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ABSTRACT

Agglomeration in solid composite propellants is known to exacerbate two-phase flow losses. In this ex-
perimental study, we investigate the substitution of aluminum particles with metallic alloys in order to
reduce agglomeration in aluminized propellants. We consider five different aluminum-based alloys: Al-
Mg, Al-Ni, Al-Si, Al-B, and Al-Zn. Through thermogravimetric-differential scanning calorimetry measure-
ments, we find that all five alloys can increase the initial oxidation temperature relative to a baseline Al
propellant, but that only Al-Si and Al-Zn exhibit lower melting temperatures. Laser ignition experiments
show that Al-Mg produces the most balanced combination of a short ignition delay time and a short self-
sustaining combustion time. High-pressure experiments at 0.5 to 3 MPa show that Al-Si has a markedly
higher burning rate than the baseline Al propellant, while Al-Mg and Al-Ni have the lowest pressure ex-
ponents. High-speed microscopic surface imaging at 0.5 and 1 MPa shows that Al-Ni produces the largest
reduction in agglomeration, with an average agglomerate size some 30% smaller than the baseline value.
By contrast, Al-Zn produces the worst agglomeration, with an average agglomerate size around 15% larger
than the baseline value. From these findings, we propose a qualitative phenomenological mechanism for
agglomeration in metallic-alloy propellants based on a competition among four distinct effects: the metal
melting temperature, the adhesive force of the agglomerates, the propellant burning rate, and micro-
explosions. We then analyze the agglomeration of the different alloys using the proposed mechanism. As
well as providing new experimental data on the agglomeration, ignition and combustion characteristics
of solid composite propellants containing aluminum-based alloys, this study reinforces the notion that
the agglomeration and combustion performance of aluminized propellants can be optimized through a
judicious choice of alloying elements.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

minum particle agglomeration can be reduced in the high-pressure
combusting environment of an SRM.

Aluminum is often used as a fuel additive in composite pro-
pellants to increase the specific impulse of solid rocket motors
(SRMs). Aluminum is preferred because of its high energy den-
sity, low cost, and proven safety. However, aluminized fuel parti-
cles are prone to agglomeration, resulting in incomplete chemical
energy conversion of the propellant as well as increased erosion of
the SRM nozzle walls through increased slag deposition. Further-
more, it is well known that large particles require more energy to
accelerate than small particles, leaving less energy in the carrier
exhaust gases and hence reducing the specific impulse. To reduce
such two-phase flow losses, it is important to investigate how alu-
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Currently there are two main strategies for reducing particle
agglomeration in aluminized propellants. The first involves tuning
the propellant formulation, such as increasing the concentration
of ammonium perchlorate (or ‘AP’, NH4ClO4), reducing the metal
content, or introducing a burning-rate catalysis [1]. One may also
adjust the binder properties so as to tune the combustion and
agglomeration characteristics of the propellant [2,3]. The second
strategy involves modifying the aluminized particles themselves
in such a way as to make them smaller so that they can burn
more quickly [4,5]. Over the past decade, this strategy has attracted
growing interest, particularly with the adoption of new materi-
als such as nano-Al [6], metallic alloys [7], fluoropolymer coatings
[8], and other inclusions [9]. The relatively low active aluminum
content in nano-Al particles, however, reduces the specific im-
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pulse, thus limiting the full potential of this technique in practical
applications. Modified aluminized particles coated with fluorine-
rich polymers are a promising solution, as fluoropolymers can pro-
mote the ignition of aluminum through surface exothermic re-
actions involving the Al,03 shell and fluorine, yielding AlF; to
reduce metal agglomeration [4,5,10]. However, the low mechani-
cal strength of fluoropolymer coatings presents a significant chal-
lenge to deployment. In recent work, we investigated a new func-
tional material to improve the stability of polytetrafluoroethylene
(PTFE) coatings [11]. Nevertheless, fuels containing metallic alloys
are known to exhibit higher energy densities than those coated
with fluoropolymers; for example, the gravimetric calorific value
of boron is even higher than that of aluminum. Furthermore,
metallic-alloy fuels tend to be more resistant to mechanical fail-
ure because they have no coating interface. Therefore, the use
of metallic-alloy particles in place of aluminum particles in solid
composite propellants could be a viable strategy for reducing par-
ticle agglomeration in SRMs.

Previous studies have investigated how the use of metallic al-
loys — such as Al-Li, Al-Si, Al-Ni and Al-Mg — can reduce agglom-
eration in propellants. For example, Reese et al. [12] found that
the use of 75 wt.% Al-Ni (mass ratio 5:1) led to a marked reduc-
tion in the mean agglomerate size, from 235 to 90 pm. They also
found that the propellant surface had thinner and more porous
flakes, which were smaller than the agglomerates themselves [12].
Valluri et al. [13] explored the use of fuel-rich AlI-NiF, compos-
ites and found that they shortened the ignition delay time rel-
ative to baseline Al particles. Terry et al. [14] found that the
use of Al-Si enhanced agglomeration owing to greater fluidity on
the burning surface. Terry et al. [15] and Hatem et al. [7] in-
vestigated the use of Al-Li and Al-Mg particles, respectively, and
found that they reduced two-phase flow losses owing to a unique
micro-explosion phenomenon that leads to faster metal combus-
tion and smaller particles in the associated plume. Despite sig-
nificant progress in improving the combustion and agglomeration
characteristics of aluminum alloys, the propellant formulations and
experimental conditions used in previous studies have been highly
variable, making it difficult to develop a unified understanding of
the effect of metallic alloys on propellant performance. Such an
understanding, however, is needed as a basis for using metallic
alloys in solid composite propellants and can guide the exploita-
tion of newly available materials. In addition, Al-Zn [16] and Al-B
[17] have been used in solid propellants to improve ignition and
combustion, but their agglomeration behavior is still not fully un-
derstood. In particular, the micro-agglomeration behavior of differ-
ent metallic alloys need to be studied in more detail before their
potential as a propellant replacement can be further exploited in
SRM.

In this experimental study, we investigate the effects on ag-
glomeration and combustion arising from the replacement of base-
line Al particles with five different metallic alloys: Al-Ni, Al-Si,
Al-B, Al-Mg and Al-Zn. We benchmark these five alloys against
the baseline Al particles through an analysis of their morphol-
ogy and composition, thermal reactivity, ignition delay times, self-
sustaining combustion times, burning rates, ideal specific im-
pulse, and agglomerate sizes. We then conclude by presenting a
qualitative phenomenological mechanism for the agglomeration of
metallic-alloy propellants.

2. Experimental methodology

This study uses a baseline aluminum powder, with a nominal
particle diameter of 40 um, along with five aluminum-alloy pow-
ders containing 10 wt% Si, Zn, Mg, B, and Ni inclusions. These pow-
ders were supplied by the Hubei Institute of Aerospace Chemo-
Technology. The alloy powders were prepared by cold spraying, in

which raw metal ingots were dissolved, mixed and then atomized.
The final powders were collected after natural cooling. Solid com-
posite propellants were prepared with the six aforementioned fuel
additives: a baseline Al powder and five Al-alloy powders. All six
formulations contain 17 wt.% metallic fuel, 60 wt.% AP with a par-
ticle diameter of 100 pm, 10 wt.% RDX with a particle diameter
of 85 pum (CH,;NNO,)3, and 13 wt.% hydroxyl terminated polybu-
tadiene (HTPB) as a binder. These specific components were cho-
sen because they constitute the typical formulations found in the
rocket industry, thus rendering our results applicable to practical
systems.

Thermogravimetric-differential scanning calorimetry (TG-DSC)
measurements were carried out on a thermal analysis system in
which samples were heated from 30 to 1555 °C at a rate of 10 °C
min~!. Oxygen was used as the reacting gas, at a flow rate of
40 mL min~'. Around 1 mg of sample material was used in each
test.

A laser ignition system was used to quantify the ignition and
combustion characteristics of the propellant samples. The full de-
tails of this system can be found in Ref. [11]. The laser was op-
erated at a power setting of 150 W, with a pulse duration of 2 s.
Around 50 mg of sample material was used in each test. Flame for-
mation and evolution were recorded with a high-speed camera at
a frame rate of 2700 Hz. AP oxidizer was mechanically mixed with
the sample to aid ignition.

Figure 1 shows the high-pressure combustion diagnostics sys-
tem used for propellant testing. This system is identical to
that used in our previous studies [18,19], so only a brief
overview is given here. The propellant samples were prepared into
20 x 3 x 1 mm strands and covered with insulation material.
A spark ignitor made of inflammable material was placed at the
top of the propellant. Combustion experiments were conducted
in a nitrogen atmosphere at room temperature. An initial high-
pressure environment was set up by filling the combustion cham-
ber with nitrogen gas supplied from storage tanks. The combustion
and agglomeration characteristics were examined at 8400 frames
per second via a high-speed camera (Phantom M340, USA) view-
ing through a long-distance microscope. The exposure time of each
frame was set to 30—45 ps depending on the chamber pressure
and the flame intensity of the propellant samples. Because propel-
lants burn at high pressures in SRMs, tests were conducted at four
different elevated pressures: 0.5, 1.0, 2.0, and 3.0 MPa. Each propel-
lant was tested three times, and the results were averaged to aid
repeatability. The burning rate was measured via pressure signals,
with a statistical uncertainty of +0.2 mm/s. The total burning time
t, of a propellant sample can be determined via the pressure sig-
nal in the combustion chamber. The length L of the propellant was
measured before ignition, implying that the burning rate r;, can be
calculated as L/ t,. This method was also adopted in our previous
study (see Ref. [20]).

A scanning electron microscope (SEM) was used to capture
high-magnification images of the powder samples. The samples
were mounted on an aluminum pin with carbon adhesive tape. The
phase compositions of the propellant powder and the condensed
combustion products were analyzed with an X-ray diffractometer
(XRD) manufactured by Malvern Panalytical (Empyrean).

3. Results and discussion
3.1. Particle morphology and composition

First we examine the particle morphology of the six powders
using the SEM described in §2. Figure 2 shows consolidated SEM
images of the different powders. The particles in all six powders
are predominantly spherical, although some are more irregularly
shaped than others, with elongated structures appearing sporadi-
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Fig. 1. Schematic of the high-pressure combustion diagnostics system used for propellant testing.

Fig. 2. SEM images of the six powders used in this study: (a) Al, (b) Al-B, (c) Al-Mg (d) Al-Ni, (e) Al-Si, and (f) Al-Zn.

cally. The Al-Mg particles are by far the largest, followed by the Al,
Al-Si and Al-B particles, with the Al-Ni and Al-Zn particles coming
in at the smallest.

Figure 3 shows the XRD patterns for all six powders. The XRD
pattern for the baseline Al shows only peaks corresponding to alu-
minum, as expected. The XRD pattern for Al-B also shows only
peaks corresponding to aluminum. This is because the raw alloy
material used in the Al-B sample is amorphous boron, which has
been shown to present no obvious diffraction peaks [21]. The XRD
pattern for Al-Mg shows peaks corresponding to Al and the in-
termetallic phase Mg,Als, indicating species diffusion during the
melting, mixing and/or atomization processes. There is, however,
no significant intermetallic composition found in the Al-Ni, Al-Si
and Al-Zn powders. This may be because Ni, Si and Zn are all less
reactive than Mg. The diffraction peaks corresponding to Ni, Si and
Zn are much weaker than those of the main Al phase.

3.2. Thermal oxidation reactivity at high temperatures

Figure 4 shows the TG-DTG-DSC curves for all six powders,
while Table 1 lists their corresponding oxidation reaction prop-
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Fig. 3. XRD patterns for the six powders used in this study: a baseline Al powder
and five Al-alloy powders.
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Fig. 4. TG-DTG-DSC curves for the six powders used in this study: a baseline Al powder and five Al-alloy powders. The heating rate is 10°C min~!, from 30 to 1550°C.

Table 1
Oxidation reaction properties of the six powders?.
Sample Reaction TG DTG DSC
T, Te Am Ty Imax Tpa Ah

Al Stage I 965.1 1105.1 429 10351 6.10 657.9 554
Stage 11 1190.1  NAP 22.25 1530.1 1531 | /

Al-Zn Stage | 861.6 11716 855 1006.6  5.67 6399 314
Stage 1 1281.6 NA 28.92 1456.6  4.65 / /

Al-Si Stage I 306.4 646.4 8.58 476.4 3.12 576.2 829
Stage 11 806.4 11564  13.06 961.4 5.74 / /
Stage Il 12314 NA 17.71 14714  8.12 / /

Al-Ni Stage 1 476.3 596.3 441 546.3 3.00 658.7 359
Stage 11 606.3 691.3 2.80 646.3 4.02 / /
Stage Il 826.3 1096.3  20.94 991.3 1994 | /
Stage IV 1201.3 NA 175.06 NA NA / /

Al-Mg Stage I 5114 706.4 12.74 601.4 8.12 589.6  —1308
Stage 11 801.4 946.4 18.18 876.4 2340 656.1 344
Stage Il 9514 11214  48.00 10764 9174 | /

Al-B Stage I 327.0 632.0 9.00 482.0 3.90 660.0 337
Stage 11 672.0 937.0 17.99 837.0 9.46 / /
Stage Il 1037.0  1522.0 59.78 13720 1723 | /

Note: @ T; is the initial temperature at which a mass increase occurs [°C]
perature of the mass increase [°C]; Am is the relative mass increase [%]; Ty; and Ty, are the
peak temperatures of the mass increase rate and the heat release, respectively [°C]; Imax is the
maximum mass increase rate [% min~']; Ah is the heat release.

b NA denotes unfinished reactions up to 1550°C.

; Te is the final tem-
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Fig. 5. Ignition and combustion characteristics as measured in laser ignition experiments for five Al-alloy powders: (a) chemiluminescence images of the flame created with
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erties. For the baseline Al powder, the TG curve shows two dis-
tinct stages of mass increase, one beginning at 965.1 °C and the
other at 1190.1 °C. Here the initial temperature of the Al-O, re-
action is higher than that reported by Zhou et al. [22] for small
Al particles (<10 pnm) owing to differences in the specific surface
area. At the first stage of mass increase, the oxide transforms from
amorphous alumina to crystalline Al,03, possibly «-Al,03 [23].
The newly formed Al,03 covers the aluminum surface, preventing
further oxidation. After sufficient heat accumulation, the tempera-
ture rises to 1190.1 °C, inducing secondary rapid oxidation. Com-
pared with the baseline Al, Al-Zn exhibits broadly similar trends
in its mass variation but a larger total mass increase of 137.47%.
This is because the low melting point of Zn (419.5 °C) reduces
the melting point of Al-Zn to 639.9 °C, according to the DSC data
(the melting point of Al is 657.9 °C). The condensed phase reac-
tion is important to oxidation, so the initial temperature of Al-
Zn oxidation is reduced by around 100 °C. However, the rate of
mass increase for Al-Zn is reduced owing to the lower reactivity
of Zn relative to Al itself. Unlike the two foregoing powders, Al-
Si shows evidence of a three-stage reaction, with the initial re-
action temperature being as low as 306.4 °C and the total mass
increase reaching 142.85%. The corresponding DSC data reveal a
lower melting point of 576.2 °C, which is consistent with the mea-
surements of Terry et al. [14], who analyzed an Al-Si eutectic al-
loy with 100 mL/min of oxygen-argon at 20 °C/min. The Al-Ni
powder undergoes more elaborate reactions involving four stages
of mass increase. Although the melting point of Al-Ni (658.7 °C)
is similar to that of Al (657.9 °C), replacing Al with AI-Ni parti-
cles still leads to a significant total mass increase of 196% with
a lower initial reaction temperature of 476.3 °C. In addition, the
maximum rate of mass increase for Al-Ni occurs at around 1000 °C
and is nearly twice that of the baseline Al. This suggests that Al-

Ni oxidation begins in the condensed phase, effectively raising the
subsurface temperature, thus accelerating the reaction rate and
efficiency of oxidation. Among the six samples, Al-Mg shows the
highest reaction rate: 91.74 at 1076.4 °C. The corresponding DSC
data show an exothermic peak at 589.6 °C, which is driven by Mg
oxidation, followed by an endothermic reaction associated with the
melting of Al at 656.1 °C. The exothermic reaction before the melt-
ing of Al is thought to be crucial to the subsequent oxidation of the
Al particles, for it plays the role of an activation factor in the oxi-
dation of aluminum. The Al-B sample has the highest total mass
increase (203.92%) as well as the hottest peak in mass increase
(1372.0 °C). The high-temperature mass increase is likely due to
the presence of boron, which causes a large mass increase due to
oxidation, even beyond 1200 °C [21]. From these findings, it can be
concluded that Al-Si, Al-Ni, AI-Mg and Al-B all promote aluminum
oxidation, but only Al-Mg has a positive effect on the reaction rate.
Another key observation is that the melting point of Al-Si differs
significantly from those of the other samples, which could affect
the metal agglomeration behavior on the burning surface of the
propellants [5].

3.3. Laser ignition experiments

Laser ignition experiments are performed to examine the igni-
tion and combustion characteristics of the Al and Al-alloy propel-
lants. Figure 5(a) shows chemiluminescence images of the flames
created with different metal-AP powders at atmospheric pressure.
The flame from the baseline Al sample is not shown because it
could not be ignited, even with prolonged laser exposure. This in
itself shows that all the metal inclusions tested here can promote
Al ignition, just as they can promote Al oxidation, according to
the TG-DSC data of Fig. 4. All the flames are blown upwards as a
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result of the rapid decomposition of AP, forming a large amount
of gaseous products. The emission patterns of the Al-Zn and
Al-Si flames appear more discrete than the others, with several
large molten droplets clearly visible in the flame core. In partic-
ular, a large unburned molten mass can be seen moving upstream
(downwards) in the Al-Si flame. The DSC data from Fig. 4 show
that the melting points of Al-Si and Al-Zn are the lowest among all
six samples tested. This suggests that a low melting point is con-
ducive to sintering and agglomeration of metal particles. By con-
trast, the metal particles in the Al-Mg, AI-Ni and Al-B flames ap-
pear to be smaller and burning in vapor-combustion mode. The Al-
Mg flame is the widest, indicating a large area of the burning sur-
face. The Al-B flame is dominated by intense green emission from
BO,, a gas-phase reactant present during boron combustion [24].
To quantify the combustion intensity of the metal particles, we ex-
amine the burning surfaces by converting the chemiluminescence
images to gray scale and extracting the average pixel count. We
then use this as an indicator of the combustion intensity, in accor-
dance with our previous work [11]. Analysis of such images shows
that the combustion intensity of the samples decreases in the fol-
lowing order: Al-Mg — Al-B — Al-Ni — AI-Si — Al-Zn. This trend
is consistent with the maximum rate of mass increase observed in
the oxidation reaction (see Fig. 4) and can be explained by recog-
nizing that metallic fuels with higher reaction rates typically burn
more quickly and therefore exhibit higher combustion intensities.
Spectral data collected from the laser ignition experiments are
shown in Fig. 5(b) for the five Al-alloy powders; each curve repre-
sents the average of three individual test runs. AlO is a known gas-
phase intermediate of Al combustion [25]. Here the AlO spectral
peaks at 471, 486 and 512 nm are consistent with those found in
our recent work [11]. The peaks at 492.9, 518.1, 547.1 and 620.2 nm
are attributed to BO, emission [26]. The peak at 518 nm arises
from gaseous Mg vapor, while that at 385 nm arises from MgOH,
which suggests the presence of water vapor from AP decomposi-
tion in the combustion environment. Na [27] and K are also de-
tected at 589 and 768 nm, respectively. It can be seen that Al-
Si has the strongest overall emission spectrum, which can be at-
tributed to the combustion of large molten droplets. The pres-
ence of such droplets may have reduced the receiving distance of
the spectral emission signal detected by the spectrometer, result-
ing in Al-Si having the strongest emission spectrum. According to
Fig. 5(c), the ignition delay time increases in the following order:
Al-Ni — Al-Mg — Al-B — Al-Zn — AI-Si. This is in stark contrast
to the earlier TG results showing that the initial oxidation temper-
ature of Al-Si is the lowest, which implies that the heating rate
has a profound effect on metal ignition. Under high heating rates,
cracking of the oxide shells occurs as a result of differences in ther-
mal expansion between aluminum and aluminum oxide. Molten
metal can leak through cracks and holes in the oxide shell [28].
Moreover, it is well known that small particles can enhance the
gas-solid reaction via an increase in the specific surface area. The
short ignition delay can be partly attributed to the small size of the
Al-Ni particles. Furthermore, the self-sustaining combustion time
of Al-Mg is the shortest of all the samples, while its ignition delay
time is the second shortest. Overall this shows that Al-Mg exhibits
a balanced tradeoff between ignition and combustion performance,
while Al-Si performs the worst among all five Al-alloy powders.

3.4. Burning rate and energy performance

Figure 6 shows the burning rates of all six propellants at pres-
sures ranging from 0.5 to 3.0 MPa. It can be seen that, at pressures
above 0.5 MPa, replacing baseline Al with Al-Si leads to a marked
rise in the burning rate, along with an increase in the pressure ex-
ponent — from 0.50 to 0.74. The high fluidity of Al-Si is thought
to promote preheating of the condensed phase through chemi-

- Al: r=2.47P0.50 —A— AI-Ni: r=2.47P0.29
—A— Al-B: 7=2.14P0.46  —l— AL-Si: 7=2.54P0.74
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Fig. 6. Experimentally measured burning rates for the Al and Al-alloy propellants.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

cal reactions involving the decomposition products of AP or HTPB
[14], which might explain the increased propellant burning rate.
Moreover, Al,03 produced by the ignition enhancement of Si could
serve as a catalyst for AP decomposition [10]. Over the entire pres-
sure range tested, the burning rate of the Al-Zn propellant is found
to be similar to that of the baseline Al propellant. At pressures
above 1 MPa, the Al-B, Al-Mg and Al-Ni propellants have lower
burning rates than the baseline Al propellant, with Al-Ni showing
a particularly low pressure exponent of 0.29 (vs. 0.50 for baseline
Al). The combustion of an AP composite propellant can be divided
into three zones: (I) a heat conduction zone in the solid phase, (II)
a preparation zone in the gas phase, just above the burning sur-
face, and (III) an exothermic reaction zone. The pressure sensitivity
of the heat transfer from zone III to zone II has a strong influence
on the pressure exponent. It is therefore conceivable that Ni alters
the reaction between the fuel gas produced by the decomposed
binder and the AP flamelet, because Ni particles can act on the re-
action in the dark zone of a double-based propellant [29]. Chem-
ical equilibrium calculations show that the flame temperature of
the Al-B propellant is the lowest of all six propellants, which could
explain the low burning rate as arising from reduced thermal feed-
back. Although boron has a relatively high energy density, there is
insufficient oxygen for it to release its full chemical energy. The
Ni-Al reaction could modify the structure of the condensed-phase
thermal wave, leading to an approximately constant burning rate,
as reported by Reese et al. [12]. When the pressure falls below
1 MPa, the burning rate of Al-Mg is actually slightly higher than
that of the baseline Al, but drops below it when the pressure rises
above 1 MPa. According to our laser ignition experiments (Fig. 5),
which were done at atmospheric pressure, Al-Mg shows excellent
ignition and combustion performance, with strong heat release on
the propellant surface. However, because Mg has a lower vaporiza-
tion temperature than Al, the endothermic enthalpy of vaporiza-
tion tends to hinder reactions on the propellant surface [7], thus
reducing the burning rate. This indicates that the burning rate of
a composite propellant is mainly dependent on the heat release
reaction of AP-HTPB on the burning surface, rather than on the
thermal feedback of metal combustion in the plume, especially at
low pressures [30]. Compared with the baseline Al propellant, Al-
Mg has a lower pressure exponent (0.30 vs 0.50). This is similar
to magnalium propellants but different from propellants contain-
ing Al-Mg alloy (52.6 wt.% Mg) [7]. As our XRD data show (Fig. 3),
an intermetallic phase Mg,Al; is present in the Al-Mg alloy, so in
this sense it is similar to a magnalium material. Potential differ-
ences may be attributed to variations in Mg content and to varia-
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Fig. 7. Ideal specific impulse and adiabatic flame temperature as a function of the
chamber pressure (0.5 — 10 MPa, ideal expansion to 0.1 MPa) for the baseline Al
propellant and for five Al-alloy propellants.

tions in the particle production process. For example, the powder
used in Ref. [7] was produced by mechanical milling, whereas that
used here was produced by cold spraying, as discussed in §2.

The specific impulse Isp is a key quantity for evaluating the po-
tential suitability of a new propellant for SRM applications. There-
fore, we compute the ideal specific impulse and the adiabatic
flame temperature of our propellant formulations using NASA’s
Chemical Equilibrium with Applications software. The results, pre-
sented in Fig. 7, show that, despite differences in their ignition
and burning rates, all the Al-alloy propellants tested here give only
a slightly lower specific impulse than the baseline Al propellant,
which can be explained by the slightly lower adiabatic flame tem-
peratures. At a representative pressure of 7 MPa, Al-Mg gives the
highest specific impulse (259.8 s) of the five Al-alloy propellants,
while Al-Ni gives the lowest (256.5 s). Nevertheless, it should be
noted that even the lowest specific impulse (Al-Ni: 256.5 s) is only
1.6% less than that of the baseline Al propellant (260.6 s). By com-
parison, previous work [5] has shown that 10 wt.% PTFE can re-
duce the adiabatic flame temperature, but can increase the specific
impulse by 0.7% (from 262.5 to 260.6 s) relative to the baseline
propellant. Although fluoropolymers have a lower energy density
than most alloys, the loss of specific impulse is reduced compared
with Al-Ni. This is because the specific impulse of a propellant is
dependent on the energy density, oxygen balance, and interactions
between propellant formulations.

3.5. Agglomeration characteristics

Figure 8 shows images of the agglomeration process for the
baseline Al particles. The coral structure, agglomerate, and Al
droplet with an oxide cap can be readily identified, and are con-
sistent with previous studies [11,18]. In these images, the final ag-

(a) to (b) to+5.4 ms

Oxide

Coral structure condenatin

(c) to+16.8 ms

\“ ‘\Al droplet

Oxide cap

glomerate diameter is around 300 pm, and the total residence time
is 16.8 ms. Oxide condensation can also be seen. Typically, an oxide
coating covers the particle surface during the ignition process. Ac-
cording to DesJardin et al. [31], this coating can peel back and de-
posit on the particle itself to form an oxide cap (see Fig. 8c). A con-
vective tail can also be observed emanating from a diffusion flame.
This tail is formed from the aluminum oxide transported around
the inner droplet by the upward-moving convective flow. Metal ag-
glomeration is known to depend on the fraction of ‘pockets’ in the
propellant formed by coarse AP particles. Figure 8(d) shows an ex-
ample of secondary agglomeration of the emerging agglomerates,
which could be attributed to inter-pocket agglomeration [32].

Next we examine the size of the luminous particles during their
ignition and subsequent release from the propellant surface. For
each propellant, we identify approximately 200 to 300 agglomer-
ates, and then compute their average particle diameter using size
distribution data [11]. It should be noted that the size data for pro-
pellant combustion at 2 and 3 MPa were difficult to acquire be-
cause many particle images were overexposed, leading to pixel sat-
uration. Therefore, only data for 0.5 and 1 MPa are used, as shown
in Fig. 9(a). At a pressure of 0.5 MPa, the nominal agglomerate size
of each of the six propellants exceeds 200 pm. Compared with the
baseline Al propellant, the AI-Ni propellant produces the smallest
particles (210 vs. 226 pm), implying that agglomeration is substan-
tially reduced.

Increasing the ambient pressure from 0.5 to 1 MPa leads to
a reduction in particle diameter for all six propellants. It should
be noted, however, that increasing the ambient pressure also in-
creases the burning rate, leading to faster detachment of particles
from the burning surface [33]. Despite this, the Al-Ni propellant
still has the smallest particle size by a significant margin, imply-
ing that its agglomeration reduction is the most robust. The use
of Al-Ni reduces the mean agglomerate size from 196 to 138 pum
at a pressure of 1 MPa. This is consistent with the findings of Ref.
[34], in which the use of a nickel coating reduces the agglomerate
size from 223 to 138 um at 1.5 MPa, despite the use of a different
binder (isoprene rubber and oil) in the propellant [34]. The use of
Al-Mg causes an agglomerate size reduction of 14 pm. As noted
by Belal et al. [7], the micro-explosion of Al-Mg particles can lead
to particle shattering and enhanced fragmentation, thus reducing
the particle size. Evidence of such micro-explosion events is also
present in our experiments, as shown in Fig. 9(d). An initial parti-
cle suddenly develops a bright glow flame and then disintegrates
into two parts owing to a micro-explosion event occurring within
0.2 ms. By contrast, the Al-Zn propellant has the largest agglom-
erates, with their average diameter around 17% larger than that of
the baseline Al propellant at a pressure of 1 MPa. This could be
attributed to the low melting point of Al-Zn (639.9 °C), which has
the potential to increase the agglomeration of metal particles in
the pocket. Thus, an increase in inter-pocket agglomeration would
be expected. Like the effect of RDX on agglomeration [19], the in-
troduction of low-melting-point inclusions in the pocket geometry

@
| a

Inter-pocket mergence

Fig. 8. Typical agglomeration and inter-pocket agglomeration processes on the burning surface of baseline Al particles at a pressure of 0.5 MPa.
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Fig. 10. XRD patterns for the combustion products of the Al and Al-alloy propel-
lants at 3 MPa.

would lead to earlier metal sintering, yielding larger particles. A
significant molten layer can be seen on the burning surface of the
Al-Zn propellant (Fig. 9b), supporting the aforementioned hypoth-
esis. It should be noted, however, that Al-Si has a melting point
(576.2 °C) even lower than Al-Zn, but its agglomerates are roughly
the same size as those of the baseline Al propellant. This highlights
the important effect that the burning rate has on particle agglom-
eration: the burning rate of Al-Si is 38% higher than that of Al at
a pressure of 1 MPa. Although Terry et al. [14] found that Al-Si-
based propellants have larger agglomerates than Al-based propel-
lants, the burning rates of the two were found to be similar. The
Al-B propellant has agglomerates similar in size to those of the
baseline Al propellant. Although the Al-B propellant has a lower
burning rate, we speculate that, for this particular propellant, there
is a certain tradeoff against the effect of the burning rate.

Figure 10 shows XRD patterns for the combustion products of
the Al and Al-alloy propellants at 3 MPa. It is clear that inclusion
of alloys can alter the oxide properties of Al. The condensed com-
bustion product of the baseline Al propellant is primarily Al,0O3,
whereas Al, 604 is found in the main products of almost all the
alloy propellants tested here. In particular, the products of the Al-
Mg propellant includes Mgg 3gg3Al; 490304. This implies that alloy in-
clusions significantly affect the crystalline structure of aluminum

oxide, further altering the physical and chemical properties of the
oxide.

3.6. Agglomeration mechanisms

Existing theoretical models can be classified into four groups:
empirical models, physical models (skeleton layer models), pocket
models, and packing-based models [35]. Of particular relevance
is the skeleton layer (SL) model proposed by Babuk [32], which
is well established in the field of propellant agglomeration (see
Fig. 11a). The SL is a condensed-phase zone in the upper part of
the burning surface, and it consists of a metal, its oxide, and a
small amount of carbonic elements. Agglomerates are formed on
the surface of the SL and are then supplied to the gas phase. The
formation of the SL is related to the propellant structure, which
can be determined via the ratio between the ignition temperature
of the MF particles and the decomposition temperature of the car-
bon skeleton. In the present work, a large amount of burning par-
ticles is observed in all six propellants. The oxide in the SL is in
liquid form (Figs. 8 and 9), and ‘inter-pocket’ agglomeration is ob-
served at a relatively low pressure of 0.5 MPa. These observations
suggest that the SL mode belongs to ‘type A’ [32], with metal com-
bustion occurring within the SL in the presence of a high degree of
binding of the metal particles with the SL elements.

Although our laser ignition tests show that all the alloys tested
here can promote Al ignition, only Al-Ni and Al-Mg can reduce
the agglomerate size. This suggests that the ignition of metallic
fuel is not the main limiting factor in the agglomeration process.
Instead, the adhesive force is critical to detachment because ag-
glomerating particles can be considered to be droplets on a wet-
table surface [32]. Detachment of the agglomerates is controlled
by a balance between aerodynamic forces (drag) and the sum of
the adhesive forces and gravity, as illustrated in Fig. 11(b). In fact,
the high percentage of metal and its oxide binding within the SL
raises the possibility of the fusion of the original particles, with
the presence of adhesion between growing particles and the SL el-
ements providing for their retention on the burning surface and
for further growth. The breaking-away of the particles from the
SL surface occurs when the adhesive forces are weaker than the
separation forces. According to Ref. [34], the presence of Ni alters
the aluminum-oxide surface properties and weakens the adhesive
forces. Faster detachment of the agglomerates from the burning
surface can thus be expected, preferentially reducing the number
of large particles. This is evidenced by examining the XRD patterns
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of the combustion products (see Fig. 10). The condensed com-
bustion products of the baseline Al propellant is just Al,03, but
Al; 6604 is found in the main products of almost all the alloy pro-
pellants. The presence of NiO in Al-Ni may weaken the adhesive
forces between the agglomerates and the SL elements. The adhe-
sive forces of Al-B are thought to be weakened by the low melt-
ing point of boron oxide, as the surface tension of metallic fuels
typically decreases with the melting point. A weak adhesive force,
therefore, counteracts the negative effect of a low burning rate in
the Al-B propellant.

The pocket model of Cohen [1] has been widely used, despite it
not capturing the underlying propellant structure in full [36]. Ac-
cording to this model, metal agglomeration is initiated from the
melting of metal within a pocket in the inner condensed layer
of the solid propellant. It is thought that the amount agglomer-
ated is proportional to the amount of metal that melts within the
pocket. Therefore, melting is another critical step towards agglom-
eration, with a high melting point being a hindrance to agglom-
eration. Figure 9(b) shows a significant molten layer on the burn-
ing surface of the Al-Zn propellant. The presence of large irregular
agglomerates highlights the importance of melting-point effects in
Al-Zn agglomeration.

Aside from adhesive forces and the melting point, the burning
rate and particle micro-explosions are also important factors in-
fluencing agglomeration. When a large agglomerate is formed, it
resides on the burning surface. The residence time is thus critical
to determining the final size of the particles [19], with a shorter
residence time leading to reduced agglomeration. For a given ag-
glomerate, a higher burning rate is the third way in which ag-
glomeration can be reduced, because it leads to a shorter residence
time. The agglomerate size of the Al-Si propellant highlights the
importance of the burning rate. As for Al-Mg, we find that this
metallic alloy mainly alters the agglomerate size via particle micro-
explosions in the propellant plume. Although the oxide of the Al-
Mg propellant, i.e. Mgg3ggAls 40804, can change the attribution of
adhesive forces, particle micro-explosions are still believed to be
the dominant factor [7].

From the analysis presented above, we can develop a phe-
nomenological mechanism for agglomeration in metallic-alloy pro-
pellants. As illustrated in Fig. 11, weak adhesive forces between

an oxide and the SL elements, a high burning rate, and micro-
explosion events are thought to inhibit agglomeration, while a low
melting point is thought to enhance agglomeration. These four ef-
fects are believed to dominate the agglomeration process, but not
all of them are equally active in all metallic-alloy propellants. For
example, Al-Ni has roughly the same melting point as the baseline
Al, but it shows less agglomeration because the positive effect of a
weak adhesive force dominates the negative effect of a low burn-
ing rate. A low melting point dominates agglomeration in Al-Zn,
ultimately resulting in larger agglomerates. The competing effects
for Al-Si are a low melting point and a high burning rate, whereas
agglomeration in Al-B is determined by a weak adhesive force and
a low burning rate, leading to a similar agglomerate size for these
two different propellants. It should be noted that Al-Mg alters ag-
glomeration via particle micro-explosions in the propellant plume.

4. Conclusions

In this experimental study, we have investigated the substitu-
tion of aluminum particles with metallic alloys so as to reduce
agglomeration in solid composite propellants. We considered five
different aluminum-based alloys: Al-Zn, Al-Si, Al-Ni, Al-Mg and Al-
B. Through TG-DSC measurements, we found that all five alloys
can promote oxidation and ignition relative to the baseline Al par-
ticles, although only Al-Si and Al-Zn had lower melting points.
Through laser ignition experiments, we found that Al-Mg exhibits
the most balanced combination of a short ignition delay time and
a short self-sustaining combustion time. At pressures between 0.5
and 3 MPa, we found that Al-Si had the highest burning rate, while
Al-Ni and Al-Mg had the lowest pressure exponents. High-speed
microscopic surface imaging at 0.5 and 1 MPa showed that Al-
Ni produced the least agglomeration, but that Al-Zn produced the
most, with Al-Si performing similarly to the baseline Al propel-
lant. We then proposed a qualitative phenomenological mechanism
for agglomeration based on a competition among four distinct ef-
fects: the metal melting temperature, the adhesive force of the ag-
glomerates, the propellant burning rate, and micro-explosions. It
is speculated that agglomeration can be reduced by deploying a
metallic alloy with a weak adhesive force, a high burning rate,
a high melting point, and particle micro-explosions. This would
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open up new possibilities for the optimization of agglomeration
and combustion characteristics using the metallic-alloy combina-
tions studied here. Future work could focus on the development
of new two-component alloys, or even three-component alloys, to
achieve more effective agglomeration suppression based on the cri-
teria considered in this study.
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