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ABSTRACT: Three types of hydroxyl terminated poly(butadiene) (HTPB) networks hav-
ing different NCO/OH reactive group ratios were prepared using three different reac-
tive systems (i.e., Desmodur N-100 pluriisocyanate, isophorone diisocyanate (IPDI)/
trimethylol propane (TMP), and hexamethylene diisocyanate (HMDI)/TMP). Desmodur
N-100 and TMP were used as polyfunctional reactants. The polymer–solvent interac-
tion parameters (x1) for HTPB–tetrahydrofuran (THF) and HTPB–chloroform systems
at 45°C were determined, using a vapor pressure osmometer (VPO), as 0.31 and 0.24,
respectively. Equilibrium swelling values of the networks in THF and chloroform and
the data obtained by osmometry were further used for the calculation of the mean
number-average molecular weight between junction points (M# c) of HTPB networks
through the Flory-Rehner equation. The M# c values of each network, which were
calculated from the swelling data obtained in THF and chloroform using the corre-
sponding x1 parameters for polymer–solvent systems, were found to be nearly the same.
The changes in the mechanical, swelling, and the solubility properties of the networks
prepared by three different reactive systems were followed. © 1998 John Wiley & Sons, Inc.
J Appl Polym Sci 70: 1129–1135, 1998
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INTRODUCTION

Poly(butadiene)-based prepolymers have been
widely used in the rocket propellant technology as
fuel and a polymeric binder. The best known ones
are Carboxyl Terminated Poly(butadiene), CTPB,
Hydoxyl-Terminated Poly(butadiene) (HTPB), and
Poly(butadiene)-Acryonitrile-Acrylic acid (PBAN).
These are low molecular weight (M# n > 2000–
3000 g/mol) liquid rubbers that have terminal
allylic carboxyl or hydroxyl groups. In the prepa-
ration of a composite propellant, solid particulate
oxidizer, burning rate catalyst, plasticizer, and

other minor additives are incorporated into the
network via end linking of these functionally ac-
tive prepolymers using low molecular reactants
that have suitable functional groups and desired
functionality. In rocket propellant technology, the
widely used butadiene-based liquid prepolymer is
hydroxyl terminated poly(butadiene) (HTPB).
This liquid prepolymer has excellent physical
properties such as low glass transition tempera-
ture, high tensile and tear strength, and resis-
tance to degradation by numerous chemicals.
Therefore, a lot of work has been devoted to the
characterization of HTPB.1–5 The most commonly
used reactants for end linking of HTPB prepoly-
mer are di- or polyfunctional isocyanates, and the
resultant network has the polyurethane struc-
ture.4–7
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The HTPB prepolymer ideally contains two hy-
droxyl end groups. However, in the synthesis of
HTPB via the free radical mechanism, which in-
volves a random chain transfer process, some
polymer chains are terminated as nonfunctional,
monofunctional, or polyfunctional. Hence, the
number average molecular weight, M# c and sol
fraction of networks strongly depend on the mi-
crostructure of HTPB chains. Therefore, various
attempts have been devoted to the determination
of the functional group’s distribution over the
HTPB prepolymer that are supplied from differ-
ent sources.8–11 It was reported by Baczek et al.9

that for HTPB samples having the number-aver-
age molecular weight of 2700 g/mol, a bifunctional
prepolymer is the major component, and the av-
erage functionality increased with molecular
weight.

The determination of the thermodynamic solu-
tion properties of a polymer is an important as-
pect of the physico-chemical characterization of
its network. The M# c is the main characteristic
parameter for a network, and in the end-linking
reactions, its desired value is obtained by the
optimization of the reactive groups ratio of two
functional reactants to polyfunctional reactants.
In the end-linking reactions, chain extension and
branching can be controlled by adjusting the
weight ratio of the two functional reactant to
polyfunctional reactants.4,5,7 Therefore, the pri-
mary objective of this study is to determine the
thermodynamic solution properties of HTPB in
two different solvents; second, to compare the ef-
fect of the type of reactive system on the end-
linking of HTPB chains; and last, to characterize
the network structure of HTPB elastomers by
following the swelling, solubility and mechanical
measurements.

EXPERIMENTAL

Materials and Characterization

The HTPB was purchased from Sartomer Com-
pany under the trade name of R-45M. The num-
ber-average molecular weight (M# n) was deter-
mined as 2700 g/mol using vapor phase osmome-
try (VPO) with benzyl (MA 5 210.2 g/mol) as the
calibration standard. The OH equivalence of
HTPB was determined as 0.71 mEq/g according to
the method cited by Dee et al.12 using N-methyl
imidazole as an acetylation catalyst. The density
of HTPB was determined as 0.900 g/cm3 at 25°C

and 0.888 g/cm3 at 45°C using a volume-calibrated
pycnometer. Desmodur N-100 pluriisocyanate is a
reaction product of hexamethylene diisocyanate
with water. This product was kindly supplied by
Bayer and used without further purification. Its
molecular weight was determined as 610 g/mol by
using VPO, and the equivalent weight was deter-
mined as 5.24 mEq/g using di-n-butyl-amine ti-
tration.13 The ideal formula of Desmodur N-100 is
shown below.

Hexamethylene diisocyanate (HMDI) and is-
phorone diisocyanate (IPDI) were purchased from
Fluka as better than 98% purity. Tri-methylol
propane (TMP), which is a product of Aldrich, was
used as a polyfunctional reactant. Its purity was
better than 98%, and used as received. Tetrahy-
drofuran (THF) and chloroform used for the swell-
ing tests were better than 99.9% purity. The den-
sities of THF and chloroform were determined by
picnometry to be 0.866 g/cm3 and 1.440 g/cm3,
respectively, at 45°C.

Instrumentation

The tensile testing of HTPB elastomers was per-
formed on a Tensilon (UTM II) tensile tester. The
number-average molecular weight of HTPB and
Desmodur N-100 and the polymer–solvent inter-
action parameter values for both HTPB–THF and
HTPB–chloroform systems were determined by a
Knauer type vapor phase osmometer (VPO).

Preparation of HTPB Networks

HTPB networks were obtained by the end-linking
process of the HTPB chains via its terminal OH
groups. For this process, three different reactive
systems (i.e., Desmodur N-100 pluriisocyanate or
a mixture of TMP with IPDI or HMDI) were used.
To observe the effect of the type of reactive system
on the swelling behavior, mechanical properties,
and the sol fraction, HTPB networks were pre-
pared as three sets consisting of three or four
samples having different NCO/OH reactive group
ratios. These sets are listed in Table I.
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In the first set, Desmodur N-100 was used as
pluriifunctional isocyanate. In the second and
third sets, isophorone diisocyanate (IPDI) and
hexamethylene diisocyanate (HMDI) were used
as difunctional isocyanate, respectively, and tri-
methylolpropane (TMP) was used as polyfunc-
tional reagent. The ratio in all compositions of the
second and third sets were kept constant at 0.4,
because the mechanical properties have been re-
ported to be the best when the OHTMP/(OHTMP
1 OHHTPB) ratio is 0.4.7,10 In the second and third
sets, networks having a NCO/OH ratio of 0.7
could not be prepared, as they had poor physical
properties.

To prepare the networks, the liquid HTPB was
first degassed for 3 h under 200 mmHg vacuum at
65°C and mixed with a carefully weighed TMP for
15 min at 65°C. After addition of the required
amount of isocyanate (IPDI or HMDI) and mixing
an additional 3 min, the mixture was poured into
Teflon-coated molds to form a flat film having a
thickness of 0.7–1.0 mm. The molds were kept in
an oven under nitrogen atmosphere at 65°C for 7
days. Desmodur N-100–cured HTPB networks
were prepared according to the same procedure
without TMP.

CHARACTERIZATION OF ELASTOMERS

The equilibrium swelling degrees of the networks
were determined to calculate the mean number-
average molecular weight between junction
points (M# c). The swelling tests were performed in
THF and chloroform gravimetrically at 45°C.
Small pieces of dry HTPB elastomers (0.3–0.4 g)
were weighed and kept in THF or chloroform
until equilibrium was attained. The swelling ratio
of HTPB networks and the volume fraction of
polymer in equilibrium state were calculated ac-
cording to the following equation,

1/y2m 5 qv 5 1 1 ~w2/w1 2 1!r2 /r1 (1)

where qv is the swelling ratio by volume, w1 and
w2 are weights of the samples in the dry and
swollen state respectively, r1 and r2 are the den-
sities of the solvent and the polymer (at 45°C, r1
5 1.440 g/cm3 for chloroform, r1 5 0.886 g/cm3 for
THF and r2 5 0.888 g/cm3 for HTPB). y2m is the
volume fraction of the polymer in the swollen gel
at equilibrium. The equilibrium swelling degree
of HTPB networks determined in THF and chlo-
roform are given in Table II.

Sol fraction of the elastomers was extracted
with toluene in a Soxhlet apparatus for 24 h. The
extracted samples were deswollen in methanol
and dried under vacuum. The sol fractions of
HTPB elastomers prepared using three reactive
systems at different NCO/OH ratios are listed in
Table II.

Tensile Stress–Strain Measurements

Elastomeric test specimens were punched from
the cured slab using a die prepared in accordance
with ASTM D 412-68. The tensile stress–strain
measurements were performed at room tempera-
ture at a crosshead speed of 5 mm/min. These
measurements were made for six samples of each
composition having different NCO/OH ratios, and
the results were averaged.

RESULTS AND DISCUSSION

Determination of M# c from Swelling Measurements

M# c of a network is a main characteristic param-
eter that serves as a reference in describing a
network structure. Therefore, as an initial at-
tempt to characterize the network structure of
HTPB elastomers using the data obtained from
the swelling measurements, the polymer–solvent

Table I The Composition of the HTPB Networks

NCO/OH
Reactive

Group Ratio

First Set (wt %) Second Set (wt %) Third Set (wt %)

HTPB N-100 HTPB TMP IPDI HTPB TMP HMDI

1.0 88.05 11.95 86.76 1.84 11.40 89.26 1.88 8.86
0.9 89.17 10.83 87.76 1.86 10.39 90.07 1.89 8.04
0.8 90.21 9.79 88.78 1.88 9.34 90.83 1.93 7.24
0.7 91.38 8.62 — — — — — —
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interaction parameters of HTPB–THF and HTPB–
chloroform systems (x1) were determined using
the VPO method. Although VPO is not an abso-
lute equilibrium method to determine the molar
mass of the polymer, and consequently the ther-
modynamic data on polymer–solvent system, it
has been reported that the data obtained by the
VPO are satisfactorily in agreement with the data
obtained by other absolute and equilibrium tech-
niques such as membrane osmometry and Cahn
electrobalance.14 It has been established in the
literature that the solvent activity of a polymer
solution can be calculated using the following
equation,15

2 ln a1 5 DRM1/1000K (2)

where a1 is solvent activity, DR is electrical re-
sistance recorded by VPO, M1 is the molecular
weight of solvent, and K is the calibration con-
stant of the osmometer that was determined
using benzyl (MW 5 210) as the calibrating
substance. According to the Flory-Huggins
theory16,17 the activity of the solvent in a polymer
solution can be written as

ln a1 5 ln~1 2 y2! 1 ~1 2 1/x!y2 1 x1y2
2 (3)

where, y2 is volume fraction of polymer, x is the
number of chain segments in a polymer molecule,
assuming that the chain segments have approxi-
mately the same volume as the solvent molecules,
and x1 is the Flory-Huggins interaction parame-
ter of the polymer–solvent system. The following
equation can be derived from the eqs. (2) and (3).

2DRM1/1000K 5 ln~1 2 y2!

1 ~1 2 1/x!y2 1 x1y2
2 (4)

The x1 parameter of the HTPB–THF and
HTPB–chloroform systems were calculated as
0.31 and 0.24, respectively, at 45°C using the data
from the VPO measurements in the eq. (4).

The M# c value of the HTPB networks were cal-
culated by the following Flory-Rehner equa-
tion,18–22 using the data from the VPO and swell-
ing experiments given in Table II

M# c 5 2y1r~y2m
1/3 2 2y2m/F)/

[ln~1 2 y2m! 1 y2m 1 x1y2m
2 # (5)T
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where M# c is the number-average molecular
weight between junction points, y1 is solvent mo-
lar volume, r is the density of the HTPB net-
works, F is the functionality of the network (F
5 3), and y2m is the volume fraction of polymer in
swollen gel at equilibrium. The M# c values evalu-
ated by swelling measurements in both THF and
chloroform using the Flory-Rehner equation are
given in Table II.

In conformity with the difference in x1 param-
eters of HTPB–THF and HTPB–chloroform sys-
tems, the swelling of the HTPB networks in THF
and chloroform is significantly different (Table
II). In spite of this difference, the M# c values of the
HTPB networks having the same HCO/OH ratio
were found to be nearly the same using the equi-
librium swelling results in both THF and chloro-
form. These results can be considered as a proof
for the correct determination of the interaction
parameters of both the HTPB–chloroform and
the HTPB–THF systems.

As was stated above, VPO is not an absolute
method for the determination of molar mass.
Hence, the x1 parameter was determined from the
solution behavior of the HTPB prepolymer, not
from the network chain. If we consider the main
contribution to the elastic free energy of the net-
works is due to the HTPB part of the network
chains, neglecting this uncertainty does not cause
a remarkable ambiguity in M# c values of the net-
works.

It can clearly be seen from the data given in
Table II that the chain length between junction
points (M# c) of the networks are strongly affected
by the NCO/OH reactive groups ratios. For each
of three sets shown in Table I, the M# c values
increase as the NCO/OH reactive groups ratios
decrease. When the NCO/OH reactive group ra-
tios are 1.0 and 0.9, the M# c values of the networks
are not appreciably influenced by the type of re-
active systems. But for the NCO/OH ratio of 0.8,
Desmodur N-100 end-linked elastomer has a
smaller M# c value than those of IPDI/TMP and
HMDI/TMP end-linked elastomers. This can be
explained by considering that in IPDI/TMP and
HMDI/TMP end-linked systems, the ratio of the
difunctional reactant (IPDI or HMDI) to the poly-
functional one (TMP) increases as the total
NCO/OH ratio decreases (see Table I). These re-
sult in chain extension simultaneously with
branching reactions. Therefore, the junction point
densities can easily be controlled by changing the
amount of TMP in the network forming reaction

of HTPB with IPDI/TMP and HMDI/TMP reac-
tive systems.

Assuming perfect end linking of HTPB chains
(which means no loops, no dangling chains, and at
least three or more network functionalities) with
Desmodur N-100 pluriifunctional reactant, the
network structure can be represented as follows,

The M# c value of this structure was calculated
as 3100 g/mol by taking the mean number-aver-
age molecular weight of the HTPB chains and the
HMDI part of Desmodur N-100 into consider-
ation. The network structure obtained by Desmo-
dur N-100 at a NCO/OH 5 1.0 reactive group
ratio resembles the aforementioned perfectly end-
linked structure. From the swelling experiments,
the M# c value of the network was calculated as
3800 g/mol (run 1, in Table II). If we take into
account the approximation involved in both the
Flory-Rehner equation23,24 and the determina-
tion of the x1 parameter using the VPO method,
the agreement between these two values is
striking.

The determination of the sol fraction is an im-
portant aspect of the characterization of any end-
linked network. The HTPB chains are incorpo-
rated into the network by the reactions of their
end groups. The data given in Table II show that
the sol fraction of network is directly related to
the average chain length between junctions (M# c).
Considering all compositions, the sol fraction in-
creases as M# c increases. This can be explained on
the basis that, as the HCO/OH reactive groups
ratio decreases, the amount of unreacted HTPB
chains increases, reacting only at one end or
chain extended rather than intermolecularly end
linked. Thus, the decrease in NCO/OH reactive
group ratio leads to an increase in the number of
HTPB chains that are located as dangling chains
or unreacted chains in the network, and subse-
quently, a decrease in the number of the constit-
uent chains in the network and an increase in the
quantity of the sol fraction is observed. The
amounts of extractable polymer in the networks
are illustrated in Figure 1 as a function of M# c. It
is interesting to note that for each of the three
reaction systems, the change of sol fraction with
M# c is almost linear.
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As can be seen in Table II, a trend is apparent
when the elongation at break values are com-
pared to the data obtained from swelling experi-
ments with the increasing M# c, elongation in-
creases also. The tensile stress–strain properties
of polymer networks are known to be strongly
dependent on the length of the elastically effec-
tive network chains. It can clearly be observed
from the M# c values of the networks that, with the
increasing M# c, longer chains between junction
points, a more elastic network, an increase in the
quantity of sol fraction, greater swelling and
lower Young’s modulus take place. The relation-
ship between the M# c and elongation at break val-
ues of the HTPB networks prepared using three
different reactive systems are illustrated in Fig-
ure 2. It is interesting to note that while Desmo-
dur N-100 end linking of HTPB chains brings
about a linear change in the elongation of net-
works with their M# c values, for the networks pre-
pared by IPDI/TMP and HMDI/TMP reactive sys-
tems nonlinear changes were observed (Fig. 2).

Determination of M# c via Mechanical Measurements

The M# c value or the molecular weight of the chain
section between junction points in the network
can be calculated from the theory of rubber elas-
ticity.20,25,26 It has been proven that the modulus
of elasticity or the shear modulus values obtained
by the stress–strain measurements are very use-
ful to measure the crosslinking density of the
network. The elongation behavior of the dry test

specimen was inferred by the following equa-
tion20,25,26:

s 5 G~l 2 l2 2! 5 ~rRT/M# c!~l 2 l2 2! (6)

Here, s is the tensile stress that is based on the
cross-section of the unstretched dry sample, l is
the ratio of the final length to the original length
of the test specimen, r is the density of the poly-
mer, M# c is the number-average molecular weight
of the network chains between junction points,
and G is shear modulus. The Young’s modulus
(E) can be calculated from the initial slope of the
stress–strain curve and putting G 5 E/3 in eq.
(6), the number-average molecular weight be-
tween junction points (M# c) of a network can be
calculated.

The M# c values of the HTPB networks were also
characterized through the tensile stress–strain
measurements using eq. (6). The results are listed
in Table II, in which the M# c values of the elas-
tomers determined by the tensile stress–strain
measurement are inconsistent with the values
recorded by the equilibrium swelling measure-
ment. This inconsistency seems to be quite rea-
sonable because the network defects (i.e., loops
and entanglements) play a minor role in the
stress–strain behavior of the HTPB elastomers.27

The equilibrium swelling data in the case of
Desmodur N-100–reacted systems were gener-
ated by the elasticity theory using the M# c values
obtained from the tensile stress–strain measure-

Figure 2 The relationship between M# c and elonga-
tion at break point of HTPB networks prepared by
three different reactive system. (M# c values were calcu-
lated using the swelling data obtained in THF). (E)
Desmodur N-100, (ƒ) IPDI/TMP, (■) HMDI/TMP.

Figure 1 Plot of M# c vs. sol fraction of the HTPB
networks prepared by three different reactive system.
(M# c values were calculated using the swelling data
obtained in THF). (E) Desmodur N-100, (ƒ) IPDI/TMP,
(■) HMDI/TMP.
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ments. According to the elasticity theory, for iso-
tropic swelling of a perfect three-functional net-
work, the following equations can be written18,27:

for the affine network model:

ln~1 2 y2m! 1 y2m 1 x1y2m
2

1 v1r/M# c~y2m
1/3 2 2y2m/3! 5 0 (7)

for the phantom network model:

ln~1 2 y2m! 1 y2m 1 x1y2m
2

1 ~v1r/3M# c!y2m
1/3 5 0 (8)

The plots of the predicted and observed swell-
ing values vs. weight percentages of Desmodur
N-100 (Fig. 3) reveal that the observed swelling
data are everywhere between the prediction of the
phantom model and the affine model. Interest-
ingly, the observed swelling values are in close
agreement with those predicted by the affine
model.
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