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Energetic Hybrid Polymer Network (EHPN) through Facile Sequential
Polyurethane Curation Based on the Reactivity Differences between
Glycidyl Azide Polymer and Hydroxyl Terminated Polybutadiene

Abbas Tanver, Fida Rehman, Aisha Wazir?, Syed Khalid, Song Ma, Xiaoyu Li, Yunjun Luo*, Mu-Hua Huang*

To improve the thermo-mechanical properties of glycidyl azide polymer (GAP) and hydroxyl terminated polybutadiene
(HTPB) based propellants, a facile sequential polymerization approach has been conducted to prepare energetic hybrid
polymer network (EHPN) through stepwise curation. The detailed curing conditions for the EHPN formation were carried
out by using in-situ FTIR kinetic study. Effect of curing ratio (NCO/OH) on mechanical properties of polyurethane networks
of GAP and HTPB has been investigated where, hexamethylene diisocyanate biuret trimers (Desmodur N100) and
isophorone diisocyanate (IPDI) as mixed curative agents. A series of EHPNs have been prepared by varying the relative
weight ratios of GAP and HTPB with single poly-isocyanate mixed curing system (IPDI/N100). A remarkable mechanical
strength up to 5.83 MPa and an elongation at break of 359 % has been achieved with 50:50 weight ratios of GAP to HTPB,
which is the maximum mechanical strength reported so far for binder system of GAP and HTPB with thermally more stable
cross-linked network. Thermal properties of as-synthesized PU networks of GAP, HTPB and GAP-HTPB EHPNs with different
weight ratios were characterized by DMA and DSC techniques. Thermal degradation behavior and morphological studies
were also investigated with TGA-DTG and scanning electron microscopy (SEM), respectively. The facile sequential
polyurethane curation polymerization technique can be potentially used for advanced solid composite propellants.

Introduction

The state-of-the-art solid rocket propellants are usually contain low-
vulnerability binders, which are composed of oxidizers and pre-
polymers/ plasticizers, with energetic groups such as -N; (azido),
nitro (C-nitro, O-nitro (nitrate ester) and N-nitro (nitramine)) and
difluroamine groups. As a result, the internal energy of the product
is enhanced as well as the overall oxygen balance. The polymeric
binders in propellants are normally cross-linked polyurethane
elastomeric networks functioning as a matrix to bind the solids
(such as oxidizers and metal fuels) plasticizers and other minor
additives. Among energetic polymers, azido polymers have drawn
immense attention for the development of solid propellants.
Glycidyl azide polymer (GAP) is an exclusive polymer of high density
with positive heat of formation of +117.2 KJ/moI.[Z] It outperforms
all other azido polymers have been developed during the last
decades, due to its positive effect on the specific impulse and
burning rate of solid composite propellants through the exothermic
C-Nj3 group scission reaction.®®

GAP is considered as a distinctive contender binder for eco-friendly
chlorine-free and smokeless solid propellants.[a“” However, GAP-
based propellants do not reveal good mechanical strength,
especially at low temperatures, due to its high chain stiffness from
its polyether backbone structure. Normally, the polymeric binder
characteristics can significantly influence the structural integrity of
the propellant. In order to overcome these problems, many
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attempts have been made by co-polymerization of GAP with poly
ethylene glycol (PEG), poly caprolactone (PCL), tetra hydro furan
(THF), ethylene oxide (EO) and HTPB and their mechanical and
thermal properties are reported.[”” For example, Min et al. Found
that the block co-polyurethane binder matrices of GAP/Poly
ethylene glycol and GAP/Poly caprolactone were of enhanced
mechanical strength.m Glass transition temperature of GAP (6 °C)
are much greater than those of HTPB and this considerably limits its
application in composite solid propellants. HTPB is widely used as
polymeric binder in composite propellant due to its excellent
physico-chemical properties.[u“] HTPB presents low glass
transition temperature, hydrolytic stability, high flexibility and
resistance to solvents which make it ideal for the composite solid
propellant.[ls’lsl Several research groups have combined HTPB with
other pre-polymers to achieve better mechanical, thermal and
chemical resistance properties, Interpenetrating polymer networks
(IPNs) based on HTPB PU/Poly (methyl methacrylate), HTPB-
PU/Polystyrene and HTPB-PU/Poly (ethylene oxide) have been
investigated.m'zu

Many researchers have explored different approaches to improve
the mechanical strength of GAP and HTPB, though it is significantly
restrained by the poor compatibility between GAP and HTPB due to
polar nature of GAP and non polar nature of HTPB.*? Mathew et al.
reported the synthesis of GAP-HTPB cross-linked networks and
achieved the mechanical strength around 4.2 MPa and elongation
< 200 % with 30 % GAP-MDCI (methylene bis cyclohexyl isocyanate)
with two glass transition temperatures at -74.03 °C and -35.84 °C."**
Ding et al. used triazole curing system based on propargyl-
terminated polybutadiene (PTPB) and GAP, and reported the
maximum mechanical strength up to 2.5 MPa and elongation
around 50 % with (N5 : C=C) molar ratios of 1: 2.1 Bing et al. have
achieved 3.83 MPa tensile strength and 593 % elongation by using
GAP-HTPB blend binders with 50 : 50 weight ratios but no thermal
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properties of the as-synthesized GAP-HTPB binder system have
been reported.m] Mohan et al. have synthesized the copolymer of
GAP and HTPB, which showed two glass transition temperatures
due to incompatibility of polymeric chains. Moreover, only thermal
properties of the copolymer was investigated.m

In recent years, HPNs have attracted extensive attention which may
mingle the properties of components by forming networks and
hybrid polymerization signifies an innovative approach to elucidate
the problem of polymer incompatibility.[zs'?'l] Normally two kinds of
routes are being used, to form HPNs namely sequential and
simultaneous polymerization. Sequential polymerization is generally
prepared in which second polymeric component network is
polymerized following the completion of polymerization of the first
component network while Simultaneous polymerization is prepared
in  which both component networks are polymerized
concurrently.[28'3zl HPNs have been more and more research
attention. This is because of their outstanding properties and
synergetic effect introduced by the forced compatibility of the
individual components, and thus the enhanced mechanical strength
and resistance to thermal degradation resulting from the
catenation and entanglements of polymer chains.F*3

We have recently reported the preparation of energetic IPNs of
azido-alkyne click and polyurethane by using Acyl-GAP and HTPB
with dual curing system (DDPM-IPDI/N100) via “simultaneous”
polymerization technique to achieve optimum mechanical strength
and thermally stable binder system for composite propellants.Bg] In
order to further simplify the procedure while keep the good
mechanical properties, we conducted the facile “sequential” EHPN
networks of GAP and HTPB by stepwise curing with single poly-
isocyanate mixed curing system (IPDI/N100) as shown in Figure 1.
Comprehensive information regarding curing conditions of GAP and
HTPB at the different temperatures was provided by in-situ FTIR
kinetic study. Single and inward shifting of glass transition
temperatures (Tg) was shown by dynamic mechanical analysis
(DMA) and differential scanning calorimetry (DSC) and the results
from thermo-gravimetric analysis (TGA-DTG) show that the network
formed is thermally more stable. IPN with a weight ratio of 50:50
(GAP:HTPB) gave the synergetic mechanical strength, and
microscopic  studies demonstrates the interlocking and
entanglements of GAP-HTPB networks. To the best of our
knowledge, our technique for sequential EHPN synthesis is more
facile and gave the maximum mechanical strength reported so far
for binder system of GAP and HTPB with thermally more stable
cross-linked network.

Experimental Section
Materials

GAP with molecular weight 3700 g mol™ and hydroxyl contents
29.15 mg KOH g'l, Nitrogen contents 41.3 %, water contents 0.217
% and functionality 1.92 were purchased from Liming Research
Institute of Chemical Industry, Henan, China. HTPB with molecular
weight 3020 g mol™?, hydroxyl contents 0.73 mmol g'l, Hydrogen
peroxide (H,0,) contents 0.022 %, water contents 0.015 % and
functionality 2.205 was also purchased from the same supplier and
both GAP and HTPB were used after vacuum dried for 3 hours at
80 °C. The average molecular weight of isophorone diisocyanate
(IPDI) is 222.2 g mol " and it contains 9.0009 mmol of NCO per gram
IPDI, Hexamethylene diisocyanate biuret trimers (Desmodur N100)
molecular weight 725 g mol " and 5.379 mmol of NCO per gram)
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Figure 1: Schematic representation of polyurethane reaction and
EIPN structure of PU based on GAP-HTPB.

and Dibutyl tindilurate (DBTDL) 0.5 % solution in diisooctyl sebacate
(DOS) were purchased from Beijing chemical plant.
Preparation of Single Networks

All the reagents were dried overnight in a vacuum oven at 60 °C
before use. Polyurethane HTPB network was synthesized by mixing
the stoichiometric amount of HTPB, IPDI and N100 in a beaker
followed by degassing in a vacuum oven at 30 °C. The equivalent
ratio of NCO/OH and IPDI/N100 weight ratio was 1.0. The required
amount of DBTDL (0.3 %) was added as a curing catalyst. The
mixture was poured into Teflon coated mold and degassed in a
vacuum oven. The molds were finally cured at 70 °C for 5 days.
Polyurethane GAP network was also prepared by same procedure,
except that HTPB was replaced by GAP.

Synthesis of Energetic Hybrid Polymer Network (EHPNs)

GAP-HTPB EHPNs were synthesized by “sequential” polymerization
method where pre-polymers, curing agent, cross-linking agent and
catalyst were mixed together (same proportions for each network
as used in a single network preparation). A series of GAP-HTPB
EIPNs were synthesized by varying the relative weight proportions
of HTPB (90, 70, 50, 30, and 10 %) with respect to GAP. The
required amount of GAP, HTPB along with IPDI, N100 and DBTDL
were placed in a beaker followed by degassing in a vacuum oven at
30 °C. The equivalent ratio of NCO/OH and IPDI/N100 weight ratio
were also the same as in the single networks. The whole mixture
was poured into a Teflon coated mold and degassed in a vacuum
oven at 30 °C. The mold was cured at 30 °C for 3 days followed by
70 °C for 5 days for stepwise curing. Schematic illustration for the
reaction of GAP and HTPB with single poly-isocyanate mixed
curative system (IPDI/N100) has been shown in scheme 1.

Measurement of Mechanical and Thermal
Characteristics

IR spectra were recorded with Nicolet FTIR-8700; Thermo
spectrophotometer in the range of 4000-500 cm™. The mechanical
properties including tensile strength (o,) and elongation at break
(gp) of all the dumbbell-shape specimens were determined using
universal testing machine (Instron-6022, Shimadzu Co., Ltd.) at a
constant rate of 100 mm/min and the results were averaged from
five samples. Glass transition temperatureS (Tg) were obtained
using differential scanning calorimetry (DSC Mettler Toledo DSC1)
with heating rate of 10 °C/min over a temperature range of -100 to
50 °C under nitrogen flow of 40 mL/min.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1: Schematic illustration for the reaction of GAP and HTPB with mixed curing system IPDI and N100.

Dynamic mechanical tests were performed on a DMA 242C
(Netzsch, Hanau, Germany) with a dual cantilever device at a
frequency of 1 Hz. The temperature range was from -100 to 50 °C
under nitrogen atmosphere with a heating rate of 3 °C/min. The
dimensions of the test specimens were 30 mm x 10 mm.
Thermogravimetric analysis was performed on TGA analyzer
(TGA/DSC1SF/417-2, Mettler Toledo) at a scanning rate of 10
°C/min under nitrogen atmosphere of (40 mL/min) from room
temperature (25 °C) to 600 °C. Scanning electron microscopy (SEM)
S-4800 (Hitachi) was used in order to image the surfaces of films. All
the film samples were fractured with liquid nitrogen and the
samples were coated with thin layer of gold before imaging.

Results and Discussion

In-situ FTIR Kinetic Studies of GAP/IPDI-N100 and HTPB/IPDI-N100

In our previous study, it was confirmed that mechanical strength
and thermal properties of the GAP could be improved by the
incorporation of HTPB via an in-situ polymerization using dual
curing system to achieve the energetic Acyl-GAP/HTPB EIPNs.BY In
this work, we investigated the sequential polymerization of GAP
and HTPB by controlling the curing conditions. Our group reported
In-situ FTIR kinetic studies of GAP/IPDI-N100 and HTPB/IPDI-N100.
1404 This provided us the kinetic information for the curing
reaction, which enables us to adjust the curing conditions for
sequential polymerization of EHPN formation.

Figure 2 depicts the reaction kinetics of polyurethane formation in
terms of distinctive peaks conversion with respect to time. PU
kinetics was followed by observing the change in intensity of
absorption band of NCO stretching at 2258 em™and cO stretching
at 1730 cm™. Difference in the intensity of peaks was obtained with
Omnic software. The intensity of the peak for NCO stretching band
decreased and finally disappeared upon completion of the reaction.
New absorption peaks at 1731cm™ and 1508 cm™ were assigned to
CO and NH stretching band revealed the formation of PU.

In situ FTIR kinetic study shows that around 80 % of HTPB PU
network formation completes within 10 hours, where as GAP PU
network formation needs almost 80 hours. All the hydroxyl groups
of HTPB are primary, while GAP contains around 10 % primary and

This journal is © The Royal Society of Chemistry 20xx

90 % of secondary hydroxyl groups. The reactivity of primary
hydroxyl groups is higher than that of secondary hydroxyl groups.
Moreover the reactivity of NCO groups from N100 (aliphatic) and
IPDI (cyclic) are also different. Primary NCO groups of IPDI are
almost ten times more reactive then secondary one. There are
three primary NCO groups in Desmodur N100 which are more
reactive with hydroxyl groups of HTPB and GAP. Figure 3
demonstrates the in-situ FTIR Kinetic study of GAP, HTPB and GAP-
HTPB (50:50) at 30 °C. In case of HTPB, almost 95 % polyurethane
formation takes place in three days while only 6 % NCO conversion
takes place for GAP. In case of GAP-HTPB (50:50) mixed binder
systems at 30 °C, almost 52 % NCO conversion takes place and this
may be due to reactivity differences of hydroxyl groups of GAP and
HTPB. That’s why in mixed binder systems (50:50), almost 52 %
polyurethane (PU) formation takes place at 30 °C and the remaining
NCO conversation takes place at higher temeprature (70 °C). Based
on the reactivity differences of hydroxyl and NCO groups of pre-
polymers and curing agents, In-situ FTIR Kinetic study motivated us
to use sequential polymerization for GAP-HTPB EHPN formation.
Although, it does not follows 100 % sequential, on the basis of step
wise curation, we can say that sequential polymerization takes
place in glycidyl azide polymer and hydroxyl terminated
polybutadiene. During first three days curing at 30 °C, most of the
HTPB PU network formed while modest amount of GAP PU network
formed. The second step curing at 70 °C for five days ensures the

0.8
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0.4+

+ 70 °C HTPB
70 °C GAP

0.2

P

0.0

T T T
80 120 160
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Figure 2: NCO conversion degree-time curves for GAP and HTPB
with IPDI/N100 at 70 °C.
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Figure 3: NCO conversion degree-time curves for GAP, HTPB and
GAP-HTPB with IPDI/N100 at 30 °C.

complete PU network formation of GAP and HTPB. This stepwise
curing enables the entanglements and cross-linking of both PU
networks and effect of this catenation has been studied in detail in
mechanical and thermal part of this manuscript.

Mechanical Properties

In order to study the influence of polymerization and cross-linking
on GAP/IPDI-N100 and HTPB/IPDI-N100 curing and how these
influence the mechanical properties of binder system, we need to
investigate the curing system by performing a series of uniaxial
tensile tests without solid loading and non-plasticized polymer
samples. Shown in figure 4 and 5 are stress strain data of the
GAP/IPDI-N100 and HTPB/IPDI-N100 at varying curing ratios
(NCO/OH). These tests sequences functioned as a sort of reference
for additional evaluations as predicted. Mechanical strength was
increased and the elongation correspondingly decreased with
increasing curing ratios. Figure 4 shows that by increasing the curing
ratio (NCO/OH) from 0.8 to 1.8 in GAP/IPDI-N100, tensile strength
gradually increased from 0.35 to 0.93 MPa while the breaking
elongation decreased from 280 to 104 %. (NCO/OH) ratio > 1 in
both GAP and HTPB binder system, tensile strength gradually
increased on the expense of elongation due to higher cross-linked
density, which restricts the chain mobility,m] As a result of that,
breaking elongation decreased and tensile strength increased by
increasing the curing ratio (NCO/OH). The same trend was observed
in HTPB/IPDI-N100 curing system (Figure 5) in which the tensile
strength progressively increased from 1.33 to 2.11 MPa and

1.0
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0.8 240
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Figure 4: Effect of curing ratio (NCO/OH) on the tensile strength (o)
and breaking elongation (eb) of GAP.
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Figure 5: Effect of curing ratio (NCO/OH) on the tensile strength (o)
and breaking elongation (eb) of HTPB.

elongation dropped from 590 to 267 %. Figure 6 depicts the
dependence of tensile strength (o,) and elongation at break (&) of
GAP-HTPB EHPNs. Pure GAP and HTPB urethane network shows the
tensile strength (o) of 0.56 and 1.48 MPa, and breaking elongation
(gp) of 194 and 463 % respectively.

Here we also chose a curing ratio (NCO/OH) of 1.0. As we have
mentioned above, sequential polymerization was adopted for HPN
formation. Figure 6 shows that by increasing the weight ratio of
GAP, tensile strength firstly increased from 1.48 MPa to 5.83 MPa
and then steadily decreased to 0.56 MPa, but breaking elongation
gradually decreased from 463 to 194 %. An extensive increase in
tensile strength and decrease in breaking elongation occurred
during sequential polymerization. Figure 1 & 2 (Supporting
information) clearly demonstrate the effect of curing ratio
(NCO/OH) on the crosslinking density and swelling behavior of the
GAP and HTPB respectively. Figures 1 and 2 show almost the same
trend of crosslinking density where crosslinking density increased
with the increase in NCO/OH ratio while swelling ratio decreased.
The increase of crosslinking points can inhibit the swelling
behaviour. NCO/OH ratio > 1 in both GAP and HTPB binder system,
tensile strength gradually increases on the expense of elongation
due to formation of more stiff structure; more PU linkage takes
place between hydroxyl groups of GAP and HTPB, which restricts
the chain mobility. As a result of that, matrix takes more loads with
less breaking elongation. In general, higher crosslinking density
results in higher tensile strength and lower elongation at break,
that’s why with the increase in NCO/OH ratio, crosslinking density
increased with an increase in tensile strength while the breaking
elongation decreased with the decrease in swelling ratio.
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'\ —=—Breaking Elongation (s},
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i 360
_ _
£ \ S
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E_n L300 £
=}
of
& ./ \ 240
-\- 180
0.0 T T T T T T
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Figure 6: Effect of % of GAP on the tensile strength (o) and breaking
elongation (eb) of GAP-HTPB EHPNs

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 8



Page 5 of 8

RSC Advances

1.2
J Y
1.0 @ 4
41
Ay
0.8 i3 by&
3 Av
Tan & AV gy
0.6 i vv (c) %
V.
A ©
0.4 Ay b o
¥ 3 de
d b ) Yw
0.2 4% b U
0.0 [T : ’ . .
-100 -80 -60 -40 -20

Temperature (°C)

Figure 7: Variation of tan & with temperatures on (a) 0 %, (b) 10 %,
(c) 30 % (d) 50 %, (e) 70 % GAP in GAP- HTPB EHPNs.

Tensile strength 5.83 MPa with 359 % elongation was achieved with
50:50 % of GAP-HTPB EHPNSs. Similar trend of crosslinking density
has been observed; where as the figure 3 (supporting information)
also represents the maximum crosslinking with 50:50 % GAP-HTPB
EHPNs. This enhanced mechanical strength may be attributed to
the hybrid network formation of GAP and HTPB. Due to catenation,
chain flexibility is extremely restricted and elongation at break is
considerably reduced. Beyond 50 % GAP, the elasticity of GAP is
inhibited by the azido groups and tensile strength and elongation at
break gradually drops down to 0.56 MPa and 194 % respectively
with 100 % GAP network.

Thermal Studies

Dynamic Mechanical Analysis

Dynamic mechanical properties of GAP-HTPB EHPNs with GAP
contents 0, 10, 30, 50 and 70 % were characterized. Samples with
90 and 100 % GAP contents could not be analyzed at specific
frequency because samples were broken down from terminal in the
sample holder due to low mechanical strength. Curing ratio
(NCO/OH) for all samples has been used as 1. Figure 7 depicts the
variation in Tan & and glass transition temperatures (Tg) with
weight ratio of GAP and HTPB.

Figure 7 also shows that inward shift of glass transition temperature
took place from — 71 °C to — 68 °C with a single glass transition
temperature, where as with 50:50 weight % of GAP-HTPB HPNs,
two glass transitions were observed at — 71 °C and -44 °C. The
results from DMA tests clearly shows that HPNs with GAP up to 30
% did not show phase separation with a single broad transition and
maximum Tan 6 (1.05). Beyond 30 %, the two glass transition
temperatures might be due to phase separation. But surprisingly
synergetic mechanical strength was observed at 50:50 GAP-HTPB.
Again with 70 % GAP, single glass transition observed and this
inward shifting of Tg and Synergetic mechanical strength were
observed. All these may be attributed to the interpenetration and
entanglements of GAP and HTPB networks during sequential
polymerization.

TGA/DTG Analysis

TGA/DTG studies for composite propellants can reveal their crucial
performance parameters, such as heat of explosion, detonation
energy and detonation velocity.[43’44] Figure 8 depicts the TGA

This journal is © The Royal Society of Chemistry 20xx
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Fig 8: TGA curves of GAP, HTPB and GAP-HTPB EHPNs

thermo gram of GAP, HTPB and GAP-HTPB cross-linked networks.
TGA thermo gram of GAP illustrates weight loss in two stages. The
first stage decomposition of GAP took place in the temperature
range of 191-270 °C with a weight loss of 39 % due to release of
nitrogen,[3‘8] while the second stage decomposition involves the
degradation of polyether main chain of GAP in the temperature
range of 271-468 °C. The residue remains around 30 % after the
complete decomposition of pure GAP network.”?! Cross-linked
HTPB network decomposition also occurs in two stages with
indefinite division. The first stage decomposition took place with a
mass loss of 22 % in the range of 212 to 417 °C as a result of
depolymerization, cyclization and incomplete decomposition of
cyclized products. Second stage decomposition occurred in the
range of 417 to 492 °C correspond to dehydrogenation and
decomposition of the remaining cyclized products.[45'47]

Residue after complete decomposition is around 1 %. With
increasing weight ratio of GAP, thermally more stable network was
formed and decomposition temperatures increased as clearly
depicted in the DTG thermo grams (Figure 9). With 50 and 70 %
GAP weight ratios in GAP-HTPB EHPNs, the second stage
decomposition increased to 501 °C and peak decomposition
temperatures also increased as depicted in Figure 9. Variation in
decomposition may be ascribed to higher cross-linked networks and
the resultant catenation. It can be seen from DTG curves that
during the first, peak decomposition temperatures changed from
250 °C to 259 °C and from 458 °C to 468 °C during the second stage.
Higher the cross-linked network, more energy is needed for
decomposition.m

+ 100 % HTPB
* 90 % HTPB
70 % HTPB
* 50 %HTPB
30 % HTPB
10 % HTPB
© 100 % GAP

459°C

T T T T T
100 200 300 400 500 600

Temperature (OC)

Fig 9: DTG curves of GAP, HTPB and GAP-HTPB EHPNs
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DSC Analysis

Figure 10 shows the DSC thermo grams of the pure GAP, HTPB and
GAP-HTPB EHPNs with different weight ratios. The glass transition
temperature (Tg) of the pure HTPB and GAP networks was found to
be -76 °C and -36 °C respectively. With the increase in weight ratio
of GAP up to 30 %, only one T, was observed and also slightly
increased from -76 °C to -72 °C. This may be attributed to
entanglements and interlocking of polymer networks and reduction
of gap between cross-linking sites. DSC thermo gram with 50:50 %
GAP-HTPB weight ratio shows two glass transition temperatures at
-74 °C and -37 °C, which might be due to phase separation but
fortunately mechanical properties were enhanced. Same trend of
inward shifting of T, was observed from 70 to 100 % GAP cross-
linked network. The characterization for impact, friction and
electrostatic discharge sensitivities of the EHPNs and single
networks of GAP and HTPB were performed using standard
procedure[48] and results clearly showed that single networks of
GAP, HTPB and GAP-HTPB EHPNs were insensitive to impact,
friction and ESD with > 40 Joules, > 360 Newton and having no
ignition at 5.5 Joules respectively.

Morphological studies

Figure 11 shows the morphological characteristics of fractured
surfaces of single networks of GAP, HTPB and GAP-HTPB EHPNs.
The images of GAP and HTPB are shown in figure 11-A & B,

Journal Name

respectively. It can be seen that fractured surface of single network
of GAP shows smooth and glassy microstructures whereas HTPB
shows rough, wrinkle and ravine microstructures. SEM images of
GAP-HTPB cross-linked networks (11-C & D) depict interlocking and
entanglements due to interpenetration of networks; wherein,
polymer chains emerge to penetrate inward and outward over one
another in polymer matrix and showed interlocking and compact
network with good compatibility.[49'5” We also examined micro to
nanometre thick long strands which are crossed and entangled
with each other. The synergetic mechanical strength, thermally
more stable networks, inward shifting of Tg and increase of peak
decomposition temperatures have been significantly investigated
during sequential polymerization of GAP and HTPB with step wise
curing by controlling the temperature conditions.

Conclusions

The polyurethane curation of GAP and HTPB with isocyanate was
comprehensively investigated by in-situ FTIR, which resulted in the
optimization of polymerization conditions. Base on this, a facile
sequential polymerization approach for energetic hybrid polymer
network (EHPN) formation of GAP and HTPB has been achieved by
stepwise curation. Thermo-mechanical properties have been
investigated by varying curing ratios (NCO/OH) for single networks
of GAP and HTPB. By screening the GAP to HTPB weight ratio (1:9,
3:7, 5:5, 7:3 and 9:1) in the EHPN formation, the superior
mechanical characteristics have been achieved with 50:50 GAP-
HTPB weight ratios. DMA and DSC studies revealed that inward
shifting of glass transition temperatures around 3-4 °C observed
with mostly single Tg and TGA-DTG studies demonstrated that the
network formed were thermally more stable. Peak decomposition
temperatures increased by almost 10 °C. Morphological study
illustrated that compact networks were formed due to interlocking
and catenation of both GAP and HTPB due to sequential
polymerization.

Figure 11: SEM images for the fractured surfaces of the films coded as (A) GAP PU (B) HTPB PU (C-D) 50:50 % GAP-HTPB PU EHPNs

6 | J. Name., 2012, 00, 1-3
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