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Abstract   

Particle size and content of RDX are the two main factors that affect the burning stability of RDX-based propellants. 

However, these effects and the corresponding mechanisms are still controversial. In this work, we investigated the 

physicochemical processes during burning and the corresponding mechanisms through the technologies of structure 

compactness analysis on the base of voidage measurement and theoretical interfacial area estimation, apparent burning 

rate measurement using closed vessel (CV) and extinguished burning surface characterization relying on interrupted 

closed vessel (ICV) and scanning electron microscope (SEM). The results indicate that the voidage increased with the 

increase of RDX content and particle size due to the increasing interfacial area and increasing interface gap size, 

respectively. The apparent burning rate increased with the increase of RDX particle size because of the decreasing RDX 

specific surface area on the burning surface, which could decrease the heat absorbing rates of the melting and evaporation 

processes of RDX in the condensed phase. Similarly, the apparent burning rate decreased with the increase of RDX 

content at pressures lower than around 55 MPa due to the increasing RDX specific surface area. Whereas, an opposite 

trend could be observed at pressures higher than around 55 MPa, which was attributed to the increasing heat feedback 

from the gas phase as the result of the increasing propellant energy. For propellants containing very coarse RDX particles, 

such as 97.8 and 199.4 µm average size, the apparent burning rate increased stably with a flat extinguished surface at 

pressures lower than around 30 MPa, while increased sharply above around 30 MPa with the extinguished surface 

becoming more and more rugged as the pressure increased. In addition, the turning degree of u-p curve increased with 

the increase of coarse RDX content and particle size, and could be reduced by improving the structure compactness. 

 

Keywords: RDX particle size and content, structure compactness, apparent burning rate, extinguished surface, burning 

stability 
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1 Introduction  

The nitramines, such as cyclotrimethylene trinitramine (RDX) and cyclotetramethylene tetranitramine (HMX), are 

widely used in the fields of solid rocket and gun propulsion [1-5]. It is well known that the incorporation of RDX or HMX 

into propellant formulations could significantly increase the energy level and change the combustion characteristics of 

the propellants. However, although much work has been devoted to investigating the decomposition and combustion 

properties of nitramine monopropellants and nitramine propellants [6-11], the knowledge of combustion mechanisms of 

nitramine propellants, including both physical and chemical processes, is still unsufficient.  

In general, for RDX-based propellants, the combustion wave structure can be segmented into three main regions: 

solid-phase, subsurface liquid-gas phase and gas-phase regimes [11-14]. Many studies have suggested that, during burning, 

all the RDX in the propellant firstly undergoes a thermodynamic transition to liquid state when the temperature 

approaches its melting point [15]. Subsequently, rapid decomposition and evaporation of RDX takes place in the 

subsurface liquid-gas phase [10, 16-18]. Then, the intermediate gasification products of both the RDX and binders continue 

to oxidize intensely to final gas products in the gas phase, producing enormous energy [6]. In this scenario, the melting, 

decomposition and evaporation processes of RDX are considered to occur in the condensed phase and the combustion 

behavior of the RDX-based propellant follows the law of burning in parallel layers. Therefore, the energy to sustain the 

physiochemical processes of condensed phase mainly includes the heat feedback from the gas phase and heat of 
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decomposition, with the effects of heat feedback increasing for increasing combustion pressure [19, 20]. Meanwhile, heat 

absorption also occurs in the condensed phase due to the endothermic melt and evaporation of RDX. However, in a 

different scenario it was suggested that, during burning, the coarse RDX particles which were too big to melt, decompose 

and evaporate in time in the propellant condensed phase would be ejected out to decompose and burn in the gas phase [21, 

22]. Consequently, the heat absorption caused by the melting and evaporation processes of RDX would be decreased and 

the burning surface area would be increased. This conjecture was used to explain why the apparent burning rate increased 

with the increase of RDX particle size. If the combustion behavior of coarse RDX-based propellant would diverge from 

the law of burning in parallel layers and the resulting deflagration process would influence the combustion stability. 

Furthermore, in the apparent burning rate versus pressure curve, there should be a turning point or a sharp increase of 

apparent burning rate and, intuitively, the corresponding extinguished burning surface should be rugged. However, 

experimental results are not always in agreement with this conjecture [23-26]. That is, the detailed physiochemical 

processes during the burning of RDX-based propellants are controversial. 

Therefore, this study presents a study on the effects of RDX particle size and content on the burning stability of 

RDX-based propellants. We focus on the investigations of the physicochemical processes during burning relying on the 

technologies of structure compactness analysis, apparent burning rate measurement and extinguished burning surface 

characterization. 

2 Materials and Methods 

2.1 Materials  

Five types of RDX (with mean particle sizes of 3.7, 12.9, 34.3, 97.8 and 199.4 µm, respectively) were obtained from 

Gansu Yinguang Chemical Industry Group Co., Ltd of China which were produced by synthesis and recrystallization. 

The particle size distributions and morphologies are shown in Fig. 1 and 2, respectively. Nitrocellulose (NC, 12.6 

nitrogen percent), nitroglycerine (NG) and triethyleneglycol dinitrate (TEGDN) were obtained from Luzhou Chemical 

Industry Group Co., Ltd of China. A series of 15 of NC/NG/TEGDN/RDX propellant formulations based on different 

particle sizes and contents of RDX were manufactured (Table 1). The basic formulation ZT (6#) selected for this study 

comprises 59.21% NC, 28.51% NG, 9.67% TEGDN, 2.06% ethyl centralite, 0.55% TiO2, theoretical force constant (J/g) 

were calculated using REAL software 3.0. As shown in Table 1, most of the propellants were prepared by conventional 

solvent method (�) using 25% by mass solutions of acetone and alcohol 50:50, and were made into single-perforated 

shaped strands with a web size of 1.8 mm using a hydraulic press of 60 tonnes capacity. In order to study the influence of 

structure compactness on the burning stability, the formulation containing 97.8 µm RDX was also prepared by two 

special modified methods (� and �) to increase the structure compactness of the propellant by increasing the extrusion 

pressure gradually. 

 

Fig. 1 Particle size distributions of RDX. 
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Fig. 2 Morphologies of RDX: (a) 3.7 µm; (b) 12.9 µm; (c) 34.3 µm; (d) 97.8 µm; (e) 199.4µm. 

 

Table 1 Formulations and structure compactness parameters of RDX-based propellants. 

No. 
Ingredients (mass/%)  Density/(g·cm-3) Voidage 

(100%) 

Theoretical  

interfacial area/(cm2·g-1) 

Theoretical  

force constant/(J·g-1) 
Burning stability 

ZT Binder RDX /µm  Theoretical Apparent 

1# 70 30 (3.7)  1.675 1.660 0.865 2678.89 1197.63 stable 

2# 70 30 (12.9)  1.675 1.659 0.944 1304.20 1197.63 stable 

3# 70 30 (34.3)  1.675 1.659 0.958 288.98 1197.63 stable 

4# 70 30 (97.8)  1.675 1.624 3.063 97.56 1197.63 unstable 

5# 70 30 (199.4)  1.675 1.616 3.494 49.71 1197.63 unstable 

6# 100 0  1.613 1.608 0.305 0 1116.34 stable 

7# 90 10 (12.9)  1.634 1.628 0.333 434.73 1143.74 stable 

8# 80 20 (12.9)  1.654 1.641 0.778 869.46 1170.84 stable 

9# 60 40 (12.9)  1.695 1.671 1.448 1738.93 1224.03 stable 

10# 90 10 (97.8)  1.634 1.624 0.574 32.52 1116.34 stable 

11# 80 20 (97.8)  1.654 1.637 1.053 65.04 1170.84 stable 

12# 75 25 (97.8)  1.665 1.643 1.274 81.30 1184.27 poor stable 

13# 70 30 (97.8)  1.675 1.649 1.512 97.56 1197.63 poor stable 

14# 65 35 (97.8)  1.685 1.648 2.188 113.82 1210.85 unstable 

15# 70 30 (97.8)  1.675 1.657 1.038 97.56 1197.63 stable 

Note: 1#-9# were prepared by the conventional method �; 10#-14# were prepared by the modified method �; 15# was prepared by the modified method �. 

2.2 Methods 

The apparent density (ρa) measurements of the propellants were carried out using the pycnometer method 

(MIL-STD-286C, 510.1.1), whereby the densities were determined by comparing the densities of the propellants with the 

density of water at 15.6 °C. The theoretical density (ρt) was estimated based on the following equation:   

�� = ∑ �� ∙ ��
�
�	
                                 (1) 
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where, ωi , ρi and n are the mass fraction, actual density and total number of the ingredients, respectively. 

Then, the voidage (V) was defined by the following expression: 

� = (1 − �� ��⁄ ) ∙ 100%                                (2) 

The theoretical interfacial area (S) per unit mass of the propellant was calculated based on the following formula: 

� = � ∙ � = �1 ∙ ��/(4 ∙ π ∙ �
� ∙ � 3⁄ )� ∙ �4 ∙ π ∙ � � = 3 ∙ �� (� ∙ �)⁄                         (3 

  where, s, R and ρ are the surface area, radius and density of per RDX particle, respectively. N is the number of RDX 

particles in per unit mass of the propellant.   

The propellant combustion was evaluated in a 100 cm3 closed vessel (CV) at 20 °C. The test loading density was 0.20 

g/cm3. The ballistic parameters, i.e. apparent burning rate (r), burning rate coefficient (β) and pressure exponent (α), 

were calculated from the results of CV tests. The propellant apparent burning rate vs. pressure (p) was described in terms 

of the Vieille’ Law: 

! = " ∙ #$                                (4) 

The dynamic vivacity (L) was calculated as the following definition (STANAG 4115): 

% = (d#/d') (# ∙ #()⁄  

where, t is the burning time, pm is the maximum combustion pressure. 

Rapid extinction of the propellant samples was carried out in an interrupted closed vessel (ICV) (100 cm3) which could 

control the extinction pressure by the break-through of a pressureproof copper sheet with different thickness. 

Consequently, the propellants were suddenly expanded into an evacuated tank which had a thick lining of thermally 

resistant polyurethane foam on the wall to capture the propellants softly [27]. The thicknesses of the pressureproof copper 

sheet used in this test were 1.2, 1.5, 1.8, 2.0, 2.5 mm and the corresponding extinction pressures were 26, 48, 75, 100 and 

125 MPa, respectively. The morphology of the extinguished propellant surface was characterized by scanning electron 

microscope (SEM, FEI, Quanta 250 FEG). 

3 Results and Discussion 

3.1 Structure Compactness Characterizations 

The voidage versus RDX content and particle size curves are shown in Fig. 2a and 2b, respectively. The corresponding 

structure compactness parameters are summarized in Table 1. It can be seen that the RDX content and particle size 

played a great role on the structure compactness of the RDX-based propellant. From Table 1 and Fig. 2a, one can find 

that the density of the RDX-based propellant increased with the increase of RDX content. Unexpectedly, the 

corresponding voidage of the propellant increased at the same time because of the increasing number of the interface 

between ZT binder and RDX particle (Table 1). On the other hand, from Table 1 and Fig. 2b, one can see that the density 

of the RDX-based propellant decreased with the increasing of RDX particle size and, especially, when the particle size is 

larger than 34.3 µm, the voidage increased sharply. This is mainly due to the fact that, although the theoretical interfacial 

area decreased with the increase of RDX particle size, the adhesive force of ZT binder to RDX particle was decreased 

because of the RDX particle size larger than the NC fiber diameter [28]. As a result, the gap size of the interface was 

increased. That is, the structure compactness of the propellant prepared by conventional method decreased with the 

increasing of the RDX content and particle size. Interestingly, when the extrusion pressure was increased gradually, the 

density of the propellant containing 97.8 µm RDX particles was increased and the voidage was decreased effectively. 
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Fig. 3 The voidage versus RDX content and particle size curves of RDX-based propellants. 

3.2 Burning Properties 

Fig. 4a and 4b show the u-p curves and L-p/pm curves of the RDX-based propellants containing different particle sizes of 

RDX (30% by mass), respectively. From Fig. 4a, one can see that the apparent apparent burning rate increased with the 

increase of RDX particle size. This can be attributed to the expection that, for RDX-based propellant of which the melt, 

decomposition and evaporation processes of RDX were considered to occur in condensed phase, when the RDX particle 

size was increased, the RDX specific suface on the burning surface was decreased, resulting in the decrease of the heat 

absorbing rates of the RDX melt and evaporation processes in condensed phase. Therefore, the heat to sustain the 

degradation of RDX and binder was increased and the apparent burning rate was increased. On the other hand, the 

apparent burning rates of the propellants containing 3.7, 12.9, 34.3 µm RDX particles increased stably with the increase 

of pressure, while the apparent burning rates of the propellants containing 97.8 and 199.4 µm RDX particles increased 

sharply above around 30 MPa. From Fig. 4b, for the propellants containing 97.8 and 199.4 µm RDX particles, an abrupt 

increase of the L-p/pm curve is also observed after p/pm = 0.15 approximately, which is not in agreement with the neutral 

burning behavior of propellant with single-perforation structure, like those of the propellants containing 3.7, 12.9, 34.3 

µm RDX particles. This is dangerous for high-pressure weapons or rockets because, if the initial chamber pressure is too 

high or increases too fast, it can result in bore premature or even worse accident. A probable reason for this deflagration 

phenomenon is that the structures of the 97.8 and 199.4 µm RDX-based propellants were very loose, according to the 

voidage results as described above, and the erosion from the gas phase to the interface gap between RDX and binder on 

the burning surface was intensified with the increase of pressure [22]. Thus, the 97.8 and 199.4 µm RDX particles could be 

ejected out from the condensed phase of the propellants to decompose and burn in the gas phase above around 30 MPa. 

 
Fig. 4 u-p curves and L-p/pm curves of 30% RDX-based propellants containing different particle sizes of RDX. 

Fig. 5 presents the u-p curves of the RDX-based propellant containing different contents of 12.9 µm RDX particles. It 

can be seen that the apparent burning rates of the propellants containing 0%, 10%, 20%, 30% and 40% 12.9 µm RDX 

particles increased stably with the increase of pressure, implying that the 12.9 µm RDX particles melts, decomposes and 

evaporates in the condensed phase of the propellant. In addition, the apparent burning rate decreased with the increase of 
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RDX content at pressures lower than around 55 MPa, while there was an opposite trend when the pressure was higher 

than 55 MPa approximately. Surprisingly, the apparent burning rate of the propellant containing 10% RDX was alway 

lower than that of the ZT propellant. The influence of RDX content on the apparent burning rate is mainly due to the fact 

that when the RDX content was increased, the RDX heat absorption in the condensed phase was increased, resulting in 

the decrease of the apparent burning rate at low pressures. On the other hand, the heat feedback from the gas phase 

increased with the increase of RDX content because of the increasing energy of the propellant (as shown in Table 1) at 

the same time, especially at high pressures. Therefore, the apparent burning rate was increased at high pressures. This 

further reveals the importance of the endothermic melting and evaporation process of RDX in the condensed phase on the 

combustion properties of RDX-based propellants. 

  

 

Fig. 5 u-p curves of the 12.9 µm RDX-based propellant containing different mass fractions of RDX. 

Fig. 6a and 6b show the u-p curves and L-p/pm curves of the RDX-based propellants containing different contents of 

97.8 µm RDX particles, respectively. From Fig. 6a, one can see that, for 97.8 µm RDX-based propellants, the turning 

degree of u-p curve around 30 MPa increased with the increase of RDX content. This can be attributed to the fact that the 

compactness of the 97.8 µm RDX-based propellant became looser when the RDX content was increased and herein, the 

percent of coarse RDX which could be ejected out from the condensed phase to decompose and burn in the gas phase 

above around 30 MPa was increased. From Fig. 6b, one can find that, when the RDX content was increased, the L-p/pm 

curve gradully diverged from the neutral burning law of propellant with single-perforation structure like that of the ZT 

propellant, which indicates a burning instability of 97.8 µm RDX-based propellant. 

 

 

Fig. 6 u-p curves and L-p/pm curves of 97.8 µm RDX-based propellant containing different mass fractions of RDX. 

To further testify the influence of the structure compactness on the burning stability, the u-p curves and L-p/pm curves 

of three RDX-based (97.8 µm RDX, 30% by mass) propellants with different voidages are displayed in Fig. 7. From Fig. 

7a one can see that, when the pressure was lower than 30 MPa approximately, the apparent burning rates of the three 

propellants were similar and increased stably with the increase of pressure, while, above 30 MPa, the curve turning 
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degree of the u-p curve increased with the increase of propellant voidage. Interestingly, when the the structure 

compactness was high enough, the u-p curve of the 97.8 µm RDX-based propellant with the voidage of 1.038% could 

increase stably without turning point, like those of the propellants containing 3.7, 12.9, 34.3 µm RDX. In this case, the 

97.8 µm RDX particles are believed to melt, decompose and evaporate in the condensed phase of the propellant with the 

voidage of 1.038%. This can be further confirmed by the L-p/pm curves (Fig. 7b). One can see that, when the propellant 

voidage was increased, the extent of the abrupt increase of L-p/pm curve at the early process became more serious 

whereas the L-p/pm curve of the propellant with the voidage of 1.038% is observed in great agreement with the neutral 

burning law of propellant with single-perforation structure. 

  

 

Fig. 7 u-p curves and L-p/pm curves of 30% 97.8 µm RDX-based propellant with different voidages. 

3.3 Extinguished Burning Surface Characterizations 

To further validate the physiochemical processes during burning of the examined RDX-based propellants, samples of 

these propellants were subjected to the rapid extinction analyses. Fig. 8 ~ Fig. 11 illustrate the SEM images of the raw 

surfaces and extinguished surfaces subjected to extinction pressure (125 MPa) of the 3.7, 12.9, 34.3, 199.4 µm 

RDX-based propellants, respectively. From Fig. 8 ~ Fig. 10, one can see that there were many irregularly RDX 

recrystallization particles on the extinguished surfaces of the 3.7, 12.9, 34.3 µm RDX-based propellants which were 

melting before rapid extinction and different from the RDX morphologies on the raw surfaces. Nevertheless, from Figure 

10, one can see that there were many big holes on the extinguished surfaces of the 199.4 µm RDX-based propellant and 

these holes were slightly bigger than the original RDX on the raw surfaces. These phenomena were in great agreement 

with the burning rate results and confirmed the corresponding conjecture above. 

 

Fig. 8 SEM images of the 3.7 µm RDX-based propellant: (a) raw surface; (b) extinguished surface (125 MPa).  
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Fig. 9 SEM images of the 12.9 µm RDX-based propellant: (a) raw surface; (b) extinguished surface (125 MPa).  

  

 
Fig. 10 SEM images of the 34.3 µm RDX-based propellant: (a) raw surface; (b) extinguished surface (125 MPa).  

  

 

Fig. 11 SEM images of the 199.4 µm RDX-based propellant: (a) raw surface; (b) extinguished surface (125 MPa).  

Fig. 12 illustrates the SEM images of the extinguished surfaces of the 97.8 µm RDX-based propellants with the 

voidage of 3.063%, which were subjected to different extinction pressures (26, 48, 75, 100 and 125 MPa). It can be seen 

that the extinguished propellant surface extinguished under 26 MPa was relatively flat with only some small holes which 

were much smaller than 97.8 µm. However, when the extinction pressure was increased, the extinguished surface became 

more and more rugged, and some big holes larger than 97.8 µm appeared on the surface. Noticeably, the size and number 
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of these holes increased with the increase of the extinction pressure. These phenomena are in great agreement with the 

ballistic results as described above.  

 

 

Fig. 12 SEM images of the extinguished surfaces of the 97.8 µm RDX-based propellant with the voidage of 3.063%: (a) 

raw, (b) 26 MPa, (c) 48 MPa, (d) 75 MPa, (e) 100 MPa, (f) 125 MPa.  

Additionally, the SEM images of the extinguished surfaces of the 97.8 µm RDX-based propellant with the voidages of 

1.512% and 1.038%, which were subjected to the extinction pressure of 125 MPa are presented in Fig. 13. From Fig. 12f 

and Fig. 13, one can see that the extinguished surface became more and more flat when the compactness of the 97.8 µm 

RDX-based propellant was increased. Interestingly, the extinguished surface of the 97.8 µm RDX-based propellant with 

the voidages of 1.038% was flat and there were no large holes on the surface, even when it was extinguished at 125 MPa. 

This further confirms that the RDX content and particle size, together with the compactness of the propellant, are all 

important factors that influence the burning stability of the RDX-based propellant. 
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Fig. 13 SEM images of the extinguished surfaces (125 MPa) of the 97.8 µm RDX-based propellant with different 

voidages: (a) 1.512%, (b) 1.038%. 

4 Conclusions 

In this paper, the effects of RDX particle size and content on the burning stability of RDX-based propellants and the 

corresponding physicochemical processes during burning were investigated. The following conclusions can be made: 

(1) The structure compactness of the propellant prepared by conventional methods decreased with the increasing of the 

RDX content due to the increasing number of the interface between ZT binder and RDX particle. On the other hand, 

although the theoretical interfacial area was decreased with the increase of RDX particle size, the adhesive force of ZT 

binder to RDX particle was decreased because of the RDX particle size larger than the NC fiber diameter. As a result, the 

gap size of the interface was increased and the corresponding structure compactness of the propellant prepared by 

conventional method was decreased. 

(2) The apparent burning rate increased with the increase of RDX particle size. This is because when the particle size 

of RDX was increased, the RDX specific surface area on the burning surface was decreased, resulting in the decrease of 

the heat absorbing rates of the melting and evaporation processes of RDX in the condensed phase. Therefore, the heat to 

sustain the degradation of RDX and binder was increased and the apparent burning rate was increased. 

(3) The apparent burning rate decreased with the increase of RDX content at pressures lower than around 55 MPa, 

while there was an opposite trend at pressures higher than 55 MPa approximately. This is due to the fact that when the 

RDX content was increased, the RDX heat absorption in the condensed phase was increased, resulting in a decrease of 

the apparent burning rate at low pressures. On the other hand, the heat feedback from the gas phase increased with the 

increase of RDX content because of the increasing propellant energy, especially at high pressures, resulting in an increase 

of the apparent burning rate at high pressures. 

(4) For propellants containing very coarse RDX particles, such as 97.8 and 199.4 µm RDX average size, the apparent 

burning rates increased stably at pressures lower than around 30 MPa, while increased sharply above around 30 MPa, and 

the turning degree of u-p curve increased with the increase of RDX content and particle size. On the contrary, the 

apparent burning rates of the propellants containing fine RDX particles, such as 3.7, 12.9, 34.3 µm RDX average size, 

increased stably with the increase of pressure in the whole pressure interval. This can be attributed to the fact that the 

compactness of the coarse RDX-based propellant became looser when the RDX content and particle size were increased, 

and the erosion from the gas phase to the interface gap between RDX and binder on the burning surface was intensified 

with the pressure increase. Herein, coarse RDX could be ejected out from the condensed phase to decompose and burn in 

the gas phase above around 30 MPa. 

(5) The extinguished propellant surface of the 97.8 µm RDX-based propellant was flat when the extinction pressure 
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was lower than around 30 MPa, while it became more and more rugged (with some big holes larger than 97.8 µm on the 

surface) when the extinction pressures were higher than around 30 MPa. Interestingly, the extinguished surface became 

more and more flat when the compactness of the 97.8 µm RDX-based propellant was improved by increasing the 

extrusion pressure gradually. That is, the burning stability of RDX-based propellant could be improved by increasing the 

structure compactness. This is in great agreement with the combustion phenomena as discussed in this paper. 
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