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Abstract 
The sampling technique was used to investigate the model composite propellants based on ammonium 

perchlorate, energetic binder, and boron-containing “metal” fuel. The nominal content of fuel was 

constantly about 40 %. Boron, aluminum diboride, aluminum dodecaboride, Al+B mechanical 

mixtures, and boron carbide were employed as a fuel. Data on the burning rate at pressures of 1.2 МPа 

and 2.5 МPа are presented along with the characteristics of condensed combustion products particles, 

extinguished at a distance of ~25 mm from the burning surface. The promising propellant formulations 

are specified for future investigations. 

1. Introduction 

One of the ways to develop solid propellant rocket motors is to improve the formulation of composite propellants. 

The synthesis of novel high-energetic materials, the search and the use of more efficient oxidizers and fuels ensure 

progress in this area [1]. At present, the metal Al fuel, in the form of micrometer particles, is widely used in 

propellants for the devices, creating jet thrusts [2] [3]. Boron is investigated as propellant ingredient [4] [5] [6] [7] 

too. Mg, Аl+Mg alloys, Li are also investigated, including in the form of aero suspension and aerogels [8] [9] [10]. 

The possibility is investigated to use Ti, Zr, a series of hydrides [11] [12] [13], as well as combustible metals 

(primarily Аl) in the form of nano-sized particles [14] [15] [16]. The combustion heat, Q, of metal fuel has a 

considerable effect on propellant energy characteristics. The Q value of boron, calculated per unit of metal mass, 

exceeds those of the above-mentioned fuels. However, boron is difficult to burn out with high combustion 

completeness due to the specific combination of the physico-chemical properties of boron and its oxide. In addition, 

the oxidation of boron needs much more oxygen than the oxidation of other fuels; boron is poorly compatible with 

other propellant components and costs much. Being the first candidate for application in the systems using outboard 

oxidizers [4] [5] [17] [18] [19], boron is not the only candidate because of the afore-mentioned disadvantages. Thus, 

already in the 1970s, aluminum borides were proposed for application [19] and the studies on boron carbide 

combustion were initiated [20]. The propellants, based on combined fuels (e. g., B+Mg, B+Al) and boron 

compounds, the optimization of gaseous oxidizer injection [21] [22] and other potentialities were studied in order to 

increase the boron combustion completeness. Therefore, it is highly essential to extract basic information on the 

behavior of boron-containing fuels in a combustion wave of composite propellants and to compare formulations with 

various fuels. In particular, of peculiar interest are the parameters of the particles, leaving the burning surface, as they 

set the initial conditions of particle evolution upon their motion along the path of the motor. These particles are 

usually named “the primary combustion products” [23]. The data necessary for aluminized propellants are commonly 

obtained by sampling techniques and subsequent particle-size and chemical analyses. The sampling technique, 
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developed in the Institute of Chemical Kinetics and Combustion for aluminized propellants, is described in [16] [24]. 

In [25], we have adapted and applied it for studying propellants with boron as a single metal fuel in the amount of 

12 % to 40 %. Changes in the technique due to the use of boron are presented in [25] along with a list of works in 

which the condensed combustion products (CCP) of boron-containing propellants have been studied with use of the 

sampling technique. In [26] [27] the same method was used to study propellants with aluminum diborides, including 

the mechanically activated ones, and boron carbide. The goal of current work was to compare some previously and 

first time studied boron-containing fuels. 

2. Propellants, components, and fuel characteristics  

Formulations of the propellants studied are summarized in Table 1.  

A propellant identifier ID contains information on the nominal percentage and the type of metal fuels. Thus, 

propellant 40B nominally includes 40 % of boron, and propellant 40B4С nominally includes 40 % of boron carbide, 

etc. The real values may differ a bit from the nominal ones due to the technological peculiarities of the preparation of 

mixtures.  

 

Table 1: Component composition (% mass) of model propellants 

Propellant 

ID 

Binder B Al AlB2 AlB2f MA3 AlB12 B4С APf AP 

40B 30.50 37.57       10.33 21.60 

40AB 30.50 - - 37.50     10.67 21.33 

40ABF 30.50 - -  37.50    10.67 21.33 

40МА3 30.51     37.49   10.67 21.33 

21A17B 31.19 16.54 20.51      10.59 21.17 

40АB12 30.50 - -    37.50  10.67 21.33 

6A31B 30.50 6.45 31.05      10.67 21.33 

40B4С 30.50 -      37.50 10.67 21.33 

 

 

The following components were used to produce model propellants: 

Binder – active fuel-binder, based on methylpolyvinyl-tetrazole polymer, plasticized by nitro-containing compounds 

[28]. 

 

Metal fuels: 

B – amorphous boron [29]. 

 

Al – aluminum “ASD-4” [30].  

 

21A17B, 6A31B – a mechanical mixture of Al and B, taken in the same mass ratio as in aluminum diboride and 

aluminum dodecaboride, respectively, below referred to as “aluminum diboride imitator” and “aluminum 

dodecaboride imitator”. 

 

AlB2 – aluminum diboride AlB2, 28 years old [25].  

 

AlB2f – the same aluminum diboride AlB2 with polymeric fluorine-containing coating called FAOS, 28 years old 

[25]. A mass fraction of the coating matter was about 4% so that 37.50 % of AlB2f contain 1.5 % of FAOS and 36 % 

of AlB2.  
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AlB12 – aluminum dodecaboride AlB12, produced by mechanical activation. It is only assumed to be the AlB12 

compound because the X-Ray phase analysis has failed to verify a corresponding phase composition. One year old. 

 

МА3 – aluminum diboride AlB2, produced by vacuum annealing of mechanically activated raw material and then 

again subjected to mechanical activation. It is the most reactive of the three mechanically activated materials, studied 

in [26], and it is one year old. 

 

The mechanically activated fuel components AlB12 and МА3 were produced in the Institute of Solid State 

Chemistry and Mechanochemistry, Siberian Branch of the Russian Academy of Sciences (Novosibirsk) using a 

planetary mill АGО-2 [31] as described in [32] [33]. 

 

B4C – boron carbide B4C. 

 

APf – fine ammonium perchlorate (AP), powder specific surface 5400 сm
2
/g. 

 

AP – sieved AP with a particle size of 250-315 micrometers. 

 

Table 2 summarizes the granulometric characteristics of fuel ingredients as moment-based mean diameters Dmn. 

 

Table 2: Mean diameters Dmn of fuel components 

Material Mean diameters Dmn, m 

D10 D20 D30 D43 D53 

B 2.9 3 3 3.2 3.3 

AlB2 3.7 4.4 4.5 11.1 14.9 

AlB2f 3.0 3.2 3.2 4.8 5.3 

МА3 2.7 3.0 3.7 13.1 20.1 

21A17B Not measured 

AlB12 2.2 2.6 3.4 13.7 20.2 

6A31B 2.8 3.1 3.5 7.4 9.6 

B4С 2.2 2.4 2.6 4.4 5.1 

 

Table 3 presents the values of the reducing number RN, determined by cerimetric method [34]. According to [25] 

[26], and using the values of masses and the reducing numbers for both initial components and sampled condensed 

combustion products, one may determine the total incompleteness of fuel combustion without differentiation into 

components for combined fuels. For details of cerimetric method and of the calculations using its results, see [35] 

[36].  

Table 3 also contains the reference data on the specific heat of the fuels used. 
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Table 3: The values of reducing number RN and specific heat Q for metal fuels 

Material RN N 
Theoretical value of 

RN 
Q, kJ/g 

Al 10.6±0.2
a
 7

b
 11.1

c
 31.1 

B 22.1±0.2 5 27.8 58.9 

AlB2 16.1±0.2 3 18.5 43.61 

AlB2f 13.6±0.1 3 18.5·(1–mFAOS)
d
 43.61 

21A17B (55.4 % Al + 44.6 % B) Not measured 15.7 43.499 

AlB12 16.6±0.5 3 20.1 52.5 

6A31B (17.2 % Al + 82.8 % B) 19.3±0.2 3 20.1 54.118 

МА3 14.0±0.1 3 18.5 43.61 

B4C 22.3±0.3 4 21.8 49.1 
a
The number after the ± sign is the mean-square deviation Sd. 

b
N – the number of definitions.  

c
A theoretical RN value for a mixture is calculated for pure aluminum and boron: RN(Al+B) = 

RN(Al)(Al) + RN(В)(В) = 11.1(Al) + 27.8(В), where  is the mass fraction of the 

corresponding component in a mixture.  
d
mFAOS – mass fraction of FAOS coating.

 

3. Experimental technique and conditions. Processing and presentation of results 

The experiments were performed at nitrogen pressures of 1.2 МPa and 2.5 МPа by use of the sampling technique 

[16] [24] followed by cerimetric analysis [34] of sampled CCP as described in [25] [26], and with measuring an 

average burning rate in each experiment. A morphological analysis of CCP particles was performed using an optical 

microscope, and in some cases, a scanning electron microscope (SEM) Merlin|VP Compact (Zeiss) with an EDS-

device X-Max
N
 (Oxford Instruments) for local element analysis (EDS – energy dispersive spectroscopy).  

 

The specimens were the non-cured mixtures (Table 1), placed in quartz glasses with a teflon bottom. The inner 

diameter of the glass (specimen diameter) was 10 mm, and its depth (specimen length) was either five or ten mm. 

The specimens were ignited with a nichrome wire, using metal-free igniting paste, applied to the specimen surface. 

The particles were extinguished near the burning surface at a distance of ~25 mm, so that the sampled and studied 

particles were the so-called primary CCP [23].  

The CCP particles were subjected to granulometric and chemical analyses. The results of the particle size analysis 

were presented in the form of histograms of the size distribution density of the relative mass of CCP particles: fi(D) = 

mi/(MpropDi), where mi is the mass of CCP in the i-th histogram interval, Mprop is the mass of propellant (total for all 

samples burned in series at given conditions), Di is the width of the i-th histogram interval [16] [24]. In some cases 

we calculated the moment-based mean diameters Dmn as the statistical parameters of the function f(D).  

In addition, the residues were weighed in a glass after specimen burning-out (the so-called “mass of carcass”). As a 

result, we obtained the mass size distribution of particles in the range of 0.5 micrometers to millimeters and 

calculated the below parameters. The mass parameters were scaled with the propellant mass to reduce them to the 

dimensionless form.  

mmf – the dimensionless mass and mf – the mass fraction of metal fuel in the propellant, mmf  mf. 

mccp – the dimensionless CCP mass captured with sampling elements and with the elements of interior of the bomb, 

exclude the carcass mass. 

ms – the dimensionless carcass mass. 

CCP = mccp + ms – the total dimensionless CCP mass. 

CCPt – the total dimensionless theoretical CCP mass. It is calculated assuming a complete transformation of B into 

B2O3 and of Al into Al2O3 with corresponding stoichiometric coefficients by the formula CCPt = <dimensionless 

boron mass in propellant specimen> × 3.22 + <dimensionless aluminum mass in propellant specimen> ×1.89. 
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CCP / CCPt – the ratio between the really collected CCP mass and its theoretical value. This parameter indirectly 

characterizes the combustion completeness of metal fuel because the main peculiarity of our sampling technique is 

almost 100 % efficiency of particle capture. 

RNmf – the reducing number of metal fuel. 

RNmft – a theoretical value of the reducing number of metal fuel, calculated by an additive formula, see comment (
c
) 

to Table 3. 

RNprop – the reducing number of propellant (the product of RN for the fuel component and its mass fraction in the 

propellant). 

RNccp – the reducing number of CCP.  

 = RNccp / RNprop – the combustion incompleteness of metal fuel. 

E = (1–)·mmf·(RNmf / RNmft)·(1–ms)·Q – the energy release efficiency, where Q is the specific heat of fuel 

combustion, for values see Table 3. The factor·(RNmf / RNmft)·takes into account the degradation of metal fuel. Note 

that this expression to determine Е differs from that used in [25] [26]. 

4. Experimental results: burning rate, mass of CCP and combustion 

incompleteness 

The main results are summarized in Table 4 and Figures 1-3.  

 

Table 4: Burning rate, CCP mass parameters, and combustion incompleteness of metal fuel  

Propellant 

ID 

p, 

MPa 

r,  

mm/s 
mccp ms CCP/CCPt  

40B 1.2 

2.4 

7±1 

8.7±0.5 

0.73±0.02 

0.88±0.01 

0.03 

0.05 

0.63±0.02 

0.77±0.01 

0.82±0.02 

0.70±0.02 

40AB 1.2 

2.2 

5.5±0.2 

7.3±0.2 

0.38±0.04 

0.39±0.02 

0.20±0.02 

0.05±0.01 

0.62±0.03 

0.62±0.02 

0.70±0.04 

0.70±0.02 

40ABF 1.2 

2.3 

8.8±0.6 

9.0±0.3 

0.36±0.01 

0.41±0.03 

0.24±0.01 

0.19±0.02 

0.67±0.01 

0.67±0.01 

0.73±0.02 

0.73±0.03 

40МА3 1.2 

2.3 

9.3±0.3 

12.1±0.1 

0.424±0.001 

0.40±0.01 

0.17±0.03 

0.20±0.01 

0.64±0.02 

0.65±0.01 

0.35±0.01 

0.32±0.01 

21A17B 1.2 

2.2 

5.9±0.5 

8.7±0.5 

0.30±0.03 

0.45±0.03 

0.21±0.01 

0.24±0.01 

0.56±0.01 

0.64±0.01 

0.62±0.03 

0.61±0.03 

40AB12 1.2 

2.3 

6.5±0.3 

10.7±0.2 

0.66±0.01 

0.596±0.001 

0.028±0.001 

0.07±0.01 

0.61±0.01 

0.56±0.01 

0.96±0.01 

0.81±0.01 

6A31B 1.2 

2.9 

4.3±0.8 

8.7±0.4 

0.66±0.02 

0.65±0.03 

0.027±0.002 

0.027±0.001 

0.61±0.02 

0.60±0.02 

0.83±0.02 

0.72±0.03 

40B4C 1.1 

2.3 

6.4±0.4 

10.0±0.5 

0.54±0.03 

0.54±0.03 

0.013±0.002 

0.012±0.001 

0.59±0.02 

0.58±0.03 

0.76±0.02 

0.76±0.02 

The number after the ± sign is the standard error of the mean, Se 

 

Figure 1 demonstrates the data on burning rate. To complete the picture, the point for propellant 40B is plotted along 

with those for propellants 50В and 24В [25] [26]. Points 50В, 40В, and 24В are connected by straight segments to 

form a “boron line”. 
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Figure 1: Dependence of burning rate r at a pressure of about 2.5 MPa on percentage of fine AP in the propellant. 

 

As follows from Figure 1, the burning rate of propellants with boron only (boron line 50В  40В  24В) at a 

pressure of 2.5 MPа increases almost linearly from 5 to 17 mm/s with increasing fraction of fine AP. When the fixed 

mass content of fine AP is about 11 % and that of metal fuel is about 40 %, the burning rate varies, depending on fuel 

nature, from 7.5 to 12 mm/s. The minimal burning rate is recorded for propellant 40AB with old aluminum diboride, 

and the maximal one corresponds to propellant 40MA3 with fresh, mechanically activated aluminum diboride. It is 

worth noting that the burning rates of propellants 21A17B and 6A31B with a mechanical mixture of aluminum and 

boron were close to each other and to those of propellants 40B and 40ABF (~ 9 mm/s) despite the difference in the 

Al/B ratio. In this case, propellants 40AB12 and 40B4C have a higher burning rate (~10…11 mm/s). 

 

Figure 2 demonstrates the regularities of the change in the dimensionless CCP mass with varying propellant 

composition. 

 

 

Figure 2: Comparison of CCP mass parameters of the propellants studied 

 

Three bars of mass-proportional heights are constructed for each propellant (their IDs are under the x-axis). The first 

one shows the content of metal fuel in the propellant. It is one-color for pure boron. In the case of combined fuel, it is 
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two-color and its components are proportional to the masses of boron, aluminum or carbon for propellant 40B4C. 

The total height of the bar corresponds to the total fuel mass in the propellant. The second and third bars refer to 

combustion products; the second corresponds to a pressure of 1.2 МPа, and the third one – to a pressure of 2.3 МPа. 

These bars are three-color. The full height of the colorless bar shows the maximal theoretical CCP mass, CCPt, 

calculated assuming complete transformations of boron and aluminum into their oxides. The gray CCP bar 

corresponds to the really collected CCP mass. The CCP mass, remaining in the glass (carcass), is highlighted (the 

bottom of the gray bar). The confidential intervals in Figure 2, are determined for the reliability level of 68 % by 

reproducibility test [37]. Not to clutter the picture, the intervals are drawn only at some bars with the worst 

reproducibility. 

 

The analyses of both Figure 2 and the data of Table 4 indicate the following. 

 The increase in pressure 1.2 MPa  2.3 MPa has a weak effect on the CCP mass but leads to the increase in 

carcass mass. It can be attributed to the decrease in the velocity of the gaseous products flowing from the burning 

surface at the changing of pressure and burning rate. The variation in both the CCP mass and the carcass mass 

with pressure are not large and in most cases, within the error limits.  

 The presence of aluminum in the combined fuel of the aluminum diboride type causes the increase in carcass 

mass which is readily observed by comparing propellants 40B and the group of diboride propellants (40AB, 

40ABF, 40МА3, 21A17B). At the same time, the carcass mass in the group of the aluminum dodecaboride type 

propellants (40AB12, 6A31B) is comparable with that for propellant 40B. 

 Propellant 40B4C has the smallest carcass mass among those compared in this work. 

 

Thus, the main factors, affecting the carcass mass, are the burning rate and the type of metal fuel. The presence of 

aluminum strengthens the tendency of fuel to carcass formation. 

 

Figure 3 shows the value of energy release efficiency, Е, for the propellants studied at both pressures. To prevent 

cluttering the figure, only the three largest confidential intervals are shown. The error depends mainly on the 

accuracy of the experimental determination of combustion incompleteness. A horizontal dotted line corresponds to 

propellant 40B4C. 

 

40B 40AB 40ABF 21A17B 40AB12 6A31B 40MA3 40B4C
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2
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8
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 E, 1.2 MPa

E, kJ/g

 
Figure 3: Energy release efficiency, Е, for the propellants under study. Comparison at two pressure levels  

 

The analysis of Figures 2, 3 and of Table 4 indicates the following. 
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 Parameter E for the “aluminum diboride group” propellants (40AB, 40ABF, 21A17B, 40МА3) can in principle 

exceed that for the propellant 40B with boron only (e. g., propellant 40MA3) despite the increase in carcass mass. 

For propellant 40МА3, this is reached by decreasing combustion incompleteness due to the increase in fuel 

reactivity via mechanical activation. 

 The propellants of the aluminum dodecaboride group (40AB12, 6A31B) exhibit no advantages over the 

propellants of the aluminum diboride group and propellant 40B despite the smaller carcass mass. It is assumed, 

however, that the studies on the formulations with aluminum diboride should be continued using material of 

higher phase purity. 

 Although propellant 40B4C has a smaller carcass mass, it is comparable with propellants 6A31B and 40B in 

parameter E. It is assumed then that the studies on the formulations with boron carbide should also be continued. 

 The key factor which defines the energy release efficiency, E, is the combustion incompleteness . This is due to 

the fact that the value of  varies within the wide range 0.32…0.96, whereas the parameter of dimensionless 

carcass mass, ms, varies from 0.01 to 0.24 for the set of propellants studied. 

5. Experimental results: morphology of the combustion product particles  

The morphology of the combustion product for the propellants containing single boron as metallic fuel was described 

in [25]. Briefly, it has been established that in this case the CCP are composed mainly of agglomerated boron and 

boron oxide B2O3\H3BO3. Oxide white residue represents the aggregates consisting of submicron particles. The 

boron agglomerates are dark and have either the teardrop or spherical shape which testifies to the partial melting of 

boron. The size of agglomerates exceeds the particle size of initial boron by order of magnitude.  

In this chapter the CCP particle morphology is described for the combined fuel containing Al and B. The fuel MA3 

provides an excellent example of the aluminum diboride type of combined fuel. The fuel MA3 is “double 

mechanically activated” [26]. As it follows from data of Table 4 and Figures 1, 2, the propellant 40MA3 is 

characterized by highest burning rate, rather low incompleteness of combustion, and relatively high carcass mass. 

In general, the presence of aluminum in the combined fuel intensifies the agglomeration which, in turn, caused the 

increase in the size of CCP particles and in carcass mass (residues in the glass). Both in the sampled CCP and in the 

carcass mass there are large baked sintered agglomerate particles of irregular shape. In addition there are coarse 

spherical particles in the CCP similar to “classical” aluminum agglomerates [38], especially in the cases of 

mechanically activated diboride fuels. We extracted these particles and subjected to particle size, morphology and 

SEM\EDS analyses. The typical results are presented in Figure 4–6 and in Table 5. Figure 4 shows the size 

distribution density of the relative mass of the spherical CCP particles. The plots are normalized so that the area 

under curves equals 1. Remember that spherical particles present only part of the whole CCP collection, but the 

important part. Typically, there is correlation of the particle size and the combustion incompleteness. As follows 

from Figure 4 and Table 5, the size of the particles reaches the hundreds of micrometers. It is of interest to examine 

the morphology of spherical particles.  
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Figure 4: Normalized mass size distribution functions for spherical CCP particles of the 40MA3 propellant at 

two pressure levels. 
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Table 5: Mean diameters Dmn of the spherical CCP-particles for the 40MA3 propellant  

Pressure,  

MPa 

Mean diameters
a
 Dmn, m 

N 
D10 D20 D30 D43 D53 

1.2 209 233 237 301 318 450
b
 

2.3 252 266 283 356 379 253
 b
 

a
The values of Dmn reported as calculated (not rounded). Unstrumental error is 9 m  

b
N is the number of particles measured 

 

 

Figures 5–6 illustrate the morphology and the results of SEM\EDS analyses of spherical CCP particles. In the first 

case, Figure 5, the analysis was performed with the point on the outer surface of particle, and boron was not found on 

the particle surface. In the second case, Figure 6, the analysis was performed with the area inside the particles. For 

this end several particles were subjected to of mechanical “lancing”. The EDS analysis was performed with area (not 

a point). It has been established that spherical particles have structure of nucleus-in-shell. Despite that the boron was 

not found on the particle surface, it is presented in the interior of particle in large quantity (for example, in case of 

propellant 40MA3 in the nucleus material there are more than 80 at. % of B). It is interesting to note that similar 

morphology has been registered in [39] [40] for model agglomerates with a diameter of 320-780 micrometer formed 

of the combined fuel with Al/B = 4.23/1, burning in air at 0.1 MPa. 
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a) 

 

b) 

  

EDS data on the local content of chemical elements 

 

c) 

 

d) 

 

Figure 5: Propellant 40MA3, spherical CCP particles sampled at pressure 2.3 MPa. 

(a), (b), (c) – the SEM-images at various magnification, (d) – the results of SEM\EDS analysis in one random point 

at the surface of a spherical particle. Point of analysis is labeled in the picture (b) with sign ����. 
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a) 

 

b) 

 

  

EDS data on the local content of chemical elements 

 

 

c) 

 

d) 

 

 
Figure 6: Propellant 40MA3, spherical CCP particles sampled at pressure 2.3 MPa.  

One of the particles has been destroyed with sharp scalpel. 

(a), (b), (c) – the SEM-images at various magnification, (d) – the results of SEM\EDS analysis by the area inside the 

particle. Area of analysis is labeled in the picture (c) with rectangle          . 

 

 

It was assumed in [26] that in this case mechanical activation has led to deeper oxidation of metal fuel in the 

condensed phase. According to the literature data, it is the factor promoting agglomeration both in case of the 

aluminized propellants [41], and in case of propellants with boron additive [16]. Oxidation of metal leads to 

accumulation of oxide that makes stronger the holding force for agglomerates on the burning surface. 

6. Conclusions  

New experimental information is obtained on the burning rates and the characteristics of condensed combustion 

products of heavy-loaded composite propellants with boron-containing fuels. In the case of presence in the system of 

aluminum in the form of an individual component or as a part of the aluminum diboride or dodecaboride, the 

spherical particles may appear in CCP. These particles have structure of nucleus-in-shell and boron is concentrated in 

nucleus. The propellants studied are ranged by the energy release efficiency parameter, which integrates such factors 

as fuel combustion incompleteness, a fuel mass fraction in propellants, the reducing number of fuel, the amount of 

residue in a glass, and the specific heat of fuel combustion. The data obtained indicate that the studies on the 

propellants with the activated aluminum diboride as well as the formulations with boron carbide seem rather 

promising. 
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