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Abstract

Synchrotron light sources enable high rate, time resolved, simultaneous X-ray diffraction
and imaging experiments. For intensity limited experiments involving time resolved diffraction,
monochromacity may be sacrificed in favor of higher intensity polychromatic beams for increased
time resolution. In these instances, consideration must be paid to experimental design parameters,
such as sample thickness and detector placement, that can be of special importance in experiments
using so called “pink” beam X-rays. To evaluate these considerations, the MATLAB program
High Speed Polychromatic X-Ray Diffraction (HiSPoD) and other programs like it, serve as a
powerful tool for processing and interpreting data. This work focuses on the use of HiSPoD as a
preparatory tool for improving the results of diffraction performed using polychromatic
synchrotron x-rays, with a specific focus on using HiSPoD to evaluate sample geometries and
detector positions to improve data acquisition and the interpretability of collected diffraction
results during high strain rate deformation. To this end, a case study of a metastable multi-
principal-element-alloy (MPEA) that undergoes phase transition during high-rate deformation is
provided to illustrate the difference between diffraction results for experiments where the effects

are and are not taken into consideration during prior planning.
Keywords: X-ray diffraction, In-situ measurement, High-strain-rate deformation

1. Introduction

Synchrotron light sources provide the capability to perform highly informative and
unique experiments as a result of their high intensity, tunable X-ray energies and ability to
perform ultra-fast imaging and diffraction experiments [ 1-3]. Synchrotron light sources may be
used for imaging (microscopy), absorption spectroscopy, and diffraction experiments [1]. For the
latter, the beam may be monochromatized by use of mirrorsor diffraction through a perfect
crystal to improve the reciprocal-space resolution of the collected diffraction patterns [4]. Flux-
or intensity-limited experiments, such as high-rate-time-resolved diffraction, may not benefit
from the use of a highly monochromatic beam, being unable to collect sufficient diffracted
intensity with a short detector gating time to produce an interpretable diffraction pattern. In these
instances, use of a higher intensity polychromatic beam generated by an undulator may be

preferable, even at the expense of the resolution of the diffraction patterns. Due to complications



introduced by the use of a polychromatic beam and the limited time available to users of
synchrotron light sources, preparation by means of modelling experimental parameters enables
users to minimize time spent in finding desirable experimental parameters on-site.

HiSPoD or High Speed Polychromatic x-ray Diffraction is a MATLAB based program
developed at the Advanced Photon Source (APS) at Argonne National Laboratory for the
purposes of processing and interpreting x-ray diffraction data collected using a polychromatic
beam [5]. Specifically, HiSPoD was developed for diffraction experiments at beamline 32-ID of
the APS, which is equipped with a miniaturized pressure bar and gas-gun for high-rate
deformation experiments [6, 7]. These experiments occur in time frames of tens of microseconds
or less, and thus require high X-ray fluxes to generate sufficient diffracted intensity for
interpretable diffraction results [5]. HiSPoD includes the capability to produce simulated
diffraction patterns, when provided information about detector position, the energy intensity
spectrum, the sample crystal structure and its allowed peaks and their relative intensities [5].
Generally, this information is used to locate the beam center (i.e. transmitted beam position)
using a built-in functionality. Locating the beam center allows for integration of the collected
area patterns into more conventional 26 vs. Intensity plots. Additionally, because most
experiments are performed in transmission mode, HiSPoD includes the capability to modify the
energy spectrum used by the program to simulate the X-ray diffraction pattern by the fraction of
intensity transmitted through the sample. While results in this work are generated using HiSPoD,
evaluation of detector placement and sample geometry effects could be made using any software
with similar capabilities as HiSPoD

There are several important considerations in selecting a sample thickness for use in a
transmission X-ray diffraction experiment using a polychromatic beam: those favoring thicker
samples and those favoring thin samples. Samples with high thickness are generally more
practical to produce and easier to work with. Additionally, given a fixed grain size, thicker
samples will contain more grains and are more likely to produce full rings rather than “spotty”
rings in the area diffraction patterns relative to a thin sample. Factors favoring thin samples
generally relate to the polychromatic nature of the beam used for high-rate time-resolved
diffraction experiments and consideration of the material under investigation. This work focuses
on the use of HiSPoD to evaluate the effects of sample thickness and detector position on the

acquisition and interpretability of collected diffraction patterns in an intensity-limited



experiment, with an example of the important of these considerations being provided by
comparison of diffraction results for a metastable multi principal element alloy (MPEA) that

exhibits phase transition during high-rate deformation.

2. Mitigating the diffraction effects of multiple harmonics by detector placement and

sample geometry changes

2.1. Energy dependent beam attenuation as a result of heavy or thick samples

Undulators produce multiple peaks of intensity, referred to as harmonics, with higher
order harmonics being associated with integer multiples of the peak energy of the first harmonic.
Generally, these higher order harmonics less intense and broader than the first harmonic. An
example energy spectrum from the U18 undulator (i.e. 1.8 cm period) at Sector 32-ID of the
APS, and the energy spectrum used for all models and experiments in this work, is shown in
Figure 1. These spectra can be simulated given information about the undulator and synchrotron

in question; more details about the mechanics of undulators may be found in [1].
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Figure 1 Example energy spectrum for a quasi-monochromatic beam at a synchrotron light
source. This is produced by the undulator with 1.8 cm period at Sector 32-ID of the Advanced
Photon Source with an undulator gap of 12 mm. All simulated diffraction and attenuated energy

spectrum results in this work are generated using this spectrum.



As the X-ray diffraction of dynamic loading of materials often runs in transmission
mode (a schematic of which is shown in Figure 2), the energy dependent absorption of X-rays,
which favors transmission of higher energy X-rays can alter the relative intensities of peaks
associated with different order harmonics. Low energy X-rays with lower penetration depths will
have reduced diffracted intensity in thick samples, because the X-rays diffracted near the surface
of the sample are unable to transmit through the rest of the sample without experiencing a second
scattering event or being absorbed by the sample. Because higher level harmonics are higher in
energy, they are less attenuated during transmission through the sample. Attenuation can be
evaluated using the Beer-Lambert Law, which describes the transmitted intensity through a
medium as a fraction of initial intensity determined by an exponential factor based on the
distance travelled through the medium and a material dependent factor. The Beer-Lambert law is

given below:

I =1, * e X uE)

where x is the path length a photon must travel through the material and y is the linear
absorption coefficient, a material and photon energy dependent parameter that describes the
absorption of incident photons [8]. A high u results in lower transmitted intensity. Except near
absorption edges of the element in question, u decreases with increasing photon energy, and
increases with increasing atomic number. Density normalized values of u for elemental media
are readily available from the National Institute for Standards and Technology (NIST) for a wide
range of photon energies, and values for u for alloys and compounds can be generated by taking
an average of the u for the components, weighted by their mass fraction [9]. Depending on alloy
composition and thickness, this can result in the second harmonic producing higher diffracted
intensities, relative to the first harmonic. An example of alloy and thickness effects on the
relative intensities of the first and second harmonic and the associated effects on area diffraction

patterns are shown in Figure 3.
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Figure 2 Schematic of the experimental setup for dynamic strain rate experiments at sector 32-
ID of the APS, showing the positioning of the sample and detectors relative to the incident beam.
Due to the requirement of the diffracted intensity to be transmitted through the sample in order to

be collected, sample thickness effects become important for the diffraction.

Having too low a ratio of the first to second harmonic intensities can be deleterious to
collected diffraction results; because the second harmonic is at a higher energy, the resulting
rings will be closer to the beam center, as well as closer together, according to Bragg’s Law.
Considering the first and second harmonics, the peaks associated with the second harmonic will
be at approximately one half the 26 of their equivalent peak associated with the first harmonic. It
then follows that peak separation for the second harmonic peaks is decreased by an approximate
factor of two. This relationship works best for considering peaks at relatively low 26 for the first
harmonic as at higher 26, the approximation that sin(x) =~ x deteriorates. Additionally, because
the second harmonic is broader, the resulting peaks will also be broad. The degree to which the
second harmonic is broader will depend on beamline specific hardware and is difficult to
generalize. The combination of peaks with reduced separation and increased broadness can result
in peak overlap that is difficult to deconvolute. As a result, second harmonic peaks are not well

suited for diffraction applications. The simulated diffraction patterns in Figure 3 to help illustrate
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this show only peak broadening due to the polychromatic nature of the incident beam and the
effect of attenuation of the beam on the relative intensities of the harmonics. These patterns are
generated in HiSPoD by defining a detector (using parameters sample to detector distance,
detector angle, pixel size, image size, direct beam X and direct beam Y), providing a energy
spectrum as a text file, and applying an absorption correction based on a user generated text file.
The resulting simulated diffraction does not include peak broadening as a result of full-field
diffraction occurring at multiple locations within the volume of the sample, small crystallites,
strain distribution, or the noise inherent to high-rate testing, only the broadening from the

polychromatic nature of the beam.
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Figure 3 Attenuation corrected energy spectrums and simulated diffraction patterns of various
thicknesses of pure Al and Ni, highlighting the effect of composition and thickness on the
relative intensity of the first and second harmonics. The most intense peaks are indexed; those
associated with the first harmonic are labelled as H1 and peaks associated with the second
harmonic are labelled as H2. For the case of the 500 um Ni there is overlap of the H1 (111) with
H2 (222) and H1 (200) with H2 (400). The H1 (220) peak is visible in the Al case because, while
Al and Ni share the same crystal structure, FCC, Al has a larger lattice parameter. The

parameters describing detector position are listed in Table 2 under Position 1.



Light metals, like aluminum (Al), have low attenuation coefficients and thus higher
intensities for the peaks associated with the lower energy first harmonic. Heavier metals, such as
nickel (Ni), have higher attenuation coefficients and thus lower relative intensities for the lower
energy first harmonic. This effect can be mitigated by using a thinner sample. Practical limits
exist, however. Heavier metals, such as Ni, may require very thin samples to avoid attenuating
the first harmonic significantly. If, for an experiment, it were desired that a Ni sample have the
same relative height of the first and second harmonics as does a 500 um Al, sample, the nickel
sample would have to be less than 25 um in thickness (Figure 3). Sample this thin may be
beyond a practical limit for machining or use. While the minimum thickness that can be
experimentally useful will vary by experiment, having very thin samples introduces concerns
about the size of the grains relative to the sample. Note also for the case of the 500 um thick Ni
sample that the peaks associated with the second harmonic are closer together and broader as

compared to their equivalent peaks in the 25 ym Ni or 500 um Al first harmonic cases.

2.2. Detector positioning to minimize unavoidable second harmonic effects

In cases where second harmonic effects cannot be mitigated by thinning of the sample,
the second harmonic may be avoided by moving the high intensity peaks associated with it out of
the frame of view of the diffraction camera, so a longer detector gating time can be used for
improving the signal-to-noise ratio of the data. This idea is explored in Figure 4. When the high
intensity peaks associated with the second harmonic are moved out of the view of the camera, as
in position 2, the highest intensity peak associated with the first harmonic becomes the maximum
intensity against which other peaks present are normalized in processing. The high (hkl) index
peaks associated with the second harmonic may still be in view of the camera; however, they are
likely to have lower relative intensities. Consequently, more peaks associated with the first
harmonic are now visible. Identifying the peaks associated with the first and second harmonic is

possible through use of the “Label (hkl) in I(tth)” function of HiSPoD.

There are limits to this technique. As the detector is rotated away from the beam center,
the fraction of each new ring falling within the view of the camera is decreased, and thus the
absolute diffracted intensity collected for these rings falls. If the absolute intensity is too low,
these rings may become unobservable against noise. Moving the detector closer to the sample

can combat this by increasing the fraction of the ring in view of the camera. Moving the detector



closer will also have the effect of increasing the range of 26 sampled, but the reciprocal space
resolution is compromised as the diffraction rings get closer. This is explored by position 3 in
Figure 4. The ideal detector position is also impacted by several detector parameters, most
notably the detector’s area and pixel size. Large area detectors provide several obvious benefits
to diffraction experiments, allowing either capture of a larger azimuthal range (a larger fraction
of each ring) or a wider reciprocal-space range at a given sample to detector distance. Similarly,
the pixel size can affect reciprocal-space resolution, with smaller pixels producing a better
reciprocal-space resolution. This enables a detector with a smaller pixel size to be placed closer
to the sample while maintaining the same reciprocal-space resolution. Hardware alternatives to
moving the detector can allow for the effects of the higher order harmonics to be mitigated, but
may be more complicated than moving the detector, especially if only a small shift is required to
avoid capturing the higher order peaks. These hardware solutions may include different types of
slits or masks on the detector. The difficulties associated with hardware solutions involve the
positioning of them in such a way as to eliminate only the undesirable peaks as well as the non-
uniqueness of masks for the detector, where different materials and different detector positions

may different masks.

In practice, it will likely be simpler to use HiSPoD to find the best experimental
parameters for the phase transition of a material one wishes to observe, and then simulate the
pattern of Al or another reference material using the same experimental parameters. Setting up
for experiments at a light source, one can then move the detector into such a position that the
collected pattern matches the desired simulated pattern for the reference. Any fine-grained, light
metal would produce satisfactory results. Al foil is a readily available and effective reference
material. An additional reference material with similar structure and lattice parameter the
material of interest may also be of use for positioning the beam if the sample does not produce
clear diffraction patterns. This method is superior to using the parameters (i.e. Sample-to-
Detector, Detector Angle, Direct Beam X, Direct Beam Y) entered in the “Experiment
Parameters” portion of the HiSPoD graphical user interface as a guide to positioning the
diffraction camera, as several of the experimental parameters are compounded by optics,

especially the sample to detector distance.
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Figure 4 Simulated area diffraction patterns and corresponding integrated I vs 260 plots for a
500 um thick iron sample, illustrating how shifting the detector position can alter collected
diffraction patterns. The most intense peaks are indexed for each integrated I vs 26 plot; the first
and second harmonic peaks are labelled as H1 and H2, respectively. The parameters used to
generate these simulated diffraction patterns are listed in Table 1. Note that different scales are

used for intensity on each integrated plot

Table 1 Parameters used to simulate diffraction patterns in Figures 3 and 4. For all cases,
Detector angle is 0, scaling factor is 1 and the number of harmonics is 2. 26 range is a result of

the parameter choices and is not an input.

40

Position | Sample-to- | Direct Direct Image Pixel Size Detector | 26
detector Beam-X Beam-Y Dim. (um) Angle (°) | Range
(mm) (pix.) (pix.) (pix.) ©)

1 60 0 250 500*%750 |32 0 0-23




2 60 -300 250 500%750 | 32 0 10-33

3 45 -300 250 500%750 | 32 0 10-36

While the second harmonic remains more intense than the first for all cases in Figure 4,
for lateral-shifted camera positions in positions 2 and 3, the only visible peaks associated with
the high intensity second harmonic are high index peaks with relatively low diffracted intensities.
This enables observation of peaks that would have been too low in relative intensity to be
observed simultaneously with the low index second harmonic peaks. Because the most intense
peak is now associated with the first harmonic, other first harmonic peaks have relative intensity
equal to that expected if the second harmonic were not considered. Because the first harmonic
peaks are low in absolute intensity due to the sample absorption, moving the detector closer to
the sample can result in increased collected intensity, as more of each ring is in the view of the
camera; additionally, this reduces scattering by the air between the sample and the detector.
However, this also results in decreasing the separation between peaks, as shown by position 3.
As an alternative, the highest intensity second harmonic peaks may be masked after the fact,
though this reduces the 26 range measurable. If the detector is not moved laterally, then the
detectors dynamic range becomes important. A detector with high dynamic range will allow the
collection of the relatively low intensity first-harmonic peaks while still collecting intensity
information from the higher intensity second-harmonic peaks, which can then be masked or
referenced in the post processing. A detector with lower dynamic range may saturate the highest
intensity second-harmonic peaks before enough signal is collected from the first-harmonic peaks
to be of sufficient quality. Depending on the detector, saturation may not be an issue and the
saturated regions can simply be masked, however; large, saturated areas may result in altered

backgrounds or other artifacts.

In cases where the first harmonic does not provide sufficient intensity, even at the limit
of feasibility for thinning the sample, the second harmonic may be preferable. In these instances,
which may apply in materials like steels or other strongly absorbing materials, reciprocal-space
resolution may be gained by moving the detector away from the sample, but at the expense of the

fraction of each ring captured on the detector.

3. Application of HiSPoD based experimental geometry planningto a CosoCrsoNiio MPEA
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3.1. A brief description of TRIP behavior and interest

In-situ X-ray diffraction experiments are greatly beneficial for transformation induced
plasticity (TRIP) enabled alloys as a means of observing the correlation between strain and
transformation progress [10—12]. Alloys with TRIP behavior are of particular interest as
structural materials, as TRIP behavior results in increased work hardening rates, delaying
instability and producing increased ultimate tensile strength and uniform elongation [13]. Thus,
TRIP enabled MPEAS hold promise as blast resistant materials, necessitating the study of their
TRIP behavior from quasi-static to dynamic rates. At quasi-static strain rates, these experiments
may be performed at a wide range of user facilities with monochromatic beams, because these
are not intensity limited experiments. Interrupted testing or magnetic measurements may also
allow similar studies without the need for a synchrotron light source [14—17], but light source

experiments afford deeper insights into when phase transformation occurs during deformation.

For experiments at higher strain rates, intensity becomes a limiting factor in the time-
resolution of the diffraction, especially as many TRIP alloys are Fe-, Mn-, Ni-, or Co-rich, and
thus have high X-ray attenuation coefficients [13, 18]. The use of polychromatic beams to
overcome this limitation can obscure changes in the diffraction, such as the appearance of new
peaks due to a phase transition. To overcome the effect of the polychromatic nature of the

incident beam used in these experiments, the techniques discussed above were applied to an

FCC->HCP TRIP enabled Cos0Cr4oNijo alloy.

3.2. Second Harmonic Effects in Cos¢Cr4oNiio

The first harmonic peak intensity of the incident beam used lies at 24.23 keV (1 =
0.5117A4) and has an associated mass attenuation coefficient in Co of 143.6 cm™1, in Cr of
84.2 cm™1, and in Ni of 166.1 cm™. The second harmonic peak intensity at 46.82 keV (A =
0.2648 A) has attenuation coefficients of 22.5 cm™! in Co, 12.9 cm~'in Cr and 26.3 cm™! in
Ni. As the attenuation coefficients are much larger for the energy of the first harmonic as
compared to the second harmonic, it can be anticipated that there are substantial changes in the
relative intensity of the first and second harmonic for thick samples of this material. A
quantitative assessment of this is shown in Figure 5, which shows the attenuation corrected

energy spectra for two thicknesses of CosoCrsoNijo. While true optimization is not supported by

12



HiSPoD, sample thickness and detector position may be iterated to arrive at improved

experimental geometries.
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Figure 5 Attenuation corrected energy spectra for given thicknesses of a TRIP enabled CoCrNi
MPEA. As thickness decreases, both the relative intensity of the first and second harmonics and
the absolute transmitted intensity increases. These thicknesses correspond to sample thicknesses

used during experiments at beamline 32-ID of the APS.

3.3. Simulations of Phase Transformation Compared to Experimental Results

These energy spectra can be used to enable comparisons between individual simulated
area diffraction patterns for CosoCr4oNiio, which are explored in Figure 6, illustrating the
importance of sample position and thickness. Additionally, attenuation corrected energy spectra
can be used to generate simulations of the transformation within HiSPoD, using its built-in
simulation functions. This involves simulating the area pattern for a range of phase fractions,
then using HiSPoD to process the simulated patterns again to generate “heatmaps” of 26 vs.
Intensity vs. fraction transformed. These simulations are useful for both identifying preferable
detector positions for observing a given phase transformation, and also for qualitative
comparisons with experimental results of the extent of transformation. This is explored in Figure
7 for the example FCC>HCP TRIP alloy. TRIP behavior is readily observed in the HiSPoD
iterated pattern, while it is difficult to identify in the intial case. Relative to the initial case, the
iterated case uses thinner samples (100 um vs 500 um) and experiences a lateral detector shift, as

well as reduced sample to detector distance.
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Figure 6 Simulated optimized and unoptimized area diffraction patterns for a 50/50 mixture of
FCC and HCP phases in CosoCrsoNiio tested during high strain rate deformation at beamline 32-
ID-B of the APS. The highest intensity peaks for the optimized case are indexed. Due to the
overlapping of the peaks in the initial case, individual peaks are difficult to identify. Differences
between the aspect ratio of the experimental patterns are a result of different diffraction cameras
used during the different experiments the optimized and unoptimized simulations are meant to

represent, see details in text.

Table 2 Parameters used to simulate diffraction patterns in Figure 6. For all cases scaling
factor is 1 and the number of harmonics is 2. 26 range is a result of the parameter choices and is

not an input.

Position Sample- | Detector | Direct Direct | Image Pixel 260
to- Angle Beam-X | Beam- | Dim. Size Range
detector | (°) (pix.) Y (pix.) | (pix.) (um) ©)
(mm)
Intitial 70 20 -165 150 512%712 | 50 5-38
Iterated w/ 44 3 -240 100 250*400 | 32 10-26
HiSPoD
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Some differences exist between the experimental area diffraction results that are not
attributable to the differences in sample thickness and detector position. These include a
difference in aspect ratio and the presence of a ring of anomalous intensity near the edges of the
unoptimized condition. These differences are a result of a difference in the camera-scintillator
set-up used in the experiments, as the patterns were collected during two separate visits to the
APS. Optimized patterns were collected using a Shimadzu Hyper-Vision HPV-X2 camera, while
the unoptimized patterns were collected using a Photron FASTCAM SAL1.1. In addition to the
differences mentioned above, the Shimadzu camera is also capable of recording at a higher frame

and resolution.
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Figure 7 (Top) A comparison of an initial and iterated simulation of complete FCC->HCP
transformation in CosoCr4oNiio, as well as (bottom) experimental results. In these simulations, the
decrease in intensity of the FCC {111} and {200} peaks and appearance of the HCP {1011}
peak are much more evident in the optimized case, which uses both a decreased sample thickness
(100 um vs. 500 um), decreased sample to detector distance and lateral shift in detector
position. In the initial case, the high intensity of the high energy second harmonic results in the
evidence of transformation being obscured by overlapping, broad peaks that are difficult to
deconvolute, and the low intensity of peaks with sufficient separation to distinguish. In the
iterated case, evidence of the transformation is clearer, as the peaks are both sharper and have
greater separation. Several peaks in the initial case are visible in the simulated diffraction that not
in the experimentally observed patterns. This is due to the high background inherent to high-rate

experiments, which may cause low intensity peaks to be obscured by noise.

4. Summary

Access to synchrotron light sources is generally limited, and users are often unable to
make significant changes to their samples during their allotted beamtime. As a result, efforts
must be made to ensure optimal experimental results are obtained. To this end, HiSPoD can
serve as a powerful tool, not just for the post-processing of data collected during experiments at a
beamline, but also for preparatory work. HiSPoD’s ability to modulate the incident energy
spectrum by energy dependent attenuation allows for determination of sample thicknesses that
improve relative intensities of the various harmonics produced by undulators. This is especially
important for observation of phase transitions in materials such as TRIP steels or MPEAs, where
high attenuation coefficients result in low diffracted intensities for the sharp first harmonic and
low attenuation for the higher energy, but broad second harmonic. Beyond sample thickness
effects, HiSPoD’s simulation capabilities allow for identification of preferable detector positions
to further mitigate effects of the second harmonic. As illustrated by the comparison between the
unoptimized and optimized diffraction results presented in Figure 7, these methods have been
used to improve the in-situ study of phase transition in CosoCrsoNijo with synchrotron X-ray

diffraction using a polychromatic beam during high strain rate testing.
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