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ABSTRACT

Understanding material response under dynamic conditions and extreme pressures
at the lattice level is important for being able to generate predictive models of material
response. Despite many decades of study, material behavior is primarily inferred from
bulk measurements on dynamically loaded samples or the microstructure from recovery
experiments and not determined from lattice level measurements made in-situ at the
relevant length scale of the governing physics. In the work described here, we report on
progress made in advancing this frontier with research conducted under LDRD
04-ERD-071. Specifically, we present advances in, and applications of, dynamic x-ray
diffraction, Extended X-ray Absorption Fine Structure and dynamic transmission electron

microscopy.

INTRODUCTION

Materials dynamics, or the behavior of
solids under extreme and dynamic
conditions, is a topic of broad scientific and
technological interest. A more mature
understanding of such behavior is critical in
furthering our knowledge of material
performance. Of particular importance is the
kinetic response of the underlying structure
during shock loading, as it determines the
bulk dynamic behavior. Despite this
acknowledged importance, very little is
known about kinetic processes under shock.

A variety of materials phenomena are
manifested over multiple length and time
scales during the shock response of a solid.
The material responds to the shock through
lattice level processes that mediate
plasticity, phase transformations, damage
and other phenomena as shown in Fig. 1.
While the morphology and kinetics of these
processes have a critical effect on the bulk

Fig 1.
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Schematic of a crystal under shock
loading. Various material response
modes can occur, and each with their
own characteristic timescales.
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properties, such as strength and ductility,
we still know very little about the nature of
these processes.

To date two approaches have been
employed to address this problem: sample
recovery and bulk property measurements.
In the first approach, microstructural
analyses of specimens created during a
shock experiment are carried out. Although
this provides end-state information that can
be useful in inferring dynamic behavior, the
very nature of the approach does not allow
direct probing of the samples under
dynamic loading. This deficiency is similar
to that in diamond-anvil cell experiments:
while they do provide high-pressure, in situ
measurements, these are essentially static
studies, and cannot be expected to reflect
the dynamic process.

In the second approach, measurements
of the dynamic bulk response are recorded
with fast diagnostics such as surface
velocimetry. These approaches are clearly
valuable, and in fact are primarily
responsible for our current level of
understanding. An example of this is Fig. 2,
where  the inferred kinetics  and
transformations are obtained from the
change in slope of the wave profile.
Unfortunately with this approach, the level
of insight into lattice level processes is
clearly limited.
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Fig2. A shock wave profile. The

mechanisms that govern the shock

process span a wide range of

spatial and temporal scales ™.
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To achieve a predictive understanding
of material response, ultrafast diagnostic
techniques are required for direct probing of
the relevant transient physical processes at
the lattice length scales. The necessity of
this approach is illustrated by considering
the metal bismuth. An overlay of the shock
Hugoniot on the static phase diagram of
bismuth is presented in Fig. 3. Along the
Hugoniot, Bi has the potential for melting
and resolidifying at yet higher pressures.
Because of the kinetics of these processes,
we cannot a priori determine the dynamic
phase diagram.
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Fig 3. Static high pressure phase diagram of
bismuth overlain with a shock
Hugoniot. Starting at 420°K, shocked
Bi may melt and eventually resolidify.
Predicting damage clearly depends on
this phase history.

Prior to this work, investigations were
limited to high spatial or high temporal
resolution but not both, as illustrated in Fig.
4. It can be seen that the experimental
techniques that allow the probing of the
lattice at high spatial and temporal
resolution concurrently are X-ray diffraction
and scattering technologies along with
dynamic electron microscopy. In this report,
we focus on these three techniques, and
show how their use has allowed the forging
of a path into this new scientific regime of
ultrafast and lattice-level scales during the
shock process.

In this report, we will first present recent
advancements in dynamic X-ray diffraction,
using iron single crystals as an example.
These are the first dynamic in situ results of
the transformation from the body centered
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cubic (bcc) a-phase to the hexagonal close
packed (hcp) e-phase. Iron is also used to
show the abilty of Extended X-ray
Absorption Fine Structure (EXAFS) to
elucidate the same phase transition. Lastly,
the in situ, thermally driven a hcp to B bcc
transformation in titanium thin films is shown
as observed using dynamic transmission
electron microscopy (DTEM).

These studies represent the first
comprehensive in situ observations of the
lattice level processes that govern phase
transformations and damage in the shocked
solid where experimental and simulation
techniqgues now have overlapping temporal
and spatial scales.

RESEARCH RESULTS
X-RAY DIFFRACTION

One of the most studied systems at high
pressure is iron, due to its technological and
historical importance in society, as well as
its geophysical role within the earth’s corel®.
A structural transformation in iron under
shock loading was inferred at about 13 GPa
based on wave profile measurementst*.
This was later identified as the a-¢ phase
transformation, which was observed to
occur at this pressure in static experiments.
Several mechanisms have been proposed
for the a-¢transition in iron, the most
common of these can be found described
by Wang and Ingalls®.

One mechanism is shown schematically
in Fig. 5. Uniaxial compression along the
[001] directions places the atoms of the

(110) planes into perfect hexagons by
simple. A shuffling of alternate (110) planes
by a/3\/§,where a is the spacing of the
initial bcc lattice, establishes the atomic

ordering of a pseudo-hcp lattice. In this new
lattice, the c-axis corresponds to the [110]

direction in the initial structure.
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Fig 4. Spatial and temporal scales of

physical processes in shocked solids
as they relate to various experimental
techniques.
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The experiments were performed using
the OMEGA®, Janus, and Vulcan! lasers.
Two types of sample were used: 200 um
thick single crystal [oo1] iron obtained
through Accumet and 10 um thick single
crystal [oo1] iron fabricated by vapor
deposition. A 16-20 um parylene-N and 0.1
um aluminum shine-through layer were then
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deposited on the samples to provide an
ablative layer. Shock loading was achieved
via direct laser irradiation at intensities
ranging from 2x10% to 1x10* W/cm? using
2-6 ns constant intensity laser pulses.
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Fig 6. Geometry of the in situ wide-angle
x-ray diffraction experiments.

Laser

Interrogation of the lattice during the
shock was performed using the technique of
wide-angle, in-situ diffraction®®. Iron K-shell
X-rays with a wavelength of 1.85 A were
created by direct irradiation of an iron foll
positioned in close proximity to the shocked
crystal sample (Fig. 6). Spherically diverging
X-rays from the source are incident on the
crystal at a range of angles and planes
meeting the Bragg diffraction condition
produce diffracted arc features on the film. It
is important to note that the Bragg condition
is satisfied for some planes at locations on
the crystal that are outside the region of
shock loading, and as a result, not all
diffraction features show compression.

Diffraction measurements of the lattice
response were made at laser drive
conditions that span the a-¢ transition
pressure, and Fig. 7 shows two sample
diffraction images obtained from the 200pum
thick samples under shock. The X-ray
diffraction lines seen were diffracted in the
reflection Bragg geometry from the driven
surface of the crystal, and show lines from
both the uncompressed and compressed
lattice recorded as the shock propagated
through the crystal. Fig. 7a shows
diffraction from a crystal driven at low laser
intensity, while Fig. 7b shows diffraction
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from a crystal driven at a higher intensity. In
Fig. 7a, the diffraction lines are consistent
with a uniaxial compression of the lattice by
3.9%, such that the atoms are displaced
solely along the shock direction. In Fig. 7b
however, the shifts of the diffuse lines
associated with the (002) and (101) lattice

planes indicate compression of the lattice
along the [oo1] direction by 15-18%,
consistent with a transformation to the hcp
structure. Additionally, a shocked line that
does not have a corresponding static line in
Fig. 7b is observed. This was identified as
the (1700) plane in the hcp phase.
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Fig 7. Sample images of the diffraction data
from (a) reflection at low shock
pressure, (b) reflection at high
pressure. Lattice plane Ilabels are
based on the bcc and hcp coordinate
systems!®?,

Other lines that cannot be matched by
diffraction from a compressed bcc lattice
also appear in the transmission diffraction
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Transmission diffraction recorded
through a 10mm iron single crystal
sample shocked at (a) 3.6GPa where
there is no shift in the diffraction
planes perpendicular to the shock
direction and (b) at 13.8GPa, above
the transition threshold.

Fig 8.
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images obtained from 10 um thick samples,
as shown in Fig. 8. Fig. 8b shows the result
of diffraction of a sample shocked above the
transition pressure, and considerable
broadening of the lines similar to the
observations of diffraction obtained in
reflection is seen. Furthermore, two new
diffracted arcs are observed, corresponding
to the (0711) and (0111) planes of the hcp
lattice. The observation of diffraction from
planes unique to the hcp lattice in both
reflection and transmission  provides
unambiguous  proof that the «a-¢
transformation in iron was observed.

EXTENDED X-RAY ABSORPTION FINE STRUCTURE (EXAFS)

The EXAFS technigue possesses some
unique features that make its application
ideal for the experiments of interest. For
example, the EXAFS spectrum of iron is
markedly different in the bcc phase as
compared with the high pressure hcp
phasel®, thus providing a signature for
identifying the transformation in laser-shock
experiments. Additionally, in contrast to
transient phase-transformation experiments
that require methods for characterizing the
crystal conditions (e.qg., the pressure) during
the transformation, or static compression
experiments in which the temperature and
pressure are independently controlled and
measured, EXAFS allows the deduction of
temperature and compression (and, hence,
the pressure) directly from the captured
spectra.

In this experiment, K-edge EXAFS
measurements were performed on iron
shocked to 35 GPa with a 3 ns laser pulse,

provided by 3 of the 60 beams of the
OMEGA laser®®. The radiation source for
the EXAFS measurement was obtained by
imploding a spherical target using the
remaining 57 OMEGA beams. This was
based on previous work™ that had shown
that a CH shell imploded by a multibeam
laser system emits intense and spectrally
smooth radiation, lasting 120 ps. As such,
this type of source is suitable for EXAFS
measurements on nanosecond time scales.

In Fig. 9, we show the EXAFS spectrum
measured on OMEGA for unshocked and
shocked iron spectra relative to the spectra
of both the bcc and hcp iron phases
calculated by the FEFF8 code. The results
shown in Fig. 9a assume room temperature
and ambient conditions for the bcc phase,
and a compression of 20% (with respect to
the initial bcc density) and a temperature of
700 K for the hcp phase.
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Fig 9. Spectra obtained from (a) simulation
in FEFF8 for (unshocked) bcc iron
and hcp iron assuming a 20%
compression, (b) experimental result
for unshocked and shocked iron™?.
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The main signature of the phase
transformation is seen to be the
disappearance of the peak marked W.
When the calculations for the bcc phase
were repeated for a wide range of
compressions, the feature W remains intact.
This implies that its disappearance can only
be due to the phase transformation, and not
due to the shock compression. Analysis of
the source of the W indicates that it arises
from a coincidence in peaks of waves
scattered from the third and fourth
neighboring shells in the bcc crystal. No
such coincidence occurs in the hcp crystal.
The only effect of compression on the
EXAFS spectrum is to increase the period
of oscillation (in k space) and that of the
heating is to cause the oscillations to decay
faster with increasing k; both are evident in
Fig. 9b.

DYNAMIC TRANSMISSION ELECTRON MICROSCOPY (DTEM)

The primary focus of the DTEM work
was to show that it is possible to observe a
phase transformation in situ using this
technique. In our specific case, the DTEM
has been used to study the rapid,
martensitic-type phase transformation in
pure titanium films, namely, the hcp to bcc
transition. In these experiments, 12
nanocrystalline titanium thin films were
rapidly heated at a rate of 108 K/s to above
the transition temperature of 1155 K. This
was achieved by applying the single shot
approach™ and employing 1064 nm, 12 ns
laser pulses 20-30 pJ covering a 0.75 mm?
spot for a power density of 3106 W/cm?.

The transformation has been tracked
through a series of selected area diffraction
patterns collected using different delays
between the pump laser heating pulse and
the electron probe pulse. An example of a

HCP, RT patte:
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Fig 10. Electron diffraction pattern showing
the evolution of the a-f
transformation in Ti thin films with
different pump/probe delays™.

pump/probe diffraction experiment is given
in Fig. 10. The transformation initiates at
100 ns after the pump pulse, and at 250 ns
after the pump laser pulse interacts with the
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specimen, the hcp phase (the stable room
temperature phase) was transformed into
the bcc phase as indicated by the
appearance of the diffuse rings. The pattern
acquired at the 500 ns delay however is
significantly different from the ground-state
pattern: the diffuse ring is more intense and
additional spots are apparent.

The amount of bcc phase contributing to
the electron diffraction can be extracted by
taking the difference between the ground-
state pattern and time-delayed pattern as
illustrated in Fig. 11. To determine the
intensities of diffraction rings, the respective
difference diffraction pattern is rotationally
averaged, the radial intensity with reciprocal
lattice spacing is plotted, and the integrated
intensities of the reflections are calculated
from Gaussian fits of the peaks in the radial
intensity plot. Approximate phase fractions
were then calculated from a comparison of
the integral intensities and by using the
structure factor calculated from the JEMS
software package, and the multiplicity of the
reflection. The bcc phase fractions at 250
and 500 ns delays calculated from the

ExX1T PLAN

The success of the three thrusts of this ER
has ensured their continuance: the dynamic
x-ray diffraction effort has matured into a
Strategic Initiative LDRD, whilst the EXAFS
technigue is being developed for

SUMMARY

The research effort of this LDRD resulted in
three major accomplishments. The first of
these is the in situ observation of the o to ¢
phase transition obtained by dynamic X-ray
diffraction, allowing direct observation of
lattice level material behavior during the
propagation of a shockwave. The second
accomplishment was demonstration of how
Extended X-ray Absorption Fine Structure

UCRL-TR-228191

diffraction patterns shown in Fig. 10 are
29+10 and 50+10 at.%, respectively.

This demonstrates that the single pulse
electron technique in the DTEM reveals
phase transformation information at
timescales on the order of 30 ns, and that
this information can be used to determine
the kinetics of the transformation.
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Difference diffraction patterns for the
250 and 500ns delays and their radial
intensity distributions!.

Fig 11.

applications at the National Ignition Facility.
The dynamic transmission  electron
microscope is how a permanent facility at
LLNL, with both institutional and Office of
Basic Energy Sciences support.

can also be used to identify the phase
transformation in  iron under shock
conditions. The third and final
accomplishment was the in situ observation
of the a to B transition in titanium thin films
utilizing single pulse electron pump/probes
in the DTEM.
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