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ABSTRACT

Most of the composite propellant compositions contain solid loading up to 86 per cent. The main solid
ingredients of composite propellant are ammonium perchlorate (AP) and aluminium powder. Therefore, it is
a must to characterise these to improve processibility and quality of composite propellant. Effect of particle
size on propellants slurry viscosity and ballistic parameters are well documented, however, the effect of
oxidizer particle shape is not reported. In the present study, different methods for size and shape characterisation
are discussed and effect of size and shape of AP on composite propellant properties are studied. The data

indicate that as size of AP decreases, propellant slurry viscosity increases and burn rate increases.

The

particles having higher shape factor provides less endof mix (EOM) viscosity of propellant slurry and burn

rate. Further, effect of size of ground AP on shape

is also investigated. From the data thus obtained, it is

inferred that as size of ground AP decreases, shape factor decreases, and particles become more irregular in

shape.
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1. INTRODUCTION

Composite propellants (CPs) are the most important
class of solid rocket propellants. Basically, a composite
propellant contains an oxidiser mainly ammonium perchlorate
(AP) (60-80 %), a binder such as hydroxy terminated
polybutadiene (HTPB) (10-15 %) and metallic fuel like
aluminum powder (15-20 %)The rheological and visco-
elastic properties of propellants are mostly governed by
the nature of solid ingredients, their size and shape, and
also on binder part usedHowever, burn rate of propellant

is considered to be the single most important property
governing the ballistic performance of solid motor, which
in turn depends mostly upon particle characteristics of
oxidiser, burn rate catalyst, and metal fifeAmong the
three factors, more contributory factors are considered to
arise from oxidiser AP and that is mainly from ground
oxidiser. Further, the finer particles in ground oxidiser
greatly influence the burn rate of the propellant than coarser
one in ground oxidisér.

Further, ballistic properties are also affected by particle
shape. If particles of oblong shape are mixed in a propellant
to a maximum packing level, it is quite likely that the
particles develop some sort of preferred direction of alignment

in between the voids created by fine AP packing. This
results in better packing network leading to lowering viscosity
and improved mechanical properties. In continuation of
this work, many researchers have also studiBdhe
effect of particle size in composite propellant formulations
and their findings also indicate better solid loading, lower
viscosity, and better packing as well as change in ballistic
properties.

The lowering in the viscosity is mainly governed by
size and shape of particles. As the particles become more
spherical, packing efficiency increases, which is responsible
for lowering the viscosity. Thus, by selecting suitable
size, shape, and proportion of solid ingredients, it is possible
to increase solid loading of the propellant compositions.
The increase in solid loading gives better performance of
rocket motor. Keeping in mind the advantages of size,
shape, and proportion of solid ingredients, a systematic
study was carried out to characterise AP particles of two
different sources.

2.  EXPERIMENTAL
2.1 Materials
Ammonium perchlorate (AP), procured from Ammonium

in packets of propellant block. This would give rise to Perchlorate Experimental Plant (APEP), Alwaye and Pandian
different burning rates along different directions of flame Chemicals Ltd (PCL), Cuddalore was used in bimodal
propagatiof The volume packing of filler particles directly  distribution having particle size 300 um and 60 um. Hydroxyl-

determines mechanical and rheological properties of the terminated polybutadiene (HTPB) having number average
propellant. The ideal packing network assumes the fine molecular weight (Mn) 2300-2900 was procured from Anabond
AP particles occupying the void spaces in the coarse AP Pvt Ltd, Chennai. Aluminium powder having average particle
packing network; in turn the AP particles thread their way size 15+ 3 um was procured from MEPCO, Madurai, and
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used as such. Other ingredients, such as dioctyl adipatefactor is defined as follows:

(DOA), toluene diisocyanate (TDIp;phenyl naphthylamine

(Nonox-D), tri-methylol propane (TMP) and 1,4- butanediol Shape factor = # A/P?

(n-BD) used as plasticiser, curative, antioxidant, cross- where, A is the projected area of the partick,is the
linker and chain extender, respectively, were also procured perimeter of the projected particle area (for perfect spherical

from trade and used as such. particle Shape factor =1).
Based on size and shape measurement techniques,
2.2 Characterisation the solid powder ingredients were analysed and used in
2.2.1 Importance of Particle Size and Shape on composite propellant formulations. The particle sizes of
Characteristion solid ingredients were determined by laser-based particle

The particles of coarse AP procured from trade do size analyzer CILAS, France, model- 1064, in non-aqueous
not have consistent size and shape. Therefore, beforemedium. Shape factor of AP was determined by Dynamic
using it in a composite propellant composition, it is essential Shape Analyzer, DSA-10 of Ankersmid make.
to determine their size and shape.

2.2.4 Characterisation of Propellant
2.2.2 Role of Particle Size Measurement The viscosity of propellant slurry was measured using

The particle size measurement is of two types, i.e., Brookfield viscometer, model HBT dial type. The mechanical
primary measurement and secondary measurement. Primaryproperties like tensile strength, per cent elongation and
measurements are direct, as carried out by microscopy E- modulus of cured propellant samples were evaluated
while secondary measurement are derived from the effects using dumbbells on tensile testing machine, Hounsfield
of some well studied physical phenomenon like settling, conforming to ASTM D638 at a cross head speed of 50
diffraction, or permeatry. As a result, against the plethora mm/min at ambient temperature. Solid strand burn rate
of measurement techniques, there exists a different figure (SSBR) was measured using acoustic emission technique
of particle sizes such as martin, feret, surface, stokes, in nitrogen atmosphere.
sieve diameters, etc. Other factors to be borne in mind
before measurement include the end-use of powder, sensitivity 2.3 Procedure
of the analyser for the particle size envisaged. The industrial All the experimental mixes of composite propellants
powders with large polydispersity cannot be adequately were carried out at 15 kg batch level in vertical mixer. In
described by average particle size alone but distribution mixing of ingredients, first liquid ingredients(except curative)
of various constituent fractions. Three standard distributions, were charged and mixed well for half-an-hour followed by
namely Normal, Log-Normal and Rosin-Rammler-Bennett vacuum mixing for another half-an-hour to drive out entrapped
were used to simulate the size distribution of powders, air. After this, aluminium powder and AP were added one
and thus provide an accumulated view of particle size by one. After addition of complete solid portion, mixing
measurements was done under vacuum for half-an-hour. In the mean

Conventionally, the particle size of AP is determined time, temperature of mix was brought to 37€3and TDI
using sieve analysis. However, by sieving, it is not possible was added and further mixing is done for half-an-hour.
to characterise powders below 40 um. Moreover, conventional Then, slurry was cast into 100 mm ID mould and cured
methods are also handicapped by being manual in nature,at 50°C for five days. The cured propellant was used for
and hence prone to human error. So, the focus of particle determination of various propellant properties.
characterisation was shifted from the usual time-consuming
and less-accurate conventional methods to the laser-based3. RESULTS & DISCUSSION

techniques. 3.1 Effect of Particle Size of AP on Slurry Viscosity
and Burn Rate
2.2.3 Role of Particle Shape Measurement Different experiments were carried out using APEP

The need nowadays is not only for the measurement and PCL AP in bimodal form by varying coarse-to-fine
of size and size distribution, but also for the measurement ratio, or changing average particle size of AP. The prepared
of shape and shape distributions. Particle shape is a fundamentatompositions containing 86 per cent solids were analysed
powder property affecting powder packing, and thus bulk for end of mix (EOM) viscosity. The value of propellant
density, porosity, permeability, cohesion, flow ability, caking slurry viscosity on changing the average particle size of

behaviour, attrition, interaction with fluids, etc. AP is shown in Fig. 1. The variation of viscosity with
The shape of particle can be measured using dynamic change in average particle size can be expressed in the

shape analyzer. There exist shape parametdike roundness, form of following equations.

chunkiness, irregularity, compactness, statistical shape EOM (APEP) = 0.5503R- 222.26P + 28913

indices, fourier coefficients, fractal dimensions, aspect EOM (PCL) = 0.5942R- 234.01P + 28184.

ratio, etc. However, the most important shape parameter where, particle size (P) is in.

is shape factor obtained by digital dynamic shape analyzer, It is clear from the figure that as the average particle

which is based on image analysis technique. The shapesize of the AP decreases, the EOM viscosity increases.
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Figure 1. Effect of particle size of AP on viscosity of propellant
slurry.
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rate also increases. The decrease in burn rate is more
prominent in case of PCL AP as elaborated under effect
of shape on propellant properties.

3.2 Effect of Particle Shape of AP on Propellant
Properties
APEP and PCL AP particles were analysed for particle
shape using (DSA)-10 of Ankersmid make. Around 5000
particles of both PCL and APEP were measured using free-
fall cell of the system. The resultant shape factor graphs
for PCL and APEP are shown in Figs 3 and 4, respectively.
It is clear from these figures that the mean shape
factor for PCL AP is 0.8767, whereas the shape factor for
APEP AP is 0.7843. Thus, it is clear from the data that
particles of PCL AP are more spherical than particles of
APEP AP. The images of PCL and APEP AP were also
taken using DSA and are presented in Figs 5and 6, respectively.
It is clear from the figures that AP particles of PCL

This is due to the fact that as size decreases, surfacémake are more round (spherical) than APEP particles which
area of the AP particles increases. Thus, less binder s responsible for lowering in viscosity as well as burn

(liquid) is available for wetting of the powder. Hence,
slurry viscosity increases. Moreover, the decrease in
viscosity is more prominent in case of PCL AP as explained
under effect of shape on propellant properties

In the same way, effect of particle size of AP of both

rate.

To study further, particle size distribution of PCL and
APEP APe were also determined using British Standard
Sieves (B.S.S.). The resultant distributions are given in
Table 1.

sources on burn rate was studied and results are shown

in Fig. 2. The variation of burn rate with change in average
particle size can be expressed in the form of following
equations

BR (PCL) = 878.1gp08646

BR (APEP) = 452.3P0722

where, P is the particle size ip, and BR is the burn
rate in mm/s.

The figure reveals that as the average particle size

of AP decreases, burn rate increases. It is due to increase

in the surface area of the AP particles. Since burning is

a surface phenomenon, as surface area increases, burn
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Figure 2. Effect of particle size of AP on Burn rate of propellant
compositions.
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- ‘ properties are shown in Table 2.
I F The data reveal that due to more spherical nature of
‘ » particles of PCL AP, EOM viscosity of propellant slurry
. was less compared to APEP AP. However, propellant
] compositions having PCL AP gave less burn rate compared
® to propellant compositions containing APEP AP. This is
® due to the fact that burn rate is affected by surface area
‘ of AP particles. As the shape factor of particles increases,
the particles become more spherical. Thus, surface area
L of particles decreases. The decrease in surface area is
. responsible for decrease in burn rate of propellant which
‘ . is shown by PCL AP as it has less surface area. The
! . difference in mechanical properties is not significant for
- . P the studied compositions having same percentage of HTPB

& binder.
= A ] 3.3 Effect of Grinding on Particle Shape of AP
Figure 5. Photograph of PCL AP on dynamic shape analyser. In continuation to this work, AP of APEP having

average particle size 300 um was ground using a fully
F . ! ,‘ assembled REICO ACM-10 grinding mill. The mill parameters

i " P were set to get particles having average size of 35 um,

. 50 um, 60 pum, 70 um, and 80 um as measured by CILAS

. l _ v particle size analyser. All ground AP powders were analysed

- il =it Sy for shape using DSA-10. The variation in shape factor
v I s 2 with particle size is shown in Fig. 7.
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Figure 6. Photograph of APEP AP on dynamic shape analyzer. 0.65 -| /
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It is clear from the table that the average particle 0.63

size and size distributions of PCL and APEP AP are 0.62 ‘ ‘ ‘ ‘ ‘
more or less the same.

Based on size and shape analyses data, to have the 0 20 40 60 80 100
actual effect of these values on propellant properties, Particle size (micron)
APEP and PCL make AP were used in propellant compositions Figure 7. Effect of particle size of ground AP (APEP) on
as per the method described earlier. The resultant propellant shape factor.

Table 1. Particle size distribution of AP (PCL & APEP)

B.S.S PCL APEP
Ammonium perchlorate Ammonium perchlorate
per cent per cent
+30 1.45 1.0
+44 22.60 24.95
+52 24.80 15.40
+60 374 34.45
+85 9.35 16.90
+100 2.35 5.55
-100 2.05 2.20
Average Particle size 313.72um 309.72um
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Table 2. Effect of particle shape of AP on propellant properties

Source  Percent End of Mix Slurry E-modulus, Tensile Per cent SSBR

of AP HTPB viscosity, poise ksc strength, ksc  elongation mm/s @ 33 ksc
APEP 10.08 8640 at 4T 59.9 8.38 38.36 5.00
PCL 10.08 7360 at 4T 59.6 7.43 32.31 4.32

APEP 10.09 8320 4%C 45.47 7.5 41.91 5.01
PCL 10.09 6880 at 4T 45.24 6.88 37.96 4.45

The figure reveals that as particle size decreases, 6.
shape factor decreases. It indicates that ground particles
become more irregular as these become finer. The same
findings were also observed using PCL AP during grinding. 7.

4. CONCLUSIONS
Different methods were employed to characterise the
size and shape of solid ingredients. AP particles having

higher shape factor gives less EOM viscosity of propellant 8.
slurry and subsequently less burn rate. Also, the shape

factor of AP decreases on subsequent grinding. Thus,
characterisation techniques are important in maintaining
and improving the quality of finished product in terms of

compaction, density, mechanical properties & burn rate
and also help in smooth processing of propellant compositions.

ACKNOWLEDGEMENT

The authors thank Dr A.Subhanand Rao, Director,
High Energy Materials Research Laboratory (HEMRL) for
his support and encouragement during the course of this
study.

REFERENCES

1. Boyars, C. & Klager, K. Propellants, manufacturing 12.

hazards and testing. American Chemical Society,
Washington D.C., Publication No. 88, 19@38 p.

2. Muthiah, Rm.; Krishnamurthy, V.N. & Gupta, B.R.
Rheology of HTPB propellant, effect of solid loading,
oxidizer particle size and aluminium contedtAppl.
Poly. Sci, 1992, 44, 2043-052

3. Kubota, N. ; Kuwahara, T.; Miyazaki, S. ; Uchiyama,
K. & Hirata, N. Combustion wave structure of ammonium
perchlorate composite propellans.Propul Power,
1986,2, 296.

4. Chakravarthy, S.R. Characterisation of heterogeneous
solid propellantsin Propellant and Explosive Technology,
edited by S. Krishnan; S.R. Chakravarthy, & S.K. Athinan,
Allied Publishers Ltd, Chennai, 1998. pp. 77-119.

5. Price, E. W.; Sambamurthy, J. K.; Sigman, R. K. & 17.

Panyam, R. R. Combustion of ammonium perchlorate
polymer sandwitchesCombustion and Flamel986,
63, 381-13.

298

Kishore, K. & Prasad, G. A review of decomposition/
deflagration of oxidizer and binders in composite solid
propellantsDef. Sci. J. 1979 29(1), 39-54.

Muthaiah, R. M.; Verghese, T. L.; Rao, S. S.; Ninan , K. N.
& Krishnamurthy, V. N. Realisation of an eco-friendly
solid propellants based on HTPB-HMX-AP system
for launch vehicle applicationBropell. Explos. Pyrotech.,
1998,23,90-93.

Engelen, K. ; Lefebvre , M. H. & Hubin, A. Properties
of a gas- generating composition related to the particle
size of the oxidisePropell. Explos. Pyrotech2002,
272,90-299.

Sutton, G. P. Sold propellants. Rocket propulsion
elements- An introduction to the engineering rockets,
edited by G. P. Sutton. Ed. 6, John Wiley & Sons Inc,
California, 1992. pp.431-41

Kubota, N. Survey of rocket propellants and their
combustion charecteristics. ChapnlFundamentalsof
solid propellant-combustion. , Progress in Astronautics
and AeronauticsAlAA,1984,90.

Davenas, A. Solid rocket motor design Chapn4
Tactical missile propulsion. Progress in Astronautics
and Aeronautics, AIAA,199670.

Lindner,V. Explosives and PropellartsKirk-Othmer,
Encyclopedia of Chemical Technology,1980561-
671.

Barth, H.G. & Shao Tang Sun. Particle size analysis,
Anal. Chem, 1991,63, 1-10.

Jain, Sunil; Mulay, M.P.; Mehilal; Singh, P.P. &
Bhattacharya, B. Prediction of particle size of ammonium
perchlorate during pulverisatiobef. Sci. J. 2006,

56, 423-31.

Rosler, R.; Schneider, H. A. & Schuberth, R. Relation
between particle shape and profile Fourier coefficients.
Powder Technology1987,49, 255-60.

Clark, N.N. A new scheme for particle shape characterisation
based on fractal dimensio®owder Technology 987,

51, 243-49.

Manohar, B. & Sridhar, B.S. Size and shape characterisation
of conventionally and cryogenically ground turmeric
(Curcuma domestiggparticlesPowder Technology
2001,120, 292-97.



JAIN, et al: INFLUENCE OF AMMONIUM PERCHLORATE ON PROPERTIES OF COMPOSITE PROPELLANT

Contributors

Mr Sunil Jain obtained his BE (Chem Engg) from REC,
Surat in 2002. He joined HEMRL, in 2002 and has been
working in the field of propellant processing. His area of
interest is powder technology. He has published 7 research
papers in national and international journal.

Dr Mehilal joined HEMRL in 1985 and made significant
contributions in the field of plastic-bonded explosives. He
has also developed a process for the synthesis of TATB,
a well known thermally-stable explosive. Presently, he is
working in the field of solid rocket propellants. He has
published more than 55 research papers in national and
international journals.

Mr S Nandagopal obtained his MSc (Chemistry) from the
Madras University, Chennai, in 2000. He joined DIAT, in
2003 as Scientist 'B' and presently, working at HEMRL,
Pune. He is involved in the processing of composite propellants

Mr Praveen Prakash Singh received his BE (Chem.Engg)
from HBTI, Kanpur, in 1992 and PG diploma in Manufacturing
Management from SIBM, Pune in 2001.He has worked as
Dy. Engineer in Indian Rayon, Veraval, Gujarat & joined
SHAR Center, ISRO in 1993. He subsequently joined DRDO
at HEMRL in 1997. He is working in the field of solid rocket
propellant processing.

Mr KK Radhakrishnan has more than 36 years of experience
in the field of Solid rocket propellant processing. He has
worked on double-base, CMDB and composite propellant
processing technology. Currently, he is heading a group responsible
for large case-bonded motor processing.

Mr Bikash Bhattacharya is MTech in Chemical Engineering
and has more than 30 years of experience in processing case-
bonded motors of diameter ranging from 150 mm to 2000
mm. He is responsible for infrastructure development needed
for processing case-bonded motors. He has organised number
of national and international seminars/symposium successfully.

used in case-bonded rocked motors. He has published eightHe has published more than 25 research papers in national

research papers in national and international journal.

and international journal.

299



