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ABSTRACT 

In experiments in which explosive is subjected to two 
successive shocks (-2.5 and -6.0 GPa), detonation of the explosive is 
delayed. [201] High compaction resulting from shock compression of 
an explosive probably results in the removal of voids from the 
material. To the extent that these voids comprise the hotspots in the 
material, the shock-compressed explosive might be expected to 
behave as a homogenous material, and initiate more like a liquid 
explosive than like a normal solid PBX. While some evidence is 
available from the data record to support this idea that detonation 
develops in a homogeneous manner, predominant aspects of the data 
indicate heterogeneous development of detonation in the preshocked 
material. 

INTRODUCTION 

Desensitization of explosive by preshocking is a well-known 
phenomenon, for which the mechanism is not completely understood. 
The mechanism of shock desensitization may provide a route to a 
more general understanding of the response of explosives to shocks. 
The state established by the first shock can be viewed as a unique 
initial state in the explosives, a state at very high density and at 
elevated temperature, limiting the variables which can affect the 
explosive's response to a second shock. 

degradation of the hotspot is the usual mechanism cited to explain 
preshock desensitization. 

time period after shocking during which the material exhibits no 
desensitization, or during which the degree of desensitization 
increases gradually [203]. 
time required to close or to damage the hotspots in the explosive. 

Hotspot removal, by compression, chemical damage, or thermal 

There is a time constant [202] associated with desensitization, a 

This time constant is assumed to be the 

Under the conditions of high compaction resulting from shock 
compression of an explosive, removal of voids from the material is a 
reasonable expectation. After the first shock, ~ ~ ~ 2 . 1 ,  and the solid 
cannot accommodate voids. To the extent that these voids comprise 
the hotspots in the material, their removal suggests that the 
explosive should behave as a homogenous material. 
proceeds in a homogeneous manner, evidence should be available 
from the data obtained from in-material gauges. These gauges 
record material response at the shock front, but also record the 
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initiation. 
Predominant aspects of the data indicate heterogeneous 

development of detonation in the preshocked material, while 
homogeneous characteristics are present. 

EXPERIMENTAL 

Experiments are done on a single stage light gas gun, using in -  
material magnetic (MIV) gauging [204, 205, 2061. The gas gun is 8 
meters long, has a 73 mm bore, and is capable of projectile velocities 
up to 1.4 mm/ys. The planar impact of the gas gun projectile 
generates well-supported shock waves with a well-characterized 
square wave shape. The experiments are one-dimensional over t h e  
region and time of interest. The square pressure pulse generated b y  
the projectile and the long (-2 to 4 us) pulse duration simplify 
consideration of the time-dependent behavior of the growth of t h e  
reactive wave. The gas gun projectiles have highly repeatable 
velocities, permitting accurate manipulation of time and pres sure  
parameters, and reproduction of experiments. The gas gun can 
reach projectile velocities of up to 1.4 mm/us, corresponding t o  
pressures of up to about 10.8 GPa in full-density HMX materials 
when vista1 (amorphous sapphire) [207]. impactors are used. 

Particle velocity, UP, is measured directly using ten nested 
magnetic gauges, and shock velocity US is obtained independently 
from time of arrival at the different gauges. [206] Embedded 
multiple electromagnetic gauges [209] provide unique 
measurements, in the Lagrangian frame, of the time evolution of the 
shocks, for up to 2 us. Ten particle velocity gauges are placed at a 
300 angle, to take data at 1/2 mm depth intervals, that is, at 10 
Lagrange positions. 

Preshock experiments are done using a composite impactor 
consisting of a low impedance thin layer on the front surface of a 
high impedance impactor mounted on the front of the projectile. 
This low impedance layer generates the first shock, as shown in the  
x-t diagram in Figure 4. This projectile impacts a precisely machined 
flat explosive cylinder, into which the gauge package is glued at a 
300 angle. A stirrup gauge on the explosive surface records t h e  
profile of the input wave generated at impact. The experimental 
configuration is shown in Figure 1. 



" *  
.'-dba9- 

Experiments have been done on PBX-9404 and PBX-9501, both 
HMX-based explosives. Explosive PBX-9501 is a plastic-bonded 
(PBX) composition consisting of 95% HMX, 2.5% estane, with 2.5% 
BDNPADDNPF [210]. PBX-9404 is a plastic-bonded composition 
consisting of 95% HMX, 3% nitrocellulose, and 3% CEF (chloroethyl 
phosphate) [210]. 

Initial density of each part was measured by immersion after 
machining . 

Errors in impactor velocities are obtained from standard 
deviations between five velocity pin measurements. 
time assigned to the gauge response arises primarily from the 
0.02 ps risetime of the signal. 
locations is about 0.0001/1 mm/mm, giving an error in time of 
0.0006 ps at 6 mm/ps. 
values of up and Us and a known Hugoniot. 

Error in the 

Error in measurement of the gauge 

Pressure is calculated from the measure 

The error in particle velocity up is 1 to 2% depending on the 
The error in Us arises from the error in 

Reported error in Us is the standard 
on all measured gauge positions 

level of noise in the signal. 
risetime of the gauge signal. 
deviation of the linear regression 
and risetimes. 

Table 1 
Measured Shock Parameters 

P B X - 9 4 0 4  
experiment  measured wave 1 wave 2 wave after units 

quant i ty  coalescence 
8 7 3  up inital 0.37 f 0.01 0.71 f 0.02 mm / ps 
PO = 1.844 US 3.28 k 0.02 5.07 4.32 f 0.03 mm / ps 

At at impact 0.675f0.005 CLS 

917 up inital 0.38 +_ 0.01 0.68 f 0.02 
PO = 1.844 US 3.43 k 0.02 5.39 f 0.05 

At at impact 0.665+0.005 

9 8 8  up inital 0.23 f 0.01 0.42 f 0.01 
P o =  1.844 * us 2.92 4.16 

0.001 At at imDact 1.60 k 0.01 



PBX19581 
945 up inital 0.42 f 0.01 0.74 2 0.01 
Po = 1.83 us 3.57 f 0.01 5.14 k 0.06 

At at impact 0.38 1-10.005 

9 5 7  up inital 0.43 f 0.01 mm I ps 
Po = 1.83 us 5.036f 0.06 mm / ps 

At at impact 0.420f 0.005 YS 

961  up inital 0.43 f 0.01 0.74 f 0.01 mm / ps 
PO = 1.835 us 3.49 k 0.03 5.46 * 0.05 4.608 mm I ps 

At at impact 0.445f 0.005 PS 

A single experiment was done on PBX 9501 with a preshock 
pressure of 2.1 GPa and a final shock pressure of 6.0 GPa. At the face 
of the explosive, the two shocks were separated by a time of 
0.4 f 0.03 ps. Impactor velocity was 0.908 mm/ps with a shot-to- 
shot variation of 0.003 mm/ps. Shocks were generated by a Kel-F 
impactor backed by 11 mm of vistal (amorphous sapphire). [207] 

PBX 9404 was subjected to two pairs of pressures. The first 
pressure profile was very close to the PBX-9501 experiment, with a 
preshock pressure of 2.3 GPa and a final shock pressure of 5.6 GPa, 
separated at the impact face by 0.675 ps. A second data set was 
produced using a preshock of 1.2 GPa, a second shock of 2.6 GPa, and  
a separation of 1.6 ps. A Plexiglas impactor backed by vistal was 
used to generate both profiles, with impactor velocities of 0.931 
mm/ps (both shots) and 0.524 mm/ps. 

Pressures of first and second shocks were chosen along with 
the preshock duration to permit coalescence of the two shocks in t h e  
middle of a time interval in which the process is one-dimensional 
and the diagnostic is robust. 

Two separate experiments are required to span the data space 
in time and Lagrange coordinate. One experiment was done with the  
gauges set 1 mm from the surface, to record response to each wave  
in a region where they are well-separated, and follow their progress 
to coalescence of the two shocks. One experiment was done with the  
gauges at a depth of about 6 mm, to record reaction of the material 



after coalescence, and monitor the development of the detonation. 
The input wave profile was measured at the explosive-impactor 
interface in every case. Reproducibility has been adequately 
demonstrated by showing that two identical experiments on PBX- 
9501, both with gauges near the surface, yield data that is exactly 
superimposable. Both timing and the magnitude of the reactive 
wave were reproduced to within the experimental error of both 
quantities. 

Complete data sets are shown as Figures 2 and 3. 

To describe more precisely the particular experiment unde r  
discussion, an x-t diagram is shown in Figure 4, along with gauge 
positions in the target. The x-t diagram is calculated. [211] The 
initial shock and the second shock are shown, and also the final shock 
after coalescence of these waves. A rarefaction and a thermal  
boundary, or contact discontinuity, must also arise in this 
experiment, at coalescence of the two shocks, as shown in the x- t  
diagram. The origin of the rarefaction and contact discontinuity lies 
in the fact that the second shock accesses states off the principal 
Hugoniot, on the second Hugoniot. [204] The resulting transition 
from the second to the principal Hugoniot requires an abrupt j u m p  
up in temperature and down in Pressure, as shown in the inset t o  
Figure 4. After coalescence the single shock must reach a state on  
the principal Hugoniot, at higher temperature and lower pressure 
than the state behind the second shock. The boundaries between 
these states are the small rarefaction and contact discontinuity noted 
in the x-t diagram. Direct evidence for these features is not seen in  
the gauge records from these or other similar experiments done on 
PBX 9502. [203, 2041 

Analysis of the gauge records yields particle velocity up and 
shock velocity US directly. 
magnitude of the gauge response. Shock velocity Us determines the 
arrival time of the shock at each gauge (Lagrange) position. 
regression on gauge rise time vs. gauge depth gives Us in each region. 
Location and velocity of reactive waves is measured directly, as the 
maximum up in the gauge record. 
records of this type, so discussion in this paper is limited to 
information derived from observation of the particle velocity in the 
shocks and from reactive waves evident in following flows. 

Particle velocity up is read from the 

A linear 

No rates have been obtained from 



RESULTS 

Experimental data from multiple shock experiments done on 
PBX-9501 and PBX-9404 are given in Figures 5 and 6. Each trace in 
the figures is a single gauge record which illustrates the particle 
velocity history of a Lagrange position as time progresses. Reactive 
waves in the preshocked material are shown. For clarity, these 
figures omit reactive waves arising after coalescence of the two 
shocks. The oscillation in Figure 6 is an experimental artifact. 

Experimental data is plotted in x-t form in Figure 7, along with 
the calculated x-t diagram. Agreement between the experiment and 
calculation is close, indicating the proper choice of principal Hugoniot, 
and the proper treatment of the second Hugoniot by the M A C R A M E  
code. [211] The reactive wave emerging during the preshock is more 
clearly presented in Figure 7, in which maximum particle velocity vs. 
location serves to show the approximate position of the reactive 
wave. 

Desensitization by a weak shock is a real effect, as indicated by 

Figure 8a shows normal reaction in response to an input 
comparison of doubly- and singly-shocked materials in Figures 8a 
and 8b. 
pressure of 4.2 GPa. 
shocked to a final pressure of 6.0 GPa, after desensitization by a 
preshock of 2.1 GPa. 
maximum particle velocity, is much smaller in the preshocked case 
8b, despite the higher final pressure driving the reaction. 

Figure 8b shows reaction in the same material 

The magnitude of reaction, indicated by the 

Desensitization is quantified only by the particle velocity of the 
reactive waves, in the absence of Lagrange analysis of reactive wave 
profiles to obtain rates. [208] Time to detonation was not available. 

Growth at the shock front in Figure 8a, the singly shocked 
9501, is substantial, indicating an energetic contribution to the 
reaction at the shock front, usually ascribed to hot spot activity. 
Growth at the shock front in Figure 8b, preshocked 9501, is 
negligible, indicating that little release of energy is occurring at the 
shock front, though reaction is clearly proceeding behind the shock 
front. 

DISCUSSION 



As a diagnostic, in-material particle velocity gauge records give 
clear evidence of homogeneous reactive behavior, when it is present. 
Arguments are based solely on observation of the particle velocity in 
the shocks and following flows, and are not based on rate 
measurements.  

Two examples of homogeneous reactive behavior are shown 
in Figure 9, one in solid, and one in liquid. 
distinguish gauge records of homogeneous reaction. These records 
exhibit a flat following flow behind the shock front, similar to the 
shock response of an inert material, denoted "A" in Figure 9. 
distinct reactive wave appears some distance behind the lead shock. 
This reactive wave is denoted "B" in Figure 9. 
progresses at a constant velocity, or accelerates slightly, to overtake 
the shock front. 
function of Lagrange position or time. 
waves shown in Figure 9 are plotted in the x-t plane. The defining 
characteristic of homogeneous reaction, the delayed reactive wave, 
will result in records with these features. 
initial response followed by a distinct reactive wave with a well- 
defined velocity characterize homogeneous reaction. 

Three characteristics 

A 

The reactive wave 

The position of this wave is easily measured as a 
In Figure 10, the reactive 

Records with a flat (inert) 

The expectation that the high density of the preshock- 
compressed explosives will result in homogeneous reactive behavior 
is supported by three aspects of the data, but opposed by two 
overriding characteristics. 

Aspects of the data that indicate a homogeneous character are 
as follows. 

1 .  Initial particle velocity in a homogeneous material is expected 
to be constant, and determined by the inert Hugoniot of the material. 
In a heterogeneous reactive material, the initial particle velocity 
reflects inert response and also the acceleration due to the reaction 
in the initiating material. 
shock front, then there is no contribution by the reactive wave at the 
shock front. 

That is, if there is no acceleration of the 

Figure 8b shows that initial particle velocity in the material, in 
response to the arrival of the second shock, is almost a constant in 
the preshocked region. All the reactive waves start from nearly the 
same initial particle velocity. Upon arrival of the shock at the gauge, 



the gauge (the surrounding material) is accelerated to an initial 
particle velocity in the material, according to the Hugoniot for the 
inert material. For comparison, Figure 8a shows data from reaction 
of the same material, at lower final pressure, in response to a single 
shock. 
example, but zero in the preshocked sample until after coalescence. 

Growth at the shock front is substantial in the singly shocked 

2 .  The reactive wave arising in the 2-shock region, before 
coalescence of the shocks, appears to be separate from the reaction 
arising after the single shock is established. 
shown in Figure 11. Deceleration of the reactive wave produced this 
phenomenon. Evidently, the reactive process established in the 2- 
shock region does not progress smoothly into the single shock region. 
Instead, the reaction stops and a new reaction commences in the 
singly shocked material. Thus, the process supporting reaction in the 
2-shock region is not active in the single shock region. 

The separation in time is 

If the reaction in the doubly shocked region were dependent 
on the material being prepared by the first shock, for instance 
preheated or shocked to partial reaction, then the absence of this 
preparation in the singly shocked region would result in the reactive 
wave failing once it reached the unprepared (singly shocked) region. 
The observed failure of the first reactive wave indicates the 
importance of preheating, chemical induction time, or some other 
aspect unique to the homogeneous reaction mechanism. 
another explanation for this separation, given as 3. below 

There is an 

3 .  State-sensitivity is typical of homogeneous reaction. The 
separation between reactive processes may occur as reaction in the 
2-shock region responds to the passage of the very small rarefaction, 
shown in Figure 4. This rarefaction is only about 0.08 GPa. 
Deceleration of the reaction wave is observable in Figure 11. The 
abrupt drop in the maximum velocity of the reactive wave is shown 
in Figure 12, for both explosive compositions. The progress of the 
reactive wave before and after the rarefaction is shown in the x-t 
plot in Figure 7. 

A second state change is possible for the wave, but is not 
reflected in its behavior. A contact discontinuity, a sharp 
demarcation between thermal regions, exists between the low 
temperature in the doubly shocked region and the higher 
temperature singly shocked region. This temperature change is also 
present where this weakened wave is observed. Crossing this 



. 
demarcation, the wave would proceed from a region of lower 
temperature to a region of higher temperature. 
temperature would be expected to increase, rather than decrease, the 
homogenous reaction rate by increasing the Arrhenius rate of 
reaction in the singly shocked region. 
change is seen in the magnitude of the wave, perhaps because bulk 
temperatures are relatively low compared to the reaction 
temperature.  

A rise in 

No response to this state 

Data is inconsistent with homogenous reaction in two major 
ways. 

1 .  The wave shape exhibits no well-defined flat, non-reactive 
region. 
hallmark of homogeneous reaction. 
reactive wave begins as soon as the second shock arises. 
indicates release of energy very near the stimulating shock, with no 
induction time for development of bulk chemical reaction. 
and 8b show the similarities between reactive flow in the 
preshocked explosive, and heterogeneous reaction in regular 
uncompacted material. The particle velocity profiles of the following 
flows are almost the same shape, except for the initial value of up. 

This flat region, indicating non-reacting induction time, is the 
In the data shown here, the 

This 

Figures 8a 

2 .  
defined velocity, to catch up with the shock, but instead accelerates 
and decelerates in an irregular way. The location of the reactive 
wave in the 2-shock region is shown in Figure 13, and compared 
with a homogeneous case. 
once established, progresses independently of the lead shock, a 
defining characteristic of homogeneous reaction, is absent in this 
particular case. 

The reactive wave does not progress smoothly at a well- 

The well-defined reactive wave which, 

Homogeneous behavior has been seen in a solid, the explosive 
PBX-9502, a TATB-based plastic bonded material. 
shown in Figure 9a. Why do the HMX-based PBX materials 
examined here not respond in a homogeneous manner, once 
compressed to a presumably voidless state? 

This example is 

The first point of dissimilarity is the time spent producing the 
voidless state: the material in Figure 9a (TATB) was gently heating 
over several hours, rather than subjected to the abrupt compression 
used in the HMX experiments described in this paper. Time may be 



a key factor in preshock experiments as well. 
durations are reported to produce complete desensitization and 
homogeneous response in some compressed granular materials. 

Longer compression 

~ 3 1  

A second suggestion is that a condition free of voids is 
insufficient to produce homogeneous behavior in these pressed 
composite materials. The binder-explosive grain interfaces are 
preserved at any pressure, creating inhomogeneities in shock 
impedance, and preventing generation of a truly homogeneous 
material. of the binder plays a role is clearly 
shown in the differences between data for 9501 and 9404, although 
the binder may play a role not only in impedance, but also in 
contribution of reactive energy and as a sink for thermal energy. 
w 2 1  

That the identity 

A third, more speculative, suggestion is that once a condition 
free of voids is produced, the mechanical properties of the HMX are 
important. TATB is relatively malleable, while HMX is brittle. The 
malleable nature of TATB permits delocalization of energy, and 
permits a more liquid-like response to mechanical energy. A brittle 
material concentrates energy at cracks or shear planes. Once again, 
the importance of the binder may arise from its malleability, and 
role as a sink for mechanical energy. [201] 

Two of these explanations rely on damage of the HMX by shear, 
leading to the interesting idea that shear may play a role in the 
production of heterogeneous reaction, and generate' "hotspots", 
regardless of the void concentration. There is a certain amount of 
Work done on TNT suggests that damage produced in a first shock 
can sensitize, rather than desensitize an explosive s'ample, by 
creating shear bands. 

A sensible hypothesis, embracing all of the arguments 
presented, is that reaction of any material involves contribution from 
both homogeneous and heterogeneous mechanisms. [214]. It may be 
that only in porous or very non-porous materials are the behaviors 
sufficiently separated so as to be distinguishable. Shock-compressed 
solids may be a case in which the balance between the two begins to 
be manifest in the data. 
heterogeneous reaction at the hotspots (not voids, but discontinuities, 
impedance mismatches, or shear bands) may dominate the 
appearance of the reactive wave. 

It may be that in the data shown here, 

The contribution from 
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heterogeneous reaction may raise the particle velocity throughout 
the following flow, giving the reactive wave the broad profile typical 
of heterogeneous reaction. 
contribution governs the growth and development of the wave, 
leading to the observed desensitization. 

It may be that the homogeneous 

CONCLUSION 

In general, experimental data presented here does not 
resemble data for homogeneous reactions. 
following flow and the development of the reactive wave appears to 
be inconsistent with the hypothesis of homogeneous reaction, despite 
the universal expectation that homogeneous reactions should play a 
role in initiation of shock-compressed explosive. 

The appearance of the 

With regard to position and velocity of the reactive wave, 
experiments in which the time delay between the first and second 
shocks is varied may show homogeneous reactive waves more 
clearly. Longer propagation of the reaction in preshocked material 
would allow more time for proper thermal reaction. It may be that 
in the data at hand, the induction time is insufficient for full 
development of the reactive wave, obscuring true behavior of the 
reactive wave. 
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MACRAME x-t diagram and P-up diagram 
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Reactive wave in the preshocked explosive does not 
resemble reactive wave in homogeneous case. 
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Figure 8b. Reaction in PBX-9501 in response to two shocks 



Figure 9, part 1, refc: R.N. Mulford and R.R. Alcon, in "Shock 
Compression of Condensed Matter," 1995, P. 855 

Figure 9, part 2, tilted, refc. S.A. Sheffield, R. Engelke, and R.R. Alcon, 
in the 9th Symposium (International) on Detonation, 1989, p. 39. 
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Figure 10. x-t diagreams for the homogeneous reactive materials 
shown in figure 9a and 9b. 
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Figure 1 1 .  Temporal separation of reactive waves in preshocked 
region before and after coalescence of two shocks. 
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Figure 12, Maximum particle velocity in the reactive wave drops 
abruptly at coalescence of two waves in both materials. 
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Figure 13. Reactive wave in preshocked explosive (top) does not 
resemble reactive wave in homogeneous case (bottom). 


