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Abstract

In-situ x-ray diffraction studies of iron under shock conditions confirm unambiguously a
phase change from the bec (o) to hep (¢) structure. Previous identification of this
transition in shock-loaded iron has been inferred from the correlation between shock
wave-profile analyses and static high-pressure x-ray measurements. This correlation is
intrinsically limited because dynamic loading can markedly affect the structural
modifications of solids. The in-situ measurements are consistent with a uniaxial collapse
along the [001] direction and shuffling of alternate (110) planes of atoms, and in good

agreement with large-scale non-equilibrium molecular dynamics simulations.



One of the most fundamental properties of a solid is its crystallographic
structure. In his Nobel-prize-winning work, Bridgman demonstrated that many crystals
underwent structural transitions under the influence of static pressure. [1] Pressure-
induced phase transitions were later also reported under shock compression. 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 core. [2] A
structural transformation in iron under shock loading was inferred at about 13 GPa
based on wave profile measurements. [3, 4] This was later identified as the a-¢ phase
transformation, which was observed to occur at this pressure in static experiments. [5]
Despite decades of study, however, no direct experimental data exists confirming the
crystallographic structure of this inferred transformation in shocked samples on the
time-scale of the shock loading process.

In this Letter, we report the first direct measurement of a structural phase
transformation in shocked iron, in situ and with nanosecond resolution. The data is
consistent with transforming from the bcc to hep phase. This is the first direct
observation of one of the most well studied transformation processes in shock-wave
physics — the a - € transition in iron. These results are in remarkable agreement with
NEMD simulations and other symmetry-proposed mechanisms, and also with
complementary experiments that have been done using the technique of extreme x-ray
absorption fine structure spectroscopy (EXAFS). [6]

The very fact that the transition is thought to occur under shock conditions
suggests a time-scale many orders of magnitude shorter than in static experiments.
Previously, an upper bound of less than 50-100 nanoseconds was inferred for the
transition time from the rise-time of shock waves in iron [7- 9] and more recently an
upper bound of less than 5 nanoseconds from analyses of residual microstructure
quenched in samples after the passage of a shock. [7, 10]

Several mechanisms have been proposed for the a-¢ transition in iron, as
described by Wang and Ingalls [11]. The first mechanism places atoms from the 110

planes into perfect hexagons by simple uniaxial compression of the bcc lattice along the



[001] direction by 18.4%. An additional shuffling of alternate (110) planes by % 5
where a is the spacing of the initial bee lattice, establishes the atomic ordering of a
pseudo-hcp lattice where the c-axis corresponds to the [T 10] direction in the initial
structure (Fig. 1). The second mechanism is based on shear of (112) lattice planes in the
[111] direction, forcing atoms in the (110) planes into a hexagonal pattern, resulting in a
compression of 13.4% and a rotation of the lattice in the (110) plane by 5°. Again, the
shuffling of alternate (110) planes establishes the close packed structure.

Recently, multi-million atom non-equilibrium molecular dynamics (NEMD)
studies have explored both the mechanisms and ultimate time-scales necessary to the
a-¢ phase transformation in iron. [12] In these simulations, shocks of varying strength
were launched along the [001] direction of defect-free single-crystals of iron. At shock
pressures above the transition pressure, two waves were seen to propagate within the
sample. The faster of these waves corresponded to a uniaxially compressed bcc lattice,
with no dislocations, plasticity or relaxation in the directions perpendicular to the shock
propagation direction. [13, 14] The second wave corresponded to the transformation
into the hcp phase on the picosecond time-scale of the simulations. Above 38 GPa, a
single overdriven transformation wave was observed. The resultant hcp phase was well
aligned with respect to the initial bee lattice, with the c-axes corresponding to the [+110]
directions of the original bec crystal and consistent with the first mechanism discussed
by Wang and Ingalls.

To aid interpretion of our experimental results, diffraction signals were
simulated by post-processing NEMD simulations of shocked iron. [12] For shock
pressures below the transition, the reciprocal lattice is consistent with the compressed
bec lattice. Slightly above the transition pressure, the reciprocal lattice begins to show
weak components due to the hep structure. With increasing shock loading, the
reciprocal lattice becomes predominantly the hcp structure. And finally for the highest
shock pressure of 54 GPa, the atoms relax in directions perpendicular to the shock
direction. The NEMD simulations have provided considerable theoretical insight into

the mechanisms mediating the o—¢ transition in iron.



The experiments were performed using the OMEGA [15], Janus, and Vulcan [16]
lasers. Samples of 200 ym thick single crystal [001] iron with a purity of 99.94% from
Accumet Materials were prepared with a 16-20 ym parylene-N ablator layer and 0.1 ym
aluminum shine-through layer. These samples were shock loaded by direct laser
irradiation at 2x10" to 1x10" W/cm? using 2-6 nanosecond constant intensity laser
pulses. Additional experiments were conducted using 10 um thick single crystal samples
of iron. The technique of wide-angle, in-situ diffraction has been described previously.
[17-19] Iron K-shell x-rays with a wavelength of 1.85 A were created by direct irradiation
of an iron foil positioned 1.3 mm from the shocked crystal sample (Fig. 2). The x-rays
produced by 2-4 ns duration laser pulses diverge spherically from the source and are
incident on the crystal at a range of angles. These x-rays are diffracted from many
different lattice planes in the crystal, resulting in line features on the film. The Bragg
condition is satisfied for some planes at locations on the crystal within the region of
shock loading, resulting in additional compression features.

Measurements were made at laser drive conditions that span the a-¢ transition.
Three sample x-ray diffraction images are shown in Fig. 3. These show lines from both
the uncompressed and compressed lattice recorded as the shock propagated through the
crystal. The first two images show x-rays diffracted in a reflection Bragg geometry from
the driven surface of the crystal, recorded with a low intensity laser drive (Fig 3a), and a
high intensity laser drive (Fig 3b). The image shown in Fig. 3c was recorded with a high
intensity laser drive in transmission Bragg geometry. Individual diffraction features and
lattice planes are highlighted with dashed curves, as discussed below. Details of the
response of the lattice to shock loading was extracted from these images.

At a shock pressure of approximately 5.4 GPa, achieved with a laser intensity of
8.4x10" W/cm? at 532 nm irradiation wavelength, several lattice planes show
compression, shown in Fig. 3a with green dashed overlay. The shifts of these diffraction
lines are consistent with uniaxial compression of the lattice, namely the atoms are
displaced only along the shock direction. In this example, the compression along the

[001] shock direction inferred from the shift of the (002) plane was 3.9%, and from the



(112) plane was 4.1%. The error in each measurement is approximately 0.3%, based on
spatial variations in the compression determined from the (002) plane.

At a higher shock pressure of approximately 26 GPa, achieved with a laser
intensity of 3.1x10" W/cm? at 351 nm irradiation wavelength, multiple compression
features are evident, shown in Fig. 3b with both green and red dashed overlays. A
nearly uniaxial compression of approximately 6% along the (001) shock direction was
observed (green overlay). Additional broader diffuse lines are evident (red overlay).

The shifted lines corresponding to uniaxial compression were analyzed in detail.
The compression inferred from the (002) plane was 6.0%, whereas it was 5.5 and 5.9%
from the (£1-12) and (+101) lattice planes. More detailed analysis based on fitting all the
lines indicates a bulk strain of 5.5%, with a mean stress calculated from third order
elasticity constants [20, 21] of 11.5 GPa. This analysis showed a compression of the
lattice along the [001] direction by 6%, with slight deformation associated with shear in
directions perpendicular to the shock.

The positions of the diffuse lines associated with the (002) and (+101) lattice
planes indicate compression of the lattice along the [001] direction by 15-18%, consistent
with a transformation to the hcp structure. The additional diffuse line that does not have
a corresponding static line in Fig. 3b, and other lines that appear in the transmission
diffraction images (Fig. 3c) are only matched by diffraction from an hcp lattice, not a
compressed bec or fec lattice. The new feature shown in Figure 3b is identified with
diffraction from the(1§10) lattice planes of hcp iron. The two new lines in Fig. 3b are
consistent with diffraction from the (0]1 1) and (0 1]1) planes of iron. Both lines appear
due to the degeneracy of the transformation along the [1+10] directions.

Based on the observation of the new lines in both reflection and transmission
Bragg diffraction, we conclude that the hcp phase is present, consistent with a collapse
along the shock direction and the shuffling of alternate (110) planes. The time-scale of
this transformation is within the 2-4 ns duration of the x-ray source in this experiment.
The observed symmetric shift of the diffraction from the (+101) planes suggests that

there is no overall 5° rotation of the lattice, indicating that the transformation occurs by



the first mechanism of Wang and Ingalls. [11]

The volume compression of the lattice is plotted vs. shock pressure in Fig. 4.
Here, this was determined as the lattice spacing parallel to the shock direction. For the
uniaxial deformation up to 6%, this is from the spacing of the (002) bcc planes of the
initial bec lattice with an uncertainty of approximately 0.003. For the 15-18%
compressions, this was determined as the spacing of the [2T T0] hcp planes with an
uncertainty of approximately 0.01-0.02.

Wavelength scaling is used to relate the different experiments in Fig. 4. The drive
laser wavelength was 351 nm at OMEGA, 532 nm at Janus, and 1063 nm at Vulcan. The
relationship of shock pressure for a given intensity at the different wavelengths was
determined from simulations using the 2D radiation-hydrodynamics code LASNEX [22].
The Janus intensities are scaled by a factor of 0.76, and the Vulcan intensities by a factor
of 0.30 to relate them to the OMEGA intensities. Additional simulations indicated that
peak pressure is approximately linear with this scaled intensity at these low intensities.
The compression data is plotted vs. intensity in the figure.

Due to uncertainties in the preheat the crystal experiences from the low intensity
laser drive, the absolute relationship of intensity to pressure scale was established based
on the third order elasticity constants for iron. [21] Shock pressures were calculated for
each observed compression, and an average scale factor was determined from the low
pressure experiments — those where the lattice showed only uniaxial compression. This
factor was then applied to display the pressure scale on the plot. The statistical error in
the mean scale factor was 10%.

The data shown in Fig. 4 shows a discontinuity consistent with a volume collapse
and phase transformation at approximately 13 GPa. Above this pressure, two
compressions were observed. The lower compression is consistent with uniaxial
distortion of the initially bec lattice, and does not change with shock pressure (laser
intensity). The higher compression is consistent with the further collapse of the lattice
and transformation to hcp. Both compressions are shown on the plot to indicate their

simultaneous presence in the measurements.



The results are consistent with post-processed NEMD simulations of shocked
iron, shown as black circles in Fig. 4. Above 13 GPa, the NEMD simulations show a
wave separation that results in both low (7% - open circles) and high (17% - solid circles)
compression features. The in-situ diffraction results are also consistent with both the
shock Hugoniot for polycrystalline iron, from Boettger and Wallace [23], shown as a
solid line in Fig. 4, and the volume collapse associated with this transition in static
experiments. However, the laser experiments suggest the compression is nearly uniaxial
on this nanosecond time-scale. Note that by using a shorter duration laser pulse to
generate the x-ray probe, time resolution may be improved sufficient to observe the
separation into a two-wave structure.

In conclusion, we have used the technique of nanosecond in-situ x-ray diffraction
to confirm that iron indeed transforms to an hcp structure under shock loading. The
manner of the transformation is in remarkable agreement with previously performed
NEMD simulations: the bec lattice is compressed uniaxially by up to 6%, and there is a
collapse and rearrangement consistent with the shuffle of alternate (110) planes to form
the hep phase. In both the compressed bee phase, and the new hep phase, there is low
strain transverse to the shock propagation direction. The capability to directly observe
the lattice configuration during shock compression using in-situ diffraction offers the
potential to greatly extend our knowledge of the mechanisms underlying many more
shock-induced phase transformations.
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Figure captions

FIG. 1: Schematic showing the lattice structure of the a and e-phases for iron. A pseudo-
hexagonal structure results from 18.4% compression of the bcc lattice along [001].

Shuffling of alternate (110) planes creates the close packed structure.

FIG. 2: Schematic of the geometry used for in-situ wide-angle diffraction measurements.

FIG. 3: Sample images of the diffraction data from a) reflection at low shock pressure, b)
reflection at high pressure, and c) transmission geometry at high shock pressure. Lattice
plane labels are based on the bec and hep coordinate systems defined in Fig. 1b.
Diffraction from the static bec lattice is shown in blue, from the uniaxially compressed

bec lattice in green, and from the hcp phase in red.

FIG. 4: Volume of the compressed iron plotted vs. peak drive pressure. Solid points
represent the peak compression observed, and open points represent the lower
compression observed for each experiment. Results from post-processed NEMD
simulations (black circles), and the room temperature shock Hugoniot are shown

overlaid.
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