
KIgrfETlC WLlBiES OF DOUBLE-BASE PROPELLANTS BY DIFFERENTIAL 
SCANNING CALORI~METRY: EFFECT OF BALLISI-IC hlOlXFiER$ 

The dccomposikm reactions of IWO typical double-brrx propellants, with and 
witbut ballistic moditicrs, have been stud&l at difkrcnt hcatins rates cmplo$n$ 
tXC_ The heatins rata and ballistic modifiers did not aikct the activation energy 
c~lculatcd for the condcnsd ph;lsc rcjctian (53 - 4 kc=ll mole”)_ The caincidcxe 
bctwcn act&atian m~rgic~ of both propcllanrs and a compantiw study of a rrics 
of thcrmo~rams, sugyst that ballistic modifiers act on gas phase or hctcrogcncous 
reactions wcurrin,c nc3r the burning surfkc, probably in the fii zone_ 

Fdlowin~ the inwstigation on thermal decomposition or solid propellants, 
initiated with composite propellants’, wc prcwnt here a study of the kinetics and of 
the ctT&cts of ballistic modifiers on tk decomposition reaction of double-baz propcl- 
Iants_ Kubota” has cxtcnsivclg rcvicwcd the work done on the mechanism of these 
reactions From his txcllcnt analysis one can conclude that a~ present there is no 
clear understanding cithcr of the weight that condensed pti rrslrrions play, nor of 
the magnitude of the involwd heat of ructions of these propellants- Generally it is 
rccogkcd that the initial stqc of the combustion reactions starts with the brcakqgc 
of the O-NO2 bond from nitrate estcrr, sinoc it is the w4xst oC the chemical bonds 
prexnt, The initial products of these reactions arc l40, and aldehyde molcculcs and 
apparently, the decomposition prw occurs in the condensed phase or at lcast at the 
burning surface_ The followinS step would bc the reaction bcwccn these aldchydcs, 
other organic compounds and WO,, gi+, _ * NO; finally the last stas is the exothcrmic 
oxidation of the organic molecular by NO giving N,, CO,, CO, H=O, etc,’ 

Kubota2 took into account that Tar low pressures and lead-catalyzed propel- 
lant& solid urban ~rtieies u-CIE obscrwd at the buminpsurfrrcc and sug_sted fhat 
the catalyt-k action ol the 1-d salts took pIacc on the condensed phazq @ins active 
gaseous specks and carbon- This solid carbon praduction rcducts the cffcctivc fuel/ 
oxidized (aldchydeJF40,) ratio, shifting it to the stoichiometric ratio, and increasing 
the oxidation reaction rate in platonizd propfllancS_ 



Kulbota= and Wilfons et al.’ considcwd the breakage of the O-M bond in nitric 
eslw as an endothermic suction; in other work, for cthykne g&co1 dinitratq Adams 
and Wiseman propoxd a two sls* decomposition as folIow~: 

As the mechanbm of dccompwitian far this simpk ester in\-oiws an endothermic 
and an enothermic reaction, it could happen that Tar the wq complc~ reaction of 
nitruceIIulase-nitro&zrin propclkmlx, one may obtain a net production of heat. 

WiBfong CL al-’ proposed a unimckular reaction for the cndethcrmic breakage 
otthe 0-N bond, Further* in the study of the nitroceIIuIoxdecompo%tion, since there 
I, a _gea~ number of mokuIcs availa& at the swfslc;r, and they arc immdiatcly 
rcpkcd w-hen they are decomposed to z-us pro&c& they consider an spp;irent 
zero or&z- In the already mentioned work by Adams and Wixman4, they su~~tcd 
an orothcrmic rcscXion oFBen, order at t*hc burning wrfacq giving _pscous produets_ 

Kirby and Suh5 ha\r carried out 3 study on Pi-2 propekm~, using ditkrential 
caIorimctry.. One of their canchsions u-as that BSC is not suit&k for the determina- 
tion of tfac h-t ortraction at the condenxd phax. since the measurements arc acfoacd 
by heterogeneous andjor gas phase reactions MGch occur at or near the surEace_ WC 
agree with Kirby and Sub’s? concltions about the restrictions or BSC, but taking 
infs account our experimental rsuIrS, \-\o be&se Ihat Ihe first region of Ihe &efmo- 

_8nms is Sndced reIa&d ta condcnxd phax rcactioru, and the middle and final zones 
arc rcIalcd to hctwogcncous and&s _B phax reactions 

We ha\o attempted CO study the efikct of lead salts using films prepared in the 
laboratory by s&-t evaporation (ethyl acctatej’dimcthylsulphphoxidc) fram solutions 

with the propekmtcompositions Neither the thermozgans, nor the activation energies 
caJcuhted with these samples s;howd diR+renccs produced by the Iead salts, and the 
actiwatiora energies were much smaIIer than those cakularui for the extruded propcl- 
Ian& The diffint behatiour prodwed by the solvent treatment was mentioned by 

Swofinsky ti al-&, tJt_ho pointed out th3t tk metallic salts uxd as ballisticI modificrs 
produce 3pIateauw &kc& onIy with propeIIants obtained by solwntfes processes, 

For this reason, we uxd two dot&k-base cxtrudcd propdlants The composi- 
tion of both propdkants was: nitrocdlulose, nitroggycerin, stabiiixrs and plasticisets 
(propeJllaat Al and with the additional lead salts for propellant IX 7he composition 
was slightly modii between propeknts A ad B in order to obtain the same h-t 
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of explosion ($30 cal g’ ‘)- In Fig I one can set: the -platcauw c%ct of the ballistic 
modi- on tk curve Jog r \r, Jog P (r. burning rate; P, prcssurc), plotted for both 
prqeJJants_ 

The thermogmms were run \\ith filings and disc samples- The disa were prc- 
pared by slicing the propellants with a microtome and cutting them out with a cork 
borer (diameter 3 mm), TJw wei@ of the samples used varied betwen O.$ and 25 mg, 
awwding to the heating rate employ& TJz wmplcs wcrc encapsuled in waled alum- 
inum pans with 7 holes (diameter 0,1-O-2 mm) pierced in the lid to allow _gseous 
decomposition products to escape. TJw samples were weighed with a Cahn ekctro- 
Wanm, The diJEcrentia1 calorimeter employed was a Perkin-Elmer DSC-JB, The 
nitro_m JJux during the sample heatins w-s approximateiy 20 ml min’ I. at atmos- 
phcric pressure. The heating rates were 4.8,16,32 and 63 K min- I_ The measurement 
of the thermogram areas was carried out by the Gregory’s numerical integration 
method’ for propcJJant A, and using a planimetcr for propellant B, 

Thermogams obtained with proplIant A. using discs or filing, showed only 
one reaction pmli for all heating rates (Fig_ 2). The same ~3s obsmmf with propcl- 
Jant B in the case of fiJin,sr. For discs, this propellant showed one ~xak for 4 and 
8 K min-a (low heating rates), but for 16, 32 and 64 K min”’ (high heatins rat& 
another small peak is seen just Wore the maximum is xached (Fig. 2)_ 

Table I shows detail of Parameters such as temperature rans and peak tcm- 
pcrature for both prop&ants and all heating rates_ It also shows that them is no 
signifkant diJference betwan tk ~cak tcmpcratures for all cases at each heatins rate 
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it is impossible to calculate the real decomposed fraction of the reaction u-orking only 
with the arca under the curve. 

The Kishore.s method* was also used. In this csc the decomposed fraction is 
plotted wrsus a rcduccd time r!fx -2 OS (real timc,Ptimc for z = O-S)- If for different 
heating rates all the points fall on the same cuf\~c, the order of reaction is the same. 
Cn addition, from the slope of the plot loz (r 6.4- *) 1-s 7’ ’ (r, chart speed; b, height 
of the cun-e; A, total area; T: absolute temperature) for a f&d I and difkrenl heating 
rates, one can calculate the actktion cner@s at scwral extents of reaction. 

Finally* a third method by Rozm and k40rris~~. was applied on each thermo- 
gram in order to calculate activation energies. WC used here only the first points of the 
cunr, w-here the rea&wt consumption is not important, and at 3 K intcnals- The 
cakulations wzc done for b 2 5 mm fsr the purpose of diminating poims affcctcd 
with a large error. The rewlts obtained showed that there is no si@kant difkrcncc 
in actiwtion cneqg with the heating ratl; contrary to what WC found with composite 
propellants’ ; therefore we decided to take an ax-eras of the valulfs for each sample. 

Usins Urkkck~s method’, practically all the cxpcrimcn~s \\-ith filings shou-cd 
a deviation from linearity at Iower apparent decomposed fraction% than those with 
discs (Table 23, This difference is wry significant for propcknt B. which has ballistic 
modifiers. The fact that this devtition occurs at a lower decomposed fraction for 
t’ilin~ u-here it is expected that ,pscous and/or heterogeneous reactions may have an 
cartier efkct, sugmts that these reactions arc responsible for the deviation. Since for 
the case of Wins of propellant B linearity is effkctiue only in a narrow range, WC think 
that baltktic modifiers act mainly on the mcxhanism of,- phase reactions or at Icast 
on reactions which develop just at the burning surface. In the case of discs of propel- 
lant B the low decomposed fraction obtained at heating ra~cs of 16,32 and 64 K min- * 
agrees with the small peak present in these thermo_grams, which causes the deviation 
from linearity. 

Applying the K-khorc*s method’, the plots 1 - a %z f& = 0.5 for all sampIts 
and heating rates arc concurrent. The activation cner$cs calculated for r = 0.1,0.2. 
0.6 and O-8 are detailed in Table 3. Figure 3, which show-s acperimcntal results of discs 
of both propdlants at CL = O-I and 0,; gix= evidcnaz of a discontinuity for the points 
obtained at low heating rates agaiwt thou at high heating rates. At present we are not 



able to give an cxpianatisn of this change in the ordinate to the ori&, but as it wss 
confirm& in saml runs of the ~perken~ ur decided to calculate each of the 
activation encqies (loa- and high heating rates) separately for both derompSd frac- 
tiQnr 

in order ta eampanc, at kast quaiiCafiwiy. the evolution of the reaction al dif- 
fcncnt healing rates+ wp plotted ?k apparent not dixompscd fraction (I- I) \3_ 
tanpzxawr= for all kinds of amphs (figs 1 and 5)_ In tk east of discs (Fig._ 4), otu 
can 9~ th;rt tk shape of the curves is madifkd va@ng the heating rat= The cuws 
at I- heating rstex (4 and I K min”‘) are: steeper than at higher heatins rates As 
thC SkqX Of lhe cur%xz rrprtvrnls tk mObl_mn Qf tk mte Qf rEaction, its chat&C may 
suggest that at low kating rates an induction gmkd exists fhrse plots and the 
Wrmupms for discs of both gwq&&nts coin&k at 1 K min-’ and they begin to 
difk at imxasiq heating rater (Fi= r)_ 
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As has been dcwribed before. thermograms of discs of propellant I3 at heatins 
rates owx I6 K min” showed a sma!! peak bcforcs the maximum_ This pcrjk is not 
obtkwd with propellants wilhout ballistic mdifkrz- Thus, it seems quite reasonable 
to bcrlkre that this aitcration in the thermogram is related to the utatytic stir’ily bf 
the rn@lMMcrs 



Compwin~ the themogmmz of filings, one can saz that the peak &ape of 
propellant 8; is wider and IOR= than that of p~~pcllant A- This fact aK=u the pIot 
of Fis 5, shwuin~ that the readon rate of catalyzed propellant B varies sIower than 
the rate of mon-calalyzed prop&ant A. 

FoIIovvin,e the study of both figuncs, one finds that the shape of 1 - I vs_ Tplots 
for high IrralIin~ rates of diss of both propckats is similar to these of filings for each 
of them- This 5imiIxily in the euoIulion of the reaction seems to sugcst that al high 
heating rates the infhscnce of the gas phase rmctimts is dominant_ Out can cspbin 
this ‘kica by supposing that al hisher bring ralcr rhcre is Iw time auaiI&Ic fir dif- 
fission and the reactions 41 uceur in a narrow region, wry cIosc to the surfa- which 
will be demmd 10 a Iar_s~ extent b the equipment_ 

Taking into acwunt the obson-ationsjust described and the coiucidcncc b~rwcn 
~hcrmqamrs c?Tdisc ram* at by katinp rates (ks infbncc of gas phase reactions) 
one can agree 6th the hygwlhesk of Pas-ling and ca-~orkers’~ that batlti~ic modi- 
!iers aKct the reactions which take pIace in the _a phase- Figure 5 is an interesting 
crzmpIe which show a definite szquenaz in the reatiions when filings of brh prop+ 
Iants are flwktl- Superpwition of curws at each heating rate intersect each other and 
this iuntersxtien takes pke at hi_&er decomposed f~ckw.s as the heating rate in- 
creases In (his case no eun-e can be wpcrimptwed on another. as happed with some 
dire;*perimeurr Thissecms to show &al when working u-i& filing ps pha5.2 we- 
lriollg always hax an t. qardfc5.s tithe #waling rate employed- 



The average activation cncr&s calculated by the Rogers and hl~rris~‘~ mcrhod, 
which arc detailed in Table4= were compared using the Student test, Taking a signifi- 
canee level of 0.05, we accept that a~ragc wtiwtion cncrgics from discs of both 
prop&ants agee For discs and filings of propellant B. 1~ must rcjcct the hypothesis 
for a significzmce Icvcil O-05, but we may risk the acccptancc of results for vA~cs larscr 
than O_Ol and smaller than O-03, For tilings of both propellants, the hypothesis does 
not agree with the cxpcrimenlal data with a significance level O-01_ 

-4s one can infer from Table 4. filings of prop&ant A show 2 gcncral tendency 
lo hawz larger alculstcd actk&on cncr$e- This dilkcncc may bc explained consid- 
ering that ,s phwc reactions begin to aK=t the dcvctopmcnl of the thermosrams at 
an earlier stage (r -= O_I-Oi?) as happens w-ith the experiments of propellant B_ For 
propellant A, which has no lead salts, and acccptiry that ballistic modifiers do not 
aKti condensed phase reactions, one can admit that gas conccnlralion on the reactive 
surface could be high enough to init’wtc gas p’hasc reactions at decomposed fractions 
of the same order. Howwzr, these cgascous reactions, as they are not atktcd by the 
catal)xl, would have a light cKixt on the linearity of UrichccL‘s p!olb_ In the calcula- 
tion employing the Rogers and Morris method So it is quite possible that some points, 
which really are affixted by the garous reactions, arc inchrdcd giving an acti\alion 
cncr7 which really cannot be awigwd only to condensed phase reactions_ 

The ageerncnl of the average activation encrgics for discs of both propellants. 
cakufalcd by the Rogers and Morris method’ ‘, which consider only the first rc$on 
of the thermograms, denotes that lhc first region cm be asigned to the candcnsd 
phase reactions and that they arc not 2TC;Mcd by the ballistic modifiers. 

The modification oflhe I - z vs, Tcurws at Iow and high heating rates. already 
discussed above, produ~ the discontinuity in the Arrhcnius’ plots used lo calculate 
theactivation energy by the Kishorcvs method?. For this rcason, WC consider that in 
thir particular situatian, where for a fixed fraction of decomposed msterial diffcrcnt 
reactions can lake place accordin, b lo the healing ralc employed, lhc method is not 
full? reliable_ 

To the contrary of what happens with discs* the rcsufls of activation encqics 
obtained with filings for both propclianls show the lar_st diKcrencc in the data 
described (Table 3). It is interestin, 0 lo note that in lhcsc cayfs one should cqcct lo 
obtain much more intlucncc of reactions in the ,~;ls phase. and conscqucnlly of 
catalytic cKW. 

Finally~ r&wing all lhc cxpcrinwntal data just dcscribcd in this paper? and 
keeping in mind the limitations which one should expect for DSC in combustion 
studi=, WE are tempted to believe that our work seems to show that ballistic modifiers 
aKcrt fundamcnlally ws phase reactions occurring very close to the burning surface, 
quilt probably in lhc fr;z;r: ronc. and that they do not ha\* an important effect on con- 
dcnsed phase reactiona since the calculated activation cncqgics agree quite well for 
both progwJlant.s in the case af disc sampks and at the bqinning of the lhcrmognms. 
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