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Collisions of shock and detonation waves in an HMX-based high explosive are experi-
mentally studied with the use of flash radiography. Based on X-ray patterns, specific
features of the wave-interaction process are identified, and qualitative differences are
found in detonation formation and evolution in an explosive precompressed by a weak
shock wave and in an undisturbed explosive.

Key words: shock wave, detonation wave, shock-wave sensitivity, X-ray radiogra-
phy, HE initiation, detonation excitation, density distribution.

INTRODUCTION

The shock-wave sensitivity of a high explosive (HE)
is known to decrease with increasing its initial density:
a higher shock-wave pressure is needed for detonation
excitation [1]. It is also known that HE desensitizing
occurs if the HE is preliminary loaded by shock waves
whose amplitude is too low for detonation excitation:
the HE becomes less sensitive to the subsequent shock-
wave action. This phenomenon was studied experimen-
tally by loading various HEs by a shock wave (SW) with
a stepwise profile [2, 3], by considering reflection of the
loading SW from a target [4], etc. Loading of an HE
sample by a weak SW alters not only its initial density
but also its internal structure: possible effects are frag-
mentation, collapse of voids, changes in crystal defects
and their size distribution, etc.

If the HE has enough time to become unloaded
prior to repeated loading, for instance, behind an un-
steady SW front or if the SW goes out into a “light”
layer [5], the shock-wave sensitivity normally increases.
Samples recovered after preliminary loading (which
have a “damaged” structure) also display an increased
sensitivity to repeated loading [6].
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X-ray experiments described in [7] were aimed at
studying interaction of shock and detonation waves in
a TATB-based HE. It is demonstrated that the detona-
tion wave (DW) ceases to propagate into the region of
the HE sample compressed by the SW.

The goal of the present work was a radiographic
analysis of the changes in shock-wave sensitivity of an
HMX-based HE induced by SW-DW interaction, in
particular, in the case of detonation propagation into
the sample region compressed by the SW. The parame-
ters measured in the experiments were the density dis-
tribution in zones covered by the SW and DW and in
the region of interaction of these waves.

STATEMENT OF EXPERIMENTS

The experiments were performed in a 2ERIDAN-3
pulsed X-ray facility with a soft spectrum of radiation,
threshold energy E, ~ 0.75 MeV, and pulse duration
At =~ 0.2 psec. The image was recorded onto pho-
tochromic screens made of europium-activated barium
halogenide (Digital Complex for Computer Radiogra-
phy — DC-CR). Ionization radiation forms a hidden
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TABLE 1
Actuation Time of the Gauges and Instants of Radiography
Test t1, to, |t1—ta, | ty, |Aty =ty —t1, | Ata =ty —to, | Xpr1; Xir,2s | Vir,15 Vir,2,
number | psec | usec psec psec psec psec mm km/sec
1 25.64 | 23.80 1.84 28.60 2.96 4.80 26; 17 8.8; 3.5
2 23.16 | 22.76 0.40 29.42 6.26 6.66 37; 22 5.9; 3.3
3 28.37 | 23.78 4.59 32.48 4.11 8.7 17; 28 4.1; 3.2
4 28.42 | 23.81 4.61 34.90 6.48 11.09 24; 33 3.7; 3.0

Fig. 1. Layout of the experiment: 1) primer No. 1; cross section 2 X 10 mm (a) and 8 x 8 mm (b);
2) primer No. 2 (cross section 8 x 8 mm); 3) Plexiglas damper; 4) HE sample under study; CG1 and
CG2 are the contact gauges; MG1 and MG2 are the manganin gauges.

image in these screens, which can be obtained in digi-
tal form by using a special scanner. The photochromic
screens have the following characteristics: wide dynamic
range of registration (10* and more); linear transitional
characteristic in a wide range of absorbed doses; single-
quantum gamma-sensitivity of the active luminescent
material; spatial resolution of ~9 lines/mm or 223 dpi.
The use of such screens allows resolving objects with
the optical thickness difference of ~0.02-0.05 g/cm?.

Figure 1 shows the layout of the experimental units.
The loading system used in the present experiments was
described in [7, 8]. The examined HE sample was initi-
ated by two extended priming charges made of a PETN-
based HE through a Plexiglas damper or without the
latter. The pressure of the initiating SW was varied
by changing the thickness of the damping layer. The
primers were actuated at different times, which allowed
the SW and DW fronts to collide at different stages of
the process. The exact moment of HE loading under
each primer was determined on the basis of operation
of contact or manganin gauges, which were placed be-
tween the damper and the charge.

The sample under study was a pellet whose thick-
ness in the radiography direction was 60 mm. The
initial density of the HE samples in all tests was
1.883 g/cm®. The density distribution was determined
by the method described in [9]. The essence of the
method is determining the density distribution behind
the wave front by the formula p(x,y) = Z(z,y)/Lo,
were Z is the optical thickness and Lg is the initial size
of the sample in the direction of X-ray radiography.

TEST RESULTS

In the first test (see Fig. 1a), we considered inter-
action of a cylindrical DW propagating from the HE
surface with an SW that does not transform to detona-
tion (test No. 1). In three subsequent tests, we studied
interaction of an SW that does not transform to deto-
nation with a shock wave transforming to detonation at
different stages of evolution of the latter.

Table 1 shows the times of SW arrival in the HE
under the primers (¢; and ¢2) and the time of X-ray
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Fig. 2. SW-DW interaction (test No. 1): 1) SW
front; 2) DW front; A, B, and C are the directions
in which the dependences p(X) were determined.

radiography (¢,). Based on the wave-front position X
measured on the X-ray patterns, we could estimate the
mean wave-front velocity in the HE for each primer:
Vge,i = Xiri /Aty

In test No. 1, the DW was initiated by a PETN-
based HE plate 2 x 10 mm (primer No. 1). The SW was
formed by an extended PETN-based priming charges
8 x 8 mm, which loaded the HE sample through a Plex-
iglas damper (primer No. 2). The damper thickness in
test No. 1 was 10 mm. In this case, an SW with in-
significant decomposition of the substance behind the
front that does not transform to detonation was formed
in the HE.

X-ray radiography of the assembly was performed
after SW-DW interaction. Figure 2 shows the X-ray
photograph of the explosion process with directions
along which the density distribution p(X) was deter-
mined. It is seen that the DW front passes into the
sample region compressed by the SW without distort-
ing its shape, i.e., detonation is not interrupted on the
HE compressed by the SW.

Figure 3 shows the density distributions in the di-
rections indicated in Fig. 2. The coordinate X = 0 in all
plots corresponds to the HE loading surface. The den-
sity of the substance behind the SW front is ~2.1 g/cm3
and remains practically unchanged at a distance of
~8 mm behind the front. After that, the density dras-
tically decreases, which is caused by HE decomposition.

It was noted above that there are no visible distor-
tions of the SW and DW front shapes at the moment
of X-ray radiography, but the amplitude and density
profile in the wave-interaction region differ from both
detonation-wave and shock-wave profiles. The density
in the wave-interaction region is somewhat higher than
that behind the front of the DW propagating over an
undisturbed HE.
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Fig. 3. Density profiles in test No. 1 in the directions
indicated in Fig. 2.

In test Nos. 24 (see Fig. 1b), the colliding waves
were an SW that transforms to detonation at a certain
depth (primer No. 1) and an SW that did not trans-
form to detonation (primer No. 2). The damper thick-
ness was 8.5 mm under primer No. 1 and 10 mm under
primer No. 2. In the first case, a transition of the SW to
detonation was observed at a depth of ~12 mm; in the
second case, the SW does not transform to detonation.
The delay in the actuation time of the primers (t; —t2)
was varied in the experiments so that the SW encoun-
tered the shock-compressed HE at different stages of
detonation excitation.

The amplitude of the loading pressure at the SW
front measured by manganin gauges was ~4.1 GPa for
a 8.5-mm damper and ~3.2 GPa for a 10-mm damper.

Figure 4 shows the X-ray pattern of the explosion
process in test No. 2. Detonation is seen to be excited
under primer No. 1 at the moment of X-ray radiog-
raphy. The shape of the DW front suggests that this
occurs at a certain depth within a small region near the
loading plane. The transition of the SW to the DW
is finalized before interaction with the SW front from
primer No. 2. The DW front propagates into the com-
pressed region without distortions. A similar pattern
was recorded in test No. 1. The results of test Nos. 1
and 2 show that, if the DW is already formed, the com-
pressed HE region located on the DW path does not
cause detonation breakdown, as it was registered for a
TATB-based HE [7].

The SW front from primer No. 2 changes its shape
when entering the region of explosion products. In the
zone of the products, it covers a greater distance than
in the undisturbed HE region (see Fig. 4). Figure 5
shows the density distributions in the directions indi-
cated in Fig. 4. These dependences clearly show the



368

Fig. 4. SW interaction with an SW transforming to
detonation (test No. 2): 1) DW front; 2) SW front;
3) SW front in explosion products; A, B, and C are
the directions in which the dependences p(X) were
determined.
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Fig. 5. Density profiles in test No. 2 in the direc-
tions indicated in Fig. 4: 1) DW front; 2) SW front;
3) contact boundary (line of collision of the fronts).

difference between the density behavior during SW-
DW interaction and the density distribution behind the
front of the SW and DW propagating over an undis-
turbed HE. In addition, the dependence p(X) in the di-
rection C clearly displays the characteristic boundaries
in the wave-interaction zone.

Figure 6 shows the photograph of the explosion
process in test No. 3. In contrast to test No. 2, the
SW from primer No. 2 enters the HE ~4.6 usec earlier
than the SW from primer No. 1. With a front velocity
of ~3 km/sec, the shock wave passes ~14 mm further
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Fig. 6. SW interaction with an SW transforming to
detonation (test No. 3): 1) SW front transforming
to detonation in an undisturbed HE; 2) SW front;
3) decomposition in the region of interaction of SW
fronts; A, B, and C are the directions in which the
dependences p(X) were determined.

than that in test No. 2. Before transforming to a DW,
the SW initiating detonation encounters the substance
compressed to a density of ~2.1 g/cm®. Wave interac-
tion alters the flow parameters behind the SW front,
which transforms to detonation in an undisturbed HE.
Detonation excitation may fail to occur under these con-
ditions.

X-ray radiography of the assembly was performed
2.15 usec earlier than in test No. 2 (counted from the
moment of gauge actuation t1). It was assumed thereby
that the DW under primer No. 1 is to be recorded if
preliminary loading by the SW does not affect detona-
tion excitation. It is seen from Fig. 6 that detonation
did not occur. In the region where the SW fronts col-
lided, the X-ray pattern shows an extended zone, which
is darker than that in the region of the substance com-
pressed behind the front. This may be indicative of HE
decomposition at the place of collision of the SW fronts.

Figure 7 shows the density distributions in the di-
rections indicated in Fig. 6. The density behind the SW
front under primer No. 2 remains practically unchanged
at a distance of ~20 mm and reaches ~2.0 g/cm3. The
density profiles behind the SW front under primer No. 1
in the undisturbed zone A and in the interaction region
C are close to each other. The density of the substance
reaches ~2.3 g/cm?® behind the front and ~2.0 g/cm?
at the place of collision of the SW fronts.
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Fig. 7. Density profiles in test No. 3 in the direc-
tions indicated in Fig. 6: 1) SW front; 2) zone of HE
decomposition due to SW interaction.

In test No. 4, X-ray radiography was performed at
a later time to prove that detonation really did not arise.
Moreover, it was of interest to see the time evolution of
the decomposition zone formed at the place of collision
of the SW fronts.

Figure 8 shows the photograph of the explosion pro-
cess in test No. 4. X-ray radiography was performed
~2.4 psec later than in test No. 3 and ~0.2 usec later
than in test No. 2. It is seen from Fig. 8 that detona-
tion did not arise, like in test No. 3. Thus, additional
compression of the substance at an earlier stage of the
transition to detonation leads to detonation breakdown
(cf. Fig. 4 and Fig. 8). As in test No. 3, a zone of
HE decomposition at the place of collision of SW fronts
was again registered at the same place. Figure 9 shows
the density distributions in the directions indicated in
Fig. 8. The dependences are in good agreement with
data obtained in test No. 3. The density of the sub-
stance in the zone of collision of SW fronts is lower and
reaches ~1.6 g/cm?.

DISCUSSION

It is seen from the density distributions that the
density of the explosion products behind the front of a
cylindrical DW (see Fig. 3) is ~2.3 g/cm?3. The den-
sity at the Jouguet point in the approximation of a cu-
bic equation of state of the explosion products is es-
timated as p; = (4/3)po = 2.5 g/em?3. The experi-
mental value of density is lower because of DW front
smearing. The smearing thickness AX depends on sev-
eral factors. It can be estimated if the DW front ve-
locity D =~ 8.8 km/sec and the X-ray pulse duration
At =~ 0.2 usec are known. Multiplying these two values,

Fig. 8. SW interaction with an SW transforming to
detonation (test No. 4): 1) SW front transforming
to detonation in an undisturbed HE; 2) SW front;
3) decomposition in the region of interaction of SW
fronts; A and C are the directions in which the de-
pendences p(X) were determined.

we obtain the smearing thickness AX ~ 1.8 mm. The
experimental value of the DW front smearing thickness
is AX =~ 3 mm. This means that the density cannot
be measured at distances smaller than AX/2 = 1.5 mm
from the DW front. Extrapolation of the experimental
distribution of density of the explosion products p(X)
to the front is difficult because the decrease in density
of the products behind the front of the diverging cylin-
drical DW has a nonlinear character and occurs very
fast.

If the SW velocity in the HE is ~3 km/sec, the
front smearing thickness is smaller and reaches AX =~
1.8 mm, as can be seen from the experimental den-
sity profiles. Thus, density measurements at distances
smaller than ~1 mm from the SW front are impossible.

The density of the substance behind the front is de-
termined as the ratio of the optical thickness Z to the
initial thickness of the HE sample Ly in the direction
of X-ray radiography. If there is lateral unloading from
surfaces perpendicular to the radiography direction, the
formula proposed yields an error. The farther from the
front, the greater part of the substance along the beam
is subjected to unloading. For this reason, the error
is systematic and depends both on the distance behind
the front and on the distance between the front and the
loaded surface. Immediately behind the front, the cal-
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Fig. 9. Density profiles in test No. 4 in the direc-
tions indicated in Fig. 8: 1) SW front; 2) zone of HE
decomposition due to SW interaction.

culations underpredict the density: the error is negative
and stays within ~2-3%. At half of the distance covered
by the front, the error becomes close to zero and then
positive (in this case, the density is overpredicted). The
error reaches a maximum value near the loaded surface
and does not exceed ~10% in our case.

It is also necessary to take into account the error
in determining the optical thickness Z. This error has
a random nature and, being recalculated to density, is
smaller than ~2-3%.

The density distributions allow us to quantify the
state of the substance in the region of interaction of
the SW and DW fronts. Comparing the dependences
p(X) in the interaction region and behind wave fronts
propagating in an undisturbed HE, we can perform a
more reliable analysis of the processes inside the HE.

It was experimentally demonstrated that the SW
transition to detonation in an HMX-based HE, which
occurs under standard conditions, does not occur if the
zone of DW formation is precompressed by a weak shock
wave to a density of ~2.1 g/cm®. The dependence of
shock-wave sensitivity on the initial HE density has
been known long ago. In the experiments described,
however, we cannot say exactly that precompression of
the DW formation zone was the only reason for the
absence of detonation excitation. First, a weak SW in-
vokes not only substance densification but also changes
in the internal structure of the original HE. Second, af-
ter collision of divergent SWs, a complicated flow of the
substance is formed, because the mass velocity vector
behind the fronts of SWs colliding at different points
has different directions. Third, a decrease in density
at the place of collision of SW fronts was observed in
experiments, which may result from HE decomposition.
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The reduced-density zone is located between the region
with the products of HE decomposition (dark region
in the X-ray patterns) and the front of the SW initi-
ating detonation. A possible consequence is that the
SW front becomes devoid of the necessary energy sup-
ply from the HE decomposition zone, which is needed
for the SW transition to detonation.

It is difficult to tell which of the three factors is
mainly responsible for changes in shock-wave sensitivity.
It was shown in [7], where similar experiments with a
TATB-based HE were performed, that HE compression
by a shock wave prevents propagation of the detona-
tion formed into the compressed region. Such an effect
is not observed in an HMX-based HE, where the DW
front passes to the compressed region almost without
any distortions (see test No. 1).

A possible explanation for this phenomenon is the
known dependence of shock-wave sensitivity on density.
For a TATB-based HE, this dependence is very strong in
the range of initial densities 1.89-1.91 g/cm? [1]. More-
over, if the substance is compressed to ~2 g/cm? behind
the SW front, the pressure necessary for its initiation
exceeds the pressure at the Jouguet point for plasti-
cized TATB. Thus, detonation cannot propagate into
the compressed region.

Plasticized HMX does not display such a strong
dependence of shock-wave sensitivity on density; in ad-
dition, the pressure at the Jouguet point is much higher
than that in a TATB-based HE (p; ~ 40 GPa and
~29 GPa, respectively) [10]. Apparently, this is the rea-
son why the detonation in plasticized HMX can enter
the region compressed by the SW.

CONCLUSIONS

The paper describes the experimental results ob-
tained in studying collisions of shock and detonation
waves in an HMX-based HE. X-ray patterns make it
possible to identify the qualitative differences in deto-
nation formation and evolution in an HE precompressed
by a weak shock wave and in an undisturbed HE.

1. The detonation wave propagates into the HE
region compressed by the shock wave to a density of
~2.1 g/cm?® without distortions of the front shape and
without changes in its velocity.

2. The density of the substance behind the
detonation-wave front propagating over a shock-
compressed HE is higher than that behind the
detonation-wave front in the region of an undisturbed
HE.
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3. The transition of the shock wave to detonation,
which occurs under standard conditions, does not occur
if the detonation-wave formation zone is precompressed
by a weak shock wave to a density of ~2.1 g/cm3.

4. A decrease in density of the substance in a nar-
row zone of collision of shock-wave fronts is registered
in experiments.
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