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ABSTRACT

An extreme test of the "‘hot-spot’’ model of explosive initiation as ap-
plied to microscale irradiation events should occur when the explosives
are irradisted at elevated temperstures. To so test this model, fission-
fragment irradiation~ ~f four explosives selected for their high reaction
rates (RDX, HNX, PETN, and nitroglycerin) were performed at 125°to 215°C.
No explosions or signs of thermal decomposition were obscrved with any
of the explosives. Since a detailed analysis of the resulting cvlindrical
zones of radiation heating and their subsequent behavior with time predicts
initiation for these particular explosives, it appears that the "hot-spot’”
model is inadequate in describing microscale irradiation phenomena.
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Considerable research has beea dome in recent years (Ref 1) to deter-
mine the basic conditions aecessary for the initiation of an explosive. Nost
of the more emeasive studies have beea made on the macroscopic behavior
of explosives and have been imerpreted saisfactorily in terms of the clas-
sical “hot-spot” model (Refs 2-6). Several explosives have also been sub-
jected to irradiation, but mot uatil recently has a detailed analysis of this
process been attempted.

Ceray snd Kaufman (Ref 7) irradisted several explosives with pioas to

prodece spherical hot spots less than 10~ cm in diameter. In this work it
was noted that o initistions had occurred. However, it was shown that the

high energy-deasity produced by pion capture (whea assumed to quickly de-
grade to thermal eaergy) (Refs 8 and 9) shoutd cause a temperature increase
sufficiem to initiate several of the irradisted explosives.

A comparative analysis of typical pioa-capture and auclear-fission events
shows that, in the latter process, a higher energy-density occurs and hence
the temperstwre increase is greater. As is discussed in detail elsewhere
(Ref 7), the energy deposited by the Anger electroas and alpha particles
which arise from a “‘typical’’ pioa capture evest produces a spherical hot
spot. The intense ionization aad excitation aloag a fission-fragment track,
however, produce a bigh energy-density region of cylindrical geometry.

Irradistions of a few explosives hav: been performed with fission-frag-
ments (Refs 10 and 11) but no initiations have been obsetrved. (The explo-
sions of aitrogen iodide are apparently due to a surface effect rather than a
thermal spike (Refs 12-14).) However, the calculations of Cerny and Kauf-
man (Ref 7) indicated that some of the more sensitive secondary explosives
had not been investigated and that, surprisingly, the frequently investigated
lead azide was not expected 12 initiate on this model.

The purpose of the present work was to determine the behavior of several
of these more sensitive high explosives when irradiated with fission-frag-
ments at a controlled elevated temperature. Tabdle 1 (p 11) shows the tem
perature required to produce various degrees of decomposition in 107" sec-
onds (the characteristic time for heat digsipation) for all the explosives in-
vestigated. It is apparent that the strength of the thermal spike arising from
the irradiation need aot be great to produce appreciable heat from chemical
decomposition. Then, by having the explosives at some elevated temperature,
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say 150°C, the hkelxhood of an madlanon-mdnccd initiation-according to

the “hot-spot" model —should be sngm&cantly in¢reased. Table 1 al'so:
shows the t temperatures used in ‘the experiment: Four high i purity (>99%)
secondary explosives were- mvcsngated pentacrythruol tetranitrate (PETN);

*hexahydro-l 3,5—mmtro--z-maune (RDX), octahydto-l 3,5, -tetranitro-s-

tettazine (HNX), and glyceryl trinitrate (mtroglycenn)
'QXP!RMENTA&?RQC_ED\IRE

A variak! ie-temperature exploswe containct was used to heat the cxplo-
sive samplec. ‘A small quantity (0:30 ml) of an acidi¢ solution containing
Cf—252 (3% spontaneous flsslon) was.added t6.300 mg of each explosive. In,
the case of the thteesolid explosives the mixture fot each péliet was then
dried, mixed, and pressed ontd 2:10-mil thermocouple in- right-cylindrical.
pellets approximately one: quarter inch-in diameter and one-quarter inch
high. Each pellet was inserted in the container and heated on all surtaces
except the top from room temperature to- approgimately 35°C below the melt-
ing point of the explosive. The pellet was kept at this temperature for thirty
minuies and-then heaied to ignition. The time to ‘ignition, which ranged.
from 4 to 10 minutes, and the temperatires of the pellet and the containér
were recorded. Five pellets of eiich explosive were'studiéd in this way.
The behavior of the explosive pellets concaining Cf-252 was compared to
that of pellets of the same explosivé prépared’in an identical minnerbut
witkout Californium.

The amount of Cf-252 in the pellets was determined by measuring the
alpha-activity of small-samples of the solution.in a liquid scintillation
counter. The ratio of:spontanccus fission to alpha-decay being knawn, it
was possibie,torisce}tain that at.lcast.three fissions per minute occirred
in the explosive samples. Table 2 (p 11) shows.the parameters of typical

light and heavy fission:fragments for Cf-252 (Ref 15).

The liquid nitroglycerin samples were easier-to irradiate since it was
only.necessary to add the solution containing the Cf-252. The mixture was
then placed into the container in a small-beaker.and the'thermocouple im-
mersed.

A second method of irradiation also employed was using Cf-252 plated-on
small platinum foils. In this case, a foil was placed in direct contact with
the top of the pellet-(immersed in the case of nitoglycerin) and the pellét
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‘Was, heated*as before.. Procedutes similar to those used in’ the first method

to contml heating to ignition and to measure the activity were followed.
Tl!ewamou;nt of radiation;to ‘which eacll pellet was exposed was determined
to be 33 fragments pér. mlnute, wlncl\ was epprecubly greater.than that of

:the fnrst method.

‘RESULTS AND DISCUSSION.
i :

No'différenccs between the tesponse of the irradiated explosives and the
standards-were obsetved even though the formet wereiexposed to about 200
to 2000 lnsszowfragments. The “hot” pellets sllowed no signs of accelerated
decomposmon (compued to the standards). cither when held at the elevated
tempemure ot.when’ heued to ignition. Both:types of pellets of .an explo-
sive 1gmted at'the same temperature; in the same general manner, and in
the same time-within the normal range of deviation for such measurements
of exploswes

Although the hssxon-fra;ment ifeadiation. &d not initiate these explosives,
a detailed quanmmve analysns was made t6 determine the predicted be-
“havior mtlnn the-framework of the “‘hot-spot”’ model (Refs: 206) This model
ihas enjoyed some success in explnmng the behavior of exploswes ona
macroscopic scale, . but has not often (Ref 7) been used in detailin.an
analysis of mictoscale processes.

Initial. "tempemure"-radms proflles for the "'hot-spots,”* which in reality
are enetgy-udlus profiles, were obtained by calculating the energy de-
.posued in successive cylindrical- shells.coaxial with thes ﬁss:om’ragmem
teack. Such: calcula}xons are complicated, however, ty a lack of precise in
formation on the relative amounts of energy that a qtoppin‘gfissipmfragment
loses to excitations and ionizations. ‘Magce’(llef 16) discusses the ionization
and excitation resulting from the passage.of high-energy. charged particles
thiough matter and postulates that two pfocesses-termed “head-on"" and
"glancmg" collisions—make equal contributions to the differential cnergy
loss of the. particle. Employmg this model for theinitial prct.of its track,
we assume that a fission-fragment would losc-half of its energy in producing
delta rays (knock-an electrons of ‘energy, say, greater than 200 ev) and the
othet half in low-cniergy ionizations and excitations. This latter type of
‘energy deposition was assumed to occur within 10A of the center of the
track (Ref 17). Although the values:chosen for the minimum delt cay energy
and the radial distance for lesser energy drops are somewhat arbitrary, it
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xs evndem (Refs 17 and*lS) that:200.ev is' ot the correct order of magmtude
for'such a figure and that for.the explosives, mvestngated 10A is approxi-
mately the. stranght-lme distance traveléd by a 200-ev electron:

The relative- number of delta rays of a given energy that are.ptoduced by
the ﬁsswn fragmcm can be found usmg the relation of Nou as cxted by
snble energles) to one-half the value of:a \db./dx) which was calculated {rom.
the range-energy cutves of Fulmet*(Ref 20). This pamcular (dE/dx) was
chosen at-the point along the. track where the’ fragmem had lost onehalf
its'initial energy.

The clectron range-cnergy relation used to find the energy deposited
away from the track was that of Glocker -as cited by Katz and Penfold (Ref
21). To account for the fact that, such slow electrons do not move out i a
s;ralghg liné nor in a plane perpendlcular to the-fragment track, one-half of
the-practical sange as given by Glocker was used as-an average, or eifective,

‘tange (Refs 22-25).

The time required for the passagé of o fission-ftdgment and its subse-
quent- energy deposmon is of interest, For a-section of the track where
I-d~100A, the passage of the fragment through chis region and the Stopping
of the lowenergy delta rays. should 'occur in appreciably less than 107
seconds. Hence we may assume that the: initial encrgy d stribution arises
in 10~ ‘seconds.

For-a {irst-order feaction, the subséquent time-behavior of the (cylindrical)
hot spot'is.governed by thee heat diffusivn equation:

_‘?_I:_ - K vl T - _9_ nzc—E/RT (i)
& ¢

where T'is the absolute tcmpcrn‘ture, t isthe time, & is the thermal diffu-
sivity, Q is the heit of.reaction, ¢ is the-specific heat, 0 is the mass g
fraction of unconsumed reactant, Z is the Archenius pre-cxponemnl factor,
E is the activation energy, and R is the gas ‘constani. Also & = ',','E‘ where

k-is the thermal condactivity and p is the density. These constants are
listed in Table 3 (p 12) for the explosives-iavestigated.




Soluuons to Et{uauon 1'fér later-times were obtained consistent wich the
mxtnal;temperawte ‘profile and:3ubsequent feactant consumpuon The
method employed was:an exténsion of thé Schmidy ‘method, modified to in-
-clude the heat lxberated by chemxcal reaction’ (Ref 37). The matetial ' was
,dwxded mto Y scnes of concentric. Cylindrical. shells,. the temperature of

” ’each shell belng nmform, and.the. temperatuces of the various shells detér-
mined by the initial: temperamte-radlus profiles (Figs -3, pp13-15). The
-temperature for: thc ith:shell,. T;, at time ¢ + At was then obtained from the

teémperatures;at time. t-by. the approximation:

><[zl'l (t) - Ty (t)]‘ +-S n; (®) Z] M Ty (¢) (2

| where Ar.is the thickness of each cylindrical shell and r; is.the radius to
the centef of the i*™ shell.

We have assumed that, since molecular vibration freqienci~s are - ~10%/
sec, it is possnb!e to have the initial- energy. profile transformed into a tem-

-perature profile by 10~ seconda Secondly, we ‘have assured that this
tiansition. from an cncrgwadms to a temperature-radius distribution can be

‘estimated by using Equanon 1 neglecung :chemical reaction.. ‘After 1071
seconds, the complete solunon to Equation.2is obtained. The temperature-
radius profiles were calculated using an IBM 709 digital computer. Equation
2 was solved for a series of time intervals, At. being chosen in such a-way
-that the temperatute change in any shell during the time interval was less
than 5% the shell thickness, Ar,.was taken to be SA. The results for: RDX,
nitroglycerin, and PETN arc shown in Figures 1, 2, and 3, respectively,
with initiation predicted in all cases. The bchavior of HNIX is expected o
follow very closely that of RDX.

An alternative approach was used ta check the sensitivity of the results
6 a variation:in the.initial enérgy-radius profile..In this case;. energy dep-
ogition was assumed to be due to delta rays ¢ alone so that the [*‘mperalure
for the ficst three shells’ (15A) were esscnually identical (-1. 4 x10*°Cin
s RDX). These calculations also prédicred that initiation should occur in
: cach cxplosive in much the same ‘manner as in the initial. case, Although
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‘initiation is predicied for:all-the- explosives investigated, such is not-the
case fof explosives in general;, 43 was shown previously. (Ref 7).

The.thérmochemical and physical. values used in.the calculations are
. listed in Table 3 (p 12). It was assuined that the thermal conductivity and
'speéiﬁé -heat were teniper'atuie:indepen&ent, and further that the spe(:ific
heat of the products of teaction was the-same as that of the ougxna. explo-
sive, :Macroscopic: thermal parameters were used thioughout as in previous
work, since no evidence against their suitability had been found. (Ref- 38).

These.results shiow once. more the inadequacy of the '‘hot-spot” nodel

; in. descnbmg the éffects of microscale events in explosnve materials. It

should be notéd. that Bowden_and Yoffc (Ref 1) have postulated that a crit-

ical size of 10~* to 10 cm musi- be éxceeded before. the model is appli-

-cable;’ however, it is' ot apparent from the mathematical model itself just

‘how this limitation comes about. Two theories have been proposed recently

which when applied.io out cxpenmental conditions appear to'yield results

consistent wuh ours, A recent estimate has been made by Dodd (Ref 39) ’
‘using a ‘statis.ical approach which indicates that simultaneous decompo- ‘
sitior of of the order of only 10 molecules:is sufficient for initiation to
occur. -Secondly, a statistical model has also been used by Ling (Ref 40)
‘to:describe ‘initiation phenomena. In npplylng this model to the case of
t'lssmn-fragmem irradiations, he finds that for.temperatures of ' 200-400°C
in the volume around the teack initiacion is unlikely. It appears, however,
T . that if his calculations were extended to'include the higher temperatures
indicated in thlb work ‘(say '1500°C in a 100A radius cylindrical wolume),
this model would also predict chat initintion is likely.

On the other hand, some of the assumptions made-inour work are open
‘to question. The extrapolation of kinetic data.to the conditions of this ex-
periment.is unaveidable but possibly etroneous. Certainly, the processes in
volved.in the conversion of energy. to temperature and their interrelation
with chemical reaction are not well understood when considered on this
time scale (Ref 41): It is conceivable, ag has been noted in shock-wave
experiments (Refs 42 and {3), that a delay may exist between:the time at i
‘ which a temperature disteibution is established. and the beginning of cheme
ical reaction. It should also be noted that calculations dealing with atomic
displacenents in copper indicate that heat dissipation may.occur mote
rapidly in mictoscale-events than would be expected from classical heat
conduction (Ref {4). Il there.is an annlogy, such an effect in explosives
would:considerably alter our ealculations, Lacking more.precise information
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concerning the assumptions made, however, it appears that the “hot-gpot™’
model. may:réquire considerable.revision to account for expetimental data
on explosive irradiations.

We wish to thank ‘Dr. Harold J: Matsuguma for his assistance in the

, .
preparation of the expefiment: '
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TABLE}

Tempersiwes required for.verievs fractional décompositions*

“Meximum
Pessible Temperature of the Explosive
Temperature °c) [unirod te Preduce o Exgerimental
Increase Decempesition of Temperoture,
Explasive (Q/¢), °C % S0%  99% °¢
RDX 4850 750 935 1035 160:
HMX 4020 805 1025 1160 215
"PETN 4930 1065 1625 20650 125
Nitroglycerin 5380 640 815 920 180°

*These ate the ieupgratn;gs at which each of the explosives must be kept for 1w
seconds in ofdér to produce 1%,.50%, and 99% chemical dccomposition: Also listed are the

temperatuie incréases that would icault from g’ompiete decomposition {Q/c¢), and thé tem-
petatutes at which the irradiations were perfoirued,

TABLE 2

Typical parameters for fission-fragments
from the spontancous fission of Cf-252

‘Parameter Units Light Heavy
Mass (M) amu 111 14)
Energy (E) Mev 100.5 78.0
Velocity (V) cmdsee 1328 10 1.03 % 10”
Range (R) joof RDX 8.4 7.0
Charge {2) senoe 44 54

11
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