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Abstract

The difference in polymerization method and
conditions leads to the formation of Hydroxyl-
terminated polybutadiene (HTPB) with different
microstructural  parameters. The difference in
microstructural parameters strongly effect on the curing
behavior and mechanical properties of the binder
system and composite propellants based on this
prepolymer. It should be noted that the mechanical
properties requirement of composite propellant is very
stringent. Therefore, many articles have investigated
the effect of HTPB microstructural parameters on the
mechanical properties of binder system and composite
propellants. By properly understanding how these
parameters affect mechanical properties, propellants
with optimal mechanical properties, high solid load and
low viscosity can be prepared. In this article, a
comprehensive overview of the effect of these
parameters on mechanical properties has been tried to
be expressed in a simple way. The results show that the
most important parameter affecting the mechanical
properties of HTPB is the functionality distribution and
functionality type of hydroxyl. The effect of all
microstructural parameters has been investigated in this
article.

Keywords: “Microstructure”, “HTPB”, “Propellant”,

TN

“Mechanical properties”, “Aerospace”.

1. Introduction

HTPB is one of the most widely used prepolymers for
the binder system of composite propellants. This
material is widely used as an binder in composite
propellants due to its excellent rheological and
mechanical properties and very high solids loading
(approximately 90%).Due to the above properties, in
recent years, much attention has been paid to HTPB as
binder for aerospace propellant [1, 2]. For example, the
investigation of Ammonium perchlorate-/Hydroxyl-
terminated polybutadiene (AP/HTPB) as solid
propellant in the micro thruster with Micro-Electro-
Mechanical System (MEMS) constitutes a hot research
topic attracting the attention of several research works
[3-7].

The changes in factors affecting on processing such as
temperature, pressure, type of catalyst, solvent, etc.
during the synthesis of HTPB cause the formation of
HTPB with different microstructural parameters [8].
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Mechanical properties are the most important properties
of solid composite propellant. The mechanical
properties of the propellant strongly depend on the
microstructural parameters of the binder. Binders are
mainly low molecular weight prepolymers. Because
their polymerization is limited to the desired molecular
weight [9]. The term microstructure is commonly used
to describe the molecular structure of a polymer and
should include all changes in molecular structures from
one polymer to another. Microstructure of HTPB mainly
includes topics such as functionality distribution,
functionality type distribution, molecular weight,
molecular weight distribution, concentration of cis,
trans and vinyl microstructures [10].

In the next parts of the article, the influence of the
mentioned  microstructural ~ parameters on the
mechanical properties of the binder system and
propellant based on HTPB has been investigated.

2. Effect of molecular weight

The mechanical properties of polyurethane systems
based on HTPB show a significant difference depending
on the molecular weight. Tensile strength, modulus and
hardness decrease with increasing molecular weight of
HTPB. On the other hand, elongation increases linearly
with increasing molecular weight of HTPB (Fig. 1) [11].
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Fig. 1: Mechanical properties curves in terms of molecular
weight [11].

reason for these observations is the difference in the
molecular weight of HTPB chains, causes a difference
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in the size of the formed networks. Small networks have
lower molecular weight, which show higher tensile
strength and lower elongation at break [12]. Also, in
polyurethane systems, the concentration of urethane
bonds increases by decrease the molecular weight of the
HTPB prepolymer, which increases the position of
intermolecular hydrogen bonds and formation bonds
similar to Cross-links bonds in the system. These bonds
increase tensile strength, modulus and hardness [11].
Also, the results of DMA analysis for HTPB cured with
TDI show that as the molecular weight of the HTPB
prepolymer increases, the storage modulus decreases, in
other words, the stiffness of these systems decreases
(Fig. 2) [12].
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Fig. 2: Storage modulus curve in terms of temperature,

molecular weight: M4>M3>M2>M1 [12].

It is worth noting that higher molecular weight
prepolymers are used in case-banded grains, because
increasing the molecular weight increases elasticity and
elongation even at high NCO/OH proportional [13].

3. Effect of high molecular weight fraction
The HTPB prepolymer Prepared by free radical
polymerization has two peaks in the molecular weight
distribution curve. in other words, it consists of high and
low molecular weight fractions. The high molecular
weight fraction is shown by Fn. The Ratio of high
molecular weight fraction to low molecular weight
fraction in HTPB significantly affects the mechanical
properties of the binder [14]. Increasing the high
molecular weight fraction decreases the elongation of
the polyurethane system (Fig. 3) [15].
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Fig. 3: Elongation diagram in terms of high molecular weight
fraction [15].
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The reason for this observation is that increasing the
prepolymer functionality increases the molecular
weight. On the other hand, the number of functionality
in the prepolymer chains is different [16]. By extending
the above items, it can be concluded that the high
molecular weight fraction has a higher functionality and
high functionality causes an increase in elongation [17].

4. Effect of cis and trans content

Mechanical properties of composite propellants
strongly depend on the on the content of isomers in the
prepolymer [18]. HTPB monomers have three type
isomers, cis, trans, and vinyl (Fig. 4).
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Fig. 4: (a) 1,4-Cis (b) 1,4-Trans, (c)1,2-Vinyl [19].

Also, the vinyl isomer itself has three types of
stereoisomers: isotactic, syndiotactic, atactic (Fig. 5).
when all monomers have the same configuration,
isotactic, when the configuration is alternating,
syndiotactic and it is atactic when the configurations are
randomly distributed along the prepolymer chain [20].
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Fig. 5: Types of stereoisomers of vinyl [19].

The content of each isomer depends on the
polymerization by which it is prepared. In the HTPB
chain if all monomers are cis, due to the bending all parts
of the carbon backbone, HTPB shows good elongation.
But if all monomers are trans, the prepolymer structure
becomes smooth and stiff like a rod, which shows good
tensile strength and less elongation (Fig. 6). However,
complete cis or trans polymerization is very difficult and
usually a mixture of these configurations is randomly
distributed along the chain [9, 19].

(@ (b)
Fig. 6: (a) Cis-HTPB (b) Trans-HTPB [9].

An ideal HTPB should have trans: cis: vinyl in the ratio
55:25:20. As a rule of thumb, increasing the trans
content, enhances the tensile strength of the cured
polymer, increasing the cis content normally enhances
the elongation [9].

Recently, a new type of HTPB with a very high cis
content of about 96% and a very low glass transition
temperature was prepared via the oxidolysis of
butadiene rubber. The advantage of this method is that
the hydroxyl functionality of HTPB is almost 2, which
ensures that each end of the HTPB chain ends with one
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hydroxyl group. This increase in cis content greatly
increases the tensile strength and elongation of HTPB
prepared by the oxidolysis method (Fig. 7). Also,
HTPB-based polyurethanes with very high cis content
have outstanding elasticity (Fig. 8) [21].
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Fig. 7: HTPB stress-strain curves: FPU with low cis content,

PU with high cis content [21].
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Fig. 8: Cyclic tensile response curves, HTPB-based
polyurethanes with high cis content [21].

5. Effect of hydroxyl value

As the hydroxyl value increases, the cross-links density
increases [22, 23]. Therefore, it can be concluded that
the hydroxyl value strongly affects the mechanical
properties of the binder system as well as the composite
propellant. Increasing the hydroxyl value increases
tensile strength and initial modulus and decreases
elongation (Fig. 9) [13].
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Fig. 10: Variation of fracture energy with hydroxyl values of
HTPB [22].
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Fig. 9: Mechanical properties curves in terms of

hydroxyl value [13].

The increase in tensile strength and initial modulus, as
well as the decrease in elongation at break, is due to the
increase in the concentration of urethane polar bonds, or
in other words, the increase in the cross-links density.
Investigation of HTPB prepolymers with low hydroxyl
value show that the propellant based on these
prepolymers can withstand more pressure. The area
under the stress-strain curve gives the fracture energy.
The fracture energy shows a significant decrease with
increasing hydroxyl value. In fact, prepolymers with
low hydroxyl value have high fracture energy (Fig. 10).
These prepolymers can be better binder for solid
composite propellants [22].
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6. Effect of functionality distribution

The most important parameter affecting the mechanical
properties of the binder system and composite
propellants is the functionality distribution [17].
Functionality distribution is defined as the average
number of reactive groups in each polymer. HTPB
prepared by anionic polymerization is telechelic, but
HTPB prepared by free radical polymerization mainly is
not telechelic due to transfer reactions occurring during
polymerization, and has a wide functionality
distribution  [24]. Therefore, the functionality
distribution strongly depends on the polymerization
method. The functionality increases with increasing
molecular weight for HTPB prepared by free radical
polymerization, while in the case of HTPB prepared by
anionic method, the functionality is constant in the range
of two and then decreases sharply from a certain
molecular weight until it reaches zero (Fig. 11) [25].
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Fig. 11: functionality curves in terms of molecular
weight [26].

Since the functionality distribution curve is a
continuum, It is necessary to propose a reasonable
method in order to investigate the effect of functionality
distribution on the mechanical properties of binder
system and composite propellants. According to the
method proposed by Ninan et al. in the polymer chain
build-up using a difunctional curing agent such as
toluene diisocyanate (TDI), moieties with functionality
less than 1 do not contribute to polymer networking and
are classified as non-participating (NP) species.
Likewise the moieties with functionality 3 and above
contribute to crosslinking of the network and therefore
they can be classified as crosslinker (CR). The species
falling between these two values having functionality
assignment > 1 to < 3 contribute to chain extension in
the cure reaction and are classified as chain extender
(CE). Since the ratio of CE/CR chains in the prepolymer
changes even without considering the polymerization
method. Therefore, we can relate the ratio of CE/CR
chains to the mechanical properties. The ratio of CE/CR
chains is related to the mechanical properties of the
binder system as follows:
e FElongation increases with the increase of CE/CR
ratio.
e Tensile strength decreases with increasing CE/CR
ratio.
e The initial modulus depends on the stress-strain
values. However, it shows a significant relationship.
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Investigating the effect of the CE/CR ratio on the
mechanical properties of the binder system shows that
the functionality distribution has a significant effect on
these properties (Fig. 12) [25].
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Fig. 12: Mechanical properties curves in terms of CE/CR
ratio [25].

Investigating the behavior of several HTPB samples
with different functionality shows that increasing the
functionality distribution increases the tensile strength
and decreases the elongation at break (Fig. 13) [16, 27].
Also, HTPB with low functionality distribution causes a
decrease in cross-linking density and a corresponding
decrease in tensile strength, but increasing functionality
distribution does not necessarily increase cross-linking
density and tensile strength [28].
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Fig. 13: Stress-strain curves for the different functionality
distribution [27].
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7. Effect of functionality type distribution

The functionality type distribution such as functionality
distribution has a significant effect on the mechanical
properties of binder system and composite propellants.
Pham et al. studied HTPB by 'H-NMR and *C-NMR
techniques. They identified three types of hydroxyl
functionality (Fig. 14) [15].
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Fig. 14: Types of hydroxyl functionality in HTPB [29].

Between these three types of hydroxyl functionality, G
is branched, while H and V are terminal. Also, G helps
to form crosslinks during curing, while H and V only act
as chain extenders. The higher the proportion of G
content in the polymer, cause the higher the tensile
strength and the lower the elongation of the cured
polyurethane network. The V content form the urethane
single bonds on the o-carbon atom, so V type
functionality is expected to cause more elongation
increase. Increasing the ratio V/G increases the
elongation and decreases the tensile strength in the solid
propellant (Fig. 15).
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Fig. 15: Elongation diagram in terms of V/G ratio [15].

Also, increasing the ratio of H/V increases the high
molecular weight fraction, which leads to a decrease in
the elongation of the prepolymer (Fig. 16). Polymers
with high molecular weight fraction are formed from the
initiation of curing with H functionality [15].
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Fig. 16: High molecular weight fraction curve in terms of
H/V ratio [15].
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8. Conclusion

The study of the effect of microstructural parameters of

HTPB on mechanical properties showed:

e The Functionality is the most important parameter
affecting mechanical properties.

e increasing the functionality distribution, decreases
elongation and increase tensile strength and
modulus.

e Also, increasing the hydroxyl value decreases
elongation and increases tensile strength and
modulus.

e Increasing the V/G proportional increases
elongation and decreases tensile strength and
modulus.

e In general, with the increase of the cis content, the
Elongation increases and also with the increase of
the trans content, the tensile strength increases.

e Increasing the molecular weight increase elongation
and decreases tensile strength and modulus.

e Considering that the microstructural parameters are
strongly influenced by the polymerization method
and conditions, by controlling microstructural
parameters, composite propellants with high solids
loading and low viscosity can be easily achieved.
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