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Abstract A series of glycidyl azide polymer (GAP) with
hydroxyl-terminated poly(ethylene oxide-co-tetrahydrofuran)
(P(EO-co-THF)) polymer networks of various functional mo-
lar ratios (R) and different GAP contents have been prepared
through the step-wise curing process. The step-wise curing
condition is determined based on the thermodynamic param-
eters of each simplex elastomer system, which is 45 °C-3d
then 60 °C-4d. The mechanical properties of the elastomers
have been improved from 1.88 to 2.11 MPa in Wgap = 50%
under that condition, which is caused by the formation of the
larger-sized mesh structure and in consequence the effective
elastic strands increase. Meanwhile, the dynamic mechanical
analysis (DMA) reveals that the glass transition temperatures
of the elastomers are approximately —62.42 and —26.96 °C,
respectively. Moreover, it can be concluded through DMA

Research Highlights:

1. The step-wise curing condition is determined based on the thermody-
namic parameters of each simplex elastomer, which is 45 °C-3d then
60 °C-4d.

2. The network structure model is depicted combined extension test with
dynamic mechanical analysis.

3. The IPN’s network could be obtained through the step-wise curing
process, in which the P(EO-co-THF)/N100 domains act as crosslinking
joints compared to GAP/N100 domains and eventually cause the
constrained effect.

4. The blending elastomers have a promising application in military
materials.
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that the P(EO-co-THF) domains act as the main crosslinking
joints compared with the GAP/N100 domains and thus cause
the constrained effect. Combining extension test with DMA
results, the network model of the elastomers is depicted. In
addition, the thermal stabilities of the blending elastomers
have also been studied, and their thermal stabilities meet the
requirements of military materials.

Keywords Polymer blends - Step-wise curing - Dynamic
mechanical - Polymer networks

Introduction

Poly(ethylene oxide-co-tetrahydrofuran) (P(EO-co-THF))
polymer has been widely used as a prepolymer for the prepa-
ration of nitrate ester polyether (or polyester) (NEPE) propel-
lants. As a typically binder, P(EO-co-THF) polymer is getting
more and more attention due to its excellent low-temperature
mechanical properties since this century [1-3]. P(EO-co-THF)
polymer belongs to hydroxyl-terminated polyether (HTPE)
binders composed of ethylene oxide (EO) and tetrahydrofuran
(THF), in which the THF segments offer a superior strength
and low-temperature property while the EO segments give rise
to a favorable flexibility [4, 5]. However, the P(EO-co-THF)
polymer is an inert binder, which results in the lower energy for
the propellant. Different from P(EO-co-THF) polymer, glyc-
idyl azide polymer (GAP) is one of the energetic binders due
to the presence of energetic azide groups (—N3) in the polymer
chain, which can release energy at ca. 85 kcal/mol [6-8].
Therefore, the incorporation of energetic GAP binder into the
inert binder P(EO-co-THF) would lead to higher energy by
increasing the content of energetic binder without the mechan-
ical property decline.

@ Springer


http://dx.doi.org/10.1007/s00396-017-4050-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s00396-017-4050-8&domain=pdf

638

Colloid Polym Sci (2017) 295:637-646

Meanwhile, polyurethane-based binder systems are ex-
tensively used in composite solid propellants due to their
convenient reaction conditions [9] and relative lack of
adverse side reactions. Commonly, the curing conditions
of the blending binder are simultaneous polymerization
at the same temperature, which means that both compo-
nent networks are polymerized concurrently in that pro-
cess, so this reaction is liable to cause phase separation
for the incompatible thermodynamics polymer system. To
solve this problem, our team recently reported the se-
quential polyurethane curation of GAP and HTPB by
step-wise curing [10], which proved that the technique
of sequential curing is more facile and gives better me-
chanical properties. In order to further expand the appli-
cability of the step-wise process and improve the GAP/
P(EO-co-THF) blending elastomers property, we have
constructed a facile step-wise curing process for GAP
and P(EO-co-THF) with polyisocyanate (N100) as the
curing agent, as shown in Fig. 1.

In our previous works [11], we reported in situ FTIR
kinetic studies of GAP/N100 and P(EO-co-THF)/N100,
which provided us the kinetic parameters for the curing
reaction. Based on the thermodynamic parameters, in this
paper, we calculated the relation of conversion rate with
time at different temperatures, and then we determined
the step-wise process condition, which is 45 °C-3d then
60 °C-4d. The elastomers were successfully prepared un-
der the step-wise curing condition, and the results indi-
cate that the mechanical properties have greatly in-
creased. Furthermore, the network structures were
depicted through extension test and dynamic mechanical
analysis results. In addition, the thermal gravimetric anal-
yses indicate that the blending elastomers meet the re-
quirements of military materials [8, 12].

Fig. 1 Structure of GAP, P(EO-
co-THF), and N100 polymers
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Experimental
Materials

The hydroxyl terminated number of GAP polymer was about
29.71 mg KOH/g sample and an average molecular weight
was about 3600 g/ml. The hydroxyl terminated number of
P(EO-co-THF) polymer was about 24.46 mg KOH/g sample
and an average molecular weight was about 4038 g/mol. Both
the hydroxyl-terminated polymers were purchased from
Hubei Aviation Institute of Chemical Technology and purified
by vacuum drying.

Desmodur N100 poly-isocyanate had an average molecular
weight of 728 g/mol and contained 5.3159 mmol/g of -NCO
group, which were taken from Beijing chemical plant.

Taken from Beijing chemical plant, 0.5% dibutyltin
dilaurate (DBTDL) (or named T-12) solution in diethyl
phthalate (DEP) was used. As well as 0.5% triphenyl bismuth
(TPB) solution in dioctyl sebacate (DOS) was taken from
Beijing chemical plant.

The aim of the preparation presented in this work is to obtain
new series of networks, in which P(EO-co-THF)-based poly-
urethane properties are improved by the GAP binder [11, 13,
14]. The properties in these series have different mechanical
and thermal properties, controlled by the compatibility of the
polymer blends and the content (wt.%) of GAP.

Measurements

The elastomers were confirmed by ATR-FTIR measurements,
and the new absorption peaks appearing at 1731 and
1508 cm ™' were assigned to CO and NH stretching due to

polyurethane formation. Meanwhile, the NCO stretching band
disappeared upon completion of the reaction. The mechanical
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properties, including the largest tensile strength (o,,,) and elon-
gation at break (g,,) of all the dumbbell-shaped specimens,
were determined using a universal testing machine
(Instron-6022, Shimadzu Co., Ltd.) at a constant rate of
100 mm/min and the results were averaged from five samples.

Dynamic mechanical analysis (DMA) of the elastomers
were performed using the METTLER Instrument DMA/
SDTAS861e at shear model device and a frequency of 1 Hz.
The temperature range was from —100 to 100 °C under a
nitrogen atmosphere with a heating rate of 3 °C/min. The test
specimens were rectangular samples with the length 15 mm,
width 5 mm, and thickness 2 mm.

The thermal gravimetric analysis (TGA) was performed on
the METTLER Instrument TGA-STAR system at heating
rates of 10 °C/min from 30 to 600 °C. The samples of 5 mg
were used, and the flow rate of nitrogen gas was 40 mL/min.

Results and discussion
Selection of the curing conditions

In our previous study [11], it was confirmed that hydroxyl-
terminated GAP and P(EO-co-THF) polymers with
polyisocyanate (N100) had different curing mechanisms.
Based on the thermodynamic parameters (see Table S6 in
Supplementary materials), we calculated the relation of con-
version rate with time at different temperatures, then obtained
the maximum conversion difference between P(EO-co-THF)/
N100 and GAP/N100 elastomers under the same temperature
and time (Table S1 in Supplementary materials). Based on the
fitting curves in Fig. 2, the dependence of the maximum con-
version difference with time on temperature is clearly

parabolic. Considering the tendency of the minimum duration
and conversion difference, we adopt 45 °C-3d as the first
curing stage condition, which could reach the maximum con-
version difference before phase separation takes place, and
60 °C-4d as the second stage of cure process condition. This
step-wise curing process enables the physical entanglement
and chemical crosslinking networks to achieve the optimal
state for elastomers. Maybe the actual reaction does not
completely follow the stage-wise process, but the conversion
difference provides a theoretical basis for GAP and P(EO-co-
THF) blending elastomers.

Static mechanical properties

Adopting the simultaneous and step-wise curing conditions
for GAP/P(EO-co-THF) blends, clastomers of GAP/P
(EO-co-THF) with various mole equivalent ratios (R
values) have been prepared using polyisocyanate (N100)
as the curing agent, and their mechanical properties are
listed in Fig. 3 (Table S2 in Supplementary materials).
The stresses o, and elastomer modulus £ of simultaneous
curing elastomers increase from 1.23 and 0.58 x 102 MPa
to 1.88 and 1.84 x 102 MPa, respectively; while the o,
and E of step-wise curing elastomers increase from 1.38
and 0.62 x 10> MPa to 2.11 and 2.42 x 107> MPa, re-
spectively. In contrast, the strain ¢,, of simultaneous and
step-wise elastomers decrease from 211.68 and 222.11%
to 102 and 87.21%, respectively. The curves of o,, and
g, including E for elastomers are shown in Fig. 3. The
dependence of the elastomer mechanical properties on R
is clearly presented, and through Fig. 3, we can see that
the change of curing conditions improves the mechanical
properties. Through comprehensively considering the
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Fig. 3 Effect of R value (the molar ratio of [NCOJ/[OH]) on the o, ¢,, and E of GAP/P(EO-co-THF) elastomers. (50% content of GAP) (a).
Conventional one-step curing (60 °C-7d) (b). Step-wise curing process (45 °C-3d, 60 °C-4d)

experiment results, we can conclude that the R value of 1.3
has optimal mechanical properties with tensile strength of
1.63 MPa and breaking elongation of 125%.

On account of the above results, we chose R value of 1.3 to
study effects of GAP content on mechanical properties. Based on
the compatibility of the polymer at specific concentration levels
[15], we prepared GAP-based elastomers at different relative
weight ratios, and their mechanical properties are listed in
Fig. 4 (Table S3 in Supplementary materials). For elastomers
prepared by simultaneous curing process with GAP content less
than 50%, the o, of the blend increases from 1.43 to 1.53 MPa,
then decreases to 0.82 MPa, and the ¢, increases from 72.2 to
131.2%. Meanwhile, the E decreases from 1.98 x 1072
0.67 x 10~ MPa due to the decrease of the crosslinking density
along with the increase in Wgap In comparison, as the step-wise
curing process of GAP/P(EO-co-THF), elastomers has enough
space to form crosslink networks before phase separation
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happens, the o, of the blend increases from 1.49 to 1.57 MPa,
then decreases to 0.71 MPa, and the ¢,, increases from 110.7 to
169.1% at less than 50% GAP content, then decreases to 149.1%
after 60% GAP content. This phenomenon shows that the
step-wise curing condition effectively improves the mechanical
properties in Wgap < 0.5, and probably the blending elastomers
form partial miscibility macromolecule alloy structures such as
island structure, layered structure and interpenetrating structure
[16]. This result is fully consistent with the dynamic mechanical
analysis as well (see Figs. 7 and 8).

Dynamic mechanical analysis

The tan & responses of GAP/N100 and P(EO-co-THF)/N100
elastomers measured by DMA are shown in Figs. 5 and 6. The
elastomers have damping peaks at approximately —62.42 and
—26.96 °C, respectively, corresponding to the glass transition of
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Fig. 4 Effect of weight percentage of GAP on the o, £,,, and E of GAP/P(EO-co-THF) elastomers (R is 1.3). Conventional one-step curing (60 °C-7d)

(a). Step-wise curing process (45 °C-3d, 60 °C-4d) (b)

@ Springer



Colloid Polym Sci (2017) 295:637-646

641

Fig. 5 DMA curves of P(EO-co- ) . 14
THF)/N100 elastomer 35 "*\\ : P(EO-co-THF)/N100 elastomers
r ."i 1.2
3o} E A A« :
- A :
25 | oAl : 410
_ " :
& 20+ E \ 408
s ! 5 3
L 15k \ : >
ks 5 406
o 1.0 |- ‘g\jr/\:
o0 \ >
o .h.. - 0.4
0.5 | t}—,\
DA
: N d02
: KO ’
0.0 [~ jtand 5\,\‘ ]
05 | : 7 00
| | 1 1 | 1 |
-100 -75 -50 -25 0 25 50 75 100

the copolyether strands [17]. The GAP/N100 elastomers display
a faint relaxation at low temperature, which can be attributed to 5
relaxation. This relaxation is centered around —75 °C and may be
associated with the movement of the pendant group (—CH,N3),
segments [18]. Furthermore, P(EO-co-THF)/N100 elastomers
have one plateau-raising peak at approximately —23 °C, because
of the crystallization and melting process for P(EO-co-THF)
chains. At the region of glass transition, the P(EO-co-THF)/
N100 elastomers have a broader peak shape and lower tan &
value than GAP/N100 elastomers, which indicates that the dy-
namic performance for P(EO-co-THF)/N100 elastomers is weak,
but P(EO-co-THF)/N100 elastomers have excellent impact
toughness at low temperature due to the high E".

Temperature(C)

In a polymer blend, the components can result in homoge-
neous phase or phase separation according to the thermodynamic
properties for GAP/P(EO-co-THF) elastomers. In order to avoid
too many overlapping data, the variations of the main viscoelastic
parameters (E’, E", tan 0) with temperature for the considered
samples are depicted in three separated figures, and the £’ and
E" are valued with logarithmic form for the sake of clarity.
Figure 7 exhibits the variation of tan § with temperature for
different GAP contents of GAP/P(EO-co-THF) elastomers, and
the corresponding experimental data are listed in Table S4 in
Supplementary Materials. The GAP/P(EO-co-THF) system dis-
plays phase separation when Wgap > 0.3 and Wgap < 0.9, and
there are two noticeable regions in the tan J curves. Interestingly,
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Fig. 6 DMA curves of GAP/ 4
N100 elastomer
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2.0

Fig. 7 Dependences of tan § on
temperature with wt.% GAP

tand

T,,; and T, > are gradually approaching with the increase of GAP
content, and such a behavior may be due to the island or inter-
penetrating structure formation between the chains, which super-
imposes additional physical network to the existing chemical
network. That is to say, when the linear chains (P
(EO-co-THF)) act as the main part of the blends, the most visible
changes in the dynamic mechanical behavior are the increase of
the tan ¢ peak value, simultaneously with a slight peak shift to
lower temperature (Fig. 7, Table S4 in Supplementary materials).
The P(EO-co-THF)/N100 sample is partially crystalline (the
melting temperature is about —8 °C), but the similar phenomenon
is not visible for the blending elastomers in the tan § curves
because of the chain rigidity improvement.

Temperature/C

Figures 8 and 9 exhibit the variations of £’ and E" with
temperatures for the different GAP contents of elastomers.
The E" peak appears always at a lower temperature than tan
d peak [19, 20]. The onset of the main « relaxation starts over
the temperature of —65 °C and spans till 40 °C. There are some
peculiar characteristics of this relaxation, for example, the £’
values in this range exceed 10° Pa, which is specific for the
blending elastomers in the glassy state. The fall of £’ in glass
transition region is smooth and large and the second plateau
value of the E’ is over 10’ Pa when Wgap < 0.5, meanwhile
they all have two weak shoulders on E". This means a de-
crease of £’ with about two orders of magnitude in this tran-
sition region. The low tan § peak value together with the £’
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Fig. 9 Dependences of loss
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decrease of two orders of magnitude indicate the presence of
some movement restraints in the soft domains such as
interlocking and entanglement networks [21]. When
Waoap < 0.5, the large E" peak situated around —70 °C is
followed by a downturn after —60 °C, a clear sign of flowing.
Followed the trend of £ curve it is obvious that this flowing is
slowed down after —40 °C and almost stopped after —25 °C.
All the transformations can be attributed to the hard phase of

Fig. 10 Network model of
elastomers for P(EO-co-THF)/
N100, GAP/N100, and blending
networks P(EO-co-THF)/GAP/
N100

P(EO-co-THF)/N100

GAP chains being embedded in the P(EO-co-THF) soft net-
work. The narrow tan ¢ peak shape and £’ rise are the charac-
teristic of the homogeneity of the network, which is formed
before Wgap <0.5. When Wgap > 0.5 in the elastomers, the E’
and E" only have one variation tendency due to the GAP chain
movement. As expected, P(EO-co-THF)/N100 domains act as
crosslinking joints compared to GAP/N100 domains and
eventually cause this constrained effect.

Y Crosslinker

GAP/N100

P(EO-co-THF)/GAP/N100 elastomer
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Fig. 11 DSC curves for blending
elastomers with various contents

of GAP (step-wise curing process
(45 °C-3d, 60 °C-4d))
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Network model

If we ignore the side-reaction of polyurethane such as the
formation of allophanate [22, 23], the network structure
model of elastomers can be established in Fig. 10. For
the reason that the curing agent (N100) is three function-
al groups, N100 is not only the crosslinking agent but
also the chain extender. The resulting network structure
is comprised of three-dimensional networks, and nearly
all terminal groups are -NCO for elastomers (R > 1.0).
For GAP/N100 eclastomers, there are many —CH,N; dan-
gling strands in the networks, causing the formation of
larger-sized mesh and finally resulting in effective elastic

-50 0 50
Temperature(C)

strands increase. Conversely, P(EO-co-THF)/N100 net-
work plays the role of chain extension and is crucial to
the geometric network strength. With the formation of
crosslinking points, the physical entanglement and hy-
drogen bond effect also improve the network properties
because of the intermolecular force.

Based on the network model, it can be concluded that the
GAP/P(EO-co-THF) blending elastomers have excellent me-
chanical properties in a certain proportion of GAP because of
its compatibility; however, both the binders are not miscible
and phase separation occurs for a while after dispersion [15].
The aim of the step-wise curing process is to cure completely
before phase separation occurs.

Fig. 12 TG curves for blending
elastomers with various contents
of GAP (step-wise curing process
(45 °C-3d, 60 °C-4d))

weight loss/%
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Fig. 13 DTG curves for blending
elastomers with various contents
of GAP (step-wise curing process
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Differential scanning calorimetry (DSC) analysis

Figure 11 shows the DSC thermograms of blending elasto-
mers with different weight ratios. The glass transition temper-
atures (7g) of the pure P(EO-co-THF) and GAP networks are
found to be —80 and —42 °C, respectively. With the increase in
weight ratios of GAP, the DSC thermograms show two glass
transition temperatures, which are located in between pure
GAP and P(EO-co-THF) polymers, respectively. This phe-
nomenon may be the result of microphase separation but for-
tunately the mechanical properties are enhanced. The copoly-
mer networks form a polymer alloy, including physical entan-
glements and interlocking of polymer networks and reduction
of gap between cross-linked points.

Thermal stability

To assess the thermal stabilities of the blending elastomers,
thermal gravimetric analyses of different GAP content elasto-
mers have been performed, and the thermogravimetric (TG)
and derivative thermogravimetric (DTG) curves are shown in
Figs. 12 and 13.

As shown in Fig. 12, the thermal weight losses start after
230 °C and finish before 460 °C, and the accompanying
weight losses are listed in Table 5 (Table S5 in
Supplementary materials). Meanwhile, the DTG curves pres-
ent three peaks, which indicates that the elastomers have three
decomposition stages. The thermal cleavage temperatures of
the azide groups are nearly 230 ~ 255 °C; the decomposition
temperatures for the hard segments are nearly 255 ~ 400 °C;
the last stage is corresponding to the copolyether strands’ de-
composition of about 400 ~ 460 °C. Hence, the blending

elastomers that are crosslinked by GAP and P(EO-co-THF)
polyether have a higher thermal stability, which can be used as
a promising military material.

Conclusions

Step-wise curing process (45 °C-3d; 60 °C-4d) has been de-
termined through the thermodynamic parameters of the elas-
tomer formation. In comparison with conventional one-step
curing condition, step-wise curing process has effectively im-
proved the elastomer properties because it forms macromole-
cule alloy structures such as island structure, layered structure,
and interpenetrating structure.

The elastomers with various functional molar ratios (R) and
different contents of GAP have been successfully prepared
using the step-wise curing process. The mechanical properties
of'the elastomers have been improved in Wgp < 0.5 under the
step-wise condition, and there are many —CH,N; dangling
strands in the GAP-based networks, causing the formation
of larger-sized mesh and finally resulting in effective elastic
strands increase. Meanwhile, the dynamic mechanical proper-
ties prove that P(EO-co-THF)/N100 domains act as
crosslinking joints for GAP/N100 domains and cause the
constrained effect. The weight losses of the GAP/P(EO-co-
THF) elastomers are characteristic of the three-step decompo-
sition, and the thermal stabilities meet the requirements of
military materials [8, 12].
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