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The safety, processability, andperformanceofnew advancedcompositepropellantshave to be fully characterized
during the phases of development and preindustrialization. In fact, the use of alternative materials can involve
risks of incompatibilitywith the current aereospace technology. The major industrial constraints for a short-term
application of innovative clean energetic propellants are exposed in this paper. Starting from the improvement of
the actual performance, several formulations have been taken into account, mainly under the processability and
safety pointsof view. This last aspect was deeply investigatedby detonabilitytests aimed to correlate the sensitivities
of new energetic components with the hazard characteristics of the relevant propellants.

Introduction

S OLID-PROPULSION technologyhas been under development
for many years and has reached a suitable level of reliability

to enable its routine use. For example, present commercial space
launch systems generally utilize solid rocket propulsion during the
launchand/or boost phaseseither as the main engines(small launch-
ers) or as strap-on boosters (large launchers). However, improve-
ments in propulsive performance and environmental compatibility
are still sought after within operational parameters. BPD Difesa e
Spazio (since January1997 Fiat Avio) has been working in this area
for more than 20 years as major industrial shareholder in the manu-
facturing of solid motor strap-on boosters (for European Launchers
Ariane 4 and Ariane 5) and the ongoing developmentof the VEGA
family lightsat launchers. In this paper we will address the issues
of performance improvement and environmental issues real or sup-
posed from the standpointof eventualprocess industrializationwith
emphasison real-worldconstraintsfrom the startof thedevelopment
cycle.

Commercial launch system are conceivedbased on multiple lay-
ers of requirementsthat cascadefrom the system-level� nal launcher
requirements down through component and subassembly level re-
quirements including the solid motor materials and propellants.
Solid-rocket motor performance has a major impact in de� ning the
� ight path and launcher attitude. Signi� cant mission compromises
and economic impacts can result whenever anomalies with respect
to the nominal performance requirements occur.

To minimize these types of risks, the solid propulsiontechnology
has been deeply investigatedand is still the object of further upgrad-
ing focusing the attentionon the following criteria: 1) safe handling
and operations, 2) performance reliability and reproducibility, and
3) cost minimization. At the solid propellant level that is, the heart
of the propulsion,these topicsare translated in several requirements
involvingnot only the � nal characteristicsbut also the overallmanu-
facturingcycle starting from the raw materials up to the equipments
and the relevant process parameters controls.

In the aim to improve the solid-rocket propulsion, the world-
wide research activities are working on new energetic ingredients
as hexanitrohexaazaisowurtzitane (Cl20), ammonium dinitramide
(ADN), hydrazinium nitroformate (HNF), and energetic binders,
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either for environmental impacts or for energetic upgrading. Fiat
Avio is strongly engaged in this � eld, focusing its contribution not
only on scienti� c aspects but also on the industrial considerationin
the perspective of real full-size application. Any future generation
of propellants, in fact, have to meet the precedingcriteria before any
fruitful utilization by the space or military communities.

This paper summarizes the results of the industrialapproachcon-
nected to the use of some new energetic materials and the relevant
obtained propellants.

Improved Propellants Formulations
Better Theoretical Performance

Although generally accepted, data suggest that HCl emissions
from the use of solid propellants are not a contributor to any envi-
romental impact; a search continues into nonchlorine propellants.

The redox performanceof the ammonium perchlorate/aluminum
(AP/Al) combination represents the best optimization of this tech-
nology, achieved through more than 20 years of applications and
developments.For this other conventionaloxidizers [as Ammonium
Nitrate (AN)] give lower performance in terms of speci� c impulse
and density.

In the aim to increase performance and minimize the HCl evo-
lution of a new generation of propellants, several classes of ener-
getic oxidizers have been the object of studies for the AP substitu-
tion. Some of the new oxidizers come from the explosives industry,
whereas the remaininghavebeen conceivedand synthesizedspecif-
ically for their use in composite propellant formulations.

In Table 1 a comparisonbetween new and conventionaloxidizers
is given, focusing the attention on the information necessary for
theoretical calculations and safety processing assessment.1¡3

The genesis of a new propellanthave to pass through two phases:
theoretical calculations and experimental testing.

The � rst step is the preliminary screening of the materials, aimed
to de� ne the best combination of the ingredients for the energetic
output. Computer codes such as ODE or GORDON (NASA codes)
are commonly used for this purpose. The second phase is really
the � rst critical gate, representing the feasibility veri� cation of the
families arising from the theoretical evaluation,which includes not
only experimental performance, but also processability in terms of
safety and reliability.

Processability

Taking into accountthe sensitivitydataof the materials in Table1,
several constraintshave to be consideredfor their safe handlingand
processing.

In fact, the new ingredients show sensitivity characteristicscom-
parable to the cylotetramethylene tetranitramine (HMX) (explo-
sive, class 1.1 when � egmatized with 15% water minimum). As
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Table 1 Raw materials sensitivity and technical characteristics

Enthalpy of Impact Friction
Density, formation, Melting Decomposition O2 sensitivity, sensitivity,

Material g/cm3 kj/mole point, ±C point, ±C balance, % Nxm N

AP 1.950 ¡16:7 235 235 34 15 >100
AN 1.720 ¡20:9 169 210 20 >49 353
HMX 1.960 74.4 282 287 ¡21:6 7.4 120
ADNa 1.800 ¡8:3 93 134 25.8 3.7 >350
HNFb 1.860 ¡72 ¸115 ¸115 13 3 20
CL20c 2.040 23.3 >195 N/A 10.9 2.5 124

aData from Ref. 1. bData from Refs. 2 and 3. cData from Ref. 1.

Table 2 Propellant performance and hydrochloric emissions

Computed Computed volumetric HCl emission, gHCl
Propellants Acronym Isp, s d , g/cm3 impulse, sxg/cm 3 per kg of propellant

HTPB14/AP68/Al18 STD 264.5 1.759 465.2 192
Scavenged 0:5c SCAV 256.3 1.810 463.9 100
HTPB14/AP58/HMX10 /Al18 HMX-1 265.9 1.765 469.3 164
PNIMMO30/HNF70 HNF-1 261.3 1.633 426.7 0
PNIMMO30/HNF60 /Al10 HNF-2 271.6 1.679 456.0 0
PNIMMO30/HNF50 /AP15/Al5 HNF-3 264.8 1.665 440.9 45
GAP20 /HNF60 /Al20

a HNF-0 284.6 1.940 552.1 0
HTPB15 ADN65 /Al20

b ADN-0 274.0 1.670 456.0 0

aSee Ref. 3. bSee Ref. 1. cHTPB14 /AP53 /NaNo315 /Al18:

Fig. 1 12-ton-size mixer for processing composite propellant for
ARIANE 5 boosters in Regulus (Kourou, French Guyane).

consequence, the main process steps involving some friction and
impact stimuli, such as the oxidizer adding to the mixer and the
mixing phase, have to be carefully considered for the possible reac-
tion effects.This aspect is takenunder controlby explosivefactories
working in the military ammunition � eld as a normal part of the
work, but it may cause some problems in the aerospace propulsion
area for the larger masses to be processed.

As a major example, for loading large-size booster motors (240
tons, ARIANE 5 boosters), a multibatch process is required by the
use of 3.5 and 12 ton size mixers (Fig. 1). The importance of the

hazard aspects of the materials under manufacturing, considering
any accidental failure of the system with the consequent reaction of
the substances in the pot and/or in the feeding lines and tanks, is
immediately obvious.

Additional problems can arise if a milling or recrystallizationof
the raw materials are required to achieve the suitableparticle size or
shape. These are directly linked to the propellant castability and is
a non-negligible characteristic for obtaining propellant grains free
from voids, bubbles, or cracks that could compromise the structural
integrity of the � nal motor.

This criticality has been con� rmed during the preparation of the
new propellant samples, recording shorter pot-lives and increased
viscosity values (after 4 h from cross-linkingagent adding, the vis-
cosity reaches 1500 Pa ¢ s or more). Despite these challenges, spec-
imens free of defects under X-ray inspection have been obtained
following the small-scaleprocess that allowed more � exibleparam-
eters for reduced manufacturing time and propellant quantities.

Energetic and Clean Propellants

Several samples have been manufactured and investigated using
some oxidizers listed in Table 1 in combination with an energetic
poly-3-nitratomethyl-3-methyoxane (PNIMMO) or inert hydroxy-
terminated polybutadiene (HTPB) binder.

Table2 summarizestheenergeticand HCl emissionsperformance
of the experimentedformulationstogetherwith standardchlorinated
or acid-reducedpropellants (scavenged).1;4 In addition, further for-
mulations proposed in the international scenario are taken into ac-
count, drawing data from Ref. 1.

AN-based propellants have not been taken into account because
they do not present any signi� cant impact on the technology for
the insensitivity of the raw materials. The problems connected to
their processing are mainly linked to the phase transition and hy-
groscopicity of the AN crystals, as well as to drastically reduced
performancesuch that AN formulationsare not viable replacements
in current booster con� gurations. The considered formulations, in
fact, have been selected to evaluate at which level the hazard char-
acteristics of the propellants are affected by the sensitivites of the
oxidizers.

For this purpose, three hydrazinium nitroformate (HNF)-based
formulations have been manufactured and tested, not to optimize
performance but only to draw information about processabilityand
safety.For a conceptof maximum energywith HNF, the formulation
HNF-0 can be considered.5 The adding of ammonium perchlorate
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(AP) to HNF-3 is suggestedby the low degreeofburning-ratecontrol
of explosives when used in combustion conditions.

On thecontrary,cylotetramethylenetetranitramine(HMX)-1 rep-
resents one of the best energetic optimization4 using this additive.
Anyway, to evaluatethe boundariesof the use of an explosiveas one
of the main ingredientsin propellantmixes, additional formulations
with an increased amount of HMX (replacing 20 and 40% of AP in
STD propellant) have been manufacturedonly for testing in hazard
experimentaltopics.These formulationscan be reasonablyassumed
as equivalentunder the safety point of view to formulationscontain-
ing high explosives as energetic oxidizers [i.e., hexanitrohexaaza-
isowurtzitane(CL20) (Ref. 6)]. In fact, if the raw materials’sensitiv-
ities are the major constraints for the propellant manufacturers, the
propellant hazard classi� cation and, still more, its mode of reaction
under strong stimuli must be in interest of the overall community.

Propellants Hazard Testing
To establish the potential way of the reaction of the new propel-

lants’ families, the following formulations have been subjected to
the solicitation of the shock wave generated by an explosive donor
charge [glycidyl azide polymer (Gap) test ]: STD, SCAV, HMX-1,
HMX-2 (composite propellantwith 20% HMX), HMX-3 (compos-
ite propellant with 40% HMX), HNF-1, HNF-2, and HNF-3.

Becauseof the raw materialsavailabilitiesand costs, two different
topics of Gap test have been used for HMX and HNF series (Card
Gap test and modi� ed BICT Gap test, respectively). In addition,
to characterize fully the nature of the reaction and the order of
magnitude of the reaction velocity, X-ray tests have been carried
out in line with the detonic experiments.

Card Gap Test Experimental Layout

This test measures the sensitivity of the material to detonation
shock generated by a donor charge establishing its attitude to prop-
agate the detonation wave. The test apparatus (Fig. 2) consists of
one piece of steel tube, an electric detonator, a 95=5 cycletrimethy-
lene trinitramine (RDX)/wax donor charge (8 D 40 mm, h D 160,
4 mm thick), a 15£ 15 £ 1-cm steel witness plate, and the cylindri-
cally shaped (8 D 40 mm, h D 200 mm) propellant specimen to
be tested.

Between the donorchargeand the test specimen,celluloseacetate
or equivalent material cards 0.02 cm thick can be inserted to atten-
uate the shock wave of the donor charge establishing the number
necessary to preventa reaction.The tests decribedin this paperhave
been carried out placing the donor charge directly in contact with
the propellant specimen to operate under conservative conditions.

As reported in STANAG 4488 (Ref. 7), the nature of the reaction
is indicated by the damages recovered on the witness plate.

BICT Modi� ed Gap Test Experimental Layout

Similar to the Card Gap test, the BICT test7 measures in a smaller
scale the sensitivity of a sample to a shock wave generated by a
donor charge and attenuated by water. For this experiment set the
tests were carried out without water for incompatibility with HNF
and for keeping conservativeconditions.

The test apparatus (Fig. 3) consists of a piece of 2014 aluminum
alloy tube (8 D 21 mm, h D 40, 3 mm thick) � lled with the
propellant sample, a 95=5 RDX/wax donor charge (8 D 21 mm,
h D 21 mm) drilled on the top for the electric detonatorpositioning,
and a 10 £ 10 £ 4-mm aluminum alloy witness plate. Also in this
test the nature of the reaction is identi� ed by damages recorded on
the witness plate.

Flash X-Ray Experimental Layout

The specimensequippedfor detonationtests (eitherCardGap and
BICT) were placed between the � lm and the X-ray source (600 kV,
exposure time 12 £ 10¡9 s). The specimens and the detonic equip-
ment were scanned once at the beginning of each test before det-
onator initiation, to have a reference of the starting positions (T0 ).
The second impressionsof the � lm were recorded for Card Gap and
for BICT tests respectively 45.2 and 12.3 ¹s from the event. These

Table 3 Detonic tests results

Propellant Type of reaction

STD None
SCAV None
HMX-1 De� agration/detonation
HMX-2 Detonation
HMX-3 Detonation
HNF-1 Detonation
HNF-2 Detonation
HNF-3 Detonation

Fig. 2 Card Gap test specimen before � ring.

times were selected on the basis on the results of the � rst detonic
test series, formulating a hypothesison the possible shock-waveve-
locity. The target, in fact, was to capture the moment of the burst of
the metallic cases containing the propellant samples.

Results and Discussion

The results of the detonic tests are summarized in Table 3. These
conclusions arise from the appearance of damages on the witness
plates and fragments size of the metallic cases, as shown in Figs. 4
and 5 for Card Gap tests and BICT Gap tests, respectively.The ap-
titude to propagate the detonation is evident for samples containing
20 and 40% of HMX, showing a detonationvelocityproportionalto
HMX content, as expected. This is demonstrated both by the neat
hole punched in the witness plates and the fragment sizes.

In the case of the sample HMX-1, (10%HMX) the size of the hole
and fragments puts the reaction in the de� agration region even if its
velocity of propagation seems very close to the supersonic limit.

The STD and SCAV propellant samples did not exhibit any reac-
tion; in fact, the witness plates were recoveredundamaged, and the
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Fig. 3 Modi� ed BICT Gap test specimen before � ring.

Fig. 4 Card Gap test witness plates and fragments after � ring.

cases showed only the effects of the donor charges. All HNF-based
propellants(Fig. 5) propagateddetonation,as is clearly shown from
the neat holes on each witness plate and fragment, which are typical
of a detonation reaction. Signi� cant differencesacross the range of
HNF compositions do not seem to be detectable. Naturally, they
were not expectedconsideringthe high HNF amounts present in the
formulations (70, 60, and 50%). To use lower percentages of HNF
is not reasonable because it has the function of oxidizer, and the
amount has to be linked to the binder and aluminum content.

To have a rough magnitude indication about the HNF-based pro-
pellants’ reaction velocities, a BICT Gap test with a specimen of
HNF-2 sample series has been carried out recording the � ash X-ray
test simultaneosly. This analysis was performed setting the time of
the second impression at 12.3 ¹s, calculating the overall contribu-
tions of the � ring, detonator, and donor charge propagation times
and estimating the detonation sample velocity of about 8000 m/s.
The result of this investigation is shown in Fig. 6, where the print

of the X-ray � lm is given. As it can be seen, the predicted reaction
velocityresultsare close to the experimentallydeterminedvalues;in
fact, the shock wave 12.3 ¹s after the � ring just reached the bottom
of the aluminum case but has not yet fragmented the case all the
way to the bottom. Some analogies of this behavior can be found in
the HMX-3 effect achieved by Card Gap test samples, as revealed
by Fig. 7.

In the HMX-3 case the time of the second impression (45.2 ¹s)
was established considering the detonation velocity of about
8000 m/s and including the contributions of the detonator, donor
charge, and specimen height. In this event the detonationappears to
have been faster than estimated because the shock wave seems to
be broader than in the case of the HNF propellant.

New Propellants Hazard Classi� cation

The experimentswere not performedas discriminatingfor hazard
classi� cation of the new propellants by U.N. transportation rules.
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Fig. 5 BICT Gap test witness plates and fragments after � ring.

Fig. 6 Print from X-ray � lm of BICT Gap test, HNF-2 sample.

Fig. 7 Print from X-ray � lm of Card Gap test, HMX-3 sample.

According to International Agreements, several tests have to be
carried out on new energetic materials for establishing their class
of risk: 1.1, potential detonation attitude; 1.2, de� agrating; or 1.3,
burning.Among these tests, in addition to detonic analysis, the sen-
sitivity to impact, friction, spark, and thermal solicitationsmust be
checked. In particular, for detonic test the results are evaluated by
the number of cards able to give the reaction/no reaction answer.
From Allied Ordnance Publication #7 (Ref. 8) the dividing line be-
tween 1.1 and 1.3 classes is ¸70 cards. Experiments on this topic
are under investigationby Fiat Avio on HMX-1 samples.
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Fig. 8 ARIANE 5 strap-on booster static � ring motor test (237 tons of
propellant).

For thermal stability all HMX-based propellants analyzed ac-
cording to STANAG 4480 rules gave results inside speci� cation re-
quirements. HNF propellant samples showed thermal stability, yet
they had to be tested under milder temperature conditions (60±C),
according with the supplier data sheet.2

Conclusions
The work described in this paper demonstrated the need to carry

out a simultaneous scienti� c and industrial approach in developing
new materials for advancedcompositepropellants.The results show
that new oxidizers give appreciable reduction in the HCl content
and improvementsin energeticperformancein compositepropellant
formulations,but,on theotherside, theyseemto affect the sensitivity
of the � nal composition in a dramatic way.

The observed trend of samples containing increasing amounts
of HMX reveals that the propellants behavior becomes more like
nitramine as a function of percent nitramine content. This tendency
can be extended6 to other energetic oxidizers even if not investi-

gated by such kinds of tests. Probably this problem can be mini-
mized where it is acceptable to reduce the amount of explosive in
the propellant formulations, i.e., if used as an energetic additive in
combination with another oxidizer, particularly with AP.

On the contrary,where the energeticmaterials having high sensi-
tivity characteristicsmust be used as main oxidizer (i.e., HNF), the
propellantmust be expectedto exhibithazardpropertiescloser to the
explosive class. These aspects, say the scienti� c community, must
work hard to reduce the raw material hazards in the synthesisphase.
Simultaneously, the propellantmanufacturershave to contributeby
developing technological steps to enable the safe workability. The
joint effects of these synergistic activities could result not only in
reducing the economic impact on the plants and equipments needed
to process class 1.1 explosives but also to better the overall charac-
teristics of the � nal product (Fig. 8).

Without any improvement of the raw materials or relevant tech-
nologies,new generationsof advancedcompositepropellants,based
on ingredients like HNF, will be 1.1 class, which is considered too
hazardousfor launch vehicle use. This should be taken into account
at the beginning of a motor development phase among the require-
ments of its propellant. If necessary, lower hazard classi� cation of
the whole system can be achieved by suitable design of the motor
layout. Otherwise, the new class of risk can reduce the potential
application of the propellants in light of some speci� c hazard re-
quirements.
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