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PLANE IMPACT RESPONSE OF PBX 9501 BELOW 2 GPA. *

J. 1. Dick,t A. R. Martinez, and R. S. Hixson
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

The plane impact response of PBX 9501 was measured below 2 GPa using a light-
gas gun facility. Time-resolved wave profiles were obtained in a state of uniaxial
strain for impact stresses between 0.3 to 1.2 GPa. The dynamic strength of PBX
9501 was measured at high strain rates in both compression and tension. The
Hugoniot equation of state was measured.

INTRODUCTION

The problem of accidental detonation of ex-
plosive due to a mechanical insult is of contin-
uing concern. The insult may not begin as a
shock, but data from plane impact experiments
provide equation of state data and the mechani-
cal response at high strain rates in a well-defined
state of uniaxial strain. In these experiments we
have measured impact response from 200 MPa to
2 GPa and impact velocities down to 120 m/s.
There was essentially no existing data in this re-
gion for PBX 9501. The low end overlaps the
range of stresses found in the spigot test, Steven
test [1], and other multidimensional tests. [2] The
results should enhance understanding of impact
tests on PBX’s and serve as a basis for testing
models used in computation of hazards problems.

*Work performed under the auspices of the U. S.
Department of Energy and partially supported by the
Department of Defense/Office of Munitions under the
Joint DoD/DOE Munitions Technology Program and
the Explosives Technology Program at LANL.

tElectronic mail: jjd @lanl.gov

EXPERIMENTAL TECHNIQUE

Plane impact experiments were performed
using a light-gas gun facility. Time-resolved wave
profiles of particle velocity were measured using
magnetic gauges in one of two configurations or
using VISAR! laser interferometry. The experi-
mental arrangements are depicted in Figs. 1 to 3.
In the case of magnetic gauges, in-material wave
profiles were measured; in the case of VISAR ex-
periments the profiles were measured at the in-
terface between the material and 2a PMMA (poly-
methylmethacrylate) window. The laser beam is
reflected from the mirror at the interface with spot
size of about 0.6 mm at the center of the sample.
The average target chamber temperature was 20.7
+ 2.3°C.

The PBX 9501 impactors for symmetric im-
pact experiments with PBX 9501 were 50.8 mm
in diameter. The VISAR experiment 1054 at 1.2
GPa, had a z-cut quartz impactor 50.8 mm in
diameter flush-mounted in an aluminum projec-
tile, but backed by PMMA 8 mm thick. The re-
maining experiments had impactors 57.2 mm in
diameter and were backed by a microballoon or

1VISAR stands for velocity interferometer system for
any reflector.
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FIGURE 1. Schema of the gun impact experi-
ment with MMV instrumentation. Gauge positions
are marked in red. The gauge leads and insulation
are marked in blue.

polyurethane foam with a density of about 0.48
g/cmd,

The samples of PBX 9501 were 50.8 mm in
diameter. With one exception, all PBX 9501 sam-
ples were from 13.5 x 13.5 x 3.5-inch blocks hy-
drostatically from Holston lot 89C730-010. The
average density of the samples was 1.827 + 0.001
g/cm3. For VISAR experiments the samples were
placed in a 51 mm dia hole in the aluminum tar-
get plate 6 mm thick. The impact face of the
sample was nearly flush with the front face of
the plate. For magnetic experiments the samples
were mounted on the front of the plate so that the
gauges were about 15 to 25 mm above the plate.
In this way the dynamic measurements were made
before the shock wave reached the metal plate and
disturbed the magnetic field.

Magnetic Gauging Experiments

Magnetic  gauges operate  according
to Maxwell’s third relation. The shock-induced
motion of the gauge active element is perpendic-
ular to the magnetic field. Therefore, the induced
voltage is € = Bul, where B is the magnetic field
of about 0.750 kgauss, u is the particle velocity in-
duced by the shock in mm/us, and [ is the length
of the gauge active element in cm. The length is
0.6 to 1.0 cm.

Two types of magnetic gauging experiments
were performed on PBX 9501. Magnetic impulse
and particle velocity (MIV) gauge packages con-
sisting of 5 nested gauges of each type are placed
side by side sandwiched between sheets of Teflon
25 pm thick (See Fig. 1.). The nested particle
velocity gauges are 6 to 10 mm wide. The active
elements were made of aluminum 5 gm thick. The

Planar EMV Gauges
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Impactor

FIGURE 2. Schema of the gun impact experiment
with stirrup gauge instrumentation. Gauge positions
are marked in red. The gauge leads and insulation are
marked in blue.

gauge active elements are spaced 2 mm apart in
the sandwich so that when placed in the sample
at an angle of 30° the gauges are successively 1
mm deeper into the explosive sample. Some ex-.
periments were performed with two sets of nested
particle velocity (MMYV, multiple magnetic veloc-
ity) gauges.

The second type consists of two particle
velocity gauges (EMV, electromagnetic velocity,
stirrup) with 10-mm-wide active elements. These
gauges are emplaced parallel to the shock impact
face as in Fig. 2. One is placed on the impact
face, and one is placed between two pieces of ex-
plosive of varying thicknesses. The gauge package
consists of the aluminum gauge on one sheet of
Teflon.

VISAR Experiments

For VISAR studies, PMMA (Mil. Spec. P-
5425D, preshrunk) windows were used, Fig. 3.
The mirrors were either vapor-plated aluminum
or 13 pm thick aluminum foil. The samples of
PBX 9501 were 50.8 mm in diameter. Two to
four piezoelectric pins were emplaced on the im-
pact face of the sample on opposite sides of a di-
ameter. The time difference between shock ar-
rival at these pins and the shock arrival signal
recorded by the VISAR allowed measurement of
transit time through the crystal and from that the
wave velocities. It is important to account for the
difference in signal travel times to the digitizing
oscilloscopes for the two types of signals.

The measurement system used was a push-
pull, VISAR system. [3] The light was transported
from the argon-ion laser to the target and thence
to the interferometer table with fiber optics. The
fiber optic probe on the target was obtained from
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FIGURE 3. Schema of the gun impact experiment
with VISAR instrurentation.

Valyn International. The overall response time of
the system is about 3 ns at the shock-wave arrival
time.

SUMMARY OF EXPERIMENTAL RESULTS

Wave profiles of particle velocity vs time were
obtained for PBX 9501 at about 0.3, 0.6, 1.2, 1.6,
and 2.0 GPa. For PBX 9501 there were no reli-
able Hugoniot data below 2 GPa. Hugoniot equa-

tion of state data were obtained on PBX 9501 and
HMX single crystals. No Hugoniot data for HMX
single crystals below 35 GPa.

In PBX 9501 multiple embedded magnetic
gauge records were obtained at 0.3, 0.6 and 1.2
GPa with 5 particle velocity histories at 1.4 to
5.4 mm. These were symmetric impact experi-
ments with PBX 9501 impactors. In this way the
final particle velocity is required to be half the
accurately measured projectile velocity. This is a
check on the accuracy of the MIV gauges. At 0.3
GPa 2 experiments with stirrup gauges at 5.4 mm
depth were performed in order to check repeata-
bility and agreement with the multiple embedded
gauges that are in the sample on a plane slanted
30° with respect to the shock plane. Similarly,
one stirrup gauge experiment was performed at
0.6 GPa. At 0.3 and 0.6 GPa stirrup gauge ex-
periments were performed with 8-mm thick PBX
9501 samples and VISAR experiments with 10
mm thick samples. In addition, wave profiles were
obtained with VISAR instrumentation on samples
5 mm thick at 1.2, 1.6, 1.8 and 2.0 GPa. There
was evidence of initiation at 1.6 to 2.0 GPa. [4]

HUGONIOT OF PBX 9501

Hugoniot data for PBX 9501 are displayed in
Fig. 4. A fit to the Hugoniot data obtained here
and some of the data in Ref. [5] for densities 1.832
to 1.844 g/cm? is

Us = 2.40 4+ 2.39u,, 0 <u <09 mm/ps, (1)

where Ug is shock velocity or wave velocity at
half the maximum particle velocity, and wu,, is fi-
nal particle velocity. The standard errors of the fit
parameters are 0.03, and 0.07, respectively. The
root mean squared (RMS) error of the shock ve-
locity is 0.09 mm/us. The average Hugoniot elas-
tic limit point is Ug=2.84 mm/ps and u,=0.025
mm/ps. The Hugoniot data are tabulated in Ref.
4].
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FIGURE 4. PBX 9501 shock velocity vs particle
Hugoniot data. The solid blue circle is the average
Hugoniot elastic limit point.

The Hugoniot curve is the locus of end states
on the thermodynamic equilibrium surface for the
material for shocks taking the material from the
initial state to the final state. The Hugoniot jump
conditions for conservation of mass and momen-
tum apply only to discontinuities or steady waves.
For the unsteady waves up to 600 MPa, approxi-
mate Hugoniot states were obtained by taking the
transit time for the particle velocity on the wave
front equal to half the final particle velocity for
the entire wave.

Volumetric strain is-(V —Vp)/Vo = 1-V/ V4,
where Vj is the specific volume in the initial state.
The Hugoniot data represent the locus of end
states for the compressive waves. The locus de-
scribes a curve on the thermodynamic surface of
the material. Ten percent uniaxial strain or com-
pression is reached at about 1.8 GPa and 20% at
about 7 GPa. CHECK THE NUMBERS
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FIGURE 5. In-material MMV gauge records in
PBX 9501 at 303 MPs in a symmetric impact exper-
iment, 1116. Gauge positions are 1.32 to 5.27 mm
in from impact face. Half the impact velocity is 66.2
m/s. The middle part of the second record at 2.32
mm was lost.

The moduli of PBX 9501 are rate dependent.
From sound speeds [6] the Young’s modulus for
PBX 9501 is 9.56 GPa. In contrast, a value of
1.01 £ 0.18 GPa was measured in Instron tests.
[7] The ratio of high to low strain rate Young’s
modulus is 9.5.

The longitudinal modulus, poC%, of PBX
9501 is 16.8 GPa. For the two HMX crystal ori-
entations the average value is 26.6 & 0.3 GPa. In
comparison, the ¢;; elastic constant of HMX is

about 20 GPa and the cgg is 21 GPa. (8]

WAVE PROFILE MEASUREMENTS IN
PBX 9501

Wave profiles were measured in PBX 9501 at
about 0.3, 0.6, 1.2, 1.6, 1.8, and 2 GPa. Em-
bedded, 30°, nested magnetic experiments were
performed at 0.3, 0.6, and 1.2 GPa. The experi-
ments at 0.3 GPa had a stirrup gauge emplaced
on the center of the impact face. The measured
profiles for the Holston lot 89C730-010 are shown
in Fig. 5 to 6.

At 0.31 GPa we see long rise times that
evolve with propagation distance and a subtle
two-wave structure developing at the last two
gauges (Fig. 5). There is a change in slope just be-
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FIGURE 6. In-material MIV gauge records in
PBX 9501 at 560 MPa in a symmetric impact ex-
periment, 1049. Gauge positions are 1.38 to 5.32 mm
in from impact face. Half the impact velocity is 116
m/s.

low 30 m/s. The first wave is the elastic wave, and
the change in slope defines the elastic limit. The
inelastic wave is dispersive and unsteady. The un-
loading wave is recorded as well. The same behav-
jor is noted at 0.6 GPa (Fig. 6). At 1.2 GPa the
wave has sharpened up considerably, but there is
an apparent shoulder at the end of the sharp rise
(Fig. 7?). At late times the agreement with half
the projectile velocity is quite good at 1.2 GPa,
within 1% for the last 4 gauges. At 0.6 GPa the
particle velocity at late times is 0.4 to 3.0% high.
At 0.3 GPa the final state on the first embedded

gauge is 0.6% low in experiment 1116. At subse-
quent gauges the final state is not reached before
the rarefaction arrives.

‘Wave Profile Measurements in PBX 9501 near
310 MPa

In addition to the MMV gauging measure-
ments, three stirrup gauge measurements were
made (two at 5.4 mm and one at 8 mm) as well as
a VISAR measurement with a 10 mm thick sam-
ple. The two stirrup gauges at 5.4 mm and at
307 and 345 MPa agree very well with the MMV
record at 5.27 mm from experiment 1116 at 303
MPa. This shows that the profile measurements
are repeatable on PBX 9501 at the same density,
from the same lot, and pressed in the same way.



This also demonstrates that gauges emplaced at
30° to the impact plane agree well with gauges
emplaced parallel to the impact plane and the
wave front.

The VISAR experiment measures the parti-
cle velocity history at the interface between the
explosive and the PMMA mirror. In addition,
the experiments did not have exactly the same
impact stress. In order to display all profiles on
the same plot, it was decided to normalize the
measured particle velocities by the expected final
particle velocities. For symmetric impact the final
particle velocity is half the projectile velocity; for
VISAR and experiments with two stirrup gauges
it was the value calculated from the known Hugo-
niots including the Hugoniot of PBX 9501 using
Joe Fritz’s MACRAME characteristics code.

A summary of experiments near 310 MPa for
the same lot of PBX 9501 is displayed in Fig. 7.
A front-surface impact record is shown from ex-
periment 1072. The interferometric record for
the VISAR experiment at 10 mm was only half
a fringe for the fringe constant used. This short
of a record resulted in poor accuracy for the par-
ticle velocity profile obtained. The final level was
about 10% low. Therefore the record was scaled
by 1.10 in order to bring it in line with the other
records and the final particle velocity calculated
by MACRAME.

Wave Profile Measurements in PBX 9501 near
580 MPa

The results of experiment 1049 at 560 MPa
are displayed in Fig. 6. The rise times are sharper
than at 310 MPa but the wave is still unsteady,
the profile changing as it propagates. A stirrup
gauge experiment 1117 was performed at about
5.37 mm for comparison with the last gauge in
experiment 1049 that had the gauges emplaced at
30° to the impact plane at 5.39 mm. The agree-
ment in wave front profiles is good, similar to the
results at 310 MPa. Both types of gauge emplace-
ments perform well. The slanted gauges appear to
show a sharper change in slope between the elastic
and inelastic waves at a relative particle velocity
of about 0.25. A summary of all records near 580
MPa plotted as relative particle velocity is shown
in Fig. 8.
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FIGURE 7. Experimental wave profiles in PBX
9501 near 310 MPa for lot 89C730-010 hydrostatically
pressed to a density of 1.827 % 0.001 g/cm®. The two
orange profiles are from stirrup gauges for experiment
1072. The last record is from a VISAR experiment
1061.

Wave Profile Measurements in PBX 9501 at
1.2 GPa

The comparison of the nested, embedded,
magnetic gauge records from experiment 1058 at
depths from 1.37 to 5.33 mm are compared to the
VISAR record for experiment 1054 at 1.20 GPa
with a sample 5.04 mm thick in Fig. 9. The rise
times agree quite well, and the VISAR record con-
firms the hesitation in the wave front rise at 92 to
95% of the final state.

The z-cut quartz impactor in the VISAR ex-
periment was only 2.55 mm thick. The shock ve-
locity in the impactor was 6.46 mm/us; therefore
the rarefaction overtook the wave front before the
final state was reached after 5 mm of wave prop-
agation in PBX 9501.

Elastic Wave Strength in PBX 9501

The elastic wave is discernible in experiments
near 300 and 600 MPa. In some measurements the
end of the elastic wave is delineated by a subtle
two-wave structure, in others by a change in slope
of the wave profile. Corresponding yield stresses
in uniaxial stress Y are calculated from [9]
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FIGURE 8. Experimental wave profiles in PBX
0501 at 560 to 600 MPa. The two orange profiles are
for experiment 1073. The last record is from a VISAR
experiment 1060.

1-2v
Y = [T:;] UfEL, (2)

where v is Poisson’s ratio and oZ% is the Hugo-
niot elastic limit. The value of v for PBX 9501 is
0.36 from sound speed measurements. [6] For sam-
ples from lot 89C730-010 the average Hugoniot
elastic limit is 123 + 8 MPa for impact stresses
of about 310 MPa and 150 & 15 MPa for impact
stresses of about 580 MPa. The corresponding
yield stresses are 54 and 66 MPa. The results for
experiment 1042 at 600 MPa using material that
was ram-pressed from another lot has the largest
Hugoniot elastic limit 219 MPa and a yield stress
of 96 MPa. It had a density of 1.835 g/cm?®.

For comparison, a Hugoniot elastic limit of
140 MPa was measured in Composition B. [6,10]
A very different, ramp-like precursor was observed
for PBX 9502. [11] The longitudinal stress value
at the end of the ramp was 73 MPa. Chhabildas
and Kipp measured the maximum shear stress in
PBX 9404 using pressure-shear impact loading.
[12] Their result was 40 MPa. The yield stress is
twice that, 80 MPa. From Vickers hardness tests
a value of 66 MPa was given for the flow stress for
HMX by Mohan, Bhasu, and Field [13] giving a
value of 132 MPa for Y.

It is interesting to note that the threshold ve-

1.2 T T T T T T

8 o8t i
[ - 4
>
[v]
— "4%
-.% 06 | i
o
[}]
0> I
T 04l 4
@ ]
o

02} -

o [ J 1 J LJ " J 1 i 1 I 1 P |
0 05 1 15 2 25 3 35

Time (uts)

FIGURE 9. Experimental wave profiles in PBX
9501 at 1.2 GPa. The nested magnetic gauges are at
1.37 to 5.33 mm depth. The VISAR record is at 5.04
mm.

locity for explosion in the spigot test or the Steven
test corresponds to about 100 MPa in PBX 9501
in the center after impact, close to the Hugoniot
elastic limit. The threshold velocity may be cor-
related to the threshold for inelastic, irreversible,
dissipative deformation.

PBX 9501 Strength vs Strain Rate

Using Instron and Hopkinson bar instrumen-
tation Los Alamos National Laboratory workers
have measured the ultimate compressive strength
on the same lot of PBX 9501 pressed to the same
density by the same technique. [7,14,4] The ulti-
mate compressive strength is the maximum com-
pressive stress achieved. Yield stresses are propor-
tional to and less than the ultimate compressive
strengths. [7,14]

Earlier measurements of PBX 9501 ultimate
compressive strength are listed in Ref. [5] for sev-
eral temperatures. There is strong temperature
dependence of strength. The strain rate is not
specified but may have been 0.00083 s~!. The
density is 1.844 g/cm®. At 24°C the ultimate
compressive strength is given as 7.86 MPa. This
value is slightly lower than values for the current
material. [7] In other earlier work on another lot
of PBX 9501 reported in Dobratz’s compendium,
[15] the ultimate compressive strength in Instron



tests is about 6 MPa. at a strain rate of 107> s~ 1,
33 MPa at 750 s™!, and 43 MPa at 10% s™'.
For comparison, the yield stresses calculated form
Hugoniot elastic limits in the current work raged
from 54 to 96 MPa. There is significant strain-
rate dependence of the yield stress. The state of
strain may also be important. Mechanical failure
in PBX 9501 and other PBXs at low strain rates
has been studied in detail by others. [7,16]

PBX 9501 Rise Times and Strain Rates

The rise times of the profiles in the experi-
ments in PBX 9501 were measured. The rise time
was taken as the rise time from 10% to 90% of
the total signal rise. Since the approach to final
state is so gradual at low stresses, it is difficult
to pick off the precise time at times closer to the
final state than 90%. The values are displayed in
Fig. 10. One notes that at 0.3 and 0.6 GPa impact
stresses, the rise times increase with propagation
distance out to about 8 mm. It appears that the
waves become steady after 7 to 8 mm of propa-
gation distance at these impact stresses. At 1.2
GPa the rise time increases from 60 to about 100
ns between 2 and 4 mm.
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FIGURE 10. Compressive wave rise time vs wave
propagation distance for several impact stress levels
in PBX 9501. The black exes are near 1.6 GPa, the
orange circle near 1.8 GPa, and the green circle near
2 GPa.

It is worth noting that the plastic wave in
HMX single crystals 3 mm thick impacted at

12.0

1.4 GPa has a rise time of about 122 ns. In
pentaerythritol tetranitrate (PETN) crystals un-
steady plastic waves were observed. [L7] There-
fore, some of the dispersed, unsteady wave be-
havior seen in PBX 9501 may be inherent in the
HMX.

The behavior of decreasing rise time with in-
creasing impact stress has been noted before as
the typical response to shocks. Swegle and Grady
noted that for metals and oxides that the peak
strain rate in the shock was consistent with a
power-law relation between the peak strain rate
and the shock stress; [18] the peak strain rate for
the total strain varies as the fourth power of the
shock stress. They obtained the peak strain rate
in the shock profile by numerically differentiating
the measured profile.

For comparing the PBX 9501 data to this re-
lation, the strain rate in the wave front was taken
as the total strain divided by the 10 to 90% rise
time at sample thicknesses where the wave had be-
come steady. The comparison is shown in Fig. 11.
The line is described by 0.0395 times the strain
rate to the one-fourth power. The data for PBX
9501 agree with the power law except at 0.3 GPa.
Swegle and Grady had also noted this sort of de-
viation when the shock stress is not much larger
than the elastic limit.
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FIGURE 11. Comparison of the total strain rates
of PBX 9501 for steady waves vs impact stress to the
fourth power law.
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