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Burning-Rate Modi� er Effects on a Modi� ed
Polyvinyl Chloride-Based Propellants

Vladica S. Bozic¤ and Djordje Dj. Blagojevic†

Belgrade University, 11000 Belgrade, Yugoslavia

Combustion of the composite solid rocket propellants series known as Flexolite and various additives were stud-
ied. All of the Flexolite series of propellantsare based on ammoniumperchlorate as oxidizerand modi� ed polyvinyl
chloride as binder. Several burning-rate modi� ers were utilized separately in basic propellant formulations, to de-
termine their effects on propellant burning rate. It was shown that burning-rate modi� ers have a substantial effect
on the burning rate, increasing it in dependence of their amount in propellant formulation. In� uence of one new
burning-rate modi� er is shown on both nonaluminized and aluminized formulations and is compared with other
standard modi� ers. Also, the in� uence of plasticizers on propellant burning rate of nonaluminized propellant
with a new burning-rate modi� er is shown. All burning rates were measured in a special test motor at different
pressures, using small-motor measurement method.

Introduction

I T is well known that the additionof small quantities of inorganic
andorganicsubstancesto a solid rocketpropellantcan drastically

alter the burning rate. These materials are normally used at the 1–

3% level to regulate the propellantburning rate beyond that achiev-
able by particle size adjustment. Increasing amounts of catalyst re-
duce the speci� c impulse because they are normally nonenergetic
diluents.

The purpose of this work is to study effects of various modi� ers
on the burning rate of composite solid rocket propellants from the
Flexolite series. Also, effects of changes of level of plasticizer in
propellant compositions on burning rate of propellant have been
investigated. The Flexolite series of propellant consist of 70–80%
by weight of � nely divided inorganic solids uniformly dispersed
in a continuous matrix of organic elastomeric binder. Solids (also
known as � llers) comprise ammonium perchlorate (AP) as oxidizer
and sometimes aluminum as powdered metal, whereas the binder
consists of modi� ed polyvinyl chloride (PVC) polymers and plasti-
cizer. Minor ingredients,normally less than 2% of the total, consist
of stabilizer, processing additives, opaci� er, and burning-ratemod-
i� er. Selection of components in Flexolite compositions is limited
to those that are produced in large quantities by the chemical in-
dustry. All ingredients are standard materials and are commercially
available. An originally developed process for producing grains is
presented brie� y.

Experimental Procedures
The whole Flexolite seriesof propellantscan be dividedinto three

groups on the basis of their energy properties: low-energy,medium-
energy, and high-energy propellants. Totally 21 propellant formu-
lations, shown in Tables 1–3, with different catalysts were prepared
for measurements in medium-energy and high-energy propellants.
All propellants were produced using the same processing cycles,
with constant binder type and composition.

Four ammonium perchlorate grinds with nominal particle size
200, 100, 60, and 20 ¹m were used in experimental propellants.
The � rst grind was commercially supplied, whereas the other three
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grinds have been obtained by milling on the standard hammer mill.
The size distributionof individualsize fractionswas measuredusing
one of the existing standard techniques.For size fraction of 90- and
200-¹m nominal size, standard screen analysis was employed. For
size fractions of nominal size 20 and 60 ¹m, the micromerograph
was employed. Particle-size analysis for these four AP grinds is
shown in Fig. 1. The particle size of burning-rate modi� ers added
to the propellant formulations were not measured, and therefore,
speci� c areas of the additives were not determined.

Sicomin-Rot K 3130 S manufactured by BASF, copper chromite
(CuO Cr2O3) manufactured by Aldrich, iron oxide (Fe2O3), and
aerosil (SiO2) manufactured by Alkaloid, Skoplje, are used as cat-
alysts. It appears from the literature that this is the very � rst at-
tempt of using Sicomin-Rot K 3130 S as catalyst for burning-rate
measurement. This catalyst is a mixed crystal consisting of lead
chromate, lead molybdate, and lead sulphate, which is stabilized by
coating with silicate and antimony compounds. Its general formula
is Pb(Cr,S,Mo)O4 , density is ½ D 5777 kg/m3, and mean diameter
is below 1 ¹m.

Processing technique known as TEPVAC procedures1 were em-
ployed to prepare the propellant grains. All ingredients, oxidizer,
polymers, plasticizer, and additives, were weighed and mixed. The
slurry of mixed material was poured on the two-roll mill, where
the propellant is obtained in the form of sheet. The piece of sheet
with de� ned dimension is rolled into cylindrical form to obtain the
preblock form. The preblock form was coveredwith insulated sheet
laterally and from both heads and placed into the appropriate tool.
This preblock in the tool was heated, evacuated,and later pressed at
de� ned temperature and pressure. Finally, a grain 63 mm in outside
diameter was formed.

All burning rates reported in this paper were measured using the
small-motor measurement method.2 The method is based on a pres-
sure vs time trace (Fig. 2), obtained by burning a small cylindrical
grain with known development of burning surface. Analysis of this
trace with an internal ballistic model, based on nozzle as a mass
� owmeter, permits direct computationof the instantaneousburning
rate of solid rocket propellants at different instantaneouspressures
duringone test. The grainhas cylindricalshapewith concentricbore
and is inhibited from both heads and laterally.This form enables the
propellantgrain to have a progressivesurfacespreadduringburning.

Measurements have been performed in a special test motor de-
veloped for that purpose (Fig. 3). Grains were ingnited by electric
igniter. The burning rate was measured at different pressures from
2 to 20 MPa at ambient temperature (288 K). All measurements
were checked at least twice at each pressure, and average values
were used. In a few tests, burning-rate data from this method were
correlated with burning rates obtained by the microwave re� ection
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interferometry method.3 Results of burning rates from these two
methods show good agreement.

Results and Discussion
The burning rate of solid propellantsdepends on a number of pa-

rameters: on the pressure and on the initial propellant temperature,
cross� ow velocity, propellant type, fuel-to-oxidizer ratio, and oxi-
dizer particle size in the case of composite propellants. Generally,
the burning rates of solid propellantsmay be describedby the linear
empirical equation (Saint–Robert’s or Vielle’s law):

r D b ¢ Pn
c (1)

where Pc is combustion chamber pressure, b is the coef� cient of
pressure, and n is pressureexponent.The experimental results sum-
marized in Figs. 4–19 have beenpresentedas effectsof burning-rate
modi� ers on the burning rate of various propellant formulations
in dependence of pressure. All of the data were correlated with
Saint–Robert’s law, where 1Q is standard deviation of the burning
rate in comparison with Saint–Robert’s law. Figures 4–13 show the
in� uence of catalysts on medium-energy propellant formulations,
whereas Figs. 14–19 show this in� uence on high-energypropellant
formulations.

Medium-Energy Propellants

Different ingredients such as copper chromite, iron oxide, and
other transitionmetal compoundshave long been known to increase
the burning rate of pure AP as well as AP-based composite pro-
pellants. The particle size and state of aggregationof each catalyst,
which have great in� uenceon burning rate of propellants,are differ-
ent. This is why the quantitative comparison of the relative catalyst
effectiveness in mechanistic terms is dif� cult when dealing with
solid catalysts.

Copper chromite is a nonstoichiometricmaterial, whose proper-
ties depend on the method of manufacture. There are many papers
that are deal with the catalytic effect of copper chromite. Copper
chromite catalyzes the decomposition of AP (Refs. 4 and 5), and
the catalysis takes place in the solid phase.6 The copper chromite
catalyst enhances high-temperature decomposition.5;7;8 In the area
of combustion of AP and copper chromite, it was found that small
amounts of the catalysts increased the low-pressure de� agration
limit, whereas large amounts, 10%, decreased this limit.9;10 It was
also found that copper chromite enhanced the burning rate over that
of AP alone.10

Table 1 Compositions of medium-energy propellants with catalysts

Composition, weight % A B C D E

Oxidizer 75.00 74.50 75.00 73.50 75.00
Aluminium 0.50 0.50 0.50 —— 0.50
Binder 23.40 23.65 20.60 20.60 20.60
Stabilizer 0.55 0.50 0.50 0.50 0.50
Processing additive 0.25 0.25 0.25 0.25 0.25
Carbon black 0.30 0.10 0.15 0.15 0.15
CC —— 0.50 3.00 5.00 ——
IO —— —— —— —— 3.00
Density, kg/m3 1680 1690 1735 1750 1740

Table 2 Compositions of medium-energy propellants with Sicomin-Rot K 3130 S catalyst

Composition, weight % A F G H I J K L M N

Oxidizer 75.00 74.50 74.00 75.00 75.00 75.00 74.50 73.50 73.50 73.00
Aluminium 0.50 0.50 0.50 0.50 0.50 0.50 0.50 —— —— ——
Binder 23.40 23.65 23.65 20.60 20.60 20.60 20.60 20.60 20.60 20.60
Stabilizer 0.55 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Processing additive 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Carbon black 0.30 0.10 0.10 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Sicomin-Rot K3130 S —— 0.50 1.00 3.00 3.00 3.00 3.50 5.00 5.00 5.50
Density, kg/m3 1680 1685 1695 1745 1740 1735 1753 1770 1755 1776

Numerous investigatorshave also extensivelystudied iron oxide.
Ferrous ions are formed at the burning temperature of the propel-
lant, whereas a very complicatedreactionmechanismoccursat high
temperature. Burning rate was found to be a function of both the
catalyst area as well as the oxidizer area.11 On the other hand it was
found, on the basis of the results on AP/polymethyl methacrylate
(PMMA)/Fe2O3 mixtures, that the dependence of burning rate on
the catalyst area was very small.12;13 The catalysts action was ex-
plained by that only the outside exposed surface affects the rate.
Correlationbetween burning rate and thermal decompositionby the
addition of various metal oxides was not found,7 which suggested
that the gas-phase processes rather than the solid phase are critical
in controlling the burning rate. It appears from sandwich studies
that iron oxide acts in the interfacebetween the oxidizer and binder.
The experimental results on the effects of transient metal oxides
on the propellant combustion6 indicate that the catalysts in� uence
reactions in both the solid and gaseous phases. Catalysts also in� u-
ence gas-phase and condensed-phase reactions14 in combustion of
condensedmixtures containingpolystyreneor PMMA and AP with
iron oxideas catalyst.A diffusion-controlledmechanismtaking into
account the competition of the catalytic and homogeneous reaction
was also proposed.10

It appears that in PVC plastisol propellants15 the addition of 2%
of iron oxide or 1% of chromic oxide increase burning rate 10%.
Copper chromite (Cu-0202P from Harshaw Chemical Company) is
more effective: 0.2% increases the burning rate for 25%. Copper
chromite has proved to be the most useful additive for increasing
the burningrate, and in addition,it has a persistenttendencyto lower
the pressure exponent.

Three differentsolid catalystswere investigatedwith theFlexolite
seriesmedium-energypropellants:copperchromite(CC), ironoxide
(IO), and Sicomin-Rot K 3130 S. Their compositions are shown in
Tables 1 and 2. The basic medium-energy formulation is labled A.
The addition of catalyst to formulation A is accompanied with a
reduction in aluminum, oxidizer, and binder level. In the pressure
intervals of the study, the burning rate of the catalyzed materials
was above that for the pure formulation A (without catalysts).

In� uence of CC and IO on burning rate of propellantA is shown
in Fig. 4 for AP 20-¹m grind. Because Flexolite propellantsdo not
have rheologicproblems with greater percent of CC, CC was added
at levels of 0.5, 3, and 5%. The additionof IO was 3%. It can be seen
from Figs. 4 and 5 that CC is a better catalyst that IO for 3% below
9 MPa, and that 5% of CC has no signi� cant effect on burning rate

Table 3 Compositions of high-energy propellants

Composition, weight % O P Q R S T

Oxidizer 69.75 69.55 69.70 69.70 69.55 69.55
Aluminium 10.00 10.00 10.00 10.00 10.00 9.70
Binder 19.40 19.40 18.80 18.30 19.40 19.40
Stabilizer 0.50 0.50 0.50 0.50 0.50 0.50
Processing additive 0.25 0.35 0.40 0.50 0.25 0.25
Carbon black 0.10 —— 0.10 —— 0.10 0.10
Aerosil 0.20 0.50 1.00 —— ——
Sicomin-Rot K3130 S —— —— —— —— 0.20 ——
IO —— —— —— —— —— 0.50
Density, kg/m3 1765 1770 1770 1770 1762 1762
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Fig. 1 AP particle size distribution data.

Fig. 2 Typical pressure vs time trace obtained from one static � ring
test.

Fig. 3 Experimental motor.

Fig. 4 In� uence of CC and IO on medium-energy propellants (AP
20 ¹m).

Fig. 5 In� uence of CC and IO on basic propellant A (AP 20 ¹m).

Fig. 6 In� uence of catalyst Sicomin-Rot K 3130 S on medium-energy
propellants (AP 20 ¹m).

Fig. 7 In� uence of catalyst Sicomin-Rot K 3130 S on basic propellant
A (AP 20 ¹m).

in comparison with 3% of CC. As the concentrationof the CC was
increased, the burning rate exponent was also increased.

In� uence of Sicomin-Rot K 3130 S on Flexolite series medium-
energy propellants for AP 20-¹m grind is shown in Figs. 6 and 7.
The catalyst level is 0.5, 1, 3, 3.5, 5, and 5.5%. The burning rate
is signi� cantly changed when the level is increased from 3 to 5%.
Also, the exponent in the burning-rate law is changed with addition
of 3% or more of this catalyst. The addition of 3% of all of these
catalysts has shown that CC is the most effective single catalyst
(Fig. 8), whereas comparison of 5% of catalysts has shown that
Sicomin-Rot K 3130 S is the most effective single catalyst at this
percentage (see Fig. 9). We can conclude from these results that
CC is the best catalyst if the amount added is up to 3%. Further
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Fig. 8 In� uence of 3% of different catalysts on basic propellant A (AP
20 ¹m).

Fig. 9 In� uence of 5% of different catalysts on basic propellant A (AP
20 ¹m).

Fig. 10 In� uence of plasticizer and Sicomin-RotK 3130S on medium-
energy propellants (AP 20 ¹m).

increase of burning rate requires the use of Sicomin-Rot K 3130 S.
This catalyst is much cheaper than CC.

The in� uence of plasticizer level has been examined on Flexolite
series medium-energy propellants with AP ground to 20 ¹m using
Sicomin-Rot K 3130 S as catalyst. Results are shown in Figs. 10–

13. Dioctyl phthalate is used as plasticizer in all Flexolite series
medium-energy propellants. In propellants with 3 and 5% of cat-
alyst (propellant formulations H and L), the level of plasticizer in
the binder is increased to 10% (propellant formulations I and M).
The results are shown in Fig. 10. Addition of 10% of plasticizer for
both propellant formulations (3 and 5% of catalyst Sicomin-Rot K
3130 S) decreasesburning rate for the same percent (see Fig. 11). In

Fig. 11 In� uence of increasing level of plasticizer for 10% on basic
propellants (AP 20 ¹m).

Fig. 12 In� uence of plasticizer on medium-energy propellants (AP
20 ¹m) with 3% of catalyst (K 3130 S).

Fig. 13 In� uence of level of plasticizer on basic propellant H (AP
20 ¹m).

compositions with 3% of catalyst, where the level of plasticizer in
binder was increased to 20% (formulation J in Fig. 12), the burning
rate decreased approximatelyto the same level as with the formula-
tion in which level of plasticizer in binder is increased to 10% (see
Fig. 13).

High-Energy Propellants

Including certain light metals in the propellant formulation can
increase the energy content of a solid propellant. The addition of
aluminum increases the combustion temperature and, thus, thereby
the speci� c impulse. In addition, loading density of propellant is
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Fig. 14 In� uence of aerosil on high-energy propellants (AP 60 ¹m).

Fig. 15 In� uence of aerosil on basic propellant O (AP 60 ¹m).

Fig. 16 In� uence of aerosil and Sicomin-Rot K 3130 S on high-energy
propellants (AP 200 ¹m).

also increased. Flexolite series high-energy propellants have 10%
of aluminum in the propellant formulation.

The in� uence of different catalysts such as aerosil, IO, and
Sicomin-Rot K 3130 S was investigatedin the Flexolite series high-
energy propellants.Their compositionsare shown in Table 3. Burn-
ing rates are shown in Figs. 14–19. Dioctyl adipate has been used
as the main plasticizer in these series of propellants. Basic high-
energy propellant formulation is formulation O. The in� uence of
0.2, 0.5, and 1% of aerosil on burning rate of high-energy propel-
lant formulation with 60-¹m AP grind is shown in Fig. 14. We can
conclude from Figs. 14 and 15 that aerosil has an in� uence as a
catalyst at pressures higher than 4 MPa and that an addition of 0.5
or 1% of aerosil does not signi� cantly increaseburning rate in com-
parisonwith 0.2% of aerosil. The in� uence of 0.2% of Sicomin-Rot

Fig. 17 In� uence of aerosil and Sicomin-Rot K 3130 S on basic pro-
pellant O (AP 200 ¹m).

Fig. 18 In� uence of aerosil and IO on high-energy propellants (AP
60 ¹m).

Fig. 19 In� uence of aerosil and IO on basic propellant O (AP 60 ¹m).

K 3130 S and aerosil on the basic high-energy formulation O with
200-¹m AP grind is shown in Fig. 16. Sicomin-Rot K 3130 S has
been shown to be a better catalyst than aerosil in these formulations
(see Fig. 17). The in� uence of 0.5% of IO on basic formulation O
with 60-¹m AP grade is shown in Fig. 18, and it has been shown as
a slightly worse catalyst than aerosil (see Fig. 19).

Conclusions
This paper presents results of measurements elucidating the in-

� uence of different catalysts on burning rate of a Flexolite series
of modi� ed PVC-based propellants.From the experimental results,
it can be seen that CC is the best catalyst used in the experiments
with medium-energy propellantsup to 9 MPa. CC is effective up to
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3%; above this, it does not affect the burning rate. Sicomin-Rot K
3130 S is a little less effective in comparison with the same amount
of CC and IO, but its effectiveness on the burning rate exists up to
5.5%. Therefore, larger increases in burning rate of basic propellant
formulations can be achieved with this catalyst. Also this catalyst
is much cheaper than CC. Sicomin-Rot K 3130 S has been shown
as the best catalyst in high-energy propellant formulations. Then
follows aerosil, which is a slightly better catalyst than IO. Aerosil
has shown its in� uence as a catalyst in propellant formulations at
pressures greater than 4 MPa, but its effectiveness is poor above
0.2%. Fine regulationof burning rate can be achieved by modifying
the level of plasticizer in propellant formulation. Results of experi-
ments have shown that increasing the plasticizer level in propellant
formulationsup to 10% decreases burning rate for a lesser amount.

References
1Blagojevic, D. D., and Bozic, V. S., “Processing Technique of Rocket

Propellants Based on Modi� ed PolyvinylChloride,” Proceedings of the 2nd
International High Energy Materials Conference and Exhibit (IHEMCE),
edited by S. Krishnan and S. K. Athithan, Allied Publishers Ltd., Mumbai,
India, Dec. 1998, pp. 200–205.

2Milos, M. V., and Bozic, V. S., “Small Motor Measurement Method
for Determining Burning Rate of Solid Rocket Propellants,” AIAA Paper
98-3390, July 1998.

3Bozic, V. S., Blagojevic, D. D., and Anicin, B. A., “Measurement System
for Determining Solid Rocket Propellant Burning Rate Using Re� ection
Interferometry,” Journal of Propulsion and Power, Vol. 13, No. 4, 1997,
pp. 457–462.

4Pearson, G. S., “The Role of Catalysts in Ignition and Combustion of
Solid Propellants,” Combustion Science and Technology, Vol. 3, June 1971,
pp. 155–163.

5Jacobs, P. W. M., and Jones, R. A., “The Thermal Decomposition and

Ignitionof Mixtures of AmmoniumPerchlorate and Copper Chromite,” Pro-
ceedings of the InternationalEleventh Symposium on Combustion, Combus-
tion Inst., Pittsburgh, PA, 1967, pp. 457–462.

6Harmoni, A., and Salmon, A., “The Catalytic Decomposition of Ammo-
nium Perchlorate in the Gaseous Phase,” Proceedings of the 33rd Meeting
of the Israel Chemical Society, Vol. 1, 1963, p. 313.

7Kuratani, K., “Some Studies on Solid Propellants, I: Kinetics of Thermal
Decomposition of Ammonium Perchlorate,” Aeronautical Research Inst.,
Rept. 327, Vol. 28, Univ. of Tokyo, Tokyo, 1962, pp. 79–101.

8Inami, S. H., Rajapakse, Y., Saw, R., and Wise, H., “Solid Propellant Ki-
netics, Part 1: The AmmoniumPerchlorate-CopperChromite Fuel Systems,”
Combustion and Flame, Vol. 17, No. 10, 1971, pp. 189–196.

9Shadman-Yazdi, F., “Experimental and Theoretical Studies of Combus-
tion of Solid Fuels,” Proceedings of First Iranian Congress on Chemical
Engineering, edited by P. Davallso, Elsevier, Amsterdam, 1974, pp. 167–

173.
10Friedman, R., Nugent, R. G., Rumbel, K. E., and Scurlock, A. C., “De-

� agration of Ammonium Perchlorate,” Proceedings of the 6th International
Symposium on Combustion, Reinhold, New York, 1957, pp. 612–618.

11Burnside, C. H., “Correlation of Ferric Oxide Surface Area and Propel-
lant Burning Rate,” AIAA Paper 75-234, Jan. 1975.

12Bakhman, N. N., Nikiforv, V. S., Avdyunin, V. T., Fogelzand, A. E.,
and Kichin, Y. S., “Catalysed Burning Rate of Ammonium Perchlorate and
Polymethyl Methacrylate Mixture,” Journal of Catalysis, Vol. 35, No. 10,
1974, pp. 383–389.

13Andrianova, T. I., Lobanov, I. N., and Sulimov, A. A., “The Effect of
the Speci� c Surface of a Catalyst on the Rate of Combustion,” Zhurnal
Fizicheskoi Khimii, Vol. 47, No. 2, 1973, pp. 410–412.

14Bobolev, V. K., Gen, M. Ia., and Maltsev, V. M., “Mechanism of the
Action of Iron Containing Catalystic Additives on the Burning of Mixed
Compositions,” Fizika Goreniya i Vzryva, Vol. 7, No. 3, 1971, pp. 366–375.

15Rumbel, K.E., “Poly(vinyl chloride) Plastisol Propellants,” Propellants
Manufacture, Hazards, and Testing, Advances in Chemistry Series, No. 88,
American Chemical Society, Washington, DC, 1969, pp. 36–66.


