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AGSTRACT

The thermal decomposition of purc nitroccllulose and nitrocellulose in double-
base propellants containing Pb,O,, Cu(il) and Pb(il) salicylate as buming catalysts
(maodificrs) and the catalyst-free matnix were analyzed by TG and quantitative DTA
(DSC). Paramcters like rate constants, pre-exponential factors, activation energies
and heats of reaction were determined where homogencous Kinetics could be assumed.
The presence of modifiers manifests itself in lower activation encrgics, higher rate
constanis and higher heats of reaction at pressures below 30 bar. The resulis indicate
that modificrs catalyze the thermal decompaosition of nitroccllulose.

IXTRODUCTION

The preseace of catalysts (modificrs) alters the burming characteristics of
double-base propellants in a distinet way. Thoush intensively studied! ~ %, the under-
lying reaction mechanism is far from being understood.

The following study was undertaken to get new information on the mode of
action of these maodifiers using methods of thermal analysis such as TG and quanti-
tative DTA (DSC). Of particular interest were (1) the determination of major steps
of the thermal decompasition of double-base propellants and (2) the determination of
kinctic paramciers and the influence of modificrs on these parameters. Preliminary
results in this regard were presented recently®.

KINETICS

The DTA and TG curves were analyzed assuming the Kinctics

dy _
_a;:, = - k" (H

where ¥ is the concentration of the reactant, £ the time, a the order of reaction and &
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the rate constant. The concentration 1s related to quantitics actually recorded by
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where ¢(r) dcsig.nales the production of heat aad di§7dr the weight loss.
If a lincar keating raic 2 is applicd, the term dr inegn. (1) can be substituted by
the temperature differential d7.

dy |
aF= "3 G

Based on the Kinetics described above, the reaction parameters k. . the activation
energy E and the pre-exponential factor = can be calculated using the following
GP!'CSSIOI'IS.

(=) lsnulhcrmal DTA and TG.

From a logzrithmic and a double logarithmic plot of ¢ or H” versus 7, the
parameters mand & are determined. £ and = are obtained by plotlinz the rate constants
versus 1fT (Arrhemus plot).

E

W) =lnz— = (3)

(b) Method of Rogers and Morvis™.
The activation energy is obtained from a plot of In g(7T) versus /7.

E

Ing(T) ~ RT (&)

Expression (3) holds only for the first part of the risinz slope of the DTA curve
(c) Method of Borchardt and Danicls®.

—n G = E
‘“(—“ a37) =" %F (©

(d) Method of Kissinger”.

]ﬂ=3r;*—lnu-R‘:—‘—l-g (7)
Ta E RT,

where T, i5 the peak temperatore of the DTA curve.

Equations (4)-(7) allow an analysis of the cxpcrimental curves by lincar
regression. The kinetic parameters reported in this paper were obtained in this way
with correlrtion coefficicnts pcticr than 0.99 in all cascs. The influcnce of modificrs on
these parameters were elecidated by analysis of vanance. Differcnces are stated with a
confidence fevel of at least 957

fo
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Fig 1. The dependence of the buming raic on prassure measumid by 2 Crawnford 1ype strapd burner.
EXPERIMENTAL

The following samples were used: pure nitroccllulose (NC) containing 13.3%7
N, pure nitreglyeerine ((NG). a concentrate of 8575 NG in 157 NC (NG/NC) and
four double-base propellant compasitions (E,. E,. E; and E;).

The propeliant E, (matnx) consisted of 31,37, NC, 34.5 NG/NC, 117 triacctin
and 3% cthylcentralite I. Ea. E; and E; were modificd propellants of the same matrix
containing. in addition, 4%, Pb;OQ;. Pb salicylate or Cu salicylate, respectively.

The propellants were characterized by their heat of explosion and their buming
rate at different pressures. The heat of explosion in calfg a1 0.1 g/cm? loading density
was 908 (E,). 839 (E.). 866 (E,) and 831 (E,). E. displayed a platcau at pressurcs
between 13 and 35 bar, E; between 100 and 130 bar and E; between 40 and 180 bar.
The vaniation of the burning rate with pressure is shown in Fig. | for E,, E-.. E; and
Es. Samples of WC were prepancd by casting films [rom mixtures of NC in acetone to
which about 4% of the modihicer was added.

A 990 Dupont Thermal Analyzer ftted with a quantitative DTA pressure cell
was used for the experiments. Samphes weighing between | and 3 mg were cut from the
propellant sirand and placed into capped aluminium pans. The lid was picrced several
times to allow gaseous products to cscape. The samples were analyzed inairorin a
nitrogen atmosphere (99.993 24) at pressures ranging from 0.01 to 60 bar. The heating
rates were varicd between 0.5 and 100 K/min. On the same instrument. isothermal
quantitative DTA experiments were carried out in the 420-300 K temperature range.
The samples were analyzed in air and Leated 1o the desired temperature at a rate of
20 K/min. Simuliancous DTA and TG curves were recorded on a Mettler Thermo-
anmalyzer in air with a purge rate of 10 Ifh.

RESULTS AND DISCUSNON

Figure 2 shows TG curves of NC, NG/NC and E, at a heating rate of 0.5
K/min. Compared with NC and NG/NC, the weight loss of E, occurs in two distinct
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Fig 2. Typial TG cunves of 2 double-base propellant and components nocerded 3t 3 heating rafe
of 0.5 K/min-

steps caused by the evaporation of NG up 10 420 K and the scbsequen: decomposition
of NC up 10 470 K. During the decomposition. a residuc was formed in the amount of
about 207, of the initial weight which dissppearce at temperturcs above 600 K.

The first step is endothermic as exhibited by the DTA curve which was recorded
simultancously. The weight loss commesponds 1o the amount of NG present in E,.
The activation energy of this step is 13.8 kcal:mole and azgrees well with those of pure
NG. NG/NC, E,. E,. E; and the hcal of cvaporation of purc NG obtained from
vapour pressure data*® ™ *?_ A similar value was found by Alcxandrov and Klevnoi!?
for the diffusion-controlled evaporation of NG in propellants.

The second step in the TG curve is related 10 the exothermic decomposition of
NC. The activation enersy for E, is 43.3 kcal’'moke as calculated from the TGA curve
at 2 0.3 K/min hcating rate. The corresponding encrgies of the modified propellanis
arc lower, 39.53 kal/molc. 391 kcal/mole and 32.0 keal/mele, raspectively, for E.. E,
and E;. The activation encrgics of the two sieps were calculated from eqn. (6) assum-
ing 7 = 1. The comespongding pre-cxponential factors are 7.7 < 10'%, 5.6 = j0'%
23 x 10" and 3.5 = 10" sec™ ! for E,. E;. E, and E;. respectively. At higher
hcating rates, the two steps in the thermal decompaosition of the propellants were less
cleasly separated and it was not possible 1o oblain reliable data for the calculation of
actrvation cncrgics from the TG experiment. In the quantitative DTA experimenis at
heating rates up (o 100 K/min, the cxothermic step only was obscrved. From a
comparison with the TG curves. this step was attnbutcd 10 the exothermic decomposi-
tion of NC.

Figure 3 depicts the rate constants at different temperatores calculated from
isothcrmal DTA cunxs. Whereas the activation encrgics calculated from eqn. (3)
do not reflect clearly an influenae by the modifiers, the rate constants. in contrast. do.
They are significantly higher for E: and E; with respect to the unmadified E,- The
reaction was found to be of first order which is gencrally accepted for the thermal
decompesition of NC in the presence of slabilizers Jike ethylcentralite®*.
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Fig. 3. Amrhonius plot of the raic constants cakulaicd from isothermal quantitative DTA.

The initial slope of quantitative DTA cunts &t pressures betwoeen 0.01 and 60
bar and heating rates ranging from 0.3 (o 100 K /min werc analyzed using the methiod
of Rogers and Morris. This method is represented byeqn. (3). A typical result au | bar
and a heating rate of 0.3 K/min is shown in Fig. 4. The graph demonstrales the
difficulty encountered in many cases that small shoulders on the rising slope prevented
a thorough analysis. The same observations were also made by Kirby and Suh in
their DTA study of unmodified propellants’*. However. activation energics were
calculated and good corrclation cocflicients were oblained in all cases where the
difficultics were less.

The values of the cnerzics obtained in this way differ considerably and range
from 30 1o 30 kcal‘molc. No dcfinitc trend with pressure, heating rate or added
modificr was cvident. Since the sample is highly cxothermic and hence only a small
amount (I1-3 me) could be analyzed during a quantitative DTA run, the larse range
reflects the inhomosencity of the propellants used. Also. the valucs ciled in the
literature for the decompaosition of pure NC and of MC mixed with different additives
fike plasticizers, stabilizers or mixtures thercof range from 30 to 50 kealimolc'?- **-
16—

Using the plot according to Rogers and Morris, the activity of the modifiers is
nevertheless visible if onec compares the produstion of heat at the initial slopes of the
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Fig. 4. Typical DTA cuncs of the propdiants E; and E: recorded a1 2 bating rate of 20 Kfmin.

DTA curves. Since the same amount of sample was always used in this cxperiment,
the graphs can be compared directly showing clearly that g of E; and E, is higher with
rmespect 10 E,. This corresponds to the resuit alrcady discussed in the isothermal
quantitative DTA studies that the rate constants of the modified propellants arc
higher than that of the unmodificd.

Kinetic parameters according to eqn. (7) (Kissinger's method) were obtained
from an analysis of the peak temperatures, 7. They were determined from quantitative
DTA curves at 1 bar in air and at hcating rates between 0.5 and 100 K/min. T_ was
found 1o be always lower for the modified propellants compared with the unmodified.
An analysis of the data by lincar rcgression resulted in activation cnergics of 35.6.
31.8, 327 and 33.2 kaa)/mole for E,. E,. E; and E;, respectively. The corresponding
pre-exponenlial factorsare 2 X 10", 5.) = 103,14 = 10**and 2.3 = 10" sec™?.
As already found from the analysis of the TG curves, the activation energies of E,, E,

and E; arc smalicr than that of E,.
The heats of rRaction. obtained by intczrating the quantitative DTA curves, of
E,. E; and E, at different pressures and a heating rate of 20 Kjmin are depicted in
12- 5. The data presented are mean values of about 4 measurements. They were
analyzed on the basis of a Iwo way analysis of variance with respect to sample and
pressure- With a confidence better than 9527, it can be stated that the heat of reaction
is dependent on pressure in the range below 30 bar and that the modified samples
have the higher heats of reaction in this range. The same results were obrained for E;-
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Fig. 5. Heal of raction at diffadnt prassurcs (N2 atmosphoac) masuncd at a haating ratc of 20
K/imin.

A similar dependence on pressure was reported for the heat of explosion of comparable
propelianis®.

Since the hids of sample pans were pierced to allow an easy escape of the sascous
products, contributions by zascous reactions to the measured heats are expected to be
minor at lower pressures (below 30 bar). This imphies that the modifiers predomi-
nantly catalyse condensed phase and/or heterogencous reactions in this pressure
range, that is, as shown in the discussion of the TG and DTA curves, the thermal
decompasition of NC in the propellant.

Of particular interest, therefore, was the obscrvation of the catalytic clfect on
purc NC. A typical rcsult is shown in Fig. 6. The influcace of the modificr manifests
itself in the shift of the quantitative DTA curve 10 lower temperatures. This effect,
however, was nol obscrved from samples which were prepared by simple mechanical
mixing of the ccmponents. This observation indicates that a structural interaction of
the catalyst with the NC is required for the eatalytic effect 1o arise- Such an inicraction
was postulated by Suh ct al. % In the propellant, this interaction is obviously brought
about by the rolling procedure during the manufacturing process.

A similar evaluation of kinelic parameiers was not possibie for purc NC since it
does not decompose according 10 homogencous Kinetics. Manelis et al. described the
thermal decomposition of pure NC as an autocatalylic reaclion consisting of a
primary and secondary reaction'®. The shift of the DTA curve 1o lower temperatures
indicates, however, 1that the primary rate constant of this process is increzsed under
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Fig. 6 Typal DTA conves of pure NC and 2 mixture of WNC with $0°,; Cu salicylate at a heating
rate of M Kimin

the influcnce of the modificr. In the propellants. the secondary reaction is suppressed

by the presence of stabifizers allowing Lhe evaluation of the data on Lthe basis of simple
Kinetics.
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