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MATERIALS FOR NATIONAL SECURITY

Piecing Together a Nuclear Fireball
By studying how different elements react inside a nuclear fireball,
researchers gain valuable insight into predetonation conditions.

Detonation Science Blasts into a New Frontier
Using an advanced experimental facility, scientists gain insight
into the nanoscale processes of high-explosive detonations.

Agent Defeat Efforts Strike Gold
A highly effective payload material can destroy chemical
and biological weapons facilities.

DESIGNER MATERIALS

A New Composite-Manufacturing Approach Takes Shape
Livermore researchers leverage chemistry, engineering, and computational expertise
to develop a new manufacturing technique for high-performance composites.

Mimicking Mother Nature to Mitigate Climate Change
Bioengineering and additive manufacturing come together
to create a biomimetic climate-change solution.

Reducing Reliance on Critical Materials
Livermore scientists are finding ways to reduce the need for rare-earth elements
in technologies for the nation’s fast-growing cleanenergy industry.

MATERIALS THEORY, MODELING, AND SIMULATION

Solving Mysteries of Metal Hardening
Never-before-possible simulations of hundreds of millions of atoms reveal
new behaviors of metals as they harden under extreme pressure.

Sudden Changes at Ultrahigh Pressure
Livermore researchers are revealing new physics of material phase transitions
by shocking matter at extreme conditions.

Computation Boosts Materials Discovery
Livermore scientists and engineers join forces to accelerate materials synthesis
and optimization using machine learning and big data analytics.

MATERIALS FOR LASER SYSTEMS

Big Ideas for Tiny Targets
Scientists and engineers at the National Ignition Facility explore
innovative solutions to supporting fuel capsules inside targets.

Looking for Trouble on Optical Surfaces
Researchers investigate surface-bound contamination and damage
on optical components at the National Ignition Facility.

Welcome from Bob Maxwell

ATERIALS are central to our national security missions at

Lawrence Livermore, including economic competitiveness,
energy and water security, and deterrence. Our staff within the
Material Science Division (MSD), along with their internal and
external partners, continue to make outstanding contributions
to those national security missions. Our advancements in new
material discovery and in our fundamental understanding of new
and legacy materials impacts a broad range of scientific and
programmatic applications. Our materials research finds exposure
in the top international journals and at the world’s top materials,
physics, and chemistry conferences.

Over the last few years, MSD staff have continued their track
record of making significant contributions to our programmatic
stakeholders through accelerated materials development. This is
exemplified by our replacement materials work for the W80-4
life-extension program, including critical energetic materials
development and assessment; discovery of new damage
mechanisms and mitigation strategies to limit the impact of
that damage in laser optics; development of new materials for
targets for high-energy-density experiments; creation of new
catalytic materials; advances in understanding hydrogen storage
mechanisms; development of new designer feedstock materials
(inks, nanomaterials) for a wide range of additive manufacturing
methods to help demonstrate new forms of unobtainium; record-
setting molecular dynamics simulation of dislocations in metals,
through which we discovered new deformation mechanisms; and
development of new replacement options for multiple critical
materials. The articles in this compilation are only the tip of

MATERIALS SGIENCE RESEARGH
SUPPORTS NATIONAL SECURITY

the iceberg of MSD contributions to the Lab’s missions and the
scientific community.

The excellence that is routinely exhibited in our work is a
reflection not only of the world-class and often unique facilities
at LLNL (National Ignition Facility, Advanced Manufacturing
Laboratory, High Explosives Application Facility, Center for
Accelerator Mass Spectrometry, Forensic Science Center, etc.),
but our remarkable staff and the national and international
partnerships that they frequently bring to the table (including the
nation’s Department of Energy user facilities such as the Linac
Coherent Light Source [LCLS] and the dynamic compression
sector [DCS] at Advanced Photon Source).

The demand for new materials and a new understanding
of materials is relentless and only expected to grow. These
materials will need to be faster, cheaper, and better than
existing options. They may, for instance, better withstand
harsh environments, offer new functions, or save weight. They
will also need to be compatible with less energy-intensive
manufacturing methods that offer opportunities for tailoring both
composition and architecture in 1, 2, 3 and 4 dimensions. To
solve these challenges, new data and information analysis tools
are needed, as are new high-yield synthesis strategies along with
advanced modeling and simulation tools to advance the scope of
these tools in length and time as we continue our transition from
ideal to real materials.

B Bob Maxwell is materials science division leader within the Physical and Life
Sciences directorate.

Lawrence Livermore National Laboratory 1



PIECING TOGETHER
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A NUCLEAR FIREBALL

-

Lawrence Livermore National Laboratory

Resulting from the Sun’s
nuclear processes, the
erupting plasma from solar
flares rapidly expands and
cools similarly to what occurs
in a nuclear fireball. (Image
courtesy of NASA/SDO.)

S&TR June 2018

ATERIALS vaporized by a nuclear explosion do not

simply disappear without a trace in the resulting fireball.
Leftover bomb materials and fission products remain, but these
interact with the surrounding environment in complicated ways,
making it difficult for scientists to unravel what happened in
the explosion. However, by better understanding the chemical
compounds that form in the cooling fireball, researchers can more
effectively uncover evidence that can help identify the nature
of the bomb that produced the blast. In the event of a nightmare
scenario such as the detonation of a nuclear weapon in a U.S. city
by a rogue actor, such forensic capabilities would be invaluable.

The tremendous energy generated by a nuclear explosion
instantly vaporizes any nearby materials. On an atomic level,
electrons are stripped away from gaseous atoms to form a
plasma—a mix of ions from different elements and free electrons.
As it rapidly expands, the plasma quickly cools back into
gases, liquids, and finally solids. During this sequence of phase
transformations, the different elements segregate according
to their chemical properties and fractionate (that is, separate
out) as they condense into solids, forming the particles known
as fallout debris. All this begins to happen within moments
after the explosion, once the temperature drops below roughly
5,000 kelvins and the pressure has subsided to approximately
atmospheric level.

The ability to disentangle the effects of this fractionation
process is essential for accurately piecing together a nuclear
fireball. To study this complex fractionation process, researchers at
Lawrence Livermore and collaborators from Stanford University
and the University of Illinois at Urbana-Champaign (UIUC)
have developed two different methods of physically simulating
the plasma conditions in nuclear fireballs: pulsed laser ablation
and the plasma flow reactor method. Research with the latter
method is headed by Livermore radiochemist Tim Rose. “An
advantage of having both methods running in parallel is that we
cover two timescales, which differ by three orders of magnitude,”
says Rose. “Pulsed laser ablation heats and cools very rapidly, in
microseconds. However, events in a plasma flow reactor happen
over tens of milliseconds, even as slowly as a tenth of a second.”

Plasma Flow Reactor Experiments

Starting as a project funded by the Laboratory Directed
Research and Development Program, work with the plasma flow
reactor method initially focused on one element at a time, looking
at how each reacts with oxygen. Iron was examined early on as
an element commonly found in debris and one that follows a
straightforward pathway when forming chemical compounds.

A plasma flow reactor is an open-ended quartz tube, 1 meter
in length and 4 centimeters in diameter, with a radiofrequency
induction coil at one end. The coil forms a plasma torch that

Spectral intensity, arbitrary unit

Nuclear Forensics

heats a constant inward flow of inert argon into a plasma.
Dissolved in a nitrate solution, iron is atomized and injected
into the plasma torch, the hottest part of the reactor. Livermore
postdoctoral researcher Batikan Koroglu explains, “The end-
to-end temperature profile along the tube is well constrained,
steeply decreasing from 5,000 to 1,000 kelvins. The reactor
operates in steady state, so that the setup is like a nuclear
fireball frozen at a moment in time.” After physically mixing
with the stream of plasma, the iron ionizes, then cools while
flowing down the reactor tube and begins to react with oxygen
to form individual molecules of iron oxide (FeO). These
molecules condense into a liquid, which finally solidifies into
FeO particles.

By probing various positions along the tube in situ, optical
emission spectroscopy reveals where the FeO chemically
forms. This information in turn indicates at what temperature
the reaction occurs. Inserted into the cooler end of the tube, a
sample collector captures particles at different positions, thereby
sampling different temperatures. Captured particles are analyzed
using electron microscopy to uncover their morphology and
microstructure. After iron, the researchers separately studied
aluminum and uranium, also common constituents of nuclear
debris. Once these individual metals had been looked at,
combinations of metals were then evaluated.
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In experiments simulating conditions in a nuclear fireball, equal amounts
of iron and aluminum were injected into a plasma flow reactor. The
patterns of emission spectra, like separate sets of fingerprints, reveal the
presence of both aluminum oxide (red) and iron oxide (blue) in gas at
1,740 kelvins that cooled from plasma.

Lawrence Livermore National Laboratory




Nuclear Forensics

Rose adds, “The oxide particles of uranium look different
than those of aluminum, which look different than those of iron.
Experimenting with multiple metals together results in even more
complexity. For instance, an aluminum oxide particle that formed
early in the process may have iron oxide particles sticking to it,
indicating that the aluminum oxide condensed first.” Investigating
the interrelation between metals provides more clues that
researchers hope will lead to a better understanding of chemical
fractionation inside a fireball.

Plasma by Pulsed Laser Ablation
Livermore physicist Harry Radousky, who leads the pulsed
laser ablation work at Livermore, states, “Laser ablation is much

(left) Collected at a location of 16 centimeters downstream from the
radio-frequency coil of a plasma flow reactor, the aluminum oxide (Al,O3)
particle shown in this transmission electron microscope image is a perfectly
spherical, single-crystal condensate. (right) A similar image shows the
results of an experiment conducted with both iron and aluminum together.
The large Al,O4 particle, which condensed early in the cooling process, is
surrounded by small traces of more volatile iron oxide particles (FeO),
which condensed later.

50 nanometers
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different than the plasma flow reactor method in that it is not
steady state. Instead, the method involves creating a plume of
plasma that changes very rapidly in temperature and density. In
addition, we can carefully control the surrounding atmosphere
that interacts with the plasma.” Radousky, chemist David Weisz,
and physicist Jonathan Crowhurst run the experimental aspects of
this research at Lawrence Livermore while collaborators at UIUC
conduct the kinetics modeling.

The team recently studied strontium and zirconium, both of
which are fission products created after a nuclear detonation. As
with the metals studied with the plasma flow reactor, strontium and
zirconium undergo the same change in state—from plasma to gas,
gas to liquid, and finally liquid to solid. To compare the dynamic
behavior of these elements as they condense, the researchers use
strontium zirconate (SrZrOs), an oxide with a uniform distribution
of strontium and zirconium throughout its lattice. A crystal of
SrZrO4 is mounted inside the reactor’s sealed sample chamber. A
beam is fired from a neodymium-doped yttrium—-aluminum-garnet
laser, entering the chamber and breaking down the crystal’s surface
layers into ions, which erupt as a plume of plasma initially at a
temperature of approximately 10,000 kelvins.

Optical emission spectroscopy is again used to analyze
the chemicals that form as the plasma cools. Filters reveal the

4 Lawrence Livermore National Laboratory
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0 microseconds 1 microsecond

spatial distribution of strontium oxide (SrO) and zirconium

oxide (ZrO) as the plasma evolves over time. Researchers found
that ZrO—a precursor to ZrO,—formed sooner than SrO in the
vapor, which was consistent with their thermodynamic properties.
In short, the stable and highly refractory oxide ZrO, can exist as
a solid at higher temperatures, and may condense earlier, than
SrO. Weisz adds, “We then took the experiments one step further
and demonstrated that the earliest ZrO formed from reaction with
oxygen released by the SrZrO, crystal, whereas later ZrO formed
by reaction with gas in the surrounding environment.” These
reactions were verified by conducting ablation with the sample
chamber filled with oxygen-18, a rare but stable oxygen isotope.
Because SrZrOy is naturally rich in the more common isotope of
oxygen (oxygen-16), the isotopic shift exhibited by oxygen-18 in
the ZrO was easy to detect in its emission spectrum.

This oxygen-scavenging behavior yields insight into how
early-forming oxides could reduce the amount of oxygen available
for other types of compounds to form as the plasma cools. Laser
ablation experiments were conducted with uranium, one of the
key elements used in fission nuclear weapons. Again, two oxygen
isotopes were used in the experiments to confirm the resulting
uranium oxide’s stoichiometry (the numerical relationship
of elements and compounds as reactants and products in a
chemical reaction). As with the plasma flow reactor work, further
understanding also leads to experiments of greater complexity.

Where the Forensics Lead

In an idealized nuclear airburst occurring high above the
ground, the resulting fireball interacts only with air and bomb
materials, resulting in debris consisting of relatively known
and homogenous materials. However, the fireball from a
detonation near, at, or below the surface will consume materials
from the ground. Some of these materials will vaporize while
others—especially in the fireball’s late stages—will remain
solid. Rose says, “A debris sample picked up from the ground
after detonation will represent not the initial composition of the

Lawrence Livermore National Laboratory
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A plume created by pulsed laser ablation erupts from a strontium zirconate
crystal over a timeframe of 10 microseconds. The formation of zirconium
oxide (blue) dominates the emission spectra early on, followed by the
formation of strontium oxide (red).

fireball but rather what condensed out of the fireball at certain
points in its evolution.”

As they better understand how individual debris components
fractionate, the researchers have added more components to their
experimental mixtures. This growing complexity better represents
real-world scenarios and makes their experiments and the results
increasingly accurate. In the future, researchers aim to study more
components mixed together in a plasma, including silica and other
carrier materials that might enter the fireball from the ground and
remain solid. Eventually, this work will lead to a comprehensive
understanding of the basic science behind chemical fractionation
that is needed to create predictive models. Validated by both modern
experimental data and historic empirical data, such models would
prove invaluable not only to nuclear forensics investigators but also to
those monitoring the consequences of a nuclear explosion.

“These models will allow us to examine matrices that are not
necessarily represented in our test history,” explains Rose. “We
could simulate an urbanlike matrix and see how the condensation
patterns are affected, including whether the results match our
predictions. This understanding of fractionation and debris
formation would be extremely helpful if we ever have to collect
debris after an unthinkable event.”

—Dan Linehan

Key Words: chemical fractionation, electron spectroscopy, fireball, fission, foren-
sics, fusion, nuclear explosion, Laboratory Directed Research and Development
Program, optical emission spectroscopy, oxide, plasma, plasma flow reactor, pulsed
laser ablation, uranium.

For further information contact Tim Rose (925) 422-6611 (rose23@lInl.gov).



DETONATION SCIENCE

BLASTS

INTO ANEW FRONTIER

IGH-EXPLOSIVE (HE) detonation events unfold in a few

millionths of a second. A high-voltage current vaporizes a
thin metal foil within a specialized detonator, which throws a
tiny plastic flyer—traveling around 2 kilometers per second—
into an explosive. The impact shock initiates a detonation
whose front propagates supersonically through the material as
the explosive rapidly decomposes. After the energy release and
associated chemical reactions conclude, many HEs leave behind
excess carbon that condenses into solid soot.

At Lawrence Livermore, a key aspect of stockpile
stewardship includes fine-tuning and experimentally observing
HE detonation processes and developing computer models to
predict the behavior of different HEs. Over the last several
decades, HE detonation science has progressed toward higher

S&TR July/August 2017

Livermore researchers (from left) Ralph Hodgin, Lisa Lauderbach, and
Michael Bagge-Hansen prepare a high-explosive (HE) target at Livermore’s
High Explosives Applications Facility. (Photo by Randy Wong.)

resolution experimental and modeling capabilities that explore
initiation processes, the precise chemical reactions involved
and how quickly they occur, and the specific temperatures and
pressures attained.

Accurate computer modeling of a detonation depends on
understanding how quickly the carbon condensates, or allotropes
(such as graphite and diamond), form within HE detonation soot.
Previous research into this process has focused on validating
microsecond phenomena. However, recent computer simulations

6 Lawrence Livermore National Laboratory
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have modeled the formation of carbon condensates at
nanosecond timescales—an uncharted territory experimentally.

To validate the model predictions, a Livermore team led
by physicist Trevor Willey has been investigating detonation
processes using the intense, pulsed x rays at Argonne National
Laboratory’s Advanced Photon Source (APS) in Lemont,
Illinois. “Detonation experiments produce so much visible
light, and solid explosives are generally opaque. Therefore,
determining what is happening—for example, optically—is
difficult,” explains Willey. “X rays help us penetrate deeply
into the detonation with wavelengths conducive to observing
nanoscale phenomena.”

Livermore’s multipronged approach marks the initial
application of three-dimensional (3D) reconstruction algorithms
to detonation systems involving an exploding foil initiator
(EFI, or slapper). The effort also inaugurates the use of small-
angle x-ray scattering (SAXS) for detonation experiments
in the United States. Willey says, “For the first time, we can
experimentally interrogate detonation phenomena on nanometer
(billionths of a meter) and nanosecond (billionths of a second)

The custom-built detonation tank developed at Livermore provides a safe,
reusable venue for conducting HE experiments. (inset) During a detonation,
an ultrafast pulsed x-ray beam is fired onto the target at 153.4-nanosencond
intervals. The scattering patterns for individual x-ray pulses are recorded and
used to ascertain information about shapes and sizes of carbon condensates.

High-Explosive Detonations

scales.” Initially funded by Livermore’s Laboratory Directed
Research and Development Program, the team’s work has
transitioned into small-scale detonation science experiments
supporting various programmatic activities, including stockpile
stewardship and defense nonproliferation.

Targets, a Tank, and Technology

Computer simulations of the performance of energetic
materials rely on accurate input data related to the time-
dependent shock initiation, the detonation process, its energy
release, and formation kinetics of the resulting carbon
condensate. The Livermore team designed small-scale
detonation experiments to observe both detonator behavior and
carbon condensate formation using a chemically diverse range of
HEs. These experiments initially used cylindrical targets of HNS
(hexanitrostilbene) and Composition B, which consists of RDX
(trimethylenetrinitramine) and TNT (trinitrotoluene), fabricated
at the Laboratory’s High Explosives Applications Facility
(HEAF). Target size varied by material, from a few hundred
milligrams to a few grams, based on the minimum amount
needed to maintain a self-propagating detonation.

To conduct repeated experiments, the team developed a
mechanism for containing gas, soot, and other debris from
the explosion. With the help of other HEAF colleagues, Lisa
Lauderbach and Michael Bagge-Hansen outfitted a 120-liter steel
tank with a target platform, a vacuum-handling and exhaust
system, and x-ray ports, while Ralph Hodgin, Chadd May,

Ports
Incident x rays
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High-Explosive Detonations

and others built the firing system. Meanwhile, the Dynamic
Compression Sector (DCS), an intense x-ray beamline funded
by the National Nuclear Security Administration and managed
by Washington State University, was commissioned at APS.
“The Dynamic Compression Sector provides an ideal place for
dynamic shock and detonation experiments on fast timescales,”
says Willey, citing the facility’s synchrotron radiation
capabilities, which produce 50-picosecond x-ray pulses every
153.4 nanoseconds.

The researchers first conducted a series of EFI imaging
experiments at APS. Subsequently, they installed their new tank
at DCS, where they performed small-scale detonation
experiments to better understand carbon condensate formation.
The team collaborated with Los Alamos National Laboratory
and National Security Technologies, LLC, who had been
performing similar x-ray imaging tests. A four-camera array
developed by Los Alamos was used to capture individual
snapshots of x-ray pulses during the experiments.

Game-Changing Results

During the EFI experiments, APS’s ultrafast pulsed x-ray
beam provided high-resolution images measuring 1.5-by-
1.5 millimeters at 153.4-nanosecond pulse intervals. EFls were
positioned at angles of 0, 15, 30, 45, 60, 75, and 90 degrees
relative to the x-ray source and fired in these orientations. The
resulting two-dimensional x-ray images, acquired at multiple

(a) An artist’s rendering shows the setup for an experiment using an
exploding foil initiator (EFI). A timing pin measures the time of the shock
wave’s arrival at the top of the charge. (b) A series of time-elapsed
scatter-beam images, captured with the Dynamic Compression Sector’s
four-camera array, shows the upward progression of the detonation front.
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angles, were input into a homegrown software package called
Livermore Tomography Tools (LTT), which allows scientists

to reconstruct 3D images of the EFI flyer at the pulse intervals.
LTT’s advanced iterative algorithms build 3D images of the
object of interest from just a few views, in comparison to the
typical thousands of views needed for computed tomography
scans. As a result, the team captured the first detailed 3D images
of flyers’ kilometers-per-second motion during EFI operation.

Livermore’s series of experiments on carbon condensates
at DCS was no less compelling. Using the SAXS technique,
the team resolved nanoscale details of the detonation. In
this type of experiment, an intense but thin x-ray beam
(approximately 50-by-100 micrometers) is fired directly
through the sample. Scattering patterns for individual x-ray
pulses were collected at 153.4-nanosecond intervals. Whereas
previous studies showed condensate particle growth occurring
over a few microseconds, the team’s time-resolved SAXS
imaging of HNS experiments demonstrated particulate growth
within 400 nanoseconds after detonation. The Livermore team
also observed that, once formed, graphite particulates generated
from HNS detonations do not continue to change shape or size
at microsecond timescales.

Determining particles” morphology and resolving their
formation at faster timescales would not have been possible
without the ability to perform SAXS on the four-camera array
at DCS. In more recent experiments using other HEs, Willey
and colleagues have observed nanostructures that range from
complex and twisted to relatively flat. They have also noticed
formation of nanodiamond particles and nanostructures with
spherical shell graphitic layers resembling tiny “nano-onions.”
According to Willey, the team’s data uncover possibilities for
improving HE models and detonator performance. He says,
“We’re opening a new chapter in detonation science.”

Camera 4

Cameras 2 and 3
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0.16 millimeters above surface

Lighting the Fuse on New Experiments

Nanoscale characterization of HE processes has many
applications. Commercially, nanodiamonds generated during
HE detonations are used to seed synthetic diamond growth and
are being explored for pharmaceutical purposes, fuel additives,
and other uses. (See S&TR, March/April 2008, pp. 14-16.) In
addition, the Laboratory’s stockpile stewardship mission requires
continual advancements to increase the safety, efficiency, and
reliability of detonation technology. (See S&TR, July/August
2015, pp. 6-14.)

The team’s tank setup has improved the fidelity and clarity of
images showing flyers in motion during EFI detonation—data
that will provide unprecedented feedback for new detonator
designs. Future experiments will study changing detonation
conditions to produce different pressure and temperature states
for yielding supplementary postdetonation data on carbon
condensates. Willey’s team continues research with additional
HEs, including DNTF (dinitrofurazanfuroxan), HMX (octogen),
TATB (triaminotrinitrobenzene), and the Laboratory-developed
molecule LLM-105.

Such breakthroughs in detonation experiments are inspiring
new and early-career Laboratory scientists to pursue further
advances in imaging and simulation capabilities. For example,
researcher Will Shaw and colleagues are investigating another
avenue related to EFIs by exploring in greater detail the initiation

Lawrence Livermore National Laboratory
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0.53 millimeters above surface

1 millimeter

The Livermore Tomography Tools software generates three-dimensional
renderings of flyers in motion during EFI imaging experiments. Only seven
views of the detonation were needed to create this reconstruction, which is
viewed along x (red), y (green), and z (blue) axes.

processes that occur when the flyer strikes the explosive. X-ray
scattering expert Josh Hammons is coordinating construction
of novel detector systems including camera configurations that
capture two frames each to generate more images per detonation.
Lawrence Fellow Mike Nielsen leads efforts to characterize
the recovered detonation soot with transmission electron
microscopy and related techniques. “Detonation is an interesting
phenomenon,” observes Willey. “With these technologies, we can
conduct experiments that were not possible before.”

—Holly Auten

Key Words: Advanced Photon Source (APS), carbon condensate,
detonation science, detonator, Dynamic Compression Sector (DCS),
exploding foil initiator (EFI), high explosive (HE), High Explosives
Applications Facility (HEAF), Livermore Tomography Tools (LTT),
small-angle x-ray scattering (SAXS).

For more information, contact Trevor Willey (925) 424-6084
(willey1@lInl.gov).
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STRIKE GOLD

HE U.S. military must be able to deal with a broad range of

contingencies, including some that are extremely challenging
technologically. One such challenge is to destroy a stockpile of
chemical or biological agents before they can be deployed. In this
scenario, a specialized “prompt agent defeat” (PAD) weapon is
required. The ideal PAD weapon contains payload materials that
are thermally persistent—burning long and hot enough to rapidly
and thoroughly eliminate the agents—and that produce minimal
blast overpressure, which could liberate a chemical or biological
agent before it is destroyed and thereby cause collateral damage.
Such weapons usually contain a high explosive to initiate and
disperse the PAD payload.

Both CrashPAD, developed in 2004 to destroy agents stored in
lightweight structures, and Shredder, a more penetrating version
developed in 2007, use a payload of white phosphorus. However,
this pyrophoric material spontaneously combusts on contact with
air and is therefore dangerous to handle and store. When the effort
to create a replacement for CrashPAD began, Lawrence Livermore
was tasked with helping develop a payload material with less risk
than white phosphorus but without sacrificing effectiveness.

Lawrence Livermore has contributed to such agent defeat
research and development efforts—including Shredder and
CrashPAD—in various capacities since 1999. The Laboratory’s
tasks have included concept development, design, materials

10 Lawrence Livermore National Laboratory
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development, safety analysis, testing, and characterization. For its
latest charge, the Livermore agent defeat team, in partnership with
the Naval Postgraduate School (NPS), has developed a thermite-
based payload that is far more effective than white phosphorus
and much easier to work with. The breakthrough recently earned
Livermore team lead John Molitoris and his colleagues their third
Laboratory commendation for these efforts, a 2016 Gold Award
from the Weapons and Complex Integration (WCI) Principal
Directorate for exceptional innovation and excellence.

Formula for Success
Prior reactive materials experience and initial feasibility

testing enabled the Livermore team to quickly determine
that thermites, a type of pyrotechnic, were the most
feasible payload replacement, potentially offering a level
of thermal persistence and combustion comparable or superior
to that of white phosphorus. Livermore’s High Explosives
Applications Facility (HEAF) provided the ideal environment
for solving the project’s two biggest scientific questions—the
thermite formulation optimal for agent defeat and the best way
to initiate the thermitic reaction. Molitoris observes, “We have a
great facility and diagnostics to get the work done, but the true
beauty of HEAF is that all of us—experimentalists, physicists,
formulators, chemists, modelers, and technicians—are working
under the same roof. Our scientific interactions are increased,
and we get much more accomplished. For this type of work, there
really isn’t any other place like HEAF.”

Payload Materials

Thermite payload\ MR35

High-explosives core
\ Aluminum or steel tube

Carbon fiber case

A cross-section drawing shows the components of the prototype agent
defeat weapon that was subjected to performance tests in the firing
tank at Livermore’s High Explosives Applications Facility. (Rendering by
Sabrina Fletcher.)

Livermore researchers are
helping develop a weapon
that can penetrate a storage
facility and destroy chemical
or biological agents inside
before they can be deployed.
lllustrations depict (a) a
thermite-based payload

(in the center of the space
shown) delivered to a
storage facility containing
canisters of agents; (b)
initiation of the weapon by
high explosives; (c) creation
of a thermitic fireball; and (d)
establishment of a persistent
thermitic cloud, which rapidly
and efficiently destroys the
agents. (Renderings by
Sabrina Fletcher.)
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Payload Materials

The team has changed its approach over the years in response
to the myriad challenges it has addressed. “Initially, we had to
build specialized diagnostics to do the research, but now the effort
is more about formulations and performance testing for specific
applications,” notes Molitoris. Materials scientists Alex Gash and
Octavio Cervantes have contributed heavily to recent work, as
has formulator Mark Hoffman, whose expertise is in polymers
and plastic-bonded explosives. Once Molitoris has formed the
right team for a given application, the team determines what
material properties will be required and formulates an initial set
of viable solutions. Critical performance testing then feeds back
into development of the formulation until they reach the best
possible solution.

“Every time we make a material, we have to conduct
performance tests to see how it behaves,” explains Cervantes.
“In this case, we were able to gather the needed information
with relatively simple tests.” The team began testing candidate
formulas by igniting samples in horizontally positioned, clear
plastic burn tubes. When initiated, a thermite’s metal fuel and
metal oxide components undergo a self-contained and self-
sustained chemical reaction, producing a burst of flame. The

S&TR March 2017

team used a high-speed camera to document how long and how
well each material burned, but they soon determined that burn
tubes were too chaotic an environment to make the required
measurements. Instead, they developed a new vertical platform
in which the test material is sandwiched between a cylindrical
metal base and an igniter and burns from the top down.

This test arrangement, which took nine iterations to perfect,
proved more satisfactory for studying flame propagation and
temperature gradients.

The more promising formulations were further evaluated in
HEAF’s spherical firing tank, which is equipped with pressure and
temperature measurement instruments and high-resolution optical
and x-ray imaging capabilities. These experiments employed a
cylindrical carbon fiber case—which x rays can easily penetrate—
packed with a donut-shaped thermite payload around a core of
high explosives. The high explosives and thermites were separated
by a metal liner. During performance tests, the tank’s multichannel
flash x-ray system (see S&TR, December 2004, pp. 22-25, and
March 2006, pp. 11-13) captured a sequence of radiographs
to document the dynamic response of the PAD payload, from
detonation to full thermite initiation and dispersal.
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binder that, in just the right proportions, would produce a
substance with the desired viscosity—Ilike toothpaste or soft
wax—and with a shelf life measured in years, all without
hampering performance. The Livermore team evaluated
possible formulas for performance, while NPS professors Joe
Hooper and Young Kwon and their students shed light on the
thermitic reaction by characterizing residue from stack burn and
explosive tests and exploring the influence of the carbon fiber
casing on performance test results.

During their experiments, the researchers noticed that
plasticized thermites burned less intensely in stack tests than did
regular thermites but performed exceptionally well in the HEAF
firing-tank experiments. “We saw better and more realistic results
under confined conditions—inside a container—than in the
open conditions of the stack burn tests,” notes Cervantes. “Flash
x rays at HEAF have allowed us to understand scientifically
how confinement makes the system work better.” The team
was ultimately able to deliver a plasticized thermite—the first
of its kind—suitable for PAD weapons. The material met or
exceeded all requirements in Livermore’s performance tests and
also exceeded expectations in the lethality tests. This successful
plasticization of thermites for agent defeat is what earned the team

its 2016 WCI Gold Award.
As the Agent Defeat Penetrator project transitions to a new
stage—payload formula optimization and larger scale testing—

Staff and students at the Naval Postgraduate School have characterized
burn residue to help the Livermore team better understand the thermite
reaction mechanism. A magnified sample is shown.

High-resolution images taken during firing-tank tests capture the evolution of a thermitic fireball. These images can be used to assess factors such as how
efficiently the payload was initiated and dispersed.
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A First for Thermites

With the firing-tank test results, the researchers settled on
a formula and initiation method that was both efficient and
effective, producing a fireball that is hotter and more persistent,
with less overpressure, than is possible with white phosphorus.
Subsequent lethality tests performed with surrogate agents
confirmed that Livermore’s thermite payload was better at
capturing and destroying its target than CrashPAD or other
possible payloads. “Thermites were even more effective than
we imagined,” Molitoris says. The sponsors were very pleased
with the results, but they soon challenged Livermore to take the
research a step further—to create a plasticized (liquid) thermite
that offered similar or identical performance to the newly proven
granular (solid) formula, for even greater safety and ease of
handling. If successful, the new payload would be used in a new
incarnation of Shredder, dubbed the Agent Defeat Penetrator.

In addition to an accelerated timeline of only 15 months,
the project entailed a high degree of risk because of the failure
of all previous attempts by others to plasticize a thermite.
Nevertheless, the Livermore team accepted the challenge. Even
with the HEAF team’s collective experience with formulating
energetic materials, significant effort was needed to find a

Livermore researchers will continue to lend their considerable
expertise in energetic and advanced materials development and
testing. In collaboration with NPS, the team will further enhance
the formula’s properties by fine-tuning ingredient proportions,
particle size, and material mixture. They will also lead scaled-up
tests at the Laboratory’s Site 300 facilities. Molitoris says,
“Scaling up can be one of the most difficult tasks because of
the need to preserve not only the defeat mechanism itself but all
the other properties of the thermite fill, including performance,
insensitivity, gas production, amenability to cast curing, and shelf
life.” If their two-decade track record in agent defeat research and
development is any indication, Molitoris and his HEAF colleagues
will surely rise to the challenge once again.

—Rose Hansen

Key Words: Agent Defeat Penetrator, CrashPAD, Gold Award, High
Explosives Applications Facility (HEAF), Naval Postgraduate School
(NPS), prompt agent defeat (PAD), pyrotechnic, Shredder, thermite.

For further information contact John Molitoris (925) 423-3496
(molitoris1