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ABSTRACT

The shock sensitivity of RDX (cyclotrimethylenetrinitramine) is dependent
upon factors including crystal size, morphology, internal defects, surface
defects and HMX content. With the arrival of reduced sensitivity RDX (RS-
RDX) and the drive towards insensitive munitions (IM), understanding what
influences sensitivity has become a significant topic within energetic materials
research. During the RS-RDX international Round Robin Study (R4) the
parameters which influence sensitivity were investigated, however large
discrepancies were seen between different laboratories so the results were
inconclusive.

The objective of this work is to clarify how crystal properties and the
manufacturing process affect RDX sensitivity. In this study the same RDX lots
as those from the R4 were examined. Optical microscopy showed that internal
defect content varied widely and was affected by the manufacturing process.
A good correlation between sensitivity and defect quantity was seen for RDX
lots produced by the same method. Likewise, microscopic examination also
showed a large range of morphologies which was influenced by method of
production. Scanning electron microscopy also showed that surface defects
were approximately correlated to shock sensitivity, however general surface
roughness agreed better with sensitivity than the number of specific defects
such as cracks and holes. The mechanical properties of the RDX samples were
investigated using nanoindentation. This showed a good correlation between
the quantity of internal defects and modulus of elasticity, hardness and creep.
There was also a good agreement between these parameters and sensitivity.
Rheological analysis of RDX/polyethylene glycol suspensions indicated a good
agreement between the rheological properties of the suspension and crystal
morphology. This method could form a basis for a new testing method for
RDX morphology. Differential scanning calorimetry demonstrated that crystal
size influenced decomposition rate. The melting endotherm onset temperature
and energy was correlated with HMX quantity.
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Chapter 2; Literature review, a review of studies that examine how internal

defects, crystal morphology, crystal size, HMX content and ageing affect RDX

shock sensitivity. A short discussion on the gap tests used to measure shock

sensitivity and a review of early studies into RS-RDX concludes the chapter.

Chapter 3; Theory of experimental techniques used. This chapter gives an

outline of the theory of nanoindentation and rheology analysis, the two most

significant techniques used.

Chapter 4; This chapter gives details of the experimental procedures used.

Optical microscopy for internal defects and morphology, electron microscopy

for surface defects, nanoindentation and rheology methods, DSC thermal

analysis and small scale gap testing of loose packed RDX.

Chapter 5; This chapter gives the results from the internal crystal defect

analysis using microscopy and nanoindentation experiments and discusses

them.

Chapter 6; The results from the optical microscopy morphology assessment

and rheology analysis of RDX-PEG suspensions are presented and discussed.

Chapter 7; Results from other experimental work investigating surface

defects by scanning electron microscopy, thermal analysis by DSC and loose

powder gap tests are given with discussion.

Chapter 8; Final conclusions and recommendations for future investigations.

Summary conclusions from all the work undertaken and suggestions for

further experimental work given.

Appendix A; Extra data from the small scale gap testing of loose RDX

samples is presented.

Appendix B; Extra data from the nanoindentation experiments is presented.

Appendix C; Data from the angle of repose measurements.
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Chapter 1 Introduction2

of 3.0 (rotary friction machine) [4]. For RDX to be used safely, it is mixed with

waxes, oils, polymeric materials and plasticisers [5]. Table 1.1 gives some more

physical and chemical properties of RDX.

Table 1.1 Some properties of RDX. at RDX density of 1.70 g cm-3 a, at 1 bar and 0 oC b.

RDX characteristic RDX characteristic

Molecular weight, (g mol-1) 222.1 [5] Velocity of detonation a, (ms-1) 8440 [1]

Melting point, (oC) 204 [5] Heat of detonation, (J g-1) 5130 [6]

Decomposition temperature, (oC) 213 [5] Pressure of detonation a, (kbar) 300 [1]

Thermal ignition temperature, (oC) 260 [5] Gas volume of det. b (cm3 g-1) 908 [7]

Crystal density at 20oC, (g cm-3) 1.82 [5]

Enthalpy of formation, (kJ kg-1) +318 [5]

The German chemist Georg Friedrich Henning first prepared RDX in 1899 by

the nitration of hexamethylenetetramine nitrate. In his patent he promoted its

use for medicinal purposes [8]. He later suggested its use in smokeless

propellants since it produced less smoke during decomposition than other

propellants used at the time. The explosive properties of RDX were first

acknowledged by Herz around 1920 who prepared RDX by nitrating hexamine

directly [9], however the yields were low and the process was expensive. This

was because during the reaction the hexamine molecule is not completely

converted to RDX. By 1925 Hale based at the Picatinny Arsenal, U.S.A.

produced a method that yielded 68% RDX. No further improvements of the

synthesis of RDX were forthcoming until 1940 with the development of a

continuous method devised by Meissner [10].

1.2 Synthesis and production of RDX

1.2.1 Overview of the processes used today

The manufacture of RDX on a large scale is usually performed by one of two

synthetic routes, the Woolwich or Bachmann processes. The Woolwich

process was developed at the British Armament Research Department at

Woolwich in the 1920’s and 30’s [10]. This process is also known as the direct

nitrolysis process where hexamine is directly nitrated with nitric acid to

produce RDX as shown in equation 1.2.
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N4(CH2)6 + 6HNO3 (CH2)3(NNO2)3 + 3CO2 + 2N2 + 6H2O (1.2)
hexamine RDX

This process produces a yield of RDX of between 70 and 75% with only traces

of impurities [11]. In the U.S during the 1940’s Werner Emmanuel Bachmann

developed the process named after him. This process takes hexamine and

reacts it with a mixture of ammonium nitrate and nitric acid in the presence of

acetic anhydride at 75oC, as shown in equation 1.3 [12].

N4(CH2)6 + 4HNO3 + 2NH4O3 + 6(CH3CO)2O 2RDX + 12CH3COOH (1.3)

This process was adopted by the USA for large scale production of RDX. The

yield is about 70% RDX with an impurity of around 8 to 12% HMX or octogen

(cyclotetramethylenetetranitramine) which is an even more powerful

explosive then RDX. The presence of HMX in the RDX product increases its

shock sensitivity. HMX is also a cyclic nitramine consisting of an eight

membered ring instead of the six membered ring structure of RDX. The

molecular structure of HMX is shown in figure 1.2.

Fig. 1.2 The molecular structure of HMX.

Compared to the Bachmann process the Woolwich method produces very little

HMX as an impurity. The method of manufacture and HMX content are used

to classify RDX types [13]. Table 1.2 shows the classifications of RDX based

upon the synthesis process (type A or B) and HMX content (type I or II) of the

NO2

NO2

NO2

O2N

N

N

N

N

75oC, 1 atm. 70% yield98% conc.

98% conc.
70-75%

25-30 oC



Chapter 1 Introduction4

final product. Type A, (Woolwich RDX) is usually type I and type B

(Bachmann) is normally type II. However HMX can be removed from type B

RDX by recrystalisation to create a type I RDX.

Table 1.2 RDX types based upon synthesis process and HMX content of final product.

RDX type Synthesis method / HMX content

Type A Produced by the Woolwich process (direct nitration) [13]

Type B Produced by the Bachmann Process [13]

Type I < 5% HMX [14]

Type II 4 -17% HMX [14]

1.2.2 Possible reaction mechanisms for the synthesis of RDX

The nitration of hexamine with nitric acid can be regarded as proceeding in a

stepwise nitrolysis reaction. During the nitration of the amine the bonds

between the nitrogen and carbon atoms are broken [15]. A proposed reaction

pathway is shown in figure 1.3.
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Fig. 1.3 Reaction schemes showing the formation of RDX by the action of nitric acid on hexamine

dinitrate (adapted from reference 15).

Starting with the nitrolysis of hexamine dinitrate (compound I) by nitric acid

the intermediate (compound II) is formed [16]. The reaction proceeds via

further cleavage of N-C bonds, experimental data indicating that bond A

breaks making a hypothetical intermediate III [15]. This intermediate

undergoes further nitrolysis at bond B to form another hypothetical
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intermediate, IV and compound V [17,18,19,20]. The nitrolysis of bond C on

intermediate IV gives RDX, (VI). An open chain impurity product can also

form if bond D is nitrolysed [15]. Another mechanism, shown in figure 1.4,

involves the nitracidic ion (H2NO3+) [21]. Hexamethylenetetramine is first

hydrolysed to form III as shown in figure 1.3 then hydrolysis of III forms the

ionic intermediate VII. This intermediate can be hydrolysed further to form

VIIa and then VIIb. Nitrolysis of VIIb produces RDX, methylnitramine (VIII)

and formaldehyde. Nitrolysis of compound II can also produce HMX.

Fig. 1.4 Reaction scheme showing the formation of RDX via the influence of the nitracidic ion, ref. 15.
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1.2.3 Recrystallisation methods used in RDX manufacture

After the crude RDX product is produced it is purified to remove undesirable

contaminants that are formed during its synthesis. For instance the by-

product produced by nitrolysis of bond D in figure 1.3 can sensitise the RDX

product [15]. This is done by recrystallisation usually by cooling or evaporating

RDX saturated acetone or cyclohexanone solutions [22]. The recrystallisation

process is of fundamental importance to the quality of the final product [23]. It

has been observed that poorer crystal quality caused by internal voids,

inclusions and other crystal defects leads to increased sensitivity [24].

Recrystallisation is often carried out on a large scale. One method described

uses a 110 kg RDX batch dissolved in 900 litres of acetone at 50OC. This

solution is filtered and drained into a second tank where cold water is added.

The RDX crystals precipitate out of the acetone-water solution and are

separated on a vacuum filter. Approximately 90% of the crystals produced by

this method are 0.1 mm or longer [25].

Recrystallisation can also be carried out on smaller scale batches using

crystalliser vessels of a few litres capacity. This technique uses cooling

crystallisation where the temperature of the solution is gradually reduced at a

steady and carefully controlled rate. The solubility of the RDX decreases with

decreasing temperature, leading to supersaturation of the solvent which is the

driving force behind crystal nucleation and growth [26]. Stirring the solution to

maintain suspension of the RDX particles has been reported to reduce crystal

quality compared to crystals grown in stagnant solution. Crystals grown in a

stirred solution have more inclusions probably containing the solvent

solution. This is thought to be due to collisions between crystals in the

turbulent solution [27] leading to damage and defects on their growing

surfaces. These surface defects could develop into internal defects as the

crystal grows.

1.3 Hot spot theory of initiation

The detonation of an explosive is now generally considered to be a thermal

process [28,29]. However, it was known for many years that the energy supplied

to an explosive material by impact was not sufficient to raise its temperature

high enough for deflagration or detonation to occur. Therefore it was
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GPa from one side. It was observed that during collapse of the cavities a high

speed jet was produced which compressed trapped gas into two lobes. The gas

in these lobes became hot enough to glow. The glowing was attributed to free

radical recombination and radiative recombination. This indicates a possible

hot spot formation mechanism in energetic materials. The cavities collapsed

layer by layer, the second row only being compressed after the shock collapsed

the first layer [36,37]. In figure 1.6 bubble collapse and lobe formation during

compression by a shock wave is demonstrated and in figure 1.7 a series of high

speed photographs show the progressive collapse of three voids in an inert gel

matrix after the application of a shock.

Fig. 1.6 Series of high speed photographs showing the collapse of a bubble and the
production of lobes of trapped gas. From reference 33.



Chapter 1 Introduction12

Fig. 1.7 Series of high speed photographs showing the progressive collapse of voids in an inert gel.
The shock front is shown in frame 1 labelled S. From reference 33.

In conclusion, when a larger cavity is collapsed relatively slowly the adiabatic

heating of the trapped gas is the major process behind hot spot formation. At

high shock pressures, the formation of a jet and subsequent jet impact

becomes more important. It can be generalised that bubbles and gas filled

spaces have a significant role in the initiation of energetic materials. Voids

that are filled with solvent are less able to form hot spots since they cannot

reach high enough temperatures because liquids are less compressible than air

or other gases.

1.3.2 Initiation by friction

Hot spot formation by friction is another important source of initiation of

explosives. When two surfaces are rubbed together, unless they are perfectly

smooth contact will occur at the highest surface features. Therefore the actual

area of contact between the surfaces is small. During rubbing heat will build

up in these areas leading to high temperatures and hot spot formation. This

principle is shown in figure 1.8 which depicts the movement of two rough

surfaces against each other producing regions of high temperature where the

frictional stress builds up.
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Fig. 1.10 Photo showing shear banding produced during impact of HMX. Note the darker areas at the
branches of the bands where the highest temperatures were reached (indicated by arrows). Taken
from reference 29.

Winter and Field have shown that when lead and silver azide single crystals

are impacted by small aluminium and glass spheres, initiation by the

formation of adiabatic shear bands can occur [39]. Drop weight impact

experiments on small quantities of PETN and HMX placed on a heat sensitive

film also indicate the formation of shear bands during initiation of the

explosive. Bands were burned into the film where the highest temperatures

were reached. Some of the bands were seen to split, the highest temperatures

were reached at these points [29,40]. Figure 1.10 shows the shear banding

produced after impact of HMX placed on heat sensitive film.

1.3.4 Hot spot formation at crack tips and dislocations

When an explosive material is impacted by a strong shock cracks may appear

at weak points within the explosive crystals or if in a PBX, in the crystals and

binder matrix. High stresses can be produced at the tips of these cracks

leading to localised increases in temperature. The development of high

temperatures at crack tips in plastically deforming materials like metals and

polymers is well known. For example a temperature rise of 500 K has been

reported at the crack tips in deforming polymethylmethacylate [41]. Fox and
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1.4.2 Detonation

a) General description and theory

Energetic materials that detonate exhibit a more rapid decomposition than

deflagration. Instead of the decomposition zone being propagated by thermal

energy transfer at subsonic speed, the reaction zone is driven by a supersonic

shock wave travelling at between 1500 and 9000 ms-1. The decomposition rate

of the energetic material is controlled by the velocity of the shock wave which

is in turn dependent upon the density of the explosive. Therefore the density

of the explosive is a major limiting factor in the rate of decomposition in a

detonative event. Like deflagration, a detonation can be considered to be a

layer by layer process. Consider a cylindrical length of explosive as shown

schematically in figure 1.11. As the shock wave passes through the explosive,

unreacted material is decomposed in the reaction zone directly behind the

shock wave front. Behind the reaction zone the decomposition products that

have been formed flow away from the wave front.

Fig. 1.11 Schematic diagram of a detonation wave passing through an explosive, reproduced from
reference 49.

The shock wave compresses the explosive material so that its temperature

increases above its decomposition temperature, an exothermic reaction then

takes place within the explosive. The gaseous products generated raise the

pressure just behind the wave front driving it forward. The shock wave

accelerates through the explosive material and increases in strength until it

reaches a steady state velocity, V. The steady state is reached when the rate of

Wave front moving at
constant velocity, V

Unreacted explosive
materialReaction ZoneDecomposition products

Particles and gas flowing
away from wave front at
velocity, U
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energy release from the detonation equals the rate at which it is lost to the

surrounding medium and equals the energy used to compress and displace the

explosive material. At the steady state velocity the shock wave will be

supersonic. The shock wave will move forward through the explosive as long

as its velocity is the sum of the speed of sound, c and the velocity of the

reaction product particles, U as expressed by the Chapman-Jouguet

relationship:

V = U + c (1.9)

When the velocity of the decomposition products is less then the speed of

sound then detonation will not occur. Figure 1.12 shows a series of high speed

photographs of a detonation wave passing through a steel cylindrical charge.

The detonation starts from the top of the charge and can be clearly seen to

travel down its length leaving behind a cloud of detonation products. The

photos also illustrate the concept of “run to detonation” where the shock wave

accelerates through the charge for a distance of a few millimetres before

reaching supersonic (detonation) velocity.

Fig. 1.12 A series of high speed photographs showing a detonation wave passing through a steel
cylindrical charge. Taken from reference 51.

Another factor that is important to the propagation of a detonation shock

wave is the diameter of the explosive charge. If the diameter is too small the

energy of the shock wave will be attenuated to the surrounding medium and

lost, therefore a critical diameter is needed for the shock wave to be able to

sustain the detonation. This critical diameter varies depending upon the
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seconds to complete but the shock to detonation transition is measured in

microseconds. The shock to detonation method of initiation is the most

reliable way of initiating a charge of high explosive as long as the shock wave

from the donor is strong enough and the diameter of the acceptor charge is

equal to or exceeds the critical diameter of the explosive material.

1.5 Summary

The hot spot theory offers a good explanation for the processes behind

initiation of energetic materials. It appears that there are several key methods

of hot spot formation which probably occur together, but no single mechanism

seems to dominate the process. The different formation mechanisms appear to

act additively. For instance frictional processes may occur alongside adiabatic

heating of gas filled spaces within the material. Heating at crack tips and

dislocation pile ups generally seems unable to cause initiation due to the small

amounts of energy released by these methods. The energy released is between

two and three orders of magnitude too low for initiation to occur. Crack tips

forming in polymer particles within a PBX could possibly be a mechanism for

hot spot formation.
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CHAPTER 2

Literature review

This chapter will investigate the literature that addresses the issues affecting

RDX sensitivity. Areas to be investigated include crystal size and size

distribution, crystal morphology, internal and surface crystal defects,

impurities and HMX content and the interaction between energetic crystals

and binder particles.

2.1 The influence of internal crystal defects, voids and inclusions

During the crystallisation process void defects within the crystal often form

ranging in size from less than a micrometre to over a hundred micrometers.

These defects are a potential site for hot spot formation when they are

collapsed by shock compression. This section will firstly explain their

formation and then cover literature that has investigated the effect of internal

defects on shock sensitivity.

2.1.1 The formation of internal crystal defects

Impurities in the solvent and in the energetic material are involved in the

formation of internal defects during the crystallisation process. An impurity

that can build into a growing crystal has to have a molecular structure that is

similar to the molecules forming the crystal. If the impurity molecule has a

large moiety which is very different in structure to the crystal molecules then

crystal growth is disrupted by steric hindrance. Other molecules joining the

growing crystal lattice cannot pack correctly around the impurity molecule.

This leads to the formation of an internal crystal defect as depicted in figure

2.1. A possible mechanism of impurity formation has been suggested by Ter

Horst et al [52]. They propose that by-products from the synthesis of RDX

react with cyclohexanone to produce molecular species that promote the

formation of internal defects.
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Fig. 2.1 Schematic diagram illustrating the formation of an internal defect caused by the adsorption of
an impurity molecule into the growing crystal. Reproduced from reference 52.

One such by-product is the N-acetyl derivative, TAX†. The TAX molecule can

react with cyclohexanone via condensation reaction to produce two

compounds which are capable of blocking growth by steric hindrance. This

reaction is shown in figure 2.2.

† The definition of TAX was not given in the paper.

Adsorption of impurity
molecule

Growth of crystal lattice
disrupted by impurity

Formation of internal
defect within crystal
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Fig. 2.2 The reaction of RDX by-product, TAX with cyclohexanone to produce two compounds that
can promote the formation of internal defects. The moieties in red disrupt growth of the crystal
lattice by steric hindrance. Reproduced from reference 52.

As this is an equilibrium reaction, addition of water to the

RDX/cyclohexanone solution would shift the reaction back to the unreacted

cyclohexanone and water. This would then prevent the formation of the

impurity and subsequent internal defects. It has in fact been observed that

when RDX is recrystallised from cyclohexanone containing 3 wt.% water,

hardly any internal defects are seen within the crystals compared to

recrystallsation from cyclohexanone only [27,52].

Internal defects are also produced by other processes. Collisions

constantly occur between individual crystals and crystals impacting against

the walls of the crystalliser vessel and the stirrer. This causes damage to

crystal surfaces and disruption of the lattice structure which generate internal

defects. The formation of internal defects by surface impacts has been

observed during the crystallisation of magnesium sulphate and aluminium-

potassium sulphate from saturated solutions. Internal defects were produced

with very low impact energies [53]. The agglomeration of crystals can also form

internal defects. As separate crystals combine voids form where the crystal

surfaces do not touch completely, often trapping the crystallisation solvent.

This has been observed during the crystallisation of potassium dihydrogen

phosphate. A direct correlation between the amount of agglomeration and

number of internal defects was reported [54]. The growth rate and crystal size
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investigate the effect of elimination of internal defects, a commercial grade

RDX (source not specified) was recrystallised. The method used a hot, RDX

saturated, mixed alkyl phosphine oxide solvent that was cooled rapidly to

precipitate RDX crystals. Optical microscopy revealed that the recrystallised

RDX was free from internal defects, whereas the as-received RDX contained

defects. To determine shock sensitivity a dropweight impact test was used (the

exact details of the method were not stated in the paper). The results showed

an obvious reduction of sensitivity for the recrystallised RDX, a drop height of

53 cm for a 50% probability of initiation was recorded. In contrast the as-

received RDX was initiated at only a 30 cm drop height. These tests did not

consider the effect of crystal size and morphology on sensitivity or the effect of

intergranular pores which could also be a site for hot spot formation. The

recrystallisation process may have changed particle morphology which might

have contributed to the decrease in shock sensitivity. This was also not

addressed in the report. If shock sensitivity tests were performed on PBX

formulations of these RDX samples, any sensitisation effects due to

intergranular pores would have been significantly reduced. The effect of defect

size was discussed briefly. Larger defects require lower shock pressures to

form hot spots so RDX crystals that contain bigger defects will be more

sensitive. Therefore reducing internal defect size will improve shock

sensitivity. Interestingly, it was also noted that larger crystals had larger

defects, which helps to explain why larger crystals seem to be more sensitive.

A more extensive study of internal defects was undertaken at SNPE (Eurenco)

by Baillou et al [60]. They investigated seven different batches of RDX, six

recrystallised and one that had not been reprocessed. In comparison with

Mishra’s study, HTPB-PBX formulations of each of the RDX batches were

tested rather than just the RDX crystals alone. This was an improvement as it

eliminated intergranular voids. Table 2.1 lists the characteristics of each RDX

batch used. Wedge tests were performed on each PBX to determine shock

sensitivity and run distance to detonation. To observe internal defects, RDX

crystals were suspended in a matching refractive fluid medium and examined

under an optical microscope. The shock sensitivity tests indicated that the

most sensitive RDX was the raw batch which had the largest internal defects

(batch B). Batch A2 which had the next largest internal defects was less
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sensitive than batch B but was still more sensitive than the other RDX samples

which had similar shock sensitivities. In this study, particle size does not seem

to have much effect on sensitivity. For instance, batches A1 and A2 have

similar particle size but the sensitivity of A2 was greater than that of A1. RDX

crystals from A2 had larger and more internal defects than those from batch

A1. Furthermore, crystals from batch C1 were much larger compared to

crystals from batches B and A2. The largest crystals were less sensitive than

those from either B or A2, they also had much smaller internal defects. This

shows that the quantity and size of internal defects has a strong influence on

shock sensitivity, perhaps greater than crystal size. There is a direct

relationship between the solvent content and the total volume of internal

defects. In one experiment a dye was added to the solvent prior to

crystallisation. Examination of the crystals formed showed colouration within

the defects, which indicates that the internal defects contained trapped

solvent. This study also suggests that the solvent used for recrystallisation has

little effect on the number and size of internal defects. Batches A1 and A2 were

both recrystallised from acetone but had different amounts/size of internal

defects, whereas C3 and M used different solvents but had similar quantities

of inclusions.
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porosity was not considered since very high loading densities were achieved

for the HMX/wax compositions. In a further report by Borne and Beaucamp,

supplementary data was provided on the extragranular void volumes for the

three HMX batches [63]. The most sensitive, batch 3 had a much lower

extragranular void volume fraction (0.001%) than batches 1 and 2, (0.3 and

0.6%). This was likely because the rounder crystals of batch 3 were coated

more efficiently than the angular crystals of batch 1 and 2, leaving fewer

spaces between the crystals and the wax. Despite this very low volume of

intergranular voids, batch 3 was the most sensitive. Compared to internal

defects, intergranular voids seem to have little effect on composition shock

sensitivity. Experimental data was presented that investigated internal defects

in various RDX batches cast into the same wax composition used in Borne’s

previous work. Voids between RDX particles in the cast compositions were

also considered. Borne and Beaucamp investigated eight commercial RDX

lots, lots 1 to 8 and three RDX lots processed by ISL. Commercial lots 1 to 5

had the same particle size distribution but differing quantities of

internal/external defects and morphology. Lot 7 was recrystallised from lot 6

to give more spherical crystals. The three ISL lots had faceted crystals with

much lower internal and external defects then the commercial lots. The ISL

batches were hardest to cast because the angular crystals made wax coating

more difficult. Projectile impact experiments were performed to test the shock

sensitivity of each lot formulation. Table 2.3 gives the impact energy required

to detonate each lot formulation along with percentage of internal and surface

defects and the particle size range.
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indicated that angular crystals were more sensitive when in a HTPB PBX.

Possibly hot spot formation is more efficient with the HTPB binder than with

wax because the viscosity and density of HTPB is more favourable for hot spot

formation. Repeating these experiments with an HTPB binder could yield

interesting information about the effects of binder properties on shock

sensitivity. Gap testing would also provide sensitivity data on the behaviour of

these compositions at higher shock pressures than those produced by the

projectile impact test.

Nuclear quadrupole resonance (NQR) has been used as a quantitative

method to determine the quantity of internal defects within RDX crystals
[68,69,70]. The electric field gradient of nitrogen nuclei in RDX molecules is

strongly influenced by crystal defects such as voids and dislocations. These

imperfections can lead to broadening of the NQR absorption line compared to

crystals with fewer defects. Erofeev et al [68] were probably the first to use

NQR to quantify internal defects within RDX crystals, finding that crystals

with more defects produced wider NQR lines. Following on, Caulder et al [70]

undertook NQR experiments on insensitive RDX from SNPE (SIRDX), raw

Holston RDX (HRDX) and Holston RDX recrystallised by SNPE (HIRDX) and

compared the NQR results with shock sensitivity data. The amine N14 NQR

absorption line was measured as this line is least affected by variation of

temperature. The shock sensitivity of each formulation was determined using

the large scale gap test (LSGT). A correlation was found between the shock

sensitivity results and the NQR line widths. Unprocessed Holston RDX had

the widest line width and was the most sensitive, whereas the insensitive RDX

has the narrowest line width and had the lowest shock sensitivity. Table 2.6

gives the results obtained, (a lower LSGT result indicates increased

sensitivity).

Table 2.6 NQR line widths and shock sensitivities of formulations tested by Caulder et al, * mean line
widths from two measurements. Taken from ref. 70.

RDX type in formulation NQR line width
(Hz)

LSGT result
(kbar)

Insensitive SNPE RDX 140 50.4

Holston RDX reprocessed 280 * 48.5

Holston RDX unprocessed 370 * 29.5
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The process of formulating a PBX does not appear to change the NQR line

width compared to raw RDX [69]. These results show that shock sensitivity is

influenced by internal defects and that NQR can potentially be used to

determine these parameters for different RDX samples.

Small angle neutron scattering (SANS) experiments of loose HMX

crystals were performed by Mang et al [71] to determine the internal defect

volume and defect size distribution. They clearly showed that fine HMX

crystals contained smaller voids than coarser crystals. Their SANS

experiments were also able to accurately measure mean particle size.

Following on from this successful demonstration of neutron scattering, Stoltz

el al [72] used small angle neutron scattering and ultra-small angle neutron

scattering (USANS) to investigate the relationship between internal defects

and shock sensitivity. RDX crystals were wetted in a solution that had the

same neutron scattering characteristic as RDX (deuterated cyclohexanone) so

only scattering caused by internal defects was observed. Five RDX samples

were studied, Eurenco I and MI-RDX, Dyno Nobel RS-RDX, Holston RDX

and ADI RDX. The RDX samples were also subjected to the large scale gap test

(LSGT) to determine their shock sensitivities using a HTPB formulation. Prior

to formulation, samples were sieved to eliminate particle size effects. There

was a good agreement between the shock sensitivity of the samples tested and

how much scattering they produced. RDX samples that showed greater

scattering due to more defects were also more shock sensitive. Figure 2.3

shows the correlation that was observed.
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defects. Above 80% water content however, this effect was reversed. Crystal

morphology was also affected by the water/GBL ratio. With increasing

proportion of water the morphology changed from smooth/polygonal to

rough/porous. Roberts et al [75] have reported the preparation of RDX crystals

having a smooth uniform morphology and reduced internal defect content by

means of controlled evaporation and ultrasonic agitation. Ultrasonic agitation

produced cavitation within the solution which created localised regions of

supersaturation where crystal nucleation occurred. This allowed a much lower

overall supersaturation which promoted the formation of smoother crystals.

The controlled evaporation reduced the defect content.

Impact testing using a ballistic impact chamber (BIC) was used by

Bouma et al to distinguish between raw RDX samples with different numbers

of internal defects [76,77]. The sample is initiated by a drop-weight impacting

on the striker. A pressure gauge records the pressure produced by the

initiation and a photodiode captures the initiation of the sample. A photo and

schematic diagram of the BIC used are shown in figure 2.4.

Fig. 2.4 Photograph and schematic of the ballistic impact chamber used by Bouma et al, taken from
reference 76.

The RDX samples used were those from the R4 programme. Prior to actual

testing, computer based simulations were performed, in order to optimise the

experimental design. For each test, 40 and 60 mg quantities of each RDX

sample were placed in the BIC and subjected to the same impact (0.047 GPa).

Pressure-time response curves were obtained to investigate the reaction of the

samples to the applied impact. Optical micrographs and SEM images showed

that there was a large variation in crystal quality between the samples. From

the pressure-time curves it was possible to distinguish between less sensitive

and more sensitive RDX samples. Samples that were less sensitive showed
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relatively slow and smooth pressure build up with a lower peak pressure after

impact. More sensitive RDX samples produced a fast build up with multiple

high pressure “spikes”. Comparison with the optical micrographs showed that

the samples which produced the rapid and sharp pressure curves had more

internal defects than the less sensitive samples, they also had large quantities

of very small internal voids. This again highlights the possibility that defect

size is important in determining shock sensitivity and that large numbers of

small defects enhance susceptibility to initiation. The main shortcoming of

Bouma’s work was that intergranular voids between the crystals were not

really considered and they could have been influencing the results as well.

This may be important as the samples studied had different morphologies and

so could pack in different ways, producing variation in quantity and size of

intergranular spaces.

Internal defects have also been found to affect the bulk mechanical

properties of RDX crystals as investigated by Ming using a compressive

stiffness test [78]. This experiment involved placing 2 g samples into a steel

press and slowly compressing the sample with a piston at a constant rate. Five

RDX lots were tested, two as-received commercial lots, two recrystallised lots

and one lot that had been recrystallised and processed further to give a

smoother spherical morphology. It was observed that the reprocessed samples

were much “stiffer” than the as-received RDX lots which seemed “softer”.

Although the mean packing density of the as-received samples was slightly

less (0.930 g/cm-3), compared to that of the re-processed samples (1.133 g/cm-

3), this difference was considered not to be influential. The as-received and

processed samples achieved the same density, (1.250 g/cm-3) at a loading

stress of 3.5 MPa. No significant differences in the mechanical properties

between the as-received and reprocessed samples were seen until much higher

loading pressures were reached. Optical micrographs of the samples showed

that the reprocessed samples had very few internal defects compared to the

as-received lots. It was concluded that internal defects had a dominant effect

on RDX bulk mechanical properties and surface defects had only a limited

influence. This investigation only considered raw RDX crystals. If they were in

a PBX how would they behave? Repeating the experiment with the lots in a

PBX formulation could have provided useful information as to the effects of
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pressing. Molecular dynamics simulations performed by Yang et al showed

that the presence of voids within a crystal lattice affected the elastic modulus

of the bulk material. Increasing the size of the voids and the total void volume

within the crystal reduced the elasticity [79]. Indentation methods such as

micro and nanoindentation have also been used to investigate the mechanical

properties of energetic materials. Hagan and Choudhri [80] were the first to use

microindentation to study the mechanical properties of RDX. Using this

technique they were able to determine the fracture surface energy of RDX and

PETN by measuring the extent of fracture formation in crystals subjected to

increasing applied loads. From knowing the fracture surface energy of an

energetic material an indication of its mechanical integrity and sensitivity can

be deduced. More recently Li et al used nanoindentation to measure the

elastic modulus of single crystals of HMX [81].

All of the findings discussed so far are in agreement that internal

defects cause an increase in shock sensitivity. However, Czerski and Proud
[82,83] report that RDX crystals with more internal defects show reduced

sensitivity compared to RDX crystals with few internal voids. Their results

indicated that an angular crystal morphology and increased surface roughness

were more important characteristics than the number of internal defects.

Because they examined raw RDX crystals in the gap tests and not a PBX

formulation perhaps intergranular voids were affecting the results as well.

This illustrates how shock sensitivity is dependent upon not just one factor but

many working together. In some circumstances one type of crystal

characteristic may have more of an influence than in another situation.

2.2 The influence of particle morphology on shock sensitivity

The influence of crystal shape on the shock sensitivity of energetic materials

has also been studied and shown to be significant. The first extensive research

programme to investigate particle morphology was conducted at the TNO

Prins Maurits Laboratory, in the Netherlands by van der Steen et al [66]. They

prepared 85 wt.% RDX in HTPB PBX formulations, with vacuum casting to

minimise voids so reducing hot spot formation. Bimodal RDX formulations

were tested using three coarse (samples A, B and C) and two fine RDX lots

(samples D and E) each of a different morphology as described in table 2.7.





Chapter 2 Literature review 45

have influenced the shock sensitivities but this matter of HMX content was

not addressed.

Another study was conducted at the TNO laboratory which also

investigated the role of particle size distribution on sensitivity [67]. They tested

bimodal 85 wt.% RDX HTPB formulations. The investigation used as-received

RDX and also RDX that had undergone recrystallisation to produce smoother

particles. This process involved the partial dissolution of the as-received RDX

in RDX saturated acetone to round off the irregular shaped crystals. All the

RDX used was from the same source and produced by the Bachmann process

(the manufacturer was not stated). This therefore removes the possible

influence of different production methods, i.e. HMX content on sensitivity. A

coarse-to-fine ratio of 64/36 was used in each PBX of either as-received

(coarse/fine) or spheroidised (coarse/fine) RDX. Particle size analysis

indicated that there was a large difference in size distribution between the fine

as-received RDX and fine spheroidised RDX, but there was only a small

difference between the coarse RDX batches. Any effects on shock sensitivity

due to this difference of particle size for the processed RDX samples was

assessed by also preparing a PBX with spheroidised coarse and as-received

fine RDX. This is an improvement on their previous report [66] which did not

consider size distribution effects. The initiation pressure and run distance to

detonation results were in good agreement with their earlier report. The PBX

made with the irregular and angular as-received RDX was the most sensitive.

In the gap tests performed‡ it had the shortest run to detonation distance and

lowest initiation pressure (3.3 GPa) of the three PBXs. The PBX with the

rounded re-processed crystals was the least sensitive (3.9 GPa). The PBX

made with coarse spheroidised and fine as-received RDX had a shock

sensitivity just below that of the PBX made with spheroidised crystals. This

suggests that particle morphology is a more dominant factor for influencing

sensitivity than particle size distribution. Again it was thought that the

increased sensitivity of the irregular particles was due to the formation of

microscopic voids on the particle surfaces. Also HMX contamination was

considered. During the recrystalisation process HMX is dissolved producing a

lower amount of HMX in the final spheroidised crystals compared to the as-

‡ A modified NOL gap test was used using bare 50 mm diameter test charges.
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received RDX. This reduced HMX content could also have been contributing

to the reduced sensitivity of the rounder crystals. This is possibly a flaw of this

study, perhaps a RDX product which was known to have a low HMX content

before recrystallisation should have been used. This would have removed the

issue of sensitisation by HMX, making the results more meaningful.

A more recent study into the effect of crystal morphology was

conducted by Matsuzaki et al [84] at the Nippon Koki company. They were

developing a RS-RDX product by recrystallising their standard RDX product

made by the Woolwich process. Shock sensitivity tests were performed using a

LSGT on PBXN-109 formulations containing their standard RDX, RS-RDX

and RS-RDX that had undergone a further recrystallisation to produce almost

spherical crystals. Table 2.8 shows the crystal morphologies of the RDX

samples used and the shock pressure results for the LSGTs.

Table 2.8 RDX crystal morphology and LSGT results obtained by Matsuzaki et al. Ref 84.

RDX
sample

Crystal morphology Shock pressure for
50% detonation (GPa)

Standard RDX Rounded, irregular with
many pores and cracks.

2.2

RS-RDX Faceted, polyhedral with
very few surface defects.

5.0

RS-RDX spheroidised Spherical, very smooth
very few surface defects.

5.6

These results clearly show that crystal morphology has a strong effect on

shock sensitivity. Interestingly there is a much smaller reduction in sensitivity

between the faceted RS-RDX and the spheroidised RS-RDX crystals,

compared to the much greater decrease from the standard RDX to RS-RDX.

In the previous papers discussed [66,67] it was concluded that angular shaped

crystals had a higher sensitivity. In this set of results a significant reduction of

sensitivity was obtained with the angular crystals, this seems to be

contradictory. However, when considering surface defects, this conflict is

resolved. From these results it seems that as well as crystal shape, surface

defects have a significant effect on sensitivity. Despite the reduction in

sensitivity due to spheroidisation, a greater reduction was obtained by

producing crystals with fewer cracks and pores. The findings from this study
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show again that shock sensitivity is not controlled by just one crystal

characteristic. This work also has an advantage over the TNO studies in that

RDX from one manufacturer was examined and also that it was a type I

material, so it would probably have a very low HMX impurity. An earlier

investigation by Lecume et al [85] clearly shows that sensitivity is influenced by

surface defects. They used atomic force microscopy to determine the number

of pores on three different lots of RDX. Then they performed LSGTs on

PBXN-109 formulations containing each of the RDX lots. It was found that the

shock sensitivity increased in a linear relationship with increasing number of

surface pores.

Surface defects on RDX crystals have also been studied using atomic

force microscopy (AFM) by Bellitto et al [86,87]. From the AFM data the mean

surface roughness was obtained and statistical analysis was used to obtain the

standard deviation of the roughness for each crystal. They plotted these

results against shock the shock sensitivity data for the RDX lots from an

earlier report [24]. Only a weak correlation was seen between the mean crystal

roughness and shock sensitivity (rougher crystals being more sensitive). A

better correlation was observed with the standard deviation of the mean

roughness, i.e. how constant the crystal roughness was. This suggests shock

sensitivity is not influenced so strongly by the mean roughness but rather by

how much the roughness varies across the crystal surface.

Song et al [88] investigated the relationship between surface

roughness/morphology of RDX crystals and their impact and friction

sensitivity. Surface roughness was quantified by calculating the surface fractal

dimension, Ds from SEM images of RDX crystals using fractal image

processing software (FIPS). Higher values of Ds indicate a rougher crystal

surface. They reported that RDX samples consisting of crystals having a

higher Ds had increased friction sensitivity. As Ds increases the number of

contacting points between crystals becomes larger leading to increased

shearing, deformation and friction.

The effects of recrystallisation and surface etching on the morphology

and shock sensitivity of RDX were investigated by Min-Jun et al [89]. They

used RDX produced by the Woolwich process, (origin was unspecified). Two

separate batches were produced using a cooling-recrystallisation process, one







Chapter 2 Literature review50

Fig. 2.7 Micrograph of RDX crystal
grown in acetone from ref. 26.

The overall morphology is determined by the growth rates of different

crystallographic (hkl) planes of the crystal. Planes that are growing faster will

be further away from the site of crystal nucleation and will be smaller than

those growing at a slower rate. The morphology is determined by the slowest

growing faces. This is shown in diagram A of figure 2.8. An impurity that can

adsorb onto a specific crystal face will inhibit further growth by blocking

adsorption of RDX molecules and slow the rate of growth in that

crystallographic plane, this plane will then define the morphology (diagram B,

figure 2.8). An impurity is defined as any species that is not a constituent of

the crystal, which includes the solvent. Since the solvent has the highest

concentration in the crystallisation system it will have a dominating role in

determining morphology, as it will be the strongest competitor for adsorption

on to the crystal [52].
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sensitive and the fine RDX composition was the most sensitive, the coarse

PBX had intermediate sensitivity. They explained that this reversal of shock

sensitivity was due to the two stage process of shock to detonation transition

as described by Lee and Tarver [94]. The first stage being ignition of hot spots

by the shock wave and the second, growth of the reaction by coalescence of the

burning fronts started at the hot spots. At lower shock pressures larger

crystals are more sensitive, as the SDT is controlled by hotspot formation and

larger particles are more efficient at producing hot spots than finer ones. This

is because larger crystals localise the shock energy, whereas small crystals

would dissipate the energy preventing hot spot formation. At high shock

pressures smaller particles become more sensitive as they can support the

growth of the reaction front since they are more efficient in energy transfer. It

should be noted that the very coarse and fine RDX batches were produced by

recrystallising from acetone and cyclohexanone respectively but the coarse

RDX was produced by milling the very coarse RDX and sieving. This produced

different crystal shapes, sharp crystals for the milled batch and smooth

crystals for the fine and very coarse RDX. These differences in particle

morphology could possibly have an effect on the sensitivity although the

author [93] did not consider this to be significant and suggested that more

work would be done to investigate any effects that particle processing might

have.

The effect of particle size on the shock sensitivity of PBX compositions

containing HMX was also investigated by Schledbauer and Kretschmer [95].

They produced monomodal and bimodal HMX compositions. The PBX

compositions contained either 15 or 20% HTPB/IDPI binder. To maintain

consistent mechanical properties, the Youngs modulus was kept constant by

adjusting the proportion of plasticiser present. Large scale gap tests and steel

projectile impact tests were performed on the compositions. Those formulated

with 20% binder had a lower shock sensitivity than those made with 15%

binder. It was found that compositions made with the coarse HMX crystals

had a higher shock sensitivity than the fine HMX formulations. The bimodal

PBX compositions had an intermediate shock sensitivity. In the projectile

impact tests coarse HMX compositions were also the most shock sensitive.

This investigation only looked at one bimodal composition, 80% coarse 20%
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The contribution of HMX to shock sensitivity was investigated during the R4

program. The amount of HMX in each of the seven RDX lots was assessed by

the participating laboratories using HPLC. Shock sensitivity was determined

using the LSGT on the RDX lots formulated into PBXN-109. Table 2.11 gives

the RDX lots studied and their mean HMX content and LSGT P50 results

(shock pressure for 50% probability of detonation).

Table 2.11 Mean HMX content and shock sensitivity results from the R4 program. From reference 24.

RDX lot Type Mean %HMX
(s.d.)

LSGT, P50

(GPa)
Eurenco MI-RDX I 0.03 (0.02) 2.22
Eurenco I-RDX® I 0.02 (0.08) 4.66

ADI I 0.02 (0.01) 5.21
BAE RO I 0.19 (0.13) 5.06

Dyno RS-RDX II 0.82 (0.10) 5.24
Dyno Type II II 8.55 (2.28) 3.86
BAE Holston II 7.36 (0.92) 4.20

Dyno RS-RDX, Eurenco I-RDX®, ADI and BAE Royal Ordnance lots, all had

relatively low shock sensitivities and contained less than 1% HMX, while Dyno

type II and BAE Holston had much higher HMX content and showed a higher

shock sensitivity. However, Eurenco MI-RDX also had a high sensitivity and

also had a very low amount of HMX. These results therefore cannot suggest a

definitive link between HMX content and sensitivity. For Eurenco MI-RDX

perhaps another crystal characteristic was causing the increased sensitivity,

such as surface or internal defects. For the high HMX lots there was a greater

spread of results from the HMX analysis. This was possibly due to poor

sampling technique. In RDX lots containing a larger amount of HMX, HMX

tends to be present as small discreet crystals which settle out to the bottom of

the container. Inadequate mixing prior to sampling may have been the reason

for the higher standard deviations for these samples. The HPLC analysis

method used was not consistent across the laboratories in the study. Different

labs used different HPLC equipment and methodologies, although they did

abide by the general procedure given by the munitions safety information and

analysis centre (MSIAC) [24]. This may raise some reservations regarding the

reliability of the results from this study.
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I-RDX®, Dyno Nobel RS-RDX, one unprocessed BAE Holston (type II) and

two BAE Holston lots that had been reprocessed by Eurenco to reduce their

HMX content. The amount of HMX present in each lot was assessed by HPLC.

Each RDX lot was formulated into a PBX (the composition was not specified)

and tested for shock sensitivity using a LSGT. Table 2.14 gives the HMX

content of each lot and its shock sensitivity.

Table 2.14 HMX content and shock sensitivity results of RDX lots investigated by Oxley et al, from
reference 111.

RDX lot HMX
%

Shock sensitivity
of PBX formulation

(kbar)
I-RDX® 0 46.3

Dyno RS-RDX 0.1 44.3
Holston, reprocessed 1 2.9 43.1
Holston, reprocessed 2 1.9 41.6
Holston, unprocessed 15.5 35.6

There is an obvious correlation between the amount of HMX present in each

RDX lot and its shock sensitivity when formulated into the PBX. The

unprocessed Holston RDX lot contained the most HMX and was significantly

more sensitive than the other lots. This study again indicates that reduced

sensitivity can be achieved by reprocessing. The paper gave no information

about crystal morphology and defects, and so it is not possible to determine if

these factors could also have contributed to the observed results.

Herrmann et al [112] demonstrated that the way HMX recrystallises with

RDX has an effect on overall crystal quality and shock sensitivity. They

examined four RDX lots, Dyno RS-RDX, Eurenco I-RDX, a second Dyno RDX

lot (referred to as RDX 2) and a sample processed by ICT referred to as RDX

1). They used X-ray diffraction (XRD) to determine mean crystal size and

microstrain by measuring diffraction peak width. The total amount of HMX

present was determined by HPLC. XRD was also used to determine the

proportion of free crystallised HMX not co-crystallised in RDX crystals. Table

2.15 gives the results from their work. The final column gives the proportion of

HMX that is co-crystallised within RDX crystals. Plotting the proportion of co-

crystallised HMX against microstrain (fig. 2.12) gives a very good correlation.

From this finding it was suggested by the authors that co-crystallised HMX

has the greatest influence upon RDX mircostrain and sensitivity rather than
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different volume of deionised water added, ranging from 25 to 250 ml. These

were stirred at ambient temperature for two hours. The precipitate that

formed was filtered and dried before weighing. It was found that when water

was added up to a volume of 50 ml, a precipitate was produced which was

greater than 99% RDX by weight. This method therefore could be a promising

way of improving the quality of the final RDX product and reducing its

sensitivity.

In summary, the amount of HMX in a given RDX lot can influence its

shock sensitivity, but only when present in larger quantities as observed for

type II RDX lots. HMX that crystallises within the RDX crystal has a greater

influence than freely crystallised HMX. With smaller amounts, under about 4

wt.% HMX does not seem to have a significant effect on shock sensitivity. At

these levels other factors such as internal defects appear to have a more

dominant influence.

2.5 The effect of RDX ageing on shock sensitivity

Munitions are often stored for long periods and sometimes at high or very low

temperatures. Ageing and severe environmental conditions could potentially

alter IM characteristics, leading to an increased risk of initiation during

storage, transportation or handling. Research has been carried out to see if

reduced sensitivity grades of RDX suffer any loss of RS-characteristics over

time and under environmental stress.

The first study was conducted by Eurenco on their I-RDX® product,

ageing experiments being performed on both raw I-RDX® and I-RDX® in

PBXN-109 formulation [114]. The first part investigated how the binder (wax),

solvent (isopropyl alcohol), and phlegmatising agent dioctyl adipate (DOA)

affected the chemical and crystal properties of five different RDX lots. Ageing

was performed at room temperature for six months and at 60oC for one

month. Results from IR-spectroscopy, HPLC and differential scanning

calorimetry (DSC) showed no significant chemical changes for any of the RDX

samples after room temperature or elevated temperature ageing. I-RDX® aged

dry for 8 months or in IPA/water for three months, suffered no reduction in

shock sensitivity when cast in PBXN-109. Ageing of PBX formulations

containing either fresh or aged I-RDX® for up to six months at 60oC also
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resulted in no reduction of shock sensitivity. However, for Holston RDX

reprocessed by Eurenco to improve its sensitivity, the reduced sensitivity was

lost after ageing. Oxley et al [111], provide a possible explanation for the loss of

RS-property in reprocessed type II RDX. Ageing experiments on I-RDX® and

reprocessed Holston type II RDX were conducted and a reversal to non-RS

characteristic for the reprocessed RDX was found. Differential scanning

calorimetry was used to study the thermal behaviour of the RDX samples. For

the unprocessed and reprocessed Holston RDX samples an endotherm peak

was observed on the DSC trace at 190oC which was absent for the I-RDX®

sample. This endotherm is due to the formation of an HMX/RDX eutectic [115].

It was observed that the size of this eutectic peak increased during thermal

cycling and ageing of samples that contained HMX. It was theorised that the

binders and plasticisers present in a PBX formulation might enhance the

formation of the HMX/RDX eutectic at ambient temperatures. In fact,

unformulated Dyno Nobel RDX did not produce a eutectic after one year of

ageing at 60oC, but a HMX/RDX eutectic was seen after ageing in a PBX

formulation at room temperature. Therefore the loss of RS-behaviour in

reprocessed type II RDX is probably caused by the formation of the

HMX/RDX eutectic rather than HMX content. Thermal analysis by DSC was

also undertaken during the Reduced Sensitivity Round Robin study (R4). The

method used was specified by STANAG 4022 [13]. Unfortunately this method

was unable to discriminate between RS and standard RDX samples. The

melting points reported for type I RDX samples (Woolwich synthesis) were

reproduced well but there was considerable variation in the melting points for

the type II (Bachmann synthesis) samples. There was also difficulty in

determining the decomposition energy [116]. Doherty and Watt suggest that

DSC was only indicating the presence of HMX rather than any actual reduced

sensitivity characteristics and that sample selection can have an influence on

the result especially if the sample contains a high proportion of HMX [24].

Proper mixing and representative sampling before analysis would reduce the

likelihood of unreliable results. Results obtained from DSC analysis have

shown that the addition of only 2% HMX can cause sensitisation of RDX due

to the formation of an RDX/HMX eutectic [111]. Therefore, it seems that there

is some doubt that DSC is actually detecting RS-RDX quality. In RDX lots that
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have large amounts of HMX, thorough mixing of the bulk sample before

analysis is important, since HMX can settle out. Coning and quartering of lots

prior to sampling should give an improved representative sample. Spyckerelle

reported a modified DSC method that he claimed could distinguish between

RS and non-RS RDX [110,117]. For non-RS RDX the DSC thermogram showed a

broad exothermic decomposition peak whereas an RS-RDX sample showed a

sharp exotherm peak Spyckerelle applied this method to the R4 RDX batches

with mixed success, assigning the correct sensitivity to only four of the seven

RDX lots. Eurenco highlighted the fact that the sample has to be correctly

sampled and prepared in accordance with their new method [118]. Since this

method is being patented, little is known about its exact details [119].

Therefore, until this procedure can be fully assessed, there will be significant

doubt about its ability to discriminate between RS and non RS-RDX. Research

has also been carried out by Chemring Nobel into the effects of ageing on their

RS-RDX product [120,121]. The first part of their paper presented data from

shock sensitivity tests of RS-RDX formulated in pressed and cast-cured

compositions. Pressed compositions were made using 10% binder (identity

not specified) and 90% RS-RDX, standard Chemring Nobel type II and RDX

type I. Formulations were subjected to a water gap test to determine their

sensitivities. The RS-RDX showed a 50% reduction in shock sensitivity as

compared to the standard type II RDX. PBXN-109 cast cured compositions of

the same RDX lots were tested using the Intermediate Small scale Gap Test

(ISGT). In agreement with the pressed composition result, RS-RDX had

approximately half the sensitivity of the cast-cured standard type II RDX. This

showed that the production method (pressed or cast-cured) used during

formulation had no effect on sensitivity. RS-RDX crystals were aged at 60oC

for 6 and 12 months and RS-RDX formulated into PBXN-109 were also aged

at 60oC for 3, 6, 12 and 18 months. Both the pure crystals and the cast

formulations showed no change in shock sensitivity, even after 18 months of

ageing. This is an interesting result, Dyno RS-RDX is a type II RDX as is the

reprocessed Holston RDX which showed a loss of RS-properties after ageing.

A possible explanation for this conflict is that different PBX formulations were

used for the reprocessed Holston and Dyno RS-RDX lots. It is possible that

the HMX/RDX eutectic did not form as easily in the PBXN-109 formulation
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used in this study so no loss of sensitivity was observed. Also, different gap

tests were used, here the ISGT was chosen but the Eurenco study used the

LSGT. Perhaps ageing and shock sensitivity tests should be done again with

the same PBX formulation and gap test format to allow a better comparison

between RS-RDX and I-RDX®. Finally, the I-RDX® and RS-RDX evaluations

were carried out by their manufacturers, Eurenco and Chemring Nobel

respectively. Because of this there may have been some degree of

subconscious bias in their results. Perhaps these experiments should be

repeated by an independent organisation to remove any doubt.

Spyckerelle et al at Eurenco undertook a series of experiments to

investigate the loss of RS-properties after aging of I-RDX® mixed with HMX
[117]. For their first experiment they added 2% HMX to pure I-RDX® and used

this in a PBXN-109 formulation. This was subjected to LSGT before and after

three months ageing at 60oC. The shock initiation pressures for the un-aged

and aged formulations were 53.7 and 51.2 kbar with no significant reduction of

RS characteristic due to ageing, was concluded. The second experiment

involved HMX being present during recrystallisation of Woolwich RDX. Two

batches were recrystallised, one with 0.5% HMX the other with 5% HMX.

These were then formulated into PBXN-109 and subjected to LSGT before and

after three months ageing at 60oC. It was found that the RDX co-crystallised

with 5% HMX was more sensitive initially and after ageing. Physico-chemical

analysis was performed on the three RDX batches. Melting point, density,

particle size and solvent content were assessed and there was little variation in

size distribution and internal defects between the three batches. HMX was

found to be mostly in the fine fraction, which was believed to be because of its

lower solubility so that HMX crystals form later and are smaller than RDX

crystals. When there is a higher proportion of HMX, HMX crystallisation will

occur earlier. DSC analysis of raw crystals from the three batches indicated

that formation of an HMX/RDX eutectic was occurring during

recrystallisation, which supports the findings and conclusions of Oxley et al.

To conclude, it seems that ageing of RS-type RDX does not cause any

change in its RS characteristics. A loss of shock sensitivity is observed after

ageing with reprocessed type II (Bachmann) RDX, possibly due to formation
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of an HMX/RDX eutectic during the ageing process and/or recrystallisation

which leads to an increase in shock sensitivity.

2.6 Characterisation of RS-RDX by shock sensitivity testing

RS-RDX grade products can only been distinguished from standard RDX by

shock sensitivity testing using PBX formulations. The following section

describes in more detail the various versions of the gap test and the initial

findings from investigations into RS-RDX.

2.6.1 The gap test

Gap tests can be performed in a number of different ways but in essence they

all share the same features. The gap test is used to determine the amount of

shock that needs to be supplied to the test explosive to cause it to detonate.

The gap test consists of the test explosive (the acceptor charge) which can

either be unconfined or confined in a tube. The shock is supplied by a

detonator and a booster charge (called the donor) which is placed above the

test explosive. Between the donor and the acceptor there is a gap of variable

thickness which acts to attenuate the shock wave from the donor. This gap can

be made of a variety of materials depending upon the type of gap test being

used. Many gap tests use an attenuator made from the plastic,

polymethylmethacylate (PMMA) while another version uses water as the gap

material. To determine the result of a test a steel witness plate or block is

positioned against the acceptor charge and usually there is a small air gap

between the acceptor and the witness. A detonation (or a GO response) is

considered to have occurred if a hole or depression is made in the witness

plate/block. For a given explosive, a series of tests is performed to find the

thickness of the gap at which there is a 50% probability of the test explosive

detonating. The gap thickness indicates the shock sensitivity of the test

explosive, a smaller gap at which a detonation occurs means a lower shock

sensitivity. By knowing the size of the gap, the gap material and donor charge

system used, the shock pressure delivered to the test explosive can be obtained

using standard calibration curves [122]. The dimensions of the test charge are

critical, if the diameter is less than its critical diameter then detonation will

not occur. This is why there is a range of gap tests available. The critical


