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ormation.

Detonation of a number of pure and composite explosives in tanks filled with Ar
g\as have yielded solid carbonaceous products (soots) with a rich chemistry.
Ithouq_h there are similanties, the soot from each explosive has some unique-
he soots are composed ol very small solid particles of graphite and often
diamond, having charactenstic dimensions of about 20 atomic diameters. This
small size and the presence of a 25 wt % heal-labile component implies an
important surface chemistry for these soots. The heat-labile compounds may
ive clues about the structure, the surface chemisiry, and the mechanism of soot

INTRODUCTION

Detailed knowledge of the chemical kinelics and
equihbria of detonation have long been a desired, but
elusive, goal. One focus of this chemistry is the coag-
ulation of carbonaceous solid (soot) from carbon ini-
tiallKl gresenl as 'he skelutal atoms of small organic
CH molecules. Current de'onation models’ predict
that the oxygen reacts first to form H20 from the avail-
able hydrogen. then the remainder reacts with carbon
to form CO2. Any carbon left over forins the sool. (The
nitrogen forms Nz.) The nature of this soot and the
details of Its formation have been the subject of much
discussion2 The literature on non-doetonatinn soots is
extensiva, and numerous soot types have been
described.33 However, reports on the chemical com-
Bgsinon and structure of detonation sool are just

ginning to appear.6.7

The characteristic dimensions of the basi: sool
particles observed,b both diamond and graphite. are
on the order of 20 interatomic bond lengths. These are
smaller than the maximum size permiited by an ag-
glomeration process hmited onln by diflusion in the
densu detonation products & The graplute particles
are not balls of small polynuclaar aromalic hydro-
carbon (PAL) cryslals, as in hydrocarbon combustion

soot.3 Inslead. they are ribbons resembling carbon
blacks graphitized at high temperature 3.5.9 Because
of this simiianty 1o carbon blacks, it seems plausible
that the growth processes may be similar. Further-
more, a rapidly quenched mixture containing these

raphite ribbons mighl scavenge soot-growth
miterm~diates'0 and other chemical species in the
detlonating explosive, including reaction intermediates
and stable products, which might give clues about the
sool-formation chemistry. These considerations led us
to invesligale possible heal-labile surface components
of I1he soots.

Earlier work on detonation pr ‘ducls eslablisheq
that the sools contain some nitrogen, hydrogen, and
probabl¥ ox!gen. in addition to the largest component,
~arbon.'1.12 From delnnatlion calonmeter data one
could deduce a pocsitive heat of lormanion lor tha
soot.'? The bonding of the ncncarbon aloms in the
sool had not heen established. Here wo will raview
buelly pertinent previous dala report luither work on
soot diamond, and present new findings on a large
varioty of thermally labile molecules fouind in tha sool
These results suggest possible chemical sliuctures n
the detonailion soot, give support to a resincied ditihy
sion model of solid carbonaceous cluslar formation,
and suggest a way to estimate the heal ol formanon al
tha soot Irom its components
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EXPERIMENTAL

Some of the soot samples in this study came
from explosive charges fired at the Fraunhofe:-Institul
fiir Chemische Technologie (ICT) in the Federal
Republic of Germang. and others came from the Los
Alamos National Laboratory.

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 wt %
powdered cyclotrimethylene-tninitramine (RDX) to
make samples #27 and #34/30; 50 wi % powdered
triaminotrinitrobenzene (TATB) to make sample #60;
50 wt % powdered nitroguanidine (NIGU) to make
samples #63, #55/20, and #10/41; and 50 wt %
powdered ammonium nitrate (AN} to :nake sample
#36.

The charges were in the form of (nominally}
300-g cylinders 50 mm diam x 100 mm long. They
were boosted by a 15-g pellet of RDX and were fired in
a 1.5 m3 tank fifled with t atmosphere of Ar gas. excepl
for sample #10/41, whizh was fired in vacuum. A few
minutes after firng, the Ar was replaced with air and
the soot was swep! from the tank into sample botties.
Samples were dried at 105°C to constant weight.
Elemental analyses!! and initial results !2 from sam-
ples #27, #60, and #63 have bean published.

The following samples were Irom Los Alamos:
Sample #H1057 was pure TNT pressed to a density of
1.470 g/cm3, samplu #H1017 was pure TNT pressed to
a density of 1.630 g/cm3, sample #H1058 was pure
TATH pressed to near crystal density, and sample
#H1059 was pure ADX pressed to near crystal donsity.
These charges were cylindrical, 50 mm diam x 100
mm long, and were boosted with a 15-g charge of
RDX. The Lcs Alamos charges were fired in a steel

sphere 6 ft (1.83 m) in diameter, with a volume of 3.0
m3 filled with 760 torr (1 atm) of Ar gas. The souls
were collecte! and dried as described above.

The micromorphologies of the sools were
recorded by transmission electron microscopy (TEM).
and crystal structures were determined by trans-
mission electron microscope electron diffraction
(TEMED).6 The diamonds were isolated by oxidatlive
removal of the other soot components with HNO3 and
HCI04 (Reference 6). Diamond in the residue was
identilied by x-ray diffraction (XRD) powder patterns.
Measurements with an x-ray ditfractometer determined
the diameters of the recovered diamonds and ccn-
firmed the diamond lattice spacings. Thermaiiy labile
components in the soot were weighed by theimo-
gravimetric analysis (TGA) and were identified with
direct insertion probe (DIP) mass spectromeitry.

ANALYSIS OF RAW SOOTS

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

The dewonation graphile appears as pa.tially
raphitized (turbostratic structure by TEMED) nbbons a
ew nm thick, not as aggregated smaller particles or
crysials. This observation contrasts with the reported
structures of gra?hilic sools from hydrocarbon flames.
which are typically spheres 10-500 nm in diameter,
composed of many small graphitic crystallites less than
about t nm thick.3 The detonation diamond appears (o

TABLE I. DIAMUND STRUCTURE

TNT/RDX #27 TNT/TATE #60 TNT/NIGU #63
Wi % in soot 16 24 24
Diameters, nm
TEM image 7 3 3
XRD, diffractometer 4.5 28 28
Spacings (TEMED), nm
11) 0.2058
220 0.1266
at 0.1075
400 0 0844
(440 0.0636
Spacings (XRD Dil), nm
It 0 206 0 20hL 0 2006
220 0126 0t 012G
Jut U 108 0108 n o8
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TIGURE L. TEMMICNOGHAPII Ol DI SOOT TIROM SAMI‘LL #27 (TNYIIDX) D DENOTE S DIAMOND STRUGTUIRES AND T 1l
TURBOSTRATIC GRAPIITE RIBBONS 1111 BAR SCALL SHOWS 10 NM_ WHICTHS ABOUT 70 INTLDATOMIL COVALTNT HONI
LENGTIIS IN DIAMOND O GRAIPLIN L
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be almost perfect single crystals. rather than aggre-

ates of smaller cryslals. We have found no evidence
or “rolled chickenwire™ structures of the buckminster-
fullerene family.'3 Furthermore, the sizes of the
diamond and graphile panicles observed in these
detonations appear to be too small for unrestrictad
growth by aggregation.

A model for growth of detonation sool by
diffusion-controlled aggregation has been developed
by Shaw and Johnson (SJ).2 We can apply the SJ
model to these detonations with the aid of a hydro-
dynamic model for the expansion of the detonation
products.' A large portion of the explosive charge
is mainlained near the detonation densily for about
3 x 10-6 s, whereas the characteristic time for the
unrestricted aggregation of solid carbon in the SJ
model is 2 x 10°12's. The growth time divided by the
characteristic time gives the number of atoms in the
most protable particle size, in our case t 5 x 106
atoms. A ¢! stalline diamond sphere this size would
bo 26 nm in diameter, whereas we see a 7-nm
maximum, oo small in volume by a factor of 50.

The ditferences suggest that (1) panticle growih
has additional restrictions and (2) either aggregation
progresses in increments closer in size to atoms than
1o small crystals or the final aggregates are annealed
well enough to obscure componaent crystallites, but. in
the case of graphite, not well enou?h to accomplish
extensive graphitization. The small size ,f the dia-
monds and the graphite /ibbons raise the pussibility
that surface chemistry may influence their relative
stabilines, S their heats of formation, and possibly their
giowth mechanisms.

Gouy-balance measurements on the raw soot
show evidence of unpaired electrons, a common
feature of finely divided solid carbons. Elemental
analysis ol the dry soots shows the presence of a few
atom % each of H, N, and O atoms in additionto C
atoms, and TGA analysis shows that about 25% of the
sool is heal-labile (Firure 2). The section below on
volatiles lists zome ol the probable heat-labile com-
ponents. which give an idea ol the functional group
chemistry of the soots.

DIAMOND RESIDUES

Diamond structures were found inthe TEM
images,® and the presence ol diamond was confirmed
by strong x-ray powder patterns in the oxidation
residues of samples #27, #60, and #63. The oxidation
residue from sample #34/30 (60% RDX/40% TNT, the
same as sample #27) also shows a strong powder

attern of 5-nm-diam diamond. However, the soots
rom the pure explosives lrom both ICT and Los
Alamos yield only small amounts of residue after oxi-
dation, and the residues show only weak diamond
x-ray powder patterns. This result agrees with Soviet
resulls, where they find that a 50/50 mixture ot TNT and
RDX produces more diamond than pure TNT.7
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FIGURE 2. TGA OF Ra' / SOOT SAMPLE #27/30 (PURE TNT)
IN 1 ATM OF HE GAS. THERE IS ABOUT 5% WEIGHT LOSS AT
350°C. THZ UPPER LIMIT OF THE DIP GAS ANALYSES. AND
ABOUT 25% AT THE TERMINATION OF THE RUN AT 1200°C
AFTER 300 MIN,

The diameters of the diamonds in the oxidation
residues showing strong diamond powder patterns
were delermined by the v:idths of their diffraction lines
measured on an x-ray diffractometer, and in all three
cases, they are nearly equal lo the diamseter of the
diamonds observed in the TEM images (Table 1),
implying that the diamonds are single crystals.

No measurable residue was obtained from
czmple #10/41 (TNT/NIGU), which was fired in a vac-
uum. This result can be compared to that of sample
#63 (also TNT/NIGU, but fireg in t atm ol Ar), where
diamond residue is 24 wi % df the soot. Sampie
#10/41 obviously underwent reshock at the vessel
wall; evidently the diamonds do not survive this
process. The residue lrom sample #36 (TNT/AN) also
contained no diamonds.

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

VOLATILES

DIP mass spectrometry of raw scots (with the
temperature ramped at 20°C/min up to 350"C) typically
shows the sequence H0, CO, COz. NHy. HNCO.
HCN, and HCl as mejor volatiles. Palterns atinbutab:e
to a vanety ol organics generally starts at ca. t50°C A
prominrn! peak at 60 alomic mass units (AMU) sug-

ests the presence of urea. In the case of sample

10741 (TNT/NIGL') the pattern of (undecomposed)
NIGL) is present. Sample #55/20 (TNT/NIGU) reloases
a short burst of gas at about 240"C that fits the empiri-
cal formula (HNO),. The DIP results frorn sample
#27,30 (puie TNT) show clearly a number ol peahks
consistent with a sequence ol fused aromatic nng
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compounds, similar to soot precursors in other chemi-
cal systems.4 but here with occasional -CN grup
subslitution (Figure 3). Idenlifications were aided b
comparison with known samples run in the DIP an
with published spectra.16.17

Diamond isolated from sample #63 gives off
H20 at low temperatures and a CO2-CO mixture stan-
ing at ca. 300°C, which suggests that the diamond
recovered by acid oxidation may have a carboxylated
surface. No significant nitrogen-containing species
were dnven off.

CONCLUSIONS

These resulic show that the soot has a rich
chemistry involving heteroatoms. Fieat-labile com-
onents, containing a variely of chemical spacies,

ﬁave been found in quantities comparable to the
number of surface aloms on the solids. The resullc
from the possible soot precursors suggest that -CN
groups may be preseni as surface terminators.

These initial investigations suggest a way to

charactenze 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 vanous methods
outlined above can be made sufiiciently quantitative,
bounds can be put on the heat of soot formation. The
irteriors of the diamonds are crystallographically the
sdme as bulk diamond, the graphite appears to be a
recognized form, and the volatiles are all known

ABUNDANCE

molecules. The pnincipal unknowns are the surface
contributions of the diamond and graphite, which could
ve censiderable because of the large specific areas.
Further challenges are understanding the kinetics of
the soot formation and the binding of the adsorbed
species 10 the surtaces.
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