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Experimental study on processability of ammonium perchiorate/hydroxy]-

terminated polybutadiene composite propellant (I)

— Influences of operating temperature on viscosity of uncured propellant —

by Makoto KOHGA* and Yutaka HAGIHARA™

In the preparation of ammonium perchlorate (AP) /hydroxyl-terminated polybutadiene (HTPB)
composite propellant, the lower viscosity of uncured propellant dough is desirable to mix and cast the
uncured propellant dough easily. The viscosity of HTPB prepolymer to which a curing agent was
added increases as the time passes, but the viscosity could be expected to decrease with an increasing
temperature in the first stage when an increase in viscosity resulting from curing reaction is small. This
indicates that there must be an optimum operating temperature in the preparation of AP/HTPB pro-
pellant. In order to obtain the lowest viscosity during mixing and casting of uncured propellant, it’s
necessary to use the optimum operating temperature. In the present study the relationships between
the viscosity of HTPB with a curing agent or uncured propellant and the curing time were investigated
at temperatures from 313K to 353K, and an attempt was made to find out the optimum operating
temperature for mixing and casting of uncured propellant experimentally. The influence of tempera-
ture on the relationship between the apparent viscosity of uncured propellant and the curing time is
similar to that between the apparent viscosity of HTPB with a curing agent and the curing time. It is
found that the optimum operating temperature for mixing and casting of uncured propellant is identi-
cal with the temperature at which the apparent viscosity of HTPB with a curing agent is the lowest.

1. Introduction

Ammonium perchlorate (AP) /hydroxyl-terminated
polybutadiene (HTPB) composite propellant was adopted
in this study, because AP/HTPB composite propellant is
the most widely used one at present. In order to design the
formulation of AP/HTPB composite propellant, it's nec-
essary to spread the range of a specific impulse of AP/
HTPB composite propellant widely, especially towards a
high specific impulse region. Specific impulse of AP/HTPB
composite propeliant increases with an increasing AP con-
tent and when the AP content is about 90wt%, the maxi-
mum specific impulse can be realized theoretically®’. Be-
‘cause an upper limit of AP content in propellant exists tech-
nically for the size distribution of AP used®, the upper
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limit of specific impulse must be so. In order to increase
the upper limit of specific impulse, it's necessary to increase
the upper limit of AP content. The purpose of this study
was to find out the optimum operating temperature under
the optimum operating conditions.

In the preparation of AP/HTPB composite propellant,
AP is mixed with HTPB prepolymer and a curing agent is
added to the AP/HTPB mixture. The AP/HTPB mixture
with a curing agent, i.e., the uncured propellant is mixed
again and cast into the rocket motor. A lower viscosity of
uncured propellant dough is desirable to mix and cast the
uncured propellant dough easily. The viscosity of uncured
propellant is influenced by AP content, size distribution
of AP, curing time, temperature, etc. In the case of the
propellant with the same particle distribution and content
of AP, it is likely that the viscosity of uncured propellant
is greatly dependent on that of liquid prepolymer HTPB
and the viscosity of uncured propellant decreases with a
decreasing viscosity of HTPB prepolymer. The viscosity
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Fig.1 Schematic diagram of the flow tester

of HTPB prepolymer decreases with an increasing tem-
perature. On the other hand, after a curing agent is added
to HTPB, the viscosity of HTPB containing a curing agent
increases as the time passes. In addition, with an increas-
ing temperature the rate of the curing reaction of HTPB
increases and, therefore, its viscosity increases, This indi-

cates that the optimum operating temperature exists to

obtain the lowest viscosity during mixing and casting of
uncured propeliant. It is important for the preparation of
AP/HTPB composite propellant to find out the optimum
operating temperature for mixing and casting of uncured
propellant. In the present study, the relationships between
the viscosity of HTPB prepolymer or uncured propellant
dough and the curing time were investigated at various
temperatures, and an attempt was made to find out the
optimum operating temperature for mixing and casting of
uncured propellant experimentally.
2. Experimental
2.1 Samples

AP prepared by the freeze-drying method®’ was used.
The mean volume-surface diameter of AP is 4X 10*m. AP
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particles used in this study are fine and unimodal unlike
ones contained in the common propellant. When the AP
content is constant in the composition, the viscosity of AP/
HTPB mixture increases with a decreasing size of AP used.
Therefore fine AP particles were used in this study. HTPB
R-45M (ARCO Co.) prepolymer was used as a material
of binder. HTPB was cured with isophorone diisocyanate
(IPDI) of a crosslinking agent. The amount of added IPDI
in this study was 8 wi% relative to HTPB? and it is an
ordinary volume.
2.2 Measurement of viscosity of HTPB prepolymer or
uncured propellant dough

The apparent viscosities of HTPB or uncured propel-
lant were measured by a flow tester (Shimadzu CFT-
500C). A schematic diagram of the flow tester is shown in
Fig.1. End correction in the capillary flow could not be
carried out in this study. The reason was as follows: Four
viscosity data(combination between two dies and two
loads) are required for the end correction in the capillary
flow®’, Four viscosity data had to be taken simultaneously,
because the curing reaction of HTPB with IPDI or un-
cured propellant proceeds continuously. Since it's difficult
to take four viscosity data simuitaneously, the end correc-
tion in the capillary flow could not be carried out in this
study. The apparent viscosities of HTPB and uncured pro-
pellant were measured at temperatures from 313K to 353K.
HTPB or uncured propellant was always maintained at
the measuring temperature in a constant temperature box.
The measurement of apparent viscosity of HTPB was con-
ducted using a die with.@ 0. 5X 1 mm under a load of
0. 98MPa. On the other hand, that of uncured propellant
was conducted using a die with ¢ 1 X 1 mm under a load
of 1. 96MPa.
3. Results and discussion
3.1 Relationship between apparent viscosity of HTPB

prepolymer and curing time

First the influences of temperature on viscosity of HTPB
without IPDI were investigated. The apparent viscosities
of HTPB prepolymer alone were measured at temperatures
from 313K to 353K and the relationship between the ap-
parent viscosity of HTPB prepolymer alone and the tem-
perature is plotted in Fig.2. The apparent viscosity of
HTPB without IPDI decreases with an increasing tempera-
ture. On the other hand, after IPD] is added to HTPB, the
viscosity of HTPB with IPDI increases as the time passes
and the rate of an increase in viscosity increases with an
increasing temperature. These suggest that in the first stage
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Fig.2 Relationship between apparent viscosity of HTPB
prepolymer without IPDI and temperature

of curing reaction, an absolate value of decreasing rate of
viscosity of HTPB with IPDI resulting from an increment
of the temperature was larger than that of an increasing
_rate of viscosity resulting from curing reaction. In order to
verify this suggestion, the influences of temperature on vis-
cosity of HTPB with IPDI were investigated. The appar-
ent viscosities of HTPB with IPDI were measured at vari-
ous temperatures from 313K to 353K and the relation-
ships between the apparent viscosity of HTPB prepolymer
with IPDI and the curing time are plotted in Fig.3. At each
temperature, the apparent viscosities of HTPB with IPD]
are almost the same as those of HTPB without IPDI shown
in Fig.2 for the first 30minutes. This suggests that the rate
of curing reaction of HTPB is slow for the first 30minutes.
When the temperature is 353K, the apparent viscosity of
HTPB with IPDI is smallest for the first 30minutes but
increases rapidly thereafter. When the temperature is 343K,
the apparent viscosities of HTPB with IPDI are almost
the same as those at 333K for the first 80minutes but in-
crease rapidly thereafter. When the temperature rises from
313K to 333K, for 180minutes the apparent viscosities of
‘HTPB with IPDI decrease with an increasing temperature
and thereafter increase with an increasing temperature.
These facts indicate that from 313K to 333K absolute value
of a decrease in apparent viscosity of HTPB with IPDI
resulting from an increment of the temperature is larger
than that of an increase in apparent viscosity resulting from
curing reaction for 180minutes, and at higher temperatures
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Fig.3 Relationship between apparent viscosity of HTPB

prepolymer with IPD] and curing time at some tem-
peratures from 313K to 353K
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than 343K the rate of the curing reaction increases largely.
3.2 Relationship between apparent viscosity of uncured
propellant dough and curing time

A propellant containing more than 80wt%AP could not
be prepared, because AP used in this study was fine par-
ticles. First the apparent viscosities of the AP/HTPB mix-
ture with IPD], i.e., the uncured propellant dough con-
taining 80wt%AP were measured at various temperatues
from 313K to 3563K. The relationships between the ap-
parent viscosity of the uncured propellant dough contain-
ing 80wt%AP and the curing time are plotted in Fig.4. At
each temperature, the increase in the apparent viscosities
of uncured propellants was small for the first 30minutes.
This indicates that the rate of the curing reaction of HTPB
is slow for the first 30minutes. At the temperature of 353K,
the apparent viscosity of uncured propellant is the small-
est for the first 40minutes but thereafter increases rapidly.
At the temperature of 343K, the apparent viscosities are
almost the same as those at 333K for the first 50minutes
but thereafter increase rapidly. At 343K or 353K, it's nec-
essary to mix and cast the uncured propellant in short time,
because the rate of the increase in the apparent viscosity
grows rapidly. In the temperature range from 313K to
333K, for 180minutes the apparent viscosities decrease
with an increasing temperature and thereafter increase with
an increasing temperature. In order to investigate the varia-
tion of the relationships between the apparent viscosity
and the curing time with AP content, the uncured propel-
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Fig.4 Relationship between apparent viscosity of uncured
propeliant dough containig 80wt%AP and curing
time at some temperatures from 313K to 353K

lant dough containing 78wt%AP was prepared and its ap-
parent viscosities were measured at various temperatures
from 313K to 353K, The relationships between the ap-
parent viscosity of the uncured propellant dough contain-
ing 78wt%AP and the curing time are plotted in Fig.5. The
difference in apparent viscosity resulting from a variation
of the temperature of the uncured propellant containing
78wt%AP is smaller than that of the uncured propellant
containing 80wt%AP. Therefore, the rate of the increase
in apparent viscosity of the uncured propellant containing
78wi1%AP is smaller than that of the uncured propellant
containing 80wt%AP. It could be speculated that these
facts are attributable to an increase in the proportion of
liquid prepolymer HTPB. At the same time, the apparent
viscosity of the uncured propellant containing 78wt%AP
is different from that of the uncured propellant containing
80wt%AP. However, the relationships between the appar-
ent viscosity of the uncured propellant containing
78wt%AP and the curing time are similar to those of the
uncured propellant containing 80wt%AP. From these re-
sults, it is found that the influence of temperature on the
relationship between the apparent viscosity of the uncured
propellant and the curing time is similar to that of HTPB
with IPDI. This indicates that the viscosity of uncured pro-
peliant is greatly dependent on that of HTPB. When rear-
ranging the results,, it is seen that the optimum operating
. temperature for mixing and casting of uncured propellant
can be determined based on the relationship between the
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Fig.5 Relationship between apparent viscosity of uncured
propellant dough containig 78wt%AP and curing
time at some temperatures from 313K to 353K

apparent viscosity of HTPB with IPDI and the curing time
shown in Fig.3. As mentioned above, the lower viscosity
of uncured propellant is desirable to mix and cast the un-
cured propellant easily. For example when the time spent
from the addition of IPDI to the end of casting was less
than 180minutes, it turned out that 333K was the opti-
mum operating teinperature for mixing and casting of
uncured propellant.

The viscosity of the uncured propellant is influenced not
only by operating temperature but also by AP content and
size distribution of AP. In future, when the influences of
AP content and size of AP on viscosity of uncured propel-
lant are to be investigated, the optimum operating tem-
perature should be allowed for. The optimum operating
temperature could be determined from the relationship
between the apparent viscosity of HTPB with IPDI and
the cure time shown in Fig.3.

4, Conclusions

In the preparation of ammonium perchlorate (AP)/hy-
droxyl-terminated polybutadiene (HTPB) composite pro-
pellant, the lower viscosity of uncured propellant is desir-
able to mix and cast the uncured propellant easily. The
viscosity of HTPB prepolymer with a curing agent increases
as the time passes. However, the viscosity of HTPB with a
curing agent decreases with an increasing temperature in
the first stage when an increase in viscosity of HTPB re-
sulting from curing reaction is small. This indicates that
the optimum operating temperature exists. In order to
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obtain the lowest viscosity during mixing and casting of
uncured propellant, it's necessary to find out the optimum
operating temperature. In the present study the relation-
ships between the viscosity of HTPB prepolymer to which
a curing agent is added or an uncured propellant dough
and the curing time were investigated at temperatures from
313K to 353K, and an attempt was made to find out the
optimum operating temperature for mixing and casting of
uncured propellant experimentally. The influence of tem-
perature on the relationship between the apparent viscos-
ity of uncured propellant and the curing time is similar to
that of HTPB with a curing agent, This indicates that the
viscosity of uncured propellant is greatly dependent on that
of HTPB prepolymer containing a curing agent. It is found
that the optimum operating temperature for mixing and
casting of uncured propellant is identical with the tempera-
ture at which the apparent viscosity of HTPB with a cur-
ing agent becomes the lowest during mixing and casting of
uncured propellant. Therefore, the optimum operating

temperature could be determined from the relationship
between the apparent viscosity of HTPB with a curing
agent and the curing time.
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