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Abstract

This study focuses on micro-tensile testing of neutron-irradiated Al/Zr and Zr/U-Mo diffusion bonds,
which are integral to the structure and performance of nuclear fuel plates used in the fuel being
developed for U.S. high-power research reactors. The fuel consists of uranium metal alloyed with
10 wt% molybdenum (U-10Mo), and diffusion bonded with zirconium and aluminum. Two distinct
diffusion bonds occur—one at the Zr/U-10Mo interface via roll bonding, and the Zr/Al interface via
hot isostatic pressing at 833 K. Understanding the post-irradiation mechanical behavior of these
diffusion layers is critical to ensuring the fuel's stability and integrity. While previous studies have
shown that U-10Mo loses ductility and becomes brittle due to irradiation-induced porosity, the
mechanical properties of the diffusion layers remain largely unknown.

This work utilizes micro-tensile testing specimens approximately 7 x 7 x 20 um?, which are
sufficiently large to encompass the identified diffusion zones to evaluate the failure strength and
identify the failure location. For the Zr/Al interface, all failures occurred in the bulk aluminum. The
average yield strength, ultimate strength, and strain at failure for the two parent samples were:
125+ 10 MPa, 139 + 24 MPa, 156 + 21 MPa, 185 + 14 MPa, 37.9 £ 5.6%, and 29.7 + 3.4%,
respectively. For specimens across the Zr/U-Mo interface, failures occurred either in the bulk Zr or
U-Mo, with no failures observed in the diffusion region.

These findings support the development of accurate thermo-mechanical models for irradiated fuel
performance by identifying the mechanical limits and failure locations within the bonded regions.

Introduction

High-power research nuclear reactors in the United States (U.S.) serve critical roles in nuclear
isotope production, material testing and fuels development. These reactors currently utilize highly
enriched uranium (HEU) containing over 90% of the fissile isotope 2**U raising nuclear proliferation
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concerns. To mitigate this risk while maintaining reactor performance, a new low enriched uranium
(LEU) fuel is being developed containing less than 20% 2*°U [1, 2].

In this new fuel design, uranium metal is alloyed with 10 wt% molybdenum (U-10Mo) and rolled into
thin foils. During rolling, a zirconium (Zr) layer is diffusion bonded to the U-10Mo. The resulting foil is
encapsulated in aluminum (Al) using hot isostatic pressing (HIP) at 833 K, forming a multi-layer
plate consisting of fuel, interlayer and cladding [1, 3, 4]. Figure 1 shows a schematic cross section
of the monolithic fuel plate with a U-10Mo core, a Zr layer on either side, encapsulated in Al
cladding. While the schematic exposes the fuel edges to highlight the diffusion interfaces, in
practice, the fuel is fully encapsulated in Al to prevent fission product release into the reactor
coolant.

[ Al /
Rolled diffusion

bond between
Zr/U-Mo

HIP diffusion bond
between AUZr

Thickness Width
Direction Direction
_ Length
Direction

Figure 1. Cross-sectional schematic of monolithic fuel plate architecture, location of rolled
diffusion bond between Zr and U-Mo, and the HIP diffusion bond between Al/Zr.

The two diffusion-bonding processes result in complex interdiffusion zones, one at the U-10Mo/Zr
interface (roll-bonded interface) and another at the Zr/Al interface (HIP-bonded interface). The
formation and growth of the resulting diffusion layers have been previously characterized [5-7]
However, these zones’ mechanical behavior under neutron irradiation is poorly understood. A
schematic representation (not to scale) of the diffusion layers formed at the interfaces is shown in
Figure 2.
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Figure 2. Zr/U-10Mo and Zr/Al interdiffusion zones resulting from diffusion-bonding fabrication
process steps [5, 7].

Understanding the mechanical behavior of these interdiffusion zones is necessary to ensure the
fuel maintains geometric stability, mechanical integrity, and stable and predictable behavior during
irradiation as failure of these layers could result in undercooling by delamination, or excessive plate
deformation via closing of coolant channels [8]. Figure 3 provides previous optical microscopy of
the interfaces from [9], demonstrating that the layers remain well bonded up to very high fission
densities (9.5 x 10% f/m?®), where the bubbles appear to concentrate and interconnect in the a-U
zone adjacent to the U-10Mo / Zr interface.
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Figure 3. Optical microscopy images of the U-10Mo/Zr and Zr/Al interfaces at different fuel burnup /
fission density levels (10*' f/cm?). (a) 2.2, (b) 4.0, (c) 6.2, (d) 7.2, (e) 8.4, (f) 9.5, reproduced from [9].

While failure at high burnup may intuitively occur in the fuel, behavior at intermediate burnups is
less predictable due to competing factors influencing the mechanical properties. For example,
Farrell [10-13] showed that irradiation-induced hardening can occur in aluminum 6061 alloys,
beginning with thermal fluences near 10%° n/m? and fast fluences (E>0.1 MeV) above 102 n/m2. The
extent of hardening was shown to depend on the ratio of the thermal to fast neutron flux
(Fluxm/Fluxg). Additionally, U-10Mo loses its ductility and becomes brittle due to the development of
porosity as burnup increases [14-17].

Despite these results, the mechanical properties of the diffusion layers remain largely unknown
due to the challenges of performing mechanical tests on irradiated materials. These properties are
necessary for developing accurate thermo-mechanical models to predict fuel performance over a
range of irradiation conditions. Existing models evaluate the stresses, strains, and deformations
during irradiation, which are dependent on material properties but are limited due to unknown
characteristics of the interdiffusion layers and the integrity of the diffusion bond as irradiation
burnup increases [18-22].



Given the small scale of the diffusion zones and the need to assess interfacial strength post-
irradiation, micro-mechanical testing techniques are required. While micro-cantilever testing has
been used to evaluate U-Mo foils [23]. Its geometry is not well-suited for probing diffusion
interfaces. Instead, micro-tensile samples have been developed and have been used to evaluate
the AVALbond in these nuclear fuel plates along with the bulk and interfacial properties in tri-
structural isotopic (TRISO) architecture fuels [24, 25]. In these prior works, micro-tensile
specimens with tensile gauge dimensions of approximately 7 x 7 x 20 um?® have been successfully
demonstrated. This size sample is sufficiently large to be larger than the interdiffusion zone of
either interface previously identified by Perez et al. [7]. As a result, an integral tensile test of both
the bulk and diffusion zones between the AU/Zr and Zr/U-Mo interfaces is expected from this work to
allow identification of the failure location (diffusion zone or bulk) and the failure strength.

Materials and Methods

Material for this study was derived from the Advanced Test Reactor-Full size plate-In the center flux
trap Position (AFIP)-7 irradiation experiment, hereafter referred to as AFIP-7. The experiment
included four full-size fuel plates fabricated using the process described in the introduction. The
four plates were irradiated for two cycles in the Advanced Test Reactor (ATR) at Idaho National
Laboratory (INL). Each fuel plate had a U-10Mo fuel meat of approximately 330 um thick and a Zr
layer of approximately 25 pm, all clad in AL6061 cladding.

Samples were selected from the fuel plate ZH2 which was previously reported with irradiation
conditions and post-irradiation examinations. The peak burnup of plate ZH2 was 41.5% 2*U burnup
corresponding to a peak fission density of 2.96 x 102" fissions/cm?. The plate average burnup was
reported as 32.9% %**U burnup corresponding to an average fission density of 2.32 x 10*'
fissions/cm?®[26-30].

Two samples were sectioned from the bottom region of the fuel plate:

Mount 73Y, with an estimated fission density of 1.69 x 10*' fissions/cm?, a local thermal neutron
fluence of 5.73 x 10" n/cm? and a surface temperature of the aluminum approximately 337 K.

Mount 72Y, located approximately 7 cm from the bottom of the fuel zone with a local fission density
of 2.0 x 10*" fissions/cm?, thermal neutron fluence of 6.44 x 10?' n/cm?, and an estimated surface
temperature of 347 K[28, 29].

These samples were chosen to represent intermediate burnup conditions, with microstructures
similar to those shown in Figure 3a. Additionally, the neutron fluences are below the threshold
identified by Farrell for appreciable Al to Si transmutation so the effects of Si incorporation into the
Al matrix will be neglected [11].

The micro-tensile specimens were fabricated from the bulk material using a shielded Plasma
Focused lon Beam (PFIB) Scanning Electron Microscope (SEM) Dual Beam coupled with Energy
Dispersive Spectroscopy (EDS). The equipment, a ThermoFisher Helios Generation 3 PFIB SEM, is
installed in a shielded enclosure in the Irradiated Materials Characterization Laboratory (IMCL) at



INL, which allows for handling and analysis of irradiated nuclear fuels. Sample preparation followed
an in-plane style lift-out method developed by Mauseth et al. [25]. This ensures sufficient volumes
were obtained to embed lifted-out blocks of the material into molybdenum substrate grids so that
the interface of interest remained approximately within the center of the gauge. The sample design
also helps ensure that deformation during the tensile test occurs in the gauge region by employing
quarter-circle radius patterns that allow smooth transitions from the gauge region to the head
region to minimize stress concentrations at the specimen shoulders. Figure 4 shows representative
specimens from the Zr/Al interface of sample 72Y with 7 x 7 x 18 um? gauge dimensions.

Figure 4. Representative batch of 7 x 7 x 18 um?® gauge dimension tensile specimens prepared from
the Zr/Al interface from specimen 72Y. The plate fuel sample is from approximately 7 cm from the
bottom of the fuel plate with local fission density and thermal neutron fluence of 2.0 x 10%'
fissions/cm?, and 6.44 x 102" n/cm?, respectively.

A Bruker Hysitron 20 um flat punch diamond indentation probe was modified into the gripper that
pulled the free end of the tensile specimens shown in Figure 9. This gripper was made using the
oxygen plasma on the Generation 4 PFIB to mill out a reverse-T shape with smooth, well aligned
edges that meet the T-shaped tensile heads. Tensile testing was conducted in an SEM using a PI88
Pico-indenter, which was programmed to apply tensile rather than compression to put the samples
under tension.

The modified gripper, fabricated from the indentation probe, was mounted to the transducer’s
threaded posts, and the Pl 88’s stage was used to align each specimen within the gripper. To verify
alignment, a touch test was performed by pulling on the gripper/specimen until a load of 1to 2 uN
was achieved. If necessary, realignments were made until a successful touch test was achieved.

Once alighment was confirmed, tensile testing was performed using a constant displacement rate
of approximately 18 nm/s corresponding to a strain rate of approximately 10°strain/s, until the
specimen failed. During testing, in situ SEM images were captured and later analyzed using Digital
Image Correlation software to calculate the strain for each test.

Prior to each test, each specimen was analyzed via SEM-EDS. This analysis confirmed the location
of the bond interface to be in the gauge region and provided confirmation of the diffusion gradient at
the interface.



SEM-EDS Results

Area SEM-EDS maps in Figure 5 show a single tensile specimen from the Zr/U-Mo region of sample
73Y. The figure highlights the critical elements of interest, including U, Mo, Zr, and Si. A Mo-rich
layer with thickness approximately 1.192 + 0.351 um is present at the interface and is likely the
Mo.Zr layer previously identified by Perez et al. [6, 7]. Other layers identified by Perez are not
distinguishable at this magnification. All other Zr/U-Mo tensile specimens from both parent
samples show similar results from the SEM-EDS analysis, including the presence of the
approximately 1-um Mo-rich layer. Figure 6 shows the SEM-EDS map of the Zr/Al interface with
elements Al, Zr, and Si highlighted. A Si-rich layer is revealed at the interface that is approximately
1.345 um in thickness. This is similar to the results previously shown for this interface by Perez et al.
However, the nm-sized layers identified by Perez et al. are not distinguishable at this magnification
[6, 7]. All other Zr/Al interface tensile specimens from both parent samples show similar results
from the SEM-EDS analysis, including the presence of the approximately 1.3-um-thick Si-enriched
zone at the interface. In Figures 5 and 6, the elemental intensity maps represent net counts of the
element of interest above background.
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Figure 5. SEM-EDS area map of a single tensile specimen from sample 73Y with local fission density
estimated to be 1.69 x 102" fissions/cm?. The local thermal neutron fluence is estimated to be
5.73 x 10%" n/cm?. Net counts of elements U, Mo, Zr, and Si are shown.
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Figure 6. SEM-EDS area map of a single tensile specimen from sample 72Y with local fission density
estimated to be 2.0 x 10?" fissions/cm?, and the local thermal neutron fluence estimated to be
6.44 x 10%" n/cm?. Net counts of elements Al, Zr, and Si are shown.

Zr/Al Interface Tensile Test Results



A total of nine tensile specimens from the Zr/Al interface were successfully tested. All specimens
failed within the bulk aluminum, away from the diffusion bonded interface, indicating that the
interface itself remained mechanically robust under the tested conditions.

Table 1 summarizes the mechanical properties of the specimens including the 0.2% offset yield
stress, ultimate tensile stress (UTS), and the strain at failure. Although this material has a different
thermal history than AA6061-0 temper, the expected properties of poly-crystalline O temper are
included for reference [31].

Table 1. Mechanical properties summary of Zr/Al tensile specimens.

Sample oy [MPa] outs [MPa] Etotal [Y0]
Non-Irradiated AA6061-O 83-110 150 10-18
[31]
72Y 125+ 10 156 + 21 379+56
73Y 139+ 24 185+ 14 29.7+34

Engineering stress and strain curves for the five specimens tested from sample 72Y are shown in
Figure 7. Similarly shaped curves were found for the specimens tested from sample 73Y, but are not
shown for brevity, and clarity on the figure. However, the stress and strain curves from sample 73Y
of the Zr/Al interface can be seen in Figure 1 of the supplementary materials.
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Figure 7. Stress and strain curves for the five specimens tested from sample 72Y containing the
Zr/Alinterface. Specimens 1 and 2 (blue) exhibit slip steps that appear entirely within the Al phase
of the gauge and plastically deform to failure. Specimen 3 (magenta) exhibits a slip step that first
develops at the intersection of the Si-rich interface and the Al phase on the right side of the gauge at
the free surface. (See also Figure 8.) Specimens 4 and 5 plastically deform entirely in the Al phase in



a more homogeneous way. Distinct slip bands are less evident, and necking behavior is observed in
the Al phase of the gauge as it plastically deforms to failure.

Zr/U-Mo Interface Tensile Test Results

Ten Zr/U-Mo tensile specimens were successfully fabricated and tested between the two parent
samples. Two distinct failure modes were detected. Six specimens fractured in the U-Mo portion of
the gauge, and four yielded and plastically deformed to failure in the Zr portion of the gauge. Due to
the differing failure modes, results are subdivided by parent sample and failure mode. The
modulus, ultimate tensile stress, and total elongation are provided in Table 2.

Table 2. Mechanical properties summary of Zr/U-Mo tensile specimens.

Sample E [GPa] Ofailure [MPa] Etotal [%0]
72Y | Fuel Failure 121 £ 30 596 * 32 22+1.3
Zr Plasticity 123 570 43.3
73Y | Fuel Failure 76 £ 10 548 £ 124 1.520.6
Zr Plasticity 8317 710 £ 131 27.3 6.6

Stress and strain curves from the Zr/U-Mo tensile samples are shown in Figure 8. Green curves
show the tensile specimens, which failed in the U-Mo portion of the gauge while the blue curves
show those that failed in the Zr portion of the gauge. The extended tail after yielding of the blue
curves is indicative of the plastic deformation that occurred.
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Figure 8. Stress and strain curves from the Zr/U-Mo tensile specimens from samples 72Y and 73Y.
The green curves represent the specimens that failed in the U-Mo portion of the gauge, while the
blue curves show the specimens that plastically deformed and failed in the Zr portion.

Because several of the specimens failed in a brittle manner in the U-Mo portion of the gauge, the
ultimate tensile strength of those samples is provided in Table 3.



Table 3. 72Y and 73Y Zr/U-Mo fuel failure ultimate tensile strength values.

Sample and Specimen ID Ultimate Tensile Strength (MPa)
72Y, Tensile Bar 1 559
72Y, Tensile Bar 3 646
72Y, Tensile Bar 4 600
72Y, Tensile Bar 5 580
73Y, Tensile Bar 1 424
73Y, Tensile Bar 4 672
Average 580 + 87
Discussion

Zr/Al Interface

All nine tensile specimens failed within the bulk aluminum, rather than at the diffusion bonded
interface. Therefore, we can qualitatively conclude that the diffusion bond is stronger than the bulk
aluminum and is stronger than the ultimate tensile strength measured for the bulk aluminum of 156
+ 21 MPa and 185 = 14 MPa for samples 72Y and 73Y, respectively. High-resolution SEM test videos
revealed subtle differences in the deformation behavior between the individual tests. Four
specimens showed distinct slip steps entirely in the Al gauge portions. Three specimens showed
homogeneous plastic deformation and necking behavior in the Alregions. Two specimens initiated
slip where the Si-rich interface, Al region, and free surface intersect. In these two cases, the slip
propagates further into the Al regions of the gauges and further plasticity causes failure in the Al
regions of the gauges. These subtle differences may be attributed to differences in crystallographic
orientation of the grains in the Al region. Figure 8 shows examples of where the first deformation is
identified from the video during the tensile tests of two specimens from sample 72Y.
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Figure 9. Example of first slip bands and deformation visible in Zr/Al tensile specimens from sample
72Y. A) The first visible slip bands are highlighted and appear entirely in the aluminum. B) The first
deformation occurs at the interface of the bulk aluminum and Si-enriched diffusion zone, but the
deformation propagates to the bulk aluminum where the specimen eventually fails.

Itis known that the Al portion of the cladding is similar to the AA6061-0 temper, but that it does not
match exactly [8] due to the HIP process being performed at 833 K, which exceeds the AA6061
solution temperature of approximately 800 K [32]. Previous work [8], reports that the unirradiated
yield strength of the HIP-bonded Al is between 66-72 MPa, with the ultimate tensile strength being
between 141-144 MPa, and the total elongation between 22%-26%. The yield strengths of the Zr/Al
samples, noting that all the samples deformed and failed in the Al portion of the gauge, have higher
yield strengths and total elongation compared to the unirradiated O temper, but have similar
ultimate tensile strengths. The longer elongation values in the micro-tensile specimens may be due
to sampling a single grain, or too few grains compared to a bulk polycrystalline test. Additionally,
while the small size of the samples is known to be a contributing factor [33-35], the fluence and
irradiation temperature are also considered. In this case, sample 73Y had a lower fluence and
irradiation temperature compared to 72Y. The fluence and temperature for 73Y was 5.73 x 10%'
n/cm? and approximately 337 K while for 72Y it was 6.44 x 102" n/cm?and approximately 347 K. The
slightly lower irradiation temperature of 73Y may have led to less annealing of point defect damage
and the resulting higher yield strength, ultimate strength, and lower elongation compared to 72Y.

Discussion Zr/U-Mo Interfaces

All ten Zr/U-Mo tensile specimens failed outside the diffusion zone. Figure 10 shows representative
images of tensile specimens from sample 73Y, which failed either in the U-Mo or Zr portions of the
gauge region. The consistent failure behavior indicates that at this intermediate burnup, the
diffusion zone is mechanically stronger than the surrounding bulk material. Specifically, it
withstood stresses exceeding the lowest recorded failure stress of approximately 570 MPa (bulk Zr
failure), suggesting a robust interfacial bond. Consistent with the differences in failure mode, the



total strain for individual specimens was either in the 2% range for specimens that failed in the U-
Mo by brittle failure or was greater than 27% for those that failed in the Zr portion of the gauge. At

this intermediate burnup, some porosity is beginning to be visible in the Mo-depleted region near
the diffusion zone (see Figure 10). Yet, this concentration of bubbles was not the failure location,

meaning that these features are not yet large enough to dominate the ultimate strength.

Diffusion
Zone
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Figure 10. Example of Zr/U-Mo interface tensile specimens after failure from sample 73Y. The
diffusion zone between the U-Mo and Zr regions of the gauge is visible. A) Tensile specimen 1, brittle
fracture entirely in the U-Mo portion of the gauge. B) Tensile specimen 2, ductile fracture entirely in
the Zr portion of the gauge. C) Magnified image of necking and fracture location of tensile specimen
2 from sample 73Y. The reduction of area is visible in images B and C, but there is no evidence of
reduction of areain A.

Because several of the specimens failed in the U-Mo portion of the gauge, comparison to prior
studies is possible. Bulk-scale tensile tests of unirradiated and rolled U-Mo alloy foil with similar
fabrication history to the material investigated in this work report approximate modulus, yield
strength, ultimate tensile strength and elongation are 82.4 GPa, 933 MPa, 935 MPa, and 9.5%,
respectively [14, 15, 36]. Bend tests of irradiated U-Mo foils, again with similar fabrication history,
and similar burnup to the material investigated in this work (2.05 x 10*" fissions/cm?®) show that the
modulus and bending strength are approximately 68.2 GPa and 214.5 MPa, respectively [16, 17].
For the case of specimens from sample 72Y, which failed in the U-Mo, the modulus was measured
to be approximately 121 = 30 GPa, which is larger than either prior set of experiments on bulk-scale
material. At present, it is not understood why the modulus values from sample 72Y are larger than
expected, especially since, as will be discussed later, the modulus values from sample 73Y are
reasonably consistent with prior literature.



The failure strength of the micro-tensile irradiated U-Mo (596 + 32 MPa) is lower than the fresh,
unirradiated U-Mo tensile tests (933 MPa). This difference may be indicative of the rapid
degradation of strength due to both fission damage and development of porosity in the fuel.
However, at 596 + 32 MPa the micro-tensile irradiated U-Mo failure strength is larger than that
measured by bulk four-point bend testing (214.5 MPa). The ratio of the bending strength to the
tensile strength at similar fission density is 2.79. This is remarkably close to the bending to tensile
strength ratio previously developed by Schulthess et al., based on the methodology of Leguillon et
al., where the Weibull Modulus is used as a scaling parameter. In this prior work, the Leguillon ratio
was found to be 2.687 [16, 37]. This indicates that the strength of the U-Mo in this work is consistent
with the bulk strengths of U-Mo found in prior literature.

For the specimens from 73Y, the modulus is 76 = 10 GPa, which is consistent with prior literature
results of irradiated U-Mo foils at similar burnup which found the modulus to be 68.2 GPa. Given
the uncertainties of experimental mechanical testing, the results of this work for modulus (76 GPa)
are reasonably similar. The strength values for 73Y for the U-Mo failed samples are similar to those
from 72Y of 548 = 124 MPa. As with specimens from 72Y, this strength value is lower than was found
in unirradiated tensile specimens of U-Mo rolled foils, indicating the rapid degradation of strength
due to both fission damage and development of porosity in the fuel.

For the specimen from sample 72Y, which failed in the Zr, the modulus (123 GPa) is larger than
expected in available literature for bulk alpha Zr (93 GPa) [38]. However, the modulus results from
sample 73Y at 83 = 17 GPa, which are comprised from multiple tests, are reasonably close to
previously documented properties. At present, it is not understood why the modulus value for the
Zr failed specimen from sample 72Y is larger than the expected literature values. Considering that
the single test specimen that failed due to localized plasticity in the Zr region of its gauge taken
from the 72Y parent sample contains nominally 7-um-wide by 9-pm-long by 7-pm-thick of Zr
volume, perhaps an insufficient number of Zr grains in all possible orientations are being sampled
to arrive at the bulk alpha Zr value. The adiabatic elastic moduli of single crystal alpha zirconium
ranges from 32-165 GPa, as reported in [39]. Interestingly, the c11 orientation has a modulus of
143.6 GPa, which is 117% of our experimentally measured elastic modulus, 123 GPa. This suggests
that the 72Y specimen that underwent deformation in its Zr region may contain a single grain or
several grains close to the ¢c11 orientation. More U-Mo/Zr tests that deform in their Zr regions would
be required to produce better statistics more representative of the bulk modulus of alpha Zr.
Because three specimens tested from 73Y failed due to localized plasticity in their Zr regions, it is
speculated that the statistical average of these three tests is in good agreement with the bulk
modulus of alpha Zr because a sufficient number of grains in all orientations are being sampled.

The strength of the specimens that failed in the Zr from both samples 72Y and 73Y are higher than
would be expected for annealed Zr (389 MPa at thermal neutron fluence of 24.5 x 10'° n/cm?).
Recall that in the fabrication process, the cold-rolled foil with U-Mo and Zr layers is encapsulated in
the Al and then HIPed to perform the final bonding. The HIP temperature is 833 K, which is lower
than the 978 K considered necessary for annealing Zr (annealing temperature is 978 K per [38]). As a
result, we can expect the Zr layer to retain some of the strength from cold working. Cold-worked
and then irradiated Zr strength values have been published in [40] and were digitized and
tabularized in [8]. From the strength values determined in this work, we can see that the strength of



the Zr region of the gauge retains values consistent with between 20% and 50% cold work, 578 MPa
and 665 MPa, at 24.5 x 10'° n/cm?neutron fluence, respectively.

The ultimate tensile strength of all tensile specimens from samples 72Y and 73Y that fractured
within their U-Mo fuel regions were assessed via Weibull statistics. The results of the Weibull
analysis are provided in Table 4. Following the methods outlined in Mauseth et al. [25], two-
parameter Weibull statistics were employed to determine the distribution shape, analyze failure
probability trends, and identify key metrics such as scale and shape parameters, as these materials
are brittle and their tensile strength is influenced by flaws [41]. The Weibull shape parameter (B)
was vital for accurately modeling the distribution of micro-tensile data, affecting the relationship
between the mean, median, and mode of the strength distribution. In skewed distributions, the
mean and mode differ significantly, while the median remains more centered between the two.
Consequently, the Weibull median is a more reliable measure of UTS in the presence of outliers in a
skewed distribution. Additionally, the coefficient of determination (R?) was used to assess the
goodness-of-fit of the Weibull model, indicating how well the model explains the variability of the
data. The P-value provided a measure of the statistical significance of the model parameters, aiding
in determining the reliability of the fit [42].

Despite variability in individual specimen strengths (Table 3), the data have a good fit with a Weibull
distribution suggesting that scale effects are not negatively affecting the distribution of the results.
This is important because Weibull weakest link theory predicts that larger specimens are more
likely to contain a critical size flaw and thus fail at lower strengths.

Creating and testing micro-mechanical samples presents significant challenges, often resulting in
smaller sample population sizes. Given this limitation, the results should be considered as
guidelines rather than definitive conclusions. It is important to clearly state that the confidence
level for this data is limited, and it should be interpreted with caution. Nonetheless, the Weibull
approach remains the most effective method for analyzing strength distributions in irradiated
micro-scale specimens.

Table 4. Ultimate tensile strength two-parameter Weibull Distribution values for specimens which
failed in the U-Mo portion of the gauge.

Parameter Value
Shape Parameter, 3 7.07
R? 0.93
P-Value 1.61E-05
Normal Mean UTS (MPa) 580.17
Weibull Mean UTS (MPa) 579.44
Normal Standard Deviation (MPa) 79.58
Weibull Standard Deviation (MPa) 96.43
Weibull Mode UTS (MPa) 605.90
Weibull Median UTS (MPa) 587.84




The Weibull probability density function is shown in Figure 11, and the Weibull survival function is
shown in Figure 12.
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Figure 11. 72Y and 73Y U-Mo fuel failure probability density function of UTS Weibull Distribution.
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Figure 12. 72Y and 73Y U-Mo fuel failure survival function of UTS Weibull Distribution.

Conclusions

This study investigated the mechanical integrity of the diffusion bonds in monolithic plate-type
nuclear fuel composed of a U-Mo alloy foil, Zr diffusion layer, and Al cladding, using a lift-out
micro-tensile technique for specimens with approximate dimensions of 7 x 7 x 20 um?®. Due to the
geometric constraints of the parent material, this micro-mechanical testing is the only viable
method of directly investigating the strength of the diffusion interfaces at intermediate burnups to
ensure that adequate bond strength is established.

Materials were selected from the AFIP-7 neutron irradiation experiment, specifically where the local
fission densities of 1.69 x 102 fissions/cm?*(73Y) and 2.0 x 10?" fissions/cm? (72Y). Results show
that:

Zr/Al diffusion bond

All samples failed in the bulk aluminum, not at the diffusion bond. This indicates that the Zr/Al
interface is stronger than the surrounding aluminum with measured properties of:

e Sample 72Y: Average yield strength =125 = 10 MPa, UTS = 156 = 21 MPa, Strain at failure =
37.9+5.6%

e Sample 73Y: Average yield strength = 139 + 24 MPa, UTS = 185 *= 14 MPa, Strain at failure =
29.7 +3.4%



Zr/U-Mo bond
No samples failed in the diffusion zone.

e Some failed in the bulk Zr (ductile failure, high strain)

e Othersfailed in the U-Mo (brittle failure, low strain)

e Sample 73Y results were consistent with prior literature for both modulus and strength.

e Sample 72Y showed higher-than-expected modulus in U-Mo and Zr, possibly due to grain
orientation effects.

72Y only produced one test in which the sample broke in the Zr portion of the gauge. For this single
sample, the modulus was 123 GPa, larger than expected for bulk alpha Zr (93 GPa), presumably
because a single grain or limited number of grains are being samples. The Zr orientation in this
specimen is hypothesized to be oriented more closely to the c11 orientation of alpha Zr (Ec11.0z =
146.3 GPa). However, the modulus results from sample 73Y, which are averaged from multiple tests
are reasonably close to bulk modulus values at 83 + 17 GPa.

The specimens that failed in the U-Mo portion of the gauge were further analyzed via Weibull
analysis due to the brittle nature of their failure. The results indicate a good fit with a Weibull
distribution. It was further found that the results show a skewed distribution, meaning the Weibull
median UTS is the more representative measure of ultimate tensile strength, which was found to be
587.84 MPa.

This detailed investigation offers valuable insights into the robustness and potential failure modes
of the difficult to interrogate Al/Zr and Zr/U-Mo interfaces. These findings indicate that at the
intermediate burnups investigated, the diffusion bond interfaces are stronger than the surrounding
bulk material. Further testing at higher burnup levels is recommended to determine whether a
transition in failure mode occurs as porosity and irradiation damage accumulate.
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