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The role of thermal decomposition of the binder and the oxidiser in the thermal 
decomposition, ageing and combustion of composite soIid-propellants has been 
in&stigated_ The pre&nt study shows that the burning rate and’ageing of polystyrene 
and ammonium perchlorate propellant are related to the thermal decomposition of 
the propellant itself and ammonium perchlorate, 

INl-RODUCXION 

The combustion of a solid compositz propellant is a complex process. A wealth 
of data exists on the burning of the proplIant Yet, the mechanism of combl-ls6on 
is poorly unders&od. The reasons for this Iack of understanding are basically:(I) 
Combustion is a very fat-process and, therefore, it is extremeIy di&uIt to ident@ 
the interm&Ii&es and the rate-de termiGng step; and (II) a rca.I propeIIant consists, 
in addition to an oxidant and a fuel, of various other additives, thereby complicating 
the study of the reaction of the oxidant and the fuel by various side reactions. 

BasicaIly combustion is discussed in terms of either a gas-phase the~ry’-~ 
or a condensed-phase theory *’ The present investigation aims at studying the role _ 
of condensed-phase reactions, if any, in the combustion of propellants, which has 
relativeIy received Iess attention. The reason for studying the condensed-phase ream 
tions is the following: Fiiy, most of the actual burning takes place in the gaseous 
state and the components of a solid-propellant are rcIatively non-volatile, an extensive 
amount of decomposition must first take place in the solid state_ Secondly9 considering 
the gas-phase reactions to be quite fast compared to the thermal decomposition 
process oc&ring in the solid phase, the rate-controiting process may hopefully Iie in 
the condensed-phase decomposition reactions. In addition, the study of the condensed- 
phase makes it easier to identay the intermediates. 

The propellant investigated in this work consists of only two ingredients: 
ammonium per&Iorate (AP) as an oxidiser and polystyrene (PS) as fuel cum binder. 
The essence of the present work thus amounts to the study of the thermal decomposi- 
tion of the propellant-made from AP and PS. Burning-rate studies on the propellant 
have also been undertaken to seek a correlation, if any, with thermal decomposition 
data_ Thermal decompositiOn of propellant ingredients, namely PS and AP, has 
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also been carried out to determine the reIative role of oxidiser and binder decomposi- 
tion in the overaIl decomposition of the propellant. 

A siguilicant amount of the work, on the-burning of the propelIant?*, the 
thermal decomposition of the propellant ‘r-r3, the thermal decomposition of the 
oxidiserrcx9 and the binder “, has already been published separately, Together 
with some new data on the sublimation of pr&reated Ap and ageing studies of the 
propellant, the present paper reviews all the earlier data m totahty establishing 
czrtahr definite relationships between the combustion of the propelkurt and the 
thermal decomposition of its ingredients. 

Doped Al? was prepared by coprecipitating a saturatexl aqueous solution, 
Con-. definite proportions of At? and %.b& hopant,. by slow. ~&ollng~ The exact 
tiount of the ‘dopant in AP was-not artale Therefore~ the amount which we are 
referring to is in solution. The particle -& of undop&i and doped* Al? was kept 
constant The details of other pre+treatments like ptimpression an& preheating 
to-tier with the thermal decomposition studies by DTA, pressure-time and differ-en- 
tial scan&g calorimetry @SC) techniques are described in detail elsewhere19-17D27_ 
The details of acGvation+nergy (E) calculations and enthalpy measure merits are 
also avaiIable in the respective refereuces.- For sublimation studies; the DTA tech- 
nique described in refs- 2.and 3 was used with a little additional arraugement in 
tihich.sampie could be decomposed in vacua (pressure x40+5~mQ. The details 
ofPSdegradationaregiveninoneofourreceutpapers20. - .:- 

--preparation, determination of buming:rate and thermal degradation studies 
of fs/Ap propelkmt were done as described earlier4*8~s3, The -ageing studies of 
propellants were carried out at 60, 100, 120, 150. and 200°C. Ties for different 
percentages of burning-rate changes were calculated (extrapolation was done wher- 
ever Gcesany) at~a~particular temperature E for the changes in burning-rate was 
calcuIated from the Ar&eGus plot and then used to calculate the safe-We time at 
25°C in air_ 

Sludy of the o,-idrjer :. .- 
Itbasbeenobserved that AP undergoes sublimation and decomposition both 

on heat treatment depending uponthe e xpximental conditions9~‘8; Thus,- both 
suhSimation -and decomposition of Al? have been -&udied. The proton-transfer 
me&amsm for both sublimation and decomposition has been advocated. by one 
schooll*. How&r, our findings show that the decomposition is controlled by-ionic 
diffusion mecha&ml’ &nd the sublimation by proton+ansfer at the -subliming 

. 
snaacei2. rlhe proposed me&amsm of Al? decomposition .and sublimation is 

-_ I 
sulllllliflllsed in Table I:-Ionic diffusion-mu%amsm gets strong support from con- -. 
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TABLE 1 

MODELS FOR SUBLIMATION AND 
THERMAL DECO,MPOSlTION OF AMMONIUM PERCHLORATE 

1. Proton-tran$ff mo&l for subIinuHion and rirermoi &wmposirion (ref: 18) 

<a) Subhation 
NH:+CI0;-’ NHs6z)+HCIO&l 
Sublimate 11 IC 
NH,QO,(s) + NH,(g)+HCiO&) 
Activation energy (E) = 30g kcal mol- ’ 

(h) Decompositions ’ 
NHI++CIO~-+ NH&)+HCIO&)+product 

4 # 
E=U)kcalrnol_~‘NII~(g)+HU04~--+~~pcr 

Es.renrM f&ures of proton-frtm&_ mod51 

(T) Only one value of E for d&omposition, throughout the tanptraturc range 2OCh#O”C 

lii-.E for th&mal decomposition and subIimation arc same support&g that same meclzu&Jn 
holds goods 

Z lonic-diflh.sion~eKectro~rron@ikr model for dermd akwm~sition (rcfs. I+l6) 

l3.nW~f~Lues 

_(i) Thrtx v&es of E for thermal decomposition of AP 

E= 
ZOO-ZSO’C 250-350°C 35045o’C 

30 kcal mol- 1 20 kca3 mol- 1 60 kcal moi- 1 

(‘iI?? Activation cnergics for thermal decomposition and sublimation are different 
Sublimation (zoCr3SO°C~, E = 20 kcd mol- 1 (below 20 torr) 

Ma&I fat decomposition 

<reps inwhd: : 

(i) Migration of &Hi t&a prcfcrentiaI site for daompcsition. (ra*&&rmining step in low 
temp. range daomposition). 

(iii Electron-transfer from UO; to NH: (rate-determining step in high temp. range decompo- 
sition). 

(iii Reaction bctwccn Clot and NH; to give the proc+ts of decomposition. 

ductivity measurements’? and from electric field experiments?_ It has aiso been 
observed that pretreatmcuts like p&compression, preheating and doping have a 
consideie effect on the decomposition and sublimatioq behaviour of AP (Tabie 2)_ 
Oti propq@on _thgt decomposition z&d subli@ation follow a different me&a&m 
is support@.by_the resuIti presented in Table 2. it is evident from Table 2 that the 
thermal decomposition of Al? can be aitered by various means, 

Sinoe -Ap $idcr@es an exothermic decomposition process, the en&Spy 
~~d-withithasbeencaIculated.E~u~invarioustemperatureranges 
have also b&n,caI& T&rem&s are presented in Table 3. It may bc mt+ioncd 
that the en*py vaI!F for *e two exotherms of Ap have been calcuMed separately 



TABLE 2 

COMPARISON OF THE DECOMPOSITION AND 
SUBLIMATION BEHAWOUR OF AP 

DoPins 

0 ca+* 

m so:- 

Decomposition rate &rcascs with 
thcdercascofpartidesizcandpasscs 
through a maximum at IlOcpn 
(Rcfs- Ii, 25) 

satsssation (rck l&21) 

At340°Cthetatcdccrcasuptoa 
cone -of 10-Z mol % and then in- 
- (ref. Is) 

At 340-C the rJtc iucrcaw upto a 
cuxlc_ of 10-f mol % and then de- 
-(rtf. lsj 

At23WCthCiUCXWSC isuptoaconc 
of IO-’ mol % and t&xx darcasa 
(I-& 23) 

Sublimation rate iu- with the 
duxeaseofpartidesizeandpasss 
through a maximum at 195 pm 

Deseusitisation 

Dcscnsitisation (reaches a saturation 
value at lo-’ mol l /o) 

Dcscmitisation (rcadx5 a saturation 
value at 10v3 mol %) 

Dcscnsitisation (reaches a saturation 
VaIllc at 10-S mol %) 

TABLE 3 

ENTHAL?Y DATA AND ACIWA-I-ION-ENERGY OF AP DECOMPOSlTION 

(a) 99 kcd mol- ’ (iithaind D!X!) 
(b) 103 kcal mol-’ @inning DSCj 

20-3 kcal moI’a 6canning DSC) 

32-6 kcal moF1 (samning DSC) 

-30 (altbatpy wiic) 
-30 (weight wise) 

0 =#&-t=w=m= -urot!lum (x!o-45O”C) 

@ii Total heat cvotwd in both cxotherms 

($4 % decomposition of AP in low-tanp&urc range 

22 kcal hiox-1 &a&J&g k) 
21 kd tiol- ’ (iithcrmal DSC) 
20 kcal mol-‘-(DTA). 

. . . 
GQ H$wmpaabre !so* (WSO~C) 

W kcal molr’ ~?.imG 

, _. 605 kcal mol: ’ (scanning D!Xj. 
6OiO.kcal mol-l’(lYI’Aj- 

. _: -,: _ _ _ 
60.0 kcal’iioi-? (caIaJatcd) : 

I. _- ._ _:. -_ _:__.--_ . . . ~__ 
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by us for the first time_ We have also shown that AP undergoes 30% decomposition 
enthaIpywise in a low temperatnre range further supporting the earher observations 
of earfier workers that 30% decomposition weightwise takes pIace in low temperature 

range. 

Study of the binder 
Following the lines in which the oxidiser has been d&ussed, some Studies on 

binder decomposition have also been made_ The binder s&e&d was PS. Although 
it does not represent the real binder system, it has certain inherent advantages like: 

(i) Easy preparation. 
(iii No complication of the addition of curing agents (which some time interacts 

with AP to give side-reactions). 
(ii) No char formation during decomposition. 
Gv) Thermal decomposition and thermodynamic data are readily available, 
(v) The products of decomposition and the meohauism of degradation have 

been well studied. 
Moreover, the knowledge gained on the meehau.ism of PS/AP system cau also be 
used for other systems because a general mechanism wilI not show whether a particular 
system contains PS, polybutadiene or polyurethane. Abhough a great number of 
degradation data on polystyrene is available in the literature, the E vzdues are ia 

much variance from author to author as shown iu TabIe 4. This may be due to the 
use of diEerent techniques or the use of different equations. In order to check this, 

TABLE 4 

REPORTED VALUE OF ACTIVATION ENERGY FOR 
POLYSWRENE DEGRADATION (taken from ref. 20) 

AUthOT T&-que E (kc4 mot- =) 

Jell&k (1948) 
Jdhek (1949) 
Papkov & Solninxskii (1966) 

Kysel(l965) 
Bonn & challa (1965) 
Madorsky (I 952) 
Reich (1966) 
A.nduson & Fro&an (1961) 
Coats & Redfern (1965) 
Lcngdle (1970) 
wegncr & Paw (1970) 

Melt-viscosity mts 
TG 
TG 

Ga5 ~tography 
Melt-viscosity mcasurrwnis 
TG 
DTA 
TG 
TG 
TG 
Melt-viscosity mcasuremcnts 

x5 
44b7 
76.83 
52 
24?,39 

i&o 
46.60 
35 
65 
48 

. 

we have used three different techniques like D& TG and mass speetrometry and 
have used .equations to calculate E which do not assume any order of reaction. 
Since the greater part of-the study on degradation process concerns the change in 
condensed bulk, we have aI&-caladated the E (using Jacobs-Kumishy method26) 
of gaseous species formation like styrene and benzene~ TG and DSC resuhs together 
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with mass-s~metric resultr~ on styrene formation give E values of around 
30 kcal mol- ’ (TabIe 5) sh owing that it is the most relevaut value of s@rene d.eg&a- 
tion However, for benzene, E was 54 kcal mol-’ which suggests that the rate- 
controlling process in the conversion of solid PS into the gaseous monomer and 
benzene results from secondary reactions, 

solid PS + styrene monomer (gas) -+ secondary reactions _ 

ACi-lVATION ENERGY VALUES FOR 
THE THERMAL DEGRADATION OF POLYSIYREN E (taken from ref. 20) 

T-e T-- me <-a E (kad nwX- I) 

(1) Dsc 370-380 - 32f3 

OTG 
(a) in air 320-390 29f2 
@) in% 290-390 32*2 

. (d in 02 340-375 28f2 

o-spcaromeay. 
(a) scynac fol-zmaion 36a430 3o*i 
(b) Benzene fornlatiorl’ 360-430 44f2 

The t.heoatical calculations ” from solid PS to &s&us monomer reveals that 

the vahre is 28 kcal moI-r confinning further the experimental validity of our results. 
It was fix&r observed that Eremaius the same irrespective of the atmosphen=uuder 
which PS deccnnposes. This suggests that hopefully the E of PS degradation in 
propcRam (oxidative degradation) shoufd also be 30 kc&mol' ‘_ : 

S!z& of thepropellmrt 
We have aheady pointed out the justification of the thermal decomposition 

studies of the propeIJant. The present PS/AP system shows a uxreIation bet%xn the 
thermal decomposition_ of the propellant t6, that of its burning rateg. SirGlar results 
are also obtaiued for -the polye&/AP system (Table 6, Fig- l)- Howevet, a-great 
deal of work employing various systems is needed tr, obtain a-general picture. 

The thermai_~&omposition of the propellant.@volves the decomposition of 
AP and binder both The DSC thcrmogmms of PS, AP and propellant are shown in 
Fig- ,2 The propellant thermogram seems to be a cqmpositebne~ recalculation (by 
the method used earlieG4) reveals that for a low- tempemture range the value is ._. 
20 kcaf mol-’ and for z$ high temperat& range it is &out 55 kcal mol-‘. The E 
vahr.esof.AP~PS and prcpehants are’compared in Table 7;which shows that E of 
the propellant corresponds to that of AP and not- to-that of PS _Cne is, the&ore, 

tempted to say that the rate-wntrdlkg pro<xss in -the propellant ~decomposition 
is the decomposition of AP_. Further, it should .be toted that the thermal decomposi- 
tion afthc‘propeIIant is reiated to the therma+composition of AP(I?g. 3) and. not 
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the sublimation of AP_ This is evident from the fact that whereas Efor AP dexomposi- 
tion and propellant decomposition has two values (20 and 60 kcal rn01-~ for the 
Iow and high temperature regions), the E value for the sublimation of AP is 20 kcal 
mol- I throughout the whole temperature range covering both low and high te&- 
perature ranges. This derives further &pport from the data presented in T+bIe 6, 
i.e., 1 M % CrOe- doped AP sensitiscs the thermal decomposition of AP at 350°C; 
the thermal dezomposition of the propellant using I M % GO:- doped AP is also 

TABLE 6 

BURNING RATE AND THERMAL DECOMPOSlTION OF 
POLYESlER/AP PROPELLANT (taken from ref. 9) 

Pressure Burning ruze (cm set-3 

undopad 1 M% cr0~‘&ai 

300 0.410 OA35 
500 0.461 0.538 
700 0563 0x7- 
900 0589 0.819 

._ 

lxamaI&conqlvsi~ti 

undopad I M% crop && 

% dccomposd at 350°C of propcUant 25 45 
%decomposcd at35O”CofAP 12 30 

= Dynamic TG (4-C min- 3. 

o.ol6* 1 

0.070 O-cm O-080 0-08s 

~Ekming rate (cmfsec) 
. . 

- -. 

Fig. I. D&tics of bwiiing raft on the thcrmd decomposition of the PS/AP (75%) propcliant 
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4 
-pPRo- -----Pps --AP 

D 

it K) 

Pi& 2 DSC thempograrm of AP, PS and PSiAp (70%) propdknt at the scan speed of 16 K min-‘_ 
Weight of the sampIes PS = 2466 mg; AP = I-7216 mg and propdknt = 1392 mg; 

TABLE7 

COMPARISON OF THE DECOMPOSITION ACX-IVATION ENERGIES OF 
AP, POLYsrYREws AND PS/AP PROPELLANT 

An3molJium gKzcbx0~tc (AP) 
(i) Sublimation _ _ 
m De-m--o P 

Pob&- (es) 
PSfAP prop&ant 

20 20 DTA, thcorctibal 
20 60 DSC, TG. DTA. MS=. 

thcor&cal 
30 30 DSC, TG. MS 
20 55 DSC (iithetmal & 

scanning both) 
17f2 Exproaes TG 

. . semtsai at that temperature- In Fig. 1, we have shown that the thermal decomposi- 
tion ok t& propeIiant is related to its burning rate. JYigure 3 prexnts data on the 
reIatio& belxveen the thermal decomposition of AP and the burning rate-of the 
propelknt containing AP_ It is evident that the burning rate of the propellant can be 
changed by changing the decomposition behaviour of AP_ 

It has been observed that the mechanical and baktic properties of the propel- 
lant change dnxing s&age_ Wbenz+ the changes in-the mechanical properties of 
the propellant may be dtx& to the deterioration in the mechanical pro&es of the 
bind&, the changes in the balktic properties may, from-the.‘abqve discussed data, 
well be dne to the slow thermal decomposkion of the piopeIl&t zk a wkie. If this 
is the &a+ it mai-be inter&&g to see if the M.&de~g step.& i;;~ ageing 
procks @ the same-& that in the thermaf decox&osition of the ‘@rop@ant and AP 
at~&erttmpaatare(u)o”c), . . . .~ -J. . -: -- 
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0.07~ I I I I 
0 O-5 1.0 1.5 2 0 0-02 . 

CQ cancen~ration (mok ‘/.I 

Fig. 3, Dcpcndcn~~ of the burning -rate of PS/AP (7S’A) PropelIant ad tk tb~~~ai decomposi~011 

of Ap (-Isothermal; 276°C) on the concentration of the dopam. 

I 5 % 
0 10 v. . 
A 15 v. 
L1 30 v. I 

l 50 v. 
X 60 % 

A loo v. I 

Fig.4.A - - 
percentage change of burning rate of 
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Ageing of the PS/AP propelkmt for changes in the ball&tic properties has, 
therefo~ been studied in the temperatare range 60 to 200°C. The data are presented 
in Fig. 4. A single E of 14 lccal mol-’ is obtained over the whole t&mpcrature range 
60 to 200°C The obvious infertnces are: (iJ the me&mism of agfzing at low storage 
temperature is the same as that of the decomposition at higher decomposable tem- 
peratures; and (iii the value of the E for ageing corresponds io that of the propeliant 
timposition (17 kcaI mol-‘) and therefore to AP decomposition. The aged 
pro-t and the residue of the prc&lant decomposition at 300°C have lx+x 
quaUativeIy analysed. In both cases, a yelIowcoIoured product is obtained having 
an absorption at 278°C. TLC anal&is of the decomposition residue shows a number 
of bands indicating thereby the formation of a Iarge number of intermaiiates’3 
U&k s)- 

TABLE 8 

R, VALUES OF SOME OF THE BANDS OF 
DECOMPOSmON RESIDUE OBXAINED IN 
BENZENE+25% M ErHANOL SOLVENT (taken from rrf. 13) 

Ydlow 0.97 1.0 
Li@t blw 0.83 0.83 

BmWn 0.08 0.08 
~ghZ~WithOEUlgCtiDgC 0.37 - 
No fiw- (absorbs 33 0.62 O-61 

In summary, it may be conduded from the present work that the thermal 
decomposition of AI? play3 a signiEc3.M role in the ageing as well as the combustion 
of the propeuan~ 
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