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Detonation of a number of pure and composde explosives in tanks fil!ed wilh Ar
as have yielded solid carbonaceous products (soots) wilh a rich chemistry.

1 Ithou h there are similarities, the soot from each explosive has some unique-
ness, ! he soots are composed of very small solid parflcles of graphite and otten
diamond, havin characteristic dimensions of about 20 atomic diameters, This

\small size and t e presence of a 25 wf % heat-labile component implies an
importanl surlace chemistry for these soots. The heal-labile compounds miiy

?
Ive clues about the structure, the surface chemistry, and the mechanism of soot

, ormation,
●

INTRODUCTION

Detailed knowledge o! the chemical kinetics and
equilibria of detonation have long been a desired, but
elusve, oat, One focus of this chemwtry is lhe coE!g-

?ulatlon o carbonaceous sohd (soot) from ~rbon ini-
hall resenl as !he skel~lal aloms of small or anic

~CH~8 molecules, Currenl detonation models predict
Ihal the oxygen reacts first to form HzO from the avail-
able hydrogen, fhen the remainder reacts wilh carbon
to form COZ Any carbon Iefl over form fhe soot, (The
nitro en forms Nz. ) The nature of this soot and the

!detal s of 11sformahon have been the subject of much
discussion The Iiferature on non-dolonoticm soots is
extensive, and numerous SOOItypes have been
described,a”s However, reports on the chemical com-

K
sitlon and structure of delonallon SOO1ure just
ginning to appear,6,7

The characteristic dimensions of the basic SOOI
particles observed,G both dlamo~d and graphite, are
on the order of 20 inferalomlc bond lengths, These am
smaller than fhe maximum SiZe permlttect by an ag-
glomeration process hmlled onl by dlffuslon in th~

Khdensu detonaflon producfs.~ T e graphlfe ~artlclos
are nof balls of small polynuckrnr aromirtlc ydro-
carbon (PAI 1) cry fitnls, as in hydrocnrbcm combusflon

soot.o Instead, they are ribbons resemblin carbon
blacks graptiitized at high tern erature.~,s, ~ B~~ause

[[of this similarity to carbon blat s, il seems Iauslble
that the growth proce~ses may be similar. urfher-
mmre, a rapidly quenched mixlure ctmtainmg Ihese
~raphi!e ribbons mi ht scavenge sool-growth

JIrltermfidiateslo an other chemical spacies in the
defonahrrg explosive, ir’rcluding reaction mtermedlates
and slable products, which might give clues about the
6oot-formation chemistry. These considerahons led us
to mveshgale possible haal-lablle surface components
of the soots.

Eadier work on detonation pr duels eslabllsherl
that the soot~ contain 6orr?e nifrogen, hydrogen, and
probabl ox gen, in addition to the Iargesf compononl,
carbon.~1.1~ From detonation calorimeter dala one
could deduce a posifwe heal of formation for :110
soof ’? The bonding of lhe ncncarbon aioms ir~ fho
soot hod nol been eslahhshed, Here wo WIII rovl{?w
brlolly perhrwnt p~evious dafa reporf furlher work O“l
soot diamond, and presell new flndlngs on a Inrgu
variety of thermally labile molecules found In Itm SO()!
These results suggo%l possible chemical strucluf[ls 111

Ihe doloruwion bool, give oupporl to n roslrwlnd chflu

sion model of solid carbonacooLs clus!or formntmn
and su~~esf R wny 10 es.tlmat~ II1Ohunt of k)rmnlloll of
fhd soot from ifs components
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EXPERIMENTAL

Some of the soot samples in this study -me
from explosive charges fired at the Fraunhofer .lnstilut
fi.ir Chemische Technologies (lCT) in the Federal
Republic of German

i
, and others came from the Los

Alamos National La oratoty.

The following came from ICT: Samples #27/30
and #28/30 were pure cast TNT. Composite explo-
sives were cast from molten TNT mixed with 59,5 w %
powdered clotrimelhylene-trinitramine (RDX) 10

7make samp es #27 and 434130; 50 WI % powdered
triaminotrinitrobenzene (TATB) to make sample t?60;
50 wt “h powdered nitroguanidine (NIGU) to make
samples #63, #55120, and #10141; and 50 wt “/.
powdered ammonium nilrate (AN) to make sample
#36.

The char es were in the form of (nominally)
%300-g cylinders O mm dlam x 100 mm long. They

were bocsted b a 15-g pellet of RDX and were fired in
r“a 1.5 m3 lank fl led with 1 atmosphere of Ar gas, except

for sample #10/41, which was fired in vacuum, A few
minutes after firing, the Ar was replaced with air and
the soot was swept from the tank into sample bottles.
Samples were dried at 105’C to constant weight.
Elemental analysesl 1 and initial results12 from sam-
ples 427, #60, and #63 have been published,

The following samples were from Los Alamos:
S@mple #Hl 057 was pure TNT pressed to a density of
1.470 g/cm3, Fampl@ #Hl017 was pure TNT pressed 10
a density of 1.630 g/cm3, sample #Hl 058 was pure
TATB pressed to near c~stal density, and sample
#H 1059 was pure FIDX pressed 10 near crystal donsily.
These charges were cylindrical, 50 mm dmm x 100
mm Ion , and were boosled with a 15-g charge of

+RDX he Lcs Alamos charges were fired in a steel

sphere 6 ff (1 .83 m) in diameter, wllh a volume of 3.0
ma filled with 760 torr (1 atm) of Ar gas. The sOUts
were collected and dried as described above.

The micromorphologies of the soots were
recorded by transmission electron microscopy (TEM),
and c~stal structures were determined b trans-

!mission electron microscope electron dlf racfion
(TEMED),6 The diamonds were isolated by oxidative
removal of the other soot components with HN03 and
HCI04 (Reference 6). Diamond in the residue was
identified by x-ray diffraction (XRD) powder patterns.
Measurements with an x-ray diffractometer determined
the diameters of the recovered diamonds and ccn-
firmed the diamond lattice spacings. Thermally labile
components in the soot were weighed by lhei’mo-
grawmetnc analysis (TGA) and were identified with
direct insertion probe (DIP) mass spectrometry.

ANAI.YSIS OF RAW SOOTS

TEM examination of samples #27, #60, and #63
has shown that the soots are composed of graphite
ribbons having a smallest dimension of 3 nm and dia-
monds having diameters of 3-7 rlm (Figure 1 and
Reference 6), The interplanar spacings measured by
TEMED from a Qroup of the diamonds in sample #27
agree well with the spacings of bulk diamond (Table I
and Reference 6).

The cle~onation graphile appears as a,llally

/
8raphitized (Wrboslrafic structure by TEME ) ribbons a

ew nm [hick, not as aggregated smaller panicles or
cryslals. This observation conlrasts with Ihe re orled

fstructures of qra hi!ic soot$ from hydrocarbon Iamos,
rwhich are typlca Iy spheres 10-500 nm in dla,meter,

composed of man small graphillc crystalhtes less ItIan
about I nrn thick,~ The detonation diamond appears tO

TABLE L DIAM(JND STIWCTIJRE

TNT/ f4C)X TNT~Tf3#27 #60 TNTINIGU #63

WI % m soot 16 24 24

Dlamotors, nm
lEM image 7 3 3
XflD, diffractometer 4.5 2R 2tl

SpacinQs (TEMED), nm

‘1

111) 020s8
270

I
0,1266

311 0.1075
400

(440 )
o 0W4
O 0G36

Spnclngs :XHD Dlff), nm

11

111 0706 0 ?(MI O 7(M
220 0170 (Y 1;’1)
311

0 ‘i ?(I
u 100 (l 10[1 !I 1o11

. .—. . ,—.—— .-- ——-_ ..
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be almost perfect single crystals, ralher than aggre-

r
ates of smaller crystals. We have found no evidence

or “rolled chickenwire- structures of the buckminsler-
fullerene family.ls Furthermore, the sizes of the
diamond and graphite particles observed in these
detonations appear to be too small for unrestricted
growlh by aggregation.

A model for growth of detonation soot by
diffusion-controlled aggre alien has been developed

9by Shaw and Johnson (S ).2 We can apply tne SJ
model to these datorvfions with the aid of a hydro-
dynamic model for the expansion of the detonation
produ,cts.14 A Iarfle porhon of the explosive charge
IS mamtamed near the detonation density for about
3 x 10-~s, whereas the characteristic time for the
unrestricted a gregation of solid carbon in lhe SJ
model is 2 x 1\ ’12 s, The growth time divided by the
characteristic time gives the number of atoms in the
most protable parhclr+ size, in our case 1 5 x 106
atoms. A c! ,’stalline diamond sphere this size would
bo 26 nm in diameter, whereas we see a 7-rim
maximum, too small in volume by a factor of 50,

The differences suggest that (1) particle gro~ih
has additional restrictions and (2) either aggregation
progresses in increments closer in size to atoms than
to small crystals or the final aggregates are annealed
well enough to obscure component crystallite, but, in
the case of graphite, ~ well enou h to accomplish

?extensive graphitizatlon. The smal size Jf the dia-
m~nds and the graphite Iibbons raise the pussibillty
that surface chemistry may influence their relatwe
stabililles,l~ their heals of formalion, and Dossibly their
gI owth mechanisms,

Gouy-balance measu(emenls on the raw soot
show evidence of unpaired electrons, a common
fealure of finely divided solid carbons, Elemental
analysis of the dry soots shows the presence of a fow
atom % each of H, N, and O aloms in addmon 10 C
atolms, and TGA analysis shows that about 25% of [he
soot is had-labile (Fi ure 2), The section below on

rvolalikrs lists ~ome o fhe probable heal-labile corn.
ponenls, which give an idea of the functional group
chemlstq of the SOOIS.

DIAMOND RESIDUES

Diamond structures were found in the TEM
images, e nnd the presence of diamond was rxmfirmod
by strong x-ray powder tlerns in the oxidation

Yresidues of samples #2 , #60, and #63, The oxidation
residue from sample #34/30 (600/0 FIDX/40% TNT, the
same as sample #27) also shows a strong powder

r
attern of 5-nmdiarn diamond, However, the soots

rom the pure explnswes from both ICT and Los
Alarnos yield only small amounts of residue aher oxi.
datlon, and the residues show only weak diamond
x-ray powder patterns This resutt agrees with Sowet
resulls, where they find that a 50/50 mixture of TNT and
RDX produces more diamond than pure TNT.7

m

FIGURE 2, TGA OF M / sooT SAMPLE #27/3fj (PIJRE TNT)

IN 1 ATM OF HE GAS, THERE IS ABOUT 50/, WEIGHT LOSS AT
~°C, TH: UPPER LIMIT OF THE DIP GAS ANALYSES, AND
ABOUT 25%’0 AT THE TERMINATICX4 OF THE RUN AT 1200’C
~ER 300 MIN.

The diamet6rs of the diamonds in the oxidation
residues showin strong diamond powder patterns

2were determine by the widths of fheir diffraction lines
measured on an x-ray diffractometer, and in all three
cases, they are nearly equal to the diamgter of the
diamonds obsewed in the TEM ima es (Table l),

7Implying that Ihe diamonds are sing e crystals.

No measurable residue was obtained from
sample #10/41 (TNT/N IGU), which was fired in a vac-
uum. This result can ba compared to that of sample
#63 (also TNT/NIGU, but fireo in 1 atm of Ar), where
diamond residue is 24 w % af the SOOI, Sampie
#10/41 obviously underwent reshock at the vessel
wall; evidently the diamonds do not survive this
process. The residue from sample #36 (TNT/AN) also
contained no diamonds,

Auger/ESCA analysis shows ihal the diamond
residun from sample #63 has scme O and N atoms,
which ar6 probably on the surface, because they are
largely removed by surface sputtering.

VOLATILES

DIP mass spectrometry of raw scots (wllh ttle
temperature ramped al 20”CYmln up 10 3SO”C)t pIcally
shows Ihe sequence H20, Co, Coz, NH3, HNC 6,
HCN, and HCI as m~jor volatlles. Patterns atlrlbutah:e
to a variety of organics generally starls at ca 150’ C A
promim n! peak al 60 atomic mass units (AMU) sug -

esls the resence of urea, In the case of sample
~R1()/41 (T T/NIGL’ the pattern of (undecornposed)
NIGI.J is present. J

4
ample #55/20TN1/NIGU) reloascs

a short bursl of as at about 240” that fits Ihe emplrl-
8cal formula (HN )X, The DIP resutts from samplfr

#27130 (pure TNT) show clearl a number of p~ahs
rconsistent wilh a sequence of used aromatic nrlg
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compounds, similar to soot precursors in other chemi-
~1 syslercs,d but here with occasional -CN grrmp
substitution (Fi ure 3). Identifications were aided b

1comparison WII known samples run in the DIP an J
with published spectra. 16,17

Diamond isolated from sample #63 ~ives off
H20 at low tern eratures and a C02-CO mmlure stafl-
ing at ca, 300° z which suggests that the diamond
recovered by acid oxidalion may have a =rboxylated
surface. No significant nitrogen-containing species
were driven oft.

CONCLUSIONS

These results show that the soot has a rich
chemistry involving heteroatoms. };eablabile com-

P
orients, containing a variety of chemical species,

lave been found in quantities com arable to the
rnumber of surface atoms on the so Ids. The resufk

from Ihe possible soot precursors suggest that -CN
groups may be preseni as surface terminators.

These initial investigations suggest a way to
characterize the chemical structure of detonation soot,
which might permit estimates of the heat of soot forma-
tion and give important clues about possible mecha-
nisms of SOO!formation. If the various methods
outlined above can be made sufficienfl quantitative,

!bounds can be put un the heat of soot ormation. The
interiors of the diamonds are crystallographlcally the
ssfme as bulk diamond, the ra bite appears 10 be a

! rrecognized form, and the vo atl es are all known

L

molecules. The principal unknowns are the surface
contributions of ihe diamond and graphite, which could
be considerable because of the large specific areas
Further challenges are understanding the kirwtlcs of
the soot formation and the binding of the adsorbed
bpecies 1,0 the surfaces.
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