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Aluminized composite propellants have long suﬀered from eﬃciency and thermal challenges related to production of condensed phase slag droplets during operation. In an eﬀort
to mitigate the production of large droplets, a mechanically activated intermetallic forming
nickel-aluminum compound was substituted for a portion of a propellant’s aluminum fuel.
The resulting agglomerate size and burning rate of this propellant was compared to a standard aluminized AP/HTPB propellant. Addition of mechanically activated fuel particles
increased the burning rate exponent of the propellant, while simultaneously decreasing
condensed phase agglomerate size from 235 µm (for the control propellant) to 90 µm (for
the propellant containing 75 wt.% Ni-Al fuel). As such, intermetallic forming fuels may
provide a route for increasing eﬃciency in solid rocket motors by simultaneously reducing
the need for burning rate catalysts and minimizing two-phase nozzle flow losses.

I.

Introduction

Current state-of-the-art solid propellant technology relies on the addition of metallic fuels to increase
performance.1 Micrometric aluminum, the most popular of these additives, tends to form large agglomerates
during its combustion process.2, 3 These agglomerate formations severely impact motor performance, as
losses appear from velocity and thermal lags in the exhaust stream.4 Liquid agglomerate droplets may
also negatively impact the motor structure, as the collection of these extremely hot particles on internal
surfaces, like nozzle entrance cones, may cause thermal failure of these parts. Additionally, the combustion
of aluminum particles tends to occur on length scales significantly greater than the size of the near-surface
combustion zone formed by the oxidizer-binder system, decreasing burning rate and combustion eﬃciency.
As a result of these drawbacks, much eﬀort has been spent on the reduction of aluminum agglomerate
droplet size in rocket motors. One common method under investigation is the addition of nanometric fuel
particles to the propellant mixture. Due to their extremely small size, these nanoaluminum particles burn
in a kinetic-limited regime, rather than a diﬀusion-limited one, resulting in particle ignition and combustion
times so short that the traditional “sinter-melt-combust” process of aluminum combustion does not have
time to occur. Propellants metalized with nanoaluminum have been observed to have burning rates over
100% greater than propellants based on micron-size aluminum, producing drastically smaller agglomerate
structures in the process.5, 6 However, nanoaluminum has not seen widespread use in propellants due to its
high cost, low active material content, and incredibly high specific surface area. This high surface area makes
wetting of the particles nearly impossible, thus causing mixes to be unworkably viscous and propellants to
be prohibitively brittle.
Thus, it would be ideal to engineer a particle with combustion properties on par with those of nanoaluminum while simultaneously retaining the low surface area and high active content of its micrometric
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counterpart. One means of creating such a nanostructured material is the process of high energy ball
milling. This process creates a solid state blend of reactive materials with high contact areas and unoxidized interphase boundaries, essentially “mechanically activating” the material. The result of mechanical
activation (MA) is a reactive composite particle with significantly decreased ignition energy and ignition temperature requirements,7 leading to potentially increased heat feedback and reduced condensed phase product
size when compared with the results achieved by standard propellant fuel particles, such as aluminum or
magnesium.
This work focused on the use of a mechanically activated Ni/Al material to increase the burning rate
of an aluminized propellant while simultaneously decreasing the oxide agglomerate particle size. Propellant
samples were burned in open air and in a closed bomb. Though the presence of nickel in the exhaust products
would indeed detract from the performance of the propellant, other intermetallic systems (e.g., TiB2 ) may
minimize this performance loss.
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II.
A.

Experimental

Preparation of Mechanically Activated Fuel

Aluminum powder (3-4.5 µm, Alfa-Aesar) and nickel powder (3-7
µm, Alfa-Aesar) were combined in equiatomic amounts. The mixture
was placed into a Retsch PM100 Planetary Mill, along with 300M
spherical stainless steel milling media in a 5:1 mass ratio of media
to powder. The mixture was milled under argon at 650 revolutions
per minute for 15 minutes. The resulting mixture was then solvent
ground to reduce its particle size. A pressurized bath of hexanes
was used for this procedure to ensure eﬀective heat removal from
the particles during the grinding process, preventing cold welding or
ignition.
Following grinding, the powder was dried and then passed
through a 53 µm sieve to remove any remaining large particles. FiFigure 1: SEM micrograph of me- nally, the powder was placed into a 25 µm sieve; powder that flowed
chanically activated Ni-Al material through was rejected for propellant use, to ensure consistent fuel
used in this study.8
particle diameters across the control and variable propellant samples. SEM imaging was performed on the finished particles; a typical
sample appears in Fig. 1, with regions of aluminum appearing lighter and regions of nickel appearing darker.
B.

Preparation of Composite Propellant Samples

Three metalized AP-HTPB composite propellant samples were prepared to determine the eﬀect of mechanically activated (MA) Ni-Al particles on burning rate and agglomerate size. The compositions of each
propellant sample are listed in Table 1.
Table 1: Tested propellant formulations with varying amounts of intermetallic material.

Aluminum, spherical, 25-53 µm
Milled Nickel + Aluminum, 25-53 µm
Ammonium Perchlorate, 200 µm
Ammonium Perchlorate, 20 µm
R45M + MDI HTPB Binder System

Propellant A
15%
0%
52%
13%
20%

Propellant B
7.5%
7.5%
52%
13%
20%

Propellant C
3.75%
11.25%
52%
13%
20%

Propellant A, containing pure aluminum fuel (screened to 25-53 µm, Alfa-Aesar), was designated as the
“control” sample, representative of typical composite propellant formulations currently in industrial use.
Propellants B and C replaced portions of the metallic fuel component (50 wt.% and 75 wt.%, respectively),
with MA Ni-Al. All propellants contained a 4:1 blend of 200 µm and 20 µm ammonium perchlorate (Alliant
Techsystems), respectively. Size distributions for these oxidizers are available in references.9 An 80 wt.%
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solids loading was used in all formulations to enable simple processing and minimize the chances of void
formation during curing, which would adversely aﬀect burning rate samples. Each propellant was mixed
using a Resodyn LabRAM mixer10 at 60 Gs for 5 minutes; following mixing, the propellant was placed
under a partial vacuum to evacuate evolved ammonia and water from the mix. The propellant was cast into
8 mm ID polypropylene sleeves, and cured at room temperature for 48 hours. The resulting strands were
removed from the sleeves and sectioned into 25.4 mm lengths for characterization.
Burning Rate Determination

Propellant samples were ignited in a quiescent argon environment inside a windowed combustion bomb for
burning rate determination. Propellant samples were ignited at five ambient pressures ranging from 20.4
to 81.6 atm. The pressure rise during each burn was noted, and used when computing the burning rate.
Reported results are for the mean burning rate at the mean pressure of each data set. Samples were filmed
through the polycarbonate window of the combustion bomb at 100 frames per second using a Vision Research
Phantom v7.3 high speed camera, and burning rates determined using the GraphClick software package.11
Pressure and burning rate were plotted on a log-log plot, and a least squares fit applied to determine the
parameters in St. Robert’s law, which defines burning rate empirically as,
rb = aPc n ,

(1)

where rb is the burning rate, Pc is the ambient pressure, a is the burning rate coeﬃcient, and n is the burning
rate exponent.
D.

Agglomerate Size Determination

Additional samples were burned at atmospheric pressure in front of a long-distance microscopic lens attached
to the high speed camera. Images of the regressing burning surface were taken at 3000 frames per second
at a 90 µs exposure and a high f-stop to enable examination of the combustion process of the luminous
fuel particles. The size of the fuel particles during ignition and subsequent release from the surface was
compared with a known scale image, again using GraphClick software. Approximately 250 agglomerates
were measured for each propellant sample, and the resulting size data binned, plotted, and curve fitted using
either a Gaussian or a log-normal distribution, depending on which was more applicable.

III.
A.

Results & Discussion

Burning Rate Measurements

The burning rates for propellants A (control), B, and
0.7
C are shown in Fig. 2. Increasing concentration of the
Propellant C
NiAl-forming fuel particles increased the burning rate of
Propellant B
Propellant A
the propellant, due to the Ni-Al reaction modifying the
0.6
structure of the condensed phase thermal wave. Diﬀerential thermal analysis (DTA) of the mechanically acti0.5
vated Ni-Al material, conducted previously, indicates an
8
exothermic onset at 473 K. This is significantly lower
than the 880 K surface temperature of a typical AP composite propellant,12 and far lower than the ignition tem0.4
perature of either neat aluminum or neat nickel powder.
As a result, the Ni-Al reaction appears to begin in the
20
30
40
50
60 70 80 90
condensed phase, eﬀectively raising the subsurface temPc [atm]
perature.
Additionally, the Ni-Al onset temperature is nearly
Figure 2: Burning rate data for propellants A, B,
coincident with the temperature of the first endotherm
and C.
reported during the phase change and combustion process of ammonium perchlorate.13 Overlaid DTA onset
curves for AP and MA Ni-Al are shown in Fig. 3. The resulting interaction of the AP decomposition with
the intermetallic exotherm appears to play a significant role in propellant burning rate, as if the burning
rb [cm−sec−1]
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rate increase was caused purely by a condensed phase preheat eﬀect, the burning rate exponent would be
eﬀectively constant. However, increasing amounts of MA fuel continue to increase the burning rate exponent.
Rate parameters a and n are reported for formulations A, B, and C in Table 2.
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Figure 3: DTA onset curves for MA Ni-Al8 and AP.13

B.

Agglomerate Size Measurements

(a) 15 wt.% Al, 0 wt.% Ni-Al

(b) 7.5 wt.% Al, 7.5 wt.% Ni-Al

Figure 4: Typical still frames from high-speed microscopic imaging of (a) propellant A and (b) propellants
B/C.
Typical images of the agglomerated metal particles during their combustion process are shown in Fig.
4. The distinctly diﬀerent agglomerate structures are readily apparent; propellant samples without MA
material produced large, bright agglomerate droplets, while MA-containing propellants produced thinner,
flake-like metal structures prior to releasing from the propellant surface. These flakes were noticeably thinner
and more porous than the aluminum droplets in the non-MA containing propellant, and appeared far less
luminous.
The agglomerate size distributions measured from each propellant are shown in Fig. 5a, with mean
agglomerate diameters reported in Table 2. Propellants A and B are fit with Gaussian curves, as their
mean distribution values lie very close to the mode of the data distribution. Propellant C exhibits a more
log-normal particle size distribution, which is a typical feature of materials undergoing condensed-phase
agglomeration.14 The overall trend is that of decreasing particle diameter with increasing Ni-Al addition,
suggesting that the addition of the MA Ni-Al may provide an increase in performance. Mean agglomerate
size as a function of MA Ni-Al fuel content (ranging from 0% – pure Al – to 100% MA Ni-Al) appears to be
a linear function, as shown in Fig. 5b.
One potential pitfall to this method of measuring agglomerate size is that the dynamic fluid environment
present in the chamber of a solid rocket motor is not well simulated. During actual motor operation, the
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Figure 5: (a) Agglomerate size distribution and (b) mean agglomerate size as a function of Ni-Al fuel content
for propellants A, B, and C.

particle residence time may be long enough (and the port volume crowded enough) that the porous flake-like
structures may collide with one another and agglomerate prior to entering the nozzle region, thus negating
the eﬃciency benefit derived from the minimization of two-phase flow. However, since these flakes are created
at significantly smaller sizes than the agglomerates of the baseline propellant, there is a good chance that
an increase in eﬃciency may ultimately appear.
Table 2: Empirical burning rate parameters a and n and mean agglomerate sizes davg for tested propellants.
Propellant
A
B
C

�
�
a cm-sec-1 -atm-n
0.187
0.190
0.151

IV.

n
0.240
0.262
0.337

davg [µm]
235
132
90

Conclusion

Mechanically activated intermetallic forming compounds were added to AP/HTPB composite propellants
in an eﬀort to reduce metal particle agglomerate size and increase burning rate. Burning rates at 68.04 atm
were increased from 0.515 cm/sec to 0.574 cm/sec with the replacement of 50 wt.% Al with MA Ni-Al, and
to 0.626 cm/sec with the replacement of 75 wt.%. Mean agglomerate size was decreased markedly, from
235 µm for the baseline propellant, to 132 µm and 90 µm for propellants containing 50 wt.% and 75 wt.%
replaced fuel, respectively. The agglomerate size continues to decrease linearly with continued MA material
addition.
The Ni-Al system chosen for this work presents the somewhat significant drawback of adding nickel to the
exhaust species. Since the molecular weight of Ni is relatively high, this causes a deficit in delivered specific
impulse when compared to solely Al-containing propellants, especially in the higher quantities necessary for
significant agglomerate size reduction. The Ni-Al system was chosen for this work primarily due to the deep
experience of this group with Ni-Al; potentially more suitable intermetallic systems for propellant use include
titanium/boron and titanium/carbon. The titanium/boron and titanium/carbon systems, especially, may
suﬃciently mitigate the Isp deficit so as to provide a net increase in motor performance.
Thus, a wise starting point for future work would be the further development and characterization
of propellants containing various higher performance intermetallic forming compounds as fuels. Thermogravimetric analysis and diﬀerential scanning calorimetry (TGA/DSC) of reaction onset with ammonium
perchlorate would prove useful to determine the eﬀect on decomposition provided by the simultaneous en-
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dotherm/exotherm noted for AP and Ni-Al. Measurements of agglomerate size at increased ambient pressure
would also be wise, as these measurements would more closely match the operating conditions of a rocket
motor chamber. Perhaps the most telling experiment would be to cast a series of small rocket motors using
intermetallic fuel compounds and measure their performance eﬃciency during hot fire testing. A tremendous
amount of work remains to be done to explore the possibilities of intermetallic forming compounds as fuels for
composite rocket propellants and understand the impact they may have on solid rocket motor performance.
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