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A B S T R A C T   

A mixed nitrate ester propellant composed of nitrocellulose, nitroglycerin, triethylene glycol dinitrate, and 
dendrimer DP-2 was studied to explore the effects of DP-2 on the rheological properties of the propellant during 
the solventless extrusion process. The results showed that the apparent shear viscosity of the propellant 
decreased gradually with the increased mass fraction of the DP-2 from 0 wt% to 2 wt%. Additionally, it was 
evident that the inclusion of 0.5 wt% DP-2 leads to a notable decrease in both the apparent shear viscosity of the 
propellant and the torque of screw by over 50%. However, in contrast to the change in fluidity observed from 0 
wt% to 0.5 wt%, the enhancement trend of propellant fluidity becomes less significant as the DP-2 content 
continues to increase. The effects of DP-2 on thermal properties, chemical stability, mechanical sensitivity, 
mechanical property, and combustion behavior of the propellant were comprehensively assessed. The results 
demonstrated that DP-2 exhibited promising potential as a flow modification additive for the manufacture of the 
propellant by solventless extrusion process.   

1. Introduction 

In the domain of energetic materials, propellant, as the main source 
of power for conventional weapons, has a huge demand in warfare. As 
science and technology continue to advance, modern warfare requires 
artillery weapons with greater range and caliber. Consequently, 
research on large thick propellants has become a prominent develop-
ment trend to meet the demands of larger caliber weapon charges. 
Currently, the traditional manufacturing process of double-base pro-
pellant is mainly divided into solvent extrusion and solventless extrusion 
processes. For the solvent extrusion process, the shape of the propellant 
grains obtained by extrusion molding will shrink due to the volatiliza-
tion of residual ethanol and acetone. In addition, ethanol and acetone 
are difficult to drive away cleanly, especially for large thick propellant. 
As a result, the consistency of the propellant quality is dissatisfied. On 
the contrary, the solventless extrusion process with the help of high- 
temperature plasticization, the shape and size of the propellant ob-
tained by extrusion molding are consistent, and the quality consistency 

is high, which has certain advantages compared with the solvent 
extrusion process. However, there is still a high safety risk in the prep-
aration of the propellant by solventless extrusion process at present, 
which mainly comes from two aspects. One is the thermal stimulation, 
which arises not only from the high-temperature environment required 
for propellant solvent-free extrusion preparation but also from the sig-
nificant heat generated during fluid shear flow. The other is the me-
chanical stimulation caused by the friction between the propellant paste 
and the metal wall surface during the extrusion process due to the high 
pressure caused by the high viscosity of the propellant (Zhang, 1997). 
Therefore, enhancing the production safety of solventless extrusion 
process for the propellant is a problem that needs to be solved urgently 
at this stage. Due to the poor fluidity of the propellant, improving its 
processing fluidity and thus reducing the high temperature and high- 
pressure environment required for the preparation of the propellant 
by solventless extrusion process is the main means to enhance the pro-
duction safety. Hence, the search for efficient flow modification addi-
tives has become the key to addressing the issue. 
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Compounds with highly branched structures, like dendrimers, are 
considered as flow processing aids due to their non-entanglement be-
tween molecules (Merino et al., 2001), low viscosity, and good 
compatibility, which have attracted widespread attention in recent de-
cades. In theoretical calculations, Hajizadeh et al. used non-equilibrium 
molecular dynamics (NEMD) methods to simulate the structure and 
rheological properties of linear polymer chains and dendritic polymer 
blends, and the results showed that dendritic macromolecules can in-
crease the free volume of the blends and thus reduce the shear viscosity 
and first tensile viscosity of the blends (Hajizadeh et al., 2014; Hajizadeh 

et al., 2015). There are also many practical applications in various 
polymer processing, for instance, Kang et al. blended a small amount of 
dendrimer with high-viscosity polyamide 6 to improve the flowability of 
the polymer by reducing the viscosity, and the results showed that the 
flowability of the blended system of polyamide 6 and dendrimer 
increased significantly with the increase of the dendrimer content (Kang 
and Kim, 2021). Besides, Zhang et al. added self-prepared azide hyper-
branched copolymers to GAP-ETPE propellant system to improve the 
process performance, and the results showed that the azide hyper-
branched polymers could effectively reduce the consistency coefficient 

Fig. 1. Structure schematic diagram of DP-2.  

Fig. 2. Blends preparation.  
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and viscous flow activation energy of GAP-ETPE system (Zhang and Luo, 
2021). Hong et al. investigated the use of hyperbranched polymers as 
processing aids for linear low-density polyethylene (LLDPE), and the 
results showed that the addition of hyperbranched polymers signifi-
cantly reduced the power requirement of the extruder, and the flow rate 
of the blends was higher than that of pure LLDPE and LLDPE-paraffin 
blends at the same extrusion speed. And the melt fracture and shark-
skin problems due to excessive LLDPE viscosity were solved (Hong et al., 
1999). Moreover, HAN et al. studied the melt flow behavior of blended 
systems of polyamide 6 and hyperbranched polymers, and the results 
showed that the addition of a small amount of HBP could significantly 

improve the flow index of the blended system (Han et al., 2010). In 
solution systems, Nuenz et al. studied the rheological properties of 
different generations of hyperbranched polyesters in 1-methyl-2-pyrro-
lidone solvent and their blends with poly (2-hydroxyethyl methacry-
late), and the results showed that the introduction of hyperbranched 
polymers led to a significant reduction in the viscosity of the blends 
(Nunez et al., 2000). 

The aim of this study was to enhance the fluidity and safety in pro-
pellant preparation by solventless extrusion process. To accomplish this, 
a small quantity of dendrimer was incorporated into the mixed nitrate 
propellant formulation, resulting in the development of propellant with 
exceptional fluidity. The effects of the addition of dendrimer on the 
thermal properties, chemical stability, rheological properties, mechan-
ical property, mechanical sensitivities, and combustion behavior of the 
propellant were investigated. 

2. Experiment 

2.1. Materials 

The dendrimer DP-2 was purchased from Weihai CY Dendrimer 
Technology, China. It is a dendritic polyester polyol structure, and the 
chemical formula is C245H448O50 with a molecular weight of 4194.23 
and a melting point of 39 ◦C. The structure schematic diagram of DP-2 
was shown in Fig. 1. The propellant paste was obtained from Sichuan 
Nitrocellulose Co. Ltd. Which is composed of 60 wt% nitrocellulose 
(NC), 15.5 wt% nitroglycerine (NG), 21.5 wt% triethylene glycol dini-
trate (TEGDN), 2.0 wt% Dimethyl phenyl Urea (C2) and 1.0 wt% TiO2. 
Analytical reagent grade ethanol and acetone were purchased from 
Sinopharm Chemical Reagent Co., Ltd. All chemicals were used as ob-
tained without any further purification or modification. 

Fig. 3. Propellant preparation by solventless extrusion.  

Fig. 4. Explosion-proof capillary rheometer.  

Fig. 5. Explosion-proof torque rheometer.  

Q. Chen et al.                                                                                                                                                                                                                                    



Arabian Journal of Chemistry 17 (2024) 105574

4

2.2. Samples preparation 

2.2.1. Blends preparation 
The preparation process of the propellant blends containing DP-2 

was displayed in Fig. 2. First, the dried propellant paste and a certain 
amount of DP-2 were added in a kneader. Meanwhile, a mixed solvent of 
acetone and ethanol with a volume ratio of 2:3 was poured into the 
kneader. Then the uniform distribution dough was obtained after stir-
ring for about 2.5 h. Subsequently, the dough was added into a barrel 
with a multi-hole flat die. Many blend strands with a 1.5 mm diameter 
were extruded from the mold by a plunger type hydraulic press. These 
strands were cut into 10–15 mm lengths and placed for 2 days. Finally, 
these blends were dried at 45 ◦C for 6 days. Four kinds of blends were 
prepared by changing the adding content of DP-2 and the adding content 
of DP-2 was 0 wt%, 0.5 wt%, 1 wt%, and 2 wt%, respectively. 

2.2.2. Propellant preparation by solventless extrusion 
The blends were held at 90 ◦C for half an hour and then the single- 

hole propellant was extruded through a hydraulic press for testing. 
The diagram illustration of the preparation process was displayed in 
Fig. 3. 

2.3. Characterization 

2.3.1. Morphology characterization 
The effect of dendrimer filler on the morphology of the propellant 

matrix was investigated by scanning electron microscopy (HITACHI 
UHR FE-SEM SU8200). To ensure conductivity under the electron beam, 

the glass slides containing samples were coated with a layer of gold. The 
test was conducted at 5KV. 

2.3.2. Thermal properties 
The thermal performance of the propellant matrix containing DP-2 

was studied via a differential scanning calorimeter (DSC, NETZSCH 
204F 1 instruments, Germany). The DSC instrument was calibrated with 
In, Sn, Zn and CsCl standards. The sample, weighing approximately 1.0 
mg, was placed inside an aluminum crucible. The heating rate was (5, 
10, 15, 20) ◦C min− 1, the temperature range was from 25 ◦C to 300 ◦C, 
and the scavenging gas and the protective gas were nitrogen at a flow 
rate of 40 mL min− 1 and 60 mL min− 1, respectively. 

TG-DSC-FTIR analysis was used to study the thermal decomposition 
weight loss behavior of the samples as well as the gaseous products 
during the thermal decomposition of the samples by Mettle-Toledo 
TGA/DSC 3 and Nicolet Is50 (Fu et al., 2022). Approximately 1.0 mg 
of sample was put in a ceramic crucible and then heated from 50 ◦C to 
400 ◦C at a heating rate of 10 ◦C min− 1. High-purity argon was used as 
the purge gas with a gas flow rate of 20 mL min− 1. IR spectra in the range 
4000–525 cm− 1 were captured by a specific detector with a resolution of 
4 cm− 1. 

2.3.3. Chemical stability 
Chemical stability is a crucial factor in evaluating the storage life-

span of munitions, as thermal decomposition of artillery propellant in 
high temperature environments can potentially lead to accidents. 
Therefore, it is imperative to conduct thorough chemical stability as-
sessments, especially when preparing the propellant through solventless 

Fig. 6. SEM images of DP-2 and the propellant containing DP-2 (a-d: DP-2, e-h: surface of the propellant, and i-p: internal of the propellant).  
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extrusion process that require high-temperature conditions (de Klerk, 
2015). 

The chemical stability of samples was tested by OZM RESEARCH 
MVT 01, Czech. Referring to the GJB 770B-2005 method 503.3 (Li et al., 
2023). The time for the methyl violet test paper turned from purple to 
orange by the gas released by the thermal decomposition of the 2.5 g 
sample in the test tube at 120 ◦C was evaluated. 

2.3.4. Mechanical sensitivity 
The propellant can ignite and explode under mechanical stimulation, 

such as impact, friction, and electrostatic discharge (Wang et al., 2021). 
Especially during the extrusion of the propellant, friction between the 
propellant paste and the metal wall surface will inevitably occur (Carter, 
1988; Dombe et al., 2015; Kowalczyk et al., 2007). The mechanical 
sensitivity test is a widely used approach for assessing the safety of 
samples. 

The impact, friction, and electrostatic discharge sensitivity were 
separately tested by OZM RESEARCH BFH12, OZM RESEARCH 
FSKM10, and OZM RESEARCH Xspark10. In at least six tests, the min-
imum stimulus energy or load for at least one test to explode was 
recorded as the ultimate impact energy, the ultimate electrostatic igni-
tion energy, and the ultimate friction load, respectively. 

2.3.5. Rheological properties 
So far, the main production methods of the propellant by solventless 

extrusion process are plunger extrusion and screw extrusion. The 
capillary rheometer and torque rheometer were employed to assess the 
enhancement of sample fluidity, aiming to demonstrate the process-
ability of these two processes (Fleming et al., 2022). 

The apparent viscosity (η) of blends at different temperatures and 
shear rates (γ) was measured by an explosion-proof capillary rheometer 
(MLW-90B, Changchun Intelligent Instrument Equipment CO., Ltd, 
Fig. 4). The torque of the screw during extrusion of a single-screw 
extruder at different temperatures was observed by an explosion-proof 
torque rheometer (ZJL-FB-200, Changchun Intelligent Instrument 
Equipment CO., Ltd, Fig. 5). 

2.3.6. Mechanical properties 
Due to the complex kinetic environment in which the propellant is 

located in the gun chambers, the mechanical properties of the propellant 
will directly affect its combustion stability. Therefore, the study of the 
mechanical properties of the propellant is essential to evaluate its 
quality system (Chen et al., 2022; Shen et al., 2019). The anti-impact 
strengthen of the propellant was performed with a simple beam 
impact tester at − 40 ◦C. (GDW-100, Changchun Intelligent Instrument 
Equipment CO., Ltd.). 

2.3.7. Combustion characteristics 
As the power source of artillery, the burning properties of the pro-

pellant are important research object. As an inert additive material, DP-2 
is added to the propellant, which will inevitably have a certain impact 
on the combustion features of the propellant. 

The high-pressure burning of the propellant was analyzed by a closed 
bomb with a volume of 100 cm3. Besides, since the initial temperature of 
the propellant has a direct influence on its combustion features, the 
combustion features of the propellant under different initial temperature 
conditions (-40 ◦C, 20 ◦C, 50 ◦C) were researched. 

Fig. 7. DSC curves of the propellant at different heating rates(a:5 k⋅min− 1, b:10 k⋅min− 1, c:15 k⋅min− 1, d:20 k⋅min− 1).  
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3. Results and discussion 

3.1. Morphology and microstructure analysis 

In Fig. 6, Fig. 6a-b presents the initial morphology of DP-2 samples, 
while Fig. 6c-d illustrated the flake-like shape observed after melting 
and cooling DP-2 to room temperature. Fig. 6c-h exhibited the surfaces 
of propellant samples with varying mass fractions of DP-2. Notably, in 
Fig. 6g and 6 h (with DP-2 content at 1 wt% and 2 wt%, respectively), 
clear evidence of DP-2 presence on the propellant surface was observed. 

Cross-sections of propellant samples containing different mass fractions 
of DP-2 were shown in Fig. 6i-l, while longitudinal sections were dis-
played in Fig. 6m-p. The uniformity of the internal structure indicated 
excellent compatibility as DP-2 was uniformly dispersed within the 
propellant matrix without significant phase separation. 

3.2. Thermal behavior analysis 

Thermal property is a vatial parameter to the comprehensive per-
formance of the propellant. In Fig. 7, the DSC curves of samples are 

Fig. 8. Friedman plots of the propellant with different mass fraction of DP-2 (a:0 wt%, b:0.5 wt%, c:1 wt%, d:2 wt%).  

Fig. 9. (a) Ea at different conversion (α) and (b) TG curves of the propellant with different mass fraction of DP-2 at the heating rate of 10 K min− 1.  
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carried ot under different heating rates conditions. According to the 
results of temperature peak, it can be obtained that the addition of DP-2 
could delay the thermal decomposition process of the propellant. As 
shown in Fig. 7a, at the heating rate of 5 K min− 1, the decomposition 
peak temperature of the propellant increased from 196.3 ◦C to 199.3 ◦C 
with the increase of DP-2 content. At the same time, with the increase of 
the heating rate, the delay effect decreased gradually. 

Further, the thermal decomposition dynamic was investigated to 
study the effect of DP-2 on the propellant. The activation energy (Ea) 
during the thermal decomposition of each sample was calculated by the 
Friedman method. The Friedman method is one of the “Model-free” 
methods that can determine the activation energy without a precise 
knowledge of reaction mechanism (Zhang et al., 2023). Friedman’s 
equation is as Equation (1). 

ln
(

dα
dt

)

α,i
= ln[f (α)Aα ] −

Ea

RTα,i
(1) 

Where, the subscripts i and α denote the different heating rates and 
the conversion. The plot of Log (dα/dt) versus 1000/T at constant α 
values gives a family of straight lines with slope -Ea/R by the kinetic 
software. 

The Friedman plots were shown in Fig. 8. The correlation coefficients 
of the Friedman method were all greater than 0.99, indicating that the 
Friedman method had good accuracy. Fig. 9a showed the Ea at different 
conversion rates (α). Theoretically, during the sophisticated reaction 
process, the Ea varies with α. This relationship between them is related 
to the overlap of many solid-phase reactions occurring during the 
decomposition process. For complicated non-homogeneous reactions, 
the actual measured Ea is determined by the relationship of each reac-
tion step and its relative contribution to the overall reaction. In this 
study, it could be seen that the addition of DP-2 caused a significant 
change in the trend of Ea in the interval of 0.40–1.0 for the α. In this 

interval, Ea of blank sample showed an overall decreasing trend, while 
the other samples showed gradually increased trend. The results 
demonstrated that DP-2 participated in the thermal decomposition re-
action of the propellant. 

The TG-DSC-FTIR test was used to further investigate the involve-
ment of DP-2 in the thermal decomposition process of the propellant. 
The TG curves of the samples at the heating rate of 10 K⋅min− 1 were 
shown in Fig. 9b. Two stages could be seen from the TG curves. In the 
first stage (126.2 ◦C-185.5 ◦C), the volatilization and thermal decom-
position of NG and TEGDN were occurred, In the second stage (185.5 ◦C- 
400 ◦C), the thermal decomposition of NC was occurred. The trend of 
change in TG curves and residual amount of different samples during the 
thermal decomposition process indicated that DP-2 has little impact on 
the volatilization and thermal decomposition of NG and TEGDN. How-
ever, it appeared that DP-2 may enhance the thermal decomposition 
process of NC’s skeleton in the second stage, particularly when its 
content was 1 %. 

Based on the analysis results of DSC curves, the variation trend of Ea 
and TG curves of samples, we found that DP-2 had no effect on the 
plasticizer (NG and TEGDN) in the sample, but promoted the decom-
position of the binder (NC). For this reason, the decomposition gaseous 
products were collected and detected by IR and its 3D images as well as 
the corresponding absorption peaks was obtained, as shown in Fig. 10 
and Fig. 11. 

As displayed, the infrared absorption peaks of NO2 (1636 cm− 1, 
1593 cm− 1) can be observed at 159.0 ◦C, which indicated that -O-NO2 
bond of NG and TEGDN was broken firstly, forming –HC = O group and 
NO2. Subsequently, the infrared absorption peaks of CO2 (2383 cm− 1, 
2309 cm− 1), N2O (2241 cm− 1, 2190 cm− 1), CO (2105 cm− 1) and NO 
(1912 cm− 1, 1845 cm− 1) can be observed at 159.0 ◦C-199.5 ◦C. The 
thermal decomposition paths of samples with different contents of DP-2 
were found to be essentially identical in this stage, thereby reaffirming 

Fig. 10. The 3D images of FTIR spectra of pyrolysis gases in the thermal decomposition process of the propellant with different mass fraction of DP-2 (a:0 wt%, b:0.5 
wt%, c:1 wt%, d:2 wt%). 
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the negligible impact of DP-2 on the thermal decomposition of NG and 
TEGDN. Meanwhile, this also ensured the safety of the processing pro-
cess after the addition of DP-2. After then, the products of CH2O (2807 
cm− 1, 1746 cm− 1, 1123 cm− 1, 1073 cm− 1), HCOOH (1794 cm− 1) and 
HCN (715 cm− 1, 3343 cm− 1) were released further. However, with the 
increase of DP-2 content in the samples, the characteristic signals of 
CH2O and HCOOH were enhanced, which further proved that DP-2 
accelerated the decomposition of NC skeleton. 

3.3. Chemical stability analysis 

The increase in DP-2 content, as depicted in Fig. 12 under the 
specified test conditions, resulted in a gradual prolongation of the time 

Fig. 11. The FTIR spectra of pyrolysis gases in the thermal decomposition process of the propellant with different mass fraction of DP-2 (a:0 wt%, b:0.5 wt%, c:1 wt 
%, d:2 wt%). 

Fig. 12. Time for the test paper to turn completely orange for the propellant 
with different mass fraction of DP-2. 

Table 1 
The results of mechanical sensitivity tests.  

DP-2 content 
(wt%) 

Ultimate impact 
energy (J) 

Ultimate electrostatic 
ignition energy (J) 

Ultimate friction 
load (N) 

0 4  26.95 216 
0.5 4  35.20 216 
1 4  55.00 240 
2 3  55.00 252  

Q. Chen et al.                                                                                                                                                                                                                                    
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taken for methyl violet test paper to transition from purple to completely 
orange, ranging from 87 min to 91 min. Furthermore, no instances of 
explosion or combustion were observed in the propellant samples 
following exposure to a temperature of 120 ◦C for a duration of 5 h. It 
indicated that DP-2 can effectively enhance the chemical stability of the 
propellant. This was consistent with the DSC test results. 

3.4. Mechanical sensitivity analysis 

The results of mechanical sensitivity tests were shown in Table 1. The 
impact sensitivity of the propellant was not significantly affected by DP- 
2 content ranging from 0 wt% to 1 wt%, but exhibited an increase when 
the addition content of DP-2 reached 2.0 wt%. From the perspective of 
electrostatic sensitivity, there was an obvious decreasing tendency in the 
wake of the increased content of DP-2 from 0 wt% to 1 wt%. When the 
content of DP-2 reached 2 wt%, there was no change in electrostatic 
sensitivity. The DP-2 content of 0.5 wt% has no effect on the friction 
sensitivity of the propellant. When the content of DP-2 continued to 
increase from 0.5 wt% to 2 wt%, a significant decrease in the friction 
sensitivity could be clearly found. As a well-known fact that the addition 
of inert functional additives would inevitably reduce the energy 

performance of energetic materials from a certain degree to desensiti-
zation. In addition, DP-2 may effectively conduct heat and electrostatic 
forces in the propellant matrix, preventing the accumulation of heat and 
electrostatic on the inner of the propellant and thus reducing the for-
mation of hot spots. Therefore, the addition of DP-2 to the propellant can 
significantly reduce mechanical sensitivity. 

3.5. Rheological properties analysis 

3.5.1. Capillary rheometer test  

a. The effect of shear rate on apparent shear viscosity 

In Fig. 13, the apparent shear viscosity (η) of blends was measured at 
70 ◦C at different shear rates (γ). The viscosity of all samples decreases 
with increasing shear rate and all show pseudoplastic fluid character-
istics. It could be ascribed to the enhanced shear effect when the shear 
rate increases, which destroyed the entanglement and physical cross- 
linked network structure between the nitrocellulose molecular chains. 
Additionally, the rate of this destruction is much greater than the rate of 
reconstruction, so the viscosity decreases. Moreover, it was evident that 
the viscosity of all samples exhibited an exponential relationship with 
shear rate (Wang et al., 2021), and the Ostwald de Wale power law 
model was adopted to describe the viscosity-shear rate relationship of 
the propellant (Ding et al., 2017; Zhang et al., 2022). The Ostwald de 
Wale power law model formula is as Equation (2): 

η =
τ
γ
= K × γn− 1 (2) 

Where η is apparent shear viscosity, Pa⋅s; K is the consistency factor; 
γ is the shear rate, s− 1; and n is the non-Newton index. The larger the 

Fig. 13. The apparent shear viscosity of the propellant blends at 70 ◦C at 
different shear rates. 

Fig. 14. The apparent shear viscosity of blends at different temperatures was tested at a shear rate (γ = 4).  

Table 2 
The power-law model parameters of samples.  

DP-2 content K × 103 n − 1 n R2 

0 wt%  13.27  − 0.88  0.12  0.999 
0.5 wt%  4.57  − 0.70  0.30  0.998 
1 wt%  4.38  − 0.73  0.27  0.999 
2 wt%  4.26  − 0.74  0.26  0.999  
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value of K, the greater the viscosity of the material, and the smaller the 
value of n, the greater the non-Newtonianity. n < 1, the material is 
pseudoplastic fluid, n = 1, Newton fluid, n > 1, swelling plastic fluid. 

Apparently, the apparent shear viscosity of samples gradually 
decreased with the increase of DP-2 content. The power-law model pa-
rameters of samples were obtained by fitting the experimental data in 
Fig. 14 according to Equation (2), and the results were shown in 
Table 2. As can be seen from Table 2, the K values of blends with 
different mass fractions of DP-2 decreased by 65.56 %, 66.99 %, and 
67.90 %, respectively, compared with the blank sample.  

b. The effect of temperature on apparent shear viscosity 

In Fig. 14, the apparent shear viscosity of blends at different tem-
peratures was tested at a shear rate (γ = 4). The apparent shear viscosity 
of blends gradually decreased with increasing temperature and exhibi-
ted a decrease in magnitude. This phenomenon could be attributed to 
the intensification of irregular thermal motion of molecules with rising 
temperature, resulting in increased molecular spacing and enhanced 
formation of free volume within the material. Consequently, chain 
segments experience greater ease in movement, leading to a decrease in 
intermolecular interactions and an increase in mobility. 

Compared with blank sample, the apparent shear viscosity of blends 
with different mass fractions of DP-2 decreased by 53.16 %, 54.37 %, 
and 57.64 % at 50 ◦C; and decreased by 52.26 %, 53.93 %, and 55.12 % 
at 90 ◦C, respectively. 

The relationship between the viscosity of the propellant and the 
temperature was in accordance with the Arrhenius equation (Zhang and 
Luo, 2021; Dinsdale and Quested, 2004), as in Equation (3). 

η = Aexp(Eη/RT) (3)  

Where T is temperature in K, Pa⋅s; A is the pre-exponential factor, R is 
the gas constant (8.314Jmol-1K− 1) and Eη is the activation energy for 
viscous flow (J⋅mol− 1) and is used to characterize the dependence of 

viscosity on temperature. 
Taking the natural logarithm of both sides of Equation (3) yields 

Equation (4). 

lnη = lnA+
Eη

R
×

1
T

(4)  

The relationship curves between ln η and 1/T of blends were shown in 
Fig. 15, and the results were shown in Table 3. 

Obviously, compared with blank sample, the activation energy for 
viscous flow of blends containing DP-2 was reduced. This indicates that 
the addition of DP-2 could reduce the temperature sensitivity of the 
propellant viscosity. The study on the activation energy for viscous flow 
of the propellant is of great significance to guide the production of the 
propellant. 

3.5.2. Torque rheometer test 
In Fig. 16, the screw torque and extrusion pressure were tested when 

the propellant blends were extruded at T1 = 25 ◦C, T2 = 45 ◦C, T3 =

90 ◦C, 70 ◦C, and 50 ◦C respectively at a rotation speed of 3. The peak 
torque, peak extrusion pressure, balance torque and balance extrusion 
pressure data were summarized in Table 4. Among them, the data for 
blank sample was not collected due to excessive pressure in the screw at 
50 ◦C and 70 ◦C, which caused the failure of the pneumatic pressure 
quick release clamp. As a result, propellant material leaked from the 
gap, leading to test failure. 

According to previous studies, the balance torque of the screw can be 
used to characterize the viscosity (Belem and Ferraz, 2020; Freire et al., 
2009; Hidalgo et al., 2012). It can be seen that the addition of DP-2 has 
greatly improved the flowability of the propellant. At 90 ◦C, the flow 
parameters of blends with DP-2 content of 0.5 wt%, 1 wt%, and 2 wt% 
were reduced by more than 50 % compared with blank sample. When 
the extrusion temperature was lowered to 70 ◦C, the flow parameters of 
blends with DP-2 content of 0.5 wt%, 1 wt%, and 2 wt% were still more 
than 40 % lower than those of blank sample at 90 ◦C. When the extrusion 
temperature was lowered to 50 ◦C, the flow parameters of blend with 
DP-2 content of 0.5 wt% were slightly higher than those of blank sample 
at 90 ◦C, but the flow parameters of blends with DP-2 content of 1 wt%, 
and 2 wt% were still lower than those of blank sample at 90 ◦C. 

The test results from the capillary rheometer and torque rheometer 
indicated a remarkable decrease in both the apparent viscosity of the 
propellant and the torque of screw. It could be concluded that the 
flowability of the propellant was significantly enhanced by adding DP-2 
to the propellant. This change in flowability suggested that DP-2, as a 
spherical compound with a multi-branched structure, could play a ball- 
like role in the propellant matrix, weaken the mutual entanglement 
between molecular chains of nitrocellulose. Moreover, this variation 
could also expand the free volume between molecular chains, and 
making it easier for molecular chain segments to slip. The mechanism of 
DP-2 improving fluidity could be briefly illustrated in Fig. 17. 

3.6. Mechanical property analysis 

The result of anti-impact strength test was shown in Fig. 18. When 
0.5 wt% of DP-2 was added, the impact strength of the propellant was 
slightly improved, which may be due to the fact that DP-2 improved the 
flowability of the propellant, thus increasing the orientation of the 
molecular chain. Besides, it may be resulted from the formed hydrogen 
bonds were DP-2 molecules and nitrocellulose molecules, and DP-2 
molecules formed a cross-linked structure with the propellant matrix 
through hydrogen bonds in the system. With the further increase of DP-2 
content, a decreasing trend was observed, likely attributed to the 
absence of chain entanglement of dendrimer DP-2, resulting in reduced 
mechanical property when incorporated into the propellant. 

Fig. 15. The relationship between ln η and 1/T of blends.  

Table 3 
Eη of samples at a shear rate of 4.  

DP-2 content Eη × 105 R2 

0 wt%  3.30  0.997 
0.5 wt%  3.15  0.991 
1 wt%  3.16  0.979 
2 wt%  3.04  0.960  
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3.7. Combustion characteristics 

3.7.1. Combustion performance 
The relationship between burning rate (u) and burning pressure (p) 

of the propellant was described by Vieille’s rule (Trache et al., 2019), 
according to Equation (5). 

u = apn (5)  

Where a is the burning rate coefficient, a constant dependent on the 
chemical composition and the initial propellant temperature; n is the 

pressure exponent of the burning rate. To further study the burning 
behavior of the propellant, dynamic vivacity (L) and relative pressure 
(B) were calculated according to Equation (6) and Equation (7) (Xiao 
et al., 2016). 

L =
dp(t)/dt

p(t) ∗ pm
(6)  

B =
p(t)
pm

(7) 

Fig. 16. The screw torque and extrusion pressure of the blends at 90 ◦C, 70 ◦C, and 50 ◦C at a rotation speed of 3.  
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In Fig. 19, from an overall perspective, according to the analysis of 
the smooth L-B curves in Fig. 19d-f, all samples burned stably without 
obvious abnormal combustion phenomena. The results indicated that 
the addition of DP-2 would not affect the combustion stability of the 
propellant. From Fig. 19a-c, and Fig. 19g-i, it was evident that an in-
crease in DP-2 content leads to a gradual prolongation of the complete 
combustion time of the propellant and a decrease in burning rate. 
Conversely, elevating the initial temperature resulted in a reduction of 
burning time and an enhancement of the burning rate. These findings 
demonstrated that incorporating inert substances into the propellant 
retarded its combustion process, while raising the initial temperature 

enhanced its chemical activity. 
As revealed by Equation (5), there was a tight correlation and 

entanglement between the pressure exponent, combustion pressure, and 
combustion rate coefficient, and a tiny change in any of the experi-
mentally measured variables could trigger considerable variations in the 
calculated combustion rate coefficient or pressure exponent. To further 
evaluated the influence of DP-2 on the combustion behavior of the 
propellant, the results of the maximum pressure, combustion rate co-
efficient, and pressure exponent during the combustion process of the 
propellant with different DP-2 content were presented in Fig. 20. From 
Fig. 20a-b, it could be observed that the maximum pressure and com-
bustion rate coefficient gradually decrease with increasing DP-2 mass 
fraction. When lowering the temperature, the maximum pressure and 
burning rate also decrease. In Fig. 20c, the pressure exponent showed an 
overall increasing trend as the DP-2 mass fraction increased, but a slight 
decline was noticed in the propellant with 2 wt% of DP-2 at 20 ◦C and 
50 ◦C. When the temperature was raised, the pressure index decreased. 

3.7.2. Energy performance 
The energy parameters of the propellant containing DP-2 were dis-

played in Table 5. 
DP-2, an inert additive, caused a gradual decrease in the gunpowder 

impetus as the content increased. When the DP-2 content reached 2 wt 
%, its gunpowder impetus was 999.14 J/g, which was a 3.84 % decrease 
compared to blank sample. 

Table 4 
Parameters of torque rheometer when the screw rotation speed was 3.  

DP-2 content 0 wt% 0.5 wt% 1 wt% 2 wt% 

P1 90 ◦C 17.267  5.705  5.099  4.509 
70 ◦C —  9.06  7.712  6.761 
50 ◦C —  23.698  16.916  12.277 

P2 90 ◦C 16.573  5.023  4.567  4.003 
70 ◦C —  8.625  7.405  6.077 
50 ◦C —  22.474  15.831  11.842 

M1 90 ◦C 129.426  59.288  46.082  31.134 
70 ◦C —  65.990  61.412  43.744 
50 ◦C —  146.686  105.16  74.842 

M2 90 ◦C 121.707  50.557  39.943  28.174 
70 ◦C —  60.852  56.112  40.471 
50 ◦C —  134.248  94.521  69.975  

Fig. 17. The mechanism of DP-2 improving fluidity of the propellant.  

Fig. 18. The anti-impact strength of the propellant with different mass fraction of DP-2.  
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4 Conclusion 

In summary, this study initially incorporated the dendrimer DP-2 
into the propellant system, enabling investigation of its thermal 
decomposition, chemical stability, sensitivity, rheological properties, 
mechanical property, and combustion characteristics across varying 
concentrations. The result revealed that the flowability of the propellant 
was significantly improved with increasing DP-2 content. Therefore, a 

proper addition content of DP-2 can improve the thermal stability, 
chemical stability, sensibility, and mechanical properties of the pro-
pellant. Among them, there was a slight decrease in impact sensitivity 
when DP-2 was added at 2 wt%. Meanwhile, the addition of DP-2 would 
not influence the stable combustion behavior of the propellant, and the 
energy performance of the propellant containing DP-2 in terms of the 
gunpowder impetus would be somewhat diminished when compared to 
that of the blank sample. On the whole, the dendrimer DP-2 could serve 
as an effective processing aid to enhance the production safety of pro-
pellant during solventless extrusion processe, with a more suitable 
addition range of 0.5 wt%-1 wt%. 
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Fig. 19. The p-t (a-c), L-B (d-f) and u-p (g-i) curves at − 40 ◦C, 20 ◦C and 50 ◦C of the propellant containing DP-2.  

Fig. 20. The maximum pressure, burning rate coefficient, and pressure exponent of the propellant contaning DP-2 during the combustion process.  

Table 5 
The gunpowder impetus of the propellant containing DP-2.  

DP-2 content (wt%) The gunpowder impetus (J/g) Percentage reduction (%) 

0  1039.11 – 
0.5  1019.82 1.86 
1  1014.65 2.35 
2  999.14 3.84  
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