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31st International
Annual Conference of ICT

Energetic Materials -
Analysis, Diagnostics and Testing

In recent years the technical progress in synthesis, processing and application of
energetic materials was positively influenced by advanced analytical methods, dia-
gnostics and measuring techniques. To fulfill the increasing requirements with re-
spect to quality, performance and safety of energetic materials, further improve-
ments of analytical methods and strategies are of utmost importance. Efficient
screening methods, new sensoring techniques and combinatorical approaches are
examples for analytical strategies making accurate data available and allowing their
fast evaluation.

The objectives of the conference include the investigation and characterization of
energetic materials by analytical methods, the improvement of existing measuring
technigues and the development of new analytical methods and strategies.

The 31st International ICT Annual Conference will act as a forum to review the state
of the art, to present new ideas and methods, and to discuss how they assist in the
development and processing of energetic materials.

Chairman of the Conference

Dr. Stefan Lobbecke
Fraunhofer ICT, Pfinztal, D

June 27 - June 30, 2000
Karlsruhe, Congress Center
Stadthalle, Weinbrenner-Saal

Federal Republic of Germany




Vorbemerkung

Die Themen unserer Jahrestagung haben wieder ein breites internationales Echo
gefunden. Die groBe Anzahl von eingegangenen Beitrdgen machte, wie in den ver-
gangenen Jahren, eine Einteilung in Vortrage und Poster notwendig. Poster ermogli-
chen eine intensivere Diskussion und eine direkte Rickkoppelung von interessierten
Tagungsteilnehmern.

Der vorliegende Tagungsband erscheint zu Konferenzbeginn und enthalt die schriftli-
che Fassungen der Vortrage und Poster. Aus zeitlichen Griinden muBte die
Drucklegung vor Eingang sémtlicher Beitrage erfolgen. Nachtraglich eingegangene
Manuskripte finden sich im Anhang oder wurden durch die Kurzfassung ersetzt.

Prelimentary Remark

The subjects of the annual ICT-Conference have again found wide international
response. The vast number of contributions necessitated - as in previous years -
division into oral presentations and posters. Posters enable an intensive discussion
and direct feedback from interested conference participants.

The Conference Proceedings are published at the beginning of the conference and
contain the written versions of the presentations and posters. Due to the shortage of
time, printing had to commence prior to receipt of all contributions. Subsequently
received manuscripts are either included in the Annex or the abstract is printed in-
stead
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Abstract : So-called “LOVA” propellants are being investigated by a number of nations
in order to meet future systems performance needs and Insensitive Munitions or
"MURAT requirements. These materials promise high energy and low vulnerability
coupled to low flame temperatures and predicted low barrel wear. However, as with all
new materials it is essential that the appropriate testing methodology is developed in
order to fully understand and exploit the material properties. Both France and the United
Kingdom have had a strong interest in these new materials and the associated
assessment methodology. For many years the governments have collaborated bi-
laterally in the general arca of defence research under the Anglo French Defence
Research Group (AFDRG). The vulnerability and ballistic assessment of gun
propellants has been conducted under two AFDRG joint programmes (or Technical
Arrangements - TAs) - TA18 and TA47. Both programmes have been highly successful
and beneficial to both nations, achieving a greater understanding of these new materials
than could have been achieved by totally independent research.

The paper concentrates mainly on the vulnerability testing aspects of the collaboration.
Samples were exchanged in order to compare testing methodologies. Although test
methods were not identical, the results were comparable and the test results obtained by
each nation reinforced those of the other, to the extent that future programmes will be
able to benefit from the ability to reduce testing by reading across results between the
two nations. It was also possible to conclude that it is feasible to formulate high energy
“LOVA” propellants with force constants of 1250 kl/kg and above, which exhibit low
vulnerability to a range of stimuli. The “LOVA” candidates tested in both programmes
were found to be less vulnerable than their lower energy baseline counterparts.

The paper highlights the success of this bi-lateral collaboration and emphasises the
potential benefits of future joint European research programmes.



1.LINTRODUCTION

Weapon designers are faced with the task of defeating ever more challenging armoured targets
with high velocity kinetic energy projectiles. As a consequence, higher performance gun
propellant charges are required to attain the desired projectile velocities. However, at the same
time there is also a growing nced to mecet NATO Insensitive Munitions, or MURAT,
requirements to avoid increasing the vulnerability of our own fighting vehicles or the
logistical chain. Thus, the propellant formulator and charge designer need to design and utilise
propellants which exhibit both high performance and reduced vulnerability. Invariably,
increasing the energy of conventional propellants, based on the nitro-glycerine/ nitro-cellulose
matrix, results in an increasc in vulnerability. This has prompted a world-wide interest in the
alternative technology of so called “LOVA” propellants - composite materials based on high
levels of nitramine fillers bound in either an inert or an energetic polymer matrix. These
materials promise high cnergy and low vulnerability coupled to low flame temperatures and
predicted low barrel wear. However, as with all new materials it is essential that the
appropriate testing methodology is developed in order to fully understand and exploit the
material propertics. Both France and the United Kingdom have had a strong interest in these
new materials and the associated assessment methodology and for many years the
governments have collaborated bi-laterally in the general area of defence research under the
Anglo French Defence Research Group (AFDRG). In particular. the vulnerability and ballistic
assessment of gun propellants has been conducted under two AFDRG joint programmes
(Technical Arrangements — TAs).

2. RESULTS

The first Technical Arrangement TA 18, concentrated on the vulnerability assessment of
‘LOVA” candidates. Both nations supplied one baseline and one “ LOVA ™ candidate each.
The second TA, TA 47, concentrated on ballistic assessment of the previous samples and on
vulnerability and ballistic assessment of high energy LOVA propellants.

The UK “LOVA” candidate samples were LOVA 4 for TA18 and LOVA 10 for TA47 both
of which are polyNIMMO binder based composite gun propellants. The Fr samples were
YHO01012, which is an HTPB bindcr based composite, and XH01501, a GAP binder based
composite, for TA18 and TA47 respectively.

Exchanged propellant LOVA 4 YHO1012 LOVA 10 XHO01501
Impctus (kJ/kg) 1205 1170 1250 1300
Flame Temperature (K) 3000 2900 3200 3400

Table 1 : Exchanged propellant
2.1 Vulncrability results

The propellants were tested in the web size and physical form (UK slotted tube and Fr
multi-tubular) appropriatc to that required for the gun system used for the final ballistic
assessment, (UK -120 mm, Fr - 105 mm).




The UK vulnerability test results are shown in table 2 below.

LOVA 4 YH01012 LOVA 10 XHO01501
Shaped Charge
Attack 0.19 0.02 0.13 0.21
(mass ratio) No significant No reaction No significant reactions

reaction
Fragment Attack
1783 m/s Zero %TNT
1976 m/s 1.2 %TNT
1919 m/s 0.4 %TNT
No significant reactions

Shock (ELSGT)
Go/No go (mm) 31 71 30 68

Table 2 : UK vulnerability test results

The FR vulnerability test results are shown in table 3,4 and 5 below.

LOVA 4 YHO01012 |LOVA 10 XH01501

Velocity (m/s) 581 584
Reaction No reaction  No reaction

Velocity (m/s) 833 843 |856 880
Reaction | No reaction No reaction |No reaction  No reaction

Velocity (m/s) 983 987
Reaction No reaction  No reaction

Table 3 : FR 12,7 mm bullet attack results

LOVA 4 YHO01012 |LOVA 10 XHO01501

Velocity (m/s) 1020 1020
Reaction No reaction  Combustion

Velocity (m/s) 1513 1530
. Reaction Combustion  Combustion

Velocity (m/s) 2200 2197 1950 1975
Reaction |Combustion  Combustion |{Combustion Combustion

Table 4 : FR fragment impact results




LOVA 4 YHO01012 [LOVA 10 XHO01501
Attenuator (mm) 0 0
Reaction | Deflagration Deflagration
Attenuator (mm) 20 20 20 20
Reaction |Combustion Combustion Combustion  Combustion
Attenuator (mm) 40 40 40 40
Reaction | Combustion Combustion Combustion  Combustion

Table 5 : FR shaped charge attack results

Although test methods were not identical, the results were comparable and the test results
obtained by each nation reinforced those of the other. Both “LOVA?” candidates were found
to be less vulnerable than their lower energy, double base baseline counterparts. The main
difference between the candidates is that French and UK candidates are based on slightly
different formulation methodologies and physical geometry which resulted in both French
candidates being slightly more shock sensitive in the expanded large scale gap test (ELSGT)
than their UK counterparts. However, all the candidates are less shock sensitive in the form
tested than TNT (Go / No go transition - 100mm). It was also possible to conclude that it is
feasible to formulate high encrgy "LOVA" propellants with force constant of 1250 kJ/kg and
above, which exhibit low vulnerability to a range of stimuli.

Thermal stimuli were also assessed in the early part of the collaboration. However, response
to cook-off was not found to be a particular problem with the conventional baseline
candidates tested and thermal testing was therefore not considered a priority with the Lova
candidates.

2.2 Ballistic results

Closed vessel firings were carried out for all the candidates, including high pressure firings.
The different formulation philosphies adopted by UK and France, mainly relating to choice of
filler particle size distribution showed themselves up in different burn rate co-efficients and
apparently different pressure exponents.

Ballistic assessment for LOVA 4 and YH01012 was carried out by firings in medium calibre
gun systems — a 40 mm high pressure gun designed for research purposes in the UK and a 30
mm gun of the type used on the RAFALE fighter in France. It was concluded that the ballistic
behaviour of LOVA gun propellant candidates was different to that for more conventional gun
propellants. Although the UK propellant was tested as slotted tube and the French propellant
was tested in multi tubular form, the experience gained by both nations was remarkably
similar and joint conclusions could be drawn. The firings indicated that the pressure exponent
was a function of loading density, decreasing with increasing loading density. Another
observation is the very low burn rates at low pressures, which may reduce the efficiency of the
propellant in the early stages of the ballistic cycle. One observation made in the French firings
was that the barrel erosion found in the YHO1012 firings scemed to be greater than with




conventional propellant. althought the results of previous erosion bomb studies, also
undertaken in AFDRG, indicated that the rate of erosion should be less. The performance in a
gun is less than predicted on the basis of closed vessel firings and by theoretical calculations
based on the impetus of the propellant. The precises causes of this lower than expected
performance are more difficult to establish. However, a combined assessment points to the
influence of mechanical properties, slow gas generation in the earlier stage of the ballistic
cycle just after ignition, and irrcgular burning of the heterogeneous binder/filler matrix as
potential reasons for a decrease in the efficiency of the ballistic cycle.

Ballistic assessment for the LOVA 10 and XH01501 was carried out by firings in large calibre
gun systems — a 120 mm gun in the UK and a 105 mm gun in France. The results are
encouraging, with no ignition delay problems and smooth pressure time curves attained.
Although the muzzle velocities were higher than that expected from the conventional baseline
propellants (multi base propellants) the velocity attained was lower than might be expected
from propellants with a force constant of 1250 kJ/kg and above.

3. CONCLUSION
Both nation were able to learn from the collaboration :

Vulnerability testing methodologies were compared and found to give similar results — future
programmes will benefit from the ability to read accross results between the two nations.

Two different “LOVA” formulation approaches were contrasted — something that would have
proved prohibitively expensive if undertaken by one nation only.

It is feasible to formulate high energy “LOVA” propellants with force constants of 1250 kl/kg
and above, which exhibit low vulnerability to a range of stimuli.

This collaboration confirmed that the ballistic behaviour of “LOVA” propellants is more
complex than conventional propellants based on a nitro cellulose matrix. System performance
is not only influenced by propellant energy but by burn rate profiles, mechanical properties
and gas dynamics. Such properties need to be fully understood for “LOVA” gun propellants
before system performance can be maximised. This collaboration between France and the UK
has laid the foundations for this understanding in both nations.
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Abstract

The experimental and theoretical work for establishing a STANAG for the estimation of the
chemical stability of propellants by heat flow calorimetry is described. The test criteria are
derived assuming worst case conditions in ageing and storage.

Kurzfassung

In dieser Arbeit werden experimentelle und theoretische Arbeiten zur Erstellung einer
STANAG, die die chemische Stabilitdt von Treibladungspulvern abschétzen soll, vorgestellt.
Die Priifkriterien werden von “worst case”-Bedingungen bei Alterung und Lagerung abge-
leitet.

1 Introduction

NATO standardisation agreements (STANAG) for the thermal (,,chemical®) stability of pro-
pellants describe mutually acknowledged test procedures to facilitate cross procurement by
avoiding repeated testing in different countries. Already existing STANAGSs on this subject
are based on stabiliser consumption in isothermal storage at elevated temperatures [1,2,3,4].

Heat flow calorimetry (HFC) offers a more direct treatment of the problem because here just
the quantity that causes the danger of thermal explosion is measured. Moreover, interrupting
an HFC experiment shortly before autocatalytical reaction starts and analysing the stabiliser
content at this stage yields relevant limits for the stabiliser consumption methods.

2 The risk of thermal explosion of propellants

Some examples for heat flow curves of different propellants, measured in a TAM calorimeter
at 89°C are shown in figs. 1 to 4. Depending on the type of stabiliser and the nitroglycerin
(NG) content (both marked in the graphs) the shapes vary from no to extremely autocatalytic
characteristics. The double base (DB) propellant (“DPA, 40%”) detonated in the calorimeter
after 11 days. The last part of the signal was lost, but simulation of the measuring system (a
steel ampoule with 11 mm inner diameter) resulted in a heat generation of at least 80 mW/g to
cause a thermal explosion. This event shows dramatically that the chemical stability of pro-
pellants merits a more deeply consideration.
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Figure 1. HFC curves of propellants without stabiliser
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Figure 2. HFC curves of DPA and Akardite 11 stabilised propellants
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3 Isothermal ageing theory

The aim of the STANAG [5] is to establish a procedure, based on heat flow calorimetry
(HFC), as simple as possible and suitable to ensure chemical stability for a 10-years storage at
25°C. To cover this period in an acceptable measuring duration, the experiments must be per-
formed at elevated temperature. For an extrapolation to ambient conditions we have to consi-
der the temperature dependence of the reactions, characterised by the activation energy (AE).
In spite of the quite different shapes of the HFC curves due to nitration and nitrosation of the
stabilisers it can be assumed that the temperature dependence will be dominated mainly by the
slower decomposition reactions of nitrocellulose and NG. The AE should therefore vary only
within a limited range. For the same reason the AE can also be estimated from stabiliser
depletion at different storage temperatures.

A lot of storage dates were brought into our NATO “expert working group” while working
out the STANAGS based on stabiliser depletion. Former investigations indicated a change in
AE in the temperature region around 60°C [6]. Therefore we used the stabiliser depletion
dates to test this hypothesis by fitting a n-order reaction below and above this temperature.

Int =In(1/ A+ E/RT +In[(1-8/8,)" " /(1 -n)] )

t = storagetime [d] R = gas constant [0.0083143 kJ/(K " molc)]
A = [requency factor [d') n = reaction order

E = AE [kVmole] S = stabiliser content [%]

T = storage temperature [K] S, = stabiliser content before storage [%]

The results are listed in tables 1, 2 and 3.
Table 1. Activation energy from DPA depletion in DB propellants containing up to 15% NG

Storage temperatures | Activation energy | Storage temperature range Activation energy

[°C1 [kJ/mole} [°C] [ki/mole]

45/50/55 124

45/50/55 129

45/50/55 135

52/60 121 60/65/80 140

52/60 117 60/65/80 153

52/60 109 60/65/80 142

52/60 132 60/65/80 140

52/60 110 60/65/80 140

Table 2. Activation energy from DPA depletion in DB propellants with NG contents from 26
to 43%.

Storage temperatures | Activation energy Storage temperatures | Activation energy
[°C] [kJ/mole] [°C] [kJ/mole]

20/40/50/60 121 20/40/50/60 127

20/40/50/60 131 20/40/50/60 126

20/40/50/60 126 20/40/50/60 100

20/40/50/60 125




Table 3. Activation energy from 2-NO,-DPA depletion in DB propellants with NG contents

from 20 to 43%.
Storage temperatures | Activation energy | Storage temperature range | Activation energy
[°Cl [k)/mole] [°C] [kJ/mole]
50/60 108 60/70 123
50/60 98 60/70 129
50/60 153 60/70 146
50/60 129 60/70/80 167
50/60 144 60/70/80 163
50/60 132 60/70/80 160
50/60 152 60/70 132
50/60 152 60/70/80 128
- - 60/70/80 134

The overall mean values
E = 126 kJ/mole (s.d = 15) for temperatures < 60°C and
E = 142 kJ/mole (s.d = 13) for temperatures > 60°C

are not giving a convincing support for a change of AE.

It should however be remarked that the scattering of the dates is high, probably due to unequal
sealing of the samples and in consequence a different availability of air. Current investi-
gations in the working group are showing a considerable influence of this factor.

Using hermetically sealed TAM glass ampoules for storage of some DPA stabilised SB
propellants we found a continuous change of the AE [6], well described by equation (2):

E; = AE deminating at higher temperatures {kJ/molc|
E» = AF dominating at lower temperatures [kJ/mole]

S =8,[1-(1-n)(Ae ' + A, B/ K y*x 0" (2)
ALA; = frequency factors, corresponding to E; and E; [d']

The fittings are shown in figs. 5, 6 and 7, the kinetic parameters are listed in table 4.
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Figures 5-7. Stabiliser (DPA) depletion of some SB propellants in hermetically sealed tubes.
Table 4. Activation energy from DPA depletion in SB propellants using hermetically sealed

tubes
Propellant |Lower temperature AE | Higher temperature AE
[kJ/mole] [kJ/mole]
A 109 147
B 83 177
C 90 170

From HFC measurements the constance of the AE can be checked using points of equal de-
composition degree o (here: equal heat released) at different temperatures and linear
regression of

@0 E

[
Int = In : *j
AH*A ]} f(Q/AH) RT

3

Q = heat released |J/g]
AH = total reaction heat [Jg]
QA = function describing the dependence of reaction rate from reaction degree

(“‘reaction model™)

Some plots of AE against the heat released are shown in the figs. 8, 9 and 10 [11]. The first
part is dominated by oxidation reactions with the locked-in air, in the following regions near
constant values between 120 and 140 kJ)/mole are observed. The most informative long time
measurements in a temperature range from 50 to 89°C were realised by GUILLAUME [7].
No transition of AE at lower temperatures can be detected from these dates (fig. 11).
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Fig. 8. Activation energies of four DB propellants stabilised with DPA or DPA derivatives.
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Fig. 9. Activation energy of a DB propellant stabilised by 2-NO,-DPA [11]
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Fig. 11. Activation energy of a DPA stabilised DB propellant between 89°C and 50°C [7]

All HFC measurements reported up to now were carried out starting with fresh samples intro-
duced into the calorimeter at every temperature. Allowing exact “iso-c-evaluation” over a
range of decomposition this method is the best. Unfortunately the experiments are extremely
time-consuming. An alternative treatment is to age a sample at a higher temperature until a
suitable decomposition degree is reached followed by measurements of the same sample at
lower temperatures. Since the reaction degree remains nearly constant, the AE can be calcu-
lated from temperatures and heat flow values by




In P =n[10°*AH * A *f(%)]—-}%— @)

P heat flow [pW/g]

frequency factor {s”]

noi

Measurements of this type with DPA-stabilised SB propellants resulted in two different slopes
of the plot (see fig. 12, 13 and 14 and table 5).

Table 5. Activation energy from HFC measurements in SB propellants using hermetically
sealed tubes (same samples than in table 4)

Propellant | Lower temperature AE | Higher temperature AE | Temperature of transition »
[kJ/mole] [kJ/mole] [°C]

A 88 124 66

B 81 145 65

C 93 136 53

a) Temperature for equal values of both reaction rate constants

Considering all results gained from stabiliser depletion and HFC leads to the conclusion that
at least a general transition of AE at lower temperatures is not detectable.

But following the usual philosophy of safety on explosives (If you are not sure, take the worst
case) we must assume that a change may exist for some types of propellants. Corresponding
to the lowest values found the levels were set at 120 kJ/mole for temperatures above 60°C and
at 80 kJ/mole in the range below. Apart from the different temperature dependence the
reactions are assumed to be identical below and above 60°C.

The duration of the experiment leading to the same decomposition degree as a ten year’s
storage at 25°C can then be calculated from !

1 1 1 1
LBy o WEDH e )/ R
" T Teo Tas

1, =1l*e ®)

1 = test duration [days]

125 = duration of storage at 25°C (3652.5 d = 10 years)

T,y = test temperature [K}

Tgo = temperature of change of the activation energy (AE) (333.15 K = 60°C)
Tys = storage temperature (298.15 K = 25°C)

E; = AFE of the higher temperature range (120 kJ/molc)

3, = AE of the lower temperature range (80 kJ/mole)

By introduction of the constant values Tzs = 298.15 K, Teo = 333.15 K and E, = 80 kJ/mole
eq. 5 simplifies to

L, =1, ¥eH ¢ (C =46.713) (6)

m

Taking into consideration different meanings concerning the test temperature the STANAG
allows to choose a temperature in the range from 60 to 90°C.

Eq. (6) is used for calculation of the corresponding test duration (see table 6).

! For derivation see appendix 1
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Figures 12-14. Activation energies of three DPA stabilised SB propellants.

Table 6. Test times for different test temperatures

Test temperature [°C] Test time [days]
60 123

65 57,2

70 34,8

80 10,6

89 3,83

90 3,43
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4 Assessments for non-isothermal storage

In practice an isothermal storage will never be realised. However, if a temperature and time
profile of storage can be predicted, it is possible to check whether the thermal stress will be
less or more than a storage at 25°C. For temperatures below 60°C any storage durations can
be added up as storage times equivalent to 25°C. An example is given in table 7.

E (T =T YR
t25=t5*e¥2( 25 ! s) (7)
T, = storage temperature [K]
t, = storage duration Iyl
135 = storage duration at 298.15 K Iyl
E, = 80 kJ/mole

Table 7: Calculation of 25°C times for a storage profile

Ts[°C] ts [yl tas [yl
40 0.1 0.47
35 0.4 1.14
30 1.5 2.55
25 3 3.00
20 4 2.31
15 1 0.33

SUM 10 9.80

5 Limitation of the heat generation

Gained from experiments with very small differences of the test temperature and the tem-
perature in the propellant the extrapolation outlined above is also only valid for a likewise
ideal storage. Under unfavourable real conditions however (high temperatures, large diame-
ters and isolating packing material of ammunition) the exothermal decomposition may cause a
considerable increase of temperature in the inner parts of the propellant and hence an accele-
rated ageing. The consequence would be, that the reaction degree might exceed the area con-
trolled in the test and reach probably more dangerous regions. This situation is illustrated in
fig. 15.

To prevent this risk a heat generation limit has to be fixed to ensure that the temperature in-
crease in the propellant remains small.

As a most unfavourable system we consider a cartridge of 230 mm diameter, thermally well
isolated (thermal transfer 0,001 W/(cm?K), corresponding for example to a polyethylene
package of about 4 cm thickness) and set at a temperature of 71°C. Thermal safety simu-
lations were realised using the heat transfer model of THOMAS [8] in an extended version of
OPFERMANN [9,10]. The kinetics were modelled for ,strong autocatalysis“ (comparable to
propellant ,,DPA 40%“ in fig. 2), ,weak autocatalysis“ (related to propellant ,,DPA 20% in
fig. 2) and a zero-order reaction. The equations and parameters used are listed in Appendix 2.

We started with a series of simulations with the strongly autocatalytic propellant. Fig. 16
shows the behaviour in a very small cartridge (thermal transfer 1 W/(cm*K), comparable to a
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Fig. 15. Possible decomposition mechanisms

HFC experiment) at 89°C. The lines are representing the temperatures in the different distan-
ces trom the centre (= 0%). Fig. 17 demonstrates the ageing of the same propellant in a large
cartidge under the same conditions. The time to explosion is shortened from 11 to 0.6 days. At
the highest assumed temperature of 71°C the explosion occurs after more than 90 days (fig.
18). For propellants of this characteristics a thermal explosion can not be excluded, even at
lower temperatures. But the safety is yet guaranteed by the long period of time to reach dan-
gerous conditions. E.g. at 47°C the cartridge needs more than 20 years to explode (fig. 19).
Assuming the more unfavourable case of an AE of 80 kJ/mole the 20-years-temperature

would still be 39°C (fig. 20).
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Fig. 16. Simulation of a small cartridge containing an extremely autocatalytic propellant
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Figs. 17-19. Simulations of a large cartridge containing an extremely autocatalytic propellant
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Fig. 20. Simulation of a large cartridge containing an extremely autocatalytic propellant

The propellant of the type ,weak autocatalysis* does not explode at 71°C (fig. 21). Critical
conditions are not reached until 76°C (fig. 22).
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Fig. 21. Simulation of a large cartridge containing a moderately autocatalytic propellant
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Fig. 22. Simulation of a large cartridge containing a moderately autocatalytic propellant
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Fig. 23. Simulation of a constant heat generation in a large cartridge
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Fig. 24. Simulation of a constant heat generation in a small cartridge
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To find a suitable limit for this system the heat generation rate was varied by the frequency
factor of the zero order reaction. At a level of 39 pW/g the temperature increase in the inner
part of the 230 mm cartridge is about 1.5°C, the time for a total reaction is 480 days (fig. 23),
in relation to 590 days for an isothermal ageing (fig. 24). This difference is tolerable. There-
fore a heat generation limit of 39 uW/g at 71°C can be accepted as sufficient control of ageing
in an equilibrium with the ambient temperature even under worst conditions.

An equivalent limit depending on the test temperature chosen is used as a criterion for
sufficient chemical stability of a propellant. It can be calculated by

Ep[l——]/n
P =P *e ‘0" ®
Tw = test temperature K]
Tn=34.15K (=71°C)
E, = activation energy (120 kJ/mole)
P7, = heat flow limit at 71°C (39 uWig)
Py = heat flow limit at T, [pW/g]

Values for some selected temperatures are given in table 8.

Table 8. Heat generation limits for different test temperatures

T [°C] [P [nW/g] Tm [°C] | P1 [nW/g]
60 9.8 80 114
65 18.5 89 314
70 34.5 90 350

In the first part of the measurement some propellants show a fast decreasing exothermic
reaction with the locked in air. The total heat of this reaction is small and cannot cause more
than a temperature increase of only a few degrees centigrade, even if released momentarily.
To disregard this effect the P, criterion should be used only in the region between the time
corresponding to a heat release of 5 J/g and the test time defined by eq. (6). An example of the
evaluation of a test is given in fig. 25.

P, pW/g T=70°C

40f
P, = 34.5 pW/g

30t

20t Py = 17 wd/g

Qror = 33 J/g

10 . YRy n |
Q = Y

0 Time, day

0 10 20 30

Figure 25. Heat flow curve and evaluation of a DB propellant stabilized with DPA
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Discussion

While working out this methods some propellants capable of an extremely autocatalytic reac-
tion were found. These propellants can not be expected to remain stable forever, even not if
they are used in small calibre ammunition and stored at moderate temperatures. But the saftey
is guaranteed for a period much longer than usual service life times. To detect certainly the
safety life time two parameters were set on very conservative levels:

1. The assumption of a low AE at lower temperatures means that the test duration will be
equivalent to a considerably longer storage time at ambient temperatures than the deman-
ded 10 years.

&

The limitation of the tolerable heat generation of the propellant considering a worst case

system is a further guarantee that the stress during the service life time will be smaller
than in the test.

In consequence the failing criteria of the test are hard, not far away from unfairness. On the
other hand until today no qualified propellant ever was found to fail the test, indicating a good
quality of manufacture.

7
(1]

(3]

[4]

(3]
(6]
(7
(8]
(9]
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Appendix 1

Calculation of the measuring time

A reaction formulated in the heat flow form is given by

Q:Aﬂ*f(i)*A*e"MR” Q)
dt AH
Q = Heat released AH = Total reaction hcat
t = Reaction time T = Temperature of reaction [K|
dQ/dt = Reaction rate (heat flow) Q/AH = Reaction degrce
A = Frequency factor E = Activation cnergy [kJ/mole]
R = (as constant
fQ/AH) = Function of describing the dependence of the reaction rate from the reaction degree

If Ty, is the measuring temperature, Q, the heat released at the end of the measurement, E1
the AE dominating at higher temperatures, then after separation of the variables, integration at
constant temperature and rearrangement the reaction time ty, is obtained by

O
ot e @
AH*A ] f(Q/AH)

The time t¢o to reach the same decomposition Qn, at the assumed temperature (Teo) of change
of AE can equally be calculated from

Om
160 — 1 * j dQ *eE|’(R'Teo) (1 1)
AH*4 J7(Q/6H)

The value of the integral in eqns. 10 and 11 1s unknown but equal. Therefore by division and
rearrangement eq. 12 results:

E (U1 - /R
[ . (”m 1/T60)I (12)

tm = teo¥e

If the change of AE is assumed to occur sharply at 60°C an equation similar to eq. 12 is also
valid for E», the AE dominating the lower temperature range.

O

to =™ [t e (13)
AH*4 ; f(Q/AH)

The corresponding time ts for 25°C (Tas) is

On
— I * J dQ *eEz/(R‘T”) (14)
AH*A ¢ f(Q/AH)

Division of eqns. 13 and 14 gives after rearrangement

’25

teo = tas*e [Ty gy~ Ty MR (15)

Combination of eq. 12 and 15 results in

(B Lyepaecl Lyyr
Tm TM] 760 725

®)
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Appendix 2
Data used for thermal safety simulations

Kinetics for modelling propellant decompositions
a) n-order reaction P=AH*k*10° *[1-(1—n)*ke]""™™ (16)

akt

&
(e™ —1+a)’

b) 1*order with autocatalysis P =AH*a’ *k*10° * (17)

¢) Avrami— Erofeev reaction P =AH*k* 10° *[(1 - p)ke]? 7 * g l-pial 7! 18)
. . -0, 0
d)  Prout — Tompkins reaction P = AH*10° *(—=)" * (=) *k 19
) /2 ( Al ) (AH) 19
k = Axe AERT

For 1™ and zero-order reaction; n = 1.0001 and n = 0 in eq. (16).

Kinetics for ,.strong autocatalysis™ were modelled by three independent reactions. For ,,weak
autocatalysis“ four reactions were used. Their parameters are listed below.

Type Reaction |log A AE n log a p AH
(eq) [Ains'] |[kl/mole] [V/g]
LHstrong (16) 14,7817 | 140 1,0001 - - 46,0
autocata- ((18) 14,9984 | 140 - - 0,67 28,7
Iytic" an 99119 |[140 - 5 - 61106
(16) 5,3743 80 1,0001 - - 46,0
(18) 5,5910 80 - - 0,67 28,7
a7 0,5045 80 - 5 - 61106
»weak (16) 14,0776 |136 0,6446 - - 104,9
autocata- |(16) 13,4177 127 0,1583 - - -18,3
lytic" (16) 14,0484 127 0,5372 - - 2,7
19) 14,1993 139 5,4568 - 0,6821 4000
constant | (16) variable |140 0 - - 2000

Other propellant data:

Form of reactor: cylindrical

Specific heat (Cp): 0,205 +0,00325 T [J/(g:K)]
Heat conductivity: 0,00122 W/(cm-K)
Loading density: 1 g/em?

Explosion temperature: 170°C
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Abstract

It is well known that the lifetime of conventional gun propellants is limited due to decomposi-
tion of nitrocellulose (NC). In general, research on ageing of propellants is mainly focussed
on the safety aspects regarding storage of propellants, Decomposition of NC, however, not
only leads to heat production that can result in run-away reactions, it also causes a decrease of

the mechanical integrity of the propellant grains.

In this investigation various properties of an SB and a DB gun propellant have been
determined before and after artificial ageing. A number of parameters is selected from which

the safe use of gun propellants can be determined.

It is concluded that the lifetime of conventional gun propellants is not only determined by
thermal degradation because changes of the mechanical characteristics may finally lead to

unsafe employment.

Introduction

Research on ageing of propellants is in general mainly focussed on the safety aspects regarding
storage of propellants. The safe storage lifetime of nitrocellulose (NC) based propellants is
limited due to decomposition of NC. The decomposition is suppressed by the application of
stabilisers. Many efforts have been put into the understanding of the mechanism of
decomposition and behaviour of NC and stabilisers [1-6]. The stability can be predicted by
measuring the stabiliser depletion by HPLC [7] or by Heat Flux Calorimetry (HFC)[8].

Decomposition of NC, however, not only leads to heat production that can finally result in run-
away reactions, but the decomposition also causes a break-down of the nitrocellulose polymeric
chains [9, 10]. This results in a decrease of the mechanical integrity of the propellant

grains [11, 12]. In case of gun propellants the mechanical properties affect the ignition
behaviour of the propellant grain bed. Embrittlement may lead to enhanced breakage of grains,
which in turn leads to an increase of the burning surface area, finally resulting in an accelerated
pressure rise and a diminished porosity of the propellant bed during firing. Consequences may

be an irregular pressure build-up, pressure waves or increased peak pressures [12].
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The aim of this investigation is to gain more qualitative insight in the effects of ageing on the
internal ballistic propertics of gun propcllants and to select a number of parameters that provide
indications with respect to the safe use of gun propellants. For this purpose various properties of
a single base (SB) and a double base (DB) gun propellant have been determined before and after

artificial ageing,.

Experimental
propellants

The gun propellants that were used for this study arc a 7-hole SB propellant for Howitzer
charges, and a flake DB propellant for mortar application. Some characteristic parameters of

these propellants are given in Table 1.

Table 1: Characteristic parameters of the investigated propellants.
SB DB
butk density [g/em®] 832 1624
calorific value [kl/kg] 3060 4807
grain shape tubular, 7 perf. flake
grain length {mm] 11.03 9.85
grain diameter/thickness [mm] 4.86 1.30
nitrocellulose [%] 83 56
nitroglycerine [%] - 41
weapon 155 mm Howitzer 120 mm Mortar

artificial ageing

Both propellant types were aged in glass bottles that were closed in order to prevent evaporation
of volatile ingredients. The SB propellant was aged for 3 weeks at 85°C, the DB propellant for
10 weeks at 75°C. These conditions simulate an increase of the lifetime of roughly 20 to 30
years. For the present study it is not necessary to know the exact lifetime extension, because the

cffects of ageing arc only determined qualitatively.

heat development and energy content

The heat development of both propellants was examined by microcalorimetry at the same
conditions as the artificial ageing. The ageing procedure is performed in the Isothermal Storage
Test [1], in closed stainless steel vessels of 70 cm’, with a sample mass of approximately 5
grams. The advantage of this ageing procedure is that it continuously provides information

about the heat gencration during the measuring time. Afterwards it is possible to calculate the
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energy decrease by integrating the obtained heat versus time curve [2]. The calorific values of

the unaged and aged propellants were determined by use of a bomb calorimeter.

chain length NC

The change of polymeric chain length of the propetlant samples was determined by means of
gel permeation chromatography (GPC). Polystyrene standard samples were used as references
for the calculation of the molecular weights. Afthough the obtained molecular weights are
therefore not absolute but relative values, the results provide a good indication of the ageing

effect.

morphological changes

In order to investigate possible changes of the microstructure of both propellant types, slices
were made from the propellant grains, which were embedded in epoxy resin, sandpapered and
polished. These samples were investigated by means of optical microscopy and scanning

electron microscopy.

burning properties

Closed vessel (CV) tests were carried out with uncompressed grains as well as grains that were
quasi-statically pressed as described below. The obtained pressure-time data are used for the
calculation of the dynamic and characteristic vivacity, L and Ly, and the burning rate, ». These
parameters are calculated as described in STANAG 4115 [13], the burning rate is only

calculated for the uncompressed samples at the pressure interval from 0.2 to 0.8 Py

mechanical properties: single grains and quasi-static compression test

The effect of ageing on the mechanical properties was investigated by means of uniaxial
compression tests or bending tests using single propellant grains as well as quasi-static
compression of a propellant bed. Compression and bending tests with single propellant grains
were performed at 20°C. The SB 7-hole grains were shortened to a standard length/diameter
ratio of 1:1 before subjecting them to the compression test. DB propellant flakes were tested by

means of a bending test.

An alternative for tensile testing is the compression of a propellant bed and subsequent firing of
the fractured grains in a CV [14]. Quasi-static compression is relatively simple and provides
good indications with respect to propellant bed behaviour during the first stages of ignition and

combustion in a gun.
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For the quasi-static compression test, 300 grams of propellant is quasi-statically pressed for 4
scconds at 300 Bars. The compression is performed at —40°C. After acclimatisation CV tests are
performed with a loading density of 0.214. Extrapolation of the change in linear vivacity
between 0.2 and 0.7 Py to P/P,. = 0 results in a value that is a measure of the destruction of
the propellant grains. This value corresponds to the relative surface area at the beginning of
combustion due to the fractured grains [14], and is sometimes called ‘relative surface area’. For

various applications one can usc specific criteria for the ‘relative surface area’.

Results and discussion
chain length NC

The results of the GPC measurements are given in Figure 1a/b. Important data with respect to
the polymeric chain length of NC are the (weight average) molecular weight (M,,) as well as the
molecular weight distribution. The latter can be determined from the ratio between weight
average and number average molecular weight (M/M,). These results of the GPC-measure-

ments are given in Table 2.

700 5[~ ..~ SB unaged . 700 ~ - --—- DB unaged
600 SB aged 600 DB aged
500 500
400 400 - \
B = 4: %
300 A 300 - ;
200 - 200 4 / \
! \
100 4 - 100 - s \ \
0 i 0 e e
1E+03 1E+04 1E+05 1E+06 1E+07 1E+03 1E+04 1E+05 1E+06 1E+07
Molecular weight Molecular weight

Figure 1a/b: Results of GPC-measurements: molecular weight distributions of unaged
and aged SB propellant (left) and DB propellant (right).

Table 2: Results of GPC-measurements.
Sample Molecular weight Width of weight distribution
M, (dupl.) ratio aged/unaged M.,./M, (dupl.) ratio aged/unaged
331000 43
SB unaged 328000 4.1
176000 0.53 3.6 085
SB aged 173000 36
237000 4.1
DB unaged 245000 40
54200 0.23 » 0.58
DB aged 55600 23




The results show that the chain lengths of propellant grains, which were aged for a period that is
equivalent to 20 — 30 years, is shortened by 50% (SB) to even 80% (DB). Further the width of
the mole weight distributions is decreased as well, by 15% and 40% respectively. It is

reasonable to assume that both factors affect the mechanical properties of the propellant grains.

morphological changes

Both SB and DB propellant grains show a change of their colour due to ageing. The SB samples
changed from yellow green to yellow brown, DB samples from light yellow to dark brown,
which is probably caused by the conversion of primary stabilisers to derivatives. Besides this
discolouring, no macroscopic or microscopic changes were observed. SB propellant grains show
hair cracks both before and after ageing (see Figure 2a/b), while no obvious increase of their

number is observed. DB grains do not show hair cracks.

A 4 577 .

Figure 2a/b: SEM photographs of unaged (left) and aged (right) SB propellant surface,
both of them showing a relatively small number of hair cracks.

It should be stated that the samples were aged under confined conditions. This means that
evaporation effects are negligible. Under unconfined conditions evaporation may cause the
formation of (hair) cracks, which may result in an increased burning rate and consequently an

increased peak pressure.

burning properties

The characteristic vivacity, Ly, and the parameters in Vieille’s burning law r = o * PP that were
calculated from the CV test results are given in Table 3. For reasons of comparison the burning

rate at the arbitrarily chosen pressure of 150 MPa is given too.
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Table 3: Burning properties of unaged and aged propellants.
Ly o B r(150 MPa)
[MPa™'s™] [mm s“"] [-] fmms™]
SB unaged 1.24 1.96 0.76 86.4
SB aged 1.27 2.35 0.72 85.7
DB unaged 1.71 2.06 0.87 161.1
DB aged 1.70 1.97 0.88 162.0

The results show that the burning properties have hardly changed. The change of the pressure
exponent, 3, is compensated by the change of o, which is reflected in the calculated burning
rate. This means that the burning rate curves of aged and unaged propellants overlap. This

applies for both propellant types.

As mentioned above the samples were aged under confined conditions. In another (unpublished)
study we have aged the same type of SB propellant in open trays. In that case, Ly showed an
increase of 16% while the burning rate increased 10 to 20% as a result of significant changes in

both o and . Simulations indicated that in that case peak pressures in a gun increase by 30%.

mechanical properties: compression test / quasi-static compression test

Typical stress-strain responses are shown in Figure 3a/b. The parameters that have been

calculated from the experiments arc given in Table 4.

100 - 40
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Figure 3a/b: Typical stress-strain responses of compression tests with SB propellant
grains (left) and bending tests with DB propellant flakes (right).
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Table 4: Compression and bending test results (standard deviations are given
between brackets).

Gmax Ghrupture Emax Erupture Einitia]

[MPa) [MPa] [%] [%] [MPa]
SB unaged 78.9(3.2) 73.53.0) 10.8 (3.5) 15.7 (4.0) 2027 (337)
SB aged 85.3 (3.0) 79.9 (2.9) 13.4 (3.9) 18.0(44) 1691 (348)
difference +8.1% +8.7% +24.1% +14.6% -16.6%
DBunaged  262(3.7) 26.0 (3.6) 272 (63) 3L1(61) 274 (56)
DB aged 153 (1.7) 13.8(2.1) 19.6 (2.2) 29(29) 141 (26)
difference —41.6% -41.7% —65.1% —48.5% -65.9%

Table 4 shows that the strength and the strains of aged SB propellant grains are higher than
those of unaged grains. The results of the bending tests with DB propellant grains show an
opposite result: strength and strains of aged material are lower than those of unaged grains. The
initial E-moduli of aged SB grains as well as aged DB grains, however, appear to be decreased
due to ageing.

These results show that the mechanical properties of NC propellant grains significantly change
as a result of ageing. The consequence of this change, in terms of the propellant bed behaviour

during the first stages of ignition and combustion in a gun, can hardly be predicted.

The results of CV tests that were performed after quasi-static compression of SB and DB

propellant at —40°C are plotted in Figure 4a/b and Figure Sa/b respectively.
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Figure 4a/b: Vivacity curves of unaged (left) and aged (right) SB gun propellant.
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Figure 5a/b: Vivacity curves of unaged (left) and aged (right) DB gun propellant.

The ‘relative surface areas’ that are derived from the extrapolated relative vivacities are given in

Table §.
Table 5: Results of quasi-static compression: relative surface areas.
Unaged Aged Relative increase
SB propellant 107% 121% +13%
DB propellant 188% 229% +22%

The data in Table 5 show that the mechanical integrity of both propellants decreases
significantly due to ageing. The increased surface area of the propellant bed will lead to an
accelerated pressure rise during firing while the increased fines fraction results in a diminished

porosity. Consequences may be an irregular pressure build-up, pressure waves or increased peak

pressures [12].

Criteria for the ‘relative surface area’ depend greatly on the weapon system for which the
propellant is developed. Further, loading density and design peak pressure determine whether
problems will arise due to increased ‘relative surface area’ caused by ageing. Unsafe situations
or damage to the weapon as a result of the change in burning behaviour can obviously be
expected in the case of high loading densities and when ammunition operates at the maximum
allowable peak pressure. In these cases gun simulator tests are recommended to rule out the

danger of unsafe application of the propellant.




heat development and energy content

The thermodynamic properties of both propellant types hardly change when aged under

confined conditions as shown in Table 6.

Table 6: Change of calorific values due to ageing.

Microcalorimetry Bomb calorimeter
SB propellant -3% (change not significant)
DB propellant -1.9% ~1.5%

The change of calorific value is often used to determine whether an aged propetlant meets the
ballistic criteria. Usually the calorific decrease is very small, theoretically resulting in a minor
decrease of the muzzle velocity [15]. This is, however, only true if other propellant parameters

that are related to the burning behaviour, like the mechanical properties, are unchanged.

discussion

The results described above indicate that a number of parameters significantly change during
ageing. These parameters are specifically those that are related to the mechanical properties.
Their changes arise mainly from the decrease of the polymeric chain length of the main

constituent, NC. Parameters like the energy content, on the contrary, hardly change.

The burning rate appears not to change during ageing under confined conditions. As mentioned
above, however, if propellants are aged under unconfined conditions a rather dramatic increase
of vivacity and burning rate can be found, probably caused by evaporation effects leading to

(hair) cracks and hence an increased surface area.

The safe lifetime of conventional gun propellants is generally derived from propellant
parameters that are closely connected to thermal properties. These might be the heat
development caused by NC degradation or the content of stabilisers that prevent NC

degradation and heat production. In fact, in these cases the safe storage lifetime is considered.

The results of this study show that the decrease of mechanical integrity as a result of ageing may
lead to unsafe application of propeliants. In other words, the safe ballistic lifetime may be

limited due to foss of mechanical quality.

In order to be able to provide the user with complete information about the conditions of
propellant with respect to its lifetime, both the safe storage lifetime and the safe ballistic lifetime

should be considered.
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A number of parameters that provide good indications with respect to mechanical integrity is
mentioned in Table 7. If proper criteria for these parameters are available, the execution of only

a small number of these tests will be sufficient.

Table 7: Selection of parameters and test methods.

Parameter Test method Remarks

polymeric chain length GPC simple and cheap method

mechanical properties Tensile testing results arc hard to correlate

with other parameters

‘relative surface area’ Quasi-static compression /  simple method, clear criteria
closed vessel tests possible

regularity of pressure build up gun simulator in case of considerable loss

during ignition / pressurc wavces of mechanical integrity

Conclusion

The change of polymeric chain length of NC, caused by degradation of NC during ageing,
results in a loss of mechanical integrity of propellant grains, while thermal properties and
burning behaviour may hardly have changed. The loss of mechanical integrity leads to increased
grain fracture during ignition and the first stages of combustion in the weapon. Depending on
loading density and design peak pressure, this may lead to unsafe situations with respect to
pressure build-up.

It is concluded that the lifetime of conventional gun propellants is not only determined by
thermal stability because changes of the mechanical characteristics may finally lead to unsafe
employment. Both safe storage lifetime and safe ballistic lifetime should be considered in
propellant surveillance. Several test methods are recommended to examine the ballistic lifetime,

like GPC, quasi-static compression followed by closed vessel tests, and gun simulator tests.
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Accelerating Rate Calorimetry Experiments on Energetic Materials:
Obtaining Time to Maximum Rate Plots on Larger Samples

P F Bunyan and D A Tod

Defence Evaluation and Research Agency, Fort Halstead, Sevenoaks, Kent, TN14 7BP, UK.

Abstract

A Columbia Scientific accelerating rate calorimeter (CSI-ARC'™) is used by DERA to characterise
exothermic reactions in highly energetic materials. Previous work has shown that it is possible to
obtain complete runaway curves under adiabatic conditions on propellants and high explosives,
yielding data to which conventional ARC algorithms can be applied'. However, to achieve a
controlled runaway necessitates the use of very small sample masses resulting in an
inconveniently high thermal inertia (¢) value. This, in turn, leads to undesirably high detectable
onset temperatures, shorter temperature ranges being recorded, reduced signal to noise ratio and
the collection of a reduced volume of data.

Of course, more favourable ¢ values can be obtained simply by using larger samples. However,
due to a combination of the high heat generation rates given when any explosive decomposes and
limitations in the rate that thermal equilibrium can be achieved, this invariably results in a
catastrophic transition from a relatively slow, controlled reaction to a rapid, explosive reaction at
some time during the experiment. Obviously, once this transition occurs, the instrumentation
cannot track the exotherm, the system is no longer adiabatic and data gathered during this time
cannot be used quantitatively. In particular, a valid, experimental time of maximum rate is not
obtained.

This paper presents experimental results obtained from some 'oversized' energetic material
samples and describes how partial exotherm data, obtained prior to ignition, may be processed in
the absence of experimental maximum rate data and then used to construct time to maximum rate
plots.

1 INTRODUCTION AND BACKGROUND

The ARC is an automated laboratory instrument which experimentally determines the temperature,
pressure and time relationships of exothermic reactions in a confined, adiabatic environment. It has been
used for many years in the chemical industry to evaluate the risk of thermal explosions of self heating
materials when stored and used under various conditions. In principle, we can regard many systems
found in weapons, such as rocket motors, as systems of this type and therefore suitable for study by the
ARC.

Earlier work' has shown that, in order to obtain controfled runaway curves from highly energetic solids to
which ARC techniques can be applied, it was necessary to ensure that self heat rates were sufficiently
small throughout the experiments to ensure that an adiabatic environment was maintained at all times.
The practical result of this was that far smaller sample masses had to be used than would be satisfactory
for less energetic systems. ¢ factors were therefore rather high, leading to a reduced volume of data and
higher onset temperature detection thresholds than desirable, since this resulted in the need to
extrapolate the results over a relatively large temperature range.

However, it is possible to record the early part of the runaway reaction using a larger energetic material
sample, before ignition occurs, under far more favourable conditions (lower ¢, lower onset temperature
etc.). If a valid estimate of what the time to maximum rate would have been if no transition to ignition
reaction had intervened, the equation of the straight line time to maximum rate plot could still be obtained
by plotting this partial data.

It can be shown that, in many cases involving decomposition reactions in highly energetic materials of
high activation energy, a plot of In time to maximum rate (tmr) vs 1/T is straight, whereas a plot of In
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(incorrect tmr) plots as a positive curve if the assumed time of maximum rate is too long (e.g. selecting
the true time of max rate plus 5 minutes as the time of maximum rate), or a negative curve if the assumed
time of maximum rate is too short (e.g. selecting the true time of max rate minus 5 minutes as the time of
maximum rate). It follows that it should be possible to obtain valid tmr plots even in the absence of an
experimentally measured time of maximum rate by trial and error by plotting a series of tmr curves for
different assumed times of maximum rates and then choosing the straightest plot as the correct one.

This paper will test and evaluate this proposal, by applying it to an energetic reaction that is known to be
simple and predictable over a wide temperature range?* (polyNIMMO prepolymer decomposition), and
also to the decomposition of a more complex, nitrocellulose-based, propellant which is currently in service
use (a single base ball propellant).

2 EXPERIMENTATION

2.1 Equipment and Materials

A sample of the energetic polyether, polyNIMMO, blend PPBX210, was supplied by ICI Explosives
Division, Stevenston, Ayrshire, Scotland. A sample of single base nitrocellulose ball powder was obtained
from existing stock samples. To allow thermal inertia (¢) to be calculated, the specific heat of each
material was determined with a Mettler DSC-30 differential scanning calorimeter

(PolyNIMMO 1.42 J.g' K, Single base propellant 1.40 J.g".K").

Adiabatic thermal runaway curves were recorded using the CS| accelerating rate calorimeter. Samples
were contained in 2.54 ¢m dia. spherical titanium bombs obtained from Thermal Hazards Technology Ltd.
Time to maximum rate (tmr) plots of In (tmr) vs. 1/T were constructed for each experiment and the
activation energy estimated from the slope of the regression line, as described by Townsend and Tou®.

When ¢ was calculated, the assumption was made that the bomb nut and ferrule are heated by the
exothermic reaction and not by the jacket heaters (evidence for this was reported at the previous ICT
conference'), Accordingly, all ¢ values reported in this paper were calculated with the following equation.

+M,.C, +M,.C,,)

“pe

M.C,

ph

1+ M,

Where Mb, Mc, Ms are the masses of the bomb, thermocouple clip and sample and Cpb, Cpc and
Cps are the specific heats of the bomb, thermocouple clip and sample respectively and Mnf and
Cpnf are the mass and specific heat of the stainless steel nut and ferrule.

2.2 PolyNIMMO Experiments

Ten ARC runs were performed on polyNIMMO samples of different masses, ranging from 0.166g, which
showed no sign of loss of contro!, to 0.5005g, which showed a sharp transition to an ignition reaction at
183°C, followed by an effectively instantaneous temperature rise of over 100°C (Fig 1).

In each case a tmr plot was constructed. In the case of the controlied runs (R301, R302) the experimentally
recorded time of maximum rate was used to construct the graph which gave the best fit to a straight line,
Other plots using the same curve data, but other times, close to, but not at, the experimentally determined
time of maximum rate, were curved (Fig 2). Where ignition occurred, the tmr plot curved down if
constructed assuming the observed time of ignition was equal to the time of maximum rate (e.g. Fig 3). This
suggested that, had control somehow been maintained by the instrument, the true maximum rate would
have occurred slightly later. The deduced activation energy was higher than obtained from controlled
experiments. A best fit was obtained by assuming a slightly later time to be the time of maximum rate (e.g.
Fig 4). In these cases, the deduced activation energy obtained from different experiments, employing
different sample masses, were in reasonably close agreement with each other. For higher estimates than
that which gave the best straight line fit, the plot had a positive curve (e.g. Fig 5).

Experimental conditions and results from all 10 polyNIMMO experiments are summarised in table 1.




2.3 Single Base Propellant Experiments

Ten ARC runs were performed on propellant samples of different masses. In this case, in order to get any
controlled runs at all, the sample mass range had to start with far smaller samples (0.0727g) than could
be used in the case of polyNIMMO, up to a maximum of 0.352g, which ignited at 164°C (Fig 6). Note that
even a 0.1g sample showed a slight loss of temperature control.

Once again, a tmr plot was constructed for each experiment. Using the experimentally observed time

of maximum rate to construct tmr plots gave reasonably good straight line, although only a few data
points, gathered at high temperature, were available (Fig 7). With larger samples, where ignition invariably
occurred, as in the case of polyNIMMO, a curved line was again obtained if the time of maximum rate was
assumed to occur at the time ignition was recorded (e.g. Fig 8). As in the case of polyNIMMO, a best fit
was obtained by assuming a later time to be the time of maximum rate, although, in general, a slightly
inferior correlation was achieved than with polyNIMMO (e.g. Fig 9).

Experimental conditions and results from all 10 single base propellant experiments are summarised in
table 2.

3 DISCUSSION
3.1 PolyNIMMO Experiments

In the case of the fully controlled polyNIMMO ARC experiments, it can be seen that employing the
observed time of maximum rate to calculate the tmr plot yields a good straight line and any deviation
introduces curvature in a characteristic direction (negative curve for low estimates and positive curve for
high estimates).

The same type of results are obtained if the controlled part of the runaway curve from larger samples are
processed in the same manner - in this case, it appears reasonable to assume that the time of maximum
rate associated with the best fitting straight line would have been realised if the physical limitations on
heat transfer in the ‘real world' had not caused a loss of adiabatic control by the instrumentation.
Supporting evidence for this is given by the leve! of agreement on the deduced activation energy and
associated predictions given by different experiments when this condition is met.

There appears to be a slight progressive increase in deduced activation energy as the sample size is
increased. It is possible that the longer period of time spent at elevated temperatures while in the
heat/wait/search cycle by very small samples, resulting from the higher onset temperatures due to lower
sensitivity, is influencing the reaction by introducing a greater amount of thermal ageing to small samples
than to large ones.

3.2 Single Base Propellant Experiments

Although expected to be a more complicated reaction, the same observations made for the polyNIMMO
experiments can be made for those conducted on the propellant samples. Of course, in this case there is
an even greater requirement to work with data from experiments where ignition occurs, because of
concerns about the long extrapolations required from experiments conducted on extremely small samples,
which give only a few data points at more elevated temperatures.

The best fit that could be achieved from ARC runs on propellant samples which ignited showed slightly
inferior correlation compared to the polyNIMMO runs - the traces were, in fact, slightly 's’-shaped. A clue
to why this should be may be given by examining the self heat rate vs. temperature plots illustrated in
Figure 10. Both large and small polyNIMMO experiments show no evidence for multiple reactions
occurring, whereas the larger propellant sample shows an inflection in the curve around 150°C, which is
not apparent in the very small propellant sample, presumably because no self heating above noise had
been detected at this point.




This can be interpreted as evidence for a second exothermic reaction occurring at a lower temperature in
this material. The controlled experiment obviously had such a small sample mass that this reaction took
place during the heat/wait/search cycle without being detected.

Further evidence for this is provided if tmr plots are attempted on the oversize sample run using data
gathered entirely below the inflection point at 150°C (Fig 11) or entirely above it (Fig 12). It can be seen
that, in both cases, a very good straight line can be obtained by estimating slightly different times to
maximum rate for the two sets of data.

3.3 General Discussion

When time of maximumum rate cannot be measured directly, for practical reasons, it still appears
possible to obtain quantitative time to maximum rate plots and the information that would normally be
derived from them by considering the early part of an ARC experiment in this way. Obviously some of the
information which is normally given by a complete ARC run, such as heat of reaction, will still not be
available.

Due to financial and safety considerations, this work was conducted on relatively small sample sizes,
which could be expected to ignite while confined in an ARC sample bomb without rupturing it and allowing
the experiments to be performed in an occupied laboratory. Clearly, a similar approach could be applied
to an ARC experiment which was terminated before ignition occurred, allowing the bomb to be filled right
up with explosive. The advantages would be far more favourable ¢ values and a further reduction in the
need for extrapolation to the temperature of interest. The disadvantage would be that the ARC would need
to be located and operated remotely in case of an accidental detonation (caused, for example, if the jacket
heaters developed a fault or the maximum experimental temperature was set too high).

4 CONCLUSIONS

It is possible to obtain time to maximum rate plots from data gathered only in the early stages of an ARC
experiment by employing an iterative search for a time of maximum rate which gives the best straight line.
This will permit the use of larger samples, allowing experiments be conducted on lower ¢ systems and so
reduce the need for extrapolation to lower temperatures.

When a straight line is not obtained by this approach, a change in mechanism or the existence of serial
reactions should be suspected.
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Curvature) - Despite Being Equal to Observed Time of Explosion.
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Fig4 Time to Maximum Rate Plot on Oversize Sample - Time of Maximum Rate
Estimated to be Some Time After Ignition Seen - Giving a Good Straight Line Plot




PolyNIMMO RUN R300
25+ Equation of best fitting straight line:
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Fig 5 Time to Maximum Rate Plot on Oversize Sample - Estimated Time of Maximum Rate
Now Too Long - Giving Poor Straight line Fit With a Positive Curve
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Fig 6 Single Base Propellant ARC Runs - Physical Nature and Geometry of Sample Allows
Control to be Maintained Only If Very Small Samples are Employed
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tmr PLOT - Experiment R219 (single base propellant)
0
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Fig 7 Fully Controlled ARC Run On Small Propellant Sample is Again Reasonably Straight
- However, Small Sample Gives Reduced Data at Higher Temperatures

Experiment R321 (single base propellant - large sample)

22 J Equation of best fitting straight line:
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Fig8 Time to Maximum Rate Plot on Oversize Propellant Sample - Selected Time of
Maximum Rate Again Appears Too Low (Shown by Poorly Fitting Straight Line With
Negative Curvature) - Despite Being Equal to Observed Time of Explosion.
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Experiment R321 (single base propellant - large sample)

22 ] Equation of best fitting straight line:
12 1 y= 24821x - 58.851
R2=0.9994
£ o021
‘E 08¢ I Time of maximum rate
- a8l estimated to be 768.1 min
281
-3.8 t t t t
0.00228 0.00233 0.00238 0.00243 0.00248

T (Kelvin)

Fig9 Time to Maximum Rate Plot on Oversize Propellant Sample - A 'Best Fit' to a Straight Line
Was Seen When the Effective Time of Maximum Rate was Estimated to be 768.1 Minutes
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Fig 10  Self Heat Rate Plots on Different Sized PolyNIMMO and Propellant Samples - Note
Inflection in Large Propellant Sample Trace at around 150°C
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Experiment R321 - Large Single Base Propellant Sample
(using data gathered below 150°C)
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Fig 11 Time to Maximum Rate Plot on Large Propellant Sample - Using Data Recorded
Below 150°C

Experiment R321 - Large Single Base Propellant Sample
(using data gathered above 150°C)
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Fig 12 Time to Maximum Rate Plot on Large Propellant Sample - Using Data Recorded
Above 150°C
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ABSTRACT

In modern manufacturing processes, quality relevant information has to be available as
early as possible. Therefore, a concept for the in-process analysis in the production of
propellants was elaborated.

The earliest steps in the manufacturing process, in which the relevant product proper-
ties (such as composition, chemical stability, degree of nitrocellulose gelatination,
and geometry of propellant grains) can be determined, have been defined. Further-
more, different analytical procedures to determine those properties have been
developed. Three examples for such procedures are discussed in this presentation:

— Check of identity of raw materials using near infrared (NIR) spectros-
copy, combined with multivariate spectrum analysis.

— Analysis of propellants under production, directly or after sample prepa-
ration, using Fourier transform infrared (FTIR) spectroscopy, followed by
discriminant analysis.

— Determination of geometric parameters of propellant grains (length, dia-
meter, web size) by recording video pictures, followed by automatic,
computer controlled image analysis.




1. Einleitung

1.1 Inprozess-Analytik versus Produkte-Analytik

Die Qualitatssicherung in der Herstellung von Treibladungspulvern und anderen Explo-
sivstoffen stiitzte sich bis anhin praktisch ausschliesslich auf die Analytik der fertig-
gestellten Produkte. Mit Hilfe von klassischen, zumeist hochspezifischen Analysen-
methoden werden dabei die Rezepturkomponenten und gegebenenfalls weitere Pro-
dukteeigenschaften mit hoher Prézision und Richtigkeit bestimmt. Die Durchflihrung
solcher Analysen ist in der Regel zeitaufwendig und teuer. Der wohl grsste Nachteil
der Produkte-Analytik ist jedoch die Tatsache, dass die Resultate erst nach abge-
schlossenem Herstellungsprozess zur Verfligung stehen, d.h. zu einem Zeitpunkt, in
dem allfallig notwendige Korrekturen kaum mehr méglich sind.

Deshalb steuern neuere Analysenstrategien dahin, die qualitatsrelevanten Informatio-
nen méglichst friih im Produktionsprozess zu erhalten, d.h. in einem Stadium, in wel-
chem Korrekturen noch méglich sind (Vermeidung von Fehlchargen). Eine solche In-
prozess-Analytik muss eine schnelle und sichere "gut-schlecht-Entscheidung" ermég-
lichen. Dazu werden heute vorwiegend Analysenverfahren mit geringerer Spezifitét
(wie spektroskopische Verfahren) eingesetzt, in Kombination mit multivariater sta-
tistischer ("chemometrischer") Auswertung. Dies ist in Abbildung 1 aufgezeigt:

ANALYTIK IN
DER EXPLOSIVSTOFF-
FABRIKATION

ANALYTIK AN ANALYTIK IN

PRODUKTEN PROZESSEN
Klassische Gehaltsanalytik In-Prozess-Analytik
(Bestimmen von Komponenten) (Produkt bzw. Prozess i.0. ?)
Hohe Prizision und Richtigkeit, Vielschichtige Beurteilung,
z.B. Analytik nach IS0 17'025 schneller gut/schlecht Entscheid
Chromatographie, Nasschemie, Modernste Analysen- und Aus-
spektrometrische Methoden mit wertemethoden (Spektroskopie +
hoher Spezifitit (z.B. AAS) Chemometrie, optische Bild-

erkennung, usw.)

Abbildung 1: Produkte-Analytik versus Inprozess-Analytik.




1.2 Nutzen der Inprozess-Analytik

Der Nutzen einer friihzeitigen Erkennung von Fehlern ist anhand der in Abbildung 2
aufgezeigten Kosten pro Prozessschritt ersichtlich:

-~ Fur ein typisches Mittelkaliber-Treibladungspulver (TLP) machen die Rohmate-
rialien bereits ca. 50% der Gesamt-Herstellungskosten aus.

— Nach dem Schneiden / Vorsieben sind ca. 70% der Kosten angefallen. Dies ist
der letztmogliche Zeitpunkt, bei dem eine Korrektur der Rezeptur noch méglich
ist (z.B. bei Fehlen einer Rezepturkomponente durch Zugabe dieser Substanz
und Wiederholung der vorhergegangenen Prozessschritte).

— Nach dem Fertigstellen des Produktes sind hingegen bereits 96% der Gesamt-
kosten verbraucht. Wird also ein signifikanter Produkte-Fehler erst bei der
chemischen Schlusspriifung erkannt, so kénnen allenfalls noch die relativ gerin-
gen Kosten fur die ballistische Prifung eingespan werden.

Fazit: Die Einfiihrung von geeigneten Inprozess-Kontrollen im Herstellungspro-
zess von Treibladungspulvern ist deshalb sinnvoll und notwendig.

Produktionsschritt Kostenanteil kumuliert
Rohmaterialien 53 % 53 %
A4
Einw'aig.epl 7 9 60 %
Homoge'nlsmren
Formgebung 7 % 67 %
v
Schneiden / Vorsieben 45% 71,5 %
—— h 4
Vorgraphitieren 3 % 745 %
Lésungvsmittel- 6,5% 81 %
Entfernen
v
Oberflichenbehandlung 45% 85,5 %
v
Baden / Trocknen 55% 91 %
Fertigsiebevn / Feuchte 4,5% 95,5 %
einstellen / l?obennahme
Chemische Priifung 0,5 % 9% %
v
Ballistische Priifung 4 % 100 %

Abbildung 2: Beitrag der einzelnen Prozess-Schritte an die Herstellungskosten eines
Loses Mittelkaliber-Treibladungspulver.




2. Prozessanalytik in der TLP-Produktion

2.1 Zu analysierende Parameter und Analysen-Zeitpunkte

Die wichtigsten Produkteeigenschaften von einbasigen Treibladungspulvern sind
Rezeptur, Gelierungsgrad der Nitrocellulose, Geometrie der TLP-Kérner und chemi-
sche Stabilitit. Die ersten drei Parameter bestimmen das innenballistische Verhalten
des Produktes, wahrend die Stabilitat als Mass fir die Sicherheit bei der Lagerung gilt.

Der jeweils friihestmégliche Zeitpunkt zur Kontrolle dieser vier Parameter im Herstel-
lungsprozess von einbasigen TLP ist in Abbildung 3 aufgezeigt:

[ FROHESTMOGLICHER ZEITPUNKT FUR PRODUKTEPRUFUNG |

Prozessschritt Rezeptur Gelierung Geometrie Stabilitat
Einwaage " identitit  } {"identitat
Rohmaterialien iRohmaterialien i i Stabilisator i
A 4 |
Homogenisierung
Rezeptur
Grad der Gehalt
Formgebung TLP-Grund- | Gelierung | i Stabilisator
matrix .
Schneiden / H H
Vorsieben

Geometrie Stabilitiit

RLM P
Griinkorn _ } i  Griinkorn

I LM-Entfernen I i Grinkorn
Oberflachen-
behandlung

Baden / Trocknen

ertigsieben / Feucht Grad der | Geometrie I Stabilitat
reinstellenlMischen | Rezeptur EndproduktJ I Gelierung Endprodukt Endprodukt

Abbildung 3: Friihestméglicher Zeitpunkt fur verschiedene Produkte-Prifungen im
Herstellungsprozess.

Kontrolle der Rezeptur:

— Bereits bei der Einwaage ist eine Identititskontrolle der Rohmaterialien moglich.

— Die Rezeptur der TLP-Grundmatrix kann direkt am Knetteig oder an den verpress-
ten, ev. geschnittenen Strangen erfolgen. Allerdings treten in den nachfolgenden
Prozessschritten noch Veranderungen auf, wie z.B. das Herauslésen von Additiven




im Badeprozess oder der Abbau eines Teils der Stabilisatormenge durch produk-
tionsbedingte thermische Belastungen.

Die Bestimmung des Restliésungsmittel-Gehaltes (Alkohol und Ether) am Griin-
korn, d.h. direkt nach dem Lésungsmittel-Entfernungsprozess, kann wichtige Anga-
ben Uber die Effizienz dieses Prozessschrittes geben. Eine Extrapolation auf die im
fertiggestellten Produkt noch enthaltene Lésungsmittelmenge ist jedoch nur sehr
beschrankt méglich, da in den folgenden Schritten (Oberflaichenbehandlung, Baden,
Trocknen) noch massive Veranderungen dieses Parameters auftreten.

Der Gehalt an Oberflachenbehandlungsmitteln kénnte schon nach dem Behand-
lungsprozess bestimmt werden. Eine gewisse Reduktion dieser Gehalte in den nach-
folgenden Prozessschritten ist jedoch ebenfalls zu erwarten.

Eine Rezepturkontrolle am Endprodukt liefert die definitiven Gehalte aller relevan-
ten Rezepturkomponenten.

Kontrolle der Gelierung:

Der Grad der Gelierung der Nitrocellulose im TLP kann bereits nach der Formge-
bung ("Verpressen") bestimmt werden. Dieser Parameter dirfte sich in den nachfol-
genden Prozessschritten nicht mehr &ndern.

Kontrolle der Geometrie:

Die Geometrie der Pulverkdrner kann frihestens nach dem Schneiden bestimmt
werden. Diese Werte eignen sich jedoch nur zur Prozesssteuerung, eine Extrapo-
lation auf die Geometrie des Fertigproduktes ist nur sehr beschrankt méglich. Dies,
weil bei der nachfolgenden Lésungsmittelentfernung ein Schwund in Kornlange und
Korndurchmesser auftritt.

Eine Ausmessung des Griinkornes (nach dem Ldsungsmittelentfernen) ist még-
lich, jedoch wenig sinnvoll. Dies, weil durch die folgenden Prozessschritte Oberfla-
chenbehandlung und Sieben eine (allerdings geringe) Quellung bzw. eine Verande-
rung der Korngrossenverteilung auftritt.

Die “definitive Geometrie" wird somit erst durch eine Ausmessung des Fertigpro-
duktes erhalten.

Kontrolle der Stabilitit:

Die Zugabe des Stabilisators kann natirlich, wie oben bei der "Rezepturkontrolle”
beschrieben, bereits bei der Einwaage (ldentitatskontrolle der Rohmaterialien), im




Knetteig oder an den verpressten, ev. geschnittenen Strdngen Uberpriift werden.
Durch die in den nachfolgenden Prozessschritten auftretende thermische Belastung
wird jedoch zumeist bereits ein Teil der eingesetzten Stabilisatormenge abgebaut, so
dass diese Grosse nicht unbedingt mit dem im Endprodukt vorliegenden Stabili-
satorgehalt Gberein stimmt.

- Die Bestimmung der Stabilitit des Griinkornes kann allenfalls erste Hinweise auf .
die Stabilitat des Endproduktes liefern. Die folgenden Prozessschritte (thermische
Belastung, Reduktion des Restldsungsmittelgehaltes) beeinflussen jedoch die Pro-
dukte-Stabilitat in kaum quantifizierbarem Umfang.

- Auf eine Bestimmung der Stabilitidt des Endproduktes kann somit nicht verzichtet
werden.

2.2 Momentaner Umfang der Prozessanalytik in der TLP-Produktion

Wie aus Abbildung 4 ersichtlich, wurden bis vor kurzem in der NITROCHEMIE WIMMIS
AG von den im Abschnitt 2.1 beschriebenen méglichen Inprozess-Kontrollen lediglich
deren zwei auch durchgefihrt:

I AKTUELLER UMFANG DER PRODUKTEPRUFUNGEN ]

Prozessschritt Rezeptur Gelierung Geometrie Stabilitat

Einwaage
Rohmaterialien
A 4

Homogenisierung
| I i nasschemisch }
Formgebung - iStabilis. ja/nein}

Schneiden / i manuelle
Vorsieben i Ausmessung

Vorgraphitieren

| LM-Entfernen |
Oberflichen-
behandlung
Baden / Trocknen

ertigsieben / Feucht Gehaltsanalytik HPLC /| | Druckbombe / I manuelle | Stabilititstest /
einstellen / Mischen GC /| AAS / Nasschem. Wf-Besch Ausr WFK / Stab-G.

Abbildung 4: Aktueller Umfang der im Herstellungsprozess von einbasigen Treib-
ladungspulvern vorgenommenen Produkte-Prifungen.




— Durch eine einfache, nasschemische Prifung (Stabilisatorprobe) unmittelbar vor
dem Verpressen wurde kontrolliert, ob der Knetteig Stabilisator enthalt.

— Mittels manueller Ausmessung der frisch geschnittenen Pulverkérner wurde
eine korrekte Einstellung der Schneidemaschine sichergestellit.

Damit stand die NITROCHEMIE WIMMIS AG jedoch nicht etwa "im Abseits" — unseres
Wissens wurden auch in anderen treibmittelproduzierenden Betrieben die Méglichkei-
ten zur Inprozess-Kontrolle bis anhin kaum genutzt.

2.3 Maogliche Verfahren der Prozessanalytik in der TLP-Produktion

Eine Verstarkung der Inprozess-Analytik (wie sie momentan in den neu erstellten Pro-
duktionsanlagen der NITROCHEMIE WIMMIS AG eingefihrt wird) bedingt jedoch auch
das Vorhandensein der notwendigen Analysenverfahren. Deshalb wurden im Rahmen
dieser Arbeit nach geeigneten Analysenverfahren gesucht, bzw. solche erarbeitet. Die
Resultate sind in Abbildung 5 aufgezeigt:

[ ZUKONFTIGE MOGLICHKEITEN FUR_ PRODUKTEPRUFUNGEN |

Prozessschritt Rezeptur Gelierung Geometrie Stabilitat
Einwaage {NIR-Spektr. | {NiR-Spektr. |
Rohmaterialien { Chemometrie : i Chemometrie :
v / emome ...
Homogenisierung FTIR-Spektr.

(DRIFTS / ATR/

bl Siab. Gehalt aus

Formgebung + Chemometrie ? pran. d
Schneiden | Schnell-Auf- 1+ | Video opt. ]

schluss + GC

Vorsieben i Bilderkennung
Vorgraphitieren
{Aufschl. + GC /i | Video+opt. 1 i optimierte
I LM-Entfernen J {UNIRINMR i Bilderk | istabilititstests }

Oberflachen-
behandiung

Baden / Trocknen

ertigsieben / Feucht I
einstellen / Mischen GC / AAS / Nasschem,

(e m————— 1
! Aufschl. + GC |
J

Gehaltsanalytik HPLC /| | Druckbombe / Video + opt. Stabilititstest/
Wf-Beschuss Bilderl g| |WFK/Stab.-G.

Abbildung 5:  Neue Mbglichkeiten fur Produkte-Prifungen im Herstellungsprozess.




Kontrolle der Rezeptur:

~ Eine Identitdtskontrolle der Rohmaterialien bei der Einwaage kann am einfach-

sten durch

Nahinfrarot-(NIR)-Spektroskopie erfolgen, verbunden mit chemometri-

scher Spektrenanalyse. Dabei werden die Spektren mittels einer Lichtleiter-Sonde

in wenigen

Sekunden aufgenommen - der Messvorgang erfordert keine Probenvor-

bereitung. Diese Methode wurde in unseren Labors Uberprift, fir geeignet befunden,
und daraufhin in der Produktion eingefiihrt. Abbildung 6 zeigt auf, wie mit einigen
typischen Spektren von jeder der zu analysierenden Substanzen eine schnelle

Identitatskontrolle (Klassifizierung) von Rohmaterialen méglich wird.

0
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Abbildung 6: Identifikation von Rohmaterialien: Zur Kalibration des Modells wurden

von jeweils 5 verschiedenen Mustern der zur TLP-Herstellung verwende-
ten 11 pulverférmigen Rohstoffen je 3 NIR-Spektren aufgenommen. Aus
diesen Spektren wurde das hier abgebildete Modell zur Klassifikation
erstellt, dies durch Transformation der Original-NIR-Spektren in ein
angepasstes Koordinatensystem mittels Faktoren-Analyse. Jedes
Spektrum kann durch einen Punkt in diesem mehrdimensionalen Faktor-
raum dargestellt werden - das Spektrum ist durch die Koeffizienten der
entsprechenden Koordinaten eindeutig definiert. Die Koordinaten von
ahnlichen Spektren (d.h. vom gleichen Rohstoff) liegen sehr nahe bei-
sammen und bilden eine "Wolke". In der Abbildung sind fiir alle 11 Roh-
stoffe die jeweiligen Toleranzkugeln ("Wolken") eingezeichnet.

Die NIR-Spektren von unbekannten Stoffen werden ebenfalls in diesen
Faktorraum umgerechnet — fallen sie in eine Toleranzkugel, so ist der
Stoff damit identifiziert, ansonsten wird eine Fehlermeldung "Substanz
unbekannt” ausgegeben.




- Die Analyse des Knetteiges oder der verpressten Masse ist bereits deutlich auf-
wendiger und bedingt auf jeden Fall eine Probenvorbereitung.!

Durch Aufldsen der Proben in einem geeigneten Losungsmitte! (wie z.B. Tetrahydro-
furan) und anschliessendem Abdampfen des Losungsmittels mit einer IR-Lampe auf
einem Teflonblock kénnen Filme mit der TLP-Zusammensetzung hergestellt werden.
Die Gehalte der einzelnen TLP-Rezepturkomponenten in diesen Filmen werden
durch Aufnahme der NIR- oder Fourier Transform Infrarot-(FTIR)-Spektren mit
chemometrischer Auswertung bestimmt. Dieser Weg ist prinzipiell gangbar, jedoch
deutlich aufwendiger als die oben beschriebene Kontrolle der Rohmaterialien mittels
NIR. In Abbildung 7 wird aufgezeigt, wie mittels Diskriminanzanalyse das Vorliegen
eines bestimmten Weichmachers im Knetteig iberprift wird.

Der zweite Ansatz basiert auf einer fliissig- oder gas-chromatographischen Ana-
lyse (HPLC oder GC). Dazu miissen Knetteig bzw. verpresste Kérner vorgéngig auf-
geschlossen werden. (z.B. Acetonitril-Aufschluss mit anschliessendem Ausfallen der
NC). Dieser Ansatz ware prinzipiell gangbar, erscheint jedoch far Inprozess-
Kontrollen als zu langsam und zu aufwendig (gleicher Zeitbedarf / Aufwand wie bei
der Schlusskontrolle}.

— Fur die Bestimmung des Restlésungsmittel-Gehaltes am Griinkorn missen die
Restlésungsmitte! vor der GC-Analyse durch einen Aufschluss isoliert oder etwas
einfacher durch ein Quellmittel aus der TLP-Matrix extrahiert werden. Dieses Verfah-
ren dirfte sich ebenfalls nur beschrankt fiir Inprozess-Kontrollen eignen, da zu lang-
sam und zu aufwendig.

Eine Alternative wire die direkte Bestimmung der Restlésungsmittel mittels kern-
magnetischer Resonanz NMR. Diese Technik hat in den letzten Jahren grosse
Fortschritte erfahren, so dass nun auch die routineméssige Analyse von Festkorpern
(wie TLP-Kérnern) maglich ist. Von diesem Verfahren sind kurze Rlckantwortzeiten
zu erwarten. In Ermangelung eines NMR-Geréates konnte dieser Ansatz nicht erprobt
werden. Vermutlich kénnte jedoch auch bei technischer Machbarkeit der hohe
Anschaffungspreis eines solchen NMR-Gerétes nicht gerechtfertigt werden.

1 Versuche, den Knetteig direkt, d.h. ohne Probenvorbereitung, mittels NIR- oder FTIR-Spek-
troskopie (DRIFTS- oder ATR-Technik) zu analysieren, schiugen fehl. Es zeigte sich, dass die
stark variierende Lésungsmittel-Konzentration (Ethanol und Ether) im Knetteig die Auswertung
verunméglicht - die Einflisse der in viel htheren Konzentrationen vorliegenden Losungsmittel
iberlagern die spektralen Eigenheiten der Rezepturkomponenten um ein Vielfaches. Selbst
unmittelbar nacheinander aufgenommene Spektren des gleichen Knetteiges ergaben
beispielsweise bei der Stabilisatorbestimmung um bis zu 100% abweichende Analysen-
resultate!
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Abbildung 7: Resultat der PLS-(Partial Least Squares)-Diskriminanzanalyse zur Uber-
prafung der Anwesenheit des Weichmachers Dinitrotoluol DNT im Knet-
teig. 45 Kalibrationsproben (1 - 45) und 11 Testproben (46 - 56) wurden
in Tetrahydrofuran gelést. Von den nach Abdampfen des Losungsmittels
erhaltenen Filmen wurden FTIR-Spektren aufgenommen. Die 45 Kali-
brierproben wurden zur Bildung, die Testproben zur Uberpriifung des
PLS-Modells verwendet. Ein Ordinatenwert von 1.0 entspricht der
Voraussage "DNT ist in spezifizierter Konzentration vorhanden®, ein Wert
von 0.0 impliziert die Abwesenheit von DNT in der Probe. Die Proben
21-25, 30-33 und 50 enthalten kein DBP. Wie aus der Abbildung
ersichtlich, konnte das Modell alle Proben korrekt zuordnen (klassi-
fizieren).

Die Rezepturkontrolle am Endprodukt erfolgt durch die bekannten Analysenver-
fahren wie Extraktion oder Aufschluss und anschliessender Chromatographie,
Atomabsorptionsspektroskopie oder nasschemische Bestimmung.

Kontrolle der Gelierung:

— Trotz der Wichtigkeit dieses Parameters sind bis heute keine einfachen und routine-
tauglichen Verfahren zur Bestimmung des Geliergrades der Nitrocellulose vorhan-

den.
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— Lediglich die am Schluss des Prozesses durchgefiihrten innenballistischen Unter-
suchungen (Druckbombe und/oder Waffenbeschuss) erlauben, bei Kenntnis von
Rezeptur und Geometrie, einen gewissen Ruckschluss auf die Starke der Gelierung
der Nitrocellulose im TLP. Diese Verfahren sind jedoch sehr teuer.

Kontrolle der Geometrie:

— Die Geometrie der Pulverkérner kann in allen Stadien des Prozesses durch Video-
Aufnahme mit optischer Bildanalyse bestimmt werden. Die Anwendung dieser
Technik zur Kontrolle von Schnittlange und Korndurchmesser ("aussere Geometrie")
ist in Abbildung 8 aufgezeigt. Eine noch ausgereiftere Anwendung ist in der NITRO-
CHEMIE ASCHAU GmbH implementiert. Dort wird die optische Bildanalyse auch zur
Kontrolle der "inneren Geometrie" von mehrbasigen Pulverkdrnern verwendet —
samtliche Web-Starken und Lochdurchmesser von 7- und 19-Loch Kémern kdnnen
s0 automatisch vermessen werden.

Kontrolle der Stabilitit:

— Die Anwesenheit des Stabilisators bei der Einwaage, bzw. dessen Gehalt im Knet-
teig oder an den verpressten, ev. geschnittenen Strangen kann, wie oben beschrie-
ben, zusammen mit den anderen Rezepturkomponenten bestimmt werden.

— Zur Bestimmung der Stabilitit von Griinkorn und Endprodukt kénnen entweder
die konventionellen Hochtemperatur-Stabilititstests (basierend auf Gewichts-
verlust oder Abspaltung von nitrosen Gasen) oder aber modernere Verfahren wie die
Wirmeflusskalorimetrie verwendet werden. Fur alifallige Inprozess-Kontrollen (z.B.
am Griinkorn) eignen sich primar Hochtemperaturtests, wahrend fir die Schluss-
kontrolle bevorzugt Priifungen bei tieferen Temperaturen anzuwenden sind. Dies
aufgrund der bekannten Problematik, wonach bei hohen Temperaturen mit kurzer
Ruickantwortzeit nur eine geringe Aussagenscharfe erzielt wird, wogegen die aus-
sagekraftigeren, bei tieferen Temperaturen  vorgenommenen Prifungen deutlich
langer dauern.




Abbildung 8: Bestimmung von Komn-Durchmesser und Schnittlange: Zuerst wird das
Video-Bild von ca. 20 — 200 auf einer Flache aufliegenden TLP-K&rnern
aufgenommen. Dieses Bild wird dann einer automatischen Bildanalyse
unterzogen. Hierbei werden im ersten Schritt zusammenhangende
Regionen (Objekte) identifiziert — diese kénnen aus einzelnen TLP-Kor-
nern (stehend oder liegend) sowie aus Agglomerationen von Kérnemn
bestehen. Im nachsten Schritt werden die einzelnen Objekte klassifiziert,
d.h. aufgrund einer Konturanalyse oder anderer geeigneter Kriterien (wie
Flache und Rundheit) wird festgestellt, welche der Objekte isolierte, lie-
gende TLP-Korner darstellen. Nur diese werden als "zur Ausmessung
geeignet" taxiert und einer Grauwertanalyse unterzogen — uber den Ver-
lauf der Helligkeit wird die "Zylinderachse" der Kérner bestimmt (genau
so wie das menschliche Auge aus den Schattierungen / Reflexionen
erkennt, wie der Zylinder im Raum liegt). Nun werden Schnittldnge und
Durchmesser aller geeigneter Kérner gemessen und die Werte in einer
Tabelle abgelegt. Der gesamte Vorgang dauert nur wenige Sekunden.

Die obige Abbildung zeigt einen Ausschnitt einer solchen Bildanalyse.
Bei allen als "fir die Auswertung geeignet’ erkannten Pulverkérnern
wurde vom System die berechnete Zylinderachse sowie die Schnittlange
(in Anzahl Pixel) eingetragen.
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3. Zusammenfassung und Diskussion

Aus den beschriebenen Resultaten und Uberlegungen ergeben sich nachstehende
Schlussfolgerungen:

e Die Inprozess-Analytik erméglicht eine Uberwachung / Steuerung der jewei-
ligen Prozesse.

» Die Einfiihrung von geeigneten Inprozess-Kontrollen im Herstellungsprozess
von Treibladungspulvern ist deshalb sinnvoll und notwendig.

o Die Durchfiihrung von Inprozess-Kontrollen kann jedoch (zumindest im Fall
der Treibmittel) die Analytik am fertiggestellten Produkt nicht ersetzen.

¢ Im Rahmen dieser Arbeit wurden die bekannten sowie die neu erarbeiteten Analy-
senmethoden fir Inprozess-Kontrollen zusammengestellt bewertet.

¢ Eine daraufhin durchgefiihrte Kosten-Nutzen-Analyse diente als Basis des Quali-
titssicherungs-Konzeptes fir die neuen Produktionsanlagen der NITROCHEMIE
WIMMIS AG.

o Dieses sieht, neben einer liickenlosen Aufnahme der Prozessparameter, nur zwei
Inprozess-Kontrollen vor, namlich:

- Eine Identititskontrolle aller Rohmaterialien (inklusive Stabilisator) bei der
Einwaage durch Nahinfrarot-(NIR)-Spektroskopie mit chemometrischer
Auswertung. Dies in Kombination mit einer Uberpriifung der effektiven Zu-
gabe. Damit ist durch das Prozessleitsystem eine Kontrolle und Riickverfol-
gung von Menge und Identitat der eingesetzten Rezepturkomponenten mog-
lich.

- Eine Kontrolle von Schnittliinge und Durchmesser der Pulverk&rner nach
dem Schneiden durch Videoaufnahme und optische Bildanalyse.

o Weiter wurde festgestellt, dass eine Uberpriifung des Geliergrades der Nitrocellu-
lose im TLP dusserst hilfreich ware. Zur Zeit steht hier jedoch noch kein geeigne-
tes Verfahren zur Verfigung. Nach einem solchen Verfahren wird jedoch gesucht.

Wiirdigung:

Unserem friheren Mitarbeiter Herr Ch. Herren danken wir fiir das Einbringen von
wertvollen Ideen. Bei Herr Dr. Hp. Kellerhals der Fa. Biichi verdanken wir die Durch-
fuhrung der NIR-Messungen, bei Herr J. Meyer der Fa. Gloor Instruments AG den Auf-
bau des Systems fiir die optische Bildanalyse. Der Schweizerischen Gruppe Rustung
GR danken wir fir die Mitfinanzierung dieses Projekts im Rahmen des LFP-Vorhabens
35.13 "Analytik an Explosivstoffen / Chemometrie".




COMPARISON OF T-JUMP/RAMAN AND T-JUMP/FTIR SPECTROSCOPY FOR
HIGH-NITROGEN COMPOUNDS
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ABSTRACT

Flash pyrolysis of energetic compounds that are nitrogen-rich frequently liberates a
large amount of IR-inactive N among the IR-active products. H, and O, also sometimes
form. Therefore, T-jump/Raman spectroscopy was developed to complement T-jump/FTIR
spectroscopy and enable completion of the elemental atom balance by adding the IR-inactive
gaseous products.  Differential Raman scattering cross-sections were determined for
commonly released gases from pyrolysis of energetic compounds. The method was
demonstrated with HNNF, BAMO, GAP, and 5-NATZ. When at least one of the quantified
species is common to both the IR and Raman spectra, the atom-balanced gasification reaction
can be obtained with good accuracy.

1. INTRODUCTION

Flash heating of a film of an energetic material is a qualitative “snapshot” simulation
of the surface pyrolysis zone during steady combustion at and above atmospheric pressure [1].
Well-controlled flash heating to temperatures resembling those at the burning surface is
accomplished by the use of T-jump/FTIR spectroscopy [2-10]. However, several important
energetic compounds (e.g. azides, nitramines, tetrazoles, etc.) liberate IR-inactive products
such as Ny, O,, and H>. To complete the stoichiometry of the flash pyrolysis reactions of
these energetic materials, it would be helpful to augment T-jump/FTIR spectroscopy with the
complementary T-jump/Raman method.

The concentrations from the FTIR and Raman methods can be directly compared
provided that the total differential Raman scattering cross-sections and IR absorptivities are
known for the common gaseous products. These were determined with the excitation
wavelength and collection configuration of the device. The method was demonstrated with

varying degress of success using the concentrations of the gaseous products from flash
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2. DIFFERENTIAL RAMAN SCATTERING CROSS SECTIONS, dc/6Q

The total Raman effect for a given vibrational mode represents the sum of the
populated rotational and vibrational quantum states at a given temperature. The measured
Raman signal intensity is a function of the variables in the eq. 1 [12], i e. the laser frequency
g, the vibrational frequency v, the degeneracy of the Raman line g, the temperature T, and
the average of the isotropic (o’2) and anisotropic (y'?) elements of the polarizability tensor.

[T}

a” is a constant.

A0 _ag(, —v)' (45a +7y"") (1

20 v, (] __ehuu,,/kT)

In general, however, the determination of the absolute Raman scattering cross section is
difficult [13]. Therefore, the quantitation here is relative to the intensity of N,. In the present
experiment, vg= 532 nm and T = 295 + 3 K. The integrated Raman signal for a given species

x (Iy) relative to N, (Iy,) is given by eq. 2, where X is the instrument correction. X fails to

1 K
Concentration of x = —= (ggj (?EJ )
Iy, [\NOQJ,, o),

cancel becausc of the low and high channels of the Holoplex grating that is used in the

spectrometer and the non-uniform response across the grating and the CCD camera. These effects
were removed from the intensity factors by further manipulation of the measurements.

The calibration cell shown in Fig. 1 was employed to determine 86/0Q2 for the gaseous
specics from pyrolysis of energetic materials. The purgable glass tube fitted with pressure-

tight end caps had an internal volume of 5.25 cm? and could be pressurized to 10 atm. The
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Fig. 1 The T-Jump/Raman spectroscopy cell
cell was housed inside a plastic compartment that also incorporated the laser head so that
atmospheric gases could be purged from the collectidn region by a flow of argon gas. These
components were in turn housed inside a light-tight box that eliminated stray background
radiation. To determine (80/3Q)x, a 100 em® steel ballast tank was charged with a known
pressure of the desired analyte gas x. A known pressure of nitrogen was then added as an
internal standard. Finally argon was added as a diluent to raise the pressure to about 20 atm.
The gas mixture equilibrated for 3 hr and a 7.8 atm sample was bled into the cell. The
spontaneous Raman scattering spectrum was collected using a Kaiser Optical Systems
spectrometer with a CCD detector and a 50mW, frequency-doubled, Nd:YAG CW laser at
532 nm. The average of 10 scans (30 sec/scan) produced the final spectrum. This procedure
was repeated four times on new samples having the same partial pressure, which provided an
average random error of <5%. Successive addition of argon to the ballast tank diluted the gas
mixture until the limit of detection was reached. The entire procedure was repeated to ensure
reproducibility. The random error continued to be <5% except near the limit of detection
where it was as high as 10%. The spectral sets were converted to an xy file and a suitable
baseline with 10% tolerance was subtracted. The spectral band was fit with a Voigt function
and the peak height and area were extracted. While peak areas and heights gave comparable
results in the higher-pressure data, the heights gave more reproducible results in the lower-
pressure range. Figure 2 shows several examples of these Beer-Lambert Law-type calibration
curves based on peak height versus pressure. Following eq. 2, the ratio of the slope of the
regression line for each analyte to that of Ny corresponds to the Raman intensity value used to

establish the relative concentration.
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Table 1 contains Raman scattering intensities determined by the ethods described above.

These values resemble those reported elsewhere [12, 14-16] when adjusted to 532-nm

excitation used here, and we believe that the concentrations can be trusted to within 2-10%.

Table 1. Differential Raman Scattering Cross Sections of
Selected Vibrations Relative to N;

(a)/5).

MOLECULE BAND  RAMAN SHIFT (CM™) THIS WORK

N, 2331 1
H, 4155 2.53
0, 1555 1.19
Cco 2143 1.06
NO 1877 0.45
CO, U 1388* 1.30
2v, 1286* 0.85
N,O Ugs 2224 0.40
U 1285 2.1
CH,4 v(CH) 2915 6.61
CH, v(CH) 3372 1.23
v(CC) 1973 6.71
C;H, v(CH) 3020 5.38
v(CC) 1624 1.72
V(CH,) 1342 2.98
NH; v 3334 4.40

* Fermi resonance doublet



3. THE T-JUMP/RAMAN EXPERIMENT

The Raman cell for pyrolysis is the same cell as that shown in Fig. 1. A sample of the
energetic material was spread onto the center of the previously calibrated Pt ribbon filament.
The optimum sample mass depends on the energetic material, but was about 200 ug for
HNNF, 400 ug for BAMO and GAP, and 600 ug for 5-NATZ. By comparison 200 g is
typically optimum for T-jump/FTIR spectroscopy. The filament was then inserted into the
Raman cell and connected to a CDS Analytical 1000 control unit. The cell was purged and
pressurized to the desired value, and the surrounding plastic case was purged with argon gas
to remove the ambient air. The control unit heated the filament at about 2000°C/sec to a
chosen set temperature and held it constant for 20 sec. This constant set temperature was
maintained by microsecond adjustments of the voltage by the control unit so as to maintain
constant resistance in the filament. Rapid voltage adjustment is needed especially during an
exothermic event of an energetic material, which occurs at some time during the 20 sec of
heating. The duration of the rapid exothermic decomposition is less than 0.5 sec. The
energetic materials discussed herein produced a small amount of smoke aerosol. Therefore,
up to 5 min was required in some cases to settle this aerosol before the Raman spectrum of the
vaporized products could be collected. Five spectra were collected each consisting of an
average of 10 scans at 30 sec/scan. The relative concentrations of the gaseous products were
determined using the Raman intensity factors that were calculated above.

The T-jump/Raman experiment is used differently than T-jump/FTIR spectroscopy [2-
10]. The Raman method provided the final concentrations of the IR-inactive species. The
intensities of the gaseous products that can be quantified by both Raman and IR spectroscopy
are compared in Table 2 to demonstrate the relative sensitivity of the two methods. The most
strongly active vibrational modes in the IR [1] and Raman spectra, when normalized to the
intensity of CoHy, are directly compared in Fig. 3. Infrared spectroscopy is more sensitive
than Raman spectroscopy for detecting the isoelectronic molecules CO; and N>O. Raman
spectroscopy is more sensitive to the lower molecular weight hydrocarbon molecules and
NH;. Neither method is particularly sensitive to NO and CO stretching. Because of the much
higher S/N in the IR spectrum, IR spectroscopy was generally more useful for quantifying

gaseous species, provided of course that the species are [R-active.
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Table 2. Comparison of the Raman intensity (relative to N;) and the infrared
intensity (relative to CO,) for the most intense mid-infrared band.

Molecule Raman (cm™) Raman Intensity Infrared (cm™") IR Intensity
N, 2330 1 - -
H; 4155 2.53 - -
0, 1555 1.19 - -
CO, 1388 1.30 2349(R) 1
CcO 2141 1.06 2143(R) 0.054
NO 1877 0.45 1876(R) 0.029
N,O 1285 2.11 2224(R) 0.519
CHy 2914 6.61 3020 0.083
C,H, 1973 6.71 729 0.300
C,H, 3020 5.38 949 0.133
NH; 3334 4.40 968 0.180
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Gas Species
Fig. 3 The comparative sensitivity of IR and Raman spectroscopy for detecting the
most intense vibrational mode of the gases shown when normalized to C,H,.

A major complication when using Raman spectroscopy for the analysis of pyrolysis
gases is the fact that smoke and other aerosols cause elastic (Mie) scattering of the incident
laser light. Mie scattering dominates when nD/A > 1, where D is the particle diameter and
A is the wavelength of the incident light. Complications also arose when quantifying NHs,

CHg, and C;Hy in the Raman spectrum. The concentration NH; decreased with time in the
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Fig. 4 The IR and Raman spectra of the gaseous products
from flash pyrolysis of HNNF at 200 °C and 1 atm Ar.

Raman cell probably because it adsorbed onto the glass wall. The concentrations of CHy and
C,H; following pyrolysis in the Raman cell were consistently lower than in the IR cell. The
concentrations of these species were therefore based on the IR measurement.
4. APPLICATION TO HIGH-NITROGEN COMPOUNDS

In order to use data from T-jump/Raman spectroscopy in conjunction with the T-
jump/FTIR data, it is necessary to observe and quantify at least one IR-active species in the
Raman spectrum in addition to the IR-inactive species. This enables the concentrations in the
IR and Raman spectra to be appropriately scaled to one another. We have previously reported
the IR spectra of the gases liberated upon fast heating of the compounds below [10,12,17-20],
but the experimental methods and data analysis were somewhat different.

HNNF is useful for validating T-jump/Raman spectroscopy because it liberates N,
H,, and O,, which were all previously detected by mass spectrometry, but not quantified [20].
It was flash-pyrolyzed at a filament set temperature of 200°C under 1 atm Ar and the spectra
of the gaseous products are shown in Fig. 4. After quantifying each of the gaseous products
in the IR and Raman spectra, the mole fractions were normalized to the amounts of C, H, N
and O and then averaged so that the elemental atom balance could be obtained. The global
reaction that describes the pyrolysis process is given below:

C2Hs5N705 — 3.32N; + 0.12HCN + 1.04CO + 0.83CO, + 0.28NO + 1.65H,0 +
0.73H; + 0.240,.




The resulting empirical formula is C) 99Hs g9oN795Os 11, which is within 2.3% of the formula of
the parent HNNF (C;HsN;Os). The stoichiometric coefficients for N,, HCN, CO, CO,, and
NO in this reaction are the same as found before {20], although the coefficient of N, was
assumed to make up the difference of N based on the amount of HCN and NO formed. A
major variance from the earlier work is in the coefficients previously assumed for H,O (0.7),
H; (1.7), and O; (0.7). When the concentrations are actually measured as was done in this
work, the coefficients are in fact 1.65 for H,O, 0.73 for H,, and 0.24 for O,. This result
highlights the value of the Raman analysis in concert with the IR analysis to determine the
elemental atom balance with minimal assumptions.

BAMO has the stoichiometry of CsHsNsO when the small contribution of the end
groups is neglected. Figure 5 compares the IR and Raman spectra taken at 320°C. Despite its
low intensity (Fig. 3) CO proved to be the best product for normalizing the IR and Raman-
derived concentrations. The IR spectra have much higher S/N and were therefore used to

determine the relative concentrations of most gaseous products. When the concentrations
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Fig. 5 The IR and Raman spectra of the gaseous products
from flash pyrolysis of BAMO at 320 °C and 5 atm Ar.




were normalized to C, H, N, and O and averaged, the resulting equation for the flash pyrolysis
is given below and has the product stoichiometry of Cy76H7 86Ns.0101 09.

-(CsHgNgO)- ~ 1.88N, + 1.77HCN + 0.93CO + 0.48NH; + 0.59CH,; + 0.33C,H,

+0.325C,H, + 0.16CH,0
The close resemblance to the parent formulation is consistent with the fact that a small
amount of (probably carbon-rich) smoke is formed, which was not taken into account in the
mass balance.

GAP mono-ol is C3HsN3;O when the end groups are not included. Inclusion of the end
groups however has little effect on the empirical formula. Figure 6 shows the IR and Raman
spectra of the gaseous products after flash heating of GAP mono-ol at 320 °C under 2 atm of
Ar. The previous detailed study of GAP structures by T-jump/FTIR spectroscopy [10] noted
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Fig. 6 The IR (top) and Raman (bottom) spectra of the gaseous

products from flash pyrolysis of GAP mono-ol at 320 °C and 2
atm Ar. .
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a large number of gaseous species. The amount of N2 was estimated by difference before, but
is quantifiable now by using the N,/CO ratio of 1.38 in the Raman spectrum. The resulting
equation gives an element atom balance for the gaseous products of Cz.90sHa 853N3.12601.022,
which is within 4.2% of the element ratio of the reactant.
-C3HsN;0- —p 1.067N; + 0.773CO + 0.755HCN + 0.455CH, + 0.237NH;3
+0.231C,H, + 0.177CH,0 + 0.072C;H; + 0.069CH,CO + 0.004H,0
5.NATZ (CH3N40,) produces the IR and Raman spectra of the gaseous products
shown in Fig. 7 when flash heated to 300 °C under 5 atm of Ar. Only the thermodynamically
relatively stable products Ny, CO,, CO, and HCN are detected. It was never possible to detect
any product other than a large amount of N in the Raman spectrum. Thus while all of the
products except H, were detected, none could be seen by both spectral methods, which makes
it impossible to scale the IR and Raman spectra to one another. After quantifying the IR-
active products, however, the amount of N, and H, can be estimated by difference, which
results in the following reaction:
CH,N¢O —p 2.97N; + 0.66CO + 0.33CO, + 0.52H,0 + 0.04HCN + 0.096NO + 0.5H,.
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Fig. 7 The IR and Raman spectra of the gaseous products from flash
pyrolysis of S-NATZ at 300 °C and 5 atm Ar.
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The gas phase elemental atom balance is C; 93H;,01Ng 080194, Which is within 3.1% or less of
the elemental formula of the parent 5S-NATZ.
5. CONCLUSIONS

T-Jump/Raman spectroscopy is not as useful as T-jump/FTIR spectroscopy for
quantifying the gaseous pyrolysis products of energetic materials. The S/N ratio is lower and
smoke complicates the collection of the Raman spectra. The Raman method does
successfully quantify IR-inactive products, such as N, O, and H,, provided that one IR
active product can also be seen in the Raman spectrum. CO proved to be the most useful
product for the purpose of normalizing data from the two methods.
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Abstract
Decomposition of RDX and HMX in hydrocarbon solutions (RH) proceeds

through the chain mechanism with the following features: inhibition of the reaction
when adding inhibitors, H-D isotope effect of solvent, as well as the dependence of
the decomposition rate on D(C-H) value in RH. The chain reaction is developed
due to the transfer of the free valence from primary N-radicals to R-radicals, weak
NO solubility in the liquid phase, absence of condensed products-inhibitors of the
chain processes, and instability of intermediate N-nitrosocompounds. The last two
conditions being absent, no chain reactions are observed at decomposition of

dimethylnitramine (DMNA) and polycyclic compound CL-20.

Introduction
In the studies of RDX thermal decomposition in solutions it has been found that

aliphatic-aromatic hydrocarbons with the C-H bond energy from 65 to 85
kcal/mole, as well as alcohols, ketones and some other compounds easily oxidized
through the free-radical mechanism increase RDX decomposition rate [!].
Herewith, the deuterium kinetic isotope effect of solvent is observed together with
a well-defined dependence of the rate on D(C-H) of the solvent. To explain these
facts it has been assumed that a chain process is developed in solutions, the most
important stage of which is free valence transfer from primary radicals of N-type

formed at the breakage of N-NO, bond to C-centered radicals of the solvent.




In chemically inert solvents like, for example, chlorine- and nitro-derivatives of
benzene and hydrocarbons with a large molecular mass and strong C-H bonds,
RDX decomposition rate decreases as a result of the cage effect, which has been
experimentally proved for the first time in [2]. The presence of cage effect by itself
indicates that RDX decay in solvents starts with N-NO, dissociation, which is
reversible

In this paper new evidences have been obtained for the chain mechanism of RDX
decay in solutions by introducing inhibitors and analyzing the products formed
from the solvent. A more detailed scheme of the process is presented.In addition,
just like RDX, decomposition of some other nitramines such asHMX, DMNA and
CL-20 has been investigated.

Results and Discussions

Inhibition of RDX decomposition. At decomposition of most explosives free
radicals are formed. They can interact with an initial substance and even cause
chain decay. However, in the majority of cases chain reactions do not develop
being inhibited by decomposition products like NO, NO,,nitrosocompounds, and

nitroxyl radicals. The difference in the activation energy between the reaction of
free radicals with NO or NO, and that of free radicals with unsaturated molecules
comprises no less than 10 kcal/mole, therefore, even at the inhibitor concentration
of 103-10" mole per mole of the substance chain reactions will be completely
depressed. RDX chain decay in solutions proceeds only owing to low solubility of
NO and NO, in organic solvents at high temperatures.

Judging by the relatively small increase of RDX decomposition rate in solutions

(3 times in toluene, 11 -in glycerin [1]), gaseous inhibitors still affect the reactions
despite their low solubility. In case of RDX decomposition only NO is the inert

inhibitor to solvents. Therefore NO (under the pressures 2-3 times exceeding NO




pressure at the end of reaction) and solid para-dinitrobenzene (p-DNB) (which is
easily controled) at the concentration of 0.5 wt % were used as inhibitors.
Moreover, triphenylmethane, phenol, diphenylamine, NO, and molecular iodine
were used as inhibitors too.

Fig. 1 shows the effect of NO, NO, and p-DNB on RDX decomposition in
toluene. The rate decreases almost to that in benzene, and at higher ratios of
NO/RDX concentration — even below this level. NO, NO, and p-DNB decrease the
rate of RDX decomposition in p—xylene and glycerin, just like Ph;CH does this in
p—xylene (see Table 1).

Phenol, diphenylamine and I, are not inhibitors for RDX. Phenol is involved in
the chain reaction like a solvent, diphenylamine accelerates the decay via donor-
acceptor interaction mechanism, and I, in benzene is inert , but it increases the
decomposition rate in toluene acting as an initiator.

Mechanism of RDX decomposition. Nonchain reaction. All possible ways for
the initial stage of RDX decomposition have been energetically assessed in[3, 4].
In [5] it has been shown that the kinetic isotope effects observed at decomposition
of deuterated DMNA, RDX, HMX [6, 7] are not primary, but secondary or global
and, therefore, they have nothing to do with HONO elimination. It can be
concluded that in gas phase, in melt or in solid state RDX decomposition starts with
breakage of N-NO, bond. The following scheme of decay has been proposed in[8,

9] for this case:
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Fig 1. Effect of additives on decomposition of RDX in solutions at 180°C.
1 - benzene, 2 - toluene/NO,, 3 - toluene/NO, 4- toluene/p-DNB, 5-toluene.

Table 1 Effect of additives on RDX thermal decomposition at 180°C

solvent additives k;.10%s™ k1/Kpenzene
benzene I, (4 wt%) 0.54 0.98
benzene without additive 0.55 1.00
benzene p-DNB (1.3 wt %) 0.55 1.00
benzene NO (400 Torr) 0.69 1.25
benzene Ph,NH (0.9 %) 2.84 5.16
toluene NO; (400 Torr) 0.45 0.82
toluene NO (400 Torr) 0.46 0.84
toluene p-DNB (1.54 wt %) 0.76 1.43
toluene without additive 1.25 2.27
toluene I, (1.44 wt %) 2.55 4.64
p-xylene NO (400 Torr) 1.52 2.76
p-xylene p-DNB (0.8 wt %) 1.96 3.56
p-xylene Ph;CH 40% 2.70 491
p-xylene Ph;CH 10% 2.89 5.25
p-xylene without additive 3.09 5.62




Scheme 1

Yo,
N

ON—-N__N-NO; T oN—N__N—No, (1) + N0z

1 —2> O,NNCH,N(NO,)CH,N=CH; (2)

2 ——> CH,=NCH,;N(NO,) (3) + CH,=NNO; (4),
3 — > CH=N+4

4 —> CH,0 +N,0

The scheme can be, of course, adjusted and supplemented.For instance, reaction
(2) takes place only owing to the low strength of NCH,-NNO, bond in 1 (18
kcal/mole [4]). This condition is absent in radical 3. Besides, the yield of N;O at
RDX decomposition comprises not 2 moles, as it follows from the scheme, but only
1-1.5 moles (see [8]). Formation of N=CH, observed in [10] that is followed by
HCN formation is not the evidence of reaction (4), because these products can be
produced at the decay of CH,=NNO,. Therefore, it may happen that reaction (4)
does not take place at all. Instead of this nitramine radical 3 in the presence of
nitrogen oxides according to [11] can undergo transformations like

3+NO —>> CH,=N-CH, (5) + N,O + NO,
3+NO, — > 5+2NO+NO,,

Radical 5 can be easily oxidized to give, for example, HOCH,NHCHO — one of
the products of RDX decay [8]. However, this does not significantly affect the
decay rate.

In addition to monomolecular decay to form inert CH,=N, radical 1 can react

with NO and NO,. Its reaction with NO is reversible to give nitrosohexogen




NO

1 + NO

(©6)

-8
O,N-N___N-NO,

while that with NO, should result according to [12] in opening of the cycle and
formation of highly reactive nitrosocompounds
1+NO, — O=NCH;N(NO,)CH,N(NO,)CH,;N=0 (7)
and further — of oximes. Their decay gives still more variable products than can be
produced from 3. In particularly, C-nitrosocompounds will promoteNO conversion
to N,. It should be mentioned that compound7 is an effective chemical trap for free
radicals. Probably, compounds 4 and 7 can be destroyéd not through
monomolecular decomposition, but under the effect of NO or NO,; if the latters are
unsufficient, then they can polymerize and produce nonvolatile products.
Chain decay of RDX in the solutions. Development of the chain and acceleration
of RDX decomposition is observed only in those RH solvents, which react with
products of RDX decomposition. The scheme of the chain decay takes the form:
Scheme 2
RDX ==== (1) + NO,

1 T{

N

1 + RH—2> ® + R

oZN—N\/N~NOz
NO, + RH —> HONO +R

R+RDX —2> 6+RO

RO+RH —2> ROH+R

6 —2—>1+NO

R+NO, —*> RO +NO
R + NO, —=—> RNO,

R+NO —2> RNO — R,CH=NOH —> R,CN + H,0



Free valence transfer to the solvent is performed in reaction (10) and (11);
herewith, reaction (10) has a significant advantage, because its heat effect is by
almost 10 kcal/mole more than that of reaction (11).

Owing to the transfer the death of free valence as a result of intramolecular decay
of 1 is avoided. Active C-centered radicals replace radicals of N-type, which are
low active in reactions with nitrogroup. In this stage the isotope effect of solvent
arises and, finally, this stage limits upper value of D(C-H), governingcompetition
between reaction (10) and reaction (2).

The first condition of chain origination for nitramines is the transfer of the
valence to the solvent, and the second condition — origination, herewith, of radicals
active in the reaction with nitrogroup.

Radicals R react with NO, (that results in partial disappearance of the free
valence), die off by reacting with NO and can interact with RDX. In order that
reaction with RDX takes place, NO concentration should be 4 orders less than that
of RDX. This condition is obeyed, apparently, only due to very low solubility of
NO in organic solvents, especially at high temperatures.

It is also evident that the decay products of nitramine should not contain non-
volatile and soluble in the liquid phase chemical traps of free radicals, for example,
C-nitrosocompounds. This, already third, condition for occuring chain reactions,
which is obeyed in the case of RDX. It should be mentioned that reaction (12)
limits lower range of bond energy D(C-H), at which solvent preserves its activity.

Scheme 2 assumes that N—nitrosocompounds formed in the intermediate stage
are instable and can break to form N-radicals once again. Instability of
nitrosocompounds is the forth condition for occuring chain reactions, which is
obeyed for RDX too.

The rate of bimolecular reactions for chain continuation should increase, as the

external pressure increases. This can be taken as an explanation of the negative




activation volume found in [13]for RDX decomposition in THF, one of the most

non-inert solvents.

HMX
The regularities of HMX decay are very similar to those observed at RDX

decomposition (Fig. 2, Table 2). There are solvents increasing the decay rate,
having the isotope effect and inhibiting influence of NOand p-DNB and there
exist solvents decreasing the decay rate. HMX has close to RDX retardation effect
of solvent depending on the cell effect. Its maximum value comprises 3.
Acceleration is somewhat lower than RDX has. Thus, in glycerin the rate of RDX
decay increases 11 times as compared to benzene, while that of HMX - 8 times.
The activity row of aliphatic-aromatic solvents for RDX ends on triphenylmethane,

while that for HMX - on diphenylmethane. This difference is explained by the

" 300 350 400

Fig 2.Thermal decomposition of HMX in solutions at 200°C.
See curve numbers in Table 2.
Table 2. Effect of solvents on HMX thermal decomposition at 200°C
solvent k;.10%s™ k1/Kpenzene | Curve No.in Fig2

triphenylmethane 0.13 0.25 3




biphenyl 0.13 0.25 8
tert-butylbenzene 0.15 0.28 1
ionol 0.17 0.32 2
cumol 0.18 0.34 4
PhCl, 0.36 0.68 7
biphenylmethane 0.39 0.74 9
nitrobenzene 0.43 0.81 6
TNT 0.49 0.92 5
benzene 0.53 1.00 10
toluene 0.60 1.13 11
triacetin 1.16 2.19 13
m-xylene 1.18 2.23 12
1,4-butanol 2.01 3.79 16
THF 2.27 4.28 15
glycerin 439 8.28 14

different structure of nitramine groups in RDX and HMX. N-O bond in planar
groups of HMX is stronger than in pyramidal groups of RDX, this leads to a
reaction rate decrease of (12).
DMNA

In case of DMNA (Fig. 3 and Table 3) only some solvents (e.g. cumol) increase
decay rate as compared to the reaction in benzene. Retardation of decay is
observed already in toluene. This is connected with violation of the forth and,
virtually, the third conditions for chain developing.Nitrosodimethylamine is more
stable than DMNA itself and, therefore, it is not an intermediate, but a final
product. In the course of DMNA decay in accordance with the mechanism
proposed in [12], unlike monomolecular decay of primary N-radicals for RDX and
HMX, disappearance of primary N-radicals for DMNA takes place in the reaction
with NO, to form a large quantity of nitrosomethane, which is a good inhibitor of

chain processes.
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Fig 3. Thermal decomposition of DMNA in solutions at 230°C.
See curve numbers in Table 3.

Table 3 Effect of solvents and additives on DMNA decomposition at 230°C

solvent k,.10%s™ Ky /Kpengene | Curve No.in Fig3
glycerin 0.14 0.12 2
triacetin 0.14 0.12 4
1,4-butandiol 0.17 0.15 1
triphenylmethane 0.18 0.16 3
triethylene glycol 0.43 0.38 5
ionol 0.71 0.62 6
diphenylmethane 0.79 0.69 7
m-xylene 0.86 0.75 8
m-dinitrobenzene 0.88 0.77 9
toluene 0.90 0.79 10
benzene 1.14 1.00 11
m-xylene-d;o 1.27 1.11 12
PhClg 1.34 1.18 16
dipyenyl 1.36 1.19 13
acetic ester 1.68 1.47 14
cumol 2.06 1.81 15
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CL-20
CL-20 is the closest analog of RDX in terms of nitramine groups structure and

decay rate. But, unexpectedly, in solutions CL-20behaves like DMNA, rather than
RDX or HMX: in all solvents the rate is not higher, but lower than that in benzene
(Fig. 4, tabl. 4). Similar to DMNA there is no isotope effect and inhibiting effect of
NO and p-DNB. The absence of chain decay in this case can be explained by
taking into account the third condition of occuring chain.reactionsIt is known that
at CL-20 decay a great deal (15 wt %) of condensed products, containing C=C,
C=N, and C=0 bonds, as well as nitroso and nitramine groups[14], are formed.
Being dissolved in liquid phase these compounds can play the role of the traps for
free radicals and prevent chain development. Maximum retardation effect of CL-20

decay in solutions coincides with that of RDX and comprises 3 times.
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Fig4 Thermal decomposition of CL-20 in solutions at 160°C
See curve numbers in Table 4.

Table 4. Thermal decomposition of CL-20 in solutions at 160°C
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solvent k,.10%s™ K1 /Kpenzene | Curve No.in Fig4

glycerin 0.57 0.37 1
Ph;CH 0.63 0.40 2
Ph;CH/ glycerin =0.1 0.76 0.49 3
m-xylene-d,g 1.38 0.88 4
p-xylene 1.34 0.86 5
Ph;CH/ m-xylene 1.36 0.87 6
m-xylene 0.93 0.60 7
toluene 1.37 0.88 8
benzene 1.57 1.00 9
Conclusion

In this paper it has been shown that in case of some secondary nitramines
including the most important of them, RDX and HMX, conditions are created in
solutions for chain reactions to proceed. By means of chain mechanism all
experimental facts about deocomposition of RDX and HMX described in
literature, for examples, accleration of decomposition rate by some solvents,
negative activation volume for decomposition of RDX in THF, intermediate
formation of large quantities of N-nitrosoderivatives, can be explained.

Other studied nitramines (DMNA, CL-20) do not have chain reactions at their
decomposition. Probability of the chain reactions depends on nitramine structure,
mechanism of breakage of the primary N-radical and possibility of forming from it
nitrosocompounds or other inhibitors of chain reactions. However, in all cases the

first stage of decomposition is always dissociation of N-NO, bond.
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PROPERTIES OF HYDRAZINIUM
NITROFORMATE (HNF)
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Rijswijk, The Netherlands

ABSTRACT
Several methods of analysis and testing have been performed on a promising high-
performance oxidiser, hydrazinium nitroformate (HNF), which characterise the material.
These tests include the friction and impact sensitivity, density, differential scanning
calorimetry (DSC), thermo gravimetric / differential thermal analysis (TG/DTA), vacuum

stability test (VST) and the determination of hygroscopicity.

Currently, in particular due to the relatively low value for the friction sensitivity, HNF is
transported in special containers. In order to avoid the use of these containers, methods to
phlegmatize HNF, with the objective to improve the hazard properties of the material,

have been investigated. One of these methods is highlighted in this paper.




1. INTRODUCTION

A number of commonly used tests and methods of analysis have been applied to hydrazinium nitroformate
([NH5'J[C(NO,);'T; HNF). HNF is an oxidiser that is very promising for application in high performance
solid rocket propellants. It performs better than classic oxidisers like ammonium perchlorate (AP).
Furthermore it contains no chlorine, which implies an improved signature and on the other hand this is a
good aspect for the environment (no exhaust of hydrochloric acid). For some time now TNO-PML has been

studying HNF [3, 9].

Among the properties that have been determined are: the sensitivity to impact and friction, melting point and

decomposition temperature from DSC, mass decrease from thermogravimetry (TG), the vacuum stability and

hygroscopicity.

The friction sensitivity of IINF must be decreased to pass the criteria for transportation according to the UN
guidelines as a material without packaging [1T. One way to achieve this is to phlegmatise the energetic
material. Several of such methods of desensitization have been investigated for HNF and some of the results

will be discussed here.

The analysis were performed on HNF-C and HINF-E grade, whereas the phlegmatising experiments were

performed on batch HNF-S grade produced by Aerospace Propulsion Products (APP) in the Netherlands [7].

2. FRICTION AND IMPACT SENSITIVITY TESTING

The impact and friction sensitivity tests were determined according to the UN ST/SG/AC.10/11 directive [1]
(BAM standard, sce for description for instance [2]). For the impact sensitivity test ~ 40 mm® and for the

friction sensitivity test ~ 10 mm” test material is required.

The results of the sensitivity testing are presented Table 1: Sensitivity data of HNF-C9.
in Table 1. Property Value

BAM Impact energy (J) 3
BAM Friction load (N) 16

The friction and impact sensitivity arc in a range generally found for HNF batches (friction 12-36 N; impact

2-5 J). The hazard properties arc discussed again in section 8 of this paper.

¥ At this moment TINF can be transported up to 333 g as a 1.4 S material in special ‘Explosafe’ containers from DGM (Dangerous

Goods Management).




3. DENSITY

For the Helium pycnometry the volume of the samples was measured with a Micromeritics helium
pycnometer. Prior to measuring, the apparatus was calibrated with a calibration standard of a known volume.

The density was then calculated. The tiquid used for the Liquid pycnometry (at 25 °C) was dodecane.

The results shown in Table 2.3.1 are mean values of two tests.

Table 2: Density (g/cm’) of two HNF batches, measured with liquid and helium pycnometer.

Batch Helium Liquid
HNF-C9 1.87 1.869
HNF-E§ 1.83 1.846

Generally TNO considers density measurements by means of liquid pycnometry to be more accurate than
those with helium pycnometry. The difference between the density of HNF-C9 and HNF-E8 is relatively
large. This might be because HNF-E8 is more porous. The density of HNF has been determined to be
1.872 g/cm3 by X-ray diffraction [5].

4. DIFFERENTIAL SCANNING CALORIMETRY (DSC)

The DSC traces were measured with a Seiko DSC-220-C-U and the experimental conditions were as follows:

Temperature range :25-250°C

Heating rate : 10 °C/min
Atmosphere : Nitrogen

Flow-rate : 50 ml/min

Cups used for the sample : open aluminum cup
Reference cup : empty aluminum cup

All tests were performed in duplicate. The properties from the DSC (onset of melting, exothermal onset)

were determined at the intercept of the extrapolated tangents.
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Figure 1: DSC traces of HNF-C9 (left) and HNF-E8 (right).

The difference between the DSC traces of HNF-C9 and E8 is small. Both batches show a clear endothermal
peak (melting, see TG/DTA) just before the large exothermal peak appears (decomposition, see TG/DTA).
The DSC results are listed in Table 3. Older HNF batches normally did not show this endothermal effect but
only an exothermal effect related to decomposition. Apparently the production process of HNF has been
improved resulting in a product with a higher purity. Compared to earlier measurements [9] also the onset of
decomposition has shifted from a range of 110-124°C to a temperature of about 134 °C. This could also
point to a higher purity of the currently produced HNF grades. However, impurities within a pure material
can have the effect of either raising or lowering the apparent peak temperature of a decomposition event (e.g.

in an analogous manner to burning rate catalysts sharpening a decomposition profile) {8].

Table 3: Results of DSC measurements.

Sample Onset of melting (°C) Onset of decomposition (°C)
HNF-C9 131.0 134.3
HNF-C9 131.0 1342
HNF-E8 130.8 134.2
HNF-E8 130.7 134.4

5. THERMO GRAVIMETRIC / DIFFERENTIAL THERMAL ANALYSIS (TG/DTA)

The TG/DTA scans were measured with a Seiko TG/DTA-320. The conditions under which the TG/DTA

experiments were performed are:

Heating rate : 10 °C/min
Atmosphere : Nitrogen
Temperature range 125-250°C

Nitrogen flow rate : 50 mli/min

Sample cups : open aluminum cup
Reference : empty aluminum cup

The results of the measurements are represented in Figure 2.
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Figure 2: TG plots of HNF-C9 (left) and HNF-E8 (right) at a heating rate of 10 °C/min.

The properties deduced from the measurements are listed in Table 4. The onset of melting was determined

from the DTA signal, the decomposition temperature and total mass loss from the TG signal.

Table 4: Results from TG/DTA measurements at a heating rate of 10 °C/min.

Onset of melting (°C) Total mass decrease (wt%) Decomposition (°C)
HNF-C9 131 98.3 134.5
131 97.9 134.6
HNF-E8 132 97.4 135.7
131 97.5 134.5

The melting point of HNF is in good order with the DSC data in chapter4. In general a DSC measurement is

more accurate for determining the melting point.

6. VACUUM STABILITY TEST (VST)

For the VST test a sealed and evacuated test tube containing the sample was immersed in a thermostat bath at

a temperature of 70 °C during 48 hours. The pressure change in the tube was measured with a Hg column.

All samples were tested in duplicate.

The results are summarized in Table 5. From the results it is clear that the amount of gas evolved from the

C grade is roughly half that from the C grade.

Table 5: Results of the thermal stability tests (48 hrs @ 70 °C).

Sample Temperature (°C) Evolved gas after 48 hours (mVg)
HNF-E8 70 0.92

0.93
HNF-C9 70 0.57

0.59

The TG, DSC and VST measurements provide, among others, information about the thermal stability of

HNF. The thermal stability of HNF requires further attention for applications where stability at elevated
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temperature is nceded. Conventional oxidisers and other well-known energetic materials, like RDX and
HMX, are more stable than HNF. However, taking into account an activation energy of ~180kJ/mole
calculated by Koroban [4] (reproduced by TNO and APP) HNF is expected not to decompose in significant

amounts for hundreds of years at room temperature.

7. HYGROSCOPICITY

To mcasure the hygroscopic point, a saturated solution of HNF in water was prepared and put in an air tight
glass container equipped with a hygrometer (dessicator). The relative humidity (R.H.) could be measured
continuously without opening the sealed tube. In this way, the resulting “steady state” R.H. above the
saturated solution could be measured, which equals the hygroscopic point of the sample. The hygroscopic
point of HNF was found to be 94 %. Which is low in comparison with, for instance, ammonium nitrate

which has a hygroscopic point of 62% [6].

Additionally the moisture uptake of HNF was measured at two different relative humidities (R.H. = 20% and
R.H. = 65+ 3%). A sample exposed to both R.H.'s was weighed at regular time intervals. No moisture
uptake for HNF could be measured at both R.H.’s. This is in agreement with the hygroscopic point of 94 %.,

which implies that HNF only starts taking up moisture above a R.H. of 94 %.

8. PHLEGMATIZATION

The phlegmatization experiments have been performed on HNF from batch S8/S9, produced by APP. The
mean size of these erystals is ~ 90 um. Phlegmatization of HNF by means of the addition of a non-solvent
(like c.g. RDX/water) is the most obvious method to desensitize an energetic material. Although many
different non-solvents were tested, none of them led to a (sufficient) improvement of — in particular — the

friction sensitivity. Additional experiments using paraffin wax resulted more promising results.

The deposition of the paraffin wax onto the HNF particles was performed as follows: molten paraffin wax
(melting range 54 — 57 °C) was dissolved drop by drop in a mildly stirred sturry of HNF particles in hexane
(a non-sotvent for HNF) at 60 °C. The sturry/solution was cooled down to room temperature, during which
the paraffin wax slowly precipitated. After sedimentation of the HNF particles the hexane is turbid. By
evaporation of the hexane, using high-pressure air to shorten the evaporation time, the remaining paraffin
wax could precipitate. In this way the total amount of wax added in the beginning is applied to the HNF
particles. Afterwards, the sample was further dried for one night at 20 °C and reduccd pressure. By changing

the relative amounts of materials, different HNF/paraffin wax ratio’s can be prepared.
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Two different compositions were prepared: 90.2/9.8 and 80.0/20.0 wt% HNF/paraffin wax. The results of the
friction measurements to the phlegmatized HNF are summarized in Table 6. The friction sensitivity of both

of these samples was found to be increased to a value of 60 N.

Table 6: Compilation of the impact and friction results on unphlegmatized and phlegmatized HNF samples.

Composition Ratio HNF:phlegmatizer (wt%) Friction sensitivity (N)
pure HNF S8/S9 - 36
phlegmatized HNF 90.2/9.8 60
phlegmatized HNF 80.0/20.0 60

The UN3 criteria and the corresponding values for pure HNF are listed in Table 7.

Table 7: UN3 test criteria for the impact and friction sensitivity and the thermal stability of an energetic
substance [1].

UN3 test series Criterion Unphlegmatized HNF
Impact sensitivity >2] 2-313]
Friction sensitivity >80 N 18 -20 [3]
Thermal stability A sample of 100 g stored at 75 °C Passed

(UN3(c) test) for 48 hrs. should not exceed a

temperature difference of 3 °C
compared to the same quantity of
a reference substance

The VST value (48 hours at 60 °C) of the 80 wt% HNF sample was 0.55 ml/g. The VST test value of the
pure, untreated, material is 1.03 ml/g, whereas a value of 0.3 ml/g is more common for other HNF grades. It
might be so that the treatment of HNF to phlegmatize it caused the evaporation of the small fraction of
processing liquids that is present in the pure material. This could have resulted in less gas evolution from
phlegmatized HNF compared to the pure untreated S8/S9 batch. Also, it could be so that the wax coating
prevents some gas evolution. Furthermore it can be noted that compatibility tests have shown that HNF and

the paraffin wax are compatible.

The “coating” of the HNF particles by the paraffin wax turned out not very good. The photographs in Figure

3 illustrate this.

Generally the HNF particles are stuck into a chunk of wax, see Figure 3. The high content wax sample
simply shows more paraffin, but the presence of this higher amount of wax does not improve the “coating”
of the individual HNF particles. The bad coating properties of this paraffin wax arc due to the apolar nature
of waxes in general, which apparently only have a very limited interaction with the polar HNF crystal
surfaces. Another complicating factor is the needle shape of HNF. A homogenous coating of every HNF
particle is possibly required if the contact between individual HNF crystals has to be prevented to drastically

improve sensitivity characteristics.
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Figure 3: HNF/Paraffin wax 90.2/9.8 wt% (left); HNF/Paraffin wax 80/20 wt% (right).

Furthermore the recovery of the original HNF from the phlegmatized sample proved to be rather difficult.
Therefore, this method was not further optimized and scaled up to be used as a means to transport HNF as a

1.1 D material. Research on HNF phlegmatization is still ongoing at the moment.

9. CONCLUSIONS

Two HNF grades produced by different recrystallization techniques have been characterized with respect to
their thermal, physical and hazard properties. Compared to older batches of HNF, its stability has been
improved as becomes clear from the thermal stability analyses. Furthermore, measurementshave shown that
HNF is not hygroscopic. Finally it can be concluded that the addition of paraffin wax has significantly
decreased the friction sensitivity of HNF compared to the pure material, however not enough to pass the UN

criterion of 80 N and other, more promising, solutions are under investigation.
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Summary

The thermal decomposition of a-, y- and g-hexanitrohexaazaisowurtzitane
(HNIW) has been investigated by manometric, thermogravimetric, IR-
spectroscopic and microscopic methods. Kinetic parameters of the reactions
have been determined in terms of the first-order autocatalysis equation. o-
Form of HNIW has lowered thermal stability as compared with y- and e-
forms. The complete thermal phase transitions of o- and g-polymorphs into
y-HNIW occur already at low decomposition conversions (up to 1%), thus
the observed difference in the kinetic behaviour should be explained by

physical reasons (such as morphology, particle size, concentration of defects



in the crystals of the decomposing y-HNIW) and/or by the kinetics of the

phase transitions o —> yand € —» y.
Introduction

Hexanitrohexaazaisowurtzitane (HNIW) can exist in various crystal
modifications [1]. The thermal decomposition of this substance has been
investigated more than once [2-5]. e-HNIW, the most attractive polymorph
for practical use, has been studied widely. Only in one paper we have found
the data on B-HNIW [2]. The crystal structure can affect the reactivity and
the thermal stability of the substance essentially; in particular such influence
was observed for HMX [6]. The present work is devoted to the comparative

investigation of the thermal decomposition kinetics of a-, y- and g-forms of

HNIW.

Experimental

- and e-HNIW from Thiocol Corporation (Birgham City, USA) were used
in our experiments. y-HNIW has been obtained by heating of e-HNIW, as it
is known [7] that the thermal phase transition &€ — y occurs easily. The

sample of e-HNIW was heated up in an atmosphere of dry pure argon up to
162°C and was kept at this temperature for 4 hours with simultaneous weight

fixing. In these conditions the weight loss of the sample has not exceeded

0,5%.




Kinetics of the thermal decomposition was studied with the use of automatic
electronic thermobalance ATV-14M, admitting the measurements as under
non-isothermal (programmed heating), and under isothermal conditions. For
IR-spectral measurements we used spectrophotometer Specord-75-IR. The
spectra of a-, y- and e-HNIW samples to be studied were identical to those
described in the literature [3,8]. The microscopic observations were carried

out on optical microscope MBI-15-2.
Results and Discussion

Under linear heating (heating rate was 2,4°C/min) the noticeable thermal
decomposition rates of a-HNIW were observed at temperatures above
170°C, and at 216°C the substance ignited. The intensive y- and e-HNIW
decompositions were observed at higher temperatures, and the ignitions
occur at 226 and 230°C, respectively. The data of non-isothermal kinetics
demonstrate that the thermal stability of HNIW polymorphs decreases in

order e >y > a.

Even more evident distinctions in decomposition kinetics of HNIW
polymorphs were revealed under isothermal conditions. The appropriate data
are submitted in a Fig. 1. The kinetic curves are described by the equation
for first-order autocatalysis:

dn/dt=k(1 - n) + kan(1 - n) (1),
where 1) is the reaction conversion (in gravimetric experiments it is the
relation of the weight loss of the sample at time of reaction t to total weight

loss), k; and k; are the rate constants of non-catalytic and catalytic processes,




respectively. In Tables 1 and 2 the activation parameters of the reactions and
the rate constants values at 180°C are presented, and in Figures 2 and 3 the

temperature dependences of the rate constants are submitted.
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Figure 1. Kinetics of thermal decomposition of various HNIW modifications

on air at 194°C.

From the data obtained it is clear that o-HNIW has the least thermal stability
among the investigated HNIW polymorphs. Under non-isothermal
conditions a-HNIW ignites at lower temperatures than other HNIW
modifications. In isothermal experiments we did not succeed to carry out o-
HNIW decomposition at the temperatures above 200°C. The e-HNIW

sample (10 mg) ignites at 204°C with the ignition delay 6.5 minutes.




Table 1

Kinetic parameters of non-catalytic stage (k,) of thermal

decomposition of various HNIW modifications

Polymorph | Temperature Kinetic parameters
range, °c E, A,s" r K0 g
kcal/mol
o 166-194 |356+26 | 10" 0,992 53-10°
y 172-194 [ 46,7+3,4 | 10771 10,995 1,5-107
£ 192-211 | 53,1+1,4 | 107 10,998 | 4,8-10°
Table 2

Kinetic parameters of catalytic stage (k;) of thermal decomposition of

various HNIW modifications

Polymorph | Temperature Kinetic parameters
range, °c E, A s r K0 g
kcal/mol
o 166-194 | 554+19 | 102 0,998 | 1,9-10"
¥ 172-194 | 494+ 1,7 | 10"%% 10,998 | 5,8.107
£ 192-211 | 453+2,6 | 1072 10,992 | 5,5:107
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Figure 2. The temperature dependence of the rate constants for non-catalytic

stage (k;) of the thermal decomposition of various HNIW modifications

As it is known [7] the thermal phase transitions in HNIW occur easily. The
phase transformations are realized during HNIW thermal decomposition
[3,5]. Our IR spectroscopic data show that complete phase transitions into y-
modification takes place already on 1% decomposition of o- and e-HNIW.
Thus, all three kinetic curves shown in a Fig. 1 in fact are related to y-HNIW
decomposition. The different thermal stabilities of a-, y- and e-modifications
could be caused by different physical characteristics of reacting y-phase
(morphology, particle size, concentration of the defects etc) due to

differences in the mechanisms of y-phase formation.
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Figure 3. The temperature dependence of the rate constants for catalytic

stage (k) of the thermal decomposition of various HNIW modifications

According to microscopic observations, in the course of € — v transition
destruction of e-HNIW crystals and formation of highly disperse particles of
y-HNIW takes place. In addition, € — y transition is accompanied by loss of
trace amounts of water (< 0.1 wt %). Pseudomorphs of y-HNIW after e-
HNIW bear signs of cracking. All these processes can activate substance and
supply a smaller thermal stability in comparison with initial e-HNIW.
Certainly, e-HNIW decomposition is accompanied by phase transition ¢ —
v. Probably we must take into account the role of the transition time and
coexistence of y-form with the more kinetically stable e-form at initial stage

of e-HNIW decomposition.




In the previous work devoted to the thermal decomposition of e-HNIW [5] it
was marked that the reaction proceeds topochemically. Therefore the
activation parameters of the process can not be related to reactivity of
nitramine group. From results mentioned above it is clear that y-HNIW
display a similar behaviour. As to a-form, the activation parameters of non-
catalytic reaction with k, are close to those, observed at homogeneous
decomposition of nitramines [9]. Therefore it is possible that o-HNIW
decomposes homogeneously at the earleast stages because of the presence of
water in the crystal. However this conclusion should be considered
extremely as presumable, because the rate constants k, are determined with
low accuracy. Really, the analysis of the equation (1) shows, that already at
1% of decomposition of a-HNIW at 180°C the contribution of catalytic
reaction into total rate of the process achieves 26%. It is clear, that this fact

can be appreciably affect the accuracy of of k, value determination.
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Abstract:

TNAZ, a new, powerful and steam castable strained ring explosive has been
synthesised and fully characterized at the ICT.
Since 1997 the research is focused on the synthesis of TNAZ in order to

enable independent investigations and to prove computational predictions.
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1. Introduction

TNAZ (1,3,3-Trinitro-azetidine) was synthesized for
O,N NO . . .
2 2 the first time in 1984 and became one of the

most promising energetic material in the 1990°s.

ITI More than fifty publications in recent years

NO, concerning to the synthesis and, in an increasing

TNAZ number to the applications elucidate the world-

wide interest in this new heterocyclic system.

Due to the combination of strain energy and chemical energy TNAZ exhibits
unusual and potential valuable properties for applications as castable

explosive as well as plasticizer.

TNAZ Cl20 HMX RDX TNT
density [g/cm3] 1,84 2,04 1,96 1,82 1,64
mp. [°C] 101 247 >240 204 80,8
decomp. (onset) [°C]  >240 ab 213  >240 204 300
heat of formation 280 1049 353 416 185

[klkg]

heat of explosion 1900 2200 5711 5757 3335

[kJ/kg]

0,-balance [%] -16,7 - 10,9 -21,6 -21,6 -73,5
TABLE 1: Comparison of energetic materials

Computational prediction for TNAZ as ‘high-energy-TNT-replacement’ in
composition B shows an 20% increase of the gurney energy. Admixtures

with TNT enables to attain any aimed performances by a ‘single explosive’.

As ingredient in solid rocket propellants and gun propellants TNAZ is

supposed to be on the level of the well known CL20.
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2. Synthesis

At the ICT since 1997 the research is focused on the synthesis of TNAZ in

order to enable independent investigations.

In the moment about 7 different synthetic routes are published, from which
we selected a 5-step way, original developed by HISKEY 112,
After modifying and optimization in the ICT labs we are now able to

produce TNAZ in the maximum laboratory scale (SCHEME 1)

The synthesis starts with cheap and commercial available materials to form
the oxazine 1. The following ring opening to the y-aminoalcohol 2 is carried
out with conc. HCl in methanol under reflux conditions and subsequent
purification by reprecipitation.

The cyclization to the azetidine 3 by the use of DIAD and PPh; [Mitsunobu -
reagent B incure about 50% of the total chemical costs, which can be
reduced by oxidative recycling of DIAD*2H

Kornblum nitration leads to the dinitro-azetidine, isolated from the reaction
mixture after extraction as pure HNO;-salt 4.

The finishing step to TNAZ utilize the well known procedure for the
generating of nitramines from alkylamines in acetic anhydrid at ambient

temperature.
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SCHEME 1: TNAZ-synthesis at the ICT
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SCHEME 2: yields of the TNAZ synthesis in laboratory scale

The overall yield (5 steps) is reproducable in the range of 15-20%. At
present about 200 g TNAZ per month can be produced, the caused total

chemical costs run up to about 5% per gram.

3. Properties

IR-spectroscopy (FIGURE 1)

TNAZ’s high symmetry cauces a decrease of signals in the fingerprint area.
Both the expected aliphatic C-H and the N-O / NO, vibrations can be clearly
identified.

The position of the weak C-H signals over 3000 cm™ is the clue for a high

ring tension of this heterocyclic system.
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FIGURE 1: IR-spectrum [KBr]

NMR-spectroscopy

The chemical and magnetic equivalent ring protons occure as singlet at 6=
5.30 ppm (FIGURE 2)

The secondary ring-carbon atoms show also a single resonance at §=63.5
ppm. A typical weak signal can be found for the quarternary carbon at 8=

104 ppm (FIGURE 3)
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FIGURE 3: PC-NMR (DMSO-d6, 69 MHz)
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Differential Scanning Calorimetry

This analysis confirmes the thermal stability of TNAZ in a wide temperature
range. The conspicuous features in the thermogram (FIGURE 3) are the
melting endotherm at 100°C and the decomposition exotherm at about
250°C.

Using sample pans with pierced lieds the results differ dramatically (FGURE
4).

The absence of any exothermic peak is explicable by the sublimation of

TNAZ at temperatures close to the melting point.
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FIGURE 4: DSC (sample pans with pierced lieds)
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X-ray diffraction

The evaluation proves the phase stability of TNAZ in a temperature range
from —70°C to 100°C. The lattice parameters were determined and found

to be equal to published calculations 4!,
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TNAZ-70->100, dT=10°C
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FIGURE 6: x-ray diffraction

Accelerating Rate Calorimeter - measurment

The experiment determined a remarkable adiabatic self heating only at
about 180°C. In comparison to TNT this indicates an increased thermo-
lability, but nearly the same stability as detected for CI20.

Furthermore the deflagration of TNAZ extends on a longer period as other
energetic materials used to do. This is a significant benefit for the safety of

processing TNAZ.
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4. Conclusion

240

The ICT produces TNAZ in the maximum laboratory scale (200 g / month).

The technology tranfer to the pilont plant is proposed for the year 2000.

The substance is fully characterized, all experimental data correlate well

with published spectra.

For the future we intend to develop new synthetic routes in order to

shorten the number of steps and to reduce the enormous costs at present.



10 - 12

5. Literature

1) Hiskey, Coburn, US Patent 1994, Nr. 5,336,784.

2) Hiskey, Coburn, J. Energet. Mat. 1998, 16, 73-99.

3) Mitsunobu, Synthesis, 1981, 1-28.

4) Archibald, Gilardi, Baum, George, J. Org. Chem. 1990, 55, 2920-4.




11 -1

A NEW CONVENIENT ROUTE TO GEM-DINITROALIFATIC
COMPOUNDS.
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Abstract

Nitration of some 2-substituted pyrimidine-4,6-diones in sulfuric acid was studied. The
nitration gave several previously unknown 5,5-gem-dinitropyrimidine-4,6-diones in high
yields. The gem—dinitroproducts formed were easily attacked by nucleophiles with the
formation of gem-dinitroacetyl derivatives, which in turn could be further hydrolysed to the
salts of dinitromethane. A new insensitive explosive, guanidine dinitromethane, was

synthesized and characterised.

Introduction

There are few examples of direct electrophilic attacks on activated carbon-hydrogen bonds in

alifatic systems, leading to the formation of gem-dinitro- and trinitro-methylcompounds1'3.

Some substituted heterocycles, mainly azolones, have been shown to behave in the same way

(Schemes 1-3)4'6:

H NO, 0]
le/@ HNO4/H,S0, OaN NO, 35°C O:N
[e] o) (0]
N RT N N
H No, H NOo, H
1 2 3
Scheme 1

In those cases where gem-dinitration in the heterocyclic ring occurred it was accompanied by
nitration either in the condensed aromatic system (Scheme 1) or in the substituent (Schemes 2

and 3) this made it difficult to follow the sequence of nitration.
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- gem-Dinitro compounds differ significantly in their thermal stability and in some cases their

structure was only postulated (7).
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In an attempt to understand the mechanism of gem-dinitration in a heterocyclic molecule and

to see if this type of reaction could take place independent of substituents in the same

molecule we decided to investigate the nitration of pyrimidinones with only one reaction

centre liable to such attacks; (10). Sulfuric acid was used as the reaction media, this has

previously been found to favour the formation of gem—dinitrocompounds4'6. The course of

the reaction was monitored by UV-spectroscopy.
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Discussion

It was found that nitration of (10) by pure nitric acid or solutions of nitric acid in organic
solvents at room temperature lead to nitration of the substrate in the 5-position; the same
results were obtained when solutions of (10) in concentrated sulfuric acid (85-95%) were
treated with one equivalent of nitric acid, - quick and quantitative formation of mononitrated

products (11) were observed.

Excess of nitric acid in the reaction mixture (1-2 moles per mole of 11) and a higher reaction
temperature (30-60 °C) caused further nitration of (11) in the same position with the
formation of 5,5-dinitroproducts(12), this was first detected by the appearance of a new
maximum in the UV-spectra of the quenched samples (Amax.=355-365nm), in addition to the

maximum corresponding to the mononitrated product (Amax.=320-330nm) (Scheme 4).

H H O,N_ NO, OOzN NO,
OWO HNO,/H,S0, OWO H,0 ﬁ)( H
Ns _NH N& NH HN._NH
Y 20-50°C he -CO;,
R 10 R 12 R 13

HNOj/ Solvent

20-50°C
O,N NO,
ON. H HNO4/H,S0, R=H (a) 00
5 o 20-50°C R = NH, (b) o
W R = OH (c) HN.__NH3
NYNH R 14
R 11

Scheme 4

Reaction times at 30-40 °C varied, depending on the nature of the substituent in the 2-
position, from 2 to 20 hrs. These were estimat;zd by the increase of absorbance at ~360 nm.
The gem-dinitraded products{12a-¢) proved to be extremely sensitive to nucleophiles, in
particular, water. Only one of these compounds(12a) was isolated in high yield and

characterised, this due to its very low solubility in the nitrating mixtures studied. No N-

nitrated products were detected, this is possibly explained by the high acidity of the reaction

media. Formation of other compounds (12b and 12¢) was postulated on the basis of the
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structural analyses of compounds obtained during aqueous work-up,-e.g. the reaction mixture
produced by nitration of (10b) when diluted with water gave directly gem-
dinitroacctylguanidine(14b). No products of type (12) or (14) were isolated from the nitration
of (10c¢). In this case formation of the intermediates (12¢ and 14c¢) was deduced from the
formation of the dinitromethid-ion (16) during alkaline hydrolyses of the genched nitration

mixture.

Isolation of the previously unknown 5,5-dinitrobarbituric acid (12¢) in pure form made it
possible to study its properties and reactions in more detail. The substance is a rather

thermally stable solid which decomposes violently at ~150 °C (figure 1).

60 FOA 21

Heating rate 10 °C/min
50

40 |
30 4

20 -

-10 7 T T T T 7 T v T T
60 80 100 120 140 160 180 200 220 240

Heatflow (W/g)

Temperature (°C)
Figure 1, DSC curve for 5,5-dinitrobarbituric acid (12¢) at heating rate of 10 °C per minute

5,5-dinitrobarbituric acid(12¢) was very reactive chemically and it was easily attacked at the
4-position by different nucleophiles, e.g. it dissolved readily in cold water forming acidic
solutions, from which on standing carbon dioxide evolved, resulting in the precipitation of
gem-dinitroacetylurea(l14¢). The latter compound is also a strong acid forming rather insoluble
salts (potassium,sodium etc.) on careful neutralisation of its aqueous soutions, (Schemes 4

and 5)
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Figure 2: DSC curve for Potassium gem-dinitroacetylurea (15¢) at heating rate of 10 °C per

minute

It was also shown that these salts(15) are relatively stable thermally (figure 2) but can be
easily hydrolysed at elevated temperatures in basic media to salts of dinitromethan (Scheme
5). This provides a new, efficient and safe method for the preparation of these compounds in
comparison with other known methods8-10 E.g. the overall yield of potassium dinitromethane

from barbituric acid is around 80%.

NO, NO.
@ MOH, RT 2 0 .
NH.__NH, . NH. _NH MOH, 70-80°C NO, R=H(a)
OzNékﬂ/ ¥ ___.__ozw)e\[( ¥ H N@@< R = NH, (b)
0O R N NO; Rr=0OH
HRT  ,®0 R =OH(e)
14 15 16

Scheme 5
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In addition to the known dinitromethane salts, potassium-, ammonium- etc.- a new compound
in this series guanidine dinitromethane(18, scheme 6), was obtained by precipitation from an
ion-exchange reaction. Unlike other dinitromethane salts, guanidine dinitromethane(18) is a
relatively thermally stable explosive(figure3) with a surprisingly low sensitivity. The impact

and friction sensitivities were determined according to the BAM standard which conforms to
the UN guideline ST/SG/AC.10/1111, with one exception: the impact sensitivity was
measured with a 2kg drop weight. This study showed guanidine dinitromethane(18) to be out

of range for the test apparatus: impact sensitivity (cm) >150; friction sensitivity (N) > 350.

NO NH o,N NH
@ 2 69 2 2 2
M o + N NH, —— > ENH +MNO,
©*No, ’ ®6NH22 oN© @nn,?
16 17 18
Scheme 6

As well as the dinitromethane salts(16), the gem-dinitroacetylderivatives(14), having several

reaction centres look very attractive as synthetic intermediates in the design of new

explosives!2. The chemistry of these interesting compounds is currently under investigation.
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Figure 3: DSC curve for guanidine dinitromethane (18) at heating rate of 10 °C per minute

Summary and Conclusions

We have discovered gem-dinitration in the pyrimidinone series. This was shown to be an easy
and accesible route towards dinitromethane salts as well as other polynitroalifatics. Several
new stable multifunctional gem-dinitro compounds, which seem to be useful intermediates in
the design of new explosives, have been synthesized and characterized. Guanidine
dinitromethane is an example of these compounds showing interesting properties as an

insensitive and thermally stable explosive.

Experimental

Caution: The gem-dinitrocompounds, described in this paper are powerful and sensitive
explosives and should be handled with appropriate precautions. Employ all standard energetic

materials safety procedures in experiments involving such substances.

5,5-dinitrobarbituric acid(12c)

To a solution of barbituric acid(10c) (5.15g, 0.04mol) in 90-95% sulfuric acid (25 ml) was
added fuming nitric acid (4 ml, 0.1mol) while the temperature was kept below 25°C. The
reaction mixture was then heated to 45°C for 4hrs. The resulting precipitate was filtered off,
washed with trifluoroaacetic acid and dried, yielding 5,5-dinitrobarbituric acid(12¢) as a
hemihydrate (8.5g,94%), dec.temp. 150 °C; IR (KBr): 3250 (NH), 1745 (C=0), 1580 (NO,),
1378 (NO,); 'H NMR (DMSO-d6) § 11,03 broad; "C NMR (DMSO-d6) & 113.5, 149.0,
155.1, Anal.caled.for C,H,N,0,*0,5 H,0: C, 21.16; H, 1.33; N, 24.67. Found: C, 21.1; H,
1.23; N, 24.89.

Gem-dinitroacetylurea(l4c)
Dinitrobarbituic acid(12¢) (7.2g, 0.032mol) was dissolved at 10°C in 10 ml of water and kept
at this temperature for 2 hrs, during this period gas evolution was observed, which resulted in

the precipitation of a yellow solid. The solid was filtered and dried at 40°C with changing
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colour from yellow to white to give 5.5g (53%) of (14¢). dec.temp. 130°C. Anal.calcd.for
C:H,\N,O,: C, 18.75; H2.08; N, 29.17. Found: C, 18.78; H, 2.26; N, 29.14.

Potassium gem-dinitroacetylurea(15¢)

Gem-dinitroacetylurea(14¢) (10g, 0.052mol) dissolved in 50 m! of water was added dropwise
to a solution of 2.7 g (0.05mol) KOH in 50ml of water while keeping the temperature at 10°C.
A yellow precipitate was immediately formed, which was filtered and dried. Yield 8.2g (77%)
of potassium gem-dinitroacetylurea(15¢). 'H NMR (DMSO-d6) & 10.44; 7.66; 7.21. *C NMR
(DMSO-d 6) & 159.15;154.90;134.99. Anal.Caled.for KC,H,N,O,: C, 15.65; H, 1.31; N,
24.34. Found: C, 15.46; H, 1.28; N, 24.22.

Potassium dinitromethane(16)

10g (0.052mol) of potassium gem-dinitroacetylurea(15¢) was added to the solution of 12g
(0.21mol) KOH in 100 mi of water; the resulting mixture was kept at 80°C for 2hrs and then
cooled to room temperature. The precipitate of potassium dinitromethane was filtered, washed

with 10-15 ml of cold water and dried to give 6.2g (85%) of pure potassium
dinitromethane(16), which was identified by dec.temp. 220 °C8 and UV-spectroscopy (Amax.

=363 nm and &£ = 20800)13.

Gem-dinitroacetylguanidin (14b)

3.8g (0.018mol) 2-Aminopyrimidine-4,6-dione(10b) dissolved in 40 ml concentrated sulfuric
acid were nitrated in conditions analogous to those for (10¢). After 2hrs the reaction mixture
was cooled to room temperature and poured into 200 ml of cold water; the dilution was
accompanicd by evolution of carbon dioxide and precipitation of a yellow solid, (14b) 5.0g
(88%). dec.temp. 150 °C. Anal.Calcd. for C;H,N,O;,: C, 18.85; H, 2.62; N, 36.65. Found: C,
19.01; H, 2.60; N, 36.57.

Guanidine dinitromethane(18)
6.4g (0.05mol) sodium dinitromethane(16) was dissolved in 120 ml water at 70 °C to this was
added a solution of 6.1g (0.05mol) guanidine nitrate(17) in 30 ml of water. The reaction

mixture was cooled to room temperature and a precipitate was formed. The product was
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filtered off, washed by water and dried at 40 °C yielding 7.5 g (90%) of guanidine
dinitromethane(18). dec.temp. 150 °C.
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Abstract

The development of the use of cyclodextrin nitrates as possible components of
insensitive, high-energy energetics is outlined over a time period of 12 years. Four different
types of cyclodextrin polymers were synthesized, nitrated and evaluated regarding their
potential use for the military and aerospace community. The synthesis of these novel
cyclodextrin polymers and different nitration techniques are shown and the potential of

theses new materials is discussed.

1. Introduction

The military and aerospace community has an on-going interest in and need for energetic
materials with high energy performance but with low sensitivity characteristics. MACH I,
Inc. has completed a Small Business Innovation Research program sponsored by the U. S.
Air Force to evaluate nitrated cyclodextrin polymers as possible components of insensitive,
high-energy energetics. These materials will also be suitable for components in insensitive,
minimum smoke-producing propellants. The U.S. Navy, Naval Surface Warfare Center,
Indian Head, MD had a program to evaluate nitrated cyclodextrins. They postulated that the

nitrated cyclodextrin can form inclusion complexes with energetic guests similar to
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cyclodextrin. However, since the energetic is contained in the inclusion complex, it acts as
if partially coated, thus the composition resists detonation due to impact, shock, friction or
electrostatic discharge. The included energetic guest does however increase the
performance of the system. Consaga et al. [1-2] showed that nitrated y-cyclodextrin (CDN)
is able to encapsulate organic nitrate esters like nitroglycerin (NG) and butanetriol-trinitrate
(BTTN). The shock sensitivity of these energetics can be reduced by encapsulation with

CDN.

HOHy
/% CH,OH
Explosiv HOH

e.g. NG o OH CH,OH
%
HOH,C MOH %zon

b-Cyclodextrin 0" ChoH

Figure 2: Encapsulation ability of cyclodextrins.

The work on nitration of cyclodextrins at NSWC Indian Head began in 1988. At that
time P-cyclodextrin was selected as the candidate for nitration, due to the significant
differences in costs. In 1988 the costs for cyclodextrins were as follows: a-cyclodextrin:
$200/Ib, B-cyclodextrin: $6/lb and y-cyclodextrin: 2,000/1b. Since then, the price for y-
cyclodextrin has dropped dramatically to $25-30/1b. With this change, more research has
been done with y-cyclodextrin, since this derivative has advantageous encapsulation

properties, due to the increased cavity size.

The viscosity of some of the complexes of nitrated esters and the nitrated

y—cyclodextrin monomer is too low however to be used alone without a binder in many
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formulations. By polymerizing the cyclodextrin into higher molecular weight versions and
nitrating, the processing characteristics should improve measurably and offer explosive

chemists new and exciting components.

US NAVY US NAVY US AIR FORCE US AIRFORCE  US AIR FORCE
1988-1998
IM Propulsion,
INSWC Indian Head
1995

Linear tubes

of CDN, 1997 1998-2000 2000
Carried out
at MACH |,
sponsored by  SBIR grant Phase |  SBIR grant Phase Il Phase Il and Future
NSWC Development of cyclodextrin polymer nitrates
MACH I Inc.

Figure 2: History of cyclodextrin nitrate research.

This paper describes the synthesis, purification and characterization of different types
of nitrated cyclodextrin polymers (poly-CDN). All nitrated cyclodextrin polymers provide
a high molecular weight for an improved behavior in an explosive formulation, which leads
to favorable processing properties. The following polymers, shown in figure 3, were
chosen for our investigation: a y-cyclodextrin polymer crosstinked with I-chloro-2.3-epoxy
propane 1, a y-cyclodextrin polymer crosslinked with 4,4’ methylene-bis(phenyl isocyanate)
2, a linear polymer with pendant y-cyclodextring 3 and a linear tube, consisting of a-
cyclodextrins crosslinked with 1-chloro-2,3-epoxy propane 4. These polymers were
nitrated according to different protocols and the suitability of their nitrated forms as
Insensitive Munition (IM) energetic candidates for future use and formulation development
was investigated. The 1-chloro-2,3-epoxy propane crosslinked y-cyclodextrin polymer 1

was selected for scale-up evaluation and further testing.
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Figure 3: Four different types of cyclodextrin polymers.

3. Results and Discussion

The synthesis of the cyclodextrin polymers shown in figure 3 are in part literature
known [3-5]. These four polymers differ in their connection of the cyclodextrin units, due
to the use of different crosslinking agents. After crosslinking to a polymer at least two
cyclodextrin hydroxyl groups were consumed for the linkage. In case of the hydroxy-propyl
linked polymers 1 and 4, one new hydroxyl group was gained from the linker. Preferably
an average of 2.5-3 hydroxyl groups of each D-glucose unit or within the linker were

converted to nitrate esters under the condition of nitration. The linear polymer with pendant
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cyclodextrins 3, has its cyclodextrins bound to a polymer backbone by secondary amine
linkages. Twenty three hydroxyls are available for nitration for each bound cyclodextrin
molecule. The reaction of y-cyclodextrin with 4.4 methylene-bis(phenyl-isocyanate)
yielded polymer 2. The cyclodextrins are connected by urethane linkages. At least two
hydroxyl groups were consumed for the linkage, which left only the remaining hydroxyls
of the cyclodextrin available for nitration.

1, 3 and 4 were nitrated using nitric acid, which is a standard nitration technique. Elemental
analysis showed nitrogen levels of 11.6 % for the nitrate of 1, 19.9 % for the nitrate of 3,
and 9.55 % for the nitrate of 4. Polymer 2 could not be nitrated using nitric acid.
Hydrolysis of the urethane linkages occurred under these strongly acidic conditions.
Therefore 2 was nitrated in liquid carbon using nitrogen pentoxide [6]. This technique also
offers the advantage of an easy purification, since solvent and reagents are volatiles that
can be vented leaving the nitrated product pure. However, the costs of nitrogen pentoxide
and the lack of scale-up capability, made it difficult to use this technique and the nitration
of 2 was not further optimized. The selection of the cyclodextrin polymer to scale up based
on the synthesis of the polymer, the properties of the polymer, the nitration of the polymer

and properties of the nitrated polymer.

Table 1: Scale-up of Synthesis and Nitration

CD Polymer Synthesis and Scale-up Nitration Scale-up
1 One-step synthesis, 1 1b batches Nitric acid 1 kg batches
2 One-step synthesis, 100 g batches | Liquid carbon, N,Os 1 g scale
3 Three-step synthesis, 100 g scale Nitric acid 1 g scale
4 Four-step synthesis, 1-10 g scale Nitric acid 1 g scale

Table 1 shows the scale-up of synthesis and nitration of the different cyclodextrin
polymer candidates (1-4). The comparison resulted in selecting candidate 1 for further

scale-up and testing. A scale up was carried out to produce 1 Ib batches. The crude polymer
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was purified by tangential flow membrane filtration using a polyethersulfone membrane
with a cut-off of 3,000. Molecular weights were determined by GPC and showed a
doubling in molecular weight. indicating a complete nitration of all available hydroxyl

groups. IR and NMR spectra confirmed this result.

Initial sensitivity experiments were carried out at Eglin AFB, Pensacola, Fl, U.S.A with
RDX as an energetic material for encapsulation. The shock sensitivity of RDX was
dramatically reduced by encapsulation with the nitrated polymer 1. Table 2 shows the

safety properties of RDX and polymer 1-RDX complexes at different ratios.

Table 2: Safety properties

Complex -RDX Impact [em] | Friction [kg] | ESD [Joule]
[weight ratio] Bruceton

RDX 19 9.6 0.0595

1 47 28.8 0.1288
1-RDX 1:1 42 12.8 0.1288
1-RDX I:5 27 10.8 0.1288
1-RDX 1:10 30 10.8 0.1288

Optical microscopy studies of encapsulated RDX showed a diminishing of the typical
RDX crystal structure pattern. The two upper pictures show the typical crystal structure
pattern of RDX. The picture identified as Poly-CDN shows the non-crystalline structure of
the amorphous cyclodextrin polymer 1. The lower right picture shows the structure of
encapsulated RDX. No discrete crystals of RDX are detectable anymore. This phenomenon

explains the significantly improved safety characteristics shown in table 2.




12 -7

ification: 5x

Figure 4: Optical micrograph of RDX (magnification 5x), RDX (magnification 20x),

cyclodextrin polymer 1, RDX encapsulated in 1 (from upper left to lower right).

2. Experimental

Synthesis of cyclodextrin polymers

y-CD crosslinked with 1-chloro-2,3-epoxy propane 1. 28.7 g (0.72 Mol) NaOH were
dissolved in 125 ml water. 50 g (0.038 Mol) dried cyclodextrin and 100 mg NaBH, were
added. The solution was warmed to 50 °C and 35 ml (0.45 Mol) epichlorohydrin were
slowly dropped into the solution and stirred for 3 h. After cooling to 4 °C 12.5 ml acetone
were added and the mixture was stirred for 1h. The acetone layer was removed by
separation and the solution was stirred for another 3 h at 50 °C. After neutralization with

10 N HCI the crude reaction mixture was purified by tangential flow membrane filtration
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(Centramate™, Pall Filtron, cut-off filter 3,000). After freeze drying a pure product was
obtained (75 % yield). The average molecular weight was determined by Vapor Pressure

Osmometry (M, = 4185). A cyclodextrin content of 59% was determined with phenol-

sulfuric acid [7].

7-CD crosslinked with 4,4’'methylene-bis(phenyl isocyanate) 2. 20 g (0.015 Mol) dried
cyclodextrin were dissolved in 200 ml anhydrous DMSO. The solution was hcated to

100 °C. 3 g (0.012Mol) 4,4’methylenebis(pheny! isocyanate) (MDI) dissolved in 20 ml
anhydrous DMSO were added drop wise. The solution was stirred for 8 h at 100 °C. After
cooling to ambient temperature the mixture was precipitated in methanol. The product was
filtered, washed with water and dried in vacuum. The average molecular weight is approx.

2,000 (M,). The cyclodextrin content was determined by NMR to be 81%.
Polyallylamine with pendant y-CD’s 3. The synthesis is described elsewhere [3].

Linear tube of o-CD’s 4. The reaction protocol of Harada et al. [4-5] was used.

Nitration

10g cyclodextrin polymer were dissolved in 100 ml nitric acid at 10 °C. The mixture was
stirred for 30 min and then precipitated over ice. The product was filtered and washed,
dissolved in acetone and re-precipitated in water again. After filtration the material was
dried in vacuum. Molecular weights were determined by GPC and showed a doubling in
molecular weight, indicating almost complete nitration of all available hydroxyl groups.
Elemental analysis showed nitrogen levels of 11.6 % the nitrate of 1, 19.9 % for the nitrate

of 3, and 9.55 % for the nitrate of 4.

Nitration in liquid CO; with N,Os [6]
1 g Polymer 2 and 5 g sodium fluoride were added to the 600 ml vessel. The nitric

acid/dinitrogen pentoxide mixture was added to the 60 ml vessel. The agitator was turned
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on and carbon dioxide was slowly added to both vessels until the pressure was 61 atm
(1900 psi). The -25° C cooling fluid was pumped through the jackets of both vessels. The
600 ml vessel carbon dioxide addition tube was closed and the valve between the two
vessels was opened. For 90 min 1.4 g of carbori dioxide /min was passed through the two
vessels. The temperature was -10 + 2° C. The pressure was slowly released and the
product poured into 20 g of sodium bicarbonate in one liter of water. The pressure vessel
was rinsed with 700 ml of additional water. The mixture was filtered and the nitrated
polymer was washed twice with water. Yield: 0.6 g of a white solid, soluble in acetone.

Elemental analysis showed a nitrogen level of 13.6% for the nitrate of 2.
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ABSTRACT

Zwitterionic amine-nitramines are proposed as a new class of energetic
materials. These compounds simultaneously contain in their molecule
both primary nitramine group (-NHNO,) and nucleophilic centre,
which is aminogroup (-NH,). Transferring a proton from primary
nitramine group to aminogroup leads to a formation of aminoacidic

+ _
zwitterionic structure: HyN-R-NNO,.

The intramolecular ionic bond increases intermolecular interaction
(energy of a crystalline lattice), and as a consequence, thermal stability
and density of such a compound. The substances considered can be
applied to water-base energetic systems of various assignments.

INTRODUCTION

The application of primary nitramines as energetic materials is limited due to
their relatively low thermal stability.

Our systematic research of aliphatic primary nitramines’ thermal
decomposition, carried out for a number of years, has allowed us to establish the
relationship between nitramines’ structure and their thermostability, and to reveal
the mechanism of decomposition for these compounds in condensed phase.

Nitramines’ thermal decomposition has autoprotolytic character. The stronger acid
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a particular nitramine is, the less stable it is thermally [1,2]. This is due to the fact

that known explosoforic groups show electron-acceptor properties:

lg kysooc = —(0.34+0.05) pK, - (1.40£0.31) (1)
r=-0.942; §,=0.07; n=8

Dinitramide (O,N-NHNO,) is the most typical example. It has the greatest acidity
(pK, = —5.62) and, as a consequence, the lowest stability.

It is clear from equation (1), that attempts to synthesize primary nitramines,
which would be more powerful and simultaneously more thermally stable than
ethylenedinitramine (EDNA), are unsuccessful. Increasing the nitrogroups number
in a molecule in order to obtain more balanced and powerful explosive inevitably
results in the increase of acidity and decrease of thermal stability of compounds.
For example, detonation parameters of 1,3,5-trinitrazapentane are close to those of
oktogen (HMX), but its limited thermostability effectively prevents one from
using this compound as explosive. The capacity to somewhat increase
thermostability at the expense of growing molecular weight of a substance (for
example, by escalating a chain of linear polymethylenepolynitramine
O,NNH[CH,N(NO,)],CH,NHNO,), which usually causes the melting point to go
up, is limited in this case. Stabilization by the "double protonation” mechanism
[1], which is known to work for methylenedinitramine (MEDINA) [3], is suitable
only for some substances, not for all. Besides, it does not allow thermostability of
compounds to reach even the level of EDNA (tzooco.(m/u=6~102 years).

So, it seems that search for the new powerful energetic compounds among
primary nitramines is hardly promising. It is basically impossible to change an
electron-acceptor nature of a nitrogroup, while using buffer electron donation

groups results in decreasing the oxygen balance of a substance.
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ZWITTERIONIC AMINE - NITRAMINES

If one creates a nucleophilic center —NH, in a certain part of a molecule that
contains a fragment —NHNO,, then protonation on this center is one of the

possible ways of stabilization for such a structure:

Scheme 1

+ —
HzN—@—NHNOz — H3N‘_@—NNOZ + 70 kJ/mol

Anion system R—[NNO,] is thermally more stable [1] than R-NHNO,. Additional

energy of about 70 kJ/mol (Scheme 1) is required for its thermal decomposition,
which follows decomposition mechanism typical for primary nitramines (£,~106-
130 kJ/mol) [1,2]. Energy, necessary for transition of a zwitterion into a molecular
amino-nitramine, is obtained from the values of formation heats (AH®%) for amine
salts of primary nitramines. This energy includes not only thermal effect of
neutralizing, but also the increase of energy of a crystalline lattice caused by the
formation of ionic bond.

The information about compounds, which contain in their molecules primary
nitramine group and aminogroup simultaneously, is scarce in the literature. Only
1-amino-2-nitraminoethane and 2-amino-3-nitraminopropene are known. These
were synthesized in USA in 1950-1954 [4]:

o
H2N'CH20H2_NHN02 H2N"CHCH2_NHN02

As it was expected, these compounds have zwitterionic structure:
CHj4
+ — + | -
HaN-CH,CH,~NNO, H3N-CHCH,-NNO,

Both compounds are crystalline substances with physical and chemical properties,

typical for zwitterionic aminoacid.
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Recently, one more similar compound was synthesized [5]:

,N\ N\
a. L T
N N/

But, judging by its properties, the substance is not a zwitterion. Probably, this is

NHNO,

NH,

due to the strong electronegativity of furazan cycle (which inactivates the
aminogroup) or, may be, due to the nitrimine’s structure of this substance.

The thermal stability of 1-amino-2-nitraminoethane was previously investigated
by us [1]. The kinetic parameters of thermal decomposition are presented in table
1. Substance exothermally decomposes in a solid phase, without melting.
Manometric kinetic curves have an S-shape appearance. We failed to find a region
of ratios m/V and S/V for which it would be possible to assume that primary
process of decomposition is close to homogeneous. The thermal decomposition

rate constants found in dynamic experiments are about 1.5-2 times more than

corresponding static values.

Table 1. Kinetic parameters of thermal decomposition of 1-amino-2-

nitraminoethane
Method T,°C | kagoec'10%, 87" | E,, kI/mol | IgA4
Bourdon manometric method | 185-210 4.66 185.7 16.34
TGA 192-231 13.70 254.2 24.24

Even if parameters of thermal decomposition presented in table 1 are a priori
overstated, still, thermal stability of I-amino-2-nitraminoethane considerably
exceeds that of the primary nitramines investigated earlier [1,2]. The electron
donation ability of the group H,NCH,CH,— is higher than in alkyl substituents.

The value of decomposition rate constant, calculated from equation (1), is 10
times less than that of alkylmononitramines but 100-500 times more than what

was calculated based on experimental activation parameters. This proves
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zwitterionic structure to contribute substantially to the compound’s stabilization.

The 1-amino-2-nitraminoethane solid state of aggregation is in itself already a
proof of increased intermolecular interaction in an ionic structure. Consider
propylnitramine (C;H,NHNO,), which is liquid under normal conditions, even
though it has a similar molecular mass.

Thus, the increased thermostability of [-amino-2-nitraminoethane is due to
these two factors: the energy of transition of ionic structure into a molecular
structure, on one hand, and high electron donation ability of the substituent, on the
other. Relatively high values for experimental energy of activation are then a sum
of a transition heat and actual activation energy of irreversible decomposition.

The previously known zwitterionic amino-nitramines considered above do not
have a practical value as individual energetic substances because of the strongly
negative oxygen balance. After confirming experimentally the relatively high
thermal stability for zwitterionic amino-nitramine structure, we came to a series of

the more balanced energetic compounds:

0,

+ —
.- H,N NNO, E tin. OaNN Rk,
HoN.__NNO, I < I I

N I 0, HaN

OMNNT Rty
N02 2

) an (I v

NNo2

H3N NH3 + d) b

NNOz OoNN NNO, +NH
NHs ?

V) (VD) (VID) (VIII)
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DETONATION CHARACTERISTICS FOR ZWITTERIONIC AMINE-NITRAMINES

Calculated energetic parameters of zwitterionic amino-nitramines (I-VIII) are

presented in table 2. Formation heats and densities were calculated by methods of

group additions and atomic additions with the use of neural programming

principles [6]. Detonation parameters were calculated by thermodynamic method

using BKW equation of state (at various sets of parameters [7]) and, also, by

simple correlation methods [8]. Table 2 shows averaged converging values

obtained by various methods.

Table 2. Some theoretically calculated energetic parameters for I-VIII

Formula | Mw | Oxygen | py, AH{, Qexpl> | Do, |
Bal., % g/s3 kJ/mol | MJ/kg | km/s GPa

m
I CH;N;0, | 91.1 439 |[1.62] —-160.9 3.7 7.8 21.6
11 C,HgNO, | 180.1 | =355 1.87 | -289.0 3.8 8.6 29.7
I | C;H:N,O | 237.1 | -23.6 1.91 -53.9 54 9.0 34.4
IV | CsHoN O | 326.2 | -24.5 1.96 | -145.3 5.0 9.1 35.8

8

A% C,HNgO, | 230.1 | -48.7 1.94 -61.3 3.7 8.4 27.7
VI | CeHoNoOg | 303.2| -554 | 1.93 | -243.6 3.7 8.1 26.1
VI | C,H,NGO, | 144.1 | -444 | 1.88 404 3.6 8.4 27.0
VIII | CH3N,O, | 145.1 | -16.5 1.86 2299 4.7 9.2 337

SYNTHESIS OF ZWITTERIONIC AMINE-NITRAMINES

Compounds (I-VIII) can be synthesized in various ways (scheme 2-5).

Hydrolysis of cyclical mononitroureas yields zwitterionic aminonitramines [9]:

Scheme 2
H,0 _NHNO, _NNO,
Re — R
- CO, NH, NH;
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For example, compound (II) can be synthesized by hydrolysis of 1,4-
dinitroglycoluril (DINGU):
Scheme 3

HoN NHNO, HsN NNO,
o< I ol L el
-2C0, | O,NHN N L

O,NN NH;

i
DINGU {

1,3,5-Triamino-2,4,6-trinitrobenzene (TATB) serves as initial substance for

compound (VI):
Scheme 4
NH, NHAC NHAC
O,N NO, O,N HoN NH,
2 Ac,O 2 % H,,Pd/C
2N NH, AcHN NHAC AcHN NHAc
NO, NH,
TATB HNo3
NNO NHNO, NOZ)Ac
NH, N, OsNH-HN NH2-HNO;
e <————~
O NN NNO, ©O2NHN NHNo2 OzN)N N(NO,)AC
wp M NH,HNO;

N-Nitro-S-methylisothiourea is a starting point for synthesized compound (VII):

Scheme 5
SCH )Ol\ NH
O2NN)\NI3-12 "FN NHNH, 0NN NI >‘
— CH,SH 20

l - Hzo
N-H-N HN—N
eV \
OzNN/kN)\NH:; -— o2NN¢/’\N)\NH2
H

(VD)
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CONCLUSION

Certain zwitterionic amine-nitramines physical, chemical, and energetic
properties make some of them potentially interesting for use in liquid gun
propellants, watery high explosives and various other water-based energetic
systems. These properties include solubility in water in the presence of inorganic
salts, relatively high content of hydrogen, low temperature of explosion, large
volume of detonation products, and so on.

The compounds investigated have relatively small explosion heats (table 2),
which is a direct consequence of a loss in neutralization heat when zwitterion
formation occurs. It is possible to increase explosion heat by replacing

aminogroup by hydrazinogroup:

+ —
H;;NHN—*@—NNOQ

Analysis of the hypothetical zwitterionic hydrazine-nitramines is outside of the
framework of this article.

The heterocyclic system can also act as a nucleophilic centre on which
protonation occurs. 4-Nitramino-1,2,4-triazole (4-NRTZ) is an example of such a
compound. Its zwitterionic structure was originally suggested in 1973 [10] but

was only recently confirmed by X-ray analysis [1,11]:

N=NH
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Zusammenfassung

Wir haben durch Kombination von Nitratoethylnitraminogruppen -N(NO2)-
CH,CH,-ONO; und energiereichen linearen Grundstrukturen die beiden neuen
NENA-Verbindungen 1,11-Dinitrato-3,5,7,9-tetranitrazaundecan C7H14N1g014
und 1,12-Dinitrato-3,5,8,10-tetranitrazadodecan CgH1gN10O14 erhalten. Diese
hochenergetischen Explosivstoffe werden mit TENA 1 und TENA 2
bezeichnet, da sie sowohl TE-tranitramine als auch NE-NA-Verbindungen
sind.

TENA 1 und TENA 2 sind mit Zersetzungspunkten um 200°C thermostabil und
in ihrer Leistung zwischen PETN und RDX einzustufen. Ungewdhnlich gering
ist die mechanische Empfindlichkeit: TENA 2 zeigt erst bei 32 kp
Stiftbelastung im BAM-Reibapparat und bei 10 Nm im BAM-Fallhammer die
erste Reaktion bei sechs Versuchen, wahrend TENA 1 bei 36 kp bzw. 25 Nm
Uberhaupt nicht reagiert. Beide Stoffe Ubertreffen damit in der
Handhabungssicherheit sowohl den Nitratester PETN als auch die Nitramine
RDX und HMX.

Abstract
By combination of nitratoethylnitramino groups -N(NO,)-CH,CH,-ONO. and
energetic linear structures we obtained the two new NENA compounds
1,11-dinitrato-3,5,7,9-tetranitrazaundecane C;H14N1O14 and 1,12-dinitrato-
3.5,8,10-tetranitrazadodecane CgH1sN1¢O14.These high explosives are called
TENA 1 and TENA 2, being TE-tranitramines as well as NE-NA-derivatives.

TENA 1 and TENA 2 are thermally stable (decomposition at 200°C) and their
performance is classified between PETN and RDX. Their mechanical sensiti-
vity is unusually low: TENA 2 exhibits the first reaction at 32 kp with the BAM
friction apparatus and at 10 Nm with the BAM drop weight test, whereas TENA
1 does not react at 36 kp and 25 Nm, respectively. The new explosives
exceed both the nitrate ester PETN and the nitramines RDX and HMX in
terms of security of manipulation.
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1. Einleitung

Verbindungen mit Nitratoethyinitraminogruppen -N(NO,)-CH,CH,-ONO, - die soge-
nannten NENAs - sind als energieliefernde Weichmacher und Bestandteile von
Sprengstoffen und Treibladungspulvern bekannt. Neben Diethanolnitramindinitrat DINA
werden vor allem Methyi-, Ethyl- und Butyl-NENA eingesetzt, die eine energetische
NENA-Gruppierung und einen inerten Alkylrest enthalten. Dadurch ist der Energiegehalt
dieser Verbindungen wesentlich reduziert.

Eine Erhéhung der Leistung bei vertretbarer Empfindlichkeit kann durch die Kombina-
tion von NENA-Gruppierungen mit energiereichen Grundstrukturen erwartet werden. Wir
haben uns deshalb das Ziel gesetzt, neue Verbindungen herzustellen, in denen zwei
Nitratoethyl-Endgruppen CHCH,-ONO, mit vier Nitraminogruppen N-NO, enthaltenden
linearen Grundstrukturen kombiniert werden. Im Folgenden werden verschiedene Wege
zur Herstellung von 1,11-Dinitrato-3,5,7,9-tetranitrazaundecan 1 und 1,12-Dinitrato-
3,5,8,10-tetranitrazadodecan 2 diskutiert. Neben der erfolgreichen Synthese werden die
charakteristischen Eigenschaften der ersten beiden NENA-Verbindungen beschrieben,
die pro Nitratogruppe zwei Nitraminogruppen aufweisen. Wir nennen sie TENA 1 und
TENA 2, da sie sowoh! TE-tranitramine als auch NE-NA-Verbindungen darstellen.

NO,  NO, NO,  NO,
CHZ,N-CHZ-N—CHZCHZ—ONoz CH,~N-CH,~N—CH,CH,~ONO,
‘III-CHZ—III—CHZCHZ—ONOZ CHy~N-CH,~N~CH,CH,~ONO,
NO, NO, 1 NO, NO, 2

TENA 1 TENA 2

2. Synthese von TENA 1

Die Herstellung von NENA-Verbindungen wird meist durch Umsetzung einer entspre-
chenden Hydroxyethylaminoverbindung mit Salpetersaure durchgefiihrt, wobei N-H- und
O-H-Gruppen nitriert werden. Auf diese Weise werden aus Diethanolamin, Methyl-,
Ethyl- und Butylaminoethanol die bekannten Verbindungen DINA, Methyl-NENA, Ethyl-
NENA und Butyl-NENA erhalten. Ein analoges Vorprodukt, aus welchem durch mehr-
fache Nitrierung TENA 1 entstehen kénnte, existiert jedoch noch nicht.

Es ist bekannt, dass die Abbaureaktion von Acetoxymethyinitraminen in saurem Medi-
um zu recht verschiedenen Produkten fuhren kann. Aus dem durch Nitrolyse von Uro-
tropin oder Tris(hydroxymethyl)hexahydrotriazin erhaltlichen 1-Acetoxy-8-nitrato-2,4,6-
trinitrazaoctan 3 [1] entsteht der Sechsring Hexogen 4. Dagegen fuhrt der Austausch
der Nitratogruppe gegen ein Chioratom zum 1-Acetoxy-8-chlor-2,4 6-trinitrazaoctan 5
mit vollig veranderter Reaktivitat: es ergibt bei der Hydrolyse durch komplexe Abbau-
und Rekombinationsreaktionen das 1,11-Dichlor-3,5,7 9-tetranitrazaundecan 6 [2], wie
Schema (1) zeigt.
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NO,  NO, NO,
AcO=CH,-N-CH,~N-CH,-N-CH,CH,~ONO,

3 1 cacl, \:& /MO No,

o, No. o Y
(1
AO - CH,~N-CH,~N-CH,~N-CH,CH;~Cl N )
5 L ON" > "No,
lH /H,0 4

A
Cl-CH,CH,~N-CH,-N-CH,~N-CH,-N-CH,CH,~Cl
6
Die Reaktion der Dichlorverbindung 6 mit Silbernitrat steflt eine einfache Méglichkeit
dar, um die gesuchte Dinitratoverbindung 1 herzustellen, ohne das Risiko von Neben-
reaktionen durch die stark sauren Bedingungen einer Nitrierung einzugehen. Wir erhiel-
ten auf diese Weise das Dinitratoprodukt TENA 1 [3] und konnten bei der chromato-
graphischen Analyse der Reaktionslésung auch das erwartete Zwischenprodukt der
Umsetzung, das 1-Chlor-11-nitrato-3,5,7,9-tetranitrazaundecan 7, isolieren und durch
NMR-Spektroskopie identifizieren (2) :
r;Jo2 r;lo2 r;lo2 r;lo2
Cl-CH,CH, -N~CH,-N~CH,-N-CH,-N=CH,CH,-Cl
6 l AgNO,
r;xoz r;lo2 l;lOz r;lo2
Cl-CH,CH, -N~=CH,-N-CH,-N-CH,-N-CH,CH,-ONO, (2}
7 lAgNO:,

NO;  NO, No, NO,
0,NO-CH,CH, -N-CH, -N-CH,-N-CH,-N-CH,CH, -ONO,
1 TENA 1

Zur Herstellung des Dichlortetranitramins 6 wurde ein zweiter Reaktionsweg untersucht,
die Umsetzung von Methylendinitramin 8a mit 1,4-Dichlor-2-nitrazabutan 9 [2]. Es
zeigte sich jedoch, dal Produkt 6 hier nur mit Ausbeuten unter 10% gebildet wurde,
obwoh! das Nebenprodukt Triethylammoniumchlorid mit Gber 90% Ausbeute isoliert
werden konnte (3) :

NO NO, NO;  NO,

_N-H+ Cl=CH,-N-CH,CH,-CI  +2NEt, _N=-CH,-N-CH,CH,~Cl
N=H + Cl=ChH;-N-CH,CH,-Cl -2 HNEt,' Gl N=CH,-N-CH,CH,~Cl
NO, % No, >90 % NO, NO,

8a n=1 6 n=1 <10%

8b n=2 13 n=2
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Da Bromidionen eine deutlich bessere Austrittsgruppe als Chloridionen darstellen,
erschien es sinnvoll, die zu 6 analoge, aber bisher nicht bekannte Dibromverbindung
herzustellen und mit Silbernitrat umzusetzen, um so das Herstellungsverfahren in Bezug
auf Reaktionsdauer und Ausbeute zu optimieren. Hierzu wurde das Trinitraminderivat 3
mit MgBr; in 1-Acetoxy-8-brom-2,4,6-trinitraza-octan 10 umgewandelt, das bei saurer
Hydrolyse das erwartete 1,11-Dibrom-3,5,7,9-tetranitrazaundecan 11 ergab, welches mit
AgNO; zum TENA 1 umgesetzt werden konnte. Trotz der erhdhten Reaktivitat der
Dibromverbindung 11 lassen die Ausbeuten von 34% bzw. 11% der ersten beiden
Reaktionsschritte diesen Herstellungsweg als weniger geeignet erscheinen (4 ):

NO, NO, NO,

| I |
AcO-CH,-N-CH,-N-CH,-N=CH,CH, -ONO,
3 MgBrzl 34 %

o e o
AcO-CH,-N-CH,-N-CH,-N-CH,CH, -Br
10 H+l11%
’}‘02 ’;‘02 f;loz ’;‘Oz
Br CH,CH, -N-CH,~N-CH,-N=CH,-N~CH,CH, -Br (4)
1 2AgN03l

o, jor o v,
0,NO=-CH,CH, -N-CH,-N-CH,-N-CH,-N-CH,CH, -ONO,

1 TENA 1

3. Synthese von TENA 2

Wahrend auch im Falle des TENA 2 ein nitrierbares Vorprodukt nicht bekannt ist, fuhrt
wieder eine Acetoxymethylnitramin-Abbaureaktion zu einer Dichlorvorstufe, die als Aus-
gangsstoff fur die Herstellung von TENA 2 dienen sollte. Durch saure Hydrolyse ent-
steht aus 1,6-Diacetoxy-2,5,7,10,12,15-hexanitrazahexadecan 12 [4] ein Tetranitramin
mit zwei Chlorethylgruppen, das 1,12-Dichlor-3,5,8,10-tetranitrazadodecan 13 [5], das
wir analog wie bei der Herstellung von TENA 1 mit Silbernitrat Uber die Chlornitrato-
Zwischenstufe 14 in die gesuchte Dinitratoverbindung TENA 2 tiberfiihren konnten [6].
Das ebenfalls aus der Diacetoxyverbindung 12 herstellbare Dibromtetranitramin 15
erwies sich erwartungsgemal als reaktiver bei der Umsetzung mit Siibernitrat. Aus
beiden Dihalogenverbindungen wurde als Nebenprodukt das 1,7-Dinitrato-3,5-dinitraza-
heptan 17 isoliert: Seine Bildung erklart sich dadurch, daf} das eintretende NOs-lon bei
der Zwischenstufe 14 bzw. 16 nicht an der Bindung a unter Halogenid-Abspaltung
angreift, sondern an der Bindung b, wie in Schema ( 5 ) gezeigt wird:
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NO; NO; MO, NO,  NO, NO,
AcO—CH,—N~-CH,CH, -N-CH,-N-CH,CH, -N-CH, -N-CH,CH,-N-CH,-OAc
12 HX
NO,  NO, NO,  NO,
X -CH,CH, -N-CH,~N-CH,CH, -N-CH,-N-CH,CH, - X (5)

13,15  AgNO,

NO,  NO, l (N0 NO, .
0,NO-CH,CH, - N- CH,-N-CH CH?_IN CH,~N-CH,CH, +X

14,16 ib 2
AgNoJ
’}‘02 ’T‘Oz ’}‘Oz '}‘02
0,NO-CH,CH, -N-CH,-N-CH,CH, -N-CH,-N-CH,CH,-ONO,
2 TENA 2
13,14 X=Cl NO, - NO,
15,16 X = Br + O,NO-CH,CH,-N-CH,-N-CH,CH,~ONO, 17

Der Versuch, das Dichlortetranitramin 13 durch die Umsetzung von Ethylendinitramin 8b
mit 1,4-Dichlor-2-nitrazabutan 9 entsprechend Schema ( 3 ) herzustellen, fihrte nur zu
unbefriedigenden Ausbeuten an Verbindung 13 und war deshalb zur Herstellung
gréRerer Mengen nicht geeignet.

4. Charakteriéierung von TENA 1 und TENA 2

Bei der Herstellung neuer Verbindungen ist neben der [R-Spekiroskopie vor allem die
NMR-Spektroskopie dazu geeignet, bestimmte Strukturelemente eindeutig zu identifi-
zieren. So zeigt der Vergleich der IR-Spektren des Dichlor-Tetranitramins 6 und des
daraus hergestellten Dinitrato-Tetranitramins 1 (Fig. 2) deutlich neben den Nitramin-
banden die Absorptionsbande der Nitratogruppen ONO, im TENA 1; diese ist auch in
den IR-Spektren der Chlornitratozwischenstufe 7 (Fig.3) und des TENA 2 (Fig.4) zu
sehen. Weitere Strukturelemente sind dagegen im IR-Spektrum nur schwer zu
identifizieren.

Den eindeutigen Beweis der Struktur dieser Verbindungen erméglicht dagegen die
"H-NMR-Spektroskopie. Wie Fig. 5 zeigt, treten bei Verbindung 6 aufgrund der symme-
trischen Struktur vier charakterische Protonensignale auf: zwei Singuletts (2H und 4H)
und zwei Tripletts (je 4H). Verbindung 7 mit einer Chlor- und einer Nitrato-Endgruppe
weist eine unsymmetrische Struktur auf: wir erwarten nun drei ver-schiedene Smgletts
ge 2 H) und vier Tripletts (je 4H), die in Fig. 6 alle zu unterscheiden sind. Die 'H- und
3C-NMR-Spektren von TENA 1 und TENA 2 (Tab. 1) beweisen die symmetrische
Moleklstruktur der neuen NENA-Verbindungen.
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Tab.1: 'H- und "*C-NMR-Daten von TENA 1 (in DMSO-ds)
und TENA 2 (in Aceton-dg)
nucleus H H H H C C C C
5 TENA1 4.45 4,90 5.96 6.11 50.4 66.2 67.0 70.8
Integral 4H 4H 4H 2H 2C 1C 2C 2C
splitting 1 t S S t t t t
5 TENA 2 4.21 4.26 478 5.61 49.3 497 67.0 70.0
Integral 4H 4H 4H 4H 2C 2C 2C 2C
splitting t t s s t t t t

t = triplett, s = singulett

Die DTA/TG-Diagramme (Differentialthermoanalyse-Thermogravimetrie) von TENA 1
(Fig. 7) und TENA 2 (Fig. 8) zeigen die Thermostabilitdt der Stoffe. Dem Schmelzen bei
147°C bzw. 165°C folgt eine exotherme Zersetzung unter Gewichtsverlust; dabei wird
das Maximum des DTA-Signals Uber 200°C erreicht, was auch bei Nitratoverbindungen
wie DINA u.a. gefunden wird. Bei TENA 1 tritt auBerdem ein geringes endothermes
DTA-Signal um 130°C auf, das wir einer Kristallumwandlung zuordnen.

Wesentlich fur die sichere Handhabbarkeit und Verarbeitung eines Stoffs ist eine
geringe Empfindlichkeit gegeniber mechanischer Belastung, die bei Nitratestern
R-ONO, im Allgemeinen nicht auftritt. Bei Messungen mit dem Reibapparat JULIUS
PETERS und dem Fallhammer der BAM zeigt bereits TENA 2 eine geringe Empfindlich-
keit gegen Reibung und Schlag mit Messwerten von 10 Nm und 32 kp. Ausgesprochen
unempfindlich ist dagegen TENA 1: weder im Fallhammer mit dem 5 kg-Gewicht bei 50
cm Fallhéhe noch im Reibapparat bei 36 kp Stiftbelastung wurde bei TENA 1 eine
Reaktion in Form von Knall, Gerdusch oder Zersetzung der Probe gefunden (Tab. 2).

Tab. 2: Reib- und Schlagempfindlichkeit von TENA 1 und TENA 2 und
Vergleichsverbindungen (jeweils erste Reaktion von sechs Versuchen)
Verbindung PETN CL-20 RDX HMX TENA 2 TENA 1
Schlagempfindlichkeit 35 317 4.5 4.0 10 > 25
(inNm)
Reibempfindlichkeit 6 6 (7] 12 12 32 > 36
(inkp)

Die in dieser GroRenordnung unerwartete Unempfindlichkeit des TENA 1 verleiht dem
reinen Stoff ohne weitere phlegmatisierende Zusétze die Eigenschaft eines IHE
(Insensitive High Explosive). Der Vergleich der Strukturformeln des TENA 1 und des
ebenfalls recht unempfindlichen TENA 2 erlaubt zwei Schiu’folgerungen:

. Nitratoethylnitraminogruppen -N(NO,)-CH,CH,-ONO, NENA kénnen im Gegen-
satz zu anderen Strukturen mit Nitratestergruppen —ONO; unempfindlich gegen
mechanische Belastung reagieren.

. Die alternierende Anordnung von Methylen- und Nitraminogruppen im Grund-
gerist des TENA 1 ist auch ein Strukturelement mit hoher Unempfindlichkeit.
Dagegen fuhrt eine Ethylengruppe —CH,CH,- zwischen zwei Nitraminogruppen
— der einzige Unterschied in der Strukturformel zwischen TENA 1 und TENA 2 —
bereits zu einer geringen Sensibilisierung.
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Da die Brisanz eines Explosivstoffs direkt proportional zu seiner Dichte ist, ist die Dichte
eine wesentliche Eingabegréfie zur Berechnung seiner Leistung. In Tabelle 3 sind die
durch Gaspyknometrie bzw. durch Flotation erhaltenen MeBwerte der in Fig. 1
abgebildeten vier NENA-Verbindungen mit vergleichbarer Struktur angegeben, die zwei
Nitratoethyl-Endgruppen und zwei bzw. vier Nitraminogruppen enthalten. Die mit dem
Rechencode von STINE [8] berechneten Dichten dieser Verbindungen sind ebenfalls
aufgefuhrt.

Fig. 1: Strukt'urforme|n der NENA-Verbindungen BNE-MEDINA 17,
BNE-EDNA 18, TENA 1 und TENA 2

° o v,
., ~N~CHLCH5ONO, ., ~N-CH,=N-CH,CH,ONO,
Z\f]l-CHZCHz—ONOZ 2\hll—CHz—ril-CHZCHZ-ONo2

NO, NO, NO,
BNE-MEDINA 17 TENA 1
NO, NO,  NO,

| I
CH,~N-CH,—N~CH,CH; ONO,
CH,N-CH,—N-CH,CH; ONO,

|
?HZ—N—CHZCHZ—ONOZ
CH,—N-CH,CH,~ONO,

NO, NO, NO,
BNE-EDNA 18 TENA 2
Tab. 3: Dichte von linearen NENA-Verbindungen mit zwei Nitratogruppen 0O-NO;

und zwei bzw. vier Nitraminogruppen N-NO; (in g/cm®)
a) berechnet nach STINE [8]

b) gemessen durch Gaspyknometrie bzw. Flotationsverfahren

NENA BNE-MEDINA | BNE-EDNA TENA 1 TENA 2
compound 17 18

formula CsHioNeO1o | CeH12NeO1o | CrH1aN16O14 | CgH16N19O1s
p _(calc.) 1.672 1.616 1.696 1.656
p (meas) 1.75 1.65 1.69 1.73

Die berechneten Dichten liegen zwischen 1.62 g/cm3 und 1.70 g/cm3. Sie machen
deutlich, dal bei NENA-Verbindungen mit vergleichbarer Struktur die Dichte mit der
Zah! der Nitraminogruppen NNO,-Gruppen ansteigt; sie sinkt jedoch durch die Ein-
fiihrung zuséatzliche Methylengruppen CH,.

Die MeRwerte der Dichte liegen bei BNE-MEDINA, BNE-EDNA und TENA 2 stets
deutlich iiber den Rechenwerten, was zeigt, daf} die Aussage von Rechencodes durch
MeRdaten iiberpriift und korrigiert werden muss. Fur TENA 1 wurde der nach STINE
berechnete Wert von 1.69 g/cm3 gefunden. Wahrend im Falle des TENA 2 (1.73) der
von der Rechnung erwartete Anstieg im Vergleich zu BNE-EDNA (1.65), der
Modellverbindung mit &hnlicher Struktur, gefunden wird, hat TENA 1 mit 1.69 entgegen
der Rechnung eine deutlich niedrigere Dichte als die Modellverbindung BNE-MEDINA
(1.75). Es bleibt zu klaren, welche Effekte dafiir verantwortlich sind.
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Detonationsgeschwindigkeit D und GURNEY-Energie \/EEG beschreiben die Fahigkeit
eines Stoffs, Beschleunigungsarbeit zu leisten. Anhand der Elementzusammensetzung
und weiterer Eingabeparameter konnen diese GroBen mit verschiedenen Codes
berechnet werden, auch wenn ein Stoff bisher nicht hergestellt wurde oder keine
ausreichende Stoffmengen vorhanden sind. Wir benutzten die Naherungsformel von
ROTHSTEIN [9] und von KAMLET & JACOBS [10], um diese Leistungsdaten zu
berechnen. Zum Vergleich sind die Daten der Composition B und der Sprengstoffe
PETN und RDX aufgefiihrt, von denen der eine nur Nitratogruppen enthalt, der andere
nur Nitraminogruppen.

Tab. 4 : Detonationsgeschwindigkeit D und GURNEY-Energie V2Eg

von TENA 1, TENA 2, PETN, RDX und Comp. B
( berechnet nach ROTHSTEIN [9] bzw. KAMLET-JACOBS [10]

explosive formula density AH¢® D D V2Eg
(ROTHSTEIN) | (KAMLET) | ( KAMLET)
(g/cms) ( kJ /Mol ) (m/s) (m/s) (mm/pus)
TENA 1 CrH14N1oN14 1.69 - 100* 8613 8212 2.78
TENA 2 CoHisNioN1s 1.78 -101** 8324 8473 2.85
PETN CsHsN4O12 1.77 -532 8078 8694 291
RDX C3HsNsOs 1.82 +70.6 8940 8869 2.94
Comp. B Ca.56Hs.61 1.72 +23.3 8103 8020 2.70
Nq4 206

* geschatzter Wert (anhand des bekannten Werts von TENA 2 )
** gemessener Wert [6]

Obwohl die ROTHSTEIN-Formel eine Korrektur fur Nitratogruppen enthalt, weicht ihr
Ergebnis bei PETN mit vier ONO,-Gruppen deutlich von den fundierteren Werten nach -
KAMLET-JACOBS ab. Wie die Zahlenwerte in Tab. 4 zeigen, sind TENA 1 trotz seiner
relativ geringen Dichte und TENA 2 in Bezug auf Detonationsgeschwindigkeit und
GURNEY-Energie zwischen PETN und RDX, aber deutlich (iber Comp. B einzuordnen.
Eine Messung der Leistungsdaten ist bisher noch nicht durchgefuhrt worden.
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6. Anhang: IR-und NMR-Spektren, DTA/TG-Diagramme

Fig. 2; IR-Spektren von 1,11-Dinitrato-3,5,7,9-tetranitrazaundecan TENA 1
und 1,11-Dichlor-3,5,7,9-tetranitrazaundecan 6
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Fig. 3: IR-Spektrum von 1-Chlor-11-nitrato-3,5,7,9-tetranitrazaundecan 7

100
T8 m[,/‘/ﬁ,_
50
0 g T u
4000,0 3000,0 22000 1800,0 1400,0 1000.0 800,0 600,0
Wellenzahlen (¢m-1)

Fig. 4: IR-Spektrum von 1,12-Dinitrato-3,5,8,10-tetranitrazadodecan TENA 2
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Fig. 5: 1H-NMR-Spektrum von 1,11-Dichlor-3,5,7,9-tetranitrazaundecan 6 in DMSO-ds
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Fig. 6: IR-Spektrum von 1-Chlor-11-nitrato-3,5,7,9-tetranitrazaundecan 7 in Aceton-dg
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Fig. 7. DTA/TG-Diagramm von 1,11-Dinitrato-3,5,7 9-tetranitrazaundecan TENA 1
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Fig. 8¢ DTA/TG-Diagramm von 1,12-Dinitrato-3,5,8,10-tetranitrazadodecan
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1. Abstract

Cryogenic solid propellants (CSP) constitute an entirely new class of chemical
rocket propellants. By combining simplicity and reliability of solid propulsion
with high Isp performance of liquid propulsion, their potential for propulsion
system improvement is unique.

In on-going research since 1996 the feasibility of CSPs has been demonstrated

both theoretically and experimentally.

This paper describes the state of the art as of May 2000.

It presents

® an introduction to the main principles and characteristics of CSP

e the status obtained in experimental research

¢ results of systems analyses concerning CSP effects on the performance of

space transportation systems
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2. Introduction

As an ideal, the requirements of future launchers call for high performance, low
pollution designs of high reliability with competitive costs. The concept of
modular cryogenic solid-rocket propellant grains is based on the idea that any
conceivable chemical rocket propellant combination (including ,green
propellants“) can be used as solid rocket propellant if the definition of solid
propellants is not restricted to ambient temperature. This concept holds marked

promises in all of these areas.

High performance in terms of high specific impulse ensures low propellant
consumption per unit payload. However, liquid propellant rocket motors achieve
high performance through very demanding design constraints such as
sophisticated thermodynamic cycles and extremely high combustion pressure.
Advanced high performance liquid propulsion needs complicated technology
that leads to high cost and reduced reliability. This is a lesson learned in a
decade of experience with the Space Shuttle Main Engine. In contrast, a solid
rocket motor is simple and therefore reliable. Apart from thrust vector control by
nozzle swiveling, that replaces the engine gimbaling of liquid propellant motors,
solid propulsion has no moving parts. On the other hand, solid propeltant
motors are not suited for high chamber pressure. This is also true for CSP-
motors. However, simply using frozen liquid propellants at conventional
chamber pressures (around 60 bar) yields truly high performance propulsion
systems compared with storable solid propellants. More than that, if CSP
motors of modular design are used (see fig.1) they are even safer with respect
to combustion instability than conventional solids, because quasi-premixed
monopropellant combustion is replaced by hybrid type boundary layer

combustion.
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Gas Generator Element Gas Generator Element

Fig.1:  Schematic of solid rocket motor with modular disk stack grain

Low pollution requires careful selection of propellants and a matching design of
the vehicle and its mission. Among conventional solid propellants, the
compositions used in large amounts in space transportation systems are quite
infamous due to their production in large quantities of combustion products that
are detrimental to the atmospheric environment (mostly HCl and AlQOg).
Unfortunately it was shown [see Lit.1,2,3] that there is no such thing as an
absolutely environmentally benign rocket propellant. At high altitudes, even
simple water vapor is transformed into chemical species that help destroy the
ozone layer. However, using CSP systems will have drastic effects on pollution
in two ways: first, choosing AP free oxidizers and nonmetallic fuels, alumina
smoke and hydrochloric acid will disappear as booster exhaust products and
second, for a given total impulse, the lower propellant mass required by CSPs

shall reduce the absolute amount of emissions.

Low life cycle costs implicate low development effort, simple vehicle design and
operations. CSP technology was independently invented in the 1960ies in the
USA [4] and by one of us (Lo [5]). However, since then it has never been
subject to any investigations and hence is certainly a new area of R&D. Under
these circumstances it would be unrealistic to claim that CSP development was
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not good for surprises, including costly ones. However, on-going research
indicates a high likelihood that there will be no man-traps in CSP development.
While on one side all chemistry and production technology of modular CSPs is
much simpler than with conventional solids, there is no reason to believe that
CSP cooling and handling should be fundamentally different to cryogenic
liquids. In effect, while all CSPs are frozen liquids, their freezing temperatures
cover a wide realm between (in principle) kitchen refrigerator and liquid Helium
cooling. Applied to reusable space launch vehicles, much will depend on CSP
operations. Hence, these are one of the focal points of present research

activities.

CSPs are thus a category of chemical propulsion that includes the performance
of any liquid propellant combination in use (Isp about 450s 68:1, E) To get
beyond this mark, one could use any high energy propellant combination that
has ever been suggested, such as liquid bipropellants, tripropellants and metal
combustion. More than that, one can also consider super high energy
propellants. These are chemical propellant combinations of the highest known
values of Isp that approach or even surpass the Isp of nuclear propulsion (900s

and beyond).

Many of the propellants in all the classes mentioned above require the use of
materials that are unstable in terms of chemistry or mechanical properties (e.g.
slurries). The deep temperature solid state of CSPs is very advantageous in
both respects. Indeed, some of the more futuristic chemical propellants, such
as atomic Hydrogen (Isp about 1800s) rely on solid frozen matrix isolation.
Such propellants can either be used in hybrid motors (solid element in
combustion chamber burnt with injected liquid component) or in CSPs that use
all solid propellants. The former approach is used since 1995 in the High
Energy Density Matter program of the USAF. The latter is our approach, that
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offers, compared with hybrid combustion, a further degree of freedom and is
immune against mixture ratio fluctuation, one of the most inconvenient
phenomena of hybrid combustion. As in hybrids, deflagration is also replaced
by boundary layer combustion in CSPs. However, the arrangement that was
dubbed "Multilayer Internal Hybrid Combustion" promises much better
combustion efficiencies and a given mixture ratio can be enforced by proper

element size selection.

Thus, the concept opens a whole area of new chemical propulsion research

and development.

Cryogenic Solid Propulsion (CSP) is now in its 4th year of theoretical and

experimental research under German governmental sponsorship.

3. Burning Behavior of Cryogenic Solid Propellants in Modeling
and Experiment
CSP-technology can be realized in two versions:

1. Premixed cryogenic propellants (mono-CSP) follow the burning behavior of

solid propellants (see fig. 2).




15 - 6

4 MPa 7 MPa 10 MPa

Fig.2  Steady burning of premixed cryogenic solid propellant observed in a window
bomb under various pressures (stoichiometric mixture of methanol and

H202 70%)

Experiments with mono-CSPs have been carried out under inert pressure
conditions in a window bomb using cinematography and spectroscopy. As test
materials were used oxidizers like N;O, and H,O, (70%) and fuels like
methanol, 2-propanol or isopropyinitrate. Mono-CSPs show stable burning
behavior with a constant regression rate which obeys the exponential Law of
Vieille under varying pressure conditions. Above the surface, they form a thin
liquid layer that has constant thickness under isobaric conditions and
decreases with pressure. The use of premixed mono-CSPs is limited to
compatible compounds. Their ignition requires more energy due to the low
initial temperature and the two phase transitions. The modeling of the burning
behavior corresponds to classical mono-propellant modeling of transient
buming which includes the heating and phase transitions energies within the
condensed phase without a surface reaction. The regression rate is dominated

by the heat feedback from the flame which dominates the combustion regime.



15 - 7

2. Another approach is to arrange oxidizer and fuel as separate grains (modular
arrangement). This gives the advantage of high safety and provides influencing
the buming behavior by grain geometry. Two versions have to be distinguished:
externally controlled systems (e. g. by heat from an external gas generator) and
self-sustained systems. Up to now only self-sustained systems have been
investigated. Examples of simple arrangements consist of a disk stack or a rod-
in-matrix burner. An example of the second type is a strand burner with 2-

propanol or isooctane fuel rods embedded in a matrix of frozen H>O» (85%)

oxidizer (fig. 3).

Fig. 3 Rod-In-Matrix configuration of CSPs a) 2-propanol/H202 (85%) b) iso-
octane/H202
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Rod diameters were chosen for an overall stoichiometric composition. This
particular system shows self sustained combustion in an inert pressure
atmosphere. A luminous flame zone stabilizes above a thin melting layer. In the
case of 2-propanol (miscible with H,0,(85%)) a broad flame is formed, while
non-miscible isooctane develops diffusion flames over each fuel rod. Under
pressure the overall burning rate of these rod-in-matrix burners is in a similar
range as in the case of mono-CSPs. Modeling of modular arrangements also
uses heat and mass transfer between hot gaseous reaction zone and
condensed phase. Estimations of the heat flux can be based on a buming
model of diffusion controlled composite propellants (Summerfield) or more
sophisticated on numerical CFD-modeling of reacting gas flows combined with

boundary layer effects.

At the next step a linear organ-pipe window-burner with an integrated gas
burner is in design. With this system it will be able to simulate a gas generator
and to control heatflux to the module surface in a wide range without a
feedback mechanism between the gasgenerator bumning rate by pressure and
propellant flame heatflux. Tests with a first minimal system have performed and

show encouraging results (fig. 4)
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Fig. 4 CSP burning in vertical organ-pipe configuration controlled by a bunsen-type

burner

The burning behavior of CSPs is described in more details in [6]. Recent
experiments with CSPs resulted in encouraging combustion behavior showing
no serious technical obstacles and open a broad spectrum of applications in

rocket propulsion.
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4. Performance & Cost Modeling of CSP Launchers

So far, ongoing analyses have not shown any insurmountable problems in
areas of concem, e.g. cooling equipment and its operation during fabrication
and launch: neither were there problems with thrust to weight ratio of uncooled
but insulated Cryogenic Solid Boosters (CSBs) which ascend into their

trajectory while leaving the cooling equipment at the launch pad.

Performance calculations for new launchers with CSP-replacements of
boosters or existing stages were made. ARIANE 5 and a 3-stage launcher with
CSP - 1% stage (Fig. 5) served as examples. In a first step, expendable launch
vehicles in the payload classes of 6,8 and 12 Mg into GTO were analyzed more
deeply. In the second step, based on the results obtained - further launcher
categories like semi reusable launch vehicles, small launchers like VEGA, as

well as very big ELVs (HLLV-Class) should now also be analyzed.
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4.1 Comparability and General Design Process

The goal is to find out which performance improvements result by the
substitution of the conventional solid-boosters with boosters using cryogenic

solid propulsion (CSPs).

In order to achieve a maximum possible comparability the central stage (EPC)
and the upper stage (EPS) remain untouched. This can result in an individual
disadvantage for the propellant under consideration, since for example
decreasing booster dry mass causes higher acceleration at the end of the flight
phase. Assuming that other parts of the rocket remain untouched, the
constraints for acceleration, heat-flow-density and dynamic pressure also
remain unchanged. However, since all these parameters are coupled with
flight-velocity, this leads sooner to critical parameters in lighter rockets than in

heavier ones.

The first step of modeling changes comprised replacement of the two solid-
boosters EAP with CSP motors. The central-stage EPC and the upper-
compartment remained unmodified. This yields two alternative concepts based
on ARIANE 5: a launch-system with the same payload-capacity (6,8 Mg in
GTO), and a system with the same launch-mass (746 Mg). Because maximum
take-off acceleration was chosen as with ARIANE 5, the burning time of the

Cryogenic Solid Boosters was not the same as that of the EAP.

4.2 ARIANE 5/ CSP with constant Payload

For same payload-capacity in the reference orbit, the modeling of a rocket
system with cryogenic boosters essentially requires a process of iteration, in
which the propellant mass is varied as central parameter and - with the help of
a CSP mass-model - all other dimensions of the booster are

derivedaccordingly. The process is repeated until the payload resulting from
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GTO track-optimization corresponds with that of ARIANES5 in good

approximation.

Under the assumptions used, the application of cryogenic SOX/SHz—boosters
lead to a clear reduction of the launch mass. This is essentially caused by the
lower propellant mass while the dry-mass is hardly reduced due to the low-
density of this bipropellant and the resulting large combustion chamber
dimensions. Presumably, hydrocarbon-booster-combinations appear most
advantageous from an economic point of view. In particular, solid Methane
(SCH.4) and above all frozen kerosene (SRP1) promise very simply handling.
The melting region of kerosene lies at a comparatively elevated temperature.
This is irrelevant together with SOX (since the coldest material present
determines the bulk motor temperature) however, in combination with higher-
melting oxidizers it grows much more attractive. Foremost the savings due to
lesser insulation equipment should lead to a clear weight-reduction in contrast

to the lower melting fuel-combinations.

in the following Fig. 6 (a) an overview of the results with ARIANE 5-versions is
presented. Vis-a-vis ARIANE 5 the launch mass of the CSP-launcher with

equal payload capacity is decreased by about 30%.

4.3 ARIANE 5/ CSP with the constant Payload

Results obtained with mass modeling of ARIANE 5-derivatives with same
launch mass are shown below. Booster diameters were increased to 3,7 m due
to the higher optimum CSP propellant mass. Resulting payloads were down-
scaled, taking into account the mass changes of propellants and structures of
the upper stage EPS, leading to the values shown in Fig. 2 (b).

As Fig. 6 (b) suggests, all launchers are able to [ift approximately 10 Mg in

GTO._Concerning the structure mass of the boosters, the kerosene-version
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yields the best results, followed closely by Methane-CSB. The SOX/SH,-
version shows the highest structure mass and has the largest dimensions. It
awaits to be analyzed whether a distribution of the CSP-propellant to three or

even four boosters would not yield better results.

s t= A% !‘?
6.9 Mg .. 69Mg
5284 Mg 521.2 Mg £530.0 M

6.9 Mg

b G sundlf Sore v peey
10.8 M, 9.9 Mg 9.6 Mg
746.7Mg 7467 Mg 7467 Mg

a b
Fig. 6 ARIANE 5 derivatives with constant payload (a) or constant launch mass (b).
Height in [m] is shown, from left to right, of: ARIANE 5/EAP, ARIANE 5/CSP-
SOX/SH2, ARIANE 5/CSP-SOX/SCH4 and ARIANE 5/CSP-SOX/SPR1.

4.4 Performance Modeling of a 3-Stage Launch Vehicle with CSP-1%
Stage

Another concept examined was a purely hypothetical EEELV, European
Evolved Expendable Launch Vehicle, based on the assumption that the two
solid-boosters EAP of the ARIANE 5 were replaced by a single CSP-1*' stage.
The second stage was adapted from the ARIANE 5 central EPC just by
changing the length of the cylindrical segments. An imperative structure-
reinforcement of the EPC was not taken into account in the first step. The

Upper Compartment consisting of the upper stage EPS with AESTUS-engine,
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VEB, payload and payload-adapter as well as fairing was used without

changes.

As a reaction to the trend to higher accelerations as shown above, an adapted
thrust-profile was chosen for these stages. Also for this launcher, the payload
was calculated through an iteration of the initial value and adapted to the
reference-mission of ARIANE 5-EAP. As central parameter the propellant mass
was varied and determines all other dimensions of the booster along with the
CSP mass-model. The process was repeated until the resulting GTO payload
agreed with that of the ARIANE 5 in good approximation after trajectory

optimization.

4.5 Staging Optimization

By using a classic staging optimization, the most favorable propellant
distribution between first and second stage was determined. It should be
considered that in case of larger 1% stages and consequently higher stage-

separation the EPC VULCAIN-engine must be ignited in vacuum.

Due to the limited performance of the VULCAIN engine the propellant mass of
the second stage had to be kept smaller than the optimized result of
approximately 118 Mg. Application of the VULCAIN Il engine currently under

development would lead closer to the optimum.
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Fig. 6c ARIANE 5 derivatives with constant payload. Height in [m] is shown, from left
to right, of: ARIANE 5/EAP, EEELV/CSP-SOX/SH2, EEELV/CSP-SOX/SCH4
and EEELV/CSP-SOX/SPR1.

Clearly, under the assumptions used, the application of CSP-1% stages leads to
a substantial reduction of launch mass. Again, this is essentially caused by the
reduced propellant mass while the masses of structures remain more or less

constant.

4.6 Cost Modeling

Cost modeling was performed under contract as well as in-house work by
Daimler Chrysler Aerospace, Space infrastructure at Bremen (now a subsidiary
of ASTRIUM). PRICE-H, a parametric cost estimation tool, was used for
calculating costs of flight-hardware and for establishing a set of CERs (Cost
Estimation Relationships) for ground infrastructure- and operations costs. The
cost modeling is based on a detailed cost break-up. The procedures were

developed and applied by DASA within the FESTIP-System study.
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The cost estimation includes development, production and operations of the
ELVs. The cost for production and operations refer to the first three business
years with a mean average of 8 flights per year.
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Fig. 7 Total phase cost investigated for ARIANE 5 and EEELV/CSP-SOX/SPR1
derivative with same payload.

As shown in Fig.7 in the first approach the development and production cost of
a 3-stage launcher with CSP 1% stage (SOX/SRP1) were calculated and
compared with the cost of ARIANE 5. CSP-1® stage is more affordable than
ARIANE 5 boosters, even if CSP-propellant costs were assumed
pessimistically with SOX/SRP1 propellant prices of up to 94 EURO/kg. The
launch-costs of a 3-stage launcher with CSP-1* stage are approximately 12%
(15,4 MECU) under the cost of ARIANE 5.
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5. Conclusions

Even under conventional assumptions (concerning regression rate in a steel
casing with foam insulation), substantial performance gains were calculated
when ARIANE 5 was taken as a generic example and its storable solid
boosters were replaced by cryogenic ones. CSPs lead to considerably higher
performance when the boosters are substituted by a single CSP boost stage
(SOX/SH,, SOX/SCH4 or SOX/SRP1). Using trajectory simulation and
optimization tools, launcher performance calculations have been made. At
constant lift-off mass a derivative of ARIANE 5 that has two Cryogenic Solid
Boosters instead of the EAPs could lift 10 Mg payload to GTO. Using a single
boost stage and a shortened second stage, another derivative that lifts the
same payload as ARIANE 5 has, after optimization, a gross take-off weight that
is reduced by 30-40%.

In order to identify economic benefits or disadvantages of the CSP propelled
launchers in comparison to ARIANE 5 as reference, preliminary cost
assessments have been made. As it turns out, any increased costs for
production and handling of the CSP engines are outweighed by increased
performance. However, many technical issues will have to be solved before

costs can be estimated to a higher degree of confidence.
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6. Abbreviations

AFOSR
CsB
CsP
EAP
EPC
ESA
GTO
GEO
GTOW
HEDM
HNF
HTPB
IAF
LEO
LH,
LOX
MEO
MMH
NTO
SH,
SHEP
SOX
SRP1
TU
USAF

Air Force Office of Sci. Research
Cryogenic Solid Booster
Cryogenic Solid Propulsion
Etage d’Accélération a Poudre
Etage Principal Cryotechnique
European Space Agency
Geostationary Transfer Orbit
Geostationary Earth Orbit

Gross Take-Off Weight

High Energy Density Matter
Hydrazonium Nitroformate
Hydroxyl-Terminated Polybutadiene
International Astronautica! Federation
Low Earth Orbit

Liguid Hydrogen

Liquid Oxygen

Medium Earth Orbit

Monomethyl Hydrazine

Nitrogen Tertroxyde

Solid Hydrogen

Super High Energy Propellants
Solid Oxygen

Solid Kerosene

Technical University

United States Air Force
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DEVELOPMENT OF RECRYSTALLISATION PROCESS FOR
SUPERFINE PETN FROM LABORATORY TO FULL PLANT SCALE

Melinda du Plessis

Somchem, Division of DENEL (Pty) Ltd, Product Development & Technical Support,
PO Box 187, Somerset West, 7129, South Africa

Abstract

This paper portrays a practical approach to the development of a recrystallisation/
precipitation process for PETN, taking it from laboratory to full plant scale. The
purpose of this recrystallisation process was to modify attributing characteristics of the
existing PETN crystals regarding processability by altering the size and shape of its

crystals. The aim was to produce superfine needle like PETN crystals.

This paper describes experimentation and optimisation on laboratory scale (1 to 2
litres); addresses practical considerations regarding future scale up and evaluating the
results. It then deals with experimentation on pilot plant scale (50 to 200 litres) which
serves as a test for the workableness of the process on larger scale and confirmation of
the laboratory results obtained. Successful experimentation on pilot plant scale

provided the foundation for future scale up.

The final step involves implementing the proposed recrystallisation process on full
plant scale, submitting the product for final approval and assessing the feasibility of

the process for future production.

1 INTRODUCTION

Pentaerytritol tetranitrate (PETN) is a high explosive. The processability and explosive
properties of PETN are closely related to the shape, size and porosity of its particles. The final
application and utilisation of the PETN dictates the characteristics required for the particles.
The request in this instance was to modify PETN from big (150 to 300 pm) raspberry like

crystals to superfine (~12 pm) needle like crystals.
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A literature study was conducted to gather as much information as possible on the
recrystallisation of superfine PETN crystals. The idea was not to rediscover basic principles,
but implement basic principles and optimise process conditions to meet product specifications,

taking into account plant capabilitics available for scale up of the optimised process in future.

This paper portrays a practical approach to the development of a process for the production of
superfine PETN on full plant scale. The first step is to identify a practical process feasible for
scale up to produce superfine PETN in bulk. A recurring problem in the past was that although
an almost perfect or “too good to be true” process would be developed in the laboratory and
excellent results generated, the crunch would come during scale up of the process from
laboratory to full plant scale. Numerous problems would then crop up and deviating results

obtained from that on laboratory scale.

The extent of these problems usually necessitated some minor or major adjustments to the
process imposing further optimisation regarding these adjustments. Minor adjustments
allowed for minimal optimisation on the plant itself. Major process adjustments though could
result in costly optimisation on the plant or suspend development work on plant scale and
imply returning to laboratory or pilot plant scale for final optimisation. Whichever, the result
remained the same — time schedules and budgets not being met. Superfluous to mention that
time is money and to stress the order of magnitude regarding cost of experimentation on plant
scalc relatively to experimentation on laboratory scale. The importance of the initial thought
and thoroughness that goes into the preliminary work on laboratory scale cannot be emphasised

enough.

2. PRELIMINARY PHASE

Before any experimental work can commence even on laboratory scale, some basic concepts
and principles have to be established. All product specifications, the exact requirements, as
well as constraints regarding the process have to be clarified. It provides guidelines and
facilitates decision making further down the road concerning process development and scale
up. It could only be beneficial to limit any chances of misapprehensions and missteps as early

as possible.



2.1 BASIC PRINCIPLES

The literature survey produced lots of information regarding the preparation of superfine
explosives, among others PETN, on laboratory scale. After scrutinising this information, it
was possible to single out one technique applied repeatedly. It is a
recrystallisation/precipitation technique that entails complete dissolution of the PETN in a
solvent and redepositing it by mixing it with a non-solvent. The mixing of the PETN solution
with the non-solvent initiates the precipitation/recrystallisation of the desired PETN crystals

and represents the most critical point in the process.

Conditions regarding the PETN solution, the non-solvent and the mixing thereof determine the
characteristics of the crystals deposited. It is possible to modify the characteristics of the
crystals to meet product specification by altering the conditions surrounding the dissolution and

precipitation of the PETN crystals.

2.2 EXPERIMENTAL DESIGN

The first step is to design an experiment that maps out the consecutive steps required for the
preparation of superfine PETN. The experiment in general involves complete dissolution of
the PETN in a solvent by applying heat and mechanical stirring and then mixing the warm
PETN solution with a cooler non-solvent to initiate precipitation/recrystallisation of superfine
PETN crystals. These superfine crystals are then separated from the mixture of solvent and
non-solvent by means of filtration. The PETN crystals on the filter are washed with water to
get rid of any residual solvent and filtered dry to remove excess water. The product on the

filter represents the final product, ready for characterisation and evaluation.

Where future scale up of a process is contemplated, more comprehensive planning is required
regarding the design of an experiment. Economics and the impact of the process on the
environment are two major concerns that need to be evaluated and addressed. Topics like
recycling and the management and disposal of waste become major issues. Due to the scale of
operation, economics and waste management necessitate recovery of the solvent from the
solvent/non-solvent mixture for re-use to dissolve the next batch of PETN. The waste
generated by the process, especially by the filtration step, should be handled responsibly and in
such a way as to minimise product loss and costs. Because of the fact that chemicals and a
high explosive constitute the major part of this experiment, it highlights the necessity for extra
care regarding safety and waste management. Mistakes could not only be expensive, but fatal.

A well-thought-out experiment from the onset is essential.
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The next step is to look at parameters that could influence conditions regarding the dissolution
and in particular, the precipitation/recrystallisation of the desired PETN crystals. Optimisation

of the process involves varying these parameters in relation to one another and evaluating the

results.

2.3 EXPERIMENTAL CONSIDERATIONS

The choice of solvent was the first major decision. A primary requirement for the solvent is a
high solubility for PETN. The other major concerns, especially with the prospect of future
scale up of the process, are costs as well as the safety, health and environmental issues
regarding the handling and disposal of the chemicals. There is increasing pressure from
environmental authorities to limit the use of hazardous chemicals. In view of all these
constraints, acetone was identified as the choice of solvent. PETN is highly soluble in acetone
(~40g PETN/100g acetone). Acetone is classified as a flammable, but moderately toxic
solvent; being freely used on our plants equipped to handle large amounts of acetone. The
availability of an acetone distillation column for the recovery of acetone was a major
consideration that favoured acetone as a solvent. The volatility and low boiling point (~56°C)
of acetone, contributing to a relatively low energy demand regarding distillation, also favoured

it from a cost angle.

The primary requirement for the non-solvent is no or low solubility for PETN. Additional

requirements like low cost and “ environmental friendly” made water the obvious choice.

Another important consideration to take into account when designing an experiment is to
identify the parameters for process optimisation and the limits thereof within the capabilities of
plant equipment. Be informed of what is available and possible on plant scale. It is senseless
and hcart-breaking to optimise conditions perfectly on laboratory scale and then only with
scale up to discover plant equipment to be inadequate and the process not feasible for scale up.
It was for that very reason in this case that preference was given to a batch process despite the

benefits represented by a continuous process.

The development of this scale up process for the precipitation/recrystallisation of superfine

PETN is best discussed in view of the three scale up steps:
e Laboratory Scale
e Pilot Plant Scale

e Full Plant Scale
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3. LABORATORY SCALE

The main purpose of experimentation on laboratory scale was to optimise process conditions
for the preparation of superfine PETN that comply with the desired product specification. At
this stage there were still a number of unknowns and variables regarding the process that had to
be eliminated and narrowed down before the process, that is the design and the conditions,
could really be fine-tuned. Laboratory scale represents experimentation with volumes up to

two litres.

3.1 EXPERIMENTAL

A statistical approach was used to design the first experiment in the laboratory. The purpose of
the statistical approach was to incorporate the maximum number of parameters into 2 minimum
number of experiments and still obtain meaningful results. The goal of the first experiment
was primarily to eliminate parameters that do not contribute significantly to process
optimisation and single out those that do for further optimisation in a second experiment. The
statistical approach, namely the Taguchi Design Experiment that was used, is portrayed in
Table 1.

The number 1 and 2 for each parameter represents two different configurations or values. In
order to establish definite impacts and tendencies, incremental values were attributed

respectively to the 1 and 2. Parameters investigated in the first experiment was:
e Different grades of PETN as raw material

e Percentage of PETN in solution

e Temperature of the PETN solution

e Volume of non-solvent

e Temperature of the non-solvent

¢ Order of mixing PETN solution and non-solvent

e Stirring speed

e Stirring time
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Table 1: Statistical Experimental Design for Process Optimisation on Laboratory Scale

Parameters identified and varied
Batch 1 2 3 4 5 6 7 8 9 10 11
1 1 1 2 2 1 1 1 2 2 2
2 2 1 2 1 2 2 2 1 1 1 2
3 2 2 1 1 2 1 2 1 2 2 1
4 2 1 1 2 2 2 1 2 2 1 1
5 2 2 2 1 1 1 1 2 2 1 2
6 1 2 2 1 2 2 1 2 1 2 1
7 2 2 1 2 1 2 1 1 1 2 2
8 2 1 2 2 1 1 2 2 1 2 1
9 1 1 1 I 1 2 2 2 2 2 2
10 1 1 1 1 1 1 1 1 1 1 1
11 1 2 1 2 1 2 2 1 1 2
12 1 2 2 1 2 2 1 2 1 1

Afier the elimination of a number of parameters, a different statistical approach was employed
in the second experiment to incorporate the remaining parameters that proved to be significant
for fine-tuning process conditions. A Full Factorial Design Experiment was used for the
second experiment. The second statistical design corresponded to the first in the sense that it
also allowed for attributing two different values to the parameters. These values however were
chosen with more deliberation than the first time, as the purposc of the second experiment was
not eliminating but fine-tuning process conditions. The big difference was that the limited
number of parameters in the second design made it possible to correlate parameters’

interdependencies.
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A few additional aspects concerning scale up like the recovery of the acetone and the handling
of the waste generated by the process, were addressed at this stage. Two possibilities were
identified for the recovery of the acetone, namely during precipitation/recrystallisation or after
separation of the liquid from the product. Since it was impossible at that time to duplicate
these exact process conditions in the laboratory, corresponding experiments were conducted in
the laboratory to evaluate the major impact thereof on the superfine PETN and develop a so-

called feel for the two acetone recovery options.

The waste generated mainly consisted of water containing traces of PETN and certain
percentages of acetone. These levels varied in accordance with the option used for acetone
recovery. Confirmation of results would only be attainable after implementation of the acetone

recovery step on plant scale.

3.2 RESULTS AND DISCUSSION

The PETN batches from the first experiment produced results with average particle sizes that
ranged from 11 to 67 um. The statistical evaluation of the results in accordance with the
statistical design of the experiment reported the actual mixing of the PETN solution with the
water to be the most significant. Parameters regarding the percentage, volume and temperature
also proved to be significant. Results from the first experiment made it possible to eliminate a

number of parameters cluttering the optimisation process and single out the significant ones.

The second experiment reported average particle sizes that ranged from 11 to 15 pm, a
relatively narrow distribution band of results. These results served as confirmation of the
parameters identified and the values attributed. Process conditions were then finalised on
account of the optimisation experiments in the laboratory. It paved the way for scale up to

pilot plant scale in order to examine the feasibility of the process conditions for scale up.

Before scale up to pilot plant scale and further expenditure, it was only sensible to evaluate the
financial side of the process. It was possible to make a few basic cost calculations, relying on a
number of assumptions, to get a figure on the profitability of the process. Nobody is interested
in a process costing money and not making money. A positive answer in this regard provided

the go ahead for scale up.




4. PILOT PLANT SCALE

The purpose of experimentation on pilot plant scale was to investigate the workableness of the
process conditions optimised in the laboratory on a larger scale. The average size of the
vessels on the pilot plant was 50 to 75 litres which represents an almost fifty fold scale up from

laboratory scale.

4.1 EXPERIMENTAL

Due to a number of limitations on the pilot plant as well as time pressure, it was impossible to
investigate the recovery of the acetone or address the handling of the waste. The experiment
on the pilot plant scale therefor purely served as a verification of the process conditions

optimised in the laboratory.

In order to supply a big enough sample to a client for preliminary evaluation of the product, the
experiment had to be repeated six times maintaining the same process conditions as far as it
was practical possible. The different batches were evaluated separately before being blended
into one batch. The scale up experiment as a whole proceeded very smoothly on the pilot

plant.

4.2 RESULTS AND DISCUSSION

The six separatc PETN batches’ average particle size ranged from 11 to 13 pm. These results
made it possible to verify the repeatability and robustness of the process conditions, an
important aspect for the production of a quality product on plant scale. The process itself was
practical and easy to implement on the larger scale and yet maintain process conditions within

their limits.

Only one possible restriction was identified. It was the first time that a filter trolley had been
used to filter the bigger quantity of superfine PETN when it turned out to take longer than
anticipated. The intention was to use the same design of filter trolleys on plant scale. It served
as scnsitisation for the filtration step to provide well ahead for suitable alternatives should it
prove to be necessary. The results from the pilot plant runs however gave the go ahead for

implementation on full plant scale.
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5. PLANT SCALE

Implementing the process conditions on full plant scale served as the final test for the
feasibility of the process for scale up. The volume of the precipitation/recrystallisation vessel
on the plant was 3000 litres. It was also the first opportunity to obtain a representative sample
of the process for submission of final product approval. The results generated on plant scale
were used to draw up a proper mass balance of the process and to determine the profitability

thereof.

5.1 EXPERIMENTAL

One of the most outstanding features regarding this final scale up to plant scale was besides the
much larger quantities, the long times needed for each consecutive step in the
precipitation/recrystallisation process - for example the time it took to fill a tank, the time to
transfer the contents from one vessel to another, the time to heat or cool down the contents in a
vessel. The retention time of the product exposed to the different process conditions was of a
much bigger order. The total exposure time of the superfine PETN to the acetone and heat was
longer. It became clear that it was impossible to duplicate these exact conditions on laboratory
scale. The dynamics of transferring and mixing the contents were also of another dimension.
The effect of these longer exposure times of the product was detected in a slight increase in the
average particle size of the superfine PETN — not recommendable for improving product

quality.

The process conditions regarding the percentages, volumes and temperatures optimised on
laboratory scale were implemented without problems on the big plant scale. The consecutive
process steps were logic and practical. The filtration of the superfine PETN in the filter trolleys

also proved not to be such a problem as anticipated.

For the first time it was possible to implement and evaluate the acetone recovery step. Both
recovery options were implemented and evaluated. Due to practical considerations regarding
the handling of bigger volumes and the time involved, the recovery step of the solvent was

implemented at the earliest possible opportunity.

A total of sixteen batches was prepared, maintaining the same process conditions. Each batch
was evaluated separately. The results of these batches could serve as a test for the repeatability

of the process on big scale.
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52 RESULTS AND DISCUSSION

The scale up to plant scale production produced crystals with an average particle size of 16 pm,
an incrcase of 4 pm compared to pilot plant scale. This increase in particle size can mainly be
attributed to the longer exposure times of the PETN to process conditions as well as changes in
the dynamics of the stirring and pumping actions on plant scale. Although experience reflects
that the PETN crystals are not really susceptible to crystal growth, the longer mixing time of
the PETN solution into the non-solvent, had an effect on the formation of the crystals. It has

already been identified as the most critical point in the process.

The acetone recovery by distillation as early as possible before filtration benefited the filtration
process and lowered the level of PETN in waste water to 5 PPM and lower which is highly
beneficial for the treatment of the waste water. The only down side was that it contributed to a
slight increasc in the average crystal size due to extended exposure of the superfine PETN to
the acetone and the changes in the equilibrium that allowed for the crystallisation of not yet

precipitated PETN on already crystallised PETN crystals with the effect of crystal growth.

In total the scale up of the process from the pilot plant to the plant scale went according to plan
except the slight increase in crystal size results. A possibility to overcome this problem is to
modify equipment to shorten the addition and mixing time of the PETN solution to the water.
The need for further optimisation however depends on the evaluation of the fine PETN in its

specific application.

The results of the sixteen PETN batches produced differences in particle size of only 2 um that
endorsed the findings of the pilot plant experiment, namely that the process is repeatable and

robust, even on plant scale.

It can be concluded that the implementation of the process on the plant scale was a big success.
Financially the process as employed at present reflects a very good return on investment and
can scrve as a great motivation to look at further optimisation of the process to attain even

smaller crystal sizes. Another option could be to develop a continuous process.
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6. CONCLUSION

The development of this process for the precipitation/recrystallisation of superfine PETN from
laboratory to plant scale as portrayed in this paper reflects a personal and very much practical
approach. It is definitely not an official recipe or the ultimate way to go about it. The practical
experience gained with the development of this process, taking it through all the scale up steps,
made this an extensive and valuable learning experience. And yet, evaluating the results from
the final plant scale reflects that there is room for improvement. Although it is probably
unrealistic to expect to implement a scale up without any hitches, it is clear that there is still a

lot of experience to be gained.

It is also obvious that each process development for a different product will have its own
distinct characteristics that would provide for unique solutions, only to be gained by practical

experience.
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Introduction

A Large part of man made organic compounds or xenobiotics is intended for
widespread use (pesticides, detergents, dyes, pharmaceuticals, explosives...). Their fate in
the environment is under the control of abiotic transformations (photodegradation), and
microbial degradation. Only biological systems are able to achieve the total transformation
of organic compounds into inorganic safe end-products (carbon dioxide, nitrogen,
water...). This process called mineralization is catalyzed by various enzymes specialized
in the conversion of naturally occurring compounds. Xenobiotics are designed according
to expected properties without any care for their ability to be recognized by degradative
enzymes. For some particular applications, chemists were interested in increasing the
lifetime of xenobiotics. The resulting structures were recalcitrant to biotic or abiotic
degradations, and toxic directly or through their derivatives or metabolites.
During centuries, risky compounds were released in the environment without any
understanding of their impact on ecosystems and public health. Even those that were
recognized hazardous and were withdrawn, still contaminate the environment through
leakage from sediments or underground storage thanks. The decision to clean-up polluted
sites is generally limited by cost. The concerned areas were highly concentrated which
contributed to the eradication of local microflora. The consequence is a limited auto-
epuration and a need for costly off site treatments.
Private and institutional operators still engage in ambitious restoration programs for
contaminated sites, and evaluate various techniques (incineration, photodegradation,
AOPs, Bioremediation...). Unfortunately, only limited efficiency is observed for highly
recalcitrant compounds.
The preventive approach

Actually, heavy chemical companies try to avoid environmental disasters that
negatively influence their image and business. However, they still produce xenobiotics for
new applications or to replace withdrawn compounds. The main objective of our work is
to anticipate the environmental impact of compounds that are still under industrial
development, and not yet present in the environment in a worrying manner. This strategy
tends to offer detection/quantification methods, and remediation processes applicable in
the case of accidental pollution, and useful for cleaning industrial wastes. It includes
metabolic comparison between microbial and mammalian cells, and the identification of

every potential toxic metabolites.
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After identification of a target molecule, we started the "well” presented below.

This mutlidisciplinary approach associates cleaning, prevention and valorization
processes. It includes:

1 - The synthesis of radio-labeled markers, to follow precisely the outcome of the pollutant
and to measure its mineralization, and the synthesis of every potential metabolites and
derivatives.

2 - The development of analytical methods for the detection and the quantification of the
pollutant and its derivatives, that may form in the environment through biotic or abiotic
transformations. These methods are designed either for aqueous or soil contamination.

3 — Investigation of the chemical reactivity of each domain of the compound, and the
evaluation of "clean" chemical remediation processes, mainly Advanced Oxidation
Processes AOPs.

4 - Microbial degradation of the pollutant to safe derivatives: In this part, we avoid any
processing or dilution of the contaminated media to remain close to real situation. We
elucidate the enzymatic mechanisms of degradation. The main objective is to optimize the
incubation conditions to reach the total mineralization of the pollutant.

5 — Mammalian degradation of the pollutant. We used rat liver cells and various
mammalian cell lines. We identify the metabolites of the pollutant, and the enzymes
involved in its degradation. This can help to detect reactive and toxic intermediates that
may form in the case of accidental ingestion.

6 — The valorization step concerns either the generalization of the biodegradation process

to other pollutants, and a screening for beneficial properties of the metabolites.

1- Synthetic variations
- Potential derivatives
- Radio-labeled compounds

6- Valorization 2- Analysis
- Detection

@ - Quantification

) . 3- Chemical degradation
5- Mammalian metabolism - Reactivity
- Metabolic pathways - Remediation (AOPs)
- Metabolic risk
4- Microbial degradation
- Bioremediation
- Mineralisation
- Metabolic pathways

Target Molecule : the example of NTO
Aromatic and heterocyclic nitro compounds are common industrial chemicals. They are

associated with many industrial processes and particularly, the ammunitions industry.
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There is a great deal of evidence that these recalcitrant compounds are toxic and
hazardous. Classical explosives such as TNT, RDX, and HMX are commonly found in
soils and waters around manufacturing and disposal sites. Among the physical and
chemical remediation techniques available (soil extraction, soil washing, thermal
desorption, oxidation processes), the current technology to clean up explosive
contaminated soils is incineration. Nonetheless, this method is very expensive and
produces large amounts of toxic emissions and ashes. Bioremediation of energetic
compounds has received much attention and was largely investigated. However, literature
indicates slow and limited microbial mineralization of conventional explosives (TNT,
RDX and HMX). The risk that these compounds pose to health and the environment, is
now well established. They became less attractive and justify the need for powerful, stable
and potentially less toxic explosives. The 5-nitro-1,2,4-triazol-3-one NTO 1 was recently
developed as a leader of a new generation of ammunition. It exhibits the same
performance as RDX, but a higher stability against physical constraints (pressure, heat,
impact, friction ...). This compound has met with considerable interest from both the
defense and civilian sectors. For specific military formulations, industrial conditioning of
NTO generates acidic waters containing 10-15 g/l of compound. Its recovery as well as its
disposal are not actually considered, and the contaminated solutions are stocked until the
elaboration of a cost-effective remediation process. The chemical degradation as well as
the metabolism of NTO had never been reported before. For these reasons it offers a good

opportunity to validate our preventive approach.

1. Chemical Variations
Based on the metabolism of molecules presenting structural similarities with NTO. We
made an inventory of the potential NTO metabolites and derivatives (figure 1). These

molecules have been taken into account for the calibration of analytical methods.
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figure 1 : Cyclic potential derivatives of NTO
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In order to follow precisely the chemical and biological degradations of NTO, and to
propose accurate reaction mechanisms, we synthesized [5-14C}- NTO and [3-14C]-NTO
(figure 2). [5-'4C]-ATO and [3-'4C]-ATO were obtained by nitroreduction of the
corresponding labeled NTO.

0
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N/
~ NH
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Ba CO3 — e
2) NaBH(OCH;); H ONa
|5
NO, .
(514C)-NT0
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EY
Ba CO —— Ba-N-CN
3 NH, NH; 2yHCI

O

*{NH,, HCI
N T Hcoon L >o HNO3 J\ ">
? H

310 NTO

Figure 2 : Synthesis of [5-14C]- NTO and [3-14C]-NTO.

2. Analytical Methods
Polar heterocyclic compounds were not easy to separate by classical chromatographic

techniques. Among a variety of chromatographic supports and methods, the best
separations for compounds 1 to 4 was obtained by HPLC on a porous graphite column and
by capillary electrophoresis (Figure 3).

The HPLC was coupled to radioactivity detection, and used routinely for the
quantification of compounds in water and soils. The concentrations detected by HPLC

were lower than 5 mg/l in aqueous solutions, and 15 mg/kg of soil.
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Figure 3 : separations for compounds 1 to 4. A. HPLC on a porous graphite column.

3. Chemical Degradation of NTO
3.1. Chemical reactivity

B. capillary electrophoresis.

A review on the chemistry of nitrotriazoles, published in 1986, confirms the high stability

of the nitrotriazolone ring against drastic reaction conditions.

Contrary to other nitrotriazoles,

only two publications reported the chemical

transformations of NTO, 1) the nitro-reduction of NTO to the corresponding primary

amine ATO, and 2) NTO decomposition in refluxed sulfuric acid. In order to complete our

knowledge on the reactivity of substituted triazolones, we investigated the chemical

decomposition of NTO and ATO. Target regions in these molecules were the nitro group,

the primary amine and the cyclic urea. The nitro group of NTO can be easily reduced

either by chemical or microbial nitroreduction (figure 4).
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Figure 4 : microbial and chemical nitroreduction of NTO

Hydrolysis of NTO and ATO is presented in figure 5. Drastic acidic conditions only

partially degrade the triazolone ring of NTO and ATO.
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In alkali (NaOH), urea region of ATO but not NTO, is efficiently hydrolyzed, leading to
ring clevage and the formation of a polar compound assumed to be aminoguanidine.

ATO is easily deaminated by dediazotation through unconventional reactions figure 6. The
diazo intermediate is not hydrolyzed to the expected urazole, but gives TO 4 or the azide 6

depending on nitrite concentration.
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Figure 5 : Hydrolysis of NTO and ATO
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Figure 6 : deamination of ATO

3.2. NTO remediation using Advanced Oxidation Processes

The TiO,-catalyzed photodegradation (A>290nm, TiO, 0.4 g/I, NTO 150 mg/l)) leads to
the complete mineralization of NTO in 3 hours. This degradation involves a simultaneous
denitrification and ring scission, followed by the total mineralisation of NTO. End
products were nitrites, nitrates and carbon dioxide (figure 7). No significant photo-
degradation of NTO was detected in the absence of the catalyst. Long term irradiation over

one week, leads to a complete degradation of concentrated NTO (5g/1).
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Fenton oxidation offers an efficient cost-effective method for NTO remediation. This
reaction is faster that the TiO,-catalyzed photolysis and find application on the
mineralization of high concentrations of NTO (15 g/l) (figure 8). Fenton oxidation
provokes ring cleavage and subsequent elimination of the two carbon atoms of NTO as
CO,. During this reaction, the nitro group is completely transformed into nitrates. These

techniques, and particularly the Fenton oxidation, are perfectly applicable to limpid
contaminated solutions containing about 15 g/l NTO. This cost-effective process did not
involve any reactive intermediates and leads to harmless end products. We proposed a

mechanism of degradation of NTO by OH- presented in Figure 9.
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Figure 7 : TiO2 (0.4 g/1) catalyzed photodegradation of NTO (150 mg/1).
A : NTO photodegradation, B : Nitrite and nitrate formation.
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Fig. 8. Degradation of NTO by Fenton oxidation. A. effect of NTO concentration
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Fig. 9. Proposed mechanism of degradation of NTO by OH-

4. Microbial degradation of NTO

Contrary to other explosives, NTO is well soluble in water and its concentration almost

reached 10 to 15 g/l in industrial aqueous wastes. An innocuous microbial strain was

isolated from the waste by enrichment techniques, and represented a suitable micro-
organism for achieving NTO remediation. This bacteria was identified as Bacillus

licheniformis. The protocol requires two separate steps: the micro-organism production
and the NTO degradation. The first step is a classical culture process, which needs
inexpensive nutritional supply and offers large quantities of biomass in three days of

growth. This step did not require continuous control or supply and the biomass could be
easily recovered. The second step is the incubation of the freshly produced biomass with a
waste that contains 15 g/l of NTO. After two weeks of incubation, NTO is totally
transformed to urea and a polar compound assumed to be hydroxyurea. Both compounds
might be further hydrolyzed by urease-like activities accounting for the 40%
mineralization. At the end of the incubation, the biodegradation broth contains biomass,
urea and hydroxyurea. NTO transformation by Bacillus licheniformis involves two
consecutive reactions 1) the nitroreduction of NTO, 2) the hydrolysis of the formed ATO.

Optimal conditions for each reaction are represented in figure 10.
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Figure 10 : Biodegradation of NTO by Bacillus licheniformis
To elucidate the mechanism involved in the ring fission of ATO, 3-14C-ATO (14C=0) and
5-14C-ATO (14C-NH,) were synthesized and used to follow the outcome of each region of
the molecule. Various results tend to confirm that the "urea” region of ATO is not
hydrolyzed. Such hydrolysis provokes a spontaneous release of carbon dioxide from the
carbonyl group. When 3-14C-ATO (14C=O)was used in the incubation no mineralization
was observed. The labeled carbonyl group was totally recovered as polar compounds.
Radioactive urea is not formed in this case. Similar incubations with 5-14C-ATO (14C-
NH,) led exclusively to 4C-urea suggesting that the carbon at position 5 is the site of
degradation. Urea may be further degraded to ammonia and carbon dioxide, supporting the

40% mineralization of 5-14C-NTO.

5. Mammalian transformation of NTO by rat liver microsomes:

The potential carcinogenicity of aromatic and heterocyclic nitro-compounds had led to
considerable attention being focused on their metabolism in mammals. The general
pathway of their biodegradation is nitroreduction which may generate potent cytotoxic
intermediates, such as primary amines and hydroxylamines.

The transformation of NTO was principally catalyzed by the microsomal fraction
of rat liver cells, from dexamethasone treated rats. This reaction required a NADPH-
generating system and led to the formation of two metabolites, 5-amino-1,2,4-triazol-3-
one 2 and 5-hydroxy-1,2,4-triazol-3-one 3 (Figure 11). The presence of oxygen did not
affect the overall conversion rate of NTO, but considerably altered the proportions of the
metabolites. Amine 2 was the major derivative formed under anaerobic conditions, while
urazole 3 represented 40% of the metabolites formed under aerobic conditions. 14C-
labelled ATO was incubated with dexamethasone-induced microsomes to determine
whether urazole 3 derived directly from NTO or from the corresponding amine. 14C-ATO
was not transformed by rat liver microsomes into either urazole 3 or any other derivative,
even when unlabelled NTO was added to the incubation. This finding suggests that
urazole is formed directly from NTO. Nitrite measurement tends to support an oxidative

denitrification of NTO rather than an amine oxidase catalyzed reaction.
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Figure 11 : transformation of NTO by rat liver microsomes

Our results have shown major differences between the mammalian and the microbial
metabolism of NTO. Among the reactions observed, nitroreduction of NTO is common to
both systems and led to the primary amine ATO. Hepatic microsomal enzymes involved in
this reaction are extensively inhibited by oxygen compared to the microbial enzymes.
Nitroreduction is the sole microbial reaction that affects NTO, but the derived
amine ATO is subsequently degraded through triazolone ring cleavage. In the mammalian
system, besides nitroreduction, NTO undergoes an oxidative denitrification, providing

urazole and nitrite.

6- Valorization of the remediation process

ATO could be obtained in large quantities from NTO contaminated wastes. It corresponds
to the first step in NTO degradation by Bacillus licheniformis. The structure of this
molecule reminds some biologically active compounds. According to figure 12 various
biological activities were screened. We focused particularly on the herbicidal activity of
ATO according to structural similarities with amitrole (amino-imidazole). This widely
used compound exhibits low biodegradability and is actually classified as hazardous,

because of its potential carcinogenicity. We have shown during our study that ATO is

biodegradable and might represent an attractive alternative to amitrole.

Our current projects concern the identification of compounds that might represent
recalcitrant pollutants in the near future. We are completing the well, presented at the top
of this paper, by investigating the long term toxicity of the retained compounds and the

cloning and identifications of the enzymes involved in their biodegradation.
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MECHANICAL CHARACTERISATION OF ENERGETIC
MATERIALS USING MULTI-WAVE EXPERIMENTS
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ABSTRACT

Mechanical characterisation of energetic materials is an essential element
of the initial qualification process and subsequent surveillance
programmes. Dynamic mechanical analysis has been demonstrated to be
one of the most effective methods of mechanical assessment in terms of
sample usage and experimental time. There is often a reluctance to
conduct tests at a variety of frequencies as this increases the sample
requirements and expense. A possible way of accumulating more

mechanical information is to use a multi-wave experiment.

Some commercially available rheometers have “multi-wave” software
available. By using this software experiments can be carried out at
several discrete frequencies simultaneously compared to older
experiments which monitored mechanical parameters (i.e. G’ and G”) at

one single frequency.

Several energetic materials were investigated by both single frequency
and multi-waves experiments and over a range of temperatures. The data
extracted from the multi-wave experiments was then compared against

the corresponding single frequency results using overlay plots.
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Both unaged and aged materials were tested and the results will be

discussed.

Keywords:

Characterisation
Dynamic mechanical analysis (DMA)
Multi-wave

Shear Modulus
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CHARAKTERISIERUNG DER MATRIX / FULLSTOFF-
WECHSELWIRKUNG AM BEISPIEL DES MODELL-

TREIBSTOFFSYSTEMES GAP / RDX

CHARACTERISATION OF THE MATRIX / FILLER PROPERTIES

OF THE GAP / RDX PROPELLANT SYSTEM

Peter Gerber, Christof Hiibner, Klaus Menke

Fraunhofer-Institut fir Chemische Technologie (ICT), Joseph-von-Fraunhoferstr. 23,
D-76229 Pfinztal

Abstract

The mechanical properties of propellants are mainly determined by the filler binder
system. With a Particle size > 1um only a few publications investigate the change of
the modulus and loss tangent with different amount of filler and particle size. /1, 2/.
Stacer et. al. /1/ for example studied HTPB filled with monosized and bimodal ammo-
nium perchlorate with up to 66 vol.% amount of filler. In this work the binder GAP is
crosslinked with N100 and filled with RDX particles with a average particle size of 4
pm. The amount of filler reached 50 vol. %. The dependence of the modulus G* and
tan & from the strain and the frequency is studied. The results were analysed and.

discussed with a well known power law equations and the relative modulus Gg = G/Gw.

Zusammenfassung

Die mechanischen Eigenschaften von Treibstoffen, werden neben der Verarbeitung
im wesentlichen vom eingearbeiteten Fillstoff und dem Bindersystem, der Matrix be-
stimmt. Fur Fllstoffe mit einer PartikelgréBe > 1 pm existieren nur wenige Arbeiten,
welche die Anderung des Moduls und des Verlustfaktores eines Matrix-Fiillstoff-
systemes bei verschiedenen Fillstoffgehalten und PartikelgréBen bestimmen. /1, 2/.
So untersuchte z.B. Stacer, et. al. /1/ HTPB, geftlt mit monomodalem und

bimodalem Ammonium Perchlorat, bei Filllstoffgehalten bis zu 66 vol. %.
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In dieser Arbeit wird als Matrix GAP mit N100 vernetzt und mit RDX Partikeln gefiillt.
Die mittlere PartikelgroBe betragt 4 pm. Die Flllstoffgehalte wurden zwischen 10 und
50 vol. % variiert. Es wurde die Abhangigkeit des komplexen Moduls G* und des
Verlustfaktores tan & in Abhangigkeit von der Scheramplitude und der Kreisfrequenz
bestimmt. Die Ergebnisse werden mit Hilfe des bekannten Potenzgesetzes und des

relativen Moduls Gr = G/Gy ausgewertet und diskutiert.

Grundlagen
Bei der dynamisch mechanischen Analyse (DMA) wird eine Probe durch einen
oszillatorischen Schwingversuch mit einer sinusférmigen Scherung y(r) mit der

Amplitude 7 und mit der Kreisfrequenz o = 2zf beansprucht.

¥(6)=17sinfe-1) (1)

Als Materialantwort auf die sinusformige Scherbeanspruchung kann die daraus re-

sultierende sinusférmige Schubspannung wie folgt dargestellt werden.

(1) = 7-1G * (w) | -sin(wx + 6 (w)) (2)
Der Betrag des komplexen Moduls berechnet sich zu: '

1G*(@)) =22 (3)

14

Der komplexe Modul G*(w) ist nach (3) in zwei Anteile separierbar, den Speicher-
modul G' und den Verlustmodul G'. Der Speichermodul ist ein MaB fiir die elastisch
gespeicherte Energie, der Verlustmodul ist ein MaB fiir die in der Probe dissipierte
Energie. Aus dem Phasenwinkel 8(w) oder dem Verlustfaktor tan &(w) wird der
Verlust-und Speichermodul folgendermafen bestimmt:

¢ (@) (4)
G'(w)

Die Messungen werden (blicherweise im linear-viskoelastischen Bereich durchge-

§ =arctan

fohrt. Hierbei wird lineares Materialverhalten vorausgesetzt, d.h. es gilt nach

Gleichung (3} :

t~ 9 (@ = konst. ) (5)

Im diesem Bereich ist der Modul unabhéngig von der Scherung v. Dies gilt far

geniigend kleine Scheramplituden praktisch fir alle Stoffe und Stoffsysteme.
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Experimente

Tabelle 1 zeigt die Rohstoffe, welche fiir die Formulierung eingesetzt wurden. Die
Formulierung wurde bewusst auf wenige Rohstoffe begrenzt, um die EinflussgréBen
auf das System zu limitieren. Alle Proben basieren auf dem Glycidylazidpolymer-Diol
(GAP, Fa. SNPE). Das mittlere Molekulargewicht des Prepolymers betrdgt 2058
g/mol, der Polydispersionsindex betragt 1,09, gemessen mit einem Polypropylen-
glycol-Standart. Der energetische Binder GAP wurde ausgewahit, weil fGr ihn nur
wenig Informationen hinsichtlich der Matrix/Flistoffwechselwirkungen vorliegen. Als
Fulistoff wurde fir diese Untersuchungen Hexogen (RDX, Fa. Dyno) eingesetzt.

Tabelle 1: Rohstoffe

Bezeichnung Abkirzung Funktion Randbedingungen
Glycidylazidpolymer-Diol GAP Binder

aliphatisches Polyisocyanat Desmodur N 100 |Vernetzer NCO/OH =1,0
1,3,5-Trinitro-1,3,5- RDX Fllistoff Partikelr6Be:
Triazacyclohexan X503 = 4Um
Dibutylzinndilaurat D22 Katalysator |3 Tr. (78 mg)

Die mittlere PartikelgréBe wurde mit einem Malvern Mastersizer S zu 4 pym bestimmt.
Alle Formulierungen wurden in einen vertikalen Mischer unter Vakuum 2 Stunden
lang bei 40 °C gerihrt. Nach der Zugabe des Vernetzers wurde die VerguBmasse in
eine Form geleert. Durch Zugabe des Katalysators D22 der Firma Merck, kann die
Topfzeit so eingestellt werden, daB die Mischung nur wenige Minuten nach dem
VergieBen eine gelartige Konsistenz aufweist. Somit kann die Sedimentation der
Fillstoffpartikel unterbunden werden. Die Formulierungen wurden Ulber einen
Zeitraum von 24 h bei 60°C im Ofen ausgehartet.

Um die korrekte Zusammensetzung der Proben zu Uberpriifen wurde nach der Aus-
hartung von jeder Formulierung die Dichte mit dem Ultrapyknometer 1000 der Firma
Quantachrome bestimmt.

Zur Bestimmung des Moduls und des Phasenwinkels wurden die Messungen wurden
bei 23°C mit dem ARES Spektrometer der Firma Rheometric Scientific durchgefihrt.
Die Abmessungen der eingesetzten rechteckigen Probekdrper waren 50 mm x 10

mm x 4 mm.
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Ergebnisse und Diskussion

Aus Voruntersuchungen durch einen Amplitudensweep mit einer Kreisfrequenz von
® = 1 rad/s Uber den ist gesamten moglich zu messenden Bereich, welcher bei
dieser Probengeometrie 10 < y < 0,6 betragt, ist von der Matrix bekannt, daB die
Phasenverschiebung unterhalb der MeBgrenze liegt, d.h. die Matrix verhalt sich
unter diesen Bedingungen elastisch. Auftretende nicht-lineare Effekte bei gefiiliten
Systemen kénnen somit nicht auf das Matrixverhalten, sonder ausschlieBlich durch
Matrix-Fillstoff und Fullstoff-Flllstoff-Wechselwirkungen erklart werden.

Bei der Untersuchung beziiglich der Abhangigkeit des Moduls von der Scheramp-
litude bei gefiillten Materialien ist bekannt /1/, daf3 der gemessene Modu! stark von
der Deformationsgeschichte der Proben abhéngt. Wenn Proben mit zunehmender
oder abnehmender Scheramplitude gemessen werden, oder wenn ein kiirzerer oder
langerer Zeitabschnitt zwischen zwei aufeinanderfolgenden Messungen lag, waren
die Messungen nicht reproduzierbar. Deshalb wurde fir die im folgenden vorge-

stellten Messungen eine Prozedur erarbeitet, der alle Proben unterworfen wurden.

' 0
10 M6 =1 rad-s {10
[0 0000000000000 0000000q
O p—o—o—o—o——¢ O
e 6 PPN 2 4 * 4%—&—0—0—"‘ o *
g 10 110",
= g 0 0 0 o666 | -
- . w
.
; E
| @ G*=4,85-106- y0.0477 pgy
s @ G'=4,80-106- y-0.0490 py .
10 |10
E |O G"=7,74-105: y+0.0080 py ]
[ |® tan 5=15,08 -10 -2 y+0.0571
10™ 10° 0° e

Scherung v/ -

Abbildung 1: Amplitudensweep, Matrix: GAP/N100, cy = 40 vol. % RDX

Abbildung 1 zeigt beispielhaft fiir einen Fllstoffgehalt von 40 vol. % den Modul bzw.

den Verlustfaktor tan & in doppelt logarithmischer Auftragung tber der Scher
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amplitude. Das Nicht-Lineare Verhalten fir G* und G' ist gut zu erkennen.
Auffélligerweise ist der viskose Anteil G" unabhéangig von der Scheramplitude. Da G'
mit zunehmender Amplitude abnimmt, folgt als Konsequenz, daf3 der Verlustfaktor
tan & mit steigender Scheramplitude zunimmt. Alle weiter untersuchte Fillstofi-
konzentrationen zwischen 10 vol.% und 50 vol.% zeigen die gleichen Tendenzen.
Zur Interpretation der Messungen wurde das Potenzgesetz angewendet, welches
bereits in vorangegangenen Arbeiten /3/ fiir die Diskussion von G' und G" benutzt
wurde. In dieser Arbeit wird das Potenzgesetz auf G* und tan & ausgeweitet. Das

Potenzgesetz lautet:

G =G-r
G =G,y (6)
G||=G(')' .,y—n

tand =tand, - ymr=tm

Der Index 'o' steht fir den jeweiligen Referenzwert bei 1 % Scheramplitude. Die
Exponenten |, m, n, und p heiBen Nicht-Linearitdtsparameter und sind frequenz- und
temperaturabhangig.
Abbildung 2 zeigt fir den gesamten untersuchten Konzentrationsbereich von 0 bis 50
vol. % den komplexen Modul G* und den Verlustfaktor tan & in Abhangigkeit von der
Scheramplitude. Es ist gut zu erkennen, daf3 der Modul mit steigendem Fiillstoffge-
halt zunimmt. Auch sehr kleine Scherungen von 10* reichen bei dieser
Matrix/Filistoffkombination nicht fir den Nachweis eines Linearen Bereiches aus.
Der Verlustfaktor ist flr cy = 0 vol. % noch aufBBerhalb des MeBbreiches . Bei 10 vol.
% nimmt der Verlustfaktor deutlich zu, und weist eine fallende Tendenz fir zu-
nehmende Scheramplituden auf. Fir hohere Fillstoffgehalte nimmt der Verlustfaktor
mit steigendem Fillstoffgehalt und wachsender Scherung zu. Eine mdégliche Er-
klarung fiir dieses Verhalten ist die Zunahme von Matrix-Fillstoffablésungen, sowohl
bei zunehmender Scherung als auch bei wachsendem Fiillstoffgehalt.
Bei einem Verlustfaktor von 0,14 oder kleiner tragt der viskose Anteil G" zum Betrag
von G* weniger als 1% bei. In der Literatur werden oft die GréBen G' und G"
diskutiert. Da bei den durchgefiihrten Messungen die oben genannte Bedingung fir
den Verlustfaktor erfullt ist, gilt:

|G* =1 Gl (7)
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Der besseren Ubersichtlichkeit beschrankt sich diese Arbeit daher auf die Diskussion

des komplexen Moduls G* und des Verlustfaktores tan 3.

G*/Pa

Abbildung 2:

o =1 rad's™!
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Amplitudensweep bei verschiedenen Filstoffgehalten

tan 8/ -

Die Nicht-Linearitatsfaktoren (N-LF) hiangen neben der Temperatur und der Frequenz von

der gewahlten Matrix-Filistoffkombination ab. Als Trend werden in der Literatur beim N-LF

eine Zunahme mit zunehmendem Filllstoffgehalt beobachtet. Das gleiche Verhalten zeigt
HTPB gefiillt mit AP /1/, oder auch Arbeiten Uber ruBgeflillte Elastomere /4/.
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Da der Fllstoff RDX nur aufgrund von elektrostatischen Kréften an die Matrix
gebunden ist und keine chemische Bindungen mit der Matrix eingeht, bezeichnet
man solche Flllstoffe als nicht-verstirkende Fullstoffe. Fiir diese Fillstoffklasse ist
bekannt, daB der N-LF mit abnehmender PartikelgréBe kleiner wird. Bei einer
Deformation einer gefiiliten Matrix, ist durch die groBere spezifische Oberflache der
kleinen Partikel, eine groBere Kraft notwendig um die Matrix vom Fillstoff abzulsen.
Dies fuhrt zu einer Abnahme des N-LF. Verstarkende Fullstoffe zeigen hingegen, daf

der N-LF mit zunehmender spez. Oberflache zunimmt /1/.

Der N-LF zeigt fir RDX 4 pm einen untypischen Verlauf. starke Zunahme des
Faktors bis zu einem Fullstoffgehalt von 20%, fiir hohere Fillstoffkonzentrationen ist

der Anstieg des Parameters deutlich flacher wie fiir niedrige Fiillstoffkonzentrationen.

20 T T T T T T
e |
, . lo=1rad/s
15
o
g8 | ]
g 10
g L 4
« B
Q.
Q L
pd L
S 5
£ T
£ L
RS
z |
0

0 10 20 30 40 50 60
Volumenkonzentration Flllstoff ¢, / %

Abbildung 3: Nichtlinearitatsfaktor (I) des komplexen Moduls G*

Um das mechanische Verhalten von gefiiliten Polymeren in Abhéngigkeit von Full-

stoffgehalt zu beschreiben, wird im allgemeinen der relative Modul betrachtet /5, 6/

G, = ¥, w=konst. (8)

G, :relativer Modul
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: Modul des gefiillten Polymers, in dieser Arbeit: G,

G,, :Modul derreinen Polymermatrix, ohne Flillstoff

Der Modul G,, der Matrix ohne Fiillstoffe betragt bei einer Temperatur von 23°C und

einer Kreisfrequenz w = 1 rad/s: 7,8:10° Pa.

Bei logarithmischer Auftragung des Moduls Uber der volumetrischen Fillstoffkon-
zentration in Abbildung 4, kénnen die gemessenen Punkte gut durch eine Aus-
gleichsgerade angenahert werden. Pro 10 vol. % Flistoffanteil erhéht sich der Modul
im Mittel um 58%. Dies ist im Vergleich zu 4,8% Modulerhdhung je 10 vol. % Full-
stoffanteil beim System HTPB/AP ein sehr hoher Wert. /1/ Die Nichtlinearitdtspara-
meter beim HTPB/AP System nehmen wie beim GAP/RDX Fullstoffsystem mit dem
Fullstoffgehalt von 0 bis 6:107% zu.

Bei einer Kreisfrequenz von ® = 10 rad/s ist bei der HTPB Matrix (R = 0,95) das
viskose Verhalten (tan 8 = 0,85) viel starker ausgeprigt, wie bei der GAP/N100
Matrix (tan & = 0,01). Mit der sinnvollen Annahme, daf3 beide Fiillstoffe AP und RDX
einen wesentlich hdheren Modul wie die jeweiligen Matrizes aufweisen folgt, daf3 die
Haftungskrafte der RDX Partikel an der GAP/N100 Matrix wesentlich stéirker sind, als
bei AP Partike! an einer HTPB Matrix.

|@—®Dsp5=4pm y =102
w=1rad/s /
10’
[any
& PP
5
? ®
s
)
>
©
°
10° . . ‘ . ' .
0 10 20 30 40 50 60

Volumenkonzentration Fullstoff ¢, / %

Abbildung 4: Relativer Modul in Abhangigkeit von Flllstoffgehalt
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Frequenzabhangigkeit

Fur die Diskussion der Frequenzabhangigkeit der Materialeigenschaften ist es not-
wendig, eine Konvention fur den Verlustfaktor tan & zu treffen. Ein Verlustfaktor von
3,5-10entspricht einem Phasenwinkel 8 von 0,2° und liegt somit unterhalb des
gliltigen MeBbereiches der MeBapparatur. Fir die weiteren Betrachtungen wird eine
meBtechnische Grenze definiert, unterhalb derer der Verlustfaktor gleich O gesetzt
wird, weshalb fiir die weiteren Betrachtungen folgende Definition gilt:

tand=0 fur6<0,2 (9)

Die Frequenzabhéngigkeit des komplexen Moduls der ungeflillten Matrix ist fir den
Frequenzbereich von o = 0,1 rad/s bis o = 100 rad/s zu vemachléssigen. Die Zu-
nahme des Moduls ist kleiner 3 %. Fur hohere Frequenzen steigt der Modul jedoch
stark an (0 = 237 rad/s, +16%). Je héher der Fiillstoffgehalt, desto ausgepragter ist
die Frequenzabhéngigkeit des Moduls. Bei 50% Fiillstoffanteil betragt die Zunahme
des Moduls rund 90% (o = 0,1 rad/s bis » = 237 rad/s).

v=0,01
PN -
10 0 )
zM Mx—k&
«© AMM—HH#H—A—H
o W——"“
~ A i
° ;_e_e—e—e—e%—eﬂ—@—@—e’e‘e SRR B
G-o-0-6-6-6--0-9 i
D CV=50%
L & 0000000000000 —&— oy =40%
105 —A— cy=30%
C -0 oy =20%
d ~B— cy=10%
L —@— CV= 0%
L Lo \ a1 ) ] ]
10™ 10° 10' 10

Kreisfrequenz o/ rad-s

Abbildung 5:  Abhingigkeit des komplexen Moduls von der Frequenz

Der Verlustfaktor tan § ist bei der ungefuliten Matrix fur Kreisfrequenzen kleiner 3

rad/s gleich 0. Fir héhere Frequenzen nimmt der Verlustfaktor mit steigender



19 - 10

Frequenz zu. Fir hdhere Fulistoffgehalte durchlauft der Verlustfaktor in Abhéngigkeit

von der Frequenz ein Minimum. Die Lage des Minimums héangt vom Fullstoffgehalt

ab. Im Diagramm ist eine Gerade eingezeichnet, welche die Minima bei verschie-

denen Fillstoffgehalten kennzeichnet. Fiir hohere Frequenzen nimmt der Verlust-

faktor mit steigender Frequenz zu, d.h. in diesem Bereich dominiert das Verhalten

der Matrix. Firr niedrige Frequenzen nimmt der Verlustfaktor mit steigender Frequenz

ab. Der viskose Anteil G" durchlauft ebenfalls ein Minimum, wahrend der elastische

Anteil G' mit steigender Frequenz stetig ansteigt (hier nicht im Diagramm gezeigt).

Eine Ursache fur dieses Verhalten liegt in der Wechselwirkung zwischen Matrix und

Fullstoff.
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Zusammenfassung

Es wurde die Anderung des Moduls G* und des Verlustfaktores tan & bei verschiede-
nen Fillstoffgehalten des Matrix - Fullstoffsystemes GAP / RDX gemessen, und mit
den Ergebnissen /1/ des Matrix / Fillstoffsystemes HTPB / AP verglichen. Die Matrix
GAP/N100 verhalt sich im untersuchten Temperatur- und Frequenzbereich linear-
elastisch. Die Frequenzabhanigigkeit des Moduls RDX gefiiliter Proben nimmt mit
dem Fiillstoffgehalt zu. Bei Amplitudensweeps 1Bt sich das nicht lineare Verhalten
gut mit dem Potenzgesetz beschreiben.

Die Matrix HTPB (R=0,95) verhalt sich bei gleicher Temperatur und Frequenz
viskoser wie die Matrix GAP/N100 (R = 1,0). Die Haftkrafte der RDX Partikel an der
GAP/N100 Matrix sind wesentlich stérker wie bei AP Partikel an einer HTPB Matrix.
Die Abloseerscheinungen der Partikel von der Matrix bei einem Amplitudensweep
sind fiir beide Martix - Filllstofsysteme von gleicher Grofienordnung und lassen sich

gut durch den bekannten Potenzansatz beschreiben.
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QUANTITATIVE MORPHOLOGICAL CHARACTERIZATION OF HIGH
EXPLOSIVE CRYSTAL GRAINS BY LIGHT DIFFRACTION AND MICROSCOPY

Joseph T. Mang, Cary B. Skidmore, John F. Kramer, and David S. Phillips
Los Alamos National Laboratory
Los Alamos, New Mexico 87545 USA

Abstract

The morphology and size of crystal grains of high explosive (HE) materials are known to influence their
processing characteristics and shock sensitivity. Little quantitative information is available on the morphology of HE
grains. Particle size distributions are commonly obtained by light diffraction (LD), assuming a spherical
morphology. However, polarized light microscopy (PLM) and scanning electron microscopy (SEM) measurements
reveal that such an assumption is often incorrect, thus raising concerns about the validity of the size distributions
extracted from LD measurements. While PLM and SEM can add qualitative insight into grain morphology, the
limited statistics inhibits quantification. In comparison, LD measurements provide sufficient statistics, but a unique
morphological model is difficult to obtain from diffraction data alone. By combining the PLM, SEM, and LD
techniques a quantitative measurement of grain size and morphology can be obtained.

Here, we present a series of measurements on the HE materials, HMX, TATB, and PETN. A combination
of the PLM, SEM, and LD techniques was employed to quantify their grain size and morphology. Analysis of PLM
and SEM images was conducted to provide an initial evaluation of particle sizes and aspect ratios, which served as a
basis set for modeling the diffraction data. The anticipated diffraction pattern arising from the basis set was
calculated and compared to the measured data. Model parameters (mcan size, aspect ratio) were refined in order to
obtain the best fit to the diffraction data. Mean aspect ratios of 1.57, 1.51, and 7.50 were measured for HMX, TATB,
and PETN, respectively. A comparison was made between grain size distributions derived from LD (assuming
spherical grains) alone and those derived from combining LD with PLM and SEM.

L. Introduction

Grain size and morphology are known to affect the shock sensitivity, combustion rate,
and processing of high explosive systems . Van der Steen and co-workers ! found that plastic
bonded explosives possessing irregularly shaped RDX crystals were more sensitive than PBX’s
made with smooth grains of a definite morphology. Numerical simulations 2 of the combustion
of HE grains have demonstrated the size and morphological dependencies of the combustion
rate. Dufort * found that, while model systems of monodisperse, spherical grains show a
monotonic increase in combustion rate with time, polydisperse systems of irregularly shaped
grains displayed large fluctuations and different regions of increase and decrease of combustion
rate. When considering the packing of granular beds of HE powders, grain morphology is
naturally an important consideration 3, Several ™ authors suggest that morphology influences the

mutual interaction of grains in a packed bed and that void formation, caused by the reduced
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adherence between the binder and the surface of irregularly shaped grains can partially account
for their increased sensitivity.

While previous work 14 suggests an important link between HE behavior and grain size
and morphology, most characterization work has focused on the grain size alone 56 One of the
primary techniques for characterizing HE grain sizes is light diffraction. However, size
distributions extracted from these measurements assume that all particles are spherical. We know
from previous microscopy work 57 that this assumption is not always valid and could lead to
erroneous particle size distributions which would adversely influence attempts to model packing
parameters and combustion rates.

In order to make a more accurate assessment of the size and morphology of the
crystalline grains of HE powders, we have combined data from three different microstructural
characterization techniques, polarizing light microscopy (PLM), scanning electron microscopy
(SEM), and light diffraction (LD). Three different HE crystalline powders (HMX, TATB, and
PETN), having distinct microstructural features, were studied. The microscopy techniques, being
limited statistically, were used to provide an initial assessment of the grain morphology and size
distribution. A model, reflecting these results was then used to analyze light diffraction data and
thus quantify the results. A comparison is made between size distributions derived from this

analysis and those obtained by analysis of the LD data assuming that all grains are spherical.

IL. Light Diffraction — Fraunhofer Approximation

When a plane wave of monochromatic light impinges upon an aperture (or obstacle), a
portion of the incident wavefront is disturbed and diffraction will occur ®. According to the
Huygens-Fresnel principle ®, every point on the undisturbed wavefront serves as an independent
source of radiation, each point giving rise to a secondary wavefront. At any point on a distant
screen, the resulting irradiance is determined by the interference (superposition) of these
secondary wavefronts. The irradiance (intensity) pattern, measured as a function of the angle, 6,
from the axis of the incident beam, is characteristic of the size and morphology of the aperture.
In the Fraunhofer approximation 8 the intensity pattern is given by the average of the square of

the real part of the Fourier transform of the aperture *:
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where F(y,z) represents the shape of the aperture and is equal to 1 within the aperture limits and
is O otherwise, A is the wavelength of the incident light, and k = 21/A.

The application of the above expression is not limited to idealized systems, but can be
applied to real systems of powdered materials. Indeed, Eq. 1 forms the mathematical basis for
benchtop particle size analysis instruments '°. However, while real particles are three
dimensional, diffraction-based analysis measures only the two dimensional projection of a given
particle. We should also note that in the Fraunhofer approximation, the intensity distribution is
independent of the particle’s index of refraction.

As is done in most introductory Physics texts, Eq. 1 can be readily solved for simple
particle (aperture) shapes. For a system of monodisperse spherical particles, having a circular 2-
D projection, the diffracted light intensity is given by the well-known expression for a circular

aperture ®°:

@

10 =1, Az[Jl(kR sin(e))J

kR sin(6)

where A is the area of the circle and R is its radius.

For monodisperse particles having a rectangular cross section, the expression for the

intensity distribution appears as ®:

©)

10) =1 A sin(kbsin(B)cos($)/2) ’ sin(kcsin(8)sin(¢)/2) ’
° kbsin(0)cos(¢)/2 kesin(0)sin(¢)/2 ’

where A is the projected area of the rectangle, b the major axis, and ¢ the minor axis. ¢ is the
angle of orientation of a particle, with respect to the incident beam. In the case of random

particle orientation, Eq. 3 must be averaged over the angle, ¢ 8,
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sin(kbsin(6)cos(¢)/2) ’ sin(kcsin(0)sin(¢)/2) 2d¢ @
kbsin(@)cos(¢)/2 kcsin(6)sin(¢)/2 '

10) =1, TA’[

Most particulate systems contain some level of size polydispersity. By performing the
appropriate population average, the effect of polydispersity on the measured intensity can be

accounted for '%:
1(9) = I, [ A(a)* P(k6,a)* N(a)a.. )

In the above expression, P(kf,a) represents the particle shape factor and N(a) is the number
distribution of particles having a dimension between a and a + da.

Figure 1 displays log-log plots of the anticipated diffraction patterns for the simple
shapes described above. As can be seen (Fig. 1a), there is little distinction between the intensity
distributions for circles and oriented rectangles. However, the distinction is quite clear in the case

of randomly oriented rectangular particles, and the distinction becomes dramatic as the aspect

ratio (R = b/c) increases (Fig. 1b).
I11. Experimental

Three different samples of high explosive powders, HMX (lot HOL83L030-050), TATB
(dry-aminated lot 12-11-81-0921-264), and PETN (LANL blend 87-16) were investigated.
Representative SEM images of each sample are shown in Fig. 2. As can be seen in the figure,
there are distinct microstructural differences among the samples, making them well suited for

this investigation.

Light diffraction measurements were performed on a Beckman Coulter LS 230 particle
size analyzer (size range: 0.04 — 2000 pum), employing the small volume module. Data were
collected under flow conditions, using a solid state laser (A = 750 nm) as the light source.
Diffracted light was detected on an array of 126 photodiodes. Samples were prepared by mixing

~ 15 mg of a given material in 6 ml of deionized water. Prior to analysis of the HMX and TATB
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Figure 1: (a.) Comparison of model scattering curves for circular, oriented rectangular, and randomly
oriented rectangular apertures. (b.) The effect of increasing R on the anticipated scattering from and
randomly oriented rectangular apertures.

samples, the suspensions were placed in an ultrasonic bath for one minute in order to reduce the
possibility of particle agglomeration. It has been demonstrated that such treatment does not affect
the measured size distribution >°. Identical runs were performed, using a small amount of
surfactant (Triton X-100), in order to aid sample dispersion. However, no significant differences
were found between runs with samples dispersed in water alone and those with samples
dispersed in a water/surfactant mixture. Data reported here are for those runs performed in water
alone.

Digital images of the crystal morphology for HMX, TATB, and PETN were acquired
using light and electron microscopy. A sample of crystals in immersion oil (n=1.518 for HMX,
n=1.660 for TATB, n=1.400 for PETN) was observed with transmitted, polarized light. In order
to minimize the influence of operator bias, a sequence of images was collected along a line
through the sample using a Spot camera (Diagnostic Instruments) and a DMRXA microscope
(Leica). The spatial resolution of the microscope optics (NA=0.12 for the HMX and PETN
samples, NA=0.25 for the TATB sample) was matched with the camera pixel characteristics to

nearly meet the Nyquist limit in each case. Crystal samples were prepared for secondary electron




Figure 2: Representative SEM images of (a.) HMX, (b.) TATB, and (c.) PETN

imaging by sputter-coating with a thin layer of gold (~100 angstroms). Images were spatially
calibrated and crystal dimensional data were obtained using Image Pro Plus (Media Cybernetics)

software.
IV. Results and Discussion
Typically, commercially available instruments, complete with data analysis software, are

employed for particle size analysis. With these systems, the data are analyzed according to Eq. 5,

assuming that all particles are spherical 10 This is done because in the case of spheres, Eq. 5 can
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be inverted and solved analytically for N(a), thus yielding an unbiased distribution of particle
sizes '°. But in the process, all morphological information is lost. Depending upon the system
under study, biasing the morphological content may be as equally unsatisfactory as assuming a
functional form for N(a) and thus biasing the resulting size distribution. One solution to avoiding
such bias is to have a priori knowledge of both the particle morphology and size distribution.

In order to determine an initial grain size distribution and morphological model for
subsequent analysis of diffraction data, we performed analysis of digitized PLM and SEM
images of all three samples. Preliminary assessment of the images indicated that the crystal
grains of all three HE powders were best represented by particles having a rectangular cross
section. As automated analysis of PLM and SEM images of HE crystals is complicated because
of their inherent structural defects and anisotropic index of refraction, analysis was performed
manually. In this way, structural parameters were obtained by circumscribing a given grain with
a rectangle. The major axis (b, longer side), minor axis (¢, shorter side), and aspect ratio (R =
b/c) were recorded. The raw data were then binned according to size, thus determining the
number distribution. Mean values were determined arithmetically and errors were calculated
using Gaussian statistics. Between 300 — 1100 grains of each powder were analyzed in this way.
PLM and SEM images were taken in such a way as to maximize the number of grains and
resolution at a given magnification. This limited size ranges for the current study to between 2
and 625 pm.

Figure 3 and Table I summarize the results of the image analysis. The distributions
displayed in the figures are those obtained from PLM analysis. As we can see from the figures,
the statistics were sufficient to provide well-defined distributions. The HMX (Figs. 3a and 3b)
and TATB (Figs. 3c and 3d) distributions, while being sharply peaked, possess small shoulders
at larger values of b. The prominent peak of the major axis is centered at 14.5 and 12 um for
HMX and TATB, while the peak in the minor axis is centered at 8.5 pm for both materials. In
comparison, the PETN (Figs. 3e and 3f) distributions are monomodal and much broader. The
major and minor axis distributions are peaked at 90 and 13.5 pum, respectively. In all cases, the
distributions show a lognormal profile. Table I shows a comparison of the mean values of the
relevant parameters obtained from PLM and SEM analysis. For both HMX and TATB, the
average values of b, ¢, and R obtained from SEM analysis are larger than those obtained from the

PLM data. However, in both cases, approximately one third fewer grains were measured for the
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Figure 3: Comparison of number distributions extracted from PLM and LD analysis, employing a
model of rectangular grains

SEM analysis. For PETN, an approximately equal number of grains were measured by each
technique. In this case, we see that the average values of the relevant parameters are in better
agreement, suggesting that the differences found for HMX and TATB are statistical in nature.
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Table I: Summary of statistics from PLM, SEM, and LD Analysis

HMX, Np]_M = 1 ]81, NSF,M = 390

Maximum (Lm) Minimum (um) Average (Lm)
PLM SEM PLM SEM PLM SEM LD
Major Axis 292 267 5 3 35+1 45+2 50+6
Minor Axis 232 238 4 2 23+1 29+2 231
Aspect Ratio 6.7 6.7 1 1 1.57£0.02 1.62+0.03
TATB, Np[_M = l 101 3 NSF_M = 399
Maximum (pm) Minimum (m) Average (Lm)
PLM SEM PLM SEM PLM SEM LD
Major Axis 139 198 4 4 23.1+£0.6 39+2 44 +7
Minor Axis 76 118 2 4 148103 24 %1 305
Aspect Ratio 4 32 1 1 151001 1.62+0.02
PETN, Npy = 388, Nogem = 393
Maximum (Lm) Minimum (pm) Average (um)
PLM SEM PLM SEM PLM SEM LD
Major Axis 622 602 21 18 12414 12745 101£17
Minor Axis 65 65 5 5 17.0+£04 21%1 16+3
Aspect Ratio 25 21 2 1.4 7.5+02 6.2+0.1

Considering then the PLM data, we see that the average aspect ratio of 7.5 for PETN is much
greater that those measured for HMX (1.57) and TATB (1.51), as anticipated from visual
inspection of the images. _

Light diffraction data were collected for the same three samples. Log-log plots of the
diffracted intensity as a function of detector number are plotted in Figure 4. Through a non-
disclosure agreement with Beckman-Coulter, the appropriate conversion between detector
number and angle was obtained. This facilitated independent analysis of the data by different
morphological models. The lines in the plots are a result of non-linear least-squares fits to model
equations, as discussed below. Model calculations were done in the Fraunhofer (far-field) limit,
which under the current circumstances is valid for particles as small as 1 um in size. The fits
were limited to data that correspond to the size range of the image analysis.

Data for the HMX and TATB samples were fit according to Eq. 5, for polydisperse,
randomly oriented rectangular particles (Eq. 4). Polydispersity (N(a) in Eq. 5) in the major axis
of the model system was represented as a bimodal, lognormal distribution, as analysis of the

PLM data showed that the derived distributions were best represented in this way. The
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Figure 4: Measured light diffraction data for HMX, TATB, and PETN. The solid lines are fits to
the model described in the text.

parameters derived from analysis of the PLM data were used as initial guesses for the model
calculations. The disfribution parameters (amplitude, center, width) were varied frecly during the
fitting process. In order to account for polydispersity in the minor axis, the measured aspect ratio
was correlated with the major axis. Figure 5 shows plots of the results, where the points represent
the average value of R for a given value of b. As can be seen in the plots, the data go to the
limiting value of 1 for small b. For HMX, R increases rapidly with b, finally reaching a plateau.
For TATB and PETN, R shows a gradual increase over the entire range of the data. In analyzing
the PLM and SEM images, one can see many fractured crystalline grains. This fracturing of
grains would explain the systematic decrease in R with decreasing b. The solid lines in the plots
are the results of fits to an empirically determined relationship, R = (m1*6™ + m3)". This
relationship was used to calculate the value of ¢, for a given b value during model calculations.
The parameters, m1, m2, and m3 were fixed throughout the model calculations. Good agreement
between the model and data was found in both cases (Fig. 4). The solid lines in Figure 3 are the
number distributions obtained from the analysis of the diffraction data. These distributions match

the PLM distributions very well, showing, that the PLM data were representative of the
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Figure 5: Correlation of R with measured values of b from PLM analysis. An empirical relationship
(solid line) was used in model calculations.



20 - 12

population of grains and that the model for the LD data is sound. We would expect, as we are
sampling a much larger number of grains (Nip ~ 107, Npuw ~ 10%), that the distributions extracted
from the LD data are more representative of the true population and that differences between the
PLM and LD distributions are statistical in nature.

Initial attempts to model the PETN diffraction data followed the same path as that
outlined above for HMX and TATB. The number distribution derived from image analysis was
used as an initial guess and an empirical relationship between R and b was determined. However,
it was found that this model did not accurately describe the measured data. Since the microscopy
data showed that the PETN grains have a high aspect ratio, and, as mentioned previously, the
diffraction data were collected under flow conditions, it was necessary to consider the effect of
the flow field on the orientation of the crystal grains. Particles of the size studied here can be
oriented by very modest shear flow. Helfrich "and others have studied the effects of a shear field
on the orientation of elliptical particles and have found that in the zero torque (equilibrium) limit,
the long axis of the particle will align in the direction of flow, at an angle which is dependent

upon the particles aspect ratio 1,
tan¢=-§=R". ©6)

To account for particle orientation, the data were fit according to Eq. 5, but now the shape factor
was that of an oriented particle (Eq. 3). The above expression (Eq. 6) was used to determine ¢ for
a given particle. As we see from Figure 4c, the model of oriented particles describes the data
very well. A comparison of the distributions extracted from the analysis of the LD data and those
from PLM are shown in Figure 3. As we see, the LD distributions, while agreeing in shape and
position, with the PLM data, are much sharper. Again, these differences can be attributed to the
limited statistics in the PLM analysis.

We have also analyzed the LD data assuming the grains have a circular cross section. A
comparison between the distributions extracted for circles and that of rectangles (Fig. 6) shows
that, even for the cases of relatively small (~1.5) aspect ratios, the fits assuming circles
consistently underestimate the particle sizes. For the PETN data, the circular model is primarily

sensitive to the minor axis. Figure 6 demonstrates that accurate morphological models are needed
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in order to extract the true particle size distributions and suggests that modeling efforts which

depend upon particle size distributions as input will be sensitive to the particle morphology.

V. Summary

We have combined the techniques of PLM, SEM, and LD to quantify the size and shape
of grains of three different high explosives. Image analysis of the microscopy data was used to
provide a priori knowledge of the morphology and size distribution of grains. Light diffraction
data were then used to refine these distributions. In all cases, we found that the HE powders
could best be described as systems of polydisperse grains having a rectangular cross section. In
comparing this analysis to a standard analysis, consisting of grains of circular cross section, we
found that the latter analysis consistently underestimated the size of the grains. These results are
important for modeling the packing of granular beds of high explosives and attempts to
accurately model the detonation properties of different HE systems. In future work, we plan to
increase the size range by employing higher magnification images and combining the light
diffraction data with other techniques, such as small-angle x-ray and small-angle neutron

scattering.
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Studies of the Synthesis and Crystallization of CL-20

R. S. Hamilton, A. J. Sanderson*, R. B. Wardle, K, F, Warner
Thiokol Propulsion,
Brigham City, Utah 84302-0707

ABSTRACT

All aspects of the synthesis of the high energy density nitramine, CL-20, have been
extensively investigated at Thiokol in order to realize the potential of this exciting new
material. The fact that CL-20 can exist in a number of different polymorphs is well
known, as is the fact that the material purity, the nature of any impurities, crystal
polymorph, crystal morphology and crystal quality can greatly influence the sensitivity of
energetic crystals.  Therefore, we have been investigating the synthesis and
crystallization of CL-20 with three primary objectives:

1 - to develop the optimal large scale synthesis of CL-20;

2 - to develop a practical and reproducible crystallization method for CL-20;

3 — to determine the effect of crystal morphology, purity and quality on CL-20 sensitivity.

Synthesis efforts have investigated a number of nitrolysable precursors to CL-20,
including isowurtzitane cages substituted with acetyl, formyl, and nitroso groups and
partly unsubstituted cages. Initial crystallization efforts concentrated on using controlled
precipitation methods with a variety of environmentally acceptable solvents and non-
solvent. We have also investigated the dependence of morphology, crystal size and
quality on factors including the purity, type of solvent and non-solvent and crystallization
method.

The materials from all of these studies have been characterized by optical and electron
microscopy, HPLC, IR, NMR, and particle density distribution and particle size
distribution. The effect of crystal purity and morphology on neat powder sensitivity,
formulation processing and formulation sensitivity have also been explored.

© 2000, Thioko! Propulsion, A division of Cordant Technologies, Inc.
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BACKGROUND
The original route to make CL-20 used tetraacetyldinitrosohexaazaisowurtzitane (TADN)

as the precursor to the final nitration'. This material is made using either N,O4 or a
nitrosonium salt. Although the CL-20 made from this route can be very pure, it is not the
most economical route and it is either necessary to isolate and handle a nitrosamine or to
do the nitrosation and subscquent nitration in one pot. The one pot nitrosation followed
by nitration is feasible in the laboratory but cannot practically be scaled up.

The second route to make CIL-20 uses tetraacetyldiformylhexaazaisowurtzitane (TADF)
as the precursor to the final nitration. Direct nitration gives CL-20 but the formyl groups
arc hard to remove compared to the acety! groups. Complete removal takes prolonged
vigorous nitration conditions. Under reasonable conditions, some monoformyl (normally
B2%) tends to be left. This residual monoformyl material cannot efficiently be removed
by crystallization techniques. ~ With the formyl group being electronically and spatially
similar to the nitro group this is not altogether surprising. However, it has been
suggested that the pentanitromonoformylhexaazaisowurtzitane in the CL-20 crystal
lattice, by causing many crystal defect sites, could give rise to high crystal sensitivity.
Work to study this effect was conducted in which material was deliberately under-
nitrated to leave various amounts of pentanitromonoformyl cage (from 1-10%). This
gave rise to no detectable change in powder sensitivity” but it did not alleviate the
suspicion that somchow the monoformyl cage was responsible for undue sensitivity.

More recently, another practical precursor to CL-20 has been developed®. This is the free
diamine, tetraacetylhexaazaisowurtzitane (TADA). It has been known for some time and
it has been nitrated, but only fairly recently has it been available in large quantities.
There are several interesting things to note about this material as a source for CL-20.
This first is that as it contains no formyl groups, there can be no formylated impurity in
the final product. With no formyl groups one might also expect the nitration to a clean
product to be relatively faster than TADF. However, one might expect the nitration of a
frec amine with mixed acid not to work well’. Even if it did work or nitration with
another nitrating agent worked well, there could be different impurities in the final
product and they may influence crystallization and sensitivity.

EXPERIMENTAL

TADA was nitrated with a number of different nitrating agents, primarily mixtures of
nitric acid and another strong acid. With two of these mixtures, different acid ratios were
investigated together with different ratios of TADA to acid mixture. In all cases the
reactions were followed by '"H NMR in order to obtain an approximate indicator of the
rate of reaction. The NMR samples were prepared by removing an aliquot of the reaction
solution, cooling it rapidly and pouring it onto ice. The solid precipitate was filtered off,
dried and dissolved in D6-acetone. In addition, in some instances, the final product was
isolated and analyzed by HPLC using either comparison against a standard or the method
detailed in the draft STANAG 4566 to determine whether the product met STANAG
purity requirements. Samples were also crystallized, submitted for small scale hazard
testing, polymorph analysis and microscopy.




Typical procedure

In a typical reaction, 10 grams of TADA was dissolved at ambient temperature in 100m!
of the nitrating medium being studied. This solution was rapidly heated to a gentle reflux
(about 85°C for the nitric/sulfuric acid mixtures). Samples (1-2ml) were removed at
intervals, rapidly cooled, quenched on ice, filtered, dried and analyzed by 'H NMR in
Dé6-acetone. At the end of the reaction time, the whole solution was cooled to ambient or
below before being carefully poured onto 2 volumes of ice/water. The solid was filtered
off, washed with water until the washings were neutral and dried. This product was
analyzed by HPLC and 'H NMR.

To recrystallize CL-20, the product from the nitration was dissolved in ethyl acetate and
this solution was washed with aqueous sodium bicarbonate solution and then water. It
was then dried over magnesium sulfate and concentrated to give a saturated solution at
ambient temperature. Three volumes of heptane were then added over 1-2hrs with gentle
stirring to effect precipitation of the product. During this process but before the CL-20
started to precipitate, a small amount of epsilon CL-20 seed crystals were added to the
solution to ensure the desired polymorph precipitated. The precipitated product was
filtered off and dried before being analyzed by FTIR and microscopy. Samples were also
subjected to small scale impact, friction and heating tests.

RESULTS

Table 1 shows some of the initial experiments that were conducted with different
nitrating media and conditions. The sulfuric/nitric acid system showed the most
promising results, so following these experiments optimization of the sulfuric/nitric acid
system was investigated. These results are shown in table 2. In order to compare
nitration results with those previously conducted with using TADF another set of
reactions were conducted using conditions developed for TADF (table 3).

DISCUSSION

The results show that TADA, a free amine, is easily and smoothly nitrated in strongly
acidic nitrating media. The mechanism by which this occurs is exceedingly hard to
isolate. The reaction is complex, will have multiple, concurrent pathways, and all the
intermediates have not been isolated. It is of course probable that the amine is
immediately protonated on dissolving in the acid solution. This would normally be
expected to prevent subsequent clean nitration. However, nitration of the acetyl
substituted positions releases acetyl group into solution that during the course of the
reaction will reach fairly high concentrations. It is thus possible that during the latter
stages of nitration the reaction medium comes to resemble one in which nitration with
acetyl nitrate occurs, a common medium for nitration of secondary amines. In addition,
the basicity of the amines will be greatly reduced as the cage is nitrated. This could allow
nitration in the same way that other non-basic nitrogens, such as urethanes are nitrated.
A further possibility is that the basicity and reactivity of the amines on the piperizine ring
of the substituted hexaazaisowurtzitane cage is unusual because of the conformation into
which they are locked by the fused ring system.
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Despite the observation that most of the amines are cleanly nitrated, there does appear to
be a degree of decomposition of the cage during nitration. The yield on nitration from
TADF is very nearly quantitative. The yield from TADA is very high but not
quantitative, and there are no other isolated products that account for the loss of the
precursor. On nitration of TADF there is appreciable NOx evolution presumably because
of decomposition of the substituted formyl group. The decomposition of the cage and the
deacteylation that occurs from TADA is not accompanied with NOx evolution or obvious
gassing. The products therefore must be water soluble, acid stable remnants of the cage
that derive from hydrolysis and not oxidation. It is again conjecture, but one could
anticipate that they derive from decomposition of the protonated amine in a reaction
competing with nitration at these positions.

Good kinetics of the nitration of TADA have not been obtained. 'H NMR or HPLC can
be used to observe that the rate of formation of CL-20 but it does not follow an obvious
kinetic order. This is to be expected, as during the reaction under the majority of
conditions studied precipitate forms that is a mixture of CL-20 and partly nitrated
intermediates. The nitration in solution is clearly quite fast. Under optimum conditions,
the bulk of the reaction is over in a few minutes. However as the intermediates drop out
of solution, the reaction ratc becomes more dependant on solubility and the rate of
solvation than nitration rate. This is the cause of the somewhat surprising observation
that the rate of formation of CL-20 increases with solutions that increase the
concentration of nitronium ion only up to a point. This is observed in sulfuric acid where
at fairly high concentrations of TADA, the maximum rate of formation of CL-20 is seen
in an approximately 75:25 mixture of sulfuric and nitric acids. With higher proportions
of sulfuric acid the rate of CL-20 formation slows even though the concentration of
nitronium ions is expected to increase. The lack of solubility of the intermediates in
mixed acid with a high proportion of sulfuric acid would appear to account for this. This
also explains why the rate of CL-20 formation in methanesulphonic acid is higher than
onc would expect compared to that in sulfuric acid when considering how much weaker
an acid it is. Methane sulphonic acid is a much better solvent for the intermediates than

is sulfuric acid.

All of these observations add a complication to optimization of nitration conditions.
Higher concentrations of TADA can be nitrated rapidly if more sulfuric acid present to
maintain high acidity during the reaction but only up to the point where solubility
becomes rate determining. Of course, very high rates can be obtained with slightly less
sulfuric and more dilute substrate concentrations, but this is less economically desirable.
If slower rates are acceptable, efficient reaction with high substrate concentrations are
obtained with lower sulfuric acid concentrations. However a greater proportion of nitric
acid, the more expensive of the two acids, has to be used.

A detailed study of the crystallization of formyl free CL-20 was started. However
crystallization using standard methods that had been developed with CL-20 derived from
TADF gave the epsilon polymorph according to FT-IR spectroscopy. These neat crystals
had small scale hazard propertics that were not distinguishable from TADF derived CL-
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20 by our testing methods. Impact and friction sensitivity did not appear to be related to
particle size or shape for the materials that we tested under this program.

CONCLUSIONS

The results show that the free amine, TADA can be exhaustively nitrated in good but not
quantitative yield in strongly acidic nitrating media. The yield is largely independent of
the nitration conditions provided that they are sufficiently reactive to complete the
reaction. Absolute figures for yield are hard to determine because of the difficulty of
identifying the exact degree of acetylation of the starting material. However, a very pure
product that is free from formylated impurities can be obtained by an economically
reasonable route.

The results also show that the nitration of TADA is not of a simple kinetic order, in part
due to there clearly being a number of steps in the nitration mechanism and in part due to
insolubility of the reaction intermediates and the product. However, the reaction rate is
clearly very fast compared to the nitration of TADF. The limiting factor to reaction rate
is not just the nitronium ion concentration or acidity, but a combination of this and the
insolubility of the pentanitromonoacetyl cage.

The polymorphs that can be obtained from formyl-free CL-20 appear to be identical to
those obtained from TADF derived CL-20. From these preliminary studies, the crystal
morphology and powder sensitivity of the material is also not discernibly different from
material containing monoformyl impurities. However, further investigations in this area
are continuing.
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Table 1. A sclection of the experiments conducted to determine optimum nitrating acid,

substrate concentrate and approximate rate of reaction.

Substrate [Acid 1 Acid 2 Ratio substrate/acid |Ratio of acid1/acid 2 |Time/min Peak ratio*
TADA |MeSO3H [100%HNO3 0.1 0.25 15 1.9
TADA |MeSO3H [100%HNO3 0.1 0.25 20 52
TADA |MeSO3H [100%HNO3 0.1 043 10 2.6
TADA |MeSO3H [100%HNO3 0.1 0.43 15 6.5
TADA |MeSO3H [100%HNO3 0.1 0.43 20 24
TADA |MeSO3H |100%HNO3 0.1 0.67 5 1
TADA |MeSO3H ]100%HNO3 0.1 0.67 10 4.9
TADA |MeSO3H [100%HNO3 0.1 0.67 15 13
TADA |MeSO3H [100%HNO3 0.1 0.67 20 68
TADA |MeSO3H |100%HNO3 0.1 0.5 5 1
TADA |MeSO3H [100%HNO3 0.1 0.5 10 2.4
TADA |MeSO3H [100%HNO3 0.1 0.5 15 52
TADA |MeSO3H |100%HNO3 0.1 0.5 20 13
TADA |P205 100%HNO3 0.1 0.05 20 no ppt
TADA |P205 100%HNO3 0.1 0.25 2.5hr 1
TADA |HCI 100%HNO3 0.1 0.43 30 no ppt
TADF [MeSO3H [100%HNO3 0.1 0.67 15 1
TADF [MeSO3H |100%HNO3 0.1 0.67 20 1.8
TADA |MeSO3H [100%HNO3 0.1 2.33 15 154
TADA |H2S04 100%HNO3 0.17 1.5 20 19
TADA |H2S0O4  [100%HNO3 0.17 1.5 40 22
TADA |H2S04 [100%HNO3 0.2 0.18 30 <1
TADA [H2S804 100%HNO3 0.33 0.11 60 <1
TADA |- 70%HNO3 0.2 - 5 no ppt
TADA |H2S04  [70%HNO3 0.033 2 10 15.4
TADA [H2504 |70%HNO3 0.033 2 15 15.4
TADA |H2S04  |70%HNO3 0.033 2 25 15.4
TADA |H2504 |100%HNO3 0.2 2 10 25
TADA |H2504  |100%HNO3 0.2 2 15 25
TADA |H2S0O4 100%HNO3 0.2 2 20 8

* in these experiments the 1H NMR peak ratio of the smaller CL-20 peak to the largest of
any non-CL-20 pcak occurring between 7 and 9ppm was used as a crude measure of the
extent of rcaction and hence reaction rate.
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Table 2. Kinetic studies on the nitration of TADA with different ratios of H;SO4 to
HNO;.

Ratio H2SO4/HNO3 Time/min Peak ratio*
0.11 20 72
0.1 25 91
0.1 30 91
0.1 35 97
0.11 40 98
0.25 15 92
0.25 20 100
0.25 25 100
0.25 30 100
0.25 35 100
0.25 40 100
0.43 10 100
0.43 15 100
0.43 20 100
0.43 25 100
0.43 30 100
0.43 35 100
0.43 40 100
0.67 5 91
0.67 10 91
0.67 15 88
0.67 20 100
0.67 25 100
0.67 30 100
0.67 35 100
0.67 40 100

1 10 71
1 15 89
1 20 92
1 30 98

* in these experiments the 1H NMR peak ratio of the smaller CL-20 peak to the largest of
any non-CL-20 peak occurring between 7 and 9ppm was used as a crude measure of the
extent of reaction and hence reaction rate. At a ratio of 100 the reaction was considered
essentially complete.
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Table 3. Typical results from the nitration of TADA with an 85:15 HNO3:H,SOy nitrating
mixture

Total Initial Initial Max Temp Final Purity by
Water Reaction Acids TADA For CL-20 HPLC* Yield
(%) Time Mass Mass Reaction Mass CL-20 (%)
(hrs) (9) (9) Flask (9) (%)
0 4 47 .44 5.168 84C 5.7221 99.0 84.94
7.5 4 4575 4.998 87C 5.5030 93.9 84.46
0 2 457.93 49.87 83C 59.6737 101.2 91.79
0 3 450.74 49.12 82C 57.6090 103.4 89.97

* _ the HPLC results are relative to a standard CL-20 sample.

" A.T. Nielson, US Patent 5,693,794 Caged Polynitramine Compound, 1997.

?R. B. Wardle, unpublished results.

* Kodama et al, WO/23792, 1996.

*T. Urbanski, “Chemistry and Technology of Explosives™ vol. 3, Pergamon Press, 1967.
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THE EFFECT OF DIFFERENT CRYSTALLISATION TECHNIQUES
ON MORPHOLOGY AND STABILITY OF HNF

Willianne H.M. Veltmans', Antoine E.D.M. van der Heijden", John M. Bellerby™, Michael 1. Rodgers"’

1 Summary
The solid oxidiser Hydrazinium Nitroformate (HNF) has been identified as a very powerful oxidiser for

high performance solid propellants. HNF based propellants have two distinct advantages over
presently used Ammonium Perchlorate based propellants: a very high specific impulse and chlorine
free combustion products.

In this paper two different crystallisation techniques for HNF and their effect on morphology and
stability are described.

The ICl process is a special recrystallisation technique. With this special technique dense
agglomerates of very fine primary particles are produced. The technique is especially suitable for co-
crystallisation of additives like for instance stabilisers. Optimisation of re- and co-crystallisation of HNF
has been performed.

The second recrystallisation technique for HNF discussed in this paper is sonocrystallisation. The
application of ultrasound during cooling recrystallisation of HNF has already been shown to have a
positive influence on morphology (aspect ratio and particle size) on a small-scale. Scaling up this
production technique to pilot-scale showed that the trend of morphology and stability improvement is
preserved.

The morphology of the HNF crystals is characterised by microscopic analysis. The stability is not only
characterised by vacuum stability tests but also by headspace gas chromatography-mass
spectrometry (GC-MS). In this technique samples of HNF crystals are aged in a closed vial at a certain
temperature. At different points in time the gas in the vial above the solid HNF is sampled and
analysed directly by GC-MS. The stability of HNF can then be characterised by the amount and
character of the evolved gases.

' Aerospace Propulsion Products bv, P.O. Box 697, 4600 AR Bergen op Zoom, The Netherlands
(corresponding author).

" TNO Prins Maurits Laboratory, P.O. Box 45, 2280 AA Rijswijk, The Netherlands.

¥ Cranfield University, Royal Military College of Science, Shrivenham, Swindon, Wiltshire SN6 8LA,
United Kingdom.

" ICI Nobe! Enterprises, Ardeer Site, Stevenston, Ayrshire KA20 3LN, United Kingdom.
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2 Introduction
In a search for new storable high performance propellants for the European Space Agency (ESA), the

solid oxidiser Hydrazinium Nitroformate (HNF) was identified as a very promising ingredient of a new
storable composite propellant"z. HNF-based propellants have two distinct advantages over
established solid composite propellants: a much higher specific impulse and chlorine free exhaust

products®*,

A safe synthesis method for HNF on lab scale was established by TNO (The Netherlands Organisation
for Applied Scientific Research) in 1990. Since 1993, HNF has been produced on pilot-scale at APP,
Bergen op Zoom. Methods were developed and implemented to produce good quality HNF crystals of
specific particle size, shape, purity and stability. However, the morphology of the HNF crystals was not
yet optimised. In other words, the aspect ratio of the HNF crystals (length over diameter ratio) was still
too large to allow the desired high solid load of HNF in the polymer matrix of the final propellant.
Furthermore, the high temperature stability of HNF, especially at temperatures higher than 60 °C, still
needed important improvement in comparison to established criteria.

This paper describes the effect of two special crystallisation techniques on the morphology and
stability of HNF. The special crystallisation techniques are the application of ultrasound during
recrystallisation of HNF on pilot scale and the ICI crystallisation process for HNF re- and co-

crystallisation.

3 Background
During the development of HNF a number of crystallisation techniques has been applied for

(re)crystallisation of HNF to find a method that would give high quality HNF with regard to purity,
stability, sensitivity, morphology and would be practical from a production point of view. Techniques
that have been tested are for instance precipitation, drowning-out, cooling, evaporation and vapour
growth crystallisation. From these techniques drowning-out, cooling and evaporation crystallisation
were optimised with regards to solvent®, cooling/evaporation rate et cetera and implemented as
commercial recrystallisation methods for HNF. A summary of the main characteristics of the three
commercial grades of HNF (HNF-S, HNF-C and HNF-E) is shown in Table 1.

4 ICl crystallisation
ICl has developed a system for the crystallisation of solid material which results in powders which

have very particular types of crystal morphology. This process has been applied to a number of
different materials, both explosive and non-explosive, and to mixtures as well as pure compounds.
Preliminary work® showed that HNF was suitable for the processing method and that HNF could be re-
or co-crystallised with this ICI recrystallisation process. As the crystallisation process is of proprietary

nature no description will be given of the production method.
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Table 1 Summary of HNF characteristics per grade

Parameter HNF-C HNF-S HNF-E
[HNFJacig (W%) 99.8 — 100.8 98.8 - 99.6 99.0 - 100.3
[HNF]uz (W%) 97.9 -100.0 97.2 -99.6 97.8-99.3
T (°C) 2116 2115 >115
VTS (60 °C, 48 hrs) (ml/g) <05 <1.8 <0.2
L/D (-) <8 <8 -

X50,n (um) 400 - 900 50 — 150 -
X10/Xs0 () 20.5 20.6 -
Xg0/Xs0 () <15 <14 -
BAM Friction (Nm) 16-36 16-36 16-36
BAM Impact (N) 2-4 2-4 2-4

Tm measurement is measured with black body radiation apparatus, which gives melting points 5 — 7 °C lower

than when using an oil bath submersion technique and 10 ~ 15 °C lower than DSC measurements when using

heating rates of 5-10 °C/min.

4.1  ICl re-crystallisation of HNF

The variable process parameters have been changed to find the ranges of pure HNF characteristics

that were possible to obtain with this production method (see Table 2).

Table 2 Range of several HNF product characteristics obtained by ICI re-crystallisation of HNF
HNF characteristic’ Value
Particle size (est.) (um) <1-90
Aspect ratio (est.) (-) 1 — needle shaped
DSC onset (°C) 121 -129
peak® (°C) 125-134
VTS (48 hrs, 60 °C)° (ml/g) 04-13
(24 hrs, 80 °C)* (mlig) 3.4-54
Impact (Nm) <05-25
Friction (N) 16 - 31
! All ranges are based on 14 different batches unless stated otherwise.
2 Based on 11 batches.
: Based on 5 samples.

Based on 2 samples.

These experiments show that with the ICI crystallisation process it is possible to produce very small

particles, smaller than with APP’s standard production techniques. In general these particles have a

very good aspect ratio (~1), only the larger particles (10 — 90 zm) having the tendency to form

needles.

Looking at VTS and DSC data a trend can be discerned in that the smaller particles give a lower DSC

decomposition temperature and more gas emission (VTS). This is probably due to the increase in

surface area. This trend is in accordance with the fact that standard APP material has lower gas

emissions.
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There is little change in impact and friction sensitivity, although impact sensitivities <2 Nm usually are
not measured for standard HNF material.

When comparing these experimental batches with standard HNF material one has to bear in mind that
the scale, process optimisation and experience level cannot be compared. Product characteristics as
obtained with VTS and DSC can probably be improved significantly for these experimental batches.

4.2  ICI co-crystallisation of HNF with additives
As expected from this recrystallisation process, the use of co-crystallising materials does not

significantly affect the nature of the solids produced. The particles sizes produced are comparable to
the pure HNF samples. The VTS measurements vary according to the nature of the additive material.
Some of the samples show an improvement over pure HNF, while others show either no change or a
decrease in stability. The effect on the impact and friction sensitivities is minor. The addition of 4 w%
of an additive increases the BAM friction sensitivity from 20-28 to 59 N (the ultrafine HNF remained a

sensitive material according to standard criteria).

5 GC-MS

5.1 Experimental
Headspace GC-MS was carried out using a Dani 3950 headspace analyser fitted with a 10 pl sample

loop and interfaced to a Fisons GC8000/MD800 gas chromatograph-mass spectrometer. A sample for
ageing and analysis was obtained by placing a small amount (approximately 0.5 g) of HNF into a
20cm® crimp top glass vial (Chromaco! 20-CV) and then sealing the vial in air with an aluminium crimp
cap and butyl rubber/PTFE septum. The loaded vial was then placed in an aluminium block heater
(Grant BT3) and aged at a temperature between 40°C and 80°C.

After ageing, the vial was positioned in the headspace unit at a conditioning temperature of 40°C. The
headspace in the vial was then sampled and the gas allowed to pass onto the GC column (Chrompack
PoraPlot Q; 25 m, 0.25 mm id) which was initially maintained at -80°C using cryogenic cooling. After 5
minutes the column temperature was raised to 150°C at a rate of 15°C per min and held at this
temperature for a further 5 minutes. Under these conditions it was possible to achieve complete
baseline separation of Ny, O, Ar, CO, CO,, NoO and H,O. The separation of argon from the other air
gases allows it to be used as an inert internal calibrant against which the increase or decrease in the
levels of other headspace gases as a function of time can be compared.

5.2 Results and Discussion

HNF-E

Samples of HNF-E were aged at 40°C, 60°C, 70°C and 80°C and analysed by headspace GC-MS as
described above.

At 40°C trace amounts of NoO were detected after about 300 hours of ageing and the levels of this gas
scarcely increased up to 1000 hours when ageing was stopped. No other changes in the composition
of the headspace were detected over this period of time at this temperature. A similar situation was
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observed at 60°C although in this case N,O could be detected after about 200 hours and the
concentration increased slowly with time.

N;O was first detected after about 70 hours at 70°C and from about 300 hours levels of this gas in the
headspace grew at a rapidly increasing rate. At the same time significant increases in the levels of
other headspace gases began to be observed, notably CO, and N,. The levels of H,O also increased

‘slowly.

At 80°C the evolution of gas from HNF was very rapid and it was necessary to terminate the ageing
trials after about 95 hours at this temperature. N;O was again the major product but levels of N,, CO,
and H,0 also increased significantly, particularly after 70 hours. The rapid evolution of gas was
accompanied by a change in the appearance of the HNF from an orange crystalline material to a
brown slurry.

ICI co-crystallised HNF
Ageing of these materials was undertaken at 60°C and 80°C only. Headspace GC-MS analysis was

conducted using the techniques and conditions described above.

In general the results are in close agreement with those for the HNF-E grade. Significant amounts of
N.O are evolved at increasing rates, with smaller amounts of H,O, N, and CO, also being observed.
However, at both 60°C and 80°C the levels of gas evolved from HNF co-crystallised with a certain
additive are lower than those observed using other co-crystallisation agents, the main effect being a
reduction in the evolution of N,O rather than CO; or N,. There is therefore some evidence that this
additive is effective in suppressing gas evolution from HNF which is in agreement with the VTS results
from ICl (see §4.2).

6 Sonocrystallisation
In the literature® it was found that the morphology of crystalline materials, including ammonium nitrate

and hydrazinium nitroformate, can be improved by crystallisation while subjecting the solution to a high
frequency vibration (ultrasound). More recent publications7'B also describe the important effects of
power ultrasound, or insonation, in liquid and liquid-solid based systems. In general many of the useful
effects of insonation are due to cavitation, the formation and subsequent implosion of gas or vapour
bubbles. Cavitation will occur above a certain ultrasound (US) intensity (the so-called cavitation
threshold) and corresponding tip amplitude. These cavitational effects of ultrasound in the liquid can
be exploited to enhance reaction rates and yields in a wide variety of organic syntheses.

Various reasons for using ultrasound during crystallisation, called sonocrystallisation, are given in the

78919 and are summarised below:

literature
¢ initiation of primary nucleation, narrowing the metastable zone width;
s secondary nucleation;

o crystal habit and perfection;
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s crystal size distribution;
o reduced agglomeration;
¢ improved product handling.

The mechanism behind the influence of ultrasound on crystal properties like shape and mean size

during crystallisation is not fully understood. Several possibilities are suggested:

¢ US influences the nucleation behaviour of the crystallisation process by initiating the nucleation
process already at a relatively low supersaturation;

¢ US influences the crystal growth process, disturbing the ‘stagnant’ boundary layer which exists
between the solid surface of the crystal and the bulk of the liquid;

s US leads to breakage of the particles'';

¢ acombination of these possibilities.

The part of the sonic spectrum that represents ultrasound ranges from about 20 kHz to 10 MHz. For
sonocrystallisation, the frequency is preferably around 20 kHz'.

6.1 Previous results
On a small-scale (750 ml) sonocrystallisation experiments with HNF have been performed® . Small

scale US equipment has been hired for this purpose that could generate US vibrations with an
amplitude up to 8 um. Insonation led to the deterioration of the aspect ratio of HNF produced by
drowning-out recrystallisation, i.e. the aspect ratio increased from 3.0 without insonation to 4.5 with
insonation. By using insonation during cooling crystaflisation a significant improvement of the
morphology of the HNF crystals could be achieved. The aspect ratio of the crystals could be reduced
from 3.8 without insonation to 2.0 with insonation. An unexpected result was the improved thermal
stability of the HNF crystals (VTS at 60 °C: Figure 1), most prominent from VTS at 80 °C (Figure 2).
Summarising the effect of ultrasound on small-scale cooling crystallisation, the best overall HNF
quality could be obtained by using the highest ultrasound amplitude possible, which was 8 ym with the

test equipment used",

VST 60°C HNF VST 80°C HNF
Bench scale - cool crystallisation Bench scale - cool crystallisation
o.
/.. —~
fg‘ 00 ot / g
go oforanae - 13
I e
§ 027 H
8 ] .
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: 01;{}/:’,“'1”/“/‘ &
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Figure 1 VTS improvement (60 °C) by using US Figure 2 VTS improvement (80 °C) by using US
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6.2 Experimental
Based on the results on small-scale sonocrystallisation with a hired probe, larger scale equipment has

been purchased (a 1000 Watt US generator with a transducer/converter with two US probes capable
of generating 0 to 20 ym amplitude (from tip — to tip) vibrations at the tip of the probe with a frequency
of 20 kHz). One probe can be used for bench scale reactor (BSR) experiments while the other can be
used on the pilot plant scale. With some minor modifications amplitudes up to 30 #um can be reached.
First BSR scale experiments have been performed with the new US equipment to verify the results
obtained with the hired probe, to check the reproducibility and to optimise the sonocrystallisation with
regard to period of insonation and US amplitude level. For this goal 11 BSR batches have been
produced in which the level of US during seeding and during crystal growth has been varied between
0 and 30 um. One batch has been produced by adding seeds (standard method).

After the BSR tests, scale-up of the sonocrystallisation to pilot-scale has been performed, using the
optimised process parameters of the bench-scale experiments.

The BSR experiments were carried out in a 750 ml reactor, the pilot-scale experiments in a 20 |
reactor. Furthermore a standard cooling profile has been applied to all batches to ensure a similar
cooling rate for all batches.

6.3 Results and Discussion BSR scale
The results from BSR cooling rate experiments can be summarised as follows.

1. The aspect ratio improves with increasing US amplitude during growth as shown in Figure 3 which
has been observed as well in earlier work®.

2. Lowering the US amplitude after the seeding has been completed, results in a higher aspect ratio.
This implies that the intensity of the US during growth has a significant effect on the aspect ratio of
the HNF crystals (see also point 1). This influence of US on the crystal growth process has been
suggested in the literature (see §6). )

3. Particle size reduces with increasing US intensity (shown in Figure 3) which is in agreement with
earlier work. If the US amplitude is changed after seeding, this effect is no longer apparent.

4 300
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‘g 3 [SAN=] =
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»>
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0 10 20 30

US amplitude during growth  (mu)

Figure 3 Morphology for HNF-C batches produced on bench scale as a function of continuous
US intensity during growth
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4. Particle size distribution widens by the use of insonation. This had not been observed in previous

Gasproduction {mi/gram)

work, but was expected from the literature as discussed shortly in §6.

5. HNF thermal stability improves when using insonation during cooling recrystallisation, especially
above the cavitation threshold. This is shown by a decreased initial gas production in VTS at 60°C
(see Figure 4 and Figure 5). VTS at 80°C makes the effect of insonation on thermal stability more

apparent, especially after more than 70 hours, as shown in Figure 6. These observations

correspond to the earlier results (see Figure 1 and Figure 2).
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Figure 4 VTS gas production at 60 °C for HNF-C  Figure 5 VTS gas production at 60 °C for HNF-C
batches produced at bench scale at
different, higher US intensities.

batches produced at bench scale at

different lower US intensities.

6. The level of the US amplitude influences the supersaturation at which spontaneous nucleation
occurs (see Figure 7). This is the point at which the first HNF crystals are seen (and formed) in
BSR. In general an experiment using HNF seed crystals can be seeded at a supersaturation of
approximately 0.5 w% (Figure 7) when seeding. Thus by using insonation above a US amplitude
of 8 um, a lower supersaturation is present during seeding which should facilitate a good start for
crystal growth. When the multiple seeding method is used, it is unknown how much of the seed
crystals dissolve and how many grow out to mature HNF crystals. These results clearly show that
US influences the nucleation behaviour of the crystallisation process as suggested in the literature

(86).
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Figure 6 VTS gas production at 80 °C for HNF-C batches produced at bench scale at different

US intensities.
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Figure 7 Supersaturation at which the first crystals are formed (spontaneously) for HNF-C
batches produced on bench scale as function of US intensity. The point at US
amplitude 0 ym, represents an experiment seeded with HNF seed crystals.

7. Changing the US amplitude after seeding is complete, results in a better thermal stability
especially at 80 °C (see Figure 6). However, as shown under item 2., the aspect ratio increases at
a lower US amplitude during growth.

The results with the new probe verify the most important conclusions from earlier work, i.e.: improved
aspect ratio, improved VTS both at 60°C and at 80°C. However, this HNF shows an increased mean
crystal size above a US amplitude of 20 um. Combining all results of cooling crystallisation with
ultrasound, a continuous US amplitude of ~20 um appeared to give the best quality HNF. The
introduction of the use of insonation for HNF cooling recrystallisation in the pilot-plant was considered
to be justified based on the small-scale experiments. Furthermore it is shown that the mechanism
behind the influence of ultrasound on crystal properties consists of at least a combination of the
influence of US on the nucleation behaviour and the crystal growth process.

6.4 Results and Discussion pilot-scale
For the evaluation of the sonocrystallisation on pilot-scale three batches have been produced using

ultrasound (batch HNF-1, -2 and -3) and these are compared with standard cool recrystallised HNF.
The first batch on pilot-scale (HNF-1) was insonated with 20 um. The morphology clearly improved in
comparison to standard HNF-C. However, as batch HNF-1 did not yield HNF crystals with the same
morphology as on bench scale, i.e. aspect ratio 2.0, the next batch (HNF-2) has been produced with a
US amplitude of 30 #m. BSR experiments showed that increasing the US amplitude, improves the

' aspect ratio of the HNF crystals. As can be seen from Figure 12, the aspect ratio of HNF-2 was higher
than that of HNF-1. This effect has later been checked on bench scale as well. The BSR batch,
produced with a US amplitude of 30 um, showed a similar increase in aspect ratio (see Figure 3). The
third batch (HNF-3) was produced with a US amplitude of 20 um again to check the reproducibility of
sonocrystallisation.
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Morphology
Photographs of the sonocrystallised batches are given in Figure 11, Figure 12 and Figure 13. Figure

10 is a reference of standard cool recrystallised HNF shown to illustrate the difference in morphology

of these batches.
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Figure 8 Fit of crystal size distribution for HNF-C  Figure 9 Aspect ratio for HNF-C batches
batches produced on pilot-scale. produced on pilot-scale.

To enable a better evaluation of the improvement in the aspect ratio of the HNF crystals, some
attention has been given to find a way to determine the range of aspect ratios in a given batch. This
has been done by microscopic analysis in a way similar to the determination of the crystal size
distribution as shown in Figure 8. Thus aspect ratio distributions have been determined as shown in
Figure 9. It should be noted that Figure 8 is a fitted curve, whereas Figure 9 shows real data because
no Gaussian distribution has yet been proven applicable in contrast to the x5, data. This accounts for

the less smooth curves in Figure 9.

These data show that the aspect ratio of HNF crystals improves when using insonation (Figure 9).
However, no further improvement in aspect ratio can be obtained by increasing the US amplitude over
20 um.

The HNF mean crystal size increases when the US amplitude is raised from 20 to 30 um on pilot-plant
scale (Figure 8). This was shown by pilot plant batch HNF-2 and later confirmed by an experiment on
bench scale with a 30 #m tip amplitude (Figure 3) as well as by pilot-plant batch HNF-3, which was
produced with a 20 um US amplitude again. The reason why the crystal size decreases as a function
of US intensity up to a certain US amplitude (20 zm) and increases above this US amplitude is as yet
unclear.

HNF-3 was produced in the same way as HNF-1, i.e. using a US amplitude of 20 ym, apart from a
more intense stirring. This was done to suspend the HNF crystals more successfully and ensure a
longer residence time for the crystals in the US field, thus yielding the maximum effect of US on
growth. However, the aspect ratio of HNF-3 is higher than that of HNF-1. This may be caused by
batch-to-batch variations. More sonocrystallised cooling batches should be performed on pilot plant
scale to determine the reproducibility of this recrystallisation method.




HNF-1 (C17-11.jpg)
300 um; L/D,

Figure 10 HNF-C ref (C15-01.jpg)
=520 um, L/D,

Figure 11

Figure 12 HNF-2 (C18-13.jpg) Figure 13 HNF-3 (C19-19.jpg)

Xavg =450 um; 1/D,ayg = 2.8 Xavg = 820 um; L/Dyyy = 3.3
The mean crystal size of HNF-3 is in the same range as that of HNF-1, thus the US amplitude may be
a good way to control the amount of seeds formed at the start of the batch. However the crystal size
distribution of HNF-3 is narrower than that of HNF-1. This may be related to the stirrer intensity but this
has to be verified by reproducibility tests.

Thermal stability
The thermal stability of HNF-C produced under ultrasound is better, especially at 80°C, than HNF-C

produced without insonation; see Figure 14 for VTS at 60°C and Figure 15 for VTS at 80°C. To enable
comparison between sonocrystallised HNF and good quality HNF-C material, produced without
insonation, REF-1, REF-2 and REF-3 are shown in these figures.
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Figure 15 VTS at 80 °C for HNF-C batches

produced on pilot-scale with and
without insonation.

BAM Impact and Friction sensitivity were measured for HNF-1, -2 and -3 (see Table 3).

Table 3 BAM impact and friction sensitivity of HNF.
Impact (N) Friction (Nm)

HNF-1 3 12

14
HNF-2 2 16

12
HNF-3 - 24
Characteristic value for HNF 2-4 16-36

Given the spread in friction sensitivity values that has been found for numerous HNF batches it is
concluded that the HNF batches produced by cooling sonocrystallisation on pilot-scale have the same

level of impact and friction sensitivity as standard HNF.

Effect of morphology on solid load in propellants
Both bulk and tap density (after 400 taps) increase when HNF-C is produced under insonation (see

Table 4).

Table 4 Bulk- and tap density of pilot-scale HNF-C produced with and without insonation.
HNF-1 HNF-2 HNF-3 Standard HNF-C

Bulk density (g/mi) 1.03 1.05 0.96 0.9

Tap density (g/ml) 1.24 1.26 1.16 1.06

This is caused by a reduction of the aspect ratio combined with a broadening of the crystal size
distribution. A higher tap density will enable a higher solid load in a propellant, according to the

following equation:
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Solid load = Pi Py 1100 w%
P, (P, =PI+ P, P,

In which:

pe tap density HNF (ml/gram)

Ps: density HNF = 1.86 g/ml
Pp: density polymer, for GAP = 1.3 gram/ml; for HTPB = 0.9 gram/ml|

Using the tap densities of HNF-1 and HNF-2 this would imply that a solid load for these batches of
respectively 74 w% and 75 w% could theoretically be achieved in HTPB. In a separate programme an
experimental solid load of 76 w% HNF-2 in an HTPB propellant has been achieved (however, with

limited castability).

7 Conclusions

The ICI crystallisation technique is suitable for re- and co-crystallisation of HNF. Small-scale
optimisation resulted in primary HNF particles with an L/D of 1-2 and a particle size of 1-10 um. Larger
particles resulted in higher L/D ratios.

The co-crystallisation of HNF with a number of additives has been performed. One additive showed to
be the most promising with regard to stabilising properties although the addition of this additive could
not yet improve the stability of ultrafine HNF based on VTS to the leve! of HNF presently produced by
APP.

Scaling-up and optimisation of the sonocrystallisation technique in pilot scale showed that it is very
beneficial for the quality of HNF-C material; it improves the HNF morphology (aspect ratio), tap density
and thermal stability. Chemical quality and sensitivity to friction and impact is unaffected by the use of
us.
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9 Acronyms

APP Aerospace Propulsion Products

BSR Bench Scale Reactor

DSC Differential Scanning Calorimetry

ESA European Space Agency

ESTEC European Space and Technology Centre
GSTP General Support Technology Programme
HNF Hydrazinium Nitroformate

HZ Hydrazine
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Netherlands Organisation for Applied Scientific Research
Vacuum Thermal Stability

Concentration based on acid content

Concentration based on HZ content

Length over Diameter ratio = aspect ratio

Melting point

particle size for which 10% of total size distribution is smaller

particle size for which 50% of total size distribution is smaller, particle size based on
equivalent spherical diameter

particle size for which 90% of total size distribution is smaller
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THE DEVELOPMENT OF ANALYTICAL METHODS FOR A
HIGH ENERGY / HIGH ELONGATION PROPELLANT

Gaynor M. Kavanagh, John Theobald, David A. Tod
DERA, Fort Halstead, Sevenoaks, Kent, TN14 7BP, UK

ABSTRACT

DERA has a continuing interest in all propellant materials of potential
service use and routinely conducts screening tests on candidate materials.
Chemical stability and mechanical integrity are of particular concern

where a material is being considered for rocket motor applications.

A range of high energy / high elongation propellant materials, with a
polyethylene glycol binder are being assessed as part of a general
materials evaluation programme. Test materials have been artificially
aged under a variety of environmental conditions and compared against

natural ageing.

A number of analytical techniques are used to follow the ageing process.
Of particular concern is the depletion of stabiliser content on ageing,
which is followed using an HPLC method. With this particular class of
propellant, using polyethylene glycol as binder, the procedure used to
extract the stabilisers has proved to be a critical process. The optimisation
of the extraction procedure is presented together with some of the data

obtained during the ageing trials.

Keywords:
Analytical method
HPLC

Stabiliser depletion
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Vertraglichkeitsuntersuchungen von Nitratestern

Stephan Wilker, Gabriele Pantel, Uldis Ticmanis, Manfred Kaiser,
WIWEB-ASt Heimerzheim, GroRes Cent, D-53913 Swisttal

Zusammenfassung

Im Rahmen der vorliegenden Untersuchungsserie wurde Nitroglycerin mit verschiedenen
organischen und anorganischen Stoffen gemischt und wirmeflusskalorimetrisch untersucht.
Dabei zeigte sich, dass Zeitpunkt und Heftigkeit der eintretenden Autokatalyse stark von der
Art und der Menge des eingebrachten Kontaktstoff abhingt.

NMR-Analysen des Nitroglycerins und seiner Abbauprodukte bewiesen, dass die Reaktion im
wesentlichen durch eine homolytische Spaltung der Nitratgruppe des Nitroglycerins, vor-
nehmlich in Position 2, charakterisiert werden kann. Die Verteilung der Reaktionsprodukte
(1,3-Dinitroglycerin und 1,2-Dinitroglycerin) sowie die der weiteren Abbauprodukte (Dinitro-
glycerincarbonséure, Mononitroglycerincarbonsiure) wird weder von Art und Menge der
eingebrachten Kontaktstoffe noch von der Zeit, die bis zum Erreichen der Autokatalyse
abhingt, sondern von der Heftigkeit, mit der die Autokatalyse auftritt, bestimmt.

Einige Zusatzstoffe verdndern den Mechanismus der Abbaureaktion. So fiihrt ein Zusatz von
Base im wesentlichen zu einer Esterspaltung. Zusatz von Radikalfingern (4-Methoxyphenol)
verhindert die Bildung der Nitroglycerincarbonséuren wirkungsvoll. Wie bereits in anderen
Verdffentlichungen beschrieben, fithrt die Zugabe von Diphenylamin in Mengen iiber 1%
nicht zu einer weiteren Stabilisierung des Nitroglycerins. Andere Stabilisatoren (2-NO,-DPA,
N-NO-DPA) zeigen in der bindren Mischung eine besser stabilisierende Wirkung. Stabili-
sierend wirken auch nicht-reaktive Basen, wie z.B. Carbonate.

Im Vergleich zum Nitroglycerin sind andere Nitratester (Ethylnitrat, BTTN) sehr viel stabiler.

Abstract

In this experimental series nitroglycerin was mixed with different organic and inorganic
compounds. The mixtures were investigated by heat flow calorimetry. Time and severeness of
the autocatalytic reaction are very dependent on nature and amount of the contact material.

NMR analyses of ngl and its decomposition products prove that the main reaction can be cha-
racterised by a homolytic split of the nitrate ester bond, preferably in the center position. The
distribution of reaction products (1,3-dinitroglycerin and 1,2-dinitroglycerin) and the further
decomposition products (dinitroglycerincarboxylic acid, mononitroglycerincarboxylic acids)
is neither dependent on the structure or the amount of contact material nor is it a function of
the reaction time. But a dependence on the severeness of the decomposition reaction could be
found.

Some contact materials change the mechanism of the decomposition reaction. The addition of
basic substances leads to an increase of ester bond hydrolysis. Addition of radical scavengers
(4-methoxyphenol) is effectively preventing the formation of nitroglycerincarboxylic acids.
As mentioned in other publications, an increase of DPA to over 1% does not result in a stabi-
lising effect. Other stabilisers (2-NO,-DPA, N-NO-DPA) show a much better stabilising
effect in the binary mixture. Also non-reactive bases like carbonates are stabilising nitro-
glycerin very well.

Compared with ngl other nitrate esters (ethyl nitrate, BTTN) are much more stable.



24 - 2

1 Einfiihrung

Nitratester (Sprengéle) sind grundlegende Bestandteile von Treibladungspulvern und Fest-
treibstoffen. Neben ,altbekannten® Sprengdlen wie Nitroglycerin (Ngl) und Diethylengly-
koldinitrat (DEGN) gibt es auch .[Exoten* wie Butantrioltrinitrat (BTTN), TMETN oder
NENAs, die in neuartigen Treibstoffkonzepten Anwendung finden. Alle diese Nitratester sind
thermisch nicht sehr stabil und gehen — anders als die daraus gefertigten Treibstoffe — in eine
heftige Autokatalyse iiber, die ein erhebliches Sicherheitsrisiko darstellt.

Das Zersetzungsverhalten dieser reinen Stoffe ist bislang nur in Ansétzen bekannt. Die Sta-
bilitit wird in der Industrie in der Regel mit klassischen, nachweislich nicht eindeutigen Tests
[1] wie dem Abel-Test iiberpriift.

Mit Hilfe der Mikrokalorimetrie kénnen binére und ternire Gemische aus Nitratestern und
Zusatzstoffen bei Temperaturen bis zu 89°C untersucht werden. Die Mikrokalorimetrie bietet
gegeniiber klassischen Tests mehrere Vorteile:

e Es findet eine permanente Aufzeichnung aller Vorgéinge statt.

e Die Versuchsparameter (insbesondere der Fiillgrad und die Dichtigkeit der Ampulie und
damit die atmosphérischen Bedingungen) lassen sich in weiten Bereichen steuern.

e Der sicherheitsrelevante Parameter (Wirmeentwicklung) wird direkt bestimmt.

e Durch die Messung gleicher Proben bei verschiedenen Temperaturen ldsst sich die Akti-
vierungsenergie bestimmen.

2 Experimentelles

Die Wirmeflussmessungen wurden mit einem ,,Thermal Activity Monitor“ TAM 2277 (Ther-
mometrics, Schweden) durchgefiihrt. Aus Sicherheitsgriinden wurden fiir diese Untersuch-
ungsreihe die verwendeten 3-mL-Glasampullen nicht komplett gefiillt, sondern Einwaagen in
der GréBenordnung von 100-250 mg vorgenommen. Eine Ubersicht iiber die durchgefiihrten
Untersuchungen ist Tabelle 1 (im Anhang) zu entnehmen. Die Messungen wurden mit einer
Datensammelrate von 5 Minuten bei 89°C bis zum Eintritt in die Autokatalyse durchgefiihrt.

Die NMR-Spektren wurden bei 400.13 MHz (‘H-NMR) und 100.62 MHz (C-NMR) in
Aceton-ds mit einem Bruker-DMX 400 MHz-NMR-Spektrometer aufgenommen. Die quanti-
tative Auswertung erfolgte iiber die Integration der 'H-Spektren.

3 Ergebnisse

Die Messungen wurden nach folgenden Kriterien ausgewertet:

e Auftreten eines ersten Maximums

o Zeitpunkt des Eintretens der autokatalytischen Zersetzung

e Geschwindigkeit der autokatalytischen Zersetzung

Die Ergebnisse sind in Tabelle 2 (in der Anlage) zusammengefasst.

Die Wirmeflussmessung des reinen Nitroglycerins liefert bei 89°C nach etwa 33 Stunden eine
heftige Autokatalyse. Charakteristisch fiir den Zersetzungsverlauf ist auch eine Vorreaktion,
die im Falle des reinen Nitroglycerins nach gut 100 Minuten auftritt. Eine vergleichbare Vor-
reaktion tritt auch bei nicht stabilisierten Pulverrohmassen bzw. —vorkonzentraten auf. Ein
wesentlicher Unterschied zu diesen ist jedoch, dass im Fall der PVK/PRM diese Vorreaktion
direkt vor der eigentlichen Autokatalyse erfolgt.
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Die Zugabe von Wasser (60 mg) zum Nitroglycerin fiihrt zu einer Beschleunigung der Auto-
katalyse. Gleichzeitig ist der Anfangseffekt nicht mehr sichtbar. Arbeitet man unter sauren
Bedingungen (Zugabe von 0,01 N HCI), so unterscheidet sich die Zersetzungskurve von der
des reinen Nitroglycerin nicht. Unter basischen Bedingungen (Zugabe von einigen Tropfen
0,01N NaOH) verlingert — gegeniiber dem Experiment unter Wasserzugabe — ebenfalls den
Eintritt in die Autokatalyse. Abb. 1 zeigt die vier Messkurven.

P, mW/g T =89°C
151 Nitroglycerin
10}
Zusatz von
51 Wasser
(60 mg)
O gt = -
10 20 30 Time, hour

Abb. 1. WFK von reinem Nitroglycerin, Zusatz von Wasser, 0,01 N HCI und 0,01 N NaOH

Vielen TLP wird Kaliumnitrat als Flammendimpfer zugesetzt. Untersuchungen haben erge-
ben, dass ein erhShter KNO;-Anteil in einem zweibasigen TLP zu schnelleren Zersetzungs-
reaktionen (Zunahme des Frequenzfaktors und Anderung der Zersetzungsmechanismen) fiihrt.
Ob dieses Verhalten auch in einem bindren Gemisch Nitroglycerin/KNOs zu beobachten ist,
war Ziel der niichsten Versuchsserie (vgl. Abb. 2). Auflerdem wollten wir den Einfluss des
Kations (K*) bzw. des Anions (NOy") auf die Zersetzungsrate ermitteln. Es wurden Ba(NOs),,
BaCl,, KCl, K>SO, und NaNO; eingesetzt. Die Ergebnisse dieser Versuchsserie sind - jeweils
im Vergleich zu reinem Nitroglycerin und zu mit KNO; versetztem Nitroglycerin — in Abb. 3
und 4 zu sehen. Alle eingesetzten Salze wiesen — vom BaCl, abgesehen — nur geringe Spuren
an Feuchtigkeit (ppm-Bereich) auf. NaNQO, reagiert schwach basisch. Alle anderen
eingesetzten Salze reagieren in wissriger Lésung erwartungsgeméf neutral.

Sehr wichtig fiir die Stabilitdt von TLP bzw. doppelbasigen FTS ist die Anwesenheit von Sta-
bilisatoren. Wir haben einige Untersuchungen zur stabilisierenden Wirkung von aromatischen
Aminen bereits verdffentlicht [2]. Auch liegen Untersuchungen des Zersetzungsverhaltens
von nicht stabilisierten TLP vor. Die Zugabe von ,Standardstabilisatoren® (DPA, Centralit,
Akardit) zum Nitroglycerin erfolgte in der Regel im Verhiltnis 100:1, beim 2-NO,-DPA im
Verhiltnis 100:5. Die Ergebnisse der Untersuchungen sind Abbildungen 5 bis 7 zu
entnehmen. Abbildung 5 zeigt den Einfluss von Luftsauerstoff auf die Zersetzungsreaktion.
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P, mAW/g T =89°C
Nitro-
150 glycerin
Ngi + 4,4 mg KNO:
10}
Ngl + 26 mg KNO:
5l
va!
10 20 30 Time, hour
Abb. 2. WFK von reinem Nitroglycerin sowie mit Zusatz von KNOs in unterschiedl. Mengen.
P,mW/g T =89°C Nitro-
glycerin
Ngl + BaCl:
(4 mg)
10t
Ngl + KNO:
(26 mg)
9 Ngl +
a (NOs) 4
(40 mg)
sl
0
' 10 20 30 Time, hour

Abb. 3. WFK von reinem Nitroglycerin, Zusatz von KNOs, Ba(NO;), und BaCl,.
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Abb. 4. WFK von reinem Nitroglycerin, Zusatz von KNO3, KCl, K;SO4 und NaNO.

P,mW/g T =89°C

12f

9l Nitroglycerin
Ngl + 2,0 mg
DPA {Argon)

Ngl + 20 mg Ngl + 2,0 mg

6 DPA (Luft) DPA (Luft)

3}

0 1 L i3 A

0 3 6 9 Time,day

Abb. 5. WFK von reinem Nitroglycerin, Zusatz von DPA (10%), DPA (1%) und DPA (1%,

unter Ar).
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P, mW/g T=289°C
12]
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glycerin
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N-NO-DPA
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Abb. 6. WFK von reinem Nitroglycerin, Zusatz von N-NO-DPA (10 %), N-NO-DPA (1 %)
und 2-NDPA (5 %).

P,mW/g T = 89°C
12 Nitro-
glvycerin Ngl + C I
(2 mg)
Ngl + Ak IT
Ngl + N- (g o)
o NO-4-NDBR
(2,1 mg)
6k
3
0 - 1 L 1
0 3 6 Time,day

Abb. 7. WFK von reinem Ngl, Zusatz von N-NO-4-N-DPA, Centralit I und Akardit II.
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Das Mischen verschiedener Stabilisatoren (z.B. DPA und sein erstes Abbauprodukt, N-NO-
DPA) fiihrt teilweise zu erheblich abweichenden Zersetzungsverhalten. Die Auswirkungen
des zusitzlichen Einbringens von KNO; (was einer Simulation der Verhdltnisse in zwei-
basigen Kugelpulvern wiedergibt) ist Abb. 8 zu entnehmen.

Weitere, bei der Herstellung von Kugelpulvern verwendete Stoffe sind zum einen Carbonate,
zum anderen Lsemittel und Weichmacher. Wie sich die biniiren Gemische dieser Substanzen
auf den Zeitpunkt der Autokatalyse des Nitroglycerins auswirken, ist den Abbildungen 9 und
10 zu entnehmen.

In einer vorangegangenen Untersuchungsserie wurde die chemische Vertréglichkeit von TLP
mit Schwarzpulver untersucht [6]. Eines der Ergebnisse dieser Studie war die Tatsache, dass
nur zweibasige TLP Unvertréglichkeitsreaktionen zeigten. Daher lag es nahe, dass im Rah-
men dieser Untersuchungen auch eine binire Mischung Nitroglycerin/Schwarzpulver Y 594
untersucht wurde. Die Messkurven sind — wiederum im Vergleich mit reinem Nitroglycerin
und der Mischung Nitroglycerin/KNO; — in. Abb. 11 zu sehen.

P, mW/g T =89°C
12[ Zusatz von
Zusatz | Nitroglycerin KNO:, TSA
von KNOR wnd
(26 mg) Zusatz von | y_yo-oFa
DPA und (4a 1 -
9t N-NO-DPA ::o -
Je 1 mg) -
6l
3t
o )
3 6 Time, day

Abb. 8. WFK von reinem Nitroglycerin, Zusatz von KNOj3, und DPA/N-NO-DPA.

Mbgliche andere Stabilisatorsysteme kdnnen auf der NO, abfangenden OH-Gruppe basieren.
Es ist seit lingerem bekannt, dass z. B. Fthanol im Kontakt mit PVK zu Ethylnitrat umgesetzt
wird [2]. Deshalb wurde eine Versuchsserie mit Ethanol-Zusatz gepriift. Desweiteren wurde
4-Methoxyphenol (welches in der Kunststoffindustrie als Radikalfiinger eingesetzt wird) in
zwei verschiedenen Konzentrationen (die groBere entsprach der zum Versuch mit Ethanol
dquimolaren Konzentration) mit Ngl gemischt und wirmeflusskalorimetrisch untersucht (s.
Abb. 12).
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P,mW/g T =89°C
127 Nitrogyvlcerin
Zugatz von Zuszatz von
KN¢; (26 mg) CaCl: (20 ma)
of
6l
3
| Zusatz wvon
K-CO- (21 mg)
0 i
0 5 10 i5 Time, day
Abb. 9. WFK von reinem Nitroglycerin, Zusatz von KNO3, K,CO; und CaCOs.
P,mW/g T =89°C
12 Zusatz von ,_ Nitroglycerin
Dibutylphthalat
(22 mg) zZusatz von
Ethylacetat
ol (22 mg)
6l
3L
o— - 1
0 20 40 Time, hour

Abb. 10. WFK von reinem Nitroglycerin, Zusatz von Dibutylphthalat und Ethylacetat.




P, mW/g T = 89°C
Nitroglycerin
124
Ngi + KNO:
(4,4 mg)
o V]
6L
3L
Ngl +
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3 6 Time,day
Abb. 11. WFK von reinem Nitroglycerin, Zusatz von KNO; und Schwarzpulver.
P, mW/g
Ngl + 2,2 mg
/4—Me0—?henol Ngl + 6,9 mg
9l Ngl LA’ 4MeO-Phenol
Ngl + 2,6 =g
EtOH
6L
3t
0 T T n . .
0 5 10 15 20 Time,day

Abb. 12. WFK von reinem Nitroglycerin sowie Gemischen mit EtOH und 4-Methoxyphenol



24 - 10

Andere Nitratester wurden ebenfalls im WIWEB mikrokalorimetrisch untersucht. Da diese
Untersuchungen bei 80°C durchgefiihrt wurden, haben wir zum Vergleich auch das Nitro-
glycerin bei 80°C vermessen. Die Ergebnisse sind Abb. 13 zu entnehmen.

P,mW/g T = 80°C

3

1L
2TTN
O —
Ethylnitrat
0 5 10 15 50 Time, day

Abb. 13. WFK der reinen Nitratester Nitroglycerin, BITN und Ethylnitrat bei 80°C.

4 NMR-Untersuchungen

Einige der thermisch belasteten Proben wurden NMR-spektroskopisch nach Abbauprodukten
des Nitroglycerin untersucht. Ziel der Untersuchungen war die Frage, ob den durchaus unter-
schiedlichen Kurvenverliufen auch unterschiedliche Abbaumechanismen zugrunde liegen.
Die Erfahrungen bei der Identifikation der NMR-Spektren von Abbauprodukten der Pulver-
vorkonzentraten [2] kam uns bei der Zuordnung der Signale zugute.

Tabelle 3 (Anlage) gibt die relativen Anteile der Abbauprodukte wieder. Abbildung 14 zeigt
ein typisches NMR-Spektrum einer Reaktionsmischung (aus Versuch #24).

5 Diskussion
Warmeflussmessungen

Die Zersetzung des Nitroglycerins verlduft radikalisch, beginnend mit dem Bruch der zentra-
len O-NO,-Bindung, gefolgt von dem Bruch der anderen O-NO;-Bindungen [7]. Die Zugabe
von Wasser verstirkt die Autokatalyse deutlich. Dies hat vermutlich seinen Grund darin, dass
die entstehenden autokatalytisch wirkenden Zersetzungsgase in Wasser I6slich sind und somit
besser auf den Nitratester einwirken konnen. Dagegen wird beim Zusatz von Base oder Saure
die konkurrierende Substitutions- bzw. Esterspaltungsreaktion gefordert. Somit wird die auch




24 - 11

A D D

A B B B D B

¥ YR

59 58 57 56 55 354 33 52 51 50 4:9 48 47 46 45 44 43 42 41 40 39 38 37 3.6
ppm

&kﬁ >

Abb. 14, NMR-Spektrum eines Reaktionsgemischs. Zuordnung der Signale:

A = Nitroglycerin, B = 1,2-Dinitroglycerin, C = 2,3-Dinitroglycerincarbonséure, D = 1,3-
Dinitroglycerin.

hier durch die Léslichkeit der Zersetzungsgase aufiretende Verstirkung wieder aufgehoben.
Das erklirt den im Vergleich zum Wasserzusatz verzdgerten Eintritt in die Autokatalyse.

Das stark oxidierend wirkende NO, wird — und das belegen die Erfahrungen anderer Autoren
ebenfalls — an organischem Material zu NO reduziert. Die so entstehenden Zwischenprodukte
werden durch weitere Einwirkung von NO, bzw. durch den vorhandenen Luftsauerstoff zu
Carbonsiuren oxidiert. Wenn die Reaktion weiter fortgeschritten ist, kann nicht mehr alles
freigesetzte NO, reduziert werden. In diesem Stadium setzt die Autokatalyse ein, und bei
Ende der Wirmeflussmessungen (3.000 pW/Probe) ist die Atmosphéire liber den Proben
tiefbraun gefirbt. r

Der bei reinem Nitroglycerin zu beobachtende um den Faktor 2,3 (T = 80 bzw. 89°C) ver-
lingerte Eintritt in die Autokatalyse entspricht einer Aktivierungsenergie von etwa 100 kJ/mol
und liegt somit unter der der Treibladungspulver [3][4].

Kaliumnitrat verschiebt den Zeitpunkt der Autokatalyse nach vorne. Dabei konnte ein eindeu-
tiger Zusammenhang mit der verwendeten Menge festgestellt werden. Dagegen ist bei Zusatz
von Barjumnitrat eine leichte Verzégerung des Eintritts in die Autokatalyse zu beobachten.
Im Kontakt mit Bariumchlorid ist dagegen eine sehr hefiige und sehr rasche Autokatalyse zu
beobachten. Dies diirfte am Wassergehalt des Salzes (es wurde das Dihydrat verwendet) lie-
gen. Ein Zusatz von Feuchtigkeit fiihrt zu einer schnelleren Autokatalyse. Wasserfreie Salze
wie Kaliumchlorid und Natriumnitrit zeigen ein dem Kaliumnitrat vergleichbares Verhalten.

Der Zusatz von Stabilisatoren zeigt — wie zu erwarten ist — eine Verschiebung der Autokata-
lyse zu spiteren Zeitpunkten. Interessanterweise verkiirzt sich die Zeit bis zur Autokatalyse,
wenn der Anteil des Stabilisators DPA von 1% auf 10% erhSht wird. Den gleichen Effekt
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konnte man auch bei Stabilisatorabbauversuchen mit verschiedenen Varianten des TLP K
6210 beobachten [5]. Hier zeigte sich, dass bei ErhShung des DPA-Anteils auch eine Be-
schleunigung des Abbauvorgangs zu beoachten war. Dies kann nur damit erklirt werden, dass
das DPA selbst mit dem Nitroglycerin reagiert und diese (vermutlich bimolekulare) Reaktion
mit steigender DPA-Konzentration beschleunigt wird.

Im Rahmen dieser Versuchsreihe wurde auch eine Probe nach griindlicher Entfernung von
Luft unter Argon abgefiillt. Der Zeitpunkt der Autokatalyse verschob sich daraufhin um fast 5
Tage. Das dokumentiert den Einfluss, den der Luftsauerstoff auf die Zersetzung des Nitrat-
esters hat. Im wesentlichen diirfte er darin bestehen, dass vorhandendes NO zu NO; oxidiert
wird, welches dann die autokatalytische Reaktion einleitet.

Uberhaupt sind die Reaktionsbedingungen fiir den Eintritt in die Autokatalyse von entschei-
dender Bedeutung. Wihrend bei Untersuchungen zum Abbauverhalten von Stabilisatoren in
zweibasigen TLP festgestellt wurde [3], dass je nach Fiiligrad und Dichtigkeit der Ampulle —
was einem unterschiedlichen Sauerstoffzutritt zum TLP hin entspricht — das vorhandene DPA
in N-NO-DPA (Luftabschluss) oder in Nitro- und Dinitro-DPA (Luftzutritt) umgewandelt
wird. In den vorliegenden Experimenten ist eine rasche Ringnitrierung zu beobachten, da in
der nur zu einem geringen Teil gefiillten Ampulle geniigend Luftsauerstoff zur Verfiigung
steht.

Verwendet man den ,,Stabilisator N-NO-DPA, so zeigt sich, dass die Verhiltnisse umgedreht
werden: Je mehr Stabilisator zugegeben wird, desto spiter tritt die Autokatalyse ein. Bei ei-
nem Zusatz von 10% wird — selbst bei einer Versuchsdauer von 29 Tagen — kein Ubergang in
die Autokatalyse beobachtet. Im Gegensatz zu DPA (und dhnlich wie bei N-NO-4-NO,-DPA)
ist ein vergleichsweise hoher und langanhaltender Anfangseffekt zu beobachten.

Eine Mischung aus DPA und N-NO-DPA (es wurde jeweils 2 % zugegeben) verhilt sich in
etwa wie ein Zusatz von DPA alleine. Eine stabilisierende Wirkung des zusitzlich einge-
brachten N-NO-DPA auf das DPA wird nicht beobachtet.

Die stabilisierende Wirkung von 2-NO,-DPA ist der des N-NO-DPA vergleichbar. Dasselbe
gilt fiir das Centralit, wihrend Akardit II einen spéteren Eintritt der Autokatalyse bewirkt. Das
Abbauprodukt N-NO-4-NO,-DPA fithrt dagegen schon nach gut 3,6 Tagen zur Autokatalyse.
Das bestirkt die Theorie, dass die stabilisierende Wirkung des N-NO-DPA auf dessen Féhig-
keit beruht, NO; durch eine Nitrierung des aromatischen Rings abzufangen. Ist einer der bei-
den Ringe schon nitriert (wie im Falle des N-NO-4-NO,-DPA), so sinkt die Aktivitét des Sta-
bilisators drastisch, was dann zu einer erhdhten NOx-Konzentration iiber dem Nitroglycerin
und damit zur Autokatalyse fiihrt.

Stark basische Zusdtze kénnen — wie die Beispiele Kaliumcarbonat und Calciumcarbonat
zeigen — die Autokatalyse wirkungsvoll verhindern. Sie konnen Radikale und Sduren gut
abfangen, somit tritt die Zersetzungsreaktion nicht in ihre ,,gefdhrliche* Phase.

Indifferent, d.h. wirkungslos, verhalten sich dagegen Stoffe wie Dibutylphthalat oder Ethyl-
acetat. Beide spielen im Produktionsprozess von Kugelpulvern eine grofle Rolle. Die gering-
fiigig spiter eintretende Autokatalyse im Falle des Ethylacetats I4sst sich u.U. mit einem Ver-
diinnungseffekt erklaren.

Nicht erkldrbar war zunichst das Verhalten von Schwarzpulver gegeniiber Nitroglycerin. Es
gab einen berechtigten Verdacht, dass zweibasige TLP und Schwarzpulver (bzw. die Holz-
kohle aus dem Schwarzpulver) mit Nitroglycerin unvertriglich sind. Untersucht man nur die
ersten 1,25 Tage, so zeigt sich beim Kontakt Schwarzpulver/Nitroglycerin ein erheblich er-
hohter Wirmefluss. Im Gegensatz zum reinen Nitroglycerin steigt dieser aber nur geringfiigig
an und geht nach diesem kurzen Maximum auf ein relativ konstantes niedriges Niveau iiber.
Detaillierte Untersuchungen am System Schwarzpulver/zweibasige TLP konnten belegen [6],



24 - 13

dass es sich bei der beobachteten Wirmeentwicklung um Adsorptionswéirmen an der relativ
groBen Holzkohle-Oberfliche handelt. Offensichtlich ist also die Holzkohle in der Lage, mit
ihrer groBen Oberfliche geniigend NOy zu binden und so — das System enthilt ja keinen
Stabilisator! - eine Autokatalyse iiber mehr als zehn Tage hinweg zu verhindern,

Im Gegensatz zum Nitroglycerin weist das chemisch sehr dhnliche BTTN auch nach insge-
samt 24 Tagen Messzeit bei 80°C keine Tendenz zur Autokatalyse auf. Es ist daher um min-
destens den Faktor 8 stabiler als das Nitroglycerin. Die Messung von Ethylnitrat bei 80°C
zeigte ebenfalls keine autokatalytische Reaktion innerhalb der Messzeit. Der negative Mess-
wert zeigt, dass diese Substanz bei 80°C fliichtig ist und eine permanente Verdunstung selbst
durch die geschlossene Dichtung der Messampulle erfolgt.

Verteilung der Abbauprodukte des Nitroglycerins

Die Verteilung der Ngl-Abbauprodukte kann aufgrund der Tatsache, dass die Messungen je-
weils bei der selben Zersetzungsrate beendet worden sind, gut miteinander verglichen werden.

Dass die ermittelten Restgehalte an Ngl keine Funktion der abgegebenen Energie sind, macht
Tabelle 3 deutlich. Vergleicht man die Experimente, bei denen ein Salz zugesetzt wurde, mit-
einander, so zeigt sich kein Zusammenhang zwischen der Energieabgabe und dem aktuellen
Ngl-Gehalt. Auch scheint es keinen urséichlichen Zusammenhang zwischen den Versuchs-
zeiten und dem Ngl-Gehalt zu geben. Auffallend ist jedoch, dass der Versuch, der die schnell-
ste und heftigste Autokatalyse zeigte (#7) auch den geringsten Ngl-Anteil und somit den
héchsten Anteil an Zersetzungsprodukten aufweist.

Die Verteilung der ersten Folgeprodukte (1,2-Dinitroglycerin (Dngl) und 1,3-Dngl) ist in allen
Fillen dhnlich und weist auf einen fiir alle Experimente dhnlichen Zersetzungsmechanismus
hin. Die Abbauprodukte der zweiten Generation (Nitroglycerincarbonséuren) treten vorzugs-
weise bei ldngeren Versuchszeiten (#8, 9, 10) oder besonders heftigen Reaktionen (#7) auf.
Das Fehlen der Mononitroglycerine, von Ketonen und Aldehyden im Spektrum der Produkt-
gemische weist auf die stark oxidierend wirkende Atmosphire iiber den Proben hin (es traten
in allen Experimenten braune Didmpfe auf, und die Proben waren oft tief rotbraun geférbt).
Unter diesen Bedingungen sind nur die Carbonsiuren stabil. Die weiteren Reaktionsschritte
wiren dann Decarboxylierung und Zerfall in C,-Korper, vornehmlich Oxalsiure [2].

Interessant ist die Produktverteilung im Falle des Versuchs #15 (NaOH). Hier wird — und es
ist das einzige Beispiel - ein im Vergleich zum 1,3-Dngl erhohter 1,2-Dngl-Anteil gefunden.
Dies belegt die Vermutung, dass die Zersetzung — zumindest zum Teil — durch Substitutions-
bzw. Esterspaltungsreaktionen gefordert wird. Auch ist der Anteil an Nitroglycerincarbon-
sduren deutlich vermindert, was auf eine weniger ausgeprigtes Oxidationspotenzial der
Atmosphire hinweist.

Der wesentlichste Unterschied bei der Verwendung von Stabilisatoren ist die im Vergleich zu
nicht stabilisierten Ngl verldngerte Messzeit. Die groBeren Messzeiten und die meist deutlich
erhdhten freigesetzten Energien bei der Umsetzung fiihren dennoch nicht zu einem verstérk-
ten Abbau des Ngl. Nur bei der Verwendung von DPA als Stabilisator ist der Ngl-Anteil deut-
lich vermindert. Hier ist ein deutlich erhdhter Anteil an Dngl und an 2,3-Dinitroglycerin-
carbonsiure festgestellt worden. Im Vergleich von DPA und 2-NO,-DPA zeigt letzteres eine
deutlich erhhte Messzeit und einen geringeren Abbaugrad. Dies ist im Einklang mit Unter-
suchungen, die an doppelbasigen TLP durchgefiihrt wurden [4].

Im Vergleich zum DPA schlechter ist das N-NO-4-NO,-DPA. Hier sind kurze Reaktionszei-
ten und geringer Abbaugrad bis zum Erreichen der Autokatalyse gegeben. Hinzu kommt ein
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groBer Wert fiir die freigesetzte Energie. Mit 2-NO,-DPA gut vergleichbar ist im Hinblick auf
Energieabgabe und Zusammensetzung der Reaktionsprodukte Centralit I.

Der Vergleich von Ethanol mit DPA zeigt eindeutige Unterschiede im Reaktionsablauf, ob-
wohl das Spektrum der Reaktionsprodukte und die Versuchszeit sehr dhnlich sind. Unter-
schiedlich sind vor allem die abgegebene Energie bis zur Autokatalyse und der Verlauf der
Induktionsperiode. Insbesondere sprechen das mehrfache Ansteigen und Abfallen der Wirme-
produktionsrate beim Stoffgemisch Ethanol/Nitroglycerin fiir einen anderen Reaktionsverlauf
als bei DPA/Nitroglycerin.

Vergleicht man Ethanol mit 4-Methoxyphenol (#38, 40), fallen die deutlich unterschiedlichen
Reaktionszeiten, Wirmeflusskurven und Verteilung der Abbauprodukte auf. Letztere spre-
chen beim 4-Methoxyphenol fiir eine eindeutige Verhinderung von Oxidationsreaktionen bis
zum Eintritt in die Autokatalyse, da keine Nitroglycerincarbonsduren nachweisbar waren.
Diese anti-oxidante Wirkung des 4-Methoxyphenols wird hdufig in anderen Systemen aus-
genutzt. Dass 4-Methoxyphenol nicht direkt mit dem Ngl reagiert, beweist die Tatsache, dass
eine Erhhung des 4-Methoxyphenol-Gehalts eine dquivalente Verlédngerung der Induktions-
periode nach sich zieht. Somit kann der Zeitpunkt der Autokatalyse eindeutig mit dem 4-Me-
thoxyphenol-Gehalt korreliert werden. Der Vergleich zwischen den Experimenten #38 und
#40 (dquimolare Mengen an Ethanol bzw. 4-Methoxyphenol) beweist, dass die stabilisierende
Wirkung des 4-Methoxyphenol nicht allein auf seiner Fahigkeit beruht, nitrose Gase durch
Bildung eines Nitratesters abzufangen, sondern dariiberhinaus Radikale und andere reaktive
Komponenten aus dem Reaktionsgemisch wirksam entfernen kann.

NMR-Untersuchungen an thermisch belastetem BTTN ergaben gegeniiber ungelagertem
BTTN analog zum geringen Stoffumsatz keine sichtbaren Verdnderungen, die Hinweise auf
die Struktur etwaiger Zersetzungsprodukte geben kénnen.

6 Zusammenfassung

Die durchgefiihrten Versuche zeigen, dass Ngl in einer thermisch induzierten Reaktion [7]
NO; abspaltet (dabei ist die zentrale Nitratester-Einheit besonders reaktiv), welches aufgrund
seiner oxidierenden und sauren Eigenschaften zu einer Beschleunigung der Zersetzungsreak-
tion und somit zu einer Autokatalyse fiihrt. Zusitze wie Salze oder unreaktive organische
Komponenten beeinflussen Geschwindigkeit oder Verlauf der Zersetzungsreaktion nicht.
Findet die Reaktion unter Beteiligung basischer Substanzen statt, so kann sie bis zu einem
Faktor von 20 hinausgezbgert werden. Wichtig dabei ist, dass die eingesetzte basische Kom-
ponente nicht mit dem Ngl reagieren kann (vgl. Versuche #16 mit #14). Dies unterstreicht die
Fahigkeit basischer Substanzen, autokatalytische Reaktionen von Ng! wirksam unterbinden zu
kénnen.

Organische Basen wie DPA verhalten sich ebenfalls stabilisierend. Ihre stabilisierende Wir-
kung ist jedoch auf einen kleinen Konzentrationsbereich (< 1%) begrenzt. Fiigt man mehr Sta-
bilisator hinzu, werden Nebenreaktionen (die zwischen DPA und Ngl ablaufen) gefordert, was
zu einer schnelleren Autokatalyse und damit zu einer verringerten Stabilitit des Gemisches
fishrt. Vielfach wird sogar eine Unvertréglichkeit von Ngl mit DPA diskutiert [8].

Eine eindeutige Bewertung der stabilisierenden Wirkung von Stabilisatoren auf Nitratester ist
schwer durchfiihrbar, da einerseits die entstehenden Stabilisatorabbauprodukte selbst (und
zwar teilweise besser) stabilisierend auf Ngl wirken und andererseits die Abbauprodukte des
Ng! haufig instabiler sind als Ngl selbst und somit auch die Bildungsrate von NOx im System
vom jeweiligen Abbaugrad abhéingt.
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Somit wird das Zweistoffgemisch DPA/Ngl sehr schnell zu einem komplizierten Vielstoff-
system, in dem verschiedene Reaktionstypen (Radikalreaktionen, Substitutionsreaktionen,
S#ure-Base-Reaktionen, Oxidationen) nebeneinander ablaufen und in dem die Reaktions-
produkte miteinander in vielschichtiger Weise reagieren kénnen. Teilweise wird der kom-
plexe Reaktionsverlauf auch an Warmeflusskurven sichtbar, die in einigen Fillen fast pe-
riodisch wechselnde Reaktionsraten aufweisen. So ein Reaktionsverlauf wird auch bei 4-
Methoxyphenol beobachtet, der vielleicht geeignetsten Substanz zum Abfangen von Radi-
kalen. Zwar wirkt auch DPA als Radikalfinger, die Wirksamkeit von 4-Methoxyphenol ist
jedoch ungleich hdher. Letztere Substanz hat den weiteren Vorteil, dass sie nicht mit Ngl
reagiert (also vertriglich ist).
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ANHANG
Tabelle 1. Durchgefiihrte Wirmeflussmessungen
Nr. |Sprengdl |Einwaage [g] | Kontaktstoff Einwaage [g] |T [°C]
i Ngl 0,231 keiner - 89
2 Ngl 0,204 keiner - 89
3 Ngl 0,202 keiner - 89
4 Ngl 0,600 H,0 0,059 89
5 Ngl 0,598 H,0 0,060 89
6 Ngl 0,598 H,0 0,061 89
7 |Ngl 0,211 BaCl2 H,O 0,004 89
8 Negl 0,203 Ba(NOs), 0,040 89
9 Ngl 0,256 KNO3 0,026 89
10 |Ngl 0,207 KNO3 0,0044 89
11 |Ngl 0,201 KCl1 0,021 89
12 [Ngt 0,204 K2S04 0,020 89
13 INgl 0,199 NaNO, 0,020 89
14  |Ngl 0,201 0,01 N HCI 0,022 89
15 |Ngl 0,206 0,01 N NaOH 0,022 89
16 |Ngl 0,221 CaCO; 0,020 89
17 |Ngl 0,208 K,CO; 0,021 89
18 |Ngl 0,208 Ethylacetat 0,022 89
19 |Ngl 0,204 DPA 0,020 89
20 |Ngl 0,201 DPA 0,0020 89
21  |Ngl! 0,219 DPA (unter Ar abgef) 0,0020 89
22 |Ngl 0,210 N-NO-DPA 0,024 89
23 |Ngl 0,215 N-NO-DPA 0,0025 89
24  |Ngl 0,217 2-NO,-DPA 0,010 89
25 {Ngl 0,199 N-NO-4-NO,-DPA 0,0021 89
26 [Ngl 0,211 DPA, 0,0010, 89
N-NO-DPA 0,0010
28 |Ngl 0,215 Centralit 1 0,002 89
29 |Ngl 0,214 Akardit 11 0,002 89
30 [Ngl 0,222 DBP 0,022 89
31 |Ngl 0,207 KNO;, 0,0016, 89
DPA, 0,0011,
N-NO-DPA 0,0012
32 |Ngl! 0,222 Schwarzpulver 0,226 89
33 |Ethylnitrat |0,175 Keiner - 80
34 |BTTN 0,611 Keiner - 80
35 |Ngl 0,163 Keiner - 80
36  |Ngl 0,165 Keiner - 80
37 [Ngl 0,207 keiner - 89
38 [Ngl 0,200 EtOH 0,0026 89
39  [Ngl 0,206 4-OMe-Phenol 0,0022 89
40 |Ngl 0,199 4-OMe-Phenol 0,0069 89
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Tabelle 2. Ergebnisse der Warmeflussmessungen

Vers.- | Spreng- | Kontaktstoff Messzeit | 1. Maximum |3 mW/ger-  |Kurven-
Nr. 6l [d] nach reicht nach [d] | typ
1 Ngl keiner 1,04 1h42m 1,00 A
2 Ngl keiner 1,46 1h42m 1,38 A
3 Ngl keiner 1,50 1h27m 1,46 A
4 Ngl H,0 0,83 - 0,75 B
5 Ngl H,0 0,88 - 0,88 B
6 Ngl H,0 0,83 - 0,83 B
7 Ngl BaCl,-2 H,O 0,29 3h00m 0,26 D
8 Ngl Ba(NOs), 1,63 37m, 1h33m |1,58 F
9 Ngl KNO3 1,13 1h39m 1,00 A
10 Ngl KNOs 1,16 1h43m 1,08 A
11 Ngl KCl 1,04 42m, 2h45m {1,00 A
12 Ngl K>S0 1,38 1h50m 1,29 A
13 Ngl NaNO, 1,08 2h50m 0,92 A
14 Ngl 0,01 N HCI 1,42 2h30m 1,33 A
15 |Ngl 0,01 N NaOH 1,50 - 1,46 B
16 Ngl CaCO; 22,0 - 21,9 B
17 Ngl K,CO; 10,6 1h45m 0,03 C
18 Ngl Ethylacetat 2,13 7h10m 1,99 A
19 Ngl DPA 6,29 1d15h 6,21 A
20 Ngl DPA 7,45 1d16h 7,38 A
21 Negl DPA (unter Ar) 12,2 1d18h 12,0 A
22 Ngl N-NO-DPA 29,3 45m - C
23 Ngl N-NO-DPA 7,98 1h05m 7,79 B
24 Ngl 2-NO,-DPA 8,48 40m 8,40 A
25 Ngl N-NO-4-NO,-DPA 13,83 35m 3,67 A
26 Ngl DPA 6,58 1d11h 6,50 A
N-NO-DPA
28 Ngl Centralit I 5,33 9h10m 5,25 B
29 Ngl Akardit 11 9,42 7h, 15h 9,25 E
30 Ngl DBP 1,33 4h 1,21 A
31 Ngl KNOQO;, DPA 8,71 1d13h 8,63 A
N-NO-DPA
32 Ngl Schwarzpulver 10,0 1d8h - C
33 Ethyl- |keiner 7,0 - - C
nitrat

34 BTTN |keiner 23,7 4d14h - C
35 Ngl keiner 3,23 6h 2,83 A
36 Ngl keiner 3,00 6h22m 3,07 A
37 Negl keiner 1,83 30m 1,71 A
38 Ngl EtOH 5,97 25m 5,92 F
39 Negl 4-OMe-Phenol 5,31 25m 5,13 A
40 Ngl 4-OMe-Phenol 22,0 25m 21,8 A

Kurventypen A: (schnelle) Vorreaktion, danach lange stabile Phase mit heftiger Autokatalyse.
B: wie A, ohne Vorreaktion. C: (starke) Vorreaktion, keine Autokatalyse. D: wie A, jedoch
fast keine erkennbare Vorreaktion. E: wie A, jedoch deutlich zweistufige Zersetzung. F: wie
A, jedoch zweistufige Vorreaktion.
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Tabelle 3. Relative Anteile der mittels NMR-Spektroskopie identifizierten Abbauprodukte

(Angaben in [%])
Vers.- | Kontaktstoff | Freiges. Ngl 1,2- 1,3- 2,3- 2-Ngl- | 3-Ngl-
Nr. Energie Dngl Dngl Dngl- | COOH | COOH
[I/g] COOH
3 keiner 60 814 5,2 11,5 1,4 0 0,5
6 H,0 19 72,3 11,5 15,1 0,7 0,4 0
7 BaCl,-2 H,O 11 31,9 14,5 24,9 4,0 4,8 20,0
8 Ba(NOs), 52 38,5 11,7 19,6 11,5 43 14,4
9 KNO; 34 48,4 9,8 16,4 14,9 22 84
10 KNO; 52 52,5 10,4 16,0 12,4 1,9 6,8
11 KClI 36 54,7 11,7 17,2 6,9 1,9 7,6
12 K>S0, 55 68,2 4,5 13,0 14,3 0 0
13 |NaNO, 109 74,7 52 12,1 7.6 0,4 0
14 0,01 N HCI n.a.
15 |0,01 N NaOH 15 90,9 5.3 38 0 0 0
18 Ethylacetat 115 75,9 6,9 11,5 1,9 0 3,8
19 |DPA 113 57.0 10,7 16,6 8,5 2,0 52
20 |DPA 122 58.6 11,1 16,6 8,2 12 42
24 |2-NO,-DPA 86 76,0 7.9 12,5 2,1 0,3 12
25 N-NO-4-NO,- 243 90,4 2,6 7,0 0 0 0
DPA
26 |DPA 104 66,3 10,0 15,0 1,7 0,9 32
N-NO-DPA
28 |Centralit] 105 75,4 83 12,6 1,8 0,3 1,5
30 DBP 166 47,7 11,9 19,6 10,5 3,3 7,0
31 KNO; 116 77,7 6,3 13,0 1,9 0 12
DPA
N-NO-DPA
37 keiner 111 69,8 8.8 15,2 2,6 0,5 3,0
38 |EtOH 40 59,1 11,9 19,0 7.8 22 0
39  |4-OMePhenol | 206 84,3 4,8 11,0 0 0 0
40 4-OMePhenol 78,7 009,3 11,8 0 0,01 0

n.a.: NMR-Messung wegen Uberlagerung durch grofien H'-Peak nicht quantitativ auswertbar.
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Humid Ageing of Polybutadiene Based Propellants

Simon Torry, Anthony Cunliffe

DERA, Fort Halstead, Sevenoaks, Kent TN14 7BP, UK.

Abstract

Due to the unstable nature of energetic materials, weapon systems have finite life spans. All energetic
materials undergo ageing processes that affect their performance, reliability, and operational safety.
Hence, there is a need to monitor the chemical components in a weapon system so as to maximise its
service life.

In this work, two model compositions (cured polybutadiene and cured stabilised/plasticised
polybutadiene) and two ammonium perchlorate/polybutadiene based propellants were aged in humid
environments. The physical and chemical properties of these materials were studied using sol-gel
analysis, nuclear magnetic resonance spectroscopy, FTIR spectroscopy, gas chromatography analysis,
thermo-mechanical analysis, and mass uptake experiments.

The effect of humidity on the ageing characteristics of the binder varied considerably with the
composition and dimensions of the material. Thick polybutadiene samples aged inhomogeneously —
high moisture levels increased the rate of crosslinking and oxidation. The oxidation rates of thin
polybutadiene samples decreased substantially when samples were aged in high humidities.
Propellants exhibited much faster rates of oxidation that those observed for stabilised/plasticised
polybutadiene. High humidity increased the propellant’s oxidation rate substantially. Rapid hardening
of the propellant was observed in humid ageing trials — the rate of hardening did not correlate with the
crosslink density. This suggested that the hardening process was not associated with oxidative cross-
linking reactions.

1. INTRODUCTION

Due to the unstable nature of energetic materials, weapon systems have finite life spans. All energetic
materials undergo ageing processes, which affect their performance, reliability and operational safety.
Hence, there is a need to monitor the chemical components in a weapon system so as to maximise its
service life. The benefits to be gained by accurate prediction of service life include reduced whole life-
cycle costs, improved safety, improved effectiveness and operational and procurement flexibility.
DERA is undertaking a comprehensive programme to predict and extend the service life of energetic
materials, including naval munitions. An important part of this is the monitoring of the environmental
conditions, particularly temperature and humidity, experienced by systems in service use. In order to
make use of this, it is necessary to understand the effects of these conditions on the munitions, and, in
particular, to be able to identify and understand critical ageing processes. The effects of temperature
and moisture on composite propellants have been identified as important for naval weapons systems.

The service life of a solid rocket motor is a function of a number of variables such as: mechanical
properties; chemical degradation; stability of the motor/liner interface; migration/diffusion of
plasticisers etc. Lifetime calculations of such a complex system are simplified by estimating the time it
takes for one or more critical properties of the propellant composition to reach a defined failure point.
Degradation processes can be accelerated by ageing propellant at elevated temperatures and then
extrapolating the data to normal operation conditions using the Arrhenius relationship.

A substantial body of work has been devoted to the study of thermal accelerated ageing of
polybutadiene based propellants. However, the effects of moisture in the ageing processes have not
been studied to any large extent. Hence, in this work, the effects of moisture in the ageing processes of
polybutadiene based propellants and its components have been studied by mechanical and chemical
analytical techniques. This report represents the ageing characteristics of the propeliant’s surface fully
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exposed to air and moisture. Normally, motors are sealed during manufacturer. Hence, the ageing trials
represents the worse case scenario where the motor seal is highly ineffective due to damage or poor
design.

2. EXPERIMENTAL
Unfilled Polybutadiene Rubber

Two types of unfilled polybutadiene rubber were prepared (Table 1). The pre-polymer was pre-dried
overnight under vacuum at 70°C and then cured with isophorone di-isocyanate at 70 °C for 7 days in a
nitrogen atmosphere using a NCO:OH ratio of 0.85:1. Samples were cured in finger moulds (100mm by
6mm by 10mm) and disc moulds (4mm depth, radius 4 mm and 10mm depth by 12.5mm radius).

Unfilled Stabilised
Ingredients Polybutadiene rubber | Polybutadiene Rubber

/ Mass % / Mass %
Polybutadiene (HTPB R45HT) 93.07 71.90
Isophorone diisocyanate (IPDI) 6.93 5.35
Di-octyl sebacate (DOS) 0 22.00
2,2"-methylenebis(6-tert-butyl-4-methyl 0 0.75

phenol) (Calco-2246)

Table 1. Unfilled rubber compositions.
Propellant

State of the art propellant was obtained from Royal Ordnance (Table 2). Propellant was cut into 40 + 2
mmx 12 + 1 mm by 3 + 1 mm strips and aged vertically in glass vials.

Ingredient HT398 | HT341
Ammonium perchlorate (AP) 84 73
Aluminium 0 15
Polybutadiene (R45M) 10 8
Isocyanate (IPDI) 0.7 0.6
Plasticiser (Dioctyl sebacate) 3 3
Antioxidant (CALCO02246) 0.1 0.1
Other components 2.2 0.3

Table 2. Propellant Compositions.

Ageing Conditions

Samples were fully exposed and aged at 50 °C, 60 °C and 70 °C over various saturated salt solutions in
sealed glass sample jars. Over the temperature range the relative humidity do not vary more than
3%RH.

NMR Spectroscopy

Nuclear magnetic resonance spectra were measured using an MSL 300 spectrometer fitted with either a
10mm broad band NMR probe or a Smm 13C/1H probe. Solutions were made up in deuterated
chloroform. *C solid state NMR was performed using a cross-polarisation magic angle spinning
(CPMAS) probe. Extracted polymer was swelled in dichloromethane, ground to a crumb and dried in a
vacuum. The polymer crumb was loaded into a 7mm zirconium oxide probe. Hydrogen nuclei were
decoupled from carbons during FID acquisition.

Thermal Mechanical Analysis (TMA)
TMA analysis was performed using a Mettler TMA40 (Mettler TC15 Controller) running the Star®
(version 4.00) acquisition/analysis program.

Three types of TMA measurements were performed:
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e 3mm diameter ball point penetration — sample equilibrated at 50°C for four minutes,
0.001N load applied for 10 minutes, 0.18N load applied for 10minutes;

o elastic deformation —sample equilibrated at 50°C for four minutes, an oscillating load of
0.02 and 0.18N applied per 6 seconds for 5 minutes; and

s bar bending — a load of 0.02N applied for 7 minutes, 0.1N load applied for 15 minutes,
0.02N load applied for 15 minutes at 84°C.

The dynamic elastic deformation test was performed on aged unfilled polymer discs (4mm thick by
4mm radius) sandwiched between two steel plates. Penetration experiments were performed on aged
discs of polymer (4mm thick by 4mm radius).

Propellant samples were rigid and hard relative to the unfilled polybutadiene rubber. Hence, both the
ball point penetration and dynamic elastic deformation experiments were not suitable methods to assess
changes in the mechanical properties of aged propellant. The bar bending experiment was found to be a
more appropriate experimental method. A propellant bar of dimensions 20 + Imm x 6 = 1 mm x 3 +1
mm was loaded into a bar bending sample holder and subjected to a load so that the maximum central
deflection was not more than 200 microns. The modulus plots were characterised by two values: the
forward modulus and the recovery modulus. The difference between the recovery modulus and the
forward arises due to viscoelastic nature of the propellant. In this paper, only the forward modulus has
been reported.

Extraction
Aged polybutadiene samples were dried in a vacuum, sliced into 1.5 mm’ and extracted overnight with

dichloromethane using Soxhlet apparatus. Propetlant samples were extracted with hexane overnight
using Soxhlet apparatus. The solvent was removed from the Sol solutions by rotary evaporation.

GC Analysis
The propellants’ antioxidant and plasticiser content was measured using a Perkin Elmer Auto sampler
gas chromatogram fitted with a Jencons DB-1 capillary column (30m by ID 0.321mm, film thickness

0.25pm). The temperatures of the injection port, oven and detector port were 300, 250 and 300°C
respectively.

Infrared Spectroscopy
Infrared data was acquired using a Nicolet Magna 760 spectrometer, and a Nicplan microscope (fitted

with 15 x objectives, motorised stage, and variable apertures). Data was processed using the Omnic 4.1
analytical program. The sample compartment was purged with dry air.

In situ ageing experiments were performed using a Rooc variable temperature FTIR cell fitted with
heated sodium chloride windows. The temperature was calibrated with type K thermocouple. Data was
analysed using the SERIES Omnic 4.1 software.

3. RESULTS
Unstabilised, Unfilled Polybutadiene Rubber

Aged, thick, unfilled polybutadiene rubber exhibited:
e increases in the crosslink density (sol gel analysis) - oxidative crosslinking, non-Arrhenius;
e increases in the mass uptake - oxidation processes, non-Arrhenius;
e decreases in surface penetration - observe surface hardening, non-Arrhenius;
e increases in elastic modulus - non-Arrhenius.

Polybutadiene rubber oxidised at a faster rate in humid environments. That is to say, the rubber’s
crosslink density (Figure 1) increased with higher humidity. Additionally, the overall irreversible mass
of the samples increased due to reaction with oxygen. The increase in the crosslink density and mass
uptake was not reflected in dynamic TMA modulus measurements. Elastic modulus ought to increase
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with crosslink density. However, it should be noted that no attempt was made to dry the TMA samples
before measurement. Hence, materials aged at 96%RH may be softer than dry aged materials due to
plasticisation of the rubber with occluded water.

Arrhenius behaviour was not observed in sol gel, TMA, and mass uptake experiments. This may be due
to inhomogeneous ageing processes. FTIR microscopy of a 20-micron thick cross-section of an aged
polybutadiene sample confirmed the presence of inhomogeneous oxidation. Severe oxidation, in the
form of carbonyl and hydroperoxide species, was observed in the surface layer to depth of 0.2mm. The
interior of the sample appeared unchanged. Adam et al [1] noted that oxidised polybutadiene impeded
the diffusion of oxygen into the bulk of the polybutadiene rubber. This contributes towards the
inhomogeneous ageing of polybutadiene.
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Figure 1. Crosslink density and elastic deformation of unfilled stabilised polybutadiene rubber aged at
70°C (& - dry, B - 50%RH, A - 96%RH).

In the light of the inhomogeneous ageing profile of thick unstabilised polybutadiene, 20-micron thick
samples of polybutadiene rubber were aged in situ in a temperature controlled FTIR cell.

Upon ageing, the alkene IR bands at 970 and 900 cm™ degraded appreciably. Additional bands due to
hydroperoxide/hydroxyl and carbony! oxidation products appeared at 3450 and 1710 cm™' respectively.
Broad bands replaced fine peak structures in the finger print region.

The decomposition process was characterised by a sigmoidal curve (Figure 2) - this is typical of
polymer radical oxidation reactions. The reaction curve was characterised by an induction period, a
rapid oxidation period, and finally a slow oxidation process. During the induction period, the polymer
did not appear to change in composition. However, close inspection of the induction period revealed
that the polymer did oxidise to small quantities of hydroxy! and carbonyl species - the reaction rate was
slow. At a certain critical concentration of hydroperoxide species, the polybutadiene rubber suffered
from auto-oxidation reactions. The time to rapid oxidation was described by the Arrhenius process
(Table 3). At 96%RH, 50°C, the rapid oxidation period was not observed hence the activation energy is
not reported.

Moisture appeared to moderate the oxidation process. The time to rapid oxidation increased as the
relative humidity increased. This implies the water is acting as an inefficient antioxidant. That is to say,
high humidity impeded the oxidation process. This contradicts measurements performed on thick
polybutadiene samples whereby the crosslink density increased with humidity. This will be discussed at
the end of this paper.
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Humidity / %RH | Activation Energy (maximum rate of oxidation) / kJ K mol”
dry 96
50 160
96 -

Table 3. Activation energy for rapid oxidation process.

Ageing Thin Polybutadiene Rubber, Dry Ageing.
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Figure 2. The hydroperoxide band area of aged polybutadiene (dry conditions).

Stabilised, Plasticised Unfilled Polybutadiene Rubber

Upon ageing, stabilised, plasticised, unfilled polybutadiene rubber exhibited:
e increases in crosslink density - little dependence on moisture;
e decreases in mass uptake;
e decreases in DOS plasticiser content - loss of plasticiser depends on moisture;
e decreases in Calco2246 antioxidant content - moisture no effect on rate of consumption;
e increases in elastic modulus due to oxidative crosslinking, non-Arrhenius; and
o decreases in surface penetration decreased due to surface hardening, non-Arrhenius.

According to crosslink density measurements, oxidation of plasticised polybutadiene rubber was not
accelerated by the presence of moisture. This was contradicted by elastic deformation measurements.
They suggested that samples aged at 70°C in 50%RH were stiffer than those samples aged at 96%RH
and under dry conditions (Figure 3). However, this may be due to loss of plasticiser as discussed below.

Oxidation of polybutadiene normally leads to an increase in the mass due to uptake of oxygen.
However, in the case of aged, plasticised polybutadiene rubber, there was a net loss. This was attributed
to loss and degradation of the plasticiser. Analysis of the rubber extract revealed that the DOS
plasticiser underwent hydrolysis during moist ageing trials. A carbonyl peak at 178 ppm (C NMR
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spectroscopy) was associated with the formation of a long chain alkyl carboxylic acid. The rate of DOS
consumption depended on relative humidity (Figure 4). Moisture did not appear to affect the rate of
consumption of the antioxidant (Figure 4). The Calco2246 consumption at 96%RH was not
representative of the general trend, hence the data was excluded from Figure 4.
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Figure 3. Crosslink density and elastic deformation of plasticised, stabilised polybutadiene rubber
aged at 70°C (# - dry, B- 50%RH, A - 96%RH).
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Figure 4. The consumption of DOS (left) and Calco2246 (right) in plasticised polybutadiene at various
humidities. (® - dry, B - 50%RH, A - 96%RH).

Ageing Characteristics of Propellants

Upon ageing propellant samples, there were:
® increases in crosslink density due to oxidative processes;
e decreases in mass uptake due to loss/degradation of plasticiser;
e decreases in antioxidant Calco2246 content; and

e moisture induced ‘hardening’ which did not correlate with the crosslink density
measurements.
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Crosslinking/oxidation reactions of both propellants were accelerated by high humidities and high
temperatures (70°C, 75 %RH) (Figure 5). The rate of propellant crosslinking was faster than that
observed for the unfilled polybutadiene models.

The effect of moisture on the propellant ageing process was opposite to that observed for unfilled
materials. The degradation of unfilled, unstabilised polybutadiene was attenuated by moisture. The
crosslink density of stabilised/plasticised polybutadiene was not greatly affected by humid
environments. In the case of propellants, the oxidation rate was increased in the presence of moisture.
Hence, the propellant ageing mechanism appears to be different to that observed for both polybutadiene
and stabilised/plasticised polybutadiene rubber.

DOS analysis revealed that, as in the case of plasticised unfilled polybutadiene, the plasticiser
underwent hydrolysis in high humidities. It was noted that the rate of DOS degradation was faster in the
propellant than in the unfilled plasticised rubber. The hydrolysis may be affected by the presence of
ammonium perchlorate. Ammonium perchlorate is a salt of a strong acid and a weak base, hence
saturated ammonium perchlorate solutions are acidic in nature. This may accelerate the DOS
degradation process.

Moisture markedly affected the antioxidant consumption rate in both propellants. At 70°C in high
humidity, all the Calco2246 had been consumed in propellant HT398 after 200 days (Figure 6). The
situation was worst in propellant HT341; all the Calco2246 has been consumed after ageing the
material for 100 days at 75%RH and 70°C (Figure 6). The rate of consumption of antioxidant in the
propellant was very much faster than that measured for the unfilled stabilised/plasticised material. This
suggested that the solid fillers, possibly ammonium perchlorate, played a part in the antioxidant
consumption process.

Proton and carbon-13 NMR spectroscopy of the extracts did not reveal the nature of the Calco2246
degradation products. Additionally, solid state carbon-13 NMR spectroscopy could not detect the
antioxidant crosslinked with the gel network.
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Figure 5. Crosslink density of Propellant HT341 (left) and HT398 (right) aged at 70°C (® - dry, B -
10%RH, A - 30%RH , X — 50%RH, * - 75%RH).
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Figure 6. Calco-2246 content in propellants HT341 (left) and HT398(right) at 70°C (& - dry, B -
10%RH, A - 30%RH , X — 50%RH, * - 75%RH).
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Figure 7. DOS content in propellants HT341 (left) and HT398(right) at 70°C (& - dry, B - [0%RH, A
- 30%RH , X — 50%RH, * - 75%RH,).

At high humidities and temperature, both propellants rapidly hardened in the presence of moisture
(Figure 8). Note that in case of propellant HT398, the modulus of materials aged at 75%RH were
smaller than that of propellant aged at lower humidities. This reflected the plasticisation of the
propellant by the water absorbed into the sample. The modulus measurements were made immediately
after removal of the propellant from the ageing chamber. No attempt was made to dry the samples prior
to measurement, hence measurements reflect propellant saturated with moisture.

As a confirmation of the water plasticisation effect, a sample (HT341, 50°C, 75 %RH aged for 117
days) was dried in situ for one hour. The bar bending experiment was repeated in situ - the modulus was
found to increase by 21%.
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Figure 8. Bar bending modulus of propellant HT398 (left) and HT341 (right) aged at 70°C in various
humidities (& - dry, B - 10%RH, A - 30%RH, X — 50%RH, * - 75%RH).

TMA bar bending experiments suggested that propellant HT341 aged at a much faster rate than
propellant HT341. This is probably due in part to the smaller thickness of propellant HT341 samples
(HT341 thickness 2.4+0.1mm, thickness HT398 3.4+0.2mm). Additionally, the increase in modulus
may reflect different ageing processes accelerated by aluminium in propellant HT341.

Previous work has demonstrated that the mechanical properties of polybutadiene/AP based propellants
tend to be sensitive to the crosslinking reactions. Cunliffe et al [2] found that the propellant modulus
was proportional to the crosslink density. This assumes that all other conditions are equal - e.g.
plasticisation levels stay the same and the ageing process is homogeneous. This was not the case for the
samples studied in this work. Samples were not dried before measurement, hence the mechanical
properties reflect the plasticisation effects of water. Similarly, DOS was lost during the ageing process,
thereby causing hardening of the sample.

Comparison of the mechanical data with the crosslink density data and DOS content data suggests that
another process other than oxidation/plasticiser loss was responsible for the hardening of the propellant.
The samples appear to harden at a much faster rate than that suggested by the crosslink density data.
This effect has also been observed in the moist ageing of other AP based propellants [3]. A prime
candidate for the additional hardening is the re-crystallisation of the ammonium perchlorate fines in the
bulk of the propellant.

4. DISCUSSION

One of the important factors in the ageing processes of polybutadiene is the ability of the initial
oxidation products to propagate. That is to say, the hydroperoxide species in the oxidised rubber have
to disassociate and form radicals to propagate the oxidation process. The addition of antioxidants
obviously impedes the propagation progress. Additionally, it is reasonable that water could interfere
with the dissociation of polybutadiene oxidation species thereby altering the apparent oxidation rate.
Ruaya et al [4] has demonstrated that oxidation of thin polybutadiene samples, partially immersed in
water, depends on the pH. That is to say, samples subjected to solutions of pH below 3 appeared to
resist oxidation. The oxidation rate of samples exposed to solutions of pHs between 7 and 10 appeared
to be accelerated. We propose that some of our contradictory results are due to this effect coupled with
inhomogeneous ageing processes.

Thick, unstabilised polybutadiene rubber appeared to oxidise at a faster rate in moist environments.
However, the opposite occurred for thin polybutadiene samples — moisture attenuated the oxidation
process. Polybutadiene has a higher permeability to oxygen than crosslinked, oxidised polybutadiene
[1]. We suggest that water attenuates the oxidation process, preventing the formation of a thin, highly
crosslinked surface. This allows the oxygen to permeate into the bulk of the sample and thereby causing
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greater damage in the interior of the material. Hence, in thick pieces of polybutadiene, the oxidation
process accelerates in the presence of moisture.

Unlike unstabilised polybutadiene rubber, moisture did not appear to effect the crosslink density of
stabilised, plasticised polybutadiene rubber. Both the plasticiser and the antioxidant moderates
inhomogeneous processes in such a way so as to allow oxygen to diffuse into the bulk of the sample.
Water is a is a less efficient antioxidant than Calco2246. Hence, its stabilisation effect is not observed.
However, humid environments cause the degradation of the ester plasticiser. This causes the rubber to
harden. 96%RH humid environments may also temporarily plasticise the rubber.

Oxidation of propellants in moist environments contradicts the above observations. Rather than
attenuating the oxidation process, moisture appeared to accelerate it in the propellant samples. There is
no doubt that atmospheric oxygen is required for the degradation of the propellant. polybutadiene/AP
based materials aged in vacuum do not undergo oxidative crosslinking [3] - the oxygen/oxidising
species does not originate from the perchlorate. However, the presence of AP does appear to accelerate
the oxidation process. We suggest this be due to the rapid consumption of the antioxidant. However,
Calc02246 reaction products were not observed in the propellant extracts. Similarly C CPMAS NMR
did not provide sufficient resolution and signal to noise, to observed Calco2246 products crosslinked
into the gel network. At present, the mechanism of the moisture induced antioxidant consumption is not
known. Antioxidant degradation may be accelerated by the acidic pH of the moisture saturated
propellant. The DOS plasticiser also appears to decompose at a faster rate in the propellant than in the
unfilled stabilised/plasticised polybutadiene rubber. This to may be due exposure of the DOS to the
propellant’s acidic environment.

It was noted that aluminium filled propellants degraded at a faster rate than non-aluminised material.
We do not have any evidence as to the nature of the antioxidant degradation reaction at present.

The chemical degradation reactions clearly demonstrate the binder crosslinks and losses plasticiser.
However, these effects do not appear to explain the rapid increase in the modulus of the propellant
samples. Tt is suggested that another mechanism be responsible for the propellants hardening. We
propose, that long-term exposure of propellants to humid environments cause the ammonium
perchlorate fines to recrystallise in such a way as to increase the modulus of the material.

4. CONCLUSIONS

The ageing characteristics of four types of material (cured polybutadiene, stabilised/plasticised
polybutadiene, polybutadiene/AP propellant, and aluminised polybutadiene/AP propellant) in various
humidities were investigated.

The Arrhenius model could not describe a number of the ageing processes.

Thick cured polybutadiene materials suffered from inhomogeneous ageing. The outer surface rapidly
crosslinked and hardened to an impervious outer layer. The interior of the sample was protected from
further oxidation.

The rate of oxidation of thin cured polybutadiene was studied by FTIR. The oxidation process was
characterised by an induction period, followed by a rapid oxidation period. This is typical of radical
oxidation processes. Moisture substantially retarded the oxidation process. Samples aged at 50°C and
96%RH did not exhibit the characteristic rapid oxidation process despite ageing the sample 15 times
longer than dry aged samples.

Unlike unstabilised polybutadiene rubber, moisture did not appear to affect the rate of oxidation in thick
stabilised, plasticised polybutadiene bars. The crosslink density of stabilised polybutadiene aged in dry
conditions appeared to be similar to material aged in 96%RH. The rate of consumption of Calco2246
was not affected by moisture. The plasticiser, DOS, did suffer from hydrolytic scission (GC and NMR
measurements).

The mechanical properties of aged stabilised/plasticised polybutadiene depended on humidity.
However, there was no linear trend. The elastic modulus of the material aged at dry, 50 and 96%RH did
not appear to fit a trend. The strength of the material aged at 50%RH was greater than that aged under
96%RH and dry conditions. Given the high reversible mass uptake of stabilised/plasticised
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polybutadiene at 96%RH, water probably plasticised the polybutadiene and thereby decreased the
elastic modulus.

The ageing characteristics of propellant were different to both unstabilised polybutadiene and
plasticised/stabilised polybutadiene. The presence of the ammonium perchlorate filler had a marked
effect on the ageing characteristics of the polymer binder.

Moisture dramatically effected the crosslink density and Calco2246 content of the propellant. The
antioxidant was rapidly consumed at high temperatures and humidity. The crosslink density increased
with ageing in moist conditions. This contrasted ageing trials of the unfilled stabilised/plasticised
polybutadiene.

As a result of changes in the crosslink density and the antioxidant content, the mechanical moduli of the
propellants increased substantially when aged in humid conditions. However, we suggest that chemical
changes are not the only driving force for propellant hardening. Moisture induced recrystallisation of
AP fines may contribute to the propellants hardening.
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INFLUENCE OF SLITS TO THE DETONATION FRONT
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TDW, 86523 Schrobenhausen, Germany

Abstract

Small slits in high explosives charges perpendicular to the detonation directions give,
depending on the width short delay times, still the detonation wave has some build-
up distances.

Slits paraliel to the detonation direction have a special influence on the detonation
waves. A precursor air shock (PAS) is produced in the slit which runs about 50 %
faster compared to the detonation wave. This is influencing the detonation front in
millimeter ranges around the channels. If the slits have small angles to the
detonation direction, the detonation wave is not able to pass, but is running around it.

This is changing the detonation front profile in a macroscopic scale.

The partially tricky different test set-ups will be described in detail:

- to get the delay times as a function of the different air gaps arranged
perpendicularly to the detonation wave

- to get the detonation profiles visible, although the PAS is running much faster in
the parallel slit arrangement

- to get the maximum angle of slits to the detonation direction that the detonation

wave can pass without being interrupted.

The used test set-ups and the achieved experimental results are described.
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Background

Scme special charges, like shaped charges and EFP’s, need very symmetric
detonation waves to achieve straight jets for large penetrations <1> and exactly
symmetric build-up processes for explosively formed projectiles with fins <2>. Gaps
and slits in the charges should be generally avoided. Otherwise slits or gaps
transverse to the detonation direction should be employed, because this orientation
is less disturbing the detonation velocity and therefore the detonation profile. Fig. 1
shows a schematic sketch with possible transverse, longitudinal and oblique gaps in

a shaped charge.

In Fig. 2 one test set-up is shown, with which the time delay of the detonation wave
and the so-called transition time as a function of air gap distance can be determined
in "one" firing. A typical streak record is presented together by the principle analysis
of such streak records with the definitions of the transition and the delay times (Fig.3)
and finally the achieved test results for two types of sgeeze cast and pressed

powerful high explosive charges (Fig. 4) <3>.

The detonation behaviour and the diagnostic technique is much more complex with
longitudinal gaps <4>. The so-called "precursor air shocks”, shortly PAS, are running
much faster in these gaps <5>. To observe the later arriving detonation front, it is
necessary to add a block of plexiglass with the same slit profile on the end of the
slitted charge, so that the precursor air shock cannot radially expand and cover the
end-surfaces before the detonation waves arrive (Fig. 5). For the diagnostic the
arrival time measurement technique <6> with a rotating mirror streak camera <7> is
used. The arrival time of the precursor air shock can now be seen as light traces,
afterwards the arrival time profile of the detonation front as very short flash trace
between the porous endsurface of the high explosive charge and the plexiglass
block, and finally the expansion of the precursor air shock at the end of the
plexiglass block (Fig. 6). Such streak records can be analysed with regard to the
detonation velocity along the 40 mm long slit length in the high explosive charge (Fig.
7) and precursor air shock velocities along the 40 mm slits in the HE charge, in the

plexiglass and as mean values along both together. The magnified streak records of
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the detonation profiles achieved in flash gap technique can be analysed also in great
detail (Fig. 10). Surprisingly it was found that under a small angle the detonation
wave is not able to pass the slit directly through the slit width, as they are less than 1
mm. The arrival times can be predicted either by the so-called spherical theory, that
means the detonation wave has no retardation by passing the longitudinal gaps, or
by the gap theory, which means the detonation wave is running perfectly around the
gaps (Fig. 11). The arrival time measurements demonstrate that the gap theory must

be taken into account for the selected test set-up (Fig. 12).

Now the question arises to what angles and gap widths the detonation wave is

following the gap theory which means running around the slits.

Oblique slits

The delay times against perpendicular slits and the change of the detonation profile
by longitudinal slits through the precursor air shock are discussed already in detail.
Now the question is, what slit width under which angle can be passed by oblique
detonation waves. The three different possible orientations of slits or gaps are
presented in Fig. 13. To get also larger angles a modified test set-up was laid out
which is presented in Fig. 14 for the arrangements with 1 mm and 0.3 mm slit width.
The distances between the different slits were arranged in such a way that the
incident angles were 0°, and then roughly increasing to 10°, 20°, 30°, 40° and finally
50°. The slit length was only 20 mm and therefore the thickness of the plexiglass
block was also only 20 mm. The endsurface was observed via a 45° mirror (Fig. 15).
Three different charge types were investigated: normally cast TNT/RDX 35/65
charge with about 7.8 mm/us detonation velocity, normally cast TNT/HMX 35/65
charge with a detonation velocity of around 8.0 mm/us and a squeeze cast
TNT/HMX 15/85 charge with 8.5 mm/us detonation velocity. The achieved streak
records for the 3 different high explosive compositionswith 0.3 mm and 1 mm slit
widths are presented in Fig. 16. The information which can be read out from such

streak records is specially given in Fig. 17:
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a) The first light in the slit is visible, as soon as the detonation wave arrives at the
bottom of the slit.

b) The continuation of the light emission comes from the precursor air shock which
travels with high velocity along the slit plane.

¢) The slightly radial expanding light appears upon the arrival of the precursor air
shock on the interface of the HE charge and the plexiglass block .

d) The detonation profile is presented as flash gap traces on the HE/plexiglass
interface

e) The expansion of the channel light is given, as soon as the precursor air shock

arrives at the end of the plexiglass block and can expand radially.

Analysis
The streak records can be analysed now with regard to different considerations.

One topic is the point from where the spherical detonation wave virtually starts.
Typically the detonation begins not exactly in the axis of the 8 mm booster. The first
breakthrough of the detonation waves give the lateral deviations ¢ from the axis The
so-called virtual initiation distance VID can be calculated with the equation on top of
Fig. 18. The calculated VID is for the normally cast TNT/RDX 35/65 charge 77.5 mm
or 2.5 mm in the high explosive charge itself. The normally cast TNT/HMX 35/65
charge is initiated over a small area respectively in the booster in about 2 mm depth.
The squeeze cast TNT/HMX 15/85 charge starts roughly 7 mm deep in the booster.
These values are true for the given test arrangement, because they depend on the
booster dimensions, booster type and, acceptor charge composition, as

demonstrated.

The velocities of the precursor air shock (PAS) can be analysed over the 20 mm
distance in the high explosive charge alone and over the attached 20 mm plexiglass
covering block (Fig. 19). The streak record of the TNT/HMX 35/65 charge with 1 mm
air gap was not good enough. Therefore these results are not considered. With the

small slit width of 0.3 mm only precursor air shocks are measured to 20° for the
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normally cast charges and up to 30° for the squeeze cast TNT/HMX 15/85 charge,
which is more sensitive and more powerful. The 1 mm gaps width could be
measured up to 40° angle. A surprising result is that the precursor air shock velocity
is around 12 mm/us independent from the angle of the detonation direction and the
slit plane. As expected. the PAS velocities along the plexiglass slits are decreasing,

for the 1 mm slits more or less from 20° on, with increasing angle (Fig. 19).

The most interesting result are the delay times At of the detonation waves around the
slits as a function of the angles (Fig. 20). A band is given for the case where the
detonation wave has to run around the slit plane (gap theory). The band width results
from the three different detonation velocities with 7.8 mm/ps, 8.0 mm/us and 8.5
mm/us for the three different investigated charge types. The 0.3 mm and 1.0 mm slit
widths at 10 mm distance respectively 9.5° oblique angle are not passed by any
charge type. At 20° oblique angle the detonation wave runs fully around only for the
1 mm slit width and is passing the 0.3 mm slits independent of the charge types with
some delay times. More or less constant delay times are achieved at 30° or 35 mm
distance for the 0.3 mm values, whereas the 1 mm values have definitely longer
delay times, but are at least also partially passing the slits. The delay times are
reduced at the 40° angles (50 mm distance) for both slit widths, 0.3 mm and 1 mm.
At 50° the values are strongly scattering and more or less lying around 100 ns delay

time, independent of 0.3 mm or 1 mm slit width (Fig. 20).

Summary

A surprising result is that the precursor air shock velocity is constantly around
12mmjus, independent of the angle of the slit to the detonation direction, also 50%

higher compared to the detonation velocities of around 8 mm/us

0.3 mm air gaps give constant delay times of around 100 ns independent of the
investigated charge types, cast TNT/RDX 35/65, normally cast TNT/HMX 35/65 and
squeeze cast TNT/HMX 15/85. 1 mm air gaps are not passed up to an angle of 20°.

Below 30° the delay times are longer compared to larger angles like 50° or higher. In
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this case the trend from the less sensitive high explosive charge TNT/RDX 35/65 is
constantly a little larger compared to the TNT/HMX charges 35/65 or squeeze cast

15/85 charges.

These results demonstrate that perpendicular slits are less influencing the detonation
profile compared to oblique slits especially under small angles of 10° to 20°, surely
depending on the gap width and the charge type, too. Design and layout of precision
shaped charges should avoid possible cracks and gaps with small angles to the

detonation direction.
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Explanation

JL DaimlerChrysler Aerospace

TOW Gesellschaft {lr verteidigungs-
technische Wirksysteme mbH

TNT /HMX 15/85 - 0.3 mm Slit
Still Picture

Detonation wave arrives at bottom of slit

Streak record

Precursor air shock (PAS) in HE-slit
PAS arrives HE/Plexiglass interface
Detonation wave arrives HE/Plexiglass interface
PAS in Plexiglass arrives at free surface

Det.-No. 59262

Fig. 17

TDW » Schrobenhausen

1CT/2000

Virtual Initiation Distance (VID)

DaimlerChrysler Aerospace

TOW Gesellschaft fir verteidigungs-
technische Wirksysteme mbH

(R-€)?- At2 » D2

o VD = 2+AtD
At = (tg - 1)
D Slit € viD
HE [km/s] [mm] Det. No. [mm] [mm]
0.3 59 261 0 77.8
TNT/RDX 35/65 7.80
1.0 59147 -45 77.2
0.3 59 260 0 80.8
TNT/HMX 35/65 7.95
1.0 59186 -35 83.1
0.3 59 262 0 89.8
TNT/HMX 15/85 8.50
1.0 59191 -2.0 84.6

Fig. 18

TDW ¢ Schrobenhausen

CT/2000
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INITIATION THRESHOLD OF AN INSENSITIVE UNDERWATER
HIGH EXPLOSIVE

Werner Arnold

Daimler Chrysler Aerospace AG, TDW - Gesellschaft fiir verteidigungstechnische Wirksysteme mbH
Postfach 1340, D-86523 Schrobenhausen, Germany

Abstract The initiation threshold of a confined insensitive high explosive (IHE) under shaped charge attack was
investigated. The composition of the ammonium perchlorate (AP) containing IHE was AP / RDX [ Al / binder,
40/ 24 / 24 12 with a density of 1.80 g/cc.This IHE was designed for underwater applications. The initiation
threshold was determined by measuring the running times of the reaction wave, the shock pressures, the residual
penetration performance of the shaped charge jet in RHA steel plates and the fragmentation behaviour of the
steel casing of the IHE charge. The threshold was located very clearly due to the decrease of the reaction
velocity and the increase in penetration performance of the jet with decreasing initiation stimulus. The v2d value
of the threshold with 170mm3/us? was rather high in comparison to conventional high explosives. This high
value may be correlated with the large critical diameter of 46mm of the IHE compared to the small jet diameter
of only about Smm.

INTRODUCTION

The initiation of high performance explosive charges by shaped charge jets was reported several times in the
past already in technical literature (1). Initiation of these charges can be excellently described using the vid
criterion. The insensitive high explosive (IHE), loaded with ammonium perchlorate (AP), ie.
AP/RDX/AI/HTPB - 40/24/24/12, and with a density of 1.80g/cc represents a high performance explosive for
underwater applications. It reveals non ideal behaviour which means that because of the AP concentration, there
are post reactions. Contrary to ideal high performance explosives where often the critical diameter and the
build-up to detonation distance of several millimeters typically range in the jet diameters® size, the critical
diameter of the present IHE charge is 46mm (2) and by far bigger than the shaped charge jet diameter. The
influence on initiability should be investigated. As the AP loaded high explosive displays feeble inherent
luminescence also during detonation, it was impossible to apply classical diagnosis methods with a rotating
mirror camera.

MEASURING TECHNIQUE

Initiability of HE charges can be determined by measuring the build-up to detonation distance in the Shock
Deflagration Detonation Transition (SDDT) phase. For high performance explosives, the detonation break
through on the cylindrical surface of the test charge can be recorded using a rotating mirror camera. As the AP
explosive charge has low inherent luminescence, diagnosis had to be adapted to this.

Figure 1 shows the measurement set-up. The target is attacked with a caliber 115mm shaped charge from a 2
caliber stand-off. This target consists of a mild steel barrier of variable thickness placed in front of the test
charge.
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FIGURE 1. Test Set-up

The IHE test charge has a 100mm diameter - which is by far bigger than the critical diameter - and a length of
200mm. Its confinement consists of a 10mm strong mild steel casing. The total steel plate sums up to the barrier
thickness P (see Fig.1). 200mm behind the test charge, the residual jet performance is determined in a RHA test
pile. Fragment ejection is recorded with witness plates arranged radially in 1.50m distance to the test charge
(2.5mm thick mild steel). The test charge's periphery is equipped with four carbon resistors in 25, 75, 125 and
175mm distance each from the charge’s front side. They are glued in milled recess holes, flush with the inner
steel casing. These carbon resistors not only allow to determine the shock / detonation wave’s time of arrival but
also to obtain information on the pressure amplitude’s level. TDW successfully used them already to measure
the performance of explosive trains and the initiability of conventional high explosives under fragment impact

3).

With this equipment, the following parameters are available to perform diagnosis of the initiability:

*  Electrical measurements
- distance / time = velocity
- shock
¢ Mechanical measurements
- residual jet performance
- impact pattern in witness plates
- steel casing fragment size
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RESULTS

Velocity

With the corresponding thickness P of the mild steel barrier it is possible to provide the following calculation,
using the commonly known formulae of the continuous jet,

14
Y4
b= v, [ﬁ] )
Z: distance target / virtual point of collaps
y = }& (p, target density, p; jet density) @
P;

for the crater bottom velocity in the high explosive:

vi
u, = 3
1+y
The Cu jet tip velocity is vj, = 9.7mm/ps with a jet diameter of d=5mm. With the measurement results of this
work and with (2), the detonation velocity was determined to be D=6.1mm/ps.

The distance/time measurements with the carbon resistors provide a phase velocity because the
shock/detonation waves arrive in different angles at the sensors on the IHE charge's cylindrical surface. With a
very high stimulus, a detonation spreads from the impact shock front. In the other extreme with a very weak
stimulus, the supersonically penetrating jet will entail a Mach stem. No initiation will take place, only the
pressure of the shock wave arriving on the cylindrical charge surface is measured. SDDT takes place
somewhere between these two extremes.

The result of these measurements is demonstrated in Fig. 2. It shows the comparison of the measured phase
velocity and the calculated mean crater bottom velocity of the jet in the IHE. As an abscissa, the jet velocity v
behind P and the stimulus v2d were entered complementary to the barrier thickness P. The transition from
detonation with low barrier thickness P to a complete absence of a reaction with a high thickness P can be
clearly seen. In the latter case, the measured phase velocity of the Mach cone is coherent with the crater bottom
velocity expected in theory.

10

Phase Vatocity v,
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FIGURE 2. Phase velocity and crater bottom velocity of the jet in the IHE charge
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Residual Performance

It turned out that, although the barrier thickness P diminished, the residual performance obtained in the RHA
steel plates became less. This was caused by the fact that with increasing stimulus the starting reaction of the
IHE charge disturbed the jet constantly more and thus impairs the results with respect to residual performance.
This can be seen in the pictures of Fig. 3 which serve to compare the RHA pile impact sides at 210mm and
260mm. At 210mm, violent reaction occurs and many jet particles are deviated from their axis.

FIGURE 3. Impact side of RHA test pile with barrier thickness 210mm and 260mm

To quantify this loss in residual performance, a relative loss of performance of the jet

AP _ LP, -LP @
P LF,,
was defined. The total of all perforated materials EP including charge (transformed to steel equiva-lent) was

compared to the max. sum ZPmax with non-reaction (P = 290mm). The result is shown as a graph in Fig. 4. The
abscissa was structured analogous to Fig. 2.
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FIGURE 4. Relative loss of jet performance due to IHE reaction
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Figure 5 shows a comparison of the graphic differentiation of the phase velocity of Fig. 2 with that of the
relative performance evolution in Fig. 4. One can see that the relative loss in performance begins to occur
already with a low stimulus compared to that of the phase velocity. This is caused by the fact that localized
reactions occuring in the jet tip area already disturb the jet, that these reactions however disappear again on
their way to the outer THE charge surface and thus, are not observed in the phase velocity.

230 250
7 «—
— 50
—_— —
)
—_ 40 ¢
E E
E 30 &
™
g, 3
$ 20 ¥
H 5
] 1]
H
& 108
4 &
0
, 160 A0 230 280280 290
100 150 200 250 300 P {mm)
6,63 6,04 584 554 555 5,30 v [mm/us]
220 82 171 159 154 140 v2d [mm/ps?)

FIGURE 5. Comparison of graphic differentiation of phase velocity and loss of performance

INITIATION THRESHOLD

Fragmentation of the charge casing and the hit patterns in the witness plates did not provide any significant
information concerning the SDDT. This is due to the fact that the AP loaded charge is optimized for underwater
performance and not for fragment acceleration objectives. This is already shown by the relatively low
detonation velocity and thus, also the pertinent low detonation pressure. Fragmentation of the charge casing due
to the shock wave created by the jet is similar to that caused by full detonation.

On the other hand, the increase of pressure measured with the carbon resistors delivered complementary
information and simplified categorization into the various Explosive Reaction Levels (ERL) as a function of
stimulus (Fig. 6) acc. to MIL-STD-2105B. The initiation threshold of the confined, AP loaded underwater
charge is

vid = 170 mm? /pus?.

This threshold could be defined in a very exact manner using the
Velocity / pressure measurements (carbon resistors)
Residual performance in RHA test pile

For the purpose of comparison, measurement results (4) for the unconfined charge attacked with a caliber
44mm shaped charge are also indicated. As already noted several times (1), a higher stimulus compared to the
one of an unconfined charge is required, despite the available confinement, as shock wave effects occuring early
due to the confinement might reduce sensitiveness.
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FIGURE 6. Initiation threshold for confined and unconfined high explosives

CONCLUSIONS

Measurement of the phase velocity and of the shock wave pressure using carbon resistors and of the residual
performance in an RHA pile permitted precise determination of the initiation threshold under shaped charge
attack. This is a method to measure the SDDT also in case of detonations with a weak inherent luminescence.
The initiation threshold for the confined charge is higher than that of the unconfined one due to the preceding
shock wave effects.

The initiation threshold of the AP loaded underwater charge vd=170mm>/us is well above that of conventional
charges like RDX/TNT 65/35 (see Fig. 6). This confined charge detonates at about vd=30mm?/ps?, i.e. with a
stimulus 6 times lower. Gap test results obtained in this respect show less initiation difference. For the gap test,
the receiver charge's surface subjected to pressure has a diameter of 50mm and is thus superior to the
underwater charge's critial diameter of 46mm. In comparison to this, the dimensions of the jet with about Smm
diameter are far below that value. This could explain the very high initiation threshold. A deviation from the vd
rule was already noted in (5), as soon as the critical diameter of the charge is superior to the dimensions of the

jet.
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PRUFMITTELOPTIMIERUNG IM MITTELKALIBERBEREICH FUR
DIE AUFKLARUNG DER TREIBLADUNGSPULVERBETT-
DYNAMIK IN UNTERKALIBERPATRONEN

Etienne Rochat
Oerlikon Contraves Defence,
Pyrotec AG
CH-8845 Studen, Switzerland

Abstract
The goal of the investigation was to find a testbed fixture for diagnosing the igniter to

propeltant interactions in the mediumcaliber-range.

1. Einleitung

Mit zunehmender Leistungssteigerung der Unterkalibermunition im Mittelkaliber-Bereich tritt
die Pulverbettdynamik des Treibladungspulvers als gewichtiger Parameter in Erscheinung.

Der Kerbeinfluss an der Verbindungsstelle Patronenhiilse zum Geschoss und die Querkréfte auf
das weit in die Patronenhiilse reichende Pfeilgeschossheck beeinflussen die Innen- und die
Abgangsballistik.

Abhingig von der értlichen und zeitlichen Anziindung der Treibladung bildet sich eine
unterschiedlich ausgebildete Gas/Festkorper-Mischphase, welche hinter dem beschleunigten

Geschoss nacheilt und dieses ungunstig beeinflussen kann.
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2, Beschreibung der Problemstellung

Die 25mm - 35mm Unterkalibermunition zeigt folgende Problempunkte:

e ladungseinstellung ->-> abnehmender v- und p-Zuwachs bei hohen Filigraden

¢ Rohrerosion ->-> exzessiver Rohrausbrand ganz hinten im Rohr

e Beschddigung von Pfeilfligeln, Kernbruch, Trefferbildverzerrungen

e Thermischer Wirkungsgrad tiefer als erwartet

Diese Effekte lassen sich mit der klassischen Priifinfrastruktur nur schwer erklaren.
Entscheidend scheinen die Einflisse zu sein, welche zeitlich zwischen dem Durchlaufen des
Kornerstosses im Treibladungspulver und dem Einpressen des Geschosses in den Ziigen des
Rohres liegen.

Ziel unserer Arbeit war die Entwicklung und Validierung einer Laborpriifeinrichtung, die
Auskunft zu den oben festgestellten Parametern gibt. Dazu wurde eine Hillsenbombe mit
unterschiedlich langen Stummelldufen bestiickt. Durch eine massive Gasentlastung im Rohr
wurde das Treibladungspulver geldscht und das Geschoss zusammen mit dem nacheilenden
Treibladungspulverbett nach dem Miindungsaustritt fotografiert. Die Druckverteilung in der
Patronenhillse wurde in 2 Achsen registriert.

Die Versuche erfolgten mit den Originalpatronenhisen, -Pfeilgeschossen und -Treibladungen.

Die Treibladungsanziindung wurde variiert.

3. Einsetzbare Prifgerite

Charakterisierung der TLP und Treibladungsanziinder im Labor

Mittels Laboranalysen lassen sich Explosionswdrme, chemische Zusammensetzung,
mechanische Eigenschaften, Oberflichenbehandlung, Korn-Dimensionen usw. bestimmen.
Stofftransportprobleme innerhalb und aus dem Pulverkorn kénnen tberprift werden. Ebenfalls
kénnen geldschte, thermisch gealterte und vorbelastete Treibladungspulverkérner untersucht

werden.
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Optische Bombe und Beschuss ins Freie

Der Beschuss von Treibladungsanziindern in einer optischen Bombe oder ins Freie erméglicht
die optische Beobachtung der Reaktion und das Messen von Flammvolumen, Temperaturen
und Gasgeschwindigkeiten.

Ballistische Bomben

Der Pulverabbrand in der geschlossenen Bombe liefert Treibladungspulverdaten zur
Lebhaftigkeit, Brisanz, Brennzeit und zum maximalen Druck.

Thermochemische Berechnungen

Aus diesen Simulationen ergeben sich wertvolle Informationen zur Flammtemperatur, zum
Molekulargewicht, zum voraussichtlichen Maximaldruck, zum erwarteten Arbeitsvermdgen
und zu der ldentitat der zu erwartenden Reaktionsprodukte.

Erosionsbombe

Der Versuch in der Erosionsbombe gibt vergleichende Aussagen tiber die Erosivitat von
Treibladungspulvern.

Treibladungsanziinder-Priifbombe [Lit. 1,3]

Die TLANZ werden nach Wunsch laboriert und in der Priifbombe abgefeuert, wobei die

Initiierungsbedingungen, das Innenvolumen und die Priiftemperatur variiert werden kénnen.
Unsere Bombe hat ein grosses Langen- / Durchmesserverhéltnis. Dadurch erhalten die
brennenden Partikel eine Freiflugstrecke. In der Mitte ist eine DUse platziert, um Abloscheffekte
zu provozieren. Die Druckmessungen kbénnen im Treibladungsanzinder und im Verbrennungs-
raum vor und nach der Duse erfolgen.

Ziele der Messungen sind:

o Istwertaufnahmen

e Reproduzierbarkeiten und Abhéngigkeiten ermitteln

o Gasvolumenbestimmungen

o Abl3schneigungen bei negativen Druckgradienten erkennen.
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Patronenhiilsen-Prifbomben [Lit. 2,3,4]

Bei diesen Prufgeraten handelt es sich um die wichtigsten Priifoomben. Die Konfiguration der

eingesetzten Munitionskomponenten ist identisch wie bei der spateren Verwendung.

Far alle Mittelkaliberpatronenhiilsen existieren separate Priifoomben. Die Patronenhdlsen

kénnen mit einermn Geschoss oder mit unterschiediich starken Berstscheiben versehen werden.

Die Initiierungsbedingungen, die Priiftemperatur, die Ladedichte, die Kerbung bzw. der

Ausziehwiderstand kénnen variiert werden. Die Priifungen erfolgen bei Temperaturen von -

54°C bis +71°C. Die maximal 6 fache Druckmessung erfolgen am Hulsenboden, bei der

Hiilsenmitte und am Hilsenmund. Ziele der Messungen sind:

e TLANZ-Schwadendurchgriff quantifizieren

s Treibladungspulverbett-Dynamik messen

o Geschosskerbungseinfluss quantifizieren

o Reproduzierbarkeiten und Abhangigkeiten ermitteln

e Abstimmen der Anzindung vor Drucklauf- und Waffenbeschissen

 Vorabkisrungen bei der Uberprufung der ballistischen Stabilitat, aus Sicherheitsgriinden vor
dem Waffenbeschuss und Abtasten von Grenzgéngigkeiten

Loschbombe

Bei diesem Priifgerat handelt es sich um eine spezielle Patronenhisen-Prifbombe fir

Patronenhiilsen ohne Schulter, ausgeriistet mit unterschiedlich starken Berstscheiben. Das

brennende Treibladungspulver wird durch eine schlagartige Druckexpansion geldscht und im

Wasserbecken aufgefangen.

o Uberpriifen der Spradbruchanfalligkeit

« Abstimmen der Treibladungspulveranziindung an die Eigenschaften der Treibladung

e Erkennen von frihzeitigem Kernzonenausbrand im Treibladungskorn

o Uberprifen der Formfunktion des Abbrandes

Gasdruckmesser (Drucklauf) und Waffenbeschuss

Im Gasdruckmesser erfolgt die innenballistische Messung und die Prazisionsbeurteilung.

in der Waffe erfolgt die Funktions-, Lebensdauer- und Leistungsprufung.
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4. Messmittel

Druckmessung
Die Druckmessung erfolgt mit der Piezotechnik. Die Versuche im Gasdruckmesser (Drucklauf)
und die Waffenbeschiisse werden mit 10 kHz gefiltert, die Bombenmessungen werden

ungefiltert registriert und auf dem Rechner nachbearbeitet.

Optische Abbildungen, Mindungsfeuerbeobachtung

Optische Abbildungen erfolgen mit Réntgen, Video und Hadlandkamera.

Weitere Messmittel

Dazu zdhlen Wegmessungen am Geschiitz und am Geschoss, aber auch einfachste Hitfmittel

wie Zeugenbleche, Fliesspapierscheiben oder Fangnetze. Das Ausmessen der Rohre zeigt die

drtliche Rohrerosion.

5. Gegeniiberstellung der Priifgerite

Priifmethode

Charakterisiert

‘Artefakte’

Chemische und physikalische

Charakterisierung im Labor

Explosionswarme, |dentitat,
Oberflachenbehandlung,
Korn-Dimensionen, Alterung,

chemische Stabilitat

Nur statische Aussagen

Thermochemische Berechnungen

Flammtemperatur, Kappa,
Molekutargewicht, maximaler

Druck, Arbeitsvermégen

Nur statische Aussagen

Optische Bombe und

Beschuss ins Freie

Flammenvolumen,
Temperaturen und

Gasgeschwindigkeiten

Arbeitsdruck zu tief,
Volumen nicht realistisch, kein
mechanischer Widerstand vor

dem Treibladungsanziinder

Ballistische Bomben

Lebhaftigkeit, Brisanz,
Brennzeit=f(p),

maximaler Druck=f(delta),

Abbrand-Stabilitat von L=f(delta),

ballistische Stabilitat

V=const, zu tiefer Druck fur die
meisten Abbrennzonen des
Pulverkornes

Anziindung nicht Original,
Brenngeschwindigkeit tief
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Priifmethode

Charakterisiert

‘Artefakte’

Erosionsbombe

Mittlere Erosivitét eines Pulvers,
Einfluss von Flammtemperatur,
Explosionswarme,
Pulverkorndimensionen,

Molekulargewicht

Nur eine Aussage Uber das ganze
Korn und die durchschnittliche
chemische Zusammensetzung
maglich, Einfluss von
Rohrschonungsadditiven und
Oberflachenbehandlung nicht
deutlich

Treibladungsanziinder-Prifbombe

Output mit p(t), Zindverzlge,
Gassaulenschwingungen,
Ausbreitungsgeschwindigkeit,
Gasvolumenbestimmungen,
Abléschneigungen bei negativen

Druckgradienten erkennen.

Arbeitsdruck zu tief, Volumen
nicht realistisch, kein
mechanischer Widerstand vor
dem Treibladungsanziinder,
Uberlappende Gasproduktion
vom angeztndeten TLP nicht

vorhanden

Patronenhllsen-Priifbomben

TLANZ-Schwadendurchgriff
gegen Treibladung quantifizieren,
TLANZ-Schwadendurchgriff
gegen Inertpulver quantifizieren,
Anziindvorgang quantifizieren,
Druckdifferenzen messen,
Treibladungspulverbett-Dynamik
messen,

Anzlnder Design optimieren

Berstscheiben beeinflussen
Vorgang, keine zu
beschleunigende Masse als
Verdémmung, kein
Ausziehwiderstand.

Es tritt mit dem Einreissen der
Berstscheibe sofort eine

Gasdruckentlastung ein

Patronenhulsen-Prifbomben mit
Gasentlastungsrohr, und

Stummellauf-Kanonen

Dito Patronenhiilsen-Priifbomben,
Geschossform-,
Geschossgewichts- und
Geschosskerbungseinfluss
quantifizieren,

Erkennen von nicht angezindeten

Treibladungspulverzonen

Es fehlen die Werte fir den
Maximaldruck und die
Miindungsgeschwindigkeit.

Die Temperaturkoeffizienten sind

nicht bestimmbar

Léschbombe

Sprédbruchanfalligkeit,
Formfunktion des Abbrandes,

Kornbruch und Korndeformation

Zerstorung der geldschten
Treibladungskérner beim

Auffangen moglich
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Priifmethode Charakterisiert 'Artefakte’

Gasdruckmesser (Drucklauf) Innenballistische Messung, Waffenkinematik und
Prazisionsbeurteilung Zufiihrschock fehlt, Gasleakage
p- und v- Beurteilung der nicht original, kein Seriefeuer
Temperaturunabhéngigkeit, maglich

Temperturunempfindlichkeits-

Beurteilung

Waffenbeschuss Funktions-, Lebensdauer- und Zu viele interferierende
Leistungsprifung, Parameter, schwierige
Waffenkinematik, Interpretation
Zufihrkinematik,

Rohrzustandseinfluss

6. Optimierung der Patronenhiilsen-Priifbombe [Lit. 5,6,7]

Fur die wirklichkeitsnahe Analyse der Treibladungspulverbettdynamik versuchte man
wiederholt Prifgeradte zu konstruieren, die ein Geschoss verschiessen und das
Treibladungspulverbett abbilden lassen.

Im Picatinny Arsenal (USA) wurde mit einem 25mm-Simulator mit einem transparenten
Kunststoffmantel an Stelle der Patronenhiilse aus Metall gearbeitet. Die Versuche endeten mit
dem Erreichen des Berstdruckes des Kunststoffmantels bei ca. 700bar.

In unserer Firma bildete man mittels Réntgenblitztechnik den Mindungsbereich von
Gasdruckmessern ab, die mit stark gekiirzten Rohren verschiedener Lénge versehen wurden.
Bei dieser Technik ist der Treibladungspulverabbrand im Zeitpunkt der Réntgenblitzaufnahme

schon weit fortgeschritten.
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Wir versuchten mit unseren Versuchen eine Testeinrichtung fir 25mm M242 / KBA Munition
zu entwickeln, die das Prifen von Originalpatronen erlaubt. An der Patronenhdlse wird an 6
Messstellen der Druckverlauf gemessen. Sobald das Geschoss die Patronenhilse verlassen hat
wird der Treibladungspulverabbrand méglichst schnell unterbrochen. Das Geschoss wird
zusammen mit der nacheilenden Gas/Festkérper-Mischphase mit einer Hadlandkamera
fotografiert. Das Geschoss muss wahrend dem Abldschenprozess des Treibladungspulvers in
einem gelochten Rohr gefiihrt werden, damit es sich nicht unkontrolliert Gberschlagt.

Eine bestehende Patronenhiilsenbombe wurde mit Stummelldufen versehen, in die grosse
Lécher zur Erzielung einer massiven Gasentlastung eingefrast wurden. Es zeigte sich, dass der
Gasdruck bei Rohrlangen unter 300 mm viel zu hoch wird. Das verbleibende Pulvertett hinter
dem Geschoss wird nach dem Verlassen des Rohres durch die Expansion des Restgasdruckes
auseinandergerissen und das Hadlandbild wird durch die noch aktive Treibladungspulver-
Abbrandflamme uberstrahlt.

Uber 10 Optimierungsrunden wurde laufend das Rohr verlangert, die Gasentlastung verstarkt
und so nahe wie méglich an den Patronenhtisenmund positioniert. Die am Schiuss
ausgewahlte Konfiguration verfiigt iber ein 1000 mm langes Rohr, welches nur noch eine
ungehemmte Beschleunigung des Geschosses Uber ca. 13mm erlaubt. Die Gasentlastung
wurde auf der ganzen Léschstrecke, so weit dies mit der mechanischen Festigkeit des Rohres
vereinbar war, maximiert. Der Maximalgasdruck gemessen in der Patronenhiilse, erreicht bei

gekerbten Patronen aber immer noch 2500 bar!




25mm Pfeilmunition auf der Patronenhulsen-Prifbombe mit einem 1000mm
Gasentlastungsrohr, Vergleichsbeschlisse mit und ohne Flashtube.

oben: ohne Flashtube, 1x p,, 2x p,, 3x p,

unten: mit Flashtube, 1xp,, 2xp,, 3xp,
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25mm Pfeilmunition auf der Patronenhiilsen-Prifbombe mit einem 1000mm
Gasentlastungsrohr, Vergleichsbeschiisse mit verschiedenem Treibladungspulver-Typ
oben: TLP  (singlebase), X p, . 2xp, . 3xp;
unten: EI-TLP (semi doublebase), 1xp,, 2xp,, 3Xp,

Beachuss 23, Versuch 157/97

PH g} gerertt, ohne Flashiube, Robr 10, Plell sif {mit Kelottenpalliet)
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Hadlandbilder nach der Léschstrecke

Geschoss mit grossem Treibladungspulver-Pfropf am Heck
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8. Zusammenfassung und Diskussion

Die beschriebene Patronenhilsen-Prifbombe mit Gasentlastungsrohr steht jetzt fir
systematische Untersuchungen, Optimierungen und Produkte-Entwicklungen zur Verfigung.
Die Arbeiten werden auf weitere Kaliber ausgedehnt. Zur Diskussion steht die zusétzliche
Instrumentierung mit einem Geschossbewegungs-5ensor und die Weiterentwicklung einer
Geschossauffangeinrichtung.

Sehr wichtig ist die Einsicht, dass nur mit einem breit abgestitzten Instrumentarium ein
brauchbares Verstandnis erzielt werden kann. Jedes Prifverfahren schrankt die
Einflussparameter spezifisch ein und iiberlagert das Messergebnis mit Artefakten. Absolut
wahre Messungen sind unmdglich und nur die mit Sachverstand zusammengestellte

Kombination verschiedener Teilresultate bringt uns weiter.
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EXTENSION OF CALIBRATED SHOCK WAVE TEST
TO STRONG AND SHORT SHOCKS

Philippe Chabin, Jacky Groux, Serge Lécume

SNPE
Centre de Recherche du Bouchet ( C.R.B.)
91710 Vert le Petit
France

ABSTRACT :

This study allowed us to develop a Calibrated Shock Wave test in the domain of strong shocks
(>15 Gpa) and short time duration (100 ns<) at low and room temperatures, with the Impulse
Electric Launcher developed at the SNPE. Two heterogeneous explosive compositions with NTO
have been tested, the Electric Launcher data have been compared to those obtained with a classical
Calibrated Shock Wave test carried out in the same conditions of temperature. These Electric
launcher data confirm that the iso-energy criterion (Put) is not adapted to the two tested explosive
compositions. Nevertheless, the evolution of the critical energy seems to be well represented by two
criteria (James and Peugeot-Quidot) in all the pressure-time domain. The low temperature tests
(-55°C) performed with the Impulse Electric Launcher confirm that the low temperatures have
practically no effect on the shock initiation threshold of the two heterogeneous explosives used in
this study

1. INTRODUCTION

Characterization of an explosive composition pertaining to the insensitive munition family in the
short and strong shock domain. is essential for the forecast of its behavior with respect to a high
level of aggression, such as shaped charges, light and high speed fragments, and to optimize
potential firing units systems.

All these compositions generally based on NTO. have an energy threshold curve clearly above the
classical compositions. and thus require means able to solicit them to very high pressure levels,
allowing a chemical decomposition under shock.

The aim of this present study is to extend the field of application of the classical calibrated Shock
Wave Test (1), by the use of Impulse Electric Launcher (L.E.I.) at room and low (-55°C)
temperature (2).

This test has been applied on two compositions at ambient temperature. These compositions belong
to the explosive family with inert binder (B2248A) and with energetic binder (B3110B), the mass
percentage of each component are given hereafter :

- B2248A (42 % HMX/ 46 % NTO/ 12% inert binder)
- B3110B (29 % HMX/ 30% NTO/ 16 % Al/ 25% energetic binder)

The influence of a low conditioning temperature (-55°C) on the sensibility has been studied only on
the B2248 A composition.
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2. REMINDER OF THE PRINCIPLE AND THE PERFORMANCES OF L.E.L

2.1  PRINCIPLE :

The L.E.I. consist of an energy bank with 12 capacitors. linked to a flat line, itself composed by two
electrodes (figure 1). At the end of the flat linc. we find the "barrel” on which the experimental
setup is put.

Figure 1 : L.E.I : photography of the capacitor bank and the flat line

The principle diagram is shown in figurc 2. The clectric current. generate by the discharge of the
capacitors. is deposited on a thin bridge foil in a very short time. causing the foil to explode. The
plasma so created acts as a propulsing gas on a thin diclectric flyer plate (Mylar) which compose the
projectile. By the release of the plasma and the magnctic forces. this foil will reach a velocity of
several kilometers per seconds over a few millimeters.

A) Before switching ;
B“"\"“A' Sample JVV\
Electrode - e Resistance R Inductance
R - =" Capacity l Loading
voltage
Electrode+ g ge Foi Vo
Pyrotechnic

switch Flyer Plate

A

Resistance R Inductance

R N I(t) Capacity l v(t)
clease of plasma ereated T

by the explosion of the
bridge foil

Figure 2 : principle

A pyrotechnic switch has been developed especially for this application with very low externals
effects.
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2.2 PHYSICALS AND ELECTRICALS CHARACTERISTICS OF THE L.E.1L

An optimal transformation of the aluminium foil require a very fast discharge (10"A/s) of the
capacitors. This transformation depends directly on electric characteristics R, L, C of the L.E.L. :

- Resistance R must be lower to limit dissipative effect,
- Inductance L must be small to facilitate the speed of the discharge,
- Capacity C must be important to store as much energy as possible.

These characteristics were determined experimentally on our installation. Results presented this
below are expressed according to the number # of used condensers

* The maximal capacitor charge is variable between 0 and 50 kV

* Capacity :  C C=nC0 with CO : 15.75 uF
* Resistance R :R= RO + Rl/n with RO : 3.25 mQ et R1 : 47.35 mQ2
* Inductance L :L= L0 +L/n with LO : 18.67 nH et L1 : 348.33 nH

so for the complete configuration of our installation. namely for 12 condensers:
R=72mR2- L =47.7nH-C = 189 uF
What represents an energy available maximum, for a charging volage of 50 kV
E='"%CU" : Emax =240k}
According to the tested explosive. to the amplitude and to the duration of the shock looked for, the

terminal part of the launcher may be moditied. The main parameters and their associated domain of
variation are presented in table n°1;

Table n°1 :
-+ Parameter -~ +|% Domain of variation ™
Projectile diameter / bridge width 510 50 mm
Projectile thickness 50 pm to | mm
Barrel length 110 10 mm

23 CALIBRATION

The knowledge of the flyer plate velocity is important, tor the analysis of experiments and for the
forecast of shots according to the experimental configuration used. However on the L.E.1., during a
shot, a direct measure of the velocity is not easy because the dimensions of the barrel (h = 5 mm) as
well as the position of the explosive target, prevent a visualization of the flyer plate.

For this, we used a simple model of prevision of the velocity, based on the knowledge of the electric
characteristics of the L.E.I., on the geometry of the tlyer plate and on the initial charge voltage.

This model is an extension by TUCKER (3) of GURNEY"'s model used in the drive by explosive :

, M ] ,.
"l’((—, + 5) =J2(k]])
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with Vp : Flyer Plate velocity (m/s)
M/C  : Specific mass ratio : fiyer plate / foil

Je . Current density at the explosion of the foil ( A/m2)

Several experiments associating a measure of velocity of the flyer plate, Vp (figure 3), and a
measure of current at the explosion. fe with Je= f{le) (figurc 4). allowed us to adjust the two
cocfficients & and n of the model. The value of the current density Je can also be obtained by a
simulation of the R.L.C. circuit of the L.E.I. a comparison between measured and calculated current

is shown in figure 4.

PMMA

?

Flver Plate

Barrel

Figure 3

160E06 = =rmmme = e

6 7 8

simuation -

Figure 4 : calenlated and sinudated curren.

2 Fver plate velocy and planarity measurentents

- Pierson

‘_‘:,4:'_:_/__]'

The calibration used in this study. rclative to a 3 mm long barrel. is presented in figure 3.
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3. EXTENSION OF CALIBRATED SHOCK WAVE TEST

The general principle of the classical Calibrated Shock Wa'_ve Test was resumed. Experimental
assembly consist of a cylindrical sample of explosive put on the barrel of the launcher with an anvil
witness stuck on the explosive (figure 6). During the shotlthe witness plate is recovered in a
chamber, filled with rags, placed over the assembly.

Recover chamber with rags

F lat s
Iyer plate . Steel cone
ép : 250 ym Anvil
™~ - # Barrel
Bridge foil g

ép: 90 ym
P bmo— electrode

Figure 6 : experimentul setup at room temperature

Diagnosis detonation / non-detonation is bused on the exam of the target witness. Impact pressure is
estimated by crossing the unreactive Hugoniot of the flyer plate and that of the explosive sample.
For B2248A and B3110B, we used the unreactive Hugoniot determined by the mixing rule
table n°2. The duration of solicitation is obtained from an analytical calculation which only takes
into account the pressure maintained during the incident shock.
Regarding the determination of the impact velocity, the search for the detonation threshold is
performed with the calibration. Once this threshold is determine, another shot is performed under
the same experimental condition and without sample, the velocity of the flyer plate is measure with a
streak camera (figure 3) and the pressure values and the impact duration are calculated accurately.
The impact planarity was estimated from the same type of recording, a tilt lower than 5 mrad on a
30 mm diameter of the flyer plate is measured. Curvature beyond this diameter becomes so
important as one can consider that it does not intertere any more with the initial impact.
So, from a 50 mm diameter of flyer plate. only a monodimensional zone equivalent to a 30 mm
diameter is really sollicitate. However, this 30 mm diameter is always superior to the critical
dimensions of the explosives samples (Table n°3)

Table n°2 :

L Compositions. | . Unreactive Hugoniot coetficients Observations
Density p (kg/m") | Cq {m/s) S

B 2248A 1685 2365 2.272 Mixing rule

B 3110B 1840 2050 2.512 Mixing rule

Mylar P (Pa) = 1400(2184 +2.72u-0.000722u" +9.31=-%u’)u Polynome degree 3
u (m/s) Ref (7)

3.1 DEFINITION OF THE SHOT ASSEMBLY

The dimensions of samples were defined in two ways. Firstly, to observe the detonation or no
detonation reaction without ambiguity, and secondly with the B2248A, for the shots performed at
low temperature, to facilitate thermal homogeneity in the zone sollicitate by the incident shock.
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The high critical dimensions of the non-ideal compositions impose a work with an important flyer
plate diameter. Table n°3, summarizes experimental conditions adopted for the two tested

compositions.
Table n°3 : llyer plate / sample dimensions

Flyer plate geometry ) Sample geometry .. L
i1:Composition: Diameter Thickness Diameter Explosive | Critical diameter
» i (mm) (um) (mm) thickness (mm) .

B 2248A 50 250 55 30 11
B 3110B 25 250 30 15 < 15

The dimensions of the anvils witnesses were optimized experimentally by means of attempts with
detonation provoked for every compuosition. The objective was, in case of detonation, to be able to
recover fragments of significant size (figure 7). Experiments were all performed with a 5 mm long
barrel.

Detonatio ‘No detonation: undamaged anvil No detonation:undamaged anvil
Recovered fragments of the anvil Cracked sumple Fragmented sample
Figure 7: Anvil photography after a shot

3.2 TEMPERATURE CONDITIONING :

Constraints linked to the realization of the calibrated shock wave test at low temperature on the
Impulsionnal Electric tauncher are the following ones:

e Final temperature in the sample of -55°C,

e  Thermal homogeneity in the sample.

¢ No voltage breakdown hecause of the low temperature, as well in the phases of the loading
voltage of the flat line as the discharge of capacitors in the bridge foil,

e Any frost between the flyer plate and the target (5 mm long barrel)

¢ Important delay between the implantation of the sample and the shot linked to the safety of
use of the Impulsionnal Electric Launcher and to the check of the instrumentation.

The temperature conditioning is performed in 3 phases:
e Phase 1) Contitioning of the sample and the anvil in a conditioning chamber,
e Phase 2) Conditioning of the terminal part,
¢ Phase 3) Putting the sample into place and preservation of the temperature until the shot.




The final configuration corresponding at the shot is the following one (figure 8):

Electric valve Recovered chamber

Polystyrene cap

Regulation ) - * )
-63§CI~58°C Vapor nitrogen|injection Vapor nitrogen Leakage

Flyer plate 0 p\

Mylar ; i

; i \9§\ w KKK, P;Iye(hylene
_ 9 s
. T~ . Sample o
::illdge NS &S D S5 h30 mm Barre!
RN o
- RS electrodes
/

Figure 8 : Montage en température
10 thermocouples were inserted into samples for the control of the temperature, result obtained at
the end of 20 minutes with this mode of conditioning is shown in figure 9 for the evolution of the
temperature according to time in the sample, and in tigure 10 for the estimation of the distribution of
the temperature in the sample.

Frase 3 - Mairtien enterrpérature

&
|
|
|

&

Tempirature (<C)
EEEIE - )

d
ga
H
i
3

Figure 9: T° evolution

In absolute value, the pressure gradient of temperature is 15°C between the impact face (-55°C /-
54°C) and the back face of the sample (-68°C /-69°C). However we see, in figure 10, that 2/3 of
the sample, so the monodimensional zone sollicitated by the incident shock, are at a temperature
between -55°C and -60°C, which justifies the 30 mm thickness of the sample.

For the exploitation of experiments at low temperature, it is necessary to know the unreactive
Hugoniot of B2248A at -55°C. The coefficients of this one were chosen by taking into account
following points:

o Impact experiments performed during a previous study (4) on B2248A ar -30°C
temperature, showed that temperature variation does not atfect the value of the unreactive
Hugoniot coetficients CO and s,

e The evolution of the density with the temperature may be estimated with the linear
coefficient of dilatation o : 70°* (°C™), by making the hypothesis that volumic dilatation B
is equal to 3a.
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Considering the previous remarks, a density p = 1.717 g / ¢cm3 was calculated at - 55°C, so a
variation of 1.53 % with regard to the density at room temperature can be noticed. The expression

of unreactive Hugoniot at -55°C tor B2248A is :

4.

4.1

RESULTS :

P(Pa) = 1.717(2365 +2.272u)u

L.E.I. RESULTS

The results obtained for the two compusitions are regrouped in tables n © 4, 5 and 6.

Table n°4 : B3110B at room temperature

.’N°® | Loading | Current | ¢ Flyer plate/ | Flyer Impact | Shock Energy “Diagnosis

:sshot | voltage ¢ target plate pressure | duration

LT velocity
L &Y) (kA) (mm/mm) (m/s) | (Gpa) (ns) (/em?)
83 22.5 396 25/30 3578 16.1 87 210 No-détonation
84 21.5 413 25/30 3684 17 85 224 No détonation
82 23 498 25/30 4165 20.6 79 283 Détonation
81 25.6 550.8 25/30 4457 23 75 320 Détonation

Table n°5: B2248A i température ambiante

“"N° | Loading | Current | ¢ Flyer plate/ | Flyer Impact Shock Energy Diagnosis

"shot "| voltage ¢ target plate pressure | duration

R velocity

- kV) (kA) (mm/mm) | (m/s) | (Gpa) (ns) (fem® o :
79 20.6 381 25/30 3490 15.1 67.4 196 No détonation
80 26.8 480 25/30 4072 ° 9.2 61.3 266 No détonation
78 27.4 497 25/30 4167 " 20 59.4 277 Détonation
i 263 540 25/30 4397 21.8 521 310 Détonation

Table n°6 : B2248A i -55° C
#N° | Loading | Current | ¢ Flyer plate/ | Flyer Impact | Shock Energy *#{.-  Diagnosis
voltage  target plate | pressure | duration 2
: velocity HE
kY)Y ‘(kA) | . (mm/mm) (m/s) (Gpa) | ~(ns) (lem®) UL c

159 29 797 50/55 3670 161 81.45 209 No détonation
157 35 850 50/55 3830 171 79.6 225 No détonation
160 35 915 50/55 4025 184 77.56 247 No détonation
162 32 980 50/55 42117 195 75.3 266.4 No détonation
161 35 1100 50/55 4547" 220 72.41 308.2 Détonation
158 40 1300 50/55 5083 260 67.74 376.6 Detonation

* Streak camera measurement
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For each composition, at room temperature and at -55°C, the (P,t) points obtained on the L.E.I.
were placed in Pressure - time diagrams (figures 11, 12 and 13) where are also presented results
from classical calibrated shock wave test performed in the same experimental conditions.

1 Non Déto !
20 = Déto B
P
' James . ;
=..7 = Peugeot -Quidot; :
15 4 :
- or Ecen drem2
<
o |
s |
2 .
w 10 i
< |
= ;
S S o s ;
i
0 - - . . . E e e
0 95 1 15 2 25
Temps {ys)
Figure 11 0 B 2243 at room temperature - L.E.I. points + Classical CSWT.
o S
juemeejames & -55°C i
ii"———Peugeot-Ouldo( & -55°C l :
{ © Non détonation 1 |
¢ e Dewonaton .
&
[} B
= .
k] .
v ;
s i
g
< I
]
Soo Smeael o @ |
) 400 a |
5 4 - 300 s T O Sy
! 200 L
[P - . - |
0 05 1 15 2 25
Temps {ys)

Figure 12 : B 2248 T°:-55°C - L.E.{. points + Classical CSWT

‘O WNonDéo
W Déto
James
= = Peugeot-Qudot.

wo : Ec en Jiem2

Pression {(GPa)

Temps {us)

Figure 13 : B 31108 at room temperature - [.I2.1. points + Classical CSWT
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From experiments performed on the L.E.L. one can confirm that in the domain of strong shocks of
short duration, necessary energy to initiate the explosive composition decreases. and it which that
are conditions of temperature

So for the whole studied domain we can see that the criterion ot iso-energy threshold is not adapted.
The common interpretation of this type of result consists in saying that the more pressure is
important, the more number of hot spot sites activated in the explosive becomes important. The
efficiency on the transformation of the shock energy in activation energy grows and the total energy
required to the initiation decreases.

4.2 ENERGY THRESHOLD CRITERION :

In order to reproduce as well as possible this decrease of energy threshold in the field of the strong
shocks of short duration. two developed criteria one by James (35). the other by Peugeot-Quidot (6),
were used to fitted the experimental results. These criteria are both derived from the original
relation developed by Walker and Wasley. but are better adapted to the pressure time field reached
by the L.E.1.

According to the criterion used, the variation of energy threshold can be described by the following
relationships:

. . K .. )
Peugeot - Quidot (6) : L= 0 P K. n coefficients
p(l /
I'c
James (5) L=+ 1, Ec. £ coefficients
2p,Urt

These criteria were applied to compositions tested in this study, at room and low temperature
(figures 11, 12 and 13). One can so notice, that the two criteria reproduce correctly the evolution of
the energy threshold. The criterion of James seems however better adapted to the domain reached by
the L.E.I..

The values of the coefficients of each used model, tor each composition and temperature, are put
back in the table n°7, this below:

Table n°7 : Coefficient values for the Jumes and Peugeot-Quidot criteria

James Peugeot - Quidot
Composition Experiment temperature Ec z K n_
B 2248 20°C 2.4 0.19 200 2.86
B 2248 -55°C 2.8 0.19 220 2.80
B 3110B 20°C 2 0.2 100 2.37

4.3 TEMPERATURE INFLUENCE :

Results from the - 55°C L.E.L. and classical calibrated shock wave test experiments were compared
with those obtained at room temperature (figure 14).

We see that, in spite of an important decreasing of experiment temperature (in order of 75 °C), one
does not observe significant gap between initiation threshold at low and room temperatures. More
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particularty in the domain tested with the L.E.I., the energy threshold values are almost identical
between the two temperatures.

25 4 SRRTEEE f——James (-55°C) t
‘;—-'James {20°C)
1 | m déto 20°C I
20 4- ! €1 Non géto 20°C ‘
i © Nondéto -55°C |
7 i Déto -55°C
S 15 A
&
2
i
& 10
5 4
[ J S - ~ e - e e H
0 05 3 15 2 25

Temps (ys)

Figure 14 - Comparison betiveen room and temperature shots

These experiments performed on the L.E.I. confirm the results obtained on the classical calibrated
shock wave test at ~30°C temperature on this compuosition (4).

The weakness of gaps noticed on the initiation thresholds could be attributed to the weak porosity of
the tested heterogeneous explosive, what makes that the hot spot size and so their efficiency is less
susceptible to be affected by the decrease in temperature.

It is necessary however to note that the dimensions of the tested explosives are widely higher to their
critical diameters (table n°3). In the case of compositions with strong critical diameters and\or for
samples of size close to critical dimensions, the influence of the temperature can become important
and create a strong interaction with the initiation process.

5. CONCLUSIONS :

This study allowed us to develop a Calibrated Shock Wave Test in the domain of strong shocks and
short duration by the use of the Impulsional Electric Launcher. This test was also adapted to the
realization of experiments at low temperatures.

Two compositions with NTO, B 3110B and B2248A, were tested at ambient temperature, the
influence of the temperature (-55°C ) was studied on B2248.

The results were compared to those obtained from the classical calibrated shock wave test performed
under the same experimental conditions.

From these works, it appears that :

» the points obtained on the L.E.I. confirm that the iso energy criterion is not adapted, in the
studied domain of temperature between -55°C and 20°C.

e the criteria of James and Peugeot-Quidot seem to reproduce correctly thresholds obtained in
the classic domain and in the strong shocks of short duration domain.

e the results obtained on this study contirm that for tested compositions, temperature variation
does not seem to have of significant influence on the initiation thresholds.




(1)

@

€)

@

(&)

©

)

29 - 12

REFERENCES

Description d'un mode opératoire standard pour |'étude de la sensibilité des explosifs
condensés A I'onde de choc - Application X une composition coulée.

Rapport ISL N°19/74 du 22/05/74

Y. de Longueville

Lanceur Electrique de taboratoire adapté a I'étude des compositions peu sensibles.

5™ Journées détonique Tome 1.47- Brives - 7.8.9 juin 1994.

P.Chabin - P.Clément - P, Gimenez - J. Groux - P. Mouton

Electrical Gurney energy : a new concept in modeting of energy transter from electrically
exploded conductors.

Sand 75-0244, may 1975

T.J.Tucker - P.L.Stanton

Influence de la température sur |'amorgage des explosifs composites

4% symposium international hautes pressions dynamiques - HDP IV - 5-9 Juin 1995 -
Tours

J.Mala - J.Groux - P.Chabin

An extension to the critical energy criterion used to predict shock initiation thresholds
Propellants, Explosives, Pyrotechnics 21, 8-13. 1996

H.R. James.

Threshold energy: a dimensionnal extension of the critical energy for jet attack application
Propellants, Explosives, Pyrotechnics 23, 188-192, 1998

F.Peugeot - M.Quidot

LASL Shock Hugoniot Data

S.P.Marsh




30 - 1

ABHANGIGKEIT DER
BESCHUSSEMPFINDLICHKEIT VON
HTPB-GEBUNDENEN SPRENGSTOFFEN
voM WEICHMACHERGEHALT IM
BINDERSYSTEM

Roland Wild, Thomas Keicher, Burkhard Nicklas
Juni 2000

Abstract

The dependence of bullet impact (cal 0.5) sensitivity of HTPB-bonded
HMX-explosives on the plasticizer content was investigated. Though the ela-
stic moduli of the specimen differed about a factor 9, none of them reacted.
This leads to the conclusion, that this class of explosives is generally insensitive
to such a stimulus. A simple theoretical model, based on thermal properties,
was developped, which could, within some restrictions, explain this behaviour.

1 Einleitung

Moderne Sprengstoffe bestehen in der Regel aus einer encrgetischen Kompo-
nente (Hexogen, Oktogen) und einem Bindersystem, sehr oft auf der Basis
von hydroxylterminiertem Polybutadien (HTPB). Die elastischen und ther-
mischen Eigenschaften derartiger Sprengstoffe werden unter anderem durch
den Weichmachergehalt im Bindersystem bestimmt.

Die BeschuBempfindlichkeit von Sprengstoffen hiingt sehr stark von diesen
Eigenschaften ab. Ein sproder Stoff hat zum Beispiel eine hthere Empfindlich-
keit gegeniiber derartigen Belastungen als ein weicherer Stoff. Im folgenden
wird iiber die durchgefithrten Untersuchungen berichtet.

2 Probenmaterial und Untersuchungsum-
fang

2.1 Probenmaterial

Fiir die Untersuchungen wurden mit HTPB-gebundene Oktogensprengstof-
fe verwendet. Als Weichmacher diente Dioctyladipat. Um den nétigen Fill-




stoffanteil zu erreichen wurde das Oktogen in einer bimodalen Korngréfienver-
teilung verwendet. Die einzelnen Formulicrungen sind in der folgenden Tabelle
zusammengefafit.’

Fiillstoffgchalt | Weichmacheranteil
0 20 40 | 60
80 | HX 361 | HX 366 | HX 367 | HX 362
84 | - HX 365 | - -
86 | - - HX 365 | -
88 | - - - HX 271

2.2 Untersuchungsumfang
2.2.1 Mechanische und thermische Eigenschaften

Dic clastischen Eigenschaften der Proben wurden mittels Dynamisch Mechani-
scher Analyse (DMA) im Temperaturbereich von -100 °C bis 80 °C bestimmt.
Die Versuche wurden mit drei verschiedenen Frequenzen (100 Hz, 10 Hz und 1
Hz) durchgefiihrt. Die thermischen Eigenschaften, Warmeleitfahigkeit A und
spezifische Wirmekapazitit ¢, wurden mit der TPS (Transient Plane Source)-
Methode in ciner Apparatur der Fa. Hot Disk, Schweden, gemessen. Diese
Untersuchungen wurden nur bei Raumtemperatur durchgefiihrt.

2.2.2 Beschufiversuche

Fiir die BeschuBversuche wurden zylindrische Proben (Durchmesser 50 mm,
Linge 100 mm) in ein Stahlgefi, das an den Stirnseiten mit Kappen ver-
schraubt war, eingeschlossen. Die Wandstérke des Stahlzylinders betrug 5 mm,
dic Stirnflichen der Kappen hatten eine Stirke von 4 mm. Die Abbildung 1
zeigt eine Skizze des BeschuBgefiBes. Der Beschuf erfolgte mit 12,7 mm (cal.
0.5) Geschossen (mit einem Stahlkern) und 7,62 mm NATO-Munition. Die
Auftreffgeschwindigkeit der 12.7 mm Geschosse betrug ~ 900%, die der 7,62
mm Geschosse &~ 780%. Mit der 12,7 mm-Munition wurden je zwei Versuche
bei Raumtemperatur und -40 °C, mit der 7,62 mm Munition nur ein Versuch
bei Raumtemperatur durchgefiihrt.

Mit Hilfe ciner Hochgeschwindigkeitskamera wurde schlieBlich die Austritts-
geschwindigkeit der 12,7 mm Geschosse aus den Beschufiproben gemessen.

3 Ergebnisse

3.1 Mechanische und thermische Eigenschaften

mechanische Eigenschaften Die Ergebnisse aus den DMA-Messungen
(E-Modul) sind in der folgenden Tabelle und im Diagramm 1 der Anlage zu-

TAlle Angaben sind in Prozent. Die Prozentsitze beim Weichmachergehalt beziehen
sich auf den Anteil im Bindermaterial.
Dic Proben wurden vom ICT, Pfinztal-Berghausen hergestellt.
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sammengestellt. Der E-Modul wurde bei 100 Hz und 20°C gemessen.

Stoff HX 361 | HX 365 | HX 366 | HX 364 | HX 367 | HX 271

HX 362

E-Modul/MPa | 57,6 454 316 98,2 17,1 13,4

6.5

Man erkennt deutlich wie der E-Modul mit zunehmendem Weichmacher-
gehalt abnimmt.

thermische Eigenschaften Die erhaltenen Werte sind in der nachste-
henden Tabelle zusammengestellt.

Wirmeleitfahigkeit ) in 22l

Stoff | HX 361 | HX 365 | HX 366 | HX 364 | HX 367 | HX 271 | HX 362

0,38 0,39 0,36 0,40 0,36 0,40 0,35

. . ogse . Joule.
spezifische Warmekapazitit ¢, in <25

Stoff | HX 361 | HX 365 | HX 366 | HX 364 | HX 367 | HX 271 | HX 362

1,01 0,96 1,1 0,96 0,99 0,91 0,97

Wie man aus den Ergebnissen ersieht, ist die Abhangigkeit der thermischen
Eigenschaften von der jeweiligen Formulierung nicht sonderlich ausgeprégt.
Allenfalls bei der Wirmeleitfihigkeit kann man eine schwache Abnahme mit
zunehmendem Weichmachergehalt feststellen (siehe auch Diagramme 2 und

3).

3.2 Ergebnisse aus den Beschufiversuchen

Bei allen Versuchen wurden die Proben glatt durchschlagen, eine Reaktion
des Sprengstoffes wurde nicht beobachtet. Die Abbildung 2 zeigt eine typi-
sche Aufnahme des BeschuBgefiifies nach dem Versuch. Die Abbildung 3 zeigt
das Austreten des Geschosses aus dem Beschufigefifi. Hierbei handelte es sich
um eine Doppelbelichtung. Aus dem Abstand der beiden Geschoflabbildungen
und der Zeit zwischen diesen beiden Aufnahmen lifit sich dann die Antritts-
geschwindigkeit des Geschosses errechnen. Sie lag im Mittel bei 6507 (12,7
mm Munition).

4 Diskussion der Ergebnisse
Allgemeines Eine Reaktion des Sprengstoffs kann beim Beschuf8 durch ei-

ne StoBwelle oder durch eine thermische Entziindung ausgeldst werden. Eine
Stofwellenauslésung ist bei den relativ niedrigen Auftreffgeschwindigkeiten
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unwahrscheinlich, so daff im vorliegenden Fall, wenn @iberhaupt eine Reaktion
cingeleitet wird, dies durch eine thermische Entziindung geschieht. Bei diesemn
Vorgang spiclen dann die elastischen und auch die thermischen Eigenschaften
des Sprengstoffs einc magebende Rolle. Durch den Aufschlag des Geschosses
wird das Gefiige des Sprengstoffs zerstrt. Je sproder der Sprengstoff ist, desto
kleiner werden die Partikel sein, und falls diese entziindet werden, desto hdher
dic Abbrandgeschwindigkeit. Auf diese Weise kann dann eine mehr oder hefti-
ge Reaktion ausgelost werden. Sprengstoffe mit einem hohen E-Modul sollten
daher empfindlicher gegeniiber BeschuB sein als solche mit einem niedrigen
E-Modul (weichere Sprengstoffe). Die E-Module der untersuchten Proben un-
terschieden sich zwar ungefihr um den Faktor 9 (58 MPa zu 6,5 MPa). Un-
terschiede im Reaktionsverhalten konnten jedoch nicht beobachtet werden.
Selbst bei -40 °C kam es zu keiner Reaktion.

mechanische Eigenschaften Dieses oben beschriebene Verhalten kann
man sich erkliren, wenn man beriicksichtigt, dafi die E-Module bei relativ
kleinen Verformungen gemessen wurden. MafBigebend ist aber vor allem das
Verhalten bei sehr schnellen und groBien Verformungen. Um dies abzuschétzen
wurden Sprengstoffproben {17 mm Durchmesser und 25 mm Linge) mit einer
Geschwindigkeit von ca. 160  gegen eine Stahlplatte geschossen (Friability-
Test) und dic Bruchstiicke begutachtet. In der Abbildung 4 sind die Bruch-
stiicke des hiirtesten Stoffes (HX 361) und des weichesteten Stoffes (HX 362)
dargestellt. Die Bruchstiicke unterscheiden sich nicht signifikant von einander.
Hieraus ist zu folgern, da die Unterschiede in den gemessenen elastischen
Eigenschaften auf das Bruchverhalten bei schnclleren Verformungen keinen
groBen Einfluss haben.

thermische Eigenschaften Die thermische Auslosung soll anhand des
nachfolgenden, noch recht einfachen, Modells diskutiert werden.

e Es wird ein unendlich langer zylindrischer Kérper angenommen der ge-
geniiber der Umgebung thermisch isoliert ist
e das GeschoB wird als bewegte Wirmequelle, die sich in der Zylinderachse
bewegt, modelliert.
Unter diesen Voraussetzungen wurden von Rosenthal und Cameron [1]die

raumliche und zeitliche Temperaturverteilung angegeben. Sie Jafit sich nidhe-
rungsweise mit folgender Bezichung beschreiben:

—R(B+/B?+a?
_ q (E* e~ 1 ‘ & J.rﬂ ) 4o R /ﬁ2+l)) (1)
pepmay 2 N

T

mit

T= Temperaturdifferenz zur Ausgangstemperatur
g=cingekoppelte Wirme pro Zeiteinheit

a= Radius der Probe

p= Dichte der Probe

A = Wiirmeleitfihigkeit
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cp= spez. Wirmckapazitit

v = Geschwindigkeit der Wirmequelle

p= =

a=t R=1"32

Der mafBgebende Parameter ist R, da hier die Warmecleitfahigkeit und die
Geschwindigkeit der Wirmequelle eingehen.

Fiir die Rechnungen ist zuniichst abzuschitzen welche Wirme das Ge-

schoB beim Durchdringen des Sprengstoffs abgibt. Hierzu kann man folgende
Abschitzung machen:
Das Geschof durchschligt zuniichst die Stahlkappe an der Vorderseite, der
Energieverlust kann anhand der Thorformeln (2] abgeschétzt werden. Bei ei-
ner Auftrefigeschwindigkeit von etwa 900 2 betrégt die Restgeschwindigkeit
ca. 780 2 . Dies ist also die Geschwindigkeit der bewegten Warmequelle.
Der Wirmeinhalt des Geschosses ergibt sich dann aus der Differenz der ki-
netischen Energien. Die Reibungsverluste im Sprengstoff sind minimal, denn
entsprechend [2] ist die Restgeschwindigkeit nach Durchschlagen der hinteren
Kappe ca. 650  , dies entspricht ungefdhr der gemessenen Restgeschwindig-
keit; hieraus folgt, da8 eine Reibung im Sprengstoff sehr wenig zum Geschwin-
digkeitsabfall beitragt. Mit den Werten:

Watt Joule Joule
~ =1, = 108
mx K K OK *g g=35+10 s

148t sich nun die Temperaturverteilung (Differenz zur Ausgangstemperatur)
fiir den Zeitraum zwischen dem Eintritt und dem Austritt des Geschosses be-
rechnen. Man erhilt die im Diagramm 4 dargestellte Temperaturverteilung.
Die Koordinate § = -4 entspricht der x-Koordinate Null im Laborsystem , die
Temperaturverteilung zwischen 8 = 0 und -4 stellt demnach die Verteilung
im Sprengstoffkérper dar. Die Temperatur bei r = 35 pm erreicht zwar einen
maximalen Wert von ungefihr 350°C, fillt jedoch innerhalb von 10pm auf
die Ausgangstemperatur des Kérpers ab. Eine Reaktionseinleitung ist unter
diesen Bedingungen recht unwahrscheinlich.

Eine endgiiltige Beurteilung dieser Modellrechnung ist jedoch noch nicht
méglich, da ein realistisches Anziindmodell zur Zeit nicht zur Verfiigung
steht. Qualitative Aussagen sind aber méglich. Erniedrigt man bei sonst glei-
chen Bedingungen die Geschwindigkeit der Wirmequelle z.B. auf 700 2 so
steigt die berechnete Temperatur auf ungefihr 1750°C an. Dies mag erklaren
weshalb bei niedrigeren Geschwindigkeiten manchmal eine hohere Beschuf-
empfindlichkeit gefunden wird. Umgekehrt sinkt die Temperatur mit abneh-
mender Wirmeleitfihigkeit, wie man aus dem Diagramm 5 erkennen kann.
Dies wiirde bedeuten, daB mit kleiner werdenden Wirmeleitfihigkeiten der
Sprengstoff beschuBunempfindlicher wird.

A=04

5 Zusammenfassung

Es wurde iiber Untersuchungen der Abhéngigkeit der Beschufiempfindlichkeit
von HTPB-gebundenen Oktogensprengstoffen vom Weichmachergehalt (und
damit von den mechanischen und thermischen Eigenschaften) berichtet. Al-
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le Proben, unabhingig vom Weichmachergehalt, erwiesen als unempfindlich
gegeniiber dem Beschuf§ mit 12,7 mm und 7,62 mm Munition. Hieraus kann
man folgern, da HTPB-gebundene Sprengstoffe in aller Regel unempfindlich
gegen derartigen Belastungen sind.

Weiterhin wurde ein erstes theoretisches Modell vorgestellt, das mit einigen
Abstrichen, das Verhalten erkliaren kann.
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Abbildung 1: Skizze des BeschulSgefdfies

AR

HX 364/1
BeschuBversuche 12,7 mm

Raumtemperatur
Auftrags-Nr.: 9B/YO038/50004-001

Abbildung 2: BeschufgefdB nach dem Versuch
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Abbildung 3: Austritt des Geschosses aus dem Beschuf3gefif3

HX 361/2 HX 362/13

Abbildung 4: Proben nach dem Aufschlag (links HX 361, rechts HX 362)
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Diagramm 4:Rédumliche und zeitliche Temperaturverteilung
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Diagramm 5: Temperaturverlauf bei 8 = -4 als Funktion von alpha
T/°C
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Diagramm 6: Abhsngigkeit der Temperatur bei B = -4 und alpha = 0,0014 von
der Wirmeleitfahigkeit
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MODIFIED ULTRASONIC METHOD FOR THE STUDY OF BURNING
RATE CHARACTERISTICS OF PROPELLANTS

Keiichi HORI, Katsuya HASEGAWA, Shigeru SHIMOSE, Toshio YAMAYA and Masataka
SHIMODA

The Institute of Space & Astronautical Science (ISAS), Ministry of Education, Science, Sports &
Culture, JAPAN.

3-1-1 Yoshinodai Sagamihara Kanagawa 229-8510, JAPAN.

ABSTRACT

Ultrasonic method for the burning rate measurement of propellants was developed by
ONERA, and their device, EDUM (Electronic Device for Ultrasonic Measurement) is widely
accepted and used to study the burning rate characteristics of propellants in several institutes and
universities in Europe and USA. EDUM has two sophisticated functions; mask function and auto-
gain control function, and these functions enable the precise and easy measurement of burning
rates of propellants under wide range of dP/dl.

However, this method needs the coupling material which protects the ultrasonic sensor from
high pressure and temperature of the combustion chamber and, further, the matching of acoustic
impedance between coupling material and propellant sample. Therefore, the measurements are
limited to specially designed chambers and the sample length is up to 6~7cm even if the matching
of acoustic impedance is enough.

We have made some modifications to the ultrasonic method making use of Doppler effect and
Wavelet Analysis. Ultrasonic signal is emitted from the ultrasonic sensor which is attuched
directly to the metallic combustion chamber, and it propagates through the chamber wall and
end-burning propellant grain. Ultrasonic signal reflects from the burning surface and the
ultrasonic sensor receives the signal. The frequency of the observed signal departs from the
original due to Doppler effect, because the burning surface of the sample propellant is moving
towards the sensor. This departure of frequency is analyzed by Wavelet method and the
instantaneous burning rate is obtained using sonic speed within the sample propellant. For the
Wavelet analysis, much smaller signal output comparing to the one needed in the ONERA method
is available, which makes the maximum sample length longer, and some technical improvements
enable to exclude coupling material. Although, our method needs experience, this is expected to be

useful to measure the burning rate of propellants in full-scale motors with further improvements.
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1. INTRODUCTION

It is essential to understand burning rate characteristics of propellant fully before its
application to rocket or gas generator, and the lack of the knowledge about it under rapid pressure
excursions sometimes causes a setious trouble. Especially, the understanding of such transient
burning rate characteristics is indispensable for HEM (High Energy Materials), because HEM is
often applied to gas generator.

Linear burning rate characteristics of solid propellants are generally investigated with strand-
burner, however, this method can only provide burning rate under steady conditions. Ultrasonic
technique is unique to provide the information about the transient burning characteristics so far,
therefore, lots of attention have been paid to this technique. This technique was eventually
proposed by ONERA and developed by them "%, and their device, EDUM (Electronic Device for
Ultrasonic Method) is widely accepted and used for the study of both steady and transient burning
rate characteristics of solid propellants > ®. Typical experimental setup of the measurement is
shown in Fig. 1. Coupling material, usually epoxy resin, is inserted between transducer and
propellant sample for the protection of the transducer from high pressure and temperature in the

combustion chamber.

Propellant Sample
(End-Burning Grain)

Coupling
Material
N 2 IL/BumingSurface
. .Ultrasonic.Signal © . |
EDUM Transducer | Q- — )
Metallic Chamber

Case

— |\

Interface Echo Propellant Reflection

Fig. 1 Typical Setup of Burning Rate Measurement with Ultrasonics

EDUM which acts as both generator and receiver of ultrasonic signal sends ultrasonic pulse

towards the propellant sample, and the pulse traverses through coupling material and sample. This
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pulse is partially reflected at the interface between the coupling material and propellant sample,
and matching the acoustic impedance of the two materials minimizes this echo. The second echo
reflects from the burning surface and goes back to the transducer. EDUM measures the
propagation times of these two echoes, and the difference of them and the sonic speed within the
propellant sample give the double of the instantaneous propellant length. Thus, web thickness of
propellant sample as a function of time can be measured, and the instantaneous burning rate is
obtained as the slope of this curve.

Experiments are usually conducted with MHz order transducer pulsed at the frequency of
several kHz. The frequency of pulse being high, the measurement of transient burning rate is
possible. This is considered to be the most significant advantage of the ultrasonic technique. In
addition, burning rate can be obtained over a wide range in a single test with a closed bomb, which
is important practically. These two merits let many researchers pay lots of attentions to ultrasonics

irrespective of following difficulties included in this technique.

(1) Precise calibration of sonic speed in the propellant sample as functions of pressure,
temperature, dP/dt is necessary. The influence of dP/dt, however, is not clear yet.

(2) Matching of acoustic impedance between coupling material and propellant sample is
necessary. Using epoxy resin as a coupling material with some additives, it is easy to
adjust acoustic impedance to that of conventional composite propellants. However, if the
acoustic impedance of a sample is low, the matching is very difficult.

(3) Even if the matching is enough, the length of propellant sample is limited up to 6~7cm.

(4) Ultrasonic pulse traverses through surface reaction zone, where temperature abruptly
increases from initial temperature to around 700K. This may have some effect on
ultrasonic signal, however, the estimation of the effect is very difficult and considered to
be small, therefore, the effect is always neglected.

(5) The effect of surface roughness, microstructure is still in study .

(6) Measurements under extremely high pressures are impossible becausé coupling material

cannot withstand high pressures due to stress concentration at some points.

For the basic research, experimental setup using a specially designed chamber with coupling
material and end-burning propellant grain less than 6~7cm long is enough. However, our final goal
is to obtain the information about how propellants burn in real motors at various conditions. For

this purpose, we paid efforts and present our status here.
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2. MODIFICATION
2.1 Elimination of Coupling Material

The first attempt we made is the elimination of coupling material. Fig. 2 shows our
experimental setup. Ultrasonic transducer is directly attached to metallic motor case and propellant
sample is set on the opposite surface of the metal case (inside the motor). Propellant sample is
adhered to metal case with RTV rubber, therefore, the situation is not far from real motor.

End-burmning

Propetlant Grain Ultrasonic

Wave

Ultrasonic
Sensor

Ll D
—M >

S / \Combustion
' T I § Surface

Insulation
Motor Case (Bakelite tube)

Fig. 2 Experimental Setup

As is well known, the matching of the acoustic impedance between propellant sample and
metal is not enough, therefore, the energy of the ultrasonic pulse which enters propellant sample is
very small. Further, weak attenuation of the pulse within the metallic material makes the signal so
noisy as shown in Fig. 3, which makes it impossible to detect the echo from the propellant surface.

To overcome this difficulty, we employed the ODC (Oscillation Deadner Circuit). ODC
receives the first echo from metal surface and generates the inverse signal of the first echo, and
sends this signal. The inverse signal cancels the second echo from metal surface significantly,
therefore, the noise in the important region after the first echo from metal surface is fairly
diminished (Fig. 4).

Although the situation is improved by ODC, S/N ratio is still poor and it is difficult to detect
the echo signal from propellant burning surface automatically. The detection of the signal is done
by human efforts at the present stage. Therefore, round trip time method employed in EDUM
cannot be used here. The reason is as follows; EDUM provides the round trip time trace
automatically, however, the trace includes the inherent error of time axis and usual digitization
error. Therefore, before taking the slope, smoothing step (usually interpolation) of the trace is
necessary. This means that although only two successive data provide instantaneous burning rate
theoretically, lots of data points are necessary in practical and such a data acquisition by human
efforts is time consuming (For the steady burning rate measurement, every 10ms data acquisition

is enough, however, it is not satisfactory for the transient burning rate measurement).
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TIME

dOVLITIOA

Fig.3 SIGNAL PATTERN (ORIGINAL)

ADVLITOA

TIME

Fig.4 SIGNAL PATTERN (with ODR)
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As long as echo signal from propellant burning surface is detected discretely by human
efforts, we have to rely on the analytical method presented in the following section at the present

stage.

2.2 Analysis
2.2.1 Doppler Effect

Propellant sample burns towards the ultrasonic transducer one-dimensionally, the frequency
of the received signal fmust be higher than that of original signal fo (Fig. 2). This change is due to
Doppler effect, and the frequency of the received signal is given in eq. (1)

I=fox S ()

Here, C is sonic speed in the propeliant sample and r is linear burning rate. The frequency of

original signal /o is of course known and C is experimentally pre-measured. Accordingly, precise

measurement of /'in a burning test provides r.

2.2.2 Wavelet Analysis

Sonic speed in solid propellant is very large comparing to the linear burning rate of propellant,
and frequency change (f — fo) is very small, therefore, frequency analysis of the received signal
must be donc so carefully.

To determine /, we employed “Wavelet Analysis”. Wavelet wave is multiplied to the received
wave varying frequency and phase. The integration of the multiplication should be maximum
when the frequency and phase of wavelet wave are equal to those of the received signal. This
principle is shown in Fig. 5 schematically and this procedure corresponds to search the frequency
of the summit of the curved surface of the integration in Fig. 6.

The advantage using this method is that the magnitude of the signal can be very small
comparing to that needed for round trip time method, and this makes maximum sample length

longer.

2.2.3 Data Processing
The first step is the detection of the echo signal from the surface of propellant sample. To

make the detection easier, the noise in high frequency and low frequency regions is cut off with
low pass filter and high pass filter leaving the vicinity of fo. Then, the detection is done by human

cfforts as described above.

Overall signal flow is summarized in Fig. 7. As is shown, gate circuit controls ultrasonic

pulse generation and ODC.
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3. EXPERIMENTAL & RESULT
3.1 Propellant Sample

Conventional composite propellant was chosen as a sample propellant. The composition is
68mass% of AP, 16mass% of Al and 16mass% of HTPB and its linear burning rate is expressed as
1 = 2.60P* (@20°C). Propellant was cured into $40mm bakelite tubes and made as end-burning
grains.

Pressure calibration of sonic speed in the propellant sample was done before the burning test.
Figure 8 shows the sonic speed as a function of pressure. Sonic speed is around 1800m/s and

slightly increases with pressure.

2500,
2000-
Q
E I
0 1500
87
m F
[a W) -
72} L
B 1000
Z .
O L i Propellant Composition
“ ol AP/AVHTPB = 68/16/16
[ T=28C
0 0.5 1 1.5 2 2.5 3 3.5
PRESSURE (MPa)

Fig. 8 Sonic Speed in the Propellant Sample as a function of Pressure

3.2 Burning Test

Experimental setup is shown in Fig. 9. Ultrasonic sensor is attached to 10mm thick stainless
steel motor case and coupling material is not used. Ignition is established with an igniter ball to
realize a weak ignition, which enables to extend the pressure range in one burning test. A pressure

pattern of 10cm length sample is shown in Fig. 10.
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