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ABSTRACT: Polytetrahydrofuran (PTHF) is an effective binder ingredient used for improving the performance of propellants. PTHF
becomes sufficiently rubbery for use as a binder with the addition of an adequate crosslinking modifier. This study investigated the
viscoelastic and thermal decomposition behaviors of the PTHF binder prepared using glycerin as a crosslinking modifier, as well as
the influence of the molecular weight of PTHF on the characteristics of the PTHF binder. The curing behavior of the PTHF binder
was suitable for the manufacture of propellants, and the superior tensile properties of the PTHF binder made it suitable for use as a
propellant binder. The degree of crosslinking of the samples decreased as the molecular weight of the PTHF increased. The PTHF
binder has unique dynamic mechanical properties owing to its melting and chemical structure, and these properties were dependent
on the molecular weight of PTHE The glass transition temperature (7Tg) and the loss tangent at T, decreased as the molecular weight
of the PTHF increased. The temperature and frequency dependence of the PTHF binder were influenced by the melting point of
PTHE The viscoelastic properties of the binder prepared using PTHF with a molecular weight of 650 followed the time—temperature
superposition principle. The activation energy for the relaxation of this binder varied remarkably at the melting point of PTHE The
thermal decomposition behavior indicated that at low temperatures, the consumption rate of the binder with low-molecular-weight
PTHF was slightly larger than that of the binder with high-molecular-weight PTHF. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000:

000-000, 2012
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INTRODUCTION

Solid propellant is commonly used as fuel for rockets and mis-
siles. Composite propellant is a solid propellant that consists of
oxidizer crystals, binder, curing agent, metal fuel, burning cata-
lyst, and other components. The binder provides the structure
or matrix in which solid granular ingredients are held together
in a composite propellant. The rubbery organic binder materials
also act as fuel for solid propellant rockets and are oxidized in
the combustion process. The binding ingredient, which is usu-
ally some type of polymer, has a primary effect on motor reli-
ability, mechanical properties, propellant processing complexity,
storability, aging, and costs.

Composite propellant is produced by the following method.
The oxidizer, binder, burning rate modifier, plasticizer, metal
fuel, etc. are mixed, after which air is removed from the mix-
ture. In the final step, the uncured propellant is cast into the
case of a rocket motor and solidified in the motor case. A low-

© 2012 Wiley Periodicals, Inc.

Mﬁhu;fli)5 WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

viscosity uncured propellant is desirable to enable easier mixing
and casting. In addition, extending the pot life of the uncured
propellant provides sufficient time for mixing and casting.

The propellant grain undergoes high stresses that are induced
by rapid acceleration, sharp turns, or rapid increases in chamber
pressure during launch and flying. Accordingly, it is necessary
for the propellant to have mechanical properties that prevent
these stresses. When the propellant grain cannot resist such
stresses, cracks and defects are generated in the grains. These
cracks and defects expose additional burning surfaces and thus
cause an increase in the evolution of combustion gas. This can
ultimately result in destruction of the motor through a sharp
increase in pressure in the combustion chamber.

The development of a wide variety of rockets has required the
generation of propellants having a wide range of burning per-
formances corresponding to the purposes for which they are
used. The use of propellant with a high burning rate can supply
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Figure 1. Chemical structure of PTHE

a large impulse; therefore, a high burning rate propellant is
needed when developing high-performance rocket motors.

According to the requirements described above, it is necessary
for a composite propellant to have adequate processability,
excellent mechanical properties, and favorable burning charac-
teristics. Propellant performance is greatly dependent on the
chemical and physical properties of each propellant ingredient.
As mentioned above, the binder is one of the main propellant
ingredients and greatly influences the propellant performance.
Hydroxyl-terminated polybutadiene (HTPB) is commonly used
as a binder ingredient for composite propellants because it has
excellent properties for use as a propellant binder. HTPB is
cured with the diisocyanates such as isophorone diisocyanate,
toluene diisocyanate, and hexamethyl diisocyanate. A common
diisocyanate to cure is isophorone diisocyanate (IPDI). Accord-
ingly, the rheological properties of the HTPB binder have been
examined by various researchers.'™®

Polytetrahydrofuran (PTHF) is used as an ingredient for rubber
products. The chemical structure of PTHF is shown in Figure 1.
PTHF has a linear molecular structure with a repeating unit
that consists of a single bond, as well as one oxygen atom, four
carbon atoms, and eight hydrogen atoms. PTHF has an OH
group on one side of the molecular chain of PTHF and a
hydrogen atom on the other side so that both sides of the mo-
lecular chain have a hydroxide group. Therefore, the reaction of
PTHF and IPDI is the urethane reaction similar to that of
HTPB and IPDI. Because is a saturated linear diol and IPDI is a
diisocyanate, it cannot become a solid when only IPDI is used
as the curing agent; however, it does become sufficiently rub-
bery for use as a binder when a triol material such as glycerin is
added as a crosslinking modifier.’

Even though PTHF is not an energetic binder, the specific
impulse and burning-rate characteristics of the composite pro-
pellant could be improved by the use of PTHF as a binder
when compared to propellant prepared using HTPB because
there is oxygen in the repeating unit of PTHE"™"? Furthermore,
the processability, mechanical properties, and thermochemical
behavior of the HTPB binder were improved by the addition of
PTHEF as a plasticizer.">"

Investigation of the rheological properties and thermal decom-
position behavior of a binder is necessary during the develop-
ment of a propellant binder. The thermal decomposition behav-
ior and burning characteristics of composite propellant

Table I. Chemical Properties of PTHF Materials
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prepared using a PTHF/glycerin system as a binder have been
reported.>'? However, the rheological properties and thermal
decomposition behavior of a PTHF/glycerin binder have not
been published to date. This study was conducted to investigate
the viscoelastic and thermal decomposition behaviors of a
PTHF binder prepared using glycerin as a crosslinking modifier.
In addition, we studied the influence of the molecular weight of
PTHF on those characteristics of the PTHF binder.

EXPERIMENTAL

Sample Preparation

PTHEF is produced in several different molecular weights. Three
types of PTHF were used in this study: PTHF1, PTHF2, and
PTHF3, which had molecular weights of 650, 1400, and 2900,
respectively. The number (1, 2, or 3) suffixed to PTHF increases
with increasing molecular weight. The molecular weight of
PTHEF?2 is approximately twice that of PTHF1, and the molecu-
lar weight of PTHF3 is approximately double that of PTHEF2.
PTHF was supplied by DuPont. Table I shows the chemical
properties of the PTHF used in this study.

IPDI (Tokyo Kasei) and glycerin (Kanto Chemical) were used as
the curing agent and crosslinking modifier, respectively. Table II
shows the formulations of the PTHF binders. The PTHF/IPDI/
glycerin mole ratio of these systems was 1.00/1.50/0.33.°

PTHF was first added with glycerin, after which this mixture
was sufficiently blended for ~ 5 min. Glycerin is a hygroscopic
material; therefore, the moisture in glycerin was removed by
molecular sieves before it was added to the PTHE. Next, IPDI
was added to the mixture, which was then mixed well for ~ 10
min. The mixture with IPDI was maintained in a temperature-
controlled oven at 353 K to cure for 1 week.”

Analytical Methods

We measured the viscosity of the uncured PTHF sample using a
universal modular rheometer (HAAKE RheoStress 600, Thermo
Electron) with a plate—plate sensor system. The diameter of the
disc plate was 60 mm and the gap distance between plates was
1 mm. The shear rate was in the range of 0-1000 s~ ', and the
temperature was 353 K.

The sample surfaces cut with a knife were examined by scan-
ning electron microscopy (SEM; JEOL NeoScope JCM-5000). A
swelling test was carried out with a rectangular parallelepiped
(20 x 20 x 2 mm°) at 298 K. Toluene was used as a swelling
solvent. The mass of the sample was measured before and after
immersion in toluene and the volumes were calculated. The vol-
ume fraction of the sample in the swollen sample (v,) was deter-
mined by dividing the volume before swelling by that of the

Table II. Formulations of PTHF Binders

Density at Melting PTHF1 PTHF2 PTHF3 Glycerin IPDI
Symbol M., 298 K (g cm™9) point (K) Binder (%) (%) (%) (%) (%)
PTHF1 650 0.978 284-292 PTHF1 64.1 = = 3.0 329
PTHF2 1400 1.000 306-309 PTHF2 - 79.4 - 1.7 189
PTHF3 2900 0.970 303-316 PTHF3 = = 88.9 0.9 10.2
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Table III. Initial Viscosity of Uncured PTHF Binders at 100 s~ and 353 K

Binder Initial viscosity (Pa s)
PTHF1 0.017
PTHF2 0.625
PTHF3 0.731

swollen sample. The densities of the cured PTHF samples were

in the range of 0.94-1.09 g cm ™.

The tensile test was carried out using dumbbells conforming to
JIS K 6251 at a crosshead speed of 500 mmmin~" at 293 K with
an autograph (AGS-100 A, Shimadzu). Dumbbell-shaped sam-
ples with a thickness of ~ 2 mm were punched out of the cured
samples. The gage length was 20 mm. The tensile properties
were determined from the average of five measurements.

The dynamic mechanical properties of the cured samples were
measured using a dynamic mechanical analyzer (Tritec 2000,
Triton Technology) in extension mode. The sample was a rec-
tangular parallelepiped (6 x 3 x 20 mm®). Both ends of the
sample were mounted with clamps, and one end was held while
the other end was oscillated sinusoidally at a defined frequency
and displacement. The gap between the clamps was 5 mm and
the displacement was 0.01 mm. The temperature dependence of
the blends was measured in the temperature range of 123-353
K at a frequency of 1 Hz and a heating rate of 5 K min~". Fre-
quency dependence was measured at intervals of 10 K in the
temperature range of 233-333 K and the frequency range of
0.01-50 Hz. Under this strain condition, the material is in its
linear viscoelastic region.

The thermal decompositions of the binders and propellants
were measured by differential thermal analysis (DTA) and ther-
mogravimetry (TG) using a Rigaku Thermo Plus 2 TG-
DTA8120. The equipment was operated under a nitrogen flow
of 0.5 dm® min~" at atmospheric pressure. DTA and TG were

carried out with a heating rate of 20 K min~".

RESULTS AND DISCUSSION

Curing Behavior

Table IIT shows the initial viscosities of uncured PTHF binders
at 100 s~' and 353 K. These PTHF binders were added with
IPDI; therefore, the viscosity of the samples increased with
elapsed time. As mentioned in “Sample Preparation” section,
IPDI was added to the mixture of PTHF and glycerin, after
which it was mixed well for ~ 10 min. The initial viscosity was
measured at 10 min after IPDI was added to PTHF in this
study. The initial viscosity of the uncured PTHF binder
decreases with decreasing molecular weight of PTHE and the
viscosity of the PTHF1 binder was significantly smaller than
those of the PTHF2 and PTHF3 binders. The HTPB binder has
generally been used as a propellant binder. The initial viscosity
of the HTPB binder was 0.195 Pas at 100 s~ ' and 353 K.'° The
initial viscosity of the PTHF1 binder was approximately one-
tenth that of the HTPB binder, while the viscosities of the
PTHF2 and PTHF3 binders were approximately three times as
large as that of the HTPB binder.
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The relationships between viscosity and elapsed time for the
uncured PTHF binders were not strongly dependant on the
shear rate. Figure 2 shows the viscosities of the PTHF binders
versus elapsed time at 100 s '. These viscosities increased with
increasing time because the binders were added with IPDI as a
curing agent. The increase in the viscosity of PTHFI1 and
PTHF2 was small until 400 min, after which it increased
remarkably. After 400 min, the increasing rate of viscosity versus
time for PTHF2 was slightly smaller than that for PTHFI. Con-
versely, the increasing rate of viscosity for PTHF3 was small
until 1000 min when compared to those of the PTHF1 and
PTHF2 binders.

The curing behavior of the HTPB binder is described in Ref. 16.
The viscosity of the HTPB binder versus elapsed time is also
shown in Figure 2. The increase in viscosity versus time of this
binder was small until 30 min, after which it increased remark-
ably. The period from the beginning of mixing to the time at
which the viscosities increased remarkably for the PTHF binders
was longer than that of the HTPB binder, indicating that the
pot life of the PTHF-based propellant was extended when com-
pared to that of the HTPB-based propellant.

As described above, the initial viscosity of the PTHF1 binder
was not only much smaller than those of the PTHF2 and
PTHF3 binders but also approximately one-tenth that of the
HTPB binder. Therefore, to ensure optimal mixing of the pro-
pellant ingredients and casting of the uncured propellant into
the rocket motor case, the propellant prepared using the PTHF1
binder would be preferable to the propellant prepared using the
PTHF2 and PTHF3 binders.

Morphological Analysis

The fractured surfaces of the PTHF binders were examined by
SEM. The surfaces of the PTHF binders were almost identical,
indicating that the surface did not depend on the molecular
weight of PTHE Figure 3 shows the typical micrograph of the
surface of the PTHF2 binder. The surface was smooth without
voids and cracks. The result suggested that the sample had a
uniform structure.

40
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Figure 2. Relationship between viscosity and elapsed time for uncured
PTHF binders at 100 s ".
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Figure 3. SEM photograph of surface of the PTHF2 binder.

Swelling Behavior

The crosslinked polymer swells with solvent to equilibrium, and
the amount of swelling is dependent on the interaction between
the polymer and the solvent, the length between crosslink
points, the temperature, and several other factors. As mentioned
in “Analytical Methods” section, v, was determined by dividing
the volume before swelling by that of the swollen sample. As
the value of v, decreases, the quantity of toluene introduced
into the crosslinked polymer increases. The increase in the
quantity of toluene introduced into the crosslinked polymer
suggested that the degree of crosslinking (e.g., the network den-
sity) was reduced. The network density cannot be obtained
from the value of v, alone, and the polymer-solvent interaction
parameter of the PTHF-toluene system is needed to calculate
the network density of the cured PTHF binder.'” However, the
degree of crosslinking could be estimated with v,.

The v, values were calculated from the swelling experiment and
are presented in Table IV. The v, decreased as the molecular
weight of PTHF increased. The value of v, of the PTHF1 binder
was approximately twice as large as that of the PTHF2 binder,
while that of the PTHF2 binder was about double the v, of the
PTHF3 binder. This tendency was the same as that of the mo-
lecular weight of PTHE. These results indicated that the degree
of crosslinking would decrease as the molecular weight of PTHF
increases because the main chain length of PTHF increases with
increasing molecular weight, which enhances the length between
crosslink points.

Tensile Properties

Figure 4 shows the stress—strain diagrams obtained from the
tensile test of the cured PTHF binders. The tensile stress
increases with increasing tensile strain. There is an elastic region

Table IV. Values of v,
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Figure 4. Stress—strain diagrams of cured PTHF binders.

below ~ 15% of strain for these binders. The ultimate tensile
strain is the same as the strain at the breaking point. The tensile
strength and elongation of the cured PTHF binders are listed in
Table V. The modulus was not determined because the elastic
region was very narrow compared to the elongation at break. As
the molecular weight of PTHF increased, the tensile strength
decreased, while the elongation increased. The tensile strength
between the PTHF1 and PTHF2 binders differed greatly, but
that between the PTHF2 and PTHF3 binders was small, even
though the molecular weight of PTHF3 was approximately
twice as large as that of PTHEF2.

The tensile strength generally decreases with increasing elonga-
tion because the tensile strength decreases as the network den-
sity decreases, and a lower tensile strength indicates a lower
degree of crosslinking.'® As described in “Swelling Behavior”
section, the value of v, decreased as the molecular weight of
PTHF increased. In other words, the degree of crosslinking
would decrease as the molecular weight of PTHF increased. The
results obtained by the tensile test were consistent with the
swelling behavior.

The tensile strength and elongation of the HTPB binder were
0.58 MPa and 470%, respectively.'* The tensile strength and
elongation of the PTHF binders were larger than those of the
HTPB binder, indicating that PTHF samples would have supe-
rior tensile properties for the propellant binder when compared
with HTPB.

Dynamic Mechanical Properties

Temperature Dependence. Figure 5 shows the temperature de-
pendence of the modulus (E'), the loss modulus (E’), and the
loss tangent for the PTHF binders. The value of E' decreased as

Table V. Tensile Properties of Cured PTHF Binders

Binder Vs Binder Tensile strength (MPa) Elongation (%)
PTHF1 0.476 PTHF1 6.89 784
PTHF2 0.252 PTHF2 1.80 828
PTHF3 0.128 PTHF3 0.91 866
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Figure 5. Temperature dependence of E, E’, and the loss tangent of the
PTHF binders.

the temperature increased. The thermogram of the PTHF1
binder showed a remarkable decrease in the temperature range
of 240-310 K, while that of the PTHF2 binder showed a pro-
nounced decrease in the range of 200-250 K. The thermogram
of the PTHF3 binder showed a remarkable decrease in the
ranges of 200-240 K and 290-320 K, with an especially large
variation being observed in the latter temperature range. The
value of E’ was smaller than that of E'. The thermogram of
PTHFI1, PTHF2, and PTHF3 binders had a small peak at 250,
215, and 212 K, respectively. Above the peak temperature, the
relationship between the temperature and E or E’ was of the
same nature.
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The loss tangent of the PTHF1 binder peaked at 276 K and the
loss tangent at this peak was 0.705. The thermogram of the loss
tangent for the PTHF2 binder peaked at 229 K, but showed
another broad peak at around 320 K. The loss tangents at these
peaks were 0.694 and 0.401, respectively. The thermogram
of the loss tangent for the PTHF3 binder peaked at 216 K and
319 K, and the loss tangents at the peaks were 0.133 and 0.258,
respectively.

As shown in Table I, the melting point of the PTHF materials
was in the range of 284-316 K. As mentioned above, the ther-
mograms of E' and the loss tangents for the PTHF2 and PTHF3
binders varied at around 320 K, which was near the melting
point of PTHE The PTHF binders were placed in a freezer
at 250 K (below the melting point of the PTHF materials) for
12 h. Figure 6 shows a photograph of the cooled PTHF binders.
The PTHF binders were colorless and transparent at room
temperature. Visual observation indicated that after cooling, the
PTHFI and PTHF2 binders remained colorless and transparent,
while the PTHF3 binder changed from colorless and transparent
to white and opaque. These findings indicated that a portion of
the PTHF3 binder was crystallized below the melting point
of the PTHF3 material.

The variations in the E and loss tangent thermograms at
around 320 K were likely caused by the melting of PTHE. Even
when the PTHF2 and PTHF3 binders were cured and became
rubbery, the melting of the PTHF material influenced the tem-
perature dependence of these binders. The thermograms of the
PTHEF3 binder had especially remarkable variation at around
320 K when compared with PTHF2 owing to melting of the
PTHF3. This occurred because the main chain length of PTHF3
is longer than that of PTHF2. The loss tangent thermograms of
the PTHF1 binder did not have a peak at around the melting
point of the PTHF1 material because the main chain length of
PTHF1 is much shorter than those of PTHF2 and PTHF3. The
crystalline magnitude of the PTHF binders increases with the
increase in the molecular weight of PTHE.

Based on the results presented above, the peak at ~ 320 K was
caused by the melting of PTHF; therefore, the glass transition
temperatures (7T,) of the PTHF1, PTHF2, and PTHF3 binders
were 276, 229, and 216 K, respectively. The value of T,

PTHF1

Figure 6. Photograph of the PTHF binders cooled at 250 K. [Color figure

can be viewed in the online issue, which 1is available at

wileyonlinelibrary.com.]
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decreased as the molecular weight of PTHF increased. The loss
tangents of PTHF1, PTHF2, and PTHF3 at T, were 0.705,
0.694, and 0.133, respectively. The value decreased as the molec-
ular weight of PTHF increased, and that of the PTHF3 binder
was especially small when compared with the PTHF1 and
PTHEF?2 binders.

The dynamic mechanical properties of a polymer are strongly
influenced by its internal structure. The T, decreases with the
increase in the crystallinity of the polymer."” PTHF is a crystal-
line polymer and the crystalline magnitude of the PTHF binders
increases with the increase in the molecular weight of PTHF as
described above. Therefore, T, decreased as the molecular
weight of PTHF increased.

Furthermore, the motion of the chain segments in the polymer
structure has a profound effect on T, and the loss tangent. The
values of T, and the loss tangent are sensitive indicators of
crosslinking. As the degree of crosslinking decreases, the motion
of the chain segments increases, thereby decreasing T, and
increasing the loss tangent.”®*!

The value of T, decreased with increasing molecular weight of
PTHF because the degree of crosslinking decreased as the mo-
lecular weight of PTHF increased as described in “Swelling
Behavior” section. The degree of crosslinking decreased as the
molecular weight of PTHF increased, suggesting that the loss
tangent at T, would increase as the molecular weight of PTHF
increases. However, as described above, the value decreased as
the molecular weight of PTHF increased. PTHF has a saturated
linear molecular structure, and the main chain length of PTHF
increases with molecular weight. The linear structure would
restrict the motion of the chain segments; therefore, the loss
tangent at T, decreased with increasing molecular weight of
PTHE, even though the degree of crosslinking decreased.

Frequency Dependence. Figure 7 shows the frequency depend-
ence of E' of the PTHF binders. The value of E increases with
increasing frequency. The E of the PTHF1 binder decreased
with increasing temperature below 293 K, while above this tem-
perature the decrease was small. For the PTHF2 binder, there
was little variation in E below 273 K and above 303 K, while
the value of E' decreased with increasing temperature between
273 and 303 K. The influence of temperature on the frequency
dependence of the PTHF3 binder was similar to that on the
PTHF2 binder. However, the decrease in E between 273 and
303 K was greater for the PTHF3 binder than the PTHEF2
binder.

As shown in Table I, the melting point of the PTHF materials
was in the range of 284-316 K. The influence of temperature on
the frequency dependence of the PTHF binder was small above
the melting point of the PTHF material. The frequency depend-
ence of the PTHF1 binder was affected by the temperature
below the melting point of PTHF1. Conversely, for the PTHF2
and PTHF3 binders, the influence of temperature on frequency
dependence was only strong in the vicinity of the melting point.

Application of Time-Temperature Superposition Principle. A
master curve at an arbitrary reference temperature is obtained
by superimposing the plots of log (frequency) versus E
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Figure 7. Frequency dependence of E' of the PTHF binders.

obtained at various temperatures. Making a master curve based
on the time-temperature superposition principle is a useful
method for estimation of frequency dependence in a wide
range.”” If a master curve could be obtained, the frequency de-
pendence in a wide frequency range that cannot be measured
could be predicted using data obtained in a restricted frequency
range.

The plots of the PTHF1 binder fit the master curves well, while
those of the PTHF2 and PTHF3 binders did not. Figure 8 shows
the master curve of E of the PTHF1 binder. The reference tem-
perature (T,) of the master curve was 273 K. Overall, the results
revealed that the viscoelastic properties of the PTHF1 binder
followed the time-temperature superposition principle.
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The shift factor (o) represents the quantity of the shift required
to superimpose the plots and is an important value needed to
draw the master curve. According to the Williams—Landel-Ferry
theory, o, is expressed as**:

. alr-1)
logo, = G+ (T=Ty (1)

where T is the temperature, and C; and C, are constants. Figure 9
shows the plot of log , as a function of T of the PTHF1 binder.
The values of log o, are closely correlated with T. However, the
values of C; and C, were not obtained to approximate this rela-
tionship. In addition, the master curve of the PTHFI1 binder
did not follow the Williams-Landel-Ferry approach.

According to the time-temperature superposition principle,
the apparent activation energy for the relaxation (E,) is
expressed as™:

dlog o,

E, = 2303R—->

(2)

where R is the gas constant. E, can be calculated from the slope
of the log «, versus T ' plots. Figure 10 shows the plot of log o,
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Figure 9. log o, as a function of T of the PTHF1 binder.
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Figure 10. log o, as a function of T~' of the PTHF1 binder.

as a function of T~' of the PTHFI binder. The relationship
between log o, and T~ ' is divided into two regions and the crit-
ical point is at T~' = 0.00334 K™ ', i.e, T = 299 K. The plots
in each temperature region are described by a straight line.
The relaxation mechanism of this binder would vary at around
299 K. The E, in each temperature region was calculated from
Figure 10. The value of E, was 221 kJmol ™" below 299 K and
52 kJmol ™' above 299 K. The E, above 299 K was approxi-
mately one-fourth of that below 299 K.

The critical point obtained in Figure 10 almost agreed with the
melting point of PTHF1. The relaxation mechanism of the
PTHFI1 binder was varied at 299 K, which was near the melting
point of the PTHF1 material. The value of E, above 299 K was
much smaller than that below 299 K because the PTHF1 mate-
rial that comprised the binder became very flexible above the
melting point.

As described in “Temperature Dependence” section, the influ-
ence of the melting point of PTHF1 on the temperature
dependence of the PTHFI binder was not detected. However, the
relaxation of the PTHF1 binder was affected by the melting point
of PTHF1; therefore, E, varied remarkably at the melting point.

Thermal Decomposition Behavior

The burning process of the composite propellant begins with
the decomposition gases of propellant ingredients being pro-
duced at the burning surface by heating. These gases diffuse and
mix in the gas phase and finally burn. Accordingly, the thermal
decomposition behavior of the propellant binder influences the
burning characteristics of the propellant. TG-DTA is a popular
method for investigation of the thermal decomposition behavior
of materials and has been used to investigate several types of
binders.***’

The TG-DTA curves of the PTHF2 binder are provided in
Ref. 12. The thermal decomposition behavior of PTHF binders
prepared with different molecular weights of PTHF was investi-
gated by TG-DTA, and the effects of the molecular weight
of PTHF on the thermal decomposition behavior of the
PTHF binders are described in this section. The TG-DTA meas-
urements were conducted more than four times for each
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and these peaks were very large. These findings suggest that the
consumption in this temperature range would be a result of
scission of the main chain of PTHE. The first-derivative curve
of the PTHFI1 binder had a definitive peak at 635 K, while those
of the PTHF2 and PTHF3 binders did not. The value of the
first-derivative mass loss at 635 K decreased with increasing mo-
lecular weight of PTHE. As described above, the degree of cross-
linking of the PTHF binder decreased as the molecular weight
of PTHF decreased. The consumption at around 635 K was
likely caused by scission around the crosslink point.

For composite propellants, the decomposition gases of the oxi-
dizer and binder diffuse to the gas phase and burn afterward.
Decomposition at low temperatures indicates that the decompo-
sition gases can be emitted from the propellant surface at low
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Figure 11. TG-DTA curves of PTHF binders.

sample. The experimental results revealed very good accuracy
and reproducibility.

Figure 11 shows the TG-DTA curves of the PTHF binders.
Based on the DTA curves, the exothermic decomposition occurs
in the range of 570-720 K and a definitive peak is not observed
in the DTA curve. According to the TG curves, the consumption
begins at ~ 580 K, and the sample is completely consumed at
around 730 K.

The consumption rate of the PTHF binders was determined
from the first-derivative mass loss. Figure 12 shows the first-de-
rivative mass loss curves of the PTHF binders. The first-deriva-
tive curve of the PTHF1 binder has two peaks at 635 and 680
K, whereas those of the PTHF2 and PTHF3 binders have one at
~ 675 K. Thus, the PTHFI binder decomposed at a lower tem-
perature than the PTHF2 and PTHF3 binders.

During thermal decomposition of polymer, various bonds in
the polymer rupture, which results in the production of smaller
fragments being produced. Above 530 K, sufficient energy
becomes available for the scission of the strong chemical bonds,
resulting in the generation of volatile products.”**’

The consumption of the PTHF binders occurred above 580 K.
The PTHF binders showed peaks in the range of 673-680 K,
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temperatures. This suggests that it could be possible to improve
the combustion of the propellant decomposition gases, and that
the burning rate could increase.

As described above, the PTHF1 binder decomposed at a lower
temperature than the PTHF2 and PTHF3 binders. The thermal
decomposition behavior of the PTHF1 binder is preferable for
obtaining a propellant with a high burning rate.

CONCLUSIONS

The objective of this study was to investigate the rheological
properties and thermal decomposition behavior of a polytetra-
hydrofuran (PTHF) binder prepared using glycerin as a cross-
linking modifier and to clarify the influence of the molecular
weight of PTHF on the characteristics of PTHF binders. The
initial viscosity of the uncured PTHF binder was found to
decrease with decreasing molecular weight of PTHE. For the
PTHF binder with high molecular weight, the rate of increase
in viscosity versus elapsed time was small. As the molecular
weight of PTHF increased, the tensile strength of the PTHF
binders decreased, while the elongation increased. The curing
behavior of the PTHF binder was suitable for the manufacture
of propellants, and the superior tensile properties of the PTHF
binder made it suitable for use as a propellant binder.

The swelling experiment revealed that the degree of crosslinking
of the cured binder would decrease with the increase in the mo-
lecular weight of PTHE. The glass transition temperature (7T,)
and the loss tangent at T, decreased as the molecular weight of
PTHF increased. The variation of the temperature dependence
around the melting point of PTHF increased with the increase
in the molecular weight of PTHE The frequency dependence
was small above the melting point of PTHE The viscoelastic
properties of the binder, prepared using PTHF with a molecular
weight of 650, followed the time-temperature superposition
principle. The activation energy for the relaxation of this binder
varied remarkably at the melting point of PTHE.

The thermal decomposition behavior indicated that at low tem-
peratures, the consumption rate of the binder with low-molecu-
lar-weight PTHF was slightly larger than that of the binder with
high-molecular-weight PTHE.

Investigation of crosslinking modifiers for the PTHF binder is
necessary to obtain a propellant binder with more favorable
rheological properties and thermal decomposition behavior.
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