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Abstract

Fractures and cracks commonly found in UO:2 fuel in nuclear reactors have been studied for
decades. In this study, an advanced synchrotron micro X-ray diffraction (uXRD) technique was
used to study lattice strain development in cracking and indentation regions of micro-indented UO2
materials. A stoichiometric UO2 sample prepared by spark plasma sintering (SPS) was indented
with a microscale Vickers indenter. The cracks and other defects on the sample surface observed
in scanning electron microscope were correlated to the micro-diffraction measurements by Laue
diffraction signal intensities, so that the lattice strains developed in those microstructures could be
precisely mapped. The highest and lowest strained areas were found near the indentation tip and
within the “open” crack, respectively. Induced by the residual stress, the lattice strain near the

indentation was found to progressively decrease radially from the indentation boundary.
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1. Introduction

Uranium dioxide (UO2) is the most common nuclear fuel material, which used in both commercial
light water reactors (LWRs) [1] and research and test reactors (RTRS) [2], and is also proposed for
numerous advanced reactor systems [3]. During reactor operations, UOz2 experiences both high
temperature and large temperature gradients across the fuel pin. UOz2 lacks macroscopic plasticity,
so the high thermal stresses induced by the operating conditions are released by fracture of the fuel
[1]. Fracture of UO2 has been extensively studied for decades [4-16], but the fracture mechanics
are still not well understood due to the complex cracking behavior (both radial and hoop cracks
[17]), influenced by multiple factors (temperature, stoichiometry, microstructure, etc. [2-11]), and
the possible impact of crack development on fuel cladding integrity (promoting release of fission
gas [18-21]). Most importantly, cracks in a UOz2 pellet cause stress concentrations to form in the
cladding due to mechanical contact between the pellet and cladding. These cracks also enhance
the migration of fission products (e.g. iodine and cadmium) out of the pellet into the cladding
(zirconium alloy), leading to the embrittlement. Therefore, cracks in UO2 pellets play a critical
role in the pellet-cladding interaction (PCI) in LWRs [22, 23]. UO2 composite materials with
enhanced accident tolerance have recently been developed [24], which may have a higher thermal
conductivity compared to conventional UOz2, but cracking due to thermal stresses still occurs, even

at a low burnup [25].

Micro-indentations are conventionally used to measure hardness [26, 27] and fracture toughness
[5, 28, 29] of materials. A standard micro-indentation test is conducted by impressing a diamond
tip indenter of a specific geometry into a sample surface with a preset applied load. For ceramic
materials, cracks usually initiate from the tips of the indentations, and propagate a certain length.

The facture toughness can then be determined based on crack length and indention dimensions, as



measured by microcopy. In the present study, the focus was not placed on the quantitative
measurements of UOz2 properties by micro-indentation, which have been systematically studied
[5], but on the determination of the local stress/strain development within the cracks and near the
indentations in UO2 materials. Knowledge of the local stress/strain development provides a
microscale insight into the development of cracks related to strain development (such as that due
to thermal stresses). This method also provides an experimental methodology to support the
development and validation of assumptions and models [30, 31] in advanced fuel performance

codes based on mechanistic microstructure models, e.g. MARMOT [32-34].

Although cracks can be easily observed by optical and electronic microscopy, strain measurement,
usually performed by X-ray diffraction (XRD), in a localized region is challenging due to the
relatively large probe size and low photon brilliance of laboratory-scale XRD machines.
Synchrotron x-rays are high brilliant and can be highly focused, enabling localized stain
development to be probed in 2D or 3D by micro X-ray diffraction (WXRD) [35-41]. The current
study employed the uXRD technique [39] developed at the Advanced Photon Source (APS),
Argonne National Laboratory (ANL) to directly map the strain profile near cracks and indentations

in two dimensions.

2. Experiments

2.1 Sample preparation

The polycrystalline UO2 specimen examined in this study was fabricated utilizing spark plasma
sintering (SPS) [42] and had an average grain size of ~7.2 um. The UO2 powder used to fabricate
the sample was provided by International Bio-analytical Industries Inc [43]. In order to reduce the
particle size to improve fabricability, the powder was ball milled for 30 minutes utilizing a tungsten

carbide container and milling balls. Details about the ball milling and SPS procedures can be found
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in Refs. [42, 44]. The stoichiometry of the as-sintered pellets was determined by XRD [45], and
was found to be UOz.o001+0.001. The indentation and associated cracks were produced by Vickers
indentation at 25 °C using a Leco M —400 Microhardness Tester. The load was kept at 1000 gf
(~9.8 N) for 15 s. After indentations, the samples were characterized by a FEI Strata 400 focused
ion beam (FIB)/ scanning electron microscope (SEM) DualBeam system. Two of the indentations

in the UO2 sample surface were selected to be further studied by synchrotron uXRD.

| icrodiffracti

Synchrotron radiation measurements for the indented UO2 sample were performed at Sector 34-
ID-E at APS. The synchrotron experiment setup is illustrated in Figure 1(a). The UOz2 specimen
was kept in a sealed container with a Kapton film window. A high-resolution optical microscope
was used to search for the region of interest (ROI, the indentation and nearby areas in this study)
in the sample before X-ray measurements were initiated. The synchrotron X-ray beam in the size
of 0.5 x 0.5 umz, focused by a Kirkpatrick-Baez (K-B) mirror system, scanned the ROI on the UO2
sample that was oriented at a 45° angle to the beam direction. Two series of X-ray
mapping/scanning were performed: (1) 2D X-ray white beam mapping to determine the location
and orientation of each grain (converted by reciprocal lattice vectors [37]) in the ROI; and (2) 2D
X-ray monochromic beam mapping of a specific grain in the ROI, with the energy set at a selected

Bragg reflection to determine the lattice strain distribution in the grain.
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Fig. 1: Schematic of the experimental configuration showing the orientation of the incident white
and mono X-ray beams, and the location of the optical microscope and 2D X-ray detector in respect
to the UO2 sample. The sample containment and coordinate axes are also indicated.

3. Results

One of the major difficulties of using synchrotron X-rays to study a specific microstructure that
has been captured by electron microscopy is the accurate positioning of the ROI by X-ray beam.
This difficulty can be enormously amplified when radioactive materials are involved in the
synchrotron radiation experiment, which usually requires multiple layers of containment to
eliminate any possible radiation hazards or leakage from sample(s) to environment [46-53]. Under
this circumstance, the positioning of microstructure on the sample surface has to rely on various
techniques, including OM, X-ray absorption scanning, X-ray radiography/tomography, or X-ray
fluorescence, etc. For our experiment, OM is the only tool to approximately position the
indentations, although their boundaries and the formed cracks cannot be clearly resolved in OM
imaging (Fig. 2) due to the intrinsic color of Kapton film (causing the orange hue in Fig. 2) used

as the containment of the UOz2 sample.



Due to containment limitations, micro-diffraction signals were used to attempt to determine the
position of the indentations. Broad 2D X-ray white beam mappings were then performed on the
ROIs. A typical Laue diffraction pattern with the indexes of hkl reflections are shown in Fig. 3.
Each Laue diffraction pattern can be converted into the orientation of a scan point. The 2D
orientation plots of the scanned regions with inverse pole figure (IPF) coloring are shown in Fig.
4 (a) and (b) for indentations #1 and #2, respectively. The large black areas that were unable to be
indexed due to weak reflection signals provided some signs of where the indentations might be,
but are unable to precisely position the indentations and the associated crack propagation regions.
Therefore, the detector signals were further analyzed to better visualize the microstructure on the
sample surface. Mathematic integration of all pixel signals, for each X-ray measured spot in a
coordinate (x, y), is given to be: M, ,, = 2?;1 I; (N is the number of pixels in the 2D area detector,
and N = 2048 x 2048 in this study; lj is the signal reading in each detector pixel, j). Figure 5(a)
and Figure 6(a) show 2D plots of M, ,, (mainly contributed by reflections (Fig. 3)), namely the
signal intensity maps, where the indentations can be clearly observed. Of note is that the black
unindexed areas in Fig. 4 actually do not represent the indentation surface, but are located about
10um below the indentations (see Fig. 5). The indexability of diffraction peaks in an X-ray scanned
region depends on the local microstructures. An X-ray scan on a highly distorted or fractured grain
delivers diverse and spotty diffraction pattern(s) with low intensities, which cannot be well indexed.
Due to the deep penetration of the synchrotron X-ray with 45° angle to the sample, the
microstructure up to ~10um into the sample is enlightened by the X-ray, whereas SEM only
images the surface features and cannot capture the distorted or fractured microstructure underneath.
By comparing the signal intensity maps (Fig. 5(a) and Fig 6 (a)) to the SEM images (Fig. 5(b) and

Fig 6 (b)), the surface microstructures, including defects caused by indentation and polishing are



precisely corelated, thus the coordinates in the SEM and microdiffraction measurements were able
to be correlated.

Fig. 2: Optical microscopic image of an indentation; the orange hue was caused by the color of
Kapton film window

y (pixel)

s
500

1000 1500 2000
x (pixel)

Fig. 3: A typical Laue diffraction pattern with the indexes of hkl reflections in the UO2 sample
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Fig. 4: Orientation maps of (a) indentation #1 and (b) indentation #2, determined by Laue
microdiffraction patterns with inverse pole figure (IPF) coloring. The black areas and spots
represent those positions of which crystallographic orientations failed to be indexed; (c) IPF legend

Fig. 5: The region that contains indentation #1 in the UOz2 specimen, characterized by synchrotron
Laue microdiffraction and SEM: (a) mapping of mathematic integration of all pixel signals
collected by detector. The blue area indicated a relatively low intensity of diffraction signals. The
dark blue regions and spots represent those positions of which crystallographic orientations failed
to be indexed; (b) SEM backscattered electron (BSE) image.



Fig. 6: The region that contains indentation #2 in the UOz2 specimen, characterized by synchrotron
Laue microdiffraction and SEM: (a) mapping of mathematic integration of all pixel signals
collected by detector. The blue area indicated a relatively low intensity of diffraction signals. The
dark blue regions and spots represent those positions of which crystallographic orientations failed
to be indexed; (b) SEM backscattered electron (BSE) image.
. .

To measure the lattice strains in the ROIls, X-ray energy scans for specific reflections were
performed. As energy scans with 2D area mapping is extremely time consuming, only five grains
in total were selected to characterize: grain #1, #2 & #3 near indentation #1, aiming to study the

lattice strains developed near cracks (Fig. 7); grain #4 and #5 near indentation #2, aiming to study

the lattice strains near the indentation (Fig. 8).



Fig. 7: Three grains (#1, #2 and #3) near indentation #1, measured by energy scan of
microdiffraction, are indicated in (a) orientation map and (b) SEM BSE image; the cracks
observed in the SEM was traced by white lines to guide the eyes.

Fig. 8: Two grains (#4 and #5) near indentation #2, measured by energy scan of
microdiffraction, are indicated in (a) orientation map and (b) SEM BSE image

As each grain has a unique crystalline orientation, to better compare the lattice strains developed
in different grains, hkl reflections selected to be normal to the sample surface (= z’ in Fig. 1), were
measured for different grains in the sample. The hkl values varied between the grains due to the
different crystallographic orientations. The lattice strains oriented = z’ direction (enk) were
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calculated by: e = (aiy — a0 )/as, Where aq is the lattice constant of UO2: 5.4690 A. a;,, is

calculated by: aj,, = 2nvhZ + k% + 12/Q, where @ (unit: nm-1) is the peak center of a reflection

(hKkI). Fig. 9 shows an example of @¢¢° determined by energy scan of a (6, 6, 6) diffraction. The

summary of the local feature and the reflection used for the energy scan of each grain are given in

Table I.
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Fig. 9: Q2°¢ determined by energy scan of a (6, 6, 6) diffraction

Table 1: Summary of the Results of SEM and Synchrotron Microdiffraction Characterizations; the
uncertainty of measured strains is about £ 6 X 10-.

Indentation | Grain Local feature to study | hkl Highest Lowest | Average
number number reflections | strain strain strain
1 Grain 1 | Crack & indentation | 666 1.4x10-3 | 4.9x10-4 | 1.0x10-3
boundary
Grain 2 | Crack  prorogation | 139 1.6x10-3 | 9.5%10-4 | 1.3%x10-3
area
Grain 3 | Near the end of the | 139 1.2x10-3 | 8.6x10-4 | 1.0x10-3
crack
2 Grain 4 | Indentation tip 448 2.4%x10-3 | 1.0x10-3 | 1.6x10-3
Grain 5 | Indentation boundary | 448 1.7%x10-3 | 8.7%x10-4 | 1.3%x10-3
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3.2.1 Indentation #1: crack regions

The X-ray experiment on indentation #1 was focused on studying the lattice strain development
near cracks. Figure 7 shows the three grains, all of which are within or adjacent to a crack, selected
to be energy scanned to determine the lattice strains. Two cracks observed in the SEM image (Fig.
7(b)) are plotted in the orientation map (Fig. 7(a)). Note that the actual energy scan region of each
grain is bigger than the grain shown in the orientation map, because the diffraction signals of
adjacent grains are overlapped near their boundaries. Due to the high intensity and deep penetration
(~10 um in depth at 45° angle for the X-ray energy of ~15keV [54] typically used for the energy
scan in this study) of the synchrotron X-ray, parts of the grain underneath adjacent grains can be

probed in the scanned region, so that the sampling area is enlarged.

Grain #1 is located near the tip of indentation #1, and contains a crack initiated from the indentation
(Fig. 7). Figure 10 (a) & (b) show the lattice strains developed in the grain. Within the grain, a
relatively low lattice strain region (plotted/contoured in blue) and a relatively high strain region
(plotted/contoured in yellow) can be observed. As the low strain region overlaps part of the crack,
this region was further analyzed in the SEM, and a large opening in the crack was found
(highlighted by red circle in Fig. 10 (c)). The width of crack opening is in the range of ~40nm to
~130nm, with an average value of 77nm. Such a large gap indicated that the residual stress caused
by the indentation was mostly released, and as a result, not much strain existed within this crack
region. In contrast, the crack is not “open” (i.e. gap-free) near the crack tip region (highlighted by
blue circle in Fig. 10 (c)), and consistently, the lattice strains are relatively high in that area. In
addition, secondary cracks can be found in the blue circled region in Fig. 10 (c), and may attribute
the anomalies in the obtained strain distribution. The overall strain distribution is higher near the

indentation boundary and gradually decreases away from the indentation (Fig. 10 (b)).
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Fig. 10: (a) Lattice strain contouring (on SEM secondary electron (SE) image); the indentation
boundaries are indicated by a white dashed line, with the average strain value of
(1.128 + 0.04) x 1073; the indentation corner is indicated by a white circle, with the average
strain value of (1.056 4+ 0.011) x 1073; (b) lattice strain mapping of Grain #1; (c) SEM SE image
showing crack initiated from the indentation: the red circle indicates a gap developed in the crack;
and the blue circle indicates a region where the crack is not open; the indentation boundaries are
indicated by a white dashed line.
Grain #2 is located adjacent to a crack initiated from indentation #1 (Fig. 7). Figure 11 shows the
lattice strains developed in the grain. The highest strain intensity was found to be correlated with

the crack, with a high strain concentration spot in the center, which may be due to a curvy feature

of the crack within the grain, shown in Fig. 11 (a).

Grain #3 is located further from the indentation than Grain #2, near the end of the crack. Similar
to the lattice strain distribution in Grain #2, a region of high strain was observed near the crack.
This crack propagated through Grains #2 & #3 (Fig. 11(a) and Fig. 12(a)) and is not an “open”
crack (no distinct gap), and thus the internal stress was not released as was observed in part of
Grain #1. As both Grain #2 and #3 are not adjacent to the indentation, the lowest strain value in

Grain #2 and #3 can be used as a reference strain (defined to be the strain value closed to the one
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in as-sintered material). Therefore, the reference value is given to be the ~9x10-4, which is the

average of lowest strain values in Grain #2 and #3.

Fig. 11: (a) Lattice strain contouring (on SEM SE image) and (b) lattice strain mapping of Grain
#2; (c) magnified SEM SE image showing the measured region (indicated by red circle); the
indentation boundaries are indicated by a white dashed line.

Fig. 12: (a) Lattice strain contouring (on an SEM SE image) and (b) lattice strain mapping of Grain
#3; (c) magnified SEM SE image showing the measured region (indicated by red circle); the
indentation boundaries are indicated by a white dashed line.

3.2.1 Indentation #2: indentation regions
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The microdiffraction energy scan on indentation #2 was focused on studying the lattice strain
development near indentation. Figure 8 shows the two grains (Grain #4 & #5) located near a
boundary of indentation #2, selected to be energy scanned to determine the lattice strains. Grain
#4 is located near the tip of indentation #2. Figure 13 shows a highly strained area in grain #4, near
the indentation tip and boundary. The maximum strain was measured to be ~2.4 x10-3, the highest
value in all grains investigated in this study. Grain #5 is located near the indentation boundary (Fig.
14). The maximum strain in Grain #5 was measured to be ~1.7 x10-3, slightly lower than the
maximum strain measured in Grain #4. The lowest strain was measured to ~8.7 x10-4, closed to
the reference value, implying the impact of the indentation is insignificant in the far end of the
crack. The strain values in both Grains #4 and #5 were found to be highest near the indentation

boundary, and decreased with distance from the boundary.

Fig. 13: (a) Lattice strain contouring (on an SEM SE image); the indentation boundary is indicated
by a white dashed line; and (b) lattice strain mapping of Grain #4; (c) magnified SEM SE image
showing the measured region (indicated by red circle); the indentation boundaries are indicated by
a white dashed line.
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Fig. 14: (a) Lattice strain contouring (on an SEM SE image); and (b) lattice strain mapping of
Grain #5; (c) magnified SEM SE image showing the measured region (indicated by red circle); the
indentation boundaries are indicated by a white dashed line.

4. Discussion

The highest, lowest, and average strain values measured in each of the grains were summarized in
Table I, and are plotted in Fig. 15. The highest and lowest strained areas were found near the
indentation tip and within the crack, respectively (Fig. 10). In all the measurements, the lattice
strain near the indentation was found to progressively decrease from the indentation boundary
outwards (Figs. 10 and 14). A visualization of strained areas near the indentation boundaries was
shown in Fig 16. The measured strain values and distributions can be used to validate the analytical

(numerical) stress/strain solutions in Vicker’s indentation, which were mainly obtained by finite

elements methods [55-58].
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Fig. 15: Summary of the lattice strain analysis for each grain; the location of each grain relative to
the indentation and crack is shown schematically above each bar, where the grain location is
indicated by a red dot. The uncertainty of measured strains is about + 6 x 10-6.

Stress concentrations

Fig. 16: Visualized explanation of stress/strain development after indentation: the stresses within
the potential cracking regions are released; residual stress exists near the indentation boundary,

gradually decreasing towards out from the indentation.

17



Although many surface defects, mainly scratches induced by polishing, were found in the SEM
images (Fig. 10-14), the impact of these defects on the X-ray microdiffraction is negligible. The
only noticeable strain induced by a scratch was seen in Grain 5 (Fig. 14), although the strain values
were not comparable to the those induced by indentation. The insensitivity of the X-ray
microdiffraction to surface defects is due to the deep penetration (~10 um) of the X-rays into the
UO2 sample. The X-ray signals were integrated along the penetration depth so the contribution of
surface defects on the diffraction signal is not significant compared to the influence of the cracks

and indentations, which may be present through the full 10um penetration depth.

In this study, the lattice strain (&) was measured by a detector located on top of the sample. All
the reflections for the energy scan are located near the center of the detector, and thus the direction
of the measured lattice strains can be considered to approximate the surface normal (enki =&z, 2z is
the strain component normal to the sample surface). Although &z partially represents the residual
stress, a comprehensive measurement of strain components would be needed in order to convert
lattice strains to residual stresses. Additional side detectors would be required to measure the other
strain components [59]. In addition, the unique Differential Aperture X-ray Microscopy (DAXM)
technique would be able to provide another dimension (probing into the depth of the sample) to
achieve a 3D strain distribution near cracks, indentations, and other important microstructures [60].

These techniques will be incorporated into future experiments.

The results and methodologies in this study aim to support development and validation of
assumptions and models [30, 31] in advanced fuel performance codes, e.g. MARMOT, which can
accurately model the grain growth, cracks, and forming nanocrystalline in high burnup, etc. [32-
34]. By utilizing a significantly improved focused and extremely bright (100 to 1,000 times,

depending on the technique used) X-ray beam, the ongoing APS upgrade project [61] may provide
18



an even better opportunity to conduct in-situ strain measurements during cracking with a much
higher resolution. Those results may be directly applicable to validate the discoveries in small

scale simulations [30, 31].

5. Conclusions

In this study, lattice strains of several grains near indentations and the associated cracks in a UO:2
sample were measured using the synchrotron microdiffraction technique. The experiment was the
first time applying the synchrotron microdiffraction technique to map the lattice strain
development caused by micro-indentation (Vickers indentation) in UO2 materials. A method to
corelate microstructures observed in SEM and micro-diffraction measurements was presented. The
highest and lowest strained areas were found near the indentation tip and within the “open” crack,
respectively. Induced by the residual stress, the lattice strain near the indentation was found to
progressively decrease from the indentation boundary outwards. The lattice strain measurements
by microdiffraction were not sensitive to the scratches induced by polishing due to the activation

area of the high energy and high flux synchrotron X-rays used.
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