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Nomenclature

a : constant in Vieille burning rate law

n : steady burning rate pressure sensitivity
p : pressure

I, . steady burning rate

DOA: DiOctilAdipate

EEW: Electrical Explosion of Wires

EM: Electron Microscopy

HTPB: Hydroxyl-Terminated PolyButadiene
IPDI: IsoPhorone-Dlsocyanate

MDI: Methyl Disocyanate

PEG: PolyEthylene Glicole

PPG: Polypropylene Glicole

XPS: X-ray Photoelectron Spectroscopy
XRD: X-Ray Diffraction

1. Introduction

Great attention was recently focused on
solid propellant formulations containing ultra-
fine energetic particles, particularly Al nano-
particles, because of advantages such as sig-
nificant increases in propellant burning rates,
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shorter ignition delays and shorter agglomer-
ates burning times [1,2]. Nano-particles can
enhance the linear burning rate of aluminized
solid propellants by 100% or even more. Prob-
lems connected with poor mechanical proper-
ties and with a higher content of condensed
Al,Os3, which is responsible for specific im-
pulse reduction, limit the use of nano-sized Al
propellants and suggest further investigations.

A research program was planned at SP
Lab of Politecnico di Milano, in cooperation
with Istituto Donegani in Novara, to investi-
gate properties, structure, composition of con-
ventional sized Al powders and nano-sized Al
powders (from Russia and U.S.A., coated and
uncoated), to test the ballistic properties of
AP/HTPB composite propellants manufac-
tured using these powders, and to perform a
post-burning analysis of the condensed com-
bustion products. Different series of aluminum
powders have been analyzed in a compared
characterization: they have different particle
size and morphology, due to different prepara-
tion procedures. A detailed physical and
chemical analysis of the powders is performed
using SEM (Scanning Electron Microscopy),
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XPS (X-ray Photoelectron Spectroscopy),
XRD (X-ray Diffraction).

Emphasis is given in this paper to the
condensed combustion products which are in-
vestigated by EM, XPS, and XRD to charac-
terize their morphology, size, chemical com-
position and structure. Significant changes are
observed when the currently used micrometric
Al powders (30-50 um nominal size) are re-
placed by nanometric powders (0.1-0.2 um)
showing that the condensed combustion prod-
ucts feature different oxidation histories.

2. The investigated Aluminum powders

The Aluminum powders investigated in
this paper are summarized in Table 1. Both
nanometric (or ultra-fine) and micrometric
(spheres or flakes) size ranges are investigated.
Al Ola is a powder obtained by the EEW
technique, while Al_03-d is obtained by a
pneumatic mill technique. Aluminum type 05
(spheres of 30 um) is a standard Al powder
traditionally used in solid propellant formula-
tions for space propulsion, while Al type 06
(flakes of 50 um characteristic dimension) is a
cheap commercial product.

micrometric Al powders in reducing surface
agglomeration and thus promoting single par-
ticle combustion. In this respect, a baseline
formulation consisting of 68% ammonium
perchlorate (AP), 17% HTPB binder, and 15%
aluminum (Al) was selected. All propellants
of Tables 2 and 3 employ a bimodal AP size
distribution: coarse particles (80%) in the
range 140-160 um and fine particles (20%) in
the range 70-80 um. Propellants of Table 4 use
a monomodal AP size distribution in the range
140-160 pm. All tested compositions contain
83% mass fraction of solids.

Three different propellant series were
tested, for a total of eleven compositions. Se-
ries | (see Table 2) is meant to contrast the ef-
fects of micrometric Al replaced by the same
amount of nanometric Al.

Table 2

AP/HTPB/AI First Propellant Series
[AP size: 80% 150 +10 um + 20% 75+ 5 um]
Binder: 17 % [ HTPB + DOA + IPDI]

Propellant| Al powder n/g\rlni%(;\llvzfzre %‘3/22;‘33’
P 0la Al 0la 0.15 pm 1.67
P_03d Al_03-d 2.5 um 1.56
P_05 Al_05 30 pm 1.52
P_06 Al_06 50 pm 1.59

Table 1
Nomen- Source, production technique,
clature and size
Type 01 | Source: Russia
Al_Ola |EEW, uncoated;
nominal size: 0.15 um
Type 03 | Source: Russia
Al_03-d | Pneumatic mill; uncoated;
nominal size: 2.5 um
Type 05 | Source: Italy
Al_05 |spherical; nominal size: 30 um
Type 06 |Source: Italy
Al_06 |Flakes; nominal size: 50 um

3. Solid propellant formulations

The composite propellants tested in this
investigation were manufactured with the pur-
pose to contrast the effects of nanometric vs.

Series | includes four Al compositions be-
tween the two bracketing formulations P_0la
and P_06 respectively consisting of 100% ul-
tra-fine 0.15 um Al particles and 100% mi-
crometric (50 um characteristic dimension) Al
flakes. The remaining two propellants of Se-
ries | (P_03-d and P_05) include 2.5 or 30 pm
(coarse) particle sizes.
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Table 3

AP/HTPB/AI Second Propellant Series
[AP size: 80% 150 +10 um + 20% 75 £ 5 um]
Binder: 17 % [ HTPB + DOA + IPDI ]

Al powder )
Propellant | Al powder nominal Den5|t3y
; g/cm
Slze
) 80% type 06 | 50 um
PO7-BOL | 5006 type 01a | 0.10pm | 13
] 80% type 06 | 50 um
P_07-B03d | 2006 type 03-d| 25um | 1°7

Series Il (see Table 3) is meant to assess
the effects of bimodal Al distribution, accord-
ing to the amounts indicated.

The five propellants of Series 11l (see Ta-
ble 4) aim to assess the effects of different
binders.

Table 4

AP/HTPB/AI Third Propellant Series

[ AP size: 100% 150 £10 um ]
Aluminum powder: 100 % type 06

Density

Binder g .

Propellant

P_06/x1 | HTPB | DOA MDI 1.49

P_06/x2 PEG DOA MDI 1.50

P_06/x3 PPG DOA MDI 1.72

P_06/x4 PEG DOA | 2-MDil 1.30
PEG
P_06/x5 PPG DOA MDI 1.55

4. A summary of pre-burning analysis

A pre-burning analysis, mainly concer-
ning the Aluminum powder characterization,
has been considered in recent papers of this
research group [3,4,5]. For a reason of space
only a very short summary is given here.

A variety of EM analyses was used to in-
vestigate shape and dimension of the powder
grains; for details see [5]. Al_0la powder at a
large scale (50K magnification) shows differ-
ent types of irregular agglomerates, formed by
primary spherical particles, whose diameter
size is between 50 and 150 nm (Fig. 1). Sam-
ple Al_03-d shows a completely spherical
morphology (Fig. 2) of monodispersed parti-
cles and at higher magnification the absence of
a nanometric structure inside spherical parti-
cles can be observed. Similar results are ob-
tained for the Al_05 sample (Fig. 3).

XPS profiles allow to investigate atomic
composition in a subsurface region, up to a
depth of the order of hundreds of nanometers
and to quantify the concentrations of main
constitutive elements, hydrogen excluded; for
details see [5]. Possible contaminations, at a
concentration higher than 0.1 at. %, can also
be detected.

Fig. 1. SEM micrograph of Al_01a powder
(magnification: 50 Kx).

Fig. 2. SEM micrograph of Al_03-d powder
(magnification: 1 Kx (left) and 10Kx (right)).
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Fig. 3. SEM micrograph of Al_05 powder
(magnification: 1 Kx).

These data represent the average on the
sampled zone, that usually contains several
single particles with the contribution of their
native-oxide coatings. In Tab. 5 the Alme/Alox
ratio is reported and its variation with particle
diameter is shown.

The chemical depth profile of sample
Al _Ola is characterized by the presence of
three main elements: Al, O, and N (Table 5).
Chemical profiles obtained from the series
Al _03, prepared by mechanical mixing, never
show the presence of nitrogen, because AIN is
formed only under severe conditions. The pro-
file of sample Al_05 and also of sample Al_06
are similar to the ones of series Al_03; metal-
Al is the prevailing element and the ratio
O/Alox tends to reach 1 in bulk.

Table 5
%at | O | Al | N [O/Alox| Al met/Alox
Al Ola| 33 | 63 | 2 1.3 1.6
Al 03d| 22 | 78 | - 1.4 3.8
Al 05| 12 | 88 | - 0.9 5.6
Al 06 | 12 | 86 | - 1.4 11.0

The crystalline phases and their relative
amounts are obtained by XRD; for details
about the technique see [5] and [11]. As can be
observed in Table 6, the sample prepared by
EEW contains two crystalline phases: the lar-
ger fraction is metallic-aluminum (Al > 90%),

with a small fraction of aluminum nitride (AIN
< 10%). The crystalline domain sizes (®) rep-
resent the maximum extension of ordered re-
gions. Generally, this length is lower than par-
ticle size, because amorphous material can
embed the crystals. Powder Al_0la contains
two crystalline phases: metallic-aluminum (Al
96.5%) and aluminum-nitride (AIN 3.5%).
Their average crystalline domain lengths (®)
are 130 nm and 20 nm, respectively. Sample
Al_03-d presents an infinite length of crystal-
line domains, that means they are greater than
500 nm. Sample Al_05 shows 200 nm.

Table 6

Sample Identified phases

Al AIN

Al_0la % 96.5 3.5

@ (nm) 130 20
Al_03d % 100 -
@ (nm) 0 -
Al_05 % 100 -
® (nm) 200 -
Al_06 % 100 -
@ (nm) 0 -

A summary of burning analysis

Propellant samples (4.5 x 4.5 x 30 mm) of
the formulations under examination were
burned in a nitrogen-flushed window bomb in
order to measure the steady burning rate. Sam-
ples were ignited by a hot Nichrome wire.
Pressure was kept constant during the whole
combustion process with a feedback pressure
control system. Steady burning rates were
measured in the range 1-70 bar, using an
automated image processing technique from
high-speed video recordings. Several samples
(at least 3) were used for each experimental
point and for each sample several burning rate
readings were performed, according to well-
established SPLab procedures. Among the
several compositions tested, few selected pro-
pellants are discussed in this paper. Steady
burning rate (Vieille law) of propellants of Ta-
bles 2 and 3 are summarized in Table 7.
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Table 7
Propel- Vieille burning rate law,
lant rp=ap"
Short 2 mm/s n,
Notation ! (mm/s)/(bar")
242 + 0.38 +
P_0la 0.07 0.01
1.46 + 037+
P_03d 0.06 0.01
1.32 + 0.39+
P05 0.03 0.01
1.08 + 0.42 +
P_06 0.03 0.01
P_07- 2.04 + 0.35+
BO1 0.07 0.01
P_07- 1.27 + 0.44 +
B03d 0.10 0.03

6. The condensed combustion products
analysis

Combustion of metallized solid rocket
propellants results in the formation of con-
densed combustion products (CCP), which
have an essential influence on rocket motor
performance.

Different techniques are proposed in the
literature to collect and analyze the condensed
combustion products. Agglomerates are sys-
tems made of aluminum and aluminum oxide,
formed during the combustion process, whose
size is over a defined threshold. Babuk et al.
[7] show the influence of the oxidizer particle
size on the mass of the agglomerates. Babuk
[8] also comments on the effect of binder
properties on agglomeration concluding that
the binder influence is determined by the con-
tent of carbon and easily gasifying elements in
the binder itself. Further studies performed by
Glotov et al. [9] point out several influences of
the binder type on the agglomeration process.
They find opposite effects for propellants con-
taining different oxidizers on agglomerates
quantities and sizes. Coating Al particles with
high-melting metal films (Ni, Cu, Fe) de-
creases agglomeration; a similar effect can

also be reached by using organic substances
for coating [10].

Results concerning the technique to col-
lect and analyze the CCP by this group can be
found in [11].

6.1 SEM analysis

SEM allows a visual inspection of the
combustion residues. The general trend shown
by SEM analysis seems to confirm, for the in-
vestigated propellants and under the operating
conditions used, that agglomeration is poor for
coarse Al powder, but consistent for nano-Al
powder. A comparison of SEM micrographs
for propellants P_0l1a and P_05, at the pressure
of 1 bar and at the same magnification, is
shown in Fig. 4 and 5.

Fig. 4. SEM micrograph of condensed combustion
residues of P_01a propellant

(magnification: 500x)

Fig. 5. SEM mlcrograph of condensed combustion
residues of P_05 propellant

(magnification: 500x)
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6.2. XPS analysis

XPS analysis concerns the surface of the
residues, while the bulk composition is better
investigated by XRD; for details see [5] and
[11]. In spite of these characteristics, XPS al-
lows to obtain interesting results: Tables 8, 9
and 10 show the total amount of atomic spe-
cies in each state, respectively for propellants
of Tables 2, 3 and 4. Carbon comes from pyro-
lysis processes and is partially oxidized. Al is
the total Al, mainly detected as Al oxide, while
metal Al contained inside CCP does not ap-
pear in the XPS analysis of the residues. Chlo-
rine is probably chlorine from AP decomposi-
tion, entrapped in the CCP.

6.3 XRD analysis

XRD spectra were obtained to disclose the
crystalline phases and their relative abun-
dance; for details about the technique see [5]
and [11]. The results of the X-ray powder
analysis relative to the combustion products
for propellants P_0la and P_05 are summa-
rized in Table 11. All the powders contain the
same inorganic phases, that is y Al,Os,
0*Al,03 , a Al,O3 and metallic aluminum
(Al°) as shown in Tables 11 and 12. The first
two phases are metastable transition aluminas
and the third one is the well-known Corun-
dum. At first sight, the aluminum content of
residues suggests that the higher pressure fa-
vors the metal burning and that the burning

Table 8 performance of propellant P_01 is much better
P 0Ola P_05 than P_05 one.
Press. | 1 bar 30 bar 1 bar 30 bar
% at % at % at % at Table 11
Ols 49.7 45.1 46.8 45.7 P Ola P 05
Al2s 38.2 34.0 30.2 36.2 Press. 1 bar | 30 bar 1bar |30 bar
0
Cls | 104 194 | 174 | 163 Al 36 | 15 719 | 98
v AlL,Oy(%) | 56.7 | 57.2 16.7 | 484
Clzp | 14 L1 24 | 13 5*ALO(%) | 374 | 37.7 | 90 | 40.0
Table 9 a Al,O3(%) | 2.4 3.6 2.4 1.8
Chem. P07-B01 [ P 07-B03d Table 12
species p = 30 bar
% at % at P 07-B01 | P_07-B03d
Ols 45.8 42.9 ; p =30 bar
Al2p 32.1 30.4 Al 8.4 13.5
cl 198 20 v AlL,O3(%) 55.5 56.3
> ' ' 5*Al,04(%) 34.2 29.6
Clop 15 15 o ALOy(%) 19 06
Table 10
Chem. Propellant Secondly, although the temperatures in-
species (p = 30 bar) side the chamber are well above the value re-
PO6/x1 | PO6/x2 | PO6/x3 | P06/x4 | PO6/X5 quested to get the o form (=1400 K), the tran-
- - « . ]
%at | %at | %at | %at| %at sition alumln_as Y an_d &* found in all the sam
ples and their relative abundance means that
Ols | 432 | 39.7 | 458 | 46.6 | 37.8 these temperatures have been experienced by
Al2p | 30.8 | 31.3 | 35.6 | 35.2 | 29.8 the residues only for very short times. Fur-
Cls | 255 | 278 | 165 | 17.2 | 315 thermore, there should be a high temperature
gradient between the burning surface of the
Cl2p | 05 | 03 0.7 | 07 ] 05 propellant and the layers below, so that most

part of aluminum oxidized is involved in a
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temperature range typical of transition alu-
minas y and 6* (800 —1200 °C).

Conclusions

To perform a pre-burning analysis of solid
rocket propellants, an extensive characteriza-
tion of micro and nano-sized aluminum pow-
ders, using SEM, XPS and XRD techniques
was carried out. Powder Al_0la, in compari-
son with other powders, is a very finely dis-
persed powder at the nano scale.

Concerning the burning analysis, tests on
the propellants considered in this study show
that intense Aluminum combustion close to the
burning surface, occurring when 0.15 pum is
used in place of 30 or 50 um Al, significantly
increases the burning rate. The increased sur-
face area per unit volume greatly contributes
to the high reactivity of nano-sized particles.

The post-burning analysis shows the bet-
ter combustion efficiency of nano-sized alu-
minized propellants, in comparison with mi-
cro-sized, and the important effect of pressure
on chemical composition, size and morphol-
ogy of combustion products.

The important role of the binder nature in
agglomeration process has been shown. In par-
ticular the use of PPG (see Table 10) allows to
obtain significant decreases of unburned alu-
minum and increases in aluminum oxide
among the combustion products. Again, using
PPG the carbon content of the residues de-
creases and their sizes also decrease.
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