Effectiveness of the metal coating on U-7Mo dispersion fuel in Al during irradiation
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Abstract

The effectiveness of a transition metal coating layer as a diffusion barrier
between the UMo and matrix Al was examined. The samples were cut from
KAERI-made U-Mo/Al dispersion miniplates containing 8 gU/cm? fuel meat.
Mo, W and Zr were included as coating candidates. A physical vapor
deposition (PVD) method was used to produce about a 0.2-um thick coating
layer on the UMo. An Al protection coating layer was subsequently applied
to protect the main coating layer. The samples were irradiated at the ATLAS
facility in Argonne National laboratory with 84-MeV Xe?* ions, with the
beam current of 200 particles nano ampere (pnA), to achieve a final dose of
2.7x10% ions/cm?. Post-irradiation examinations included focused ion beam
(FIB), scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS). Among the coating metals, Mo showed the highest
survival during the fuel plate fabrication and endurance during irradiation,
which was consistent with the pre-irradiation thermodynamics evaluation.
This result also emphasized the importance of the Al protection layer.



1. Introduction

U-Mo dispersion fuel in an Al matrix is a prominent candidate to allow conversion from Highly
Enriched Uranium (HEU) to Low Enriched Uranium (LEU) for high power research reactors (HPRR)
due to its high density [1]-[7]. U-Mo fuel kernels themselves with the Mo contents of 7-10 wt.%
showed stable swelling behavior in numerous in-pile tests [8]-[10]. However, some fuel plates
irradiated in high power and high burnup conditions exhibited excessive swelling. Post irradiation
examinations (PIEs) of these plates found extensive pore growth in the interaction layers (IL) between
the U-Mo particles and Al matrix. This observation indicates that pore growth and interconnection,
which weakens the structural strength of the fuel meat, is the cause of the excessive swelling, whereby
the name breakaway swelling was coined. The root cause of the pore growth was driven by the
formation of IL [11]-[14]. Therefore, it was apparent that suppression of IL growth was a key to
preventing pore growth and unacceptable plate swelling.

A remedy of adding a small amount, less than 6wt%, of Si to the Al matrix to suppress the
formation of ILs turned out to be a partial success [15]-[20]. In order to overcome the limitations of
the Si-modification method, direct application of a diffusion barrier on the U-Mo kernels was
investigated. The Russian method applied a layer of ZrN using physical vapor deposition (PVD) to
the U-Mo particles, but these particles were only tested in lower power conditions. These limited tests
demonstrated that the coating method was effective in reducing the extent of the reaction between U-

Mo and Al [21]. The Korean KAERI method used chemical vapor deposition (CVD) to coat U-Mo

particles with UN or Si [22]-[24]. Both coatings showed promising results. The Belgian SCK-CEN'’s

method is similar to the Russian method, using PVD to deposit ZrN or Si coating [25]-[27]. The



Belgian coated particles were tested under HPRR operation conditions, with a maximum local heat
flux of 470 W/cm?. The test demonstrated that the Si-coated and ZrN-coated fuels exhibit comparable
fuel meat swelling, but the ZrN-coated particle plate showed more advantageous microstructural
behavior up to a local maximum burnup of 69% [27]. In this work, burnup (BU) is given based on
19.75% U-235 enrichment, so 100% BU is equal to 19.75% fissions per initial uranium atom.
However, at high powers, as burn-up increased, the slope of the fuel plate swelling changed
significantly, and thick metal coating is generally not desirable in terms of impurity concentration of
the dispersion fuel. Meanwhile, other researchers proposed the transition metals such as Ti, Zr, Nb
and Mo as a diffusion barrier coating on monolithic U-Mo foil fuel [28]-[32]. However, these works
focused on a monolithic fuel form, different from the dispersion fuel form, the effectiveness of the
coating might be different.

In this study, we investigated the effectiveness of a thin metal coating layer of Mo, W or Zr on
preventing interdiffusion between the U-Mo and Al in dispersion fuel plates. The samples were ion-
irradiated at the ATLAS facility in Argonne National Laboratory. After irradiation, the samples were
prepared by using focused ion beam (FIB) milling, and analyzed by using scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS). The best coating method was

determined based on the EDS mapping analysis and the microstructures of the coating layer.

2. Thermodynamic assessment of candidate coating materials

The efficacy of the coating layer during irradiation can be theoretically predicted by using a

thermodynamic method. Although the temperature is so low that non-equilibrium conditions prevail



during irradiation, current thermodynamic analysis is still a reliable method to predict the real
situations.

The Gibbs free energies of formation of a solid solution (AG = AH - TAS) can be used to
compare reaction potentials of the coating layer against U-Mo and Al. Since enthalpy is the
dominant part of the Gibbs free energy, the enthalpy of formation of the reaction can be used as an
approximate measure [33].

The Miedema model analytically assesses the formation enthalpy of a solid solution between

two elements [34]:
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where AH' is given in kJ/mol of atoms of A and B elements in the mixture, and ca the

concentration of A. . is the degree to which A atoms are in contact with B atoms. V?* is the

contact-surface area in cm?, n&f is the electron density in (density unit)*, ¢* is the potential in

volt. P, Q and R are constants fitted to experimental data. The parameters ¢*, n&f ,and V¥3 for U,

Al, Mo, W, and Zr can be found in Ref. [34]. In addition, the constant P, Q, and R are also available

in Ref. [34].

The enthalpies of the coating elements forming a solid solution in U and Al were calculated
by using the Miedema model. The coating elements Mo and W had positive formation enthalpies
against U as shown in Figure 1Error! Reference source not found.(a), whereas the coating
element Zr against U is negative, implying that Mo and W do not tend to spontaneously react with

the U-Mo fuel while Zr has a potential. A similar calculation for the coating elements against the Al



matrix was made. All three coating elements showed negative formation enthalpies as shown in
Figure 1Error! Reference source not found.(b), indicating that the Mo, W, and Zr coatings have a
potential to react with the Al matrix. In particular, Zr has a stronger potential against the Al matrix
than W and Mo do. This thermodynamic assessment result suggests that the Zr coating may lose
integrity during irradiation by reacting with the U-Mo and Al. On the other hand, Mo and W may
preserve integrity because they do not react with the U-Mo, although a slight reaction can take place

with the Al matrix.
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Figure 1 Formation enthalpies of binary mixtures calculated by the Miedema model

3. Experimental Procedure

KAERI-produced centrifugally atomized U-7Mo spherical particles with a size range of 90 -
150 pum in diameter were used. Using a PVVD method, a barrier layer of about 0.2 um Mo, W and Zr
was applied on the U-7Mo fuel kernels and subsequently a protection layer of ~1 um Al was applied
on the barrier layer. The double-coated U-7Mo powder was dispersed in pure Al and hot rolled for a

plate. The U-loading was 8.0 gU/cm? in the dispersion fuel meat. A mini-plate, utilizing uncoated U-



7Mo dispersed in Al with the same U-loading, was also prepared for a comparison analysis. By
punching from the fuel meat central area of the plates, sandwich disks of Al cladding/fuel meat/Al
cladding with 10-mm in diameter were made. One side of the Al cladding of the disk was removed
by mechanical polishing, using up to 400 grit abrasive paper, to expose the U-7Mo fuel meat to the

ion beam directly.

The high-energy ion irradiation experiment was performed at ATLAS facility, Argonne
National Laboratory. Details of the irradiation chamber and its locations in the ATLAS facility can
be found elsewhere [35].

Each U-7Mo sample was mounted on a copper sample holder using PELCO high performance

silver paste. A HeatWave Labs TB-175 cartridge heater that can heat a sample up to 1200 °C was

mounted on the back of the copper sample holder. The copper sample holders with U-7Mo discs and
heaters were then mounted onto a cooling stage to remove the heat produced during irradiation from

the samples, so a high ion irradiation rate (=200 pNA) was able to be applied to the sample. Each U-

26+

7Mo sample was irradiated by 84 MeV Xe“*" ions at approximately 200 particle nA to attain the final
dose of 2.7 x 10" jons/cm? at the beam center, assuming a 2D Gaussian beam shape. The radiation

dose near the Al-coating-UMo interface at the beam center varies with the distance of the interface

from surface. The ion fluence at the beam center led to a maximum radiation dose of ~1000 dpa near

the interface, which is equivalent to a 6.78x10% fissions/cm® or 1.71% atomic burnup (FIMA)

according to SRIM calculations [36] following Stoller et al.’s guidance [37]. The Xe beam profile

was measured and centered by a Faraday cup. The energy of Xe ions was selected to simulate fission



products. Xe is one of those common fission fragments, which cause the majority of the radiation
effects in nuclear fuels through depositing energy into the fuel materials. The majority of the radiation
effects in nuclear fuels originate from the energy deposition of energetic fission fragments. Different
fission fragments (i.e. high-energy heavy ions) have similar energy deposition behavior in fuel
materials. After the energy deposition procedure, these fission fragments are stopped in fuel. Then,
different fission fragments will have dissimilar diffusion kinetics and form different phases in fuels.
In this study, as the focus is the Al-UMo interaction enhanced by deposited energy from fission
fragments, the Xe ions can be a good representative for all species of fission fragments. Therefore,
the 84 MeV Xe ions used in this study are expected to produce similar microstructure modifications
possible in an in-pile irradiation. To control the sample temperature during irradiation while the heat
was removed by an active cooling, the samples were intermittently heated by the heaters that were

powered by a DC power supply controlled by a proportional-integral-derivative (PID) controller. The

temperature of each sample was maintained at 180 °C (readings from the K-type thermocouple

attached to the sample surface) during the entire irradiation. This temperature was chosen because the
typical fuel temperatures of high power in-pile tests run in this level [38].

After irradiation, the U-7Mo samples were examined by a FEI Strata 400 focused ion beam
(FIB)/scanning electron microscope (SEM) Dual Beam system. The peak dose region of the samples,

i.e., the spot where the beam center was located, was sectioned for analysis.

4. Results



The samples were characterized before irradiation. Some results of the characterization are
shown in Figure 2Error! Reference source not found.. It is visible that the Mo and Zr were
homogeneously and uniformly coated on the surface of the U-7Mo particles, respectively. In the case
of the W coated sample, the SEM micrograph showed that some W coatings were delaminated from
the U-7Mo particles. It appeared to have occurred during the fabrication steps, i.e., the compaction
and the rolling steps. It should be noted that some parts of U-7Mo particles near the surface were
pushed into the Al matrix by the mechanical polishing as shown in Figure 2Error! Reference source
not found.(a).

The samples for irradiation were cut from the damage free regions identified during the pre-
irradiation examination. In general, the coatings preserved their integrity during the plate fabrication

processes, which may be attributed to the Al protection layer.
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Figure 2 Pre-irradiation SEM (secondary electron, 15kV) micrographs of coated U-7Mo/Al

dispersion fuel samples

In the uncoated U-7Mo sample, interaction layers were observed at the interface between the
un-coated U-7Mo and Al that were formed by the heavy-ion irradiation (see Figure 3). The maximum
thickness of the IL was about 1 um. Considering that the ion ranges in the U-7Mo and Al matrix are
6 um and 14 um using SRIM [36], respectively, the interaction layer was formed up to 6 um deep

inside from the sample surface.
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Figure 3 Post-irradiation SEM image (secondary electron, 10kV) of un-coated U-7Mo/Al dispersion
fuel

Post-irradiation microstructures of the Mo coated U-7Mo/Al sample are presented in Figure 4.
After irradiation, the Mo coating layer appeared to have blocked interdiffusion of the Al and U atoms,
so U-Al interaction layer formation was prevented. It was shown that the U and Mo mixed area (the
Mo rich area) formed at the U-7Mo/Mo interface due to the interdiffusion of the U and Mo, which is
consistent with the result reported by Chiang et al. [28] and K. Huang et al. [29],[30]. It was reported
that U-Mo and Mo coexist near the U-Mo/Mo interface in the case of irradiated U-Mo/Mo/Al tri-
layer sample [28]. It was also reported that the bonding condition of the U-Mo/Mo diffusion couple
at 600 °C was partial [30]. However, the Mo rich phase was already formed before irradiation and the
bonding was intact in this study as shown in Figure 2Error! Reference source not found.(a). The
EDS line scan also confirmed that the Mo-coating layer was preserved during irradiation (see Figure

5). In Figure 5, the line scan curves are the normalized data against each element’s maximum value.
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Figure 4 Post-irradiation SEM image (secondary electron, 15kV) and elemental mapping of
Mo-coated U-7Mo/Al dispersion fuel
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Figure 5 EDS line scans across the regions of the U-7Mo/Zr-coating/Al marked in Figure 4

The irradiated W coated sample showed quite similar microstructures to those of the Mo
coated sample as shown in Figure 6. Although there is no hint of interaction layer formation in the
SEM micrographs, some parts of the W coating were fractured and disappeared during sample
fabrication. Compared to the result of the uncoated sample shown in Figure 3, it is believed that the
depth from the surface to the fractured area is too deep for the heavy ion beam to penetrate, so
interdiffusion between the U and Al did not occur even at the damaged coating regions. As stated
earlier, the average penetration depths in the direction perpendicular to the ion beam are assessed to

be 6 um in U-7Mo and 14 pm in Al
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Figure 6 Post-irradiation SEM image (secondary electron, 15kV) and elemental mapping of
W-coated U-7Mo/Al dispersion fuel

As presented in Figure 7, interaction layer formation was observed in the irradiated Zr coated
sample. The line scan results shown in Figure 8 confirm the elemental mapping results. It should be
noted that at the interface between the Zr coating layer and the Al matrix, the Al and Zr have reacted
to form an Al-rich reaction product. Furthermore, the Zr coating layers were broken and in some part
no coating was visible. This destructive feature became more evident in the region where the reaction

product took place.
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Figure 7 Post-irradiation SEM image (secondary electron, 15kV) and elemental mapping of
Zr-coated U-7Mo/Al dispersion fuel
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Figure 8 EDS line scan across the region of the U-7Mo/Zr-coating/Al marked in Figure 7
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5. Discussion

A candidate element for coating should have good material properties such as thermal
conductivity and neutron absorption cross section. Thermal conductivities of the candidate elements
are 174 W/(m-K) for W, 139 W/(m-K) for Mo, and 23 W/(m-K) for Zr at room temperature. Thermal
neutron absorption cross sections are 19 barns for W, 2.6 barns for Mo, and 0.18 barns for Zr.
Considering trade-offs for thermal conductivity and neutron absorption cross section, Mo appears to
be the best choice, although the overall effect is small because the volume fraction of the coating is
small. More importantly, in order to be effective as a diffusion barrier, the coating is required to
maintain integrity during fuel fabrication and irradiation.

The observation shown in Figure 7 is consistent with the thermodynamic assessment in Sect. 2
in that Mo and W seem to be superior to Zr as a coating material.

Although the coating method to protect fuel particles from IL formation seems to be appealing
to improve fuel performance, the integrity of the coating during the harsh rolling process for plate
fabrication is a major concern. A finite element method (FEM) analysis showed that the coatings of
the U-Mo particles were damaged, partly and wholly, if the coating produced by a typical PVD
method was not protected [39]. One might suspect that a thicker coating would better survive from
fabrication stage damages, as was seemingly the case with 0.9 - 2.2 um thick coating used by Golosov
et al. [40]. However, the samples used by Golosov was made using a co-extrusion method which is
less damaging than the rolling method used for the present study. Moreover, a recent study by Kim
et al. revealed that the coating defect increased with the coating thickness [41]. In order to protect the

coating, we applied an additional Al protection layer on the coating layer. The integrity of the coatings
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in the as-fabricated dispersion fuel was fairly preserved (see Figure 2Error! Reference source not
found.), with a much lower damage rate of the coating layers than the FEM analysis predicted. This
suggests the usefulness of the Al protection layer. Therefore, if the application of the Al layer does
not cause a significant cost increase, this method appears to warrant further studies.

Chiang et al. [28] investigated the performance of transition metals including Ti, Zr, Nb and
Mo as a coating material for U-Mo alloy. However, Chiang's samples were made of a coating layer

sandwiched by U-Mo and Al foils with the main goal to identify which element was most promising
in a perfect coating condition. Hence, a more important factor, capability of preserving integrity on
the U-Mo particles and survival during fuel fabrication in a dispersion fuel form was not examined.
In this sense, the test of real dispersion fuel samples in this study is considered improved and
advantageous.

Comparing between Figure 2Error! Reference source not found.(a) and Figure 4, the
backscattered electron (BSE) micrographs of the post-irradiation Mo-coated sample showed that the
Mo coating was intact as the brighter contrast of a Mo rich phase is visible at the interface of the U-
7Mo and Al matrix. From the EDS profiles, it could be seen that the diffusion of U into Mo induced
the mixed phase. It has been known that Mo intrinsically diffuses much slower than U, resulting in
that the Mo content in the IL is much lower than that of the U [42].

In contrast to the results of the ion-irradiation test in the literature [28], the pre-irradiated Mo
coated sample formed a Mo-rich phase and good bonding at the U-7Mo/Mo interface in this study
(see Figure 5). It may be due to the presence of the Al protection layer.

Contrarily to the Mo coated U-Mo /Al sample that showed the strong mechanical property

owing largely to the formation of the Mo rich phase, the W coated U-Mo/Al sample performed weak,
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in which the coating layer was delaminated during the fabrication process. From the U-W phase

diagram [43], the solubility limit of W in the y-U is less than 1 at.%, and the hardness is the highest
of all coating candidates dealt with here. Therefore, W's adhesion to the U-Mo surface would be

weaker, which was also predicted by the thermodynamic method. These intrinsic properties affected
the poor results of the heavy-ion irradiation test on the W coated sample.

Typically, AlsZr is the first intermetallic compound to form in the Al-Zr diffusion couple as
shown in the Al-Zr phase diagram [44], which was confirmed by the previous researches on the Zr
coating on the U-Mo. Whether by an ion irradiation [28] or by out-of-pile heating [29]-[31], the
reaction phase at the Al/Zr interface was AlsZr. In this study, no interaction layer at the interface
between the Zr coating and the Al matrix was observed in the as-prepared sample. Therefore, it can
be said that the Al-rich Al-Zr intermetallic found at this interface after the irradiation was formed
during irradiation. Considering the phase diagram information and previous studies in the literature,
this phase is likely AlsZr. Furthermore, a Zr-rich zone was found at the interface between the U-7Mo
and Zr after irradiation, which is consistent with the findings available in the literature [28]-[32].
However, some part of the Zr coated layer was damaged and some part was lost during irradiation
because the Al-rich Al-Zr interaction product grew at the expense of the Zr layer. According to Huang
et al.[29][30], the reaction between Al and Zr was much more rapid than that between U and Zr,
which is consistent with the reaction potentials assessed in sect.2.

From this study, the Zr coating appears to perform inferiorly to other coating candidate elements
Mo and W. Although more studies on the phase stability and behavior of AlsZr in in-pile irradiation

conditions are needed, it is concluded that the efficacy of Zr as a coating is not recommendable.
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Beyond the FIB/SEM methods employed in this study, advanced and nanoscale microstructural
characterization tools, including nano-indentation, transmission electron microscope (TEM), and
synchrotron radiation, etc. can provide more useful microstructural information to better understand
the performance of metallic coated U-Mo dispersion fuel during ion irradiation. For example,
transmission electron microscope (TEM) can resolve the morphology of Xe bubble precipitates in
various fuel materials after Xe implantations [45][46][47][48][49], and examine the phase of the
interaction layer induced by irradiation [45][50][51][52][53]; nanoindentation, on the other hand, can
directly measure the mechanical properties (e.g. hardness and fracture toughness [54]) of metallic
coatings and the interaction layer. The recent developed synchrotron techniques, such as the high-
energy X-ray diffraction [55][56][57], small-angle X-ray scattering [58] and micro-diffraction
[46][55][56][59], can provide quantitative bubble size distribution, and probe lattice strains from each
phase after ion irradiation. All these techniques will be employed in the future study to complement

the SEM characterizations.

6. Conclusions

The heavy ion irradiation test on the thin metal coated U-7Mo/Al matrix dispersion fuel at the
ATLAS facility in Argonne National laboratory has been performed to evaluate the stability of the
coating layer. Transition metal elements such as Mo, W, and Zr were, respectively, coated on the U-
7Mo and subsequently an Al coating was also applied to protect the coating during plate rolling
fabrication. In general, the Al protection layer appeared to improve the integrity of the coating, which

was shown by the generally high integrity of the coating after plate fabrication.
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In the Mo coated U-7Mo sample, a Mo-rich phase was found at the U-7Mo/Al interface after
irradiation. No interaction layer was formed in the Mo-coated U-7Mo/Al sample, implying that the
coating layer effectively prevented Al diffusion into the U-7Mo.

Although the application of W coating on the U-7Mo showed no interaction between the U-
Mo and Al, the W coatings were partially fractured and disconnected. It can be concluded that the
effect of the W coating as a diffusion barrier for the U-7Mo dispersion fuel was not verified due to
its intrinsic refractory property that might have played as a detrimental factor during the coating and
plate fabrication processes.

In the case of the Zr coated sample, irradiation induced the formation of an Al-rich Al-Zr
intermetallic phase at the Zr/Al interface, which is likely AlzZr. Additional reactions between the U-
7Mo and Al did not occur during the irradiation. From this study, it can be concluded that the use of
Zr as a coating may not be effective.

The post irradiation examination found that the effectiveness of the candidate coating materials
during irradiation was generally consistent with the thermodynamic prediction.

From the coating method used for the present study, combined with the Al protection layer
coating, the Mo coating appeared to be the most promising candidate, which warrant an in-pile test

to verify.
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