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ABSTRACT: Energetic thermoplastic elastomers (ETPEs) are futuristic binders for propellant/explosive formulations. Poly(glycidyl

nitrate) (PGN)-based ETPEs have excellent performance, including a high energy and high oxygen content. PGN-based ETPEs were

synthesized on PGN as a soft segment and hexamethylene diisocyanate extended 1,4-butanediol as a hard segment by a prepolymeri-

zation method. The thermal behavior of the PGN-based ETPEs was investigated by thermogravimetric analysis (TGA) and derivative

thermogravimetry. A fitting strategy was adopted to study every stage of decomposition. The results show that the ETPEs had four

main decomposition processes, and the peaks of each stage were at 212, 262, 322, and 414�C. The gas products were tested by TGA/

Fourier transform infrared spectroscopy/mass spectrometry, and the main gas products of the samples were N2O, CH2O, C2H4O, and

CO2. The previous results indicate the proposed mechanism of thermal decomposition. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci.

2014, 131, 40965.

KEYWORDS: elastomers; polyurethanes; thermogravimetric analysis (TGA)

Received 1 March 2014; accepted 4 May 2014
DOI: 10.1002/app.40965

INTRODUCTION

Solid high-energy formulations comprise solid ingredients and

other minor additives dispersed throughout a binder matrix.

Binders provide a matrix to bind the solid ingredients together.

It gives the desired shape and structural integrity to propellants

or explosive charges.1 Conventional binders use crosslinked elas-

tomers, in which prepolymers (e.g., HTPB) are crosslinked by

chemical curing/crosslinking agents. However, the disposal of

the crosslinked binder is difficult and usually accomplished by

burning; this causes environmental problems.2–4 In view of the

inherent disadvantages of crosslinked polymers, there has been

profound interest in the development of thermoplastic elasto-

mers (TPEs) as suitable candidates for binder applications.

Many TPEs, such as Kraton, Estane, Viton, and styrene–butadi-

ene–styrene copolymer, have been reported in propellant/explo-

sive compositions.5 These polymers are nonenergetic, so they

reduce the energy and overall performance of the composition.

To overcome these problems, energetic thermoplastic elastomers

(ETPEs) were developed. Polyoxetanes and polyoxiranes having

energetic groups, such as azido, nitrato, and nitro groups, in

their pendant groups have been widely reported to act as

ETPEs. The ETPEs of the azido and nitrato classes have been

found to be thermally stable, and their formulations are insensi-

tive to mechanical stimuli.6 Some of the examples of monomers

with nitrato group are bis(nitrato methyl) oxetane, poly(nitrato

methyl methyl oxetane), and poly(glycidyl nitrate) (PGN). PGN

has been used in binders because of its high energy, high den-

sity, and high oxygen content.

PGN has been known and recognized as an energetic prepolymer

since the early 1950s. The initial work on PGN was done by The-

lan et al. at the Naval Ordnance Test Station (now the Naval

Weapons Center). They studied the polymerization of glycidyl

nitrate by a variety of Lewis acid catalysts, with most of the work

centering on the use of stannic chloride as a catalyst. This was

later evaluated as a propellant at the Jet Propulsion Laboratory.7

On the basis of the polymerization of PGN,8–10 Diaz et al.11

synthesized PGN-based ETPEs and studied their heats of com-

bustion. However, there has been little study of their thermal

decomposition behavior, which is very important for applica-

tions. In this study, the synthesis of PGN-based ETPEs and the

features of the samples were examined. In addition, information

about their thermal behavior, especially the evolution of gaseous

compounds with thermogravimetric analysis (TGA)/Fourier

transform infrared (FTIR) spectroscopy/mass spectrometry

(MS) was obtained.

EXPERIMENTAL

Materials

PGN [number-average molecular weight (Mn) 54770 g/mol,

OH equivalent 5 0.454 mmol/g, Liming Research Institute of
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Chemical Industry, Henan China] was used after it was

vacuum-dried for 2 h at 90�C. 1,4-Butanediol (BDO;

Mn 5 90 g/mol, OH equivalent 5 22.22 mmol/g, Beijing Chemi-

cal Plant) was used after it was vacuum-dried for 4 h at 85�C.

Hexamethylene diisocyanate (HMDI; Mn 5 250 g/mol, Bayer

Co.) was used as received. The catalyst was prepared by the dis-

solution of dibutyl tin dilaurate (Beijing Chemical Plant) into

dibutyl phthalate.

Synthesis

A general prepolymer process was used to synthesize PGN-

based ETPEs with different hard segment weight percentage

ratios (10, 15, 20, 25, and 30 wt %). The hard segments con-

sisted of HMDI chain-extended with BDO. The soft segment

was PGN.

The hard-segment content (HS) by weight was determined with

the industry’s standard:

HS ðwt %Þ5 mHMDI 1mBDO

mHMDI 1mBDO 1mPGN

where mi is the mass.

The synthesis process is illustrated in Figure 1. The sample with

a 10% HS was named ETPE-10, the sample with a 15% HS was

named ETPE-15, and so on.

A stoichiometric amount of PGN was heated and stirred at

90�C, and then, the catalyst and HMDI were added. The reac-

tion mixture was stirred and kept for 2 h at 90�C. BDO was

added to the previous NCO-terminated PGN prepolymer at

60�C, and the reaction was kept for 3–5 min. Then, the product

was cast in a mold to cure at 100�C for around 10 h. Finally,

the PGN-based ETPEs with different HSs were obtained.

Measurements

IR spectra were recorded on an FTIR instrument (Nicolet FTIR-

8700,Thermo) with a wave-number resolution of 4 cm21 and a

single average of 32 scans at room temperature. Each sample

for IR analysis was obtained with attenuated total reflection.

The molecular weights [weight-average molecular weight (Mw)

and Mn] and the polydispersity index (PDI 5 Mw/Mn) were

obtained with gel permeation chromatography (GPC; LC-20A,

Shimadzu). The operating temperature was 40�C, the mobile

phase was tetrahydrofuran, the flow rate was 1.0 mL/min, and

the raw data were calibrated with universal calibration with

polystyrene standards.

TGA was carried out in a TGA analyzer (TGA/DSC1SF/417-2,

Mettler Toledo) at heating rates of 10�C/min from room tem-

perature to 600�C in a nitrogen atmosphere (40 mL/min).

The TGA/FTIR/MS experiments were performed with a thermal

analyzer system coupled with an FTIR spectrometer and an MS

instrument. For the TGA (TGA/DSC1SF/417-2, Mettler Toledo),

we used a heating rate of 10�C/min from room temperature to

600�C in an argon atmosphere (40 mL/min). The FTIR spectro-

scope (Nicolet IS10, Thermo) was linked to the TGA instrument

to measure the gas products. The gas lines between the TGA

instrument and the FTIR instrument were heated to 220�C. The

spectra were collected at a resolution of 4 cm21. The tempera-

ture of the IR cell was 230�C. The MS instrument (Omnistar/

Thermostar GSD320, Pfeiffer) was linked to the FTIR spectro-

scope to measure the mass-to-charge ratio (m/z) of the evolved

gaseous compounds. The transfer line between the FTIR spec-

troscope and MS instrument was maintained at 350�C. The

temperature of the MS detector was 120�C.

Differential scanning calorimetry (DSC) analysis was made over

the temperature range from 2100 to 150�C on a Mettler DSC1

with a 10 K/min heating rate in a nitrogen atmosphere (40 mL/

min). Amounts of 2–5 mg of each sample were placed in small

confined aluminum cells.

Figure 1. Synthesis process for the PGN-based ETPEs.

Figure 2. FTIR Spectra of the PGN-based ETPEs.
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The stress–strain test of the elastomers was measured with a

tensile testing machine (Instron-6022, Shimadzu Co., Ltd.) at a

constant strain rate of 100 mm/min at room temperature.

RESULTS AND DISCUSSION

Characterization

The characterizations of the synthesized PGN-based ETPEs were

performed by FTIR spectroscopy, GPC, DSC, and stress–strain

test.

Figure 2 shows the IR spectra of the synthesized PGN-based

ETPEs with different HS weight percentages. The IR spectra of

the ETPEs did not show the absorption bands at 3350 and

2260 cm21 corresponding to AOH and ANCO groups. The ure-

thane characteristic bands at 3340 and 1710 cm21 were also

observed; they corresponded to the ANH stretching and C@O

stretching of amide. The characteristic peaks of the AONO2

group from PGN at 1630 and 1280 cm21 were also shown.12,13

The Mn, Mw, and PDI (Mw/Mn) values of the synthesized PGN-

based ETPEs are shown in Table I. The Mn’s of the ETPEs were

around 30,000 g/mol, and the PDI values were between 2.00

and 2.20.

Figure 3 shows the DSC thermograms of the PGN and PGN-

based ETPEs with different HS weight percentages.

The glass-transition temperatures (Tg’s) with different HSs are

listed in Table II. As shown in Figure 3 and Table II, the Tg’s of

the ETPEs were all higher than that of PGN (243.24�C). The Tg

values of the PGN-based ETPEs were independent of HS; this

indicated a relatively small amount of hard-segment mixing within

the soft domain. Similar results were reported by Paik Sung

et al.14 for poly(tetramethylene oxide) soft-segment polyurethanes.

The stress–strain test data of the elastomers are listed in Table

III, which shows the tensile results of the ETPEs. The maximum

stress (rm) increased with HS, but the elongation at break (em)

decreased at higher HS values. As HS went up, stronger interac-

tions among the polymeric chains led to stronger hydrogen

bonding between hard segments and higher tensile strengths,

but em decreased because of these interactions.15

TGA/Derivative Thermogravimetry (DTG)

Thermal analysis is a frequently used tool in propellant research.

Thermal decomposition can be correlated with important per-

formance parameters, such as heat of explosion, detonation

velocity, and detonation energy.16,17 So, it was necessary to

understand the thermal decomposition process of the PGN-

based ETPEs.

Figure 4 shows the thermal curves of the pure hard-segment

HMDI–BDO, soft-segment PGN, and ETPE-30 recorded at a

heating rate of 10 K/min. In the TGA curve of PGN, two char-

acteristic weight loss steps were observed. The first step (a)

started at 170�C, ended at 250�C, and corresponded to the

decomposition of AONO2.18 The second stage involved the

decomposition of the polyether skeleton between 250 and

430�C. These two weight loss stages were clearly depicted in the

DTG curve (Figure 5). Similarly, the TGA curve of HMDI–BDO

represented two major steps of mass loss, which are shown in

the DTG curve of HMDI–BDO (Figure 5). The first decomposi-

tion stage (c) started at 300�C and ended at 410�C. This corre-

sponded to the decomposition of the urethane segment. The

second stage (d) corresponding to the residual hard segment

was completed at nearly 520�C.

Thus, the decompositions of the soft and hard segments of

ETPE overlapped. To understand the thermal decomposition

Table I. Composition of PGN-Based ETPEs

Hard segment (%)

10 15 20 25 30

Sample
code ETPE-10 ETPE-15 ETPE-20 ETPE-25 ETPE-30

Mn (g/mol) 31,200 29,900 30,033 30,830 31,023

Mw (g/mol) 65,520 62,192 63,669 67,826 66,078

PDI (Mw/Mn) 2.10 2.08 2.12 2.20 2.13

Figure 3. DSC thermograms of the PGN and PGN-based ETPEs.
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mechanism, the overlapping peaks of the DTG curve were

resolved into four stages by Gaussian fitting (Figure 5). By com-

paring the DTG of ETPE-30 and PGN, we found that the degra-

dation stage of ETPE-30 between 170 and 250�C corresponded

to the decomposition of AONO2 and the stage between 220

and 300�C corresponded to the decomposition of the polyether

skeleton of PGN (b).

To study the decomposition of the next two stages of the

ETPEs, the DTG curves of the ETPEs with different HSs were

plotted, as shown in Figure 6. As the HS increased, the third

and fourth stages (c and d, respectively), due to the quantitative

decomposition of hard-segment groups, became apparent. This

Table II. Tg Values of the PGN-Based ETPEs

Sample code PGN ETPE-10 ETPE-15 ETPE-20 ETPE-25 ETPE-30

Tg (�C) 243.24 235.38 235.53 235.82 235.45 235.87

Table III. Stress–Strain Tests for the PGN-Based ETPEs

Sample code rm (MPa) em (%)

ETPE-10a — —

ETPE-15 2.176 389.363

ETPE-20 3.5230 365.500

ETPE-25 4.607 324.047

ETPE-30 4.956 312.141

a The ETPE-10 sample was too soft to test.

Figure 4. TGA curves of the PGN, HMDI–BDO, and ETPEs. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 5. Derivative-of-weight-loss curves (DTG) of the PGN, HMDI–

BDO, and ETPEs. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 6. Derivative-of-weight-loss curves (DTG) of the ETPEs. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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indicated that in the course of stages c and d were the decom-

positions of the hard segment. The results show that there were

four stages during the ETPE thermal reactions, namely, AONO2

degradation, polyether skeleton degradation, urethane segment

degradation, and residual hard-segment degradation. The peaks

of the four stages were at 212, 262, 322, and 414�C.

TGA/FTIR Spectroscopy/MS

TGA has proven to be a very useful technique for studying the

thermal behavior of a wide variety of solid samples. However,

TGA by itself does not identify the decomposition products.

When TGA is coupled with evolved gas analysis, a great deal of

additional information can be obtained.

The three-dimensional TGA–FTIR spectra of the decomposition

products of ETPE-30 during the thermal degradation are shown

in Figure 7. The peaks shifted to a higher temperature than that

of the corresponding DTG curve because of the delay time

between the gas generation and its detection by the FTIR equip-

ment. The FTIR spectra of the gas products during decomposi-

tion at their respective peaks are presented in Figure 8. The

primary evolved products mainly came from the two degrada-

tion stages of the PGN segment and urethane segment (170–250

and 280–380�C). The gas products at 220�C were identified as

CH2O, C2H4O, or their mixture (1000–1200, 1718–1772, and

2750–3000 cm21, respectively) and N2O (1274–302 and 2202–

2238 cm21). In addition, CO2 (2360 and 666 cm21) was emit-

ted in this degradation stage. In the pyrolysis process at 330�C,

the emission of CH2O, C2H4O, or their mixture was obvious by

the appearance of absorption bands at 1000–1200 and 2750–

3000 cm21.

To investigate further, we studied the MS of the gas products.

Figure 9 presents the evolution curves of CO2 (m/z 5 12 and

44), N2O (m/z 5 14, 15, and 31), CH2O (m/z 5 29), and C2H4O

(m/z 5 26, 27, 29, 42, and 43) during pyrolysis of the ETPEs.19

Just like in the FTIR analysis of the gas products, the ion frag-

ments from the products occurred mainly in two stages: 170–

250and 280–380�C. At 220�C, the evolutions of N2O, CO2,

CH2O, and C2H4O occurred; these corresponded to the

Figure 7. Three-dimensional TGA–FTIR spectra of the decomposition

products of ETPE-30 during thermal degradation. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. FTIR spectra of gas products during decomposition at respective

peaks. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 9. MS of gas products during decomposition. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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decomposition of the PGN segment. At 330�C, C2H4O, which

corresponded to the degradation of the urethane segment, was

observed, and this was different from pure PGN.

The data of TGA/FTIR spectroscopy/MS showed that the main

gas products of ETPE were N2O, CO2, CH2O, and C2H4O. On

the basis of the related references and the results of the study,

the mechanism of thermal decomposition was speculated.18 Ini-

tially, the decomposition, AONO2 was hydrogenated to produce

HNO2, and then, HNO2 further decomposed to N2O. At the

same time, ACHO initiated the decomposition of the backbone.

The speculative decomposition mechanism is shown in Figure

10.

CONCLUSIONS

PGN-based ETPEs were synthesized on PGN as a soft segment

and HMDI extended BDO as a hard segment. From the GPC

and FTIR results, the ETPEs were also synthesized successfully

via a prepolymer process. In addition, the Tg values of the

ETPEs were all higher than those of PGN and independent of

HS. The stress–strain tests showed that em decreased and rm

increased with increasing HS.

The TGA/DTG results show that there were four stages during

the ETPE thermal reactions, namely, AONO2 degradation, poly-

ether skeleton degradation, urethane segment degradation, and

residual hard-segment degradation. The peaks of each stage

were at 212, 262, 322, and 414�C.

The thermal behavior and thermal degradation mechanism of

ETPE were studied by means of the TGA/FTIR/MS coupled

method; the primary evolved products mainly came from the

two degradation stages of PGN (at 170–250 and 280–380�C).

The main gas products of the stage at 170–250�C were N2O,

CO2, CH2O, and C2H4O; this corresponded to the decomposi-

tion of AONO2. The gas products of the stage at 280–380�C
were C2H4O; this came from the degradation of the urethane

segment.
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