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Abstract: The influence of composition on mechanical properties of fuel-rich composite propellants based on hydroxyl-terminated polybutadiene pre-
polymer (HTPB) /ammonium perchlorate oxidizer ( AP) /aluminum fuel (Al) was experimentally investigated. 11 Batches of 10 kg mixes were pre-
pared in which design factors of mixing, casting, and curing were fixed. Standard JANNAF specimens were tested with Zwick machine at a rate of
50 mm - min™' under 25 °C. The results show that the decreasing of the binder content from 74.5% to 34.5% due to fillers incorporation such as AP
an Al powder decreased the strain and increased the tensile strength, Young’s modulus, and hardness. The particle size and amount of AP had influ-
ences on the mechanical properties. The fine AP particles acted as active filler and enhanced the mechanical properties of composite propellant. De-
creasing AP average particle diameter from 55.9um to 9um was helpful to increase the tensile strength, Young’s modulus, and hardness of the pro-
pellant and to decrease the strain. It is indicated that the mechanical properties of these fuel-rich composite propellant compositions are mainly affect-

ed by the content of the binder and the average particle size of AP.
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1 Introduction

Fuel-rich propellants are typically used for ramjet-rocket
motors''’. Fuel-rich propellants are classified into metal-load-
ed compositions with high smoke levels, carbon compositions
with moderate smoke levels and hydrocarbon-fueled composi-
tions with low smoke level. The major components of hydro-
carbon-fueled compositions are a binder, an oxidizer, and
sometimes a hydrocarbon filler™”’. The propellant grain must
withstand the stresses and strains imposed on it during han-
dling, ignition, and firing of rocket'*!. The mechanical prop-
erties are so essential for the propellant to be measured to en-
sure its capability for storage, transportation, aging, and oper-
ating under the combustion loads™’.

For the composite solid rocket propellants, tensile me-
chanical tests are often applied. With elastic materials, stres-
ses and strains are essentially proportional to each other and
independent of time"”’. Temperature variations during storage
are found to be the main reason for the propellant strain and
stress leading to decreasing quality®’.

The variation of performance parameters with variation in
formulation cannot yet be presented by mathematical models
exactly. Many studies have been reported previously to corre-
late the individual performance properties with the formulation
parameters. Marsh'”’ studied the polymer parameters for for-
mulation design and quality control, and a general correlation
of mechanical properties. He concluded that there is a correla-
tion of propellant elongation with polymer network parameter,
while tensile capacity becomes a useful formulation character-
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istic. Hill"* studied the effect of the plasticizer to improve the
elastomeric properties of binders and hence the mechanical
properties. Nian""!studied the effect of the functionality group
of hydroxyl-terminated polybutadiene pre-polymer (HTPB) on
the binder network and its correlation with the mechanical
properties. Keizers''” made studies on ammonium perchlorate
AP/HTPB propellants to predict some of the important parame-
ters by developing computer model.

According to binder base, composite propellants are char-
acterized by their excellent tensile mechanical properties,
strength at maximum in the range of 5-35 kg - cm™ and strain
at maximum in the range of 25% —120% at normal tempera-
ture'".

The objective of the present experimental investigation in
the paper was to determine the effect of solid fillers, such as
oxidizer solid loading and oxidizer particle size distribution,
on the mechanical properties of the fuel-rich composite propel-
lant. The mechanical properties (tensile strength, strain, and
Young's modulus) were measured and analyzed for different
formulations.

2 Experimental Method

2.1 Propellant formulations

The formulations studied in this work were formulated on
the basis of HTPB as a binder and AP as an oxidizer. Further
investigation includes system in which fuel, aluminum (Al),
and burning rate accelerator, copper chromite (CC), added
at the expense of the binder.

The compositions of all tested propellant formulations
presented in Table 1. The propellant binder was composed of
85.7% HTPB as a main backbone, 12.3% hexa-methylene di-
isocianate (HMDI) as a cross-linking agent and 2.0% methyl
aziridinyl phosphine oxide (MAPO) as a bonding agent "',
All propellant compositions contained 0.5% carbon black (CB)
with 10 um particle size as an opacifier which was found to be
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very important to apply the black body role””. The base line
propellant formulation A3 consisted of 45% AP with 9.0 pm
particles and the particle size variations were investigated
through a bi-modal system with AP (64.0 um)™’. The AP av-
erage particle size in formulation B1 is 44.5 wm and in formu-
lation B2 is 55.9 um.

Table 1 The fuel-rich formulations

batch binder AP AP Al CcC CB

/% (9 wm) /% (64 pm) /% /% /% /%
Al 74.5 25.0 0.0 0.0 0.0 0.5
A2 64.5 35.0 0.0 0.0 0.0 0.5
A3 54.5 45.0 0.0 0.0 0.0 0.5
B1 54.5 30.0 15.0 0.0 0.0 0.5
B2 54.5 15.0 30.0 0.0 0.0 0.5
C1 44.5 45.0 0.0 10.0 0.0 0.5
C2 34.5 45.0 0.0 20.0 0.0 0.5
D1 51.5 45.0 0.0 0.0 3.0 0.5
D2 48.5 45.0 0.0 0.0 6.0 0.5
E1 41.5 45.0 0.0 10.0 3.0 0.5
E2 38.5 45.0 0.0 10.0 6.0 0.5

Preparation of the propellants for the test program was
made by using a heavy-duty mixer (9x10~* m’ capacity) with
weight of 10 kg per formulation to guarantee the slurry homo-
geneity. Propellant slurry casting was applied in special molds
with standard dimensions I5 cmx15 cmx15 c¢cm under vacuum
and vibration. The molds are placed in a curing oven at
55 °C, for a total curing time of 240 h. Curing temperature is
selected to accelerate the cross linking reactions. After curing
the molds are cut into sheets with uniform thickness of 1.2 cm.

Test specimens were produced according to Joint Army-
Navy-NASA-Air Force Propulsion Committee ( JANNAF )
standard''*’.

Fig. 1 shows the produced specimens which checked for
voids (e. g. air bubbles-cracks-porosities-foreign matter) by
X-Ray. After that, the accepted specimens are stored at ambi-
ent temperature in dry place.

Fig.1 X-Ray film for JANNAF specimens

2.2 Apparatuses

The Zwick Z050 universal test machine was used in carry-
ing out all the mechanical tests. The machine can do seven dif-
ferent mechanical tests (tensile, compression, bending, peel-
ing, creep, relaxation, and low cycle fatigue tests). The ma-
chine is provided with 3 different load cells (2.5 kN, 10 kN,
and 50 kN) to cover wide ranges of measurements and applica-
tions. The machine is supported with a temperature chamber
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which allow for performing tests under desired temperature.
The Shore hardness( A) was measured using the hardness
tester Zwick (model 3102) at 25 °C.

2.3 Measurement methods

Tensile tests are used to determine a certain number of pa-
rameters, as shown in figure 2 that allow for better representa-
tion of propellant behavior. These parameters include: Young's
modulus ( E), maximum strength (o), maximum strain (e, )
corresponding to maximum strength, break stress,break strain.

Young's modulus is determined from the linear part of the
stress- strain curve. JANNAF specimens were tested at tensile
rate of 50 mm/min and temperature 25 °C. The tensile test
was carried out for at least five samples for each prepared for-
mulation and then the mean value of the obtained results was
recorded.

3 Results and Discussion

3.1 Result

In this work the regression line is calculated in the range
from begin of Young’s Modulus determination to the end of
Young's Modulus determination (see Fig.2) that indicates the
parameters which can be identified from the tensile test.
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Fig. 2 General tensile behavior of solid propellant

The mechanical properties of the tested propellant formu-
lations were independent on the curative ratio (NCO/OH rati-
o of HMDI and HTPB) in this program where NCO/OH ratio
was 2.0 in all formulations (this high ratio was verified practi-
cally by preparation of different binder formulations with ratio
from 0.5 to 3 then test them which lead to this value). The re-
sults of these mechanical properties with different compositions
are given in Table 2.

Table 2 Results of mechanical properties at 25 °C

binder T Em E

batch g, /kg - cm™ /% /kg -+ cm™ A

Al 74.5 22.51 98.08 46.66 56.00
A2 64.5 24.63 90.99 57.50 57.50
A3 54.5 27.92 75.32  63.19 61.25
B1 54.5 20.05 78.33 53.33 53.50
B2 54.5 15.64 85.30 44.24 50.50
C1 44.5 31.22 70.01  67.52 64.00
C2 34.5 35.07 36.07 73.52 72.25
D1 51.5 28.99 73.22  65.22 63.00
D2 48.5 30.01 70.09  66.01 63.50
E1 41.5 32.01 48.54 68.77 66.75
E2 38.5 33.82 37.00 71.05 68.00
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3.3 Effect of binder content on the mechanical properties
According to Fig. 3, Fig.4 and Fig. 5 increasing the binder
percentage (from 34.5% to 74.5% ) in group A, C, D, and E
make decreasing of the maximum strength (from 35.07 kg - cm™
to 22.51 kg + cm® with a percentage of about 35.8% ), Young's
modulus (from 73.52 kg - cm™ to 46. 66 kg + cm™ with a
percentage of about 36.5% ) and hardness (A) (from 72 to
56 with a percentage of about 22.2% ) respectively. That be-
cause of decreasing binder by increasing the fillers percentage
leads to increase the filling coefficient in the binder matrix
which strengthens it and increasing the maximum strength and
hardness. Also increasing the solid loading leads to formation
of additional crosslinks between the solid particles and the net-
work chains of the binder matrix.
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Fig.3 Effect of the binder content on the propellant maximum strength

80

~
ol
D
1>

o
/
N

i

Young's modulus / kg~ cm™
(SN e BN e) B |
o O O
/>

o
o

N4

~
[
[
g

40
30 3% 40 4 50 5 60 65 70 75 80
content of binder / %
Fig.4 Effect of the binder content on the propellant Young's modulus
80
=
w 70 £2 CT
] L 22
S 60 ——————
©
& ws!
50 =52
40

30 35 40 45 50 55 60 65 70 75 80
content of binder / %

Fig.5 Effect of the binder content on the propellant Shore hardness( A)
Fig. 6 shows the trend of increasing the maximum strain
(from 37. 07% to 98. 08% with a percentage of about
164.8% ) when increasing the binder percentage ( from
34.5% to 74.5% ) in group A, C, D, and E. It is observed
that although the binder decreased 4% from E2 to C2 and from
D2 to C1 but the effect in maximum strain is negligible. It is
clear that incorporate 10% of Al instead of 6% of CC has no
effect on the maximum strain.

It is clear that the maximum strain of the composite pro-
pellant samples decreases with decreasing the binder content
and increasing the solid loading. This effect may arise from the
reduced volume fraction of the binder matrix due to the in-
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creasing volume fraction of solid particles. When the sample
of composite propellant is subjected to uniaxial tensile stres-
ses, the total deformation is accommodated only by the binder
matrix because aluminum and ammonium perchlorate particles
are hard and possess very high elastic modulus compared to
the binder matrix.
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Fig.6 Effect of the binder content on the propellant maximum strain

Group B has the same binder content as A3 (55% ) but
with different AP average diameter and this factor has a great
effect on the mechanical properties. This will be discussed in
the next part separately.

3.2 Effect of the oxidizer particle size on the mechanical
properties
Fig.7 and Fig. 8 present the effect of the oxidizer particle
size on the maximum strength and hardness (A) respectively.
The larger particle size of AP (9 pm in A3, then 44.5 um in
B1, finally 55.9 pum in B2) without changing the propellant
composition, the lower the maximum strength (27.92 kg - cm™,
20.05 kg - cm™, 15.64 kg - cm™) and the lower the hardness
(A) (61.25,53.5, 50.5). This is because the small particle
sizes of AP act as active fillers and enhance the mechanical

strength of the propellant matrix.
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The polymer system filled with coarse particles starts dew-
etting at a smaller stress compared to a system containing fine
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particles. Thus the strength increases with the increasing con-
tent of fine particles in the polymer matrix system.

According to Fig. 9 the same trend is found. Young's
modulus is decreased (63.19 kg - cm™, 53.33 kg - cm™,
44.24 kg - cm™) with increasing the particle size of AP.
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Fig.9 Effect of the oxidizer particle size on the propellant Young's
modulus

Fig. 10 shows the relation between the oxidizer particle
size and the maximum strain. The results show that increasing
AP particle size within the same binder percentage leads to in-
crease the maximum strain (75.32% , 78.33% , 85.3% ) be-
cause with increasing the particle size of the oxidizer the ap-
parent volume will be decreased and the distances between
the particles will be increased.
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Fig. 10 Effect of the oxidizer particle size on the propellant maximum
strain

Increasing volume fraction of fine fillers reduces the elon-
gation capability of the composite propellant. This behavior
caused by different dewetting nature of large and small parti-
cles. Vacuoles (vacuum-holes) occur between solid particle
and binder phase when the propellant sample dewets. If the
load on the sample is maintained, vacuoles enlarge and even-
tually combine with each other. The volume of the propellant
increases during tensile testing due to the presence of vacuoles
and due to its combine with each other®’. This means that
these vacuoles contribute to the total elongation after dewetting
occurs. Formation of vacuoles in the propellants containing a
larger quantity of fine AP is less than that in propellants contai-
ning coarse particles. Thus, increasing fine AP fraction decrea-
ses the maximum strain.

4 Conclusion

The mechanical properties are so essential for the propel-
lant to be measured to ensure its capability for storage, trans-
portation, aging, and operating under the combustion loads.
In this work the effect of solid loading of the fillers in the fuel-
rich composite propellants on the mechanical properties was
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studied. It is observed that as the solid loading increase and the
binder percentage decrease from 74.5% to 34.5% the tensile
strength increase from 22.51 kg - cm™ to 35.07 kg -+ cm™ and
the strain decrease from 98.08% to 36.07% due to formation
of additional crosslinks between the solid particles and the net-
work chains of the binder matrix.

The mechanical properties of composite propellants are
also strongly affected by the particle size of the ammonium
perchlorate. With increasing the oxidizer average particle size
(9 pm, 44.5 pm and 55.9 um) the maximum strength de-
creases (27.92 kg - cm™, 20.05 kg - cm™, 15.64 kg - cm™
and the maximum strain increases (75. 32%, 78. 33%,
85.30% ) because the apparent volume decreased and the dis-
tances between the particles increased.

Much further work is required in this direction to study the
effect of AP particle size variations through tri-model systems
on the mechanical properties of the composite propellants.
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