 is the most widely u sed catalyst in practical applications 
of CSP230 . Burnside417 found that r of the propellant depends on 
catalyst concentration, particle s ize and s urface area . In AP-HTPB
Al propellant, the values of r and pressure exponent were found to 
increase with Fe20 3 content. The catalytic activity of Fe20 3 was 
found to be dependent on its particle size and surface area496 . In 
AP /HTPB sandwich system492,497 , Fe20 3 has been found to catalyze 
the gas phase reaction a nd consequently increase the heat release 
rate at the interface between the oxidizer and the binder undergoing 
h eterogeneous reactions. Significant aggregation ofFeO a nd Fe30 4 -
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S ystem State Advantages Ref 
---------------------------------~-----------

l, 1 '-bis(glyc idoxymethyl) L r m od ifier, 519 
-e rrocen e cu ring dgent, 

bonding agent 

Epoxy ethy l fe rrocen e L r m odifi e r , 520 
curin g agent 

l-butylfe rroce n e L i- mod ifi er 505 

)ime thylfer rocen e L acce la rates 521 
th e rm a l 
deco mposition 

)ibutyl fe rroce ne L accela l-ales 522 
th e rm a l 
decompos ition 

,3 -dife rrocenyl - 1-buten e L reduces activatio n 523 
energy, d ecreases 
pot li fe, vola til e; so 
n ot su p e ri o r 

:,2-die thy l fe rrocenyl L ;- modifi e r 504 
lropa n e (Catocen e) 

,1 '- bi s ( 1-glycidoxy alkyl) L ;- m od ifi e r , c uring 524 
~rrocene agent, bondin g 

age nt , c rosslink ing 
agent , plast ic izer 

'inyl-ferrocene-butad ie n e P AP coatabl e 525 

opolyme r ;- 20% hi gh e r than 526 
butadiene b inder 

:uta di e n e- ferrocenyl m ethy l P ;- 20% hig h e r th a n 527 
lethacryiate copolym e r buta die n e binde r 

entaerythrito l methacrylate P no process in g 528 
-ife rrocenoa te-Buta di ene a nd s to rage 529 
opolymer problems 

erroce nyl m e thy l acrylate - P ;- modifi e r , 530 
TPB copo ly m er plasticizer 

e rroceny; m e thyl acrylate - P i- modifier , b ind e r 53 1 
TPB copo lym e r catalyst 532 

-ferrocenyle tha n eth iol -HTPB P i- mod ifi er, sta ble 533 
burning binde r-
catalys t_ 

ote: S= Solid ; L= Liquid: P= Poly mer. 
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Kishore, et a[508.509.519 synthes ize d certain fe rrocen e-based 
derivatives a nd s ili con- contai ning compound s w hi ch possess 
promising per forman ce ch a racteri s tics (Table 5.2 ). Som e of these 
compoun ds , wh ic h m ay be so lids or liquids, fun c t ion as curin g 
agents, bonding agents, burning rate modifiers, etc. For example, 
1, I-bis(glycidoxymethyl)ferrocene, besides b e ing a burning rate 
modifier and bonding agent, a lso serves as a curing agents 5 1

<) . 

1 , 1 '- bis(trimethy l s iloxym eth y l) fe rrocene p erforms as a bonding 
agent and energy supplier. The b onding of this molecule with 
both AP and HTPB is shown (Fig. 5.3) to b e at the s ilico n centre 
by both solubility measurements and IR p eak shifts. Because 
of the presence of silicon, this compound a lso acts as a very 

-0 0 
[ 

O':::-CI-:::7° 1 NH~ (AP) 
./ ~ 

~ 6- 8+: 
'2;-CH2-O- Si (CH3 ) 3 

Fe 

@-- 5- 6+ o CH 2-O -Si (CH3 )3 
I I \ s- : 6+ I \ 

O--H / \ 
I I \ 

R -t-CH 2-CH -CH-CH 2-7n R-OH (HTPB) 

Figure 5.3. Bonding si t es of 1 , 1 '-bis(t rimethyl siloxymethyl) 
ferrocene with AP a nd HTPBso9. 

good energy supplier and burning rate modifie r 509 . 1, 1 '( 1,1 '
ferrocenedyld iethylidene) bis- (thiocarbonohydrazide); 1, I-diacetyl
ferrocene d isemicarbazone; 1,1 '-diacety l ferro ce ne benzoyl 
hydrazon e a n d 1,1 '-diacetylferrocene-p -nitrobe-nzoyl hydrazon e , 
synthesised in this laboratory, a re s olids and are binder soluble. 
Besides, they are good bonding agents to0 50S

. The bonding ability 
is also seen in the SEM photomicrographs534

. To furth er examine 
the bonding ability, UV experiments were performed on the 
solution in which a pellet of AP and th e bonding agent dis solve 
increasingly with time . A d efinite quantity of the solution was 
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withdrawn and absorbance recorded. The first order rate constant 
for the dissolution of bonding agent into acetone was obtained from 
the optical density us time plot, which is a direct m easure of the 
bonding ability of the compound with AP. The lower the rate 
consta nt, greater is the bonding. The plot of optical density as a 
function of time at different temperatures gives a straight line, from 
the slope of which the ra te constant (k) is obtained. The Arrhenius 
log k us liT plot yielded an activation energy va lue of 10.5 kcall 
mole, which corresponds to the en ergy required to break ion-dipole 
interactions, suggesting that bonding agent-AP interactions are of 
the ion-dipole type. The bonding agent containing the polar sulfone 
group yielded higher ra te constantsS34 . 

Liquid ferrocene derivatives, such as 2,2-bis (ethyl ferrocenyl) 
propane (catocene) S04 , butylferrocenes2 1 and 1,3-diferrocenyl-1-
butenes22 , are finding use in solid propellantsS33.s3s . Catocene is 
hazardous if it becomes volatile at the mixing temperatureSI7.S3S , 
Liquid ferrocene compounds, such as butyl ferrocene, dimethyl 
ferrocene and dibutyl ferrocenes2 1.s22 are as effective as Fe20 3, but 
act through a different m echanism. Whereas ferrocene compounds 
reduce the activation energy for decomposition of CSP, Fe20 3 lowers 
the d ecomposition temperature. 

The location of catalytic site during actual combustion is a 
matter of interest, but it is difficult to locate it, b ecause the rate 
controlling combustion zone at the surface is very thin involving 
both condensed and gas phase regimes with a large thermal gradient 
across them. Pittman419 attempted to locate the s ite of catalyst 
action in propellant-containing n-butyl ferrocene. It was found to 
be an effective catalyst when AP loading in the propellant was 
high . Decomposition of the binder, in fact, is not enhanced by 
n-butylferrocene or Fe20 3. Experiments have been carried out to 
ascertain whether catalyzed subsurface reactions control r, CSP
containing AP coprecipitated with ferrocene salts burnt slightly faster 
than the propellants containing binder with ferrocene salt. The 
marginal increase was not suggestive of any subsurface 
decomposition of AP and AP-binder reactions. In order to assess 
whether these reactions really occurred, AP was coated with 
ferrocenyl ethyl amine liquid catalyst. It was found that the close 
AP-catalyst and also AP-catalyst-binder contact did not show any 
increased catalytic effect in enhancing r. Ye t, in another 
experiment, AP encapsulated with a fluoropolymer was used in 
the propellant-containing binder mixed with n-butylferrocene or 
Fe20 3. Despite the loss of AP-catalyst contact due to encapsulation, 
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enhanced r was observed. The above results suggest the importance 
of gas phase reactions for catalytic activity. It is s upported by the 
action of the ferrocene catalyst on HCI04 or its decomposition 
products in the gas phase. This is further confirmed by studying r 
of the propellant containing te tra methyl a mmonium p erchlorate 
oxidizer and n-butylferrocene catalyst. This oxidizer does not form 
HCI04 like in AP, since no proton tra nsfer occurs and the propellant 

fails to show large enhancement in r in the presen ce of the catalyst. 
It may then be concluded that n-butylferrocen e catalyst acts in the 
gas phase. However, there are other views proposing their action 
in the condensed phase as well. Ferrocene and n -butylferrocene 
are found to accelerate the therma l d ecomposi tio n of AP a nd the 
products of catalyst decomposition remai ning in the condensed 
phase display catalytic activity; n-butyl ferrocen e is p a rticularly 
found to contribute to the condensed phase reactions in propellant 
combustion522

. The h eat generated in the solid phase decomposition 
is implicit in the temperature distribution m easurements and 
photomicrograph study by Kuwaha ra535 . Thus, one cannot provide 
generalized information regarding the s ite of action of n-bu tyl 
ferrocene. 

To test the hypothesis whether a catalyst becomes m ore 
effective with increasing fluidity, Pittma n 419 prepared polyamide, 
polyesters containing ferrocene a nd copolymers of vinyl ferrocene 
and butadiene. These polymers were incorporated into the propellant 

and r values measured. It was observed that th e polymeric catalysts 
became increasingly more effec tive than their monomeric 
counterparts, as they become more fluidic. S everal polymeric 
ferrocene catalysts have been reported (Table 5.2). They have a 
multifunctional role and are good process ing aids a part from being 

good r modifiers. Polymeric catalysts have the added advantages of 
migration resistance , low volatility and reduced crys ta llization 
tendency at low temperatures n ormally encounte red in the usual 
low molecular weight liquid catalysts529 . 

5.5.1 Prognosticative Capability of Ferrocene Catalysts 

Although ferrocene-based ca ta lysts are known to influence the 

r of AP, the influence of structural features of s mall amounts of 
ferrocene-based catalysts on r and their prognosticative capability 
are hitherto unknown. A unique approach of es timating the 
contribution of groups in the catalysts towards t h e r of catalyzed 
AP /HTPB in stoichiometric amounts has been a ttempted 536

. The 
structure of ferrocene-based catalysts used in the propellant are 
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given in Fig. 5.4; catalys t (DNPHAP) concentration at which r is 
optimum has been found to be 4 .8 x 10 -4 mole % of the propellant . 
For the same mola r concen tration of a ll other cata lysts containing 
d ifferent groups, rand t1Hc values (Table 5.3) were determ ined; 
th ese s h owed s ignificant effect of structure of the catalyst. 

A,DNPHDAF 

C, FERROCENE 

E,PHDAF 

G. DAF 

B . D"-PHAP 

CH3 

©-~-=N-@ 
F-. 

©-r=N-@ 
CH1 

0 .. BPAtv1F 

F, FD8AH 

0i 3 0 

©-~=N-NH-! -@--NOz 
Fe-

frT-N-NH-i-@- NOz 

% 0 

H,FDNBAH 

Figure 5.4. Structure of ferrocene derivatives534,536 . 
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Table 5.3. Group contribution of ferrocene catalysts towards 

rand L1Hc values of APjHTPB propellants 

System i- (cm/ s) L'>H, (cal/ g) Groups Derivation % contri-
la/groups tributioll 
valties per group 

- - - - - - - -
r dH, 

nil 0.120±0.02 (a) 1478.0±7.0 

A 0. 159±0.00 1 (b) 1554.0±6.0 F, C +25 .8 +7.24 

B 0.130±0.01 (c) 1495.0±7.0 IB-IA-C/2J) +5.0 +2.20 

C 0. 151±0.01 1585.0±5.0 -N0 2 (A- E) / 4 +.10 + 1.70 

0 0.1 5 1±0.001 (d) 1471.0±7.0 -NH IIF-D]/ 2] +0. 7 -0 .55 

E 0.153±0.001 (e) 1455.0±7.0 -CH 3 I(G-C) /2]-g -0 .5 

F 0.130±0.002 (f) -C=N- I(D-C) /2]-b -5.0 -9.40 

G 0.1 27±0.002 (g) >C=O IIF-E)/2 ] -7.5 

H 0.1 33±0.001 

Fe : Ferrocene group; AP: HTPB ratio, 87 .13 by wt; cata lys t concen tration , 4.8 x 10" mol l 
100 g of CSP 

By various permutations and combinations, th e contributions 

of various groups in the catalyst structure towards r (Table 5.3) 

were determined. Ferrocene and aromatic groups increase the r 
significantly, while C=N- and c=o groups reduce it . Other groups 
have only marginal effect on r Based on these group values, the 
calculated increase (14%) in r for a test ferrocen e compound used 
as catalyst (FDNBAH) was in fair agreement with the experimentally 
observed value (11 %). 

Further, .1H c values have been used to understand the catalyst 
behaviour during combus tion of the propellant. DNPHDAF, DNPHAP 
and ferrocene increase .1Hc value , while BPAMF a n d PHDAF decrease 
the same. This su ggests that the ferrocene moie ty is not the sole 
contributing factor for altering .1Hc- The positive and negative 
contributions (Tabl e 5.3 ) impart opposing effects in .1H c 
contributions. The groups whic h have fuel oxidizing capability 
(e .g. -N02 ) or those themselves gettin g oxidized energetically , have 
a positive contribution. The groups which undergo bond breakage 
process, unders tandably show a n egative contribution ; the high 
n egative contribution of C=N- group is suggestive of th e fact that 
this group is more stable compared to others. This has been verified 
m ass-spectrometrically in a typical ferrocene free co mpound 
(DNPHAP), which reveals the formation of r elatively intense peaks 
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at m/z 103 and m/ z 118 corresponding to benzonitrile and its 
precursor containing the nitrile group , respectively. These s pecies 
are compa ra tively sta b le a nd conform to high er n egative group 
contribution assign ed to (C=N-) towa rds ,1H c a nd r. The groups 
identified in the catalys t for contribution estima tion h ave som e s ort 
of bea ring on the pyrolyzed fragm ents from the catalys t which 
puts this a pproach on realis tic fo oting. This s tudy a ls o s u ggests 
tha t ferrocen e-based burning ra te cata lys ts s h ou ld b e with m or e of 
nitro, phen yl a nd imino groups, which enhance th e energetics of 
CSP a nd should be without nitrile or other gr oups which are 
precursors of nitrile . However , the uniquen ess of thi s a pproach 
h as to be ascerta ined by working out th e s truc tura l contributions 
in more number of ferrocene d eriva tives . 

Thus, t h e group contribution a pproach seem s to b e a 
powerful tool in predic ting the r of a prope lla nt based on the 
structura l features of a catalys t. It als o h elp s in the identification 
of en ergetic s ites a nd in obta ining m ech a nis tic info rma tion of the 
ca ta lys t aCtion. This m ethod will a lso evoke con sid era ble inter est 
in the fie ld of combus tion , p aving a n ovel way in creative d esigning 
of potentia l ca talys ts s howing a nticipa ted performa n ce. 





CHAPTER 6 

AGEING OF COMPOSITE SOLID 
PROPELLANTS 

6.1 AN OVERVIEW 

The safe storage life of CSP is the period over which a 
propellant can be stored without undue hazard, such as 
autoignition, and the useful life is the duration in which it meets 
all the desired ballistic and mechanical requirements537 . During 
storage there may be migration of ingredients, evaporation of 
plasticizer and gas evolution, resulting in the weight loss, 
dimensional changes, discoloration etc538 . The ingredients may 
interact with one another or with the surrounding atmosphere and 
cause irreversible changes in the calorimetric value, r and the 
mechanical properties, like, for example changes in the modulus 
of the propellants leading to case-bond separation, formation of 
cracks, voids, etc539 . Such deterioration in the characteristics of 
the propellant dete rmines the useful shelf-life period and storage 
temperature limits. 

To assess the changes undergone due to ageing during storage, 
two types of studies are carried out: normal ageing and accelerated 
ageing. In real time normal ageing studies, the performance parameters 
during actual prolonged storage are monitored, but this takes a very 
long time. Accelerated ageing studies are preferred, since they take 
much short times . In fact, good correlations have been obtained by 
extrapolating long time mechanical properties of propellants starting 
from accelerated tests540

. In this type of study, the samples are 
maintained at elevated temperatures (30 DC-150 0c) and studied 
at fixed time intervals with respect to their mechanical properties, 
r dimensional changes, etc. and the results are extrapolated to 
normal conditions to assess their performance537 ,54 1. This 
procedure, however, presupposes that the changes in material 
properties are caused by a single reaction or multiple chemical 
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reactions, and that the rate-controlling step depends on the 
frequency of collision of reactive species , the temperature 
dependence is studied using Arrhenius equation. Very few studies 
on the ageing of CSP have been reported541-548 . 

6.2 CHANGES IN WEIGHT LOSS 

Schedelbauer5
4-1 carried out accelerated ageing s tudies on PU 

and CTPB based propella nts a nd fou nd that the weight loss was 
more wh en the extent of crosslinking in th e p ropellant \vas more. He 
ascribed this to the evaporation of solvents from the binder , moisture 
from AP, decarboxylation of CTPB to produce carbon dioxide a nd 
evap o rat ion of t h e res idual compound s at e levated storage 
temperatures. Korobienich ev, et al. S49 a lso observed that first the 
binder degrades; they attributed weight loss to th e loss of binder. 
NagamotoS43 observed tha t PBD J PU binder, wh en aged under identical 
condi tions, looses weight to the same extent as t h e correspondin g 
propellant. Change in the calorimetric value (6.5-7 .0%) of eTPBj AP 
propellant has been attributed to the weight loss of the binder62

. 

6.3 CHANGES IN MECHANICAL PROPERTIES 

Deterioration in the mechanical properti es is caused by some 
ch emical reactions. Therefore, knowledge of ageing ch emis try is a 
pre-requisite to understanding the ageing behaviour and is 
essen tia l for the d evelopment of a prope r ageing model that fi ts 
the m easured short time ageing d ata and predicts the direction of 
ageing in future recourse . 

The effect of agein g on the mechanical properties of esp was 
studied by Su zuki , et al5

.J I in dry N2 atm osphere, dry air a nd under 
humid cond ition s. No c h a n ge in m ech a nical prop e rtie s was 
observed in N2 or in dry a ir, whereas a t high er humidity, increase 
in elongation and decrease in ten s ile strength were observed , these 
ch a n ges were restored on drying . In eTPB a nd PU-based esp's, 
long term ageing studies544 (2 yr s, -30 to + 80°C) h ave indicated 
chan ges in tensile strength , modulus o f e las ti city, etc. The 
mechanical properties have been found to depend on h a rden er j 
binder r a tio. Du e to s hrinkage during sto r age, density a lso 
increases. However , CTPB propellants h ave better storage s tability 
compared to PU propellants. The mechanical proper t ies of CTPB
AP prope llant d eteriorate during agein g, eTPB d egrades via the 
decomposition of the carboxyl group with a n ac tivation energy of 
19 .5 k cal jmoj550. 

Decrease in compression strength as a fun ction of s torage 
time a nd tempera ture has been a ttributed to polymer ageing551552 . 
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revealed that there is a correlation between the ch a nges in Uc and 
TD rate (Fig. 6 .1) . The activation energy values for the changes in 

TD rate, rand Uc of different esP's have b een found to be the sam e 
(13:1=2 kcal/mole), suggesting that the rate-controlling s tep for a ll 
the changes is the same. Since the rate-controlling step for the 

change in r has been found to be the TDofthe propellant, it implies 
that the TD rate also controls the change in Uc. 
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Figure 6.1. Plots of changes in Uc and TD rate as a function of storage 
period for different propellant systems aged at 100 °C 179. 
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6.4 Ignition Temperature of the Binder and CSP 

Depending upon the sample s ize and heating rate, the 
propellant ignites after the phase transition temperature of AP. 
The ignition temperature can, therefore, b e used as a parameter to 
compare the stability of the propellants during ageing5 54 . 

Interestingly, ignition temperature of CTPB increases with 
storage time, while a reverse trend is observed 59 for the 
corresponding propellant. Hence, the rate controlling mechanism 
in the binder and the propellant are different during ageing. This 
is explained62 in terms of gasification rate of the products of polymer 
degradation. Generally, polymers having a higher gasification rate 
ignite with ease while higher degree of crosslinking leads to a 
lower rate of gasification and eventually to longer ignition delays. 
Dynamic TG m easurements of aged (20 days) and unaged binder 
samples have shown that the degradation rate is faster for the 
unaged binder compared to the aged samples. Thus, 
desensitization in the ignition temperature of the binder samples 
occurs during ageing. 

Milena555 has reported that the calorimetric value of aged (1-
6 months at 65 - 100 DC) propellant does not change. However, it 
has been found in this laboratory62 that the calorimetric value 
(Table 6.1) decreases with ageing and has a direct bearing on our 
earlier finding59 that the ignition temprature decreases during 
ageing. As a result of additional crosslinks at the double bonds, 

Table 6.1. Effect of ageing on calorimetric values 

Temperature Cal. value (cal g .l ) 
("C) CTPB/ AP CTPB/ AP/ Al 

2 0 days - - - 60 days 2 0 day s 

Unaged 1010 1010 1365 

60 1009 991 1360 

70 995 980 1351 

80 942 936 1304 

100 93 5 936 1242 

the propellant matrix becomes rigid and the escape of 
decomposition products of AP /binder is prevented, leading to their 
exothermic reaction inside the matrix. This condensed phase heat 
release in the matrix lowers the ignition temperature on ageing. 
Since the extent of crosslinking increases, consequently the 
ignition temperature decreases with ageing. 
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6.5 CHANGES IN THERMAL DECOMPOSITION RATE & 
BURNING RATE 

Due to ageing, r increases and decomposition temperature of 
the propellant d ecreases556 . Studies on TD rate of aged propellant 
samples below and above the phase transition temperature of AP 
have revealed that at 230 oC, r is proportional to TD rate while at 
260 °C, it is inversely proportional to the TO rate , suggesting that 
the change in r is primarily caused by thermal decomposition of 
AP. Since ageing takes place in the orthorhombic region, the c h ange 
in r during ageing is governed by the thermal decomposition of 
the orthorhombic AP 176. Studies61.1 77. 178.556.557 have a lso been made 

on propellants containing different binder sys tems. Generally, r 
increases linearly with the storage period at a ll temperatures. This 
is explained on the basis of change in porosity and s low 
decomposition of the propellant. 

6.6 MECHANISM OF AGEING 

It is necessary to know the mechanism of ageing to inc rease 
the longevity of the propellant. By measuring dynamical mechanical 
properties as a function of ageing tim e and temperature, the 
following mechanism has been proposed558

: 

Be low 40 °C 
40-65 uC 

> 65 <J C 

S low physica l processes rl"s ult in s low ageing 
Vo latilization of the p last icize r 
Chemical d egra dation of the propellant 

The ageing me c h a nism of polybutadiene binder involve s 
atmospheric oxidation. 559 

In CTPB propellants , ageing is explained in terms of gel 
content, crosslink density, ignition temperature and p enetration 
temperature59 . The gel content initially increases exponentially and 
remains constant after about 100 h, ensuring complete curing. 
The trend is the same in the case of the binde r and the propellant 
(Fig. 6.2), suggesting that the curing process remains unaltered 
in the presence of AP and does not contribute to ageing. Beyond 
100 °C- 160 oC, the additional increase in the gel content during 
ageing is attributed to further crosslinking at the double bonds; 
this is in accordance with the findings of Layton560 Since there is 
an increase of 14% in the crosslink density of neat binder and 20% 
in the case of the propellant, the mechanism of crosslinking must 
be different in the binder and CSP. It has been shown57.56 1 in our 
laboratory that a free-radical crosslinking mechanism is possible 
in the case of neat binder and that ageing of a CSP is through a 
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proton transfer process catalyzed by AP. Actually, HCI04 formed 
as a result of interaction of AP with moisture 544 , acts as a 
crosslinking agent. This is visualized as follows: 

H' + 
-CH,-CH=CH-CH,- ~ -CH,-CH-CH,-CHl-

-CH,-CH =C H-CH,-

-CH,-CH-CH,-CH,-

I + 
-CH,-CH-CH- CH, -

LH" 
-CH -CH-CH -CH -

1 I ' , 
-CH,-CH-CH=CH-

Since crosslinking occurs through the double bonds in the 
main chain, it leads to increase in the amount of gel. The E for the 
proton transfer process (- 13 kcal/mole) 57 is much lower than that 
anticipated for a th e rmally initiated free-radical process. 
Crosslinking hardens the propellant during ageing; the extent 
of crosslinking in the polymer (crosslink density), determined by 
DMA and TMA, increases continuously during ageing. A marginal 
increase in the gel content and a drastic increase in the penetration 
temperature suggest that increase in the crosslink density need 
not necessarily increase the gel content, particularly when all the 
end groups are crosslinked and furth er crosslinking is only through 
the double bonds within the crosslinked network. The above facts 
support the occurrence of thermal crosslinking in CTPB during 
ageing, while a free-radical process had been proposed earlier562. 
Thermal crosslinking occurs through the double bond and an 
activation energy of 23 kcal/mole corresponds to opening of the 
double bond. This energy is approximately equal to the loss of one 
pi-bond , giving rise to two sigma-bonds563.564 . Changes in the 
chemical structure during ageing of CTPB, HTPB and PBAN have 
been correlated with changes in their mechanical properties548.559 . 
Although studies of cure reactions and ageing chemistry of CSP 
have enabled some understanding of the changes in mechanical 
properties of the propellant, detailed investigation is s till warranted. 

Safe-life of the propellant can b e increased by removing the 
double bonds in the binder. OH-terminated cis-polyisoprene was 
hydrogenated to prepare hydrogenated-hydroxy terminated 
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Figure 6.2. Variation in gel content with curing and ageing time59
• 

polyisoprene (HHTPI) [(OH (--CH2 CH MeCH2 CH2 --kOHl (mol-wt 
-3000) which when used in propellants improves the long-term 
storage properties56s.566. HHTPI propellants have poor ignitability, 

but similar r. The ageing characteristics and thermal stability, 
however, are superior to those of HTPB566 . 

Other chemical processes which cause ageing are 
photodegradation and thermal oxidative degradation567. Although not 
much information is available on the former, as regards the thermal 
oxidative degradation mechanism, ageing (air; 70 °C-130 0c) of model 
CSP based on PVC/ AP plasticized with dibutyl phthalate (OBP) 
has been elu cidated in terms of weigh t-loss measurements, r, 
and calorimetric values568 . In plasticized PVC, OBP starts oozing 
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out (200 °C) a long with the evolution of HCl (60 %) and this 
continues until carbonaceous residue is formed at 300°C; the 
associated weight loss decreases gra dua lly with ageing time a nd 
storage temperature . 

Although r does n ot change significantly on ageing, isothermal 
decomposition ra tes of PVC/ AP propellant decrease with ageing 
and this is reverse of what h appen s in the case of CTPB/ AP 
propella nts . Decrease in the TD rate of PVC / AP propellant is 
possible if exothermic condensed phase reactions b etween the 
decomposition products ofthe binder and the oxidizer in the porou s 
matrix of the prop e ll a nt a r e supp r esse d due to restricted 
gasification of the crosslinked binder. Crosslinking results on 
account of HCl elimination a nd subsequent unsaturation. Due to 
this, the calorific values ofthe binder of the aged propellant increase 
with ageing, because the resulting h ydrocarbon (-(C H=CH) n- ) 
structure function s as a better fu el than PVC itself. This has been 
verified by calcu lating the h eats of combustion of PVC (4 .2 kcal / g) 
based on data on heats offormation339 and the hydrocarbon residue 
(10.2 k cal / g) on the basis of th e fo llowing stoichiometry: 

298uK 

(-CH2-CHCl-)n + (5 /2 )n O2 ~ 2nC02 + nH20(g) + nHCl(g) 

298"K 

(-CH=CH-)n + (5 /2 )n O2 ~ 2nC02 + nH 20(g) 

The iJ.H/ values for PVC (-2.40 kcal/ mole repeat unit) and 
hydroca rbon polymer (+23.5 kcal/mole repeat unit) were calcula ted 
by group additivity m etho d . Cons idering the diffe ren ce in 
calorimetric va lu e for oxidizer deficient (25/75 wt. %) a nd 
stoichiometric (10 / 90 wt. %) combustion ofHTPB/ AP which is 0.39 
kcal/ g569 , increase in the calorimetric value for PVC/DBP / AP (25 / 
75 wt.%) propellant system was found to be 0.75-0.39 = 0 .36 kcal/g 
of the propellant. Here, 0 .75 kcal /g is the increase in the h eat of 
combustion due to complete HCI elimination from the PVC/ DBP/ 
AP (1: 1:6) propella nt sys tem based on stoichiometric combu stion. 
This value agrees with the experimentally observed calorimetric 
value (0. 3 4 kcal / g) for the complete elimination of HCl during 
ageing, as explained on the basis of the above m ech a nis m. 

The fact that the ageing characteristics are re lated to the 
thermal stability of the oxidizer and not of the binder is evidenced 
by pe roxide formation due to the d ecomposition of AP in aged 
(100 °C; 25days) PS/AP propella nt. Such peroxide formation is 
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not observed in unaged samples and in dummy NaCljPS 
propellants 556. Also, changes in thermal decomposition rate and r 
were similar for samples aged in air, N2 and vacuum, indicating 
that the ageing process depends only on the oxidizer in CSP. Easily 
decomposable ammonium salts increased the stability of the 
propellants J76 by desensitizing the thermal decomposition2J4.23o,57o 
and deflagration rate of AP262 . This is further supported by the 
identical E values for the decompos ition of the propellant and the 
oxidizer in the temperature range 200-300 °c. Below 200 °C, the 
E value (13-20 kcal jmole) for AP decomposition corresponds to 
the proton transfer process57J . TD studies of AP249 were carried out 
for orthorhombic AP partially decomposed isothermally to various 
extents; it contains significant amounts ofHCl and HN03 . A similar 
observation was made at 285 °C in propellant samples previously 
partially decomposed at 230 °c. Variation in the concentration of 
[H+] in AP as well as the propellant follows the same trend for 
decomposition at 230 °C and 150 °c. It appears that reactive 
intermediates like [H+] resulting from decomposition of AP influence 
ageing ofthe propellant more than the reactive intermediate species 
like polyperoxides obtained on decomposition of the binder. From 
the above facts it may be inferred that ageing in CSP is primarily 
governed by the decomposition of AP. 

6 .7 KINETICS OF AGEING PROCESS 

It is surprising that not much attention has been paid in the 
past to gaining an understanding of the kinetics of the ageing 
process. Layton548,560 suggested the following equation, which is 
applicable to CTPB and HTPB propellants for all ageing conditions: 

P = k (log t) + (bt") + Po (67) 

where P is the mechanical property a t some ageing time, t and Po is 
the initial value of the property; k is a constant at temperature, T, 
band n are dependent on the chemical nature of the propellant. 

Change in the mechanical properties (~, followed in terms of 
gel formation, depends on the ageing time according to the 
equation 

P = k log t + C (68) 

where C is a constant representing the value of the mechanical 
property at the beginning of ageing, and k is rate constant for the 
gel formation. 

It has been shown60 that change in r follows a zero order 
kinetic law according to the equation: 



136 Solid Propellant C h e mistry 

P = k(T) P Ct + Po (69) 

where P is the changeable propellant property at time t and 
temperature T, Po is the initial value of the property; k is rate 
constant, and constants C and P are functions of the composition 
and oxidizer particle size in the propellant, respectively. C and P 
are kept constant for a particular set of experiments. Using Eqn. 
69, the kinelics for ageing of the propellant containing different 
oxidizer loadings has been studied. For HTPB-RDX-AP-Al propellant 
the first order ageing model of Layton does not give a good fit of the 
data. The viscoelastic behaviour can be studied on the basis of 
time-crosslinking density su perposi tion principle572 . 

6.8 ESTIMATION OF SAFE-LIFE 

In literature, the study of ageing related to mechanical 
properties is given more emphasis than the changes r. But in 
ballistic missiles, estimation of ageing characterized by r is more 
desirable and therefore safe-life estimations are done on the basis 
of changes in ;., in addition to those in mechanical properties. Safe
life varies from mission to mission and, therefore, it is very difficult 
to give an exact definition for safe-life. However, using the 
accelerated ageing process for a specified change in the propellant 
property and by extrapolation to a lower temperature, safe-life is 
generally determined 179.538 from the activation energy (E) using 
Arrhenius equation. After the safe storage life there appears to be 
a sharp increase in the heat output of the propellant,573, heat 
evolved during ageing has been measured by microcalorimetry. In 
eTPB esp, useful safe-life data at 21 °e have been obtained545 by 
following the changes in the gel content, degree of swelling, dilation, 
creep compliance and crack propagation. Recent studiesl76.177 have 
shown that the changes in -TD rate, r and ultimate compression 
strength (Ue) follow zero order kinetic law during ageing. At a 
particular storage temperature and duration , the rate of change 
in any property can be used to obtain the following equation: 

.<1(log(dh/ dt) = n6log(h)-(E/2 .303R) (.<11/1) (70) 

where h is a parameter like .1 TD, .<1r and rUe and n is the order of 
reaction . For a zero order kinetic law, n log(h) b ecomes zero and E 
can be obtained by plotting (log.<1dh/ d1) against 1/ T. The safe
life data for different propellants for changes in ;- and Ue are given 
in Table 6.2. The safe-life for mechanical properties for PS and 
PMMA is higher compared to r, but it is reverse for the PPF 
propellant. Meaningful propellant-case bond stress measurements 
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Table 6.2 . Safe-life data of some CSP's 

Propellant s y stem 

PSjAP (75%) 

PMMAj AP (75%) 

PPF j AP (75%) 

Safe-life (months) 

r, % 
-------

5 10 15 5 

1.8 44 56 

60 120 128 

66 138 204 

U-"-'- r~ 
10 15 

54 110 

72 72 

13 13 

164 

230 

40 

that can eliminate or reduce some uncertainties of service life 
predictions is now possible in case-bonded CSP'S545. The service 
life is also extended547 by introducing curable barrier lacquers based 
on polyurethanes and epoxides between the propellant and the 
insulation, which reduces the rate of migration of the plasticizers. 
Burning rate catalysts like organo-copper compounds containing 
tridentate ligand are found to give very high storage life of AP
HTPB propellant-6.5 times more than the conventional copper 
chromite catalyst574 . 

6 .9 ACTIVATION ENERGY 

The ageing model used to predict the normal ageing properties 
from accelerated ageing data is based on the activation energy 
values for the process. Ageing done in air suggests that the changes 
in rand TD are almost similar and are unaffected by aerial 
oxidation544 . In another study 542 , the activation energy (23-27 kcal/ 
mole) for surface, s ubsurface and bulk material are almost equal 
and it is found that the primary component getting altered on the 
surface is the binder, while in the interior, it is the oxidizer. A 
value of about 6 kcal/mole obtained for both gel formation and 
change in mechanical properties suggests diffusion-controlled 
a~eing rather than the involved curing and crosslinking reactions 
during ageing548,559 . However, it is also felt that this low E value is 
unlikely for the diffusion-controlled process, as it requires a much 
higher energy. Recently, it has been found557 that a value of - 9 
kcal/mole corresponds to the polymer chain extension process 
during ageing and the value of 6 kcal/mole may be assigned to 
additional crosslinking at the double bonds. Thus, there is 
controversy over E values and at present it is difficult to resolve it. 

Considering the activation energy values for the 
dehydrochlorination process in PVC and those for the proton 
transfer in the decomposition of AP, the activation energy (10 kcal/ 
mole) for reactions responsible for change in calorific value during 
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the ageing of PVC/DBP / AP propellant system has been attributed 
to the proton transfer during decomposition of AP and not to 
dehydrochlorination of the binder. The activation energy for change 
in the calorimetric value has been found to be 15 kcal/mole and 
is concordant with the corresponding values for changes in TD 
and r during ageing62 

6.10 EFFECT OF OXIDIZER LOADING 

This aspect h as not been studied much. According to 
Schedelbauer544 , propella nts with low binder content have better 
storage characteristics. Kishore, e t al61 •177 found that in AP IPS 

propellants, the changes in r, Uc and TD rate get reduced as the 
oxidizer loading increases (Fig. 6.3); thermal decomposition is 
sensitized in the cubic region, while it is d esensitized in the 
orthorhombic regi.on. Broadening of IR and X-ray diffraction peaks 
suggests that the oxidizer in the propellant is under strain. Thus, 
it is possible to reduce the rate of ageing by taking higher AP 
loaded propellants. 

6.11 EFFECT (DF ADDITIVES ON AGEING 

Not many studies h ave been reported on the use of additives 
to increase the safe-life of CSPs. However, it h as been observed 
that additive;s like (NH4l2HP04, NH4 F, NH4Cl and NH4Br, which 
desensitize decomposition of Ap213.:230.569 and its defiagration265 , 
increase the safe-life of the propellant for changes in r as well as 
Uc . Desew3itization of the ageing process by these additives is 
explained on the basis of the proton transfer process. Fe20 3, a well 
known r modifier, was also found to increase the safe-life of the 
propellant. 

Most of the ageing studies have been on the changes occurring 
in the; binder properties. Certain additives protect the binder from 
oxidation or other chemical reactions and reduce the ageing rate575 . 
Yokoyama, et al576 studied the effects of the hardner and 
an tioxidants on the m echanica l properties of CTPB propellants 
during ageing. Accelerated ageing studies were carried out575 

in the presence of triethanolamine (TEA) and benzaldehyde, as 
t.hey are more effective antioxidants compared to other conventional 
antioxidants, N-phenyl naphthylamine and 2 ,6 -diteritiarybutyl
p-cresol. Dynamic TG thermograms of D VB crosslinked polymers 
with and without antioxidants reveal that oxidative degradation 
occurs at a slower rate in the presence of antioxidants. The 
inception of weight loss at a higher temperature in the presence of 
antioxidants indicates inhibition of the oxidative reactions. 
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In a simple (AP/PS) model propellant with about 1 wt. % 
an tioxidants, the rate of deterioration of the binder may be 
suppressed leading to small changes in the r of the propellant 
during ageing. The plot of % change in i' as a function of storage 
time was found to follow zero order kinetics. From the plot, for a 
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FIgure 6.3. Extent of change in thermal decomposition rate and 
burning rate on AP loading'79, 

particular chan ge in r, storage time t could be obtained at different 
temperatures. The inverse of storage time t} gives the rate of ageing 
and the E value for the ageing process {13-:!:,2 kcal/mole in the 
temperature range (60-160 0C)}. It was used to estimate the safe
life time of the propellant for ballistic stability Arrhenius equation 
in the following form was used to calculate the safe-life time for a 
chosen percentage change in r at ambient storage temperature. 

(71) 

where t} is the storage time at T} (K) for a particular percentage 
change in rand t2 is the safe-life time at ambient temperature 
(T2)' Safe-life data for various systems and for various percentage 

chan ges in r (Table 6.3 ), suggest that the incorporation of 
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Table 6.3. Safe-life data for different prope llant systems 
for the changes in r 

Sy s tem Safe life (y ea rs) for various % changes in r 

2.5% 5% 10% 15% 

AP/PS 2.~5 5.04 10.08 15.12 

AP/ PS+DVB 3. 13 6.28 12.52 18. 78 

AP/ PS+DVB+TEA 5.21 10.42 20.84 3 1.26 

AP / PS+ Benzaldehyde 3.47 6.93 13.84 20.84 

antioxidants increases the safe-life. The effect of TEA which is 
more than that of benza ldehyd e, may be attributed to the fact that 
TEA contains both amine and alcoholic groups known for their 
antioxidant capabilities, whereas benzaldehyde is not a stabilizer 
in the conventional sense. However, its mechanism is unique, as 
it is a product generated from the polymer substrate itself through 
poly(styrene peroxide) formation. Addition of triphenylphospine, 
as a stabilizer for HTPB , has been found 577 to effectively prevent 
the ageing during prolonged storage at ambient temperatures. 
Tang578 has shown that styrene volatilization is the major factor 
which affects the mechanical properties of the propellant during 
initial ageing. Hence, it is desirable that HTPB propellant 
composition be without styrene residues. 

6.12 EFFECT OF HUMIDITY ON AGEING 

Very little work h as been done on the humid ageing of 
CSP57<).580 , which is of considerable importance in respect of 
propellant performance . The effect of humidity on the mechanica l 
properties is more profound compared to thermal effects. It has 
been observed that in humid atmosphere , the propellant strength 
is lowered during s torage due to the breaking of the filler-binder 
crosslinking547 , d epolymerization 548, etc., resulting in an increase 
in elongation and decrease in tensile strength and modulus 549 

Sarojini, et al579 studied humid ageing of CSP containing (AI-Mg) 
alloy to understand how the reactivity of Mg would influence 
combustion of the metal a lloy a nd other characteristics upon 
storage. Addition of Mg-AI alloy results in a marked difference in 
the humid ageing behaviour of CSP compared to its AI-containing 
counterparts; the samples conta ining the alloy retained their s h ape 
compared to AI-containing CSP. However, visual observations of 
changes in dimensions, appearance of cracks, and absence of 
glittering alloy particles , suggest the liberation of gases due to 
reaction and con sumption of metal in such reactions. Weight loss 
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was observed only when the samples were aged under non-humid 
conditions. Increases in sample weight and moisture absorption 
are probably due to the presence of Mg and formation of MgCI04 • 

Decrease in the lattice parameter of Al in the alloy, the value 
becoming almost equal to that of Al alone, has suggested the 
leaching of Mg out of the alloy and its subsequent reaction with 
moist AP, leading to the formation of MgCI04 . This product is 
believed to catalyze and enhance thermal decompos ition of the· 

propellant. Significant increase in the value of r has been observed 
at higher storage temperatures (60-90 DC) and higher relative 
h umidi ties (RH). 

The mechanical properties deteriorate on ageing of the samples 
as a function of temperature, RH and storage period. In fact, the 
propellant becomes soft and the compression modulus decreases, 
leading to failure. Increase in modulus, when humidity is excluded, 
is ascribed to the formation of additional crosslinks through the 
magnesium carboxylate bridge brought about by the reaction of 
MgCI04 or Mg metal with residual -COOH groups on adjacent 
polymer chains, as revealed by IR studies. It is, however, felt that 
by virtue of the slow diffusive character of Mg in the alloy, the 
modulus decrease can be controlled within the required limits by 
varying the Mg content in the a lloy, but this needs further 
investigation. 

Under humid ageing conditions, decrease in the calorimetric 
value has been attributed to the formation of MgCI04 and depletion 
of Mg in the alloy resulting from the diffusion of Mg out of the 
alloy. Upon excluding humidity, the calorimetric value of CSP 
containing the alloy increases due to enhanced reactivity and 
oxidation of Al in the presence of Mg. Thus, inclusion of AI-Mg 
alloy in CSP formulation seems to improve performance of the 
propellant in non-humid environment only. 

It has also been demonstrated580 that propellants containing 
quarternary ammonium salts, stored at an equilibrium condition 
of 40% RH and room temperature, can retain the mechanical 
properties stable despite moisture absorption by the salt. 





CHAPTER 7 

HIGH-PERFORMANCE BINDERS, 
OXIDIZERS & PROPELLANTS 

7.1 AN OVERVIEW 

There has always been interest in developing new binders and 
oxidizers for solid propellants which could provide not only high 
energy but also could be safely handled during processing. Oxetanes 
and their derivatives are attracting considerable attention for their 
potential application as binders in solid propellants due to their 
molecular weight control, low polydispersity, low glass transition 
temperature (Tg), high energy and easy handling characteristics. 
Initial investigations on the use of low molecular weight azido 
compounds such as 1,7-diazido-2,4,6-trinitrazaheptane (DATH), 1,6-
diazido-2,5-dinitrahexane (DADNH) and 1,3-diazido-2-
nitrazapropane (DANP) in solid propellant formulations confirmed 
high energy release during ballistic testing58 ! . Having demonstrated 
the utility of the above organic azido compounds in advanced 
propellants, it was considered highly desirable to extend the scope 
further to polymeric azides. Consequently, research wa~ initiated 
in 1976 on the synthesis of azido polymers with hydroxyl end groups, 
so that that they could be used in conjunction with the HTPB binder. 
Among azido polymers known so far, hydroxyl-terminated glycidyl 
azide polymer (GAP) has been most widely studied due to its h azard 
insensitiveness and thermal stability characteristics for its potential 
application in advanced solid propellants . Current research on such 
new energetic binders is focussed on synthesis and characterization 
of polymers containing azide groups in the side chain582.583 . Thermal 
decomposition of these azide polymers582-585 is significantly different 
from that of the conventionally used HTPB binder. 

It has been shown that propellant formulations based on 
AP + ammonium nitrate (AN) + GAP provide chlorine-free exhaust 
plumes 586 . Such propellants would reduce the harmful 
contaminants in the upper atmosphere. Ammonium dinitramide 
(ADN) is a new class of stabilized chlorine-free high energy oxidizer. 
It considerably reducs HCl production from propellant plumes, 
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thereby reducing wetland stresses near the launch pad587 . ADN is 
being seriously considered as a potential replacement for AP in 
propellant applications. Hydrazinium nitroformate (HNF) is another 
high energy pollution-free oxidizer. 

In this chapter, some ofthese azide polymers , ADN and HNF, 
will be discussed . 

7.2 GLYCIDYL AZIDE POLYMER (GAP) 

\:lCH,NO 

o 
GA monomer 

H 
I 

H -f- O-CH2 -C -Tn OH 
I 
CH2 N3 

GA Polymer 

Glycidyl azide (GA) is a well known compound made by reacting 
epichlorohydrin (ECH) with hydrazoic acid followed by cyclization 
of 1-azido-3-chloro-2-propanol, produced using a base (Eqn 72) . 
It was found that GA monomer was quite unreactive and did not 
polymerize to give GAP (Eqn 73). 

NaN3 OH 
CH2CH-CH2Cl ) N3CH2 CH CH2CI--~) N3CH2 CH-CH2 

\ / 
HOAC I \ / 

o OH ~ 0 l' (GA) 

(72) 

+OCH CH21n (73) 

GAP 

Therefore, another approach involving first the 
polymerization588 of ECH to polyepichlorohydrin (PECH) (Eqn 74) 
followed by the reaction of PECH with NaN3 was adopted . In 1983, 
Frankel, et al.1589 successfully synthesized GAP containing -OH end 
groups (Schemes, 1 and 2) . When DMS0590.59 I was used as the solvent, 
complete conversion ofPECH to GAP occurred at 90 °C, within 18 h , 

~-(CH2-CH-°tn 
I 
CH2Cl 

lNaN3 

-{CH2-CH- O};;
I 
CH 2N3 

(74) 
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while in water, complete conversion took 7 days at the same 
temperature58J The conversion of PECH to GAP was confirmed by 
the appearance of a sharp band of -CH2N3 group at 2100 cm-1 and 
the total disappearance of CH2Cl band at 720 cm- J in the IR 
spectra592,593. 13C-NMR of GAP has been studied to find out all 
resonances due to main chain and terminal groups594. 

CH2-CHCH2Cl + HOCH2CH20H ~H+OyHCHJ-OCH2CH20-tCH2yHO=t-H 
\01 L CH2C~ . .L L CH2~n 

PECH-DIOL 

lNaNJ 

H+ OyHCHrl- OCH2CH20+ CH2yHo=t H 

L CH2C.!Jn L CH2~n 

GAP - 010L 

Scheme 1. Preparation of GAP-diol. 

GAP-TRIOL 

Scheme 2. Preparation of GAP-Triol. 



146 Solid Propel/ant Chemistry 

If we replace ethylene glycol (Scheme 1) with glycerol as the 
initiator for the polymeriza tion of ECH, we get GAP-trioj58J 
(Scheme 2). 

Ampleman developed a new m ethod for the synthes is of GAP 
which involves preparation of PECH with tosylate end groups as 
intermediary in the azidation process595. He has shown that the 
functionality (number of -OH terminated chains) of PEACH and 
GAP can be increased up to four times with a regio-specific 
epoxidation of low molecular weight li near PECH595. Ahad596-598 
reported the synthesis of high molecular weight branched GAP with 
commercial rubbery PECH a s the starting material after the isotactic 
and chiral PECH was reported. Ampleman, et al595 studied the 
synthesis and characterization of isotactic and chiral GAP u s ing 
the respective PECH 's as the starting materials. DSC analysis 
revealed that both isotactic and chiral GAP's were amorphous. It 
was a lso observed that during the azidation reaction , the molecular 
weight decreases. For example, 1150 kg/mol wt PECH, after 89% 
azidation, produced GAP of 164 kg/mol wt. Furthermore , the extent 
of degradation depends on the amount of NaN 3 taken as a well as 
the reaction time. A similar observation of the degradation of PECH 
was found during other nucleophilic substitution reactions als0595 . 
Absence of crystallinity in both isotactic and chiral GAP has been 
attributed to the bulky nature of the azide group, low degree of 
intermolecular interactions, branching, a nd crosslinking. By 
properly choosing the solvent, temperature and time, it is possible 
to prepare GAP with varied molecular weights. 

Rece ntly, a new method for GAP synthesis has been reported 
which increases the functionality 599.6oo of PECHs by a factor 
of2-4. It consists in regio-specific epoxidation oflinear EPHs under 
basic conditions and opening of epoxides under different conditions. 
These new polymers can be u sed as binders. They can also be reacted 
with caprolactone or sulfone to produce energetic thermoplastic 
elastomers599 .6oo . Multi-OH functional GAP could b e used to modifY 
the surface characteristics of the oxidizer crystals601 . Recyclable 
energetic thermoplastic elastomers based on GAP of different 
molecular weights have been synthesized602 . Azide-terminated GAP 
has been synthesized by reacting (-(2-chloroethyl)-w-benzenesulfonyl 
polyepichlorohydrin with NaN 3 in DMS0603 . Minora , et al604 

synthesized azide-terminated GAP (Eqn. 75). 
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CH,-CH-CH,Cl + CH,OH 

\01 
BF, . ET,O SOCl, 

) 

touene 
CH,O-tCH,-CH-O tT-CH,-CH-CI 

I I 
CH,Cl CH,Cl 

60"C 1 N,,", / OMF 

CH,O -t CH ,-CH -0 tT- CH,-CH -N, 
I I 
CH,N, CH,N, 

(75) 

The physical properties 581 ,592 of GAP of mol.wt -2000 are 
summarized in Table 7.1. 

Table 7.1. Physical properties of GAP 

E . weight 

M " 

Q 

% HcO 

Tg 

Dens ity 

Th e rm a l stability 

Impact se n sitivity 

Frict ion s ensitivity 

Electrostatic sen s it ivity 

Il.H, (experimen tal ) 

Burn rate (cured s trand s ) 

7.2.1 Copolymers of GAP 

113 2 

l. 98 

2097 

1668 

1.27 

0.007 

-45 0C 

l.30 g/ce 

0. 88-0 .22 ml/N, /g a fter 697 at 50 "C 

200 kg-em 

32.4 kg . 

6.25 J 

+0 .28 kca l/g (Di fun e tiona l eq. wt=1200) 

se lf-extin guishes at am bien t press ure: 
1. 96 em/ s a t 6.89 M Pa 

Sui, e t a i.60s reported the synthesi s and properties of glycidyl 
azid e-ethylene oxid e (GAP-EO) copolymer . Initially , ECH was 
copolymerized with ethylen e oxide to form the polyepichlorohydrin
ethylene oxide (PEEO) copolymer (Eqn. 76) . PEEO on treatment 
with NaN3 in DMSO, using lithium m ethoxide as the cleaving agent, 
yielded the GAP-EO copolym er. Since the alcohols u sed in this study 
were glycerol, trimethylol propane (TMP) or pentaerythritol , the 
copolymers obtained were h aving a branch ed structure. It was found 
that the GAP-EO copolymer cured u s ing isophorone diisocyanate 
(IPDI) had high er elongation at break and lower Tg comp ,,!- red to the 
polyurethane (PU) m a de from the GAP homopolymer. Th e differences 
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in properties are attributed to the presence of EO. units in the 
copolymer which give higher fl exibility. It is to be m ention ed here 

C-t,\1H-CH,CI + C~ '7H ,------> -t o ~H-CH , +;:---10-CH , - CHny 

° ° CH,CI 1 
NaN , DMSO 

-to 7H-CH :+;-t0-C H,-CH,+.- (76) 
CH

2
N

J 

GAP - EO 

that the properties of cured GAP or cured GAP-EO. a re n ot only 
dependent on the type of backbone structure, but also on the type of 
isocyan ate used fo r c ross linking. For example, an aliph a tic 
diisocyana te , such as h examethylene diisocya nate (HMDI) gives rise 
to PU with a lower tensile strength, but a higher elongation at break 
than PU made u s ing a n aromatic diisocyanate like tolu e ne 
diisocyanate25 (TDI). In a s imila r fashion , Cao, et al606 synthesized 
copolymers of GAP and THF (Eqn 77) which h a d better mech anical 
properties a nd lower hazard sensitivity a nd possessed s imilar thermal 
stability as neat GAP. 

BF,.THF) -t OCH-CH, )-;--fOCH,CH ,CH,CH.:b- (77) 
OH RO H b 'l.cI 

olkolio,'<1' 1 
-t OCH -C H, t;-10C H,CH .. CH,CH,t

I 
CH ,NJ 

GAP - THF 

Copolymers containing both GAP and BAMQ units were reported 
by Minora et a/!,>D4 (Eqn . 78) . When polyglycidyl nitrate (PGN) polymer 
is reacted with a m etallic azide in an organic solvent in the 
presence ofa phase tra n s fer catalys t substitution of nitrate groups 
by azide groups occurs, resulting in the formation of GAP-PGN 
copolymers (Eqn. 79). 

-t O-CH-CH2t 
I 
CH).JO, 

MN, (M=metal) 
> 

Org solvent/ PTC 

CH,N, 
NaN3 I 
----7 -tCH -CH-O t-1CH -C-CH 0 )-- (78) 
DlvIF I 2 2 I 2 

CH2N 3 CH:l.J3 

GAP - BAMO 

+OCH -CH ,HOCH -CH ,) 
I - I -
CH1'J , CH!NO , 

GAP-PGN 

(79) 
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GAP polyester having the formula R(COCH2C(CH2N3)H) xORl", 
where x=2- 10, y= l-4 , R, a residue of a monohydric alcoh ol, d iol , 
triol, or polyol and R', the acyl res idue of an organic carboxylic 
acid , was synthesized a nd used as an energetic plasticizer607

. 

Block polyurethanes, GAP-OH having moL wt. -2440 and an 
OH -terminated polyethe r h aving a mol 1000-5000 were coupled 
u s ing isocyanates. The resultant block polyurethane (Eqn. 80) is 
suitable as a fuel-bind er in rocket propella n ts, gunpowder, plastic 
explos ives and solid-fuel combustion en gines608 . 

HO (CH ,-CHO)-;;-OH + OH - W-O}xH + N CO-R'-N CO 
- I 

CH, N3 

o 
II ~ l 

~ O-CH2+,O-C-NH-R-NH-C-O+R-~ 
I 
CH 2N3 

(GAP - polyether) polyuretha ne 

7.2.2 Thermal Decomposition of GAP 

(80) 

Thermal degradation studies609 on GAP have been carried out 
u sing techniques s u ch as DTA, TG, DSC, ARC, MS, etc. The data 
available in literature are listed in Table 7 .2. Recently, Eroglu, 
e t a l6 JO reported a study on the thermal decomposition of GAP-diaL 

Table 7.2. Summary of the reported 583 , 635 thermal 
decomposition data on GAP 

Authors Technique ...!!..sed 1st stage 2nd stage E" 
DSC DTA TO ARC MS Deco m- Decom - kcall 

-position -pos ition mol 

E.C2 tC} 

Kubota, et al X X 202 277 

Farbe r , et al X 120 42 .2 

Leu , et a l X X 240 260 

Mi s hra . et al X X 

The DSC (Fig. 7. 1) s hows a broad exotherm with the ra n ge, 
200-300 OC . TG analysis of GAP-diol (Fig. 7.2) reveals a two-step 
degra d a tion process; the first step, being the m ajor step corresponds 
to nearly 36% weight loss occurring in the range 
210-270 °C. 
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The second stage is completed around 410 °C. The firs t s tep 
corresponds to the elimina tion of N2 from the s ide m ethyl az ide 
chain , which constitutes 3 0 % of the repea t unit and is a lso 
responsible for high exothermicity (1828 Ji g) of the degra da tion. 
Apa rt from N2 , using GC-MS and FTIR tech niques, the other major 
degradation products of GAP were found to b e H2 , CH 4 , CH 20, CdH2 , 

C2 H4 , NH 3 , CO and HCN583 The m ech anism of degradation of GAP 
involves the C'limination of N2 m olecule from th e side chain m ethyl 
azide group follow e d by e ithe r intramolecular cyc li za tion or 
intermolecular crosslinking609 (Sch eme 3) . 

Like GAP-diol, GAP- triol U 11 a lso und e r goes exotherm ic 
d egradation in the temperature ra n ge 2 17-277 °C (Fig. 7.3) as well 
as two-s te p d egra d a tion in TG , the fir s t s te p corrC'sponds to 36% 
weight loss (Fig . 7.4 ) However , in ai r theTG s hows four-s tep 

HO -(CH,-C H-O-CH,-CH-Ot;-H 

I I 
CH, CH , 

I I 
NJ NJ 

"""'" CH2- CH -O-CHo-CH -O """'" 
\ I 
CH CH 
~N = N ij 

CH ,-CH-O-CH ,-CH-O 
I - I 
CH , CH, 

I I 
N, NJ 

II II 
CH CH 

I I 
CH2-C H-O -C Hr CH-O 

- - -7) HO-ICH,-C H-O-C H,-C H-O t;-H + 2nN2 

I I 
C-H C-H 

I II 
N-H N-H 

Intra molecu lar 
cyclizatio n 

III termolecu la r 
Crosslin king 

Scheme 3. Mechan ism of thermal degradation of GAP-diol. 

d egrada tion for GAP-triol (Fig.7.4). Oyumi612 found that GAP h aving 
azide (GAP-NJ end groups decomposes faster than GA P-OH. 
However , both the polym ers s h owed the sam e activation e nergy 
(EJ, indicating that the terminal azide groups of GAP-NJ decompose 
ind epe nd ent of th e pendent az id e groups. The h eats of 
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d ecompos ition of GAP-OH a nd GAP-N3 were found to b e 3, 100 a nd 
3,500 J jg, respectively. It was a lso found that a ddit ion of 5 wt% 
catocen e (C27H32Fe2) accele ra ted the decompos ition o fGAP-OH. When 
th e same sample w as aged for 100 days at 70 °C, 
the DSC d ecompos ition peak temperature increased from 224° C to 
232 °C. The role of catoce n e in the d ecomposi tion of GAP, a fte r 
ageing, is n o t clearly unders tood . On the other h a nd, n eat GAP-OH 
is s table to accelerate age in g. Brill , e t al585 found th a t a mong the 
azide polym ers, the rate of therma l decomposition follows the order: 
GAP>BAMO >AMMO. But th e Eo of degradation of a ll the three 
polym er s were very similar, a round 40 k cal j mol. 

The d ecompsition of GAP at -196 °C was studied using laser
gen erated shock waves . Compa rison of FTIR s pectra obtained before 
a nd after the shock passage s howed that the initia l reaction involves 
e li mination ofN 2 from th e azide fun ctiona l group s of the polymer613

. 

An other s tudy614 involvin g laser- induced (pulsed TEA CO 2 laser 
tun ab le at 920-1 080 c m · ' ) d ecomposition of s olid GAP, under 
vaccum , produced Nb CO, HCN a nd proba b ly H2 as th e m a in 
products. Two products , HCHO a nd NH3 , which were de tected during 
therm a l decompos ition, were found to be absent in the present 
study . In a ddition, a powdery poly m eric m a teria l conta ining CH:NH 
group was also observed 6 1

" . 

7.2 .3 Combustion of GAP 

Argon (Ar) plas m a je t ignition a nd fl a m eless combu s tion wa ve 
propagation of GAP were examined as an upright s la b, in air and 
Ar environment. After a n ignition delay of 70- 1500 m s, b lu e a nd 
yell ow fl a mes were observed in a ir, but not in Ar. GAP is ign ita b le, 
extinguis h a ble and re ignita b le a t 0.1 MPa pressure with m easured 
ignition temperature of 511 Kin Ar; combus tion of GAP is not self
sustainable below 0.3MPa Ar pressurer,\5. 

7 .2.4 GAP Propellants 

GAP has been used in double base, compos ite-m od ified double 
base, composite and gun propellants. The burning ra te 
characte ris tics of GAP cured with HMDljTMP are compa red with 

Table. 7.3. Burning rate characteristics of GAP propellant 

Tr(K) 
;- x 10·:l m/s 
11 
0. / 1\ 

and a conventional NC/ NG pro pe llant (at MPa , 
T o = 293 K) 

GAP NC/NG 

1365 2716 

10.7 6.9 
OA 4 0.58 

0.0 103 0.0034 
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those of co n ventional double base [nitro ce llulose(NC)/ 
nitroglycerine(NG)] propellants in Table 7. 3 . Burning rate of GAP 
propellant was found to be s ignificantly higher than that of NC/NG 
propellant, even though the energy of a unit mass of GAP propellant 
is smaller. Further, the temperature sensitivity of burning rate of 
GAP prop e llant is also hi gher compared to that of NC /N G 
propellant616. Kubota and Nakashitabl7.6J8 observed that when 12.5% 
of diethyl phthalate (OEP) plasticizer was replaced by the same 
amount of GAP in NC/NG propella nt, the ballistic parameters 
increased: adiabatic flam e temperature (Tfl from 2557 to 2964 K, 
specific impulse from 237.2 to 253.3 s and burning rate by - 70%. 
It was a ls o found that the burning rate of neat GAP is much higher 
than those of NG/NC/GAP and NC/NG/OEP propellants. Here , 
unlike in OEP, the -OH end groups of GAP-OH can be chemically 
linked to NC using isocyanates, such as HMO! or lPOI. Thus, 
addition of GAP can increase not only the combustion performance 
but also improve the strength of the NC/NG propellant. The basic 
combustion mechanisms of NC/NG/OEP and NC/ NG/GAP 
propellants in the gas phase were found to be similar. 

Kubota, et al6J 6 observed that both burning rate and T f 

decrease when GAP was mixed with ammonium perchlorate(AP), 
cyclotetramethylene tetranitramine (HMX) or triaminoguanidine 
nitrate (TAGN). Also, GAP / AP propellant produced a large number 
of streams in the flame structure, indicating a heterogeneous 
combustion behaviour. On the other hand , GAP /HMX and GAP / 
TAGN produced no flame streams, indicating a homogeneous 
combustion behaviour. Kubota, e t alb J

? obs erved that the burning 
rate of neat GAP is much higher than that of HMX. Addition of 
2 .0 wt .% lead citrate +0.6 wt. % carbon mixture increased the 
burning rate of GAP/HMX(19.4/78) prope llants . Leu et all>10 621 
investigated th e thermal behaviour of GAP , GAP / bi s-2 ,2 
dinitropropyl aceto l (BONPA)/bis-2 ,2- dinitropropyl formal 
(BONPF) and PEG/BONPA/BONPF energetic binder systems using 
TG, OTG , OSC and Parr bomb calorimetry. It was found that 
BONPA/F (BONPA + BOMPF) is more compatible with GAP than 
with PEG a nd also the thermal decomposition of GAP did not 
change when BONPA/F was used. The decomposit ion 
temperatures for energetic composites of the above three binder 
systems with HMX were found to be lower than that of pure HMX. 
The heats of explos ion of these energetic compos ites were found 
to be proportiona l to the particle size of HMX. However , the Tg 
values of the energetic polymer systems were not affected by the 
addition of the nitroplasticize r BONPA/F. 
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Tokui , e t als9o.s92 s tudi e d 59-62.5 wt. % AN-based GAP 
compositions. The pressure exponent (n) value of these compositions 
was 0.7. The composition having 62 wt. % AN showed un s table 
combustion in the rocket motor. Similarly , the effect of particle s ize 
of AP on the thermal decomposition of GAP was s tudied by Hua ng, 
et a['m . The cured propellant containing AP p a rticles of 400 and 
225 11m sizes unde rgoes two-s tep d ecompos ition, the firs t one 
occurring at 224 °c, which corresponds to the d ecompos ition of 
GAP; the second one in the ra n ge 359-386 °c, was attributed to 
d ecomposition of AP. But whe n AP of particle s izes 50 and 
5 11m was used, only one-step decompos ition was observed 
at 170-191 DC. It is well known that by decreasing the particle s ize 
of AP, the thermal sensitivity of the propella nt increases. Further, 
since AP particles are surrounded by GAP, the h eat liberated by 
decomposition of GAP supplies enough energy to overcome th e 
b a rrier of decomposition of AP; as a r esult , AP d ecomposes 
immediately after the decompos ition of GAP. 

In a recent study586 , it was found that when GAP is u sed as 
the binder, the amount of HCI produced is greatly reduced in an 
AP / AN propellant. Hazardous air pollution by HCI mis t from exhaust 
plumes of a conventional compos ite propellant is avo ided by 
prope llant formulation s in which AP is replaced with AN. But 
d ecrease in the specific impulse due to the u se of AN as a chlorine
free oxidizer can be compen sated by the addition of GAP. However, 
15-30 wt. % AP is a must to ensure r elia ble ignition and stable 
combustion. Succes sful propella nt formulation s 623 conta ined GAP 
22-70, AN 0-60 and AP 15-30 wt. %. However, the HCI formed, can 
b e scavenged by the addition of 1: 1 AI-Mg a lloy powder. 

Addition of Fe 2 0 3 to GAP/AN / AP propellant is found to 

increase r as well as pressu re exponent by catalyzing th e thermal 
decomposition of Ap624. Dunca n 625 studied the effect of stra in rate 
and relaxation response of GAP / PSAN (phase-s ta bilized a mmonium 
nitrate) propellant. Analysis of the maximum stress and the strain 
at maximum stress s h owed tha t there is a limited r a n ge of 
temperatures for any given s train rate a t which the m easured s train 
at maximum stress exceeds 17%. The long-term equilibrium strain 
capability of GAP/ PSAN lies in t h e ra n ge 10- 12 wt. %. It was a lso 
observed that modulus versus reciprocal of the strain ra te h a d two 
distinct trends: b elow 30 °C, the s lope of the curve was nota bly 
higher; this was attributed to reduction in the molecula r mobility 
of the GAP chains as the Ty is approach ed. A ch a n ge in the s lope 
was a lso noted in the tens ile stren gth data , but this was res tricted 
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to the data at -40 °C , s ugges ting that more rigid, brittle -like 
behaviour begins to affect the tensile modulus more than the tens ile 
strength at higher temperatures. 

The influence ofGAP-OH, HTPB and cellulose acetate butyrate 
(CAB) binders on the properties of nitramine propellants, such as 
RDX, HMX, NG and TAGN was studied by Yolk and Bathelt626. Due 
to more positive heat of formation and better oxygen balance of GAP
OH, compared to HTPB, the specific energies ofnitramine propellants 
based on GAP-OH were found to be superior. Table 7.4 depicts both 
O2 balance and enthalpy of formation of different plasticizers u sed 
in propellants. Nagayama and Oyumi627 found that the AP-(3,3-
bis (azidomethyl)oxeta n e-3-nitratom ethyl-3-methyloxetan e (7 I 3) 
copolymer, B I N propellant and AP/GAP propellant h ave much 
higher specific impulses tha n AP I HTPB propellant when AP content 
is below 85 wt.%. The Azide polymers decompose exothermally and 

Table. 7.4. Oxygen balance and heat of formation (~Ht) of 
various plasticizers 

Plasticizer 0 1-balance (g O2/ 1 OOg) t1H/ {KJ/ kg! 

Diethylphthalate 194.4 -776 

Dibutylphthalate 224.2 -843 

Diocty 1 ph tha late 258.1 -1122 

Ethylphenylurethane 227.7 -464 

Triacetin 139.3 - 1331 

Camphor 283 .8 -327 

Ethylcentra lite 256.4 - 105 

DBNPA (50 : 50) 57 .5 -827 

Butylnitratoethylnitramin e 104.3 - 140 
(BUNENA) 

1, 5-diazido-3 ,3-nitro- 79 .9 554 
azapentane (DANPE) 

2 , 4-dinitro-2 , 4-Diaza-6- 36 .8 -145 
nitroazapentane 

2, 4-d initro-2, 4-diaza-6 62 . 1 210 
azidohexane 

GAP 121.1 1179 

PH(HTPB) 323.0 -3 80 

PIB 342 .2 -1 568 

CA 129.6 -5518 

CAB 149. 2 -4523 

improve the performance. However, th e less reactive products from 
the azides, such as N2 and HCN decrease the specific impulse of 
the propellant at the higher oxidizer loading (Fig.7.5). 
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Schedlbauer628 studied the performance of LOVA-gun 
propellants con taining either GAP or HTPB binder. It was found 
that GAP propellants possessed high energy and a low pressure 
exponents in contrast to HTPB formulations. However, Tf of GAP 
propella nts is substantia lly high er , resulting in increased erosion . 
Due to better O2 balance, GAP propellants prevent the formation of 
solid carbon. But the m ech anical, ch emical a nd thermal properties 
of the two types of propellants are nearly the same. In the bullet 
impact and the sympathetic detonation tests, no deflagration or 
detonation was observed. Generally, the application of GAP as a 
binder for nitramine propellants seems to be advantageous for the 
perform a n ce enh a n cement . 

Shyu, et al629 inves tigated the combustion characteristics of 
GAP-coated boron particles as well as GAP-boron propellant. It was 
found that the total combustion time for boron was reduced on 
coating with GAP. This is attribu ted to the reaction of degradation 

2750~--------------------------------~ 

AP/B/N 

AP/HTPB 
2650 

AP/GAP 

~2550 --VJ 

Z 

0. 
~2450 

2350 

225~LO------7~5-------8LO-------L------~----~95 

AP( wt%) 

Figure 7.5. Specific impulse (20 Mpa) of propellants as a function of 
AP content. 

Source: Nagayama et al. Combustion ch a racteris tics of high burn rate azide 
poly mer propella nt. Propellants . Explos ives Pyrotechnics. 1996, 21 (2), 
74-78 (Reproduced with permission from Wi lcy-VCH Einga ng , 
Weinheim and Dr. Y. Oyumi a nd Dr. E. Kimura , J a pa n Defence Agency. 
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products of GAP, such as H20 and N2 , with boron and B20 3 {Eqns . 
(81-83)} as also due to the exothermic degradation of GAP in raising 

Y2 B 2 0
3

(1) + 1/2 H
2
0 (g) ---7 

3/2 B 20 l) + 3/2 H20(g) 

B+l /2 N2 ---7 BN 

(81) 

(82) 

(83) 

the temperature ofthe boron particles, thus promoting the ignition/ 
combustion process. GAP-coated amorphous boron-based fuel -rich 
propellant exhibited more vigorous combustion behaviour, higher 
burning rates and lesser residue agglomeration compared to 
uncoated boron propellant. 

7.2.5 Hazard Characteristics 

Due to high energy release from azide polymers, the impact 
friction and other sensitivity aspects are of major concern. Nazare, 
et al592 reported the impact, friction and electrosensitivity of GAP, 
TAGN, GN and AN-based compositions. The friction and impact 
sensitivity of various GAP formulations containing AP, HMX, 
TEGDN, etc ., have been studied630 . It was found that certain types 
of GAP formulations were extremely friction and impact-sensitive. 
On the other hand, neat GAP was found to be insensitive to impact631. 

7.3 POLY (3-AZIDO METHYL, 3-METHYL OXETANE) (AMMO) 

0---------' 

AMMO monomer 

AMMO Polymer 

AMMO homopolymer is the most stable azide polymer. It is 
synthesized by stirring AMMO monomer with BF3.Et20 in anhydrous 
methanol for 24 h; this gives a polymer molecular weight 8000-
10,000584 amu. AMMO homopolymer decomposes exothermally 
around 240 °C, but AMMO binder, cured with IPDI, decomposes 
exothermally in the temperature range 200-2S0oC under slow 
thermolysis conditions . It is accompanied by evolution of N2 gas 
from the methyl azide group . The rate of decomposition of th ese 
energetic polymers follow the trend: GAP> BAMO>AMMO which is 
reflected in their Tmax data (Table 7.5). The heat of decomposition 
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(,1HJ follows the trend of the weight fraction of the azide group in 
the polymer. Similarity in the activation energy (Ee) values of these 
alkyl azide polymers suggests that the azide group largely controls 
the kinetics through the following reaction: 

RN3 ---7 RN + N2 

Table 7.5. Thermochemical and kinetic data for decomposition 
of some oxetane polymers585 

Polymer 

AMMO 

BAMO 

GAP 

233 

224 

2 2 1 

!1H,lJ/ g) 

- 1550 

-2670 

-2060 

Eo (kcal! mol) 

40-41 

40-41 

3 9-40 

The nitrene intermediate (RN) is unstable and reacts further 
to give various products. High energy BAMO and GAP polymers 
produce small hydrocarbon fragments also along with CO and CH20 
from the backbone. Low molecular weight hydrocarbons are not 
present among products of decomposition of AMMO polymer. The 
nitrene functional group is formed in the methylene azide side chain. 
Formation of HCN and NH3 indicates that it involves C-C and C-N 
bond scission followed by hydrogen migration to liberate NH.1. AMMO 
polymer h as the lowest ,1Hd value, and it leads to a somewhat 
different fragmentation process585 . H20 dominates the quantifiable 
products. 

CH3 

: I : 
- OCH2 tC-CHrt-

: I . 
CH2 N 

Following the decomposition of azide group of AMMO, backbone 
cleavage also occurs, as shown above, forming CH20 and 2-methyl 
a lly l nitrene intermediate. Recombination of coordinate ly 
unsaturated N atoms would produce azo compounds. 
Recombination, after an N atom is eliminated and H is scavenged, 
would produce a secondary amine. HCN, NH3 and CO are significant 
products of decomposition of AMMO polymer which suggests that 
the backbone degrades into smaller fragments. However, under 
combustion conditions, 2 -methyl nitrene may not completely 
recombine and may function as a reactant itself in the combustion 
of AMMO polymer585 . 
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7.3.1 AMMO/AP Propellant 

AMMO / AP propellant632 containing 20 wt. % AMMO was made 
by curing the propellant mix with IPDI at 60 °C for 10 days . TMP 
was used as the crosslinking agent. TG undergoes two-step 
decomposition, one up to 20 wUo decomposition followed by rapid 
decomposition tbereafter. Onset ofweigbt loss matcbes witb AMMO 
decomposition. Tbe DSC tbermogram shows an endotherm peak 
around 250 °C for tbe phase transition of AP followed by two 
exothermic peaks at 280 °C and 400 DC. Tbe first exotherm is 
related to 20% wt loss of AMMO and the second for AP decomposition. 
These exotherms are s tron gly related to each other; the heat 
gene r ated by the decomposition of AMMO acce le r ates the 
decompos ition of AP. 

Propellant containing 2 wt. % 2 ,2-bis (ethyl ferrocenyl) propane 
(CFe) and 2 wt .% Fe20 3 catalys ts accelerates the decomposition of 
AMMO / AP propellant632 . Both the exotherms are sbifted to lower 
temperatures. They lower the 400 °C exotberm of decomposition of 
AP by about 65 °C. But 280 °C exotherm is lowered by 20 °C by 
Fe2 0 3 a nd by 70 °C by CFe, suggesting that CFe mainly accelerates 
the decomposition of AMMO binders. AMMO / AP propellant is 
thermally stable even afte r ageing at 75 °C for one year 582 . 

Tbe effect of energy content of the binder on the AP/(AMMO + 
poly propylene glycol) has been studied633 . By increasing the amount 
of AMMO polymer in tbe mixed binder, tbe adiabatic flame 
temperature, h eat of combustion (~HcJ and r increase. 

7.4 POLY [3,3 BIS (AZIDO METHYL) OXETANE] 
(BAMO)585,621 ,632.645 

C I I \I , 

....... ------I--C H .N . 

0 -------' 

B.-\ ;'-,IIO monomer 

B:\ i\10 monomer 

BAMO is one of the most energetic polymers h aving two methyl 
azide groups and contains 50 wt.% nitrogen. It is solid at room 
temperature and it shows poor mecbanical properties because of 
its crystalline nature. For making liquid polymer, it is copolymerized 
with tetrahydrofuran (THF) or 3-nitrato-m ethyl-3 -methyloxetane 
(NMMO) to improve the mechanical properties at low temperatures. 
Exothermic degradation of the copolymer is caused by tbe breakage 
of methyl a zide group to produce N2 ga s. 
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BAMO polymer has been synthesized from 3,3-bis 
(chloromethyl) oxetane (BCMO) by chlorine exchange reaction in 
the presence of NaN3. The reaction was carried out in N ,N-dimethyl 
formamide at 90°C. Diethylene glycol (DEG)jBF3· (C2HSbO initiating 
system gives good results in terms of safety, yield, molecular weight 
and functionality . It is purified by pass ing it through neutral 
alumina640 . BAMO polymer has also been synthesized by cationic 
ring opening polymerization of oxetane using a new Lewis acid 
initiator, namely 3,3,3,3'-tetrakis (trifluoro methyl)-l,l ' (3H ,3H') 
spirobis (1,2-benzoxasilole) [SBS], in CH2Cl2 solution of the monomer 
at 20°C. This initiator has also been used for polymerizing several 
oxetanes642 in the temperature range of -10 to +20 DC. Mn of the 
polymer ranged from 1 to 6 x 104 amu. The kinetic parameters 
are given in Table 7 .6. 

Table 7.6. Kinetic parameters642 of oxetans obtained using SBS 
initiators 

Monomer 

Temp (DC) 

Rp X 104 (M. sec' ) 

AMMO 

- 15 

1.9 

NMMO BAMO 

+ 10 +20 

1.2 0.26 

BAMO polymer has been characterized from lH and 13C NMR 
spectra641 . The peak at 3.3 ppm was assigned to the main chain as 
well as the side chain methylene groups640. 

Primary degradation studied using effusion mass spectrometric 
method, showed that Ea for the release of N2 is 42 .7 kca ljmol for 
BAMO polymer583 . ilHd of BAMO , prepared by bulk and solution 
methods, was found to be 914 .5 J j g and 34l. 2 J j g, respectively639 . 
DSC of poly BAMO shows Tg at -22.8 °c and Tm at 92 .2 DC . Poly 
BAMO has been thoroughly investigated for its crystallization 
behaviour and the ways to prevent it64s . Copolymerization ofBAMO 
has been attempted as the most effective way to prevent 
crystallization and depress the Tg . 

The main d ecomposition products of poly BAMO are HCN, 
CO, CH20, NH3; the product spectrum does not change in the range 
275-400 DC . These products come from the residual nitrene 
intermediate (RCH2N), after the evolution of N2 from the methyl 
azide group. The two decomposition branches are based on the 
appearance of HCN and NH 3 (C-C and C - N bond cleavage 
respectively) 643. 
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+ hydrocarbons 

+ hydrocarbons 

7.4.1 BAMO-NMMO (3-Nitromethyl-3-Methyloxetane) Copolymer 

CH2NJ CH20NO, 

-E OCH2-J-CH2 H OCH2-C~CH2}-
I I 
CH2NJ X CHJ Y 

Energetic thermoplastic elastomers have potential application 
as novel binders in solid propellants. Therefore, multiblock 
copolymers based on cyclic ether, THF, oxetane and their derivatives 
have generated considerable interest due to their molecular weight 
control, low polydispersity, low Tg and energetic characteristics. 
Block copolyoxetanes are generally synthesized using BF3. (C2HSbO / 
1,4 butane diol initia ting system. However, it has the disadvantage 
of involving a block linking step and poor molecular weight 
distribu tion. 

Difunctional BAMO and NMMO were copolymerized in CH2Cl2 
solution at 25 °C using 1,4-butane diol/BF3. (C2Hs)20 initiating 
system. The solution of the reactants were stirred for several hours 
to get the copolymer634,636,637. Mn and polydispersity ofthe copolymer 
were around 3000 and 1.37, r espectively. The copolymer was 
characterized by IH and 13C NMR spectra637 . BAMO-NMMO is the 
ideal copolymer system in which copolymer composition is 
approximately the same as the monomer feed. Reactivities of the 
monomers are similar. The triad microstructures were found to 
match the theoretical values637 . 

In anoth er procedure, difunctional p-bis (ex, ex-dimethylchloro
methyl) benzene (p-DCC) is a llowed to react with a cocatalyst, 
AgSbF6, to generate a carbonium ion, which starts the 
polymerization of NMMO through formation of the carboxonium 
ion640 . Both the ends of p-DCC initiator are allowed to react before 
BAMO is introduced . It forms a trib lock BAMO-NMMO-BAMO 
copolymer. It may be noted that p-DCC/Ag SbF6 catalyst system , 
despite providing narrow polydispersity, does not h ave the advantage 
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of precise molecular weight control and removal of the residua l 
AgCl impurity640 . 

SBS catalyst has been u sed for living polym erization of 
oxetane derivatives, such as the following copolymer644 . 

BAMO NMMO CH3 CH3 NMMO BAMO 

~-b-©-b~ 
hard soft I I soft h ard 

CH3 CH3 

First crystalline and telech elic dihydroxy poly (BAMO), i.e, 
[HO-(BAMO)x-OH] is made by charging SBS catalyst/ 1,4 - butane 
dial /BAMO in a Schlenk reactor for eight days . Poly (BAMO) thus 
obtained had Mn =2000 amu and polydispersity 2.4. Similarly, 
amorphous dihydroxy poly (NMMO), i.e, [HO-(NMMO)y-OH], is made 
by using SBS and propane diol, the reaction was carried out for 
three days. It had Mn =1010 amu and polydispersity 1.85. Poly 
BAMO - poly NMMO segmented polymer was made by charging 
poly(NMMO), TDI and dibutyltindilaurate in the Schlenk reactor 
and carrying out the reaction for 10 h at 50 °C. Then poly (BAMO) 
in dioaxane solvent was added and the reaction carried out for 24 h 
at 80-85 °C to produce the (BAMO)x-(NMMO)y copolymer. It was 
characterized on the basis of IH NMR spectra. OSC curve of 
(BAMOlx-NMMO)y copolymer6 44 showed Tg at -3.4 °C and Tm at 82 .2 
DC. Poly (BAMO) shows Tmat 88.1 oC and poly(NMMO) shows Tgat-
33.2 DC. The L1Hj ofthe copolymer was 17.4 J /g which suggests the 
presence of 30% BAMO in the copolymer. TG showed a very sharp 
weight loss which begins at 200 °C. Most of the polymer pyrolyzed 
within 1 °c (224 °C-225 0C). The sharp decomposition is consistent 
with the high energy content of the polymer due to the presence of 
-N3 and -NN02 groups . Exothermicity of the decompos ition was 
found to be 0.7 kJ/g. 

Tg ofBAMO-NMMO-BAMO copolymer640
, prepared from p-OCC 

initiator, was found to be -27 °C; its Tm was 56 °C. From TG a nalysis, 
the decomposition was found to begin at 170°C, and to be completed 
at 216 °C. This shows that this copolymer has good thermal stability. 
From hazard (impact, friction and electrostatic) point of view, the 
copolymers are insensitive , but the monomers n eed to be h a ndled 
with caution640

. OSC thermograms of the homopolymers and 
copolymers prepared using 1,4 butane diol/BF3. (C2Hs)20 initia tor, 
at a heating rate of 10 DC/min, show~d one exothermic peak for the 
homopolymers and two exotherms for the copolymers in between 
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the temperature range of 
the homopolymers (Fig. 7.6) . 
From theoretical 
exothermicity calculations, it 
was found that 
d ecompos ition BAMO unit 
was activated by the h eat 
generated by decomposition of 
NMMO uni t. Poly BAMO
NMMO copolymer 70:30 was 
found to give maximum ,:jHd . 

The tensile s trength a nd ,:jHd 

of the copolymer were h igher 
than those for oth er 
copolymers. Poly BMMO
NMMO (70/30) was found to 
be the best candidate as an 
advanced energetic binder on 
the basis of overall sensitivity 
characteristics637. 

In place of 1,4 butane 
diol, the soft segment 
contain in g an initi a ting 
system, n ame ly, OH
terminated polyester (PE) / 
BF3 . (C2Hs)20 , has a lso been 
used to improve the 
mechanical properties of the 
prope ll a nt64. The 
polymerization procedure was 
the same as u sed634,636.637 for 
1, 4 butane diol/BF3· (C2Hsl20 

FIgure 7.6. DSC thermograms of 

360 system. The CH2Cl2 solution 
of BAMO/NMMO was a dded 
to the intitiator for 3 h . The 
reaction was accomplished at 
25 °C in 6 h . The BAMO / 
NMM 0 / PE molar ratio was 7/ 
3/0.33. The Mn was 3300 and 
polydisp e rsity, 1 .42. Th e 
copolymer was cha racterized 
from IH a nd 13C NMR s pectra. 
Copo ly mer samp les , 
conta ining 29 wt.% DOP, were 

homopolymers and 
copolymers. 

Source: Characterization of BAMO / NM MO 
copolymers . Propellants, Explosives, 
pyrotechnics. 1994 , 19 , 270- 75 
(Reproduced with pennission from Wiley
VC H Eingang, Weinheim and Dr E. 
Kimura an d Y. Oyumi from J a pa n 
Defence Agency) 
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cured with 1,3 ,5-tris (6-isocyanate hexyl/-1 ,3,5-triazine-2,4,6-(lH, 
3H, 5H)-trione/IPDI (0.3/0.7 molar ratio, NCO/OH=l.O) at 60 °C 
for three days. Values of dynamic modulus of BAMO/NMMO/PE 
elastomer were lower than those for BAMO /NMMO elastomer 
showing that the former is more elastic634 . 

The low temperature mechanical properties of BAM 0/ NMM 0 / 
PE containing propellant were found to be superior to those of 
BAMO /NMMO propellant due to the presence of PE. Theoretical I sp 

(at 10 MPa ) of BAMO/NMMO/PE and BAMO/NMMO propellants 
were found to be 2545 N-S and 566 N-S, respectively. Tensile 
elongation of BAMO/NMMO/PE at 20 °C was found to be larger 

12.--------------~ 
• a lN ( 7/ 3) 25 wi". + HMX 7S wl 'l. + eFe ) wl'/. + cue 3 wl 'f, 

- 0 S/NO!3) 25 w i ' I . + HMX75 w i". 

10 

4 

3C-_ _ ~_~1_~_~~_~~~. 
3 5 7 10 12 

Pr essure (MPol 

Figure 7.7. Relationship between pressure and burning rate of 
propellant at 20°C. 

Source: Kimura, E et a l . Effects of copolym erization ra tio of BAMOjN MMO & catalys ts 
on sens it ivity a nd burning r a te of HMX propell a nt. Propellants, Explosives, 
Pyrotechnics. 1995, 20, 2 15-25 lReproduced with permisSion from Wiley-VCH 
Eingang, Wein heim a nd Dr E, Kimura a nd Dr Y. Oyum i from J a pa n Defence 
Agency). 

than that of BAMO/NMMO propellant. Improvement in tensile 
elongation at low temperatures played an important role in case
bonding processability and propellant grain design634. 

HMX propellant has been made from BAMO/NMMO 
copolymer, which was prepared using 1,4 butanediol /BF3 . (C2HSbO 
initiator636

; IDPI and TMP were used as curing and crosslinking 
agent, respectively. Propellants containing B/N (7/3)/HMX (25/ 
75) were prepared636 with and without catalysts, B/N (7/3) /HMX/ 
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s/N(7/3) 25wt'I, + HMX(75wt'I,) 

BIN (7/3) 25 wt',,+ HM X (75 wt'l, ) +CFe(3wt'I.l+ CuC(3wt'/,) 

120 200 280 

Te mperature (OC) 

360 

Figure 7.S. DSC thermogram of propellant samples. 

Source: Kimura , E et al Effects of copolymerization ratio of SAMO / NMMO & catalys ts on 
sensitivity and burning rate of HMX propellant. Propellants, Explosives , 
Pyrotechnics. 1995, 20, 215-25 (Reprodu ced with pennission from Wiley-VCH 
Eingang, Weinheim and Dr E, Kimura and Dr Y. Oyumi from J apan Defence 
Agency). 

catocene (CFe)/copper chromite (CU (Cr02)2 ) in the proportion 
25/75/3/3 . The r us pressure plot, at 20 DC, is shown in Fig. 7.7. 
It is seen that the catalysts increase the value of r by 1.6 times. 
DSC thermogram of the propellant is shown in Fig.7.8. 

The catalyst mixture splits the main exotherm into two peaks; 
the exotherm is lowered by 18 DC in the presence of the catalyst 
mixture. However, DSC exothermicity decreased from 2440 mJ /mg 
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to 1890 mJjmg on the addition of the catalyst. The catalyst was 
found to be contributing to the interaction between the products of 
HMX and the binder. The burning rate equation in the absence and 
presence of catalyst was found to be: 

r = 1.3 PJ73 ; r = 3.0 PJ53 (catalyst) (84) 

Generally speaking the actual application of HMX propellant 
is difficult because of the low r value and high value of pressure 
exponent. But combination of azide polymer and catalyst 
significantly improved the r characteristics ofHMX propellants 636. 

7.4.2 BAMO-THF (Tetrahydrofuran) Copolymer636.639 

THF is known to polymerize as a living system by cationic 
polymerization; trifilic anhydride (CF3S02 ) is the most suitable 
bifunctional initiator for this living polymerization. Synthesis of 
the energetic thermoplastic copolymer of THF IBAM0639 involves 
cationic ring opening polymerization ofTHF and BAMO with CF3S02 

initiator. Triblock copolymers are based on PolyTHF as the centre 
block and poly BAMO or poly THF-co-BAMO as the end blocks; 
these are characterized on the basis of IR and I H NMR spectra. 
The reactivities ofTHF and BAMO, determined from Fineman-Ross 
plot, were found to be 0.33 and 1.12, respectively. The azide groups 
of BAMO would offer a higher electron density on the oxygen atoms. 
This effect makes the BAMO monomer more nucleophilic. BAMO is 
therefore even more active than THF, which is actually shown by 
the reactivity ratio data. The oxonium propagating chain ends may 
possibly be the active species for polymerization of BAMO. 

The TG of BAMO-THF-BAMO shows two-step weight loss at 
243.5 °c and 341.6 °C. The first stage of weight loss is the result of 
decomposition of the methyl azide groups. The same result is seen 
from DSC also. Exothermicity of the copolymer is a result of 
decomposition of the methyl azide groups. f'..Hd ofTHF IBAMO (50 I 
50) copolymer was found to be 298.4 Jig compared to 341.2 Jig 
for neat poly BAMO. 
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7.5 AMMONIUM NITRONITRAMIDE OR AMMONIUM 
DINITRAMIDE NH4 [N(N02 )21 (ADN) 

+ 
N 

/"'" N N 
/""- /""o 0 0 0 

Ammonium salts of strong acids-nitrate (NO-3 , AN), perchlorate 
(CIO-4 , AP) , and dinitramide [N(N0 2t 2' ADNt find use in explosives 
and propellants. Recent synthesis of ADN has provided an example 
of a new class of stabilized energetic inorganic compound587 . ADN 
is a chlorine-free high energy oxidiser, it gives reduced HCI 
production from propellant plumes and is considered a potential 
replacement for AP in propellant applications. Its use in propellants 
leads to significantly reduced levels of harmful contaminants in 
the upper atmosphere as well as wetland stresses near the launch 
pad. Hence, there has been intensive interest in the energetics and 
burning characteristics of ADN646. 

Both AP and AN are produced in bulk and have been the subject 
of major accident investigations in this century. But synthesis of 
ADN has been reported only recently and it is not yet widely available. 
It forms two types of crystals: prismatic and needle type. The former 
is less sensitive to ignition, friction, impact and electrostatic spark. 
With a view to preventing major accidents during manufacture, 
formulation and storage, thermal decomposition studies on ADN 
have been carried out and the results compared with those for other 
energetic ammonium salts648-652 . 

DSC trace547 of ADN (in a sealed glass tube) shows an 
endotherm at 94 °C, exotherm at 189 °C, exotherm at 274°C and 
again an endotherm at 301 °C (Fig.7.9). The first endotherm at 
94 °C is due to melting of ADN . The exotherm at 274 °C is attributed 
to the decomposition of AN formed during decomposition of ADN. 
The endotherm at 301 °C is due to the formation and vaporization 
of H20 during decomposition of AN. The major decomposition occurs 
at 189 DC. The enthalpies of decomposition at 189 °C and 274 °C 
are; 1.7 kJ/g and 0.2 kJ/g, respectively. In another study650, DSC 
was done in aluminium pans , but not under sealed conditions to 
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Figure 7.9. DSC trace of ADN at a heatin g rate of20·oC/min . 

Source: Oxley et al. The rmal decomposition s tud ies on ADN I5N a nd 2H Isotopom ers. J. 
Phys. Chem. A 1997, 10 I , P-5630-58 (Reproduced with permission from American 
Che mical Socie ty, copyrigh t 1997 and Prof. J . C. Oxley, Univers ity of Rhode 
Island). 

avoid the build up of excessive gas pressure during decomposition. 
Tm was observed at 92 °C. Russel , et al649 reported Tm to be 95°C 
Variation in Tm could be due to the AN impurity6so present in the 
sample. Molten ADN decomposes over the temperature range 130-
230 °C. The process is highly exothermic [LlHd = 1.96 ± 0.35 kJ/g) , 
Brill, et a(oSl reported a low LlHd (0.92 kJ / g) . 

For analysing the decomposition products, ADN was 
decomposed in a sealed glass tube and heated in a constant 
temperature bath; the products were analysed in a gas 
chromatograph647 . At 230°C, ADN formed N2 and N20 in an 
approximate ratio of 0 .6:0.8. Mass spectral analysis of the gases 
obtained on decomposition of 13N-labelled ADN showed that 90 % of 
N2 comes from the interaction of ammonium nitrogen with the 
nitrogen of one of the nitro groups. N20 is formed from one nitrogen 
coming from nitro group and another from the amino nitrogen. NO 
was observed in some experiments and it came mostly from the 
nitro groups on the amino nitrogen647. 
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TG-MS experiments give p roducts a t lower temperatures and 
higher pre ssure s favouring the condensed phase reaction 
mecha nism6 50

. The formation of gaseous products appears to occur 
in two stages . The first products detected are N20, NO and N02. At 
a late r stage, H20, HONO , NH3 and HN03 are formed . No evidence 
was found for O2 or N2. 

D ecomposition of ADN has also bee n carried out in an 
IR gas cell in N2 atmosphere from 20 °C to 250 °C at a heating rate 
of 0.5-20 °C / min. Major gas eous products detected were N20 , N02, 
NO , NH3 and HN03. The first decomposition product detected 
at 50 DC w a s N02, whic h is followed by the formation of HN03. 
Most of N20 is formed at a somewhat later stage. Formation of NO 
and NH3 is observed652 only above 100 °C. 

Thin film laser pyrolysis of ADN has also been studied. A thin 
film of ADN, sandwiched between two CsI windows, was placed in 
a Dewar cell cooled a t 77 oK. The sample was then irradiated by 
pulses from a CO 2 laser; N20, N2 0 4 and (NOb were detected652 . 

Gas cell and TG-MS data show N02 and N20 as the primary 
decomposition products. Decomposition of molten ADN follows an 
ionic mechanism involving the formation of NH4 N03. One channel 
of decomposition of ADN seems to be oxygen transfer from N02 

group to the N atom of another N02 group followed by the 
dissociation of an N-N bond650 . 

(85) 

This pathway is consistent with a recent report649 according to 
which the pressure-temperature reaction phase diagram, for the 
solid-state molecular rearrangement reaction, shows the formation 
ofNH4N03 and N20 . AN is reported to decompose to N20 + 2H20 via 
a mechanism involving the formation of NH3 and HN03 as 
intermediates. However, the above reaction cannot account for the 
observation of NO and N0 2 early during decomposition prior to the 
appearance of NH3. 

The second high temperature channel of decomposition begins 
with N-N bond rupture and the formation ofN02 and mononitramide. 
It starts with proton transfer forming NH3 and dinitramide followed 
by N-N bond scission652 liberating N02. 

(86) 
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In fact, ADN structure of [NH3J.[HN(N02bJ has been shown to be a 
more stable structure compared to the structure [NH 3J· 
[HON(O)NN02J653 . The mononitride dissociates as follows: 

NH4NN02 ~ NH4 NO + NO (87) 

The net reaction is: 

(NH4) N (N02b ~ N02+ NO + NH4 NO (88) 

N-N bond dissociation requires 184 kJ /mol. This is consistent with 
the experimental value of 175 ± 20 kJ / mol for the initial step of 
the reaction. HN03 is observed in ADN decomposition experiments, 
but it appears at a much lowe r temperature than NH3. Most 
probably, HN03 is a secondary product of the reaction of N02 and 
H20 in the heated gas cell. AN could be formed during ADN 
decomposition in the liquid state at tempera tures below its melting 
point because of the formation of a eutectic with ADN652 . 

Laser pyrolysis experiments have shown that at higher 
temperatures initially, N20 and N02 are formed s imultaneously and 
NO is formed at a much later stage; it is a product of the secondary 
reaction. The gas cell and laser pyrolysis experiments unequivocally 
show that N20 and N02 are the primary products followed by the 
formation of NO at a later stage652. These results are in agreement 
with those of TG-MS experiments, which explains the formation of 
NO , N20 and N02 in the early stages of decomposition (below 170 
oq. In the later stages, gasification of the remaining ammonium 
salts results in the formation of NH3 and H20 through a combination 
of ionic and free radical reactions650. N2 has not been detected in 
the MS study. This is consistent with the formation of AN as an 
intermediate in the thermal decomposition of ADN. The overall 
conversion can be represented as650 : 

2 NH4 N(N02b ~ 3NH3 + 10 N20 + 6 N02 + 15 H20 

+ 2 NO + 6N2 + HN03 + 2NH4 N03 (89 ) 

ADN has been proposed as a powerful oxidant for propellants 
and explosives654 . Using ADN-paraffin (90: 10) mixture corresponding 

to a maximum Isp, r value of 50 mm/ s was obtained at 7 MPa and a 
pressure exponent of 0.8 was obtained. The flame temperature, 
determined spectroscopically, was found to be 2960 K. 

7.6 HYDRAZINIUM NITROFORMATE (HNF)65S,6S6 
N2Hs [C (N02b ] 
HNF is a highly efficient high energy oxidizer. It is chlorine

free and produces smokeless and less polluting exhaust gases. HNF 
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is a salt of hydrazine and ni troform. It was discovered in 1951. 
Attempts have been made to develop a safe m ethod for the synthesis 
of HNF. HNF is found to be stable when gas evolution from its 
decomposition is less than 5 cc/ g. Use of stabillizers has been 
attempted to increase its stability, but pu re HNF is more stable 
and does not require the addition of a stabilizer. The products of 
decomposition ofHNF are: CO2 , CO, N2 0 ,NO and H20. HNF is not 
compatible with HTPB; it attacks its double bond . Therefore, earlier 
attempts to make HNF propellants were not successful. However, 
combustion ofHNF / AI/GAP has been claimed to be very promising. 
Its performance appears to be approximately 7% better than that of 
the corresponding standard propellant. AP / Al / HTPB. Besides, HNF 
propellants do not produce any C12 or HCl in the exhaust plumes . 
Therefore , they .cause less pollution. HNF propellants ignite very 

easily at low pressures and give higher values of r and pressure 
exponent. The friction and impact sensitivities of HNF are within 
acceptable limits, but it is more sensitive than AP. 



CHAPTER 8 

FUTURE DIRECTIONS 

A realistic prognosis of future developments would be to gain 
more fundamental knowledge about the characteristic properties 
of individual components through studies on simple model 
propellant systems. This would allow a better understanding of 
the combustion phenomena of real propellant systems. 

As a prelude, it is first of all , necessary to understand the 
pressure and temperature-influenced burning surface structure of 
deflagrating AP, which happens to be the major constituent. Such 
an analysis of the surface structure permits understanding of the 
decomposition of AP during its deflagration. These studies should 
be followed by examination of the vitiated deflagration of AP in the 
presence of polymeric fuels. Another important aspect of AP 
deflagration is LPL. An understanding of the decomposition 
mechanism operative in controlling deflagration-non deflagration 
at LPL is imperative. 

Attempts should also be made to establish a correlation 
between the structure of the binder and combustion of CSP; 
parametrical representation of the role offuel in the overall burning 
of CSP may be obtained and incorporated in the modelling studies . 
The effect of molecular weight and its dispersity, functionality of 
the end groups, crosslinking (which is a processing variation) on 
the burning behaviour of CSP need to be studied systematically. 
Analysis of intermittent burning and intermediate pressure 
extinction seems to be a consequence of the role of the binder at 
the surface. Analysis should be made to explain both the phenomena 
on the basis of fuel characteristics. 

Most of the studies on the effect of catalyst and its mechanism 
of action are made under the presumption that CSP can be 
formulated with predictable r. However, since the mechanism of 
action of the catalyst is not very clear it has not permitted such an 
objective to be achieved . Under the belief that studies on catalyst 
decomposition cannot be safely extrapolated to burning conditions, 
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a concerted approach of group contribution must be made in 
predicting the r ofCSP, based on the characteristics of the catalyst. 

It is clear that in ageing studies, inadequate attention has been 
paid to understanding the ageing mechanism. There is need to 
understand the degradation ofthe binders under humid condition s. 
For development of longevity conferring additives, a ttention must 
be focussed on adopting a unified approach that takes into account 
the effect of humidity besides averting unfavourable changes in 
ballistic and mechanical properties . 

The conventional r theories do not adequately explain the 
chemical effects associated with plateau burning. Perhaps, new 
experimental techniques which could probe transient burning 
phenomena may help in gaining an understanding of the underlying 
ch emical processes . Another area that has come into prominence is 
the combustion chemistry in the presence of oxidizer-deficient 
formulations of relevance in solid fuel ramjets. The r theories for 
such propellants, their ignition processes, extinction phenomena, 
etc. may need a renewed look. 

Thermophysical properties of propellants and their ingredients 
in a theoretical model may vary a great deal from author to author. 
There is a need for relia ble experiments and analyses for obtaining 
authentic thermophysical data. 

Just as high pressure decomposition and combustion of AP 
are relevant in understanding CSP combustion, there is need to 
study polymer combustion at high pressures, particularly the 
associated condensed phase characteristics. Such studies may be 
useful in the combustion modelling of CSP. It is known that 
decomposition of the binder a nd the oxidizer is drastically affected 
by their mutual presence. More quantitative studies are required 
in this direction to understand the behaviour of individual 
components under a more realistic situation. 

Although the solid propellant field has advanced significantly 
during the last 50 years, there are still many unresolved problems 
of significant relevance as far as the new applications are concerned. 
In some specialized applications, one may encounter pressure larger 
than 100 atm and, therefore, propellant chemistry has to be re
examined at pressures at least 10-fold higher than those 
encountered in conventiona l solid propellants . It would be 
interesting to see as to how the combustion and ignition theories 
could be extrapolated to a situation of high pres sure performance. 

Figure 8.1 shows the distribution of papers and patents on 
various aspects of GAP. It is obvious that very little work has been 
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Figure 8 .1. Bar diagram showing the number of patents and papers 
on GAP. 

done on copolymers of GAP and hence there is lot of scope for 
carrying out studies on various GAP copolymers from the points of 
view of high energy output, easy handling, processing and providing 
maximum energy. In brief, either by varying the comonomer 
composition or using different comonomers, one can prepare a wide 
range of GAP copolymers having specific properties, thus opening 
a new horizon for the vast applicability of high energy binders. For 
example, although BAMO possesses more energy than GAP, the 
former could not find much application due to its crystalline nature. 
By synthesizing GAP-BAMO copolymer, the energy of this binder 
will be much more than that of neat GAP,due to the presence of 
BAMO units. Besides, keeping BAMO concentration at low levels 
in the copolymer, Tg can also will be kept below room temperature, 
so that the copolymer remains in liquid state for easy processibilty. 
In this context, a block copolymer of HTPB and GAP could also 
provide a wide range of tailored propellant properties for a desired 
application. 

As to the synthesis of GAP, it may be noted that the azidation 
reaction ofPECH results in decrease in molecular weight and hence 
there is a need to develop new reactive catalysts which could 



176 Solid Prop ellant Chemis try 

polymerize GA monomer. This would provide a better synthetic 
approach for developing high molecular weight GAP in one step. 

Although thermal degradation of azide-containing high energy 
polymers has been studied extensively, we do not yet have sufficient 
knowledge on their primary degradation products as well as the 
primary degradation mechanism. It is worthwhile to undertake 
direct pyrolysis-mass spectrometric (DP-MS) and Py-GC-MS 
studies to establish the mechanism of thermal degradation of these 
high energy polymers . 
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