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"1.. BACKGROUND

-. . The traveling charge gun propulsion concept is being explored at the
Ballistic Research Laboratory. A traveling charge is one in which the
propellant is attached to the projectile, and for which burning rates in the
range of 100-500 m/s are required.,- Most very high burning rate (VHBR)"formulations investigated contai-n BI0H10-2 salts called Hivelites which are
marketed by Teledyne McCormick-Selpi. These hydrides were chosen because of
their reported ability to cause burning rates intermediate between
deflagration and detonation in previously prepared formulations. However,
'little is known of the chemical mechanisms by which these materials accelerate
propellant burning rates. Also, ,,-uch high burning rates are due, in part at
least, to physical characteristics of t ie traveling charge propellants. In a
study by Juhasz, et al., 1 both chemical and physical parameters were varied in
order to develop quidelines for future formulations. In a series of
formulations in wnich the binder, density and composition was all.ered, it 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, HMX, or triaminoguanidine nitrate, TAGN) was
varied and the effect of adding/changing borohydride was also explored. The
maximum burning rate achieved was 250 m/sec, well within the range needed for
the traveling charge program. The possibility of attaining VHBR
characteristics using only organic (CII/N/O) 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, it appears that the Hivelite is an essential ingredient in achieving
VHBR behavior In the currernt formulations.

The above studies showed that physical characteristics of the traveling
charge propellants affect the burning rates considerably, as does the presence
of flivel!te. Thus, the extent to which the chemistry of the boron tydrides Is
responsible for the increased burning rate is unclear. Although the boron
hydride seems to be essential for achieving VHBR behavior, the cheinical
mechanism is not known, .nd several theories have been yroposed concerning the
roles of hydrogen atoms!ions In the combustion process - A simple boron

compound, NaBH4 has been shown to accelerate olttramIne c,:mhist-ion."•,4 In thi s
work NaB114 has been stidIod in an at-tomep t to deterinine If other boron
materials may undergo similar reactions and may a! so have potential for
improved ballistic performance. B 9 1i2 s9alts marketed by CIlery Cheini cal
havn. al o heen st 1idIed il the clo oseh- omb and acce ptable bhirnng rates wore
obta a ned . These salts have been ;itdied In this, work.

[ I INTRO)ICrV.TfIN

The gf,,al o' this; Wotrk is to detorinino, whi ch pyro,•/y!i., prd••it!('.; TO thii
ut r;-ufn .• Inn I(f!)X ;unnl IIMX) li"o Biurd ffJ,! -l the pr.w,.(, ),I ti•n hnnh\' d ,IJ

ill.Itet- r i a I So c 1tu vr)IV o Iys ý p r(nid (t I c (, l ltt trotil wi I I he wed t o dkt,f ii'mi 1w ha, 1

c Iit'IT ( aI Hr -I( t , Ions,/ Ii I 'dt t I ; I ow l ý hiot you 1 he H i v t I I I eH ý i HI I, r I TA I It-; uh I c
ol n1 ni l -I t 1 t f ,m. I lV he I I .; e t I tI I l,.T1( I[ 1 k vo I II ' 1,t P U i t -I.n l ' I I n hl , I 1

!ln Wo k.Vo r , a -11 re l iu'n I at t (a 1) f., I , 0 tTit' t I t c ( Iidt I 1 pr i• dt1 t

SoiC 0,il Irrtl f n wit tI I li :It I -- o',IX, lI ab t, r tA • nuoh t;; thn in I b, millI'



Pyroiysis-<.C has~ previously heen used in baislc research studies of combustiblbe
materials and has been shown to he a3 useful tool for prediictIng, large scale

5
behavior from smaller scale analyses. Pattern reecognition techniques are.
often utsed to predic~t experimental properties from the many arid complex

chromatograms generated in pyrolysis (CC- VIiR experiments.6 In order to
predict experimental. produtcts, two classes of samples are usually stadied: a
class exhibiting a specific experimentally tested property and a class which
either does not exhibit or, exhibits an unacceptable level of the property.
Often a desirable and an undesirable class is obtained, e.g., healthy vs.
disensed. In this work, the measured property of interest, a "very high
burning rate", would form one class and an 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 is, differences in the
products or levels of products seen in on.ý class but not the other are
identified aind 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 to obtain mechanistlc )r classification information it is
essential. to have carefully controlled, reproducible pyrolysis experiments in
whi-ch decomposition products are generated which enable mnechanisms!
correlations to be drawn. There has been much research in the area of
nitram-ýne pyrolysis and reaction mechanism determrination, howevey most papers
report final product-type compounids such as the permanent gases. This is clue
to the difficulty in stopping or quernchinrg propellant decomposition once it
begins.

From smiall final product" type compounds it Is difficult to deriv~e
mechanisms; and correlations. However, a con~ entlrator-pyrolysi s systemi has
enabled the generation of larger molecular weight producets whi ch make
itec hanis tr. c arid co)r relIati-lon stud to~s inore fe as hibe . Se pa rat ion and (leteoct 1onl
of these products Is achieved using gas chrcmnatogyraphy and ;i ft.ame ion izat ion
deteýctor (P! D) del-ector. rhe interfacing, of anl PCIR detect-or to the systemi
e nab 1e s ide nt if icat ion of the RDX and /or ho rohyd ri do pyrol1yz ate s, marriiy of
viincli, to this author's knowi cdg4- have not been prey ion sl roorP'~tied Il

oiitmtrin I n pyro I ysis . 'The sys tein i s des criibed ill dot ati in the ox po i men I a 1

Mi. itX P Kk I MINTA 1,

A. list riiii.ft, atl Io-n

Th, ill-,tron it Inn c ie iat t (, tr h ii willk 1 ýI-lowll ill Itpot I l
"x t' roi i it ciil ho loneylilt ofi i! ni I irill, 'd thlo o ~ hto li Hill I lr~t c;teto
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phase decomposition products were swept. from the tube. The tube is inserted
into the center of the coiled wire of the probe and this assembly is inserted
into the pyrolysis interface of the CDS 330 concentrator. The interface
temperature is also programmable and the ports in the interface allow the user
to admit any pyrolysis atmosphere desired. In this work helitm was used,
although reactive gases could be used as w-l1. The temperature and flow rate
of the gas over the sample is also programmable. The careful control of all
these pyrolysis paramete s enables one to obtain reproducible 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 it may be empty, in which case the
samples are cryogenically trapped. The pyrolysis products are held on the
trap for the duration of the pyrolysis event. Smaller molecular weight gases
such as NH3 , HCN, and N2 0 eluted through the trap heated and are not
detected. The trap is then backflushed with the CC carrier gas and
transferred via a heated line (1.5 m, 210 0 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 Is glass lined, so that metal catalysis/Interference is
avoided. After a one minute delay the column Is heated from 300 C to 2.00'(C at
30 deg/min. The separations were achieved using a ilewlett Packard 5840A CC
w4. th a Otuadrex OV- 17 (2 Sm, 0 .35 mm I1), 3 .0 t film thickness fused s lica
co l uin wi th He at a head pre,;siro of 0 .14 MPa ( 20 psi) . The components were

dete,'ted with the standaiJ f 1ime Ioni zat Ion detector ( FL ). The pyroly sis aid

chromatographic condit loll s lls;d In this :study ,ire listed in Tahle I.

Table I Pyr-oi vsI s and Chrono I og r iph Ic Cond it io 11Ied ill

lD'co'lrtpo 'It loll .1 xperImeents

P'yro I ysi.s

P'r(Ooe TIem)p.'o nt 2!0{ ('w ( 11IX <•'?(p"' •),c ( ( IMX lIn I ef; ) 8() (' (Al I

I T I l

~~~T A) -' 1W. C h)V .t tl i It~ I I Iil o mp I (" tik "11-" , ! . i i I " h(). 11 [i
ind Tel'x i111:

(; , ~ ' • , :, , , • '' I .', m • • 1 l x ' i ]i •: ' , ' i ' N i f
P ( 'I I! , ,i l 1

'•} ~ ~ ~ ~ ~ ~ ~ ~ ~ '' I hw, 11{'t i ' < | ! [,i~ ' { I l 1• 1, : V ,1 11111 1~ hw } 1 1', ' :F

; ••,1 !~ i * ; [ r~ l , l '' ! ' / I { 1•, •t } • i ,l { I ! :; t li " , • •l ' ' [ > ' , ! , ,p ,! , 1 ,



onto the side of the FTIR spectrometer and receives the external beam via an
automatic. mirror flipper (controlled by the software). The accessory consists
-if a set of optics which focuses the IR beam into the heated light pipe
t(240*C). The c1.romatographic effluent continuously passes through the light
pipe and spectra of the separa,-nd components are obtained on--the-fly. A
schematic of the light-pipe is shown in Figure 2. It 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 is about 2 order-, of magnitude less
sensitive than the Eli). However, the IR offers identificgtion information not
obtainable with the FID. This is done by selectively co-adding points, withinl
each peak in the IR chromatogram. Individual points In an FTIRý1 peak were co-
added so that about 80'/ of the points, centered about the mnaximum, were
incl uded . Exceptions to this procedure occurred if the peaks were overlapped
or cons isted of more than one component a.; evidenced by d if ferent relative
banid intenisities Ini points across the peak.

I)it ferent ial sc ann ing calkortImet ry result s wore ob tatined us 1 ug a D~uPont-
Model () to calorrimeter with hldturn as a puirge gas wi th a flow of 3(0 cc/mm.
Sample,,, niominial ly ? Ing , were ruin InI openi panis. vhe beat ing rate, was ,W'~c/miini
I roir MC)C to 4600(' . '!1',A re suit s were obt a ilned wi th a 9 ' l thermug ray ine tci c

anal~Iy ze I-. A ')nnl~ont 1090t)I )'rmalanayze was utsed lot (datai anlalyst's.

till li t c o oI t Ilie Bi )III i-aI It -I q. Ic )h( a It ne ( t rmi (iIt I) f, rv ( hem) I cal.

Gwl~llv . MII I It 11 v , grade RIX '111d IIM\ Wert. rei 9 s I I ,sI I Ze m(Imi aIcvt olne. N; I, B 1!
w.i'; iilt . I ed trnew Vointit ne , Altal~ tvI> D ~i etli. Snnp e wt.re pyre I \'leii wit It :11?

it n ie liit , I Ie Itg I~'~) I
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Thus, ccmpounds with low UQ['a are pr'oba"Uy sitmilar in strultiule to t he
recorded spentruin or contaihn similar fim.ctional groups.

Another identification tool., PAIRS, 8 is aval..able for vapor phase (las
well as condensed phase2) functional group Identification. In this prog ram the!
user is prompted with questions about the unknown spect rum [nqu iriag about
sample form, peak intensities, shape and position, and a search on the many
functional groups,, represented in the prog.ram is run. The output consists of a
pre-selected number of best. match funet:lonal groups with a corresponding hit
list. Although the functional groups represented are extensive, sev eral of
the materials geiierated In this work are probably complex urea-amide type
functions which did not produce many good matches.

Finally, it should be noted that vapor phase spectra often appear quite
different from conventional condensed phase spectra and this makes exact
identification 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
appreciably as well. However, a compilation of some general trends concerning
various IR functional group positions is available which is useful in
identifying many compounds. 9

Individual components were pyrolyzed at two temperatures. RDX and HMX
were pyrolyzed at coil "set" temperatures of 280 and 3200C respectively,
although the samples were actually slightly above their melting points (about
205%C for RUX and 280 0 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 8000C.

D. Results:

Two-.component mixtures of each nitramine with each boron compound were
prepared. Every Individual component and mixture was also pyrolyzed at

8 0 0 'C. Typical FIT) chromatograms and IR spectrograms at! RDX and LIMX are shown
In Figure 3. At the low temperatures fewer peaks are seen in both the FID
chromatograms and IR chromatog raws than at 800'C. Intyrared spect.ra ot
components seen with both RDX and I4X ii low temperature decomposition are
shown In Figure 4 while a s1 g I , omponent ulnique to HMX is shown In1
Figure 5.

The compounds observedin tihe R1)X decomposittIon Incliode ooe with a

C--nI trosO tkfoict lonal lty (a), fortic aid (,h), and a con i•gated C(N compound
( t )a. ehr stter i La a s ste•, 1n L 1 he deecmwpk,, it II s o1 t r ki z I no ( C ý N i11 ) , wi1 Ik
Is ani lii lli of he zeniie In Wh ich ; 1' rOt 0:rale c rhoin at;iro s atIte re l-lac d by
nit rogin. Io add it.iso, fott-t itl I, ( d) atn p iohabillv snun Sor sir Yet k~tin (0'

w , ,t1 o t~h *rvd. (,See tl} or h for st riwttores.2 t',riiic 001. alO fo• rmaýi.Itde
Wk, t I i -I I! t e V'd ) V C p Ir sFI t i Ik' 1- i clt'i' V "11'( 1 et' te C in go,, tie ! I I h,,
("f-nit I t i•( i I tibi I t y l,,is Vi z it( her (i I,ý t I lct 1 I Vc pat t oe il W1 hands III i t
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peak due to the C-N=O with smaller bands near 1,300 and 1420 cin- . The
presence of all, these bands strongly supports this assignment.

PioddCt c" was found not only in nitramine decomposition, but with
triazine as well. A conjugated C=N band would yield the two prominent bands
seen in "c" and the fact that this is found in the decomposition of triazine
suggests this. Speculations that this might be a nitro compound are
dismissed, 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
to 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/HM. decomposition while the C-nitroso, formic
acid and possible ketone compounds are usually seen 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 N,N-dimethylformamide. A list of the decomposition
products and their corresponding retention times and major infrared bands is
given In Table 2.

'Table 2. Gas Chromatographic Retention Times and Infrared Vapor
Phase Frequencies for the Compounds Found in Pyrolysis-

GC FTIR Studies

Retention
CompLound Time (mi in) IR Fre•uenci es

Nitrainine (low T)

C-N-4O 6.5 1592/1569 1317 1134/1119 915

Fi)rinc Acid 7.2 1794/1755 i123 1084

C=N 7.7 '3090 1558 !420/1400

!, IIm IInI, i d 10.2 1711 /1732 1269/1234

K( t mi 1 .I ) 1144 11i50

ri - ( ".k(il I

Aii d' 9.2 35),4 1198 , 1589 1 ;3%, 120f() 11 7')

N , N- 1) imtil I t I t I i i, mi I it Ie 1 219 ) 17 I 1'1 I W, 1217 1 •-()

N- Ni r ml H )<••,i, I hv' 1 inn' 8 •..0 A" 1411'/ 1'88 l(l

S''1,'t i, d LBI I I I .' (/78 I It 29 18 14 1 I8)1",()

i' > ; i',l • 1 m ~ t. 1> t( I' ) ' III/ Itill l l
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LV . RDX AND) 1HM MIXEIS WITH BOROHYDRIDE, SALTS

In order to determine the effect of boron hydrides onl 11WD and IDX

decomposition, mixtures of each ni tramine wi tl each 1) )rdi)yd c I.e weýr
prepared . These samples were approximately 50.):50 by *00Vfl i lir,'i IF 1ýle

nitratnine and boron niaterials and the samples were run at both the loiwer
(280%C for RDX and 320'C for HMX) and higher (800%C) temperatures. Each boron

compound was run alone at each temperature to determine its decomposition
products,

Both temperatures were studied 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 decompoation. 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 fie at 800*C the te trane thyl ammonium (TMA) salt yields
the product spectrum shown in Figure 7a; NaBH4 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/ilitramifle
mixtures revealed several decomposition products not seen with either the
borohydrides or nitramines alone. The effects were the same regardless of
which boron salt 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-nitrosodiiriethylamine and N-methylfortuamide were
identified by comparisoni to the EPA vapor phase library spectra. The best
spectral fit for the compound shown in 8c was acetamide. However, the HQl in
this case was not especially low (0.4). A visua~l comparison of thle unknown
and reference spectra Indicated that, nlthough the main bands were present,
s~ignificant variation ill the weaker bands suggest that a different amide is
more likely. The fact that these productts are observed with the
Ililt ramine/ borohyd ride mi xtures but not wi th either component alone Is
s-ignificant, and shows that: the decomposition of RDX and HMX is modified by
the boron compound,,. Thle N-ni trosod imethyl amine is espec iall y prominentt Ini
the decomposition products and Is always present at a relatively high level.

Ano t her siiga if [cant. e ffect of thle boronl I s tha t the product S showrn In
Figures 7 a and] 1b ( an unknown am 1. de and N ,N--dinet byfIfo rmam ide) are seen onl.y
in hitghi t-emper atuire JIMX / R IX doecompos it ion . However, wi th t he boromm materiaals
prosenrit these are ',eoo att bo th l ow and high t eimpe rat uire s. Th i: FO igges'ts thbat

I-11" horon aa t.at a I 7ýed the teiwImiJ tmsiti on of the nIlt ra-mi no.A'o,o evel fto
I be low tenloerat irk dt (tmo~nO-ii 4. li Of 0h0 boron l xtcsprodliwts shown in 4

't b) , 1 4,( 7- N ten I(,*1.-:i mnd the, miknown ktlt one) ;ire ait r t it ii

Jevels'i, nlore s I lI ilt toa hIgh reinepera t nrt RJ)X / HMX decumnnoýI t ion. ib I o alo

ono e 't a cati, y.ý aV ill l by ho oli oTmptttltl . I t i; a I'i t eta tot hit, (Vt i Ill It)W

it ('111 a nr it 'r'- I Io I o( T 'I )f [ the Illixt t Itte c t )I m I I' I I ' go !Il Ni8 l) en In
hih t cuitpc-rrti Iik d collptl; i !, ionl ci theit tct rallmet lv u muin l ;a It I s (J4. 'or oed
Tb i 0 10 Ftt 1 [in 'C i X t I [I Wii ~ it I, t (h- 111 O HU 0 )r N e h u
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source as weeli. Thus, the ni tramiie. and boron salt s appear to act.
syne rg isticeal ly to proluice this cClI)pOUTIOI. Al so, the three boron materials,
tested seem to affect ROX decomposition in a manner such that evenl at low
temperatures the products are more similar to those seeni in hig~h temperature
decomposition. In addition, new decomposition products are observed.

The effect of boron on RDX/lIMX decomposition is apparent in the above
cases in which the boron compound and ni.tramine are present in equal
quantities. However, In propel.lart formulations being tested in the closed
bomb the quantity of the boront material is MUChI lower-, about 10-15% by
weight. T'hus, it was desirable to run somne actual propellant formulations to
determine if the lower levels of boron exert similar effects. "The propellant
formulations also contairn a binder, in this case Kraton, which could also
affect the RDX/boron reaction/interactions. Two propellants consisting of
ROX, Kraton and the tetrarnethylamimoniuin salt of the BR1 HH0 anion (Table 3)
were run at 280%C and 800 0C. These propellant formulations were selected
because closed bomb studies had been previously performed on them..1

Table 3. Formulations of the Propellants Studied by Pyrolysis-
GC-FTIR, Chosen Because Previous Studies Were Performed

On These Using a Closed Bomblt)

Theoretical
Sample Percent Percent Percent Maximum

11) Fuel Fuel Oxidizer oxidizer Binder Binder __Den s tty-.

TC-014 H466 12.0 RDX 73.0 X ra tn 15 Ir.0 95

TC-0 16 h1466 12.0 RDX 83 .0 Kratoln 5 ..0 95

The fin riared chromatograins for the l ow t emnpe rat ure deconipos it: ions aIre_
slhown Ill Fi gure 9 ( a and b) ; c is ihe chroina t ograin of the tot tame thyl ammon itirn

Bl 1110) sal t/ RUX mii x tre for c ompa rlison . QuantVi~tati ye d ifto rencei nave
apparent, duie to di fference,. in the formulationis. Eltllit I n times ill the two

proel1 ntrn~teiaisar- sl ightly (Ii.fferent dlie to) Hie ntLrong 'i water peaik
(water adsorbed onto the proliellIant.) w~ihi h itod iti Is coi 1 000--so ki)t e

hi tkerac tionls Al,,(o, Ipeitk #1 co-el utes wftIh waite(r Il tOhe TO) 1 propelkiant ainol

olitites near 7 .8 i n the, RIX/ horohtyd ride . 'rhe wattor pea,.k iý, miý:Itiag tin the
P I)X!ho rohyvrir 1(1051 c( pure comypoundoi wkere lvii0(1

The worVk shIowsi thIat piiiant i talt 1 ve d itt(Ir r dice -aii be seell het ween
prp lIIint r- With~ ýin! I r o ml ati -i ions' Withi tiiis Iorli fo h iqo Tfw I Ih' -mi olic ' < Iil

pro1h it,; 41" qll it~lively ident iral ( itlh thto'ri n'ili t. ) i

illn ti lt, 1 o ii)- r(lpo)llelt liI e Iso i a, (V, i 'v l t [(ow t n i tir a ilt, hi l'I

lrii it A sii , ato 1() toit ~ -lit;r tit i th, o m l ir i i i ll iii

t'IIp illy 'A'I 'l

'It'! I ii i ii iii'r )I Irijl iiý r' (. ii a
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Table 4. Summary of Compounds Found in Each Sample Pyrolyzed and
Analyzed by Capillary GC-FTIR

A B C D E F C H I Ji K L

RDX280

RDX800* * * * *

K/ RDX(28O 0

K/RDX800* ****

M/'RDX28O 0
M/RDX800 ** * * **

NaBH/RDX28O 0
NaBFI,/RDrX800* ** * * **

HMX32()*

K/HMX32O 0
K/HMXSoG* A* **

M/1MiX32()** *

M/11mXSo()**

rcl I/f,( 2..8 ()*

T ( h ( 8 0 I P * *

A C~ - N i tr

N'-N t I I t 1

N M0 I) I In In I in innInt

\~w ' ii t - ,' 1 1 ii nnIn

I< .I I I



performed in order to study smaller molecular weight (e.g., permanent gas)
products of boron-modified nitramine decomposition. In this case samples were
pyrolyzed directly into a heated CC interface and the samples retained at the
head of the packed column by cryogenic cooling.

Ujnlike the concentrator-capillary experiments, no trap was used to
collect samples during pyrolysis and the pyrolysis atmosphere (He) arnd flow
rate was necessarily the same as that used by the GC. A i'ot.apak 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
GIC was suhambient (-50'C) to facilitate separation of early or closely elliting
species (HCN and H20). Some species still do not separate well including
co/NO and C02/N2O. However, these components can be spectrally resolved since
their absorptions do not overlap and therefore both qualitative and
quantitative measurements can be made. As in the previous experiments, the
nitramines and boron compounds were ruai 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 tecmperature1-S were the same as abo~ve,
that is, 280'C for samples with RDX , 320 0 C for 1MIX and 800%C for all samples.

The gases found in each sampi o with ni traminie [present incl1ude CO N 0,
HCN, and 11,0 as the. major species as wellI as CO, NO, C114 , Nl 3 , formali",hjye
and a feow product s alIso observed in the c apill Iary columnflf conicenlt rato()r
StudidIe s. The gases, generated [romn each s amplie aret, ,irimaiýrlIzed In Table "). The
Ilow temper a arre do compos it inn of RPX p rodkirced illm ro N') t than CO,); fo rmald ehyde,

;l0iud !ICN are allso formed, however I it le CO), No, Cit14, or Nli1ý was
(lt O C t "d . A tew COMInMIneIlt s seen ill the caonceint.rator s! ud I a-s wore ohcerved,
namc 1 a~kr ille C-n1i tro!o specttes- ( Fligure 14a) , t he s;uspec'ted ketone (11e) and the
(>zN speo 105 (4 c ). Th'le t act that nlo othter p rodiilrt!; are seell Is 11(4 stlrpr istlog,
a i lict t ht, , hirwimat noy iraphi Ic c'o I iimil may~l exc I uil e t hai'nt. T'wo lni Idalen I t I a'd ,, 1)' it (,ie -

;111' sil-so observed (Figure 10I). The' produlct whios mi aper t.ruml I: shlawil ill Figurv

01 Oh t ten rooelotiles wi thi the (>uItittroan spoa' I 05 bu~t was lnot obse rv'a Ill the

a'olclia'ei I rat ý,r t. kid I

A t 300l"1C t tir praliawt pnlo lit Ia' i a ,l l lcriait 1\ l d tterenit Thle N.,0

cmaaa l(''itt itt l I ýa I s c ,l fiiir it IVa laiw(- 'hi l ie ' 'V am; c p iia'all I ai !t ioaa ci

at,_ 1'10 1 14 1 1' C. .l l ~ ta ii'o j i t h' t i al id aal i iý a it h ' I I~ a .1 rl ae c ic(ý

';tcli i f at laa l'aaaalla I m lca a ' Iii v,,, (utaliat t ia'c (it C() mda NO

wala' cvaa)lvt-l lt'ac It a wllac ala! a'ti aliat tlha' lawta aOlalpal Iit la; (H'I, i-
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Table 5. Summary of Compounds Fouiid fin Fach Sample Pyrolyzed and
Analyzed by Pacl--I Column G-TI

(1) NON0 C 4  F 10 HCN KRI)X NH

RDX280 w w * +* * **

RDX8O *0* + * **

K/RI)X280 w w + W

K/RDX8O()) w + *

M/ RDX280 w w 4 ** *w

M/RDX800 * w W

NaBH/RDX28O w * + * ** *w

NaBM/RDX800 * * + * ** *W

HMiX320 * * * +* * *w

H-MX800 * * + * *w

K/H-MX320 * * + *

K/iIMX800 * + ** * *W

M,'HMX320 + * - ** * *W

M/HMXRO( * + ** *w

t-Formic actdf
*-Component present in decompositi-on prouivicts

+ Component oresent: In especeta l-y 1 arge. qiilrntlity
v htf r ared spec tral bands due. to these-. cotinponeirt ; were we ak

at l ow temperaitures, buit 1 itcte or rionse of the C-i-nitti'nso pc was pr.'ý. ut.

at lghi gIrempo ritiire .s, Thus, as was obser~ved Hn PDX, the hi~ist~rs t di.fference

he' t wkee-o I OW1 ridh h lighI t~ euOll' it L Ure HMX de0CO poli) i.I nt, Is')i r ýt to oif N, t. .0
()i .ý, rrea tor at- t he lower tmeaue

Whell In i xo with thte horon eomj-11)orirds, the 1)t fgest chaifl1'-ý In the PRiX

rb-am a tI Im a tile rei'i oý gleaterrrwr It r f A relative to N.),
frthi'.t na av at loiw tomnperac eros the mix tmuT- bhehavesi Irrrr e 1like thos-e aýt highJ

toiilper' rat oS rsA]-,()o, tire C- iii t V&)iO and pill etet ofe crmmoournr were ;it

en in-ed l evels ( i f jpreaeiut at :11l) r-nlipm~aved ti Irhe le~vel t o- low t(I-nlreraturir

I, IX A b 'I' i '. In 1 e1 ivr, T lit X4 1) 1i ke i I t ,- o Iia 1fred w i t h1 t. he 6 vonrr 'i t r ia t or /
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broad diecomiposition exotherm at 2540 C. The results with 50:50 R)X :b<..rorn
mixtures are seen in 11b (potasstum salt), li1c (tetramethylammonium salt) and
li1d (sodium borohydride).

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 PTM
a)-one, so sharp in fact, that there is a slight drop in temperature after the
initial energy release~. This occxrs even though the instrument attempts to

*maintain fts temperature program. This could hap~pen if, after the initial
tsharp exotherm (heat release) , thie feedback control prevents further DSC
heating. However, the release is quick and there is probably a delay before
the heating mechanism takes over.

The second difference is the temperature of inaxirium decomposition which
is 2240% for the potassium salt mixture,~ 218%C for the sodium borohydride and
203"C for the t~etramethyl~ammonium salt (about 30-50%C lower than for RED(
alone). The height of the exotherms are always greater for borohydride-
containing samples of comparable weight (th,,at is, 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 weight of the salts are
sufficient to obtain D50 results. similar to those shown in Figure 11.

The results for the dodecahydrododecabor-an(! salts al~one are shown in
Fi~gure 12. The broad endotherm between 60 and 120'C in the case of tie
potassium salt (12a) is a result of decomposition as evidenced both by Its
weight loss (see Figure 13 below) and by a slight brownish tint which the
sample acquires when heated. This endotherm is not obvious in the
ROX/potasslum salt mixture due to the scale needed to display the strong
exotherm (Figure l1Ib); it is apparent-, however, if the ordinmate axis is
expanc4pd. The te-ramethylammoniUin salt- (12b) alone(,. Is virtually unreacted
noar the tet oerature at which the RDX mnixtures decompose.

Two (ill erent dodleca.,hydro-dodec-aboraoei(. salts (with i norganic and organic
i'ati ont') prodi~teed s imIilar effects In both pyrol, ysis experiments and DSC
,etipe rat ore p~ro filie, as, d 1d .i much si;mple,,r salt, sodi[um borohydride . It was

do~si rab! e to (!(,erV e ilieo If olIemermta Ifl. hb)ron e;ptroduce si[mil ar c e :s.The
rs2tsfoi a 50d):50I mi~xtivre of RDY/ elecoent-al. boron I ý sbown in FP~gure 14 . The

tfJ-Ic 1,-ý ;fl m~ost idelitot ii to t~hat of 1R1) alooFe withl 010 except~iouof A.:a
shoun li o oll theI highcI~ tomenjeratiore s ide of t he. peal: not usutal 1.y seen in RIDX
"alon e 1hI.It apoer Lbtat ieneln(Vt~al boron S 10 not'Il ff lctefi to mvod ify the

, o)) I in of IRPýX Ilo 01 hi VC.

1 i nimwit a1 bot on lidi nlot e-h Iibt ally ;ip~parelt mod ify~ing~ etc in-
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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 B1 2}11 2 boron salts used. The potassium salt loses about 7% of its
weight by 110 and about 9.8 by 360"C. Hydrogen 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 residue and allowing for a conservative
estimate of experimental error, at most an average of two boron atoms per
molecule could be evolved by 1200C. More likely, a significant percentage of
the material lost in this temperature region is hydrogen; if all hydrogens
were lost from the material, the weight loss would be 5.5%; the simplest neans
for accounting for the 7.1% weight loss is that one boron and 10 hydrogen
atoms per molecule are evolved. Of course, this assumes that all molecules
undergo the same reaction in this temperature regime, which may not true. Tn
any case, it seems likely that most of the boron and significant 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 temperature range, verifying that decomposition has occurred.

The case for the tetramethylammonium salt is shown in Figure 13b. In
this 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 0 C. As discussed above, even with almost 20% of the total weight
of the compound evolved, the salt still retains its modifying effect on RDX.
However, this may not be too surprising since the weight loss may be mainly
due to the tetramethyl functional groups. It should also be noted that the
DSC sample pans are open (i.e., no lids) and that the argon purge flow through
the chamber is 30 cc/min. At this flow there Is little chance for evol'.ed 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
interact tons.

VII. DTISCUSS ION

The scope of this work is not primarily to determine mechanisms oi
nttramlne decomposition, however, a brief discussion of the possibilities
seems appropriate, especially in li-ght of the types oi products observed. To
my knowledge, some of the products trapped In this work have not been
prevtousiy seen 1n RDIX decomposition, particularly several of th high
te'mpe rat tre and/or boron catalyzed products suich as NN--dlmothyIf0riam1(,
N-n i~t roswid imethylami.-ne and N-imntty 1 forinarmide. Al i'o, thc dh I c )vetrv (it ttbe
C-nitros, and N-nltroso CGIflI)0i0lds this large are sign 11 ittant, nec aksto
cur-oent 1i y thle ony N-Itttroso compoiundls to be have hay" et be III the ")It(] ,11n

IIquid decomposltlon products. .udging [romn t h, arce,iy o)t pdlIt-cts oba el
( In thil ; wo~rk ;tr'd he work as we! 1) , It Is qulti l 1ikely tlot( mort thr h iilt(i



mechanism is involved and one can at best only speculate about what the
possibilities might be. Some of the observa[toris (,an be explained as follows:

1. It was seen in the packed column studies that increasing the N02 /CO2
ratio is greater at lower temperatures and decreases with temperature. In
preliminary experiments it was also observed that NO2 was released at
temperatures below that at which other decomposition products elute,
suggesting that at low temperatures at least, N-NO2 or HONO 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. 1 1

2. Formamide is found in every sample decomposition involving the
nitramines and could possibly be due to the reaction of H2 0 and HCN. However,
the observation that two other amides, namely methy].formamide and dimethyl-
formanide, as well as two other compounds (quite probably amides) are present
suggests some cleavage of C-N bonds in the ring. In 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 bonds other than what has
previously been proposed by others, analogous to the depolymerization of
trioxane to formaldehyde may also be possible. 1 2 ' 1 3  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
NO and NO

ý 22
N2 Elimination N C

Steps // 0
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N N- NO > 
NO

N NO +

2ON-N N-NO N-N()
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H-- C-- N- -Y. CI N-I • yI m mtdNo)

I
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II-- C:- N- C(t , H- C- N,- CTt V,

CI
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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 that
early carbonyl formation is quite probable. Also, one of the products found
in many samples had an infrared spectrum quite similar to the cyclic Ketorne,
l-cyclopentene-3one, indicating that ring carbonyl formation may occur.
Although such a 5 member ring is 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
1 2 o
N /N NO

H3 C-N-CGi 3 + H2C=N-NO2

N-NO2

2 0 N-N N 2  2 N "N\i/N-NO 2  NO2 , N20

Of course these pathways are probably not 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 In the solid phase and also on mass spectrometric evideuce
reads as fol..lows.; (14):

NO3i NO
N C, N0
2N

2 0rtA N r- NC) 2 20N-N N NOi 0 2 N-N N-NO(2

H,) CN It, , C- N-- N iN

C- N--N•O - ' I 4 (CN NO)

4....... 11,I- 0>) f N 1, 1.1(,0 1 N

11,('N 4 No , i N,)
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However, no exact identification of N-nitroformimine was seen in this work.
in the above reference it was suggested that in Figure 4C, the probable cyclic
G=N might possibly be N-nitroformimine. However, thi8 compound was also
observed in triazine (which had been dried und~ar vacuum) pyrolysis in helium
and therefore can not be N-nitroformiminte (or any nitro compound), since
oxygen is not available in this decomposition reaction. It may be that the
formimine is produced, bl~t not yet itlencified. other products were seen which
would support this mechai ism include MCN, NO' and formaldehyde, the latter
being more significant since HRCN and No can be generated by many other
pathways.

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

1. Packed column results indicated that at lower temperatures the
N2 01/C09 ratio is significantly greater than at higher temperatures.

2.Less CO and NO as well as CH4 is observed at the lower temperatures
in RDX; this effect was not as apparent in HMX. However, the temperature used
for HNX may have been further along on its decomposition exotherm than was the
low temperature used in the RDX studies. This is supported by the greater
number of compounds detected.

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

4. Several high temperature products are seen In both RDX and [HM
decomposition and include an tinidenti fted amide or urea and N,N-dimethyl-
formamide.

1).Several products seen In boron--mod ifled reactions are no ý seen .in
Ri)X/I1MX alone, including, N-nitrotod imettlylamnlne, N-methyiforinamIde and an
uno ilet: It ed am ide or ke tone . These are present when O It herl tn -, pot ass urn or
'ITMA d ode t ahilyd rodiodlecaboranek sal t I s used , or soditurn ho roydr Ide.

A few ge'e r il t r. mis ichode,

,I. Malr d it trrolceý, In the I ow and bigt - tempe ra-tt or. (ielompos;it ionl
produort-s are soeen by bo0th packed colitirnn ( permantoit gas analysts) alld

rooeoraor/ap Iarymlarohi (1larger inolectular We ight sp-cies.) ;01 vlses; tile
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(2) Some prolucts, such as N-nitrosodimethylamine, N-methylformamide and
the unidentified amide or ketone are not seen 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 is released at a more rapid rate. Under gun and
other high pressure conditions this could result in more lower molecular
weight gases being produced at a faster rate. Recently instrumentation has
been developed and is available to our laboratory 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 various applications in which the burning rate
promotion is desired.
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LIST OF ACRONYMS

DSC Differential Scanning Calorimetry

FID Flame Ionizatiov Detector

FTIR Fourier Transform Infrared

FSOT Fused Silica Open Tubular

GC Gas Chromatograph

HQI Hit Quality Index

HMX Cyclotetramethylene Tt'ranitramine

mRDX Mononitroso CyclctriLnethyle, Trinitramine

RDX Cyclotrimothylene Trinitramine

TACN Triaminoguanidine Nitrate

TCD Thermal Conductivity Detector

TGA Thermal Gravimetrtc Analysis

IMA Tetramethyl.ainmonium

VHBR Very High Burning Rate
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