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situations, and describes work on the drop-weight impact test, micro-particle
initiation of explosives and stab-initiation. One of the main fe=atures of the
drop-weight experiments was the use of high-speed photography to follow the many
processes which take place before initiation. It was found that the sample
may undergo plastic flow in bulk, show evidence of partial melting, and even
(with PEIN) melt campletely. Initiation, when it took place, always did so
after the plastic failure of the sample. In the micro-particle impact
experiments the possibility of localized platic flow was assessed; flow
concentraticn by adiabatic shear was shown to be important during particle-
impact initiation of some explosives. Experiments in which a conical strike
initiated s:ztples of primary explosive showed that the initiation mechanism
was fricticral: a model is presented which allows the temperatures generated
during impact to be estimated. Section 3, describes three approaches which
were used tO study the frictional properties of a range of explosives,
including PETN, IIMX, RDX, silver azide and lead azide. Data are also presented
on the hardness and silver azide and lead azide. Datfé are also presented on
the hardness and shear strengths of these explosives. The fracture and
decomposition behaviour of PEIN is discussed in section 4. Mass spectrometry
work below the melting point showed that sublimaticn and decamposition
occurred concurrently. Decamposition began at 75°C. The activation energy
for slow thermal decomposition between 75 and 130° was 192+5 kol 1.

Fracture of reactive solids is shown to produce decamposition.  Thermal,
fracture-induced and laser-induced decamposition studies on I\.E.T.N. are
described; differences in kinetics of decompositicn are camménted on.

Finally, section 5 describes a detailed study of the thermal decanposition

of the sensitizing explosive tetracene. \
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Abstract

The introduction to this report discusses observations we have made
which emphasize the importance of the mechanical properties of explosive
samples in various initiation situations. Section 2 describes vork on the
~drop-weight impact test, micro-particle initiation of explosives and stab-
initiation. One of the main features of the drop-weight experiments was the
use of high-speed photography to follow the many processes which take place
before initiation. It was found that the sample may undergo plastic flow in
bulk, show evidence of partial melting, and even (with PETN) melt completely.
Initiation, when it took place, always did so after the plastic failure of
the sample. In the micro-particle impact experiments the possibility of
localized plastic flow was assessed; flow concentration by adiabatic shear
was shown to be important during particle-impact initiation of some
explosives. Experiments in which a conical strike initiated samples of
primary explosive showed that the initiation mechanism was frictional: a
model is presented which allows the temperatures generated during impact to
be estimated. Section 3, describes three approaches which were used to study
the frictional properties of a range of explosives, including PETN, HMX, RDX,
silver azide and lead azide. Data are also presented on the hardness end
shear strengths of these explosives. The fracture and decomposition behaviour
of PETN is discussed in section 4. Mass spectrometry work below the melting
point showed that sublimation and decomposition occurred concurrently.
Decomposition began at 75°C. The activation energy for slow thermal
decomposition between 75 and 130 C was 1925 kJmol~!. Fracture of reactive
solids is shown to produce decomposition. Thermal, fracture-induced aud
laser-induced decomposition studies on P.E.T.N. are described; differences in
Xinetics of decomposition are commented on. Finally, section 5 describes a
detailed study of the thermal decomposition of the sensitizing explosive
tetracene.
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2
INTRODUCTLON
It is well known that the mechanical properties of explosives and
propellants can have important effects on their safe handling and performance, B
particularly after periods of storage. Over the last few years we have
studied the initiation of explosives for a varicty of experimental situations. "3

In many cases it was found that the mechanical properties of the samples were !
of great relevance in explaining the explosive behaviour. Resesrch on

(i) drop-weight impact, (ii) microparticle impact and (iii) stab initiation
(all discussed in section 2) in particular emphasized the need to measure
quantities such as hardness, yield strength, tensile strength, fracture 4
surface energy and coefficient of friction. Some of these properties are
not easy to measure with reactive materials. Consequently a certain amount
of experimental ingenuity had to be used to devise suitable methods of
measurement. Section 3 describes three approaches which were used to study %
the frictional properties of explosives. The techniques involved sliding .
(i) single crystals on single crystals, (ii) single crystals on glass and ’
(iii) glass surfaces over thin films of explosive deposited on glass

substrates. Data are also given on hardness and shear strength.

Although mechanical properties can frequently determine how energy is L
localized and "hot-spots' formed in an explosive the subsequent behaviour
then depends on the thermal properties of the surrounding medium (specific
heat, conductivity) and its explosive properties (decomposition and fast
reaction kinetics)., OQur research in this area has made use of such techniques
as (i) mass spectrometry, (ii) differential scanning calorimetry (D.S.C.) and
(iii) thermogravimetric analysis, Results on the secondary explosive P.E.T.N.
(pentaerythritol tetranitrate) are given in section 4. This section includes
work on (i) slow thermal, (ii) fracture and (iii) laser induced decomposition.
The fact that the fracture of a thermally unstable solid can produce gaseous
decomposition products and reactive fracture surfaces we feel is important to
many explosive situations.

Finally, section 5 describes our work on the decomposition of tetracene.
Activation energies, the specific heat and the heat of reaction were all
obtained using D.S.C.

IMPACT OF EXPLOSIVES

(a) Drop-weiﬁht impact

This research was discussed in detail in the final report of an earlier
contract (1) and in a paper by Heavens and Field (2). A brief description
of the experimental approach and results are included here since the work
highlighted the major importance of the mechanical properties of the sample
in this impact situation, and the benefits of high-speed photography.

High-speed photographic observation of the behaviour of the layer of
explosive material during impact was achieved with the aid of impacting
surfaces of toughened glass, allowing the impact process to be viewed in I
transmitted light. The arrangement is represented schematically in figure 1. ‘
The upper glass block G was held in the recess of the weight W with plasticine.

The hardness of the glass was between that of stainless steel and hard steel,

and with a fairly high impact energy (5.5kg hammer, lm drop-height) it was

possible to ignite PETN (pentaerythritol tetranitrate), HMX (octogen, cyclo- '
tetramcthylene tetranitramine), nitrocellulose, blasting gelatine and
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ammonium perchlorate, but not RDX (cyclonite, cyclotrimethylene trinitramine),
tetryl (trinitrophenylmetbvinitramine) or INT (trinitrotoluene).

The event was photographed at 5us per frame with an AWRE C4 rotating s
mirror framing camera, which heing of the continuous access type did not
require synchronization. The duration of the light flash was fixed at
500us, less than the period of rotation of the mirror (700us), so that double
exposure on the cawmera film was avoided.

Only one high-speed sequence, figure 2, is included in this report (for B
others see references 1, 2). The sample is a thin iayer of PETN of mass
l4mg, and the sequence represents the final stages of compression of the layer,
some 200ps after the initial instant of impact. At this point the layer,
which has become compressed to a pellet of almost single crystal density,
starts to undergo severe plastic deformation. In frames 2-6 high-speed
(150m/s) jetting occurs and the layer becomes translucent. In frames 5 and
6 a wave-like structure can be seen developing within the layer. At frame 7
the layer suddenly becomes completely transparent and starts to flow very
rapidly (300m/s), indicating that the layer has melted. Three ignition sites
appear in frame 9, followed by growth reaction at 300-400m/s (the central
spot D which persists in frames 7 to 9 is a defect in the glass; the ignition
site 1 is to the left of this).

RDX showed similar behaviour to that of PETN, but did not reach the
stage of melting completely and no ignition sites were observed. H.M.X.
exhibited some plastic flow, but no melting, before ignition.

Other explosives which flowed plastically before ignition included

ammonium perchlorate, nitroglycerine, nitrocellulose, blasting gelatine and
mining explosives. None of the aromatic secondary explosives tetryl, picric
acid (trinitrophenol) or INT could be ignited between glass anvils. These
materials showed comparatively little tendency to flow. Of particular
interest were results with silver azide and lead azide which also failed to
initiate! They did not flow plastically and it is probable that their
unexpected insensitiveness in this test, also noted by Russian workers (3),
is peculiar to the perpendicular impact situation.

Pressure-time curves for the impact process were obtained with the aid
of a Philips etched-foil resistance-wire strain gauge G (figure 3). The out-
put from the gauge was connected to a Tektronix 551 double-beam oscilloscope,
triggered independently by means of an electrical contact made by the falling
steel weight W. In experiments with explosive samples the instant of
ignition was registered on the second beam of the oscilloscope using either
a transient light detector or a simple electrical circuit to detect the
explosion.

A few traces for explosive materials are given in figure 4. The solid
secondary explosives all showed evidence of mechanical failure during impact,
At low impact energies the samples did not ignite, but above a certain
critical impact energy, dependent on the material, the sample ignited, and
the lower traces of oscillograms for PETN, 1iMX, RDX and ammonium perchlorate
showed that ignition occurred close to the instant of the sharp drop in
pressure (figure 4a).

Sharp drops in pressure during the impact of PETN at the instant of
ignition were first observed by Ljungberg in 1958 (4), wha suggested (we
think wrongly) that the drop in pressure was caused by the explosion, as a
result of the rapid expansion of the reaction products or the removal of the
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layer of material that had been sustaining the pressure. Most of the

traces obtained by us indicated that the cxplosion occurs shortly after, or
possibly during, the drop in pressure; consequently the pressure drop is due
to mechanical failure of the sample, irrespective of whether or not ignition
occurs. Figure 4b shows an example of a trace in which the instant of
ignition occurs 30us after the drop. Furthermore, if a relatively large
sample was subjected to impact, the explosion destroyed the strain gauge and
at the instant of explosion the trace left the scale as in figure 4d. It is .,
clear from this trace that the pressure drop occurred well before the 3
explosion, and that the effect of the explosion was to cause a sharp increase,
not decrease, in pressure.

To avoid the possibility of a time lag between the instant of the
explosion and the signal from the photocell, an electrical method was sub-
stituted, making use of the short-circuit between the steel rollers R2 and
R3 resulting from the explosion. With this method a time lag of akouvt 10us
was generally observed between the pressure drop and the explosion (figure 44d).
Table 1 summarizes our results.

TaBLE 1. THE TYPES OF PRESSURE-TIME CTURVES SHOWN
BY VARIOUS MATERJALS SUGJECTED TO INPACT

sharp drop,
no pressure slight pressure  serirg of pressuro  sharp drop in - pressure falling
disturbance disturbarnce fluctuations pressure to zero
/\g yYauwaN /\/\ M\
charcnal NaCl tetrylt NIi,Clo,* PETN*
graphito KEr picric acid NaX, RDS‘
glass horax composition B BaNOQ, H.\‘L\‘
CaCO, gl oxalic acid sulphur ' 'I:.\T
Na,CO, polyvinyl aleohol amimucuwum phenolphithalein NHNO,
LiF oxalaw KXNOQ,
cellulose ammonim KX\,
(sawdust) acctate NH,Cl )
NGt nume o3 tartaric acid
NCt organie sohds sucrose
blastingt gunpowder
gelatine polystyrene
® Theso matcrinls ignited st the instant of thr pressure drop. A
t These taatenn’s ignited, but not at the instant of a pressure drop. }

Discussion

Our photographic work revealed several phenomena including plastic

flow, fusion (of PETN and RDX), jetting, wave formation, melting and ignition.
The experiments, which included work on inert solids, showed that the sharp
pressure drop was associated with plastic yielding of the layer. Figure 5
shows a radius-time plot for the impact of a layer of PETN; the first 4
discontinuity AB is due to yielding of the layer, the second CD occurs upon !
melting. It is after the layer fails plastically that a permanent energy f
loss passes into the sample from the hammer. This energy heats the sample )
and is evidently sufficient to melt PETN. The factor of prime importance
is the plastic failure of the sample which occurred in all cases where
ignition was recorded. |

It is clear that for plastic €low of the sample to occur, the impact
pressure must attain the yicld strength of the layer p_. which is deter-
mined by the uniaxial field stress of the material oy Yand the thickness




h and diameter d of the layer. Application ol the Mises yield eriterion
to & thin layer between two rigid cyiindrical punches gives the following
relation between these quentities {Sclrosder & Webster §):

P = 0 1+ 4 (1) ‘;
y y 3/3h :
. . . 4
This indicates that the thinner the layer, the higher Lhe pressure necessary ]
to make the material flow.
Equation 1 is useful in explaining size effects which occur with impacted .!
explosive camples. For example the behaviour of PETN 1llustrated in fig. 2 '

occurred only with samples of mass 13mg or more. It was found that in the

impact situation exemined (5.5kg hammer from a height of 1m) samples of mass

10mg or less invariably failed to ighite. The same effect was observed with _
HMX, for which the 'critical mass' was about 18mg. Photographic sequences (
showed that the small samples showed very little tendency te flow. Chaudhri |
and Field {6) quote other evidence from Russian work (7, 8) in support of this
idea for explairing size effects in their recent review chapter.

(b) Particle impact; the role of localized plastic flow

In these experiments impacl was by small (up to ~500um) high velocity
particles. This impact situation has practical interest in the safe
handling and use of explosives. Plant (9) has described how a high velocity
fragment, either of inert or explosive material, from one ecxploding charge
can initiate another. It is alsc knowr that whep a crystal of lead azide
explodes it produces numerous ormall frapgments which move et high speed and
can ignite other crystals placed some considerable distance away (10, 11).
Another example is in an expleosive "train' wicre one device triggers another
by ejecting fragments at it. The present results give information on
particle cizes and velocities which can cause initiation.

An additional advantage of using very small particles is that individual
single crystals of explosive can be irpacted. In fact a millimeter sized
crystal appears "massive" to a micron-sized particle. Initiation was found
to take place when critical conditions of particle size and velocity were
exceeded. 1t was possible to examinc the deformatiocn produced when the L
impact conditions were just sub-critical and show that it was primarily f
plastic. Calculation showed that if the deformation energy were uniformly
distributed around the indentation, only a small temperature rise would t» -t
produced. However, it is suggested that, because of thermal softening, tne
deformation is concentrated in narrow bands of material by adiabatic shear.
The temperature rise in these regions can then be very high resulting in '
initiation.

This work is thought to be important because it again emphasizes the
role of mechanical properties and the effect on initiation of the mode of f
plastic deformation. Details of this work were given in (1) and have been
published by Winter and Field (12). The main features of the experimental |
approach and the results are cutlined below.

Two scts of apparatus were conctrucied; one employed an electroctatic
techniqu~ based on a design by Shelten, Hendriecr.., and Weurker (13) to

!
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accelerate particles in the size range up to 50um. (See Winter 1k). The
velocities to which particles of various sizes accelerated are shown in
figure 6; it can be seen that the smaller particles accelerate to higher

‘ velocities. Lead and silver azide crystels were glued to a rigid target

! rod and impacted by particles with sizes in the range from sub-micron up to
i 50um. Increased particle energies were obtained by an explosive driver

i technique, and the apparatus is shown schematically in figure 7. Particles
‘ of chosen size were placed on a 3060um phosphor-bronze plate below which was
a detonator. The sheet was of sufficient thickness not to perforate when the
detonator was fired. Tiie particle velocities were in the range 170 to
220ms~! and did not depend significantly on size and material. For a spall
plate to target separation of 10mm, particles placed on the plate with a
density of V10 particles/mm? resulted in ~ L impact sites/mm? on the target.

Initially the explosive crystals were glued to the target rod. However,
a possible objection to this was that gas bubbles could be trapped beneath
a crystal and during impact these could compress adiabatically and lead to
initiation. To prevent this possibility some of the silver azide crystals
were mounted as shown in figure 8 with crystals embedded in an epoxy resin
(*araldite') which had been degassed in vacuum. Vhen the 'araldite' had
; hardened it was polished down to expose a flat face of the crystal. Optical
‘ microscopy was used to confirm that gas was not trapped beneath the crystals.
All impacts were at normal incidence on regiouns of the crystal at least twice
as thick as the impacting particle diameter. To prevent impacts on thin
regions the edges of the crystal were covered with a silicone adhesive
compound, which had the added advantage that it caught any particles which
landed in it, thus avoiding glancing impacts by reflection of particles from
the 'mask’.

Single crystals of silver azide and lead azide and four types of
compacted explosive were studied. These were lead aride, silver azide, lead
azotetrazol and a mixture consisting of 50% lead dinitroresorcinate, 5%
tetracene and LS% barium nitrate (L-mixture). 20mg portions of these
explosives were pressed into 3.1mm diameter alurinium cup under a pressure
of 0.1L4GPa. These specimens were fixed to the target rod so that the exposed
face of the powder was impacted.

Glass, eluminium and tungsten spheres were used as projectiles; they
were graded into sized lots using sieves.

Initiation Results

(i) Single crystals

For the very small particles which were accelerated by the electrical
method the velocities achieved depended on the particle size (see figure 6).
None of these particles caused initiation. However, with the second method
larger particles could be fired and it was found that above a critical size
particles impacting at “200ms~! caused initiution of silver azide single
crystals. For aluminium and glass particles the critical size was 80 * 10urm.
The crystals were initiated by UOum tungsten particles, the smallest that
could be separated using the available sieves, but not by 10um tungsten
particles (this size range is commercially available). The method of mounting
the crystals did not eppear to affect their sensitivity Lo impact initiation.
Crystals impacted by particies near the critical size for initiation but
which did not initiate were observed by optical microscopy. (The crystal
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surfaces deteriorated rapidly making more detailed examination difficult).
The impact sites were smooth plastic indentations; only occasicnal fractures
vwere noticed. The deepest indentation obscrved was 25um, indicating that
this is close to the critical depth for initiation (figure 9).

Four lead azide crystals vere impacted by 115um glass particles; two
crystals exploded and twe did net. The crystals were about 20um thick and
in the cases when initiation was not produced severe fragmentation of the
crystals occurred.

(ii) Compacted explosives

Aluminium particles were used for these experiments. The critical
particle sizes for initiation are shown in table 2. It can be seen that the
order of sensitiveness is (i) silver azide and lead azotetrazol (similar)
{ii) lead azide (iii) L-mixture.

TABLE 2

Initiation of explosive compacts by aluminium particles
impacting at a velocity of »~ 200ms~!.

Explosive Critical Particle Diameter
(um)

Silver azide 80 *+ 10

Lead azotetrazol B0 =+ 10

Lead azide 200 + 30

L-mixture 230+ 30

(Lead dinitrorescorcinate,
Barium nitrate and
Tetracene in the pro-
portions 50, L~, to 5%

For all of these compacts the deformatior produced by just sub-criti.cal
impacts consisted of a depression with a grarular surface. Their appearance
suggested that a volume of material, about equal to the volume of the
impacting sphere, had been dislodged.

Adiabatic Shear Bands

A deforming material can develop adiabatic shear bands if two conditions
are fulfilled. First, a temperature rise needs *c be produced: this will
occur if the rate at which heat is grneratod by plastic fleow is greater than
that lost by conducticn. Secondly, the rate of thermal softening within the
bands should be greater than the rate of work hardening. The first
experimental study of this phenomenon was meir by Zener and Holloman (15)
who used a punch geometry to study the effect of strain rate on the plastic
flow of steel. At punch velocities above 3ms~! bunds of shear were observed
within which strains of up to 100 were measured. 1t was considered that
temperatures in excess of 1300K werc produced in the bands. Since this early
study, adiabatic shear tands have been observed in many materials and for a
wide range of deformation situatious. For example, Recht {16) compared the
d=formation properties of scverel metals by rachining then or. a lathe and

a2
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found that above a critical velocity, adiabatic shear bands appeared in the
chips machined frox the workpiece. Stock and Thomson (17) observed shear
bands in aluminium ailoys which had beer impacted witk spherical particles

and flat-ended cylinders. Microstructural «vidence was obtained that

melting had taken place in the bands. Therce is evidence that adiabatic shear
can occur in non-metals, particularly 1f the stress conditions are such that
fracture is suppressed by a superimposed hydrostatic pressure. For example,
Afanas'ev et al (18) impacted compacted ferric citrate trihydrate crystal
compacts between anvils and found that dark brown glassy bands appeared in

the impacted material. They suggest that melting had taken place along these
bands as a result of heat generated by localized flow. There is some evidence
that a similar deformation mechanism occurs in rock-like materials during
earthquakes (McKenzie and Brune (19). Experiments by Andrianova et al (20)
and Roseen (21} have shoun that adiabatic shear cen take place in some ductile
polymers; in this vork large temperature rises in the bands were measured. In
recent experiments we have shown (22) that when brittle polymers such as
polymethylmethacrylate (PMMA) are impacted adiabatic shear bands can be
formed having a very similar distribution to those produced in metals.

Because of the smelli size of the indentations produced by 80um

particles and the explosive nature of the crystal it wvas impossible to
observe whether or nct adiabatic shear bands had formed in the impacted
silver azide crystals. However, experiments with §0um particles on PMMA
and titanium gave similar impact craters to that illuctrated in figure 9.
An example of the deformation in a titanium specimen caused by the impact of
a Umm diameter sphere is illustrated in figure 10. With this size impacting
body it was possible to study cross-sections in detail. In figure 1{a) dark
bands can be seen intersecting the crater surface obliquely. These are
adiabatic shear bands; one of these 1s shown at higher magnification in
figure 10(b). The positicns of the shear bands found in vitanium impacted
with large spheres (v hmm diameter) are illustrated schoematically in figure
11. In this model, it is assumed that the bands forr by a mechanism involving
the successive punching of progressively larger diamcter cylinders of target
material. It is assumed that similar bands could be produced in silver

azide when a truly plastic indentation is formed at an impact strain rate.

t is therefcre suggested that the mechunism responsible for the initiation
of silver azide crystals impacted at 200ms™' by 80um Aluminium spheres is the
production of high local temperatures as a result of adiabatic shear.

A detailed discussion of the adiabatic shear mechanism is given in
reference 12. The conclusion is that at high strain rates silver azide, and
possibly other explosive materials find it energetically favourable to shear
on thin planes in the material where temperature softening (and possibly
melting) take place and that temperature rises produced in this way can lead
to initiation. The tendency to localized shear is assisted if the product
pek. (p = density, c = specific heat, k = thermal conductivity) is small,
yield strength o_ is high and melting point is low. As a class of materials
explosives appea¥ likely to be susceptible to adiabatic shear failure.

Localization of flow in compacted explosives

The observation that plastic flow can produce initiation in the spherical
particle impact situation suggests that this mechanism might also be
responsible for the initiation of cowmpacted explosives. These consist of
many small crystals pressed together; sometimes sensitising grit particles
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are included. During deformation a large range of stress situation: are
pr9duced on a micro-scale and there are several deformation processes

vh19h could take place leading to localizad flow and possibly initiation.
Various situations which can be envisaged are depicted in figure 12 (a to m)
and are briefly listed below.

(i) PFlow of individual grains

Some grains of explosive will experience large compressive stresses
causing plastic deformation. Further localization could take place within
individual grains by adiabatic shear processes (figures 12(a) and (b).)

(ii) Point contact situations

Situations which could lead to intense local deformation are illustrated
in figure 12(c) to (f). Pigure 12(c¢) and (d) represent the case vhen a
hard particle indents a softer one. This would arise when there is more than
one type of explosive or vhen grit particles are present. The process is
similar to microparticle impact, and again it is possible for conditions
favourable for adiabatic shear failure to arise. If there is a shear force
as vell as a normal force a ploughing action could take place. Localization
will also occur if the 'point’ is soft: Yuill (23) has shown that a liquid
explocive can be initiated vhen a sharp metal point is stabbed through it on
to a rigid plate. The temperature rise of the needle resulting from its
plastic flow was sufficient to initiate the explosive. A similar situation
could occur on a microscopic scale inside an impacted explosive compact

(figure 12(e) and (f)). Shearing movements would enhance this effect.

(iii) Flow around sharp points

When & hard angular particle is embedded in a 'sea’ of softer material
undergoing shear deformation, flow concentrations will occur vhere the soft
explosive flows past sharp points on the grit. This situation is similar to
that illustrated in figure 12(j).

(iv) Spalling

If a cavity exists in an explosive through which a shock wave is passing,
spalling can occur. The process, which is illustrated in figure 12(x) to (m)
involves the breaking off of a fragment of explosive from one side of the
cavity and its impact on the opposite side. On impact the situation will be
similar to that occurring in microparticle impact, also to that represented
in figure 12(c). This mechanism is similar to that suggested by Blackburn
and Seely (24) to explain the initiation of PETN by high strength shocks.

(v) Viscous effects

Some explosives melt before they explode and in these cases the final
stages of heating could take place as & result of viscous flov in the liquid
phase. Heavens and Ficld (2), see also section 2a, have recently obtainecd
photographic evidence of melting occurring in secondary explosives during
'drop-veight' impact. Rideal and Robertson (25) have suggested that if
melting takes place, then flow of the liquid between grains produces hot
spots by viscous heating. This process is illustrated in figures 12(h) and
(i) and could occur when grains are sheared against one another or impacted
together normally.
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(vi) Frictional heating

Much theoretical and experimental vork has been done to show that high
local temperatures can be produced by friction (see for example, Bowden and
Tabor (26), and Highway and Taylor (27). Also Bowden, Stone and Tudor (28)
have shown that frictional heating can lcad to the initiation of some
explosives. Basically, frictional heating will involve a combination of the
processes discussed above. The present work supports the view that flow
processes are more important in frictional initiation than, for example,
fracture processes which also taxke place when brittle materials slide in
contact.

Conclusions

If 'hot spots' are to be produced in an impacted explosive mechanisms
must exist for localized dissipation of the impact cncrgy. Prom experiments
on compacted explosives 1t is difficult to unambiguously confirm or reject
any of several possible initiation mechanisms. In this report experiments
have been described in which siliver azide single crystals were impucted by
spherical particles. The stress system produced here is such that no
significant fracturing occurs. The fact that no discontinuities arc
produced in the deforming region restricts the possible basic mechanisms
of localization of energy to one, namecly plastic deformation. It is shown
that at high strain rates silver azide would be expected to deform in
localized bands becauce of temperature softening. Silver azide melts before
it explodes and the final ctages of the heating must take place while the
material is in the liquid phase. It is argued that the bands of molten
explocive must initially be very thin and therefore continue to absorb a
significant amount of cnergy. Since the results of the single crystal
impact experiments described here give clear evidcnce in support of this
mechanism, it scems likely that the process is also possible with compacted
explosives. The recult that compacts and single crystals of silver azide
have similar threshold conditions, suggests that similar factors control
initiation in the two cases. It i3 clear that in compacted explosives there
are many situations which could lead to localized plastic deformation during
impact loading. As a method of assessing the impact sensitivity of
explosives generally, the methed hus a number of advantages over previous
methods. It gives a well defined and reproducible impact situation which
enables 'post mortem' examination of the impacted region. When the
explosive is effectively 'massive', the size and shape of the sample do not
affect the impact conditions. The method also gives results on critical
particle sizes and velocities required to cause initiation and this has
relevance to various practical situations.

(c) Stab initiation of explosives
f— 4

We are concerncd here with the initiation mechanism in a colum of a
compacted solid primary explosive when stabbed vith a hard smalleangle
metallic conical striker. A mod2l is presented which, for the first time,
gives a quantitative.estimate of the maximum temperature rise generated
during the impact. The initiation mechanism is shown to be frictional.

The model is based on experimental investigations of the deformation
behaviour of compacts of various reactive materinls (silver azide, lead
azide, lead azotetrazolc) when hit with steel conical indenters. ‘These
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indenters had semi-apex angle 150, vere polished to a surface roughness of

S5um and had a flat tip of diameter 15um. The compact of a selected material
(particle size up to 25um) vas made in an aluminium cylindrical container,
k.3mm in diameter, L.8mm high and 0.25mm well thickness, by placing a quantity
of the material in the container and compressing with a tightly fitting
cylindrical punch to a load of 215kg. Indentations were carried out using an
Instron machine (crosshead speed 0.166mm s~!) and it was found that the load,
L, and indenter penetration, x, vere connected by

L =Kx (2)
vhere k., is a constant. An important observation was that during the
indentaéion surface particles of the compact became firmly attached to the
indenter tip and formed a thin coating on it (see figure 13).

; Other studies on the deformat.un of compressed powders of inert materials
wvith steel vedges (semi-apex angle 150) revealed that the particle flow
trajectory met the wvedge surface at %/2, and this, combined with the
observations described above (equation 2), suggests that the deformation of
the compact by small-angle indenters can be described by plasticity theory
(29) with a high value of the coefficient of friction betwveen the indenter and
the compact. This means that during the vhole penetration period, the
particles firmly attached to the indenter surface will rudb against bulk
particles with a relative velocity of vw(l - sinzlso). vhere v is the indenter
velocity. On the other hand, relative movement between the particles in
other regions (that is, away from the indenter surface) of the compact will
not occur for the whole period of the indentr.cion. Moreover, as the thermal
conductivity of the particles is much smaller than that of the indenter, the
temperature generated at the metal/particle interface will be much smaller
than at the particle/particle interface. Therefore, during indentation the
maximum temperature rise will occur at the surface of the particles attached
to the indenter.

To calculate the magnitude of the maximum temperature rise it is
assumed that the particles attached to the indenter tip rub against a
'continuous plane surface' provided by the particles in the bulk. Now
consider the case of cne of the particles attached to the indenter. The
frictional heat produced per second per unit area is

uvll - sin215°)wp ' (3)

wvhere p is the coefficient of friction. A the area of contact, and w

the normal force on the particle. For a compact, the normal force 90r

a particle of a given size can be calculated by assuming that the normal
force on the surface of the indentation is uniform. The temperature rise
can then be calculated by using the method of Blok (30); temperature rise
from chemical reactions is neglected. If the contact area is circular of
radius R, and 9, and q, are the fractions of heat going into the particle
and the plane surface,“respectively, khat is, q, + = 1), the temperature
rise AT at the centre of the contact area after a tgﬁe t is given by

4 Jt quv(l - sinzlﬁo)wn(l - exp(- Rzpc/hxtLt
0 2A(t/pc )’

AT =

(k)

n“pe
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vhere p is the density, A the thermal conductivity, c¢ the specific heat and

_ z v(1l - 5in215°)Rpc -1
a = [1'*14/:2 %)

Now we can calculate the maximum temperature rise when a conical striker
(semi-apex angle 15°) of mass M is dropped on to a compact for which the value
of the conctant k. (~quation 2) has already becn determined by experiment.

The motion of the indenter will be given by

2x
W =kt (s) -

dat

This can be integrated to give the indenter velocity as a function of time.
Then, by using equation (k) we can calculate the temperature rise at any
time (or penetration) during the impact.

As an example, the temperature rise is calculated vhen a conical strikcr5
mass 0.145kg, strikes a compact of lcad azide (compaction pressure 14.8kg mm™<)
vith an initial velocity of 0.5ms™!. Lead azide has been chosen since all the
parameters in equation (&) are known and are:

= 2,27 x 10~3xg (for a particle 25um across)

-
kP = 3.53g ma-2
¢’ = §.85 x 104J xg~ 1!
A =16 x 1074 wls-Ix!
p = 4.7 x 103kg a~° '
p = 0.28 (for the casc of plastically deformed contact, see reference
\' 31 and the next section of thic report)
R = 6.4hum (the value of R vas obtaincd scparately by compressing a lcad

azide particle against a rigid surface by a load equal to
the normal force on a particle of that size during the
indentation of the compact).

The results of the calculations are shown in figure 1k, Curve a is
for a 0.145-kg indenter, whereas curve b is that for a 0.290-kg indenter, but
with the same initial kinetic energy as before. It will be seen from figure
1k that the temperature rise first increases quite rapidly with penetration,
but its increasec then slows down, and reachce a ‘steady-state’ value well
before the indenter comes to rest. Kote that the value of the steady-state
temperature rise for the 0.145-kg indenter is 118 K, whereas it is 93 K for
the 0.290-kg indenter and also that, for a given penetration, the 0.1k5-kg
indenter gives a higher temperature. This explains the observations from stab
sensitivity tests of an explosive carried out with indenters of different
masses that the efficiency of initiation of reaction is higher for the indenter
of smaller mass.

The stcady-state temperature for the 0.1Lh5-kg indenter is 118 K plus the
initial temperaturc of lead azide (293 K}, giving 11 K; the ignition temp-
erature of lead azide iz 620K and therefore initiation of reaction is not
to be expected, as is found experimentally. The came impact conditions are,
however, just sufficient to cause initiation of reaction in lead azotetrazcole
whose ignition temperature is 493 K. The coefficient of friction for lead
azotetrazole is twice that for lead azide, but the other physical propsrties
of the two materials are similar. The cstimated steady-state temperaturc is

it
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2530 K. Therefore we expect a higher ignition probability for lead
azotetrazols than for lead azide.

Our model also predicts that reaction initiation should occur at the
indenter tip after the indenter has penetrated a certain minimum distance
(for a given initial velocity of the indenter). High speed photographic
studies of initiation of recaction in compacts of lead szotetrazole support
these predictions, and a detailed account will be published elsevhere. A
paper on the above work has been published by Chaudnri (32).

FRICTIONAL, PROPERTIES OF EXPLOSIVES

Introduction

In some situations mechanical initiation of s0lid explosives has been
considered to be due to friction (Bowden and Yoffe, 33 ). The quantitative
assessment of models based on such a process requires a knowledge of the
frictional force at the contact between the sliding solids. This section

first outlines the factors which govern the frictional force between solids

in the context of explosives and considers the effect of lond, geometry,
surface topography, material properties and temperature. It then describes
how frictional properties can b2 obtained experimentally.

Friction measurements on explesive materials differ somewhat from

. measurements on other materials. In general, it is necessary to study very

small amounts of material. This restriction is brought about by the fact
that it is often not possible to grow large single crystals, and in addition
safety considerations require that only small amounts of material are used.
This constraint often necessitates the adoption of experimentsl procedures
vhich measure the frictional force indirectly. Here we desceribe three

types of experimental procedure: first the direct case where single crystals
slide on single crystals {(figurc 15a); sccond where single crystals slide on
smooth rigid substrates (figure 15b); and finally where a thin film of
explosive material is sheared between smooth rigid substrates (figure 15c¢).
These techniques and the calculation of the frictional force are described.
Finally frictional and hardncss data are presented for a geries of explosive
materials. The explosive substances studied are listed in table 3, together
vith a description of their physical form and their microhardness.
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Table 3 : Explosive Materials
Explosive Formula Physical form Vickers hardness Meclting point
at20 °C of single crystals (&)
(kg mm-%)at 20 °C
Silver azide AgNs Crystals~200 umt  51-9+2°6 251
) in diamcter .!J
a-lead azide Pb (Nah Crystals~200 umt  119:748-0 Explodes 1
in diameter
[
Cyclotrimethylene PN Crysals~Smm  24-1£0-8 202
trinitramine H.(|3 C'“: across
RDX)
¢ NO,—N__ C/N -—-NoO,
H,
TO:
HC—N—CH,
Cyclotetramethylene | Crystals~$ mm 41-341 ~219
tetranitramine O,N-—N N—NO, across
HMX
(o) RC— Ili—— CH,
No,
CH,ONO,
Pentaerythritol Crystals~ S mm 179406 14}
tetranitrate 0,NOH|C ~—C— CH,ONO, aCross
) CH,0ONO,

t Crystals of size 1 mm or greater are very difficult to grow.

Factors affecting the friction between surfaces

It is nov generally accepted (26, 34)  that when nominally clean bodies
are slid over each other there are two major energy-dissipating processes;
the adhesion component and the ploughing component. The two processes may
be considered to act independently of each other. The adhesion mechanism
suggests that when the surfaces are brought together the load is borne over a
real area of contact A which is generally significantly less than the
apparent area of contact, and that adhesive junctions are formed at these
contacts., When the surfaces are moved over cach other these junctions are
repeatedly sheered and reformed. Thus energy is dissipated in a shear process
vithin a narrow region close to the interface through a mechanism of plastic
work or, in some cases involving brittle materials, by fracture work. If we
assign to the junction a shear yicld strength 1 per unit area, then the t
frictional force F is simply

. )

F=1A (6)

if ve assume that the real area of contact is not affected by the sliding
process. This is generally not the case, and the area of real contact
increases with the application of a sliding force (34). However, with our
materials junction growth does not significantly affect the value of the
coefficient of friction under most sliding conditions. This is due to the
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fact that 1t in equation (6) decrcases with decreasing contact pressure (sec
below), and thus, at a constant load, while A increascs, the contact pressure
decreases and hence 1A remains approximately constant.

The ploughing or grooving component of friction involves energy dissipa-
tion within a greater volume of material than is the case in the adhesion
mechanism. The magnitude of this contribution depends to a limited extent on
| the mechanical properties of the material but is governed primarily by the

geometry of the contact (33). A

The ploughing component of friction Lecomes significant if a hard
indentor or asperity ploughs its way through the surface of a softer solid.
This would be the case when an indentor or rough surfuace which is appreciably '
harder than the explosive crystal moves over its surface. At very small
loads where the contact deformation is wholly elastic the deformation con-
tribution to the frictional force is approximately proportional to the pro-
duct of some power of the elastic modulus and the fraction of energy lost
through hysteresis during a deformation cycle (26). In general this con-
tribution is always small compared with the adhesion component except for the
case of lubricated sliding where the adhesional losses are small. At higher
loads where extensive plastic deformation may occur the ploughing component
may represent a significant contribution to work done during unlubricated
s1liding. Bowden and Tabor (35,36) have considered various cases of plastic
ploughing assuming negligible interfacial adhesion and no 'pile up' of
material ahead of the indentor. Their model for a simple case of a conical
indentor of semi-apical angle 8 yiuvldracoefficient of friction, due to plough- )
ing alone as (2/n) cot 06 and for e=6o°,up%0.32 and 8=30 (a rather sharp
needle)up%l.l. In this model no realistic estimate of the adhesional
component of friction is possible but certainly the proportional contribution
of ploughing to the sliding friction may be large. Currently there appears
to be no simple way of assessing in detail the relative roles of the two
components and their mutual interaction in lubricated friction where
appreciable plastic grooving of one surface occurs and thus calculations of
; the magnitude of friction from first principles in these cases are imprecise.

In our experiments the ploughing component may be neglected so that the
present paper deels only with the adhesion component of friction. This process
is described by equation (6) and the rate of cnergy dissipation is related
directly to the magnitude of 1. 1 may be regarded as a part of the work done ﬂ
per unit sliding distance. For a given material t is generally a function of
temperature T, contact pressure P, and sliding velocity V. The area of

contact A cannot, in general, be measured directly. 1t must be estimated =
‘ using a model for the contact which takes into account the contact geometry,
the surface topography, the load, thc mechanical properties of the contacting k
solids, and the interaction of the load and the frictional force. Such models
only provide an estimate of the contact area. However, where the contacting
surfaces are smooth, the description of the contact is comparatively straight-
forward. If the contacting surfacces are loaded so that appreciable plastic
deformation of one of both the substrates occurs then !

A = W/pg (1) |

. where W is the normal load and pg the flow or plastic yield stress of the o
) softer material. The same relationship also holds for rough surfaces where ‘
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the individual asperities deform wholly in a plastic manner. The case of
two elastically deforming substrates is more complex, With smooth surfaccs.
for example, a spherical surface on a flat surface or the equivalent case of
two orthogonal cross cylinders of radii Rl and R2, A is given by

A = n(wR)2/3
vhere 2 2
__3 1l - V) 1 - Vo
M= % E] + £, (8)

v and E are the Poisson's ratios and the Young's moduli respectively (37).
The subscripts refer to two substrates. R is the mutual radius of curvature,
RjR2/(R; + Ry). For rough surfaces undergoing elastic deformation A is
generally proportional to W such that

AcW™ (9)
where m is an index betveen-g and 1 (38-40). The transition from elastic to
plastic deformation in a muléiple asperity contact has been considered by
pany authors (38,39) who have included both the mechanical and topographical
properties of the solids.

The coeffirient of friction p may be calculuted from equations (6),
{(7) and (8). '

For elastic deformation on smooth surfaces
= FM = 1(P,T,V)r(MR)2/3y"1/3 (10)

or generally W(]-m) where (1 - m) has values between ¥ (for smooth
surfaces) and zero (for certain types of rough surface).

For plastic deformaticn on both smooth and rough surfaces

- I—(PJI.LU = .?_[_Mm (11)
Py H,

assuming that the local contact pressure is Py and that pg is given by

Hv/3 (k1) where Hv is the Vickers pyramid hardness {table 3). Both these
assumptions are open to question: the loecal contact pressure for a multiple
asperity contact may be comewhat less than py (38), and for single crystals
Pp may be significantly less than Hv/3 (ke).

We now consider how the contact conditions affect the magnitude of r.
Figure 15 shows three contact situations where ploughing is negligible. Our
recent experiments (L43) using configurations (b) and (c) (figure 15) have
shown that with similar materials shear takes place within a narrow zone in
the material. Results from PETN quoted later suggest that this is also the
case for configuration (a). The energy dissipation process, and hence the
magnitude of 1, will be similar in the three cases provided the contact
conditions are the sume. That is, they correspond to the same temperature
T, sliding speed V, and contact pressure P. Other experiments on organic
materials in similar configurations indicate that this is so and that the
following empirical relationships apply (W3-45),

.-...--'““.-‘--'--;ﬁ-ﬁﬂﬂﬁ.-iﬁ.h-hunh-.-u.-.--..--r_A e
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-1 = tgtaP at constant T,V (12)
= 19 %xp(Q/RT) at constant P,V (13)
v = $t” at constant T,P (1k)

where tp, 13”7, a, Q, & and n are constants. Thus for a given substance, r
if the constants in equations (12), (13) and (14) are known as well as

their variation with temperature, pressure and sliding velocity T can be

predicted for any sliding conditions. The real area of contact must then 4
be estimated from a suitable contact model (in the case of smooth surfaces
via equations (7) and (8) and the coefficient of friction estimated
(equations 10 and 11)).

In spite of the assumption embodied in this approach, we shall see
later that the estimated coefficient of friction is generally in agreement
with the values obtained directly when single crystals slide on single
crystals. The present account reports data for certain of the constants
in equations (12), (13) and (1L4) for those explosive materials given in
table 3. Where large crystals of the explosive material were available .
(PETN) all three sliding configurations shown in figure 15 were studied. "
In the case of the other explosives where the samples were much smaller,
the configurations (b) and (c) of figure 15 were used. The data for
PETN shown that the friction experiments described in figure 15 lead
to similar coefficients of friction, and this supports earlier assumptions
about the physical similarity of the three configurations.

Materialg and sample preparation

Single crystals of HMX and RDX were kindly supplied by ERDE,
Waltham Abbey, Essex. The single crystals of PETN and AgN. were grown by
slow crystallization from acetone and agueous ammonia soluéions respectively.
A diffusion technique was used to grow single crystals of u—PbN6. All the
crystals were dried over silica gell prior to use.

The thin films were prepared on Tired glass plates using a modifica-
tion of the drop spreading technique proposed by Baier and Zisman (46).
A small crystal (v10-100ug in weight) was placed on the glass surface, and
a drop of solvent added. As the solvent spread over the glass it evaporated
and deposited a thin layer of explosive material. The procedure was :
repeated until an area of suitable thickness was produced. The film {]
thickness was estimated using multiple-beam interferometry: resolution !
was improved by coating the explosive film with a thin layer of silver. No
marked variation in shear strength data was observed for films with -
thicknesses less than 300nm. The mean film thickness used was 200nm. The
spreading solvents were: acetone for PETN; aqueous ammonia for AgN_; and 3
water for PbN6. All the films were dried over phosphorus pentoxid® before \
use,

Results and experimental procedure !

The three sliding configurations and a schematic diagram of the
apparatus are shown in figure 15. The equipment used to measure the
friction of the explosive materials has been described in detail elsewhere
(43). The upper sliding member was supported in a load-cell at one end !
of a sengitive beam balance and lcaded against the lower surface with a
dead load W between 20mg and 20g. The lower surface wa: clamped on a

i
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heating stage which was moved at a constant velocity by a hydraulic drive.
Repeated traversals of the upper slider, of distance about 10mm, were
made over the lower surface. Four sliding speeds were used: 0.0h4, 0.1,
0.2 and O.4mm s‘l, the majority of the measurements were, however,
conducted at 0.2mm s~!. The load-cell provided a continuous measure of
the frictional force which was generally reproducible to within *10%.

In configuration (a) (figure 15) both surfaces were the explosive material
PETN. The other configurations mede use of flamed glass surfaces; in (b)
an explosive crystal was slid over a glass flat; in (¢) a thin film of
the explosive (v200nm) was deposited on the glass flat and a glass slider
was slid over the film. Each configuration is now considered in detail.

Configuration (a)

Figure 16 shows the variation of p with W for a single crystal of PETN
sliding on another PETN crystal (figure 15(a)). The radius of curvature
of the upper surface was estimated to be about 0.25mm before sliding. V¥
is independent of the load. We estimate, assuming a Hertizian contact

of this radius for smooth surfaces, that gross plastic yielding of the
contact will occur at approximately 1 g load. The fact that u is
independent of load suggests that the contacting surfaces are not smooth
and that multiple contacts occur within the area of apparent contact; that
is, m is close to unity in equation (9) and the contacts deform elastically
for load less than about 1 g. Plastic deformation occurs at the contacts
at higher loads and p is given by equation (11). Again y is independent
of load.

In the plastic regime t(P,T,V) may be estimated via equation (11)
as 2.25 x 10’Nm~2 (taking p = Py = HV/B = 6 x 107pa).

Configuration (b)

Figure 16 shows data for single crystals of PETN, HMX, RDX, Pb(N,)
and AgN_ sliding against smooth fired glass substrates. At high loadg @
tends tg an asymphtopic value for each crystal, while at light loads
increases rapidly. At low loads the contacts are elastic, # is therefore
given by equation (10) (assuming a single asperity contact) until the
contact pressure exceeds the yield pressure of the explosive crystal.
Above the yield pressure p , b i3 given by equation {11). Table U lists
the values of (1 - m) (equation (10)) derived from the data in figure 16
(1L - m) is obtained from a plot of log v against log W and is close to
-3 , indicating that the contact is singular and primarily elastic.
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Table 4. Frictional properties at 20°C with s5liding velocity
of 0.20mms™!

Columin 1 2 3 4 5 6
Crystal 5 To o Hoal. I ~(1~m)
PETN  0:40 —50x108Pa 0:45+0-05 0-384+0-02 0-40 0-39
HMX 0-55 — - — - 029
RDX 0-35 — — — —-— 026
AgNs 040 1'01x107Pa 042+0-01 0-44+0.02 — 0-37
Pb(Na)s 0:28 2-9x1uéPa  0-26:0-04 0-263.0-04 — 0-28

Column 1., u, coefficient of friction in configuration (b) at
high loads taken from figure 16; markcd plastic
deformation of the contact occurs.

Column 2. Tto0, constant in equation (12) at QQOC; configuration (c).

Column 3. a, constant in eguation (12) at 20°C; data in figure 17;
o u at high-loads; configuration {c)

Column 4. vycal., calculated coefficient of friction at high lcads
from equation (11) and figure 17.

Column 5. u, coefficient of friction for single crystal on
single crystal.

Column 6. m,index in equation (9); for smooth elastic contacts
(1 -m) =-0.33. i

Configuration {c)

In these experiments a flamed glnss spherce of radius R is loaded
against a thin film of the explosive material deposited on a flamed glass
flat. We assume that the sheared area of film A is given by equation (8),
where v,, v, , El, E, are the elastic constants of the glass substrates.
Further, we assiime €hat no direct glass—glass contact occurs; this is
confirmed by careful examination of the glass surface after sliding has
occurred. The shear strength t is then F/A, and the mean contact pressure
P is W/A. Thc mean contact pressures covered in these experiments ranged
from ~b x 107Pa to 4 x 109%Pa by using loads between 20mg and 20g and radii
between 2.5mm and O.bhmm.

Figure 17 shows t against P for PETN, AgN_ and Pb(N_)}_ films. 1 is a
linear function of P; the values of a and 1o (&quation (%2?) are listed in
table k., These data, a and 1o, may thon be used to calculate the coefficient
of friction at high loads (where plastic deformation of the contact occurs)
in conftguration 15(a) and (b) using equation (11) substituting the value
of 1 at pp (Hv/3). Table h, (column L) shows thesc calculated coefficients
of friction (ucal). There is good agrecment between the calculated values
and those observed in configuration (b): see table 4 (column 1). Further,
the values of y for PETN in configurations (1), (b) and (c) are 0.4, 0.k
and 0.38 respectively, which confirms the similarity of the three sliding
processes. Also, the value of 1 at Py(6 x 107Pu) in configuration (a) is
2.25% x 107Pa, which is close to the value of 1 of 2 x 107Pa obtained in
configuration (c) at a mean contact pressure of 6 x 107Pa (figure 18),
which again cmphasizes the similarity of the shear processes in the three
sliding configurations.
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The coefficient of friction at high loads may also be estimated
directly from figure 17 and equations (1i) and (12). Combining these
equations

u = (TO + ("PO)/PO = TO/PO + a

Comparing the values of a, rto and Py (tables 3 and L) we see that

Pg>to, and to a fair approximation the coefficient of friction u.is equal
to a. The values of a and u (at high loads) are compared in table 4
(columns 1, 3 and L) and the agreement is seen to be quite good. This i
approach for estimating p is very useful if Py is not known for the

explosive material. |

We now describe the effect of temperature on the shear strength rt. b
Figure 18 shows log 1 against 1/T for (equation 13) PETN and AgN.; the
values of Q are 6.0t1 and 2.5+0.5kJ mol~ ! respectively at s mean contact
pressure of 6.7 x 107Pa. Other work on organic materials has shown that Q
is not a strong function of pressure. Thus u may be calculated for
equations (10) and (11) provided that the temperaiture dependence of
H_ (or Pg), E and v are known. Also shown in figure 18 is the temperature
dependence of the Vickers pyramidal hardness of PETN (plotted as log Hv against
the reciprocal of the absolute temperature). The apparent activation
energy is 7.2tlkJ mol”!, close to the value of Q obtained for the tempera-
ture dependence of 1 (equation 13) at constant contact pressure. The
similarity between the values is not surprising, as both experiments
monitor a yield process. The two experiments do however correspond to
different strains and strains rates.

Finally, preliminary measurcments of the velocity dependence of 1
indicate that equation (14) holds reasonably well. With AgN_ n = 6.3 at
20°C and the contact pressure is 6.7 x 107Pa. Increasing thg sliding
velocity from 0.0kmm s~! to O.hmm s~! increases the estimated value ofe1
from 3.67 x 107Pa to 5.40 x 107Pa, an increase of approximately 50%.
Measurements were made on the »ffect of temperature on the indentation

hardness for PETN.
[ ]
é

Three approaches have been used to measure the cocfficient o’friction
when single crystals of explosive are slid over cach other. As well as the
direct method of sliding single crystal on single crystal, a study was also
made where single crystals were slid on smooth glass surfaces. The third .
method involved depositing the crystsals as thin fiims on glass surfaces
and then sliding the surfaces over one another. After certain assumplions
had been made about the nature of the contact in ihe three cases and the
mode of energy dissipation, 1t was possible to shew that the thin-film !
technique was capable of predicitng accurately the coefficients of
friction obtained by the other techniques. This is consisteht with the '
adhesion model of friction, which supposes that the energy of sliding is
dissipated in a narrow zone close to the intcrface. The limiting factor in
the use of the adhesion model is that it rcquires a knowledge of the actual
area of contact. This quantity can only be estimated from models which
include the topography and mechanical properties of the interface. In the '
current study single-crystal/single-cry:tal contacta werc bhest modelled as
multiple-asperity contacts in both the lastic and plastic deformation
regimes. §Hingle-crystal/smooth-glass contacts Lehaved as smeoth contacts
in the elastic regime and the coefficient of friction showed a marked load
dependence. .
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Other measurements were made using thin-film techniques to study both
the velocity and temperature dependence of the coefficient of friction.
The shear strength decreases with temperature at approximately the same
rate as the hardness for PETN. Thus one anticipates that the coefficient
of friction will be independent of temperature over a wide range for single-
crystal contacts. An increase in the interfacial shear strength with sliding
velocity was observed for silver azide, but we have no data on the time- :
dependent hardness of this material. Thus a substantial part of the
frictional work when bulk crystals ere slid on themselves or on glass |
substrates can be interpreted using the adhesion model of friction. In E |
general, those factors which increase the interfacial shear strength tend
to increase the hardness of the material and hence reduce the area of ,
contact. Hence the coefficient of friction is a constant at a given load.
At high load the coefficient of friction becomes independent of load. The h
value of the coefficient varies somewhat between the explosive materials 8
studied. No study was made of frictional anisotropy in these materials,
but the film experiments suggest that marked anisotropy does not exist.

This study has completely neglected the ploughing component of
friction. Thus the values of the coefficient of friction given in the
paper must be considered as lower limits. In many cases ploughing may be
negligible, but in certain cases the ploughing component may exceed the
adhesion component. This would be the special case where a needle-shaped
indentor slides over a bulk crystal at high loads. In this case it is not
possible to compute simply the exact value of the ploughing component and
the relative contributions of the ploughing and adhesional components of
friction.

In a recent paper Winter and Field (12, see also section 2b above)
considered the role of localized plastic flow in the impact initiation of
explosives. They argue strongly for a mechanism of adiabatic heating in
the shear plane and propose that the impact energy may be dissipated in
various crystal configurations including those illustrated in figure 15.
Further they note that energy dissipation involving plastic deformation of
the bulk crystals may occur. While the present experiments do not attempt
to deal with the mechanisms of initiation, the film data do however provide
information on the rate of energy dissipation in localized zones, both at
interfaces and within the bulk at elevated pressures, high strain rates and
strains and moderate temperatures. The maximum sliding velocities in the
film experiments (0.4 mm s™!) was rather less than that suggested by
Winter and Field for the onset of appreciable adiabatic heating. Most '
experiments were conducted at sliding speeds where such frictional heating '
was thought to be negligible.

:’.

Finally we note that the film technique is particularly suitable for
studying the frictional properties and shear of explosives where large =
specimens of materisl are often not readily available and safety require-
ments necessitate working with small quantities of material.

FRACTURE AND DECOMPOSITION OF PETN

This is & widely used and important secondary explosive, We have
made detailed studies of its mechanical, decomposition and explosive
properties.
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Thermal decomposition

A study was made ¢f the thermal decomposition of PETN below its
melting point of 141° using the Bendix RGA-1A time-of-flight mass

spectrometer (for details see 1 or 7). Both sublimation and decomposition

were found to occur concurrently. Decompesition begins at %15 C. An
activation energy of 192 kJ mol” ! was obtained between TS °c and 130 °C.

Mass spectra were taken at three temperatures (Qho, 126° and 156°C).
The mass spectrum of the decomposition products has major peaks in the low
mass region below m/e 50. Prominent peaks are 18, 28, 29, 30, 4k and L6.

The distribution was influenceq by the temperature of decomposition. Below
the melting point of PRIN {(1k1°C) a2 large amount of m/e 30 was found whereas

at higher temperature m/e 18 and 28 dominated. These peaks correspond to
the decomposition products: H,0, Nq, C0, HCHO, NO, CO,, N.O and NO
Because the crystal is recrystalllzed from acetone somé of the trapped
solvent also showed up in some of the spectra. The base peak occurs at
m/e 43 due to the fragment ion CH,CO , but the amount is not significant
in comparison with the decompositfon products. Over the high mass region
{(i.e. m/e > 50) prominent peaks occurred at 55, 56, T6 and 85.

For mononitrate and nitrite esters, the primery process involves the
rupture of the RO-NO, tond producing No or NO. The bond dissociation
energy was estimated by Levy (48) to be“ca. 173 kdJ mol™l. Our calculated
activation energy of 192 kJ mol~! for PETIN is close to this and so from
the energetic point of view, the primary process in the decomposition of-
PETN appears to be the rupture of one RO-NO., bond followed by the elimina-
tion of a neutral formaldehyde molecule {r=fictions (1) and (2)).

C(CH,ONO,)), —_— C((‘,H:)ONO,‘)3 CH,O + NO,, (1)

C(CHQONO,’,)XCH;,U —_—> C(CH?ONOq)g + KUHO (2)
The relatively large amount of CH,O yO (W/t 76) present in the mass
spectrum then suggests the ultimale bre ah down of ((LH ONO ) as in
reaction (3).

) ——— o 0H_ONO 2 0+ NO

C(CH,ONO,, 3 JONO O+ N (3)

Methyl nitrate, by analogy with the decomposition of CH PH OAO (see,

for example, ref. 42) could then undergo stepu (8)-(9

8l ——.————) ~3 N v

CH3ON(,? C tl:%O + Nu:? (L)
CH3O + NOP —_—> HCHO + HOHO (s)
2 HONO —_——> H, O + NO + NO (&)
CHO + HCHO > CH OH + HCC (7
HCO + 1O —— (0 + HNO (8)
2 HNO —_—> O+ N0 (9)

These steps are all consistent with cur mass spoctral results, and the

reaction pattern established by Levy feor —thyi nitrat.,

Recently Maycock and Verneker (‘)) hav:, -tudied the kinetics of sub-

limation by weight los:o measuremsnts uander oostream of helium gas maintained

at a pressure of 5 x 107 torr and xound an activation energy of 109kJmol~l,

o

POV

_J —.”-‘r‘ ot . s Ll i
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The absence of an exotherm in their differential thermal analysis data,
and the presence of decompositicn products found by us strongly suggests
that decomposition is preceded by sublimation and that it occurs pre-
domirantly in the vapour phase.

Practure-induced decomposition of reactive crystals

Early vork in this laboratory by Bowden, Fox and Soria-Ruiz (51, 52)
had shown that when crystals of reactive materials were cleaved in vacuum
then gaseous decomposition products wvere formed. In their initial
experiments they detected the products with a quadrupole mass spectrometer,
more recently we used a Bendix RGA-1A time-of-flight mass spectrometer
vhich gave better time resolution.

Experiments on thermally very stable solids such as MgO gave no
decomposition. Thermally unstable solids such as CaCO_ (calcite) MgCO
and PbCO_ produced CO_ vwhen cleaved. Sodium azide (nog-exploaive) shoved
some reaftion. A pn&.ry explosive (lead azide) produced the equivalent
of 10 monolayers of gas from its fracture surfaces and a secondary explosive
(PETR) approximately 2 monolayers.

In the cases vhere the reactions folloved relatively simple kinetics
(MCO_ —» MD + CO_ for the carbonates 2M°N_ —» 21~ + 3!!2 for the azides)
it v&s possible tg measure the quantity of “gas produced.” By assuming
that reaction occurred only in the crack tip region an estimate of the
equivalent crack tip temperature could be made. The results are summarized
in table 5,

Table 5

 Average Ko. of Equivalent Crack

Material Monolayers Tip Temperature/K
Decomposed
Calcium carbonate 6.09 1250
Magnesium carbonate 0.37 1.9 x 10“
Lead carbonate 2 850
Sodiwm azide 0.02 1000
8-lead azide ~10 very large
P.E.T.N. a2 kinetics too
complex

The word 'temperature’ in this context is used guardedly. In the first case
vhen a crack travels at its maxirmm velocity there is only time for two or
three oscillations of the atoms during bond rupture: this is far from an
equilibrium situation. Secondly the Arrhenius equation would predict an
increased amount of decomposition for either an increazed temperature or
changes in the activation constant or pre-exponential factor (or both).

The above result is of interest to the general question of shock
initiation of explosives particularly as regards the role of rapidly
compressed gas pockets. Some workers (53-55) believe that thermal effects

R —
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due to compression of interstitial gases in shock initiation cxperiments
are not important. They do so partly on the basis of the result that the
shock sensitivity of some explosives is approximately the same for bhoth
vacuum and atmospheric pressure conditions. They consider that when an
explosive is placed under vacuum, there ic no interstitial gas. lHowever,
this may not be true for the reason mentioned above, since it means that
even vhen experiments are done under vacuwn, the initial shock, as it
fractures grains of the explosive, can produce interstitial gases. If
this gas is not pumped away sufficiently quickly the resulting situation
may not be very different from that when interstitial gas is present
initially. Thus the observation that evacuating a granular explosive doos
not greatly reduce sensitivity necd not mean, as early workers have argued,
trat the adiabatic collapse process is not important in that situation.

However, although fracture can produce gaseous products and surfaces
of different reactivity we have found no evidence that fracture alone can
lead to fast reaction throughout a complete sample. This has been
extensively studied in this laboratory by Chaudhri (56-98) who has taken
many high-speed camera sequences showing extreme fragmentation of
sensitive azide crystals (lead azide and silver azide) without there
necessarily being initiation. The suggestion by some workers (59-61)
that the decomposition of a few ncighbouring molecules or the fracture of a
crystal can lead to initiation of sensitive azides does not seem tenable.

In summary then fracture alone of an explosive crystal does not lead
directly to initiation. However, the fact that gases and reactive fracture

surfaces are produced can mean that an explosive sample is, at least

temporarily, more sensitive. Thic has important implications in shock or
impact loading of explosives as indicated above and emphasized by Chaudhri
and Field (6, 62, €3).

Fracture induced decomposition of PFETN

Good quality crystals were cleaved in vacuum in the presence of the
Bendix mass spectrometer. Preliminary experimeunts established that PETN
cleaves on the (110) plane. Two types of fracture were induced (i) a low
energy (slow crack) mode, in which thc¢ platform holding the crystal was
slovly raised so that the crystal pressed with increasing forcec against a
rigidly held cleaving chisel, (ii) a high energy (fast crack) mode, in
vhich a cleaving crystal was impulsively loaded against thetfrystal. In
both types of experiment the crystal was in a vacuum of . 10" torr before
cleavage.

The experiments shoved (i) that cleavage caused decomposition; increased
amounts being associated with the faster cracks, (ii) there were differences
between fracture/induced decomposition and thermal decomposition and
(iii) the decomposition kinetics showed differences between low and high
energy fracture.

Briefly, lowv energy fracture gave pronounced peaks at 76 &nd 60 in
the low mass region. As the cnergy put into the fracture process
increased, the spectra shcwed an increasing proportion of 60 relative to
76. The results strongly suggest that fracture caused the detachment of a
complete side chain CH_ONO,(m/e = 76) at an early stage. If this is
detached with sufficicnt efiergy it quickly degrades into small fragments
(m/e = 60 and 16) Ly loosing an oxygen. Evidence for oxygen was found in
the low mass spectra range.

!
i
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Although m/c = 76 appears in hoth thermul and fracture induced
decomposition the kinetics for its formation are different. With slow
thermal decomposition the PETN molecule firat breaks up by failure of .an
oxygen - nitrogen bond producing N0 (rcaction 1 above). The CH20N02 = 16
forms after step 3 by the following ionization reaction,

+
CH3ONO2 + e (fast electron) = CH20NO2 + H + 2e

In energetic fracture (and as we shall see later during another high
energy situation; laser irradiation) the PETN molecule can fragment at one
of the central C -~ C bonds with the loss of a complete side chain,
followed by the loss of an oxygen atom.

With the fracture of some solids, as we have shown (91), the amount
of plastic deformation (and hence heat evolved) increases with crack
velocity. This heating effect is localized, but intense, and can cause
decomposition. However, therc are also many solids which will have
a decreasing amount of plastic deformation at their crack tips as velocity
increases. At high velocities the fracture is increasingly ‘'brittle’.
Even in these solids decomposition products are likely. This is basically
because rupture of bonds will cause extra vibration of the lattice with a
certain probability of detachment of molecules. At low crack velocities
the bond which breaks will be the weakest link in the stressed region. At
the highest crack velocities bonds will have to break whatever their
vibrational state; the probability of higher energies being released
therefore increases. A fuller discussion of these results is in prepara-
tion.

Laser-induced decomposition of PETW

By focusing a laser pulse ontc an explosive a controller 'hot-spot'
is added. In these experiments PETN samples were mounted in a vacuum
chamber and irradiated by Q-switched pulses from a ruby laser (A = 694, 3nm).
Ionized species were produced even with the ion source of the time-of-
flight spectrometer (Bendix RGA-1A) turned off. A retarding voltage of
A3V DC prevented these species entering the ion source. Assuming all ions
vere single-charged and that their kinetic energy i3 entirely due to a
thermal energy of 3eV, an equivalent temperature of 10" - 105K was
estimated.

With the ion repeller maintained at 3V DC, the minimum delay for the
arrival of specics was +lms (the main component of this delay was the time
before lasing began). For a time delay set at 1.15ms, peaks were found at
m/e = 16(0), 18 (H2O), 28 (n_, co), 29 (HCO), 30 (NO), Lb (co,), 46 (N02)
etc. These were similar to fhe end products found in the other decomposSition
wvork. Several experiments have been made with delays in the region 1 to
~5ms with various part: of the mass region expanded. For example at 3.3ms
high mass peeks were observed at m/e = 60, 76, 94, 11k, 116, 128 etc...
All of these peaks vere transient with the exception of the 60 and 76
peaks. At a delay of 5.6ms the high mass peaks were still present and low
mass peaks vere still detectable up to A2s.

Since a Q-svitched pulse has a duration of only 20ns all this
indicates that partial initiation of fast reaction took place. In no case
have single unconfined crystals of PRETK been made to explode. However, in
recent experiments with molten confined PETN explosion has been induced. A
full discussion of all the PETN work is in preparation. Special techniques

Lo
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and analyses were developed for handling the D.S.C. and T.G. treces so
that all three parameters (actuation energy,E, frequency factor, A and
order of reaction, n) could be obtained from one experiment. These are
described in H.M. Hauser's <hesis (6L).

THERMAL,_DECOMPOSITION OF TETRACENE

Introduction

1 guanyl-b-nitrosoaminoguanyl tetracene, called 'tetracene’

gﬂ HH
"
Rﬂz -~ C - NHNHN = NC - NHNHNO
wvas first prepared by Hoffmann and Roth (65). It is a solid product of the
reaction betw-en sodium nitrate and aminoguanidine in acqueous soiution.
It is also characterised as 1-(5' tetrazolyl)-i-guanyltetracene hydrate,

i} /cu = NNHNH C — m2.320
K-NH

Recently crystal and molecular structure vas studied by Duke (66) using an
X-ray diffraction method. He found that tetracene exists in tvwo forms,
A and B, which are related polymorphs.

Tetracene is a sensitive primary explosive and is often used to
sensitize other primary explosives. During the last few years tetracene
has acquired considerable practical importance (67). In order to under-
stand the mechanism by which sensitization occurs a knowledge of the
physical and chemical properties of tetracene is essential. However, very
little detailed investigation has been made of its various properties, and
the information available in the literature is contradictory. For example,
Hoffmann and Roth (65), and Patinkin et al (68) found that tetracene
explodes in the solid state in the temperature range 408-418 K, however, it
is reported elsewhere (69) that the material melts at LOl K. Noswitz (70)
has also reported that tetracenc melts below the explosion temperature.

The effect of rate of heating on its explosive properties was investigated
by Yoffe (T71), who believes that when heated slowly in vacuum it explodes
at LOB K, whereas rapid heating of the material to LiS K only causes rapid
volatilization of the products, thus inhibiting an explosive build-up of
the chemical reaction. Yoffe did not observe any melting. Slow thermal
decomposition studies have been made by Bird et al (72) and Krien (73).
Bird et al found activation energies for forms A and B of tetracene to be
148 kJ mol”! and 138 kJmol~! respectively, which disagree with the 360
xJmol~! found by Krien.

In this section we describe our investigations of the thermal
behaviour of tetracene. A preliminary account vas given at a recent
conference at M8lle in Sweden (T4).

Experimentat

Tetracene (R.D.1357, form B) was supplied by E.R.D.E., Woolwich.
Thermal analysis was performed with a Perkin-Elmer Differential Scanning
Calorimeter, model DSC-2. The temperature calibration of the instrument
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vas done at the melting points of indium (m.p. 429.3 K) and lead (600.7 K)
and the energy calibration vas made with sapphire, the specific heat of
which is known to five decimal places in the temperature range 0 - 1200 K.
All experiments vere made with argon as the purge gas at a pressure of

168 xPa. Samples to be examined were placed in aluminium foil pans

supplied with the instrument. The pans were then covered with aluminium
lids, and transferred to the DSC machine for various studiex. In some
experipents aluninius ]Jids were tightly sealed mechanically on the pans

by applying u preisur> of 207 kPa with a special sealing press provided
with the instruzent. The samples in sealed pans are referred to as "sealed"
samples and the other, in vhich lids are loosely placed on the pans,
"unsealed" samples. Some sealed samples were prepared with argon (10S
in the pans and these are referred to as "argon sealed" camples.

Pa)

Specific heat measurements

The procedure for the specific heat measurements wvas similar to that
‘described by O'Neill (75). The specific heat values of tetracene were
determined in the temperature range 290-410 K. In this method a sample
of known weight is heated at a constant rate of rise of temperature per
second (dT/dt) and the quantity of heat per second (d) which is put into
the sample to maintain this rate of rise of temperature per second
‘measured. The specific heat is then determined using the equation

dT

me & =d (15)
where m is the mass of the sample and ¢ the specific heat. Results of
a typical run are shown in figure 19. It will be seen from the traces
vith and without sample that the specific heat remains constant to within
4.0% throughout the temperature range, although there is a tendency
tovards slightly higher values at higher temperatures. In interpreting
the curve care has to be taken of the contribution of auy exothermic
decomposition of tetracene. Our thermal decomposition studies (see
figure 20) show that the contribution of decomposition up to 410 K is
negligible. Table 6 shows the measured specific heat values of tetracene
(16 experiments) and of sapphire, which is taken as a standard material.
It will be seen that there is good agreement between our value and that
obtained by Yuill (23)

Table 6 : Specific Heats of Tetracene and Sapphire

Substance Temperature range Specific heats
Present work Literature value
K J kg 1k~ x 102 J kg~1K"! x 102

Sapphire 290 - kOO 9.5 + 0.4 9.07
Tetracene 290 - 410 15.85 ¢ 0.65 16.3 (Rer. 23)

The reproducibility of the instrument is 4%

Heat of reaction

When a reactive sample is heated in the DSC machine to a high enough
temperature, chemical reaction (endothermic or exothermic) takes place and
is registered on the DSC trace, which shows the variation of the rate of
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exchange of heat per seccond betwcen the sample and the machine.

By cuaverting the temperatiure nxis into a time axis, the area under
the DSC curve divided by the weight of the sample gives the value of the
enthalpy, AH. Samples of weight 0.2 to 2 mg were selected for this work.
Moreover, samples, both sealed and unsealcd, were decomposed with rate
of rise of temperature in the runge 0.C0%2 to 0.667 K 71,

When a sample was decomposed in unsealed form itc DSC trace showed
more than one peak, as shown in figure 20, which suggests that there are
various chemical reaction schemes. For such a trace extrapolation was
used in order to get the value cof enthalpy corresponding to every peck.
The DSC trace for sealed samples at a similar heating rate consisted of
tvo peaks (sece figure 21) at temperatures L416.5 and hk? K. On comparing
the traces of the sealed and unsealed samples it becomes clear that the
peak at temperature L11.5 K in the unsealed condition disappears when de-
composition takes place in the sealed sample. The values of the heat of
reaction for sealed and unsealed samples are gshown in Table 7.

Table 7 : Heats of Reaction of Tetracerc

Sample Heat of Reaction J g'l Total heat of
condition reaction (all
18t peak 2nd peak 3rd peak 3 peaks) J g1

Unsealed 270 + 25 320 # ko 327 + 17 930 + 50

Sealed - 550 + L0 305 + 17 860 + Lo

The effect of rate of heating on peank temperature

Many workers (76,77,78) have shown that the peak temperature is de-
pendent upon heating ratc; this can be uged to determine the activation
energy for decomposition and the frequency factor. We have aleo found that
for tetracene the peak temperature increases with heating rate; values of
the heating rate used were in the range 0.0052 to 0.667 K s™1. At low
heating rates, for example 0.0104 K s~1 (figure 22), the first peak was pro-
nounced while the second was quite flat, and the third (not shown) very
flat; in this case the temperatures of the second and the third peaks
became quite sharp as the heating rate was increased {figure 23). It vill
be seen from figure 23 that after the first exothermic peak the DSC curve
goes to the baseline (i.e. zero exothermicity) at 430 K, and wve believe
that the decomposition of tetracene is complete at this temperature. How-
ever, as the temperature is further increascd the DSC trace shows another
peak at 460 K, which we believe is due to the thermal decomposition of the
produce (or products) of the decomposed tetrncene. We have also found that
above 478 K there is no further chemical reaction even up to 535 K. It vas
found that for a heating rate of 0.333 K sl or greater the first and
second peaks for the un3ealed sample overleppcd, as shown in figure 23, and
in such a case the temperature of the first peak could not be determined.
It will be seen from figure 23 that a new peak has appeared at 419 ¥; this
peak is due to an endothermic reaction. At lower heating rates no endo-
therm was registered by nhe machine. We believe that the very small endo-
thermic peak in the unscmled condition does not significantly influence the
DSC results. :



Optical microscope observstions of partially decomposed tetracene
showed that one of the decorposition products vas a very viscous liquid
of yellow colour, for both sealed and unsealed samples. The condensed
phase decomposition »rocduct appears to be of a volatile nature. As with
unsealed samples no residue vas found after the third peak, vhereas vith
sealed samples residve was found deposited cn the valls of the container.

Peak temperatures for cealed and unsealed samples are shown in Table
8. It will be seen that the peak temperatures for various peaks for
ungsealed samples are slightly but consistently lover than tnose for the
corresponding peaks for sealed saxplesz. The szall difference between the
peak temperatures for air sealed saxples and argon sealed sarples indi-
cates that the cherical nature of the gas surrounding the sarple
has s small but noticeable effect on the reaction.

Table 8 : Effect of Hesting Rate og Peak Temperatures
(The temperature accuracy of machine ¢ 1 X)

Heating Peak texperatures (K)
R‘tfl Unsealed sarple Sealed sample Argon sealed sample
Ks ist 2nd  3rd 2nd  3rd 2nd ird
.0052 393.0 - - 399.0 - 391.0 L0s.0
.010% 397.0 b01.0 - b02.5 - 397.3 L16.0
.021 b02.0 L05.0 L21.C bC7.5 L20.5 403.2 L28.0
.Oh2 %6.5 L10.0 &31.0 L1i.0 k9.0 L07.2 L3%.0
.084 11.5 k15.0 LkbLO.O b16.5 LL2.0 L10.2 LL1.0
.167 817.5 421.0 L¢0.0 A25.0 b52.0 - -
.333 - 427.0 460.0 Lb28.0 L61.0 - -
667 - 432.9 - L3k - - -
Kinetic Perameters

(a) Non-isothermsl methods

(i) Kissinger method: As described earlier, the peak temperature is
a function of heating rate. A relationship (equation 16) between peak
temperature and heating rate for a first order chemical reaction has been
given by Murray and White (76),

(15)

vhere R ig the gas constant, T the absolute temperature, a1 the rate of
heating, Ty the peak temperature, E the activation energy for decomposition,



and A the frequency factor. Equation (16) can pe written as

5] - el2)-
T E RT
aT
vhere = at °
Equation (17) shows that a graph between 1tn —iz and 2 is a
T T,

m
straight line of slope -E/R. Kissinger (77) found that for the decompo-
sition of clays the graph between £&n ;ig and El wvas a straight

m m

line, and found E froe the slope. Knowing the value of E, A can be
determined using equation (16).

For an nD order reaction a relationship betwveen ¢ and T, is given
by equation (18) (sex Kissinger, 79):

E . A (l-x):-l e E/RTn (18)

2
RTg

in which (1-x), is the fraction of the material unreacted at the peak

temperature Tm' Kissinger has showvn that the product n(l-x) -1 s not
only independent of ¢, but is very nearly equal to unity. Therefore
equation (18) recduces to equation (16). Hence the Kissinger method is
applicable regardless of the order of the reaction.

Plots of ln(Q/Tmz) vs. Ei for tetracene are shown in figures 2k
m

and 25. The values of the activation energies and the frequency factor
corresponding to various peaks are shown in Table 9. It is interesting
to note that the activation energies for decomposition corresponding to the
first and third peaks are slightly different for sealed and unsealed
samples. Argon also appears to have a small effect on the decomposition
parameters.

(ii) Ozawa _method: A method which is slightly different from that of
Kiscinger has been developed by Ozawa (78), who showed that the graph of
tn ¢ vs. is a straight line of slope -0.457 E/R. This method was
originally®used for analyzing thermogravimetric data but has also been

successfully used by Krien (80) for the analysis of DSC datsa.

We have also afp11ed this method to our DSC data and found that the

graph of Ln ¢ vs. Thm is a straight line as shown in figures 25 and 26.
The values of activation energies for the decomposition of tetracene found
using this method are included in Table 9, and they agree well with the
valueg found using the Kissinger method.

e
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Table 9 : Activation Energies, E(kJmol—]) and Frequency Factor,

A(S-lla_usinEEKissingcr and Ozawa Methods.

Kissinger Method

Sample lst peak Znd peak 3rd peak
condition E log A E log A E log A

Ungealed  193+6  22.6 177+2 20.3 109+ 1) 10.7

Sealed - - 192+ 5 AN 98 + 6 9.3

Argon .- - 210+ 20 2h.5 110 + 14 10.7
sealed

Ozawa Method

Sample lst peak 2nd peak 3rd peak
condition X E . E

Unsealed 200 + 6 8L + 2 122 + 15

Sealed - 190 + 6 105 + 6

Argon - 215 + 17 118 + 9
sealed

(b} Isotherral methods

We have used two isothermal methods for the determination of activa-
tion energy for thermal decomposition.

(i) Slow_thermal decomposition: A small amcunt (100-300ug) of tetra-
cene was sealed in a pan as described earlier; the pan was then placed in
the sample holder of the DSC machine heated to 330 K. Immediately after
this the temperature of the sample holder was raised at a high heating
rate of 5.33 K s_l, to a chosen temperature and then kept constant at this
temperature till the sample decomposed completely. A typical DSC trace at
constant temperature is shown in figure ?8, From this trace the amount of
fractional decomposition, a, at any time, t, can be obtained by dividing
the area under the curve up to t by the total ares under the curve. 1t is
to be noted that we have assumed that the sample decomposes completely
when the DSC trace comes back to the baseline. Qur powder X-ray werk has
confirmed this. As described earlier, we have also assumed that the third
peak 1s only due to the decomposition of the product of decomposed tetra-
cene, and since the third peak 1s well sepuarated from the first and

second peaks for the unsealed sample or the second peak for the sealed
sample, no contribution is made by the decomposition of the product {i.e.
corresponding to the third peak) to the area under the curve corresponding
to the decomposition of tetracene.
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DSC traces for various chosen temperatures were obtained and the
data a-t curves in figure 29; these g-t curves are of
the well-known (81-8L4) 'sigmoid shape'. An Arrhenius plot for the
acceleratory period is shown in figure 30, which i5 a straight line from
which the value of the activation energy for decomposition obtained is
201 + 3 kJ mol~l. There is good agreement between this value and the
values corresponding to the second peak of the sealed sample obtained by
the Kissinger and Ozawa methods.

(ii) Ignition time: When a reactive material is suddenly raised to
a high enough temperature it ignites after a time delay, texp: Many
investigators (34,60,85,86) have found that for various materials a
relationship of the type shown in equation (19) exists between t s
Eand T : exp

£n texp = B + E/RT (19)

where B is a constant.

We have used the DSC machine to find the values of t,,, at various
temperatures for small unsealed samples of tetracene. The experimental
procedure was as follows:

An unsealed tetracene sample was placed in the DSC holder and heated
to 330 K, and then the temperature of the machine raised rapidly at a
rate of 5.33 K s™1 to a chosen temperature. After a delay time, texp'
ignition of the sample occurred; t, down to a3 s was measured on &
chart recorder and a graph of tn t.y, and 1/T is shown in figure 31, which
is a straight line. The value of F obtained from this graph is 195 + 17
kJmol~l which is again in good agreement with all the methods described
above.

Discussion

This DSC investigation has shown that the decomposition of tetracene
is a complex process. As the temperature of an unsealed sample is raised
we may see an endothermic peak which corresponds with sublimation or de-
hydration of tetracene (see figure 23); this endothermic peak only appears
at higher heating rates. At lower heating rates the peak is so spread out
that its magnitude becomes negligible on the trace. In another series of
experiments we have investigated mass-spectrometrically the products
evolved as the temperature of tetracene was raised to the values when
decomposition started. We found that at temperatures corresponding to
the endothermic peak some water was evolved. On the basis of these ob-
servations we believe that the endothermic peak corresponds with some
dehydration of tetracene and not sublimation as has been suggested by
Norwitz (70).

When the temperature of the sample is above the temperature corres-
ponding to the endothermic peak, exothermic reaction starts to occur, and
an examination of the product of decomposition with an optical microscope
during the first peak, revealed the existence of & very viscous liquid
phase in the sample. It has been suggested by some workers (63,70) that
tetracene melts at temperatures very close to its efplosion temperature,
We have taken cine camera photographs (32 frames s ~) at a magnification

of x80 of powder samples of tetracene being heated up to the explosion
temperature. In all eleven experiments were made, and in two of them
formation of small globules were observed just before explosion. We are
not certain whether the globules were of molten tetracene or liquid
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products of decomposition. Our X-ray analysis of the residue after the
first two peaks has shown that along with the liquid product, solid
decomposition products are also formed. At present we do not know what
these products are.

These products themselves decompose exothermically at higher
temperatures and produce the 3rd peak. Their decomposition products
appear to sublime. It is these volatile products which can deposit on
sensitive instruments incorporated in the vacuur system in which de-
composition is studied. On account of this, decomposition studies of
tetracene in vacuum are not suitable and the DSC has an advantage over
the pressure-time method.

We have used four different methods to calculate the activation
energy for decomposition. All the methods gave values which agreed with
one another. Attempts to obtain the activation energy using Roger and
Morris's (87) method were not successful, as the value found by this
method was very different from the values obtained by the other methods.
The Roger and Morris method is applicable only to zero order decompo-
sition reaction, which is not the case for the decomposition of tetracene.

We have found that the a-t curve can be described by an Avrami-
Erofeev equation

[- (-] = ke (20)

Figure 32 shows a comparison between experiment and theory (equation 20).
The experimental curve includes data for all the temperatures studied.
The agreement is good for a = 0.1 to a = 0.90. The discrepancy for

a < 0.1 may be due to the difficulty in establishing zero time from the
DSC traces. Such a difficulty has been responsible for the lack of
agreement in the theory and experiment in some other work on decompo-
sition (88). The value of the activation energy obtained by using
equation (20) is 198 kJmol™l, which is in good agreement with the
experimentally determined values. The value of n = 6 in equation (20)
suggests that the reaction follows a power nucleation law with nuclei
growing three dimensionally.

Since the decomposition products of tetracene also decompose exo-
thermically (see figures 20,21}, care has to be taken in calculating the
heat of reaction. X-ray powder photographs of the residue after the end
of the second peak showed that the original tetracene sample had decom-
posed completely. This means that the true heat of reaction of tetra-
cene should be calculated for the first 2 peaks. However, in conditions
of fast reaction total heat of reaction must include the 3rd peak as
well. Our values are appreciably smaller than the 1192 J g’l obtained
by Krien (73), and the 2270 J g™* (for explosion) reported elsewhere (89,
90).
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Figure Captions

1.

10.

12.

Experimental arrangerment at instant of impact. W - drop-weight;
G - glass blocks; M - mirrors; S - sample. The upper glass
block G is attached to the drop-weight.

Impact of a layer of granular PETN viewed in transmitted light.

The sample flows plastically, melts and ignites at a number of
sites. The thickness of the layer at the time of ignition 1s about
50 ym. In frames 8§ snd 9, D is a flaw in the glass surface and I
is an ignition site. Mass of sample 1L mg. Diameter of field of
view 20 mm. Interframe time 5.5 us.

Experimental arrangement? for obtsining pressure-time curves. W -
drop-weight; H, R1l, R2, K3 - hard rollers; C = cylindrical guiding
sleeve; S - sample; G - strain gauge; A - cast steel anvil; D -
light detector.

Pressure-time curves for impact of RDX. Similar behaviour is shown
by PETN, HMX, and ammonium perchlorate. Mass of hammer & kg. Drop-
height (a) 0.35 m (b) 0.2 m (c) 0.5 m (d) 0.25 m. Horizontal
scale 100 ys/division. Vertical scale 5 mV/division (4.2 kbar/div-
ision). The instant of ignition is recorded by the beginning of the
light detector pulse in (a)}, {b) and (e¢) and by the electrical short-
circuit in (4).

Radius of a layer of PETN during impact, showing evidence of plastic
flow followed by jetting, melting and ignition.

Velocities versus particle size for iron and silver spheres 8
accelerated by electrostatic methed. Charging surface at 5 x 10
vm~l, eccelerating potential 20 kV. See Shelton et al (1%},
Winter (14 for details of method.

The explosive driver technique used to accelerate particles in the
range SO - SO0 um.

The method of mounting the silver azide crystals.

A plastic indentation produced by the impact of an 80 um aluminium
sphere on a polished =silver azide crystal at a velocity of 200 m 6L,

(a) Part of a vertical section through an indentaticn produced in
titanium by the impact of a 4 mm steel sphere at 385 m s~!. The dark
lines intersecting the crater surface obliguely are adiabatic shear
bands; one is shown at a higher magnification in (b).

The general positions of shear bands observed by Stock and Thomson
(17) and Wilson (.., in metal targets impacted by projectiles
with spherical tips. The figure rlso provides a model for calculat-
ing the temperatures produced nn these tands.

Situations in which shear concentrations could ocrur when an explosive
consisting of small crystals pressel topcther (a 'compact') is
impacted.
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Adhesion of particles to the indenter tip during penetration.

Calculated temperature rise against indenter penetraticn graphs
when two conical indenters of different masses but having the same
initial kinetic energy impact a column of compacted lead azide.

a) indenter mass 0.1L45 kg, velocity C.5 m 571, b) indenter mass
0.290 kg, velocity 0.353 m s™1. Both indenters come to rest at

a penetration of 1.16 mm. Note that the steady-state temperatures
are reached well before the indenters come tc rest.

Schematic diagram of the sliding configurations and apparatus: {a)
single crystal on single crystal; (b) single crystal on glass,
(c) thin film between glass surfaces; (d) apparatus with normal
load W and frictional force F. The magnifications of the contacts
are greatly expanded in the vertical direction.

Coefficient of friction a&s a function of load.Configuration {(a):
PETN (on PETN), ©. Configuration (b): HMX, ®; RDX, ©0; PETN, O;
AgN3, ®; Pb(N3),, 8. Sliding speed 0.2 mm 51, temperature 20°C.

Shear strength 1t as & function of contact pressure P. Configurition
(c): PB(N3)p, O; AgN;, ®; PETN, 6. Sliding speed 0.2 mm 5™,
temperature 20°C.

Temperature dependence of the shear strength 1 and the hardness Hv
plotted as &g t and &g H, against the reciprocal of temperature.
Shear strength experiments: contact pressure, 6.7 x 10/Pa; sliding
speed 0.2 mm s-1, Agh,, ®; PETN, O, Hardness experiments: load
0.15 N; lomding time 68 s. PETN, V.

DSC trace for the measurement of specific heat of tetracene.

DSC trace {or unsealed sample of tetracene at & heating rate of
0.084% K s7.

DSC_irace for sealed sample of tetracene at a heating rate of 0.084
Ks

DSC trace for unsealed sample at a heating rate of 0.0104 K s_l. Only

first two peaks are shown. Note that peaks are much spread out as
compared with those in figures 0, "i and 23.

DSC trace for unsealed sample. Heating rate 0.333 K s—l. An endo-
thermic peak appears at 419 K.

Plots of ln(¢/Tm2) vs. 1/Tp for first and second peaks under various
conditions. Unsealed sample: 4 - first peak, @ - second peak;

Sealed sample : O - second peak; Argon sealed sample: & - second peak.

Plots of &n¢ vs. 1/Tp for firat and second peak under various con-
ditions. Unsealed sample: A - first peak, @ - second peak; Sealed
sample: O ~ second peak; Argon sealed sample: & -~ second pesak.

Plots of "n¢ vs. 1/Tp for third peak under various conditions.
® - unseaied sample, O - sealed sample, & ~ Argon sealed sample.
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27. Plots of 2n(¢/Tm2) vs, 1/Tp for third peak under various conditions. i
® - Unsealed sample, O - Sealed sample, A - Argon sealed sample.

28. DSC trace for decomposition of tetracene at temperature 412 K.

29. a-t curves of decomposition of tetracene at various temperatures. i
0O-3%6K, -LUOK, ©-L43K, A~-UKS5K, B ~L408K, € - 412 K.

30. Arrhenius plot for the acceleratory period.

31. Plot of explosion delay time vs. reciprocal of absolute temperature.

32. Comparison between experiments and equation (20). tg g represents ]
time for 508 decomposition at any isocthermal temperature. 4 - 396 K,
B- 400K, A-U4SK, ®-h4B8K, 0 - Lkl2 K, =--—-- exp., — theory.
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