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Novel High Nitrogen Propellant Use in Solid
Fuel Micropropulsion
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The use of two novel materials, 3,6-bis(1H-1,2,3,4—tetrazol-5—ylamino)-s—tetrazine (BTATz) and mixed
N-oxides of 3,3'-azo-bis(6—amino-1,2,4,5-tetrazine) (DAATO3.5, where the 3.5 indicates the average oxide
content), as solid fuels in micropropulsion systems is investigated. These materials were selected due to their
ease of ignition, relatively good safety characteristics, long-term storage capability, low combustion temperature,
noncorrosive combustion products, and reasonable projected material cost. Material safety data including im-
pact, friction, differential scanning calorimetry, and electrostatic sensitivity are reported and compared to the
previously implemented micropropulsion fuels, lead styphnate, glycidyl azide polymer (GAP) and 3,6—diamino-
1,2,4,5-tetrazine-1,4-dioxide. Burn rate data are also reported for both materials. Whereas BTATz and DAATO3.5
have very high burn rates, DAATO3.5 is believed to have the highest burn rate of any known stable organic solid.
Additionally, DAATO3.5 has a very desirable pressure exponent of 0.28. Test stand results using a quartz mi-
crothruster are reported for these materials. Estimated chamber pressures reached 18 atm with peak thrust levels
around 0.1 N. Measured specific impulses of approximately 14 % of the theoretical specific impulse (218 s for BTATz
and 228 s for DAATO3.5) were obtained. This level of inefficiency is believed to be acceptable for micropropulsion

systems and is comparable to other, independent work.

Introduction

N recent years, an interest in micropropulsion systems has devel-

oped due to the unique propulsion requirements of microspace-
craft and the need for precise attitude control of newly emerging
applications, such as satellite interferometry.! This research area
is still quite young and many technological hurdles remain. Mi-
crospacecraft have been categorized into three major classes, where
class 1 microspacecraft are defined as being less than 10 kg, class 2
microspacecraft are 1-5 kg, and class 3 microspacecraft are less than
1 kg (Ref. 1). There are significant power, weight, size, and thrust
limitations for all three classes. Reduced power-generating capabil-
ities of microspacecraft result in the need for microthrusters that
can operate on as little as 1 W. Reduced spacecraft mass results in
the need for low minimum thrust levels, or impulse bits, to achieve
acceptable attitude control precision. It is generally desirable for
the impulse bit to be less than 10~ N for class 1 microspacecraft.’
Thrust levels high enough to perform rapid slew maneuvers must
also be attainable.

The miniaturization of thrusters to achieve the outlined parame-
ters lends itself to the most simplistic of designs. A successful design
must withstand the rigors of the space environment and operate after
long periods of quiescence without loss of function. It is also desir-
able to use thruster propellant materials that will not contaminate or
damage the entire spacecraft should they fail.

One of the more promising designs is that of solid-fuel digi-
tal micropropulsion systems, where many individual thrusters con-
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taining a solid propellant are etched into a single silicon chip or
other microstructure. The impulse bit is then predetermined by the
thrust capabilities of a single chamber. Activating multiple cham-
bers simultaneously will increase the thrust level as needed. There
have been several different solid-fuel digital micropropulsion ar-
ray designs in recent years.>~* In each of these designs, ignition of
an individual thruster is accomplished by either a resistive igniter
(a thin wire contacting the propellant) or a diode laser. All designs
have a small size and low-power usage, depending on the ignition
method and the specific propellant’s ignitability. The long-term stor-
age capability, contamination potential, and performance of a given
system also depend on the specific propellant selected.

Propellants that have been previously considered for solid-fuel
digital microthrusters include the energetic binder, glycidyl azide
polymer (GAP)*; the class 1.1 primary explosive, lead styphnate?;
and the insensitive, gas-generating solid, 3,6—diamino—1,2,4,5—
tetrazine—1,4—dioxide (LAX-112) (Ref. 2). LAX-112 was very
promising, theoretically, but failed to perform experimentally.
LAX-112 was chosen because of its excellent safety and envi-
ronmental characteristics, low combustion temperature (less ther-
mal stress imposed on the thruster chamber and better combustion
stability) and competitive specific impulse I, (Ref. 2). However,
because of the incomplete combustion characteristics of LAX—
112, upstream filters were required to prevent solid particulates
from clogging the nozzle. Compounding the problem was the slow
burn rate of LAX-112, which necessitated a small nozzle throat
to attain sufficiently high chamber pressures for stable combustion.
LAX-112 also proved to have nonrepeatable ignition temperatures
and was unable to be easily and repeatedly ignited by the chosen
diode laser. Because of these problems, LAX—112 was considered
to be a poor propellant choice for the decomposing solid thruster
concept.’

LAX-112 was part of the family of heterocyclic high nitrogen
materials developed in the late 1980s.” Since then, many advance-
ments and additional material discoveries have occurred in this
family.5~!® The current high nitrogen, solid gas-generating ma-
terials that appear the most promising for use in microthrusters
are 3,6-bis(1 H-1,2,3,4—tetrazol-5—ylamino)—s—tetrazine (BTATz)
(Ref. 11) (Fig. 1a), and mixed N-oxides of 3,3'—azobis(6—amino-1,
2,4,5—tetrazine) (DAATO3.5) (Ref. 12) (Fig. 1b). DAATO3.5 is
the newest and possibly the most interesting of these materials.
DAATO3.5 has the highest burn rate of any known organic solid,
although BTAT?Z has a fairly high burn rate as well. (Burn rate data
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are reported for the first time in this paper.) High burn rates allow
for larger nozzles and, thus, reduce the chance of nozzle clogging.
DAATO3.5 also has an exceptionally low-pressure exponent. Both
materials are easily ignited by resistive wire heaters or laser, but
retain a high degree of insensitivity to impact and thermal stimuli.
Whereas the long-term stability of BTATz and DAATO3.5 in harsh
spacelike environments has not been investigated, they have been
observed to retain complete function with no decomposition after
years of storage at ambient conditions. The materials and their com-
bustion products are also environmentally benign and noncorrosive.
This paper experimentally investigates the use of these high nitro-
gen materials in microthrusters and reports preliminary microthrust
stand results with material, combustion, and ignition property data.

Experimental Setup

Material Safety Data

Standardized tests at Los Alamos have been used to character-
ize various material properties that are deemed important to safety.
Those safety tests include impact sensitivity, differential scanning
calorimetry (DSC), friction sensitivity, spark sensitivity, and vac-
uum thermal stability. Generalized descriptions and techniques for
these tests have been published previously.!3~!® Specific equipment
for the impact sensitivity test included using a 2.5-kg impact weight
and 40-mg energetic material samples on 40-grit sandpaper. The
DSC is used to test materials by thermal analysis for endothermic
and exothermic behavior as a function of temperature. DSC uses
a very small sample (1 mg) and is a first screening tool for new
materials to determine safety for handling. In addition, the onset

Fig. 1a Molecular structure of BTATz.
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Fig. 1b Molecular structure of DAATO3.5.

of exothermic behavior is a sensitive indicator of decomposition in
energetic materials removed from storage. The friction sensitivity
test used a Bundesanstalt fiir Material-priifungen (BAM) friction
machine, Julius Peters K. G. Model Berlin 21 with loading weights
ranging from 0.5 to 36 kg. The DSC used a TA Instruments Model
2920 with a 1-mg energetic material sample contained within a her-
metically sealed aluminum holder with 0.2-mm hole in the lid for
pressure equalization. The spark sensitivity test used a custom built
apparatus to deliver a 0.36-J electrostatic charge to a 40-mg sample
of the energetic material.

Burn Rate Measurements

Existing techniques and apparatus were used to measure the burn
rates of BTATz and DAATO3.5 formulations. High-speed video
imaging was employed to record the surface regression of the
pressed energetic material pellets. (The burn rate pellets were sig-
nificantly larger in size than those used in the microthruster test
stand.) These techniques and burn rate measurements for BTATz
have been previously published.!® Additional BTATz formulations
and DAATO3.5 burn rate data are presented in this paper for the
first time.

Electric Match Ignition Tests

The ignitability of DAATO3.5 and BTATz was tested using com-
mercially available bare electric match heads (U.S. supplier Firefox,
Inc.). These electric match heads had a 51 gauge nickel-chromium
(NiChrome) bridge wire soldered onto the end of a silicon chip. The
manufacturer states that the match head requires a minimum of 1.5
V and 0.5 A (0.75 W) to ignite. With this small amount of power,
the bridge wire heats and glows white hot before it breaks. The en-
tire heating process occurs within 2 ms. This commercial product
was chosen because the stated power requirements are well within
the capabilities of a class 3 microspacecraft,! and the basic use of
a small-diameter NiChrome wire could be easily incorporated into
existing silicon digital microthruster designs. Testing involved se-
curing the match head against powder samples of pure high nitrogen
material. The match head was then ignited using a 1.5-V AA battery
and recorded as a go if reaction of all of the powder occurred.

Microthruster Test Stand

The specific impulse and other thrust properties of DAATO3.5
and BTATz were tested using a pendulum-type microthrust stand in
which a quartz microthruster was suspended by strings and placed
in contact with a horizontally mounted force transducer (Figs. 2
and 3). As shown in Fig. 2, a variety of nozzle throat sizes and exit
sizes were used; the chamber size and length were fixed. The quartz
microthruster was held in place with a screw-type aluminum clamp
(Fig. 3). The open end of the quartz thruster was sealed with an
O-ring and backplate. The thruster was suspended by four nylon
strings. A force transducer was placed between the backplate and
a secured, vertical mount. The thruster was arranged such that the
exit plume would be directed horizontally and opposite the force
transducer. Quartz was chosen as the thruster material because of
its low thermal conductivity (1.4 W/m K) and thermal expansion
properties (5.5 x 1077 K~!). It was hoped that the low thermal con-
ductivity would increase the efficiency of the microthruster by al-
lowing more of the heat energy to be converted to kinetic energy
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Fig. 2 Schematic of the quartz microthruster used in the test stand.
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Fig. 3 Schematic of the entire microthruster test stand.

within the nozzle. Although the softening point of quartz is only
1500-1670°C, which is less than 2277°C, the approximate theoreti-
cal chamber combustion temperature of the high nitrogen materials
at 68.03 atm (as calculated using the equilibrium code CHEETAH
3.0), this was not anticipated to be a problem due to the short burn
times of the thruster. Measurements before and after firings revealed
no erosion of the nozzle throat. The machining and creation of pure
quartz thrusters of such small size proved exceedingly difficult. As
a result, there was a large range in the nozzle tolerances of the
quartz thrusters used. As seen in the results section, this resulted in
significant experimental uncertainty.

Pressed 3-mm-diam pellets of pure DAATO3.5 and BTATz mixed
with 3% Hytemp™ 4051CG (Zeon Chemicals, Inc.) binder were
inserted through the back of the quartz thruster. Each pellet weighed
between 60 and 75 mg and had an approximate density of 1.3 g/cm?>.
The quartz thruster was then inserted into a screw-type aluminum
clamp with an O-ring sealed backplate and suspended by strings.
Ignition of the high nitrogen material was via a Nd: Yag laser (Quanta
Ray Model DCR1, 10 Hz, 400 mJ/pulse, and 10-ns pulse length).
The ignition event was recorded with a 1000 frame per second high-
speed camera (Redlake Motionscope Model 8000 S) and a 30 frame
per second digital video camera (Canon Model XL1). The force
transducer (Kistler Model 9205) used to measure the resulting thrust
had a published natural frequency of greater than 10 kHz, a threshold
of 5 x 107* N, and a sensitivity of —115 pC/N. A digital oscilloscope
recorded the voltage output from the transducer amplifier.

Results and Discussion

Material Safety Data

The use of a safe, insensitive propellant in microthruster systems
is important to protect both personnel and the actual spacecraft. It
is desirable to have a relatively insensitive, yet workable (easily ig-
nitable) propellant. Lead styphnate (lead 2,4,6—trinitroresorcinate),
although easily ignitable, has very poor safety characteristics.'? As
seen in Table 1, lead styphnate has the lowest impact score out of
all of the energetic materials considered. It is also remarkably sen-
sitive to electrostatic discharge (0.0009 J) (Ref. 19). Lead styphnate
is so sensitive that it is classified as a 1.1 primary explosive, and its
routine use is prohibited at the authors’ federal research institution.

GAP, however, has relatively good safety properties. Although
not as insensitive as BTATz/3% polyethyl acrylate (PEA), it has a
relatively insensitive impact score and is generally classified asa 1.3
hazardous material.?’ As seen in Table 1, GAP also has acceptable

Table 1 Material sensitivity test data

Impact DSC Friction Vacuum
sensitivity onset,  sensitivity, stability
Material Hso, kg-cm °C kg (100°C)
Lead 172 N/A N/A N/A
styphnate,
normal
MMW-GAP 200° 240°¢ 32.4° >3 ml/g
(uncured)®
Pure BTATz 80 264 >36 0.22 ml/g
BTATz/ 250 255 22 0.11 ml/g
3% PEA
Pure DAATO3.5 50 177 2-14 N/A
DAATO3.5/ 80 169 174 15.5 ml/g
5% PVA/
1%TEG
PETN¢ 30-35 N/A 9 N/A
HMX 57.5 N/A N/A 0.08 ml/g

aRef. 19. "Ref.20. C°Ref.21. 9Pentaerythrital tetranitrate.

DSC and friction sensitivity measures.?! Note that the data in Table 1
are for medium molecular weight GAP (MMW-GAP) and polymer-
ization details are unknown. The sensitivity of GAP is highly de-
pendent on the type and degree of polymerization.?! Although GAP
is a relatively insensitive propellant, previously reported problems
include “. . . less than desirable low-temperature mechanical proper-
ties, an undesirably high friction sensitivity associated with the mix-
ing cycle of ammonium perchlorate/nitrate ester/GAP propellants,
and less than desirable thermal stability/aging characteristics. . . .”2°
The latter of these issues may prove to be the most significant con-
cerning long-term space flight.

BTATz and DAATOQ3.5, also regarded as 1.3 hazardous materi-
als, are also relatively insensitive to impact and have favorable DSC
and friction measures. A problematic area of BTATz and especially
DAATO3.5 is the high sensitivity to electrostatic discharge. Pure
BTATz ignited 11 out of 13 times when subjected to a 0.36-J spark.
Pure DAATO3.5 ignited 13 out of 13 times when subjected to the
same level of spark. This high sensitivity to spark, though consid-
ered somewhat undesirable, allows for easy ignition by commercial
electric match or laser, which is key to fielding a functional system.
When a small amount of inert binder (3% PEA) is added to BTATz,
the spark sensitivity is reduced to 3/13 ignitions with a 0.36-J spark.
DAATO3.5 electrostatic sensitivity is likewise reduced to 0/13 ig-
nitions with the addition of 5% polyvinyl alcohol (PVA) and 1%
triethylene glycol (TEG). This favorable reduction in spark sensi-
tivity with the addition of a small amount of inert binder allows
these materials to be easily tuned to the needs of a given system.
This flexibility allows for a balance to be struck between ignitability
and safety, such that the specific needs of different thruster systems
may be met.

Burn Rate Results

BTATz burn rate measurements are shown in Fig. 4 and com-
pared with that of octahydro—1,3,5,7—tetranitro—1,3,5,7—tetrazocine
(HMX), a common high-performance propellant ingredient. It is
seen that the burn rate of BTAT?Z is significantly higher than that
of HMX, and that the addition of the inert binders PEA and
Kel-F™ 800 (3M Corporation, chlorotrifluroethylene/vinylidine
fluoride copolymer) result in nearly the same burn rate profile. The
pressure exponent of these BTATz formulations is 0.49, which is
acceptable, but not as good as some existing propellants. The ad-
dition of 55% ammonium perchlorate (AP), an oxidizer commonly
used in composite propellants, results in a significant reduction in
burn rate and without a corresponding improvement in the pressure
exponent. It is generally desirable to use a propellant that has a pres-
sure exponent as low as possible to reduce combustion instabilities
that may result in unreliable performance or even complete rocket
failure. A high burn rate propellant is advantageous in many rocket
applications because it allows for a simplification of grain design.
To achieve the required burn rate (and, thus, chamber pressure), low
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Fig. 4 Burn rate data for BTATz formulations containing the inert
binders PEA and Kel-F™ 800 and the propellant oxidizer AP compared
with the standard high-performance propellant ingredient, HMX.
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Fig. 5 Burn rate data for a DAATO3.5 formulation containing 5%
PVA and 1% TEG.

burn rate propellants need to be configured into a complex geometry
grain design with a large surface area. High burn rate propellants
reduce the need for complex geometry grain designs. In solid-fuel
microthruster applications, high burn rates also allow a larger throat
for a given chamber pressure, thus reducing the possibility of clog-
ging due to the expulsion of solid decomposition products.
Though BTATz has a relatively high burn rate, it has the
disadvantage of a moderately high-pressure exponent. However,
as seen in Fig. 5, DAATO3.5/5%PVA/1%TEG (6.35-mm-diam,
300-mg, 1.52-g/cm?® pressed pellet) has a higher burn rate than
BTATz combined with an extremely low-pressure exponent (0.28).
With these unique combustion properties, DAATO3.5 has the
foundation to be a highly valuable propellant ingredient. In
Fig. 6, DAATO3.5/5%PVA/1%TEG is compared with various types
of standardized propellants.”? It is seen that the burn rate of
DAATO3.5/5%PVA/1%TEG is higher than the standard high burn
rate composite. In fact, DAATO3.5 is believed to have the high-
est burn rate of any known organic solid. (This assertion has been
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Fig. 6 DAATO3.5/5% PVA/1% TEG compared with various propel-
lant standards.??

Fig. 7 SEM of DAATO3.5.

presented at several conferences and has not yet been successfully
challenged.) From Fig. 6, itis seen that DAATO3.5/5%PVA/1%TEG
has one of the lowest pressure exponents (shallow slope). Figure 7 is
a scanning electron micrograph (SEM) of pure DAATO3.5, where
the most striking feature of the macrostructure is its unusual level
of porosity. The extremely fast burn rates of DAATO3.5 could be
attributed to its high porosity. The authors also have had difficulty
pressing pellets to the theoretical maximum density of 1.9 g/cm?,
and again, this may be due to the high porosity of DAATO3.5. Be-
cause it was not possible to press neat DAATO3.5 without a binder,
and because binders generally suppress burn rates, it may be ex-
pected that the burn rate of pure DAATO3.5 is higher than that pub-
lished here. In the design of a rocket system, it has been common
practice to trade combustion stability (low-pressure exponent) for
high performance (high burn rate) or vice versa. That may no longer
be necessary with the introduction of DAATO3.5, which provides
both an uncommonly low-pressure exponent and an extremely high
burn rate.

Electric Match Ignition Tests

BTATz and DAATO3.5 powder samples ranging from 6 to 28 mg
had a commercially available bare electric match placed in the sam-
ple. Each material had 8 trials in which the pure materials ignited
100% of the time. These results are believed to be related to the
relatively high spark sensitivity of BTATz and DAATO3.5. It may,
therefore, be expected that the addition of binder would reduce the
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ignition capability by electric match; however, that has yet to be
demonstrated. As already explained, the size and power consump-
tion of the NiChrome bridge wire used in these electric matches fit
within the design requirements of digital microthrusters.

Microthruster Test Stand Results

The quartz microthruster test stand was used to measure the thrust
and Iy, of DAATO3.5 and BTATz. The chosen grain configuration
was an endburner, which was created by inhibiting the sides of the
pressed material pellet with adhesive. The use of an endburner re-
sulted in a lower peak thrust, but a neutral thrust profile. An example
experimental force transducer trace is shown in Fig. 8. A fast Fourier
transform analysis of the force traces revealed minor 60-Hz noise
in some of the data. Occasionally, the adhesive did not completely
inhibit the burn, and the flame would spread down the sides. As the
sides regressed, the pellet was reduced in diameter as well as length.
This reduction in overall surface burning area resulted in aregressive
thrust profile. An example of such an occurrence is shown in Fig. 9.
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Fig. 8 Force trace from a quartz microthruster with a 0.053-in.
throat diameter containing pure DAATO3.5 in an endburner grain
configuration.
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Fig. 9 Force trace from a quartz microthruster with a 0.062-in.
throat diameter containing pure DAATO3.5 in an endburner grain
configuration.

Figure 9 shows that the larger nozzle size relative to that shown ear-
lier generates a lower thrust but of longer duration. The regressive
thrust profile is believed to be due to the flame spreading down the
sides of the grain configuration and thus reducing the grain diame-
ter. This grain diameter eventually reached a small enough size to fit
through the nozzle throat. Also seen in Fig. 9 is a thrust spike toward
the end of the burn. This is most likely due to the recoil force caused
by the expulsion of the pellet once its diameter was small enough
to fit through the nozzle. To avoid this, the pellet was glued to the
front of the thruster. (The recoil was not included in the integration
of the force curve to calculate the /;.)

Another problem that arose was the cracking of the quartz thruster.
The quartz proved quite resistant to the thermal shock of the pro-
pellant burn and did not crack due to the elevated combustion tem-
peratures. However, to secure the thruster, screw-type clamps were
used around the thruster. Occasionally, the clamps were overtight-
ened and cracked the thruster. This resulted in the use of several
different thrusters with nozzle throat diameters ranging from 0.050
to 0.068 in. (The manufacturing tolerance of the throats was not
very high as already explained.)

The test data for DAATO3.5 and BTATz are shown in Table 2.
The time-averaged (over burn duration) specific impulse Iy, was
calculated by integrating the force trace F with respect to time ¢
to yield the impulse. The impulse is then divided by the propellant
weight W, such that

) [ Fdt 1
» = (D
The propellant weight W' is defined as
W =mg 2

where m is the propellant mass in kilograms and g is the gravi-
tational acceleration (9.8 m/s?). It is seen that the measured Iy is
fairly low. This is due, in part, to the low chamber pressures. To
account for the reduction in /y,, chamber pressures were estimated
using the burn rate and pressure data provided in this paper. The
burn rates were estimated from the known initial pellet length and
from the burn time provided by the force trace. From these estimated
burn rates, the chamber pressures were calculated and reported in
Table 2. Note that these pressures are just estimates to illustrate
the severe inefficiencies of such a small-scale thruster system. Ac-
curately measuring the burn rates of such small pellets is virtually
impossible due to the large effect of any minor combustion anomaly.
As a result, the chamber pressures, estimated from the burn rates,
are not expected to be of any statistical significance other than as an
extremely rough gauge of the pressure scale in these experiments.
Burn rates for the BTATz tests were not obtained due to incomplete
pellet decomposition.

Theoretical I, at the estimated microthruster chamber pressures
(listed in Table 2) were obtained from the CHEETAH 3.0 equilib-
rium code using 883 kJ/mol and 1.74 g/cm3 for the heat of formation
and density, respectively, of BTATz (C4H4N14) and 550 kJ/mol and
1.9 g/cm3 for DAATO3.5 (mixture of 50% C4H4N{,05 and 50%
C4H4N,04). As a comparison, the theoretical /g, with a chamber
pressure of 68.03 atm is 218 s for BTATz and 228 s for DAATO3.5.
As a measure of overall efficiency and as an attempt to compare
test results from different nozzle sizes, the theoretical Iy, for each
estimated chamber pressure was divided by the measured Iy, and
presented as a percentile in the last column of Table 2. The average
efficiency for DAATO3.5 is only 14%; however, this was expected
due to the extremely small size of the thruster system. Small rocket
systems, in general, have inherently poor efficiency due to excessive
heat and flow losses (relative to larger systems that have longer burn
times and more ideal flow characteristics). The results of our exper-
iments are comparable with previously published results from other
research groups. For example, Lewis et al. reported that only 10% of
the propellant produced thrust in their digital microthruster design
using lead styphnate.? Additionally, de Groot et al. reported to see
only about half the original propellant mass decompose within the
their thruster system.?
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Table 2 Quartz microthruster experimental test stand results®

Impulse, Measured Estimated chamber Theory Measure/theory

Material N-s I, s pressure,b atm Isp, s Isp, %
DAATO3.5 0.008 12.8 N/A N/A N/A
DAATO3.5 0.018 30.5 18.7 216 14
DAATO3.5 0.020 33.6 18.1 214 16
DAATO3.5 0.014 21.1 2.2 138 15
DAATO3.5 0.014 21.5 2.4 145 15
DAATO3.5 0.011 18.0 3.3 159 11
DAATO3.5 0.011 18.8 3.1 156 12
DAATO3.5/3%Hytemp 0.023 36.0 N/A N/A N/A
BTATz 0.003 6.0 N/A N/A N/A
BTATz/3%Hytemp 0.007 10.5 N/A N/A N/A
BTATz/3%Hytemp 0.007 9.1 N/A N/A N/A
BTATz/3%Hytemp 0.009 12.5 N/A N/A N/A
BTATz/3%Hytemp 0.010 14.6 N/A N/A N/A

*Propellant grain masses 55—75 mg; different nozzle sizes used due to frequent cracking of the quartz.
®Not available for some tests due to immeasurable burn rates.

It is clear that high Iy, (approaching the theoretical ;) will not be
obtainable in any digital solid-fuel microthruster system as they are
in large-scale rockets, nor are they critical to microthrusters. Dig-
ital solid-fuel microthrusters are completely different from known
propellant systems and require highly unique propellant properties.
Whereas measures such as specific impulse, propellant density, and
peak thrust-to-weight ratio are of prime importance to large-scale
rocket systems, in the world of digital micropropulsion, function-
ality is valued over performance. Issues such as repeatability, ease
of ignition, safety, long-term storage, low combustion temperature,
noncorrosive combustion products, and inexpensive materials are
the determining factors for the selection of the future’s micropropul-
sion propellants.

Future Work

The high nitrogen materials introduced in this paper hold signif-
icant promise as microthruster propellants. The propellants will be
evaluated at a range of pressures, both higher and lower than those
reported here. A clear weakness in the experiments performed is
the large variation in the performance data due mostly to the man-
ufacturing tolerances of the quartz thrusters. An attempt was made
to eliminate the effect of nozzle variation in the data by trying to
estimate chamber pressure from estimated pellet burn rates. This
was met with very limited success. Clearly the next step must be
the implementation of a microthrust test stand design that has much
higher manufacturing tolerances. When more precisely manufac-
tured thrusters and nozzles are used, an acceptable level of perfor-
mance and measurement reproducibility should be achieved. It is
anticipated that increased performance, I, will be seen at higher
pressures (theoretical I, increases with pressure). However, due to
the extremely small thruster size, it is unclear if an increase in over-
all efficiency (experimental I, compared to theoretical I,) will be
seen without a significantly different microthruster test stand design.
Plans have already been formulated to use a microthruster test stand
design that more closely resembles actual digital micropropulsion
systems. The new design will allow higher pressures and incorporate
resistive heating ignition, in addition to laser ignition. Integration
of the propellants into one of the existing digital micropropulsion
systems will be also pursued.

Conclusions

This work evaluated two novel high nitrogen materials, BTATz
and DAATO3.5, for use as propellants in micropropulsion systems
and compared them with the previously implemented propellants,
lead styphnate, GAP, and LAX-112. Material safety data were ob-
tained for BTATz, DAATO3.5, GAP, and lead styphnate. Lead styph-
nate proved extremely sensitive to impact and spark, which supports
its classification as a 1.1 primary explosive. BTATz and DAATO3.5
were relatively insensitive to impact and friction and had a high
DSC onset. However, the pure forms of BTATz and DAATO3.5
were very sensitive to electrostatic discharge. The addition of 3-6%

binder greatly reduced this spark sensitivity. It is hoped that the
strong dependence of BTATz and DAATO3.5 spark sensitivity to
binder would allow propellant formulations to be tailored to the
specific ignition and safety requirements of a given system. Data
were cited that indicated GAP was comparable in impact and fric-
tion sensitivity to BTATz and DAATO3.5.

Burn rate data for certain BTATz formulations and DAATO3.5
were presented for the first time. BTATz had a pressure exponent of
0.49 and proved to have an unusually fast burn rate that was signifi-
cantly faster than HMX for all pressures. DAATO3.5 is believed to
be the fastest burning organic solid known with a very low and desir-
able pressure exponent of 0.28. The pressed density of DAATO3.5
was 1.52 g/cm?, which was 80% of the TMD of 1.9 g/cm?. SEM
indicated a high degree of porosity in DAATO3.5.

Commercially available electric matches were used as another
measure of ignitability. The small size of the wire and minimal
power usage (1.5-V AA battery) fits within the design requirements
of existing digital micropropulsion systems. BTATz and DAATO3.5
powder both successfully ignited 100% of the time with the bare
electric matches.

A quartz microthruster and test stand was used to measure the
thrust and specific impulse of BTATz and DAATO3.5 formulations.
The propellant was ignited within the thruster with a Nd: YAG laser.
Measured specific impulses were highly variable due mostly to the
imprecise manufacturing tolerance of the quartz thrusters. The spe-
cific impulse values were between 13 and 30 s for DAATO3.5.
This represented only 14% of the estimated theoretical specific im-
pulse, which ranged from 156 to 216 s at chamber pressures from
3 to 18 atm. This level of inefficiency is believed to be acceptable
for small thruster systems and is comparable to other, independent
work. It is anticipated that higher and much more repeatable spe-
cific impulse measurements will be seen with higher chamber pres-
sures (theoretical specific impulse increases with pressure) and new,
more precise thruster test stand designs. Possible explanations for
the low overall efficiency (measured specific impulse compared to
theoretical) include heat losses, flow losses, and/or propellant com-
bustion losses due to the specific thruster design chosen. The impor-
tance of propellant specific impulse is considered secondary to such
functionality issues as repeatability, ease of ignition, safety, long-
term storage, low combustion temperature, noncorrosive combus-
tion products, and inexpensive materials. The highly unique prop-
erties of BTATz, and especially DAATO3.5 make these materials
ideal candidates for use on existing digital micropropulsion designs.
The continued evaluation of these materials as microthruster pro-
pellants in new, higher pressure microthruster test stand designs
and incorporation into existing digital micropropulsion systems
is planned.
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