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Abstract

The recently developed Magnetically Applied Pressure-Shear (MAPS) experimental technique to
measure material shear strength at high pressures on magneto-hydrodynamic (MHD) drive
pulsed power platforms was fielded on August 16, 2013 on shot Z2544 utilizing hardware set
A0283A. Several technical and engineering challenges were overcome in the process leading to
the attempt to measure the dynamic strength of NNSA Ta at 50 GPa. The MAPS technique
relies on the ability to apply an external magnetic field properly aligned and time correlated with
the MHD pulse. The load design had to be modified to accommodate the external field coils and
additional support was required to manage stresses from the pulsed magnets. Further, this
represents the first time transverse velocity interferometry has been applied to diagnose a shot at
Z. All subsystems performed well with only minor issues related to the new feed design which
can be easily addressed by modifying the current pulse shape. Despite the success of each new
component, the experiment failed to measure strength in the samples due to spallation failure,
most likely in the diamond anvils. To address this issue, hydrocode simulations are being used
to evaluate a modified design using LiF windows to minimize tension in the diamond and
prevent spall. Another option to eliminate the diamond material from the experiment is also
being investigated.
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INTRODUCTION

Shear strength is defined as the ability of a material to support deviatoric stress. While strength
is an important material property affecting the outcome of many dynamic materials problems, the
measurement of strength is not trivial at high pressures and strain rates. Several techniques have
been employed over the past several decades; each with their own limitations. Oblique impact
[1] and lateral stress gauge [2] techniques are limited to very low pressures (under 20 GPa).
Stress difference between shock and isentropic loading [3] leads to large uncertainties.
Rayleigh-Taylor instability growth [4] requires strength models be known in order to analyze the
data making the testing more suitable to validation. Wave profile techniques exploiting the
quasi-elastic release from a peak compression state [5] currently offer the best precision at high
pressures but still require assumptions be made about the nature of the release and are prone to
other uncertainties due to the range of pressures over which the release occurs. For these
reasons, a new approach to strength measurement was developed at Sandia National Laboratories
to directly measure dynamic material strength. The resultant method, known as magnetically
applied pressure-shear (MAPS) [6], allows for a direct measure of strength absent the
assumptions and complications associated with the other common approaches.

MAPS principles of operation

MAPS experiments on Z are based on a coaxial load MHD drive platform utilized for many
dynamic material properties experiments as illustrated in figure la. The energy from the
accelerator is used to drive a current along the cathode and anode faces (black arrows). This
current flows in a loop inducing a magnetic field (blue vectors, in and out of page) within the A-
K gap. The interaction of current and magnetic field results in a Lorentz force (blue arrows)
which acts outward on the drive panels creating a pressure wave.

In the MAPS configuration, illustrated in figure 1b, pulsed magnetic field coils are added to
apply an external magnetic field (red arrows). A Lorentz force results from the interaction of the
external field and the drive current creating a shear force (yellow vectors, in and out of page) in
both the anode and cathode. In the anode material, the shear force creates a shear wave in
addition to the longitudinal compression wave.
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Figure 1: lllustration (a) of a standard coaxial load design and (b) a MAPS configuration.

Wave propagation during a MAPS experiment is critical to determining the dynamic strength of
the sample material. Figure 2 illustrates a typical MAPS experiment. There are three material
layers present. The driver is the anode material described above where both the longitudinal and
shear waves are generated. Note that the shear wave travels at a lower speed and trails behind
the longitudinal wave. The experiment is designed such that the shear wave will travel faster
than the magnetic diffusion front, the location where the self-induced magnetic field has diffused
into the driver and typically associated with a very high temperature plasma state and associated
loss of strength. Both waves, longitudinal and shear, travel to the right. Bonded to the driver is
the sample layer. Upon arrival of the longitudinal wave, the sample is compressed to a high
pressure state determined by both the magnitude of the wave and also the driver and sample
equations of state (EOS). After the sample is fully compressed to peak pressure, the arrival of
the shear wave probes the sample strength. The driver material is selected such that it will
support more shear than the sample. In addition, the experiment is designed so that more shear is
generated in the driver than the sample can support. Thus, upon arrival of the shear wave at the
sample, the magnitude of the shear wave is truncated to the maximum supported shear in the
sample; that is the sample strength. This is illustrated in figure 2 by the dotted yellow lines
showing the shear wave magnitude. As the waves continue to propagate, they reach the anvil.
The purpose of the anvil layer is to prevent a release wave from forming when the longitudinal
wave reaches the back of the sample. Instead, the longitudinal wave is allowed to propagate into
the anvil delaying release until the wave reaches the free surface at the back side. This allows
sufficient time for the shear waves to fully exit the sample. Another important design
consideration is that the anvil must be capable of supporting the full shear stress present in the
sample to prevent further truncation of the shear wave at the sample-anvil interface. Upon
arrival at the free surface, both wave magnitudes are measured via velocity interferometry. The
longitudinal and shear stresses can be calculated directly from the velocity data.
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Figure 2: Wave propagation during a MAPS experiment.

A specialized velocity interferometer system for any reflector (VISAR), similar to that used by
Chhabildas and Swegle [7], is used to measure both longitudinal and transverse velocities at the
anvil free surface. Normally incident light is collected at nominally 17° and 25° off-axis and
analyzed to determine both longitudinal and transverse particle velocities.

Strength is determined directly from the results of the experiment. The peak longitudinal
velocity is analyzed to determine the peak compression of the sample. The peak transverse
velocity is then directly related to the shear stress transmitted by the sample and hence gives the
strength. In order to perform both analyses, the only required data are the peak velocities and the
properties of the anvil material (density, acoustic wave velocity).

Previous work

The MAPS technique has been proven on the smaller scale Sandia Veloce machine. Initial
testing on aluminum at about 9 GPa was reported previously [6]. The results are shown in figure
3a. Additional low pressure testing on tantalum was conducted as part of the preparatory work
for implementation on Z. Results of that test are shown in figure 3b.
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Figure 3: Results of previous MAPS strength testing.



In both figures, additional data collected by other techniques[8-10] is shown for comparison
along with relevant strength models [11, 12] (curves). In all cases, the MAPS data was
consistent with existing data and, more importantly, was sufficiently well defined as to
discriminate between the various proposed strength models. In the case of Ta, existing data
could not discriminate well in the case of annealed Ta (red points).

IMPLEMENTATION ON Z

In order to conduct these experiments on Z [13], the hardware framework established on Veloce
[14] was required to be transitioned to the Z platform. As Veloce and Z operate under similar
principles, this was mostly a problem of adapting to the different geometry.

External Magnetic Field Coils

The primary difference between a MAPS experiment and a standard isentropic compression shot
is the requirement for an external magnetic field. In order to generate the field, a pair of pulsed
Helmholtz coils are placed on opposite sides of the Z load. The coils are oriented such that the
field generated will be normal to the plane of current flow in the driver in order to generate a
shear loading. The coils used and the associated capacitive power supply were designed and
constructed for joint use between the MAG-LIF and MAPS experimental programs [15].

When energized, the coils produce a magnetic field with a relatively long duration of
approximately 4.75 ms (FWHM). This allows the field to be considered as static over the typical
1 ps duration of the Z experiment. In addition, the field produced is sufficiently spatially
uniform. The field varies about 1.2% across the sample diameter.

Load Design

While the Veloce tests were conducted using a stripline geometry, it was decided to use a coaxial
load design on Z. The coaxial design allows for the containment of the self-generated magnetic
field within the load and preventing the need for additional shielding on the diagnostics. In
addition, a coaxial load is better suited for the compression levels required for this test on Z. The
use of a stripline load would make the pulse shape design much more challenging.

In order to achieve the field uniformity at the sample locations, the coils must be centered on the
middle sample. This was not possible with the standard Z coaxial load design as the coils would
interfere with the Z current feeds. To solve this problem, an extended coaxial load was designed.
This elevated the samples from the anode plate to allow for clearance of the coils. The extended
design used with a bell jar style feed would result in a significant increase in load inductance.
Predictive calculations of machine performance critical to implementing the desired pulse shape
are less reliable with increased load inductance. As a result, the feed was redesigned with a
radial feed gap which reduced the inductance gain over a standard design to within acceptable
limits.

The final consideration in adapting the field coils for used on Z was mitigation of the stress
resulting from pulsing the coils. When the coils are energized, axial loads of approximately 30,
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000 pounds are generated between the two coils. Forces are much smaller in the off-axial
directions but still must be managed. In order to support the coils such that there is little to no
motion of both the coils and the Z load while being energized, a support structure was designed
into the load. Figure 4 shows the central portion of a Z load with the external field coils in place.
The central support structure protects the coaxial load while the large superstructure manages the
repulsive axial load as well as the smaller off-axis loads. Testing performed at the Systems
Integration Test Facility prior to use on Z indicated no issues with coil or load motion during the
coil firing sequence.

Figure 4: External field coils shown with the supporting superstructure on a Z load.

EXPERIMENTAL DESIGN

The materials selected for the Z experiment were determined based on the selection criteria
outlined earlier. Molybdenum was selected as the driver material based on its high strength and
good electrical conductivity (required for Z to function properly). Tantalum was selected as the
sample material due to programmatic importance and also because of the large existing strength
data set to compare the results with. Polycrystalline diamond was selected for the anvil material
based on the previously detailed constraints and the desire to prevent any plastic deformation in
the anvil during the experiment. This constraint greatly simplifies the data analysis. The use of
diamond anvils was the only substantial change from the previous Veloce test.

All aspects of the MAPS experiment (driver, sample, and anvil dimensions; current pulse shape)
were designed using the ALEGRA hydrocode [16]. A 2D Cartesian geometry with an Eulerian
mesh (5-10 micron cells) was used and is illustrated in figure 5. Periodic boundary conditions
were applied in the transverse (Y) direction. The external magnetic field was imposed as a static
field in the simulations as this is a good approximation to the experiment given the wide
discrepancy in time scales associated with the pulsed field compared with the Z experiment. The
simulations were driven with a tangent magnetic field derived from a desired drive current pulse
shape. Models used are detailed in table I. Results of the simulations are output at the tracer
locations indicated by the black dots in figure 5. These will be identified as the driver, sample,
anvil, and free surface.

10
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Table I: Model parameters used in the ALEGRA simulations.
MAPS Materials and Material Model Parameters
) L . Longitudinal Shear Yield
Panel Layer Equation Strength Conductivity Density
Material of State Model Model (g/cm3) Wave Speed Wave Speed Strength
(km/s) (km/s) (GPa)
. LANL . . Lee-More-
" lDL"‘j’er Sesame C_T: E'asé'c_'P'as::_'c y Desjarlais 10.22 6.45-6.45 3.47-3.48 0.9
olybdenum 2084 einberg-Guinan-Lun (LMD)
LANL . . Lee-More-
T:i:gﬁl; Sesame St;;geﬁlasé::i'npsisfjn y Desjarlais 16.654 3.35-4.16 2.07-2.09 0.375
3720 e (LMD)
. LANL .
Anvil Sesame CTH Elastic Insulator 35126 18.328 11.659-12.0  50-90
Diamond 7834 Perfectly Plastic

The current pulse shape to be used on Z was designed such that the strength of the sample is
probed as close as possible to the maximum compression. This is achieved by varying the drive
pulse such that the longitudinal wave provides a region of near steady compression and the shear
wave traverses the sample during this region. The final result is illustrated in figure 6 where we
make use of a coupling relationship first noted by Swegle and Chhabildas [17] that states:

3242 <! : 1
4TH+TWS3(Y(P)) (D

where 14 is the longitudinal deviatoric stress, Ty is the shear stress, and Y is the strength. From
the figure, it is clear that the probing shear wave (ty) 1s a maximum near the peak of the
longitudinal compression (proportional to Y). Further, at this point, shear stress is equal to the
strength and the longitudinal deviatoric stress (Txx) is seen to be zero hence the equality in
equation 1 holds. This is critical as equality is required for the strength to be calculated from the
transmitted shear wave.

11
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Figure 6: Stresses present in the sample using the optimized pulse shape along with the modeled sample strength.

Using the optimized pulse shape, the stresses present in all three materials are shown in figure 7.
From the left plot, longitudinal compression of the sample is predicted to be 52.6 GPa maximum.
The slight differences in longitudinal stress for each layer are due to impedance mismatch. On
the right, it is seen that approximately 1.4 GPa shear stress is generated in the driver. Upon
transmission to the weaker sample layer, the shear wave is truncated to a maximum of about 1.1
GPa. This truncated wave is seen to be fully supported in the anvil layer and hence the
transverse velocities measured at the anvil free surface will be representative of the strength of
the sample.
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Figure 7: Simulated longitudinal and shear stresses in all three material layers using the optimized pulse shape anda 10 T
static external magnetic field.

The predicted particle velocities are shown in figure 8. As shown, the driver, sample and anvil
velocities are in situ while the free surface velocity is that predicted to be observed at the surface
of the anvil. The free surface results predict the experimental data that will be collected during
the experiment. Note that the longitudinal velocities are much higher (~1 km/s) than the
transverse velocities (~0.01 km/s).
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Figure 8: Predicted velocities for each layer and at the free surface of the anvil.

In order to provide a means for ensuring shear truncation at the sample, a control experiment is
conducted omitting the sample layer. By omitting the sample, the full shear stress generated in
the driver is transmitted to the anvil and detected at the free surface. In practice, the control
experiment is fielded on an opposing panel to ensure as closely as possible identical loading of
both the test sample and the control experiment. The effect can be seen in figure 7 where the full
1.4 GPa shear stress in the driver will be transmitted to the anvil when the sample is omitted. By
conducting the experiment in this way, it can be ensured that truncation is observed.

EXPERIMENTAL RESULTS

Shot 22544 was completed on August 16, 2013 utilizing hardware set A0283A. The shot was
configured as illustrated in figure 9 with three samples on each side of the coaxial load. These
are designated as locations 1, 3, and 5 from top to bottom. Thus, the top sample on the north
facing panel is designated as N1. The bottom sample on the south panel is S5. Each of these
samples is diagnosed with transverse capable VISAR. In addition, two normal VISAR
diagnostics were fielded on each panel intermediate to the sample locations. These probes
measure the motion of the Mo driver. This data will be used to develop unfold capability with
molybdenum drivers in order to determine the drive current.

As illustrated in the figure and detailed in table II, sample locations S1 and S3 have Ta samples
present backed with diamond anvils. The remaining four sample locations have only diamond
anvils. These locations provide a check on the shear truncation as described previously in
locations N1 and N3. The diamonds in locations N5 and S5 are designed to measure the
longitudinal and shear velocities in the diamond. As will be shown, the determination of
strength from the results requires knowledge of the longitudinal and shear wave speeds in the
anvil material. By using two different thickness anvils in opposing sample locations, Lagrangian
analysis can be used to determine the wave speeds.

13



Table II: Part dimensions for Z2544

Sample Location Mo Thickness Ta Thickness Diamond

(see figure 9) (mm) (mm) Thickness (mm)

N1 1.058 0 1.531

S1 1.033 0.119 1.898

N2 1.058 0 0

S2 1.033 0 0

N3 1.058 0 2.029

S3 1.033 0.010 2.005

N4 1.058 0 0

sS4 1.033 0 0

N5 1.058 0 1.949

S5 1.033 0 1.539
North South

LB WN

¥ Transverse VISAR

M
B Mo 7 Normal VISAR

Bl Ta

[ Diamond
I Stainless Steel
I Stainless Steel

Figure 9: lllustration of sample locations for Z2544

Figure 10 shows representative velocity profiles as recorded by the 17 and 23 degree off-axis
probes on sample N3; a 2 mm thick diamond anvil mounted to the Mo driver. All of the MAPS
samples (locations 1, 3, and 5) are similar. In order to obtain useful information, the data is
combined to determine both the longitudinal and transverse velocity profiles. These are shown
in figure 11 for sample N3. Also shown in the figure are the predictions from figure 8. There
are several discrepancies between the prediction and the data. Considering only the longitudinal
velocity profiles for now, first, there is a variation in the timing of the main ramp loading with
the experiment coming in about 30 ns early. This is likely due to machine performance differing
from the predictive calculations and is not of concern to this experiment. Second, the peak
longitudinal velocity is about 200 m/s lower than predicted. This could also be due to
differences in machine performance but could also be due to current losses in the load. This load
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design uses an elliptical feed design similar to previously used radial feeds which are known to
result in current loss at the load. Regardless of the origin, the reduced peak velocity
(corresponding to reduced peak pressure) is relatively minor and can be corrected in future shots
by increasing the design current. Lastly, the recorded profile shows a plateau in the velocity just
past the peak where the prediction shows a ramped release. This is particularly concerning as it
indicates spall occurring in the anvil or a separation of the reflective coating from the anvil. As
the longitudinal wave travels ahead of the transverse wave, if the anvil or reflector spall prior to
detection of the shear wave, the data may be lost. However, looking now at the transverse data
from figure 11, a sizeable transverse velocity is recorded. It is speculated that at least a portion
of the shear wave had entered the spalled portion of the anvil prior to spallation. This portion of
the wave was detected as transverse motion.
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Figure 10: Longitudinal and transverse velocity profiles for sample location N3 compared with predicted values from ALEGRA
simulations.

Similar data is shown in figure 11 for the S1 sample; a 0.1 mm Ta sample and a 2.0 mm diamond
anvil mounted to the Mo driver. By comparison with figure 10, it is noted that very similar data
was recorded regardless of the presence of the Ta sample in the S1 location. While this is not
surprising for the longitudinal velocity as similar compression is expected, it is indicative of a
failure of the strength experiment. As mentioned previously, MAPS relies on truncation of the
shear wave by the sample. Similar transverse wave profiles indicate that no truncation was
observed and hence any strength value determined would be a lower bound. This issue will be
discussed further below when the data of figures 10 and 11 are directly compared.
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Figure 11: Longitudinal and transverse velocity profiles for sample location S1 compared with predicted values from ALEGRA
simulations.

As noted previously, samples are compared on opposing locations to ensure similar loading
profiles. In this case, the comparison is being performed between the north middle (N3) and
south top (S1) locations. This is due to compromised data collected at the S3 location. Figure 12
shows a comparison of the data from S1 and S3; two nominally identical samples. As seen in the
figure, the results are generally in agreement, however, there is a discrepancy in the S3 profile
with a shock nearly forming during the elastic loading. This is not physically plausible as the
samples above and below (S1 and S5) did not show such a response. In addition, the transverse
data from S3 shows a wildly oscillatory response and drops out just past peak longitudinal
compression; the time when spall likely occurred. For these reasons, it is believed that sample

S1 provides a better basis for comparison with N3.

The S1 data can be directly compared with the N1 data. Figure 13 shows the data from N1, N3,
and S1. Here it is clear that N1 and N3 show similar response with the only significant
difference being in timing of the waves attributable primarily to the difference in anvil thickness
on N1. Also, it can now be clearly seen that no truncation is observed in the shear wave passing
through the Ta sample (S1). In fact, the shear wave passing through the Ta sample shows the
greatest magnitude; although all are essentially equal within the experimental uncertainty of
about +/- 10 m/s. This indicates that either insufficient shear was generated in the driver to probe
the sample strength (full transmission, no truncation) or there was a loss of shear transmission
due to spallation in the anvil. Based on the wave profiles indicating spallation occurring very
shortly after peak compression, this is the most likely scenario.

16



—
=2}

L4k —S1 - Longitudinal
' —S1 - Transverse
A 1.2L  —S3 - Longitudinal .
\E‘ S3 - Transverse
1 B -~
=
—
20 .
D 0.6- |
=
o 0.4- i
> 0.2+ s i
"\f”\"-’ -‘—/
0 . J - |
1 | |

1.1 l.iS 1.2 1.1’25 .1.I3 1..135 ) 1.J4 1.‘45 1.5 1.|55 1.6
Time (arbitrary, ps)

Figure 12: Comparison of the data from sample locations S1 and S3 indicate problems with the S3 data.
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Figure 13: The data from sample locations N1, N3, and S1 are compared. Similar response is observed with differences being
due to variations in driver, sample, and anvil thicknesses.

The velocity profiles for the samples in location 5, intended to be used to measure longitudinal
and shear wave speeds in the diamond anvil material, are shown in figure 14. Similar to the
MAPS samples, these also showed evidence of spallation. Further, there was evidence of
reduced compression, perhaps due to the current loss issue on the south sample and increased
noise in the transverse velocity. The combination of these issues prevented any analysis of this
data pair.
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Figure 14: Velocity profiles for the samples in location 5 intended to measure the wave speeds in the diamond anvil material.

PATH FORWARD

The primary concern from shot Z2544 was the spallation which prevented acquisition of the full
transverse velocity profile required for strength determination. As discussed above, all other
issues can easily be addressed through modification of the design current pulse shape.
Therefore, the path forward will focus on resolution of the spallation issue.

From the data, the spall most likely occurred in the diamond anvils. The diamond used is a
polycrystalline diamond produced by a chemical vapor deposition (CVD) process. While this
product has been tested and shown to have as good or better compressive strength than any other
CVD diamond or even single crystal diamond tested, the spall strength has not been evaluated.
If the CVD growth process results in particularly low spall strength, this could explain the
experimental data. Spall strength of the diamond material can be further verified by additional
testing using either Z or high velocity gas guns at Sandia’s STAR facility. If the diamond spall
strength is verified to be low, there are two options currently being investigated to remedy the
problem and allow the MAPS shots to continue on Z.

Option 1 is to prevent spall in the diamond by reducing the magnitude of the tensile wave
resulting from reflection of the longitudinal wave from the free surface. This can be
accomplished by placing a LiF window on the back of the diamond. Impedance matching
dictates that a portion of the longitudinal wave will be transmitted into the window and hence
less will be reflected leading to reduced tension in the diamond. Numerical simulations using the
ALEGRA hydrocode will be used to evaluate if a sufficient reduction in the tensile stress can be
achieved. LiF is the only viable window option as it must remain transparent in order to measure
the velocity profiles at the diamond-LiF interface.
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Option 2 is to remove the diamond from the experiment. Replacing the diamond anvil with a
LiF window will make the MAPS experiment much more complicated to analyze, but will
ensure the issue of spall in the diamond is resolved. The main concern with this option is that
due to the lower impedance of the LiF window, a significant release wave will propagate back
into the sample as the longitudinal wave enters the window. This will significantly reduce the
pressure at which the strength measurement is made as MAPS measure the minimum strength of
the sample as the shear wave is transmitted. However, since the current experiments are near the
lowest pressures achievable on Z, the peak compression can be increased in the design to account
for the release wave. ALEGRA will again be used to evaluate the new design current pulse
shape and verify that both the compression and shear can be measured in this configuration.

The current plan for the next MAPS experiment on Z is to use option 1. ALEGRA simulations
are currently being conducted to verify the design. This option was selected as it will provide for
the cleanest experiment with the lowest uncertainty and it does not require a redesign of the
current pulse shape. In the future, option 2 will remain an active area of research as the removal
of the diamonds from the experiment will result in significant cost savings.

SUMMARY

The MAPS technique to measure dynamic material strength was fielded on August 16, 2013 on
shot Z2544 utilizing hardware set AO283A. The intent of the experiment was to measure the
strength of NNSA Ta samples and compare the results to those obtained recently using other
methods on Z. The shot utilized a current feed design and associated pulse shape, external
pulsed magnetic field coils, and transverse capable VISAR diagnostics all of which had never
been fielded on a dynamic materials Z shot prior to this attempt. All subsystems performed well
with only minor issues related to the new feed design which can be easily addressed by
modifying the current pulse shape. Unfortunately, despite the success of each new component,
the experiment failed to measure strength in the samples due to spallation failure, most likely in
the diamond anvils. To address this issue, hydrocode simulations are being used to evaluate a
modified design using LiF windows to minimize tension in the diamond and prevent spall.
Another option to eliminate the diamond material from the experiment is also being investigated.
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