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ABSTRACT

Experimental and theoretical studies on granular, porous
hexanitrostilbene (HNS) explosive have yielded an increased
understanding of microstructural processes occurring during
initiation by shock loading. Experiments involved the planar
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decomposition liberated gaseous products, causing the pressure
in the HNS to rise. Velocity interferometry measured material
velocxty, hence, pressure at the fused silica/HNS interface.

An analysis of this pressure excursion yields chemical
decomposition history. The data are interpreted in terms of a
quantitative two-temperature model which considers hot spots to
be formed at pore sites as a result of the irreversible work
accompanying the shock. Subsequently, decomposition completion
is achieved by burn fronts which propagate radially out from
each hot spot at a velocity which can be determined from the
bulk decomposition rate.

Analysis of the experimental data in the context of the
model yields several important results: (1) the delay times
corresponding to hot-spot decomposition are shorter than expected,
based on extrapolated low-temperature kinetics, providing good
evidence for increased chemical reactivity produced by the
disruptive pore collapse process. (2) model calculations show
about the same inferred hot-spot temperature for different initial
porosities and particle sizes in HNS, shock-loaded to equal
pressures. Thus, hot-spot decomposition times should be similar
for experiments in which only particle size or pressing density
is varied, provided specimens are shock-loaded to the same initial
pressure. This is consistent with experimental results.

* This article supported by the U. S. Department of Energy under
Contract DE-~AC04-76-DP00789. %j
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With regard to the propagation of the burn fronts which
propagate radially from each hot spot: (3) contrary to
interpretation of data on other explosives, the burn velocity
does not have a strong dependence upon the prevailing pressure.
Instead, in any given experiment while that pressure rises by
more than a factor of two during decomposition, we see more
nearly a constant burn velocity. (4) the inferred burn velocity
has a very strong dependence upon the initial shock pressure.
Thus, the shock is sensitizing the material in some manner.

(5) the same inferred burn velocity is obtained in experiments
performed on specimens pressed from bulk HNS with two different
particle sizes. (6) the burn velocities which are measured are
greatly in excess of classical laminar burn velocities for
comparable thermodynamic conditions. The physical basis for this
large (hundred fold) velocity increase is not known. Possible
explanations include increased reactivity of the material by

the passage of the shock and/or altered transport processes or
properties which control the burn velocity.
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I. INTRODUCTION

It is generally accepted that the passage of a shock wave
through a granular porous explosive leads to heterogeneous
heating and to the production of hot spots which chemically
decompose more rapidly than if the material had been shock heated
homogeneously (Bowden & Yoffe). Hot spots, however, constitute
only a small mass fraction of the shocked explosive material.
Subsequent decomposition is thought to take place by the propagation
of burn fronts which propagate radially from each hot spot, ulti-
mately consuming the material (Eyring, Powell, Duffey, & Parlin).
This general picture has recently provided a basis for a variety
of mathematical descriptions to model both the decomposition
process and mechanical behavior of the decomposing mixture (Lee
& Tarver; Hayes & Mitchell; Kipp, Nunziato, Setchell & Walsh).
Most descriptions of the decomposition process are empirical or
semi-empirical requiring the use of at least some non-physical
constants which are adjusted to obtain a good match between
predicted and experimental behavior (Forest; Kanel; Wackerle,
Rabie, Ginsberg & Anderson; Hayes & Mitchell; Lee & Tarver; Kipp,
Nunziato, Setchell & Walsh). It is desirable to develop models
which are more physically based and attempt to relate the parameters
which appear in the decomposition function to independently
measurable material properties.

A variety of experiments have been performed to measure the
decomposition history in a high explosive after the passage of a
shock. In one common technique, arrival of the shock and subsequent

wave shape are observed at a witness plate or window on the rear
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surface of the explosive material (Nunziato & Kennedy: Kipp,
Nunziato, Setchell & Walsh). Through a series of experiments on
explosive specimens of different length, evolution of a low amplitude
plane shock can be measured, as it grows to a detonation. 1In
principal, a superior technique is the use of multiple embedded
magnetic or piezoresistive gauges which yield the velocity or
pressure history at a number of stations, and thus make a measure
of the entire flow field possible. From these whole-field data
and from the equations of motion, the pressure, volume and energy
histories can be deduced at each material point, and hence the
decompositon history inferred (Cowperthwaite; Wackerle, Rabie,
Ginsberg & Anderson; Kanel & Dremin; Anderson, Ginsberg, Seitz &
Wackerle). Such an analysis has the advantage that it directly
measures the decomposition history without requiring assumption of
a specific analytical form for the decomposition function which
must be reconciled with indirect shock data. However, the benefits
have been limited by some difficulties with this experimental
technique. A third technique the one considered here, involves
the measurement and use of pressure transients at the impact inter-
face after planar loading by an elastic impactor (Kennedy; Hayes &
Mitchell; Mitchell & Hayes). This method has the advantage of
simplicity of use and ease of interpretation up to a point; a
disadvantage is the requirement for an extra assumption to extract
P-V-E response which may only be warranted under special circumstances.
In this paper we examine a specific microstructural model
for the shock initiation process in the porous, granular explosive

hexanitrostilbene (HNS) and test the results against available
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data. The data are from impact experiments in which pressure
histories at the impact interface were obtained by an interfero-
metric technique which views through a transparent impactor.
Pressure excursions are used to imply the extent of the decompo-
sition reaction. The model assumes that the majority of each grain
of explosive is reversibly compressed along an isentrope and, hence,
heated only to the isentropic compression temperature (Hayes &
Mitchell). The substantial irreversible work which must take
place in the shock front, takes the form of heat which is deposited
preferentially in the vicinities of pore sites, and thus a small
fraction of the material achieves a considerably elevated temperature.
The hot spots thus formed must chemically decompose leading to a
measurable delay in the onset of the major pressure excursion.
Subsequently, the material is supposed to decompose through the
radial propagation of burn fronts from each ignited hot spot into
grain interiors. The dependence of velocity of the burn front
upon the thermodynamic state and shock history of the unburned
explosive grain interior into which it propagates are of prime
interest in this study.

This paper is organized in the following way: a brief
review of the experimental technigque is followed by a description
and discussion of the experimental results. In the next section
the specific model is developed and macroscopic observables are
related to microstructural behavior. Finally, there is a discussion
of the seven major findings in this study which come from comparing
the model with data from experiments upon porous HNS explosive,

initially shock-loaded to a pressure in the range from 1.2 - 5.3 GPa.
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With regard to the hot-spot formation and decomposition, the measured

delay (decomposition) times:

(1)

(ii)

(iii)

are shorter than expected, based on extrapolated
low-temperature kinetics;

don't depend strongly upon initial HNS particle size
indicating hot spots are formed by dissipative processes
with small-scale length/time and that hot spots remain
adiabatic during their decomposition; and,

don't depend strongly upon initial explosive pressing
density which is consistent with our assumption that
the mass fraction of hot spots approximates the initial
volume fraction of pores within the solid prior to

shock loading.

With regard to the propagation of intragranular burn fronts:

(iv)

(v)

the inferred burn velocity does not display a strong
dependence upon the prevailing pressure, even though in
any given experiment that pressure rises in excess of

a factor of two between reaction in‘tiation and completion.
This apparent pressure independence differs from results
on several other explosives in which the decomposition
rate is observed to depend strongly upon prevailing
pressure (Lee & Tarver; Forest):

the burn velocity is observed to have a very strong
dependence upon the initial shock pressure above a
threshhold of 2 GPa; both Wackerle et al. and Kanel,
using direct analyses, have developed decomposition-rate
laws which depend to some extent on the initial shock

pressure.



-5«

(vi) the same burn velocity is inferred for specimens
pressed from HNS of two different initial particle
sizes, and shocked in otherwise identical experiments;
and:

(vii) the inferred grain burning velocities of a few tens of
meters per second, are greatly in excess (by a factor
of 102) of the classical laminar burn velocity. These
large, measured burn velocities could be attributed to
increased reactivity or to enhanced transport processes
in the pre-shocked material ahead of the burn fronts.

The purpose of this paper is to interpret experimental results

within a consistent framework and to give guidance to further
theoretical and experimental work. Our present data do not
warrant a more sophisticated and precise mathematical description
than given here. Of course, consistency of experimental results
with any model is not sufficient reason to assert that the model
accurately captures those processes which are occurring; such a
comparison does, however, provide a basis for the design of

future experiments which can test various hypotheses offered.



II. EXPERIMENTAL

The experiments were performed by impacting an HNS/fused-
silica assembly onto a stationary fused-silica target material
and observing the velocity history near the impact interface.
A schematic of the experimental configuration is shown in Fig. 1.
The details of the experimental configuration, measurement technique
and data interpretation methods are described in detail elsewhere
(Hayes & Mitchell; Mitchell & Hayes; Hayes, Mitchell & Stanton).
Therefore, only a brief description is given here. The symmetric
impact of fused silica on fused silica produces a particle velocity
exactly one-half of the independently measured projectile velocity.
Soon after impact the HNS specimen is shock-loaded and the amplitude
of the shock as well as all subsequent pressure changes are trans-
mitted to a viewing plane back in the fused-silica target. An
interferometric technique (Barker & Hollenbach) is used to measure
particle velocity. Because the fused-silica target assembly shown
in Fig. 1 only experiences simple, right-going waves, there exists
a unique one-to-one relation between pressure and particle veloci.y.
Thus, we can determine the pressure history experienced at the
HNS/fused-silica interface. These pressure histories are used
in conjunction with an equation of state, which considers a non-
equilibrium mixture of solid and gas (Mitchell & Hayes), to infer
the decomposition history of HNS near the impact interface.

Figure 2 shows the results for experiments which were
performed on a high-explosive powder designated HNS-I (Hayes &
Mitchell). HNS-I bulk powder has a distribution of grain sizes which

average 21 um equivalent spherical diameter (Mitchell & Hayes).
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Experimental conditions are elaborated in Table 1. At the lowest
impact pressure (1.25 GPa in experiment Gl) the shocked state is
quiescent with no observable reaction. At the highest impact
pressure (5.28 GPa in experiment G6) a prompt decomposition is
noted immediately after the HNS is shock loaded. At intermediate
pressures, the records are characterized by a pronounced delay
after the HNS is shocked, which we have tentatively identified

as the period of time while the hot spots decompose. This delay
is followed by a pressure excursion which is produced by the
major decomposition reaction and ends with completion. Delay
time is a strong decreasing function of increasing initial impact
pressure and the subsequent major decomposition reaction is

noted to become more rapid for increasing impact pressure.

Figure 3 shows results for experiments on HNS-I material which
was pressed to initial densities of 1.39 and 1.48 Mg/m3. These
records display the same qualitative features as the other results.
Finally, Figure 4 shows the records for specimens fabricated

from HNS-II. This is a more coarse material with a more uniform
particle size distribution; individual grains have an average
equivalent spherical diameter* of 37 um. These specimens were
also pressed to an initial density of 1.60 Mg/m3. There are

the same qualitative features in these experimental records as
others. Before describing the manner in which these pressure
histories are analyzed to obtain the decomposition rates, it

is necessary to give a fairly detailed account of the micro-

structural model construction.

* The quoted equivalent spherical diameters are based on a
Ziess analysis, which uses visual inspection of a photomicro-
graph to obtain particle size distribution. Other methods
yielded different results, but the ratio of diameters for HNS-II:
HNS-I always remained at about a factor of two. More details are
given in Mitchell & Hayes.
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TABLE 1.

Conditions for the Experiments and Results.

HNS Powder Calculated -Hot Spot T, Particle

Specimen Equivalent Impact Impact Hot-Spot gnition Characteristic Burn

Densit Spherical Velocity Pressure Temperature Time Burn Time Velocity
Shot Mg/m Dia. km/s GPa K Hs Us m/s
G12 1.60 21 0.503 1.25 561. b b b
G3 1.60 21 0.814 2.72 920. 0.68 1.17 9.0
G4 1.60 21 0.951 3.30 1079. 0.39 0.58 18.0
G5 1.60 21 1.164 4.33 1394. 0.155 0.31 33.9
G6 1.60 21 1.346 5.28 1718. 0.076 0.21 50.0
G8 1.60 37 1.321 4.96 1607. c 0.54 34.2
G9 1.60 37 0.932 3.34 1093. 0.42 1.03 18.0
Gl1l 1.60 37 0.800 2.68 909. 0.72 1.68 11.0
V1 1.39 21 0.638 1.55 619. 1.56 2.10 5.0
V3 1.48 21 0.647 1.78 672. 1.7 2.92 3.6
V4 1.48 21 0.720 1.92 703. 1.01 1.00 10.5
a

Experiment Gl had an impactor facing material of X-cut

crystalline quartz. All other experiments used fused silica.

No decomposition observed.

Early portion of record noisy.



ITII. MODEL

The model for the shock compaction and subsequent decompo-
sition of HNS considers three distinct regimes which will be discussed
separately: the shock compaction process which forms the hot
spots; the period of decomposition of the hot spots; and the intra-
granular burning which originates from decomposed hot spots.

During the shock compaction process the HNS material is assumed
to be elevated to one of two temperatures. The bulk of the material
in the interior of grains is considered to be compressed slowly
and to experience only the isentropic compression thermal excursion.
This is reasonable because the rise time for a shock propagating
through a porous material is necessarily significantly longer than
that of a shock propagating through the same material with no
heterogeneities (Butcher, Carroll & Holt; Dunin & Surkov). The
irreversible work which is performed by the shock is assumed to be
preferentially concentrated in a small fraction of the material in
the vicinity of pore sites. The magnitude of the irreversible
work can be quantified by using the Hugoniot energy jump condition,

reconciled with the partitioning of energy into the two regions.

P+ P
-—2___9 (Voo- V) = WHE(P,Ty) + (1 - Wy) Eg(P) - E(Po,To) (1)

The left-hand side is the energy rise which accompanies the shock
process assuming that the shock is steady, while the right-hand
side partitions that energy rise between the cold and hot materials.

The functions E and Eg are known (Hayes & Mitchell), as are the
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initial and final pressures (Po = 0 and P) and volumes (VOo and V)
through experiment. The mass fraction of hot material, Wy, and its
temperature, Ty, are unknown.

Mader first guantified the extent of the disrupted region
in the vicinity of a hot spot in a classical set of numerical
simulations of a shock-induced pore closure in the liquid explosive
nitromethane. He also made the qualitative observation that the
volume of disrupted material was approximately equal to the
volume of the pore from which the hot spot was formed. We have
also performed hot-spot closure simulations using a two-dimensional
hydrodynamic code (Thompson) for a variety of pore number densities
and shock rise times. Our results generally agree with those of
Mader. Figure 5b shows the two-dimensional temperature distribution
after the collapse of a 4.2 um diameter isolated spherical
pore (initial pore shape is given in Fig. 5a) in HNS which was
loaded to 3.3 GPa by a shock with rise time of 1 ns. In spite
of the complex spatial temperature distribution, the extent of
the highly disrupted region is approximately egual in volume to
the initial pore volume. Since the temperature contour plotting
interval is coarse, and the transition to background temperature
gradual, this is more graphically illustrated in Fig. 5c where
the volume (expressed in terms of an equivalent spherical radius)
of material shock heated above a given temperature is graphed
against that temperature.

Using such numerical studies for justification, we have, .
as an integral part of the model developed here, assumed eguality

between initial volume fraction of pores prior to shock arrival,
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and the mass fraction of hot material just after shock passage.

p
WH=_2_-1 (2)
Poo

The double-zero subscript denotes the porous state while the single
zero pertains to the fully dense solid. The temperature distribution
obtained analytically using Egs. 1 and 2, is shown in Fig. 5c¢, and
is in good agreement with results from the more complex method.

The second regime of the decomposition process is the interval
of time while the hot spots decompose. In the experimental
records, that instant when the observed mass fraction decomposed
just becomes equal to Wy, is identified as the point when
decomposition of hot spots is complete, and the burning mode of
decomposition begins. Of course, this transition from one mode
of decomposition to another is not in actuality expected to be
as abrupt as we choose to calculate. This partitioning does,
however, provide a convenient means of quantifying the experimental
hot-spot decomposition time.

The final stage of decomposition entails burn fronts which
propagate intragranularly from each hot spot. Experiments measure
bulk decomposition; burn velocity is a more primitive, hence
physically meaningful, quantity. In order to extract that velocity
from bulk rate it is necessary to make a correction for the specific
area of contact between the enlarging hot gas pockets and the
unburned isentropically compressed solid. Consider a randomly
dispersed distribution of ignition points with average number
density equal to the number density of initial pores (with one

pore per grain) within the solid, N. Ignoring compressibility
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effects, it is easy to show that the decomposed fraction, x,
is related to the velocity, V, with which the burn fronts have

propagated radially as

£ 3
x =1 - exp{- 4™ }( vdt (3)
3
o
which can be conveniently re-expressed
2/3
. = 3V 1
==X (1 - —— ’
X r_ ( x) | log T=5% (4)

where we have denoted the average radius of an HNS grain as e
Thus, the decomposition rate, X, is proportional to V, the
velocity of the burn fronts, with a geometric correction which
accounts for the specific area of contact between the gas
pockets and the isentropically compressed, unburned material.
This geometric correction is very similar in its effect to

those used elsewhere (see, for instance, Lee & Tarver) differing
only in algehraic detail. Thus, we can use the measured bulk
decomposition rate in conjunction with Eg. 4 to extract the

velocity of the burn front from the decomposition history.
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IV. DATA REDUCTION USING MODEL

The difficulty with the front-surface-impact technique is
that insufficient information is obtained to extract P-V-E histories
without invoking an additional assumption. To estimate decomposition

rate from experimental results we have made the assumption here

that the extent of reaction is proportional to the pressure rise

at the impact interface above the initial shock pressure, Pg.

X = (P-Ps)/(Pf—P ) (5)

S

Pe is the final pressure. This assumption is not without explana-
tion and has some justification: first, we have performed numerical
simulations of the experiments.* For a wide range of assumed
decomposition functions in these numerical simulations, a nearly
linear relationship between pressure rise and extent of reaction
is computed. Prototypic P-x histories calculated during numerical
simulations for experiment G9 are shown in Fig. 6. Secondly, we
find this process reversible in the sense that we can use the
computed pressure profiles and extract the initial kinetics (to an
accuracy of about 10-20%). Thus, this ad hoc assumption of linearity
produces self-consistent results but leaves open the question of
uniqueness.

There is a way to gain some understanding of this linear

behavior other than from numerical studies. Instead of a linear

* In these calculations, at any given extent of reaction, our
model of a pressure-equilibrated mixture of gaseous decomposition
products and isentropically compressed solid was assumed. Each
phase is assumed adiabatic. More details of this mixture model
are given elsewhere (Mitchell & Hayes).



-14-

P-x relation, assume that at any instant, the HNS material at the
impact face is in a P-V-x state not substantially different from
that which would be produced by an equilibrated detonation wave
with the extent of reaction limited by x, propagating into the

HNS. We performed such calculations first by obtaining the C-J
state for the partially reacted explosive, and then finding the
appropriate equilibrated interface conditions through use of Riemann
invariants matching pressure and particle velocity of partially
reacted HNS and fused quartz at their interface. This calculation
produced a remarkably linear relationship between impact interface
pressure and mass fraction decomposed which is also shown in Fig.

6. Maximum deviation from linearity was 1.5% Thus, even though

the wave in the interior of the HNS is unsteady, and is undergoing
substantial evolution, it appears that the P-V state achieved is
well approximated by assuming the state is the same as obtained
behind a steady detonation on the so-called "partially reacted
Hugoniot" followed by a Taylor expansion of the mixture with frozen
composition. It is the code rcsults, however, which provide empirical
evidence that the linear relation is valid in the present range of
experimental conditions; whether this linearity has more fundamental
significance or wider application is unknown.

It must be noted that pressure measured at reaction completion
does not agree well with the theoretical value using the JWL
equation of state for the expansion isentrope (Hayes & Mitchell).

In both experiments G4 and G9, the measured final pressure is 8.2
GPa, a value thought to be accurate to within a few percent.

Theoretical pressure of 6.9 GPa comes from the analysis described
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in the preceding paragraph, for x = 1, namely from matching pressure
and particle velocity of the fused-silica impactor, with that of the
Taylor expansion wave behind the steady, fully developed detonation.
Theory and numerical simulations agree in final pressure to within
4%, immediately after reaction completion. Candidate explanations
for disparity between experiment and theory include: an unsteady
behavior different from that implicit in the linear P-x assumption:
an experimental difficulty such as density gradients in the HNS
with a larger HNS density near the surface of the specimen than
supposed; or most probably an incorrect product equation of state,
hence erroneous CJ pressure, volume and/or expansion isentrope.

To reduce data we have fit a new expansion isentrope with
an ideal gas law which connects the known C-J point (PCJ = 20 GPa,
Vog = 0.463 m3/Mg) and the 8.2 GPa, V = 0.738 m>/Mg experimental
datum measured on G4 and G9. Thus, we give precedence to our own
experimental measure of the product equation of state,

Records were reduced using Egq. 5. Given the resultant decompo-
sition histories, it remains to interpret them within the framework
of the proposed model. Examine Fig. 7 where the decomposition
history is shown for experiment G%. The interval O < t < 0.42 ys
is the period of time required for the decomposed mass fraction to
achieve the mass fraction supposed to reside in the hot spots:

Wy = 0.087. This is the delay time which is dehoted T, in

Table 1. The subsequent portion of the history, corresponding to
decomposition through burning, is fit with a numerical integration
of Eq. 4, with the parameter, 1, = r_/V, chosen as a best-fit

value of 1.03 us. Each experimental record was treated in a

similar way with results tabulated in Table 1.
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It should be noted that any reasonable interpretation of the
experimental records require postulating some delay time. If the
analytical fit (Eq. 4) for the burning portion of the decomposition
is extrapolated to earlier times and hence smaller values of x,
say to less than 0.01, there still remains an unaccounted-for
interval of time between initial shocking and decomposition begin-
ning. Thus, potentially other delay times might be argued for,

based on other models, but some delay would always remain.
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V. RESULTS AND DISCUSSION

Figure 8 shows the calculated hot-spot temperature as a
function of initial porosity. Since there is no scale length or
time assumed in Egs. 1 or 2, results are independent of particle
size. This was also the case in numerical simulations of hot-spot
closure, where artificial viscous stress excited by the gross hole
closure was very small; the majority of the dissipation came from
the shocks produced by the collisions of the imploding surfaces.
Neither do the calculated hot-spot temperatures depend significantly
upon the initial porosity. This result can be interpreted as
indicating that the effect of increased irreversible work, which
is performed on the lower initial density material, must be dis-
tributed over a proportionately larger mass fraction (see Eq. 2).

The delay time data can provide several critical tests of
these model results. Experimental results on Fig. 9 show that all
measured delay times fall on a single smooth curve. Notice the
independence of delay time on grain, hence pore size (HNS-I vs.
HNS-II at py, = 1.60 Mg/m3). Therefore, data do not contradict
the assumption made in the calculation of hot-spot temperatures;
that the dissipative processes responsible for hot-spot formation
do not contain a scale length or scale time which is large compared
with the pore radius or collapse time, respectively.

For several reasons, the best side-by-side comparison of
this independence of grain size comes from experiments G4 and G9.
First the experiments were performed at almost exactly the same
pressure, making comparison easy. Also the records are very

high quality, being among the best obtained. It was seen in Fig. 9
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and in Table 1 that the measured delay times for these two experi-
ments were almost equal. Figure 10 graphically demonstrates that
fact in that the early portion of the two decomposition histories
are nearly identical.

The observed particle size independence of hot-spot decompo-
gsition time is also evidence that those hot-spots remain adiabatic
during that period. Based on thermal diffusivity measured at
standard conditions, this is expected by a rather wide margin.
There have, however, been some large transport-property values
measured in shock-loaded organic materials (Bloomguist and Sheffield)
so the possibility exists that standard properties don't pertain
and that adiabaticity is a marginal assumption. To support this
latter view, there have been some decreases in shock sensitivity
in extremely fine-grained HNS material at low pressure and long
pulse width (Schwarz). Unfortunately, if these prove to be due to
lack of hot-spot ignition, the effect of dissipation mechanism
length or time scale, which can affect the spatial extent of the
hot spot during its formation may be confounded with subsequent
thermal diffusion time scale, which can affect the persistence
time of hot spots once produced, to give them time to decompose.

Figure 11 shows the measured delay time, 1;, as a function
of the calculated hot-spot temperature, Ty. As expected, there
again is a consistent dependence of delay time on Ty which appears
to be independent of grain size. Note that delay time might also
be independent of initial pressing density (G-series [circles on
Fig. 11] vs. V-series [non-circles]), although this is somewhat
speculative since the calculated hot-spot temperature ranges for

each series do not overlap.
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Delay times are short which is evidence that the pore~collapse
process significantly increases HNS reactivity. Figure 11 shows
the calculated delay time assuming extrapolated Arrhenius kinetics,
A = 1530 ws~}, E¥/k = 15300 K (after Rogers), which have been
measured at lower temperature. It is obvious that the measured
delay times are considerably less than those that would be antici-
pated by extrapolation of these low-temperature kinetics to these
temperature regimes. In fact, if an attempt is made to fit the
observed delay times with a thermal explosion model, the Arrhenius
kinetics must be modified to the extreme values of A = 110 us~1,
E*/k = 5700 K to achieve the agreement shown on the figure as
the dashed 1line.

Several important insights follow from the measured burn
velocities. An inspection of the particle velocity histories,
which were measured in the experiments on HNS-I pressed to an
initial density of 1.60 Mg/m3, makes it obvious that the prevailing
pressure is not the dominant variable in determining decomposition
rate. Examine, for instance, Figure 2 at the particle velocity
amplitude of 0.5 km/s, which corresponds to a prevailing pressure
of 5.8 GPa. At this value of pressure the decomposition rates are

1 at this instant for

markedly different, being about 0.8 us™
experiment G3 and 5 us~1 for experiment G6; a factor of six
difference in rate. A comparable spread in rates is observed in
comparisons with these and other records at other amplitudes.
Even during an individual experiment, pressure rise doesn't seem

to markedly affect rate. The best example is experiment G9

where pressure rises from 3.3 to 8.2 GPa during decomposition
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yet the history is very well fit by a constant velocity burn
(see Fig. 7). We have chosen to reduce each record assuming a
constant velocity, because the accuracy of the data do not warrant
a more detailed treatment. It is possible in some of the records
that the velocity could vary by 30% and we could not detect that
variation. However, the possibility of a strong pressure dependence
can be eliminated.

Figure 12 shows that the inferred burn velocity is an extremely
strong function of the initial shock pressure. Again, to within
the scatter in the data, it appears that very similar burn velocities
are obtained, independent of particle size and initial pressing
density.

Since the burning occurs in the shock-compacted solid, there
is no opportunity for intergranular convective heat transfer, such
as occurs in packed beds. Also, pressures are high, hence there is
essentially perfect thermal contact between the hot, reacted product
gasses and the unburned portion of each grain. These two conditions
make application of Frank-Kamanetskii laminar burn theory seem
appropriate. Figure 13 shows that the anticipated burn velocities
using the theory (Gill) are only a few-hundredths of a meter per
second, over the range of experimental conditions. Clearly the
theory, with room temperature properties, is inappropriate.

According to the theory, the dimensionless group upon which

velocity depends is

"
Hh

(6)

()

aAST

where a is thermal diffusivity, 6T the temperature rise
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accompanying decomposition, A and T# are previously defined
Arrhenius parameters and f is a rather weak function of some of the
same variables and of the initial conditions. It is impossible for
6T to vary much, being mostly controlled by the chemical bonding.
Figure 14 shows that a considerably lower activation temperature
would be required to elevate burn velocity to even 1 m/s, and this
supposes the unburned material is at the unrealistically high
average (not isentropic) temperature. However, numerical solution
to the burn equations demonstrated that for ¥ < 6000 K, burn

waves were not steady and the rapid velocities achieved were more
from a self-heating thermal explosion-like phenomenon than from a
heat-transfer-dominated propagation.* Thus, in this range of
properties, we computationally see a strong dependence of burn
velocity on particle size, which is not observed in experiment.

The only other property strongly affecting burn velocity is thermal
diffusivity, which provides transport of thermal energy from hot

to cold regions to ignite unburned material. While transpbrt
processes under shock loading have been studied very little, Bloomguist
and Sheffield have postulated an increase in the thermal diffusivity
by a factor of 104 in order to explain embedded thermocouple rise
times in a shock-loaded organic material, PMMA. It is not known

if such phenomena are operative here. If so, that should dramatically

affect our perception of the decomposition process.

We performed our own finite difference solutions to these problems
which produced solutions which agreed that the F-K theoretical
results in the steady burn regime, but which were capable of
treating these non-steady cases.
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Vi. SUMMARY AND GENERAL REMARKS

We have compared a specific microstructural model with experi-
mental observations on the decomposition history of shock-loaded
porous HNS explosive. Hot-spot mass fraction is determined by the
pore volume from which the hot spot was formed. Rapid hot-spot
decomposition is definite evidence of enhanced reactivity. Veloc-
ities of subsequent laminar burn waves which propagate radially
from each hot spot are observed to weakly depend upon the prevailing
pressure, in contradiction with some current interpretations of data
on other explosives, and are seen to be strongly dependent upon
the initial shock pressure above a 2-GPa threshold. Velocities
are very large compared with classical burn velocities and are
independent of particle size and initial pressing density, within
experimental resolution.

The nature of the results in this paper strongly suggest a
general increase of reactivity of material which has been subjected
to the shock environment. The reactivity change is dramatic within
the highly disrupted hot spots and less dramatic in that material
which is in the grain interior. There are also some indications that
transport processes might be altered by this shock process. These
general observations are in agreement with results of studies of
chemical alteration produced by the shock process (Graham & Dodson).
Some interpretations of the increase in reactivity produced by the
shock process center on the high frequency content in the shock
front and the attainment of a non-equilibrium temperature distri-
bution which can be responsible for scissing particular chemical

bonds (Dremin, Klimenko, Michailjuk & Trofimov).
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Because the initially porous material under study here is very
heterogeneous, shock rise times are relatively long and such high
velocity gradients are not present on the molecular scale. That
raises the possibility of alternative mechanisms to interpret the
present experimental results. Bond-breaking which may accompany
the large amount of plastic deformation occurring under shock-
loading must be regarded as a candidate for explaining increase in

reactivity seen in these experiments.
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Figure Captions

Figure 1. Schematic of the experimental configuration. An
HNS specimen (with fused-silica cover plate) impacts
a fused-silica target with a thin embedded opaque
metallic foil. Velocity interferometry measures
the particle velocity history, which is used to
infer the pressure history at the HNS/fused-silica
interface.

Figure 2. Experimental records for experiments on HNS-I
(equivalent spherical diameter of the grains of the
bulk powdgr was 21 um) pressed to initial density
1.60 Mg/m’® (8.7% porosity) and shock loaded. See
Table 1 for details. The particle velocity increase
after t = 0.35 us is identified with the pressure
rise accompanying chemical decomposition.

Figure 3. Experimental records for HNS-I pressed to initial
densities of 1.39 and 1.48 Mg/m>. See Table 1 for
details.

Figure 4. Experimental records for HNS-II (equivalent spherical
diameter 8f powder grains of 37 um) pressed to
1.60 Mg/m>. See Table 1 for details.

Figure 5. Typical results from numerical simulation of disruption
caused by shock-induced pore collapse.

(a) Initial pore shape at t = 1 ns. Note the isotherm,

T = 342 K, is on the approaching shock; (b) Temperature
distribution after shock passage at t = 4.25 ns. The

pore is entirely collapsed. Contours start with T = 342 K
(0.03 eV) which marks the shock front which has passed.
All contours are separated by AT = 116 K (0.0l eV);

(c) Comparison between actual distribution of temperature
(expressed in terms of an equivalent spherical radius)

and that obtained with a two-temperature model, using

Wy = 05/ Poo"1-

Figure 6. Results of two different numerical calculations on
Experiment G9 showing empirical verification of the
assumed proportionality between pressure rise after
shock loading, and extent of decomposition. These two
calculations, shown as dashed lines, were made using two
different forms for the equation of state of the gaseous
decomposition products. Also shown as a thin solid line
is the calculated dependence of pressure rise on mass
reaction decomposed, for an assumed steady wave propagating
into the HNS.
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Figure 7. Experiment G9 decomposition history showing two time
regimes:

t < 0.45 us, x < 0.087 = Wy; (hot-spots decompose).

t > 0.45 us, x > 0.087; (grain burning consumes
the material, with characteristic time T = 1.03 us).

Figure 8. Calculated hot-spot temperatures versus pressure for
different initial pressing densities.

Figure 9. Measured delay times, 7,, identified with the hot-
spot decomposition time versus impact pressure.

Figure 10. Comparison of decomposition histories for specimens
pressed from powder of different particle sizes.
In experiment G4 and G9, HNS powders had grains
with equivalent diameters of 20 um and 37 um,
respectively. Similar decomposition histories
for the first 0.4 us are evidence that the dissi-
pation process is self-similar on this scale,
providing an upper bound on the scale length/time
of the dissipation process. Later decomposition
proceeds more rapidly in the "fine" material,
which supports the observation that burn velocities
are comparable.

Figure 11. Measured delay times versus hot-spot temperature.
Extrapolated "ordinary" kinetics lead to calculations
of much longer delays than those observed. 1If
decomposit ion takes place through a self heating,
thermal explosion process, kinetics must be greatly
altered by the pore-collapse process.

Figure 12. Intragranular burn velocities as a function of impact
pressure. Neither particle size nor initial pressing
density seem to greatly affect the velocity.

Figure 13. Calculated burn velocity versus temperature of the
unburned solid. That temperature results from
isentropic compression, so that classical velocities
are expected to be only 0.05 m/s at maximum.

Figure 14. Cglculited burn vglocity versus activation temperature
T = E¥/k. For T' < 6000 K, the F-K theory is
no longer appropriate.
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