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general 1s discussed.

matal motion,

gistance in the wedges.

Tne steady-state detonation characteristics of a few intermolec-
ular explosives are examineg along with resuits of wedge experi-
ments on inittation ang reaction gro th in one system (EAX),
tovard a better understanding of this class of explosives. The
importance of factors Such as products and their states, and
temperature, to pe-formance of these systems snd explosives 1n

Hydrogen compounds may be Superi10- enough to carbon and 1ts

compounds as fyels ang products ®or quick metal-accelzrating
explosives that the effect of tne generally lower density fis
offset. High temperatures ang ccndensation of soliag products
are probably tne main causes of late appearance of energy in

The unusual shock senstitiveness and explosiveness of EAK are
ingicated by wedge results incluyding pseudo-Pop-plots of
overtaxing waves, and by plots of shock velocity versus transit

INTRODUCTION

Intermolezular explosives are the
most u.ed class, but not the most
researched nor the test understood.
Tney can pe gefined as a class of com-
posites 1n which a significant part of
the performance comes from fast reac-
tions between mixed substanies. A
principal criterion and aim 1g synergy,
performance greater than that of the
ingividual components. The research
ang applications stugtec have as a
purpuse the better understanding of
these systems, this might resylt in
the development of better explosives
by transcenging some of the present
litmits on stability, sensitivity, en-
sity, performance, ease of marufacture,
avatlapility, and cost of single com-
DPGunds ..

The comptiatorial reactions of
intermoleculars are i1n contrast to de-
compgsition in mgnompolecular (ar easter
term than intramplecular) explosives
ang the 1ntermediate perfo-mance in
mixtures of essentially noninter-eac-
tive composites suCch as cCyclatols ana
manomgleculars di1luted with ine-ts.
Avarage and maximum dgistances between
reactants are nrdgars of magnitgyde
greater fn intermolecylars than 1in

monomoleculars, resulting in muych more
mass transport before reaction and a
brcader spectrum sf reaction tires.
Reaction oraders are at leust superfi-
clally gifferent als , the principal
tyoe being

A ~B ~-... »C~*... .
with the reaczion type
A s B ~(C ~...

betnqg dominant in mpnomolecularc but
not as important i1n intermoleculars.
However, the oriers may not be very
gqifferent if one of the .eactants s
ftself an explosive, and/or the fimpor-
r nt energy-producing reactions petween

tgizer and fual mot:ties aré preceded
Ly intermediate deccmposition route-
fnto those moieties in particular mono-
moleculars.

In adattion to these principal
intrinsic differences, the materials
used tn many intermgleculars are chem-
ically guite different from the com.
pounids af most coamman monomplecular
explasives., 1hig 1s no d5ubt a result
nf the former being so heavily used
indystrially, where cost ana perform-
ance consideratigns are aifferent from
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those of military explosives. Using
tne ideas of one world i1n tng other,
particularly to yteld new explosives
with special characteristics for mili-
tary use, has resulted in some explor-
ations which have produced practical
formulations and which can be used to
further the science of explosives in
general.

There are still otner gifferences,
some of them, like microstruCture or
partiicie size, related tn the intrinsic
differences above. [ would like to
focus on tne apparent effect of some
chemical aifferences on steady-state
detongytion, and then describe some non-
Steajdy-state effects seen in one Sys-
tem, EAK, which is a eutectic composi-
tion (46/46/8 ty weight, also with
variations) of zthylenegiamine
dinitrate (EDD), ammonium nitrate
(AN), and potassium nitrate (KN).

FXPERIMENTAL

The materials and acquisition of
most of the data have oeen gescribeo
previously 11,2,3,4,5). Material for
the =edge tests was made ty Group M-}
at Los Alamas. M(St was made Dy Syn-
tnesizing EDD as describea 1n (5),
melting 1t witn AN ang Kh 'n a kettle,
arng ther casting it 1nty cylingrical
molds from wh:ch wedges were machined
in several orientations w=1tih respect
Lo the casting geomatry, Sgome EAK was
maje by Synthesizing and melting under
perchloroethylene, and ~1e cet of
wedges was made by pressing after
granylation in cola perchlaorgethylans,

The wadge test for quantitat:ve
determination ¢f shock sensiti-ity has
been deScribed elsewnere (6} ans, was
used =tth wedges not less tnan 76 mm
in wigth and 150 mm 1gng. Tre wedge
angle was 30° for most tests with a
maximum run of 55 mm,; a fes of the
early tests used 25° ang 4 maximum ryn
of 30 »m, One test was carried out in
double width (witn a 350-mu-gfiameter
plane-w=ave lens repla_ing the usual
200 mm one) to assure that erosion of
$hoCk streongth fro-~ the sides did nant
0CCur du: ing the .ree run,

STEADY-STATE DTTGNATION

Mass transport, longer reaction
time, and ,iffgrent react‘on orders
notwithestandging, the reactton front
velocit: (aetonattion <peed, D} may be
faster and the perfcormance higher, noth
calcriattonally ang experimentally, in
par-icular intermplacular systams than
in sgme detgnating monamaleculars af

the same density and availab'e thermc-
chemical energy. This can be true even
when one of the intermolecular partners
is itself a n.gnh-performing ideal mono-
molecular, Note the EA systems in
Table I, especially EAK (50/42.5/7.5

by weight). 1its D of B8.02 xm/s in 107
mm diameter confined 1n 10 mm of coprer
is above those (7.86 and 7.73 km/s
calculated by the Tiger code using the
BKWR equation of state (7) or b, thne
Xamlet-Jacobs short methoa (8), and
above that of EDD. EDD 1s a powerful
explosive, with both D--7.7 ¥mjs at
high density--and pressurz (about 23
GPa) nigner than TNT, Ic¢ is not
necessary, although it may be
advantageous, for the intermolecularly
reacting partners tr be themselves
detonable, as nas Leen demonstrated 1n
an all-solids syscem (4] and varicus
ones with a 1iq-.1a component, such as
ANFO.

In some cases the equation of
state calculattonal d.ffereaces are
greater tnan the difference between
experim:nt ang ideal calculation,

#igh pressure and relatively fast
reastign are suggested by high detona-
ti,n speed. Performance synergism is
vertfied by metal propulsion as in
neavily confinead plate-gent tests in
small giameter (1,2,5) and cylinger
tests (1,2), Tanle 1. But these tests
integrate pressure-time variables,
hence 40 not necessarily confirm hign
pressure or ver- fast reaction. In
fact, very hian pressures can hardly
have occurred in the confineg plate-
dent tests, which had maximum shoCk
(detonation) velocities of 5 or 6 km/s
(1,2,4,5) becauss of the small diam-
eter.

It may be noted that reacticn rate
or reacticn zogne effects may be reflec-
ted fn tne cylinder tes: by chanqes 1in
il w-th drameter, while the cylinder
wall energy may or may not be inyartant
over the same range of diameterc: EAR
(15 wtX RDX) 1increaces greatly in D
from 25 .4 to S50.8 to 101.6 mm, while
the cylinder energy (wall speed)
changes very s'ightly, observable only
by small changes 1n arrival times at
particular expansion gistances, which
1s an integrattaon of the wall velocity.
“A 50/50 increases in both U and energy
with adiameter,  as dfg an aluminum/
perchlorate formuylation reported by
Finger et al. (9).

Other systemec may yield experi-
me tal speeds, DPresSsures, and perform-
ance constderably lower than axpectedq,
even thoujh they are or appear tn he

(o)
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similar to well-performiny intermol-
eculars in stoichiometriecs (oxygen
balance), potential chemical energies,
density, and detonability. They may
even have the same oxfdizers and cal-
culate as well, The TNT mixtures,
Amatols, in Table | are of that nature;
TATR in mixture with 1ithium nitrate
appears to be of that kind also (10).
On the other hand, hydrazine/hydrazine
nitrate systems perform well (11), as
does the eutectic of ADNT/AN (1,12).

The differences in performance are
hypothesized to be a result of differ-
ent reactants--fuels, mostly, because
there seems to be a better present
chance to decode carbon-hydrogen dif-
ferences than, for example, oxygen-
fluorine differences, although there
ts progress there (13)., PReactant dif-
ferences lead to differences in prod-
ucts and their states, or detonation
characteristics including the quantity
of gas, the average molecuiar weight
of the gases, and detonation tempera-
ture, Table Il gives those parameters
for some hydrogen and carbon fuel sys-
tems.

It fs sugyested that hydrogen is
3 better fuel than carbon for producing
higher performance of some kinds, in-
cluding metal acceleration, at least
in moderate explosive mass to metal
mass ratios., This thesis {is supported
by observations made previously (1):
the speed with which energy delivery
fs effected is indicated oy the ratios
of energies at axpansions of 7 and 2
times tge original volume, that is
(v7/v3)¢ where v {5 cylinder wall
rudiaq velocity. It is also supported
by a paper on the chemistry of detona-
tions (14) in which higher mole frac-
tions of water are observed to corre-
late well with early cylinder energy
that is, by smaller ratfos of (v /vzsz,
while explosives having more carbon
products have higher ratios; and by an
observation in (1%}, in which it was
noted that HNO explosives deviated
pusitively from the performance pre-
dicted by an otherwise tight correla-
tion and fitted equation ?15), while
CNOs deviated negatively.

Four hypotheses about hydrogen
and {ts products being better than
carbon in this performance connection
are.

(1) More gas is produced. As-
suming that an explosive charge fis
volume-limited and that the hydrogenous
explosive has density comparable to
carbonaceous explosive (although on the
whole it is lower, in practice it need

not be ?reatly s0), then there are
more moles of hydrogen than carbon,
and theare can be more moles of water
than carbon oxides by 1,56-2.44 to 1
(H20/C0-H20/C0%). On average, includ-
ing lower density, the r:tio of H/C
oxide gases predicied by simple stoi-
chiometry will be somewh re near 2.
In thermohydrodynamic code calcula-
tions and experiment, the ratios of
the total gases are nearer 4/3, See
Table II for some numbers,

(2) The average molecular weight
of the gases will be lower. If there
are no solid products, of course the
molecular weight is the reciprocal of
the number of moles of gas produced,
so the more gas, the lower the MW, In
reaction motors or in Defourneaux's
thests on propulsion by explosives
(16), the velocity of the rcocket or
the metal, respectively, Is inversely
yroportional to the molecular weight
of the working fluid gas.

(3) The temperature of the fluid
Is lower. The varfous thermohydro-
dynamic codes calculate detonation
temperature§ of water-rich systers
perhaps 500 K or more lowear than
COz-rich systems. The total thermo-
chemical cvwergies of the two kinds of
systems can easily be about the same;
EA systems heats of detonaticn are
close to those of TNT and Amatols,
both calculationally and by calori-
metry (17,1) on both weight and volume
bases. If tota) anergies are equal,
then partition to lower rotational and
vibrational energies means greater
translational energy.

(4) Transitiona)l states of carbon
during explosive decompositivi may
produce thermic events of & nature not
usually considered. 1t has been
reported (18) that at CJ a)) mnolecular
bonds are broken. IF that occurs, or
to the extent tnat occurs, carbon not
yet reacted nor condensed to solids or
quast solids is effectively a gas (if
not funized), which has the high posi-
tive hea* ot formation of +172 «xcal/mol
or o.er 14 kcal/gm. The heat sink of
unreacted, uncondensed carbon would
reduce the system's immediately
avatlable eneryy, while the carbon
would not be a good low-molecular-
weight gas because of fts alevated
thermal state and the ensuing -~on.
densation.

Aluminum s a fuel of interest
and pragmatic importance, differing
from carbon in practicn because 1t s
usually in elemental particles {n
formulations. If small particles were
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TABLE I
PERFORMANCE IN CYLINDER TESTS
xplosive Diameter Density TMD D Wall Velocity km/s
k mm gm/cc X km7s VIVye2 V7V,=7 T VTV=TT]
TNT 25.4 1.63 98.5 6.99 1.23 1.40 1.46
E0D 24.4 1.55 97.2 7.55 1.29 1.44 1.46
Comp 8 64 RDX 25.4 1.72 98.5 7.99 1.42 1.63 1.68
EA 50/50 25.4 1.60 96.5 6+ 1.086 1.24 1.33
50.8 1.59 95.9 7.67 1.28 1.45 1.50
101.6 1.61 97.1 7.37 1.34 1.49 1.53
EAK 50/42.5/7.5 101.6 1.64 98.5 8.02 1.33 1.47 1.52
EAK 42,5/42.5/15 25.4 1.62 96.6 6.93 1,35 1.52 1.47
50.8 1.60 95.4 7.70 1.36 1.50 1.56
101.6 1,65 97.2 8.17 1.36 1.50 1.58
[EARL-1, 5.2 Al 50.8 1.65 96.4 7.46 1.34 1.51 1.52
101.6 1.66 97.0 .02 1.37 1.54 1.61
EARL-2, 14,8 Al 50.8 1.72 96.8 7.23 1.30 1.46 1,49
101.6 1.71 96.2 7.70 1.39 1.61 1.69
Amatol 57AN  Sum 25.4 1.61 95.1 6.07 1.01 1.18 1.23
54AN 25um 50.8 1.61 95,2 6.05 1.01 1.18 1.24
Compositian. are weight percent., Cylinder wall thickness wat 0.1 x 1.D, (diameter
shown). Amatol data courtesy F. Helm , D. Breithaupt, R. McGuire, Lawrance Livermore

E}tional Laboratory,

TABLE |1
SOME CALCULATED PRUDUCT AND DETONATION PARAMETERS

b
Fuel kati K L. . S

Exployive M:!'.\_.J L R i A - r - Ty -

MIC H/{HC) mols/kg gm/mol mols/kg mols/kg K km/ 4 GPa mols/kg 3 km/y GPa
-, NS E ST T XTI TITIIMRIATLS I L ITTT AT I T IATIS rraTeaitamel FWATETTATASTE TITAART TR ETEERAL EH XA RXITIRTTRIT LI 43T Tpmbppme o020
NT 0.7 5.6 2.1 28.% 2.1 27,9 11 1,18 20,4 8.5 N05 6.9 20.8
Amato) (GOAN) 114 20.8 6.3 25,7 5.8 Jo.4 2421 BN 28,0 36,3 1816 8.4 B9
Amatol (M) 6.7 359 n.8 25,1 0 40.0 2265 8.68 n.5 4.0 1392 8N N2
TATS 1.00 1.1 8.1 7.2 i7.4 8.0 nn 8y nl ".1 2128 7.88 N7
X 2.00 14 3.8 7.2 6.8 n.a 093 9.8 40.2 n.0 2264 9,01 XA
£on 5,00 N4 40,3 2.4 8.1 40,1 2140 2.78 24,1 40,) 1Yy 68 .6
EA 44/56 11.00 Al.0 42,2 23,7 v 42,2 2176 8.6 2.) 42,2 1196 0.8 0.8
o Kamlet-Jacob: H20-C0; arhtlur ® (8); M4 v average of gaves; C ty carhon
b KN with modifled purnun (7
| Some calculations (a and b) et TMD, others st 9% to 98 M0 _
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converted to a gas by the detonation
or by /iberation from a compound, as
suggested for carbon, the effects
might be quite similar to those of
carbon: Upon forming individual
molecules of oxides, those too would
be what is normally a solid in the
gaseous state, with very high positive
heat of formation and a hard-to-
predict thermic situation dependent on
condensation states and rates.

The effects of aluminum on per-
formance in moderate time frames such
as in the cylinder test or plate dent
may change considerably with variations
in the amount in the formulation: In
relatively small quantities in fine
particulate form it may help by both
burning and condensing quickly enough
to raise the ambient temperature of
the fluid and thereby increase the
overall reaction rate; the influence
of tempecature on the reaction rate is
aiscussed by McGuire in this symposium
(10). 1In larger amounts the times
might be too long. The formulations
EARL-1 and EARL-2 have approximately §
and 15 percent by weight aluminum (5
to 20 micrometers diameter), and as
may be seen from the cylinder data of
Tatle I, the lesser amount of aluminum
depressed the detonation velocity of
the nonaluminized EAR only slightly in
either 50 or 100 mm diameter, with D
over 8 km/s in the larger size. At
the vame time it had 1ittle if auy
effect on the energy in 30 mm diameter
but fncreased it in 100 mm diameter at
expansions greacer than V/Vo = 2, The
greater amount of aluminum reduced the
detonetion velocity in both sizes and
reduced the cylinder energy in 50 mm
diameter but increased it signifi-
cantly at all expansions in 100 mn
size. Such crossovers puint toward
nonlossy ways to tailor energetics
effects,

WEDGE TESTS OF SHOCK INITIATION

One of the effects of plane shocks
of moderate duration in EAK was a
rather linear increase in shock speed
through the wedge thickness (maximum
55 mmg over a wide range of {uput
pressures. Slopes and intercepts are
shown fn Fig. 1, which illustrates the
effects of input pressure and composi-
tion proportions. The eutectic EAK
composition, 46/46/8 by weight, is
appavenly more sensitive than 50/42/8,
even though there is less of the deton-
able cimponent, EDD., It is not unrea-
sonable to expect the sensitivity to be
near the maximum at eutectic propor-
“ions becavse the intimacy of mixing
shou'!d be greatest and the effect of

particle sfze smallest. Reducing the
EDOD to 42/50/8 depressed sensftivity
and produced almost the only falling
waves observed, in 4 out of 5 tests.

Some batches appeared to have a
low maximum velocity. This could mask
classical transitions to high detona-
tion velocity and can even give the
impression of failing, if the {input
shock is very strong, overdriving the
materials, as in Batch 334, Fig. 2.
The low performance is probably a
result of coarse microstructure, as
seen, along with considerable aniso-
tropy, in Figs. 3 through 6. These
scanning electron micrographs are from
three mutually orthogonal cuts of the
same sample, the fourth picture iden-
tifying the particles which are AN,

There were a few occurrences nof
the classical wedge-test result, rapid
transition to high-speed detonation.
One of these is seen in Fig, 7, where
there is also evidence of overshoot to
higher-than-normal 0.

Figures 8 and 9 show two other
responses often seen. One (Fig. 8)
shows fairly steady shock velocity
increases through the wedge after a
period of 20 mm or so of no accelera-
tion, implying slow or late growth in
reaction behind the frort., There is a
suggestion of an overtaking wave at
35 mm, followed by further linear
increase in velocity to near-normul D,
In Fig. 9 there {s evidence of insta-
bility, possibly reflecting frregular-
ity and anisotropy in the microstruc-
ture; the structure of the shock
progress is very complex, with, possi-
bly, more than one transition,

Figure 10 shows shock velocicy
decreasing, taken to be incipient
fatiure in EAK 42.

Because of the dearth of clear,
quick transitions to known high deton-
atton velocity, true Pop-piots could
not be fitted; but nonlinear increases
in velocity of the shock suggested
overtaking waves often enough to try
fitting distances to these "transi-
tions” to input pressure in log-log
space., In Fig. 11, which also includes
Pop-plots of several standard materials
for comparison, the right ends of these
plots occupy positions near those of
insensitive explusives, but with rela-
tively long run even at high pres-
sures, The slopes are much flatter,
putting the left ends nearer the region
of more sersitive explosives, with only
moderately longer runs at lower pres-
sures than at high pressures,
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initial and final veloc~
ities., The eutectic com-
position (EAX 46) is appar-
ently more reactive than one
with more of the detonable
component, EDD (EAK 50). EAK
42 displayed incipient fail-
ure.

See next page for description.

initial and final veloc~
jties. Batch 334 apparently
has a maximum D of about 6
km/s, aven when directly
{nftiated by Comp. B (upper
line} and not too high den-
sity, with 6% voids). Batch
154 shots had only 1% voids.
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figs. 3. - 6. Scenning electron micrographs of a sample of cast EAK 46 cut in

three mutually orthogonal planes. Fig.

5 is along the cieavage

plane, Fig, 6 is a potassium x-ray distribution map of the field

in Fig, 5.
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+992 of TMD, pressure of 21.4
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.99 of TMD, pressure of 13,0
GPa in the wedge.
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some-well known explosives,
and runs to transitions
versus pressure in EAKs.



Akst (5025)

In the context of duality in the
nature of sensitivity, these materials
might be said to exhibit l1ow explocive-
ness--1ikelihrod of escalation to very
violent reactions--but not low sensi-
tiveness. The results of Foster and
Craig (19) using a larre-scale (200 mm
diameter confined, 200 mm iong run)
“gap test" are not antithetical to such
a description.

The effect of void space or its
tack was variable: densities were
mostly quite high, and density was
often overridden by other strong
variahles. For example, fast-frozen,
fine-microstructure EAK pressed to
high density was as insensitive as any
of the other batches, yet one of the
few fast transitions to nigh D occur-
red in this material at over ,99 of
theoretical maximum density.

High-energy composite propellants
can sometimes exhibit reaction struc-
ture similar to EAK in wedge tests, as
observed from the work of Dick (20).
The slow growth of reaction in all
these materials, with failure of
EAK--most of the time--to transit in
these experiments to known steady-
state datonation velocities of 7.5
km/s and higher, is, we suppose,
idiocratic to intermolecular systems.
The 2vents in the early states of ini-
tiation and growth of reaction are made
clearer by the wedge method, while the
test's constraints on run time and
distance to maintain one-dwmensionality
and minimize confusion with diameter
effects 1imit definition of the final
stages before steady state.

CONCLUSIONS

Explosives physicists should find
it worthwhile to study detonation pro-
ducts and their states more compre-
hensively. Explosives chemists might
look for interroiecular systems and
monomolecular compounds with more
hydrogen fuel and less carbon fuel
even at some cost in density, a para-
meter skewing the search for new com-
pounds toward carbon. Such new
intermoleculars and compounds are
reasonably sure to he g¢a>d and useful
explosives in some way, if only to
advance detonation science.

The wedge test or some otker non-
invasive experiment with internal shock
following, plus longer runs, could
provide basic data nn reaction buildup
in intermoleculars and other composite
systems. The data might also be useful
in the safety contexts of sensitiveness
versus explosiveness.
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