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Abstract 

The sampling method was used to investigate the condensed combustion products of 

two model propellants. Basic formulation contained 64.6 % of bidisperse AP, 15.7 % 

of Alex (Russian aluminum nanopowder obtained by the electric explosion in argon of 

Al wire) and 19.7 % of binder (butadiene rubber plasticized with transformer oil). In 

another formulation 2 % of Alex was replaced by boron. The experiments were 

performed at three pressure levels, ca. 2.2 MPa, 4.5 MPa and 7.5 MPa. The data on 

particle size, morphology and combustion completeness are presented as well as the 

burning rate law in the pressure range 2.2-7.5 MPa. The boron additive has no effect 

on burning rate law but intensifies the agglomeration via increasing the agglomerate 

mass and size.  
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Introduction 

The potential of using traditional powder aluminum as metal fuel in the composite 

solid propellants is really limited. Therefore numerous attempts to improve the 

burning characteristics of aluminum connected with its behavior in a combustion 

wave, for example, to facilitate the ignition, to reduce the agglomeration, to increase 

the combustion completeness, etc. are made. One of the possible ways of 

modification of aluminum fuel – increase of its dispersion by partial or full 

replacement by so-called nanoAl, in particular, by Alex – the powder produced via 

electric explosion of wires. The properties of nanoAl and their effect on the burning 

parameters of propellant compositions are investigated in many works, of for 

example [1-7]. Alternative ways of modification of metal fuel are: a metal doping 

(introduction of additives into the volume of particle); a covering of a surface of 

particles; introduction of additional fuel, catalytic or other active component in a 

propellant formulation. The specified ways make effect on properties of metal particle 

and its oxide shell, affect physical and chemical processes of interaction between the 

particles and between the particles and reagents released by other components of 

composite system. Listed properties and processes determine the ignition, oxidation, 

agglomeration of particles of metal fuel in the reaction zone of the condensed phase. 

In works [8, 9] the propellants with mechanical alloys of Al and B are investigated. In 

comparison with aluminum, boron has higher caloric value, ignites at lower 

temperature, and forms (under certain conditions) smaller amount of the condensed 

combustion products [10]. It makes the boron attractive as additional fuel in 

combination with aluminum. It should be noted that the attempts described in 

literature of getting better behavior of aluminum did not lead to outstanding results, 

though they showed often the encouraging tendencies [8, 9]. In this work we 

investigate the effects of full replacement of traditional aluminum by Alex and 

introduction of a boron additive. The goal of work is obtaining information on the 

burning rate law and on the condensed combustion products for the basic (with Alex) 

and for modified (with Alex+B) model solid propellants. 



 

Propellants and specimens, experimental technique and conditions 

Two composite propellants consisting of 64.6% (hereinafter mass %) of bidisperse 

AP (fractions less than 50 microns and 160–315 micron in the ratio 40/60); 19.7% of 

binder based on butadiene rubber plasticized by transformer oil; and 15.7% of metal 

fuel are investigated. In the first - basic - formulation all 15.7% of fuel is the ultra-fine 

aluminum powder, Alex. The fuel in the second formulation consists of 13.7% of Alex 

and 2% of amorphous boron. 

Specific surface area is 7.04 m2/g for Alex and 8.63 m2/g for boron. Measurements 

were performed using the Nova 2200e analyzer in nitrogen by BET method. 

Specimens for the combustion tests had a form of the cylinder with a diameter of 10 

mm, and high about 30 mm. They were made by extrusion pressing with the 

subsequent curing. The mass of a sample was about 4 g, the density of samples was 

in an interval of 1.56-1.59 g/cm3. The lateral surface of samples was covered with 

inhibiting layer made of heat-resistant rubber Solprene®. 

Size analysis for particle fraction <80 microns was performed using an automatic 

granulometer Malvern 3600E. Other fractions were analyzed by the optical 

microscopy method. The chemical analysis of particles was carried out by a 

permanganatometric method [2] to determine the metallic (unburned) aluminum 

content. The fractions were analyzed whenever possible separately, but in the case 

of small mass the fractions were united in one probe. 

Experiments are made at three pressure levels, ca. 2.2 MPa, 4.5 MPa and 7.5 MPa 

with use of sampling technique [11]. Application of the burning-out material for 

inhibiting layer allowed to extinguish the particles near a specimen burning surface. A 

distance for particle moving before extinguishment can be estimated as 30 mm. The 

burning rate was calculated using the known length of a specimen and the burning 

time, derived from the pressure-versus-time record. The sampled particles of the 

condensed combustion products (CCP) were divided onto 4 fractions: < 80 micron, 

80-160 micron, 160-315 micron and > 315 micron. They were then subjected to 

morphological, particle size and chemical analyses. Size analysis for particles < 80 

micron fraction, was performed using automatic granulometer Malvern 3600E sizer. 

Other fractions were analyzed by optical microscopy method. The chemical analysis 

of particles was carried out by a permanganatometric method [2] allowing one to 

determine the amount of the unburned aluminum.  



 

Representation of the results and determination of parameters 

Results of the particle size and the chemical analysis are represented in the form of 

histograms of the density of the sizes distribution of the 

relative mass of CCP fi(D) = mi /( Mprop⋅∆Di ),  

and the relative mass of aluminum in CCP fi
Al(D)= fi(D)⋅εj

Al, 

where mi – the mass of CCP in i-th a histogram size interval, ∆Di –  width of this size 

interval, εj
Al – the mass content of unburned aluminum in j-th CCP fraction to which i-

th histogram size interval belongs. Further the index i is omitted, the functions f(D) 

and fAl(D) shortly called as "mass distributions". 

As a rule, f(D) and fAl(D) function graphs have the expressed local minimum 

(designated as DL) that allows one to consider and analyze separately the coarse 

particles-agglomerates with D > DL and the fine oxide particles with D < DL [12]. For 

propellants under study DL = 55 micron that corresponds to the rounded value of the 

right border of the 15th size interval of the Malvern 3600E sizer. With use of f(D) and 

fAl(D) functions we calculate the mean sizes (diameters) Dmn, and also a set of 

dimensionless mass parameters. Scaling was made via division by the propellant 

mass. For example, mf = Mf /Mprop is the dimensionless mass of fine particles, where 

Mf and Mprop are the mass of fine particles and propellant specimen mass in grams. 

In this work we used the following parameters: mf - mass of fine particles, mAl
f – mass 

of unburned aluminum in fine particles, mag – mass of agglomerates, mAl
ag – mass of 

unburned aluminum in agglomerates, mccp = mf +mag – total mass of CCP, mAl
ccp = 

mAl
f +m

Al
ag – total mass of unburned aluminum in CCP, mag/mccp – mass fraction of 

agglomerates in CCP, mAl
prop ≡ 0.157 – initial mass of aluminum in propellant, 

η = mAl
ccp/m

Al
prop – incompleteness of aluminum combustion, i. e., total relative 

quantity of unburned aluminum in CCP. 

It should be noted that the values of parameters presented below which were 

calculated with use of the permanganatometric data on the unburned aluminum 

content, are approximate. In calculation of the combustion incompleteness η we 

assumed mAl
prop = 0.157. As a first approximation we consider that the metal fuel in 

both compositions is 100%-pure aluminum, and also we assume that the boron 

behaves similar to aluminum in permanganatometric analycal procedure. At the 

same time it is known that the content of metal aluminum in Alex powders can be 

significantly lower (for example, about 85% [2]). For obtaining more précised data on 



 

combustion completeness with combined metal fuel Al+B it should be used a special 

method of chemical analysis, for example, cerimetric one [13]. 

 

Experimental results and discussion 

Table 1 presents the data on dependencies of burning rate on pressure. The 

determination coefficient R2 characterizes quality of approximation.  

 

Table 1:  

Parameters of the burning rate law in form r = Bpn, where r in [mm/s], p in [MPa] 

 

Propellant with fuel B n R2 

Alex 6.00±1.99 0.45±0.20 0.70 

Alex+B 5.99±0.66 0.45±0.08 0.95 

 

Table 2 presents the chemical analysis data on the unburned aluminum content in 

different fraction of CCP.  

 

Table 2: Percentage of metal aluminum in the separate fractions of CCP and 

averaged over all fractions value (%Alav) at pressure variation 

 

Fuel 
p, 

MPa 
%Alav 

In table cells – %Al in fractions 

<80 µm 80-160 µm 160-315 µm > 315 µm 

Alex 2.2 1.64 0.65 ± 0.03 15.3 ± 0.1 

Alex 3.8 1.21 0.41 ± 0.01 8.1 ± 0.7 

Alex 7.5 0.98 0.67 ± 0.09* 4.50 ± 0.05 

Alex+B 2.3 2.62 1.29 ± 0.05 5.5 ± 0.2* 5.0 ± 0.1 

Alex+B 4.5 1.81 0.87 ± 0.03 3.65 ± 0.05* 3.54 ± 0.06 

Alex+B 7.7 1.56 0.83 ± 0.01 3.1 ± 0.2 3.35 ± 0.05 
 

Comments:  

1) The cells joining means merging of the relevant fractions before the analysis. The 

absence of a cell means absence of particles of the relevant fraction.  

2) In all cases, except marked with a sign (*), average results of two independent 

determinations are presented. In the cases marked (*), the number of independent 

analyses was n = 3. The figure after sign ± is a mean square deviation. 



 

Apparently, in all cases the Al content in fraction <80 micron do not exceed 1.3%. It is 

expected that in smaller particles (less than 55 micron in size) the quantity of not 

oxidized aluminum is even less. Therefore the particles with size less than 55 micron 

can be apparently considered as oxide particles. It should be noted that for the 

propellants under study the metal aluminum content in agglomerates (i. e. in fractions 

> 80 micron, see table 2) is relatively small (≈ 3% … 15%). 

The fragments of mass distributions of CCP corresponding to the agglomerate 

particles are shown in figure 1. Values of characteristic parameters are given in 

table 3, figure 2 serves for their comparison. Columns and points of plots in figure 2 

correspond to the pressure levels written under graphs. The general height of a 

column corresponds to mccp value, that is total relative mass of CCP. The dark color 

column allocated inside mccp-column is mag – the relative mass of agglomerates. 

Points with line-segments graphs show dependencies of the agglomerate size on 

pressure. 

Analyzing table 3 and figure 1, 2 data, we note the following: 

● Masses of CCP for both propellants with Alex and Alex+B are close in size. In case 

of propellant with Alex for all pressures studied the mass of CCP is higher, but the 

difference only slightly exceeds the confidential interval. The CCP-mass almost does 

not change under pressure variation (cf. height of columns and intervals of an error at 

columns in figure 2 for both propellants), any noticeable tendency is absent. 

● Mass of agglomerates mag (dark columns in figure 2) for both propellants exhibits 

an unexpected tendency of growth with pressure. One can assert that in the case of 

propellant with Alex+B the mass of agglomerates mag, the portion of agglomerates in 

CCP mag/mccp and agglomerate mean diameter D43, are much larger. 

In view of the close levels of burning rate, and also identity of geometrical structure of 

propellants (that mainly is defined by AP particles), the listed facts can be treated as 

intensification of agglomeration at boron introduction. 

● Mass-size distribution functions of agglomerates (figure 1) for propellants with Alex 

and with Alex+B have a number of differences. Despite a comparable amplitude of a 

maximum, the area under the function plot in case of propellant with Alex+B is larger. 

For all pressure levels the mass distribution function of agglomerates in case of 

propellant with Alex+B has greater width and longer right tail, and its maximum is 

located more far to the right. 



 

Feature of mass distributions of agglomerates of propellant with Alex – existence of 

mode located around 100 micron which, in particular, supplies with mass the range 

the left of mode (in figure 1 in the size range of 55-100 micron). These particles and 

their mass can be associated with the burning out of agglomerates. According to 

tables 2, 3 data, at increase in pressure 2.2 MPa → 3.8 MPa → 7.5 MPa, 

incompleteness of combustion of η changes in sequence 0.033 → 0.023 → 0.020; 

the percentage of metal aluminum in particles of 80-315 micron decreases as ≈ 15% 

→ ≈ 8% → ≈ 5%. However, the mean diameter D43 changes only slightly: 108 micron 

→ 119 micron → 117 micron at an instrumental error ± 9 micron. 

Transformation of mass distribution in the process of burning out of aluminum is 

caused by numerous factors that act “in opposite directions”. It is known [15] that 

small size particles burn out (consume metal aluminum) faster, than the large ones. It 

is known [16] that the portion of the oxide accumulated on the surface of the burning 

particle in the form of cap increases with the diameter of a particle. For propellant 

with Alex+B the burning out of agglomerates results in redistribution of CCP mass 

into interval of 55-100 micron. At increase in pressure in sequence 2.3 MPa → 4.5 

MPa → 7.7 MPa, the combustion incompleteness η changes in sequence 0.047 → 

0.034 → 0.029; the percentage of metal aluminum in particles of 80-315 micron 

decreases as ≈ 5% → 4% → 3%. The mean diameter D43 changes as follows: 177 

micron → 203 micron → 195 micron. The incompleteness of aluminum combustion η 

in the case of propellant with Alex+B is twice higher than that for propellant with Alex, 

see table 3. Nevertheless unburned metal is “gathered" due to bigger agglomerates 

mass in spite of the fact that metal content in the Alex+B agglomerates is lower, than 

that in the case of the propellant with Alex (table 2). Burning rate and geometrical 

structure for propellants with Alex and Alex+B are comparable. Thus, the thickness of 

preheated and reaction zones are also comparable. However, the propellant with 

Alex+B, in comparison with propellant with Alex, forms the bigger mass of sizable 

agglomerates which, nevertheless, are characterized by more complete burning out 

of aluminum. The reasons of observed regularities, obviously, are specific features of 

agglomeration process. One may assume that the presence of boron leads to more 

active reaction in the condensed phase, but hinders the agglomerate detachment. 



 

The analysis of mass distributions of oxide particles smaller than 55 micron in size 

showed the following: 

● In all cases the main modes of mass distributions are located in the same intervals 

of the Malvern sizer. So, the first mode is observed in the range of 1.9–2.4 micron. In 

the case of Alex+B propellant its amplitude is 2.5-4 times higher, than in the case of 

propellant with Alex. Formation of particles of the micron and sub-micron size is 

related usually with the vapor-phase combustion of aluminum [12, 17]. 

● The size distributions demonstrate the trend to shift the modes to the right when 

pressure increases, for example (6.4–8.2 micron → 13.6–17.7 micron); (13.6–17.7 

micron → 17.7–23.7 micron), or emergence of modes in the specified intervals. 

Formation of oxide particles of the corresponding sizes can be associated with the 

complete burn-out of non-agglomerating aluminum particles and of agglomerates of 

small sizes (< 100 micron). Corresponding oxide particles are formed as a result of 

constringency to the sphere of an oxide cap after total metal consumption. 

● In the case of propellant with Alex more expressed filling of the size interval 33.7-

55 micron takes place. Presumably, the complete burning out of aluminum from 

agglomerates of the modal size about 100 micron is responsible for appearance of 

particles with the sizes of 30-70 micron. These particles are also formed through the 

mechanism of spheroidizing an oxide cap. In the case of fuel Alex+B the effect of 

populating the interval of 33.7-55 micron is less expressed and it is noticeable only in 

the case of pressure 7.7 MPa. Apparently, it is because the agglomerates aluminum 

burning out process is mostly finished before their detachment, i. e. within the 

condensed phase. 
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Conclusions 

Results of this experimental study showed that the replacement of 2% from 15.7% of 

metal fuel Alex by amorphous boron in the formulation with AP and the butadiene 

rubber based binder plasticized with transformer oil, slightly influences the burning 

rate law, but manifests in changing the characteristics of agglomeration and the 

condensed combustion products sampled at pressure about 2.2, 4 and 7.5 MPa 

when particles are extinguished at 30 mm distance from a specimen. Propellant with 

Alex+B, in comparison with propellant with Alex, is characterized by the relatively 

bigger mass of agglomerates, a bigger portion of agglomerates among the 

condensed combustion products, larger sizes of agglomerates, and higher total 

incompleteness of combustion of aluminum. At the same time, the material of the 

sampled agglomerates is characterized by low percentage (3.5–5%) of unburned 

aluminum. Presumably, presence of boron promotes the oxidizing reaction of metal 

fuel in the condensed phase, but hinders the agglomerate detachment that leads to 

growth of their sizes and masses. The results received do not reject entirely the 

possibility of achievement of a positive effect from use of the combined metal fuel 

based on Al and B. It seems to be of interest to investigate in future the potential of 

introducing of a small additive of aluminum to boron for its "activation". 

Figure 2:  

Comparison of the 

dimensionless 

mass parameters 

mccp and mag and 

mean sizes D43 

for agglomerates 

which are formed 

when firing the 

propellants with 

Alex and Alex+B 

at different 

pressures. 
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