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ABSTRACT

Explosively driven shock wave experiments were conducted to characterize the spall 
strength and ejecta production of high-purity cast gold samples. The samples were 
from 0.75 to 1.84 mm thick and 30 mm in diameter. Peak stresses up to 44 GPa in 
gold were generated using PBX-9501 high explosive. Sample free surface and ejecta 
velocities were recorded using photonic Doppler velocimetry techniques. Lithium 
niobate pins were used to quantify the time dependence of the ejecta density and the 
total ejected mass. An optical framing camera for time-resolved imaging and a single
image x-ray radiograph were used for additional characterization. Free surface 
velocities exhibited a range of spall strengths from 1.7 to 2.4 GPa (mean:
2.0 ±0.3 GPa). The pullback signals were faint, minimal ringing was observed in 
the velocity records, and the spall layer continued to decelerate after first pull back. 
These results suggest finite tensile strength was present for some time after the initial 
void formation. Ejecta were observed for every sample with a roughened free surface, 
and the ejecta density increased with increased surface roughness, which was 
different in every experiment. The total ejected mass is consistent with the missing 
mass model.
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INTRODUCTION

Gold is being considered for use as an equation-of-state standard (Boettger 2012) and is a 
component in a variety of high-pressure and dynamic-compression applications. However, few 
studies have been performed to characterize the dynamic tensile response of this metal. The spall 
strength of gold was determined previously to be near 3 GPa using laser-driven flyer plates, thin foil 
samples, and peak stresses around 6 GPa (Robbins 2000). We undertook these measurements 
because properties derived by laser-driven experiments are sometimes not representative of those 
derived by gun and high-explosive (HE)-driven experiments due to the small sample sizes and high 
strain rates used in the laser experiments. In this work, we determined the spall strength using HE- 
driven shock waves on ~0.75 to 1.84 mm thick gold disks. Additionally, we characterized the ejecta 
produced when the shock wave breaks out the rear free surface of samples with varying surface 
roughness.
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EXPERIMENTAL METHOD

Figure 1 shows a diagram of the experimental setup. A 30 mm diameter cast gold disk ~0.75 to 
1.84 mm thick is glued to a 2 mm thick by 40 mm diameter aluminum (6061) buffer plate. A 
12.5 mm right circular cylinder of PBX-9501 HE is pressed against the aluminum plate and drives a 
shock wave through the aluminum and into the gold upon detonation. When the shock wave 
breaks out at the free surface of the gold sample, ejecta are produced and the sample spalls. The 
40 mm aluminum buffer plate suppresses the HE gases entering the experimental volume. Also, 
aluminum has shock impedance between that of gold and the explosive so that a slightly higher 
shock stress is transmitted into the gold sample compared with a direct drive. The glue used to 
bond the gold to the aluminum was Loctite 326; the glue layer measured to be about 3-5 ^m thick. 
In one experiment, a 2 mm thick gold disk was used without the aluminum to obtain a lower peak 
stress. The volume outside the free surface of the gold was evacuated to a pressure of ~ 1 Torr to 
allow ejecta to evolve freely.

The cast and rolled gold disks were received from ACI Alloys, Inc. The gold was assayed to be 
99.994% pure with trace amounts of other metals including 54 ppm silver, 4 ppm copper, and 
6 ppm iron. The free surface of the gold was prepared by machining and sometimes polishing 
followed by preparation with white and/or green Scotch-Brite (SB) pads to obtain the desired finish, 
a slightly diffuse surface that would not result in critical loss of the photonic Doppler velocimetry 
(PDV) signal if the shocked sample bowed or tilted. We performed profilometry on the samples 
using a Zygo 7000 series white light optical surface profiler. We profiled the "as machined" or "as 
polished" surface before we applied the SB surface preparation. The samples were profiled again, 
sometimes at several locations, after the surface preparation. The results of the profilometry are 
summarized in Table 1 as RMS (root mean square deviations) and RA (average roughness) values of 
the "peak-to-valley" heights (in ^m). The majority of defects on the surface were wedge-shaped
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grooves. Therefore, the surface defect volume per unit area is approximately, within a factor of 
two, the surface RA. Images of the surfaces are available on request.
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Figure 1. Schematic diagram of the target package used to study the spall 
and ejecta behavior of shock-compressed gold. LiNb03: Lithium niobate 
ejecta pin; PDV: collimated PDV velocimetry probes; Lexan: transparent 
side wall of Lexan vacuum chamber; X-O: x-ray head and optical flasher 
for visible shadowgraphy (x-ray image plate and 9-frame camera are on 
the opposite side of the sample); Au: ~0.75 to 1.84 mm x 30 mm gold 
sample; Al: 2 x 40 mm aluminum buffer; HE: 12.7 x 12.7 mm PBX-9501 
charge and SE-1 detonator; Black Lexan: opaque holder to contain HE 
gases and align sample and buffer.

Table 1. Experimental surface finishes and ejecta masses3

130527-1 0.438 0.336 Fly-cut 0.79 0.41

130528-1 0.336 0.246 3 ^m 0.67 0.35

130528-2 0.284 0.213 3 ^m 0.29 0.15

130529-1b 0.017 0.011 0.3 ^m NA NA

130530-1 0.323 0.203 0.3 ^m 0.67 0.35

130530-2 0.296 0.173 3 ^m 0.71 0.37

130604-1 0.202 0.144 0.3 ^m 0.63 0.33
a Experiment 130524-1 is omitted from the table because the pin signals were contaminated by HE product gasses 
b No Scotch-Brite surface treatment was applied to this sample

3



A single-frame soft x-ray image was recorded on all experiments. Although the ejecta levels are too 
small for the x-ray setup to observe them directly, the x-rays provide useful information on the 
distribution of the metal during the dynamic experiment. The x-ray endpoint energy is also too low 
to penetrate the dynamic gold coupon, so a spall layer could not be observed. Optical 
shadowgraphs were recorded using a 9-frame fast imaging camera to provide a qualitative 
assessment of ejecta production as well as other aspects of the package dynamics. A xenon 
flashlamp provided illumination for image recording.

We measured the gold free surface and ejecta velocities using PDV with fiber optics and miniature 
collimated graded index lens probes. We usually measured velocities at two locations on the free 
surface of the gold sample. Ejecta densities were determined with lithium niobate (LiNbO3) 
piezoelectric pins using methods published previously (Vogan 2005). The pins were located 20 mm 
from the gold surface and the PDV probes were located about 22 mm from the surface on all but 
the first experiment (130524-1) where they were about 30 mm from the surface. The PDV and 
piezoelectric pin signals were recorded on high-speed digitizing oscilloscopes.
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EXPERIMENTAL RESULTS

X-Ray Images and Optical Shadowgraphs

X-ray images of the target assembly taken under both preshot ambient conditions and dynamically 
(14 ^s after shock wave breakout [SBO]) are shown in Figure 2 for one experiment. Similar x-ray 
images were observed for all 8 experiments. The various target components are labeled in the 
static image, and the gold and aluminum disks are moving upwards in the dynamic image. No spall 
layer or ejecta are evident in the dynamic x-ray image, but some late-time tearing (punching 
through of HE product gasses near the outer diameter of the HE drive) is observed.

An optical shadowgraph taken 5 ^s after shock break out in experiment 130530-1 is shown in 
Figure 3. Like the x-ray images, no spall layer is evident in the shadowgraphs. However, unlike the 
x-ray images, ejecta are clearly visible as a semi-transparent cloud traveling in front of the free 
surface. These clouds were observed in all but the single experiment that used a highly polished 
gold surface.

4



Spall strength and ejecta production of gold under explosively driven shock wave compression

Figure 2. X-ray images from a typical gold experiment. (Left) Ambient conditions 
shortly before the shot. The gold coupon, aluminum buffer, PDV probes, and 
LiNbO3 pins are labeled in the image. (Right) Dynamic x-ray image taken of the 
rear surface of the gold 14 ^s after the shock wave broke out. The images are 
oriented such that the material is moving upward due to the explosive 
detonation. Ejecta densities are too low to be detected by the x-rays, and a spall 
scab is not observed at this low x-ray energy.

Figure 3. Optical shadowgraph of the gold coupon taken 5 ^s after shock wave 
break out. Gold ejecta are observed in this image as a semi-transparent cloud 
moving ahead of (above) the free surface.
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Free Surface and Ejecta Velocities

PDV Records

An expanded view of a typical PDV velocity spectrogram just after shock breakout is shown in 
Figure 4. The free surface at these early times shows the velocity pullback and ringing typical of the 
formation of a spall layer caused by a reflected triangle wave (Curran 1987). The deceleration 
observed after the first spall pulse suggests several hundred nanoseconds of continuing damage 
evolution before the spall scab completely separates from the bulk, and may be a result of the large 
ductility of this metal. The breakout velocity was used to obtain the peak stresses in the gold 
samples, which are listed in Table 2 and were near 45 GPa. The spall stress is determined from the 
amplitude of the pullback velocity (Antoun 1998) by

_ 1
Ospall — ~^PoC()AUfs>

where p0 is the density and c0 is the bulk sound speed. The quantity AuFS is the velocity pullback and 
is the difference between the peak velocity at breakout and the velocity minimum just before the 
first arrival of the spall pulse. The measured spall strengths from each experiment varied from 1.7 
to 2.4 GPa, with a mean and standard deviation of 2.0 ± 0.3 GPa for the entire set (Table 2). The 
ringing period in the velocity record of the spall pulse is determined by the round-trip time of a 
wave trapped in the spall scab. The ringing was rather faint in the velocity records and was not 
always identifiable, probably because the spall scab had not yet fully separated from the bulk and 
the wave was not completely trapped in the scab. The round-trip time indicated an average spall 
scab thickness of ~0.15 mm. However, we cannot confirm that the spall scab ever completely 
separated from the bulk in these experiments.
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Table 2. Experimental stresses and spall measurements

130524-1 1164 44.4 58 1.68 113 0.17

130527-1 1157 44.0 57 1.65 100 0.15

130528-1 1166 44.5 69 2.00 114 0.17

130528-2 1033 38.4 57 1.82 NA NA

130529-1 1170 44.7 68 1.99 100 0.15

130530-1 1186 45.4 78 2.26 90 0.135

130530-2 1191 45.7 82 2.37 108 0.16

130604-1 1193 45.8 79 2.29 123 0.18
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Figure 4. Expanded view of the PDV velocity spectrogram of the gold free surface 
near shock wave breakout. The color scale units are arbitrary. The blue line through 
the red region of the spectrogram is the extracted surface velocity. The velocity 
history indicates spallation. The velocity and time labels (from left to right) are of 
the peak breakout, the first arrival of the spall pulse, and the pulse after the first 
round trip reverberation through the spall layer. These values are used to calculate 
the spall strength and the thickness of the spalled layer.

The spall strength is small but large enough to indicate that cast gold likely remains solid after 
shock compression to 45 GPa and complete release. It is not yet known what shock stress is 
required for gold to melt upon release.

A typical velocity spectrogram from an entire PDV record is shown in Figure 5. The free surface 
moves with a velocity of just over 1000 m/s and is the most intense feature in the spectrogram. The 
strong free surface signal indicates that the ejecta cloud is somewhat transparent to the PDV laser 
light. Weaker signals at velocities faster than the free surface are laser reflections from the gold 
ejecta, which are observed at speeds up to 2.5 km/s in this spectrogram. Once the ejecta either 
impact or move past the position of the PDV probe, they are no longer observed in the 
spectrogram. Therefore, the fastest ejecta disappear from the spectrogram at earlier times than 
the slow ejecta. In these experiments, the disappearance of an ejecta particle of velocity v from the 
spectrogram occurs at a time t given by v = x/(t - t0), where x is the distance between the PDV 
probe and the free surface, and t0 is the shock breakout time. This relationship indicates that the 
instantaneous velocity of an ejected particle when it reaches the probe is equal to the average 
velocity of the particle between shock breakout time and probe contact time. This strongly suggests

7



a free expansion of the ejecta field with negligible drag, as expected for the gold ejecta traveling in 
a vacuum. An interesting feature in the velocity spectrograms is what appear to be slow-moving 
gold ejecta, much slower than the free surface velocity, beginning at about 13 ps after shock wave 
breakout. We believe these are ejected particles that have already collided with the probes or rear 
surface of the package and have rebounded at lower speeds and are moving back toward the gold 
surface.

Another interesting feature in many of these data sets is the appearance of ejecta that are moving 
slower than the free surface near shock breakout. These slower velocities may reflect collisions 
among ejecta particles immediately after shock breakout when the ejecta densities are relatively 
high. The slower-moving ejecta resulting from these collisions are then swept up by the free surface 
within a couple of ps.
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Time (s)

Figure 5. Typical velocity spectrogram from PDV of the free surface of explosively 
compressed gold. The color scale units are arbitrary. The curved dashed line is the 
locus of velocity-time points where a particle moving with a constant velocity would 
impact the PDV probe or cross the PDV probe plane. The largest return intensity at 
just over 1 km/s comes from the free surface, showing that the ejecta cloud is 
optically thin enough for the PDV laser light to penetrate it.
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We extracted lineouts from the spectrogram to determine the spectrogram intensity versus 
velocity (at constant time) for the various experiments; each of which had a different starting 
surface roughness. The lineouts are shown in Figure 6 along with the surface roughness values. The 
PDV record from experiment 130524-1 appears to have been contaminated by HE product gasses 
resulting in erroneous data and has been omitted from Figure 6. The spike in intensity at twice the 
free surface velocity is likely due to a small harmonic distortion in the detector and is an 
experimental artifact. There is less total PDV return from the faster-moving particles than from the 
slower ones; this suggests that there are fewer and/or smaller faster-moving particles. A maximum 
occurs in the PDV return intensity for each experiment at about 1.2 times the free surface velocity. 
This maximum coincides with the peak breakout velocity, which is higher than the average late
time surface velocity because of strength; see Figure 4. Because most of the ejecta are sourced at 
times near shock wave breakout, very few ejecta travel at velocities slower than the peak breakout 
velocity. The starting surface roughness (RA) values for each experiment are given in Figure 6. 
Experiments with greater surface roughness had higher PDV return intensities. All of these 
observations are qualitatively consistent with the ejecta mass densities determined from the 
lithium niobate pins (discussed in the next section), and may indicate a relationship between the 
PDV return intensities and the ejecta mass densities.
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Figure 6. PDV spectrogram intensity from the gold ejecta as a function of ejecta 
velocity for each experiment; only the last three digits of the experiment numbers 
are shown in the legend. The velocities are normalized by the gold free surface 
velocity. The initial surface roughness (RA) is listed next to the experiment numbers. 
The peak around v/vFS = 2 is a harmonic experimental artifact.
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Lithium Niobate Piezoelectric Pins

The voltage signals produced from the collision of the gold ejecta with the LiNbO3 pins were used to 
calculate the ejecta mass density as a function of time at the pin location using well known 
relations (Vogan 2005). The calculated ejecta mass densities from each experiment are plotted as a 
function of ejecta velocity (normalized by free surface velocity) in Figure 7. The pin record from 
experiment 130524-1 appeared to have been contaminated by HE product gasses and has been 
omitted from Figure 7.

The ejecta density is low for the fastest-moving particles and increases with decreasing ejecta 
velocity. There is a peak in the ejecta density at a velocity slightly higher than the free surface (spall 
scab) velocity. This peak is associated with the free surface velocity at the moment of shock wave 
breakout, which is higher than the average spall scab velocity because of the finite tensile strength 
of gold and the associated velocity pullback. By comparing experiments in Figure 7, there appears 
to be a trend of ejecta density increases with increasing surface roughness. The gold ejecta mass 
density was integrated over time to find the total mass/area ejected from the gold surface. These 
values are listed in Table 1 and are fairly consistent with the missing mass model (Asay 1978) where 
the total ejected mass is equal to the defect volume of the surface multiplied by the density. The 
total ejecta mass did not depend on the initial surface preparation (lapping vs. machining) 
performed prior to the SB application beyond its effect on the final surface roughness.
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Figure 7. Ejecta density at the location of the LiNbo3 pins as a function of ejecta 
velocity. The velocity is normalized by the free surface velocity. The initial surface 
roughness (RA) is listed next to the experiment numbers.
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DISCUSSION AND CONCLUSION

We have measured the spall strength of gold for explosive-driven shock stresses from 38 to 46 GPa 
and found it to be ~ 2.0 GPa. This is a lower spall strength than reported previously for laser shock 
compressed gold samples (Robins 2000). The reason for the discrepancy between the two types of 
measurements is uncertain but there are several important differences between the experiments 
that may have affected the spall strengths. First, the peak stresses in the laser shock measurements 
were about 6 GPa, much lower than the peak stresses near 40 GPa in our explosive experiments. 
Second, the laser shock measurements utilized 0.1 mm or 0.25 mm thick gold foils and the spall 
scabs were about 55 ^m thick. In contrast, our samples were much thicker, ~0.75 mm and 1.84 
mm, and the spall scabs were ~150 ^m thick. Third, the peak tensile strain rates were higher in the 
laser shock experiments than in our explosive experiments. Finally, the dwell time, or time that the 
gold was under pressure prior to spall, was longer in our experiments than in the laser shock 
experiment. All of these experimental differences may have resulted in different spall strengths and 
it is not possible to determine the relative importance of these effects with existing data. Further 
experiments are needed to determine the influence of these factors on the spall strength of gold. 
However, we believe that our value of 2.0 GPa is more applicable to other explosive or gun 
experiments than is the higher laser experiment value.

In addition to the spall strength measurements of the gold samples, we also examined the 
production of ejecta for various surface finishes. The surface RA roughness values ranged from 0.01 
to 0.34 ^m. Ejecta production is relatively small, consistent with the shocked material remaining 
below melt, but the amount of ejecta generally increases as the surface is roughened more. The 
total amount of mass ejected from the surface is comparable to the initial defect volume of the 
roughened surface, consistent with the missing mass model for ejecta production. In all 
experiments that we performed, the ejecta were diffuse enough to be somewhat transparent to 
visible and near infrared light.
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