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Abstract. Several common detonators involve high explosive drivers and metal end-caps
or cups. Upon initiation these break apart into a cluster of metal fragments traveling at
hypersonic velocities. This work leverages modern MHz rate cameras for experimental
investigation of this fragmentation process and the potential for subsequent initiation of
other high-explosives upon impact. When recorded at 5 million frames-per-second, stereo
Digital Image Correlation (DIC) is shown to provide detailed resolution of the initial 3D
metal strain. The size and velocity of the resulting fragments are subsequently measured
at 2 million frames-per-second using custom tracking algorithms introduced here.

Introduction

Much work has been done to interrogate plas-
tic-bonded explosives (PBX) related to run-
distance-to-detonation as a function of well-
characterized input stress (Pop plot)' and critical
diameter/spot size’. However, in off-normal situa-
tions, such as single or multiple fragment impact,
it is more difficult to assess PBX initiability> *.
Here we study standoff firing of a detonator,
which launches fragments that are neither spheri-
cal nor planar. Fig. 1 shows select images from a
high-speed video of this event.

Fragmentation of metal cased explosives and
initiation of PBX by fragment impact are both sto-
chastic processes. Consequently, it is inevitable
that chance (or statistics) plays a role in whether a
specific experiment causes PBX initiation. Be-
cause of this, it is impossible to experimentally
study all relevant conditions. Rather, we aim to
investigate select conditions so that data can be
applied for development of models appropriate for
investigating a more complete suite of parameters.

Previously, we applied Digital Inline Holog-
raphy (DIH) to quantify the initial fragment size

and velocity in the experiment shown in Fig. 1°.
As discussed further in this work, this method has
specific advantages and drawbacks for application
to hypervelocity fragments. Here, we propose ad-
ditional diagnostics for more complete characteri-
zation of these fragments. In addition, methods are
proposed for detailed investigation of fragment
formation via quantification of the explosively
driven strain of the detonator case.

This work is enabled by significant recent ad-
vancement in high-speed imaging, specifically
modern MHz rate cameras® enable video imaging
of this process with temporal resolution that was
previously impossible or much more difficult.

fragment flight impact

Fig. 1. Fragment impact and initiation of PBX.
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The remainder of this paper begins with a
brief review of our previous work. Next, 5 MHz
stereo Digital Image Correlation (DIC) is shown to
quantify the 3D strain field of the detonator prior
to fragmentation. At increased standoff, a similar
configuration is shown to allow 3D quantification
of the fragment field. Finally, initial application of
these techniques to PBX initiation is demonstrated.

Previous Work

Many research groups have previously fo-
cused on quantification of explosively driven met-
al fragmentation and fragment impact. In lieu of a
complete review, we focus here on only our own
recent work to provide context for the new results
shown in the subsequent sections.

The size and velocity of fragments produced
by a metal cased explosive is strongly related to
the initial strain rate of the case. Digital Image
Correlation (DIC) is an imaging method for full-
field surface strain which has been widely applied
to study solid mechanics”. The technique is based
on tracking the motion of a speckled surface over
time. With two cameras in a stereo configuration,
triangulation can be used to find the 3D surface
motion. In 2010, the best high-speed cameras were
capable of a maximum of ~1 MHz record speeds.
With that, we were able to use DIC to quantify the
explosively loaded strain of ~10 cm diameter hol-
low metal hemispheres loaded with 300 g of ex-
plosives.” Here, we are interested in the fragmenta-
tion of detonators with explosive loading on the
order of ~1 g and dimensions on the order of
~10 mm. Assuming similar velocities, the smaller
required field-of-view (FOV) in the current deto-
nator experiments necessitates faster record rates
for similar resolution of temporal dynamics. As
shown here, with the very recent advancement of
ultra-high-speed cameras to 5 MHz, these experi-
ments are finally feasible.

Measurement of size and velocity of frag-
ments can be performed in many ways. For lab-
scale experiments, such as the detonator scales
studied here, we recently proposed Digital Inline
Holography (DIH).> The experimental setup is
shown in Fig. 2. A coherent and collimated laser
beam is propagated through a particle field result-
ing in the formation of diffraction patterns which
are imaged with a camera. An example raw holo-
gram image for fragments traveling from bottom

to top is shown in the left-hand side of Fig. 3. This
image is numerically refocused by modeling each
pixel as the source of a spherical wave which con-
volve at a refocus plane according to the Huygens—
Fresnel principle.!® By searching for the optical
depth where each particle is in best focus, the 3D
location and 2D refocused morphologies can be
quantified as shown in the right-hand side of
Fig. 3. Multiple holograms recoded with short in-
ter-frame time allow for measurement of fragment
velocities.

In Yeager et al.’> DIH was applied to measure
the size and velocity of fragments produced by the
same generic detonator studied in the PBX impact
experiments shown in Fig. 1. This was used to
provide a measured estimate of the impact condi-
tions leading a go/no-go initiation transition.

As is clear in Fig. 3, DIH is also susceptible to
image degradation due to index of refraction gra-
dients, which in this case originate from gas-phase
shock waves surrounding each hyper-velocity par-
ticle. To overcome this, Guildenbecher et al.'!
proposes a Phase Conjugate Digital Inline Holog-
raphy (PCDIH) configuration. This utilizes 4-wave
mixing to generate a backward propagating phase
conjugate signal which largely removes the effects
of shock waves after double passing the particle
field as shown in Fig. 4. Although these results are
promising for detailed 3D study of fragmentation,
additional work is needed to extend this technique
for temporal resolution using multi-pulse lasers
similar to the traditional DIH work shown in Fig. 2
and Fig. 3. This is ongoing and largely requires
acquisition of a multi-pulse laser system with suf-
ficient coherence for wave mixing.
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Fig. 2. Four-frame Digital Inline Holography
(DIH) configuration (pbs: polarizing beam splitter,
hwp: half-wave plate).



'. r\?w holo7am'}:;f-"' }

i

00p m/s=k =50 o
diametegsd [im] s
3000 ApoS"L 500

by i and L g
Fig. 4. Phase conjugate digital inline holography
(PCDIH) reduces distortions due to shock-waves'!

In the current work, alternative fragment
tracking and sizing techniques are proposed which
employ stereo imaging to obtain 3D information.
Once again, the availability of cameras operating
above 1 MHz are a critical enabling technology.

Digital Image Correlation (DIC)

The techniques demonstrated in this and the
following section are applied to study the initial
strain and fragmentation of a commercially availa-
ble RP-80 detonator from Teledyne RISI. This
explosive bridge wire initiated detonator contains
80 mg of PETN and 123 mg of RDX. This is in-
cased by a cylindrical brass sleeve and an alumi-
num cup. Further details are available from Tele-
dyne RISI.

Fig. 5 shows select frames from a high-speed
video of the firing of an RP-80. At early times an
aluminum flyer is produced which propagates up-
ward in this video. Following this, the brass sleeve
breaks apart to form a thick ring of fragments as
shown in the right-most image of Fig. 5. In normal
operations, the aluminum flyer is used to initiate a
larger quantity of secondary explosive. Therefore,
most previous work has focused on quantifying
this flyer. Here, we utilize the RP-80 as a cost-

effective test platform for fragmentation diagnos-
tics. Therefore, the work discussed here focuses on
the initial strain and fragmentation of the cylindri-
cal portion of the case.

Strain is quantified using Digital Image Corre-
lation (DIC), which is a full-field optical technique
that uses stereo-camera pairs to measure the posi-
tion, deformation, velocity and strain of surfaces.
The rich data sets available from DIC are useful
for validating the case behavior modeled by finite
element simulations (FE). Metrics such as case
deformation, velocity and strain provide diagnostic
clues as to possible problems with the simulations.
The early time behavior may also provide clues as
to the later time fragments observed optically. A
series of proof-of-concept DIC studies were con-
ducted to determine optimum camera setup, light-
ing and DIC patterning techniques. Five tests,
were conducted, with two different RP-80 geome-
tries.

The DIC stereo-cameras were located behind
protective view-ports approximately 20 cm away
from the detonator. 105-mm Nikon Macro lenses
imaged the detonator (Fig. 6) using two Shimadzu
HPVX2 ultra-high-speed cameras. The FOV was
approximately 22 mm x 13.4 mm, corresponding
to the camera resolution of 400x250 pixels?, with
an approximate magnification of 18.4 pixels/mm.
This allowed the entire detonator, outside the
mount, to be viewed by the cameras. As this was a
development project, some camera parameters
were varied during the test series to find an opti-
mum setup. For example, the first setup did not
use scheimpflug mounts to align the detonator axis
with the image plane and suffered from depth-of-
field problems. The second setup that used the
scheimpflug mounts had improved depth-of-field,
but because of the different back focal length the
sample was slightly closer to the cameras.

Fig. 5. Firing of an RP80 detonator. Images cour-
tesy A. Baca, Sandia National Laboratories.



The Shimadzu camera was run at 5,000,000
frames-per-second and 200 ns exposure. Lighting
was provided by 2 or 3 Silux 640 laser illumina-
tion systems. These pulsed lasers output at 640 nm
wavelength with a bandwidth of 10 nm. When
coupled with a liquid light guide, the lasers pro-
duced bright emission which is sufficiently inco-
herent such that laser speckle is not observed.
Cross-polarizers were used on the lights and cam-
eras to remove any glare from specular reflections
off the surface. Bandpass filters were also used to
attenuate most of the light created by the explo-
sives. Because of the high-magnification, band-
pass filtering, smaller apertures for increased
depth-of-field, and cross-polarization, a large
quantity of light was needed, making the pulsed
Silux laser ideal for this application. Example im-
ages are shown in Fig. 6 illustrating the good im-
age quality and excellent contrast of approximately
100 counts between white and black.

Speckling of the sample was done using a
self-etching flat white spray paint (SEM 42043).
This was applied the day of the test to ensure that
the paint remained compliant'?2, Even with this
precaution, there is evidence of paint failure during
the experiment. Additional research will be re-
quired to determine the effects of this on the re-
sults and to develop mitigation. The black speckles
were applied via a flat rubber stamp with 0.33 mm
pads to create dots with diameters of between 3
and 8 pixels. A typical experiment, had an average
speckle size of ~5 pixels and a 40% coverage.

The DIC analysis was done using Correlated
Solutions, Inc. Vic3D software (v. 8.0.5) with ex-
ample results shown in Fig. 7. The Variable Ray
Origin (VRO) camera model was used to compen-
sate for the viewport. Extended noise floor meas-
urements were done by translating a flat plate
throughout the measurement volume. Uncertainty
estimates are based on these results. The DIC
software settings for the analysis are shown in Ta-
ble 1. Note that the data was correlated using in-
cremental correlation due to the evolution of the
strain surface during failure. The larger subset
used for the first experiments was due to larger
than desired speckle sizes. A virtual strain gage
(VSG) size study was conducted and showed that
the displacement and strain gradients are adequate-
ly captured.

Fig. 6. Raw Digital Image Correlation (DIC) im-
ages of an RP-80 detonator recorded at 5 MHz.

Fig. 7. DIC results colored by radial displacement.

Table 1. DIC Software settings.

DIC setting Value

Subset size 19 x 19 pixels? or
29 x 29 pixels?

Step size 1-pixel
Interpolant 8-Tap
Incremental correlation Yes
Image filtering Low-pass
Shape function Affine

Strain window 5 data points

A cylindrical coordinate system was created
by fitting a cylindrical surface to the initial meas-
ure surface and defining the detonator tip as
z=0mm. The coordinate system is shown in Fig.
8. Cylindrical coordinates allow for a measure-
ment of change in radius (dR) which is an im-
portant parameter of interest for model validation.

Timing and triggering was maintained during
all the tests to allow for comparison between ex-
periments. First motion was observed via DIC to
occur at the same frame for all experiments with
the standard RP-80 case design. One test was also
performed on a modified RP-80 without the alu-
minum cup. It is assumed that the timing is the
same as the previous tests with the same setup.

Cylindrical Coordinates

Fig. 8. Cylindrical coordinates used for all results



These results will be useful for model valida-
tion and investigations of the behavior of different
geometry effects. For example, Fig. 9 shows the
change in radius of the detonator at a select instant
in time for five different tests. The four colored
lines correspond to experiments using the typical
RP-80 configuration as previously described. The
noted grey line is from one test conducted using an
RP-80 without the aluminum cup. Clearly, DIC
can resolve the effects of the change in geometry.

DIC provides a robust method of getting ma-
terial failure from the RP-80 case at meaningful
frame rates and with acceptable uncertainties. Im-
provements in the future include: Improved paint-
ing techniques to mitigate paint failure and im-
proved lighting. Furthermore, the simple RP-80
design, and our ability to manufacture this with
different case materials and designs provides a
cost-effective experimental design for validating a
wide range of FE models.

Stereo Fragment Tracking

Fragment tracking and sizing is performed using a
stereo image configuration nearly identical to the
DIC setup discussed in the previous section. Here,
the laser diode illuminators are rearranged to back-
light the scene with the aid of a Plexiglas diffuser.
The top row of Fig. 10 shows a few select images
from one of the two cameras. In this case, a RP-80
detonator was placed approximately 75 mm above
the FOV and oriented horizontally such that the
camera views the downward propagation of the
heavy ring of fragments produced by breakup of
the cylindrical portion of the case. (Note: in the

RP-80 without aluminum cup

experimental images shown here, attempts were
also made to collect the fragments into ballistic
gel, resulting in the impact craters observed in the
bottom of the images. Unfortunately, initial analy-
sis of the collected fragments indicated a high like-
lihood of fragment breakup upon impact. Conse-
quently, the collected fragments could not be used
for validation of the imaging results, and are not
discussed further here.)

Post-processing of these images to extract
fragment size and velocities is achieved in a three-
step process implemented in custom MATLAB®
algorithms. As is almost always done in image
based tracking, the first step is object segmentation
from the background. As seen in Fig. 10, frag-
ments appear dark in contrast to the light back-
ground. Here we choose to utilize our image seg-
mentation routines originally developed for DIH.!?
Connected dark regions are selected based on an
optimum threshold which maximizes the edge
sharpness, defined as the mean absolute value of
the Sobel gradients for the pixels along the region
boundary. For example, the colored outlines in the
bottom row of Fig. 10 show object boundaries
selected with this technique. By selecting local
optimum thresholds, the current segmentation
technique is robust against fluctuations in the
background intensity, which are commonly caused
by flash and smoke in explosive operations. Still,
the literature contains many alternative segmenta-
tion techniques and a complete study has yet to be
conducted to identify the optimum technique.
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Fig. 9. DIC profiles of the change in radius, dR, at a select time point for five tests. 1o error bars shown are
typical of all tests with an average estimated error of £ 4.8 um.



t=30.0 us

Fig. 10. (top) Raw images showing fragments from an RP-80 detonator recorded at 2 MHz. (bottom)
Measured 2D fragment trajectories at three select frames.

Following segmentation, temporal fragment
tracking is needed to connect identical fragments
between frames. Here, the use of a stereo camera
configuration ensures that temporally resolved 3D
trajectories can ultimately be measured. Multiple
processing techniques could be considered. A di-
rect 3D tracking method would first select match-
ing fragments between the left and right camera,
triangulate their 3D position, and then find tem-
poral trajectories by connecting the most likely 3D
neighbors from one frame to the next. Alternative-
ly, the object regions could first be tracked in 2D
by independently processing each video, followed
by 3D triangulation of matching 2D trajectories.
This is the method chosen here. We believe this
has many advantages for tracking of explosively
generated fragments. For example, as shown in
Fig. 10, fragment shapes are highly non-spherical,
and the true center of mass cannot be accurately
measured in each 2D image. With relatively nar-
row stereo angles, the uncertainty of the triangu-
lated out-of-plane position is already inherently
high. When this is compounded with the relatively
inaccurate 2D centroids, the result is significant
scatter in the frame-to-frame triangulated depth
positions. This can make temporal matching of
individual 3D fragment positions very difficult. In
contrast, as shown in Fig. 10, in the 2D videos,
fragments tend to follow straight paths which can
be robustly located with automated routines. As-
suming acceleration is insignificant over the cho-

sen FOVs, measured 2D trajectories can be fit to
constant velocity models, which helps to reduce
the effect of frame-to-frame uncertainty in the 2D
centroids before 3D triangulation.

Once again, the literature contains many po-
tential methods for tracking fragments in the 2D
videos with extensive work conducted by the
community focused on Particle Tracking Veloci-
metry (PTV).!* Here, we again leverage our track-
ing techniques originally developed for video rate
DIH', which are themselves from ideas proposed
by the PTV community.!® In this method, initial
estimates of matching 2D trajectories are fit to
linear models with respect to time. These models
are then extrapolated over a fixed number of
frames to locate and stitch together multiple trajec-
tories and add regions which have not yet been
assigned to a trajectory. Initial estimates which do
not lead to trajectories of sufficient temporal
length are discarded, and the process is iterated.
When completely successful, this method connects
individual fragments into complete trajectories
such that every fragment is measured as one and
only one trajectory, eliminating potential biases.!’

The choice of initial guesses is critical to en-
sure the 2D tracking converges quickly and accu-
rately. Previously, we used nearest-neighbor
matching to find these initial trajectories.’® How-
ever, due to the extreme velocities in the current
experiment, fragments may move a significant
distance from one frame to the next, such that



nearest-neighbor matching is susceptible to false
linking. To address this, we instead use an initial
three-frame matching routine which selects initial
trajectory estimates as those with the minimum
average acceleration between the three frames. We
find this to be particularly robust for the current
application due to the comparatively small accel-
erations and linear trajectories expected through
the small FOVs.

The bottom row of Fig. 10 shows the 2D
fragment trajectories measured with this technique.
Here the arrows show the measured velocities
while the outline colors correspond to the area
equivalent diameter assuming constant image
magnification through the measurement volume.

Fig. 10 results correspond to the left camera.
Results from a second stereo camera, synchronized
to the left camera, are processed in a similar man-
ner. This results in 2D fragment trajectories
through two FOVs separated by roughly 30°. In
the final step in the process, 3D resolution is ob-
tained by triangulating the 2D trajectories. For
this, the smoothed in-plane positions predicted by
the linear fit to the measured positions are triangu-
lated on a frame-to-frame basis for every potential
trajectory match. The best matches are selected
from those which have a minimum average trian-
gulation error. This is defined as the average of the
epipolar triangulation error for every frame con-
taining a measured fragment in both the left and
right cameras.

For a range of different fragmenting explo-
sives tested, we have found this three-step tech-
nique is capable of accurately tracking a large ma-
jority of the fragments visible in both cameras.
However, measurements can also be susceptible to
noise caused by shock-waves, soot clouds, and
image regions with non-ideal lighting. When pos-
sible, we find that the resulting false 3D trajecto-
ries can be significantly reduced by eliminating as
invalid any trajectory which does not linearly ex-
trapolate in time back to the approximate 3D initial
location of the explosive device. For example, in
the results considered here the RP-80 detonator
was placed ~75 mm above the FOV and fired
56 us before the start of recording. Therefore, the
3D trajectories in this work were linearly extrapo-
lated to -56 ps. Final trajectories were only accept-

ed when the predicted 3D position was within a
small radius of the initial detonator location.

Fig. 11 shows the triangulated 3D trajectories
at a select instant in time. The top row shows the
recorded left and right frames while the bottom
row shows the triangulated fragment depths, z-
location, along the horizontal axis plotted against
the triangulated fragment height, y-location, on the
vertical axis. Mean area equivalent fragment diam-
eters are shown with colors. Here, the diameters
are found from the effective magnification at the
triangulated depth. Notice that the largest frag-
ments are confined to a narrow optical depth in the
bottom plot. This matches the behavior in Fig. 5,
where the large fragments from breakup of the
cylindrical portion of the detonator are observed in
a tight ring.

Work is ongoing to quantify the uncertainty of
these measurements. Velocity uncertainty has been
initially estimated with a Monte Carlo approach
that dithers the measured particle centroids and
retriangulates the 3D positions. Assuming one-
pixel centroid uncertainty, the standard deviation
of velocity uncertainty is estimated to be ~10 m/s
in the in-plane, x- and y-directions, and ~70 m/s in
the depth, z-direction. This is equivalent to 1% and
8% in the in-plane and depth-directions, respec-
tively, compared to the average total fragment ve-
locity of 890 m/s.

Accuracy of the measured sizes is more diffi-
cult to assess. Due to the highly non-spherical na-
ture of these fragments, measures of fragment vol-
ume or mass are expected to be less accurate com-
pared to measures of the in-plane morphology.
Because accurate fragment mass is crucial for de-
termination of impact kinetic energy and momen-
tum, more work dedicated to quantifying and im-
proving this uncertainty is particularly warranted.

The techniques introduced in this and the pre-
vious sub-section allow for detailed quantification
of explosive fragmentation beginning with case
strain and ending with a polydisperse distribution
of fragment sizes and velocities. At the length-
scales presented here, experiments are cost effec-
tive and relatively easy to reproduce. Ongoing
work focuses on repeating and processing many
such experiments such that the statistical nature of
detonator fragmentation can be quantified and
measurement uncertainty can be estimated.
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Fig. 11. Triangulated 3D fragment trajectories. (top) Left and right camera images overlaid with the meas-
ured fragment outlines at one instant. (bottom) The corresponding triangulated velocities.

Fragment Impact Experiments

Finally, this section demonstrates initial work
to apply these techniques for investigation of
fragment impact and initiation. Once again, we
utilize the generic aluminum capped detonators
discussed in Yeager ef al.’

The DIH configuration shown in Fig. 2 has
been integrated with sufficient hardware protection
to allow fragment measurements simultaneous
with PBX impact and initiation. Fig. 12 shows
initial results. The left shows a raw hologram im-
age while the right has been numerically refocused
to the approximate optical depth of the PBX pellet.
As was the case in Fig. 3, DIH is again able to
resolve the first fragments. Yet again, however,
downstream fragments are obscured by leading
shockwaves. Therefore, without the phase-
conjugate methods shown in Fig. 4, DIH remains
difficult at the go/no-go transition where multiple
fragment impacts and shock-convergence could
lead to initiation.

Video tracking using a single camera was per-
formed simultaneous with the DIH shown in Fig.
12. Results are shown in Fig. 13. This illustrates an

interesting test case where two fragments impact
the pellet. The first impact, which does not lead to
initiation, has a measured impact velocity of
2.72 km/s and is estimated to have a diameter of
530 wm and 125 pm thickness. The second, which
does lead to initiation, has a measured impact ve-
locity of 2.40 km/s and is estimated to have a di-
ameter of 750 um and 125 um thickness.

Fig. 12. (left) raw hologram of fragments impact-
ing PBX 9407 leading to initiation, (right) results
after numerically refocusing. Fragments travel
from top to bottom.



Fig. 13. Video results of fragments impacting PBX
9407.

Fig. 13 results provide clear video evidence of
a go/no-go transition and will serve as a useful
sanity check for modelers. However, we are ulti-
mately interested in the possibility of multiple
fragment impact leading to increased likelihood of
initiation. For that, we have very recently started
experiments using the stereo fragment tracking
methods to study the detailed 3D distribution of
the size, velocity, and shapes of fragments leading
to impact. An initial result showing clear initiation
is shown in Fig. 14.

Conclusions

This work presents experimental methods to
study fragmentation of metal case explosives at the
detonator scale (dimensions on the order of tens of
mm and explosive weight on the order of grams).
Digital Image Correlation (DIC) using 5 MHz
cameras provides 3D spatial and temporal resolu-
tion of the case strain leading to fragmentation.
Digital Inline Holography (DIH) provides 3D reso-
lution of fragment flight using a single camera, but
is susceptible to degradation due to shock-waves.
This is addressed with proposed stereo fragment
tracking methods recorded at 2 MHz. Demonstrat-
ed techniques enable temporal resolution of the
size and 3D trajectory of each fragment. Finally,
initial attempts to apply these techniques to study
fragment impact on PBX pellets are presented.

Future work focuses on resolving fragmenta-
tion statistics for the purposes of model validation.
Furthermore, current techniques still cannot re-
solve the detailed effects of multiple-fragment
impact and shock convergence within the PBX
that might lead to earlier onset of initiation com-
pared to single-fragment impact. Flash x-ray might
provide sufficient contrast and is currently being
explored. However, timing and triggering to cap-
ture the likely sub-us dynamics is challenging, and
significant work or new ideas are needed.

Fig. 14. Multiple fragment impact leading to initia-
tion of PBX 9407.
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