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Abstract

Understanding the microstructure-property correlation is critical for the performance evaluation of in-
service materials and the development of advanced materials for nuclear reactor applications. Experimental
studies are challenging for nuclear materials which are often hazardous. Recent developments in high-
energy synchrotron X-ray (HEX) techniques offer the potential to address this challenge, by providing
direct observations of internal responses to external stimuli in bulk-like materials, through in situ or 3D
measurements. In this review, developments in HEX techniques are introduced and recent applications in
nuclear materials are presented. The results offer unprecedented insights into materials performance and
provide unique input to computational models.
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1. Introduction

The breadth of material systems used in nuclear reactors, coupled with the harsh environments, poses
extensive challenges to the understanding and prediction of materials performance in service [1]. A
significant fraction of nuclear materials are radioactive, bringing additional challenges to their acquisition,
handling, and investigation. Currently, the study of nuclear materials often separates the microstructural
characterization from testing, making a direct microstructure-property correlation difficult. One approach
that couples the two is the small-scale testing inside electron microscopes, enabling the tracking of
microstructure with deformation. This is particularly helpful in studying ion irradiated materials since the
irradiation depth is shallow [2]. However, the extrapolation of results from small-scale testing to bulk
materials performance suffers from the size effects [3].

High-energy synchrotron X-rays (HEX), which generally refers to X-rays of energies >30 keV, have a high
penetrating power that can be utilized to non-destructively measure internal microstructural features in up
to 3 dimensions (3D) in bulk materials. In recent years, HEX have been increasingly used for nuclear
materials research, owing to the advancements in several aspects: 1) high-energy X-ray beamlines have
become standard in the third and the fourth generation synchrotron light sources; 2) the techniques are
matured; 3) notable efforts have been made to enable the study of hazardous nuclear materials at public
beamlines (for example, see [4-6]), and to facilitate the access to beamlines by the nuclear community (for
example, see the Nuclear Science User Facilities [7]); 4) the attractive scientific merit in non-destructively
tracking the bulk materials’ response in simulated reactor environments in situ and/or in 3D.

This review highlights some advancements, mostly taken place since 2017, in unveiling the microstructure-
property correlation in nuclear materials via HEX techniques, in particular the in situ and 3D techniques.
The techniques covered include wide-angle X-ray scattering (WAXS, also known as HEXRD for high
energy X-ray diffraction), small-angle X-ray scattering (SAXS), high-energy X-ray diffraction microscopy
(HEDM, also known as 3DXRD for 3D X-ray diffraction microscopy), and X-ray computed
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microtomography (UCT). The case studies presented here cover a wide range of materials from graphite to
structural/cladding alloys to uranium fuels, many of which have been exposed to neutron irradiation. During
the X-ray measurements, some of the materials were subjected to external stimulations, such as stress,
temperature, or corrosion. The rich information obtained from these studies offers unprecedented insights
into the microstructure-property correlation, and serves as valuable inputs for improving computational
models. In addition to highlighting on-going developments, a glimpse into future possibilities is provided.

2. Wide-angle X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS)

Figure 1a shows the absorption length (1/e distances) in elemental solids for five different photon energies.
It is readily seen that X-rays with energies >70 keV can penetrate >1 mm through many materials used for
nuclear applications including Fe, Ni, and Zr. For heavier elements such as W and U, penetration depths
are still significant at ~100 um. Such high penetration power enables HEX measurements to be carried out
typically with a transmission geometry (Figure 1b). Coherent scattering angles are small as per Bragg’s
law 2dsing = 1 = 12.3984/E, where d is the lattice spacing in Angstroms, @ is the scattering angle, 1 is
the wavelength in Angstrom, and E is the x-ray energy in keV. A 100 keV photon beam has a # angle of
only 4.8° for the 9™ peak {422} of an austenitic stainless steel with a nominal lattice constant of 3.6 A. Such
small diffraction angles facilitate the use of two-dimensional (2D) area detectors, and enable the use of
many sample containments as they require only small openings, such as furnaces and environmental
chambers. The ample space between the sample and the detector, often one to several meters, also makes
room for complex experimental setups, including the containments needed for radiological control.

Another salient aspect with HEX at synchrotron sources is the high brightness, making the data collection
very fast, typically in a fraction of a second for one exposure. This enables in situ measurements over a
series of steps in time, deformation, temperature, etc.. For dynamic processes that span a few hours,
hundreds to thousands of measurement points can be obtained to track the microstructural changes.
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Figure 1. (a) Absorption length in elemental solids spanning the periodic table for five different photon energies
in the hard X-ray regime. The numbers in the caption are photon energies in keV. The data were based on
absorption coefficients from National Institute of Standards and Technology Reference Database 126, and the
figure were plotted using the MATLAB toolbox [8]. (b) Hlustration of the simultaneous WAXS/SAXS
measurement setup at beamline 1-ID of the Advanced Photon Source with the iRadMat experimental module.
Reproduced from Reference [4]. (c) The engineering stress-strain curves of the unirradiated, the 320 °C/11.8 dpa
irradiated, and the 320 °C/5.5 dpa irradiated 316 stainless steel samples during RT tensile tests. (d) Snapshots
from an area detector showing the diffraction patterns at selected locations along the 11.8-dpa sample gauge in
Scan-I (20% strain); loading direction (LD) is marked on each pattern. (¢) Martensite volume fraction as a
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function of the martensite {321} stress for the unirradiated and the 11.8-dpa irradiated samples. (f) Lattice stress
as a function of square-root of dislocation density in the unirradiated and the 11.8 dpa irradiated samples. The
stress for the austenite is the {311} stress, and the stress for the martensite is the {321} stress. Subfigures (c),
(d), (e) and (f) are reproduced from Reference [9].

The scattering signals from X-rays passing through the sample can be divided into wide angle and small
angle ranges, corresponding to the WAXS and SAXS techniques, respectively. Figure 1b illustrates a
unique setup at the beamline 1-1D of the Advanced Photon Source (APS) that enables the simultaneous
recording of WAXS and SAXS patterns during an in situ loading/heating of activated materials. WAXS
generally refers to the analysis of the Bragg peaks which contain crystallographic information, while SAXS
is the analysis of the scattering signal around the transmitted beam which contains information about the
nano- to micro- scale electron density differences within the sample. SAXS has been used to track the
evolution of deformation voids in nuclear structural alloys [10] and to characterize the nanoscale
intermetallic precipitates in highly neutron irradiated reactor pressure vessel steels [11] at high energy
beamlines, but in general, dedicated SAXS beamlines use lower energies (typically 10-30 keV) to obtain
an optimum Q range coverage, and therefore, it is not discussed further in this review.

WAXS has been broadly employed to study polycrystalline nuclear materials due to the relatively simple
setup and well-developed data processing methodologies. WAXS provides rich microstructural information
including crystallite phase identification and volume fractions, internal strains, intra-phase chemical
composition, crystallite sizes, defect densities, and short range ordering (for amorphous phases). Some of
this information can be ascertained directly from WAXS data and others requires some level of modelling.
In recent years, research using high-energy WAXS has covered a broad range of topics in nuclear materials,
including irradiation effects, mechanical performance, thermal response, corrosion performance and
materials processing. Many of them are in situ studies, owing to the development of enabling infrastructures
at beamlines. Recently, we developed an in situ Radiated Materials (iRadMat) experimental module at the
Advanced Photon Source beamline 1-1D that allows in situ WAXS/SAXS studies of radioactive samples
subject to thermo-mechanical loading [4]. Figure 1b shows the schematic of the iRadMat module during
the in situ measurement. The core of this module was a radiation-shielded vacuum furnace with the sample
rotation-under-load capability. The furnace was designed to interface with a servo-hydraulic load frame for
tensile loading of the sample. Incident and diffracted high-energy X-rays passed through quartz windows.
The first study using the iRadMat is a study of the neutron-irradiation effect on the tensile properties of a
Fe-9%Cr alloy [12]. Two neutron-irradiated specimens, one irradiated at 300 °C to 0.01 dpa and the other
at 450 °C to 0.01 dpa, were tested at the room temperature (RT) along with an unirradiated counterpart.
The evolutions of the lattice strains, the dislocation densities and the coherent scattering domain sizes
during deformation revealed different roles of the submicroscopic defects in the 300 °C/0.01 dpa specimen
and the nanometer-sized dislocation loops in the 450 °C/0.01 dpa specimen; the dislocation loops were
more effective in retarding the dislocation glide. While the work hardening rate of the stage 11 deformation
was unaffected by irradiation, significant dynamic recovery in the stage Il deformation in the irradiated
specimens led to the early onset of necking without the stage 1V deformation that had been observed in the
unirradiated specimen.

In a separate study using the iRadMat module, we [9] observed that during RT tensile tests, 320 °C/5.5 dpa
and 320 °C/11.8 dpa neutron-irradiated Type 316 stainless steel samples developed unusual deformation
bands propagating along the sample gauge, similar in appearance to a Liiders band, leading to a combined
high strength and high ductility (Figures 1c and 1d). With the help of in situ WAXS, we discovered that the
increased yield strength of the irradiated material compared to the unirradiated material (Figure 1c)
promoted the martensitic phase transformation. The martensitic transformation served as a hardening
mechanism in addition to the dislocation hardening, leading to a reduced tendency towards localized
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deformation in the irradiated material. The results also showed that the irradiation did not alter the
dislocation hardening and the martensitic transformation mechanisms (Figures 1e and 1f), but the increased
yield strength in irradiated materials facilitated the localized phase transformation at the onset of plastic
deformation, in contrast to the unirradiated material which required pre-straining.

We also performed a high-temperature in situ study using the iRadMat module on an irradiated high-
temperature-ultra-fine-precipitation-strengthened (HTUPS) stainless steel [13]. The tensile deformation
behavior of two 400°C/3dpa irradiated samples were studied at RT and at 400°C, respectively. We
discovered that the evolution of the {200} lattice strain corresponds well with the dislocation density
evolution, and is an effective probe of the deformation-induced long-range internal stresses that are related
to the irradiation-induced defects.

In recent years, many other researchers have used high-energy WAXS to unveil the irradiation effects.
Koyanagi et al. [14] used ex situ WAXS and measured strips of SiC that experienced irradiation creep under
flexural stress. They found a correlation between the increase in the (111) shoulder peak intensity and the
accumulation of the nano-scale stacking disordering due to the applied stress under irradiation, and
proposed a transient creep mechanism. Simos et al. [15] used ex situ WAXS to study the proton-irradiation-
induced damage in a graphite target. The WAXS patterns revealed the extent of the irradiation beam that
caused the transformation of the graphite lattice structure to nanocrystalline, and also revealed the role of
the irradiation temperature profile. In situ WAXS has been used to study a variety of mechanical or thermal
modalities in conventional or novel nuclear materials including fuels. Laliberte et al. [16] studied the creep
deformation in a Grade 91 steel at 650°C, and correlated the creep stages with the dislocation density
evolution. Vakhitova et al. [17] studied the texture evolution related to the phases transformations in an
ODS ferritic steel during heating cycles, and observed a texture memory effect that is dependent on the
cooling rate and an invariant crystallite size in all phases likely due to the pinning effect of dispersion
particles. Shiman et al. [18] studied the strain evolution due to thermal-cycling-induced hydride dissolution
and precipitation ina CANDU Zr-2.5 wt% NDb tube material, and discovered the variations in the hydrostatic
and deviatoric strain components of the a-Zr matrix with temperature through detailed examination of the
WAXS patterns. Miao et al. [19] studied the microstructural evolution in a ultrasonic additive manufactured
(AM) Zr under RT tensile testing, and identified the stress concentration sites during early stage of plastic
deformation, which may be correlated with the manufacturing defects and become candidate necking
locations. We [20] studied the room temperature tensile behavior of an AM316L stainless steel
manufactured by the laser powder bed fusion (LPBF), and identified the difference in deformation stages
in AM material compared to the conventional material. Sprouster et al. [21] examined the in situ response
of stoichiometric and non-stoichiometric UO; during flash sintering and traced the subtle structural changes
prior to and post flash, indicating that the stoichiometry and applied parameters could potentially be tailored
to optimize the fabrication process for nuclear fuels.

High energy WAXS of other configurations instead of transmission has also been applied to recent nuclear
materials research. For corrosion study, grazing incidence diffraction (GID) has been used to probe the thin
corroded layer [22, 23]. Microdiffraction (LXRD) has been used to map the surface lattice strains developed
in areas with cracks and indents in a micro-indentation tested UO, sample [24]. Energy dispersive X-ray
diffraction (EDXRD, also known as energy dispersive diffraction, EDD), which utilizes polychromatic X-
rays to the high-energy range, has been used to measure the residual stress field in a large weldment
obtained from a canceled boiling water reactor [25]. EDXRD has also been used to reveal the lattice change
due to proton irradiation in a graphite material [26]. Those studies demonstrated the versatility of WAXS
and show cased the broad range of topics within the nuclear materials study.

3. High-energy X-ray diffraction microscopy (HEDM)



HEDM is based on WAXS and is a recent addition to the microscopy family. It uses crystal unit cell
orientations as the contrast mechanism to acquire the sizes, locations, orientations, and elastic strain states
of individual diffracting volumes in bulk polycrystalline materials nondestructively and in 3D. It is also
known as 3DXRD and is implemented at multiple high-energy synchrotron facilities around the world, such
as the beamline 1-1D of the APS, the F2 station at the Cornell High Energy Synchrotron Source (CHESS),
beamline ID11 of the European Synchrotron Radiation Facility (ESRF), and the P07 and P21 beamlines at
the Petralll Facility. The technique has seen a rapid development over the past decade, motivated by its
unprecedented power to reveal grain-level microstructural responses to external stimuli, such as mechanical
loading, high temperatures, and irradiation [27, 28]. It also provides direct input to constitutive models for
validation or further development [29].

The principle, experimental setup, and data processing of HEDM have been elaborated in a number of
recent reviews [30-32]. The technique uses a monochromatic high-energy X-ray beam to illuminate a
volume in the sample. The sample is rotated continuously about an axis hominally perpendicular to the
incident beam, while 2D area detectors collect diffraction signals at small rotational steps, typically over a
small fraction of a degree. The rotation often covers a range of Am = 180 or 360°. Depending on sample to
detector distance Ls.q, two variants of the HEDM technique exist, namely the far-field HEDM (ff-HEDM)
and near-field HEDM (nf-HEDM). Due to the relative novelty of these techniques in nuclear materials
research, they are briefly introduced here.

For fi-HEDM, Ls.q typically ranges from 0.5 to several meters downstream from the sample. Figure 2a
illustrates the setup with a double-contained neutron-irradiated radioactive sample in the beam (in this
particular case, a Fe-9%Cr tensile sample [28]). ff--HEDM uses a box beam that is typically several hundreds
of um (vertically) by up to several mm (horizontally), with the horizontal size typically matching the sample
cross-section. Polycrystalline materials, which may contain hundreds to thousands of grains in this
measurement volume, are rotated and the diffraction patterns are recorded as a function of the angle. During
data processing, the intensity peaks in the patterns are indexed to each coherent volume (e.g. grain) in the
sample, with each grain typically contributing many peaks in the rotation series. The radial position of a
diffraction peak is inversely proportional to the d(hkl) spacing, which encodes further information on elastic
strain. Furthermore, the relative position of different peaks from a given grain (vs. rotation angle) allows
determination of the center of mass position for the grain. The azimuthal broadening or splitting of a peak
reflects the presence of orientation gradient or orientation domains in the crystallite, while the radial
broadening is a manifestation of the strain gradient. The integrated intensity of the peak is a measure of the
diffracting volume. At synchrotron facilities, the ff-HEDM data collection time is approximately 3-15
minutes per layer depending on the scattering power and the desired resolution.

For nf-HEDM, Ls.q typically ranges from 4 to 15 mm. Figure 2b illustrates the setup. nf-HEDM uses a line-
focused beam that is just a few pum thick to illuminate a thin layer in the sample. The measurement of one
layer usually needs to work with 2 to 3 different Ls.q. To map a 3D volume, many layers need to be measured
and stacked. Due to the small Lsq, nf-HEDM loses its sensitivity to strain. Instead, a voxel-by-voxel
forward-modeling reconstruction converts the set of diffraction images into an orientation map similar to
an electron backscatter diffraction (EBSD) image. The voxel size can be as small as 1-3 pum, and the
orientation resolution is 0.1°. The nf-HEDM collection time per layer is similar to ff--HEDM, but since
smaller layer thickness and spacing are typically used, measuring equivalent 3D volumes take longer (up
to hours).
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Figure 2. (a) Schematic of ff-HEDM experimental setup for a neutron-irradiated sample reproduced from
Reference [28]. The sample is double-encapsulated by kapton tubes. Top right corner shows the reconstruction
of grains in an irradiated alloy [unpublished data from the author]. The colors are unique to each grain. (b)
Schematic of nf-HEDM experimental setup reproduced from Reference [33]. Bottom left corner shows the
reconstruction of grains in the same volume as that in (a), through the stacking of many layers [unpublished data
from the author]. The colors are informative of the grain orientations. (c) Center-of-Mass (COM) maps for the
as-received (AR) HTUPS stainless steel sample, the 500 °C/3 dpa neutron-irradiated (irr) sample and the
irradiated and then annealed (irr + ann) sample. The size of each sphere reflects the size of the grain. The color
denotes the reconstruction confidence, from 0.7 to 1. (d) Diffraction spots from the eight {111} reflections of a
single grain in each sample. Subfigures (c) and (d) are reproduced from Reference [27]. (¢) Domain mapping in
the Rodrigues-Frank orientation space for four conditions of a Fe-9%Cr alloy: unirradiated undeformed,
unirradiated deformed, irradiated undeformed, and irradiated deformed. The irradiation condition was
450 °C/001 dpa. Each sphere represents a grain/subgrain, size scaled with the volume and color denoting the X-
coordinate of the grain in the real space. The two insets on the right shows magnified view of some of the



clustered subgrains. (f) Bar plot of the strain spread for the six strain tensor components in the four materials
conditions. Subfigures (e) and (f) are reproduced from Reference [28].

The meso-scale, grain-level structural information provided by HEDM fills the gap between the
macroscopic properties and the nano- or pum-scale microstructures characterized by other microscopy
techniques such as electron microscopy. It provides quantitative information of the internal heterogeneity
in a material’s microstructural evolution, through in situ or ex situ measurements. In nuclear materials field,
a pioneering work by Abdolvand et al. in 2015 [34] used in situ ff-HEDM to study the deformation twinning
under a tensile load in a polycrystal Zircaloy-2. The investigation volume contained 6132 grains prior to
deformation, and at the last loading step (2.79% macro-strain), 9724 grains were identified as a result of
twinning. The authors used an algorithm to pair the twins with parent grains, resulting in 1079 twins paired
to 342 parents, enabling high-fidelity statistical analysis of 3D stress state. The results showed significance
in the influence of neighboring grains on the twinning behavior of either plastically “soft” or “hard” grains.
In a separate paper by the same group of authors [35], the crystal plasticity finite element (CPFE) simulation
was employed to study the stress heterogeneity within each individual grain of a polycrystal Zircaloy-2
material, using the ff-HEDM reconstruction as the input microstructure. The agreement between the
simulation and the experiment shed a light on the parent-twin interactions in hcp materials.

In recent years, we focused on the investigation of microstructural changes in neutron-irradiated samples
with ff-HEDM. In an earlier work, we [27] presented the first study of the effect of neutron irradiation and
post-irradiation annealing on the grain structures using ff-HEDM. A 500 °C/3 dpa irradiated HTUPS
stainless steel sample and a 500 °C/3 dpa irradiated + 600 °C/1 h annealed sample were double-encapsulated
with Kapton tubes and placed in the beam for subsequent measurement (Figure 2a), followed by an
unirradiated counterpart. The study shows that irradiation caused significant reduction in grain
reconstruction confidence (Figure 2c), increased the individual diffraction spot broadening (Figure 2d),
modified the texture, among some others, but had nearly no effect on the average grain size and grain size
distribution. Post-irradiation annealing largely reversed the irradiation effects on texture and average lattice
constant, but inadequately restored the microstrain.

We [28] also used ff-HEDM to measure the grain structures in the tensile-deformed neutron-irradiated
sample following the in situ WAXS study in Reference [12]. Two locations were probed on the deformed
sample: in the grip area where no plastic deformation occurred, and in the gauge area where uniform
deformation occurred. Similar measurement was also performed in the unirradiated counterpart. We found
that in similar volumes, the undeformed areas contained ~150 grains, while the deformed area had 3425
and 1283 grains identified for the unirradiated and the 450 °C/0.01 dpa irradiated samples, respectively,
due to the formation of subgrains upon deformation (Figure 2e). The irradiated sample showed greater
heterogeneity in the subgrain formation compared to the unirradiated sample. We also found that while the
irradiation broadened the residual strain distribution in the undeformed state, tensile deformation to failure
resulted in similar residual strain distributions between the irradiated and the unirradiated samples (Figure
2f).

nf-HEDM has been used by Hanson et al. [36] in a study of hydrogen-assisted cracking in Ni-based alloy
725. Coupled with X-ray uCT (to be discussed in the next section), the authors investigated the relationship
between the crystallographic character of grain boundaries and their susceptibility to hydrogen-assisted
crack propagation. They found that grain boundaries with low-index planes (BLIPS) are most resistant to
cracking, paving the way for better predicting the service lifetime of structural components, as well as for
designing new HE-resistant materials via grain boundary engineering. nf-HEDM coupled with pCT has
also been used in the characterization of as-sintered UO..x nuclear fuels [37]. For such a high-Z material,
the authors used 85 keV X-rays and measured nominally 0.35 x 0.35 mm? cross sectional areas with an in-



plane resolution of ~ 3 um, pushing the resolution limit for both nf-HEDM and uCT. They characterized
the grain size distribution and the grain boundary misorientations, and observed increased sintering kinetics
for hyper-stoichiometric samples. These 3D microstructure data are invaluable to the modeling community,
where such data are currently lacking [35, 38].

4. High-energy Synchrotron X-ray Computed Microtomography (UCT)

High-energy synchrotron X-ray UCT is a powerful non-destructive technigue used to rapidly reconstruct
the internal structures of objects in 3D with a high spatial resolution. A box beam is used. Similar to HEDM,
the sample rotates for 180 or 360° about an axis perpendicular to the incident beam, and images of the
transmitted direct beam are collected downstream by a high-resolution area detector at small rotation steps,
typically in a small fraction of a degree. Figure 3a shows the setup with an encapsulated radioactive material
in the beam (in this particular case, an irradiated U-10Zr [39]). When performed at (partially to fully)
coherent synchrotron sources, sample contrast can be selected to be dominated by absorption or phase by
changing Lsq from near (several mms) to far (above cm). These mechanisms allow for excellent
detectability of morphological features such as cracks, voids, or even secondary phases.

Thomas et al. [39] used uCT to study the porosity and phase regions in an irradiated U-10Zr fuel specimen
of a volume of ~8x10° um?. They revealed the presence of three distinct phase regions correlating to
different U content, namely U-poor, U-intermediate, and U-rich. The porosity and fuel swelling levels were
determined, and the porosity distribution was further classified based on the pore volumes and morphology.
The spatial correlation between the pores and the phase regions was also evaluated. This pioneering work
paved the way for the high-end characterization of irradiated nuclear fuels and provided valuable
information for improving fuel performance models.

High-energy synchrotron X-ray pCT has also been used by Wade-Zhu et al. to study the fracture of
irradiated nuclear graphite during in situ compression (effectively a 4D study with time being the 4"
dimention) [40]. The authors used a small-scale load frame to perform staged compression tests on a
radioactive graphite sample sealed in a double-encapsulated vessel, and the same setup was used to test the
unirradiated counterpart. The processes of crack initiation, propagation and arrest were captured in both
irradiated and unirradiated samples. It was found that the irradiated sample had enhanced crack tip blunting
due to the expansion and the increased presence of macro-pores, which was a dominant toughening
mechanism for graphite. The irradiated sample also showed a suppression of micro-cracking compared to
the unirradiated counterpart. This novel study could provide valuable information to optimize nuclear
graphite, and assist the development of computational models.
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Figure 3. (a) Schematic showing the UCT setup for an irradiated material. Reproduced from Reference [39]. (b)
Schematic showing the DCT setup. Reproduced from Reference [41] with permission of the International Union
of Crystallography. (c) Top: X-ray radiographs of the gauge center region of an LPBF 316L sample, showing
the morphology of the built-in pores at different deformation levels. Bottom: 3D tomography views of pores in
the same regions as in (a), with the axis labels being in pixel and 1 pixel equaling 1.172 um. The yellow boxed
volumes outline the same volume that are consistently tracked throughout the deformation. (d) Left: the
radiograph of the necking center showing the pores being severely deformed. Right: 3D tomography view of the
pores, with the axis labels being in pixel and 1 pixel equaling 1.172 um. In both figures, the yellow arrow points
to a large pore approaching the surface. Subfigures (c) and (d) are reproduced from Reference [20].

Cracking also happens in structural materials, and a pertinent issue in reactor-related applications is the
stress corrosion cracking (SCC). In situ synchrotron X-ray UCT has been employed by Schoell et al. [42]
to understand the mechanisms behind chlorine-induced SCC (CISCC) in 304 stainless steel. The researchers
installed a pre-cracked sample with MgCl, pre-deposition into a small Kapton chamber containing hot
humid air, which was integrated to a custom-built tensile frame. Under a tensile load the crack propagated.
The tomography scans at multiple deformation steps showed the branching of the crack in corrosive
environment. Most of the branching occurred towards the surface of the sample, most likely due to a
combination of the stress condition and the pitting on the surface.

Additively manufactured (AM) materials, which are of high interest to the nuclear materials community,
are well-positioned to be studied with uCT since they typically contain built-in defects such as lack-of-
fusion pores, thermal cracks, or inclusions that show contrasts with the matrix [43]. For example, we [20]
studied the tensile deformation of a 316L stainless steel manufactured by LPBF using WAXS and
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synchrotron X-ray uCT, and found that while the built-in pores co-deformed with the matrix material
(Figure 3c) and did not have a significant role in plasticity, the near-surface pores might play a role in
promoting the localized deformation (i.e. necking) (Figure 3d). We also imaged the pores in LPBF 316L
stainless steel specimens before [44] and after (unpublished) creep deformation, which helped to explain
the possible effect of the built-in pores on the creep life and ductility. A study by Carlton et al. [45] also
provided direct evidence that the porosity distribution played a larger role in affecting the fracture
mechanisms than the measured bulk density in tensile loading of a LPBF 316L stainless steel.

Another variant of high-energy X-ray uCT is diffraction contrast tomography (DCT) [41, 46]. Figure 3b
illustrates the setup, which shows that the diffraction spots are acquired simultaneously (same detector)
with the absorption image. DCT allows the reconstruction of 3D grain morphologies combined with their
orientations in a polycrystalline sample, together with the reconstruction of the absorption contrast
microstructure. Early in its development, DCT has been used to study the interaction between intergranular
SCC and grain boundaries [47]. Recently, Fang et al. [48] used the technique and studied the bulk hydrides
in a Zircaloy-2 slab. For the first time, the morphologies of the hydrides and the neighboring Zircaloy grains
were reconstructed in 3D, the grain orientations were measured, and the normals of the hydride plates were
determined. They found that the hydride in corn-flake shape grew past grain boundaries, with the plate
normals clustered in the {0002} direction. The results could help in building realistic models for hydride
precipitation and in developing predictive models for the Delayed Hydride Cracking.

5. Conclusion and outlook

Now is an exciting time in that new developments in HEX techniques, in particular in the in situ and 3D
techniques, are matured at a number of synchrotron beamlines around the world, and pioneering studies
have demonstrated their power in nuclear materials discovery. Being highly transmissible and non-
destructive, these techniques are well suited for studying hazardous bulk nuclear materials, from irradiated
graphite, to irradiated structural/cladding materials, to uranium fuel. The results provides deep insights into
the microstructure-property correlations, and are promoting the development of high-fidelity computational
models.

Atrend is to combine multiple measurement modalities in one experiment to obtain the most comprehensive
dataset in unprecedented detail. Increasingly, such multi-modal measurements are carried out in situ with
mechanical and/or thermal loadings thanks to the deployment of many custom-made beamline apparatuses
(for examples, see [4, 49]). One impressive study is on the crack propagation of a Ni-based superalloy
during in situ cyclic loading by Naragani et al [50], which combined absorption contrast uCT, nf-HDEM
and ff-HEDM to investigate crack growth on the grain-scale. Although this study was not specifically tuned
for nuclear applications, the successful experimental design and the data analysis methodologies can be
applied to nuclear materials research.

Developments are still ongoing and include efforts to streamline measurements on nuclear materials at
existing or in-construction synchrotron beamlines. A notable effort, projected to come online by 2024, is
the Activated Materials Laboratory (AML) [51] funded by the Nuclear Science User Facilities (NSUF).
The AML will be constructed at Argonne National Laboratory adjacent to two new long beamlines
associated with the APS-Upgrade project. The AML will facilitate a safe, robust and convenient handling
of activated materials for X-ray experiments at the APS. On a different node, experimental and
computational scientists are joining efforts in developing machining-learning-based fast data processing
methodologies [52] aiming to provide real-time feedback on the materials status during the beamtime
[private communications]. Currently, data analysis occurs post-beamtime in the majority of cases, which
can take from days to years and is often very labor-intensive. Real-time and more streamlined data analysis
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would help in the critical decision-making moments during in situ experiments when valuable nuclear
materials are being measured, and also enable deeper analysis of large, multi-dimensional data.
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