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We have designed and implemented a new experimental system for fast mapping of crystal
structures and other structural features of materials under high pressure at the High Pressure
Collaborative Access Team (HPCAT), sector 16 of the Advanced Photon Source. The system
utilizes scanning X-ray diffraction microscopy (SXDM) and is optimized for use with diamond
anvil cell (DAC) devices. In the SXDM, the X-ray diffraction (XRD) is collected in a forward
scattering geometry from points on a two-dimensional grid by fly-scanning the sample with respect
to a micro-focused X-ray beam. The recording of XRD is made during the continuous motion of
the sample using a fast (millisecond) X-ray area detector in synchrony with the sample positioners,
resulting in a highly efficient data collection for SDXM. A new computer program, X-ray
Diffractive Imaging (XDI), has been developed with the SXDM system. The XDI program
provides a graphical interface for constructing and displaying the SXDM images in several modes:
(1) phase mapping based on structural information; (2) pressure visualization based on equation
of state; (3) microstructural features mapping based on peak shape parameters; and (4) grain size
and preferred-orientation based on peak shape parameters. The XDI is a standalone program and
can be generally used for controlling and displaying SXDM images at other places. Two examples
of iron and zirconium samples under high pressure are presented to demonstrate the applications
of the SXDM.
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I. INTRODUCTION

Materials subjected to various high pressure (P) and high/low temperature (7) treatments in
the diamond anvil cell (DAC) '? often exhibit a large degree of complexity and inhomogeneity,
on length scales ranging from nanometers to hundreds of microns. An ability to perform fast and
detailed spatially resolved characterizations of the inhomogeneity under high pressure, or in the
high P-T treated samples, has great promises to unlock the complexity and to gain understanding
of a multitude of emerging physical phenomena in high pressure sciences 5.

In-situ X-ray diffraction (XRD) at synchrotron beamlines has been widely used to characterize
important materials properties, such as crystal structure, unit cell dimensions, polymorph
fractionation, grain size, texture (preferred grain orientations), anisotropic strain, pressure gradient,
etc. Obtaining information about the inhomogeneity of samples in a DAC involves manually
collecting and analyzing the XRD data at a multiple set of chosen points, e.g., 2-dimensional (2D)
grid, across a sample volume of interest >8. Due to the geometry of the DAC system, the samples
are typically thin in the dimension along the X-ray beam and thus 2D imaging, as opposed to 3D,
is often adequate. Spatially resolved high-P data collected in this way could be reduced with
software, such as Fit2D °, Dioptas '°, GSAS !!, GSAS-II 2 or GSE_ADA '3, and then displayed in
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2D, as an image, using other custom software scripts devised by the individual experimenters *>%,
This kind of data collection and analysis can be challenging and time consuming due to specialized
nature of each high-P experiment. Meanwhile, some other areas of research, e.g., in materials and
biological sciences, have recently benefitted from the development of X-ray diffraction
microscopy (SXDM) systems that can perform spatially-resolved X-ray diffraction data collection
and visualization with greatly improved levels of automation 41524291623,

High Pressure Collaborative Access Team (HPCAT) is a facility at the Advanced Photon
Source (APS) that hosts hundreds of visiting users each year who routinely make use of the DAC
devices with in-situ XRD for study of materials under high P-T conditions; therefore, the scope of
this work is to establish a dedicated XRD microscopy system, optimized for fast 2D visualization
of complexities in materials during high-P experiments, particularly in a DAC. We have designed
and implemented such a SXDM system for high-P experiments at the HPCAT beamlines 16-ID-
B3° 16-BM-B ¥ and 16-BM-D 3!, at the APS. The system, as described here, is currently available
for user operation.

Il. SYSTEM DESIGN

A. Design objectives and features

Visiting users come from a broad range of backgrounds and are interested in characterizing a
wide variety of materials properties in a DAC. Therefore, the SXDM system should be general
enough to accommodate as many modes of materials’ complexity visualization as possible. At the
same time, the system should be focused on a few common tasks to improve efficiency and to
simplify applications for users with minimal training. With these considerations, together with the
geometry of a typical DAC, the system was designed to have the following features:

e | um or better spatial resolution — achievable with existing sample positioners and X-ray beam
focusing optics >

e Fast 2D mapping based on structural feature(s) — crystal structure contrast, phase mapping

e Fast pressure visualization based on equation of state (EOS) — mapping the pressure/stress
distribution on the sample chamber

e Fast microstructure visualization — mapping grain size, preferred orientation, and differential
strain based on texture and peak broadening

e Composite image creation — 2D visualization of multi-phase systems, new phase identification

e Modular data acquisition and visualization — data visualization program is portable; users may
install the visualization software on their own computers and continue data
visualization/analysis post experiment

e User friendly — easy to operate

In the SXDM system described here, the sample is ‘fly-scanned’ in a rectangular grid pattern
with respect to a focused X-ray probe *. Both the X-ray transmission signal and the XRD images
are recorded simultaneously, using a small diode integrated to the X-ray beam-stop and a fast X-
ray area detector, respectively. Multiple modes of 2D visualizations, depending on the
experimental goals, are made possible with a newly developed computer program, X-ray
Diffractive Imaging (XDI), described below.



B. SXDM for high-P experiments

The diffracted X-ray photon counts in the XRD patterns encode the structure factor of the X-
ray scattering material, a function I(q), where ¢ is the momentum transfer vector, related by the
Bragg law to the 26 and the azimuthal (p) angles of the scattered X-rays. The structure factor, I(q),
is sensitive to structures in the material that are on a continuum of length scale — from the atomic
level to the cross-sectional size of the X-ray probe. Therefore, I(q) may be influenced by a
multitude of extrinsic and intrinsic characteristics of a material, e.g., crystal structure, strain,
preferred orientation (i.e., texture), grain-sizes, temperature, pressure. Visualization of complexity
in materials properties may consequently be accomplished by displaying in 2D the values of some
appropriate functional, F(/), that is sensitive to a particular observable property. The corresponding
F(I) can be computed directly from the measured XRD patterns. An obvious example of F(/) is a
definite integral of the form:

F(D = [, 1(g)dq ()
Here, F(/) may be a diffraction peak, or a few peaks, of a given phase or a section of structural
features. This type of functional is sensitive to the amount of the corresponding polymorph, or
phase, in the X-ray probe’s cross section and may be used to visualize the crystalline structure
variations in a sample. In this case, the F(/) is computed by integrating X-ray counts from a narrow
g region surrounding a specific Akl reflection of some phase of the material (Error! Reference
source not found.).

Other functionals may be computed from the observed XRD patterns that are sensitive to other
corresponding materials properties. As described in subsequent sections, these functionals may
include the extracted shape parameters of specific diffracted peaks (e.g., 2-6 value at peak center,
peak spread, peaks’ relative amplitudes, p-angle preferred orientation of peaks). A new computer
program, XDI, creates in computer memory a data structure, which contains /(g) for each of the
measured XRD patterns. Storing the entire set of /(g) points in memory is advantageous, so that
the subsequent selection of a type of F(/), sensitive to some material property, and the visualization
of its spatial distribution can be performed in a timely manner.

C. Data collection

The data collection system used to generate the 2D gird of XRD images is an extension of
HPCAT’s basic sample scanning system 2. A typical DAC sample chamber has a diameter ranging
from a few microns to a few hundred microns and, in most cases, it is confined by a metallic gasket
(e.g., FIG. 4A). To locate the sample chamber with respect to the x-ray beam the DAC is
systematically scanned in the plane normal to the x-ray beam **. HPCAT has developed the ability
to scan samples ‘on the fly.” This has been crucial in the complementary development of SXDM
as it significantly reduces the time required to generate a 2D grid of x-ray images 2. The motion
and triggering process used for the x-ray transmission scan is simultaneously used to trigger a
high-frequency, photon-counting (shutterless) area detector (Pilatus 1 MF) for collecting XRD data
for subsequent analysis in XDI.

The simultaneous x-ray transmission/diffraction scans are carried out at beamline 16-ID-B at
the APS. A more detailed description of the beamline’s source and front-end optics can be found
elsewhere *°. Here, we briefly note that using an undulator with tunable gap and a Si double-crystal
monochromator, users can select monochromatic beam ranging in energy from 18-60 keV. At a
typical operating energy of 30 keV using the Si (111) crystal pair the flux on the sample is on the
order of 10! photons/sec.
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Focusing optics include a choice between two Kirkpatrick-Baez mirror assemblies. The large-
mirror assembly includes a pair of 320-mm mirrors and can focus the beam to better than 4 um
(vertical) x 7 um (horizontal) as characterized by the full-width-at-half-maximum (FWHM) of the
derivative of a knife-edge scan. The small-mirror assembly includes 200-mm and 100-mm mirrors
for focusing in the vertical and horizontal directions, respectively. It can focus to better than 1 um
(vertical) x 2.5 um (horizontal). This improvement in spatial resolution comes at the cost of flux—
about 20% of that obtained with the large-mirror assembly 2.

A dedicated graphical user interface, called Diptera, has been developed for defining,
executing, and displaying the data from 1- and 2-D flyscans 2. Diptera allows x-ray images to be
simultaneously collected with x-ray transmission data, with same dimension, step size, and count
time as defined in the Scan Control panel. These images are input into XDI for extended analysis.

Typical dimensions of the 2D flyscans are of the order of 20x20 to 100x100 points.
Constructing SXDM images with larger dimensions is possible; however, dimensions higher than
100x100 points have not yet been used routinely for high pressure samples.

D. Data visualization

The data visualization is done using the graphical XDI program. XDI makes use of the
LabVIEW 3* graphical programming infrastructure, which provides the necessary flexibility for
designing the graphical user interface (GUI).

1. User interface

The XDI contains a graphical interface of the workflow steps for generating SXDM images
given a set XRD patterns that were acquired previously in 2D flyscans, as described in the Data
collection section above. The main window of the XDI GUI is shown in FIG. 2, with the left side
of the window displaying XRD patterns and the right side displaying the SXDM images.

The XDI GUI contains elements for various tasks that are useful for constructing and
examining SXDM images (some of the tasks are described with more detail in later subsections):

(1) Menu strip options. “File” menu is used for opening XRD files, saving and loading
projects, exporting re-binned and integrated XRD files; “Setup” menu contains shortcuts to XRD
geometry calibration, XRD pattern masking, and region of interest (ROI) creation modules;
“Imaging” menu contains shortcuts to tasks related creating, saving and loading a data structure,
which contains an /(g), calculated from each of the measured XRD patterns.

(3)XRD pattern pane. The left side of the XDI window can be toggled to display either a raw
XRD pattern or the corresponding XRD pattern re-binned to a radial (26 vs. ¢) coordinate system.
Options for customizing various elements of the XRD pattern pane are available from right-click
pop-up menus.

(4) Integration/2-D grid pane. The right-hand side of the XDI window can be toggled between
integration and 2D grid view tabs. The integration tab displays an integrated XRD pattern
corresponding to the XRD pattern currently displayed in the XRD pattern pane. This tab contains
tools for examining the integrated XRD patterns, phase identification, and determining pressure.
The 2D grid view displays the SXDM images based on the /(g) data structure currently in memory
in conjunction with user settings selections (described below). Clicking anywhere on the SXDM
image, or using the keyboard arrow keys, will move the SXDM image cursor to the selected
location and display the corresponding XRD pattern in the XRD pattern pane. Bi-linear
interpolated SXDM images are displayed by default, although the interpolation can be toggled off
to display raw SXDM voxels. Right-hand side of the 2D grid view pane contains display
customization options, such as cursor, overlays, scale bar, interpolation, intensity scaling, as well
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as several shortcuts to related to a GUI module for composite image creation (described below).
A right-click pop-up menu allows selection of different color tables for drawing the SDXD images.

The lower part of the 2D grid view pane contains selection tabs for various modes of
constructing the SXDM images (described in greater detail in later subsections): “All peaks” tab
provides functionality for automatic phase identification based on observed XRD peaks; “26” tab
contains a GUI for manual selection of g-space contrast (i.e., given the functional in EQ.1); “ROI”
tab contains options for selective integration of XRD counts encompassed by user-specified
arbitrary geometric regions of interest in the XRD patterns; “Peak fit” tab is used for constructing
SXDM images based on XRD peak shape parameters contrast (e.g., d-spacing, amplitude, spread);
“Pressure” tab is used to obtain pressure maps based on known EOS(s).

2. Automated data reduction

As parts of the workflow for SXDM image creation, XDI contains graphical sub-modules that
enable to create in memory the data structure containing the /(g) from the collected grid of XRD
patterns. These modules include:

(1) XRD geometry calibration. The geometry calibration may be done in a fully automated mode
given a calibrant XRD pattern (e.g., CeO2, LaBs). Full automation is enabled via calibrant
diffraction circle finding using the Hough transform image search algorithm *°>. XDI uses the
geometry description convention similar to Fit2D ° program, which is commonly used in the
high pressure community, and includes support for the newer PyFAI ¢ / Dioptas ' type
parameters.

(2) XRD data re-binning and reduction to I(q). XRD data dimensionality reduction is done via a
Cartesian to radial geometry pixel re-binning. The re-binning functions in XDI are
implemented in LabVIEW, but are based on the previously described paradigms that includes
pixel-splitting *°, look-up table generation 3¢, masking *'°, and background image subtraction
%10 The accuracy of re-binning in XDI was validated by comparing outputs to other commonly
used re-binning software >!°. XRD pattern re-binning is a computing-intensive task, however,
given the multi-core parallel processing optimization, the re-binning of a single pattern (e.g.,
981 by 1043 pixels, Pilatus 1MF image file) takes 50 milliseconds or less on a personal
computer (PC) with a 4-core Intel Xeon CPU E5-1607, 3.00 GHz. Therefore, a typical-
resolution /(¢) memory structure (e.g., 31x31 points) can be generated in less than 1 minute.

(3) Multiple 26/p ROI’s. XDI allows to select multiple ROI’s in the XRD patterns to be treated
individually in the computation of /(g). As is described in later sub-sections, this feature is
useful for the visualization of high-P microstructure.

3. Miscellaneous features

XDI includes a GUI to some additional “helper” functions, in order to increase efficiency of
the users’ data viewing and assessment during the high-P experiments. Descriptions of several
additional functions are given here.

a. SXDM as a sample positioning aid

XDI may be used to identify and obtain positions of small crystals in a DAC, which are not
identifiable optically nor using a X-ray transmission scan, for subsequent experimental
characterization with other specialized techniques 2, e.g., single-crystal XRD data collection and
analysis '3. The data collection system described in subsection C, above, records the sample
position coordinates metadata for each recorded XRD pattern. Similarly to systems described
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previously 2%, this enables XDI to retrieve and display the corresponding motor values for any
point in the displayed SXDM image. Having the record of the motor positions for each identified
crystal simplifies the task of placing the small crystals directly in the path of the X-ray probe for
subsequent specialized characterization.

b. Data slice function

XDI includes the capability to display 1D Cartesian plots based on an arbitrary slice through
the SXDM image (as well as peak parameter plot, and pressure map). The slice view is generated
by holding down the Shift key on the keyboard and drawing a line over the displayed image using
the mouse (FIG. 3).

c. Combining multiple XRD files

XDI can combine (add/average) the counts from multiple XRD files, corresponding to selected
2D portion of the sample, which can be useful for improving the signal statistics. XDI provides a
convenient way to combine the counts from multiple XRD files corresponding to a contiguous
region on the currently displayed SXDM image. The XRD patterns may be combined by holding
down the Control key on the PC keyboard and drawing a rectangle on the SXDM image using the
mouse, encompassing the points that are to be combined. The resulting XRD pattern can be saved
as TIFF type file and can be used for further analysis in external software.

d. Composite image creation

XDI enables combination of multiple SXDM images (i.¢., individually generated images based
on various contrast functionals, as described in preceding sub-sections) into a single “false-color”
composite image. In the composite image, arbitrary colors may be assigned to the “layers” that are
being composited. For example, the false-color images may be used to represent qualitatively the
2D phase distribution in an Fe sample (FIG. 4).

lll. SXDM MODES AND APPLICATIONS

A. Fast SXDM based on structural features: 2D high-P phase identification

As mentioned above, selective g-space contrast (i.e., given the functional in EQ.1) is one of
the primary ways to visualize the spatial distribution of crystalline phases with XDI. XDI integrates
XRD counts in a selected ROI of g-space for each of the collected XRD patterns and displays the
result as a “heat map” 2D image. The resulting SXDM images may be used for high-P phase
identification whenever user-supplied structure files are loaded. The so-called momentum transfer
(g) contrast SXDM images may be drawn by XDI in either of two modes, manual or automatic 26
ROI selection:

(1) Manual 26 ROI selection: the XRD-contrast images can be constructed quickly by graphically
selecting a 26 value and adjusting the 26 region of interest (e.g.: clicking on the 26 in the XRD
pattern (FIG. 2A) or in the 1D /(26) plot (FIG. 2D); fast-adjusting the 26 in the 1D /(26) using
the computer mouse scroll-wheel). The selection of 26 triggers a real-time update of the
corresponding SXDM image.

(2) Automatic 26 ROI selection: Automatic 26 selection can be done based on automatic peak
searching, as well as based on the currently loaded phase information, i.e., Joint Committee
on Powder Diffraction file format (JCPDS), containing a computed factor coupled with an



7

equation of state, commonly used in the high-pressure community. Peak search option runs a
global peak search algorithm on each of the XRD patterns and generates a thumbnail SXDM
images using 26 values of all found peaks.

Metastable iron phase at high-P and 295K

Iron (Fe) metal at a P of 40GPa and at ambient temperature adopts a hexagonally-close-packed
(hcp) structure. At the same P and 7 > ~1800K, Fe transforms to a face-centered-cubic (fcc)
structure. The rapid quenching in temperature in the laser-pulse heated DAC %7 often allows for
the high temperature phases *® or microstructure * to retain their structures metastably back to
room temperature. In our experiments on Fe, the sample in a DAC is subjected to a series of heating
pulses with increasing laser power for each subsequent pulse, in order to survey temperature states
between 1,000 and 6,000K with intervals of ~10-50K, using the experimental setup described in
refs 3738, SXDM analysis is performed after each laser heating pulse in order to visualize the
complexity and changes in the micro-structure of the Fe sample induced by a range of P-T
conditions. For example, in FIG. 4B, a false-color microstructure image shows spatial distribution
of phases of Fe after pulse-heating the sample to a 7" above the hep-fee transition, and quenching
rapidly to room 7. Two different polymorphs of Fe, hep and fcc, can be seen coexisting in a 7-
quenched sample. The XRD data for construction of the SXDM image in FIG. 4B is obtained by
2D fly-scanning the sample across a focused X-ray beam (3x5 pum FWHM), using a grid of 21x21
points with a step size of 2 um. The SXDM image (FIG. 4B) is constructed using the 260 selection
mode.

B. Pressure visualization based on EOS

The ability to resolve local pressure variations in high pressure samples provides essential
stress information of the sample environment. XDI provides the capability to rapidly visualize
pressure variations in samples, provided that a pressure-volume-temperature (P-V-T) EOS of the
constituent phase is known. XDI calculates the unit cell volume for each XRD pattern using
automated hkl peak recognition and d-spacing calculation. Volumes of the unit cell may be
combined with a user-provided EOS information (e.g., JCPDS file) for a given material to generate
2D pressure-distribution images.

Unexpectedly large pressure gradients in hydrostatically compressed zirconium

Group 4 transition metals, titanium, zirconium, hafnium, take on an hcp structure (a) at ambient
P, and transform to another hexagonal phase (@) under compression. In each case, literature reports
of the a—w transition pressure are scattered and the true phase equilibrium pressure has still not
been resolved ****. 2D pressure mapping using the SXDM approach can shed light on the issue
by improving the underatanding of the local pressure conditions for individual grains as they
undergo a phase transition. For example, an annealed multigrain Zr sample pressurized in a DAC
(FIG. 5A) is used to plot a 2D pressure map (FIG. 5B). The ultra-high purity Zr sample is
compressed hydrostatically in a DAC with neon as a pressure transmitting medium *, annealed at
~1000K for 10 minutes using laser-heating at 16-ID-B *’, and compressed to P at 4.5 GPa. The
overall pressure of the sample chamber is determined using the ruby fluorescence method. A 1x2
um? X-ray beam with a flyscan of 21x21 points and a step resolution of 0.5 um is used to collect
the XRD data. The resulting SXDM image (FIG. 5B) reveals remarkably large pressure gradients
(>20%) between neighboring Zr domains with a length scale of just a few microns. Three distinct
domains are identifiable visually in the SXDM image, two light-shaded domains showing higher
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P (~5.7GPa) and a dark-shaded domain showing a relatively lower P (~4.4GPa) in between. A
possible explanation is that the internal strength of individual Zr domains coupled with specific
geometric packing may allow low P domains to exist nested in between higher P domains. This
new observation may shed light on the disagreements on the Zr phase boundaries existing in
literature.

C. Visualizing microstructural phenomena with XRD peak shape parameters

Observable XRD peak shape parameters, such as 26 peak center, FWHM, relative peak
amplitudes and positions are sensitive to multiple microstructural phenomena, such as grain-size
distribution, preferred orientation (texture) and differential strain. Indeed, combinations of these
phenomena often coexist within high-P samples. Therefore, due to possibility of multiple
underlaying causes, the exact nature of the observed peak parameters is difficult to pinpoint using
a single-point XRD. However, as exemplified below, the underlaying microstructural phenomena
often become immediately apparent after resolving the variations in observed XRD peak
parameters in 2D. XDI supports 2D SXDM visualization based on XRD peak shape parameters in
20 space as well as variations in a particular XRD reflection in ¢ space. As a result, this
functionality provides a qualitative high-resolution view of the microstructural inhomogeneity and
complexity in high-P samples.

Zirconium grain microstructure at high-P

In subsection 4 above, we discussed 2D mapping capabilities in XDI. Later, we provided an
example of using the computed d-spacings for observed &kl peaks to generate a 2D pressure map
for a Zr sample hydrostatically compressed in a DAC. Using the same dataset, here we show an
SXDM visualization using the computed 4kl peak widths (FWHM), rather than the d-spacings, of
the observed Zr peaks. For example, FIG. 5C shows in 2D a variation of Zr (101) peak width
(FWHM), with brighter shading indicating larger peak width relative to the darker shaded regions.
Features that become apparent in the image, labeled “Domain boundary” in FIG. 5C, coincide
with the boundaries between the distinct domains seen in the 2D pressure map FIG. 5B (see
subsection 4, above). In this example, we observe an increase in the integrated peak width on the
boundary between domains. Due to the pressure differential between the domains, when the X-ray
beam is directly over the boundary, we observe a convolution in XRD of signals with different d-
spacing, i.e., the broadening of the integrated peak. We note that, while single point XRD often
doesn’t provide sufficient information for unambiguous interpretation of microstructural
phenomena underlying the observed XRD peak parameters under high-P, the 2D SXDM technique
opens a clear new insight into the microstructural state of materials. Conversely speaking, peak
shape parameters may be used to visualize qualitatively the domain boundaries and other
microstructural features within high-P samples, provided that an appropriate physical model is
used.

D. 2D mapping of large grains

The 2D shapes of coarse grains (i.e., larger than the X-ray beam cross-section) can be
visualized qualitatively in XDI. For a grainy sample, Bragg XRD coarse spot reflections can be
selected individually using the ROI editing GUI in XDI. Subsequently, XDI can display in 2D a
heat map of the integrated counts in the selected ROI’s. This type of SXDM image shows
qualitatively the 2D shapes of the corresponding grain(s).



Coarse grains in laser-heated iron at high-P

Laser heating of iron samples in a DAC may induce localized grain growth, with individual
grains growing to sizes larger than the probing X-ray beam. After turning off the heating laser, the
samples are temperature-quenched, and the high-7 coarse microstructure is often preserved.
SXDM analysis can be used to visualize the shapes and positions of the coarse grains and correlate
their positions with the position of the heating laser and/or temperature maps *%. FIG. 6A
exemplifies a construction of an SXDM image that shows a 2D shape of a coarse grain in a Fe
sample in a DAC that was laser heated to induce grain coarsening. For constructing the SXDM
image in FIG. 6A, an Fe sample in a DAC at a P of 203GPa is laser heated locally with infrared
lasers focused to ~10 um FWHM using an experimental setup described in refs 378, Several coarse
grains are present in the sample after the heating. When the X-ray beam is centered on a coarse
grain, coarse Bragg diffraction spots are observed recorded in the XRD pattern. FIG. 6 (right)
shows an XRD pattern containing a detail of a typical Bragg spot arising from one of the coarse
grains. An ROI on the XRD pattern, confined to the area just around a particular Bragg spot, is
specified using XDI GUI. When scanning the sample in 2D with respect to the X-ray beam, the
integrated counts within the ROI are maximized whenever the X-ray beam goes through the grain
and diminish whenever the beam is not incident on the grain. Subsequently, a 2D variation of the
integrated intensities in the ROI can be displayed by XDI, representing qualitatively the positions
of the coarse grain in the sample. A composite, false-color SXDM image, showing all identified
grains may be created in XDI using the composite image creation GUI. It should be noted that due
to the limitation of monochromatic XRD method, only the grains that satisfy the Bragg reflection
condition (without the rotation of the sample) may be identified using this approach. On the other
hand, white X-ray Laue XRD (e.g., at beamline 16-BM-B ®) in combination with functionality of
XDI, may be used to identify and map practically all of the coarse grains existing in the sample *°.
Further, point-spread-function de-convolution may be applicable to SXDM images of the coarse
grains in order to reduce the broadening artifact caused by the finite size of the x-ray probe.

E. Preferred-orientated microstructure

Using an approach similar to one described in subsection 6, above, highly textured (e.g.,
preferentially aligned or mosaic crystals) microstructure can be visualized by the use of custom
ROTI’s in 26-space and/or ¢-space.

Preferred orientation in laser-heated iron at high-P

Preferred bi-axial alignment of the several body-centered-cubic (bcc) metals (e.g., Mo, Mg,
Fe) crystal lattice with respect to the MgO crystal substrate may be induced via a laser-heating
treatment at high-P %%, It was recently reported that Fe P>95 GPa and laser-heated above the
hcp-bec transition 7, while in contact with the (100)-MgO crystal surface, aligns in a preferred
epitaxial orientation with respect to the MgO 3. After turning of the laser, a preferred oriented
hcp-Fe / MgO biaxial alignment is quenched due to a topotaxial transformation from bcc to hep
Fe 8. The preferred alignment in hep-Fe / MgO manifests itself in the observed XRD patterns,
whereas hkl reflections of Fe and MgO are preferentially aligned axially as well as azimuthally
(i.e., ¢ direction) (FIG. 6B top-right). SXDM imaging is used to visualize in 2D the extent of the
preferred alignment in such laser-treated samples at high-P, and to correlate the alignment with
the position of the heating laser spot. Appropriate ROI’s are set up encompassing the observed hk/
reflections maxima of Fe. Subsequently, XDI displays in 2D variations in the counts in the selected
ROI’s. An example in FIG. 6B (right) shows such an SXDM image of an Fe metal imbedded in
single-crystal MgO that was heated above the transition 7" while pressurized to 203 GPa in a
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DAC™*. A 2D scan of 21x21 points with 1 um step resolution is done to acquire the data for the
construction of the SXDM image. The blue area in FIG. 6B (right) coincides with the position of
the heating lasers on the sample. SXDM analysis allows to observe the preferred bi-axial alignment
of the Fe microstructure that is correlated with the laser-heating treatment.

IV. DISTRIBUTION

XDI requires a PC with a 64-bit infrastructure in order to run and has been tested on Windows
7 and Windows 10 systems. Mac OS X version may also be compiled in the future. XDI is currently
available for high-P experiments at the HPCAT beamlines 16-ID-B, 16-BM-B, and 16-BM-D, at
the APS. In addition, the current version of XDI is distributed free of charge via an installer
download. The user base of XDI is growing and, to date, XDI has been downloaded and utilized
by researchers from at least 15 different institutions. Related information may be requested from
the corresponding author.

IIV. CONCLUSIONS

Multimode SXDM setup described here provides a novel way to examine, in a spatially
resolved manner, materials samples at high pressure conditions. Traditionally, high pressure XRD
was largely considered a single-point probe. With addition of the SXDM system and XDI software,
XRD can now be routinely performed as a full 2D probe. The amount of detail that can be gained
from 2D has been briefly demonstrated here. However, we expect that the true potential of the
technique will become apparent based on future reports of the users of this system.
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Figures captions

FIG. 1. Schematic flow chart showing example steps for SXDM visualization. A. Schematic
showing a Cartesian grid overlaying a material sample (blue). Each point on the grid represents a
location for measured XRD patterns relative to the sample; B. Schematic showing an array of
corresponding XRD patterns; C. Schematic showing an array of /(¢q) computed by XDI from the
measured XRD patterns, and stored in computer memory; D. An SXDM image drawn by XDI
using the functional mode in EQ.1 with some chosen 26 integral limits; the shape of the sample is
accurately reproduced, although an additional complexity is revealed.

FIG. 2. XDI GUI. A. XRD pattern pane, displaying an XRD pattern, corresponding to the location
selected in B.; B. 2D grid view pane, showing an SXDM image based on a g-space (26) ROI
selectivity mode, i.e., using the functional in EQ.1; buttons to the right allow to customize elements
of the SXDM image display; C. Row of tab selection buttons for selecting modes of constructing
the SXDM images; D. “Scrollable” integrated XRD 1(26) plot, corresponding to the XRD pattern
displayed in A., used for selecting the g-space (20) integration limits.

FIG. 3. Data slice function. Left: SXDM image; right: intensity values taken from the SXDM
image corresponding to the data slice path (vertical axis: counts; horizontal axis: spatial
dimension).

FIG. 4. Optical microscope image of an Fe sample in a DAC (left) and a corresponding SXDM
composite image (right). In this example, the SXDM image is constructed based on g-space (26)
selectivity mode. This mode of constructing the SXDM is sensitive to the different structure
polymorphs (hcp-Fe and fce-Fe) that coexist in the sample. P=42.5GPa.

FIG. 5. High resolution pressure and stress visualization in hcp-Zr. A. Optical microscope image
of a Zr sample, pressurized in a DAC; pressure measured by ruby fluorescence; B. SXDM image
showing 2D pressure gradient; pressure calculated based on Zr(101) ikl peak d-spacing and a Zr
PV EOS ¥7; significant variations in pressure (or strains in Zr) can be seen; C. SXDM images
showing Zr(101) hkl peak width broadening at a domain boundary, with features less than 1 um in
size resolved by the SXDM analysis.

FIG. 6. Visualization of microstructure in a laser heated Fe sample in a DAC. A. Left: sharp Bragg
reflection peak observed in an XRD pattern; middle: magnified portion of the XRD pattern
showing the detail of the Bragg spot, and the ROI used for counts integration; right: visualized
corresponding Fe coarse grain in the sample; B. Left: SXDM image showing local bi-axial
alignment of the hcp-Fe microstructure; right: 26 vs. ¢ re-binned XRD detail corresponding to
points inside (top) and outside (bottom) of a laser-heated area. Laser-heater area of the Fe sample
shows preferred alignment of 44/ reflections with respect to the MgO reflection in ¢ direction (i.e.,
bi-axial alignment), whereas points outside the laser-heated area show no bi-axial alignment.
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