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The « (bee) phase of single-crystalline iron was compressed along the [111],, direction under quasihydrostatic
and nonhydrostatic conditions. The emergence of the € (hcp) phase variants via the pressure-induced martensitic
transformation was investigated using x-ray diffraction and optical observations of the sample surface. In
quasihydrostatic compression, the a-€ transition occurred at approximately 14 GPa accompanied by the sudden
appearance of texture structures on the mirror-polished sample surface. The texture structure divided the sample
surface into two characteristic regions: distorted regions with undulations and flat regions without undulations.
Although martensitic transformation based on the Burgers model allows for the emergence of 12 € variants
from one single-crystalline phase, the transition proceeded according to the Burgers model, but selected variants
preferably emerged depending on the regions in the texture structure. The flat region consisted of only three
variants whose ¢ axes were parallel to the sample surface. The region near the undulation exhibited a large
number of variants whose ¢ axes aligned parallel and nonparallel to the sample surface. The a-€ transition under
nonhydrostatic compression deviated from the Burgers model, and the variant selection was not observed. This
study demonstrates that the quasihydrostatic compression along [111], reduces the number of variants via strong
variant selection. The strong preferred orientation is useful for investigating the anisotropy of physical properties

in the € phase.
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I. INTRODUCTION

Iron transforms from the « (bcc) parent phase to a € (hep)
martensite phase at ~14 GPa at room temperature. The a-€
transition has attracted great interest since its discovery by
Bancroft er al. in 1956 [1] because the € phase of iron is
an important material for both solid-state physics [2—4] and
geosciences [5,6]. Single-crystalline € phase iron has recently
become necessary due to the increased demand in measuring
the crystallographic anisotropy in electric resistivity, thermal
conductivity, and elasticity of e-Fe [7] as the constituent
structure in the earth’s inner core. Single-crystalline sam-
ples are also required for comprehensive understanding of
the magnetic states in the € phase [8,9]. Nevertheless, not
only synthesizing a single-crystalline e-Fe synthesis, but also
obtaining a preferably oriented polycrystalline sample is still
a challenge. This is because the martensitic transformation
allows multiple paths to various crystal orientations of the
martensite crystals, which are called variants. The martensitic
transition, therefore, could easily develop a plural number of €
phase variants even by starting with a single-crystalline «-Fe.

The Burgers model is an established model to interpret the
o-¢ transition of iron. The transition, based on this model,
develops via two types of reconstructive deformations as
shown in Fig. 1: shear deformation and shuffle movement
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[10]. Recently, the martensitic transition process was investi-
gated thorough a local structure analysis using extended x-ray
absorption fine structure, revealing that the transition was
driven by the (111), shear deformation [11,12]. Therefore, if
anisotropic shear deformation works on the o phase of iron,
one can expect that the variants appear selectively depending
on the orientational relationship between the shear stresses
and the allowed shear deformation.

The emergence of € variants from single-crystalline « iron
has been investigated by x-ray diffraction (XRD) measure-
ments under quasihydrostatic [13] and nonhydrostatic condi-
tions [14]. Both experiments compressed the single crystal of
Fe along the [001], direction. The quasihydrostatic experi-
ment revealed that the transition proceeded via the Burgers
model with no variant selection, and all 12 variants of €
phase emerged with equal probabilities [13]. The absence
of the variant selection is probably attributed to the unique
angular relationship between the compression axis and shear
deformation where the main compression [001], axis has the
same angle of 54.74° with all four shear (111), deformations.
However, if a single-crystalline sample is compressed along
different crystal orientations, for example, the [111], axis, one
[111], shear deformation is parallel to the compression axis,
whereas the other three [111],, [111],, and [111],, possess
the same 70.53° angle with the compression axis (see Fig. 1).
The main purpose of this paper is to examine the preferred
variant emergence in the case of multiple relationship between
the compression axis and shear deformations.

©2020 American Physical Society


https://orcid.org/0000-0002-0222-8530
https://orcid.org/0000-0003-0970-7144
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.054106&domain=pdf&date_stamp=2020-08-25
https://doi.org/10.1103/PhysRevB.102.054106

ISHIMATSU, MIYASHITA, AND KAWAGUCHI

PHYSICAL REVIEW B 102, 054106 (2020)

(b) (c) (0001), AcO
B ° o
0110],
shuffle ¢ : e
—> 5 o
o] ° (
[1010],

(€) (0001),: Ac2

@ p,
- shuffle o o | [o110],
[

1010]

(2) (0001):: Acy

o o

> shuffle [0110],
—>

N o o

[1010],

FIG. 1. (a)-(e) Schematic of the martensitic transition of iron
based on the Burgers model. The atomic arrangement viewed from
the [101], direction is depicted in Refs. [10,11]. The open and closed
circles correspond to iron atoms on the adjacent (101), planes. (f)
and (g) An alternative transition model via uniaxial compression and
expansion along [010], and [101],, respectively. The polyhedron in
the left bottom inset illustrates two types (A and B) of the {110},
planes with respect to the vertical [111], axis.

This study compressed the o« (bcc) phase of single-
crystalline iron along the [111], direction, and investigated
emergence of € (hcp) phase variants via the martensitic trans-
formation under quasihydrostatic and nonhydrostatic condi-
tions by using x-ray diffraction and the optical observation
of the sample surface. The quasihydrostatic compression
along the [111], axis exhibited strong variant selections and
reduced the number of variants down to three. This paper
is organized into three experiments. The first experiment
examines the validity of the Burgers model for the [111],
compression under quasihydrostatic conditions (run I). The
second experiment discusses the relationship between variant
selection and texture structure on the sample surface (run
II). The last experiment reports the deviation from the Burg-
ers model in the case of nonhydrostatic compression using
methanol:ethanol (ME) (=4:1 ratio) solutions (run III).

II. AMODEL: BURGERS TYPE «-¢ TRANSITION PROCESS

Figures 1(a)-1(e) depict a schematic of the transition pro-
cess via the Burgers model [10,11] viewed from the [101], ||
[0001]¢ direction. When the shear stress works along the
+[111], direction, the hcp martensite phase rotates —5.5°
in the anticlockwise direction with respect to the parent bcc
phase, whereas the martensite phase rotates +5.5° in the
clockwise direction via the shear along the +[111],, direction.
The transition to the € phase is completed by following
shuffle movements, which are alternative displacements of

TABLE I. The 12 possible variants introduced by the «-€ transi-
tion via compression along the [111], direction and Burgers model.
The symbols are used in the simulated XRD patterns.

ID Symbol Conjugate plane Direction of shear
/color (hkl), || (0001), +[hkl],
Aal e /black a: (110), 0: £[111],
Aa3 o/green a: (110), 3: £[111],
Ab0 B /black b: (011), 0: £[111],
Abl M /red b: (011), 1: +[111],
AcO #/black c: (101), 0: +[111],
Ac2 4 /blue c: (101), 2: +[111],
Bd2 o/blue d: (110), 2: +[111],
Bdl o/red d: (110), 1: £[111],
Be3 [/green e: (011), 3: £[111],
Be2 [/blue e: (011), 2: +[111],
Bf1 O /red f: (101), 1: £[111],
Bf3 ¢ /green f: (101), 3: £[111],

adjacent (110),, planes along the +[101],, || [1230]. direction.
Each configuration generates a set of conjugate planes of
(101), || (0001), and (121), || (2130). or (121), || (1100)..
Therefore, the Burgers model allows two directions of shear
deformation for one {110}, plane. Consequently, a total of 12
€ variants can appear via the transition because there are six
equivalent {110}, planes in the bcc structure.

Table I summarizes the 12 variants introduced by the Burg-
ers model. The 12 variants are categorized according to the
shear direction and conjugate {110}, planes with (0001).. Ta-
ble I also shows the identifiers used in this paper to distinguish
each variant. Two groups of {110}, planes can be defined
by the angles between the directions of the plane normal
and the main compression [111], axis: 90° and 35.26°. This
study identifies the former {110}, planes as type A (orange-
colored planes of the polyhedron in the inset of Fig. 1) and
the latter as type B (blue colored). The letters and numerals
following the indicators A/B stand for the conjugate {110},
planes (a)—(f) and the direction of shear deformation (1-4),
respectively. Different types and colors of symbols are also
used to distinguish the simulated XRD patterns of each variant
and their shear directions for clarity.

Figures 1(f) and 1(g) show another transition model re-
ported by Basset and Huang [15] and Wang and Ingalls [11].
This paper calls this model the uniaxial compression model.
Unlike the Burgers model, this model does not rotate the
crystal orientation of the hcp phase with respect to [010],
that is [010], || [1010].. The hcp structure emerges from the
bee structure by: (i) compression along the [010], direction
and elongation along the [101], direction to form the (0001),
plane, and (ii) shuffle movements of the alternative (101),
layers in the £[101], direction. The transition develops epi-
taxially with the orientational relationship (010), || (1010),
as pointed out elsewhere [15].

III. EXPERIMENTAL PROCEDURES

Single-crystalline iron plates with a (111) surface (Crystal
Base Co., LTD) were prepared. These plates were cut us-
ing an electronic discharge machine or a razor blade after
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TABLE II. Summary of the experimental setups for this paper.
The sizes of the diamond anvils, iron samples, and thicknesses of
SUS304 gaskets are tabulated for each run.

Run Beamsize Pressure Culet® Sample  Gasket Aw

(um)  medium (mm)  (um?)  (um) (o)
I 207 He 0.45? 25" x 65? 60’ 28°
I 3¢ He 0.60? 25" x 90¢ 72! 15°
I 3¢ MEP 0.45¢ 30" x 95¢ 71 15°

“Each anvil height is 2.0 mm.
®Methanol:ethanol = 4:1 solution.

polishing the surface parallel to the (111) plane to achieve
an approximate plate thickness of 25-30 um. One of the iron
plates was mirror polished for observation of the sample sur-
face using a differential interference contrast (DIC) image. A
small disk of the sample was loaded into the hole of the stain-
less steel gasket (SUS304) with a helium pressure medium
or ME (4:1 ratio) solution. Diamond-anvil cells (DACs) were
used as the pressure apparatus. No heat treatment was per-
formed before sample loading. The setup of the diamond anvil
cell for each run is summarized in Table II together with the
setup for the XRD measurements.

XRD patterns were measured on BL10XU of SPring-
8 at room temperature with an x-ray wavelength of
L =0.41310(7) A. Angular dispersive XRD patterns were
recorded on the imaging plate at each pressure as shown in
Fig. 2. During the exposure, the DAC rotated around the
vertical axis @ within a range of Aw = 28° for run 1. The
rotation was performed to collect as many Bragg spots from
the sample as possible. As for runs II and III, the @ range
reduced to Aw = 15° because of the narrower windows of
the DACs dedicated to the compatible measurements of XRD
and DIC images. The w axis was set approximately parallel
to [011],, and the incident x-ray beams were oriented on the
[111], axis when the w axis rotates ~+3.7° for run [ and w ~
+1.5° for run II from the center of the rotation, i.e., w = 0°.
The x-ray beams were cut to a size of 20 um¢ by using a

-

Fe single
crystal

FIG. 2. Schematic of the setup for the x-ray diffraction experi-
ments. The relationship between the crystal orientation, x rays, and
the w-rotation axis is depicted. The inset shows a DIC photograph
of the mirror-polished sample in the DAC. The iron crystal was the
sample used for run IIL.

collimator for run I, whereas runs II and III used x-ray beams
with <3 ume, focused by an array of aluminum refractive
lenses [16,17]. Therefore, the well-focused beam used for runs
IT and III irradiated x rays on the focused position of the
sample more easily than the beam of run I. The TPANALYZER
and PDINDEXER software processed the XRD patterns [18].
An Olympus BX60 microscope with a long working distance
(WD) objective lens (x50, WD = 11 mm) aided in recording
the DIC images of the texture structure on the surface at each
pressure.

The pressure in the sample room was measured by the
conventional ruby fluorescence method. As shown in the inset
of Fig. 2, two ruby balls were attached to the sample. No
difference was confirmed in the calculated pressure values
between the two rubies up to the maximum pressure of this
paper. However, it is noted that the pressure value has an error
bar less than 0.2 GPa if we take into account the uncertainty
of the pressure gauges [19]. We calculated the pressure value
by using a recent pressure gauge [19]. The applied pressure
was controlled manually by using a gear box. This gear box
allowed us precise pressure control with resolution less than
0.1 GPa. Therefore, we carefully adjusted the pressure and
waited until the pressure was stabilized. This procedure is
necessary to exclude the deviation of the transition pressure
due to the kinetic effects of pressure nonuniformity.

IV. RESULTS AND DISCUSSION

A. Run I: Transition process under
the quasihydrostatic condition

1. X-ray diffraction patterns of a Fe single crystal and onset and
offset pressures of the transition

Figures 3(a)-3(d) depict two-dimensional images of the
XRD pattern for the «-¢ transition together with patterns
of the o phase in the compression and decompression pro-
cesses. Figure 4 summarizes the pressure dependence of the
lattice constants, intensity of the selected reflections, and their
widths. Sixfold symmetry with respect to the [111], direction
is clearly recognized in the diffraction pattern of the o phase
[Fig. 3(a)]. Sharp 110, Bragg spots were observed with a high
signal-to-noise (S/N) ratio (S/N approximately 4000), even
though the annealing treatment was not performed. Because
quasihydrostatic conditions were maintained by the helium
pressure medium, the Bragg spots remained sharp until P
reached the onset pressure Py, ¢ = 14.0 GPa. New spots
identified as the € phase appear above P ~¢, and the spots of
the remaining « phase become broad. More than half (= 60%)
of the «-phase abundance abruptly transforms to the € phase
if the intensity of the 112, reflection is assumed to be pro-
portional to the phase abundance. Above PS¢, the a-phase
abundance gradually decreases, whereas the € phase increases
with increasing P. Therefore, the « — € transition proceeds in
two steps: the sharp transition to the € phase and the gradual
decrease in the remaining «-phase abundance. The two-step
transition is similar to previous experiments using a helium
pressure medium [12,13]. The intensities from the € phase do
not change, and those from the o phase are mostly zero above
the offset pressure PS;”¢ ~ 17 GPa, indicating that the @« — €
transition finishes at P%;”¢. The onset Py, € is nearly identical
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FIG. 3. X-ray diffraction patterns of iron at selected pressures of
run I. Unindexed spots mostly originate from Bragg diffraction of the
ruby balls and diamond anvils. Weak spots due to the contamination
of higher harmonics of the incident x ray are also observed. The red
arrows in panel (d) indicate spots from the newly appeared «-phase
variants after the decompression process.

to the onset pressure (14.2 GPa) for previous experiments
of compression along [100], [13]. Thus, the onset pressure
does not change depending on the crystal orientation of the
sample in the case of static compressions within the error
bar of pressure (0.2 GPa), which is similar to the orientation-
independent behavior under shock compressions [20].

In the decompression process, the o phase reappears from
P5.7% ~ 10.9 GPa, and the entire sample recovers the « phase
at Ps”* ~ 8.5 GPa. The pressure values of P5”* and Pg™*
are close to those of previous reports [13,21,22]. Therefore,
the reverse transformation to the o phase seems also ori-
entation independent. It is noted that the positions of the
Bragg spots rotate slightly in the clockwise direction around
the beam direction accompanied with the progress of the
transitions. The degree of rotation is x ~ 3° for « — € and
x ~ 1.5° for the ¢ — « transition where the parameter x
is the angle along the circumference on the image in the
clockwise direction (see Fig. 2).

Earlier works of compression with polycrystalline samples
reported anomalously large values of the c/a ratio at the
onset pressure, e.g., ¢/a ~ 1.64 [15] and ~1.66 [11]. The
c/a values dropped rapidly with increasing pressure. This
anomaly is regarded as evidence for large elastic distortions
due to the epitaxial growth at the interface (010), || (1010),
[15]. As shown in Fig. 4(c), this behavior is not observed in
this paper as well as the previous report of quasihydrostatic
compression along the [100], direction [13,23]: The c¢/a ratio
is mostly unchanged with increasing pressure and shows a
slight decrease from 1.606 to 1.605 near P2 . The constant
c/a ratio indicates that strains inside both phases and at their
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FIG. 4. (a)—(c) Pressure dependences of lattice constants, (d) cell
volume of « and € phases, (¢) and (f) peak width, and (g) and
(h) intensity of the selected reflections. Closed (open) symbols are
used for the compression (decompression) processes. The data for
the @ and € phases are plotted by black and red colored symbols,
respectively.

interface are effectively released during the transition by the
stabilized field of compression. The remaining strain probably
concentrates in the minor phase; the strain accommodated
in the minor phase increases the width of the Bragg peak
when the abundance of the minor « or € phase is significantly
suppressed near the offset pressure. This behavior is observed
at the full width at half maxima (FWHMs) of the parent «
phase in the @ — € transition and the e-martensite phase in
the reverse € — « transition as shown in Figs. 4(e) and 4(f).
To highlight these phenomena, the increases in the FWHM
near the offset pressure are indicated by arrows in Figs. 4(e)
and 4(f).

2. Analysis of variant selection: a-€ transition

Comparing the position of the Bragg spots between the
experimental observations and the simulation based on the
Burgers model, we determine the variant selection at the o-¢
transition. In order to simulate the XRD patterns of the 12
€-phase variants, maps of the reciprocal points were drawn for
each variant in the three-dimensional reciprocal space. Then,
we examined how the reciprocal points were superimposed on
the surface of the Ewald sphere by rotation along the [011],
axis. We note that all Bragg spots shaded by the window
of DAC were excluded from the simulation. The shading
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FIG. 5. X-ray diffraction patterns of run I and simulations based
on the Burgers model at (a) P5,~¢ and (b) a pressure above P& ¢.
All patterns are shown as unrolled patterns with azimuth x and 26
axes. Each symbol corresponds to the Bragg spots from the € variant
as shown in the legend above. The simulations at the onset and
offset pressures are calculated using different w ranges [—10.3° <
w < +17.7° for panels (a) and —14° < w < +14° for panel (b)].
The symbols marked by dotted squares represent the absent or very
weak Bragg spots in the experimental XRD patterns. The downward
arrows indicate newly appearing Bragg spots during the transition.

effect occurs even within the small 26 less than 15° due to
the simultaneous rotation of the DAC with the sample. The
simulation was performed by using the commercial software
MS-EXCEL.

Figure 5 depicts the experimental and simulated XRD
patterns in the space of the y and 26 axes at the onset and
offset pressures. These XRD patterns are fairly reproduced
by the Burgers model except for the spots near the vertical
direction: x = 90° and x = 270°. In principle, the simulation
ignores the broadening of the reciprocal points, thus, the
Bragg law is hardly satisfied for the reciprocal points near the
 axis.

As shown in Fig. 5, all of 12 variants do not appear simulta-
neously at PS~¢. The observed variant can be categorized by
the direction of the shear deformation as tabulated in Table 1.
As marked by the dotted squares in Fig. 5, the spots from the
three variants, AbO, Ac2, and Bf3, do not appear or give only
faint images in the experimental patterns. Three variants, Abl,
Bdl, and Bfl, induced by the same shear deformation along
+[111],, appear as the major components, and two variants,
Aa3 and Be3 by the £[111], shear are the second major
components. Alternatively, weak and distorted spots indicate
that the variants Bd2 and Be2, by the £[111], shear, and

variants AaQ and AcO by £[111], shear, are categorized as
the minor components.

The determined variant selection offers a transition process
via compression along the [111], direction: (i) a variant
emerges together with one or two twined variant(s) induced
by the same shear deformation [24]. The twin originates
from the cooperative variant selection to relax the strain and
minimize the energy at the interface between the o and €
phases [25], and (ii) the shear deformation parallel to the
+[111] compression axis is a minor component. The major
components of shear have a finite angle of 70.53° with the
compression axis. All three variants, Abl, Bdl, and Bfl,
appear from the onset pressure as a result of the [111], shear
distribution.

As indicated by the arrows in Fig. 5(b), new Bragg spots
emerge and increase their intensity with increasing pressure
to Py €. Our simulation based on the w range of w = —10.3°
to +17.7° does not predict the x positions of new spots.
When we modify the rotation range to w = —14° to 4-14°, the
x distribution of the spots is reproduced. This modification
suggests that the sample rotates slightly around the w axis,
which is probably due to the intrinsic transition process or that
the sample moved slightly by touching the diamond anvil. The
new peaks are identified as the Ac0, Bd1, and Bf1 variants that
have already been assigned at PS €. Therefore, new variants
do not appear up to the offset pressure, and the initial set
of € phase variants increase their abundances by eliminating
the residual o phase. Thus, the transition proceeds without
generating new variants.

B. Run II: Variant distribution under
the quasihydrostatic condition

The results of run I demonstrate the high reliability of the
simulated XRD pattern based on the Burgers model. However,
clear variant selection has not been observed because the size
of the x-ray beam was large (~20 ume) as compared to the
size of the variants and likely probed the average distribution
of the variants. Here, run II has been conducted to investigate
the relationship between the variant selection and texture
structure by using XRD with a well-focused beam (~3 pume)
and the DIC images. Figure 6 depicts two-dimensional im-
ages of the x-ray diffraction patterns (a)—(f) and DIC images
(g)-(j) observed in the «-¢ transition of the mirror-polished
sample. The Bragg spots of 110, remain sharp until the
pressure reaches the onset pressure PS¢ = 14.3 GPa. The
onset pressure is ~0.3 and ~0.1 GPa higher than Pg~¢ of run
I and the previous experiment of compression along [100],,
respectively [13].

The mirror surface of the sample is preserved at pressures
below P%~¢, which also ensures quasihydrostatic conditions
using the He pressure medium. As new spots of € phases ap-
pear above PS¢, textured structures simultaneously emerge
on the mirror-polished surface [see Fig. 6(i)]. The undulations
of the texture structure are approximately oriented along the
directions of [101],, [011],, and [110],. The texture structure
of the sample remains unchanged above P3¢, which is
located between 17.0 and 18.9 GPa.

The texture structure is characterized by two areas, re-
ferred to as X and Y, that exhibit a different distribution of
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FIG. 6. Results of run II. Upper panels (a)—(f) show x-ray diffrac-
tion patterns measured at the center of the surface-polished sample.
Unindexed spots mostly originate from Bragg diffraction form the
ruby balls and diamond anvils. Weak spots due to the contamination
of higher harmonics of the incident x ray are also observed. In panel
(), the spots originating from the higher harmonics are enhanced and
distributed radially around the center. Lower panels (g)—(j) show DIC
images of the sample surface taken during the XRD measurements.
The red small circles labeled as X;, X, Y;, and Y, indicate the
positions of the characteristic structure where the position-dependent
XRD patterns were measured.

undulations: X is the region where the linear undulation is
oriented along the three characteristic (110), directions, and
Y corresponds to the flat regions without undulations as shown
in Fig. 6(j). Figure 7 shows the typical XRD patterns measured
at the areas X, X, Y, and Y, together with the simulated
XRD pattern. Diffraction patterns of run II show a smaller
number of Bragg spots than those of run I because of the
narrow range of w for run II as tabulated in Table II. However,
the reproduction of the run II patterns by the Burgers model is
as good as run I.

The XRD patterns of the Y regions differ significantly
from those in the X regions: The Y regions exhibit a reduced
number of Bragg spots as compared to the X regions, and
the main spots are classified as type-A variants and the minor
spots as type-B variants. The minor spots vanish, and only
spots from type-A variants remain at pressures above Py ¢:
18.9 GPa. Interestingly, the remaining variants of type A are
identified as Aa3, Abl, and Ac2 which emerge via the shear
directions not parallel to [111],, that is [111],, [111],, and
[111],. The absence of [111], shear deformation is consistent
with a flat surface without undulation. Because the shear
directions of the three variants have threefold symmetry with
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FIG. 7. Pressure dependence of x-ray diffraction patterns mea-
sured at the characteristic areas X and Y. Top panel displays a
simulated diffraction pattern based on the Burgers model. Each
pattern is shown by the unrolled image with the axes of azimuth x
and 26 angles. The color of the circles corresponds to the assignment
of the variants tabulated in Table I. Circles with solid and dotted lines
in the experimental XRD patterns represent the spots of A-type and
B-type variants, respectively. Note that only the selected spots are
marked by the circles for the sake of simplicity.

respect to the [111], direction, the lattice strain due to each
shear deformation is canceled by stacking these three variants
alternatively along the [111], direction. This variant selection
is regarded as a cooperative emergence of variants as well as
the twin [26]. Hence, the cancellation mechanism of the lattice
strain results in the remaining flat surface after the transition.
It should also be noted that the flat regions consist of only
three variants, indicating that the number of variants can be
reduced if the flat region area is enlarged.

X; and X, regions, where complicated texture structures
and undulations are observed, exhibit XRD patterns similar
to those of run I. The XRD patterns are reproduced by the
variant distribution covering both types A and B. The A-type
twined variants introduced by the same [111], shear (i.e.,
Aa0, Ab0O, and AcO) exist in the X regions. These variants
are identified by the 1010, Bragg spots at y = 245°, 185°,
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and 124°, respectively, whereas they are absent in the patterns
of the Y region. Because the [111], shear corresponds to
the deformation to lift the atomic plane to the perpendicular
direction of the (111) sample surface, the undulation structure
likely originates from these variants with [111], shear. In the
case of the X, region, the [111], shear movement is introduced
by the dominant emergence of the AaO variant. Then, this
shear movement of AaQ creates boundaries between the o and
€ phases along [101],, which is parallel to the direction of
undulations observed in the X, region. The interpretation of
the texture structure around region X is rather complicated.
Twined AbO and AcO variants appear at 17.0 GPa, however,
Aal becomes dominant at 18.9 GPa. AbO and AcO create
boundaries along [011], and [101],, which is also parallel to
the directions of the undulations in the X; region where the
main undulation is oriented along [101], and broad contrast
arises along [011],.

C. Run III: Variant distribution under
the nonhydrostatic condition

It is nontrivial to compare the results of quasihydrostatic
compression with those under nonhydrostatic compression
along the [111], direction. A new iron (111), plate was
prepared and compressed with the ME solution. The non-
hydrostatic compression resulted in different XRD patterns
and surface undulations. Figure 8 shows that the surface
undulations start to appear at pressures after the solidification
of the ME medium (~10 GPa) [27] and gradually increase
with increasing pressure even before the a-€ transition. The
undulation emerges due to the strain induced by uniaxial
compression along [111],. The presence of the uniaxial strain
is recognized in the DIC images where the sample surface area
becomes wider than the initial condition. The surface undula-
tion increases significantly at 14.6 GPa, which is a pressure
above PS~¢. However, the undulation does not change drasti-
cally above P%~¢. As shown in Fig. 8, surface undulations lie
along various orientations, and the relationship between the
crystal orientation and the undulation is hardly recognized in
contrast to their clear relationship under hydrostatic compres-
sion [28]. The density of undulation is mostly uniform but
slightly denser in the lower part of the DIC images.

Figure 8 demonstrates that the diffraction patterns of run
IIT cannot be reproduced by the Burgers model. The Burgers
model with compression along [111], is characterized by
splitting of the 1010, and 1011, Bragg reflections with respect
to the x angles of the 0002, spot (see Figs. 5 and 7). The
splitting originates from the Burgers model that allows two
variants for each of the six {110}, planes, for example, Aa0
and Aa3. However, run III exhibits that 1010, Bragg spots
do not split and appear at a slightly higher or lower x angle
for the 1011, reflections. As shown in Fig. 8, the uniaxial
compression model provides more suitable patterns to repro-
duce the experimental XRD pattern, although there are some
inconsistencies between the experimental and the simulated
XRD patterns. This result indicates that the shear deforma-
tion is not a trigger for the transition, whereas the uniaxial
deformations along the (100), and (110), directions seem
to have dominated to the emergence of the e-phase variants.
Figure 9(a) shows that A-type variants (Aa,, Ab,, and Ac,)
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FIG. 8. Results of run III. Top: DIC images under nonhydrostatic
conditions using ME pressure medium at selected pressures. Middle:
A simulated diffraction pattern based on the uniaxial compression
model. Bottom: Unrolled x-ray diffraction patterns of 16.7 GPa at
positions of Z;—Zs.

(a) nonhydrostatic

(b) quasihydrostatic
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FIG. 9. Illustrations of c-axis distribution on the sample surface
determined by XRD patterns for (a) nonhydrostatic and (b) quasi-
hydrostatic conditions. The long-solid lines represent the ¢ axes
of A-type variants that are oriented parallel to the sample surface,
and the short-dotted lines denote the projected ¢ axes of the B-type
variants (see the right top legend). The direction of shear (0—4) for
the Burgers model is distinguished by the color of the lines as shown
in the right bottom legend. The ¢ axis of the dominant variants is
represented by thick lines.
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and B-type variants (Bd,, Be,, and Bf,) equivalently appear
to be independent in the five positions of the sample (Z,-Zs),
even though the different orientational relationships between
the deformation and the compression axis exist for A-type and
B-type variants.

It is concluded that the compressions along the [111],
orientation exhibited strong variant selections only in the case
of the quasihydrostatic condition. Furthermore, different vari-
ant selections were observed in the characteristic regions of
texture structure: regions with undulations (X) and flat areas
without undulations (Y). The determined variant distribution
is illustrated in Fig. 9(b). Region Y consists of only three
variants whose shear deformations have a threefold symmetry
to compensate for the strain due to the transition. All ¢ axes
of the € variants align parallel to the (111), sample surfaces
with threefold symmetry as illustrated in Fig. 9 where the
directions of the ¢ axes are depicted. Therefore, the vari-
ant distribution in region Y can be used to investigate the
anisotropy of physical properties in € iron. Conversely, the
variant distribution in region X is more complicated because
the ¢ axes of variants do not orient solely to the direction of
undulation, but also align in other directions with the compo-
nents of the surface normal. Because region Y is surrounded
by undulations in region X, it is important to investigate how
to enlarge the area of Y regions by reducing the number of
undulations. One sides of the undulations terminated at the
corner of the sample so that strains accommodated at the
corner likely worked as nucleation which generated the un-
dulations when the «-€ transition occurred. A disklike sample
without corners may be valuable to examine the reduction in
the number of undulations.

D. The €-a reverse transition under
the quasihydrostatic condition

In the decompression process under the quasihydrostatic
condition, the sample recovers the original diffraction pattern
of the o phase as shown in Fig. 3(d) for run I and Fig. 6(f)
for run II. The 110, spots reappear near the original x posi-
tions, indicating that the o-€ martensitic transition is mostly
reversible. However, weak intensities of the new 110, spots
are also observed at different y positions as indicated by
the arrows. Run I shows weak Bragg spots at x ~ 123° and
x ~ 303° as shown in Fig. 10 where the intensity of 110,
spots is plotted on a logarithmic scale as a function of .
The intensity of these peaks is approximately 65 times weaker
than that of the peaks at the original x positions. Very weak
peaks are also observed around the original 110, spots, but the
intensity is approximately 250 times smaller than the original.

There are six pathways allowed for the reverse transfor-
mation from the hcp structure to bec; three directions for the
shuffle movement due to the threefold symmetry of the hcp
structure and two directions for the shear deformation via the
mirror symmetry of the crystal structure after shuffle move-
ments (see Fig. 10). Accordingly, weak new peaks originate
from one minor variant AcO. The AcO variant emerges via
the +[111], shear deformation and 4[101], shuffle move-
ments from the parent « phase. Figure 10 depicts that the
reverse transition from Ac0 does not trace the original shuffle
movements but takes one of the two other directions of the

original
o phase ©
variant
(T01),

o
P
cw 5.264°
o
o) ~ €(hcp) phase
o phase variant AcO
varianta2 o \ (0001),
ccw 49.471° / \ O
o
o o, phase
variant o1
—— 13.5 GPa comp. ccw 60° o

— 5.6 GPa decomp.

o
)
T

._.
(=]
T
T

Intensity (a.u.)
S o
T

R P PRRTE BT PR P N I P A P
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FIG. 10. The upper part shows a schematic of the predicted
atomic displacements for the « — € — « phase transition via the
Ac0 variant. The schematic represents an hcp structure that allows
two paths to return to the bee phase for each shuffle movement. The
lower part shows comparison of the 110, diffraction as a function of
angle x before the « — € transition and after the ¢ — « transition.
The XRD data were taken from run I. The two arrows indicate the
new peak emerging after the ¢ — « transition in the decompression
process.

shuffle. Consequently, the shear deformation also works in
different directions from the original. The two new spots
are identified as ol and o2 variants and generated via the
same shuffle and different shear deformations. The o1 and o2
variants have crystal orientations in which the original « phase
rotates 60° and 49.47° around the [101], || [0001], axis in the
anticlockwise direction. Note that the very minor irreversible
components near the original 110, spots are attributed to
the reverse transition from the B-type e-phase variants via
different pathways.

The same decompression process of the XRD patterns are
observed for run II. Intense Bragg spots from the original «
phase, and weak spots are observed at the same positions in
run I as indicated by the arrow in Fig. 6(f). Therefore, the
weak spot could be assigned to the w1 variant, indicating
that a small portion of the e-phase iron traces a different
transition pathway from the original path. The DIC image in
Fig. 6(1) shows that the surface undulations are significantly
suppressed after the reverse transition to « phase. However,
the sample is no longer mirror polished, and weak undulations
remain on the surface. The weak Bragg spots assigned as o1
or o2 are observed mainly in the damaged areas near the X,
and X, regions. In contrast, the regions near Y| and Y, provide
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Bragg spots from the nonoriginal o phase with weaker or
mostly zero intensities. Therefore, the irreversible transition
dominantly occurs in the strain-accommodating areas near the
undulation.

Our results demonstrate that most of the sample recover
the original bce structure by tracing the same pathways of
shear and shuffle movements, which is similar to the previous
results of the 100, sample under quasihydrostatic conditions
[13]. The reversible transition is reminiscent of the mecha-
nism of shape-memory alloys. However, the same mechanism
is unexpected for the reconstructive martensitic transforma-
tion of iron because the parent bcc and the martensite hep
structure are not members of the same crystal family. Accord-
ing to the theoretical investigation by Bhattacharya et al. [29],
a necessary condition for reversibility is that the symmetry
groups of the parent and martensite phases be included in a
common finite symmetry group. Therefore, it is speculated
that the characteristic variant selections observed in the X
and Y regions probably result in constraining the pathway of
the reverse transition to the o phase. As discussed above, the
cooperative deformation of shear and shuffle movements due
to the strong variant selection not only reduces the strain in
the sample, but also forces the tracing of the reverse pathway
to the original « phase.

V. CONCLUSIONS

The emergence of e-phase variants via the «-€ martensitic
transformation was investigated by XRD and DIC images of
a single-crystal iron compressed along the [111], orientation
under quasihydrostatic and nonhydrostatic conditions. A char-
acteristic texture structure, accompanying the «-¢ transition,
was observed by DIC observation. Although the Burgers
model allows for the transformation to 12 variants of the €
phase from a single crystal of the bcc structure, the variant

selection occurred depending on the regions of the texture
structure in the case of quasihydrostatic compression. On
the other hand, clear variant selection was not confirmed
for the nonhydrostatic compression. For the decompression
process to the parent o phase, the quasihydrostatic condition
mostly recovered the initial crystal orientation of the bcc
structure. The o phase, with different crystal orientations,
emerged as a minor component in the distorted regions near
the undulations. The reversibility of the transition indicates
the cooperative emergence of variants via the «-€ transition.

A single-crystalline € phase was not synthesized, however,
the number of variants was reduced by utilizing variant se-
lections under quasihydrostatic compression along the [111],
direction. Only three variants existed in the flat areas of the
Y region. In this area, the ¢ axis of the variant oriented
parallel to the (111) sample surface, and the strong preferred
orientation should be useful to investigate the anisotropy of
various physical properties for the € phase. However, the flat
region was limited to a small area of less than 20 x 20 um?,
which was surrounded by the undulations of the X regions.
The X regions possessed a large number of variants whose
¢ axes aligned both parallel and nonparallel to the sample
surface. Therefore, in order to enlarge the area of the flat
region Y, it is necessary to investigate how the nucleation of
undulations is introduced in the sample.
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