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Abstract
To meet the high energy and high strength requirements of advanced propellants, a novel propellant RDX/TEGDN/NBC 
was designed by hexogen that was also called RDX and triethylene glycol dinitrate/nitrated bacterial cellulose (TEGDN/
NBC) composite. The basic properties such as structure, morphology and thermal properties were characterized by 
fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), field emission scanning electron microscope 
(FESEM) and simultaneous thermal analysis (TG-DSC). The rheological properties were measured by rheometer and the 
effects of RDX content were studied by steady flow and dynamic test in detail. The results showed the added RDX of 
RDX/TEGDN/NBC composites solutions could destroy the stable structure of the system. Under the external force, RDX/
TEGDN/NBC composite solution exhibit a better fluidity compared with TEGDN/NBC composite solution. And with the 
RDX increase, the viscosities of the solution systems decreased first and then increased, reached their minmum values 
when the RDX content was 15 wt%.
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1 Introduction

The practice shows that the advanced nature of propel-
lant and barrel weapon mainly embodies the high energy 
property of propellant and its charge. But advanced bar-
rel weapons require not only high energy, but also high 
strength. High energy and high strength have become 
the characteristics of high performance artillery. In order 
to increase the energy of propellant, many high energy 
density particles should be added. However, it leads to 
the decrease of the relative content of polymer binder 
in the propellant system, which reduces the mechanical 
properties of propellant, increases the ablation effect of 
the propellant combustion process on the bore wall of 
barrel weapon, and makes the processing of propellant 
difficult. The propellant with poor mechanical properties 
will be deformed or broken during the launching process 
of barrel weapon, which will lead to a sharp increase in 
surface energy of propellant, abnormal ballistic perfor-
mance, and even breech blow. As shown in the Table 1, 
the analysis of the causes leading to exploding accidents 
indicates that the mechanical properties of propellant, 
especially its poor low temperature mechanical proper-
ties, will make the propellant brittle at low temperature, 
which will lead to the breakage of propellant particles. 
In the course of ignition and launching, the intense com-
bustion of propellant leads to a sharp increase in cham-
ber pressure, which is greater than the design strength 
of chamber, and directly leads to breech blow [1]. So, 
improve of mechanical properties of propellants is of 
great significance to the development of advanced and 
high performance barrel weapons.

To meet the high energy and high strength demands 
of advanced propellant, a novel propellant contained 
nitrated bacterial cellulose (NBC), triethylene glycol 
dinitrate (TEGDN) and hexogen (RDX) was prepared 

following the designs of TEGDN propellant and nit-
ramine propellant. TEGDN was used as the energetic 
plasticizer to improve the processing performance. RDX 
was acted as the high energy particles to enhance the 
energy level. NBC was regarded as energetic binder to 
supply the structure of the propellant [2]. NBC is synthe-
sized from bacterial cellulose (BC), and because of its 
macrostructural characteristics, it has various advanta-
geous properties, such as a high tensile strength and an 
ultrafine and highly pure fiber network [3]. According to 
the reports of Sun et al. [4] and Yang et al. [5], the prop-
erties of NBC are more promising than those of NC that 
is also called nitrocellulose an important and essential 
energetic material in war production, suggesting that 
the substitution of NBC for NC as the main component in 
propellants is possible. In this case, NBC was considered 
to displace NC as the binder in the propellant. Because 
the thermal properties of NBC are extremely similar with 
NC [5], it has to be dissolved in the solvent for processing 
rather than hot working. Thus, it’s necessary to study the 
novel propellant RDX/TEGDN/NBC composites` rheologi-
cal properties in solvent before their processing.

The rheological properties of composites are of great 
importance because they affect the processing perfor-
mance directly. The work studied by R. Hsissou et al. [6–13] 
are appreciated because they made great effort on the 
rheological properties of polymer composite and it’s of 
practical and scientific guiding significance. But, prelimi-
nary investigations on the properties of NBC in organic 
solvents have been reported [14–16]. Luo et al. [14] stud-
ied its solution characteristics in acetone, and Zhu et al. 
[15] studied its rheological properties in acetone. Both arti-
cles only studied the rheological properties of pure NBC in 
solution, but there was no mention about the properties of 
its composite. Huang et al. [16] designed a novel energetic 
composite TEGDN/NBC according to the TEGDN propel-
lant and had a detail of its rheological properties. For the 

Table 1  Analysis of exploding accidents in various countries

Artillery type Damage Cause Country

M198 155 mm howitzer Breech blast The strong bottom ignition
Grain fracture at low temperature

U.S.A

M11E203 howitzer Breech blast Ignition failure of central tube
Grain fracture at low temperature

U.S.A

127 mm naval gun Early explosion of lead wire
Breech blast

Excessive output rate of ignition tube
Compaction and fragmentation of powder bed

U.S.A

M1E1 120 mm tank gun Breech blast Blasting at low temperature test U.S.A
125 mm 3rd generation tank gun Breech blast

Tear of chamber
Improper design of ignition system
Grain fracture at low temperature

China

125 mm 3rd generation tank gun Tear of chamber Breakup of projectile Improper design of ignition system
Grain fracture at low temperature

China

120 mm Uranium bomb charge Breech blast, tear of chamber Grain fracture at low temperature China
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further utilization of NBC, a novel propellant RDX/TEGDN/
NBC was designed in order to meet the high energy and 
high strength requirement for the modern gun propellant. 
And the rheological properties must be studied detailedly 
as the premise of processing and application.

2  Experiment

Nitrated bacterial cellulose (NBC) (nitrogen content: 
13.0 wt%) was prepared in our laboratory. TEGDN and 
RDX were supplied by Luzhou North Ltd. The plasticizing 
of NBC by TEGDN was carried out by Luzhou North Ltd. 
considered the safety.

First, NBC was added to deionized water and stirred for 
1 h. Then, adequate TEGDN was added, and the mixture 
was stirred for 1 h at 60 °C to achieve effective absorption 
of the TEGDN by the NBC. Finally, the TEGDN/NBC com-
posites were prepared after dehydrating the material in 
an oven at 60 °C. The mass ratio of TEGDN was 23% in the 
TEGDN/NBC composites according to the quantity change 
of composites. TEGDN/NBC composites were dissolved in 
the N,N-dimethylformamide (DMF) at 15 wt% concentra-
tion according to our previous researches [16]. The RDX 
was added and mixed in the solution to form the mixture. 
By the control of the quantities of added RDX, various RDX/
TEGDN/NBC composites solutions of 0, 5 wt%, 10 wt%, 
15 wt%, 20 wt%, 25 wt% and 30 wt% RDX content were 
prepared. Last, the solutions were dried by lyophilization 
for further test.

The rheological parameters of the samples were meas-
ured by using a Haake MARs II Modular Advanced Rheom-
eter System (Thermo Fisher Scientific, USA) which used 
20 mm parallel plate geometry at a gap width of approxi-
mately 1 mm in air. The temperature was controlled at 

25 °C with a Haake test chamber controller to an accuracy 
of ±1 °C. The steady state test was in the 0–100 s−1 shear 
rate. Amplitude sweep was tested in the 1–1000 Pa at 1 Hz, 
25 °C. Oscillatory sweep was measured in 0.1–10 Hz fre-
quency at 100 Pa, 25 °C.

The Fourier transform infrared spectra of the samples 
were recorded on a Nicolet 5700 Spectrum One FT-IR spec-
trometer from American Thermo Scientific using KBr pel-
lets in the 4000 to 500 cm−1 range at a resolution of 4 cm−1. 
The physical phase of the sample was analyzed by using a 
X’pert Pro X-ray diffractometer (PANalytical B.V., The Neth-
erlands) under 40 kV and 40 mA Cu-Kα (λ = 1.540598 Å) 
radiation with a monochromatic graphite polarized beam. 
The morphology of each sample was analyzed by using 
field emission scanning electron microscope (Ultra 55, 
ZEISS, German) at an accelerating voltage of 15 kV. TG-
DSC analysis was done on a simultaneous thermal analy-
sis (Q160, TA Instruments, USA) with a 10 K/min heating 
rate in a nitrogen atmosphere. Amounts of 2–3 mg of each 
sample were placed in small  Al2O3 cells.

3  Results and discussion

3.1  FT‑IR analysis

FT-IR spectroscopy was performed to elucidate the struc-
tural features of NBC, TEGDN, RDX, TEGDN/NBC and RDX/
TEGDN/NBC composites, and the results are showed in 
Fig. 1a.

As shown in Fig.  1a, it can be seen from the figure 
that all samples have a wide range of absorption peak at 
3200–3700 cm−1, which is the stretching vibration peak 
of -OH, which comes from the intermolecular hydrogen 
bonds of the sample. On the infrared spectrum of RDX, 

Fig. 1  FT-IR spectra (a) and XRD patterns (b) of samples
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the characteristic peaks of -CH2 stretching vibration were 
found in 3085 cm−1, 3003 cm−1 and 2943 cm−1, which were 
relatively weak, and the characteristic peak of -NO2 stretch-
ing vibration was found in 1578  cm−1 [17]. For TEGDN 
and NBC, there are strong peaks at 1650 cm−1, 1280 cm−1 
and 840 cm−1, which represent the characteristic peaks of 
stretching vibration of -O-NO2. In contrast to that of NBC, 
the spectrum of TEGDN shows a peak at 905 cm−1, which is 
associated with the –C–O–C– stretching vibration. The char-
acteristic absorption peaks of TEGDN and RDX are observed 
in the spectra of RDX/TEGDN/NBC.

3.2  XRD analysis

Figure 1b shows the X-ray diffraction patterns of the initial 
NBC and RDX, the patterns of TEGDN/NBC and RDX/TEGDN/
NBC composites are showed too.

As shown in Fig. 1b, the peaks of X-ray diffraction pattern 
of RDX are apparent due to its crystal structure. 2θ = 25.5°, 
29.4°, 32.4° are its characteristic diffraction peaks. It can be 
seen from the figure that the X-ray diffraction pattern of 
RDX/TEGDN/NBC mainly shows the peaks positions of RDX, 
which is basically consistent with the pattern of pure RDX, 
but slightly deviated. This is because the diffraction peaks of 
RDX are the main features in the XRD of amorphous cellulose 
composite with RDX. However, RDX/TEGDN/NBC has wider 
diffraction peaks compared with NBC, which is caused by the 
wider diffraction peak of amorphous NBC [18, 19].

3.3  FESEM analysis

Figure 2 shows the FESEM images of NBC, TEGDN/NBC and 
RDX/TEGDN/NBC composites.

As shown in Fig. 2, NBC has disorderly stacking with 
obvious folds and rough surfaces (Fig. 2 (a1)) and a three 
dimensional network structure with interwoven fibers 
approximately 30 nm in diameter (Fig. 2 (a2)). The surface 
of TEGDN/NBC is relatively smooth and has wrinkles and 
micropores, and its network structure is not obviously 
interwoven (Figs. 1 and 3). These features may be caused 
by the solvation of TEGDN. RDX is dispersed on the surface 
of NBC in granular form. It can be seen that RDX is actually 
attached to NBC fiber in granular form by magnification of 
electron microscope from Fig. 2 (c1) and (c2). According 
to the structure and morphology tests of the propellant, 
the propellant has been proved to be composed of NBC, 
TEGDN and RDX.

3.4  TG‑DSC analysis

Figures 3 and 4 show DSC and TG curves of RDX, TEGDN/
NBC and RDX/TEGDN/NBC with different RDX content 
respectively.

The right figure is the enlarged drawing of the left at 
150 °C to 350 °C. It` s observed easily that there are two 
peaks in the curves of pure RDX corresponding to the 
endothermic peak during melting and exothermic peak 
during decomposition respectively from Fig. 3a [20]. As 
shown in Fig. 3, an obvious exothermic peak appears at 
rang of about 180 °C to 200 °C in the curve of RDX/TEGDN/
NBC composites. And the peak temperature of thermal 
decomposition of all RDX/TEGDN/NBC composites is lower 
than the melting temperature of pure RDX. The added 
RDX in composites have decomposed before melting. By 
the analysis of the peak temperature of thermal decom-
position of the composites with different RDX content, it 
indicates that a small amount of RDX is added to TEGDN/
NBC composite as filler, which is helpful to improve its 
thermal stability and increase its thermal decomposition 
temperature. However the thermal decomposition tem-
perature of RDX/TEGDN/NBC composite decreases first 
and then increases with the increase of RDX content when 
the RDX content is more than 5 wt%. With the increase of 
temperature, TEGDN and NBC in composite decompose 
firstly, producing nitrogen oxide gas, which has catalytic 
and promoting effect on RDX thermal decomposition [21]. 
The thermal decomposition of RDX in the composite also 
produces nitrogen oxide gas, which promotes its own 
thermal decomposition process. What’s more, the changes 
of microstructure of TEGDN/NBC by the addition of RDX, 
weakening the interaction force between NBC molecules, 
which leads to the decrease of its thermal decomposi-
tion temperature. When the content of RDX continues to 
increase to a certain extent (for example > 20 wt%), the 
whole system is mainly affected by the thermal properties 
of RDX. The thermal decomposition of RDX/TEGDN/NBC 
composite mainly shows the thermal decomposition char-
acteristics of RDX, and its thermal decomposition tempera-
ture begins to rise [22]. It’s worthy to notice that there is a 
platform area before the exothermic peak of pure TEGDN/
NBC and RDX/TEGDN/NBC with 5 wt% added RDX. Actu-
ally, this plateau region corresponds to the glass transition 
process of NBC with the increased temperature. However, 
the platform appears behind the exothermic peak of the 
composites when RDX content > 5 wt%. It indicates that 
the glass transition process of NBC is ignored because 
of the mutuan catalysis when RDX is added in. And the 
appearance of platform behind the peak indicates the 
decomposition of extra RDX.

As shown in Fig. 4, the mass loss of RDX/TEGDN/NBC 
and pure RDX is the similiar continuous process. The differ-
ence is that the initial decomposition temperature of RDX 
is much higher than that of RDX/TEGDN/NBC composites 
and TEGDN/NBC.

The difference between the initial degradation tempera-
ture of RDX and the temperature at the maximum mass loss 



Vol.:(0123456789)

SN Applied Sciences (2020) 2:2041 | https://doi.org/10.1007/s42452-020-03792-x Research Article

is not significant. But the difference between the initial deg-
radation temperature of TEGDN/NBC and RDX/TEGDN/NBC 
composites and the temperature at the maximum mass loss 
is large, which indicates the thermal stability of the compos-
ites is lower than RDX. TEGDN/NBC and RDX/TEGDN/NBC 
composites degrade slowly before reaching the maximum 
mass loss temperature and the mass loss is about 20%. But 
when the temperature reaches the decomposition temper-
ature, they decompose immediately. The phenomenon of 
one-step weight loss on the TG diagram is showed in the 
figure, and the mass loss reaches 100%. When the content 
of RDX is added to 30%, the TG curves of RDX/TEGDN/NBC 
composites are similar with RDX, which is caused by too 
much added RDX. At this case, the catalytic decomposition 

of TEGDN/NBC and RDX can not lead to the whole system 
decompose violently to 100% mass loss at a decomposition 
temperature and show a relatively slow continuous weight 
loss process, which is consistent with the results in DSC 
curves. The initial degradation temperature of RDX/TEGDN/
NBC reduces 10 °C to 40 °C from Fig. 4. It also indicates that 
the added RDX in TEGDN/NBC could destroy the structure 
of the composite and induce it to degradation more easily.

Fig. 2  FESEM images of samples: (a1, a2): NBC, (b1, b2): TEGDN/NBC, (c1, c2): RDX/TEGDN/NBC



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:2041 | https://doi.org/10.1007/s42452-020-03792-x

3.5  Rehological behavior test

3.5.1  Analysis of steady flow rheological properties

Figure 5 shows rheological properties test curves for RDX/
TEGDN/NBC solutions with RDX content at 5 wt%, 10 wt%, 
15 wt%, 20 wt%, 25 wt% and 30 wt%.

As shown in Fig. 5a, all the RDX/TEGDN/NBC solutions 
exhibit shear thinning behaviors and the viscosities have 
changed with the increase of RDX content. It’s also worth 
to notice that the viscosity of propellant was relatively sta-
ble at low shear rate and decreased significantly at high 
shear rate as it is shown in Fig. 5c, d.

It’s found that the shear stress versus shear rate curves 
shifted downward first and then shifted upward with the 
increasing RDX content from Fig. 5a. This trend was also 
shown in Fig. 5c, d. Increasing the RDX content up to 15%, 
the apparent viscosity versus shear rate curves shifted 
downward (Fig. 5c), indicating a decrease in the apparent 

viscosity below 15%. When the amount of RDX was above 
15%, the curves shifted upward (Fig. 5d).

It’s an effective method to study the rheological prop-
erties by using rheological model to fit the flow curves. A 
Herschel–Bulkley modified model was used to study rheo-
logical properties curves by A. Mortadi [23]. They studied 
the influence of CaO content on the rheological proper-
ties of sludge and well revealed the transition process 
of sludge coagulation process combined with electrical 
properties research [24, 25]. In this case, Herschel–Bulk-
ley model was chosen because preliminary attempts in 
Fig. 5a to fit the experimental data with the model showed 
a good correlation factor. The equation of Herschel–Bulk-
ley model was:

where, τ, τy, K, γ and n is the shear stress (Pa), yield stress 
(Pa), consistency coefficient (Pa  sn), shear rate  (s−1) and 
rheological index respectively.

The rheological curves of propellant at 0, 15% and 30% 
RDX content was studied as typical curves and these fit-
ting parameters were extracted to plot against the RDX 
content as shown in Fig. 5c. The consistency coefficient K 
decreases when the propellant was mixed with RDX below 
15% but show a slow increase above 15%. In contrast, the 
rheological index (n) shows an inverse behavior. It starts to 
increase up to 15% and then start to decrease.

The effect of RDX content on the rheological proper-
ties of propellant is similar to that of CaO content on the 
rheological properties of sludge by A. Mortadi et al. But 
their internal mechanisms may be different.

When TEGDN/NBC is dissolved in DMF, the molecules 
of TEGDN and NBC are entangled, forming a net-like con-
struction [26]. When RDX is added to the TEGDN/NBC 
solution system, RDX dissolves in the solvent and evenly 

� = �y + K�n

Fig. 3  The DSC curves of RDX/TEGDN/NBC with different RDX contents (a) and (b) was the magnification of (a)

Fig. 4  The TG curves of RDX/TEGDN/NBC with different RDX con-
tents



Vol.:(0123456789)

SN Applied Sciences (2020) 2:2041 | https://doi.org/10.1007/s42452-020-03792-x Research Article

disperses in the pore space of the net-like construction 
formed by TEGDN/NBC molecules. Due to the net-like con-
struction, the propellant performs a relatively stable struc-
ture and exhibit a newton fluid character at low shear rate 
as shown in Fig. 5c, d. With the increase of shear rate, the 
interwoven TEGDN/NBC molecules in the solution begin 
to disentangle and the orientation motion of TEGDN/NBC 
molecules starts to take place. Thus, the viscosity of the 
solution decreases with the increase of shear rate, showing 
shear thinning [27]. The RDX in the solution will also have 
orientation movement along with the external force. At 
this time, the RDX will attack the TEGDN/NBC molecular 
chains under the force. With the increase of shear rate, the 
force of attack will be more intense, and the interaction 
between RDX and TEGDN/NBC will be more intense. This 
process greatly promotes the disentanglement process of 
TEGDN/NBC molecular chain and accelerates the destruc-
tion process of the net-like structure formed by TEGDN/

NBC molecules in solution [28, 29]. The results show that 
the viscosity of TEGDN/NBC solution decreases greatly 
when RDX is added with the increasing shear rate.

As the shear rate continues to increase, the viscosity 
of the solution added RDX decreases slightly and even 
remains invariable due to the re-formation of net-like 
structure between TEGDN/NBC molecules under the effort 
of hydrogen bond, which is shown as the plateau district of 
viscosity curve at 10 to 30 s−1 of shear rate range in Fig. 5c, 
d [28, 29]. The net-like structure would be destroyed again 
with the increased shear rate the orientation motion and 
the propellant exhibit shear thinning feature again as 
shown in Fig. 5c, d at high shear rate range.

When the content of RDX is >15%, the viscosity of 
the solution system increases with the content of RDX, 
as shown in Fig. 5c, d. It can be seen from the figure that 
when RDX content is 15%, RDX/TEGDN/NBC solution 
has a minimum viscosity, and then its viscosity increases 

Fig. 5  The rheological properties test curves of RDX/TEGDN/NBC 
composites. (a) Shear stress-shear rate curves at different RDX con-
tent. Solid lines correspond the fit using Herschel Bulkley model. 
(b) Rheological paraments extracted from fit model at 0, 15% and 

30% RDX content. (c) Apparent viscosity curves at 0, 5%, 10% and 
15% RDX content. (d) Apparent viscosity curves at 15%, 20%, 25% 
and 30% RDX content
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with the increase of RDX content. This is because with the 
increase of RDX content, the amount of molecules in the 
whole solution system increases and the internal force 
and friction between molecules increases too, making the 
viscosity of the whole solution system increase. However, 
the viscosity is still less than that of TEGDN/NBC solution 
without RDX content. It indicates that the damage of RDX 
to the structure of solution system is stronger than its sta-
bilizing effect.

3.5.2  Analysis of dynamic rheological properties

1. Analysis of amplitude sweep

The dynamic rheological properties of RDX/TEGDN/NBC 
composites solutions are tested by Haake rheometer. The 
results of amplitude sweep test of the solutions with dif-
ferent RDX are showed in Fig. 6.

It can be seen from the figure that both the storage 
modulus G′ and loss modulus G″ of TEGDN/NBC compos-
ite solution without RDX is significantly higher than that 
of RDX/TEGDN/NBC composite solution with RDX addition 
under the same shear stress. This is because when the RDX 
is dispersed into the net-like structure formed by TEGDN/
NBC molecules and under the action of external force, not 
only the orientation movement of TEGDN/NBC molecules 
but also the disentanglement between the molecular 
chains takes place. What’s more, the RDX particles con-
stantly attack the TEGDN/NBC molecules, which promotes 
the disentanglement process of TEGDN/NBC and leads to 
the instability of the solution structure. It is shown in the 
figure that the storage modulus G′ and loss modulus G″ 
of RDX/TEGDN/NBC composite solution decreases after 
adding RDX. With the increase of shear stress, the stor-
age modulus G′ of RDX/TEGDN/NBC composite solution 

decreases because the process of orientation movement 
and disentanglement of molecules in the solution become 
more likely to happen with the increase of external force. 
Therefore, when RDX content is at 5 wt% to 30 wt% under 
the shear stress is greater than 100 Pa, the storage modu-
lus G′ of RDX/TEGDN/NBC solution decreases greatly. It 
indicates the addition of RDX will weaken the stability of 
TEGDN/NBC solution, and even destroy the original struc-
ture under external force. When the shear stress is less than 
40 Pa, the storage modulus G′ and loss modulus G″ of RDX/
TEGDN/NBC solution change little with the shear stress, so 
the linear viscoelastic region (LVR) of the solution is below 
40 Pa.

2. Analysis of oscillatory sweep

As stated above, RDX/TEGDN/NBC solutions have a LVR 
at a shear stress of 40 Pa. Thus, oscillatory measurements 
of G′ and the loss modulus (G″) of RDX/TEGDN/NBC solu-
tions were performed by a frequency sweep from 0.1 to 
10 Hz at 25 °C under a shear stress of 40 Pa. The results are 
presented in Fig. 7.

The complex viscosities (η* values) also indicated that 
the polymer solutions showed viscoelastic properties [30]. 
Figure 7a, b show the curves of complex viscosity in the 
frequency sweep of RDX/TEGDN/NBC composite solutions 
at different RDX content. All samples show similar behav-
ior in the frequency range, where the complex viscosity 
decreases when the frequency increases.

As shown in Fig. 7a, b, the evolution of complex vis-
cosity was split into two graphs to examine the effect of 
RDX content. Figure 7a shows the evolution of η* versus 
frequency (Hz) corresponding to the propellant from 0 to 
15% RDX content. Figure 7b shows the evolution of η* ver-
sus frequency (Hz) corresponding to the propellant from 
15 to 30% RDX content. It can be seen that the curves of 
η* shifted downward with the increase in RDX content up 
to 15% as it is indicated by the arrow from Fig. 7a. In con-
trast, Fig. 7b shows clearly that the curves of η* shifted 
upward with the increase in RDX content from 15% to 30% 
as it is indicated by the arrow too. The complex viscosity of 
RDX/TEGDN/NBC composite solution first decreases and 
then increases with the increase of RDX content. When the 
RDX content is 15 wt%, the RDX/TEGDN/NBC composite 
solution has the minimum complex viscosity value. There-
fore, the net transition was occurred at 15% RDX content 
according this analysis and the above analysis of steady 
flow tests.

Although the complex viscosity of RDX/TEGDN/NBC 
composite increases with the increase of RDX content 
when RDX content is more than 15%, it is still smaller than 
pure TEGDN/NBC composite solution. It indicates that the 
damage of RDX to the solution structure is dominant. With 

Fig. 6  Shear stress sweep curves of RDX/TEGDN/NBC composites 
with different RDX contents
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the increase of frequency, the complex viscosity of RDX/
TEGDN/NBC solutions decreases shows a similar phenom-
enon of shear thinning.

A transition at 15% of the RDX was observed according 
to the analysis of the complex viscosity. The evolution of 
the storage modulus G′ and loss modulus G″ as a function 
of frequencies has been also separated in two graphs con-
sidering the net transition. Figure 7c shows the evolution 
of G′ for 0–15%, whereas Fig. 7d shows the evolution of 
G′ for 15%–30%. It can be seen from the Fig. 7c that the 
curves of G′ shifted downward with the increase in RDX 
content up to 15% as it is indicated by the arrow. In con-
trast, Fig. 7d shows clearly that the curves shifted upward 
with the increase RDX content from 15% to 30% as it is 
also indicated by the arrow. This analysis also showed that 
there is a transition which was occurred at 15%.

Figure 7e shows the evolution of G″ for 0–15%, whereas 
Fig. 7f shows the evolution of G′ for 15%–30%. Similar 
trend is observed in the evolution of G″ indicating that the 
existence of two stages below and above 15%. In the first 
stage, the curves of G″ shifted downward with the increase 
RDX content up 15% as it is indicated by the arrow. In the 
second stage, the curves shifted upward with the increase 
in RDX content from 15% to 30% as it is also indicated by 
the arrow.

Both the storage modulus G′ and loss modulus G″ of 
RDX/TEGDN/NBC solutions increase with the increase 
of frequency [31]. It can also be seen from the Fig. 7 
that in the same scanning frequency range, the storage 

modulus G′ and loss modulus G″ of RDX/TEGDN/NBC 
composites solutions are smaller than that without RDX. 
This is because the structure of the whole RDX/TEGDN/
NBC solution system is unstable after the addition of RDX 
and it is easy to be damaged under the stimulation of 
external forces, resulting in the decrease of the modulus 
of the solution system. It shows that the structural stabil-
ity of RDX/TEGDN/NBC composite is worse than that of 
TEGDN/NBC composite.

The traditional classification system commonly sepa-
rates solution phase behavior into three categories: the 
behaviors of viscoelastic solids, gels, and viscous fluids, 
which can be quantitatively measured by the loss tan-
gent tanδ = G″/G′ [32]. In principle, fluid characteristics 
are dominant when tanδ > 1, while solid characteristics 
are dominant when tanδ < 1. According to the storage 
modulus G′ and loss modulus G″ of RDX/TEGDN/NBC 
composites solutions in Fig. 7, the loss factor tanδ of 
the whole solutions are calculated and the correlation 
function curves between loss factor and frequency are 
showed in Fig. 8.

From Fig. 8, it can be seen that the loss factor tanδ of 
RDX/TEGDN/NBC composites are always greater than 1 
in the whole frequency scanning range, indicating that 
the fluid characteristics still play a dominate role in the 
solution system, showing fluidity. The loss factor tanδ of 
RDX/TEGDN/NBC composite decreases with the increase 
of frequency indicates that the increase of frequency can 
weaken the fluidity of the solution system and enhance 

Fig. 7  Dynamic rheological tests of RDX/TEGDN/NBC composites. Variation of complex viscosity (a, b), G′ (c, d) and G″ (e, f) as a function of 
frequency sweep at different RDX content
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the cross-linking between molecules in the solution, show-
ing the characteristics of solid gradually.

The behavior exhibited by the dynamic rheological test 
can reflect the change in the interior structure of propel-
lant and the transition between two different states. The 
critical amount of RDX (15%) obtained in dynamical rheo-
logical tests and it corresponds to the steady flow tests.

3.6  Rheological mechanism of the energetic 
composites based on NBC

With the addition of TEGDN and RDX into NBC, under the 
action of solvent and external force, they contact and 
interact with NBC, which have a great influence on their 
rheological properties in organic solvent. The interaction 
process in solution is shown in Fig. 9.

NBC molecular chains are evenly dispersed in the sol-
vent, and the molecular chains are entangled with each 
other to form a network structure. The added TEGDN are 
beneficial to the stability of solution structure because 
of the formation of hydrogen bond between TEGDN and 
NBC according to their chemical structure as shown in 
Fig. 9. When RDX are added into the TEGDN/NBC com-
posite solution system, a small amount of RDX will form 
hydrogen bond with TEGDN and NBC. But most of RDX 
will be dispersed in the network structure of NBC as filler, 
which will not make much contribution to the improve-
ment of its mechanical properties. Due to the hydrogen 
bonding consumption of RDX, the intermolecular forces of 
NBC has reduced. Thus, the stability of solution structure 
weakens after the added RDX. The rheological parameters 
changes in rheological test also prove it. The rheological 
parameters apparent viscosity, complex viscosity, G′ and 
G′′ decrease with the increases in RDX content below 15%. 
And the apparent viscosity, complex viscosity, G′ and G′′ 
increase with the increases in RDX content above 15% 
because of the enough amount of RDX [16, 27–29].

4  Conclusion

In this paper, a novel propellant based on RDX and TEGDN/
NBC composite was prepared to reach the high strength 
and high energy goal of advanced propellant. The struc-
ture, morphology, thermal properties and rheological per-
formance were characterized detailed.

The RDX amount of propellant was important accord-
ing the analysis of thermal and rheological tests. RDX 
amount of 15% was seemed as a critical addition value 

Fig. 8  Loss factor vs frequency curves at different RDX content

Fig. 9  Schematic illustrations of solution structure change
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both in thermal and rheological tests. With the increase 
of RDX, the decomposition temperature of the propel-
lant decreased below 15% RDX content. In contrast, the 
decomposition temperature of the propellant increased 
with the increase of RDX above 15%. The propellant had a 
minimum decomposition temperature and thermal stabil-
ity at 15% RDX content.

With the increase of RDX content, the viscosity of RDX/
TEGDN/NBC composite decreased first and then increased. 
When the RDX content was 15%, the viscosity of the com-
posite solution was the minimum, and the stability of the 
solution is the worst. After the addition of RDX, the struc-
ture of TEGDN/NBC composite solution became unstable. 
The molecules in the solution are more likely to have ori-
entation movement under the action of external force, 
and the entanglement between macromolecular chains 
is more likely to be damaged. It weakened the interaction 
between molecules and greatly enhanced its fluidity. It 
will help to the further extrusion molding of propellant 
especially in respect of the selection of pressure and ener-
getic filler amount. And the relationship between thermal 
properties and rheological performance of the propellant 
will be studied further in future.
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