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ABSTRACT: The effect of filler loading on the mechanical
properties of crosslinked triazole polymers obtained by poly-
merization of E300 dipropiolate (1) with diazide (2) obtained
from tetraethylene glycol using tetraacetylene functionalized
crosslinker (3) was studied systematically. Aluminum (10–
14 lm) was used as the primary filler during the formula-
tions; the effect of secondary fillers such as aluminum
(<75 lm), NaCl (45–50 and 83–105 lm) was studied with the
increase in the total filler loading. The modulus of the alumi-
num-filled crosslinked triazole polymers increases with the
increase in the filler content while using either particle sized
aluminum powder. The use of Al (particle size <75 lm) and
NaCl (particle size 45–50 lm and 83–105 lm) as secondary or

additional fillers while using aluminum (10–14 lm) as the
main filler, has a diminishing effect on the modulus and
strain of the crosslinked triazole polymers. Triazole polymers
described herein have the ability to wet and adhere to large
quantities of these inorganic salts and thus maintain mechani-
cal properties of the composite comparable to typical polyur-
ethane elastomeric matrices, regardless of the chemistry of
the particulate filler, which imparts an important and neces-
sary binder characteristic for energetic composites. VC 2010
Wiley Periodicals, Inc. J Appl Polym Sci 118: 121–127, 2010
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INTRODUCTION

1,2,3-Triazole-polymers prepared by the utilization of
‘‘Click Chemistry’’1–3 are novel binders for high-
energy explosive and propellant materials, with
advantages in terms of lower tensile stress and modu-
lus compared to the polyurethanes used extensively
as rocket propellant binders.4–6 Reed’s group synthe-
sized crosslinked triazoles polymer as energetic bind-
ers with improved mechanical properties and stabil-
ity.6 Crosslinker effects on the mechanical properties
of conventional rubbers have been studied for many
years and are well understood.7 We have recently
studied the effect of crosslinker type and concentra-
tion on the mechanical properties of unfilled and
filled crosslinked 1,2,3-triazole polymers.8,9

The inclusion of particulate fillers in polymeric
materials is an established industrial practice which
typically is performed to enhance polymer proper-
ties such as modulus, fracture resistance and tough-

ness while reducing the overall component cost.10 A
composite material is more rigid than a pure poly-
mer and the addition of metal particles to polymer
during injection reduces the internal stresses in injec-
tion-molded components.11 Metal-filled polymers are
widely used for electromagnetic interference shields,
their advantages over metals being lighter weight
and lower cost; specific applications include easy
discharge of static electricity, heat conduction, elec-
trical heating and conversion of mechanical signals
to electrical signals.11

The mechanical properties of a composite material
depend strongly on particle-matrix interface adhe-
sion, particle size and particle loading.12 Landon
et al. studied the importance of adhesion between
filler and the matrix phase in explaining the me-
chanical behavior of the composite.10 The depend-
ence of filler particle size on mechanical properties
have also been studied on carbonate-filled PP models.13

Bhattacharyya et al. examined the effect of particle
size ratios of the polymer to metal particles on the
mechanical properties of PVC-Cu composites.14 Sig-
nificant improvements in the mechanical properties
were achieved by incorporating a low weight per-
cent of inorganic exfoliated clay minerals consisting
of layered silicate into polymer matrices.15–17

The effects of using different weight percentages
of fillers such as carbon black, silica, aluminum
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oxide, zirconium oxide,18 metal or metal clad fil-
lers,19 carbon nanotubes,20 glass-ceramic,21 soda lime
glass particles,22 and sodium sulfate,23 on the ther-
mal and mechanical properties of elastomers have
been reported in detail by several groups. Alumi-
num powder is a commonly used filler that
improves mechanical, electrical and thermal pro-
perties of polythiourethane-modified epoxy adhe-
sives,24 low density polyethylene (LDPE)25 and high
density polyethylenes (HDPE) composites,11 natural
rubber (NR) composites,26 polymethylmethacrylate
(PMMA)27 and ethylene-propylene-diene terpolymer
(EPDM) composites.28

The fillers in energetic composites are primarily
added for performance enhancement, although a
strong, tough composite is required nonetheless. The
polymeric binder component must tolerate a large
proportion of energetic filler ingredients and still be
processible by cast-cure production methods, curable
at relatively low temperatures and inert to internal
and external degradation reactions over long periods
of ambient storage.

A large proportion of the filler in a solid rocket
motor will be an inorganic oxidizing salt, typically
ammonium perchlorate (AP). The surface interaction
between the binder polymer and an inorganic oxi-
dizer can range from a weak association, easily
released under stress which can weaken the compos-
ite, to a strong association which may include a
slight solubility and disproportionation of the oxi-
dizer. This condition can degrade the formulation’s
aging behavior, i.e., the mechanical properties and
combustion characteristics over time. A binder sys-
tem must possess the proper compatibility with such
ingredients to maintain this tensile strength over a
service life that may span decades.

Our earlier studies on triazole polymers emphas-
ised that with the use of 43 wt % aluminum filler in
a crosslinked triazole polymeriation process, the
polymer has good processability and better modulus
as compared to unfilled triazole polymers.8 The
effect of fillers loading on the mechanical properties
of triazole polymers has not been studied yet. Ozkar
systematically studied the effect of the use of auxil-
iary fillers in addition to the main filler, for improv-
ing the thermal, rheological and tensile properties of
polyurethane elastomers.18 However, no such stud-
ies on the use of mixed fillers on the mechanical
properties of triazole polymers have been conducted
to date. Herein, we report the results of our studies
on the effect of use of two different particle sizes of
aluminum fillers and of mixtures of different particle
sized aluminum and sodium chloride fillers, on the
mechanical properties of crosslinked triazole poly-
mers. These experiments are intended to evaluate
the degree to which the triazole-cured binder candi-
dates can tolerate increases in the loadings of vari-

ous solids (especially that of the sodium chloride,
the model for inorganic oxidizing salts in general)
and still maintain good stress and a reasonable
strain capability.

EXPERIMENTAL

General

Commercially obtained reagents were used without
further purification. E300 dipropiolate (1), diazide
(2) derived from tetra ethylene glycol and the tetra-
functional crosslinker 3-(propioloyloxy)-2,2-bis[(pro-
pioloyloxy)methyl]propyl propiolate (3) were pre-
pared following reported procedures.4,8 In view of
the stringent stoichiometry requirements for step po-
lymerization, the monomers were systematically
dried by azeotropic distillation and lyophilization.
The uniaxial test specimen was a standard microten-
sile dog bone with dimensions of 0.8800� 0.1900�
0.1300.29 Strain (percentage elongation at break) and
elastic modulus (Young’s modulus) were measured
by an Instron universal tensile testing machine
(model number 4301) with a strain rate of 50 mm/
min.. Aluminum (10–14 lm and <75 lm) were pur-
chased from Aldrich. Anhydrous sodium chloride
was ground and passed through a series of sieves of
different pore sizes to obtain NaCl in 45–50 lm and
83–105 lm monodisperse particle sizes. Each data
entry in the Tables I–VIII is an average of at least
three measurements.

General procedures for preparation of crosslinked
triazole polymers

E300 Dipropiolate (1) and crosslinker (3) were
weighed into an aluminum pan, and stirred until ho-
mogeneous. The time for dissolving the crosslinker
varied from 15 to 30 min. Diazide (2) was added
with stirring to give a homogeneous mixture. The
reactions were carried on a total scale of 2 g (com-
prising the three reactants for each dogbone sample)
in aluminum pans by taking 100 mol % of 1 and cal-
culating the concentrations of 2 and the crosslinker
3, keeping the overall end group stoichiometric
ratios 1 : 1. (Scheme 1) The filler (or mixture of

TABLE I
Comparison of the Strain and Modulus of Unfilled and

Filled Crosslinked Triazole Polymers

Entry

Crosslinker
concentration

(mol %)
Filler wt %

(Al: 10–14 lm)
Strain
(%)

Modulus
(MPa)

1 6 0 683 0.04
2 6 43 441 0.27
3 8 0 338 0.17
4 8 43 171 0.90
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fillers) was then added to the homogeneous mixture
and mixed uniformly by hand for about 45 min. The
mixtures were cast into a dogbone molds, degassed
under vacuum at room temperature for 15 min and
then cured in an oven at 55�C for 72 h. The dogbone
samples were carefully removed from the molds. Af-
ter cooling, they were tested at ambient temperature
using a Universal Tensile Test Machine with a 22 lb
load cell and 50 mm/min test speed.

RESULTS AND DISCUSSION

Our earlier studies on the development of triazole
polymers as potential rocket propellant binders
emphasized that with the use of 43 wt % aluminum
filler in a crosslinked triazole polymerization pro-
cess, the polymer had good processability and a bet-
ter modulus compared to unfilled triazole polymers8

In continuation of this work, we now report the
effects of filler type, content and concentration on
the mechanical properties of the crosslinked triazole
polymers obtained by mixing E300 dipropiolate 1,
tetrafunctionalized crosslinker 3 and diazide 2
obtained from tetra ethylene glycol in stoichiometric
ratios.

To select an optimum percentage of the cross-
linker that could be used and set constant for the
synthesis of the filled crosslinked triazole polymers
throughout our present studies, some preliminary
experiments based on our earlier experience in the

preparation of crosslinked triazole polymers were
required. We used 4 mol % of the crosslinker with
freshly prepared monomers: the polymers were
obtained by the reaction of E300 dipropiolate 1 and
diazide 2 with 4 mol % crosslinker 3, keeping the
end group stoichiometry 1 : 1 and the samples cured
both without filler and with 43 wt % aluminum filler
(10–14 lm particle size). Upon curing, these samples
were tacky and soft and testing via Instron Machine
was difficult. However, these results were somewhat
different from those obtained in our earlier studies.
This may be explained by the use of a different
batch of starting monomer, more specifically E300
dipropiolate, since E300 polyol itself is not a single
compound. Our further triazole polymerization reac-
tions were carried using 6 and 8 mol % of the cross-
linker both with and without 43 wt % of the alumi-
num (10–14 lm). The mechanical properties of the
cured, crosslinked triazole polymers are summarized
in Table I.
The physical nature of the polymers and the mod-

ulus and strain values suggested that 8 mol % cross-
linker should be used to study the effect of different
filler loadings on the mechanical properties of the
resulting triazole polymers.
The content of the aluminium filler with particle

sizes of 10–14 lm and <75 lm was systematically
increased separately (Scheme 1) from 34.18 to 74.14
wt % (Tables II and III) resulting in two separate
sets of gumstock samples, which were cured in
standard dogbone molds at 55�C for 72 h. The cured
polymers were tested using the Instron tensile test-
ing machine.

TABLE II
Effect of Filler Loading (Al: 10–14 lm) on Strain and

Modulus of Crosslinked Triazole Polymers

Entry

Crosslinker
concentration

(mol %)
Filler wt %

(Al: 10–14 lm)
Strain
(%)

Modulus
(MPa)

1 8 34.2 205.4 0.64
2 8 43.0 171.0 0.90
3 8 58.1 97.5 2.33
4 8 67.5 48.3 5.06
5 8 71.7 29.6 11.31
6 8 74.2 18.7 13.68

TABLE III
Effect of Filler Loading (Al: < 75 lm) on Strain and

Modulus of Crosslinked Triazole Polymers

Entry

Crosslinker
concentration

(mol %)
Filler wt %

(Al: < 75 lm)
Strain
(%)

Modulus
(MPa)

1 8 34.2 108.1 0.88
2 8 43.0 93.7 1.68
3 8 58.1 41.0 4.70
4 8 67.5 33.1 9.72
5 8 71.7 10.7 25.39
6 8 74.2 9.2 32.07

TABLE IV
Effect of Filler Loading (NaCl: 45–50 lm) on Strain and

Modulus of Mechanical Properties of Crosslinked
Triazole Polymers

Entry

Crosslinker
concentration

(mol %)
Filler wt %

(NaCl: 45–50 lm)
Strain
(%)

Modulus
(MPa)

1 8 34.2 237.6 0.38
2 8 43.0 208.9 0.44
3 8 58.0 60.4 1.49
4 8 67.5 41.3 1.65

TABLE V
Effect of Filler Loading (NaCl: 83–105 lm) on Strain and

Modulus of Crosslinked Triazole Polymers

Entry

Crosslinker
concentration

(mol %)
Filler wt %

(NaCl: 83–105 lm) Strain (%)
Modulus
(MPa)

1 8 34.2 180.3 0.27
2 8 43.0 128.8 0.33
3 8 58.0 95.8 1.09
4 8 67.5 56.0 1.48
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Figures 1 and 2 show the variation of the modulus
and strain values of these two separate sets of filled
gumstock samples with the increase in filler loading.

In general, it was concluded that the modulus of
the aluminum-filled crosslinked triazole polymers
increases with the increase in the filler content
while using either of the two particle sizes of alu-
minum powder. The value of the modulus was
increased from 0.64 to 13.68 MPa as aluminum of
particle size 10–14 lm was increased from 34.2 to
74.2 wt % of the binder; 74.2 wt % being maximum
percentage of filler that resulted in polymers
which were processable. Beyond this point the
binder does not completely wet all the filler
particles resulting in highly viscous, nonuniform
material difficult to cast into molds before curing.
The same result was inferred from the mechanical
data generated by using <75 lm aluminum pow-
der. The addition of rigid particles to a polymeric
matrix improves the modulus since the rigidity of
the inorganic fillers is generally higher than that
of organic polymers.12 Anuar et al. observed simi-
lar trends with the use of aluminum on NR
and ethylene-propylene-diene-terpolymer (EPDM)
composites.28

However, there is an increase in the value of the
modulus while shifting from 10–14 lm to <75 lm
particle size for the same filler content (for example
0.64 to 0.88 MPa; 0.90 to 1.68 MPa). For lower weight
percentages of filler used, the modulus is almost in-
dependent of the particle size,12 but the difference in

their modulus values increases with the increase in
filler loading.
Similar observations may be inferred from the

strain data obtained by the mechanical testing of
these two sets of filled crosslinked triazole polymers.
(Tables I and II, Fig. 2). The strain of the filled cross-
linked triazole polymers decreases with the increase
in the filler content as expected. However, the strain
values are reduced by almost half by switching from
10 – 14 lm to <75 lm aluminum powder (for exam-
ple 205.4 to 108.1%; 18.7 to 9.2; for 34.2 and 74.2 wt %
of the filler used respectively). Given that the modu-
lus values of both filled systems are similar, it is likely
that the strain differences are mainly due to the larger
filler particles providing more nucleation sites for fail-
ure. Perhaps, the smaller particles resist dewetting of
the binder better than the larger particles until a con-
centration of solids is reached where the binder is
unable to fully cover either size of particle.
We also explored the use of two different particle

sizes of NaCl powder as fillers. Tables IV and V
shows the variation of the modulus and strain of the
filled crosslinked triazole polymers synthesized
using NaCl as the main filler with the increase in
the content and particle size of NaCl (Scheme 1).
The samples were somewhat sticky and nonuniform,
and the mechanical testing was thus difficult. How-
ever, the trend for the modulus and the strain with
increase in the filler content was similar to that
obtained in the case of aluminum, although the val-
ues of the modulus are quite low. Thus it made

TABLE VI
Effect of Mixed Filler Loading (Mixture of Two Different Particle Sized Aluminum)

on Strain and Modulus of Crosslinked Triazole Polymers

Entry

Crosslinker
concentration

(mol %)

Filler wt %
(Al: < 75 lm þ Al:
10–14 lm) (1:1) Strain (%)

Modulus
(MPa)

1 8 34.2 100.8 0.78
2 8 43.0 91.2 1.47
3 8 58.0 63.6 3.51
4 8 67.5 36.2 4.70
5 8 71.7 21.3 7.21
6 8 74.2 19.4 9.37

TABLE VII
Effect of Mixed Filler Loading (Mixture of Aluminum and NaCl) on Strain and

Modulus of Crosslinked Triazole Polymers

Entry

Crosslinker
concentration

(mol %)

Filler wt %
(Al: 10–14 lm þ NaCl:

45–50 lm) (1:1) Strain (%)
Modulus
(MPa)

1 8 34.2 79.8 0.73
2 8 43.0 57.7 0.91
3 8 58.0 40.9 1.90
4 8 67.5 34.8 3.52
5 8 71.7 26.7 4.68
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sense to study the effect of NaCl as a secondary/
additional filler keeping aluminum as the main
filler.

It appears that addition of NaCl increases strain
capability but only at the expense of lower modulus
values, which in turn may be due to poorer adhe-
sion between the binder and filler.

Further, the effect of the use of the additional or
secondary fillers such as NaCl of particle size 45–50
lm and 83–105 lm and aluminium of particle size
<75 lm along of aluminium of particle size 10–14
lm as the main filler was compared against the
increase in the total filler content. The mixture of fil-
lers was systematically increased separately (Scheme
1) from 34.2 to 74.2 wt % (Tables II and III) resulting
in three separate sets of gumstock samples (Tables
VI–VIII), which were cured and mechanically tested
as previously described.

Figures 3 and 4 compare the results on the use of
additional fillers together with the main filler in the
ratio 1 : 1 on the mechanical properties of cross-
linked triazole polymers. These data sets include
equal weights of mixed fillers of two different parti-
cle sized aluminum powders and aluminum with
two different particle sized NaCl powders. In gen-
eral, the use of Al (particle size <75 lm) and NaCl
(particle size 45–50 lm and 83–105 lm) as secondary
or additional fillers while using aluminum (10–14

lm) as the main filler, has a diminishing effect on
both the modulus and strain of the crosslinked tria-
zole polymers. Perhaps the effect of the larger alumi-
num particles in reducing strain capability is over-
riding the effect of the smaller aluminum.
Also, 74.2 wt % was not achievable while using

mixed fillers of aluminum and NaCl due to non uni-
formity and brittleness of the resultant filled triazole
polymers. On comparing the strain and the modulus
values of the triazole polymers obtained by using
mixtures of aluminum and two different particle
sized NaCl fillers, little difference in their values
was observed. These data suggest that the mixed
systems show lower stain values regardless of parti-
cle size or type.

CONCLUSION

Overall, this study suggests that, as expected, the
aluminum fillers give rise to better mechanical prop-
erties than the inorganic materials (sodium chloride).
The data suggest that the smaller metal particles act
to produce enhanced mechanical properties whereas
the mixed metal/inorganic filler simply produced
samples of intermediate mechanical properties over
the compositions tested. Triazole polymers described
here have the ability to wet and adhere to large
quantities of these inorganic salts and thus maintain

TABLE VIII
Effect of Mixed Filler Loading (Mixture of Aluminum and NaCl) on Strain and

Modulus of Crosslinked Triazole Polymers

Entry

Crosslinker
concentration

(mol %)

Filler wt %
(Al: 10–14 lm þ NaCl:

83–105 lm) (1 : 1) Strain (%)
Modulus
(MPa)

1 8 34.2 68.6 0.71
2 8 43.0 55.4 0.95
3 8 58.0 44.9 1.32
4 8 67.5 35.7 3.59
5 8 71.7 24.8 4.45

Scheme 1 Preparation of the crosslinked triazole polymers with different filler loading.
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the tensile strength of the composite, regardless of
the chemistry of the oxidizer, which imparts them
an important and necessary binder characteristic for
energetic composites.

SYNOPSIS

1,2,3-Triazole-polymers prepared by the utilization
of ‘‘Click Chemistry’’ are novel binders for high-
energy explosive and propellant materials. The me-
chanical properties of a composite material depend
strongly on particle-matrix interface adhesion, parti-
cle size and particle loading. The effects of using dif-
ferent weight percentages of fillers such as carbon
black, silica, aluminum oxide, zirconium oxide,
metal or metal clad fillers, carbon nanotubes, glass-

ceramic, soda lime glass particles, and sodium sul-
fate on the thermal and mechanical properties of
elastomers have been reported in detail by several
groups. Aluminum powder is a commonly used fil-
ler that improves mechanical, electrical and thermal
properties of polythiourethane-modified epoxy adhe-
sives, LDPE and HDPE composites, NR composites,
PMMA and EPDM composites. Our earlier studies
on triazole polymers emphasised that with the use
of 43 wt % aluminum filler in a crosslinked triazole
polymeriation process, the polymer has good proc-
essability and better modulus as compared to
unfilled triazole polymers. The effect of fillers load-
ing on the mechanical properties of triazole poly-
mers has not been studied yet. Ozkar systematically
studied the effect of the use of auxiliary fillers in
addition to the main filler, for improving the ther-
mal, rheological and tensile properties of polyur-
ethane elastomers. However, no such studies on the

Figure 3 Effect of mixed filler loading on modulus of
crosslinked triazole polymers. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

Figure 4 Effect of mixed filler loading on strain of cross-
linked triazole polymers. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Figure 1 Effect of filler loading on modulus of cross-
linked triazole polymers. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Figure 2 Effect of filler loading on strain of crosslinked
triazole polymers. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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use of mixed fillers on the mechanical properties of
triazole polymers have been conducted to date.
Herein, we report the results of our studies on the
effect of use of two different particle sized alumi-
num fillers and mixtures of different particle sized
aluminum and sodium chloride fillers, on the me-
chanical properties of crosslinked triazole polymers.

The modulus of the aluminum-filled crosslinked
triazole polymers increases with the increase in the
filler content while using either particle sized alumi-
num powder. The use of Al (particle size <75 lm)
and NaCl (particle size 45–50 lm and 83–105 lm) as
secondary or additional fillers while using alumi-
num (10–14 lm) as the main filler, has a diminishing
effect on the modulus and strain of the crosslinked
triazole polymers. Triazole polymers described
herein have the ability to wet and adhere to large
quantities of these inorganic salts and thus maintain
mechanical properties of the composite comparable
to typical polyurethane elastomeric matrices, regard-
less of the chemistry of the oxidizer, which imparts
an important and necessary binder characteristic for
energetic composites.
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