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1. PBACKGROUND

Tl The traveling charge gun propulsion concept 1is being explored at the
Ballistic Research lLaboratory. A traveling charge is one in which the
prepellant is attached to the projectile, and for which buruing rates in the
_range of 100~500 m/s are required,. Most very high burning rate (VHBR)
formulations investigated contain B, H,n ¢ salts called Hivelites which are
marketed by Teledyne McCormick-Selph. These hydrides were chosen because of
their reported ability to cause burning rates intermediate hetween
- deflagration and detonation in previously prepared formulations. However,
‘little is known of the chemical mechanisms by which these materials accelerate
propellant burning rates. Also, such high burning rates are due, in part at
least, to physical characteristics of tue traveling charge propellants. 1In a
study by Juhasz, et al.,l both chemical and physical parameters were varied in
order to develop quidelines for future formulations. In a series of
formulationg in wnich the binder, density and composition was alrered, 1t was
found that increasing the solids loading or porosity of otherwise similar
propellant formulations increased the burning rate.

In another phase of the same study,1 chemical effects were investigated.
The crystalline oxidizer (RDX, UMX, or triaminoguanidine nitrate, TAGN) was
varied and the effect of adding/changing borohvdride was also explored. The
maximum burning rate achieved was 250 m/sec, wcll within the range needed for
the traveling charge program, The possibility of attaining VHBR
characteristics using only organic (C/H/N/0) compounds was tested by
preparing samples of porous consolidated ball powder. The burning rates were
much lower with an average of 3-4 m/s, although it was assumed that somewhat
higher rates could be achieved by improving sample preparation techniques.
Thus, 1t appears that the Hivelite 1is an essential ingredient in achieving
VHBR behavior in the current formulations.

The above studies showed that physical characteristics of the traveling
charge propellants affect the burning rates considerably, as does the presence
of Hivelite. Thus, the extent to which the chemistry of the boron aydrides is
responsible for the Increased burning rate is unclear. Although the boron
hydride seems to be essential for achieving VHBR behavior, the chemical
mechanism is not known, and several theories have been proposed concerning the
roles of hvdrogen atoms/ions in the combustion process.” A simple boron
compound, NakH, has been shown to accelerate nitramine combustion.?s% In this
wark NaBH, has been studied in an attempt to determine (f other boron
materials may underge similar reactions and may also have porential for
improved bhallistic performance. B]7H 2 galts marketed by Callery Chemical,
have also been studled in the closed Lémh and acceptable burning rates were
obtained. These salts have been studied in this work.

It. INTROMICT TON

The goal of this work (s to determine which pyrolysis products of the
nitramines (KDX and HMX) are modiffed by the preseoace of the horohydride
materials.  Sach pyrolysis product Information will be uged to determine bhasice
chemical reactions/Interactions between Uhe Hivelites and nitramines which
could ultimately he vsetul in anderstanding Hivelite burnlng rate prometion.
However, a more lmnediate bevet it could be the correlation of prodact
concentrattian witiv the larger—scale Tab tests such as the closed bonb,




Pvrolysis-GC has previously heen used in basic research studies of combustible
materials and has been shown to be s useful tool for predicting large scale
behavior from smaller scale analyses. Pattern recognition techniques are
often used to predict experimental properties from the many and cowmplex
chromatograms generated in pyrolysis GC-FTIR experiments.6 In order to
predict experimental products, two classes of samples are usually studied: a
clags exhibiting a specific experimentally tested property and a class which
either does not exhibit or exhibits an unacceptahle level of the property.
Dften a desirable and an undesirable class is obtained, e.g., healthy vs.
diseased. 1In this work, the measured property of interest, a “"very high
burning rate”, would form one class and ar unacceptably high burning rate
would form the other. Products from each class of samples are determined and
trends or patterns In the data are sought. That {s, differences in the
products or levels of products seen in ons class but not the other are
identified and used as markers to predict the classification of unknown
samples. Such predictions could facilitate the testing of future propellant
formulations for "very high burning rates”.

In order ro obtain mechanistic or clagsification information it i=s
essential to have carefully controlled, reproducible pyrolysis experiments in
which decomposition products are generated which enable wmechanisms/
correlations to be drawn. There has been much research in the area of
nitramine pyrolysis and reaction mechanism determination, howevef most papers
report final product—-type compounds such as the permanent gases. This is due
to the difficulty in stopping or quenrnching propellant decomposition once it
beginsg.

From small "final product” type compounds it is difficult to derive
mechanisms and correlations. However, a concentrator-pyrolysis system has
enabled the generation of larger molecular weight products which make
mechanistic and correlation studies more feasible. Sepavation and detection
of these products is achieved using gas chromatography and a flame {fonization
detector (FID) detector. The Interfacing of an FIIR detector to the system
enables identitication of the RDX and/or borohydride pyrolyzates, many of
which, to this aathor's knowledge, have not bheen previously reported fn
nitramine pyrolysis.  The system is described in detail in the experimental

sectfon,
fT1.  EXPERIMENTAIL
Al _Ina}rwuﬂgqiiu T”TU

The instramentation schematic tor this work s shown in Figure 1. The
experiment cain he thowht of as consisting of three steps, In the tlret step
the samples are pyrolyzed usioe Cliemical bBata Systems (CBS) pyrolvsis/
concent rator caalpment . Next, the samples are sopaiated asiomr o yas
slovowatopraph with D cand tinally the componeants are fdentitied by FIIR.  The

detatos re given boelow.

The camples ave pyrolyezea inoa €S 1200 Pyroprobe which consists of oo
resistieely heated coited wive in which the fival temperature, heatin rate
vl daration can he controlted, Samples were propared by placioe aboat 1oy
At the posedered o material i oo oot tabe s vomdinsgb by 2 oh emoaned 007 cm iy Che

soample P sandwiched hetween two gquerte wool plurs so Chat oaiy the vapod
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phase decomposition products were swept from the tube. The tube is inserted
into the center of the colled wire of the probe and this assembly is inserted
into the pyrolysis interface of the CDS 330 concentrator. The interface
temperature 1is alsc programmable and the ports in the interface allow the user
to admit any pyrolysis atmosphere desired. 1In this work helium was used,
although reactive gases could be used as well., The temperature and flow rate
of the gas over the sample is also programmahle. The careful control of all
these pyrolysis paramete:s enables one to obtain revroducible result: not
often achieved in other pyrolysis systems.

The samples were pulse heated in the coil probe to their final
temperature and held for 20 seconds., Helium (0.14 MPa or 20 psi) was used as
the pyrolysis atmosphere as well as the GC carrier gas. The pyrolysis gas
sweeps the sample onto a trap in the concentrator unit. The trap may be
packed with a porous packing material or 1t may be empty, in which case the
samples are crycgenically trapped. The pyrolysis products are held on the
trap for the duration of the pyrolysis event. Smaller molecular weight gases
such as NHy, HCN, and N,0 eluted through the trap heated and are not
detected. The trap Is then backflushed with the GC carrier gas and
transferred via a heated line (1.5 m, 210°C) to the interface at the head of
the column where the samples are cryofocused (-30°C) to ensure high
chromatographic resolution. It should be noted that the entire pyrolysis/
concentrator system I{s glass lined, so that metal catalysis/interference is
avoided. After a one minute delay the coiumn is heated from 30°C to 200°C at
30 deg/min., The separations were achieved using a Hewlett Packard 5840A C
with a Quadrex OV-17 (25m, 0.35 mm 1D, 3.0 u film thickness fused silica
column with He at a head pressure of 0,14 MPa (20 psi). The components were
detected with the standard flame {onization detector (FID). The pyrolysis and
chromatographic conditions used in this study are listed in Tabhle 1.

Table 1. Pyrolysis and Chromatographic Conditions Used in
Y 5 }
Decomposition ¥xperiments

Pyrolysis

Probe Temperature:  2907¢ (RDX samples), 32079C (UMYX samples) . 8007¢ (all

sampbes

Nesorh Heater: oo

Trap A A0TC dnfetal vemperature, ail o samples tan oon both copty
and Tenax traps

Transtes Hine: Trat e

Valvie Ovens: Tt e

Chromat o raphiv

Prosy un W o D omba, then P07 mba o P for A i
Columne:: Orneby e OV S 0P w2 e bbb e o apak N ot
(. Frr, B 100 meahd
Av o the woanpies clate foom the capiilary colomo Thew e vl i
aeprosioate by Do gt o Sedeatirie SO aes g Fayrinecrine CSOEY ap i ter
The dateer peitfon poevaes throneh o oo ol heatedd transter Tiae Cad o b o o,

OTCY bat o the Dyl pipe ecesaory ot s he B PRl o ceror b et el




onto the side of the FTIR spectrometer and receives the external beam via an
automatic mirror flipper (controlled by the software). The accessory consists
~f a set of optics which focuses the IR beam into the heated light pipe
(240°C). The ctromatographic effluent continuously passes through the light
pipe aod spectra of the separated components are obtained on-the-fly. A
schematic of the light-pipe is shown in Figure 2. 1t consists of a gold-
coated glass tube with infrared-transmitting KBr windows at each end. The IR
source radiation passes through the windows and makes multiple reflections
down the tube through which the gas continuously passes. An eight wavenumber
spectrum is obtained in slightly less than a second so that about 10 scans can
be signal averaged for a seven second peak.

The Digilab software monitors the total IR absorption at the detector as
a function of time which yields an IR "chromatogram" analogous to the flame
ionization chromatogram. Typically fewer peaks are observed in the IR because
some components are not IR-absorbing, whereas the FID is fairly universal for
organic compounds. Also, the infrared 1s about 2 orders of magnitude less
sensitive than the ¥FID. However, the IR offers ildentification information not
obtainable with the FID. This 1is done by selectively co-adding points within
each peak In the IR chromatogram. TIndividual points in an FTIR peak were co-
added so that about 80 of the polnts, centered about the maximum, were
included. Exceptions to this procedure occurred {f the peaks were overlapped
or consisted of more than one component as evidenced by different relative
band intensities in points across the peak.

Dif ferential scanniny calorimetry results were obtained using a DuPont
Model 910 calorimeter with helium as a purge gas with a flow of 30 ce¢/min,
Samples, uwominally 2 mg, were vun In open pans. The heating rate was 20°C/min
trom 30°C to 460°C. TCA results were obtalned with a 951 thermogravimetric
Aanalyzer. A DuPont 1090 tbhermal analyzer was used for data analysis.

B. Materials:

samples of the ByaHp, =alts gere obtalned trom Callery Chemical
Company . Military grade RDX and HMX were recrvystallized trom acetone, NabHy,
wis obtoined from Ventron, Alta Divisfon, sSamples were pyrolvzed with an
fntertace heater setting of P00V C.

[ Procedore s

Smalfer, more common Cand posstbly more stable) spectes were tdentitied
hy comparison of thelr spectra to recorded spectra;, however o few pyrotyrates
coald be ddentttted only with redpect to fumctlional proups present. thibs fs
due dnopart to the pencratfon ot tntermediate - type prodacts ot tevpically
tound o Intraaed Tiheae tes, and to the tact that intrared vapor phoase
Pihronfes aove muaeh more Pimteed Cand expensived than arve condensod phase
Hbhrartes., A FPA vapor ohase Pihrary conststing o about 7HOL compoonds and
ol tabie thiorath Diciiab woas ased to seaveb sodlectod spectra ad atthoneth an

exact mateb was not o abweoys avarbabbe ) saeh searohibany was asetal ton

clhassityine compomds aecordioy te the tunet tenal vroups proesent ., The noamdee
ot lovest it veported dn e vele red beothe o operatonr s o e qoaat
Perdey CHODY D tanedne trom sero b one s b oluen tor cach by, T b e g
conet et et eh cond o ami oy Todrcares that o mate o e i ter e wae tobtibied.
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Thus, ccmpounds with low UGI's are probatly similar in structure to the
recovded spectrum or contain similar functional groups.

Another identification tool, PAIRS,ﬂ s available fov vapor phase (as
well as condensed phage) functional group identification, In thig program the
user 1s prompted with gquestions about the unknown spectrum Inquiriay about
sample form, peak intensitiss, shape and position, and a search on the many
functional groups represanted in the program is run. The output consists of a
pre—-selected number of best match functional groups with 4 corvesponding hit
list. Although the functionzl groups represented are extensive, several of
the materlals geuerated in thils work are probably complex urea-amide type
functions which did not produce wany good matcheg.

Finally, it should be noted that vapor phase spectra often appear quite
different from conventional condensed phase spectra and this makes exact
jdentification difficult. This is especially true for groups which can
hydrogen bond, since such weak forces are not so important in the gas phase.
Bands due to hydrogen—bonded groups can shift significantly (shifts up to
30-50 wavenumbers are quite common and up to 80 wavenumbers have been observed
in some carbonyls). In general, peak shape and relative intensity can vary
appreclably as well., However, a compilation of some general trends concerning
various IR functicnal group positions is available which {g useful in
identifying mauny compounds,

Individual components were pyrolyzed at two temperatures. RDX and HMX
were pyrolyzed at coill "set” temperatures of 280 and 320°C respectively,
although the samples were actually slightly above thelr melting points (avout
205°C for RDX and 280°C for HMX). The borohydride compounds were pyrolyzed at
both these temperatures, however no significant difference was evident in the
products obtained regardless of which was used. Nitramine/borohydride
mixtures containing HMX or RDX were pyrolyzed at 320 and 280°C,
respectively. Triazine was decomposed as a reference spectrum, at both lower
temperatures and at 800°C.

D. Results:

Two-component mixtures of each nitramine with each boron cowmpound were
prepared. Fvery individual component and mixture was also pyrolyzed at
800°C. Typlcal FID chromatograms and TR spectrograms of RDX and HMX are shown
in Flgure 3. At the low temperatures fewer neaks are seen in both the FID
chromatograms and IR chromatograms than at 800°C. [Infrared spectra of
compunents seen with both RDX and HMK in low temperature decomposition are
shown In Figure 4 while a siogle component unique to HMX is shown in
Figure 5.

The compounds observed in the RDX decomposition include one with a
C-nltroso functionality (a), formic acid (b}, and a conjupated C=N compound
{¢). The latter is also seen in the decompeosition of triazine (Ciwinh)’ whioh
fs an analog of benrzene in which altoraate carbou atoms are replaced by
ridtrogea.  In additlon, formamide (&) and probably some sort of ketone (e)
were also observed.  (8See Flpure 6 for structures,)  Forule acid and formanmlde
were bdentitied by comparison to reference vapor spectre,  to general, the
Conitroso tunctionaltty has a rather distincerive pattern with bands in @ he
TH20-1540 «:mﬁi reglon due to the CG-N=O vibration and a stroms VLOO-TEa0 am ¢
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peak due to the C-N=0 with smaller bands near ]300 and 1420 em™}. The
presence nf all these bands strongly supports this assignment.

Product "c¢” was found not ounly in nitremine decomposition, but with
triazine as well. A conjugated C=N band would yield the two prominent hands
seen In "¢” and the fact that this is found in the decomposition of triazine
suggests this. Speculations that this might be a nitro compound are
diesmlssed, since no oxygen is available in the system when triazine is
decomposed. Spectral searching of "e"” indicates a ketone functionality, as do
comparisons with ketone vapor refence spectra, but there are not enough bands
o permit any further identification. The similarity of this spectrum to that

of 1 cyclopenta—-3-one is striking, and suggests that the ketone may be cyclic.

Formamide and the conjugated C=N (c) are consistently observed in both
low and high temperature RDX/HMX decomposition while the C-anitroso, formic
acid and possible ketone compounds are usually seer in lower levels, if at
all, in the higher temperature decomposition. Two other products are seen
only in high temperature RDX decomposition (Figure 7). The first (a) is
tentatively identified as an amide whereas the second (b) gave an excellent
spectral match with Ny,N~dimethylformamide. A 1ist of the decomposition
products and their corresponding retention times and major infrared bands is
given in Table 2,

Table 2. Gas Chromatographic Retentlon Times and Infrared Vapor
Phase ¥Frequencies for the Compounds Found in Pyrolysis-
6C FTIR Studies

Retention
Compound Time (min) IR Frequencies
Nitramine {(low T)
C-N=0 6.5 1592/1569 1317 1134/1119 915
Formic Acid 7.2 1794/1755 123 1084
(=N 7. 3090 1558 1420/1400
Formamide 10.2 1771717732 1269/1234
Ketone 11 .6 1744 1150
Mitramine (80070}
Amide 9.2 3534 1798 1989 1396 1260 1175
NLyMN-Dimethy bt ormamide 10 .0 293 1713 1389 1277 1G80
Boraniydride Mixes
N-Nitrocodimethylamine ®.9 2959 1477 1288 1o
HeMethy i tormamide 9 4 SARG/ RS LG PR TORD

Posaible Amtde ts L0 2900 1721 1558 1300
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V. RDX AND HMX MIXES WLTH BOROHYDRIDE GALTS

In order to determine the effect of beron hydrides on HMY and RDX
deconpositlion, mixtureg of each nitramine wlith ecach bhorohydelde were
prepared. These samples were approximately 50:50 by w2lashi alxiarcas of the
nitramine and boron materials and the samples were run at both the lower
(280°C for RDX and 320°C for HMX) and higher (800°C) temperatures. Fach boron
compound was run alone at each temperature to determine its decomposition
products.

Both temperatures were studiad to determine if either might correlate
with trends observed in the closed bomb data., The lower temperature is of
interest because it is the regime in which the nitramines begin to decompose.
A significant amount of energy thus becomes available to trigger further
reaction, with a corresponding increase in pressure. Minor changes in
temperature/pressure around the melting point can result in significant
differences in the products obtained. The lower temperature reaction is most
probably indicative of what occurs very early in decompostion. It was of
interest to determine if these very early events might influence and be
related to the results obtained In the closed bomb studies.

When decomposed in He at 800°C the tetramethylammonium (TMA) salt yields
the product spectrum shown in Figure 7a; NaBH, and the potassium salt gave no
infrared-active products under the same conditions. None of the salts alone
yielded decomposition products at the lower temperatures, The boron/nitramine
mixtures revealed several decomposition products not seen with either the
borchydrides or nitramines alone. The effects were the same regardless of
which boron sait was used. These are shown in Figure 8b-d and include
N-nitrosodimethylamine (b), N-methylformamide (c¢) and, most likely, another
amide (d) (see Figure 6 for structures and Table 2 for the retention times and
major infrared bands.). The N-nitrosodimethylamine and N-methylformamide were
identified by comparison to the EPA vapor phase library spectra. The best
spectral fit for the compound shown in 8¢ was acetamide. However, the HQIL in
this case was not especlally low (0.4). A visual comparison of the unknown
and reference spectra indicated that, although the main bands were present,
significant variation in the weaker bands suggest that a different amide is
more likely. The fact that these products are observed with the
nitramine/borohydride mixtures but not with either component alone is
significant, and shows that the decomposition of RDX and HMX is modified by
the boron compounds, The N-nitrosodimethylamine is especially prominent in
the decomposition products and is always present at a relatively high level.

Another signiflcant effect of the boron 1s that the products shown 1n
Figures 7a and /b (an unknown amide and N,N-dimethylformamide) are s=en only
in high temperature HMX/RDX decomposition. However, with the boron materials
present these are seen at both low and high temperatures. This suggests that
the horon salts catalyzed the decomposition of the nitramines. Also, ever in
the low temperature decomposttion of the boron mixtures, products shown in da,

Ab . and 4e (R-C-N=¢, formic acii and the anknown ketoone) are at redaced
levels, morve similar to high temperature RDX/HMX decompostition.  This also
supgests catalyasis by the horor, compounds., bt i also noted that, even fn low

temperature decomposition of the mixtures, the compound { Figare 8a) scen {n
high tevmperature decomposition of the tetramethylaommontum salt s observed,

This {s true In mixtures io which the potassiam salo or Nni%Hg* s the boron




1759

Boron/NMramino

mixtures
T 150
1640
. d
W/'/\.)‘W"'"J
1497
1200

1011

'h:ua

ABSGRBANCE

, s
‘n"\fm.,, \,w ‘,\N.MW ¥ l\&
) 2050 1000

'
3000 {

em ™1

Intrared Spectra of Pooducts Dndaue to Nitranioce/ Boron
generated gt oeither Tow (28012090 or high

{BO07 Y.

Flagure 8.
Mixtures, These products are
temperatures

23




scurce as vell, Thus, the nitramine and boron salts appear to act
svnergistically to produce this compound. Also, the three boron materials
tested seem to affect RDX decomposition In a manner such that even at low
temperatures the products are more similar to those seen in high temperature
decomposition. 1In addition, new decomposition products are observed.

The effect of boron on RDX/HMX decomposition is apparent in the above
cases in which the boren compound anc nitramine are preseant in equal
quantities. However, In propellant formulations being tested In the closed
bomb the guantity of the boron material is much lower, about 10~15% by
weight. Thus, it was desirable to run some actual propellant formulations to
determine if the lower levels of boron exert similar effects. The propellaat
formulations also contain a binder, in this case Kraton, which could also
affect the RDX/boron reaction/interactions. Two propellants consisting of
RDX, Kraton and the tetramethylammonium salt of the B gHy anion {Table 3)
were run at 280°C and 800°C. These propelilant formulations were s?6ected
because closed bomb studies had been previously performed on them,"

Table 3. TFormulations of the Propeilants Studied by Pyrolysis-
GC-FTIR, Chosen Because Previous Studies Were Performed
On These Using a Closed Bomb!?

Theoretical
Sample Percent Percent Percent Max {mum
1D Fuel Fuel Oxidizer Oxidizer Binder  Binder Density
TC-014 H466 12.0 RIX 73.0 Kraton 15.0 95
TC-016 11466 12.0 RDX 813.0 Kraton 5.0 95

The infrared chromatograms for the low temperature decompositions are
stown in Figure 9 (a and b); ¢ is the chromatogram of the tetramethylammonium
Bygtyg salt/RDX mixture for comparison. Quantitavive differences are
apparent, due to differences in the formulations. Elution times in the two
propellant/materials are slightly different dune to the strong water peak
(water adsorbed onto the propellant) which wodilics column—solute
interacrions, Also, peak #1 ce—elures with water in the TCOI6 propellant and
clutes near 7.8 ta the RDX/borobydride.  The water peak is missing in the
RiX/borohydride since pure compound:s were used,

The work shows that quantitative ditterences can be seen between
propellants with similar formulations with this techinique.  The products in
cach cass are qualitatively fdentical (with the exception ol water) to those
seen in the two—component mixes,  That s, even at low temperatures, the hiph
temperature N N~dimethyltormamide s penerated, as was seen in boron/RDX mixoes
(Pigure ¥)o  Also, at low temperatures the products typlealtly seen in RDY
decomnposition alone are not observed in the formal ated propelbant sy rhis
ctteet was also sceen in RO borohsdride homd mixrares (Figare 8). table 4
swgmarices the doecowposition product s tound tor cach sauple deseribed thus far
1 this report. The compoonds wnlaque to the horon/RDX wixes, partieonlanty

Noandtrosodimethyiamine are also penerated ba the propelbany tormal o,
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performed in order to study smaller molecular weight (e.g., permanent gas)
products of boron-modified nitramine decomposition. 1In this case samples were
pyrolyzed directly into a heated GC interface and the samples retained at the
head of the packed column by cryogenic coocling.

Unlike the concentrator—-capillary experiments, no trap was used to
collect samples during pyrolysis and the pyrolysis atmosphere (He) and flow
rate was necessarily the same as that used by the GC. A rovapak column was
used for the separation. Compounds larger than three to five carbon-atoms are
sterically hindered and cannot pass readily. The initial temperature of the
GC was subambient (-50°C) to facilitate separation of early or closely eluting
species (HCN and HZO). Some species still do not separate well including
CO/NO and CO /N 0. However, these components can be spectrally resolved since
their abqorgtlons do not overlap and therefore both qualitative and
quantitative measurements can be made. As in the previous experiments, the
nitramines and boron compounds were run individually first and then mixtures
of each boron and nitramine were run. All samples were analyzed in duplicate
and many were run In triplicate. The temperatures were the same as above,
that is, 280°C for samples with RDX, 320°C for HMX and 800°C for all samples.

The gases found in ecach sample with nitramine present include CO
HCN, and HyO as the major species as well as CO, NO, CH,, NHy, formalc uhyé

and a few products also observed in the capillary (01umn concentrator

studfes. The gases generated from each sample are summarized in Table 5. The
low temperature decomposition of RDX produced more N,0 than COy; formaldehyde,
1,0 and HCN are also forwmed, however little €O, NO, CHy, or NHy was

detected, A few components seen In the concentrator studies were obuerved,
name ly the C-nitroso specles (Flyure 4a) ) the suspected ketone (de) and the
C=N specles (4c). The fact that no other products are seen s not surprising
since the chromatographic colwmm may exclude thew.  Two untdentified species
are also observed (Figure 10) . The product whose spectrum is shown in Flpgure
10b often coelutes with the C-nftroso species bat was not observed in the

concentratoer studifes.,

At B0D0YC the prodact protile is sipnttieantiy ditterent.  The NyO
concentration Is signfticantiy lower and the Co, is blpher compared To thosne
at 2R C, This is 1o cpreement wlyth the tindings o other tescarchers
stadving oltramine decomposition.”  Also, very large quantitics of €0 and NO
wWere (“J‘H‘\H“l, whereas Tt e was detecsted gt the lower tempetratare ('H." i
also detected ar 2007 ¢ on the other dand ) tormaldebvde and the lnt\m. sevn
2t the tower temperature are not prescot at the hivher temperature, and the
Coaltroso gpectes s opresent o onby oot overy low level. This rs conntastent
vitthe the results ot the GO-FUIR concentrator stadies whitoh also showed o Toss
of these component s with davreasing tewperatures. Howevert o the shitt in
Tevels ot @0, and NLO ana the dtncrease do the amount ol GO amd Noowirh
increaning temperature are oow obuervat lans, The catalysia ot BRI
decomposttton by the borehyvdefdes mav resadlt b s Inereaesed pressar e o whiioh

vhso s o artect on the mradact s obtataed,

PN beliavess dmb b or oy in come pespecta Lo KDk, by di it erent by i
e P N 0 L 0y bt io e v et e U towet Pempey abat e Dt o s hien
e, cteen witho oL However o appreciablbe oot T less o Con it N e
Giement o ba o cach v it h BN whereon Tt te wie o tor s o Tempe e BN
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Table 5. Summary of Compounds Found in Fach Sample Pyrolvzed and
Analyzed by Pack~d Column GC-FTIR

o N0 €0,  NpO  CHy  'F.  H,0  HON  KRDX  NHy

RPX280 W w * + * * * *
RDX8B0D * * + % & * x .
K/RDX280 w w + % * * * w
K/RDX800 wooow o+ * * * * W
M/RDX280 w w + * * * W
M/RDX800 * w S * * X W
NaBH/RDX280 w ok + * * % * W
NaBH/RDX800 * * + * * * * w
HMX320 * * * + * * * W
HMX800 * * + * ¥ * W
K/HMX320 * * + * * * * w
K/HMX800 * * + * * * * w
M/HMX320 * * + * * * * w
M/HMXB00 * * + * k * W

t - Formic acid
- Component present Iin decompozition proaucts
Component present In especially large quantity
o — Infrared spectral bands due to these components were weak

at low temperatures, but ltitcle or none of the C-nitrose species was prasent
ar high temperatures, Thus, as was observed in RDX, the biggest difference
between low and high temperature HMX decooposition {s the: the ratio of N.0O LO
CO, 12 greater at the lower temperatures. -

When mixed with the boron compounds, the bigpest change in the RIX
decomposition was the presence ol greateyr guantitivs of €O, relative to R0,
so that even at low temperatvres the mixture bhehaves more Tike those at hh’,h
temperatures,  Also, the C-nitroso and probable ketone compound were at
teduced levels (I present at atiY compared to the level for low temperature
EDX . This Is in agreement with results obtained with the conecentrator/
caplllary svstem in which the bhoron materfal seems to exert the same eoftect on

REX decomposition products as Incerveasing the temperature or pressure,
VIe  THERMAL ANALYSITS RESULTS

The altramines, boroo satte and nltramine/boron wigtuees were ilso run by

e b srder ta determbes oany el iecr ot the haron o the temperatare prof e

5 the ol traanivens The DBSC of BRDX atone is showo o Fleure HE in which the

e U iene ende b m g 0770 e ahserved D followed {maediately hy g ostrong
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broad decompositicn exotherm at 254°C. The results with S0:50 RDX:baron
mixtures are seen in 1lb (potassium salt), llc (tetramethylammonium salt) and
11d {(sodium borohvdride).

Two major differences are immediately apparent. The first is the shape
of the exotherm for the mixtures which is much sharper in time compared to RIX
aione, so sharp in fact, that there is a slight drop in temperature after the
initial enevgy release., This occurs even though the instrument attempts to
maintain its tewmperature program., This could happen if, after the initial
sharp exotherm (heat release), the feedback control prevents further DSC
tieating., However, the release is quick and there is probably a delay betore
the heating mechanism takes over,

The second difference is the temperature of maximum decomposition which
is 224°C for the potassium salt mixture, 218°C for the sodium borohydride and
203°C for the tetramethylammonium salt {about 30-30°C lower than for RDX
alone) . The height of the exotherms are always greater for borohydride-
containing samples of comparable weight (that 1is, total weight, and with a
50:50 mixture, that corresponds to half the amount of RDX). Typically, peak
areas which are proportional to the energy released (or absorbed) are
calculated. However, the unusual shape of the RDX/boron mixture traces
prevents such data analysis. Although results for 50:50 mixtures are shown
here, additional experiments showed that 15-20% by welght of the salts are
sufficient to obtain DSC results similar to those shown in Figure 1l.

The results for the dodecahydrododecaborane salts alone are shown in
Figure 12. The bhroad endotherm between 60 and 120°C in the case of the
potassium sait (12a) is a result of decomposition as evidenced both by its
welght loss (see Figure 13 below) and by a slight brownilsh tint which the
saaple acquires when heated, This endotherm is not obvious in the
RDX/potassium salt mixture due to the scale needed to display the strong
exotherm (Figure 11b); it is appavent bowever, If the ordinate axis is
expanded. The tetramethylammonium salt (i2b) alone is virtually unreacted
near the te nerature at which the RIX wmixtures decompose.

Two difterent dodecahydrododecaborane salts (with Iinorganic and organic
cationg) produced similar effects In both pyrolysis experiments and DSC
temperature profile, as did 2 much simpler sait, sodium borohydride. Tt was
desivable to determine 1f elemental boroo may produce similar effecis. The
resgits for a 50:50 nmixture of ROX/elemental boron is shown in Figure 14. The
trace (s almost identical to that of RDX alone, with the exception of a
shoulder on the high temperature side of the peall not usually seen in RDX
alene . Thas, it appears that elemental boron fe not sufficient to modify the
decompostivion of BRI in the DSC.

Stnee elemental boron did not exhibit any apparvent modifying effect
similar to the borvon hydride, partially decomposed samples of the
tetvamethybamnonian salt were analyzed in mixtoves with RO by DSC. The Virst
samnle (Fipure 14) consisted of RIN mizxed with the tetramethy! awmoniom sat
which hwt been previousty decomposed ar 460°C,  This resule ts fdentical to
the andecomposed aalv, hoth tn terms of carve shape and shi¥i In remperatare
At which the RO exotherm oceurs.  However, {n Figoare 14 is shown the resalt
T oo mixtare of B and che 7H0 Coprovreated THA salt. Hov o saepriceingly, at

Phis femperatarve the boron =alt exhibits only 4 Hiiole of tts proviogs
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activity. The exothermic curve is quite broad relative to the narrow
endotherm seen with the undecomposed salt. However, in the mixture, the RDX
exotherm begins at a lower temperature than with RDX alone; also, the melt
endotherm is shifted to lower temperatures,

In Figure 13 are shown the thermogravimetric analyses between 40 to 480°C
for the two B; Hyo boreon salts used. The potassium salt loses about 77 of its
weight by 110 % and about 9.8 by 360°C. Hydrogeun comprises about 5.5% of the
total weight of the compound and each boron contributes about 4.9%. Assuming
that the potassium remains in the residvue and allowing for a conservative
estimate of experimental error, at most an average of two boron atoms per
molecule could be evolved by 120°C. More likely, a significant percentage of
the material lost in this temperature region is hydrogen; 1f all hydrogens
were lost from the materlal, the weight loss would be 5.5%; the simplest neans
for accounting for the 7.1% weight loss is that cone boron and 10 hydrogen
atoms per molecule are evolved. Of course, thie assumes that all molecules
uandergo the same reaction in this temperature regime, which may not true. 1In
any case, it seems likely that most of the boron and signiiicant quantities of
potassium are not lost in this early process. Even with the probable loss of
a significant portion of the hydrogen, the remaining hydride salt material is
sufficient to exert the modifying effect on the RDX decomposition. It should
be noted that this initial weight loss is suspiciously close to the region
expected for loss of any water present in the sample; however, water loss was
minimized by using dried samples. Also, the sample becomes light brown in
color in this temperatuve range, verifying that decomposition has occurred.

The case for the tetramethylammonium salt {s shown in Figure 13b. In
thig case, only a minimal amount of material is lost at the temperature at
which RDX decomposes. However, significant decomposition (18.5% weight loss)
occurs by 360°C. As discussed above, even with almost 20% of the total weight
of the compound evolved, the salt still retalns its modifying effect on RDX.
However, this may not be too surprising since the weight loss way be mainly
due to the tetramethyl functional groups. It should also be noted that the
DSC sample pans are open (i.e., no 1ids) and that the argon purge flow through
the chamber 18 30 cc/win. At this flow there 1s little chance for evolvad hot
gases to collect above the sample and affect further reactions. Thus, the
effects seen in this work are probably largely due to solid/liquid phase
interactlons.

VII. DISCUSSTON

The scope of this work is not primarily te determine mechanisms of
nitramine decomposirion, however, a brief discussicn of the possibilities
seems appropriate, ecspeclally in light of the types oif products chserved. To
my knowledge, some of the products trapped in this work have not been
previously seen in RDX decomposition, particularly several of the high
temperature and/or boron catalyzed products such as N,N-dimethyl formamide,
N-ntrrosodimethylamine and Nemethylformamide. Also, the discovery ot the
C-nitrogn and N-nltroso compounds this large are sipolticant, hecause
currently the only R-nitroso compounds to be seen have been tn the soltd or
liquid decomposition products., Judging from the array ot products obscervedd
{In this work and other work as well) ) tt is quite Likely that more than one




mechanism 1s Involved and one can at best only speculate about what the
possibilities might be. Some of the observariouns can be explained as follows:

1. It was seen in the packed column studies that increasing the NOZ/COZ
ratilo is greater at lower temperatures and decreases with temperature. Iu
preliminary experiments it was also observed that NO, wag released at
temperatures below that at which other decomposition products elute,
suggesting that at low temperatures at least, N-NO, or HONC cleavage may be an
initial step. This has been suggested by other workers who favor N-NO,
cleavage to C-N (at low temperatures) and propose that higher temperatures may
be required to achieve the energy necessary to break the C~N bond.

2. Formamide is found in every sample decomposition involving the
nitramines and could possibly be due to the reaction of H,0 and HCN. However,
the observation that two other amides, namely methylformamide and dimethyl-
formamide, as well as two other compounds (quite probably amides) are present
suggests some cleavage of C-N boands in the ring. 1In order to form in a manner
analogous to the way formamide may form (that is, condensation of water and
HCN), alcohols such as methanol and ethanol would be required (instead of
water) and, in high concentrations, these are not feasible reaction products
of HMX/RDX. Alternative cleavages of the C-N honds other than what has
previously been proposed by others, analogous to the depolymerizatlon of
trioxane to formaldehyde may also be possible.1 1 In the trioxane analogy
the C-N bonds of RDX are cleaved symmetrically to yield three molecules of
N-nitro forminine compounds. However, if other cleavages of the type shown
below are possible then the formation of the observed amides might be as
follows (A):

Combination 0
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The carbonyl in the ring may seem rather unlikely. However, ketones and
amides are major products of all the samples in this work and indicate thax
early carbonyl formation is quite probable. Also, one of the products found
in many samplies had an Infrared spectrum quite simllar to the cyclic ketone,
1-cvclopentene~3one, indicating that ring carbonyl formation may occur.
Although such a 5 member ring 18 not likely to be formed, similar band shifts
from the 6-membered ring might occur with RDX decomposition due to nitrogen in
the ring.

The N~dimethylnitrosamine might be formed as follows (B):

NO NO
N N NO

2
/" |
«. H4C-N-CHRq + H,C=N-NO
( \ uF ) e 3 3 2 + 2
2ON-N\

N-NO, ON-N N-NO, NOy, NpO

0f course these pathways are probavbly aot the preferred reactions (if they
occur at all), but they do represent the most direct way of accounting for the
observed products. It should also be noted that these products are observed
only at the higher temperatures used (N,N~dimethylformamide) or in the
presence of boron (N~dimethylnitrosamine and N-methylformamide), where
presumably the energy content on the system might be high enough to make such
reactions somewhat feasible,

One scheme proposed by other workers in our laboratory was based on the
discovery of MRDX 1in the solid phase and also on mass spectrometric evideuce
reads as follows (14):
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However, no exact identification of N-nitroformimine was seen in this work.

1n the above reference it was suggested that in Figure 4C, the probable cyclic
C=N might possibly be N-nitroformimine. However, this compound was also
observed in triazine (which had bteen dried under vacuum) pyrolysis in helium
and therefore can not be N-nitroformimine (or any nitro compound), since
oxygen is not available in this decomposition reaction. It may be that the
formimine 1is produced, hut not yet identified. Other products were seen which
would support this mechaiism include HCN, NO, and formaldehyde, the latter
being more significant since YCN and NO can ée generated by many other
pathways.

It may be that any or none of the above reactions are important pathways
in HMZ/RDX decomposition, however, it is apparent that the reactions are qulte
different depending on the temperature and the presence of becron. To
summarize the most significant differences:

1. Packed column results indicated that at lower temperatures the
NZO/C02 ratio is significantly greater than at higher temperatures.,

2. Less CO and NO as well as CH, is observed at the lower temperatures
in RDX; this effect was not as apparent Iin HMX. However, the temperature used
for HMX may have been further along con its decomposition exotherm than was the
low temperature used in the RDX studies. This 13 supported by the greater
number of compounds detected.

3. In capillary column/concentrator studies, the C-nitroso, formic acid
and probable ketone are typically observed at lower temperatures, but at lower
levels than at higher temperatures (or with boron present).

4, Several high temperature products are seen In both RDX and HMX
decomposition and include an unidentified amide or urea and N,N-dimethyl-
formamide.

Y. Several products seen In bhoron-modified reactions are not seen 1in
RDX/HMX alone, including N-nitrovodimethylamine, N-methylformamide and an
unldentified amide or ketone. These¢ are present when either the potassium or
TMA dodecahydrododecaborane salt is used, or sodium borohydride.

A few general trends {anclude:

a. Major difterences tn the low and high temperature decomposition
products are seen by both packed column (permanent gas analysis) and
concentrator/captilary column (larger molecular welpght gpecles) analyses; the
captliary and packed results seem to correspond very well,

he Maditicatton of the decompostition products by the boron compounds

ased s gquite apparenity The boron salts wot o two wiys:

(1) They resualt in decompositton more similar to high (80070)
Penperature nltranine decompouition, ceven {t the mixture decomposition oveurs

At low temperature (28070, That 1s, the typical high tempereoure nltvamtoe

product s are wieen to Tow temperatute wdxture studiess Alro, products asaed by
seen oaly In Tow temperarares to the oitramtaes, are not seen with boron
present at low temporatures,

%




(2) Some products, such as N-nitrosodimethylamine, N-methylformamide and
the unidentified amide or ketone are not seenr at all in RDX, but are present
in boron modified propellants.

Thus,; the effect ¢f boron seems to be to catalyze decomposition of the
nitramines so that energy 1s released at a more rapid rate. Under gun and
other high pressure conditions this could result in nore lower molecular
weight gases heing produced at a faster rate. Recently instrumentation has
been developed and is avallable to our laboratery which enables “freezing-out'
of chemical products formed in a high pressure bomb. Identification of such
products would provide a link between the chemistry elucidated in this work
under low pressures with mechanisms most likely to occur under gun
conditions, Such an understanding would be most useful in the selection of
borohydride compounds for varicus applications in which the burning rate
promotion is desired.

.
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