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ABSTRACT 

Dmerential scanning calorimetry has been used to calculate some kinetic 
parameters of a typicai composite solid propellant (PBAA based), The heating-rate 
a&xt.s the deveIopment of thermograms and also the apparent activation energy. 
SampIe geometry has a definitive intlcenoe on thermo,o;rams and on sample ignition 
but seems to have no effect on activation energy calculations- 

IN?RoDUCXION 

Research carried out applying thermoanalytical techniques for the deter- 
mination of the activation energy in the combustion process of solid propellants, has 
been doneID at heating rates (8) in the range 10 to 20 K min-‘. To our knowledge, 
no detailed studies concerning the influence of the heating rate on the activation 
energy are reported in the literature_ However, if there is a relationship between these 
two parameters, it shouId be established, since it is common practice to employ 
thermoanaIytica1 data in real motor combustion calculations_ The composite solid 
propellant combustion mechanism is very complicated and only a general outline can 
be postulated_ It is recognized that parallel and consecutive reactions may occur; 
thus it is quite reasonable to assume that the reaction mechanism may change with 
different heating conditions. In addition, the heating rates used in thermoanalytical 
methods are much lower than those which ignite the propellant in the motor. Heating 
rate variations may change the reaction path and consequentIy the activation energy 
may be chan_9ed and may take values quite different from those obtained by thermo- 
anaIytica1 techniques. Waesche and Wenograd’, working with DSC and a propellant 
of the same composition as the one used in the present research work, did not find 
variation of the activation energy over the range they tested (isothermal to 
20 K min- ‘)_ From their findings, they justify the use of kinetic parameters obtained 
by thermoan+ticzl methods in solid propellant combustion calcnlations, where the 
heating rates are always considerably highe#. 
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fn the same publication’ the authors describe a two-step propellant decom- 

position, which is aIso observed with ammonium perchIorate (AP) alone_ However, 

when they work with a propeDant with AP particles of I5 fun the Grst reaction peak 
does not appear- Assuming that an induction period exists, they consider that this 
Iow temperature reaction would not influence the extrapolation to high heating rates. 

These conclusions seem to be confirmed by the research done with pure AP by 
Bircumshaw and Phillips5_ They found that when working isothermaliy there was no 
induction period at a high temperature (420°C). However, this efG&t was observed 
when the experiments were run at 280°C 

Simii studies reported by Sammonz? demonstrated that the decomposition 

of AP aIone at low temperatures (600 K) generally reach 30%. Working with DSC, 
and comparing the exothermic peaks at low and high temperatures, he found that the 
amount of AP which has reacted varies between 15 to 50%_ Nevertheless, Sammons6 
reported in his paper, that it has been demonstrated by thermogravimetric methods 
that the decomposition of AP never reaches vaIues higher than 30%, depending on its 
purity_ For high purity AP the thermograms show aImost no decomposition at low 
temperatures, but even when using these samples in isothermal studies, the decom- 
position may be extended to 30%, which would confirm the existence of an induction 
period_ Waesche and Wenograd’ studying the high temperature decomposition 

(AP particle size: I5 ,um) have found two peaks, but they did not explain this behavior- 
They stated that the reaction which corresponds to the first peak indicates a Iarger 

heat r&ax rate at high temperatures_ This would indicate that this reaction is the 
controlling step in the combustion process, 

The present work, using DSC, has studied the influence of the heating rate on the 
kinetic parameters in the range 4 to 64 K min- ‘_ Taking into account the rest&s 
obtained by other authors 1-5*6 this investigation is mainIy concerned with the 

kinetics of the high temperature deccmposition. The induction period associated 
with the reaction at lower temperatures, appears to eliminate any infiuence of this 

process on the real combustion_ 
The effect of the sampIe geometry on thermo_grams was aIs investigated. So‘me 

resu1t.s were already reported by Sammons6 and we anaIysed the possible effects on 
experimentaNy determined activation energies_ 

The solid propellant composition was: AP 75% (particle size 16 q~) and 

polybutadiene-acryIic acid (PBAA) 25%. 
The samples were prepared by slicing propellant with a microtome_ The slice 

thickness was measured with a dial gause (_C 10 pm) and then diti were cut out 

(diameter 3 mm) with a cork borer. These were encapsulated in seaIed aluminum pans 
with 7 holes \-&meter O&O_2 mm) p&c& in the lid to allow gaseous decomposition 

products to escape_ The sampIes were weighed with a Cahn electrobalance, The 

diff’ntiai calorimeter employed was a Perk&Elmer DSC-IB, 
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RESUI3-S Ah?) DISCUSSION 

Thernwgram characteristics 
Figures 1-4 show series of thermor- which present some similar features 

and may he summan -2ed as foliows: 

(1) The typical endothermic peak (I) of the crystal phase change of AP is 
observed at about 526 K. It is known that this peak corresponds with the ortho- 
rhombic to cubic transformation. 

(2) A sort of pIateau (IJ) follows peak (I); this corresponds to the low temper- 

ature decomposition of AP. 
(3) An exothermic peak (III) appears in the range 6!M-640 K, depending on 

the sampIe thickness and cn the heating rate employed. Immediately after peak (III) 
the figures show a second exothermic reaction, which will be called peak (IV) in this 
publication. Sometimes this peak coincides with the former. These two exothermic 
peaks correspond to what is generally known as the high temperature decomposition. 

In general, we will refer to them as the lower and higher temperature peaks. 

Reaction kinetics 
In order to cakulate activation energies of solid propehants from thermo- 

analytical experiments, Waesche and Weno_ad’ applied a method based on the 
calculation of the fractions decomposed at each temperature, using the relationship: 

wea zrnder the curce to any given temperatureftotal wea. This method assumes that 

IO.33 mcal/sec 

500 520 540 5fXCCCOwe6~0 620 640 64% 
. 

Eg- 1. -fhcrrnograms for diff’nt sample thicknesses; B = 8 K min- ‘, ( -) thickness = 1 IO /nn. 
m = 1.053 mg; (- - - ) thickness=230- m=219Omg; (----) thickness=310w, m= 
3.398 mg; <- ---)thickness=330~m=3460mg. 
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I l-1 mcalkec 
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tzlTpeEture. K 

Fig 2 Thermograms for difkmnt sampIe thicknesses, B = I6 K min- ’ ; ( -) thickness= 
IlOpm, m= iAk5Smg; <- --) thickmess= ZSOpm. m= 1.804 mg; <----) thickncss=2~~ 
in= L942mg. 

the heat of reaction of both processes is the same. These authors’ employed pre- 
decomposed sampfes at approximateiy 570 K to obtain more accurate determinations 
in the high temperature region, Comparison of activation energies obtained with 
pre-dezomposed and with reguular sampks for a propellant with 90 m particle size, 
showed that the decomposition kinetics is not AEzcted by that process_ However, the 
authors did not indicate if they found the same results with sampks of a smaller 
particle size_ In order to compare resuits with those of Waesche and Wenograd’ we 
did a simik experiment using our propeknt (particIe size 16 m) but pre-heating 
the sample at 8Kmin-’ to 573 KS After cooling it, the final thermogram was run 
usingthesameheatingrate(Fi~. e 5). Comparing pIateaus (II), it is evident that the low 
temperature dmmposition has disappeared However, the endothermic peak areas (I) 
showed no sign&ant differences in either case. Figure 5 dso shows that in the high 
temperature region, there is bnIy one exothermic peak which corresponds to peak (III) 
in a regular thermogram 

The fadthat peak (IV) is not observed after the pre-heating treatment wouId 
indicate a chan_~ in the overaIl kinetic reaction, This Ieads us to decide that for 
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Fig. 3, Thermograms for difkrent sample thicknesses, B = 32 K min- * ; (- ) thickness= 
60~1% m=0_652mg; (---) thiAncs=Ia)~rm, m=0_978mg; (-----) thickncss=1IO~. 
m = LO88 rnk 

500 520 540 560 580 - 600 ’ 620 640 660 680 700 
temperature. K 

Fi~4.Tbcrmograms for diBerrnt sampk thicknesses, B=64K min-‘; ( -1 thickllcss= 
6Ogm1, m=0.62Zmg; ( ---)thickncss=6Ojan,m=0&4Omg- 
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500 520 540 3% 580 600 620 640 660 6&l 
temjmature, K 

Fig 5, Thermograms obtined during pre-heating to 573 K ( - - -) and on the pre-huLed sample 

(- ).B=8Kmin~*;thickncss=UO~;m=2112mg. 

calculations of kinetic parameters, it would not be reasonable to apply the method 
used by Waesche and Wenograd’. 

To obtain a better understanding of the reactions which generate peaks (III) 
and (IV), we programmed the following experiment: first we ran a thermo_m 
(B=SKlllill’ ‘) up to completion of peak (III) (approximately 620 K)_ Then the 

sampIe was cooled and a new thermo_mam was obtained under the same experimental 
conditions_ Both thermo_grams are shown in Fig_ 6_ The second thermogram still 
shows the AP crystzl phase change (I), thus it was considered of interest to calclllate 
the decomposition percentage measuring the change of the endothermic peak area. 
Two different experiments, applying this methodolom gave 52 and 62%. These values 
of the AP decomposition indicate that, since even at the beginning of peak (IV) the 
AP has not been compIetely used, one may think of the possibility of parafiel reactions. 
According to the temperature, one of these reactions may predominate, depending 
on their activation energies_ Unfortunately we were not able to find a thermo- 
analytical method which alIowed us to determine the kinetic parameters of the 
second reaction (peak IV). This wouId give us the chance to get an idea of the 
importance of this reaction in the overa combustion process. 

I 09% mcakec 
H 

F~6_‘Ikmogramrobt3ineddnringpr~-heatin~ to 62OK(----) andontbe pre-heated~p~e 

(- ~_B=8Kmin-1;thickness=~0~;m=2176m~ 
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Several methods are known 2-7-9 for the calculation of kinetic parameters, 
apparent activation enerq (E), pre-exponential factor (Z) and pseudo-order of 
reaction (n), employing these techniques. We attempt to compare them iu quantitative 

calculations of peak (III). Figure 7 shows the thermogram used for this comparison 
(B = 4 K min- ‘) and Table 1 shows the results obtained. This tabIe shows first the 

value of E using method (a) for the whole thermogram, e-i., peaks (III) and (IV). The 
values for peak (III) aione are also shown for methods (a) and (c). In these cases, in 
order to eliminate the effect of peak (IV), a curve following the assumed shape which 

shouId give peak (JII), in absence of peak IV, was traced on the thermo,gram (Fig. 7). 
Then we were abie to calculate the relative areas in order to obtain the decomposed 
fraction_ 

I 0.51 mca:/sx III 
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fig 7_lhermogram of the composite prope&nt at B=4K min-I. Thickness=23OImr; m= 

2378 mg. 

TABLE I 

COMPARISON OF ACTIVATION ENERGIES OBTATNED USING 
DIFFERENT ANALYTICAL METHODS 

r= Correlation axf?icient. 

Mexhod E n r Peaks 
(kalZ nwz- ‘) C0hCik.d 

(a) Waesche and Wenograd’ 40.5 I’ -09995 III, IV 
Waeschc and Wenograd2 45.2 1’ -09998 III 

(b) Rogers and Morris7 34.4 - -0.9977 - 
(c) Rogers and Smith’ 36.6 0.60 0.9985 III 

- Assumed. 

It is quite reasonable to think that the differences found between method (a) 
+d (b), (c) are due to the assumption that n = 1. It is interesting to note that 
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inchzding in method (a) (peak (III) alone) n = 0.6 from method (c), the E obtained 
is 39.4 kcal mol- l (r = -0.9995). 

Actitaton energy cs_ lie&g rote 

The results presented in this publication arc average values of series of thermo- 
grams_ These thermograms correspond to samples of different thickness, but we have 
found that apparentIy there is no specific reIation between thickness and activation 
energy as is shown in Fig_ 8, where only the rcsuhs at 8 K min- ’ were plotted_ 

For the highest heating rate applied, 64 K min-‘, it was impossr%Ie to use 
sample thicknesses over 60 v, since in these cases the propeknt ignited very ofien. 
When this phenomenon oaxured a very sharp peak was observed at temperatures 
cIose to peak (III) (Fig_ 4)_ For the calculations only those thermograms which did 
not show ignition were empIoyed_ 

Eg. 8. Actkxtiun energy Q w. sampie ffiickness for B = 8 K I&I-‘_ 0 = Different mass and equal 
sunpk dbnetcr; 0 = equal mass and difhent sampIe diameter_ 

Fig. 9. Log heating rate (B) vs. akxra* aaivation energy (85). 

Tn order to apply the simplified method of Rogers and Morris7, all the thermo- 
grams were aualyscd taking only the first points of the curve at 4K temperature 
inten&, where reaction is not important_ 

TabIe 2 summarizes the results at different heating rates and shows how the 
activation ener_w is aRcted_ In Fig_ 9 one can observe the relationship between both 
parameters plotting the log of the heating rate. In the range which is covered by this 
figure equation: 

log B = O.O54E- 1.6 (0 

gives the relationship between i? and B. The thermograms are afkcted by a great 
dispersion of data (Fig. S), but nevertheless the activation energy rise obtained with 
increasing heating rate, is a clear indication that the reaction path is mod&d_ This 
effect may suggest that it is not very convenient to predict the behavior of solid 
prqxIlant combudon in real motors from thexmoanalytical data since the heating 
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rates in actual combustion conditions are much hi@er4 than those used in con- 
ventional thermoanalyticai methods. 

TABLE 2 

AVERAGE ACIWATION ENERGIES FOR DIFFERENT HEATING RATES 

s = Standard deviation. 

B E s 
(K min- 1) (kral nmf - ‘) (Ikuf moz- ‘) 

4 41-O 72 
8 45.2 4-6 

16 53-8 6.9 
32 58-4 1.7 
64 63.6 4.4 

Waesche and Wenog-rad’ did not find that the kinetic data obtained from 
thermo_grams were affizted by the heating rates over the range they tested (isothermal 
to 20 K min- *)_ This conclusion favors their assumption that an extrapolation is 

correct, As we have demonstrated, working in a wider scan rate, it may be adventurous 
to make such an approximation- In fact, the optimum approach would be the 
developtient of quantitative l &ermoanaIytical methods employing compatible 
heating rates with actual solid propellants iguition processes as was attempt& 

qualitatively by Bouck et al. lo Actually this in one of our main present objectives, _ 

and the resuits wiII be reported in the future. 

Effect of rhe sample geometry on the actiration energy 
In order to determine if the sample geometry may have some sort of effect on 

activation energy determinations by DSC, we decided to run several series of thermo- 
grams using B=8 and 32Kmin- *_ During these experiments sample disc weights 
were kept constant but thickness and diameter were changed accordingIy_ The average 
activation energies obtained were: 4S.2 kcal mol- ’ (s=S_9 kcalmol-‘) forB=8K 
min- 1 and 58.4 kcal mol- ’ (s = 4.4 kcal mol- ‘) for B = 32 R min- I_ These results 
agree reasonably with those shown in TabIe 2, where the diameter was kept constant 
but not the weight AI1 the data obtained for B = 8 K min-l are included in Fig. 8. 
As we have generally observed throughout our work, data dispersion is high_ 
However, Fig- 8 does not indicate that one may think of a simpIe activation enera- 
geometry relationship_ 

Reacrion order cakukztion 
Table 2 shows the value of the reaction order obtained employing the method 

deveIoped by Rogers and Smith* and for a heating rate of 4 K min-‘_ In order to 
expIore the possibility that n may aIso be aGct.ed by B, we determined the vaIue of n 
in an experiment run at 64 K min-’ empIoying the same method. For this case the 
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results were: E = 59 .O kcal mol- I ; n =0.63; t=0.9979. The value obtained agrees 

quite we11 with that in Table 2 We have not made a complete study of n, mainly 
because knowing that the activation ener,ay is affected by B, resuIts of n would not 
help much in the kinetics studies, at Ieast under our present research conditions. 

A definitive trend observed throughout the present work was, that at a11 scan 

rates appIied, when the sampIe thickness was increased, peak (XV) became sharper 
and finally ignition of the sampIe was obtained_ In addition, the critical ignition 
thickness (0) hecame smaller at higher heating rates_ Figures 1 to 4 show the shape 
which the thermo_9l;ams develop at different sample thicknesses and scan rates_ These 

modifications appear to be due to the principal exothermic reaction which generates 
heat, increasing the temperature of the center of the sample disc, since conduction 
is not high enough to permit a homogeneous distribution. Thus, one of the basic 
assumptions of thermoanalysis is not fuIfiIIed_ When these effects reach extreme 
conditions, ignition with a &me is observed and the thenno_- curve faIIs down 
indicating total consumption of the reactive species_ 

Duswalt” has derived the critica conditions of heating, starting from the 
Frank-Kamenetskii equation It_ This expression was modified for pro-med 

heating rates, since the reactive species concentration changes with the sampIe 
temperature reached at each instant of tbe experiment_ This change in reactive 
concentration is a function of the heating rate_ 

L)uSwalt”_‘3 has proposed the following expression for the critical thickness: 

where 6 =criticaI constant dependin, = on geometric configuration of the sample 
(0.88 for slab); i. = thermal conductivity; R = gas constant; T= absolute temperature; 

. 
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28 25 
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rq 0, 
$J?-_ 3-4 3.8 42 

fig. IO- Log hcatig f3tc (l3) vs. Iog criticd thkkncss (D) for diffcrcnt surf-ace tcmpaaturcs (in K); 
* cakdatrd aitic2I tIca 0 =ExpcrimentaI CriticaI thkkncsscs_ 
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Q = heat of reaction; Co = density (concen*Jation) of reactant; X= E[RT and p(x) 
is a tabulated functionX4 for X= IO to 50, This equation has been derived for n # I_ 
1Ve have applied this equation to our results plotting log B vs. log D. The represen- 
tation is shown in Fis_ 10. The values of the parameters included in the equation were 
calculated from our experimental thermomms at each heating rate_ From Duswalt’s 
studies the tangent of the isothermals obtained, should &e the critical sample 
thickness. Below this curve the thermopms should not ipite. However, as Fig 10 
also shows, the critical sampIe thickness obtained experimentally-for example by 
running consecutive thermosrams with increasing sample thickness and detecting 
flame deveIopment-is much smalfer than that expected from Dumalt’s plotting_ 
The difference ranses from a factor of 3 (B = 4 K min- ‘) to 7 for the higher scan rate 
tested (B = 64 K min- ‘)_ To our knowledge Duswalt’s equation has not been tested 
before experimentally by other investigators and at present we are not able to explain 
such a marked difference_ 

coxzLusloss 

Though dispersion data in DSC experiments with solid propellants are high, 
we think that a definitive effect on activation ener+gy by the heating rate has been 
demonstrated, at Ieast in the range covered_ Data dispersion may be due to the 
relatively heterogeneous composition of the sampIe, considering the smali amounts 
used in DSC experiments_ The above effect makes it reasonable to use thermo- 
analytical data with some restrictions when they are extrapolated to actual combustion 
calculations_ 

For the hi& temperature reaction (peak TIT and IV) it has been shown that 
even with a pre-heating treatment which covered even peak (III), AP was not 
completely decomposed, giving one more evidence of the complexity of the pre- 
ignition reactions of the solid propellants_ 

Apparently there is no simple relationship between activation ener_9y and 
sample geometry; however, sample thickness plays an important role in DSC thermo- 
urns, since at each scan rate there is a critical thickness above which propellant 
ignition is observed_ Critical thickness calculations from Duswalt’s1X*13 studies, did 
not agree with the experimenta data. 

Helpful1 discussions and partial experimenta cooperation of Dr_ R_ Podest5, 
Lie_ R Jimt%ez Rebagliati and Lit. M. Kaupert, members of our Institute, are 
gratefurry acknowledged_ 
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