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The Thermal Detonation of Lead Azide

The minimum detonation temperature of dextrin and
service azide 1s sharply critical (within 1°C.) for a given
batch, and may be raised by compression, wetting with butyl
phthalate, or increasing the surface/volume ratio of the
charge container, Large single crystals of lead azide
have a lower mininmum detonation temperature than have
smaller crystals, These facts indicate that self-heating
is a factor in the detonation of lead azide, the rate and
amount of self-heat being influenced by the inter-particle
thermal conductivity of the charge sample,

The induction periods preceding detonation at a
given temperature are reproducible within experimental error,
precludings the possibility that thermal detonation of lead
azide 1s caused by the collision of material or energy chains,
which would produce a more random distribution of induction
period data,

The activation energy of the detonation of sensitiz-
ed service azide 1s slightly larger than the activation en-
ergy of the pre-heating reactlon, hence the sensitlzation
effect of pre-~heating cannot be due to the formation of a
catalyst, The sensitizatioﬁ effect is permanent, but can
be nullified by wetting of the sample with phthalate, indi-
cating that pre-heating may merely cause a surface change

which decreases the inter-particle thermal conductivity,



THE THERMAL DETONATION OF LEAD AZIDE,

Knowledge of reactions in solids has lagged far
behind that of gases and liquids, becazuse of the dif-
ficulties involved, and only in comparatively recent
vears have extended attempts been made to remedy this
deficiency, Consequently, explosions or detonations
of solid compounds have been the subject of compara-
tively 1little work, and even in the past five years,
which have shown the necessity for more exact infor-
mation in this field, the amount made available on the
kinetics and mechanism of detonation is quite limited,

The search for, and develoopment of new explosives,
under the stimulus of war, make fundamental studies of
the initiation of detonation highly desirable, since
an adequate background of experimental fact should
facilitate interpretation of the behaviour of explos-
ives and their practical development., Practical develop-
ment 1s still in the empiricel stasge, while theoretical
treatments have been based upon a minimum of findamental
experimental work, and that of a type flexible enough to
accommodate almost any newly proposed mechanism, Ob~-

viously, the deficiency that exists can only he remedied



in the laboratory, where, however, slow progress may
be anticipated in view of the meagre information
avallable and the ever present difficulty of investi-

gating reactions in the solid state,



HISTORICAL INTRODUCTION

It was natural that early attempts should be made
to relate detonation in solids to detonation in gases,
which had already been the subject of considerable in=-
vestigation, Chapman (1), in 1899, developed mathe-
matical equations which made possible the calculation
of detonation velocities of compounds for which the
thermodynamics and physical data were avallable, These
calculations made no attempt to glve, nor did they re-
gquire, any Information about the mechanism of propaga-
tion of a detonation, nor about the kinetics of the
reactions involved, The equations gave reasonable re-
sults, limited by the accuracy of the known equations
of state for the high pressure and temperatures involv-
ed in the detonation reaction,

Similar equations were developed independently by
Jouguet (2, 3) in 1905, based on Hugonlot's (4, 5) theory
of shock waves, and more recently improved by other work-
ers, including von Newman., (6)

Such work has little importance for the purely
chemical aspects of detonation, although it may be used
in the empirical development of explosive mixtures of
improved detonatlon velocity, which, if all other factors
are equal, gives a measure of the brisance (i.e, '"shatter-

ing power") of the explosive, Provided the reaction zone



1s small compared with the diameter of the explosive
charge, the reaction velocity of the explosive does
not influence its detonation velocity. (7) Where true
detonation is involved, and not rapid combustion, the
detonation rate depends upon the chemical composition,
geometry, density, mechanical confinement and physical
properties of the explosive, For burning mixtures,
such as cordite, the slow rate 1s determined primarily
by the reaction rate rather than the physical properties,
Detonation velocitles can now be measured with an
accuracy that is remarkable (better than 1%), consider-
ing that they range between 2,000 and 10,000 metres per
second, The modern method involves the use of a high
speed rotating drum or rotating mirror cameras, (8, 9,
10, 11) which record the velocity in terms of the slope
of a line made on a strip of film exposed by the light
of the advancing flash of the detonation itself along a
stick of explosive, The detonationvvelocity of an ex-
plosive 1is the stable velocity which it can 1ltself sus-
tain, and which will be constant if sufficient length of
explosive 1s available for the stable value to be built
up, Lower and higher values can be found, but they are
unstable and the detonatlon may die out, or will approach
the stable veloclty, depending upon whether the shock
wave from the initiating explosive produces a wave faster

or slower than the minimum critical wvelocity for the



explosive, This critical velocity will depend upon

the sensitivity of the explosive, hence 1t 1s almost
zero for initlating explosives, or detonators, whereas
TNT mixtures require "priming" with fairly high initial
velocitles,

The mechanism whereby an explosion is initiated
and propagated in a solid has been considered by several
workers, Berthelot (12) proposed that detonation by a
shock wave or ilmpact was due to heating caused by adla-
batic compression, raising the reaction rate to explosive
velocity, This theory, while not yet repudiated or aban-
doned, has met with much criticism, and more complex
mechanlisms have generally been proposed,

Muraour (13) and Semenov (14) proposed an energy
chaln mechanism to account for the high speed of propa=
gatione, A molecule 1is assumed to decompose, passing its
heat of decompositlion on to activate the decomposition
of a neighbouring molecule, or, in the case of a branch-
ing chain, to activate two or more molecules, Muraour
assumed that the presence of heavy metals, as in most
initiators, favours the formation of energy chains.

Garner (15) considers thls possibility for lead
azide, assuming the decomposition to take place as
follows:

(a) 3 P + N3 u

W=

Pb+ No+ N = 51 Kcal

(b) 3 Pb” + Nz+N a % Po+2Ng + 157 Keal



The two reactions would occur in one stage, releasing
106 Kcale., which 1s sufficient heat to activate two or
three neighbouring molecules requiring 38 Kcal, per mole,
The detonation rate in lead azlide 1s 5300 metres per
second, so that the detonation wave traverses each mole=
cular layer in about 1013 seconds. Since the lowest
frequency of vibration of the Nzion in lead azlde has
been shown (16) to be 2 x 10 15 vibrations per second,
the detonation wave travels at about the maximum speed
at which thermal vibrations could be transmitted from
one ion to anothere The energy then must be handed on
within sbout 10~13 seconds, or else will be dissipated
and loste

Criticism of thls theory has been made (17) on the
grounds that with such a rapid transmission of energy,
the rate of decomposition should be (a) very rapid, com-
plete decomposition occurring within a fractlon of a
second, and (b) almost independent of temperature, pro=-
vided it 1s high enough to initiate any decomposition,

A strong point of argument ageinst the chain mechanism
is the fact that the reaction 1s not affected by the
addition of well-known chain breskers (18), It is not
denied, however, that short energy chalins may be a factor
effective Immedlately preceding detonation arising from
comparatively slow decomposition., Eyring (19), in his

recent theoretical treatments, has shown that detonation



need only be considered from a purely thermal viewpoint,

and that chaln mechanisms are not necessary for the math-
ematical development of the accepted relations governing

detonation phenomené.

To explain the apparent variability in induction
period leading to detonation, Muraour (20) proposed that
initiation of detonation requires the simultaneous de-
composition,in the same region, of a large number of
molecules, Garner and Gomm (21) suggested that four mole-
cules are required in lead azide to form the so-called
"reaction centre", Thils estimate was based on their data
which showed the activation energy of the detonation re-
action of lead azide was 200 Kcal., a value not confirmed
in this laboratory, or elsewhere in the literature, Sutton
(22) showed by X=-ray analysis that the unit cell of the
lead azide crystal contains eight groups of three mole-
cules, and suggested that the '"reaction centre! might be
one of these three-molecule groups, In a later paper,
Garner (23) revised his ideas, and showed, on the basis of
probabllity, that more than two molecules could not be in-
volved. At 290°C., in vacuum, the number of lead azide
molecules decomposing per second per square centimetre
of interface is 1,1 x 1016, or about 30 layers of 1i1lons
decomposing per second, The probability that two mole-
cules will be decomposed in adjacent places on the

-13

interface within a timec intervsl of 10 seconds, 1is



about 4 x 10‘9, and that for a "ternary" decomposition
15 1.5 x 10~29, The chance of a "binary event" is thus
4 x 104 times per second, and that of a "ternary event"
is one in 107 seconds, Since, at this temperature, in
vacuum, detonation occurs in 20 seconds, a binary decom-
position could be the cause of detonation, but a ternary
decomposition 1s too rare to be an effective cause,

The suggestion has also been made by Garner that
detonation may occur when two chains intersect, thus
producing a binary eventes Robertson, Sinclair and Rideal(24)
used the probability of a binary event to explain the
erratic results obtalned with potassium plcrate, They
placed single picrate crystals on a hot wire, and measured
the rate of reaction during the induction period by cal=
culating the rate of diminution of the molten globule,
From this rate the probasbility of a binary event or a
collision of energy chains could be calculated, However,
this theory, as do the related theories, depends upon the
experimental variabllity in induction period, and in this
light merits further comment in the conclusions of this
thesise

Carl (25) proposes what he calls the "breaking theory"
of initlation, and while he admits that it 1s open to
criticism, suggests that 1t may indicate the way to further
experimentation, He opposes Berthelott's view that deton-

ation is a heat~induced reaction, with a relation between



sensitivity and rate, and claims the rate is largely
due to physical properties, such as denslity and elasti-
city, and that the violence of the detonation is alone
characteristic of the chemicel properties of the explos-
ive, A violent pressure wave will cause rupture of the
valance bonds, and reaction ensues at these active faces,
Small amounts of impurities as coatings on the crystals,
render them more sensitive, which he suggests 1ls due to
thelr increased strength as a result of minimizing sur-
face imperfections, and, in some cases, lncreased plas-
ticlitye The breaking wave would be sustained by release
of gases and heat, and its passage through the explosive
will be Influenced by the elasticity of the mediume The
optimum condition would occur in a perfectly elastilc
material which requires only a slight distortion to break
its bonds, He argues further that endothermic compounds
have, in addition to surface unsaturation, inherent internal
weaknesses of the "strain" typees Thus he explains the re-
puted extreme sensitivity of large lead azide crystals,
although Miles (26) prepared lead azlde crystals two and
three centimetres long, and crushed them with a spatula
without ensuing detonatlone

An excellent paper by Taylor and Weale (27), with
later theoretic development, (28) describes remarkably
accurate work with an impact machine fitted with a tem-

perature~controlled anvil, and evolves the "tribo-chemical"



theory of detonation, Thelr work deals with the pheno-
menon of detonation of solid explosives by a study of
the dynamics of the initiation of thin layers of explos-
ives by impulsive forces, Statistical methods were used
to analyse the results, and they were able to show the
effect of temperature on impact sensitivity, They com-
bine the temperature and the critical rate leading to
detonation by impact, by the equation:

kK = Ae " §, + BK
where K 1s a simple function of the kinetic energy of
the blow, and B a constante They claim that percussilve
forces (K) alone are sufficient to produce detonation,
and regard mass detonation as the passage through the
explosive of a narrow reaction zone in which very rapid
decomposition 1s taking place under the action of impul-
slve forces in the pressure wave, which 1s itself sus-
tained by the energy of the explosive productse, It is
suggested that this decomposition is primarily due to
the granules of explosive belng ground together, with
consequent tribo-chemical actione That is, the granules
are sheared tangentlially under the high normal pressures,
and the rapid making and breaking of cohesional linkages,
between the molecules in the shearing planes results dil-
rectly 1n the production of high local concentration of
activated molecules, providing reaction nuclei for fur-

ther reaction, as postulated by Garner, Taylor and Weale
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express the opinion that detonation in a single crystal
must be differentiated entirely from detonation in a bulk
explosive, However, it may be suspected that such a dis-
tinctlon is only necessary because the tribo-chemical
theory does not include such phenomena,

Garner, in his 1931 paper (21), perfected one means
of studying the thermal decomposition and detonation of
initiating explosives, or detonators, H1ls apparatus was
a modification of that used by Farmer (29) for the study
of mercury fulminate decomposition, and consisted of an
evacuated glass system in which a small platinum bucket
holding a single crystal could be lowered into a furnace,
The decomposition was followed by measurement of the gas
pressure with a McLeod or Pirani gauge. By the usual
method of rate study, he showed that the activation ener-
gy for the decomposition of o(-lead azide was 47,6 Kcal.,
and for @, 38,8 Kcale Where the decompositions were
studled at a temperature high enough to culminate in de-
tonation, he calculated the "critical increment of deto~
nation", or detonation activation energy, to be 200 Kcal,
for lead azide, This he determined from the last part
of his curves preceding detonations This is in disagree-
ment with values of 55 Kcal, for the slow decomposition,
and 50 Kcal, for detonation of «£-lead azide obtained by
Andreev(30) and is not confirmed elsewhere in the liter-

ature,
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Garner noted that the azlde crystals blackened on
thelr surface during the decomposition, apparently as a
result of a deposit of free lead, These deposits oc=-
curred irregularly, belng first concentrated along the
crystal edges, and on splitting a crystal after lts sur-
face was campletely darkened, he found that the interior
remained white, Usling as analogous reactions the dehy=-
dration of solid crystal hydrates, Garner argued that
these deposits were the centres of reaction, and that
further reaction could only occur at the interface, es-
pecially the interface between the lead deposit and lead
azide, He postulated a branching mechanism from these
nuclel, although he is not quite clear as to whether it
is an energy or material chain that is involved, The
probabllity of two chalns meeting in this two~dimension-
al system, he claimed (22), 1s of the same order as that
of two adjacent molecules decomposing simultaneously, so
it is an evént which might be responslible for detonation
of lead azide,

In 2ll investigations of the decomposition of lead
azide, it 1s reported that the reactlion seems to consist
of distinet kinetic stepse At first, decomposition 1s
slow, then abruptly increases, leadlng to a third and
last stage (a first order reaction) which msy or may not
lead to detonatlon, depending upon the temperature, At

high temperature, this last stage is almost non-detectable,



the second stage leading directly to detonation, It 1s

a point of difference whether the second stage is caused
by autocatalysis of some kind, or whether, as Garner main-
talns, the first stage 1s required to bulld up the reac-
tion nuclel of deposited lead, and the second stage begins
when the crystal surface has been completely covered,tand
the reaction begins to "drive'" toward the interior of the

crystal,

A similar phenomenon 1s evident wilith mercury fulminate,

Farmer (29) by measuring COo liberation from fulminste in
vacuo at 80°C,, found a quiescent period of slow decompo=-
sition lasting 80 hours, followed by a rapid acceleration
to constant evolutione If the sample were quenched after
reaching fhe stage of rapid evolution, reheating showed
that the pressure-time curve began agaein just whereit had
left off, showing no quiescent period, Washing the pre-
heated samples with warm water or acetone partially re-
stored the sample to its original conditione Garner and
Hailes (31) believe that this effect of washing was due
to the removal of the more active CNO ions from the re-
action interface, and hence clalmed that "the experiments
cannot be adduced in favour of the autocatalysis theory,"
They assume that the reaction spreads along the "Smekal
cracks" between the crystallites, with a branching chain
mechanism,

Farmer assumed that an autocatalyst was formed in

13



the initial stages, but found that the preheated samples
were not affected by addition of mercury, or mercuric or
mercurous compounds, fresh fulminate (hence no inhibitor
originally present there), COp, or air pressure, but was
slightly retarded by alkalis and 8lightly accelerated by
strong acids and organic basess The induction period of
quiescence was found to be shortened by exposure of
samples to sunlight,

Other workers (32) have obtained similar results by
detonating fulminate in glass tubes set into holes in a
heated steel block, obtaining induction periods of 13
minutes at 140°c, to 4 hours at 116°C., corresponding to
an activation energy of 37.8 Kcale By inserting a ther-
mocouple into the explosive sample, they measured the
rise in temperature owing to self-heating, and found it
to be as high as 33° C, above the bath temperature im-
medlately preceding detonatione Preheating of the
samples eliminated the inlitial perlod where no self-
heating occurreds Dilution with SboS3z and KC1l03 in-
creased the induction period, owing to dissipation of
self-heat, whence they suggested that dissipation of
heat between the crystals is an important factore OFf
special interest 1s their observation that the ratlio of
the induction perliods for heating in Hg and He was 1l:1,13,
whereas the ratio of the thermal conductivities of these

gases 1s l:1.,14, a relation which seems almost fortuitous,
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Andreev(30) similarly reports a "spontaneous heating"
of lead azide with the progress of decomposition,

The influence of self-heating on the thermsl ini-
tiation of detonation has been discussed in some detall
by Robertson (33)e Using admittedly scanty data, and
some broad assumptidns, he calculated a maximum self-
heating effect of about 10°C, for a 7 mgesample of lead
azide, and suggested that "further light would be thrown
on the inltliation of detonation in lead azlde by a deter-
mination of the thermal conductivity and of the reaction
rate during the induction period", and that "if the self-
heating effect is playing a part, dilution of lead azide
with substances of different thermal conductlvity should
show a relation between increased thermal conductivity
of the foreign substance and increased induction period
and percentage of fallures'", The work of Phillips,
Vaughan and Birks (32) with fulminate in the presence of
Ho and He bears out thils predlction,s It 1s possible that
Russian workers (34) too, have investigated this possi-
bility, for they report studies on the thermal conducti-
vity of explosives, in some cases before and after treat-
ment with so-called phlegmatlzers,

The decomposition of sodium and potassium azldes 1s re-
ported ty Garner and Marke (35) who showed that if the re-
actlon be carried out in a potassium~-saturated atmosphere,

the induction period for KNz decomposition 1s considerably



shorteneds The effect of Na vapour on NaNz 1is not so
markede They suggested that the inertness of these
azlides 1ls probably related to the volatalization of the
metallic products, this process absorbing energy and re-
moving & metal-salt reaction interface,

Marke (36) also reported data for the decomposition
of calcium azide, while Harvey (37) showed that BaNg de-
composes similarly, blackening of crystals being observed,
owing to the deposition of bariume He could deduce noc re-
lation between the rate of their fommation and the rate of
reaction as measured by nitrogen evolution, and proposed
a branching mechanism "of a spatial character", similar
to that proposed by Garner and Halles for fulminate, He
pointed out, however, that definlte nuclel are formed,
whereas a spatial branching would produce "clouds" of
barium deposit throughout the crystal, such as fulminate
exhibits,

Avdrieth (38) points out that for some azides, once
slow decomposition has been initiated, it can be made to
continue at a lower temperature (39, 40) and suggests
that the reaction may be catalyzed by liberated metal;
for example

2 Ba (Nz)g + Ba & Baz No + BNy

Ubbelohde (41) in 1941, began work on detonation,
particularly of azides, His procedure consisted of

thrusting small detonator samples contained in blasting

16
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caps, into a hot molten bath, and measuring the induc-
tion period leading to detonation at a given tempera-
ture, He found that for service azide, the induction
period, t, and the absolute temperature T, could be
expressed by the familiar Arrhenius type of relation:-
Int = E 4 B
RT

where E 1s the activation energy, and B a constant, de-
pénding upon the container, packing density, etc. His
data gave very scattered points, and the periods he
measured were all short (less than 10 seconds), but by
use of least squares he obtained a straight line rela-
tion on plotting log t agalnst the reciprocal absolute
temperature, The value of E was shown to be 41.3 Kcal.
for service and 23.4 Kcal, for dextrin azide, The time
lag was found to increase on dilution of the service
azide with powdered glass, A similar gpparatus has re-
cently been used at Bruceton (42), with an automatic
electrical timing device for the measurement of extreme-
ly short induction perlods, The value of E obtained for
lead azide (apparently service azlde) was 21,2 Kcal,

Ubbelohde found that samples of service azlde which
had been preheated, and quenched by chilling before the
detonation occurred required s shorter period to produce
detonation on a second heatinge Such preheated samples

were said to be sensltizeds, A similar sensitization

could be produced by exposure of the service azide samples
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to sunlight, although dextrin azide could not be sen-
sitized either thermally or photochemically, Such a
sensitization 1s paralleled by experiments with the im-
pact machine by other workers (e.g. Legge and Morrison
(43) ) where 1t has been shown that a charge that has
suffered impact without detonation may often be caused

to detonate subsequently by a blow lighter than the filrst,

Service and dextrin azides differ considerably in
thelr thermal properties, dextrin azide being capable of
detonation at a temperature (ca 275°C) as much as 40°C.
lower than service azlde, and never shows induction
periods longer than 12-14 seconds, while service azide
may exhiblt induction periods of over a minute At higher
temperatures, the time lags of the respective types be~
come more nearly equal,

The differences in thermal behaviour between service
and dextrin azides 1s rendered more remarkable by the
evidence of X-ray investigations of their respective
structures as given in the Ubbelohde report (4l)e They
are shown to be crystallographically identical, the ser-
vice azlde particles being generally whole crystals, but
including some twins, whereas the dextrin azlde particles
are agglomerates, made up of probably 109 crystallites
per grain,

Ubbelohde applies this information to account for

thelr different apparent activation energies on the basis
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of the much larger internal surface area presented by
the dextrin azide crystallites, Assumling the reaction
centres to be on the surface, dextrin azide should be
capable of setting up a greater number of such centres,
which, according to the Garner theory, should culmlnate
in detonation of dextrin azide in a shorter time and at
lower temperatures than would be the case with service
azide with its smaller surface/weight ratio,

Ubbelohde expressed the oplnion that detonation re-
sulting from friction and impact must arise from a 4if-
ferent mechanism than that involved in thermal detona-
tion, for service azide is shown to be much more sensitive
to friction and grit than 1is dextrin azide, and displays
about the same senslitivity to impact, despite the fact
that dextrin azide is much more sensitive to heat. This
conforms with the data of other workers, and 1t 1is gener-
ally believed that an additional factor of particle
hardness may be involved, (44) in addition to other fac-
tors not yet considered.

In seeking an answer to the question of how detona-
tion is initiated and maintained 1In detonation type com-
pounds, alternative methods of initiation are possible:
by impact, by friction, by heat, etec. Since detonation
must be regarded fundamentally as a chemlcal reaction,
though one of exceptionally high rate, and as such must

involve activation of the molecules concerned, it seemed
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loglcal in the present study to bring about the necess=-
ary activation by thermal means, and thus avoid the com-
plications involved in interpreting the action of other
methods of initiation.,

The method of Ubbelohde appeared to be adaptable to
the purpose in view, PFurthermore, lead azide presented
itself as an excellent material to investigate, primarily
because of 1ts two commercial forms, the so-called
"service" and "dextrin" azides, differing in detonation
propérties despite thelr identical chemical and crystal-

lographic properties.
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APPARATUS

A. BULK DETONATION:

For detonation experiments on bulk samples the -
large heating bath shown 1ﬁ Filg. 1A was used., It consist-
ed of a mild steel cylinder 3 inches in diameter and 6
inches long, with a 0,75 inch dlameter hole drilled to a
depth of 4.5 inches. The block was first wrapped with a
thin sheet of ebsestos paper, over which was wound Nichrome
wire to provide a 500 waﬁt heating element, The block with
1ts wiring was then well lagged with layers of asbestos
paper to a thickness of about one inch. The lagged block
was placed in a shallow containear partly filled with ground
asbestos, which served as a thermal insulator for the bot-
toﬁ. The top remained uncovered.

Tin was used as the thermostat liquid, since 1ts
melting point (232°C) was well below any temperatures used,
and 1ts low vapour pressure and resistance to oxidation
made 1t convenlent., Oxide slag was easily removed from
1ts surface, where 1t collected as a solid pulp.

Temperature was mainﬁained manually by a series
of rheostats, For rapid temperature adjustments, current
was shorted  directly through the heating circult around
the block, and shunted - through‘the outside resistances
for finer adjustments as the desired temperature was ap=-
proached, An ammeter was wired in series with the heating

element so that corrections for line voltage fluctuations

21
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could be made in the course of an experiment.

Temperature was measured with a chromeiealumel
thermocouple, the electromotive force of which was de~
termined withva-portable Cambridgé potentiometery ac- .,
curate to better than 0,01 millivolts (corresponding to
0.25°C). The hot junction of the thermogouple was placed
in a sheath of 6§ mm. pyrex tubing, about & inches long,
which was packed with finely ground pyrex after the
Junction had been 1nsefted, thus ensuring fairly rapid
thermal equilibrium between the thermostat liquid and
the couple junction itself., The couple was calibrated
by determining its thermoelectric power at 0°C., 232°C.
(m.p. of tin) and 327°C. (m.p. of lead).

Twenty milligram ssamples of azide were generally
used. These were weighed on to a piece of glazed paper,
and then brushed lightly into the detonation tubes, which
were No. 8 aluminium blasting caps. The bottoms of these
tubes were rounded on a steel Jig, to enswre uniform dis-

tribution of the charge from sample to sample. A small

hQle was drilled through each cap about a centimetre from
the top to permit the cap to be wired to a holder as shown
in Fig. 1B. |

Where glass tubes were required, they were made

by drawing out 6 mm. pyrex tubing to a capillary of the

|

|
one end, and the welghed charge introduced, The glass §

required bore. These caplllaries were then fused to close



tube was then fitted into a detonation cap‘whose bottom
half had been cut off, The remailnder of the cap was
stuffed with cotton batting, and the capillary:yéggéd ‘
into its lower (now open) end. The cap, with 1ts append-
ed capillary, was then fixed to the cap holder in the
usual manner, v )

A steel screen with a'safety glass window was
'piaced between the heating biockﬂand the operator, Eo
give protection against aspattering by molten tin thrown
out of the well by the detonating charge. The cap holder
.was attached to an inverted-U-shaped steel rod, which
fitted into a gulde on the operator's side of the screen,
enabling the charge to be lowered vertically into the
thermostat, while the operator remained in front of the
screen. The metal control arm was counterbalanced to
make the 6peration smoother,

The general technlque was as follows: The sample
was fitted fo the capholde?, end the control arm adjust-
ed in its guldes, When the tamperature of the tin had
. reached a steady value at the desired level, the hot
junetion of the thermocouple was removed from the thermo-
stat, end, by means of the controi. anﬁ, the charge cdn-
talner was thrust into the thermostet fluid. The level
of the fluld was kept adJusted so that when the cépholder
was firmly seated over the mouth of the well, the dhargé
container was immersed in the fluld to a depth of sbout

23



one inch, A stop watch was started at the instant the
charge was thrust 1ﬁto the thermostat, and stopped at
the sound of detonation.

Where samples were to be preheated for a time
less than thelr induction period, the control arm was
raised quickly after the fequired time, swung to one -
slde, and lmmedlately lowered again to bring the charge
contalner down into an ice-water bath beside the thermo-
stat, After some practice, the manipulation required for
such quenching could be performed in about one second, or
less. The preheated samples were allowed to chill for
two minutes before being,removed from the cooling bath.

‘After-each detonation, it was necessary to remove
the tin which had spattered up the sides and on top of the
thermostat block and to readjust the level of the molten
t:Ln to a constant depth. The hot Junction of the thermo-
couple‘was then‘placed in the bath, and the above proced-
ure repeated. '

B. SINGLE CRYSTAL DETONATION:

To study the behaviour of single large crystals
of 1ead‘azide; the apparatus shown in Fig. 1,C,D, & E was .
designed., Here the heating bath, or furnace (X) as shown
in Fig. 1D, was made from a short length of heavy capillary
tubing (pyrex) with av2 mm, bore. A fine hole was blown
through one side, as shown, to admit a platinum-platinum-

rhodium thermocouple Junction., The furnace was wound with
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about a foot of Nichrome wire (resistance of about 1 ohm),
and then lagged with layers of asbestos sheeting to give
an insulating layer about 2 om. thick. The whole furnace-
unit was then mounted in the hole of a microscope stage
(L) and the thermocouple (M) inserted through the asbestos
insulation and furnace wailg‘so that 1ts tip was just in
line with the inside walls of the capillery. The glass
sheath covering the coﬁple leads was fixed to the atage
with waterglass so that it could not shift.

To protect the objJective lens of the microscope-

from the furnace heat, 1t was necessary to arrange for its.

cooling, as in Fig, 1C. A microscope slide (N) was wired
over the end of the objective, and two short pieces of
wire placed‘bétween the slide and the lems mount, so that
they were parallel, and kept at a constant distance apart
(sbout 1 mm.). A stream of water from a fine jet (0) was
played constantly on to the slide, so that theré was a
moving film of water to carry any heaf from the furnace
away from the lens, the film being of constent thickness

. between the objective and 1ts protecting slide. By this

means, the microscope objective could be brought up close

to the end of the furnace (within 1 or 2 mm}) without suf-

fering any 111l effects from overheating.
Fige E shows the glass boats used ﬁq hbld the
erystals. These were made of 2 mm. pyrex ﬁod; which was

cut to length and flattened on a carborundum surface to
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the semi-cylindrical shape shown, To hold the erystal
firmly in position, a thin pyrex thread (P) was fused to
one end of the boat, the oppésite end being left free. By
raiaing the free end of the thread the crystal could be |
placed in position on the boat, and held by the glass "elip"}
}béing allowed to press down upén it. ‘

The boat carrylng a crystal was inserted through
the back of the furnace and pushed in until the front end
was fluéh'withrthe front of the furnace. The dimensions .
~of the orystal in the cold furnace was measured with‘a
micrometer scale fitted into the microsoope eye-pie§e. The
- boat and crystal were then removed, and a current passed
through the heating element until the furnace was brought
to the required temperature as indlicated by the thermo- |
coﬁple. Temperature was manually controlled with rheo-
stats in the heating circuit., The boat was then repladed
quickly, a stop watch started at the same time, gnd the

microscope adjusted to focus on the orystel so that its

detonation or other action could be watched,

MATERIALS

Service lead azide was obtained from the Canadian
Industries Ltd. The samples were pure white, and showed
little twinning, the crystals being generally well formed
lead azide, bextrin azide, obtained from the same source,

was a light yellow colour, and of a fluffy nature, the
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grains appearing under the microscope as agglomerates.

The large crystals of lead azide used in the micro-
scopic studiés were made using the method described by Miles
(26). About 1.3 g. of service agide was dissolved in 60 c.0.
of solution containing 8.58 sodium acetate, at 75°c., the |
solution filtered hot, and pdured into a small heated dewar

vessel, On standing overnight, many large crystals were

formed. They were filltered off, and dried at room tempera-
ture. Many of the crystals were 3~4 mm. long, but were re-
latively insensitivé,'not detonating when crushed or broken,
Pleces of convenient length for the small furnace boats were

cut to size with a raéor blade,
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EXPERIMENTAL AND RESULTS.

PRECISION OF MEASUREMENT:

As obaerved by 6ther workers, an induction period {
precedes detonation of lead azide at a given température. i
It is to be noted that this p?riod referred to here differs |

from the one obServedkin decomposition experiments such as:
those made by Garner, and others. In the present studies,
it represents the time lag between 1mmeréion and detonation
‘ of the gample at a given temperature, whereas in the.thenmal

decomposition experiments 1t represents the duration of the

qulescent perlod, i.e. the period preceding the accelerated

decomposition reaction.

The precision with which the induction period could
be measured with the large heating bath is shown by the fol-
lowing typical results in Table I, obtained when 20 mg.
samples of lead azide were detonated.

| For the dextrin azlde values, the maximum deviation

from the average was 5% at 280°C., and sbout 8% at 295°C.

With service agzide the percentage error was even smaller,
rarely exceeding 5%. .

The error is probably due mainly to cooling §
(ca 0.5°C) of the bath during the induction period, as a
result of heat conduction along the control arm, Errors
in timing and varlations in crystal size between samples

would also affect the precision of the measurements,



TABLE I
Induction Periods for Lead Azide (20 mg. samples)
Temp. (°C.) t (sec,) . Av.t (sec)
Dextrin Azlde , |

280 10,0 9.8 10.4 10.0 9.7
9.5 9.8 10.0 9.4 9.9 9.9
295 7.6 7.6 7.6 T.d 7.0 |
8.0 '7.8 7.‘7 8.0 7.0 7.6 "
Service Azide
320 48.8 48,5 49.2 48.8
48.4 48.8 48.8
365 3.8 4.2 3.8 4.0 4.0 4.0

The manner of distribution of the charge in the
bottom of the detomation tube, as well as the actual weight

of the sample would also be variable factors, Table II
shows how change in weight %s reflected in change of 1nduc- ‘
tion period. , | '

Comparing the average induction periods at 295°C.
for 10 mg andbzo mg. s;mples of dextrin azide, 1t can be
seen that t changes by 2.2 sec., With service azide there

was a sharp decrease (5.7 sec.) in t at 320°C. when the

semple welght was increased from 15 to 20 mg., and a con- |
silderably amsller decrease (0.5 sec) on inoreasing the weight i
from 20 to 25 mg. Hence, with samples below 20 mg., slight
ilnaccuracies in weighing might well produce a considerable
variation of the induction period. It was decided to use
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samples of 20 mg., however, since the detonation of larger
samples 1s of sufficient violence to cause considerable in-
convenience from scattering thermostat liquid,
TABLE II:
Effect of Weight on Induetion Period,

Weight (mg.) Temp.(?C.) t (sec.) Av.t (sec.)
' Dextrin Azide ' |

10 295 5e4 51 5.9 5.4 -
5.6 5.0 5.4 5.4

20 205 746 7.6 7.6 Toed 7.0 .
8.0 7.8 7.7 8.0 7.0 7.6

Servioe Agide

18 320 57.2 56.2 56.0 56.5
20 320 50.3 50.8 51.3 50.8
26 320  49.8 50.8 50.4 50.3

Minimum Detonation Temperature

(a) In No, 8 Blasting Caps:

It was found that a well defined minimum tempera-
ture exists, below which detomm tion of lead azide will not
occur, even after prolonged heating, but above which detona-
tion occurs with every trial, Thls temperature varles a few

~degrees with different batches tested, as seen from the typ-
ical data in Table III, but for a given batch, the minimum
detonation temperature was sharply critical within 1°G., or

within 0.5°C., if considersble care were taken,
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_ TABLE III
Minimum Detonation Temperature of Lead Azide.

Temp, (°C.) Heating Remarks
Time (sec.)
Dextrin Azide (a)
295 8.6 detonation i
285 10.0 detonation l
. 281 10.0 - detonation ’
275 11.7 detonation
270 13.6 detonation
269 60 no detonation
269 60 no detonation |

268 60 no detonation K

- Dextrin Azide (D)
278 10.2 detonation ’

275 11.0 detonation !
273 60 no detonation

273 12.1 detonation

273 12.0 detonation i
273 80 no detonation |
272 €0 no detonation

271 60 no detonation



Service Azide (&)

Service Azlde

315
314
314
314
313
313
(b)
317
316
316
315
315
315
315.5
315
315

TABLE III (cont'd)

78.4
150
87.8
96.5
150
150

8.3
76.8
73.8

120
120

- 84.7
82.8
88.1

120

detonation
no detonation
detonation
detonation
no detonation

no dotonétion

dgtonation
detonation
detonation
no detonation
no detonation
detonation
detonation
detonation

no detonation

The dextrin azide bhatches shown in Table IEI had a

minimum detonation temperature of 270°C., and 273°C,, and

the service azide detonated at 315°C - 315.5°C. respectively,

Some dextrin azide batches required a bath temperature of

2769C,, before detonation ocourred.

|
!
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(b) In glass capillariles:

To determine whether the surface/volume ratio con-
tributed to variation of the minimum detonation temperature,
dextrin azide samples were detonated in glass ocapillaries of !
different bores, The results are shown in Table IV. The
height of the column of azide in the tubes glves a measure
of the surface/volume ratio for each 20 mg. sample, the
ratio increasing with the column height.

TABLE IV

Effect of Surface/Volume Ratio on
Minimum Detonation Temperature of Lead Azide

33

Height (mm.) Temp.(°C.) Heating Remarks
= Time (sec.) . '
Dextrin Azide:
1.5 285 10.6 detonation
2.0 : 283 - 10.8 detonation
2.2 - 280 - 45 no detonation
2.5 _ 282 10.8 detonation
2.5 261 : 30 no detonation
2.6 ' 282 10.4 detonation
2.6 282 10.4 detonation
2.7 281 10.9 detonation
2.8 280 30 no detonation
340 281 30 no detonation
3¢5 283 30 no detonation
18,0 306 30 no detonation
27.0 310 2.0 ' detonation
27.5 305 30 no detonation
27.5 317 1.5 detonation

28.0 310 60 no detonation



The minimum detonation temperature was about 281°C.
for a column height of 2.5 mm., and between 310° and 317°C.

for a height of 27-28 mm.; the minimum detonation tempera-

ture in No., 8 blasting caps for this batch was 272°C. Simi-

larly, service azide showed a minimum detonation temperature
of 3239C. for a column height of 10.0 mm., as compared with
314°C. in a No. 8 blasting cape

It 1s evident that the minimum detonation tempera-
ture 1s markedly influenced byzthe surface/volume ratio, A
a higher temperature being required as the ratio is increas-
ed, despite the fact that the rapidity with which the azide
i1s heated wbuld be improved in the capilllaries,

It can be assumed that on heating lead azlde, an
exothermlic decomposition occurs, 1iberating,‘according to
Garner (15), 106 Kcal. per mole, If thils heat 1svnot im-
medlately dlssipated, the temperature of the lead azide
sample wlll increase, with a 6onsequent 1ncreasé in the re-
action rate. Since the rate of loss of heat varies direct-
ly with the temperature gradient, while the rate of the re-
actlion increases logarithmically with the temperature, re-
actlon could readily develop an explosive rate under favour-
eble coﬁditions. The minimﬁm detonation temperature, on
this view; is that temperature which will enable the reaction
to accelerate itself by self—heating. When the reaction is
initiated by heating lead azide below thié critical temper-

ature, 1t 1s never able to produce heat rapidly enough to
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overcame the rate of loss of heat from the decomposing
sample to the bath, and the decomposition would‘prdcéed
non~-violently. | ‘
If the heat produced by the pre-detonation decom-
position of lead azide can be dissipatéd more readily, as
1t would be as the caplllary bore is decreased, a higher
bath temperature should be required to produce an internal

temperature aurficiently high to cause ‘the reaction to at-

tain explosive velocity. The conductivity of the:saiple,

" then, pérticu;afly the inter-crystal conductivity, would
seem to be a major factor governing the thermal sensitivity
of lead azlde, It seems reasonable to assume that the es-
sential difference between service and dextrin azides is

their relative 1nter-crystal conductivity, that of service

azide being the larger, probably as a result of better pack-

iIng of 1ts more uniform particles, and possibly because of

en insulating effect of the dextrin between the crystallites

of the dextrinated materiel, Ascribing the difference in

behaviour to physical rather than chemical differences would

be 1in accord with the fact that the two forms ere orystal~
lographically identical. |

(c) Compression Trestment:

On the basis of the above argument, improved thermal

contact between the particles should increase the minimfm
detonation temperature. An effort was made to bring about

such an impro vement by compression, in an attempt to
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approximate the glassy product, or "ice", that hegge and

Morrison (43) observed with unexploded detonator charges

after impact. By applying pressurevto the lead azide
in

(20 mg.) contained aluminium tubes, a packed mass was ob-

tained, ﬁhe service azide packing more firmly than the

dextrin, As seen in Tdbles V and VI, both types showed

an appreciable elevation of the minimum detonation tempera-

ture as a result of the treatment,

TABLE V
Effect of "Packing" on the

Minimum Detonation Temperature of Dextrin Azide
Min, Det, Temp, (untreated) = 275°¢.,

Temp, (°C.)

| Heatling
Time (sec.)

-306
295
290
285
280

1.0
4.7
60
60
60

Remarks

detonation
detonation
no detonation
no detonation

no detonation

- Obviously, the minimum detonation temperature for

both service and dextrin azides was increased by the com=

pression tmeatment, the former by sbout 5°C., the latter by

at least 15°C.

i
|
\
|
|
I
|
i

i
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TABLE VI

Bffect of "Packing" on the
Minimum Detonation Temperature of Service Azlde
Min, Det, Temp. (untreated) z 315°C.

Temp. (°C. ) ' Heating Remarks
Time (sec.)

'325 4 19.5 detonation

| 322 29.8 detonation

s21 _ 47.4 detona tion
320 74.2 detonation
320 150 no detonation
319 150 no detonation
36 150 " no detonation
-5 150 no detonation

(d) Phthalate Treatment:

Further atfempts to raise the minimnm detonation
temperature were made by adding a few drops of. dibutyl
phthalate to the azide.samples (20.mg.)., A caplllary
dropping tube was used'tq meﬁsﬁrefthe phthalate, about
42,5 mg. being added in éveryhoase. " Tubes were shaken
until the crystals were thoroughly wetted.l Results are
shown in Tables VII and VIII. -

These data show that the minimum detonation tem-
peratures of service and dextrin azides, treated with

phthalate, are 1ncfeésed approximately 7° and 4000; resg=

pectively, over the corresponding temperatures for the

untreated materials, It is to be noted that the
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TABLE VII

The Effect of Wetting by Phthalate on the
Minimum Detonation Temperature of Service Azide,

Temp. (°C) Heating Remarks
Time (sec.)
325 72.0 Detonation
322 75.6 "
321 | 86.0 n
320 7 ‘ 150 No detonation
320 . 150 No detonation
315 4 150 No>detonation
310 : . 150 No detonation
TAELE VII

The Effect of Wetting by Phthalate on the
Minimum Detonation Tegperature of Dextrin Azide,

Temp. ( °C) Heating Remarks

‘ Time (sec.) -
320 6545 Detonation
320 68,8 Detonation
317 86.8 Detonation
313 150 No detonation

310 - 150 No detonation




induction periods are very long for dextrin azide when
treated with phthalate, ‘

The results of the compression and phthalate treat-
ments indicate that dextrin azide may be made to resemble
service azide insofar as the minimum detonation temperature
1s concerned. The difference in behaviour may be accounted
for by assuming that the thermal conductivity of the bulk
service azide 1s better than that of dextrin azlde, and 1is

relatively less improved by such treatments,

Length of Induection Period

As mehtioned earlier, the relation between the~
induction period and temperature was confirmed by Ubbelohde
for lead azidé-and is e#pressed by the following relation:

lnt:%!-B ,.

From Ubbelohde's data (41), iﬁ appears that t may vary from
7 té 13 seconds for service azide at 330°C., and that the
minimum detonation'temperature 1s by no means critical, but
has a sgpread of as much as 20°C. between O and 100% detona-
tion of samples tested, Results obtained in the present
study show considerably ﬁorevaccuracy, and cover a greater
temperatﬁre range for induction period datay. These results
are showﬁ in Teble IX for 20 mg. samples in rounded No, 8

blasting caps.




TABLE IX

Induection Period for Service and Dextrin Azldes.

Temp.(°C.) Induction Average

period (sec,) t (sec.)

(a) ServicevAzide.

320° 48.8 48.6 49.0 48.8 48.8
325° . 3042 30.4 31.8 30.6 31.2 30.8
335° 14.4 14.4 14.5 14.6 14.5
345° 8.6 8.6 8,3 8.7
5550 5.3 5.6 5.7 5.6 5.6
565° 3,8 4.2 3.8 4,0 4.0
375° 2.6 2.4 2.6 2.6

(b) Dextrin Azide

277 11,7 11.8 11.4 11.4 11.8 11.6

280 10.5 10,7 10.3 9.9 10.1 10.3
285 9.0 8.8 9.0 8.8 8.9
- 305 | 6.8 6.8 6.4 6.4 6.8 6.6
325  B.O 4.8 5.2 5.5 5.3
’ o 5.2 5.6 5.3
345 304 4.4 3.6 3.9 3.4
4.0 4.1 3.8
365 3.1 2.8 3.2 2.7 2.6
2.7 3.2 2.9
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A plot of t against T (¥ig, II) shows that the
temperature coefficient of the induction period is much
larger for service azide than for dextrin azide, The curves
intersect, with slight extrapolation, at a temperature of
375°¢C, This is to be compared with a temperature at inter-
section of 416°C. reported by Ubbelohde from his data,

Plotting log t against %, a straight line i1s obtain-
ed for dextrin, and a slightly curved line for service
azide, (Filg, III) from which values for E may be calculated,
the value for service azide being, of course, much higher
than for dextrin, The calculated value for the activation
energy of detonation of dextrin azide is 10.6 Kcal., but
since a straight line 1is not obtained for service azide,
the value of E varies from about 31 Kcal, at the bottom of
the curve, to about 65 Kcal. at the tope Such a change in
activation energy could not be due to a temperature effect
over the small temperature range considered,

If the two azldes are essentially the same, the
observed difference in the slopes of the two lines can
acarcely be due to true differences in activation, To de-
termine whether the difference might be attributed to a dif-
ference in intercrystal thermal conductivity, samples were
treated with dibutyl phthalate as previously described, and
detonated over a range of temperatures, with the results

given in Table X.

41



42

TABLE X

Induction Periods for Service and Dextrin
Azides wetted with Phthalate.,

Temp. (°C.) Induction Period (sec.) Average
t (sec.)

(a) Service Azide (+ Phthalate)

335 62.0 58.8 62.2 56.3 59.8
345 20.1 31.4 29.5 27.5 29.4
355 5.8 5.7 5.8 6.4 5.8
360 2.8 2.9 3.1 2.6 2.85

(b) Dextrin Azide (4 Phthalate)

330 53.8 71.5 63.1 052.4 60,2
335 32.7 34.0 29.2 28.8 30.2 31.0
345 9.2 9.3 8.8 8.6 9.1 9.0
355 3.9 3.8 4.3 4.0 4.0

346 4.3 4.0
365 2.0 1.8 2.0 1.6 1.9

Plotting t against T for this series (Fig, II)
shows that the curves for the two types of azides are now
more nearly similar, while a plot of log t and % (Flge III)
indicates nearly 1linear relations of essentially the same
slope for the two forms of azides. The value of E for
service azide varies from 87 Kcal. at the top of the curve
(low temperature) to 66 Kecal., at the bottom (high tempera-
ture); while for dextrin azide, E varies from 97 Kcal., at

the top to 60 Kcal., at the bottome. These values, obtained

under identical conditions, confirm the essential dremical
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identity of service and dextrin azides,

Sensitization by Pre-~Heating

As mentioned previously, Ubbelohde found (41l) that
the induction period leading to the detonation of service
azlide may be shortened by pre-heating. Samples were pre-
heated at a given temperature for a fraction of the full
induction period at that temperature, and the pre-detona-
tion reaction then quickly quenched by thrusting the con-
tainer into ice-water for two minutes. The second heating
period, resulting in detonation, was shorter than the single
induction period required at the same temperature by an
amount which depended upon the time and temperature of pre-
heating. The azide may be sald to be sensitized,

Service azide is readily capable of sensitization,
as shown by the data in Table XI, where t; 1s the duration
of the pre-heating period, to the duration of the second
heating to produce detonation, T the temperature for both
heating periods, and t the time required for detonation by
a single heating period at the same temperature,

For all these data, to was less than t, the time
for detonation by a single heating, by an amount which de-
pends upon ty , and the sum of tj and to was always larger
than t. Of interest is the fact that samples may be pre=-
heated to within one or two seconds of detonation, and yet
require a considerable heating period, to, to produce de-

tonation after the sample has been quenched. Thils fact



TABLE XI

Sensitization of Service Azide

T = 330°C.
ty (s
5

5

8

8
10
10
10
15
15
18
18
19
19
20

¢ = 320°C,
15
25
30
35
43
45

t = 20.3 sec,
ec.) t2 (sec.)

18.3

18.3

16.6

15.9

14.3

15.9

13.7

12.2

12.4

12.4

11.0

10.0

10.6

t] + t5 (sec.)

25.3
23.3
24.6
23.9
24.3
23.9
23.7
27.2
_Q7.4
30.4
29.0
29.0
29.6

~--- exploded on withdrawal,

t = 47.0 sec,
34.8
24.8
24.8
22.8

22.2

49.8
49.8
54.8
57.8
65.2

--- exploded on withdrawal,
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would suggest that most of the reactlion culminating in de-
tonation occurs in a very short time preceding the detona-
tion, and, that at the temperature used here, considerable
time is required to reproduce conditions causlng detonation.

It seems unlikely that the rate of the pre-detona-
tion reaction 1s influenced mainly -by self-catalysis, since
any catalytic products formed during t; should be present
in sufficient quantity to make ts much shorter than it is,
unless practically all of the catalyst 1s produced in the
fraction of a second immediately preceding detonation, or
is destroyed by quenching, However, the fact that sensi-
tization is possible suggests that a catalytic effect may
exist to some extent.

To study the possible extent of sensitization, pre=-
heating temperatures below the minimum detonation tempera-
ture were used, permitting long pre-heating periods that
would not result in detonation. After the usual quenching,
the samples were re-heated at a temperature high enough to
produce detonation, this second period giving a measure of
the extent of the sensitization, Results are shown in
Table XII, where T3 1s the pre-heating temperature, t7 the
period of pre-heating, To the second heating temperature,
and to 1s the time required to produce detonation in the
sensitized samples at the temperature To,

From these data it is apparent that the sensitiza-

tion effect is limited, as to can only be reduced in this
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TABLE XII

Sensitization of Service Azlde by Pre-heating
below the Minimum Detonation Temperature,

T, = 310°¢C, Ty = 320°C, Ave t (sec.)

t] = (sec.) to = (sec.)
20 38,2 38,8 36,0 38.6 38.4
30 30,0 32.8 31.8 31.0 31.4
40 27.5 25.2 25.4 28.0 26.5
50 24,3 22,9 23.0 24.0 23,6
60 21.0 23,3 23.4 23.6
70 23.2 21,9 21.6 22.2
80 22.1 20.8 21.2 21.4
90 20.3 18,8 20.5 19.9
100 20.2 19.2 19.5 19.9 1e.7
120 18,0 19.2 19.0 18.7 18.8
150 21.9 18.6 20.1 20,3
175 26,3 23.4 24.0 24.4
200 90 90 90 (no detonation)

way to about 19 seconds from a normal induction period of
ebout 50 seconds, If pre-heating is extended to attempt
to exceed this limit, to increases, and in fact, with a
pre-heating period of 200 seconds at 310°C., the samples
can no longer be made to detonate at 32000.; the minimum
detonation temperature has evidently been ralsed above this

latter temperature,
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Table XIII shows the data obtained upon closer ex-
amination of the effect of pre-heating samples for a t; of
40 seconds and over, i.e., a continuation of the process
recorded in the latter part of Table XTI,

TABLE XIII

Sensitization of Service Azide

Ty = 320°C. To = 320°C, Avet (sec.)
t; (sec.) to (sec.)
40 2le4 22,2 21.4 21.7
42 21,2 21,6 21.4 21.4
43 18.9 21.4 20.6 21.3 20.9
44 21.2 21.0 21.1 20,5
45 21.0 18,6 21.3 18,2
46 20,8 21.4 20.2 19.4
47 17.5 20.4 21.0 20.7
48 19.4 21.1 19.9 19.4 21.8
49 ----- exploded on withdrawal
49 ----- n " "
49 —-enn t L L

Table XIII shows no such clear limit of sensitiza-
tion as was found in the data in Table XII., The limlt may
exist, but experimental error prohibits lts detection, since,
as may be seen from the scattering of values for t2 corres-
ponding to tl values exceeding 44 seconds, average t2 values

could not be considered as evidence of a clear line of
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demarcation for such a limit, It was found that the mini-
mum detonation temperature of samples pre~heated at 320°C.,
for 47 seconds showed an increase of only 1°C., which does
not compare with the 1lncrease of at least 59, apparent at
the end of Table XII, Evidently, ther, these samples pre=
heated to the limit of 320°C. are not in the same condition
as samples pre-heated for 200 seconds at 310°C., but are
probably the same as samples pre-heated for 80 seconds at
52000., and it may be safely assumed that at 320°C, the
sensitization limlit cannot be attained,

Samples of service azide were pre~heated, and ex-
amined by X-ray diffraction to see 1f any marked change had
occurred. The diffraction photographs are shown in Fig,.
IV, where (a) 1s the untreated service azide, (b) is the
service azide partially sensitlzed by pre~heating for 40
seconds at 31000., and (c) is the service azide fully sen-
sitized by pre-heating for 120 seconds at 310°C,

The diffraction patterns are all identical, showlng
that no chemical reaction could have occurred on pre-heating
to change the composition of the sample by more than 5%.

Examination of senasltized samples under a petro-
graphic microscope indicated that there was no change in
crystal form,. The optical propertlies appeared to be un-
changed, but darkening of the crystals caused by pre-heating
made 1t difficult to esteblish this point beyond all doubt,.

Many unsuccessful attempts were made to sensitize
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varioué batches of dextrin azide by pre-heating above the
minimum detonation temperature,‘as was done with service
azide, However, it was found by pre-heating slightly be-
low the minimum detonation temperature for short periods,
and subsequently detonating the samples above that tempera-
ture, that slight sensitization could be obtained. These
results are shown in Table XIV, for a dextrin azide batch
where the induction periods for a single heating at 280°¢.
gave an average of 9,0 seconds,

TABLE XIV

Sensitlization of Dextrin Azide

T1 = 275°C. t7 (sec.) Ty = 280°C, t2 (sec.)

7 10.6
10 60 (no detonation)

10.4

8.0

8.4

8.1

+ 8.1

+ 8.2

H H D N e w,

+ 8.4

The values 1 4+ and 2 ¢ indicate that samples were
pre-~heated for slightly more than 1 or 2 seconds, respec-

tively, It is noteworthy that where tj is more than 5
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seconds, the samples were desensitized, and in fact would
not detonate at 280°C, when pre-heated for 10 seconds. The
minimum detonation temperature of dextrin azide is obviously
raised from the normel value of 276°C. by pre-heating for
even such short periods, perhaps because of the effects of
the decomposition products of the occluded dextrin itself.

It was found possible to sensitize dextrin azide
if it were first wetted with phthalate in the manner pre-
viously described. For a batch which showed, when wetted,
an induction period for single heating at 335°C, of about
41 seconds, 1t was found by pre-heating 4 wetted samples
at 335°C. for 25 seconds, that detonation occurred on a
second heating at 335°C. after 21,0, 17.9, 18.0, snd 23.8
seconds respectively, Here again, dextrin azide is shown
to behave similarly to service azide,

Duration of Pre-Heating Effect

To investigate the duration of the sensitization
produced in service azlde four seriles of experiments were
made, In each series, samples of service azlde were pre-
heated for 20 seconds at 320°C., and stored at rcom tempera=-
ture under the following conditions:

Series A: Stored over concentrated sulphuric acid, in the
dark,

Series B: Stored over concentrated sulphuric acid, in an
atmosphere of nitrogen, in the dark,

Series:C: Stored over water, in the dark.

Series D: Stored over water, exposed to diffuse ligh t,
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Serles A:

TABLE XV

Duration of Sensltization

t1(sec,) Storage time %to(sec,)
(hours)
20 68 3265
93 54:4
93 33,7
117 33.9, 29.8
143 28.1, 26.6
164 32.4, 28.8
174 38,0, 30.3, 31.0
187 20,5, 29,4
220 28,8, 28.2
268 33.4
408 32.8
571 32.6
763 4042, 3340
935 44,6, 27.0
1122 35.7, 36.2
S 762 45,6
935 43.6
45 311 19.6
763 28.0
935 23.2
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Series B:

TABLE XV cont'd,

ty(sec.) Storage time t,(sec.)
(hours)

20 46 27,0, 29.0
72 26,0, 27.2
93 28,9, 30.2
117 27.6, 27.0
150 26.0
170 28.8
197 28.8
337 29.2
500 27.8
692 27.0
864 26,6, 31.0
1051 26,8, 28,2

45 239 20,5
864 22.4
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Serles C:

Series D:

TAB LE XV cont'd,

te(sec.) Storage time ty(sec,)
(hours)
20 > 28,6
87 28,6
74 29,8
95 31.9
120 32.6
143 37.4
167" - 36.5
190 30.2
238 34.2
286 34,0
431 45,0, 35.3
604 150,150 (no detonat;on)
790 150 (no detonation)
790 to at 324°C,.z 20.5,20.0
20 28 29.0
46 33.4
70 32.8, 29.3
104 30.3
122 33.1
140 28.6
165 31.1
189 3263
212 34,0
236 30.8
283 38,6
331 120,120 (no detonation)
404 150 (no detonation)

i
[

i
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Samples were removed from time to time, and heated
to detonation at 320°C, The results are shown in Table XV.

With Series C and D, were included sSome samples pre=-
heated and detonated at 324°C, These were fouﬁd to behave
similarly except that they did not exhibit a failure to de-
tonate after standing over water for a long period, but re=-
tained their sensitization thro ughout, This led to the
conclusion that the failures shown in Table XV may have been
due merely to an increase in the minimum detonation tempera-
ture of the samples, and not to any loss in sensitigzation,
The minimum detonation temperature of such samples was de=-
termined, and it was found to have Increased to 32200., an
increase of 6-7°C, However, at temperatures where detona-
tion did occur, the sensitization effect was still evident,

It was noticed that afterstoring over water, the
sensitized azide samples tended to bind together in the
tubes, becoming lumpy and no longer free-flowing. Subse-
quent drying over sulphuric acid did not improve their con-
dition, nor did it restore them to a lower minimum detona-
tion temperature, This binding, resulting from condensa-
tion from the water-saturated atmosphere surrounding the
samples, was probably the cause of the change in the mini-

mum detonation temperature,
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Effect of Heat Treatment on Sensitized Service Azide

The effect of slow cooling of preheated service
azide was studied by treating samples as follows: The
samples were preheated,'then raised so that the bottom of
the charge container was just about at the level of the
thermostat liquid for 30 seconds, then raised again until
the bottom of the container was about 1 inch below the top
of the heating block for another 30 seconds, then cooled
in the air for 5 minutes, the first minute of which the
container was held about 2 inches directly above the block,
No ice water was used to quench any of the samples, Finally
the samples were detonated at 320°C, The data obtained
are given in Table XVI,

TABLE XVI

BEffect of Slow Cooling on Pre-heated Service Azide

T1 = 310°C. ty1(sec.) To = 320°¢, tg(sec.)
S0 24.4
50 23.2
50 24.5
90 ' 20.8
20 21.6
90 20.8

o—— e

Comparing these data with those shown in Table XII,
it 1s clear that the rate of cooling has no appreclable

effect on the extent of the sensitization produced by
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pre~heating, The sensitized azlide is a comparatively stable
product,

It may be assumed that the pre-heating effect is
permanent at least for a period of over three months, The
variation in tg in stored samples was somewhat larger than
would be expected, and was noticeable in each of the series
except B, where the nitrogen atmosphere seemed to have been
more effective in preserving the samples, The mean devia-
tion from the average to for samples that have stood for
less than 2 hours was about half that of the mean deviation
from the average to in any of the above series.‘ The 1érger
variation may have been due to the fact that the tests were
made over a conslderable period of time; where slight varia-
tions in the thermocouple or general technique ﬁay have in-
creased the experimental error., This explanation seems
unlikely, however, for even t, values obtained 1n duplicate
on some days showed a considerable difference, as may be seen

in Table XV,

Effect of Phthalate on Sensitlzed Service Azilde

If the sensltization of service azide by pre~heating
produces a distinet chemical change in the erystals, then
the addition of phthalate to sensitized samples should not
obliterate the pre-heating effect. To investigate the
effect of phthalate on sensitized service azide, samples

were pre-~heated to the 1limit of sensitization above and
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below the minimum detonation temperature (cf; Tables XII
and XIII), They were then wetted with phthalate in the
usual manner, and detonated at 335°C, The results are
shown in Teble XVII, For untreated samples similarly wet-
ted with phthalate, the induction period for a single heat-
ing at this temperature was 37.3 seconds (average).

TABLE XVII

Effect of Phthalate on Sensitized Service Azide

t1(sec.) Ty = 335°C. to(secs) AV, tg
) (secs)
Ty = 310°C. 100 44,2 34.2 41,4 3949
120 49,4 45.4 36.6 37.4 42.2
150 40.0 42.2 37.4 39.9
T, = 320°C, 42 45.2 42.2 38.6 37.2 40.8

The samples heated for 120 seconds at 310°C, should
be sensitized to the 1limit and hence those heated for 150
seconds should be beyond the maximum limit, i.,e., their to
values should be longer than for those pre-heated for 120
seconds, However, after phthalate had been added it was
clear that the sensitization had been lost, for the to
values then gave an average approximately the same as that
obtalned for the induétion period for a single heating of
phthalate~treated service azlde at 335°C, The sensitiza-~
tion is similarly lost from samples pre-heated at 320°C.
(above the minimum detonation temperature) for 42 seconds

and treated with phthalate, The induction perlods of
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senslitized service azide and dextrin azlide can be increased
considerably by wetting with phthalatees A possibility pre-
sents 1tself, then, that sensitized service azide has a
short induction period for a reason similar to that given
for the behaviour of dextrin azide, namely, it has a poorer
thermal conductivity than has untreated service azide,

Detonation of Mixtures of Service and Dextrin Azides

Since service and dextrin‘azides differ so markedly
in their thermal detonation properties, 1t should be of in-
terest to investigate these properties for mixtures of vary-
ing propertions of the two types. Mixtures were weighed

out accuretely in the proportions indicated in Table XVIII

and 20 mg., samples of each mixture were detonated at 320°C.

+3
ing
[

results are shown in Table XVIITI with the percentage of
service azide given for each mixture, the remainder of the
mixture consisting of dextrin azide, The minimum detona-
tion temperature of each mixture was also determined, with
the results shown,

The data from Table XVIII are plotted on Fig.V.
It 1s seen that the propertiés of the mixtures are extremely
sensitive to small changes in the ratio of components, When
the samples were detonated at 32000., as was done here, the
curve is discontinuous at 75% service azide, when t is plot-
ted against composition of the mixture, since the minimum

detonation temperature of this mixture is 321°C, Obviously
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FIGURE V

Irduction periods of service-dextrin azide
mixtures at SEOOC., and their minimum de-

tonation temperatures,
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this discontinuity would widen at a lower temperature, and
would not occur at a higher temperature. It should also be
noticed that ths discontinuity occurs at percentages of ser-
vice azide slightly above those whose mixtures show proper-
ties similar to dextrin azide, as far as the length of the
induction period 1s concerned, desplte the fact that they
may contain as much as 70% service azide,

TABLE XVIII

Detonation of Service-=Dextrin Azide Mixtures at 32000.

% Service t(sec,) Av.t(sec.) HMin,Det,
Azide Temp. (°C. )
0 Sed 5.5 543 546 545 545 2176
20 5.6 55 5,7 55 545 283
40 Bel 6,0 6,2 64l 601 298
50 Be6 644 646 645 646 308
60 Tel 648 7,0 7.0 7.0 312
70 Be0 Be0O 76D Mol Mol Te2 749 Ted 312
71 11,7 10,4 11,4 12,2 10,1 11.1 319
74 27e4 20,9 25,2 (2643) 320
75 120 120 120 (no detonation) - 321
76 3948 40,6 39,8 39,9 319,5
77 3942 3943 39,0 39,2 319.5
80 37¢0 3749 3746 3745 31945
90 42,8 40,6 43,2 42,8 4243 317

100 518 316



- P
a9
. L
¢ [
&
. .
. T v
. . -

5 tfnf;f’e _’ fo?rf‘ 8

Variation

P

of

uets

ervice-dextrin a¥i

¥

empere-"

ixtures .-




t ~  SECONDS

TEMPERATURE .

59a



FIGURE VII
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The temperature coefficients for the detonation of
these various mixXtures were obtained by heating samples to
detonation over a range of temperatures, The results are
shown in Table XIX, and plotted in Fig.VI.

The data in Table XIX were used to plot log t against
% in Pig, VII. As might have been anticipated from Fig. V, an
abrupt change in the detonation prope rties of the mixtures is
evident in the lower temperature range.

To investigate further the reason for such an abrupt
change, tests were made to determine the relative densities
of these mixtures, A fine bore pyrex capillary was made, and .
50 mg. samples of each mixture were weighed and poured in,
The tube wag tapped and rubbed with a file edge (the usval
melting-point-tube technique) to ensure that the sample would
settle firmly to the bottom, MNMeasurements of the length of
the sample were made from time to time during such "packing',
and when three successive measurements checked exactly, it
was assumed that the settling was complete., This final length
was noted, and the tube emptied, and another mixed sample
weilghed into 1it, repeating the above procedure, The results
are shown in Table XX where the length given is the helight

of the samples in the capillary tube,



TABLE XIX

Detonation of Service-Dextrin Azide Mixtures

30% Service
Azide

€C% Service
Azide

70% Service
Azide

75% Service
Azide

80% Service
Azide

90% Service
Azide

T(°C.) t(sec.,) Av,t(sec,)
300 8.3 8.4 8.4 8e4
315 6,7 6,5 6.5 6,4 6.5
340 4,8 4,9 4,8 4,7 4,8
360 Bed 3.2 3e4 3.4 3.4
315 7¢O 740 7,2 6.8 7.0
320 Ce7 6e4d 6,4 6,2 6,4 6.4
340 5.4 5,4 5,0 5.4 5.4
360 4,2 4,0 4,1 4,0 4,1
320 8.2 8,6 8,7 8,4 8¢5
340 5.8 6,2 6,2 5,8 5.6 5.9
360 4,3 4,0 4,0 4.0 4.0
325 Te7 10.0 B8¢8 748 747 944 842 8.8
330 6eb Mol Te2 7.3 7.2
340 BeD 6,8 6,8 6,7 6,7 6,7
360 440 3.9 4.2 4¢3 4.2 4,1
370 2.9 342 3,0 2,6 3.1 340
320 39¢4 38.0 3645 3342 34,0 35.5 56,1
330 10,6 944 9,5 11.0 10,1
340 Tel 648 T4l 7.0 7.0
360 3¢9 4.2 4.0 4,1 4,0
320 42,9 42,5 38,8 37,7 40,3 37,3 39,6
330 1642 1642 17,2 17,0 16,4 16,9 16,5
340 Bed Be4 8,6 8,0 8,5 8.4
360 de2 4.2 442 4,1 4,2
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TABLE XX

Relative Dens ity of Service-Dextrin Azlde Mixtures

% Service Length of Sample(mm.) Av.length(mm. )
Azide
0 117.4 118.8 117.4 118.2 117,9
70 10063 100,9 10243 101l.2 102.3 101.4
75 9946 99.3 99.1 99.2 29.3
80 100,9 99.5 100.5 98.5 90.8
100 106.4 103,7 103,.,7 100,9 103,7 10347

The relative packling densities, which give a measure
of the "packing ability", will bear an inverse ratio to the
lengths given in Table XX. Thus it is clear that the 75%
service azide mixture "packs" better than any other, which
would be expected to lead to better inter-particle thermal
conductivity. This property would manifest 1tself in s
high minimum detonation temperature, one which, in fact,
should be higher than that for pure service azide, which is
indeed true, as has been shown,

Detonation of Mixtures of Pre-Heated Service
and Untreated Service Azide

Pre-heated service azide resembles dextrin azide in
that it has a fairly short induction period. Detonatlon
mixtures made up of sensitized service and untreated service
azlde should glve data to show whether the effect of dextrin
azide in the service-dextrin azide mixtures 1ls the result of

1ts shorter induction period alone, or to some other factors,
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TABLE XXI

Detonation of Mixtures of Sensitized-Untreated
Service Azide Mixtures

% Untreated
Service Azide
0 31,9 28,8
30.9 28,0
10 --
16.6 30.6 30.8
17 -
18 --
20 34,0 30.8
22 -
25 35.2 32,8
33.0 33.4
28 -
33.3 37.8 36,8
36,6 35.4
35 -
40 39.2 38,4
35.5 40.4
50 40.8 44.2
60 -
70 47,2 46,0
48,4 46,4
80 -
85 -
90 -

100 51l.1 52,6
52.4 52.0

tg(sec.)
28.4 29,5
31.8

32.5 30.6

34,4 34.4

34,3 34,6

37.4 35,0

38,0 41.6
37.0 39.1

42.6 41.6

46.9 46,4

52.8 50.9

31.0

3l.4

32.4

51.8

35.2

36.8

40.4

48,4

50.6

32.8

31.6

41,0

AV.tz

(secs)

30,0

31.5

33,1

33,6

3643

38,6

41.8

46.8

51.7

Min.,Det,
Temp. (°C. )

316

316.5
317
317
317

317

3164 5=317

31645

316
316

316

316

316

31545
315=3155
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FIGURE VIIT

Induction periods. for preheated-untreated
service azide mixtures at 52000., and

their minimum detonation temperatures,
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Service Azide was pre-heated, in the usual 20 mg.
quantities, for 25 seconds at 32000. Quantities of this
sensitized material were then used to make up mixtures of
pre-heated and untreated service azide, which were detonat-
ed in 20 mg. quantities at 320°¢, The minimum detonation
temperatures of these mixtures were also determined, The
results are shown in Table XXI,

The data from Table XXI are plotted on Fig.VIII,and
show a smooth cur;e for the induction period asgainst per
cent, untreated service azide, As expected from these
mixtures, no sharp break appears during the transition
over the range of mixtures, with the exception of one point
off the curve at 30% service azide, The unusual curve ob-
tained for the service~dextrin mixtures, then, must be due
to factors other than the short induction period of dextrin
azide,

If the factor which produces this unusual effect for
service-dextrin azide mixtures is the thermal conductivity
between the particles, then the addition of phthalate as a
wetting agent should remove this marked effect, Mixtures
containing 30%, 75% and 80% service azide were made up, and
20 mg, samples were treated with phthalate, These mix-

tures were detonated at 54000., with the result shown in

Table XXII,



TABLE XXII

Effect of Phthalate Wetting
on Service=Dextrin Azide Mixtures

% Service t(sec.) Av.Et(sec.)
Azide,
30 28,1 26,5 27.0 27.5 273
75 B3¢4 3345 35,5 33,7 34.8 34.2
80 30,0 29,7 35,8 36.2 32.6 32,8 29.0
33,0 32,4 36,1 34.4 29.0 29,1 3263

Evidently, the spread between induction periods for

mixtures below and above 70% service azide recorded in
Table XVIII, is reduced by wetting of phthalate, If the
phthalate merely serves to improve the inter-particle
thermal conductivity, then conductivity would seem to be
a major factor affecting the detonation properties of the

mixtures.

Activation Energy of Sensitized Service Azlde

If the pre-heating of service azide produces a
catalyst which renders it sensi tized, then the activation
energy of the reaction of the sensitized material leading
to detonation should be appreciably lower than the activa-

tion energy of the reaction which produces the sensitized

material, This condition must be met whether the catalytic

effect 1is caused by decomposition intermediate, stable or

unstable or is the result of "reaction centres" being formed

in the 1nitial stagaes of the reaction,
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To determine the activation energy of sensitized
service azide, samples were pre-heated for 20 seconds at
320°C., quenched, and then detonated by heating over a
range of temperatures, The data obtained are shown in

Table XXIII, For all these samples, T = 320°C,

TABLE XIII

Detonation of Sensitized Service Azide

To(°c.) to (secs) Av.to (sec,)
320 30,8 28.7 30.4 27.8 31l.2 29,0 2947
330 1646 16,6 17,2 16,6 15,8 16.6
340 8.6 844 8,1 8,6 8,8 8.2 Beo
350 546 546 5,1 6,2 5.8 5,8 5.7
365 3¢l 3,6 345 345 344 3.4
375 2e3 240 2,1 1,9 244 2.0 2.1

1
A plot of log ty against T for these data gave the

curve shown in Fig, IX . The activation energy calculated
from the equation
Integ = E + B

" RT
gave a value for E of 41.0 Kcal,

Activation Energy of the Pre-Heating Reactlon

As suggested above, if a chemical reaction occurred
during the process of sensitization by pre~heating, it should
be possible to evaluate its activation energy. To determine

this activation energy, service azide samples were pre-heated
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at various temperatures for a time sufficlent to sensitize
them to a constant amount, Actually, T and t) were varled, |
so that on a second heating at Tg = 52000.,'t2 would be falr-

ly constant at about 24 seconds, The results are shown in

Table XXIV,

TABLE XXIV

Pre-Heating of Service Azide
to Constant Sensitlzation.

Ty (°C.)  ty(sec.)  Tg w 320°%.  ta(sec.)

300 100 - 24.4 24.2 23,3

310 I A --

320 - 35 - 24,4 24.2

530 20 hashand 23.5 2501 2402
a,b’

The values at 310°C. and 340°C., unlike the others,

were not obtalned directly, The value of 51 seconds at

310°c, was obtained by interpolation from the data given in
Taeble XII , The value of 11 seconds at 340°C, could only |
be estimated, since the inductlon periods for a single heat- ;
ing at 34000. gave an average of 1ll.5 seconds, and pre-heat- |
ing up to 10 seconds at 340°C. reduced tp at 320°C. to only
29,2 seconds, Thus 1t was estimated that a pre-heating time
of about 11 seconds at 54000., if it were technically poss-
ible, should give a t2 of about 24 seconds at 320°C., The



value shown shoula riot be in error by more than 0.5 seconds
at the most,

The data in Table XXIV were used to plot log %7
'against reciprocal absolute temperature, the resulfing curve
being shown in Fig, IXs . From the straight line relation
an activatlon energy of 37.1 Kcal. was calculated, which ap-
proximates closely the value of 41 Kcal, obtalned for the -
detonation of sensitized azide. This agreement might be
made even'closer if a different degree of sensitization had
been chosen as a standard, thét is, ir pre-heatihg times had
been changed to give ty at 320°C. some other fixed value,
The 24 second velue was chosen as it represents asbout half
the single induction period required at 320°¢,

The agreement is sufficlently close to suggest that
there 1is little, 1f any, difference between the reactlon
causing sensitization and the reaction producing detonation,
It gilves strong indications that a catalyst is not formed in
the early stages of the reaction, since a catalytic effect
should be made manifest by a gmaller activation energy for
the latter part of the detonatlon reaction; that 1s, the
activation energy for the detonation of sensltized service
azide should be very apprecisbly smaller than the activa-
tion energy for the pre-~heating effect which produces a
sensitized product, The slight difference obtained here
is actually in the opposite direction - that 1s, the activa-
tion energy for sensitization is slightly smaller than that

for the detonation after pre-heating.
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DETONATION OF SINGLE CRYSTALS

The apparatus (see Fig, IC, D, E) used for this
'work has already been described, as well as the method of
preparation of large siﬁgle crystals of lead azide, It
was hoped to be able to projJect the crystal image through
the microscope on to a screen; or a moving strip of film,
the larger Image size ﬁenmitting more accurate measurements
of changes in crystal size, as well as providing a'permanent
record of the stages leading to thermal detonatlon of a
single drystal. However, for preliminary work it seemed
inadvisable to use a high-preclision microscope with Sueh a
high-temperature stage, The risk of injury to the objeét-
ive through heat seems to have beénveliminated however, and
subsequent work should permit the use of a more precise in-

strument,

Minimum Detonation Temperature of Single C:iatals

The principal factor determining the minimum detona-
tlon temperature of single lead azide crystals was found to
be their size, the larger particles detonating at lower tem=-
peratures, Some. examples 111ustrét1ng thls effect of sisge
are given in Table XXV, The crystal dimensions are given
in terms of divisions of the micrameter scale (1 mm. = 65

dividons), the first figure being the length, the second

the height of the crystal sbove the boat (i.e., the thickness)

|

i
i
I
i
|
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and the third, the width bearing on the boat surface,

The

cross-sectional areas are given since these must determine

malnly the rate of conduction of heat between the crystal

and the boat,

dimension, would not be expected to bear any relation to the

rate of heat loss from the crystal,

TABLE XXV

Effect of Crystal Size
on Minimum Detonation Temperature

Crystal Size -

(d1V.

43
53

53 x 18 x 15

44
49
66
61
39
50
52
49
58

x 8 x 14
x 13 x 10

x 8 x 14
x 16 x 16
x 9 x 14
x 18 x 15
x9x 14
x 8 x 18
x 10°x 16
x 13 x 17
x 8 x 17

Tgmp

Cross~secti
C.) area (div,)

gnal Remarks

320
320
320
325
325
332
532
340
340
340
340
347

112
- 130
270
112
256
126
270
126
144
160
221
136

no detonation
no detonation
broke up at 25
no detonation
broke up at 22
no detonation
broke up at 15
no detonmation
broke up at 17
broke up at 17
broke up at 18
broke up at 13

The crystal length being by far the largest

8€Ce

S6C,

8ecC,

8€C,
BSG;
36ec,

S86C,

At temperatures below about 350°Q,,,the cfystals

did not detonate with a loud sound, but broke up abﬁuptly

with a falnt crackle,

"Detonation" of this kind was not
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complete, but is classed here as detonation, for on extend-
ing the temperature to higher ranges, a smooth curve is ob-
tained on plotting induction period against tqmperature, when
the time lag preceding this '"breaking-up" aﬁ lower teﬁpera—
tures is taken as the induction period preceding detonation,
- From the dimensions of the crystals not détonating
at 320°C,, 1t is obvious that they are all smaller in width
and thickness than those that did detonate. One sample |
shown in Table XXV would not detonate even at a temperature
as’ high as 340°C. » While larger crystals detonated at tem-
peratures as low as 320°¢, Such behaviour may be 1n£erpre-
- ted as showing that in the larger arystals, the dissipation
of heat from the pre-detonation decomposition is slower than
for the smaller crystals, and hence a lower bath temperature

1s sufficient to produqe detona tion,

Activation Energy of Detomation -- Single Crystals

Data were obtained for single lead azide crystals

to determine E from the equation

Ints E B :
Rr i

by detonating single crystals of approximately. the same |
8ize over a range of temperatures, and timing their induc- f
tion period to the nearest second, The data are given in

TableXXVI,



TAELE XXVI

t/T Relations for Single Lead Azide Crystals

Temp., (°C. ) Crystal Size(div,) t(sec,) Av.t(sec,)

390 70 x 14 x 20 7-8

390 70 x 18 x 23 7 7
348 70 x 20 x 16 11-13

348 61 x 22 x 20 12-14 12
334 57 x 18 x 20 . 14-16

334 62 x 15 x 18 - 15-17 © 15
320 59 x 11 x 18 19-20

320 56 x 17 x 20 16-19 18

A value of 10 Kcal, 1s obtained for E by substitus$-
ing the above values in the equation
IntzE + B
RT : :
a remarkably small activation energy compared with those ob-
tained for detonation of the bulk service azide samples,
although it compares with the value of E for dextrin azide

(10,6 Kecal.).

Sensitization of Single Crystals

-Attempts were made to senslitize single crystals of
lead azide by pre-heating, the reaction being quenched by
qulckly withdrawing the boat from the furnace, and placing
it in a gentle'stream of air to facllitate rapid cooiing.

It was not possible to detect sensitization WHen the
crystalé ﬁere pre-heated above thelr mihtmum dstonation tem-

perature, The induction period at temperatures high enough
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to give accurately reproducible results 1s too short to
permit conclusively the detection of a shortened period,
but the indications are that very slight sensitization may
occur, Results are shown in Table XXVII, The induction
period for a single heating at 320°C. was 18-20 seconds,

with no values lower than 18 seconds.

TABLE XXVII

Sensitization of Single Crystals

T1(%C.)  ti(sec.) - 22(°c.) to(sec.)
295 25 320 20
" " " 16
e on - n 16
" o " 18
" " " 16-18
" " " 17

The data in Table XXVII are typlcal of the results
obtained, and it must be sald that they do not show beyond
reasonable doubt that appreclable sensitization 1s possiblé
on pre-heatiﬁg single crystals, There 1s a slight indica-
tion that such a pheﬁamenon does occur since values of to
obtained are slightly lower in some cases than the values
of t for & single heating at the same temperature, If t3

is increased any further,.tg becomes longer than t,
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Examination of crystals subjJected to pre-~heating
showed darkening at the crystal ends and subsequently along
the edges, or wherever roughness was vlisible due to crystal ‘
imperfections, Crystals heated to wilthin 1-2 seconds of |
detonation and then quenched were not by any means com-
pletely covered by these dark brown deposits, and on break-
ing such crystals, i1t was seen that the deposits occurred
only on the outer surfaces, and had not yet begun to pehe~

trate the interior,

Self-Heating. of SinglevCrystals

If the pre-detonétion reaction of lead azide re-
leases heat sufficient to raisé its temperature appreciably;
then this may exhibit itself in thermal expansion of the
crystals, To investigate this possibility, every crystal
detonated was closely watched to see 1f any crystal expan-
slon occurred before the:actual,deﬁonation. :In every case
it was fouhd possible to ﬁred&et detonation 1-2 seconds be~
fore 1t actually took place, by noting the time at which
an apparently abrupt swelling of the crystal occurred, In
a few cases (probably 10% of the trials made) the crystal
increased its length suddenly after several seconds of
quiescence, followed within 1-2 seconds by detonation,

It was impossible to measure the new crystal length
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resulting fran this expansion in the short time allowed, |
but by lining up the ends of the crystal with a line of 5



the eyeplece, it was noted that the expansion amounted to
about 0.3 divlisions for a crystal about 60 divisions longe.
Assuming fhe same expanéion to occur at the other end of
the crystal, the crystal increased its length by about 0.6
divisions,

The approximate coefficient OfAthenmal expansion
of these lead azide crystals was obtained by making many
measurements of crystal length at room temperature, and
aééiﬁ'at 310°¢. The crystals were found to expénd about
0.4 divisions over this.tempqrature range for a crystal
: length of about 60 divisionse |

If the coefficient of linear expansion 1is reason-
sbly constant between room temperature and 800°C., then it
may be calculated that the crystal temperature immediately
preceding detonation must be;df the order of 750°C.
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DISCUSSION OF RESULTS

The theories which have been proposed to explain.
the process whereby the chemical reaction of thermal de-
composition bullds up to detonation have already been dis-
cussed,‘but the data presented in this thesis provide con-
siderable material for criticism and amendment of some of
these theoriles,

Whatever may be considered to be responsible for
initiating the detonation of lead azide - heat, friction
or shock wave = 1t is obvious that the result i1s merely
a decompoéition'reaction, although one of high veloclty.
There seems little reason to suppose that simply because
the reaction is fast and violent, it must necessarily in-
volve some pecullar mechanism, If detonatlion 1s accepted
as a chemical phenomenon, then chemical principles may be
safely applied to its elucidation, |

Compoﬁnds not ordinarily classed as explosives may
be made to detonate under special temperature conditions,
Potassium chlorate, for example, decomposes gently even
when molten, Yet 1f droplets of KCl Oz are allowed to
fall on red hot glass in an enclosed space, a tiny explos-
ion will occur as each droplet strikes the hot surface,
Similarly, ammonium nitrate has been known to explode with
tremendous violence when subjected to very high tempera-
tures, as occurred in Oppau in 1921 when huge open stock-

piles caught on fire, producing intense heat and subsequent
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explosion in what is ordinarily considered to be an insensi-
tive compound, |

Lead azide, too, will decompose non-violently on
heating, if the temperature of heating 1s maintained below
a certain critical value., TUnless this temperature 1s ex-
ceeded, lead azide might be ciassed as a thermally insen-
sltive compound,

Sutton (485) has considered the difficulty of élassi-
fication of compounds into explosive or non~explosive tjpés.
He affirms thét al though explosive compounds and mixtures
may be "designed" on a theoretical basis to give a maximum
product of heat evolved multiplied by volume of gases'pro-
duced (which gives a measure of "explosive power") yet the
final determination of stability, senai&ivityvand power
must be made experimentally, While thermochemical in-
stabllity 1s a necessary condition for a compound to be
explosive, 1t 1s’by ho means a sufficient one, and no pre-<
sent theory can guarantee the prediction that a given com~
pound will be an explosive, There is evidence, however,
that rate and temperature of heating are 1mpor£ant fadtors.

It would seem that friction and steady compression,
as produced by impact, might be held responsible for the
production of local hot spots of sufficient‘temperature to
Initiate a violent decomposition. The addition of grit
particles 1s known to produce an iniltiator more sensitive

to friction, which might well be the result of greater local
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heating by friction between the grits and the particles of
~detonating compound; The relativeuhardnéss'of the pmpticles
added is found to be an important factor‘in»determining fhe

extent of the increase in sensitivity, Some Initiators are

more emenable than othefs to such an enhanced sensitivity,
and. 1t is possible that the crystal hardness of the initia-
tor concerned may be the determining factér.

The fact that, according to most workers, the induc-
periods leading to detonation are varlable at a constant |
,temperature; has lead to many theories involving probabllity
considefations.—— the collision of chains, whether enéfgy or
material, the simultaneous decomposition of adjacent mole-
cules of reactant ~- all éuch,coincidenééa which would.be'A
capable;of’pfoduoing very local concentrations of energy,
thus Increasing the reactlion rate 10¢a11y to.explosive ve-
locitye. | A

The detonation of lead azide has been»thus explain~-
ed, but.the pfesent'investigationqdémbnstrates that the in-
duction period need not be wldely variéble, providing suffi-
-elent care bé'taken to ensure that the controlling factors:
are truly constant., There 1s not sufficlent evidence:
avallable to suggest reaséns for the widely varisble in-
duction periods reported by Ubblehode (42) for lead azide,
for example, but one must assume that he has neglected to
glve adequate attentlon to some experimental conditions.

The data given in Table I showed that the induction perilod
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n sbout 5%, which r epresents a

can be kept constantﬁ
reasonable error in view of the short times involved, and
the‘consequent difficulty of measuring these times with
greater accuracy in the absenﬁglof an autcmatic'precision
timing device, An automatic voltage regulator would also
Increase the constancy of the observed induction period by
preventing minor fluctuations in temperature,

Close duplication of induction periods should not
be possibleAif detonation depended upon the chance of a
"oinary eventh, as has been postulated, or upon the chance
'of a chain collision, Such chance occurrences would be
certain to ‘produce a much more random distributlion of re-
action times, That such a random distribution does occur
with impact measurements suggests that additional factors
are involved in these experiments, such as the reproducil-
bility of the sample 1tself, lts crystal sizes and shapes,
distribution of the charge on the lmpact anvil, etc.

It is impossible to state definitely that the var-
iation of induction periods for mercury fulminate, silver
oxalate, lead picrate and other detonators could be simi-
larly reduced wlth careful manipulation, but there is no
reason to belleve otherwlse, For the thermal detonation
of lead azide, at least, theories involving probability as
a major causal factor would seem to be denied.

Garner has suggested that in lead azide decomposi-

tlon, the reaction 1s confined initially to the crystal
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surfaces, where lead nuclel are formed, the subsequent de-
composition reaction occurring at the lead-lead azide inter-
. faces, TUbbelohde loglcally extended this idea to explaln
the higher heat sensitivity of dextrin azide, assuming that
since the surface/welght ratio 1s there lnoreased by a fac-
tor of gpproximately 106, the reaction should be more repid,
This théory faills completely to explalin the effect of wet-
ting both serwvice and dextrin azlde samples with phthalate
before heating (see Tables VII; VIII and X).  The two types
then show almost ldentical properties of minimum detonation.
temperature and length of induction peripé. Yet, the
wotting by phthalate cannot change the amount of interface
upon which reaction can occure Even 1f the phthalate suc~
oeeqed 1n.penet:at1ng through the particlag of dextrin azide,]
separating the crystallitesypf;each»agglqmsrate particle |
from one another,. the dextrin azide would still have the
much larger surface/weight ratio that it had in the dry
state; and hence on the basls of the interface reaction
theory it should preserve its properties despite the wetting.,
Since phthalate does markedly change the thermal detonation
properties of dextrin azide, it must be assumed that the
large surface offered by the crystallites is not an im=-
portant factor, It follows, too,/that the surface of ser-
vice azide, as far as affording a reaction area is concern-
ed, 1s not a major factor in its deténatlcn;

The fact that phthalate changes the detonation



characteristics of dextrin azide may_be explained on the
baslis of the data given in Tables IV, V and VI, When ser-
vice or dextrin azlde was detonated in glass caepillaries,
it was shown that the minimum detonation temperature in-
creased with the lncrease of surface/volume ratio of the
sample as a whole, If the reaction takes place at the
temperature of the surrounding bath, 1ncreasiﬁg this ratio
should facilitate detonatlon by inereasing the rate at
which heat 1s éonducted from the bath to the initiallj cool
sample, But the reverse effect occurs = the minimum de-
ténation temperature 1s raised, not lowered, It is poss=-
ible, then, that heat is being conducted in the opposite
direction, from the sample to the bath, ﬁhich would occur
only if the charge were at a higher temperature then its
surroundings, Selfeheating of the sample during the pre-
detonation decomposition 1s at once suggested,

A similar increase of the minimm detonation tem~
perature was produced by compressing the charges before
detonation, The "pécking“ thus produced should improve
the thermal contact between the particles of the samples,
which éhould, in turn, facilitate conduction of internal

heat away from the decomposing azide. Thus, a higher

bath temperature should be necessary to produce detonation,‘

and this 1s found to be true; the minimum detonation tem~

peratures of the charges are increased by 5°C. for'service !

azide, and 15°C, for dextrin azide, .
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On returning to the effect of wettlng by phthalate
(Tebles VII and VIII), it 1s found that this treatment is
effective In raising the minimum detonation temperature of
service azide about 5°C., and of dextrin azilde by as much
as 40°C. Agaln it can be assumed that the effect 1s pro-
duced by 1lncresasing the inter-particle thermal conductivity
of the samples, |

The lower minimum detonation temperature of un-
treéted dextrin azide can be explalned solely on the basis

- of conductivity, Crystallographically, the two forms of

lead azlde have been shown to be identical, hence it is
necessary to explalin thelr different properties on the ;
basis of a physical difference, Exmmination of the two i
forms under the mlcroscope shows serviée dzide‘to consist l
of féirly uniform and weli-shaped rhombic crystals, which
‘would pack closely and evenly in bulk, a Déxtrin azide,

on the other hand, is made up’of rough uneven "prickly"

particles or agglomerates, which would paeck poorly and
loosely, affording comparatively poorer thermalrcontact
between the particlés. Compression and ietting by
phthalate should both improve the thegmal conductivity of
dextrin azide markedly, the former by crushing and packing
the particles together, the latter by providing a conduc~
tion medium between them, Service azide, which 1s naturéle
1y fairly closely packed, 1s not affected so considerably byf

these treatments,
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This explanation based on thermal conductivity is
further confirmed by exsmination of the data for the ser-
vice~dextrin azide mixtures (TablesXVIIT and XX), OHere
1t was shown that the mixture with the highest minimum de-
tonation temperature (75% service azide) was the one with
the lowest packing density, That 1s, this mixture packed
more closely than any other, better even than pure service
azlde 1tself, Although the differences in relative den-
sities are not great, 1t has been shown that thermel con-
ductivity 1s quite sensitive to packing density (46). As
a result, the 75% service azide mixture should have a

thermal conductivity superior to the others, and hence re-
quires a higher bath temperature to bring about detonation.
If the decomposition reaction could produce detona-
tion while the seample was at bath température, the 1nduc-
tion period of mixtures should be governed only by the in-
ductlon period required for the more sensitive component,

in this case dextrin azide, That 1s, an 80% mixture should
detonate in 6 seconds at 320°C§,«the time required for dex- |
trin azide to detonate at that temperature. However, the
80% mixture requires sbout 40 seconds to detonate at 320°C.,
and 1t must be assumed that that time 1s required before |
the temperature of the sample as a whole is sufficlently
high to produce'a decomposition rate of explosive velocity

and violence,



The self-heating effect 1s also evident in ths de-
tonation of single crystals, where it 1s shown (Table XXV)
that the larger crystals hawa lower minimum detonation tem-
perature, These crystals with the larger cross-sectional
area, should not dissipate the heat produced by the pre-
detonation dec omposition to the surrounding air and the
supporting bost as rapidly as the smaller crystals, Hence-
a lower furnace temperature should be required to enable
the temperature of the larger crystals to beceme sufficlent-
1y high for the'reaction to attain detonation,

As stﬁted in the work with single crystals (pp.74
and 75) a distincﬁ swelling of the crystal invarliably pre-
cedes its detonation. An increase of comparable amount in
crystal size occurs when the temperature of the crystal 1s
raised from thét of the room to the bath temperature of
SOOOC. or over, The abrupt_swelling prior to detonation
suggests a sudden rise 1in crystal tempsrature, which could
only be produced by heat within the crystal itself, (Cal-
a1lations show thaet a temperature of sbout 750°C. would
be required to produce the observed expansion, and at such
a temperature, the decomposition of Isad azide should be
sufficiently rapid to produce a reaction of explosive vio-
lence,

wWith self-heating Playing such an impbrtant part
in the detonation of lead azide, the validity of the
equation

Int= E 4+ B
RT .
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must be_questionéd as a means of determining the activation
energy, E, of detonation, It has been shown (Table X)
that the low apparent activation energy (10,6 Kcal.) for
untreated dextrin azide may be increased by wetting with
phthalate to a much higher value, closely approximating
that for service azide, Since phthalate only serves to
change the physical characterlstics of the system, the
value of the acﬁivation enérgy obtained by this equation
cannot be a true measure of the activation energy of the
chemical reaction, If all that is required to produce
detonation iﬁ lead azide is the addition of an amount of
-hﬁat equal to the activation energy, all mixtures of ser-
vice and dextrin azide should detonate after the same in-
duction period, since the form which has the lower acti-
vation energy should detonate first (thereby detonating
the whole mixture) régardless of the quantity in which
that form was present, Thls, however, 1s not true, des-
plte the fact that according to the equation, the induc-

tion period is the only variable at a given temperature,

and hence all the mixtures should show induction periods
equal to that for dextrin azide, .

It remains to discuss the nature of the sensitiza-
tion effect produced by pre-heating lead azide, This ef-
fect is readily produced in service aszide (pp43 - 48), |
produced with difflculty in dextrin azide (pp 49 ~ 50) but
reﬁdily in phthalated dextrin azide (p.50), and very slight-j
ly, if at all in single large crystals of lead azide, The {



- sensltizatlion 1s apparently permanent (Table XV) and not
changed by slow cooling (Table XVI) after the pre~heating
process,

At first glance, the sensitlzation effect would
seem to be due to the presence of a catalyst or unstsable
intermediate produced during the pre-detonation decomposi-
tion reaction, Closer examination of the data presented
here, however, indicates that it cannot be due to such a
catalytic effect, |

There is a limit to the sensitlzation effect, as
clearly shown in Table XII, where the samples were pre-
heated below the minimum detonation temperature, If the .
pre-heatingliazcontinued for longer than 120 seconds at
310°C., the sénsitization decreases, 1. e,, the second
Induction period required to produce detonation at 320°¢,
becomes increasingly longer, This 1imit is also appar-
ent when service azlde 1s pre-heated above the minimum
detonation temperature (Tables XI and XIII), At 320°C.,
where a single induction perlod of about 50 seconds 1s re-
quired to produce detonation, the charge may be pre~heated
to within 1 or 2 seconds of detonation, and then quenched,
but on a second heating about 20 seconds are still required
to produce detonation at the same temperature., This fact
suggests two things: (1) - that a sample within 1 or 2
seconds of detonation is much different after it 1ls quench-

ed than before, the difference probably being due to its

having lost by quenching the high temperature produced by
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self-heating, and (2)‘that sensitization is not a necessary
prerequisite for detonatlon but may be merely a subsildiary
effect resulting from the pre-detonation decomposition, 1
This second point 1s also supported by the fact that dextrin\
azlde and single crystals of pure lead azide could not be x
sensitized by pre-heating above their minimum detonation
temperatures, although detonation could be produced at those
temperatures, Sensitization beyond the limit observed, if \
1t does occur, must occur immediately prior to detonation,.
“According to the data in Table XIII, however, this seems
unlikely, for the sensitizatlon effect seems to have reach=-
ed a constantzlimit some seconds before detonation should

be expected.

Evidence to refute the catalytic theory of sensi-
tization 1s given in Tables XXIIland XXIV, and in Fig. VIII,
Here it was shown that the activation energy of the pre-
heating reaction is essentlially the same as the activation
energy for the detonation of sensitized service azide, In
general, the effect of the addition of a catalyst to a re-
action 18 to reduce the activation energy required for the
reaction, thus permlitting the reaction to proceed more
rapldly or at lower temperatures. If a catalyst 1s pro=-
duced by pre~heating, it wdénlbe logical to expect that the
activation energy for the second part of the reaction (the

detonation of the sensitized product) should be apprecisbly

less than the activation energy required for the initisl
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part of the reaction during which the catalyst should be
produced, Such aklowering of activation energy should be
observed whether the catalytic effect 1s produced by an \
- unstable Intermediate, the presence of catalytic by-products,
or the pfesence,of reaction nuclei, Since this lowering of
the activation energy is not noticeable here, 1£ can be as-
sumed that the detonation reaction of lead azide isvnot
catalyzed, ‘

Samples heated to within 1 or 2 seconds of detona=
tion (Table XIII) still require, after quenching, a con- |
siderable heating period to produce detonation, although
they are certalnly sensitizéd. Catalytic conditions pro-
duced by the first heating would.not be disturped by quench-
ing, and the Samples should be expected to'detonaté after a
second heating of only 1 or 2 seconds, It is difficult to
explain this phenomenon unless‘self-heating is assumed, The
- second hesating period is then required to reproduce, by selfe
heating, the interna1 temperature that existed at the time
.the sample was quenched,

| Nevertheless, pre=heating of lead azide does shorten
the induction period required for detonation, It has been
shown that pre-heating does not produce any crystallographic
change nor any chemical change exceeding 5%, A darkening of
the crystal 1s, however, very evident, apparently as a re-
sult of lead depdsits, which have been g¢onverted in the pre-
sente of alr to lead oxide, If the surface changes are
sufficient to affect the iﬁter-crystal conductivity, a



-
change in induction period may be expected, If the change
is merely one of conductivity, producing a detorms tor com=-
parable with dextrin'azide, wetting with butyl phthalate
should restore the sensitized azide to 1its honmal untreated
‘condition. This was shown to be possible by the data in
Table XVII, where it was demonstrated that service azlde
samples pre-~heated at 310°, for periods above and below
the time required to produce the maximum sensitization had
their induction periods complgtely restored on subsequent
wetting with phthalate, The induction periods of samples
pfe-heated above the minimum detonation temperature were
also similarly restored,

it seems apparent then, that the sensitization re-
sulting from pre-heating is due merely to surface changes
in the form of an oxlde layer and a roughening, which impair
the inter~crystal conduéﬁivity of the material sufficiently
to yield a product requiring less time to reach detonation

through self~heating, since the reaction heat is less read-
ily diésipated to the:surroundings.

, The fact that there 1s a definite limit to the ex-
tent of sensitization possible by pre-heating (Table XII),
and that further heating desensitizes surface azide, sug-
geats that there are two opposing factors introduced by
re=heating, one of these shortenlng the induction period,
the other increasing it, as well as increasing the minimum

detonation tempe rature, This secénd factor becomes more

|
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1mporfant as pre-heating 1s continued, as for example, be=-
yond 120 seconds at 310°C, (Table XII)s The desensitizing
éffect may be the result of microscopié or sub-microscopic
fissures being produced in the service azide,erystals, thus
increasing the surface/ﬁolume ratio, and preventing the ac-
cumulation of heat in the erystal mass, If thls effect
becomes important only on prolonged heating, then 1t would
tend to 1limit the amount of sensitization possible by pre-
heating for long periods below the minimum detonation tem=
perature. | )

It must be admitted that the relation between the
minimum detonation.température énd the length of the 1in-
duction period 1s not yet clear, Where the differences
in both are large, as in comparisons of dextrin and service

azide, the explanations offered are qulte plausible, and

the differences may be neariy nullified by such treatments ’

as wetting with phthalate, Nevertheless, it cannot yet be
fully explained why the minimum detonation temperature of
dextrin azide 1s readlly increased by pre-heating, while
that for service azide is only slightly changed despite a
conslderable decrease of induction period, The answer may
be found in some interfering influence due to the effect |
of the decomposition products of the dextrin itself, as
prevlously suggested,

Further elucldatlion of the relatlion might be found

by experiments with a range of crystal sizés of service

i
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azlde, carefully screened and detonated in bulk. Some

useful data might be obtained by detonating such bulk

samples in vacuo,

It seems evidént from the available data that ther-
mal detonation of lead azide arlises from self-heating due
to ineffective dissipation of the heat from the decompo;i-
tion reaction, The temperature of the.reactant material
1s ralsed to such an extent that the reaction 1s accelerat-
ed to explosive velocity, ,alded by the fact that the rate
of dissipation of heat 1s linearly related to the tempera-
ture gradient between the sample and its surrounding bath,
while the reactlon rate is logarithmlically dependent on

the temperature of the sample, Crystal strains, and. other
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such influences may be neglected, A simple chemical expla-r
|

nation suffices to explain the detonation phenomenon, modi-

fied by a temperature influence, produced by self-heating
which 1s dependent upon'the thermal conductivity of the bulﬁ

charge, ,



.
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SUMMARY

It was shown that the minimum detonation tempera-
ture of given batches of dextfin and service azide were
sharply critical (within 1°C,), with values of about 275°C,
for dextrin azide, and 315°C.Afor service azide, These
could be raised considerably by increasing the surface/
volume ratio of the charge in its container, as well as by
compressing or wetting the charge with phthalate before de-
tonation,

The induction periods for dextrin and service azides
at a given temperature were found to be reproducible within
experimental error (about 5%).

Dextrin and service azides, when wetted with
phthalate, were found to have similar properties, the dif-
ferences in thelr minimum detonation temperatures and 1ln-
ductlion periods over a range of temperétures being nearly
nullified by this treatment,

The sensitization of service azide by pre-heating
was confirmed, and the effect found to be permahent. It
was shown that a definite 1limit to this sensitizatlon ex-
ists when the samples are pre-heated below the minimum
detonationvtemperature, and a similar 1imit probably. exists
on pre~heating above the minimum detonation temperature,
The sensitization effect is nullified by wetting pre~heated
samples with phthalate before heating to detonation,

Data obtained by detonating mixtures of dextrin
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and service azlde show that, although dextrin azlde 1s
much more thermally sensitive when alone, mixtures con-
taining 70% service azide or more show a éharp change to
service azlide properties, The mixtures are apparently
not detonated by the déxtrin azide which they contaln,
as might have been expected, The mixture (75% service
azide) having the highest minimum detonation temperature
was shown to be the mixture with the lowest bulk density,
The activation energy of detonation of sensitiz-
ed service azide was showh to be slightly larger than the
activatior? energy of the pré-heating reaction which pro-
duces sensitization,

Minimum detonation temperature of single large

crystals was shown to increase with crystal size, and to
be falrly critical for a given crystal size, The in-
duction periods for single crysfals at a given tempera~
ture were found to be fairly reproducible, Measurement '
of thermal expansion preceding detonation of singie ’
crystals indicates that self-heating may raise the crystal /
temperature to about 750°C, |
The above data have been Interpreted as showlng !
that thermel detonation of lead azide msay fesult from
self-heating of the initlator, the heat of the pre-deto-
nation decomposition not being efficiently dissipated from®
the material,

The evidence presented in this thesis, while not



presuming to4bekfina1, certainly suggests that self-heat-
ing of lead azide 1is a major factor to be considered in

its thermal detonation, It offers a much simpler ex~
| planation for a chemlcal reactlion, the ps cullarities of
which have tended in latter years, to yleld many unusual

and complex theories in attempts to elucldate 1ts mechan-

ism,
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CLAIMS TO ORIGINAL RESEARCH

1, Improvement of'apparatus and teéhnique for thermal
detonation of Inltiators,

26 Design of apparatus and development of technique for -
detonation of single lead azlde crystals under a micro-

scope.

Se Extension of thermal detomation data for dextrin and
sefvice azides over a large temperature range.

4, Investigaﬁion of the limit of sensitization of ser-

vice azide by pre-heating, and of the duration of the
sensitization, ,

Se Investigation of the thermal detonatlion properties

of mixtures of dextrin and service azides,

6. Détermination of'the activation energies of the pre-
heating reaction and of the detonation of pre~heated ser- ’
vice azide,

7e Investigation of‘the effect of surface/volume ratio,
compression, and wettipg by phthaléte on the thermal de-
tonation properties of dextrin and service azides, j
8. Elucidation of the mechanism of the thermal detona- |

tion of lead azlde, and of the sensitization of service

azide by pre-heating.
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