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a b s t r a c t 

The paper presents the results of measurement of the burning rate of aluminized composite solid pro- 

pellants (CSPs) and parameters of sampled condensed combustion products including their particle size 

distribution, chemical and phase composition. Effect of ultra-fine iron and amorphous boron additives in 

CSP formulations based on AP, butadiene rubber and Alex (2 wt. %) on the combustion characteristics 

was studied. The sampled particles of condensed combustion products (CCPs) were classified as oxide 

particles (less than 55 μm) and agglomerate particles (up to 500 μm). The CCPs particles were subjected 

to morphological, particle size, chemical and phase analyses. It was found that partial replacement of 

Alex by 2 wt. % of iron in CSP leads to 1.3-1.4 fold increase in the burning rate in the pressure range 

of 2.2-7.5 MPa. At the same time the agglomeration of metal fuel is slightly increased: the mean diam- 

eter of agglomerate particles in CCPs is increased up to 1.2 fold and their content is increased up to 1.4 

fold. The content and mean diameter of oxide particles in CCPs are reduced by 16 % and 13 %, respec- 

tively. Upon partial replacement of Alex by 2 wt. % of boron the burning rate is practically unchanged as 

compared with that for basic propellant with Alex. However the agglomeration is significantly enhanced, 

which is manifested at the increase in the agglomerate particles content in CCPs by 1.8-2.2 times, in- 

crease by 1.6-1.7 times in the agglomerates mean diameter and increase in the unburned metal fraction 

in agglomerates by 1.6-1.9 times. The content and the mean diameter of the oxide particles are reduced 

more significantly than in the case of iron introduction, namely, by 20-30 % and 30-40 %, respectively. 

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

The modern composite solid propellants (CSPs) contain as

n oxidizer the crystals of ammonium perchlorate (AP), ammo-

ium nitrate (AN) and nitramines (cyclotrimethylenetrinitramine

DX, cyclotetramethylenetetranitramine HMX or hexanitrohexaaza- 

sowurtzitane HNIW (CL-20) [1–7] ), a binder, which can be in-

rt or energetic polymer [8–10] , and a metal fuel (mainly alu-

inum) in the form of powder of various dispersity with typical

ontent up to 22 wt.% [11] . As the combustion catalysts for CSPs

here are used copper, iron, zinc, cadmium, metal oxides (MnO 2 ,

i 2 O 3 , Cr 2 O 3 , MgO, Fe 2 O 3 , Co 2 O 3 , Co 3 O 4 , SiO 2 ), and magnesium

alts of chromic and metachromic acids, complex cyanides of cop-
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er, iron and nickel, organometallic compounds [12–16] . The most

ommon and universal catalysts are the systems containing copper,

hromium and iron atoms [17–19] . 

Control of the CSP burning rate is mainly achieved by intro-

ucing in solid propellant formulation the catalysts, as well as

y partial or complete replacement of AP and AN by nitramines

hat changes the equivalence ratio of formulation, or by varying

he particle size of oxidizer and metal powders [20–23] . Promis-

ng metallic fuels are highly dispersed aluminum powders, which

re characterized by different dispersity and passivation method,

s well as bimetallic powders or mixtures of aluminum and other

etals, their alloys, and metal powders with various coatings

24–31] . Previously, it was found that ultra-fine powders (UFPs) of

etals, produced by technology of conductors electrical explosion

32] , are highly reactive in oxidation reactions and have a number

f properties that differ them from micron powders: the presence

f oxide-hydroxide layer and hydrogen on the surface of particles

nd an existence of aggregated particles formed in the processes
. 

http://dx.doi.org/10.1016/j.combustflame.2017.01.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
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Fig. 1. SEM images of virgin aluminum Alex ( а ), iron (b) and boron (c) UFPs. 
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of manufacturing or passivating and storage of powders; the exis-

tence of internal pores in the structure of aggregated particles and

the electrostatic field at the surface or subsurface layers of parti-

cles [33] . 

The main combustion characteristics of CSPs regarding the

propulsion systems applications are the dependency of linear burn-

ing rate on pressure, the value of specific impulse [20] equal to

the increase in thrust value realized at the firing of unit mass of

solid propellant, and chemical and granulometric composition of

the combustion condensed products (CCPs). Different methods for

modifying the metallic fuel can make effect on different character-

istics of solid propellants combustion. The magnitude of the burn-

ing rate and the agglomeration parameters, including the combus-

tion completeness of metal fuel, at present practically cannot be

estimated correctly prior to experiment. Therefore, the effect of

additives and other modifications of propellant formulations have

to be examined mainly experimentally. The goal of this paper was

studying the features of the combustion mechanism of metallized

CSPs containing aluminum UFP (Alex) partially replaced by Fe or B

UFP. 

The paper describes the method of sampling the CCPs parti-

cles in a blow-through bomb to determine their particle size distri-

bution, chemical and phase composition. The experimental results

on agglomeration and combustion characteristics of CSPs based on

ammonium perchlorate, butadiene rubber and ultra-fine aluminum

(Alex type), containing additives of iron and boron, are presented. 

2. Experimental 

2.1. The tested CSP samples 

The investigations were performed with basic CSP formulation

(# 1) containing two fractions of AP (sieve fractions less than

50 μm and 160–315 μm with mass ratio 40/60), butadiene rubber

plasticized by transformer oil (19.7 wt.%), and aluminum UFP Alex

(15.7 wt.%) obtained in argon using the technology of electric ex-

plosion of conductor. In formulations # 2 and # 3 Alex was par-

tially replaced by 2 wt.% catalyst additive – UFPs of iron or amor-

phous boron. According to the measurements performed with the

BET surface area analyzer Nova 2200e in nitrogen, the specific sur-

face area comprised 7.04 m2/g for Alex, 1.08 m2/g for iron, and

8.63 m2/g for amorphous boron. Micrographs of scanning electron

microscope Jeol JSM-7500F of particles of Alex, iron and amor-

phous boron are shown in Fig. 1 . According to the manufacturers

data the original substance content in tested Alex comprised 85

wt.%, iron UFP – 92 wt.%, and boron UFP – 99.5 wt.% 

Note that the particles of metal UFPs obtained by the technol-

ogy of electric conductors explosion in different gaseous environ-

ments during storage are usually aggregated and adsorb up to 7

wt.% of gases (for aluminum mostly hydrogen) [33] . The final for-

mation of composite propellants structure is possibly accompanied

by changing the size distribution of aggregated metal particles in

the course of mixing process [22] . 

The tested cylindrical samples of CSPs of 10 mm diameter and

of 30 mm height were manufactured in laboratory conditions by

means of mixing the components followed by extrusion of mix-

ture and its solidification in a drying oven. The density of tested

CSP samples depending on the components composition was in the

range of 1.53–1.59 g/cm 

3 . 

2.2. Combustion of CSPs 

The study of the effect of ultra-fine iron and amorphous boron

additives on the burning rate of CSPs and CCPs characteristics was

carried out using a blow-through sampling bomb. The basic instal-

lation option has been presented in [34] . Extinguishing the parti-
les leaving the burning surface of tested sample of solid propel-

ant occurred due to mixing the combustion products of CSP with a

o-current flow of inert gas. A stack of metal sieve screens and an

nalytical aerosol filter type AFA were used for trapping the par-

icles. The advantages of method are the possibilities of operation

nder elevated pressures (up to 15 MPa), the wide variation of par-

icles quenching location (20–200 mm from the burning surface),
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Fig. 2. The scheme of the blow-through sampling bomb: 1 – body of bomb; 2 –

holes; 3 – top cover of inner cylinder; 4 – needles; 5 – thin-walled inner cylinder; 

6 – stack of metal sieve screens; 7 – aerosol filter; 8 – outlet valve; 9 – igniting 

wire; 10 – sample of CSP; 11 – pedestal; 12 – cowl; 13 – rubber disk; 14 – Teflon 

disk; 15 – central screw; 16 – inlet valve. 
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nd a wide range of sampled particles sizes (from nanometers to

entimeters). It allows studying the fine oxide and the coarse ag-

lomerate particles characteristics. In the present work we used an

mproved version of the installation containing valve blocking the

elease of particles into a free volume of bomb. The lateral surface

f samples was coated with inhibiting layer made of heat-resistant

ubber Solprene® (a styrene/butadiene copolymer). During com- 

ustion of heat-resistant rubber the carbonaceous particles were

ormed, but their content in CCPs did not exceed 1 wt.%. Plexiglas

edestal was glued to the rear end of CSP sample. A thin layer

f the metal-free igniting paste was attached at the front end of

SP sample. The use of relatively small diameter samples (10 mm)

nd combustible heat-resistant coating rubber allowed carrying out

uenching the CCPs particles close to the sample burning surface

at a distance of ∼ 30 mm). 

The scheme of the blow-through sampling bomb is presented

n Fig. 2. The CSP sample (10) was placed on a pedestal (11) with

owl (12) and attached to the top cover (3) by means of three nee-

les (4). Then this assembly was inserted into a thin-walled inner

ylinder (5), which was placed inside the blow-through bomb body

1). During experiment, the bomb was continuously blown by ni-

rogen, which moved from a high pressure container through an

nlet valve (16). A top cover (3) is provided with a valve, which

onsists of a rubber disk (13) and Teflon disk (14) pressed to cover

y means a central screw (15). In the initial position a rubber disc

13) closes the holes (2) of top cover (3). When bomb is blown

y nitrogen the limb of rubber disk (13) turns up that releases gas

nto a cylinder (5). When igniting a CSP sample (10) by a nichrome

ire (9), the pressure of gas in an inner cylinder (5) was increased,

nd a valve of cover was locked by means of pressing a rubber disk

13) to holes (2) of cover (3) like it was done in the initial position.

The pressure of gas in the blow-through bomb was controlled

y the manometer and the pressure sensor LKh-412 type. The re-

uired pressure and gas flow values were adjusted by means of

nlet (16) and outlet (8) valves. The gas flow rate was controlled at

he outlet of the bomb using the float-type flowmeter (rotameter)

nd the Venturi tube equipped with U-tube manometer. 

Experiments were carried out in nitrogen at three pressure lev-

ls p : 2.2, 4.5 and 7.5 MPa. The burning rate of CSPs was deter-

ined on the basis of known initial length and the burning time of

ample which was measured via processing the signal from a pres-
ure sensor installed in a bomb. The sampled particles of combus-

ion products were first divided into 4 fractions: less than 80 μm,

0–160 μm, 160–315 μm and larger than 315 μm. Then the CCPs

articles were subjected to morphological, particle size, chemical

nd phase analyses. 

.3. The properties of CCPs 

Particle size analysis of CCPs was performed with the use of the

alvern 3600E laser particle sizer for fractions less than 80 μm,

nd with the use of an optical microscope for coarse CCPs frac-

ions. Chemical analysis of CCPs particles was performed by per-

anganatometric method [35] which determined the amount of

ctive (unburned) aluminum. 

The results of the particle size and chemical analyses were pre-

ented in the form of histograms of the size distribution density of

he relative mass of CCPs particles: 

• f i ( D ) = m i /( M prop �D i ), 

nd of the relative mass of unburned aluminum in CCPs particles 

• f i 
Al ( D ) = f i ( D ) �εj 

Al , 

here m i is the mass of CCPs in the i th histogram interval, M prop 

s the mass of solid propellant (total for all samples burned in se-

ies at given conditions), D i is the width of the i th histogram in-

erval, �εj 
Al is the weight content of unburned aluminum in the j th

ieve fraction, which includes i th histogram interval. Later the in-

ex i is omitted and the functions are briefly called «mass distri-

ution». 

Usually the functions f ( D ) and f Al ( D ) have a pronounced lo-

al minimum D L [36] . The particles with sizes at the left from

he minimum (with D < D L ) are substantially free of unreacted

luminum and usually are called as fine or oxide particles. Un-

urned aluminum is concentrated in larger size particles with di-

meter D > D L , which have the agglomerate origin and, therefore,

re called agglomerates. The fine oxide particles and coarse ag-

lomerate particles were examined separately. Analyzing the func-

ions f ( D ) and f Al ( D ) we calculated a set of dimensionless mass

arameters (parameter value divided by the weight of CSP). For

xample, m f =M f / M prop is dimensionless weight of fine particles,

here M f and M prop are the weights of fine particles of CCPs and

olid propellant. Using function f ( D ), we calculated the mean diam-

ters D mn of oxide and agglomerate particles in the ranges ( D min <

 < D L ) and ( D L < D < D R ), respectively. Below we will deal with

he following moment-based mean diameters D mn : for agglomer-

te particles D 

ag 
43 

and for oxide particles D 

ox 
30 

. 

The agglomerate particles size are characterized by D 

ag 
43 

mean

iameter, which is also called as volume mean diameter. Note that

ome physical methods (light scattering diffraction, sedimentation,

ieving) give D 43 without measuring parameters of individual par-

icles. The oxide particles are characterized by D 

ox 
30 

mean diameter

also called as mean volume diameter). Similarly, there are physi-

al methods and device (Coulter counter) which measure directly

 30 . However, in this case the separate particles should be mea-

ured and counted. The D 30 mean diameter is used to characterize

ne particles because it represents the main tendencies of their

ize distribution function and herewith it is less scattering than

 32 and D 43 calculated in the size range D min < D < D L . To calcu-

ate the D mn , with use of Eq. (1) , see below, the mass histogram

s recalculated into the number (frequency) histogram taking into

ccount experimentally measured values of the particle density. 

Values of D L and D R were determined using the f ( D ) function.

n this paper D min = 0.5 μm is the minimum size of particles de-

ected by Malvern 3600E and D L =55 μm is the boundary between

he fine particles and agglomerates (corresponding to the right

oundary of the 15th size interval of Malvern’s histogram). D is
R 
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Table 1 

Results of thermodynamic calculations. 

Propellant Parameters 

No., metal fuel I , kJ/kg Т ad , K k μ, g/mol α J , m/s z c , z а Condensed products composition 

1, Alex –2228 2561 1.19 17.0 0.422 2519 0.263 [Al 2 O 3 ] c – 100% 

0.276 [Al 2 O 3 ] а – 100% 

2, Alex + Fe –2179 2477 1.20 17.5 0.424 2455 0.237 [Al 2 O 3 ] c – 100% 

0.241 [Al 2 O 3 ] а – 100% 

3, Alex + B –2179 2366 1.20 18.0 0.409 2517 0.200 [Al 2 O 3 ] c – 100% 

0.293 [Al 2 O 3 ] а – 82% 

[B 2 O 3 ] а – 9% 

[BN] а – 9% 

Index «c» stands for the combustion chamber and «a» for the nozzle exit section, p c / p a =4.0/0.1 (MPa). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The burning rate of propellants vs pressure. 
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f  
the maximum size of agglomerates ( D R =310 μm for the formula-

tion with Alex; D R = 480 μm for the formulation with Alex + B, and

D R =610 μm for the formulation with Alex + Fe). 

The general formula for calculating the moment-based mean di-

ameters of particles is 

D mn = 

m −n 

√ √ √ √ 

( 

k ∑ 

i=1 

D 

m 

i 
· N i 

) / 

( 

k ∑ 

i=1 

D 

n 
i 

· N i 

) 

, (1)

where m, n are integer numbers defining the order of the mean

size, k is the number of dimensional intervals in cumulative his-

togram, N i is the number of particles in the i th interval, D i is the

middle of i th interval. 

In this work we used the following parameters: 

m f is the mass of fine oxide particles, 

m 

Al 
f the mass of unburned aluminum in oxide particles, 

m ag the mass of agglomerate particles, 

m 

Al 
ag the mass of unburned aluminum in agglomerates, 

m ccp = m f + m ag the total mass of CCPs, 

m 

Al 
ccp = m 

Al 
f + m 

Al 
ag the total mass of unburned aluminum in

CCPs, 

m 

Al 
prop =0.157 the initial mass of aluminum in propellant, 

η=m 

Al 
ccp /m 

Al 
prop incompleteness of aluminum combustion, 

Z m 

a = [ m 

Al 
ag + (9/17) • m ag – m 

Al 
ag ]/ m 

Al 
prop the fraction of metal

involved in the agglomerates formation [37] , 

П= m ccp /{ m ccp + [ m 

Al 
prop – m 

Al 
ccp • (8/17) – m ccp • (9/17)]/( m 

Al 
f /

m f +9/17)} is the representativeness of sampling equaled to the ra-

tio of actually sampled and theoretically calculated mass of CSPs. 

The last formula was obtained from the mass balance relation-

ships using the following assumptions: (1) aluminum powder in

CSPs contains 100 wt.% of active aluminum; (2) CCPs of propellant

contain only aluminum and aluminum oxide Al 2 O 3 ; (3) procedure

for the sampling and preparation of CCPs provides a complete sam-

pling the coarse agglomerate particles and the CCPs mass deficit

can only be due to the loss of fine particles. 

It should be noted that the values of parameters presented in

Table 2 , which were calculated with the use of chemical analysis

data, are approximate because it was taken m 

Al 
prop = 0.157. In the

first approximation we considered that the metal fuel in all for-

mulations consists of 100 wt.% aluminum, and also we assumed

that the presence of boron and iron does not make sizable effect

on the results of aluminum determination in permanganatomet-

ric analysis. At the same time it is known that the content of ac-

tive aluminum in UFPs can be significantly lower (for example, for

Alex ∼ 85–88 wt.% [33,35] ). For obtaining more accurate results,

when using the combined metal fuel, special methods for chem-

ical analysis should be used (or be developed). Thus, for a metal

fuel based on aluminum and boron a cerimetric method can be

used [38] . 
. Results and discussion 

.1. Combustion characteristics of CSPs 

.1.1. Thermodynamic calculations 

Usually a modification of metal fuel reduces theoretical value

f CSP specific impulse. Along with that some peculiar effects may

ppear which are illustrated in this paragraph. For theoretical es-

imation of the effect of iron and boron additives on the energetic

haracteristics of aluminized CSPs and on the composition of CCPs

he thermodynamic calculations were carried out of the equilib-

ium composition of the combustion products for tested propel-

ants, using the code «TERRA» [39] . Table 1 shows the calculated

alues of the enthalpy I of propellants, the adiabatic combustion

emperature Т ad , the equilibrium adiabatic index k , the molecu-

ar mass of gaseous combustion products μ at pressure in the

ombustion chamber р с =4.0 MPa, and the ox-red elements ratio

which is calculated for the propellant formulation as a whole.

or the value of gas flow expansion р с / р а =4.0/0.1 MPa (the pres-

ure at the nozzle exit section р а =0.1 MPa) there are presented

he values of specific impulse J , and the mass fraction of con-

ensed phase products within the combustion chamber z с and at

he nozzle exit section z a . In the calculations, we assumed that

lex UFP is a mixture of Al and Al 2 O 3 in the mass percentage of

5/15. 

.1.2. Experimental data 

Figure 3 shows the dependencies of the burning rate on pres-

ure for tested propellants in the form 

 = B · p n 

here u in mm/s, p in MPa, and also the values of determination

oefficient R 2 characterizing the quality of approximation. 

As one can see the dependencies of burning rate on pressure

or the propellants with Alex and Alex + B are matched up within
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Table 2 

Pressure, burning rate, mass and size parameters that characterize the condensed combustion products. 

Propel-lant 

No., metal fuel 

p , МP а u , mm/s %Al in the frac-tion 

< 80 μm 

%Al av η m ccp m 

Al 
ccp m f m 

Al 
f m ag m 

Al 
ag П D ox 

30 , 

μm 

D ag 
43 

, 

μm 

Z m 
a 

1, Alex 2.2 7.5 0.65 ± 0.03 1.64 0.0326 0.3116 0.0051 0.2639 0.0018 0.0477 0.0033 1.07 6.4 108 0.17 

1, Alex 3.8 12.4 0.41 ± 0.01 1.21 0.0233 0.3017 0.0037 0.2400 0.0010 0.0582 0.0024 1.03 6.7 119 0.22 

1, Alex 7.5 14.3 0.67 ± 0.09 0.98 0.0198 0.3168 0.0031 0.2567 0.0017 0.0601 0.0014 1.08 6.2 117 0.21 

2, Alex + Fe 2.2 11.7 1.06 ± 0.01 1.7 0.0304 0.2747 0.0058 0.2208 0.0024 0.0540 0.0034 0.94 6.1 111 0.19 

2, Alex + Fe 3.7 14.7 0.76 ± 0.03 1.1 0.0209 0.2894 0.0038 0.2283 0.0018 0.0609 0.0015 0.99 5.8 123 0.21 

2, Alex + Fe 7.5 19.7 0.31 ± 0.01 1.54 0.0290 0.2963 0.0046 0.2176 0.0 0 08 0.0788 0.0038 1.01 5.8 138 0.28 

3, Alex + B 2.3 8.4 1.29 ± 0.05 2.62 0.0466 0.2791 0.0073 0.1854 0.0025 0.0937 0.0048 0.96 4.8 177 0.33 

3, Alex + B 4.5 12.3 0.87 ± 0.03 1.81 0.0341 0.2949 0.0053 0.1928 0.0017 0.1020 0.0036 0.91 4.8 203 0.36 

3, Alex + B 7.7 14.6 0.83 ± 0.01 1.56 0.0292 0.2930 0.0046 0.1881 0.0016 0.1050 0.0030 1.00 4.8 195 0.36 

Notes: 

(1) The calculated mass parameters are presented with four digits after the decimal point to avoid confusion due to rounding of small values. The confidence interval for 

these parameters is typically ∼ 10% at a confidence level 68% [7] . 

(2) The relative error of the oxide particles mean diameter D ox 
30 , according to specifications of particle size analyzer Malvern 3600E, comprises 4%. The absolute error of 

determining the mean diameter of agglomerate particles D ag 
43 

amounts ∼ 9 μm. 

(3) Propellant with Alex has m ccp > m ag +m f and m 

Al 
ccp > m 

Al 
ag +m 

Al 
f in combustion process at p = 3.8 MPa. In this case, the CCPs have the abnormally large agglomerate 

particles, often non-spherical form. Such particles are probably formed by accumulation of metal on inhibiting layer. These were excluded from consideration at calculations 

of m ag , m 

Al 
ag , D 

ag 
43 

by assigning of corresponding value D R . However, aluminum containing in these large particles has been taken into account in calculation of m 

Al 
ccp , η and 

Z m 
a . 
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he range of experimental error. Partial replacement of 2 wt.% Alex

y iron UFP practically does not change the exponent of burn-

ng rate law but leads to significant increase in the burning rate

from 7.5 to 11.7 mm/s at p = 2.2 MPa and from 14.3 to 19.7 mm/s

t p = 7.5 MPa). 

A noticeable increase in the burning rate of iron doped CSP can

e possibly explained by the iron oxide catalytic effect on the oxi-

izer decomposition [40,41] and corresponding increase in the heat

elease on the burning surface of sample. Thermal analysis data

btained with TG/DSC analyzer Netzsch STA 449 F3 Jupiter at the

eating rate of 10 K/min in argon have shown that the CSP be-

inning temperature of intensive decomposition is reduced by ∼
0 K upon addition of iron UFP. Note that there is a possibility for

hermite reaction between fine aluminum particles and iron oxide

ithin subsurface reaction layer resulting in additional heat release

19] and in increase the surface temperature of CSP [42] . 

Additive of 2 wt.% boron in CSP formulation does not make cat-

lytic effect on the propellant decomposition. The thermal analysis

ata show that the beginning temperature of intensive decomposi-

ion of CSP with Alex + B remains the same (582 K). Consequently,

he burning rate of boron doped CSPs exhibits the same behavior

s original Alex based CSP. 

.2. Characteristics of CCPs 

Table 2 and Fig. 4 present the values of the mass and size pa-

ameters for sampled CCPs. Within the confidence intervals the

catter of the experimental data on the CCPs parameters (typical

rror bars in Fig. 4 ) is the same for all tested formulations. 

.2.1. Agglomerate particles 

The relative mass of agglomerates m ag (dark grey bars in

ig. 4 ) is increased with the growth of ambient pressure for all

ormulations of CSPs. In the case of propellants with Alex and

lex + Fe the values of parameters m ag , Z m 

a , D 

ag 
43 

and η, characteriz-

ng the agglomerates properties are similar ( Table 2 ). 

At the partial replacement of Alex by boron the dimensionless

ass of agglomerates m ag , the fraction of agglomerates in CCPs

 ag / m ccp and the fraction of metal involved in the formation of

gglomerates Z m 

a are increased. In addition, the agglomerates of

ropellant with Alex + B are much larger in size D 

ag 
43 

. Taking into ac-

ount the similar levels of the burning rate, as well as the identity

f the geometric structure of propellants (which is mainly deter-

ined by the coarse particles of AP), these facts should be defi-
itely treated as an agglomeration intensification due to boron ad-

itive. 

At the same time, despite the intensification of agglomeration

n the presence of iron and especially of boron, all three propel-

ants demonstrated relatively low incompleteness of metal com-

ustion η=0.02–0.03 (except η ≈ 0.05 in the case of propellant

ith Alex + B at p = 2.3 MPa). It should be noted that for the tested

SP formulations the content of metallic aluminum in the fractions

 80 μm (actually, in the agglomerates) in all cases has been in the

ange of 3–15%. This was significantly lower than the typical val-

es of 20–60% for traditional propellants in the same combustion

onditions. The unreacted aluminum content, %Al av , averaged over

ll CCPs fractions was equal to 1–3% in all cases. 

Values of sampling representativeness П in the range of 0.91–

.08 correspond to typical level for used sampling technique. 

Figure 5 shows the mass distribution of CCPs, i.e. the function

 ( D ) – size distribution density of CCPs particles relative mass. In

uch presentation the area under graph is proportional to the mass

f CCPs. For all pressure levels, the distributions of agglomerate

articles (with D > D L , where D L = 55 mm) in the case of propel-

ant with Alex + B are more «massive» (histogram is wider and has a

ong right tail, the maximum is shifted to the right), which clearly

ndicates stronger agglomeration as compared to propellants with

lex and Alex + Fe. 

Peculiar feature of the agglomerate particles size distribu-

ions for propellants with Alex and Alex + Fe is an existence

f mode located at 100 μm, which provides a relatively large

ass contribution in the range of 55–100 μm. The particles of

iven size range are the combustion residues of agglomerates.

he following facts testify to the burning out of agglomerates.

n the case of propellant with Alex with increase in pressure

rom 2.2 to 7.5 MPa the incompleteness combustion η is changed

s the sequence 0.033 → 0.023 → 0.020 ( Table 2 ), and the con-

ent of metal aluminum in the particles of 80–315 μm sizes is

ecreased as ∼ 15% → 8% → 5% (data [43] ). At the same time

he mean diameter of agglomerate particles is slightly changed:

08 μm → 119 μm → 117 μm (the instrumental error ± 9 μm). 

For propellant with Alex + B the burning out of agglomerates

s manifested in redistribution of CCPs mass into interval of

5–100 μm. One can see that the mass content in this interval

t pressure 7.7 MPa is noticeably larger than that at pressures of

.3 and 4.5 MPa. At the increase in pressure from 2.3 to 7.7 MPa

he incompleteness of combustion η is changed in the sequence

f 0.047 → 0.034 → 0.029; the content of metal aluminum in parti-

les of 80–315 μm is decreased as ∼ 5% → 4% → 3% [43] ). The mean
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Fig. 4. Agglomerate mean diameter D ag 
43 

, dimensionless values of agglomerate mass m ag and CCPs mass m ccp for propellants at different pressures. 

Fig. 5. Mass size distribution functions of agglomerate particles with size D > D L at different pressures. 
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ag 
43 

is changed as follows: 177 μm → 203 μm → 195 μm

( ±9 μm). 

In the case of propellant with Alex + Fe the form and parameters

of particles size distribution are mainly similar to those for propel-

lant with Alex ( Fig. 5 ). The values of the combustion incomplete-

ness η are close to each other, 0.030 → 0.021 → 0.029 for Alex + Fe

propellant and 0.033 → 0.023 → 0.020 for Alex propellant ( Table 2 ).

The observed transformation of functions of CCPs particle size

distribution, caused by more efficient burning out of aluminum

upon increasing the pressure, can be explained by the action of

oppositely acted factors. It is known [44] that the small size par-

ticles burn out faster (in terms of metallic aluminum consumption

rate) than the coarse ones. It is also known [45] that the fraction

of aluminum oxide, which is accumulated on the surface of burn-

ing Al particles in the form of cap, is increased with the growth of
article diameter. In accordance with the data of Table 2 , the com-

ustion incompleteness η of aluminum for propellant with Alex + B

s approximately twice higher than that for propellants with Alex

nd Alex + Fe. Thus, the larger quantity of unburned metal is caused

y the larger mass of agglomerates despite the metal content in

he agglomerates of propellant with Alex + B is lower than that in

he case of propellant with Alex. The tested propellants have the

ame geometric structure and comparable levels of the burning

ate. Consequently, the thickness of the preheated and reaction lay-

rs of CSPs is also comparable. The propellant with Alex + B, com-

ared with propellant with Alex, forms a larger mass of coarse ag-

lomerate particles, which are characterized by a more complete

ombustion of metallic aluminum. 

Plausible explanation is as follows. Owing to high melting

oint of boron (2573 K) the solid boron particles probably can be
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Fig. 6. Mass size distribution functions of oxide particles with size D < D L at different pressures. 

Table 3 

Phase composition of oxide particles sampled in combustion of propellants. 

Propellant No., metal fuel р , MPa Content of the crystal phase, wt.% 

α-Al 2 O 3 θ-Al 2 O 3 γ -Al 2 O 3 χ-Al 2 O 3 C 3 N 4 Others 

1, Alex 2.2 2.7 35.4 – 17.6 44.3 –

3.8 11.3 32.4 33.7 10.3 12.3 –

7.5 8.4 42.8 – 12.2 36.6 –

2, Alex + Fe 2.2 5.4 23.0 – 28.6 40.3 2.7 Fe 3 C 

3.7 5.4 54.8 16.4 – 23.4 –

7.5 7.9 17.2 – 35.8 36.0 3.1 Fe 3 C 

3, Alex + B 2.3 5.8 30.7 – 17.8 22.5 23.2 Al 4 B 2 O 9 
4.5 35.3 13.3 5.0 – 6.7 39.7 (Al 2 O 3 ) 10 (B 2 O 3 ) 2 
7.7 5.6 13.9 – 17.1 12.2 51.2 Al 4 B 2 O 9 

c  

O  

p  

t  

s  

a  

a  

f  

l  

c  

s  

e  

t  

c  

t  

s  

w  

s  

t  

w  

c  

h  

t  

t

 

h  

m  

o  

A  

w  

a  

s  

o

 

h  

D  

d  

i  

s  

i  

v  

t  

f  

p

aptured by aluminum agglomerate in the course of its formation.

xidation of high-disperse particles of aluminum and boron in the

ropellant in the process of the agglomerate formation begins at

emperatures about of 723–973 K. It is expected that the inclu-

ions of boron particles will lead to surface discontinuity of the

luminum oxide layer and to reducing its protective properties. As

 result the aluminum ignition will become easier and transition

rom heterogeneous to vapor oxidation regime will happen ear-

ier. The latter may result in decrease in the size of oxide parti-

les. At the same time more pronounced aluminum oxidation in

ubsurface layer almost certainly promotes increase in the agglom-

rate size due to the mechanism described for the nitramine con-

ained propellants. Namely, the results of [7,46] indicate that in the

ase of propellants containing RDX and HMX, whose decomposi-

ion temperature is significantly lower than that for AP, the cohe-

ion strength holding the agglomerate on the surface is increased

ith the increase in completeness of metal oxidation in the sub-

urface layer. This is manifested in a positive correlation between

he particles size and oxide content in the agglomerates. In other

ords, if the aluminum earlier gets oxidizing agents from the de-

omposition of the propellant components, then it is oxidized in a

igher extent. The greater the fraction of oxide in the agglomerate,
he stronger agglomerate is held on the burning surface and grows

o a larger size. 

Thus, the effect of boron additive is ambiguous. On the one

and, the supposed facilitation of ignition of aluminum provides

ore efficient combustion of aluminum and therefore percentage

f the unburned aluminum in agglomerates of a propellant with

lex + B is actually lower than that for agglomerates of a propellant

ith Alex. On the other hand, assumed more effective holding of

gglomerates on the burning surface may lead to increase in their

izes and masses that finally provide detected total incompleteness

f aluminum in combustion products. 

Additive of iron UFP does not make the pronounced effect on

olding the agglomerates on the burning surface. According to the

TA data, the beginning temperature of intensive decomposition is

ecreased and the burning rate is increased. One can assume that

n the case of propellant with Alex + Fe the increase in the cohe-

ion strength as a result of the metal oxidation is compensated by

ncrease in the detachment force due to increase value of outflow

elocity of gasification products from the burning surface. In addi-

ion, a carbon-based skeleton-layer is formed on the burning sur-

ace of CSP sample, which facilitates the formation of agglomerate

articles. 
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Fig. 7. X-ray diffraction patterns of oxide particles sampled in combustion process 

of propellants with Alex (a), Alex + Fe (b) and Alex + В (c) at pressure ∼ 4 MPa. 

 

 

 

 

 

 

3.2.2. Oxide particles 

As can be seen from Table 2 , in all cases the aluminum content

in the sieved fraction of < 80 μm does not exceed 1.3 wt.%. It can

be expected that the particles smaller than 55 μm have unburned

aluminum content even less. Therefore, the fine particles of CCPs

with D < D L can be considered as oxide particles. Examination of

the mass size distribution of oxide particles smaller than 55 μm

showed the following ( Fig. 6 ). 

In all cases (except for propellant with Alex at p = 2.2 MPa) the

basic modes of size distributions are in the same ranges of par-

ticle size analyzer Malvern. Thus, the first mode is observed in

the range of 1.9–2.4 μm, most «massive» mode is in the range of

3–11 μm. In the case of propellants with Alex + B and Alex + Fe am-

plitude of the first mode is much larger than in the case of propel-

lant with Alex. The formation of micron and submicron sized par-

ticles is commonly associated with the vapor type combustion of

aluminum [47] . Actually, the mass size distributions of fine parti-

cles for studied CSPs have different ratios of mode amplitudes and

they are slightly changed with the pressure, Fig. 6 . The variation

of the ratio of modes results in different magnitudes of the mean

diameters D 

ox 
30 

: for propellants with Alex, Alex + B and Alex + Fe

they comprise about 6.4 μm, 4.8 μm and 5.9 μm, respectively (see

Table 2 ). 

3.2.3. Phase composition of oxide particles 

X-ray analysis of sampled oxide particles of less than 80 μm

fraction was performed via using the X-ray diffractometer

Shimadzu XRD 60 0 0. Typical X-ray diffraction patters are shown

in Fig. 7 . The data analysis showed that the content of amor-

phous phases in the sampled oxide particles of CCPs amounts to

∼ 35 wt.% for propellant with Alex, to ∼ 30 wt.% for propellant

with Alex + Fe and to ∼ 25 wt.% for propellant with Alex + B com-

busted at the pressure of 2.2 MPa. With the increase in pressure in

the combustion chamber up to 7.5 MPa the content of amorphous

phases in the composition of CCPs is decreased to ∼ 20 wt.% for

propellant with Alex and to ∼ 15 wt.% for propellant with Alex + B.

For propellant with Alex + Fe the content of amorphous phases in

CCPs was practically unchanged and remained constant within the

range of measurement error. The phase composition of crystalline

oxide particles of CCPs for the tested CSPs excluding the amor-

phous phases is presented in Table 3 . 

Note the presence of crystalline phase of carbon nitride C 3 N 4 

for all tested CSPs (up to 44 wt.% in the case of propellant with

Alex at p = 2.2 MPa). Partial replacement of Alex by boron in the

composition of CSP leads to the reduction of carbon nitride C 3 N 4 

content by 2–3 times in CCPs. 

Analysis of the mass and size parameters of CCPs in the exam-

ined pressure range of 2.2–7.5 MPa ( Table 3 ) showed the following.

Replacement of 2 wt.% Alex by boron in the CSP leads to significant

increase in the agglomerates fraction m ag /m ccp in sampled CCPs (by

1.8–2.2 times) and 1.6–1.7 fold increase in the mean diameter D 

ag 
43 

.

At the same time the fraction of oxide particles in CCPs m f /m ccp 

is reduced by 1.2–1.3 times and the mean diameter D 

ox 
30 

by 1.3–1.4

times. 

Thus, partial replacement of 2 wt.% Alex by iron in the CSP

formulation leads to the increase in agglomerate particle content

m ag /m ccp in CCPs by 1.1–1.4 times and in the mean diameter of ag-

glomerates D 

ag 
43 

by 1.03–1.18 times. At the same time the content of

oxide particles m f /m ccp in the composition of CCPs and the mean

diameter D 

ox 
30 

are decreased by 1.01–1.05 times and by 1.05–1.16

times, respectively. 

4. Conclusions 

1. Effect of ultrafine iron and amorphous boron additives in CSP

formulations based on AP, butadiene rubber and Alex on the
combustion characteristics was studied. Dependency of the

burning rate on pressure and particle size distribution and

phase composition of sampled condensed combustion products

were determined. 

2. It was found that partial Alex replacement (2% within 15.7%) by

iron UFP in the formulation of CSP leads to 1.3–1.4 fold increase

in the burning rate in the pressure range of 2.2–7.5 MPa. At the
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same time the agglomeration extent of metal fuel is slightly

increased: the mean diameter of agglomerate particles is in-

creased by 1.2 fold and the content of agglomerates in the CCPs

composition is increased by 1.4 fold. The content and mean di-

ameter D 30 of oxide particles in CCPs are reduced by 16% and

13%, respectively. 

3. Upon partial Alex replacement (2% within 15.7%) by boron

UFP the burning rate is practically unchanged with respect

to the basic propellant with Alex in the pressure range of

2.2–7.5 MPa. However, the agglomeration extent is significantly

enhanced, which is manifested by the increase in the ag-

glomerates content in CCPs composition by 1.8–2.2 times and

by 1.6–1.7 times increase in the agglomerates mean diame-

ter. It is manifested as well as by increase in the metal frac-

tion, which is involved in agglomerates formation, by 1.6–1.9

times. The content and the mean diameter D 

ox 
30 

of the oxide

particles in CCPs are reduced more significantly than those

upon introduction of iron by 1.2–1.3 times and 1.3–1.4 times,

respectively. 

4. Practical application can find the following findings. (1) The

increase in the burning rate of CSPs based on AP, buta-

diene rubber and Alex, by 30–40% without changing the

value of the pressure exponent via introducing the iron ad-

ditive. (2) The reduction of the mean diameter D 

ox 
30 

of ox-

ide particles of CCPs by 30–40% via introducing the boron

additive. 

However, it should be kept in mind that introducing both addi-

ives leads to enhancement of agglomeration extent, which is es-

ecially significant in the case of boron. This also leads to the re-

uction of theoretical specific impulse by 3% in the case of iron

dditive. Experimentally shown that in the case of boron additive

he combustion products contain significant amount of crystalline

arbon nitride C 3 N 4 . This material becomes at present called-for

ue to a number of exceptional properties [4 8,4 9] . 
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