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Abstract The energetic thermoplastic elastomers (ETPE) of glycidyl azide

polymer with bonding functions were synthesized by using mixture of chain ex-

tenders including 1,4-butanediol and N-(2-cyanoethyl) diethanolamine. From FTIR

results, the ability of ETPEs to form hydrogen bond weakened with the percentage

of N-(2-cyanoethyl) diethanolamine increasing, which further lead to the decrease

of maximum stress of ETPEs and increase of elongation at break. On the other hand,

the interfacial interactions between solid ingredients and ETPEs were enhanced

owing to the more –CN content. With the percentage of N-(2-cyanoethyl) di-

ethanolamine increasing, two factors affect the adhesion between binder and fillers

at the same time. The RDX/ETPE propellants were synthesized and the mechanical

properties of them showed that the ETPE-50 with bonding functions can effectively

prevent the dewetting, and then improve the mechanical properties of propellants.

That is, when the percentage of N-(2-cyanoethyl) diethanolamine was 50 %, the

synthesized ETPEs had not only binding function but also bonding interaction.
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Introduction

Solid propellants comprise solid ingredients like oxidizers, metallic fuels, and other

minor additives as processing aids dispersed throughout a binder matrix [1]. By

using the binders, the solid ingredients are to be bound together to form a composite

grain with satisfactory mechanical properties.

Usually, these binders are obtained by mixing the energetic or non-energetic pre-

polymers with the other ingredients followed by a curing reaction involving

isocyanates. These binders are chemically crosslinked and therefore not recyclable.

The disadvantages of this technology are that the mixing period is limited by the

pot-life due to the increased viscosity, and that long curing times are needed to

crosslink the material leading to an expensive process. A better way to solve these

problems is to use thermoplastic elastomers (TPEs) [2]. Mass use of inert TPEs

makes propellants low sensitivity, but also low energy. The use of energetic

thermoplastic elastomers (ETPEs) will reduce energy loss. Among them, the

energetic thermoplastic elastomer based on GAP is found to be thermally stable and

their solid propellants are insensitive to mechanical stimuli [3, 4].

Because of the considerable amount of solid energetic materials, the poor mechanical

properties and dewetting behavior have become serious problems in TPE propellants. It

is generally known that the dewetting occurs rather suddenly when the adhesion between

solid ingredients and TPE is not particularly strong [5]. One efficient way to solve this

problem is to use small molecules bonding agent in the propellant. In the polar binding

system, small molecules bonding agent is easily soluble in the polar submix which will

further lead to the failure of bonding agent [6, 7]. So it’s useful and necessary to prepare

the binders with bonding functions themselves.

In 1990, Kim [8] pointed out neutral polymeric bonding agents with a number-

average molecular weight in the range from about 3000 to 500,000 can be used for

propellants. These polymeric bonding agents are far more surface active than the small

molecule bonding agents and can effectively prevent dewetting in the propellants. As

with the basic thought of polymeric bonding agents, ETPEs can be given the ability of

bonding functions and thus become a kind of polymeric bonding agents. These ETPEs

with bonding functions not only can provide the binder matrix, but also play the role as

the bonding agents. So they could decrease the dewetting and improve the mechanical

property of propellants. The –CN group are usually incorporated into polymeric

bonding agents because of the induced effect of –CN and –NO2 [8]. So we synthesized

the GAP-based ETPE with bonding functions by introducing –CN group.

Experimental

Materials

Glycidyl azide polymer (GAP; OH equivalent: 26.71 mg KOH/g; Liming Research

Institute of Chemical Industry, Henan China) was used after vacuum drying for 2 h

at 90 �C. Hexamethylene diisocyanate (HMDI; Bayer.Co.) was used as received.
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Catalyst was obtained by dissolving dibutyltin dilaurate (DBTDL; Beijing Chemical

Plant) into dibutyl phthalate. 1,4-butanediol (BDO; Beijing Chemical Plant) was

used after vacuum drying for 4 h at 85 �C. N-(2-cyanoethyl) diethanolamine was

made in our laboratory [9].

Synthesis of GAP-based ETPEs

A general pre-polymer method was employed to synthesize GAP-based ETPE using

mixture of chain extenders including BDO and N-(2-cyanoethyl) diethanolamine.

The synthesized ETPEs are di-block copolymer (AB) n. A is the soft segment

which gives the elastomeric behavior to the copolymer, and B is the hard segment

which gives the thermoplastic behavior to the copolymer. In the GAP-based ETPEs,

the hard segments B consist of hexamethylene diisocyanate (HMDI) chain extended

with BDO and N-(2-cyanoethyl) diethanolamine, and the soft segment A is glycidyl

azide polymer (GAP). The mole ratio of –NCO and –OH is 1:1. The hard segment

content by weight (wt% B) was determined using the industry’s standard and the

hard segment content of ETPEs in this paper was 30 %.

wt% B ¼ mHMDI þ mchainextender

mHMDI þ mchainextender þ mGAP

mi; mass

The mass fraction of N-(2-cyanoethyl) diethanolamine was 0, 25, 50, 75 and

100 % in the mixture chain extender, respectively. The samples with 0, 25, 50, 75

and 100 % N-(2-cyanoethyl) diethanolamine were named as ETPE-0, ETPE-25,

ETPE-50, ETPE-75 and ETPE-100, respectively.

The synthesis process was illustrated in Fig. 1.

A stoichiometric amount of GAP was heated and stirred at 90 �C, and then a

certain amount of catalyst and HMDI were added. The reaction mixture was stirred

and mixed for 2 h at 90 �C. The different proportional chain extender (BDO and N-

(2-cyanoethyl) diethanolamine) was added to the above NCO-terminated GAP pre-

polymer 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 GAP-based ETPEs with

different proportional chain extender were obtained.

Synthesis of RDX/ETPE propellants

To test the adhesion between binder (like ETPE) and solid ingredients (like RDX) in

propellants, the RDX/ETPE propellants were made. The RDX/ETPE propellants

were prepared as follows: The ETPE was dissolved in tetrahydrofuran, and the RDX

was introduced in the ETPE solution at 80 % weight percentages. Then the solvent

was evaporated in a vacuum oven at 60 �C. Finally, the mixture was mixed on open

mill and tableted by flat-panel curing.

The propellants with ETPE-0, ETPE-25, ETPE-50, ETPE-75 and ETPE-100

were named as RDX/ETPE-0, RDX/ETPE-25, RDX/ETPE-50, RDX/ETPE-75 and

RDX/ETPE-100, respectively.
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Measurements

Infrared spectra were recorded on FTIR (Nicolet FTIR- 8700, Thermo) with a

wavenumber resolution of 4 cm-1 and a single average of 32 scans at room

temperature.

The molecular weights (Mw and Mn), and the polydispersity index

(PDI = Mw=Mn) were obtained using GPC (LC-20A, Shimadzu). The operating

temperature was 40 �C, the mobile phase was THF, the flow rate was 1.0 mL min-1

and the raw data were calibrated using a universal calibration with polystyrene

standards.

Differential scanning calorimetric analysis (DSC) was made over the temperature

range from -100 to 150 �C on Mettler DSC1 with a 10 K min-1 heating rate in a

nitrogen atmosphere (40 mL min-1). 2–5 mg of each sample was placed in a small

confined aluminum cell.

Thermo gravimetric analysis was carried out in TGA analyzer (TGA/DSC1SF/

417-2, Mettler Toledo) at heating rates of 10 �C min-1 from room temperature to

600 �C in a nitrogen atmosphere (40 mL min-1).

The contact angle was measured using OCA contact angle analyzer (Datephysics

Co.). The drop volume was 2 lL and the drop flow was medium speed. The surface

free energy was calculated using SCA20 based on the Young’s equation [Eq. (1)].

Fig. 1 The synthesis process of ETPEs
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cL cos h¼ cS � csL ð1Þ

The stress–strain test of elastomers was measured by using a tensile testing

machine (Instron-6022, Shimadzu Co. Ltd) at a constant strain rate of

100 mm min-1 at room temperature. The dimensions of the samples were 20 mm

(neck area length) 9 4 mm (width) 9 2 mm (thickness).

Results and discussion

Molecular weight analysis

The number-average molecular weight (Mn) and polydispersity index (PDI;

Mw=Mn) of synthesized GAP-based ETPEs are shown in Table 1. The Mn of

prepared ETPEs was between 35,000 and 41,000 g mol-1 and the PDI was between

1.97 and 2.06. So the synthesis products had high molecular weight and narrow

molecular weight distribution.

FTIR analysis

Figure 2 showed the infrared spectra of synthesized GAP-based ETPEs with

different proportional chain extender. The infrared spectra of ETPEs did not show

the absorption band at 3450 and 2265 cm-1 which corresponded to –OH and –NCO

groups. The urethane characteristic bands at 3340 and 1710 cm-1 were also

observed which corresponded to –NH stretching and C=O stretching of amide. The

characteristic peaks of –N3 group from GAP at 2100 cm-1 were also shown [10,

11]. In addition, Fig. 2 showed the absorption at 2240 cm-1 which corresponded to

the characteristic absorption of –CN.

Hydrogen bonding in ETPEs, which reflects the micro-phase separation, has an

important effect on the properties of the elastomer. The donor of polyurethane is

usually the –NH group of the urethane linkage. The hydrogen-bond acceptor may be

in either the hard urethane segment (the carbonyl of the urethane group) or the soft

segment (an ester carbonyl or ether oxygen) [12]. Traditionally, the hydrogen bond

between –NH and carbonyl can reflect the aggregation ability of hard segments. One

of the most useful methods of studying the hydrogen bonding is FTIR [13].

The stretching vibration mode of the –C=O in the ETPEs should be observed

from 1800 to 1600 cm-1. In Fig. 3, the infrared spectra of the carbonyl stretching

region of ETPEs were magnified. These curves can be fitted to three bands by

Gaussian method, as shown in Fig. 3. It is well-known that hydrogen-bonded –C=O

Table 1 The GPC results of GAP-Based ETPEs

Samples ETPE-0 ETPE-25 ETPE-50 ETPE-75 ETPE-100

Mn (g mol-1) 36,602 40,645 41,028 34,777 37,731

PDI (Mw=Mn) 2.02 1.99 1.97 2.06 2.02
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bands appear at lower wave numbers than the free bands [14]. It can be seen that

three overlapping bands are apparently centered near 1715, 1690 and 1670 cm-1

corresponding to free, disordered hydrogen-bonded and ordered hydrogen-bonded

C=O, respectively [15]. The degree of the carbonyl groups participating in hydrogen

bonding can be described by the carbonyl hydrogen bonding index, R, as given in

Fig. 2 FTIR spectra of ETPEs

Fig. 3 The fitting curves of carbonyl stretching region of ETPEs
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Eq. (2). The carbonyl hydrogen bonding index, R, can reflect the degree of hard

segment linking hard segment (degree of phase separation) [16].

R¼ Adisordered þ Aordered

Afree þ Adisordered þ Aordered

ð2Þ

A is the intensity of the characteristic absorbance. The obtained values of R were

given in Table 2.

The results indicated that the carbonyl hydrogen bonding index decreased with

increasing percentage of N-(2-cyanoethyl) diethanolamine in Table 2. The reason

could be the molecular chain of ETPEs cannot approach each other easily owing to

steric hindrance of the bulk side chain. Figure 4 illustrates the chain of hydrogen-

bonded urethane groups in ETPE-100. The schematic representation showed that

after adding DBM, the space between the molecular chains of ETPEs increased, and

then they cannot approach each other easily, which further caused the reductions in

hydrogen bonding.

DSC analysis

The glass transition temperature of ETPEs was characterized using DSC. The DSC

results of the ETPEs were given in Fig. 5 and Table 3. Briefly, two endotherms

were found for ETPEs: Tgs (the glass transition temperature of soft segment) was

around -38.0 �C and Tgh (the glass transition temperature of hard segment) was

around 100.0 �C. As seen from Fig. 5 and Table 3, Tgs moved to the higher

temperature and Tgh moved to the lower temperature with the percentage of N-(2-

cyanoethyl) diethanolamine increasing, which indicated that the compatibility of

hard and soft phases was improved. The reason was due to the decreased hydrogen

bond and weaker ability of accumulation between hard segments.

TGA analysis

Thermal analysis is a frequent tool for propellants’ researches. Thermal decompo-

sition could be correlated with important performance parameters such as heat of

explosion, detonation velocity, and detonation energy [17]. So it is necessary to

understand the thermal decomposition of the ETPEs. Figure 6 shows the thermal

curves of ETPEs investigated using TGA measurement from 30 to 600 �C. The

initial 5 % weight loss for total ETPEs occurred around 235 �C, suggesting that the

Table 2 The carbonyl

hydrogen bonding index of

ETPEs

Samples Afree Adisordered Aordered R (%)

ETPE-0 3.93 7.72 8.52 57.76

ETPE-25 2.80 3.90 9.00 42.68

ETPE-50 1.93 6.22 12.14 40.17

ETPE-75 2.31 4.56 10.82 38.84

ETPE-100 1.63 2.69 7.63 36.15
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ETPEs had good thermal stability properties and the introducing N-(2-cyanoethyl)

diethanolamine into ETPEs did not affect their thermal stability properties of

ETPEs.

Fig. 4 Schematic representation of chain of hydrogen-bonded urethane groups of ETPE-100

Fig. 5 The DSC thermograms of ETPEs

Table 3 The glass transition

temperature of ETPEs
Samples Tgs (�C) Tgh (�C)

ETPE-0 -39.4 ± 0.2 106.6 ± 0.4

ETPE-25 -38.5 ± 0.2 101.8 ± 0.4

ETPE-50 -38.2 ± 0.2 98.4 ± 0.4

ETPE-75 -37.9 ± 0.2 93.8 ± 0.4

ETPE-100 -37.5 ± 0.2 92.2 ± 0.4
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Sensitivities of ETPEs

Sensitivity deserves significant attention by researchers because it is closely linked

with the safety of handling and applying explosives. In this study, sensitivities

towards impact and friction were tested using standard procedures [18–20], which

are listed in Table 4.

The ETPEs were insensitive toward impact greater than 40 J and also insensitive

towards friction greater than 360 N. The results showed that the ETPEs have safe

and easy-to-handle processibility.

Interfacial characteristics

The interfacial property between oxidizer and binder can affect the mechanical

properties of propellant. So it is important to study the interfacial property between

oxidizer and ETPEs. In this paper, the surface free energy of ETPEs was obtained

by measurement of contact angle for the ETPEs. The contact angle and the surface

free energy which was calculated by using SCA20 were listed in Tables 5 and 6

separately.

Fig. 6 TGA curves of ETPEs

Table 4 The sensitivities of ETPEs

Samples ETPE-0 ETPE-25 ETPE-50 ETPE-75 ETPE-100

ISa (J) [40 [40 [40 [40 [40

FSb (N) [360 [360 [360 [360 [360

a Impact sensitivity
b Friction sensitivity
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The interfacial tension (csL) and work of adhesion (Wa) between three different

nitramine solid ingredients and ETPE were calculated by Eqs. (3) and (4) separately

[22]. The csL and Wa results of theoretic calculation were listed in Table 7.

csL ¼ cSV þ cLV �2

ffiffiffiffiffiffiffi

cd
SV

q ffiffiffiffiffiffiffi

cd
LV

q

� 2

ffiffiffiffiffiffiffi

cp
SV

q ffiffiffiffiffiffiffi

cp
LV

q

ð3Þ

Wa ¼ 2

ffiffiffiffiffiffiffi

cd
SV

q ffiffiffiffiffiffiffi

cd
LV

q

þ 2

ffiffiffiffiffiffiffi

cp
SV

q ffiffiffiffiffiffiffi

cp
LV

q

ð4Þ

As shown in Table 7, with the increasing percentage of N-(2-cyanoethyl)

diethanolamine of the ETPEs, the csL between solid ingredients and ETPEs

decreased and the Wa improved generally. The Wa value of ETPEs including –CN

were greatly improved compared with ETPE-0 owing to the interactions between

–NO2 and –CN.

Mechanical properties of ETPEs

The mechanical properties of ETPEs affect the mechanical properties of the final

propellants. The sample of ETPE-100 was too soft to test the mechanical properties

(tensile strength and elongation at break). The mechanical properties of four other

ETPEs were shown in Fig. 7. With the increasing percentage of N-(2-cyanoethyl)

diethanolamine, the maximum stress (rm) obviously decreased and the elongation at

break (eb) improved. This results from the increasing of bulky side chain and the

weaker hydrogen bonding. The analysis by FTIR also proved the point above.

Table 5 The contact angle of ETPEs with water and formamide

Samples ETPE-0 ETPE-25 ETPE-50 ETPE-75 ETPE-100

Water (�) 95.1 ± 0.5 82.0 ± 0.5 80.6 ± 0.5 79.5 ± 0.5 76.7 ± 0.5

Formamide (�) 80.3 ± 0.5 62.8 ± 0.5 61.0 ± 0.5 59.7 ± 0.5 58.0 ± 0.5

Table 6 The surface free energy of ETPEs and three nitramine solid ingredients

Samples cS (mJ m-2) cd
S (mJ m-2) cp

S (mJ m-2)

ETPE-0 20.33 16.32 4.01

ETPE-25 31.55 25.17 6.38

ETPE-50 32.72 25.97 6.75

ETPE-75 33.53 26.43 7.10

ETPE-100 34.27 25.44 8.83

RDXa 41.81 24.17 17.64

HMXa 49.76 45.63 4.13

CL-20a 42.65 40.61 2.04

a The surface free energy of RDX, HMX and CL-20 was theoretical values [21]
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Mechanical properties of RDX/ETPE

The adhesion between binder and fillers in propellant is affected by multiple factors,

including mechanical properties of ETPEs and the Wa between solid ingredients and

ETPEs. The RDX/ETPE propellants were synthesized and the mechanical

properties of them were tested to consider the results of two factors. The stress–

strain curves are shown in Fig. 8. The sort of knee of stress–strain curves has been

known to occur due to an extensive dewetting. Figure 8 showed the curves of

propellants but RDX/ETPE-50 present knees, which meant that the ETPE-50 can

prevent dewetting. Even better, the mechanical properties of RDX/ETPE-50 were

higher than those of RDX/ETPE-0. The results showed that when the percentage of

N-(2-cyanoethyl) diethanolamine was 50 %, the two kinds of influence worked

together best. This indicated that the ETPE-50 with bonding functions can

Table 7 The csL and Wa of ETPEs and nitramine solid ingredients (RDX, HMX and CL-20)

ETPE-0 ETPE-25 ETPE-50 ETPE-75 ETPE-100

RDX

csL (mJ m-2) 5.60 2.81 2.60 2.41 1.53

Wa (mJ m-2) 56.54 70.55 71.93 72.93 74.55

HMX

csL (mJ m-2) 7.38 3.27 3.08 3.01 3.82

Wa (mJ m-2) 62.71 78.04 79.40 80.28 80.21

CL-20

csL (mJ m-2) 5.77 3.04 2.99 3.04 4.14

Wa (mJ m-2) 57.21 71.16 72.38 73.14 72.78

Fig. 7 Mechanical properties of ETPEs
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effectively prevent the dewetting and then improve the mechanical properties of

propellants.

Conclusions

The energetic thermoplastic elastomers (ETPE) of glycidyl azide polymer with

bonding functions were synthesized by using mixture of chain extenders including

1,4-butanediol and N-(2-cyanoethyl) diethanolamine. From FTIR results, with the

percentage of N-(2-cyanoethyl) diethanolamine increasing, the ability of ETPEs to

form hydrogen bond weakened, which further caused maximum stress of ETPEs to

decrease and the elongation at break to improve. On the other hand, the interfacial

interactions between solid ingredients and ETPEs were enhanced owing to the more

–CN content. The two factors affect the adhesion between binder and fillers at the

same time. The mechanical properties of RDX-ETPE propellants showed that the

ETPE-50 with bonding functions can effectively prevent the dewetting and then

improve the mechanical properties of propellants. That is, when the percentage of

N-(2-cyanoethyl) diethanolamine was 50 %, the synthetic ETPEs had not only

binding function but also bonding interaction.
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