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Abstract

The dynamic response of polymethyl methacrylate (PMMA) is well understood for one-dimensional planar impact shocks,
but limited research has been performed on the response of PMMA under spherical shock loading. In this work, the shock
decay of an explosively-driven shock wave into PMMA was experimentally measured. PMMA cubes of various geometries
were explosively loaded with an RP-80 detonator to produce the explosive shock wave. High-speed schlieren imaging was
implemented to measure the explosively-driven shock wave velocity throughout the PMMA cubes. Photon Doppler veloci-
metry (PDV) was used to measure the particle velocity imparted by the shock wave at the surface of the cubes. The material
shock response was studied at distances from 21.91 to 133.3 mm from the explosive source. The particle velocity history
measured by PDV was compared to the wave profile visualized in the high-speed images. The shock wave pulse amplitude
decreased with increased distance from the source. The conducted experiments extend the PMMA shock Hugoniot relating

to the lower shock and particle velocity regime.
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Introduction

Characterization of the shock response of polymethyl meth-
acrylate (PMMA) has been carried out since the late 1960s
[1-4]. The shock response of PMMA is of interest since
PMMA is often used as a window material for interferom-
etry techniques [5], or an attenuation material for explosive
gap testing [6]. Understanding the material shock response
not only benefits experiments but also better informs numer-
ical simulations [6]. Extensive work has been conducted
characterizing PMMA shock Hugoniots [7-9], the viscoe-
lastic/viscoplastic response [5, 10], window corrections, and
index of refraction [2, 11, 12]. PMMA research also extends
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to the comparison of manufacturers [6, 10, 13] to understand
variations in material characteristics. High-rate mechanical
property relationships have been developed as reviewed in
[14]. The shock response of PMMA was characterized using
planar impact experiments or explosive plane-wave genera-
tors producing one-dimensional (1D) shock waves. How-
ever, limited research has been conducted to understand the
explosive induced shock response of PMMA for spherical
shock wave profiles.

Dynamic material characterization is typically achieved
through planar impact experiments where manganin
gauges and velocity interferometry are implemented [2,
5, 10, 15]. The shock arrival time at two gauge locations
is used to determine shock velocity; the corresponding
particle velocity is recorded using velocity interferom-
etry. Measured shock parameters in PMMA yield a non-
linear shock speed - particle velocity Hugoniot [2, 7, 10]
which has been attributed to the viscoelastic/viscoplastic
response of the material [5]. Further description of the vis-
coelastic/viscoplastic material response was explored by
[5, 10] using lateral stress gauges where a reduction in lat-
eral stress behind the shock wave was noted. Jordan et al.
[10] determined the viscoelastic behavior to be prevalent


http://orcid.org/0009-0002-8717-7206
http://crossmark.crossref.org/dialog/?doi=10.1007/s40870-024-00415-z&domain=pdf

Journal of Dynamic Behavior of Materials

in the lower region of the shock Hugoniot whereas Millett
and Bourne [5] measured the stress reduction both above
and below the PMMA Hugoniot Elastic Limit (HEL) of
approximately 0.75 GPa.

An alternative to measuring the shock velocity using
manganin gauges is the implementation of high-speed
imaging. The optical transparency of PMMA makes the
implementation of high-speed imaging advantageous for
the visualization of the material response [14]. The instan-
taneous increase in density imparted by a shock wave allows
for visualization of the wave and its propagation. Previous
research has shown that the Gladstone-Dale relation, which
states that density is directly proportional to refractive index,
describes the PMMA material response at pressures below 2
GPa [2, 11]. Refractive imaging techniques such as schlieren
and shadowgraphy [9] can thus be leveraged to visualize
shock propagation [16]. High-speed schlieren imaging is
used primarily in the gas phase, with extensive application
to shock wave measurements including extracting quantita-
tive air shock density profiles [17, 18], but has also been
implemented to measure shock Hugoniots of optically trans-
parent solid materials [9]. Streak cameras have been used in
conjunction with schlieren imaging to visualize the shock
propagation through the polymers with different pressure
loads to determine the Hugoniot states [7, 8]. The shock
velocity was extracted from high-speed images and particle
velocity was calculated based on measured input pressure
and experimentally measured shock velocity [7, 8]. Calcu-
lating particle velocity using pressure and shock velocity
limit the particle velocity to a single velocity measurement.
Velocity interferometry techniques, however, allow for the
particle velocity history of a surface to be measured as a
function of time. Early velocity interferometry techniques
include Velocity Interferometry System for Any Reflector
(VISAR) [2] and the Fabry—Pérot interferometer [19]. The
modern technique of Photonic Doppler Velocimetry (PDV)
is widely used in the literature today [10, 20-22]. This tech-
nique is highly flexible allowing for accurate measurements
of velocities ranging from 1 to 1000 m/s with temporal reso-
lutions as low as nanoseconds.

Particle velocity history yields the shock pulse shape
and duration which vary based on the shock wave source.
Planar impact tests impart a one-dimensional (1D) square
shock pulse with a duration proportional to the flyer plate
thickness. Whereas the shock imparted by an explosive point
source yields a spherical shock profile with an instantaneous
jump and a subsequent exponential decay [22]. Shock pres-
sure decay in detonator loaded PMMA has been measured at
distances of 0—10 mm from an explosive source [22], which
yielded an initial rapid decay in peak shock pressure within
the first 2 mm of shock propagation, followed by a slower
decay in the next 8 mm. The concept of this decay behav-
ior was explored by Duvall [23], where the shock pressure
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ultimately decays to an elastic wave at large distances from
the source.

The present work examines explosively driven shock
through PMMA to extend shock studies to spherical shock
profiles. The shock response of detonator loaded PMMA was
explored at distances greater than 10 mm from the explosive
source to extend upon the previous research [22]. RP-80
EBW detonators were utilized here as the shock wave source
because the size of the RP-80 allowed for the experimental
scale of interest, they are highly repeatable, and to connect
to the previous literature where they were also used [22]. To
experimentally quantify the explosively driven shock state
of PMMA at multiple locations from the explosive source
high-speed schlieren imaging and PDV were implemented.
PDV was used to measure the free surface velocity history
and shock wave profile evolution at these varied distances.
Free surface velocity is converted to particle velocity and
correlated with the high-speed schlieren imaging data.

Experimental Methods

PMMA configurations studied here are classified as near-
field and far-field experiments based on the physical sample
size and shock wave propagation distance. RP-80 electronic
bridge-wire (EBW) detonators were used as the explosive
source for all experiments. RP-80 EBW detonators are used
here because of their high consistency of explosive material,
explosive material press density, and their initiation. The
EBW detonators contain 80 mg of pentaerythritol tetrani-
trate (PETN) as the initiating explosive and 123 mg of RDX
(hexagen) as the output explosive yielding a total explosive
mass of 203 mg, with a total energy output of about 1.14
kJ. The typical aluminum detonator cup was replaced here
with Delrin for a better impedance match between the EBW
detonator and the PMMA. The detonators were purchased
from Teledyne Defense Electronics (part number 188-7072).
The EBW detonator was detonated using an FS-17 fire-set.

Near-field (NF) tests implemented PMMA samples in
which the height and width were the same for all tests. The
height, x;;, was 76.2 mm and the width, xy,, was 25.4 mm as
shown in Fig. 1a. Three nominal sample lengths were tested
48.7 mm, 73.6 mm, and 99.5 mm. A 25.4 mm deep hole,
Xexp» Was drilled in the sample for the detonator thus the PDV
measurements were taken for nominal propagation distances
(xpd) of 23.3 mm, 48.2 mm, and 74.1 mm from the explosive
source. The hole for the explosive source was milled in one
of the side faces, centered vertically. The RP-80 detonator
was placed into the hole then a 5-min epoxy was placed on
the back of the detonator to secure it in place. The sample
width was less than the nominal propagation distances for
48.2 mm and 74.1 mm which potentially introduced free sur-
face boundary interactions. For determination of free surface
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Fig. 1 Schematics of a near-
field PMMA testing sample
and b far-field PMMA testing
sample
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boundary effects, cubes of PMMA (x; = xy = xyy = 76.7
mm) with the same hole assembly described above were also
tested. The cube-like samples had a nominal propagation
distance of 51.3 mm.

The far-field (FF) particle velocity experiments utilized a
305 mm X 305 mm X 305 mm PMMA cube (Fig. 1b). Two
holes were drilled into the sample 29.2 mm off center with
a distance between the holes of 58.4 mm. The hole depth
for the epoxied explosive source was 165 mm. The far-field
test contained two RP-80 EBW detonators, however, for the
present research the shock from the explosive source clos-
est to the PDV measurement in Fig. 1b was only of interest.
The separation distance between the two explosive sources
was large enough that the shock waves do not interact on
the timescale of interest therefore, the results presented here
were not impacted [24].

PDV Measurement of Surface Motion

PDV is a light interferometry technique which is used to
detect surface motion. The infrared light from the PDV
system is reflected or scattered from a diffusely reflective
moving surface causing the light to be Doppler-shifted.
The reflective surface used here was retroreflective tape. The
PDV arrangement was the heterodyne method described by
Strand [25] meaning, the surface movement was observed
as a beat frequency between the Doppler-shifted light and
a reference laser of a different (heterodyne) frequency. The
frequency difference between the working laser and the ref-
erence laser was set to 1 GHz.

The PDV measurements presented here were oriented
normal to the surface being measured. For the near-field
tests the measurement surface was the PMMA surface oppo-
site the side where the detonator was loaded. The PDV probe
was aligned with the center of the detonator face directed
at the free surface as depicted in Fig. 2a. The far-field

measurements were recorded using a single PMMA sample
with two PDV probes directed at the free surface. The first
PDV probe was 165 mm from the top of the cube aligning
the probe with the detonator. The second PDV probe was
50.8 mm below the first probe as shown in Fig. 1b. The first
PDV probe was aligned such that the apparent velocity is
parallel to the wave propagation direction thus no correction
is required. The same is not true for the second PDV probe.
The wave impacts the free surface at an angle of approxi-
mately 22° from horizontal. Geometric corrections were
applied to account for the non-planar impact captured at the
second location. Note that the geometric correction yields
less than a 1% difference from the measured value to the
corrected value for the impact at this 22° angle.

The PDV probes were purchased from OZ Optics and
had a focal length of 20 mm. The focal length sets the dis-
tance from the free surface to the probe location. The het-
erodyne system was a Coherent Solutions LaserPXIe 1000
series connected to a DSA70804C oscilloscope sampling at
a rate of 25 Gs/s for a duration of 180 us. The oscilloscope
recorded the beat frequency and through post-processing
was converted to particle velocity history.

PDV signals were post-processed using SIRHEN (San-
dia InfraRed HEtrodyne aNalysis) a data reduction software
developed by Sandia National Laboratories [26]. The signal
was processed for a duration of 100 s with 1000 data points
producing free surface velocity output every 0.1 us. Surface
velocity, Ug,, Was converted to particle velocity, U, in the
shock wave using u, = %

High-Speed Refractive Imaging

High-speed schlieren and shadowgraph imaging [16] were
implemented to visualize the shock wave propagation
through the samples. Visualization of the wave propagation
allowed for the shock location to be measured as a function
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Fig.2 Image of PDV aligned
with the PMMA sample for

a near-field testing 76.2 mm
from the explosive source and b
far-field testing 123.2 mm and
133.3 mm from the source
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of time, and ultimately the shock velocity as a function of
location through the block. The imaging systems consisted
of a light source, a collimating optic, a focusing optic, and a
high-speed camera. The schlieren imaging system included
a knife-edge cut-off at the focal point of the focusing optic
prior to the camera. Omitting the knife-edge cut-off produces
focused shadowgrams. The test section was the area between
the collimating optic and the focusing optic (see Fig. 3)
which was the location of the test samples. The test samples
were arranged such that the direction of wave propagation
was perpendicular to the optical axis. Due to the sample
geometry, the near-field testing was imaged using a lens
based schlieren imaging system with 700-mm-diameter, {/5
lenses (Fig. 3a) whereas the far-field testing required a z-type
shadowgraphy system (Fig. 3b) with 304.8-mm-diameter, f/6
parabolic mirrors (Edmund optics part #32-276-533).

HPV-X2 Shimadzu High-
speed camera recorded at

700-mm-diameter
Collimating optic &8

SI-LUX spoiled coherent
¥ laser with a pulse width
of 10ns

diameter
Focusing

x

~

€

A Specialised Imaging SI-LUX spoiled coherence laser
illumination system was used as the light source for both
imaging systems. The laser had a wavelength of 640 nm
and a bandpass filter of the same wavelength was placed
in front of the camera. The bandpass filter allows for only
the laser light to be imaged, reducing external illumina-
tion from the detonation. Minimization of pixel blur in the
images was achieved by pulsing the laser at a 10 ns dura-
tion which was consistent for all tests. High-speed imaging
was achieved with a Shimadzu HPV-X2 camera recording
at a frame rate of 5 million frames per second (fps) and 1
Mfps for the near- and far-field testing, respectively. The
near-field tests were contained in a “boom box” placed in
the center of the test section between the schlieren lenses.

HPV-X2 Shimadzu High-
speed camera recorded at

SI-LUX spoiled
coherent laser with a
pulse width of 10ns

304-mm-diameter
Focusing optic e

Fig.3 Images of the test set up for a the small-scale lens schlieren imaging and b the large-scale z-type schlieren imaging
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Experimental Results and Discussion

A series of tests were conducted for understanding the
dynamic response of PMMA under explosive loading. The
recorded free surface motion and high-speed schlieren/shad-
owgraph images allowed for the particle velocity and shock
velocity to be experimentally determined.

Free Surface Velocity Histories

The free surface movement is recorded through light inter-
ference, and the frequency information is converted to veloc-
ity using SIRHEN [26]. A representative power spectrum
exported from the program is shown in Fig. 4a where the
deviations from the baseline frequency indicate motion. The
frequency with the peak intensity at each time was extracted
representing the surface motion, which is shown in Fig. 4b.
The heterodyne offset was removed and frequency was con-
verted to velocity using the relation 1000 m/s = 1.29 GHz
yielding free surface velocity history. The initial jump in sur-
face velocity indicates the shock arrival time, #,. The abso-
lute time was corrected, ¢, such that # = 0 was based on the
detonator function time visualized in the schlieren images.

The free surface velocity histories experimentally
measured for the NF and FF tests are shown in Fig. 5a. As
expected, an increase in propagation distance corresponded

Fig.4 Representative graphs of 10°
a spectrum created using SIR-
HEN and b The peak intensity
information as a function of
time from the power spectrum
of a. This data is from a test
at the 48.0 mm propagation
distance
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to a reduction in maximum surface velocity. The measured
shock velocities indicate that the material response is likely
elastic at the nominal propagation distances studied. Lin-
ear elastic waves will decay self similarly, therefore the
PDV traces were aligned such that time zero was when the
shock reached the free surface, ,, presented in Fig. 5b. The
graph shows that along with the amplitude change, which
is expected, the shock pulse duration also varies. The vari-
ation in pulse shape is a function of the detonator explosive
loading and release process, as well as some potential con-
tributions from other effects such as geometry and the vis-
coelastic/viscoplastic response of PMMA [2, 5]. The gradual
rounding up to the peak particle velocity has been attributed
to the viscoelastic response of PMMA [2] which becomes
more prevalent in the PDV traces as the propagation dis-
tance increases. There is a similar pulse shape between the
48.2 mm and 74.1 mm samples where the surface velocity
reaches a maximum, begins to gradually decay, then expe-
riences a rapid decay. The 23.2 mm, 123.2 mm, and 133.3
mm samples exhibit a more consistent decay implying that
the rapid decay in the other two cases was due to sample
geometry. The 48.2 mm and 74.1 mm samples have a sample
width which is shorter than the propagation distance intro-
ducing boundary interactions.

To better understand the potential boundary effects
caused by sample width being shorter than the propaga-
tion distance, cubic samples having a width longer than
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Fig.5 Free surface velocity
history for the propagation dis-
tances studied where a has been
corrected for detonator function
time and b aligns the PDV trace
based on the time the shock
arrives at the free surface
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the propagation distance were tested and compared to the
NF PDV traces. Figure 6a shows a comparison between the
velocity history for the cubic samples (black lines) and the
NF samples (blue lines). Since the propagation distance was
slightly longer for the PMMA cubes the time was corrected
by shifting the data to have a consistent shock arrival time
at the free surface, #,. The maximum surface velocities for
the NF tests are slightly higher than the cubic tests, with
the maximum recorded velocity being approximately 71.00
m/s and the lowest recorded velocity being 58.80 m/s. The
cube tests had maximum and minimum recorded velocities
of 57.72 m/s and 48.48 m/s, respectively. The variation in
the recorded peak surface velocities was due to the cubic
samples having a slightly longer propagation distance. The
larger propagation from the spherical source allowed for the
shock to decay to a lower velocity. The shock radius as a
function of time extracted from the schlieren images for the
cube samples (black points) and NF samples (blue points)
shown in Fig. 6b were also compared. There is no observed
difference in the shock radius as a function of time between
the two geometries.

The maximum surface velocity recorded in the experi-
ments were not impacted by boundary interactions, however,
the two sample geometries show a difference in the decay
after the shock impacts the free surface. Initially, all tests
follow the same trend, but at about 1 us the NF trace begins
to decay more rapidly and goes negative approximately 2 us
prior to the cube samples going negative. The cube sample
decay behavior is smoother than the decay behavior cap-
tured in the NF samples. The difference in decay behind the
shock pulse is likely a result of wave reflections and release
waves from side wall boundaries arriving at the measure-
ment location.

Through comparison of the cubic samples and the NF
samples it was determined that the peak surface velocities
presented in Fig. 5 are accurate measurements. The experi-
mental peak surface velocities were used to calculate the
explosively driven particle velocities. The corresponding
shock velocities were experimentally measured using the
high-speed images.

Shock Position Versus Time

A representative set of schlieren images showing the explo-
sively driven shock propagation through the PMMA sample
is presented in Fig. 7. Digital streak images were created to
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0 5 10 15 20 25 30 35 40 45 50 55 60
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Fig.7 a-d Schlieren images of the shock wave imparted into a NF
PMMA sample with a 48.02 mm propagation distance. The red
dashed line in a represents the centerline of the detonator. The time
shown on each image was corrected based on the detonator func-
tion time. e Shows a digital streak image created using the schlieren
images. The shock front is identified and highlighted by the red line
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visualize the shock wave propagation as a function of time
[27] for each image set. The red dashed line in Fig. 7a indi-
cates the row of pixels extracted from each image in the data
set. The extracted rows of pixels were stacked vertically to
create the digital streak image (Fig. 7e) such that time is on
the y-axis, and distance is on the x-axis. The location of the
shock front versus time, red line in Fig. 7e, was extracted
and used to determine the shock velocity. For this analy-
sis, the row of pixels used to create the streak images were
selected based on the location of the PDV measurements.
Note that optical distortions near the edge of the PMMA
samples, likely due to residual stresses, cause the edge of the
sample to not be optically transparent. This limits the opti-
cal measurement of the shock velocity measurement inside
the sample.

Further analysis of the NF sample where the width was
shorter than the propagation distance was preformed through
comparison of the surface velocity history recorded using
PDV to the digital streak image shown in Fig. 8. Four points,
A-D, were selected to compare the surface velocity decay to
the shock propagation visualized in the digital streak images.
Points (B) (t =1 us) through (D) (t = 3 us) were selected to
compare the decay recorded in the PDV trace to the schlieren
results. Point (C) corresponds to the approximate time that
the NF sample and cube sample decay behavior deviates.
Through comparison, the schlieren results show that at
(B) a wave front from the free surface is visualized on the
boundary indicating that the wave began to transmit into
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w 1
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B B A
[ W o

(98]
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30 F ] -
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Fig.8 A digital streak image and the corresponding PDV trace for
the NF PMMA sample having a propagation distance of 48.02 mm.
Points A-D correspond to A O us, B 1 us, C2 us, and D 3 us

free air. At time (C) there was no secondary wave visual-
ized in the digital steak image indicating a change in decay
behavior. This was expected as the schlieren imaging results
were restricted to a two dimensional imaging plane and the
decay behavior is a three dimensional effect. At point (D)
the particle velocity history decay reaches a minimum cor-
responding to a change in the PMMA boundary visualized
in the digital streak image which could be due to the stress
state of the material changing with the increase in velocity
shown subsequently after D in the PDV trace.

The maximum surface velocity, point (A) (t = 0 us) in
Fig. 8, aligned with the time the shock impacts the free
surface recorded in the high-speed image. The agreement
between the PDV results and the schlieren imaging results,
shown in Fig. 8, was further validation that it was appropri-
ate to use the PDV results to determine the particle velocity
corresponding to the shock wave velocity from the digital
streak images.

The shock velocity corresponding to the PDV measure-
ments were determined by extracting the shock radius as a
function of time from the digital streak images using MAT-
LAB. The extracted shock radius as a function of time for
all test series are shown in Fig. 9a. A linear least-squares
regression was used to determine the shock velocity cor-
responding to the propagation distances studied.

The shock velocity was determined by fitting a linear
least squares regression to the data at the desired propaga-
tion distance. The linear fit was applied to each individual
test, where the slope of the fits were averaged yielding the
average shock velocity corresponding to the PDV data at
the measured propagation distance. There was a slight non-
linear behavior captured in the shock radius data, thus, the
least-squares regression was applied to time windows of 2 s
for propagation distances below 70 mm and 4 us for propa-
gation distances above 70 mm. The window size for the fit
was different above and below 70 mm due to limited shock
radius data above 70 mm. Representative graphs showing
the raw data and linear fit for propagation distances below
and above 70 mm are presented in Fig. 9b, c respectively.
The time was shifted such that r = 0 was when the shock
reached the propagation distance of interest. While the time
shift was not strictly necessary, and had no impact on the
slope, it allowed for a more direct visual comparison on the
fitted data shown in Fig. 9b, c. Depending on the window
size the shock radius data 1 or 2 us before and after the
shock impacted the free surface was selected for the least-
squares regression. Propagation distances below 70 mm
utilized the data from the NF and cube tests for determina-
tion of the shock velocity whereas propagation distances
above 70 mm utilized the data from the NF, cube, and FF
tests. The FF tests were excluded from propagation distances
below 70 mm because there was a larger uncertainty asso-
ciated with the FF tests. The reason for utilizing all shock
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Fig.9 a Shock radius as a
function of time extracted
from the schlieren images and
least squares linear fit for b a
propagation distance of 22.48 100 -
mm over a 2 us window and ¢ )
a propagation distance of 74.15
mm over a 4 us window
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radius data that corresponds to the propagation distance was
due to the sample boundary not being optically transparent
thus shock radius data was not gathered near the sample
boundary. Furthermore, the extent of the residual stresses
distorting the sample boundary varied from test to test yield-
ing an inconsistency when utilizing a single test for shock
velocity determination. A summary of the time of arrival,
particle velocity (u,), and shock velocity (U,) are presented
in Table 1.

=
S

40 50 60 ¢ N 0 I 2 3
Time, to (us)

The least-squares fit uncertainty was calculated as outlined
in [28]. Shock velocity values below a propagation distance
of 70 mm were calculated using multiple data sets, thus, the
uncertainty was based on the uncertainty of the average least-
squares slope fits. The reported shock velocities above a propa-
gation distance of 70 mm were from a single data set, thus, the
reported uncertainty was based on the least-squares slope fit
uncertainty. The uncertainty in the data for propagation dis-
tance of 70 mm was significantly larger than values below

Table 1 Summary of

. Sample geometry  Propagation dis- Time of Particle veloc- Shock velocity, Stress, o, (MPa)

explosively loaded PMMA tance, x,;, (mm) arrival, 7., ity, u,, (m/s) U, (mm/us)

shock parameters for P 1 r

propagation distances of 1)

22.4-133.3 mm NF 21.91+0.13 7344022  67.80+0.14 296002  234+16
NF 22.07 +£0.13 7.09 +£0.22 7333 +£0.15 2.96 +0.02 253 + 19
NF 2222 +0.13 - - 2.96 + 0.02 -
NF 2248 +0.13 753 +£0.22 71.10 £0.14  2.96 +0.02 245 + 17
NF 22.74 £ 0.13 - - 2.96 + 0.02 -
NF 23.25+0.13 7.03 +£0.22 79.77 £0.16  2.95 +0.02 275 +£20
NF 47.77+0.13 1596 +0.22 3550+0.07 2.78 +0.06 116 + 13
NF 47.77+0.13 16.12+0.22  29.40+0.06 2.78 + 0.06 96 + 11
NF 48.02 +£0.13 1599+0.22 2998 +£0.06 2.78 +0.06 97+ 13
Cube 50.20 +0.12 1692 +0.22 2424 +0.05 2.79 +0.06 79 + 10
Cube 50.45 +0.12 - 27.08 £0.05 2.80 +0.06 89+ 10
Cube 50.70 + 0.12 1745+ 022 2871 £0.06 2.80 + 0.06 94 + 11
Cube 50.80 + 0.17 16.80 +0.22 2447 +0.05 2.79 +0.06 80+ 10
Cube 52.17 £ 0.17 16.70 +£0.22 2483 £0.05 2.82 +0.06 82+9
Cube 52.52 +0.17 17.14 £0.22 2558 £0.05 2.82 +0.06 84 + 11
F/FF 73.06 £ 0.13 2491 +0.22 1644 +0.03 2.72+0.46 52+9
NF/FF 73.59 £0.13 25.09+0.22 1452+0.03 2.72+0.52 46 +9
NF/FF 73.82 +£0.13 2504 +£0.22 17.35+0.03 2.72+0.54 5+ 11
NF/FF 74.15 +0.13 - - 2.84 +0.35 -
FF 1232+ 1.6 4370+ 1.00 7.73 £0.02 2.90 £ 0.36 26+ 3
FF 1333+ 1.6 4870 £1.00 5.152+0.01 2.66+0.46 16 +3

! Corrected for detonation time based on schlieren images

2 Geometric correction applied

SEM
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70 mm because there were less tests replicated and the uncer-
tainty associated with the FF tests was larger than the NF tests
due to the scale relative to the camera resolution. Due to these
differences, as the propagation distance increases so does the
uncertainty. The uncertainty in the particle velocity was based
on that explored by [20] in conjunction with an uncertainly
analysis based on the shock angle impacting the free surface
when the PDV probe was + 1.8 mm off center line.

Table 1 also includes propagation distances, arrival time,
and stress with their associated uncertainty. The propagation
distance uncertainty was based on the sample length and hole
depth. The uncertainty in arrival time was based on the detona-
tor function time visualized in the high-speed images, where
the exposure is 200 ns, and the PDV uncertainty. The stress
uncertainty was a function of the uncertainty associated with
the shock velocity, particle velocity, and PMMA density. Rela-
tive to the repeatability of the experiments, the RP-80 EBW
detonators are highly repeatable however it is suspected that
the placement of the detonators epoxied into the PMMA sam-
ples was the most significant source of variability. Figures 5
and 6 show that the surface velocity histories are similar for
sample geometries and propagation distances that are nomi-
nally the same. The standard deviation for the particle veloci-
ties presented in Table 1 for the nominal propagation distances
of 23.2 mm, 48.2 mm, 51.3 mm and 74.1 mm were 4.3 m/s,
2.7m/s, 1.6 m/s, and 1.2 m/s respectively. The particle veloc-
ity standard deviation decreases with increased propagation
distance. The variability in the particle velocities is attributed
to the variability in epoxying the detonator into the PMMA
samples. The shock velocities in Table 1 are not impacted by
the epoxy induced variations the same as the particle veloci-
ties since the shock velocity values are averaged from all of
the data collected. Furthermore, the shock radii presented in
Fig. 9 are in good agreement across all experiments.

The attenuation behavior of a material is dependent on
the stress state of the material. Here three classifications of
the material response are considered, plastic, elastic, and
elastic—plastic [29]. Plastic response of a material occurs at
high pressures where the elastic portion of the response can
be neglected, below that regime there is the elastic—plastic
behavior where a material will behave both plastically and
elastically. There is a maximum amount of stress which a
material will behave purely elastic which is the Hugoniot
Elastic Limit (HEL) of the material. In solids, the amplitude
of spherical elastic waves decay with a ¥~ behavior [30]. The
shock parameters in Table 1 and the measured density (p,) of
the PMMA were used to calculate stress () using conserva-
tion of momentum [29].

o = pou, U, )

The maximum pressure in all tests presented here was less
than the elastic limit of PMMA, where the HEL of PMMA

is in the range of 0.7-0.8 GPa [5], indicating the material
response was elastic. To better understand the material
behavior a trend line was fit to the particle velocity versus
distance data and compared to the explosively loaded mate-
rial response reported by Murphy et al. [22] in Fig. 10. The
trend line fit to the data was u, = 3.32r~3. This has an
exponent that is slightly more negative than expected for
an elastic wave (+~!). This deviation from the elastic wave
propagation is hypothesized to be caused by the viscoelastic
behavior of PMMA. The particle velocity histories measured
here were observed to have a more gradual particle velocity
increase after the shock, rather than the immediate jump
increase, which has been identified as a characteristic of a
viscoelastic material response [2]. The explosively driven
spherical shock waves cause the particle velocity decay
behind the shock, which further causes the expected elastic
peak particle velocity to not be achieved. These combined
effects result in the slope of the fit equation being more nega-
tive. PMMA has been observed to act viscoelastically in
nonlinear regions of the shock Hugoniot [2, 5], which is the
area where these experiments are performed. There was a
divergence between the trend line fit and the data collected
by Murphy et al. [22] as the distance from the explosive
source was reduced below about 2 mm, which aligns with
the change in the shock behavior noted by Murphy et al.
[22]. Murphy et al. also reported a jump velocity and a maxi-
mum velocity which is not discussed here, furthermore, in
the present comparison only the maximum velocity was
reported [22].

In Fig. 11 the explosive response of PMMA measured
here, and explored by Murphy et al. [22] were compared
to the classical experiments of Barker and Hollenbach
[2] and Jordan et al. [10] for PMMA under planar impact
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Fig. 10 Logarithmic plot of particle velocity vs radius for explosively
loaded PMMA
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loading. The shock velocity corresponding to the particle
velocity measurements made by [22] are calculated using
U,=2577+ 1.54314,, (for u, < 2.415 mm/ us) as determined
by [22]. Shock and particle velocities reported by [2] and
[10] were experimentally measured. In some cases Jordan
et al. [10] measured only the particle velocity and used Eq. 1
to determine shock velocity indicated as the solid points in
Fig. 11.

Barker and Hollenbach implemented a Michelson inter-
ferometer technique and velocity interferometer for the
determination of particle velocity. Shock velocity was meas-
ured using light beams to determine the time of target impact
and the time at which the shock impacts the sample free sur-
face, further details are found in [2]. Jordan et al. recorded
shock velocity by the implementation of manganin gauges in
the sample and particle velocity was determined using PDV.

The present work explored spherical shock wave behavior
where experimental shock velocities and particle velocities
were measured. There were relatively larger uncertainties
in the shock velocities for the lower particle velocities since
they correspond to a propagation distance above 70 mm.
Note that the error bars for the shock velocities from the NF
tests are significantly smaller, due to a reduced uncertainty,
which are on the order of the symbol size. The measured
values of shock and particle velocities agree with the val-
ues reported by [2] and [10] which are planar one dimen-
sional shock results. The explosively-driven shock wave
and impact-induced shock wave thus propagate in a similar
manner through the PMMA. The present work extends the
region in which explosively-driven shock waves in PMMA
have been explored.

Conclusions

The explosively driven shock response of PMMA at varied
distances from an explosive source was experimentally
characterized using high-speed schlieren imaging and
PDV. High-speed imaging was implemented to visualize

SEM

the shock response of the material, where shock velocity
was extracted. Agreement between velocities determined
using PDV and the high-speed images were presented. The
shock velocities corresponding to the measured free sur-
face velocities were determined from the schlieren images.
The free surface velocity histories revealed geometric
effects in the sample with nominal propagation distances
of 48.2 mm and 74.1 mm likely due to effects of lateral
free surface internal shock reflections which will be inves-
tigated in the future. The PMMA response was fit to a
decay equation having a slightly more negative exponent
compared to an elastic decay response at the studied dis-
tances. The wave loses the majority of its strength within
the first 16 us, approximately 48 mm, of propagation.

The present work was compared to previously published
data, extending the space where explosively-driven shock
wave propagation in PMMA was experimentally measured.
The explosively driven spherical shock waves in PMMA
result in a material response that is consistent with the
response measured in planar impact induced shock experi-
ments at low particle velocities. This is despite signifi-
cant differences in the mechanics of wave propagation i.e.
the attenuation in the explosively driven spherical shock
waves. This is likely because the amplitude of the waves
presented in this manuscript all fall in the elastic regime,
where the attenuation in the spherical wave case does not
cause a transition from the strong shock regime to the elas-
tic regime.
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