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Abstract: This article focuses on data analyses and comparisons for aluminium 
nanopowders (or nanoaluminium, nAl) reactions under slow (0.5-20.0  K/min, 
using DTA/DSC/TGA) and fast (>10000 K/min, combustion in solid propellant 
formulations) non-isothermal oxidation.  Particle sizes were defined through 
the BET method.  Active Al content was related with the averaged reactivity 
parameters, taken from published DTA/DSC/TGA data.  The specific oxidation 
onset temperature for nAl was poorly correlated with the BET particle size 
under the conditions investigated.  Furthermore, the BET particle size exhibited 
no correlation with the observed ballistic response (burning rate) at 3.0  MPa.  
A  logarithmic correlation y = 17.484 ln(x) – 5813, with R² = 0.73, was found 
between nAl particle size and its aluminium content.  A calibration equation for 
the oxidation onset temperature as a function of nAl particle size was determined 
as y = −0.0071x2 + 3.3173x + 479.32, with R² = 0.75.  Specific features of the nAl 
(metallic aluminum content in nAl and the oxidation onset temperature) can be 
predicted based on the measured powder parameters (such as BET particle size).
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1	 Introduction

Aluminium powders are common ingredients in various energetic systems 
thanks to metallic aluminium’s high combustion enthalpy and availability [1].  
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In commercial propellant formulations, micron-sized Al powder (or 
microaluminium, µAl) yields enhanced performance (burning enthalpy, specific 
impulse and combustion stability) [2, 3].  On the other hand, these advantages 
are mitigated by aggregation and agglomeration phenomena, resulting in the 
formation of condensed Al2O3 which hinders efficient nozzle expansion of the 
flow and pollutes the Earth’s atmosphere [2, 4-6].  Novel possibilities for the 
improvement in the performance of energetic systems come from innovative 
energetic additives such as nanoaluminium [7-13] or so-called ‘activated’ µAl 
[14-17].  An investigation of their characteristics is crucial to an understanding 
of their combustion behaviour and the induced effects on the performance of 
nanoaluminium-loaded solid propellants. 

In the energetic systems community, the term ‘nanoaluminium’ (nAl) normally 
relates to ultradispersed (or ultrafine) and very fine powders with an average 
particle size < 500 nm [18, 19], produced by different techniques [20].  For large 
scale applications the most promising powder is the electroexplosive nAl (or 
Alex), with a recent estimated world market of several tons per year [21, 22].  The 
average electroexplosive nAl has a spherical particle shape and specific surface 
area of <12 m2/g, in combination with a metallic aluminium content of 85-95 wt.%.  
Immediately after production, the nAl powders require passivation or coating 
procedures to avoid self-ignition and self-sintering of the particles [23-27].  nAl, 
obtained in inert gas media (argon, nitrogen or their mixtures) by any of the existing 
methods, is normally pyrophoric in air, because the amount and the rate of heat 
release from the oxidation reaction is high enough to heat the nanoparticle to its 
ignition temperature (~670 K for 100 nm nAl particles).  The passivation quality 
defines the chemical stability of nAl and its reactivity in further oxidation processes.  
The passivation procedure for nAl is not very different from the traditional method 
of µAl passivation: slow surface oxidation in air or coating with hydrocarbons 
(industrial µAl with flake particles normally contains 2-3 wt.% of paraffin).

The TEM images reported in [23-25] show the typical structure of air-
passivated nAl, with an Al core surrounded by an Al2O3 shell.  Fresh air-passivated 
nAl particles are usually characterized by Al2O3 shell thicknesses in the range 
2 nm to 6 nm, irrespective of particle size.  The amorphous oxide layers on nAl 
particles become crystallized at a defined thickness (7-8 nm) during a storage 
period of 2-3 years at room temperature [26].  However, none of the existing 
passivation approaches [27-30] allow nAl particles to reach values of the metallic 
aluminium content comparable with µAl’s metallic content (98-99 wt.%), even 
assuming large clusters to be present in nAl. 

Many of the literature studies have dealt with the reactivity characterization 
of nAl, while the ageing effects on nano-sized energetic additives have not been 
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investigated in detail.  In spite of this, available data suggest that these powders 
are highly sensitive to the storage environmental conditions [26, 31, 32].  

A better understanding of nAl’s energetic performance is still needed, 
although interest in nAl has been reawakened since the 1990`s [33].  One of the 
most convenient and common methods for Al particle characterization is the 
identification of reactivity parameters based on non-isothermal oxidation curves 
(DTA/DSC/TGA) suggested by Il’in et al. [34].  While there are comprehensive 
and detailed experimental data on nAl thermal characterization from different 
groups in the world [23, 30, 34, 35], the absence of a  common, standard 
procedure for thermal analysis data reduction leads to confusing and misleading 
interpretation of the results for nAl thermal analysis.

A clarification of the correlation of non-isothermal slow oxidation with the 
ballistics of nAl-loaded solid propellants would open new avenues in sequestering 
the amount of burning tests, and thus, have a positive effect on the atmospheric 
ecological situation in general.  In the present work we have made an attempt 
to correlate these findings and the trend analyses between the most common 
physical parameters of nAl, its slow oxidation by DTA/DSC/TGA and the fast 
oxidation by combustion of nAl-loaded solid propellants. 

2	 Experimental Data on the Non-isothermal Oxidation of nAl

2.1	 Particle characteristics of nAl
Particles of µAl with as

 >1  µm contain, on average, more than 98  wt.% of 
aluminium metal while nAl never exhibits the same properties: usually 2-4 wt.% 
of powder is occupied by adsorbed and chemisorbed gases, 3-11  wt.% is 
represented by an aluminium oxide/hydroxide layer on each particle (Figure 1a) 
and only the residue is the non-oxidized aluminium metal. 

The SEM image (Figure 1b) shows nAl clusters of regularly shaped and 
smooth spheres, with a few non-spherical particles.  The clusters are formed due 
to the extremely high surface tension of nanoparticles yielding particle-particle 
interactions in a liquid state immediately after wire destruction by explosion in 
the production process.  The multiple necks between the particles are visible 
in Figure 1b.  These necks indicate the common problem of nAl produced 
by the electrical explosion of wires method: particles might have a very high 
specific surface area and be severely sintered at the same time.  The clusters of 
nanoparticles can reach micrometric sizes.  Cluster formation cannot be avoided 
by any after-treatment under the passivating/coating procedures due to the necks 
formed between the particles [23].
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Figure 1.	 Images of air-passivated nAl: (a) individual particle, TEM; (b) cluster 

of particles, SEM

2.2	 Non-isothermal slow oxidation of nAl (heating rate 0.5-20.0 K/min)

2.2.1	Reactivity parameters
The non-isothermal oxidation data for this work was extracted from the 
authors’ own publications and from other authors’ data obtained under the 
same experimental conditions.  The reactivity parameters of non-isothermal 
oxidation enable comparisons of Al powders with different particle diameters 
(from 10 nm to the micron-sized range) and surface characteristics (passivation 
layers, coatings) under various heating rates (from 0.5 K/min to 20.0 K/min) 
and oxidizing atmospheres (Ar + additives, N2, Air, O2). 

A broad dataset for slow oxidation (0.5-20.0 K/min) of nAl in N2/air is 
given in this work.  For the tests performed, the reactivity parameters [34] are 
considered.  For Al powder characterization, these can be determined from the 
DTA/DSC/TGA curves: 
1.	 Oxidation onset temperature, K;
2.	 Heat released over a temperature range under consideration, J/g;
3.	 Al→Al2O3 conversion factor, %;
4.	 Oxidation rate, g/K or g/s.

The reactivity parameters are in fact the most convenient criteria for the 
relative grading and comparison of Al powders.  An overview of the definition 
of nAl reactivity parameters is given in Figure 2.  Typical DTA/DSC traces 
of air-passivated nAl show an intense oxidation peak before the endotherm 
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corresponding to Al melting (T = 933 K).  Intense Al oxidation before melting 
is one of the peculiar features of nAl, providing its enhanced reactivity with 
respect to µAl; due to the lower reactivity of µAl, its intensive oxidation starts 
above Al melting point (T = 933 K).  For µAl powders ASD-4 and ASD-1, with 
BET particle diameters of 9 µm and 80 µm respectively, the oxidation onset 
temperatures were 1093 K and 1193 K [36].

1

2

3

4

0                    573                873                   1173   

T, K

933 K

Figure 2.	 Reactivity parameters taken from DTA/TGA data for a typical nAl 
powder: 1 − Oxidation onset temperature, K;  2 − Heat released 
before Al melting,  J/g;  3 −  Overall powder mass gain over the 
investigated temperature range,  %;  4 − Mass gain before Al 
melting, %

Two relatively small exothermic peaks before the nAl intense oxidation 
appeared on the DTA/DSC curves due to adsorbed gas desorption and 
simultaneous surface oxidation (Figure 2).  An exothermic peak after Al melting 
appeared on the DTA/DSC of nAl due to the oxidation of the largest particles 
which are always present in the powder obtained.

2.2.2	Experimental data on the nAl slow oxidation
One of the very first studies of DTA/TGA non-isothermal oxidation of nAl (Alex) 
was performed by Mench et al. [8], who investigated the thermal behaviour of nAl 
by non-isothermal oxidation (DTA/TGA, 5-10 K/min) in different atmospheres 
(He, N2, air and O2).  In their study Mench et al. did not give the direct particle 
size distribution or surface characterizations for the powders studied, referring to 
the data of Ismail and Hawkins [37].  At a heating rate of 5 K/min in air, an initial 
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intense oxidation onset peak at 803 K was identified [8].  Two other exothermic 
peaks (973 K and 1303 K) were observed in the DTA traces after the Al melting 
endotherm (T = 933 K).  This behaviour was contrasted with a conventional µAl 
(20 µm) powder [36].  The latter showed the exothermic reactions at T > 933 K 
and a deep endotherm corresponding to Al melting.  The enhanced reactivity of 
the nAl powders, with respect to their micron-sized counterparts, was related 
to their high specific surface area.  The authors of [8] explained the chemical 
processes accompanying nAl reactions with N2/air in a  simplistic manner, 
because at that time (19 years ago) nAl was a new energetic material with almost 
unknown properties. 

An overview of the Jones et al. and Kwok et al. experimental results on 
nAl powders and their effect on energetic systems is reported in [38-41].  The 
ageing of Alex powder during storage causes the oxidation onset temperature to 
decrease [41].  This is probably due to the Al2O3 shell thickening, reducing the 
metallic aluminium content inside the particle.  Thus, the smaller amount of Al 
inside the Al2O3 shell for an aged particle heated faster and ignited more easily 
in comparison with the non-aged particle where the amount of Al metal was 
larger [42].  This experimental phenomenon was also confirmed for µAl particles: 
aged powders were easily ignited and burnt in air while fresh ones did not [43]. 

Eisenreich et al. [44] investigated the non-isothermal oxidation of several 
Al powders by TGA (5  K/min, air).  The powders tested ranged from Alex 
(mean-surface particle diameter as

 = 100-150 nm) to µAl (9 µm).  In the range 
650  K < T < 950  K, only two powders, Alex and sub-micrometric Al with 
a nominal particle size in the particle diameter range from 300 nm to 700 nm, 
exhibited a mass increase of more than 10% before the Al melting point.  Thus, 
the intensive oxidation before Al melting is a process characteristic only for nAl 
and its analogues.  Sossi et al. [30] investigated the non-isothermal oxidation 
of different nAl powders, including Alex and air-passivated fluorohydrocarbon-
coated Alex.  Under the tested conditions (air, 10 K/min), the oxidation onset 
temperature of air-passivated fluorohydrocarbon-coated Alex was delayed 
by 36 K with respect to the one for air-passivated Alex.  Moreover, the TGA 
curves showed that the applied fluoropolymer coating was decomposed and/or 
oxidized before the first Al oxidation exotherm.  Chen et al. [45] tested the air-
passivated nAl produced by laser heating evaporation, with a declared particle 
size of ca. 50 nm.  Tests were performed by DTA/TGA (air, from 5 K/min to 
90 K/min).  The results can be classified into two categories, depending on the 
heating rate.  For heating rates up to 20 K/min, two exothermic reactions (before 
and after Al melting) can be clearly recognized.  For heating rates higher than 
30 K/min, a unique exothermic peak is visible on the DTA traces.  According 
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to Chen et al., the absence of heat release for T > 933 K is due to the more 
complete Al oxidation induced by the Al2O3 shell rupture before Al melting.  
Rufino et al. [46] investigated the thermal properties and structural changes of 
nAl during non-isothermal oxidation using DSC/TGA (Ar and air, 2-10 K/min).  
Phase transitions of the Al2O3 shell were identified in this study.  The Al2O3 
crystal transitions followed the sequence identified by Trunov et al. [47] for the 
oxidation of µAl.  Trunov et al. considered TGA/DTA performed in O2, with 
heating rates of 5-40 K/min, and made XRD analyses of the partially oxidized 
powder samples recovered from specific intermediate temperatures, 635  °C, 
926 °C and 1020 °C.  Trunov et al. [47] proposed the following reactions for Al 
oxidation: from 300 °C to about 550 °C the thickness of the natural amorphous 
alumina layer on the particle surface increases.  The rate of this process is 
controlled by the outward diffusion of Al cations.  A  transformation of the 
amorphous alumina into γ-Al2O3 occurs at about 550 °C, when the oxide layer 
thickness exceeds the critical thickness of amorphous alumina (~4 nm).  The 
density of γ-Al2O3 is greater than that of amorphous alumina, and the newly 
formed γ-Al2O3 nanocrystallites produce a monolayer only partially covering 
the aluminium surface.  A bare aluminium surface is produced as a result of the 
amorphous γ-Al2O3 transformation.  The oxidation rate then increases rapidly 
until the γ-Al2O3 coverage becomes multilayered and continuous.  The growth 
of a continuous γ-Al2O3 layer and its partial transformation into the structurally 
similar  θ-Al2O3 polymorph occurs thereafter.  The oxidation ends when the 
formation of a dense and stable α-Al2O3 occurs, resulting in an abrupt decrease in 
the oxidation rate.  On the basis of reference [48], simplified Al2O3 polymorphic 
phase transition during particle oxidation is known (1).

amorphous → γ → θ → α� (1)

γ-Al2O3 exhibits a higher density than the amorphous one, thus during the 
amorphous → γ transition, the particle surface is partially exposed with increased 
conversion to γ-Al2O3 in the oxidizing environment.  This accounts for the nAl 
stepwise mass increase observed for T < 933 K.  However, when the Al melting 
temperature is reached for small particles like nAl, the reaction surface is sharply 
decreased due to the liquid phase released from the oxide shell.  Moreover, even 
by T = 900-1000 K, Al starts reacting with Al2O3, with volatile suboxides AlO 
and Al2O forming according to [49]. 
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2.3	 Non-isothermal fast oxidation of nAl- loaded in solid 
propellants by combustion (heating rate > 10000 K/min)

A selection of representative experimental results on the burning rate of nAl-
loaded solid propellants (mostly available data), obtained from different groups 
(Table 1) opened up the possibility to analyze and compare the powder properties, 
processes of slow non-isothermal oxidation of nAl with its effects on fast non-
isothermal oxidation of nAl under solid propellant burning. 

Table 1.	 Enhancement of the burning rate for nAl-loaded solid propellants 
(presented as the coefficient K) in comparison with µAl-loaded ones 
(BET particle size 30 µm)

Particle 
size of 
nAl [nm]

Powder sample 
(Production technique, 
passivation/coating)

Solid propellant 
formulation
(AP /Al /Binder) 
[wt.%]

K (p = 3.0 MPa) Ref.

145-154a Alex (electrical 
explosion of wires) 68/15/17 

(HTPB)

1.73-1.76c

[5]
363a

Al (plasma 
condensation, coated 
with hydrocarbon)

1.25c

145-154a Alex (electrical 
explosion of wires)

68/15/17 
(HTPB) 1.77-1.80 [11]

20-80 N.A. 51/15/34 
(HTPB)

1.60b
[13]30-100 1.42b

202a Alex (electrical 
explosion of wires) 68/14/18 

(HTPB)

1.52-1.78d

[29]
202a

Alex (electrical 
explosion of wires, 
coated with 1% HTPB)

2.03

127-136a Alex (electrical 
explosion of wires) 68/15/17 

(HTPB)

1.83-2.08
[58]

363a
Al (plasma 
condensation, coated 
with hydrocarbon)

1.68

a Evaluated by BET. 
b Baseline: solid propellant loaded with 34 µm Al spherical particles. 
c Baseline: solid propellant loaded with 50 µm Al flakes. 
d Data differing due to the powder dispersion technique.

The very first analysis of nAl use in solid propellants was published by 
Zeldovich et  al. in 1975  [50].  Literature data concerning the burning rate 
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enhancement of nAl-loaded solid propellant formulations, compared to µAl 
formulations, are presented in Table 1.  In the data presented, the effect of nAl 
on the burning rate was evaluated from the burning rate coefficient K, the ratio 
of the burning rate for nAl-loaded solid propellant formulations to the burning 
rate for basic µAl-loaded (30 µm) solid propellant formulations (2).

K = rb,nAl/rb,Baseline� (2)

The parameter K was defined for the pressure p = 3.0 MPa.  This pressure 
was selected as the average among those commonly mentioned in Western and 
Eastern standards; 1.0 MPa and 4.0 MPa respectively [1, 35].  For particle sizes 
in the range 20-363 nm, the observed burning rate increase with respect to the 
baseline was between 25% and 208% for different propellant binders and nAl 
contents.  Visualization of the solid propellant burning surfaces revealed that the 
nAl produced oxide particles with reduced dimensions [5].

3	 Experimental Data Analysis and Discussion

A goal of the thermal characterization of nAl was to compare the reactivity 
parameters identified by DTA/DSC/TGA and the burning rate of nAl-loaded solid 
propellants.  While there are many factors affecting burning rate enhancement 
for nAl-loaded solid propellants compared to µAl-loaded ones, we tried to find 
any possible relationship between the DTA/DSC/TGA reactivity parameters and 
the burning rate enhancement.

3.1	 Analysis of powder characteristics and their comparison with 
the reactivity parameters of air/moisture passivated nAl

The aim of the statistical treatment for data on nAl available in the literature was 
to identify a possible correlation between the mean-surface particle diameter 
obtained via BET and metallic aluminium content and the reactivity parameters 
under non-isothermal oxidation in air.

Powder characteristics can be evaluated according to different analytical 
methods.  This can hinder direct comparison between different datasets.  The 
influence of the data reduction technique on the metallic aluminium content was 
discussed by Chen et al. [45].  Several analytical methods for metallic aluminium 
determination were used in [45] to provide better accuracy.

In order to analyze a homogeneous dataset for powders tested under similar 
operating conditions, a  statistical process was applied to the selected data 



510 A. Gromov, U. Teipel

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland

extracted from [23-27, 38-41, and 51-55].  The homogeneous dataset was chosen 
on the basis of fully characterized powders:
1.	 Analyzed nAl was produced by electrical explosion of wires (spherical 

particles) and passivated by air.
2.	 Mean-surface particle diameter was deduced from the BET method as:
	 as = 6/(ρAl ∙ Ssp), nm
	 where ρAl is the density of metallic aluminium, kg/m3; Ssp is the specific 

surface area, m2/g.
3.	 Metallic aluminium content within the samples before conducting the 

oxidation experiments was defined by a volumetric technique [45].
4.	 Reactivity parameters were used in the reduction of DSC/DTA/TGA data 

evaluated under the same conditions (heating in air, 10 K/min).
Air-passivated nAl powders were considered, except where otherwise 

stated.  Additional factors, such as non-air-passivated powder studies, made the 
comparison too chemically complex.  Powders whose BET mean-surface particle 
diameter was in the range 30 nm to 330 nm were grouped and their characteristics 
were averaged, thus providing a unique database with a given error bar (defined 
by the coefficient of determination). 

The DSC/DTA/TGA data analysis focused on the dependences of the powder 
characteristics (metallic Al content) and reactivity parameter (temperature of 
oxidation onset) on the BET mean-surface particle diameter.  The data for the 
analysis, taken from [23-27, 38-41, and 51-55], were generalized and unified 
when possible.  The powder reactivity should be dependent on the particle 
size distribution too.  A specific problem with the definition and comparison 
of the reactivity parameters is the multimodal size distribution curves for nAl 
powders [35].  The presence of the fine fraction in nAl (the very left part of the 
particles size distribution curve) results in a shift of the temperature of oxidation 
onset to lower temperatures.  Intense oxidation (in fact ignition) of the smallest 
particles results in a  significant acceleration of the oxidation in the whole 
powdery sample.  Thus, for nAl, the reaction ability of the powder is dictated 
by the fraction of finest particles.

The mass of nAl samples increases by 89% in the case of Al2O3 formation and 
by 51% for AlN formation, by the complete theoretical oxidation or nitridation 
reactions in air or nitrogen.  If nAl is oxidized in air at a low heating rate, the 
final oxidation product is nano α-Al2O3 (T ≥ 1273 K)  [8].  The formation of 
nano γ-Al2O3 by slow non-isothermal oxidation (0.5-20.0  K/min) occurs at 
low temperatures (T = 673-773 K) for electroexplosive nAl [23].  Furthermore, 
the different definitions of the intense oxidation onset temperature and other 
parameters on the DTA/DSC/TGA curves can lead to confusing comparisons 
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between different datasets [23-41].  For certain nAl samples with a  specific 
surface area 12 m2/g, the mass fraction of micron-sized particle clusters (1-3 µm) 
could be 68 wt.%, but the number of clusters was only 2% of the total number 
of particles [56]. 

At low oxidation rates (0.5-20.0 K/min) aluminium was oxidized in air to 
Al2O3 (reaction 3).  However at higher oxidation rates on combustion in air, the 
interaction of aluminium with nitrogen and the subsequent production of AlN 
should also be taken into account (reaction 4) [42, 43].  Nitride formation by 
aluminium oxidation in air at low oxidation rates (0.5-20.0 K/min) has never 
been reported in the literature [42, 43, 57].

4 Al + 3 O2 → 2 Al2O3,� (3)
Al + ½ N2 → AlN� (4)

The defined reactivity parameters were proposed for relative estimation and 
comparison [34] for different Al powders under non-isothermal oxidation.  nAl 
passivated by organic/inorganic compounds exhibit lower metallic aluminium 
content (defined total mass of powder, i.e. to Al particles plus the additional 
organic/inorganic compounds) with respect, as a  rule, to the air-passivated 
nAl.  nAl passivated by polytetrafluoroethylene and nitrocellulose lowered the 
oxidation onset temperature with respect to the air-passivated nAl due to the low-
temperature (before Al melting) burning of the applied polymers.  For example, 
nitrocellulose decomposed at 200 °C [23]. 

Data concerning the metallic Al content and mean-surface particle diameter 
for the investigated nAl powders are reported in Figure  3.  The metallic Al 
content decreased as the particle size was reduced for nAl.  This is due to the 
formation of oxide/hydroxide layers (Al3+) partially consuming the Al0 content 
during powder interactions by passivation and storage in the presence of air/
moisture.  A definite trend can be identified for Al metal content and mean-
surface particle diameter over the data presented.  A metallic Al content over 
90 wt.% is achievable for mean-surface particle diameters over 220 nm.  The 
reduction in metallic Al content with decreasing size is strongly exhibited for 
mean-surface particle diameters of less than 80 nm.  This hinders their application 
in energetic systems and the interest for them in practice [58, 59].  The trend line 
for this database can be approximated by a logarithmic curve with a coefficient 
of determination R2 = 0.73 (Figure 3).
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Data concerning the oxidation onset temperature is reported in Figure 4.  In 
spite of a relatively high data scatter (R2 = 0.75), the oxidation onset temperature 
was between 575 K and 920 K for all of the powders tested.  Within the selected 
dataset a correlation can be identified between the BET of the Al powders and 
their oxidation onset temperatures.  

3.2	 Nanoaluminium-loaded solid propellants burning
A direct relationship connecting the behaviour of energetic additives (metals) 
under non-isothermal oxidation (low heating rates, ≤50 K/min) and their effect 
on the burning of energetic systems (high heating rates, >1000 K/min) have not 
been identified so far.  The analysis performed here is an attempt to identify any 
possible connections.  In order to do this, the homogeneous dataset of the nAl 
characterized in the non-isothermal oxidation tests and the ones in solid propellant 
burning experiments was considered. 

The dataset presented in Table 1 reports several literature studies of nAl-
loaded solid propellant formulations selected from [5, 11, 13, 29, 58].  This 
choice was made as the selected data on the burning rate also contained values 
of the BET-based particle sizes, analogous to the data considered for the DSC/
DTA/TGA analyses.  Thus, the BET values of the particle sizes are present in 
both cases, for slow and fast oxidation data.

For the evaluation of the effect of nAl on the burning rate, the parameter K (at 
pressure p = 3.0 MPa) was used (see Table 1).  The baseline propellant formulation 
for evaluation of the burning rate enhancement had the same composition as the 
nAl-loaded ones, but contained spherical µAl powder (nominal size 30 µm).  
A  possible deviation in the ballistic responses of the nAl-loaded propellant 
formulations could be due to the poor dispersion of nAl in the solid propellant 
matrixes and slightly different ingredient details.

The results obtained showed no particular relationship between the nAl 
behaviour (temperature of oxidation onset) at low heating rates and the ballistic 
responses (burning rate) of solid propellants loaded with the same material. 

4	 Conclusions 

An effort to find a possible connection between nAl reactivity at low heating 
rates and burning rate enhancement exhibited by nAl-loaded solid propellants 
was provided here.  The BET based particle size definition and the reactivity 
parameter, onset temperature of oxidation, were considered for the analysis.  
The analysis focused on the nAl distinctive feature, metal oxidation before the 
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Al melting (T = 933 K). 
These results were considered to investigate a possible relationship between 

the low heating rate powder oxidation and the burning rate enhancement of 
nAl-loaded solid propellants.  The latter was evaluated by the parameter K (at 
pressure p = 3.0 MPa). 

The results indicated the absence of a possible relationship between the 
nAl behaviour at low heating rates and its effect on burning rate enhancement.  
In particular, the high reactivity of nAl yielded intense oxidation onset below 
T = 933  K that could promote enthalpy release at the burning surface, thus 
providing an observed enhanced ballistic response. 

In general, such a trend in the searched for correlation was not identified, 
probably because of differences in powder properties [60] and propellant 
preparation procedures.

However, a logarithmic correlation, y = 17.484 ln(x) − 5813 with R² = 0.73, 
between nAl particle size and its aluminium content was found.  A calibration 
equation for the oxidation onset temperature as a function of nAl particle size was 
determined as y = −0.0071x2 + 3.3173x + 479.32 with R² = 0.75.  The values of 
the R2 parameters were rather low, requiring a reassessment when new statistical 
data appear in the future.  On the basis of the trends of the experimental functions 
found for the analyzed dataset, certain specific features of nAl (metallic aluminum 
content in nAl and oxidation onset temperature) can be predicted based on 
measured powder parameters (like BET particle size).
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Abbreviations and symbols
Alex	 Aluminium exploded (nAl produced by electrical explosion of wires)
AP	 Ammonium perchlorate
BET	 Brunauer-Emmet-Teller theory
DSC	 Differential scanning calorimetry
DTA	 Differential thermal analysis
НТРВ	Hydroxyl terminated polybutadiene
N.A.	 Not available
TGA	 Thermogravimetric analysis 
XRD	 X-ray diffraction
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nAl	 Nano-sized aluminium powder, nanoaluminium
µAl	 Micron-sized aluminium powder, microaluminium
K	 Burning rate coefficient – ratio of burning rate for nAl-loaded solid 

propellant formulation to burning rate for basic solid propellant 
formulation 

rb	 Burning rate, mm/s
as	 Mean surface (BET)  particle diameter, as = 6/(ρAl ∙ Ssp), nm
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