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The thermal ignition behaviour of ammonium perchlorate has been investigated in the 
presence of fuel-rich compounds such as tetramethylammonium perchlorate, trimethyl- 
ammonium nitrate, carbon and cellulose. The ignition characteristics, as studied by dif- 
ferential thermal analysis, have been found to be strongly influenced by self-decomposition 
and other physicochemical properties of the additives. For a simple system, an analytical 
model proposed on the basis of the coupling of two exothermic decomposition reaction 
kinetics and a heat-balance equation, appears to explain to some extent the observed trend 
in peak ignition temperature when the composition is varied. The salient features of the 
analysis, as regards its application to fuel-oxidizer interactions in general, have been pointed 
out. 

The importance of thermal ignit ion studies on condensed fuel-oxidizer systems 
arises mainly because of their extensive application in the field of propellants and 

explosives. Of the condensed systems, the mixtures involving ammonium perchlorate 
(AP) are of special interest due to their wide use in solid propellants. The thermal 
ignit ion behaviour of AP is known to be modif ied in the presence of catalysts, im- 

purities and additives [1]. A systematic study of the dif ferent ial  thermal analysis 
(DTA) of  AP in the presence of structurally similar, fuel-rich compounds, viz. methyl- 
ammonium perchlorates (MAPs), was recently carried out  in our laboratory [2]. It 
was observed that although AP shows two exotherms due to partial and complete 

decomposit ion at around 300 ~ and 400 ~ respectively [1] in DTA, it ignites in asingle 

step at around its partial decomposit ion temperature in the presence of small amounts 
of mono-, di-, tri- or tetramethylammonium perchlorate. Interestingly, the critical 
concentration of a MAP needed to cause ignit ion in a single step corresponds to a 
unique composit ion of the mixture, expressed in terms of its elemental stoichiometric 
coefficient, ~e [3]. However, some of  the features in the DTA of the mixtures of AP 
and tetramethylammonium perchlorate (TMAP), such as the shift of  the terminal 
exotherm to lower temperatures as a funct ion of concentration, were not clearly 
explained. 
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The decomposition characteristics of AP-TMAP mixtures may be simple because of 
the relatively uncomplicated decomposition behaviour of TMAP. The DTA of TMAP 
does not show any transition in the decomposition range of AP [4]. However, the 
ignition characteristics of AP are expected to be strongly dependent upon the physico- 
chemical properties, such as melting, decomposition characteristics, etc. of the fuel- 
rich additive. Besides TMAP, therefore, we report here the ignition behaviour of AP 
in the presence of other fuels having widely differing physicochemical properties, as 
revealed by their DTA in air and nitrogen. The additives used in the present study 
include simple fuels such as carbon and cellulose, which do not decompose exo- 
thermically in a non-oxidizing atmosphere below 400 ~ and also a fuel-rich compound, 
trimethylammonium nitrate (TMAN), which melts and decomposes below the first 
exotherm of AP [5]. 

Attempts have recently been made to analyse the ignition phenomena of two- 
component systems on the lines of the Semenov and the Frank-Kamenetskii models 
[6-10] .  These methods have been applied successfully to determine, analytically 
[ 6 -8 ]  as well as numerically [9 -12] ,  the self-heating characteristics of systems in- 
volving two parallel exothermic reactions as a function of the ratio of the activation 
energies, the adiabatic temperature rise due to the minor component, and the ratio of 
the rates of the two reactions. In these analyses, which pertain mainly to static tem- 
perature conditions, i.e. where the temperature of the surroundings is kept constant, 
the influence of one exothermic'reaction on the other in determining the ignition 
behaviour of the composite system has been clearly brought out. In the light of the 
above approach, we report an analysis of the ignition characteristics of a system of 
two components capable of generating heat independently, under linear heating. 
The emphasis in the present analysis has been placed on determining the trend in peak 
ignition temperature when the composition of the reactants is varied. It was envisaged 
that such an analysis may throw light on the mechanism of ignition of analogous 
simple systems, such as the AP-TMAP system in the present case. 

Experimental 

Tetramethylammonium perchlorate [4] and trimethylammonium nitrate [5] were 
prepared as described earlier and the purities of the samples were checked by com- 
paring the DTA traces with those already reported. The carbon used in the present 
investigation was activated charcoal supplied by Sarabhai Chemicals. The differential 
thermal curves were recorded using a two-channel potentiometric strip-chart recorder, 
as described by Jain et al. [13]. In each experiment, 200 mg of the sample was taken 
in the DTA platinum cup. A uniform heating rate of 12.0 ~ min -1  was employed in 
the case of the AP-cellulose and AP-carbon systems, whereas in the AP-TMAP and 
AP-TMAN systems the heating rate was 20 ~ m in -  1 The DTAs in nitrogen atmosphere 
were carried out on some typical samples under conditions identical to those in air. 
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Results 

The DTA traces in air of AP and the fuel-rich compounds used in the present study 
are shown in Figure 1. The DTA of pure AP exhibits an endotherm at 240 ~ followed 
by two exotherms at 300 ~ and 380 ~ which are attributed to partial and complete 
decomposition, respectively. Whereas carbon does not show any explicit peak up to 
400 ~ the DTA of cellulose exhibits a complicated pattern, wi th a very small endo- 
therm at 295 ~ and two exotherms at 368 ~ and 501 ~ which agrees fair ly well wi th 
some of the values reported in the literature [14, 15]. The DTA trace of TMAN 
displays two endotherms due to phase transitions, at 90 ~ and 126 ~ and a decom- 
position exotherm at 210 ~ whereas that of TMAP shows only a single exotherm 
at about 400 ~ thus agreeing with those reported [4, 5]. 

Figure 2 presents some selected DTA traces of AP in the presence of a higher 
than critical concentration [2] of TMAP. It is seen that, as the concentration of TMAP 
is increased, the self-ignition temperature of the mixture successively shifts to higher 
values. 

The DTA results on the AP-carbon system are given in Figure 3. In the presence 
of 1% carbon by weight, the DTA of AP is slightly modified, with intensification of 
the peak at 295 ~ . However, when the concentration of carbon is 1.4%, the mixture 
self-ignites at 295 ~ This concentration, incidentally, corresponds to a be value [3] 
of 1.97. The stoichiometric mixture, i.e. containing 11.3% carbon by weight, also 
self-ignites in a single step, but at a considerably lower temperature, around 260 ~ 

Figure 4 shows the effect of cellulose on the thermal decomposition of AP. At  3% 
cellulose, in addition to an endotherm at 240 ~ three exothermic peaks are observed, 
at 308 ~ 356 ~ and 368 ~ When the concentration is increased to 5%, only two exo- 
thermic peaks appear. With 10% cellulose, the mixture starts to self-ignite, giving a 

single exotherm at around 290 ~ Beyond this concentration, the self-ignition tern- 
perature is lowered as the amount of cellulose added increases. It is interesting to note 
that at and above 50% cellulose, the entire mixture ignites below 240 ~ In all the AP- 
cellulose mixtures except those containing very low concentrations of cellulose, an 
endothermic peak occurs at around 220 ~ which is not observed in the DTA traces of 
either AP or cellulose; the intensity of this peak grows with the amount of cellulose 
added. 

In the presence of TMAN, as shown in Figure 5, the thermal decomposition of AP 
is drastic311y modified. Between 5 and 15%, two exotherms are seen in the region 
200 ~ to 280 ~ whereas above 20% TMAN only one exothermic peak is observed. The 
peak temperature, however, appears to pass through a minimum at 40% TMAN. 
Interestingly, when the amount of TMAN present is 80%, two exothermic peaks are 
found, one at 149 ~ and the other at 278 ~ . 

It is important to point out here that when the DTA experiments on some typical 
samples of AP~:arbon, AP-cellulose and AP-TMAN systems are carried out in flowing 
nitrogen atmosphere, the results obtained are virtually unchanged as compared to 
those in air (Table 1). 
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Fig. 1 DTA traces of AP, TMAN, cellulose, TMAP and carbon, in air 
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Fig. 2 DTA traces of AP-TMAP mixtures in air. TMAP concentration: A, 0%; B, 5%; C, 200/0; 
D, 40%; E, 70%; F, 85%; and G, 100~ 
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Fig. 3 DTA traces of AP-carbon mixtures in air. Carbon concentration: A, 1.0%; B, 1.4%; C, 2%; 
and D, 1 1% 
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Fig. 4 DTA traces of AP-cellulose mixtures in air. Cellulose concentration: A, 3%; B, 5%; C, 10%; 
D, 30%; E, 50%; and F, 90% 
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Fig. 5 DTA traces of AP-TMAN mixtures in air. TMAN concentration: A, 6%; B, 15%; C, 20%; 
D, 40%; E, 60%; and F, 80% 

Table 1 DTA data in nitrogen atmosphere 

Concentration of fuel, wt% DTA peaks*, ~ 

AP-TMAP 
5 240(-) 290(+) 

40 240(-)  322(+) 
50 240(--) 330(+) 

AP-carbon 
1.4 240(-)  265(+) 
2.0 240( - )  284(+) 

AP-cellulose 
2 240( - )  315(+) 349(+) 362(+) 
8 240(-) 257(+) 

30 225(-)  240(-)  259(+) 
70 236(-)  251(+) 

100 324( - )  

*(+)  and ( - )  indicate exotherm and endotherm, respectively 
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Discussion 

The results of the present investigation bring into focus two aspects of the ignition 
of AP in the presence of a fuel. The first is the single-step ignition of AP. At lower 
concentration of fuel, it is observed that AP ignites in a single step. The elemental 
stoichinmetric coefficient, be, corresponding to these mixtures with a critical con- 
centration of a fuel, has been found to be approximately the same (about 1.96), 
at least for AP-carbon and AP-MAP [2] mixtures. It is significant to note here that 
whereas carbon is considered as a pure fuel, MAPs are only fuel-rich compounds, 
and that the decomposition characteristics of these compounds are widely different. 
These results conform to our earlier observations [2]. 

The other aspect is the observed shift in ignition temperature, which appears to 
be dependent upon both the nature and the concentration of the fuel, when the 
amount of fuel present is more than that needed for the single-step ignition of AP. 
For instance, let us take the case of AP-TMAP mixtures, which is the simplest com- 
bination considered, as pointed out earlier. The single exotherm observed shifts to 
higher temperatures as the concentration of TMAP is successively increased above 
3.5%. Such a shift in ignition temperature cannot easily be explained. 

In order to account for this behaviour, it may be envisaged that once AP starts 
igniting in a single step, any further increase in concentration of TMAP might 
influence the kinetics of the overall ignition process, which may lead to shifts in 
ignition temperatures. Further, assuming heterogeneous reactions to be of minor 
importance, the overall behaviour of such a system may be looked upon as due to 
the coupling of the kinetics of two decomposition reactions, viz. the complete de- 
composition of AP at 300 ~ and the decomposition of TMAP at around 400 ~ An 
analysis of such a system for a set of hypothetical reactions is presented in the 
Appendix. It is shown that in order for one chemical reaction to influence the other, 
without chemically affecting it, the temperature rise produced by the first decom- 
position reaction must be sufficient to initiate and also to sustain the second reaction. 
In this case the kinetics of the reactions may be said to couple with each other. The 
extent of coupling then depends on the decomposition characteristics and heats of 
reaction of the individual reactions. It is apparent that the greater the gap in tem- 
perature between the two peaks, the less wil l be the coupling. The analysis shows 
that when the two reactions are coupled to a sufficient degree to produce a single 
peak, there is a progressive shift in peak temperature with changes in composition. 

In comparing the above results with those obtained on the AP-TMAP system, 
it is important to point out that an exact reproduction of the experimental results 
in such a system is neither feasible nor desirable, because of the limitations of the 
approach and the lack of the necessary kinetic parameters. However, a comparison 
(given in Figure 6) of the observed shift in the ignition temperature with the composi- 
tion of the AP-TMAP system, with that predicted by the hypothetical system de- 
scribed by the second data set in the Appendix, reveals that the trends in the shift 
in the two cases are almost identical. It appears, therefore, that the shift observed in 
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the ignition temperature of the AP-TMAP system may be a consequence, at least in 
part, of the coupling of the kinetics of two exothermic reactions. 

The AP-carbon system was investigated only up to the stoichiometric concentration 
of carbon, mainly to find out if the ignition of AP occurs in a single step when the 
composition of the mixture is around a be value of 1.96. However, it is pertinent to 
note that at higher than the critical concentration of carbon, the ignition temperature 
shifts to lower values. These results may not really be surprising, if proper account is 
taken of the facts that AP starts decomposing, though slowly, in the range 150-200 ~ 
and that the products formed react immediately with carbon. That is to say, the 
heterogeneous reaction rate, which may be appreciable at low temperature, influence 
the decomposition at 300 ~ to such an extent that the overall reaction rate is signifi- 
cantly increased at lower temperatures and the ignition occurs at around 260 ~ . Similar 
results obtained in the case of potassium perchiorate-carbon mixtures [16] were 
explained by postulating the solid-state oxidation of carbon. However, to explain 
the decomposition of an AP-carbon mixture under vacuum at as low a temperature 
as 240 ~ a catalytic effect of carbon on the thermal decomposition of AP was pro- 
posed by Galwey and Jacobs [17]. 

& 

~='750 __ 
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600 I =, 

20 40 60 80 100 

Composition~ wt % TMAP 

Fig, 6 Variation of ignition temperature with composition: A, experimental (AP-TMAP system); 
B, theoretical (Set II data given in Appendix) 

The behaviour as regards the shift in the ignition temperature can be explained 
only qualitatively on the basis of the simple model presented in the Appendix. This is 
because the model is based on essentially a two-reaction system whereas in fact a 
minimum of three reactions, viz. low and high-temperature decompositions of AP 
and the heterogeneous reactions should be considered. The observed behaviour may 
therefore be due to a complex interplay of these reactions. Carbon being susceptible 
to oxidation, the onset of the heterogeneous reactions occurs at around the partial 
decomposition temperature of AP, i.e. at 300 ~ Thus when the rate of heat release 
due to the heterogeneous reaction, which depends on the amount of carbon, and 
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taining 3 to 6% 
peak occurs at 
between the two 
position of AP. 
larger, the peak 
is increased. 

the decomposition of AP is high enough to start the third reaction, single-step ignition 
is observed. Otherwise, depending upon the heat effects, two peaks with differing 
gaps are observed. 

In the AP-cellulose mixtures, depending on the concentration of cellulose, three 
different patterns in the thermal curves are evident. Though, at first glance, these 
results appear complicated, on close scrutiny it is revealed that if a heterogeneous 
reaction is assumed to occur between AP and fuel-rich species emerging from cellulose 
depolymerization and decomposition, the results f i t  into an explanation similar to 
that offered for AP-TMAP mixtures. 

In all AP-cellulose mixtures (above 5% of cellulose) an endotherm is observed at 
around 220 ~ . Based on analogous results obtained in the decomposition of cellulose 
containing a low concentration of ammonium hydrogen phosphate [18], where an 
endotherm is observed at 240 ~ the endotherm at 220 ~ may be attributed to acid- 
catalysed depolymerization and decomposition. The acid in this case may result 
from the decomposition of AP. This is supported by the evidence that the DTA of 
cellulose in the presence of a very small amount of HCIO 4 does indeed show an 
endotherm at 220 ~ followed immediately by an exotherm. Furthermore, no such 
endotherm appears in the DTA of potassium perchJorate-cellulose mixtures [19]. 
The'depolymerized cellulose thus formed may be highly susceptible to oxidation and 
may catalyse the decomposition of AP, by participating in heterogeneous reactions 
at significantly lower temperatures. Thus, in the mixture containing 3% cellulose, 
the first of the three peaks may be due to the low-temperature decomposition of AP 
sensitized by the heterogeneous reaction between depolymerized species and AP. 
The sensitization is clearly seen as an enhancement in the peak intensity as compared 
to that for pure AP. The second peak, at around 360 ~ which is actually a shoulder 
beside the other peak, may result because the small amount of cellulose which has 
not depolymerized at around 220 ~ undergoes combustion in air (as observed in the 
DTA curve of pure cellulose in air) or with oxidizing species arising from AP decom- 
position. Finally, the third peak may be the result of the high-temperature AP decom- 
position, slightly sensitized by other reactions. As the concentration of cellulose is 
increased beyond 3%, the influence of the composite heat effect due to heterogeneous 
reactions and the low-temperature decomposition of AP, seen as the first exotherm 
at around 270 ~ in the other reactions, is also increased. Hence, for mixtures con- 

cellulose, only two peaks are observed. Above 6% cellulose a single 
a temperature determined presumably by the extent of coupling 
reactions, viz. the heterogeneous reaction above 220 ~ and the decom- 
The rate contribution from the heterogeneous reaction being the 
temperature is expected to be lowered as the amount of cellulose 

The AP-TMAN system is rather complicated, although here again at 6% TMAN no 
terminal peak of AP decomposition is seen. The complication probably arises due to 
the formation of melt. Although melts are known to have peculiar decomposition 
characteristics [2], they have not been investigated in detail. The decomposition 
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characteristics of the AP-TMAN system appear to depend strongly upon the compo- 
sition of the mixture, which cannot be accounted for on the basis of a simple model. 

In conclusion, it seems that the ignition characteristics of AP-fuel mixtures are 
strongly dependent upon various physical parameters, such as the decomposition 
and melting points of the fuel additive, the nature of the fuel and the composition of , 
the mixture. For systems exhibiting very low chemical interaction, these factors may 
be analysed to some extent by means of a model based on the heat-balance equation. 
However, the influence of other parameters must not be ignored in such an analysis. 

Appendix 

Therma/ ignition of  two-component systems under non-isothermal conditions 

The ignition phenomenon in a system comprised of two components capable of 
undergoing independent exothermic reactions at different temperatures may be 
viewed as follows. When a two-component system is subjected to a uniform rate of 
heat input, the exothermic reaction of the component decomposing at lower tem- 
perature occurs first. When the temperature rise in the system due to the first exo- 
thermic reaction is so high that the rate of the second exothermic reaction becomes 
appreciable, the kinetics of the two reactions may couple with each other. The overall 
behaviour of the reaction wil l then be determined by the extent of coupling and 
the combined rate of heat build-up of the reactions. 

The mathematical analysis of the description of a DTA curve has been carried out 
on the basis of an idealistic model [21], i.e. assuming that the temperature distribution 
within the sample is uniform and that the heat loss term is linear in temperature. 

Let us consider two independent exothermic reactions whose kinetics may possibly 
couple, as represented by the following scheme: 

reactant 1 > products (reaction 1) 
reactant 2 > products (reaction 2) 

The equations employed could be written as: 
Heat balance: 

dT 
m ' C ' ~ - = m l  "Q1 " A 2 " e x p ( - E 1 / R T ) ' f ( ; k l ) +  

-I- m 2 . Q2 "A2 " exp ( -  E2/RT) �9 f(;k 2) - -~  (T - TO). 

Reactant consumption: 
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dXl 
- d r - =  A1 " exp ( - E 1 / R T )  �9 f(~,t), 

d~ 2 
- ~ -  = A  2 �9 exp ( -  E 2 / R T )  �9 f(;k2). 

Temperature variation of the medium: 

T O = Ti + Wt. 

Init ial condit ions: 
T = T O = Ti  and ~,1 = 0 = ~,2 at t = 0 where C is the heat capacity of the mixture;  

Qi  is the heat effect of the i th reaction; m i  is the mass of the i th component; 
m = ~ m i ,  the total mass of the mixture; E i is the activation energy of  the i th reac- 
t ion; A i is the Arrhenius parameter for the i th reaction; ;k i is the fraction of  the i th 
component reacted at any t ime t; (~ is the heat transfer coeff icient; V is the volume; 
T O is the temperature of the medium; T i is the ini t ial  temperature; and W is the 
heating rate. It has been assumed that f(X) = 1 - ;k. 

The values of the parameters w i th  subscripts i refer to those of reactions t and 2. 

The equations were solved by the Runge-Kut ta  [22] method. Typical  sets of 
parameters used in the analysis are as fol lows: 

E l, kJ E 2, kJ 
mot 1 mol-1 A ] , s e c - ]  A2, sec-] Q1,Jg -1  Q2, Jg -1  W,~ m,g 

Set I 125.4 198.5 109 1013 1672 1254 20 0.2 
Set II 125.4 182.1 109 1013 1254 940 20 0.15 

The results obtained are presented in Figures 7 and 8 as temperature rise, AT,  vs tem- 
perature plots for various compositions. With the f irst set of data, depending upon 
the relative concentrations, either a single peak or two peaks wi th  a di f fer ing gap is 
seen. The results show moderate coupling of the kinetics where the composit ion range 
w i th in  which a single peak is observed is l imited; nevertheless, the peak shifts w i th  
change in composit ion. The results obtained from the second data set (Figure 8) 
represent a case of strong coupling of  the kinetics over a wide range of  composit ion. 
There is a clear-cut shift in peak temperatures as the relative concentrat ion is varied. 
In other words, it is clearly seen that when the composit ions and kinetic parameters 
are appropriate, a two-reaction system wi l l  behave as if consisting of one reaction only. 
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Fig. 7 Variation of peak temperature with composition, for Set 1. Component 2 concentration: 
A, 20%; B, 30%; C, 50%; and D, 60% 
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Fig. 8 Variation of peak temperature with composition, for Set II. Component 2 concentration: 
A, 10%; B, 20%; C, 40%; D, 70%; and E, 80~ 
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Zusammenfassung -- Das sich auf die thermische Entz~ndung beziehende Verhalten von Ammo- 
niumperchlorat in Gegenwart yon an brennbaren Komponenten reichen Verbindungen wie Tetra- 
methylammoniumperchlorat, Trimethylammoniumnitrat, Kohlenstoff und Cellulose wurda unter- 
sucht. Die durch DTA untersuchten Entz~ndungskennwerte werden stark durch die Selbstzer- 
setzung und andere physikalisch-chemische Eigenschaften der Zusatzstoffe beeinflusst. Im Falle 
eines einfachen Systems scheint ein auf der Kombination von zwei kinetischen F~llen tier exo- 
therman Zersetzungsreaktion und der W~rmebilanzgleichung beruhendes Modell den beobachteten 
Trend der Entzi3ndungstemperatur in Anh~ngigkeit vonder  Zusammensetzung his zu einem ge- 
wissen Grade zu erkl~ren. Die wesentliche ZLige der Analyse hinsichtlich ihrer Verwendbarkeit 
zur Untersuchung von Brennstoff-OxydationsmitteI-Wechselwirkungen im allgemeinen wurden 
hervorgehoben. 

Pe3~Me --  Hccne/~oBaHa TepMHqeCKaR BocnnaMeHReMOCTb nepxnopaTa aMMOHHR B npHcyTCTBHH 

TaKHX Bb|COKO TennOTBOpHblX coe/1HHeHH~I, KaK TeTpaMeTHflaMMOHH~ nepxnopaT, TpHMel"Hn- 
eMMOHH~ HHTpaT, yrnepoA ~ u, enntono3a. XapaKTepHCTHKH BocnnaMeHReMOCTH, H3yqeHHble 
MaTOAOM ~ T A ,  CHflbHO 3aBHCRT OT CaMopa3flO)KeHHR H ,0,pyrHx d~I43HKOXHMHNeCKHX CBOI~ICTB 

/tO~aBOK. B cnyqae npocT'o~ CHCTeMbl, KaK aHanHTHq6CKOH MoAenH, npe/~o)KeHHO~ Ha OCHOBa- 

Ht414 coeAvIHeHHR AByX 3K3oTepMH~eCK~X peaKtlH~ paaI10>KeHVIR H ypeBHeHt4R Tennosoro 6anaHca, 

npe/lcTaBHnacb BO3MO)KHOCTb O6bRCHHTb Ha6nK)/taeMy~ TeHAeHU, HM) HeKOTOpOI'O npOTR;~KeHHR 
nHKa TeMnepaTypbl BocnfIaMeHeHHR C H3MeHeHHeM cocTaBa. 6birth OTMeqeHbl xapeKTepHble 

qepTb! TaKOI'O aHaRH3a J1J1R npHMeHeHHR ero B peaKu, HI4 B3aHMoD, eHCTBI4R TonflHBO-OKHC/IHTeJlb. 
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