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Abstract: The development of Insensitive Munitions (IM) has been progressing for over three decades. Ever since the
highly publicized US Navy aircraft carrier accidents in the 1960s to 1980s, there has been a growing recognition of the value
of IM. Reminders of the need for IM have been provided all too often in the form of accidents, such as experienced by the
US Army at Camp Doha and the prevalence of attacks on military installations around the world.

The process for developing IM has improved over the years as technology for mitigating the consequences of accidental initia-
tion has emerged. Early IM developments were based upon replacement of the traditional TNT-based explosives, with their high
vulnerability, with reduced vulnerability PBXs. This led to significant improvements, such as that observed with the replacement
of H-6 with PBXN-109 in the US Navy Mk82 GP bomb. From the early 1990s, the use of a complete systems approach was high-
lighted as the optimum method to achieve IM compliance while maintaining or enhancing operational performance. The use of a
systems approach has resulted in the fielding of a number of munition systems with significant IM properties.

The challenge for the future is to continue the development and fielding of improved performance IM munitions with
limited funding for research and the high cost of introducing new ingredients into energetic formulations.

A key development to allow continued progress to occur is the introduction of improved versions of current explosive in-
gredients. The attention focused in the past few years on forms of RDX with reduced shock sensitivity has highlighted the pos-
sibility of improving well-known materials. In the near future, the application of materials technology may provide improved
versions of other important crystalline energetic materials currently in production or advanced development, including HMX,
NTO, CL-20 and ADN and help advance the development of further explosive ingredients such as FOX-7 and LLM-105.

Advances in the development and application of computer modeling must be made if we are to move forward from our
current reliance on a limited number of canonical tests that are held to be representative of the hazards likely to be encoun-
tered. The availability of verified and validated models describing the response of energetic materials to various thermal and
mechanical threats will enable us to perform parametric studies on systems. This will allow us to estimate their response to

hazards that are characteristic of the specific environment experienced by that system, and so to tailor the materials and

packaging to minimize risk and maximize performance.
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1 Introduction

The development and fielding of Insensitive Munitions
(IM) has been occurring over the last 30 + years. The
high profile accidents on the USN aircraft carriers Oriska-
ny, Forrestal and Enterprise spurred the US Navy to ac-
tion. The toll that these accidents took in terms of loss of
human life, and loss of platforms, impressed upon the Na-
vy the critical importance of taking into account not only
the performance of munitions but also their vulnerability to

accidental initiation. However, the requirement for per-
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formance was not subsidiary to the requirement for insensi-
tivity , and there was concern in the early days of IM that it
might not be possible to achieve insensitivity, desirable
though it might be, without sacrificing performance.

Since these historic aircraft carrier accidents, further
events have underscored need for munitions offering reduced
vulnerability. One of the most publicized and studied event
is the Camp Doha accident during the 1991 Gulf War'.
The basic sequence of events for this accident was;

(1) ‘“minor’ electrical fault in a heating unit in a
Field Artillery Ammunition Supply Vehicle.

(2) This electrical malfunction caused a hydraulic fire.

(3) This fire gave rise to an explosion of gun pro-
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pellant charges in the vehicle.

(4) This explosion and fire then propagated to sur-
rounding vehicles.

(5) Fire and explosions continued to spread and
build for many hours.

(6) Final damage caused was 3 killed, 56 injured,
84 vehicles destroyed including M1A1 battle tanks, 77
vehicles damaged and an environmental clean-up inclu-
ding DU tank ammunition.

The wide spread usage of Insensitive Munitions,
which are designed not to propagate explosive events,
would have significantly reduced the consequences of this
event sequence. Fig. 1 provides a summary of the repor-
ted consequences of the event and an analysis of the con-

sequences if solely insensitive munitions were involved.

Operationa Financial Personnel
84 vehicles
Catastrophi destroyed
77 damaged
Major < 'l(i!led
56 injured
Moderate|
Minor 1 vehicle 0.2 MSUS None
destroyed

Fig. 1 Calculated reduction in consequences from Camp Doha

accident if Insensitive Munitions were exclusively deployed

Insensitive Munitions (IM) can be defined as those
munitions which reliably fulfill performance, readiness and
operational requirements on demand, but minimize the
probability of inadvertent initiation and severity of subse-
quent collateral damage to the weapon platform logistic
systems and personnel when subjected to unintentional
stimuli”®’. The requirements for IM are shown in Table 1.

In simple terms, IM are munitions which; (1) Burn
when subjected to fast cook-off ( FCO), slow cook-off
(SCO), bullet impact ( BI) or fragment impact ( FI) ;
(2) Do not detonate when subjected to shape charge jet
impact (SCJI) or when another munition detonates in a

stack ( Sympathetic reaction, SR).

2 Hazard Classification of IM

One of the principal operational benefits associated
with the introduction of IM in service is the potential for
improved logistics and deployment opportunities, particu-
larly in terms of reduced real estate requirements and the
ability to establish camps and munitions storage operations
in areas that previously would have been unavailable due
to quantity distance ( QD) issues/violations. This is be-
cause conventional munitions that are hazard classified as
United Nations ( UN) Hazard Division ( HD) 1.1 have
their operations very tightly restricted by QD relation-
ships. Significant safety arcs, and the ever-present dan-
ger of sympathetic reaction, mean that the logistic foot-
print associated with HD 1.1 munitions is very large.

In the best-case scenario, IM would be assigned to
UN HD 1.6 (where all contained explosive substances
have passed specific UN tests to be considered Extremely
Insensitive Detonating Substances ( EIDS)). HD 1.6 i-
tems are defined as “Extremely Insensitive Articles which

do not have a mass explosion hazard” "',

For such mu-
nitions, there is a negligible risk of accidental initiation of
a round, and no risk of sympathetic reaction of acceptor
rounds, and so the precautions required to protect person-
nel, material and facilities from the consequences of acci-
dental initiation are much less.

However, a UN HD 1.6 classification is very difficult
to attain and is seen as more a long-term goal for most IM
development programs. So, in the near term, and in order
to benefit from the incremental improvements in IM devel-
opment, Storage sub-Division (SsD) 1.2.3 has been de-
veloped for application to the storage of munitions that
have met certain IM test requirements. A number of Na-
tions and NATO have criteria that allow the use of the SsD
1.2. 3 classification for munitions storage and provide re-
duced safety distances for it. In order to be considered as
SsD 1.2.3, a munition item must first qualify as UN HD
1.2 and then must meet certain worst-reaction limits de-
scribed in NATO Stanag 4439 for 4 NATO IM tests (i.e. ,
BI, FCO, SCO, and SR) as outlined, respectively, in
NATO STANAGS 4241, 4240, 4382 and 4396).

The paper by Deschambault provides a thorough re-

view of the relationship between IM classification and tes-
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ting and UN/NATO transport and storage hazard classifi-
cation criteria'*’ .

Other Nations have established their own criteria
(other than SsD 1.2.3) to take advantage of incremental
improvements in IM programs. For example, France has
developed a MURAT", *" and * " designation system,
while Ttaly has a MURAT®, ** and *** designation sys-
tem for IM compliance levels. Be aware that these classi-
fications don’t necessarily represent the same levels of
IMness. Some comparisons of the UN, NATO and other
National IM classification are provided in Table 1.

As a comparison of the impact of having non-IM ver-
sus IM on QD, Figure 2 illustrates the effect, on the logis-
tics footprint at a notional airbase, of changing the entire
munitions inventory from HD 1.1 to SsD 1.2.3. As can be
seen, a huge increase in storage capacity and/or reduction
in footprint can be achieved. The transition of the entire

inventory to HD 1.6 would have a further effect .

Table 1 Comparison of hazard division

for storage/transport and IM criteria

sranac. UN  UN NATO PR FR Us NATO UN tests
“¥ HD HD NATO MURAT® MURAT® * > N: ;)0
ests 1.2 1.6 MY 123 =
1.2.3
. LorI” 6(a), 6(b)
SR m I 1 1 11 111
(<50%) or 7(k)
FCO IV ¥ v v v v 6(c)
or 7(s)
SCO NA V \Y I v \Y v 7(h)
BI NA I v 1 i} v v 73)
FI NAV NA I NA NA NA
SCJI  NAIIL NA  NA NA NA NA
UN EIDS requirements on energetic material
EIDS
no no yCS no no no no

tests

Note: 1) Reaction Levels: Type I = Detonation, Type II = Partial Detona-
tion, Type Il = Explosion, Type IV = Deflagration, Type V = Burn-
ing; 2) Partial detonation (II) of the acceptor or < 50% (type I) of
munitions detonate inside the logistic container; 3) STANAG-4439 re-

quirements for Insensitive Munitions.

o All Facilities Sited for Maximum Ca-

pability for both HD 1.1 and SsD 1.2.3

storage-No QD violations

~500T

e HD 1. 1-base can have max.

ordnance-clear zone = ~ 520 acres

e SsD 1.2.3-base can have max ~3,

000T ordnance, clear zone = ~250acres

e SsD 1. 2.3 calculated to provide a

500% increase in available ordnance in

< half of land area

Fig.2  Analysis of HD 1.1 and SsD 1.2.3 siting at an airbase ordnance storage location

3 IM Success Stories

The development of munitions designed to fulfill the

requirements of IM has rapidly increased over the last dec-

ade. MSIAC has developed and has available the IM State-
of-the-Art, which provides details on more than 35 in-serv-
ice systems that offer IM properties with maintained or en-
(2006)

provides a summary of the improvements that have been a-

hanced performance. The paper by Swierk, T.
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chieved in the development of Insensitive Munitions over
the last decades from a USN perspective . Among those
readily identifiable include the US Army 60mm M720El
USAF AGM-84 SLAM-ER, French Navy CBEMS/BANG
125, US NAVY AGM-158 JASSM, Joint ESSM, UK Storm
Shadow, French Army LU-211 155mm HE and the MU-90
LW torpedo, to name but a few.

A very advanced IM example is the French Navy
CBEMS 250 multipurpose bomb, see Figure 3 which is
reproduced with permission from M. Bruno Nouguez,
CBEMS Program Manager, EURENCO. This munition
was specifically designed for carriage onboard the Charles
de Gaulle aircraft carrier. It is an important example of
the reduction in hazard classification that can be obtained
even in large munition items. The MBDA/SME designed
munition allowed the attainment of a HD 1.2 unit risk
hazard division, it was also awarded a “MURAT" " IM
rating” by the French DGA. The IM signature was ob-
tained through a combination of ;

(1) The NTO-based cast PBX B2214B - an EIDS
as the main charge.

(2) An embedded ORA86A hooster to provide relia-
ble initiation at all operational temperatures - not EIDS.

(3) Internal liner to provide thermal and mechanical
insulation and control fragmentation.

(4) Venting system in the aft closure plate.

(5) Logistic pallet with the ‘diagonal effect’ avoi-
ded by geometric design.

closure internal liner casing

CBEMS 250

embedded booster  main explosive
(ORA86B) (B2214B)

Fig.3  Schematic of the design
of the CBEMS 250 IM Multipurpose Bomb

4 The Role of Materials Science

The systems approach to development of IM utilizes
all of the methods and ingredients that are available for a-

chieving IM including mitigation systems, packaging,

venting and initiation design. The use of reduced vulnera-
bility energetic materials is still a cornerstone in the at-
tainment of IM.

The process required to discover, scale-up and apply
completely new energetic material for use in a munition
system is a long, involved and expensive process. The
development and exploitation of CL-20 has perhaps oc-
curred over the shortest period (outside that encountered
during the World Wars). The first molecules of CL-20
were synthesized in 1987, 17 years ago, but it is still a
developmental material. Part of the reason for this is re-
lated to economics (new compounds are always expensive
until there is a market for large quantities, at which time
the price may come done significantly). A larger part of
the explanation is that the high performance of CL-20 is
coupled to relatively high level of sensitivity. Until the
sensitivity could be moderated to an acceptable level, the
hazards associated with its use outweighed the benefits of
its higher energy.

While the exploitation of new energetic materials is a
long process, the application of state-of-the-art materials
science can help us to overcome the barriers to the use of
some known materials, to improve the properties of materials
currently in use, and to overcome some of the difficulties as-
sociated with new materials as they are discovered. Several
compounds, that have been known for many years and have
good performance and sensitivity properties, are not used
because they have not been obtained in a particle size and/
or morphology that lends itself to facile processing'”’.

Applied research, with the eventual limitations and
constraints applicable to the manufacturing environment
kept in mind, will offer the potential for faster transition
from the lab-bench to manufacturing and the munition
system. A complete understanding of the crystallization
process will lead to the production of more desirable mor-
phologies and less flawed/more perfect crystals promises
to improve the energetic materials available for IM.

4.1 RS-RDX

The recognition and application of reduced sensitivity
RDX (RS-RDX) is the most recognizable achievement in
materials science being applied to explosive crystal prop-
erties. The potential for the existence of RS-RDX was
highlighted by SME during the late 1990s. Since this
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time, much interest and research has been devoted to de-
velopment and exploitation of the material, and other less
widely publicized but previously known versions of RDX
have also been offered as examples of RS-RDX. At pres-
ent, four manufacturers are offering materials with claims
to be variants of RS-RDX. The SME/Eurenco version of
RS-RDX, i-RDX® | is used in the in-service formula-
tions HBU-88 A and B2213A, and the material has been
considered for numerous other systems, including the US
Army 120mm mortar program.

The development of RS-RDX is now at such a stage as
to warrant the development of a NATO STANAG to allow
specification of the material. The article by Doherty et al"*’
provides up-to-date details of the progress of this activity.
4.2 RS-HMX

Application of the improved processes used for
RS-RDX development is
HMX 101
tion exists between the sensitivity of HMX-based PBX

being  considered  for

It has been reported that a strong correla-

formulations and the intra-crystalline voids present;
research has been reported by, amongst others, ICT,
ISL, and TNO. Both SME and Dyno are also actively de-
veloping industrial processes to allow for the production of
reduced sensitivity HMX. The extent to which this ap-
proach can reduce the shock sensitivity of HMX is not
clear, since a direct analogy with RDX is prevented by,
among other things, the difference in solubility’s of the
two compounds, the different space groups in which they
crystallize, and the propensity for twinning in HMX that
is absent in RDX. Fig. 4"’ provides an example of the
decrease in shock sensitivity possible through using
‘reduced-sensitivity’ nitramines.

18
16
14
12

10
8

mm water GAP

(= S =2

HMX RS-HMX RDX

RS-RDX

Fig.4 Comparing HMX and RDX in a PBXN-109 composition

and tested with the BICT gap test-nominal nitramine content = 60%

4.3 CL-20/ADN/HNF

Lessons learned in the development of reduced sensi-
tivity RDX and HMX provide the opportunity for signifi-
cant improvements in the sensitivity of explosive formula-
tions. The use of newer energetic materials will provide
the opportunity for an incremental performance improve-
ment, along with potential vulnerability gains. While the
same principles that have been applied to achieve better
shock sensitivity properties in RDX appear to be relevant
also to CL-20""" | shock sensitivity is not the only facet of
insensitivity that must be addressed in order to achieve
IM. Some new materials have issues with thermal, hydro-
lytic, photolytic, or other instabilities that may limit the
uses to which they may be put.

Both ADN and HNF offer potential for use as high-
energy density oxidizers for composite rocket propellants.
The successful use of both materials is dependent, among
other things, upon optimization of the crystal morphology.
Eurenco Bofors and ATK/Thiokol have worked together to
develop the process to prill and incorporate stabilizer (e.
g. hexamine) and hydrophobic anti-caking agent (e. g.
DOS) into prilled ADN. The ability to consistently pro-
duce spherical, high stability and density ADN should
enhance the possibility to exploit the chemical potential of
the material.

The successful optimization of HNF crystal morphol-
ogy, including use of co-crystallization techniques allo-
wing the incorporation of stabilizers and/or ballistic modi-
fiers, will be essential if this material is to be utilized in
propellant systems.

4.4 NTO

NTO is currently in service in select munitions as a
component in PBX systems, such as B2214B used in the
CBEMS described above, and melt-cast explosives, e. g.
XF-13153/333 used in the LU-211 155mm MURAT".
The potential for application of NTO in melt-cast systems
will be significantly enhanced when progress is made in
crystal morphology, to minimize viscosity and allow for
higher solids loading. The crystallization of NTO, unlike
that of most other commonly used energetic compounds,
is possible in an aqueous matrix. Without effective control
of crystallization procedures undesirable crystal struc-

tures, such as particles containing numerous defects, or
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platelet structures, result and high viscosity at relatively
low solids loading is observed during processing. Re-
search into crystallization techniques that provide for im-
proved crystal morphology is underway with significant

potential for improvements already reported' ™.
5 Vulnerability Compositions

With the application of reduced vulnerability ener-
getic materials and formulations considerable strain can
be placed upon the reliability of the initiation systems. In
order to maintain reliability of ignition with these low vul-
nerability, potentially high critical diameter composi-
tions, it is essential to validate the booster material, ge-
ometry and uptake. In order to allow HD 1.6 to be a-
chieved across the entire range of munitions, fundamen-
tally different ways to initiate them may be required.

Among the advances that will enable munitions of the
future to achieve IM compliance, the strides in computa-
tional capability will be one of the most important. In the
absence of physically faithful models of the initiation and
growth of reaction in energetic materials, munition design-
ers are constrained to build safety margins into their de-
signs and to select materials that are well within the
boundaries of what might be considered a safe regime to
prevent accidental initiation. Success is determined by the
response of a munition to a limited number of hazard tests
(slow and fast cook-off, bullet impact, fragment impact,
shaped charge jet impact, and sympathetic detonation ),
which may or may not reflect accurately the actual hazards
likely to be encountered by the munition during its service
life. The availability of ever-faster and more capable com-
puters, coupled with computer models that capture more of
the actual phenomenology of the energetic materials under
accident conditions, will permit wide-ranging parametric
studies to be done to assess hazards in systems that are too
large or too expensive to test in full-scale.

Computer modeling has been successfully applied to
the task of optimizing booster design for given explosive
composition. At times, the shape of the booster can be
optimized to provide required shock strength and dura-
tion, in some situations however it is essential that imbed-
ded boosters are utilized. The use of ulira fine, and nano-

materials (with DDT mechanisms different from those of

conventional particle size materials) and prevalence of
non-ideal high-metal content compositions both increase
the complexity of the explosive-train design.

Although current models of initiation by a sharp
shock are fairly well developed, our understanding of the
role of shear and combined shock and shear is not as far
along. Since most accident scenarios involving mechani-
cal initiation include some component of shear, our abili-
ty to predict the outcome in a configuration that has not
been tested will depend on our ability to capture the ap-

propriate phenomenology in our models.

6 Future Developments of IM and Materials
Technology

It is likely that there will remain, at least in the
foreseeable future, the need for the “Admiral’s Test” in
munition design. However, with the ever-increasing a-
vailability of computational power, the use of modeling to
simulate the effect of various stimuli upon the explosive
compositions without having to test every environment or
threat must increase. It is often difficult to persuade users
that investment in modeling is cost-effective: it takes so
long to develop good, verified, validated models that are
usable by someone other than the developer, that it is
more expeditious to simply go out and test a few items to
determine how they behave.

This line of reasoning overlooks the fundamental na-
ture of accidents and the economic impossibility of doing
enough tests to have a statistically valid basis for a state-
ment about the relative hazards of one munition or another
subjected to one threat or another. The reliance on a lim-
ited number of tests is even more speculative when one
takes into account the primitive nature of our understand-
ing of the aging of those materials that have made it possi-
ble for us to achieve the levels of insensitivity and re-
duced hazards that we enjoy today. While we may have
some level of confidence that new munitions have low vul-
nerability toward unplanned initiation, that confidence is
much lower for real-life munitions for which the environ-
mental history is unknown. Advances in safety must be
accompanied by advances in our fundamental understand-
ing of munitions, and the energetic materials within those

munitions, as a function of the ageing process.
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7 Summary

Insensitive Munitions have come of age in the new
millennium. Technology is now available, in fielded sys-
tems, which allows for the improvement in IM response of
almost any munition type or system. The ultimate goal of
attaining UN HD1. 6 still requires more research and de-
velopment activity, particularly to allow the mitigation of
the threat of shaped charge jet impact. The use of new
materials, better materials science and enhanced compu-
tational efforts will provide the opportunity for incremental
advances in munition safety along with fulfilling the ever-

increasing demand for higher performance.
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