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Nanosecond in situ x-ray diffraction and simultaneous velocimetry measurements were used to
determine the crystal structure and pressure, respectively, of ramp-compressed aluminum at stress states
between 111 and 475 GPa. The solid-solid Al phase transformations, fcc–hcp and hcp–bcc, are observed at
216� 9 and 321� 12 GPa, respectively, with the bcc phase persisting to 475 GPa. The high-pressure
crystallographic texture of the hcp and bcc phases suggests close-packed or nearly close-packed lattice
planes remain parallel through both transformations.
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At standard conditions, aluminum is an sp-bonded metal
with no d-band electrons, and the atoms are arranged in a
face-centered cubic (fcc) crystal structure. Because of this
simplicity, Al is a prototype metal for testing theoretical
methods [1–4]. While Al is one of the most extensively
studied materials in high-pressure shock-wave experiments
[5–9], shock-compression heating and subsequent melting
at shock pressures above 125 GPa prevent such data from
constraining solid-state structural calculations or from
providing model-independent constraints on the low tem-
perature equation of state (EOS) at extreme pressures.
Diamond-anvil cell (DAC) measurements on Al have
revealed an fcc-hcp transition at 217 GPa and 297 K with
the hcp phase stable to 333 GPa [10]. While structural
predictions for Al exist up to many terapascals [11], there
are no experimental data at pressures beyond 333 GPa.
To extend such measurements to higher pressures, we

developed the capability to perform in situ x-ray diffraction
(XRD) on ramp compressed solids [12–14]. This exper-
imental technique allows us, in principle, to probe the
structure of solids into the multiterapascal regime. We
present measurements of Al compressed to 475 GPa that
reveal a high-pressure bcc phase. We report the observation
of an hcp to bcc transition at 321� 12 GPa, with the bcc
phase persisting to at least 475 GPa. These data provide key
experimental benchmarks for density functional theory
calculations, which predict a sequence of phase transitions
to increasingly complex structures in Al up to tens of
terapascals [11]. In addition, our experiments show that
both the fcc-hcp and hcp-bcc solid-solid phase transitions
occur at nanosecond compression time scales. The
observed material texture evolution through the transitions
provides insight into the atomic pathways.

A theoretical phase diagram calculated using DFT
methods for the solid and liquid phases of Al at extreme
pressures and temperatures [15] is shown in Fig. 1. Phonon
spectra calculations were performed by Ref. [15] to include
thermal effects. Along the principal Hugoniot, fcc Al melts
at 125 to 150 GPa [16,17] while the Al principal isentrope
exhibits two solid-solid phase transitions, one from fcc to
hcp at 195 GPa (780 K) and another to bcc at 363 GPa
(920 K), as calculated by Ref. [15]. The fcc-hcp-bcc triple
point is calculated at 255 GPa and 2900 K. The static XRD
data at 297 K are shown for the fcc and hcp phases [10]. A
superdense bcc allotrope of Al has been synthesized and
recovered at ambient conditions [18].
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FIG. 1. Theoretical phase diagram of Al from Ref. [15]
calculated using DFT methods. DAC data from Ref. [10] are
shown for the fcc and hcp phases.
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To explore the high-pressure Al solid-state structure up
to and above the predicted hcp-bcc transition pressure,
ramp-compression experiments were performed on the
OMEGA EP laser [19]. Temporally shaped 351-nm laser
pulses smoothly increased the applied pressure over 10 ns
on Al targets. A single beam with a 1100-μm focal spot
drove targets with 10-ns pulses and laser intensity that
ramped up to 3.4 × 1013 W=cm2. An additional beam
irradiated a separate Cu or Ge backlighter target to produce
8.37 or 10.25-keV heliumlike emission (Heα) x rays that
probed the compressed Al for 1 ns. The Al (99.999%
purity) samples were rolled foils obtained from Goodfellow
Inc. or electron-beam-deposited 15-μm coatings on LiF.
The rolling resulted in the strong preferred orientation
(texture) of the crystal grains evident in the diffraction data.
The Al samples (15 or 20 μm thick) were sandwiched
between a h110i oriented 20 μm single-crystal diamond
ablator or pusher and a h100i oriented 100 or 150-μm-thick
single-crystal LiF window. The Al target is mounted on
either a tungsten or platinum plate with a 300-μm-diam
pinhole aperture to provide x-ray collimation and to restrict
the field of view of the diagnostics to the center of the
1100-μm driven region of the target. XRD data were
recorded on image plates (IPs) mounted inside the powder
XRD image plate (PXRDIP) diagnostic [20]. The back-
lighter was mounted at 23° with respect to the Al target
normal, and the x-ray emission was timed to probe the
pressure plateau in the Al stress profile. The dimensions of
the sandwich target stack are chosen in conjunction with a
carefully designed laser pulse shape to hold the pressure in
the Al constant during the x-ray exposure.
The Debye-Scherrer rings from the compressed poly-

crystalline samples were recorded on IPs held in the
diagnostic. IP data analysis involves mapping IP pixels
onto the scattering angle 2θ, according to Ref. [20]. The
Bragg condition was used to calculate the lattice d spacings
(d) of the diffracting crystals from the measured diffraction
angles (2θ). The 2θ and d-spacing resolution for each
peak is 1° and 2.7% [Ge x-ray source (XRS)] and 2.2%
(Cu XRS), respectively, considering spectral broadening,
finite XRS size, and finite pinhole diameter.
Velocimetry provided a measurement of in situ particle

velocities that were used to determine the stress state in the
Al sample. A line-imaging velocity interferometer for any
reflector (VISAR) [21] detects the Doppler shifts of a
532-nm probe beam reflected off the Al-LiF interface to
measure in situ interface velocity as a function of time. The
method of characteristics was used to determine the stress
distribution within the finite thickness Al sample using the
interface velocity measurement as a boundary condition.
The mean and standard deviation from a Monte Carlo (MC)
error analysis are given as the value and uncertainty for the
measured pressure during the x-ray exposure. The MC
routine randomly calls either the free-energy-based
SESAME 7271 EOS or the more-compressible SESAME

7271v3 EOS for LiF and randomly uses either a power law
or linear apparent to true interface velocity relation proposed
by Refs. [22,23], respectively. Shots with large standard
deviations (> 20 GPa) in the mean stress state of the sample
at the time of x-ray exposure were omitted. The standard
deviation of the mean stress state in the sample at the time of
x-ray exposure ranged from 3.2% to 6.5% of the mean
pressure.
Examples of XRD data are shown in Fig. 2. Diffraction

lines recorded on a single PXRDIP IP from four OMEGA
shots are shown in Figs. 2(a)–2(d). The data at 111 GPa in
Fig. 2(a) show only the (111) line from fcc Al because of
the strong initial texture of the rolled Al foil; the (200) fcc
line was observed on another IP not shown here. At
299 GPa [Fig. 2(b)], the (100), (002), and (101) lines from
hcp Al were observed. At 365 GPa [Fig. 2(c)], the (110)
line from bcc Al was seen along with the hcp lines. The new
bcc diffraction line is distinguishable from the hcp dif-
fraction lines because it is less textured. At 456 GPa
[Fig. 2(d)], the (110) bcc line persists, but the hcp lines
completely disappear. The bcc phase is observed to
475 GPa, the highest pressure reached in these experiments.
At 475 GPa, the observed 2θ indicates a density of 6.9�
0.1 g=cm3 and a lattice parameter a ¼ 2.35� 0.01 Å. A
single peak in the bcc phase is observed because the XRD
diagnostic is less sensitive to high-angle scattering than
low-angle scattering due in part to the aspect ratio of the
cylindrical aperture and the small XRS incidence angle.
Also, as the temperature of the Al is increased at higher
pressures in the bcc phase, the Debye-Waller effect begins
to decrease the intensity of the higher angle peaks due to
thermal motion creating a large mean-square displacement
of the atoms. Shocks were only observed in experiments
above 415 GPa with a jump of 1.3 km=s in the Al-LiF
interface velocity (∽25 GPa, ∽600 K) being the strongest
shock from the diamond Hugoniot elastic limit (HEL).
Azimuthally averaged lineouts of the Debye-Scherrer
rings from the three phases of Al are shown in Fig. 2(e)
for Al at 0 (undriven), 303, and 466 GPa.
Data from24OMEGAshots are shown in Fig. 3(a), which

is a plot of the d spacing deduced from the XRD data versus
the Al stress inferred from VISAR. Individual diffraction
peaks are plotted as solid points according to their phase
(fcc, black; hcp, red; bcc, blue). The data are compared to the
Kerley 3700 isentrope [24]. Each shot was at a unique
pressure; therefore, multiple points in a vertical line indicate
multiple diffraction lines observed on a single shot. The
onset of the fcc-hcp transition was observed at 216� 9 GPa
and the hcp-bcc transition onset at 321� 12 GPa. The
quoted pressure for the fcc-hcp transition is the lowest
measured pressure where the hcp (101) reflection was
observed. The quoted pressure for the hcp-bcc transforma-
tion is the lowest measured pressurewhere the bcc (110) line
was observed. The error in the onset pressure for these
transformations is given as the experimental error in the
pressure determination for the given shot.
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XRD data at pressures near the transition pressures,
having diffraction lines from multiple phases, suggest the
coexistence of states. Despite the finite Al sample thickness
and the 1-ns probe duration, the inferred pressure distri-
butions in the Al are not large enough to explain the
coexistence observed over a 22 and 43 GPa range for the
fcc-hcp and hcp-bcc transitions. The fcc-hcp coexistence
has been observed in other materials, including Xe [25],
due to the development of stacking disorder in the fcc
lattice to form hcp.

Figure 3(b) is a plot of Al density, determined from a fit
to the observed structures versus the stress. The weighted
average of the measured c=a ratios for the hcp phase is
1.65� 0.01 and is independent of pressure. The measure-
ments are compared to the free-energy-based Kerley 3700
EOS [26], the DFT based SESAME 3722 multiphase
EOS [15], and DAC data [10]. The data best agree with
the SESAME 3722 table that includes changes in volume
across the phase boundaries, that were measured to be
approximately 3.2� 0.3% and 2.7� 0.6% for the fcc-hcp
and hcp-bcc transitions, respectively. The SESAME 3722
calculated transition pressures are 10% lower and 13%
higher than the measured pressure onsets for the fcc-hcp
and hcp-bcc transitions, respectively.
We observe a significant change in the texture of the Al

when undergoing a transition from hcp to the bcc structure.
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FIG. 2. OMEGA EP image plate (IP) data show (a) fcc and
(b) hcp Al diffraction and ambient density W pinhole diffraction
at 111 and 299 GPa using a Cu x-ray source (XRS). (c) IP data at
365 GPa, with a Pt pinhole and Ge XRS show both hcp and bcc
Al diffraction. (d) At 456 GPa, with a Pt pinhole and Ge XRS the
hcp lines disappear and a single Al bcc (110) line is observed.
(e) Lineouts (from different shots) along Q [Q ¼ ð4π=λÞ sinðθÞ],
for an x-ray wavelength, λ, from 2θ − ϕ projections of IP data at 0
(λ ¼ 1.48 Å), 303 (λ ¼ 1.48 Å), and 466 GPa (λ ¼ 1.21 Å) in
the fcc, hcp, and bcc phases, respectively. The gray shaded
regions label diffraction peaks from ambient density Pt and W
used as calibration markers. The Al peaks are labeled with their
structure and the hkl plane.
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FIG. 3. (a)A comparison of themeasuredd spacing versus stress
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measured transition pressures onset for the fcc-hcp and hcp-bcc
transformations. (b) The corresponding density versus stress plot
of the same data as (a) compared to the 3700 principal isentrope
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In Fig. 2(a), the strong initial texture of the Al foil is evident
in the (111) fcc Al line because of its limited extent
compared to the calibration lines from the uncompressed
polycrystalline W pinhole. The initial texture of the rolled
foil Al samples was characterized using Philips X’Pert
Resolution Materials Research Diffractometer. The pole
figures and data show the ð200Þfcc plane normals are nearly
parallel (∽0° to 15°) to the pressure-loading axis, and the
ð111Þfcc plane normals have a preferred orientation of∽40°
to 60° with respect to the pressure-loading direction. A
strong texture persists through the fcc-hcp Al transition as
seen in the hcp lines [Figs. 2(b) and 2(c)]. A comparison of
fcc and hcp diffraction patterns shows that the azimuthal
dependence of the Debye-Scherrer ring intensity of the
ð111Þfcc line and the ð002Þhcp line is nearly the same
through the fcc → hcp transition. This strong correlation
suggests parallelism of the close-packed planes is main-
tained through the transformation and satisfies one require-
ment for the Shoji-Nishiyama orientation relationship (OR)
[27]. In contrast, the Debye-Scherrer rings for bcc Al
[Fig. 2(d)], exhibiting greater azimuthal extent, indicate
more randomly oriented grains, as expected for a rear-
rangement from a close-packed to non-close-packed struc-
ture. However, the strong features in the texture of the
ð111Þfcc and ð002Þhcp lines are still seen, less dramatically,
in the ð110Þbcc line. The new bcc texture indicates the fairly
close-packed f110gbcc planes are parallel to the close-
packed f002ghcp planes, consistent with the Burgers OR
[28]. These texture data suggest Al is an excellent candidate
for future studies that will investigate the atomic pathways
through diffusionless phase transformations.
In summary, these results extend Al XRD data to

475 GPa. The hcp to bcc phase transition in highly
compressed Al was observed to occur at a pressure of
321� 12 GPa. In addition, the fcc to hcp phase transition
was observed to occur at a pressure of 216� 9 GPa under
nanosecond ramp-compression conditions. The stress-den-
sity data are in better agreement with the DFT-based
SESAME 3722 isentrope than the previously calculated
Kerley 3700 isentrope. In addition, the texture evolution
shows that on nanosecond time scales, atoms rearrange in
spaces between close-packed planes.
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