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Phase transition of polycrystalline iron compressed along the Hugoniot is studied by combining laser-driven shock
with in situ x-ray diffraction technique. It is suggested that polycrystalline iron changes from an initial body-centered
cubic structure to a hexagonal close-packed structure with increasing pressure (i.e., a phase transition from o to €). The
relationship between density and pressure for polycrystalline iron obtained from the present experiments is found to be in
good agreement with the gas-gun Hugoniot data. Our results show that experiments with samples at lower temperatures
under static loading, such as in a diamond anvil cell, lead to higher densities measured than those found under dynamic
loading. This means that extrapolating results of static experiments may not predict the dynamic responses of materials
accurately. In addition, neither the face-centered cubic structure seen in previous molecular-dynamics simulations or two-
phase coexistence are found within our experimental pressure range.

Keywords: in situ x-ray diffraction, phase transition, polycrystalline iron

PACS: 61.05.cp, 64.70.K, 62.50.—p

1. Introduction

Iron is the most important and widely used metal mate-
rial in modern industry, and it is also the main constituent el-
ement of the earth’s solid core and outer molten core./=3] Ex-
amining iron’s crystal structure and its phase transitions un-
der high temperatures and pressures is important for under-
standing its physical properties and for constructing and ver-
ifying a multiphase equation of state (EOS) under extreme
conditions,!*1 which has great research value in fields in-
cluding materials science,!”#! geophysics,®-!!l and national
defense engineering.[!>13]

In the 1950s, based on wave-profile analysis, Bancroft et
al."¥ proposed that iron may undergo a shock-induced phase
Sub-
sequently, a series of experimental studies on the pressure-

transition when the pressure is greater than 13 GPa.

induced phase transition of iron were carried out using

[15-181 and dynamic loading techniques.!'%-2?! However,

static
the solid-solid phase transitions of iron in the pressure range
10-30 GPa, especially under dynamic loading, are still not
well understood; this includes obtaining the initial pressure of
the phase transition, the time of phase nucleation, and the pres-
sure span of the phase transition (i.e., the region of coexistence
of two phases). The strain rate of dynamic loading is different
from that of static pressure, and the strain-rate spans between

different loading methods can be very large. For example, the
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strain-rate differences between loading techniques such as the
Hopkinson pressure bar, gas guns, explosions, and high-power
lasers can reach at least six orders of magnitude.>3 How-
ever, dynamic loading experiments are usually single shots,
and their durations can be very short; as such, the internal
structure of a sample is generally analyzed using wave-profile
analysis of the free-surface velocity or particle velocity. 2423
This does not allow for real-time and in situ observations of the
microstructure during the experiments like those in the static
experiments. 26271

In 2005, Kalantar er al. 3! used quasi-monochromatic
x-rays generated by laser illumination of foils to investigate
dynamic response characteristics of single-crystal iron un-
der laser-induced shocks. They directly observed the phase
transition from body-centered cubic (bcc) to hexagonal close-
packed (hcp) of single-crystal iron at the atomic level for the
first time. After that, Hawreliak er al.*°! studied the phase
transformation of laser-shock-compressed polycrystalline iron
using in situ x-ray diffraction, and they measured the value of
the ¢/a ratio in the hcp phase. However, due to the relatively
short development time of in situ x-ray diffraction diagnostic
technology, the experimental work related to this aspect is not
highly detailed, and many experimental results are not con-
sistent with each other. For example, Li e al.3% suggested
that single-crystal iron maintains a bcc crystal structure up to

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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26 GPa, but in the work of Kalantar et al.,[?8] single-crystal
iron was found to have already undergone the phase transi-
tion at the same pressure. Hawreliak ef al. showed that the
there is still two-phase coexistence in polycrystalline iron un-
der pressures greater than 20 GPa, which is somewhat different
from the pressure range of two-phase coexistence established

131.32] 15 addition, some numeri-

in the previous experiments.
cal simulations have predicted the presence of a face-centered
cubic (fcc) phase during shock loading,*?! but such a struc-
ture has not been found in relevant experiments.[?829341 The
divergences among different experiments and the differences
between the results of simulations and experiments indicate
that the phase transition of iron under high-strain-rate dynamic
loading warrants further exploration. In this study, we use
laser-induced shock loading with in situ x-ray diffraction tech-
nique to compress polycrystalline iron along the Hugoniot and
to explore its structure and EOS in a pressure range of 9.8—

88.6 GPa.
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2. Experiments

The experiments were performed at the SG-II high-power
laser facility of the National Laboratory on High Power Laser
and Physics.[33! A polycrystalline iron sample with a thickness
of 20 um from Goodfellow (99.9% purity) was directly irra-
diated by a laser beam, which was smoothed by lens array!3¢]
and had a 450-pm-diameter focal spot. The expansion of the
laser-ablated plasma transmitted a shock wave into the sam-
ple, which would continue to propagate in the sample even
after the laser pulse finish and when this shock wave had
passed through 1/4 to 1/3 of the sample, quasi-monochromatic
x-rays were used to probe the structure of the compressed
sample. The x-rays were generated by another laser beam il-
luminating an 8-pum-thick iron foil at an irradiance of about
1.5 x 10" W/cm? and a photon energy of 6.7 keV with a band-
width of ~ 1%.

Ta(200)
»
(hcp—Fo, (101)

. (hcpfF(: (002)

Fig. 1. Experimental setup for x-ray diffraction. A laser beam (blue) irradiates the polycrystalline iron sample so that a shock wave is
transmitted into it, bringing the sample to a high-pressure and high-temperature state. Another laser beam (orange) irradiates the iron foil
after a delay time to produce a quasi-monochromatic x-ray source (the laser-pulse profiles and delay times are shown in the lower-left
illustration). The x-ray is collimated by the tantalum pinhole, and the Debye—Scherrer rings are recorded on the image plate (IP) in the
target box. The free-surface velocity (Us) of the sample is measured by VISAR to determine the pressure state inside the sample.

A tantalum pinhole with a diameter of 300 pm mounted
on the sample was used to collimate the x-rays. The Debye
Scherrer diffraction rings of the sample from the center of the
focal spot, which is about 300 um in size (transverse direc-
tion), were recorded by FUJI-BAS SR image plates (IPs) lin-
ing the walls of the target box, and the lattice structure in all
depth within this area will contribute to the diffraction. A
20-um-thick iron filter covering the IPs was used to shield
the high-energy x-rays and reduce the background. A typical
diffraction pattern on an IP is shown in Fig. 1. This contains

multiple diffraction rings from the pinhole and the ambient

and shock-compressed sample; diffraction lines from the un-
shocked sample and pinhole edges were used as references to
precisely calibrate the position of the IP plate relative to the
sample and the x-ray source. The d spacings were measured
via diffraction angles using the Bragg equation. The density
of the compressed polycrystalline iron was determined from
the unit-cell volume from the measured d spacings of the cor-
responding crystal structure. The main sources of uncertainty
in density were the uncertainty of measured diffraction angles
and the uncertainty of the x-ray wavelength. The uncertainty

of the diffraction angles mainly arose from Gaussian fitting
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and the oblique effect of the x-ray source and pinhole.*”! The
x-ray wavelength and its uncertainty were obtained by mea-
suring the spectrum with a bent crystal spectrometer, which
gave the value as A = 1.85140.011 A.

A velocity interferometer system for any reflector
(VISAR)[?8! was used to measure the free-surface veloc-
ity profile of the sample. According to the Rankine—
Hugoniot jump condition*®! and the known polycrystalline
iron Hugoniot,?1#%] the peak pressure of the sample can be
obtained as P = 1/2p9DUy,, where P is the peak pressure of
the sample, pg is the initial density of the sample, D is the
shock-wave velocity, and Uy is the free-surface velocity. A
typical VISAR stripe image is shown on the far right of Fig. 1.
The uncertainty in the measured pressure mainly arose from
the uncertainty in the EOS of the sample material and uncer-

tainty in the measured velocity from the VISAR.[37!

3. Results and discussion

A series of experiments was carried out in which poly-
crystalline iron was shock compressed over the range from
9.2 GPa to 88.6 GPa. In Figs. 2(a), 2(c), 2(e), and 2(g),
the diffraction data from the IPs at selected pressures have
been projected into 260—¢ space, where 26 is the diffraction
angle and ¢ is the azimuthal angle around the direct trans-
mitted beam. Figures 2(b), 2(d), 2(f), and 2(h) show one-
dimensional diffraction patterns from selected regions of these
images. Considering the non-uniformity of pressure and tem-

perature in the sample, as well as the background formed by a
large amount of stray x-rays in the dynamic compression ex-
periments, we did not perform Rietveld refinement.

The observed diffraction lines shown in Fig. 2 come from
three main sources: (1) ambient-pressure polycrystalline iron
from the unshocked region of the sample, which is about
300 um in transverse direction and 5-10 pm in longitude di-
rection, marked by the black solid line; (2) ambient-pressure
tantalum (from the pinhole edge), marked by the black dashed
line; and (3) shock-compressed polycrystalline iron, which is
about 300 um in transverse direction and 10-15 um in lon-
gitude direction, marked by short upper and lower red solid
lines to avoid obscuring the signal. The diffraction geometry,
such as the relative position between the sample, x-ray source,
and IP, can be precisely calibrated using the ambient-pressure
diffraction lines from tantalum and unshocked iron.

Figures 2(a) and 2(b) show diffraction images obtained by
experiments at ambient pressure. These contain three diffrac-
tion peaks corresponding to the bee (110) and bee (200) planes
of the tantalum pinhole and the bec (110) plane of the un-
shocked iron. As mentioned above, the x-ray burst was timed
so that the sample was probed while the shock wave was prop-
agating through the iron sample but not to the free surface.
As such, the ambient-pressure diffraction lines can be seen
in every single shot, and their peak positions do not change
within experimental uncertainty, as shown in Figs. 2(c), 2(e),
and 2(g).

| 0GPa |

ISEARAES

— Fe

(=1
o
Q

Intensity (arb. units)

45 50 55 60 65 70
260 ()

20 (°)

Fig. 2. Representative x-ray diffraction data for shock-compressed polycrystalline iron projected into 26—¢ space [(a), (c), (e), (g)].
In the 260—¢ space, diffraction peaks are straight lines of constant 26. The black dashed lines show the diffraction peaks from
the tantalum pinhole, and the black solid lines indicate the diffraction peaks from the ambient-pressure iron sample. [(b), (d), (f),
(h)] The corresponding one-dimensional x-ray diffraction patterns for the selected regions defined by the yellow dashed lines in the

corresponding left panels.
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Figures 2(c) and 2(d) show diffraction images of poly-
crystalline iron under a shock pressure of 9.8 GPa. In addition
to the ambient-pressure diffraction lines as seen in Figs. 2(a)
and 2(b), a new peak next to the iron bce (110) peak can be
seen. To identify to which crystal structure this new peak be-
longs, in Fig. 3, measured d spacings are plotted as a function
of pressure alongside extrapolations for three candidate phases
of iron (fcc, hep, and bee) 1319411 ysing the third-order Birch—
Murnaghan EOS. As can be seen, this new diffraction peak
does not match any of the three d spacings of fcc, but it is
close to bee (110) and hep (002). Further analysis shows that
the diffraction peak corresponds to the compressed bee (110)
plane of polycrystalline iron. There are two main reasons for
this. First, in the hcp crystal structure, the diffraction intensity
of the hcp (101) peak is stronger than that of the hcp (002)
peak. If the new peak corresponds to hep (002), the hep (110)
peak is expected to appear and will have a higher intensity,
as shown in Figs. 2(e) and 2(g). However, there are no simi-
lar characteristics in Fig. 2(c), which means that the new peak
should come from compressed bcc (110). Second, the density
calculated using the P—p relationship of polycrystalline iron
along the Hugoniot at 9.8 GPa is 8.26 g/cm?>. This is in a good
agreement with the density deduced from the compressed bcc
(110) d spacing, with a difference within 1%. In contrast, a
large density jump of more than 5% will occur if the new peak
is hep (002). Therefore, we suggest that at 9.8 GPa, the poly-
crystalline iron has not undergone a phase transition and still
has a completely bcc structure.

T T T T
® This work 4

2.4
22_\
hep (100)

2.0 8

%fm (200)
1.8 T hiep (157 bee (110)]
1.6 1
1'4_\ i

\fcc (220)
. . . . ~bee (200

0 30 60 90 120 150
Pressure (GPa)

fee (111)7]

d spacing (A)

Fig. 3. Measured d spacings of polycrystalline iron as a function of
pressure. The red circles are the experimental data obtained in this
work, and the orange and green arrows point to d spacings under pres-
sures of 20.1 GPa and 46.5 GPa, respectively. The data for the bcc
structure (black line) and the hep structure (red line) were derived from
diamond anvil cell experiments and their extrapolations at 300 K,[1>-16]
and the fcc structure was derived from the density functional theory
simulations at 0 K.[41]

There are three new diffraction peaks at 20.1 GPa, as
shown in Figs. 2(e) and 2(f). These three diffraction peaks
agree very well with the (100), (002), and (101) reflections
of the hcp structure, which is shown by the orange arrow in
Fig. 3. It is clear that the polycrystalline iron has undergone a

martensitic transformation from a bec to an hep crystal struc-
ture. It is generally believed that in a martensitic transition, the
new phase is derived from the parent phase through collective
shear motion of atomic planes, resulting in a unique crystal
orientation relationship between the two phases. As for the
iron phase transition presented here, a two-step process mech-
anism is widely accepted. Firstly, the (001) crystal planes of
the bece iron are compressed and expand along the (110) di-
rection, so the bee (110) planes become hexagonally arranged
planes, corresponding to the (0002) planes in the hcp struc-
ture. Subsequently, the alternate (110) planes move along the
(110) direction, while the interplane distance d(110) remains
unchanged, forming the hcp structure. Therefore, the orienta-
tion relationships between the new phase and the parent phase
are hcp(0002)||bee(110) and hep(0110)|[bee(110).

Since the d spacings of hcp (002) and bec (110) are very
close at this pressure, it is difficult to determine whether the
hep (002) peak is mixed up with the compressed bee (110)
peak. Meanwhile, the diffraction angle corresponding to the
bce (200) plane is beyond the experimental observation range
due to our diffraction geometry. It is thus difficult to deter-
mine whether there is two-phase coexistence using the diffrac-
tion images alone. Further analysis was therefore conducted
to compare the sample density inferred from the measured d
spacings and the P—p relationship along the Hugoniot. The
density deduced from unit cell of the hcp phase of iron is
9.04 g/lcm?, and the value corresponding to the bec structure is
8.54 g/lcm>. This means that the density of a compressed sam-
ple containing both bce and hep structures should be between
8.54 g/cm? and 9.04 g/cm?®. The density calculated using the
P—p relationship along the iron Hugoniot is 9.07 g/cm?, which
is very close to the hcp density, indicating that the sample has
an almost entirely hcp crystal structure, and there is no two-
phase coexistence at 20.1 GPa.

Figures 2(g) and 2(h) show diffraction images at
46.5 GPa, in which three new diffraction peaks can be seen.
However, the diffraction peak of hcp (100) cannot be used
to obtain an accurate diffraction angle due to its low signal-
to-noise ratio (SNR). The other two diffraction peaks are in
good agreement with the hcp structure, and bee (110) and hep
(002) peaks can be clearly distinguished at this pressure, as
shown by the green arrow in Fig. 3. If the diffraction angle
260 = 60.9° corresponds to the hcp (002) peak, then the density
of the sample is 9.70 g/cm?, which is very close to the Hugo-
niot density (9.73 g/lcm?). Conversely, if the diffraction angle
comes from the bee (110) peak, the density will have a large
jump of more than 6%. Therefore, at 46.5 GPa, the polycrys-
talline iron has completed the phase transition and become a
completely hcp structure. Based on the same analysis process,
we believe that polycrystalline iron maintains an hcp crystal
structure up to 88.6 GPa, which was the maximum pressure
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in our experiments. Based on the d spacings and relative in-
tensities of diffraction lines, as well as the calculated densi-
ties, the hcp structure provides the most consistent explana-
tion for our observed data at 20.1 GPa and above. It should
be noted that the SNR gradually deteriorates with increasing
pressure, which may be brought by the stronger plasma plume
from samples, and ultimately resulting in a failure to obtain
effective dynamic-diffraction results.

12.5 b

11.54

Potential
two-phase
existence

10.57 bce

region

Iron Hugoniot
bee DAC (Ref. [15])
hep DAC (Ref. [15])
hep DAC (Ref. [9])
hep DAC (Ref. [42])
bee shock (Ref. [29])
hep shock (Ref. [29])
hep shock (Ref. [34]) 7]
bee shock (Ref. [30])
A b shock (this work)
@ hcp shock (this work)

Density (g/cm?)

T T
4 10 20 100 200
Pressure (GPa)

Fig. 4. Plot of density vs. pressure for shock-compressed polycrys-
talline iron. The pressure was interpreted from free-surface velocity
measurements made by VISAR, and the density was measured using
x-ray diffraction. The bcc structures are marked with triangles and the
hep structures are marked with circles. The light-colored data are from
XRD measurements in the literature,[%13-2-303442] and the dark-color
data are the results from this work. The gas-gun Hugoniot is plotted
as the solid black line.?1491 OQur data agree very well with the gas-gun
Hugoniot. As can be seen, there are only bcc phases at 9.8 GPa and
only hep phases at 20.1 GPa. The potential co-existing pressure range
of the two phases is thus between 9.8 GPa and 20.1 GPa.

Figure 4 shows a plot of the density as a function of pres-
sure (as deduced from the VISAR data) for both iron phases,
along with the gas-gun Hugoniot. It can be seen that our
data, which was obtained from laser-shocked polycrystalline
iron, agrees very well with the gas-gun Hugoniot within the
pressure range of the experiments (9.8—-88.6 GPa). Compared
with the static-compression data, our shock-compression data
shows lower densities at any given pressure. This hardening
response may result from the rapidly increasing internal tem-
perature and intense interatomic motion in the material due to
shock loading, which becomes stronger with increasing pres-
sure. As we know, in the static compression experiments, the
sample system is in a thermal equilibrium state with the out-
side environment, makes the temperature almost constant, in
contrast, dynamic compression drives the sample into a non-
equilibrium adiabatic state, and the temperature rises rapidly
with the heating of the sample by plastic work of the shock
wave. Therefore, there may be a large uncertainty when ex-
trapolating static-compression data to infer the experimental
results under dynamic loading.

It can be seen in Fig. 4 that no two-phase coexistence was

observed in our experiments. We thus speculate that the pres-

sure of complete phase transition should not exceed 20.1 GPa,
which is different from the experimental results of Hawreliak
et al.'*1 In their experiments, the bce phase was found to still
exist at about 30 GPa. In contrast, our results are consistent
with those of Mathon et al.,?! who found that the phase tran-
sition was completed at a pressure of ~ 16.2 GPa. There may
be many factors affecting the measured starting and ending
pressures of the phase transition, including the uniformity of
the pressure in the sample, the loading strain rate, and the ini-
tial structure of the sample. The accurate pressure range of the
phase transition in polycrystalline iron under shock loading
needs to be further verified by a more targeted experimental
design and more stable pressure control.

4. Conclusion

In this work, we have investigated the lattice-compression
and phase-transition behavior of shock-compressed polycrys-
talline iron by combining macro- and microscopic diagnoses
at the SG-II high-power laser facility. The in situ XRD results
show that the initial polycrystalline iron has a bcc structure.
With increasing pressure, this bcc lattice structure is first com-
pressed and then changes to an hcp structure. The data from
this work show good agreement with the gas-gun Hugoniot,
but do not agree well with static-compression experiments.
This indicates that there may be a problem with extrapolating
from static-compression data to predict the dynamic responses
of materials at extremely high pressures. We did not find evi-
dence of an fcc structure, as has been predicted by molecular
dynamics simulations for shocked polycrystalline iron. This
is because the fcc structure is a transient metastable phase,
and there are magnitude differences in terms of time scale and
strain rate between the experiments and simulations. In addi-
tion, no coexistence of the bce and hep phases was found in the
range of experimental pressures, indicating that the bcc struc-
ture has been completely transformed into an hcp structure at
20.1 GPa, which is consistent with the phase transition pres-
sure interval of 13.8-16.2 GPa proposed by Mathon et al.3%!
Further experimental verification is needed to obtain a more
accurate pressure range for the phase transition. The ability
to use in situ x-ray diffraction to directly observe the lattice
compression and phase transformation of polycrystalline iron
during shock compression offers the potential to deepen the
understanding of the dynamic response characteristics of ma-
terials under extreme conditions.
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