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Abstract and Executive Summary

Advanced burner reactors are designed to reduce the amount of long-lived radioactive isotopes that need
to be disposed of as waste. The input feedstock for creating advanced fuel forms comes from either
recycle of used light water reactor fuel or recycle of fuel from a fast burner reactor. Fuel for burner
reactors requires novel fuel types based on new materials and designs that can achieve higher
performance requirements (higher burn up, higher power, and greater margins to fuel melting) than yet
achieved. One promising strategy to improved fuel performance is the manufacture of metal or ceramic
scaffolds which are designed to allow for a well-defined placement of the fuel into the host, and this in a
manner that permits greater control than that possible in the production of typical CERMET fuels.

The performed research focused on the design and manufacture of such novel fuel types. The
chosen manufacturing route was “freeze-casting,” a form of directional solidification processing also
known as “ice-templating”, which ideally lends itself to the processing of both metals and ceramics and
enables us to establish and explore a range of flexible and controllable fuel pellet designs. Two new fuel
pellet designs investigated were: 1) Metal honeycomb structures as the basis of a CERMET fuel or a
purely metallic fuel and 2) Ceramic honeycomb structures as the basis of an inert matrix fuel (IMF) form
or a form for containing isotopes targeted for geologic disposal. The metal and ceramic honeycomb
scaffolds were designed to serve as the housing for infiltration with metallic or ceramic nuclear fuel
slurries or powders. While other compositions were tested, the project, focused on stainless steel 316L
and Al,Os to create porous freeze-cast metal and ceramic scaffolds. The loading of the scaffolds with fuel
was successfully explored using ceria powders as surrogates for uranium dioxide and silver solders and
brazing alloys for infiltration experiments as surrogates for metal fuel.

In our modeling effort, the freeze-cast scaffold fuel pin performance was compared to normal fuel
pins in regard to neutronic interaction. This modeling work sets the stage for future experimental work
focusing on the development of freeze-cast scaffold nuclear fuel. Key findings were that, in a pressurized
water reactor (PWR), the flux profile in a 316L steel scaffold fuel pin was flatter than that of a standard
UO, fuel pin and that the introduction of inert material into the fuel pin affected the criticality described
by the k-effective value; the k-effective value is the neutron multiplication factor defined as the number of
neutrons in one generation divided by the number of neutrons in the previous generation. In a sodium fast
reactor, more inert material corresponds to lower k-effective values and, in some cases, a subcritical
reactor configuration. This trend was different in the case of the PWR, because there the inert material
can serve as a moderator and actually increase the k-effective for certain scaffold materials.

One application of the novel pins in addition to their use as traditional fuel pins was to design and
freeze-cast target fuel pins. These target fuel pins could be loaded with a combination of highly enriched
fuel, reflector material, or moderator material geometrically arranged to optimally transmute actinides or
generate radioactive isotopes. This project focused primarily on the transmutation of Americium-241 in
both a sodium fast reactor and in a PWR. In the sodium fast reactor, the neutron flux could not be
sufficiently altered on small enough a scale for effective transmutation, because of the large mean free
path of high-energy neutrons. However, in the case of a PWR, changes to the fuel pin were found to
cause local changes in the flux, which can be utilized to achieve in a heterogeneous fuel distribution over
different pores significantly increased transmutation rates of Am-241 in comparison to homogenous fuel
distribution that contains the same amount of Am-241.

Finally, the feasibility of isotope production for biomedical use was explored as an additional
application for the uniquely designed target pins, because a large number of isotopes can be generated by
neutron irradiation in a nuclear reactor. Also in this application, the porous structure of freeze-cast fuel
types were found to be of promise because of their performance, and because newly generated isotopes
would need to be removed at fairly short intervals during the first few weeks of each fuel cycle, a task that
would be eased, thanks to the highly aligned pores of the scaffold, which could be used as transport
channels for isotope harvesting.
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1. INTRODUCTION

1.1 Fast Reactor Fuel and Material Requirements

The sole function of the fuel in a nuclear reactor is to generate heat through fission reactions and
to transfer the heat to the reactor coolant. Safe operation of a nuclear reactor requires the fuel rods to
maintain functionality and dimensional stability during the service life. Therefore, nuclear fuel materials
must meet several critical design requirements; these include high temperature stability and good thermal
conductivity to prevent fuels from melting at normal and transient conditions, minimum swelling under
irradiation to mitigate cladding failure caused by fuel-cladding interactions, either good retention or
controlled release of fission gases to a sufficiently sized plenum to alleviate fuel-cladding interactions due
to swelling, and the ability to undergo aqueous or electrometallurgical reprocessing, if designed for closed
nuclear fuel cycles.

Typical fast reactor fuel pellets have dimensions of about 5-6 mm in diameter and 8-10 mm in
height. The tolerance on the diameter is less than 50 pm*. Depending on the fuel design for fast reactors,
the density of fuel pellets varies from the low end of about 80% to the high end of about 92-95% of
theoretical density, so the remaining porosity may range from 5% to 20%. For fuels that contain a
significant amount of closed porosity, the build-up pressure inside the pores caused by fission gas release
should not exceed the limit to cause a fuel pellet to fracture; open porosity connected to a sufficiently
sized plenum is desirable to alleviate fuel swelling. The dispersion of fissionable materials in the nuclear
fuel can be either homogeneous or heterogeneous as long as it satisfies the critical design requirements
given above. In fact, the distribution of fission materials may vary depending on fuel and reactor design,
and is determined by the desired fuel burn up, power rate, position of the fuels in the core, etc. The
fraction of fission materials in the fuels is dependent on the reactor design and fuel enrichment. For
example, the weight fraction of Pu or minor actinides (MA) is usually 6-10% for ceramic inert IMFs to
achieve a similar burn up as to 5% enriched UO, fuel’. The ability to create, using the freeze-casting
process, a variety of pore sizes and pore geometries for fissionable material distribution therefore offers a
significant advantage over traditional fuel pellet processing routes because it offers flexibilities in fuel
fabrication to meet multiple needs (e.g., targeted actinide burning, isotope production, or fuel breeding).

The average particle size of the fuel feedstock depends on the processing method. Typically,
Plutonium (Pu) and minor actinides are extracted from spent fuel using aqueous reprocessing methods
such as PUREX (Pu-U extraction)®. The solutions containing Pu and minor actinides are either thermally
decomposed or precipitated out into solid form. The feedstock can also be in metallic form, such as Pu
pits recovered from weapon systems. As a result, the particle size of feedstock varies with different
processing methods, and different processing parameters may result in large variations in particle size. It
is commonly seen that the particle size of feedstock ranges from a few microns to a few hundred of
microns. A milling process is usually used to break agglomerates, reduce particle size and improve
particle size distribution.

2. SCOPE AND DESCRIPTIONS OF TASKS

Described in this report are material synthesis and structural optimization of the freeze-cast
metals and ceramics, both as a porous scaffold and when infiltrated with a second phase as well as
mechanical and thermal property measurement on the scaffolds. These are complemented by neutronic
calculations to determine exact design requirements for the proposed novel fuel materials and advise on
technical aspects of nuclear fuel and required performance. Results are described in the logical order of
the originally proposed four tasks:



Task 1: Manufacture of freeze-cast metal and ceramic scaffolds as housing material for nuclear fuels,
thereby creating new flexible fuel pellet designs.

Task 2:  Determine optimal slurry composition and filling techniques for loading metal and ceramic
particles into the freeze-cast metal and ceramic scaffolds.

Task 3:  Evaluate the effects of sintering on the final fuel form.

Task 4:  Neutronic calculations to determine exact Design Requirements for Novel Fuel Materials.

The objective of Task 1 is to create new fuel types by combining a novel fabrication technique
(freeze-casting) with new design concepts (scaffolds to be filled with fuel in Task 2) and to establish
relationships linking the slurry composition and properties, materials structure (architecture) and material
properties at multiple-length scales. In Task 3, the material properties both of the scaffold and its filling
is being studied and tailored as a function of sintering conditions. The fundamental structure-property
correlations established this way are used in neutronic calculations (Task 4) to determine exact design
requirements for this new fuel form with the goal to optimize and custom-design their properties for
specific reactors and functions (e.g., controlled placement of fuel in pellet, thermal management, etc.).

3. RESULTS AND ACCOMPLISHMENTS

3.1 TASK 1: Manufacture of freeze-cast metal and ceramic scaffolds as housing material for
nuclear fuels, thereby creating new flexible fuel pellet designs

3.1.1 The Freeze-Casting Process

The directional solidification of a liquid carrier by freeze-casting (Figure 1) is a powerful and
versatile manufacturing route because it is a comparatively straightforward, physical process with which
ceramics and metals can be shaped equally well, and with which the overall porosity, the pore
morphometry (size, geometry, connectivity) of a material can easily be controlled across several length-
scales. Of equal importance is the ability to custom design both during and after freeze-casting the
scaffold’s cell wall properties such as surface roughness and chemistry and with it the interface properties
that are of critical importance for a material’s mechanical and heat transfer performance. The excellent
control over these structural features during processing are an important reason for the great promise of
freeze-cast nuclear fuels. Other reasons are the remarkable mechanical properties (stiffness, strength) that
these directionally solidified materials offer despite a porosity that can easily exceed 90%. This
mechanical efficiency is due to the honeycomb-like structure of freeze-cast materials. Parallel to the
freezing-direction of the honeycomb-like material’s mechanical properties scale linearly with a decrease
in relative density (ratio of foam density to density of solid of which the foam consists) rather than with a
power of 1.5 or 2 as they would in the case of isotropic foam.

Figure 1: Phase diagram illustrating the
phase changes of the liquid vehicle (here
water) during the freeze-casting process and
the highly aligned porosity created by
directional solidification®.

The objective of Task 1 was to create new fuel types by combining a novel fabrication technique
(freeze-casting) with new design concepts (scaffolds to be filled with fuel in Task 2) and to establish
relationships linking the slurry composition and properties, materials structure (architecture) and material



properties at multiple-length scales. The fundamental structure-property correlations established this way
were used in neutronic calculations (Task 4) to determine exact design requirements for this new fuel
form with the goal to optimize and custom-design their properties for specific reactors and functions (e.g.,
controlled placement of fuel in pellet, thermal management, etc.).

The ideal processing route for a “flexible” nuclear fuel should produce a scaffold with controlled
pore size, shape and orientation, optimized for filling with a second phase, and do so in a reliable and
economical way. Freeze-casting (Figure 2) is a simple technique to produce such porous, complex-
shaped parts with unique honeycomb-like microstructures*®. The technique is based on the directional
solidification of water-based suspensions under conditions that promote the formation of lamellar ice.
During solidification, the ice expels material dissolved or suspended in it; after sublimation of the ice, a
scaffold whose microstructure is the negative of the ice crystals is obtained. The extension of the process
to other liquid carriers, like camphene, is straightforward and leads to scaffolds with diverse and complex
architectures such as more lamellar or more spherical pore cross-sections.

To freeze-cast a sample, a metal or ceramic suspension or slurry is poured into a mold (Figures 2
and 3) and then frozen. The frozen liquid carrier temporarily acts as a binder to hold together the sample
for demolding. Subsequently, the sample is subject to freeze-drying to sublimate the liquid carrier under
vacuum, avoiding the drying stresses and shrinkage that may lead to cracks and warping during drying at
atmospheric conditions. The final result is a scaffold with a highly aligned porosity, whose microstructure
can carefully be controlled; its thermal conductivity and mechanical properties (e.g., stiffness, strength)
depend, for a given porosity, primarily on the solid from which the structure is made and on the geometry
and connectivity of the porosity generated during the freezing process’.

By controlling the growth direction of the ice crystals, it is possible to impose a preferential
orientation for the porosity, whereas the overall porosity, pore size, shape and pore-surface roughness can
be manipulated by controlling the particle concentration in the starting slurry as well as the velocity of the
ice front and slurry additives*®®°. In Task 2, the filling of the porous scaffolds with a second phase is
being explored. In Task 3, the material properties both of the scaffold and its filling are studied and
tailored as a function of sintering conditions.

Figure 2: The freeze-casting process. Figure 3: Microstructural dimensions (pore and lamellae width, p and
d; wavelength, A =1 pm) can be controlled by adjusting the composition
of the suspension (solid content, solvent formulation) and the freezing
front velocity.

3.1.2 Freeze Casting of Metal and Ceramic Fuel Scaffolds

Both metal and ceramic fuel scaffolds were manufactured by freeze casting: 1) metal scaffolds
infiltrated with a ceramic or metallic fuel phase, which could be the basis of a CERMET fuel or a purely
metallic fuel, and 2) ceramic scaffolds infiltrated with a metal phase that could be the basis of an IMF
form or one containing isotopes targeted for geologic disposal. In the case of ceramic scaffolds, it was
found that sample shrinkage during sintering can be significantly reduced and that a porosity of more than



90% can be achieved when the slurries consist not of spherical particles, but platelet'’. Such particles are
currently available only for a very limited number of ceramics, excluding MgO and ZrO,. We therefore
changed the proposed fuel-model material from MgO-ZrO, particles to Al,O3 platelets. The scaffold
design criteria for Task 1 are outlined in Table 1. They are based on existing fuel forms.

Table 1: Scaffold design criteria

Design Goals Scaffold Freezing Expected Second Phase

Porosity Rates Poresize ~ Model Materials
(Ceramic or Metal)

Metal Scaffolds (Stainless Steel 316L) [%0] [°C/min] [um]

Particle size: 4 pm ~90 1 50-200 Ceramic: CeO,

Binder: chitosan, chitosan-gelatin ~90 1 10-100 Particle size: 1 um

Additives: ethanol, zirconium acetate (ZrA)  (~70 sintered) Metal: Ag alloys

Ceramic Scaffolds (Alumina: Al,O3) [%0] [°C/min] [um]

Particle size: 400 nm, 10 pum; ~90 1 50-200 C i CeO

Binder: chitosan; ~90 10 10-100 Perta}";lc-_ 6. 12

Additives: ethanol, zirconium acetate (ZrA). ~90 1(ZrA) 150 article size. L um

Task 1 focused on Step 1 of the fuel manufacture, the creation of porous scaffolds for fuel
infiltration in Step 2 (Task 2). Stainless steel (316L) and Al,O3 ceramic slurries were used to freeze-cast
metal and ceramic scaffolds, respectively, as housing for nuclear fuel. In both cases, particle slurries were
prepared by first dissolving 2.4% (w/v) medium molecular weight chitosan, or 5.5% (w/v) gelatin, or,
most commonly, a 4:1 volume ratio blend of the acetic acid-dissolved chitosan and gelatin solutions in
1% (v/v) acetic acid (aqueous in deionized (DI) water) before adding the metal or ceramic powder. The
additives ethanol and zirconium acetate (ZrA) were used to achieve larger pore diameter and hexagonal
pore cross-section respectively. Powder agglomerates in the slurry were broken using a sonicator for
5 minutes. Directly before freeze-casting, the particle suspensions were de-aired by mixing the slurry in
vacuum in a shear mixer at ~2500-2800 rpm in the case of stainless steel and ~3,000 rpm in the case of
Al,O;3 (SpeedMixer, FlackTek, Landrum, SC).

For freezing, the slurry was poured into a cylindrical PTFE mold that was sealed with a copper
bottom plate and placed atop a vertical cold finger which was immersed in a liquid nitrogen cooling bath
(Figure 2). In this configuration, the freezing front grows upwards in the vertical direction. Since the
temperature gradient along the solution plays an important role in the final microstructure of the scaffold,
the temperature of the cold finger and with it the velocity of the freezing front was carefully monitored
and controlled using a band heater attached to the cold finger. Constant freezing rates of 1°C/min and
10°C/min were applied. Once the slurry was completely frozen, the sample was removed from the mold
with a wooden punch and placed in a freeze dryer (Labconco, FreeZone 4.5 Liter) for at least 48 hrs
(depending on sample size) to sublimate the solvent at pressures lower than 20 mTorr and generate a
composite scaffold.

Stainless Steel 316L Scaffolds with Lamellar Pore Structure: Sample compositions are noted
by “S* followed by the volume percentage of steel particles and “E” followed by the volume percent
ethanol in the total suspension. Stainless steel 316L particles with an average diameter of 4 um (Epson
Atmix Corporation, Hachinohe, Japan) were used for slurry preparation with a 5 vol.%, 10 vol.% and
15 vol.% metal content. Unless otherwise noted, the binder was the 4:1 chitosan:gelatin composite. For
imaging and mechanical testing after lyophilization, the samples were cut into 5 mm thick discs at several
fixed heights with either a razor blade or a diamond wire saw (Model DS3000DC, WELL Diamond Wire
Saws, Inc., Norcross, GA, USA) at the lowest wire speed setting. Sample discs from representative
heights were imaged optically (Leica M205, Leica Microsystems Inc., Buffalo Grove, IL, USA).



Stainless Steel 316L Scaffolds with Hexagonal Pore Structure were produced using the additive
zirconium acetate (ZrA) in acetic acid. The concentration of ZrA was calculated as grams of Zr per liter
of solution, and was increased in 20 g (Zr)/L steps from 20 g (Zr) /L to 100 g (Zr)/L. The dependence of
pore aspect ratio and size on ZrA concentration was studied. The higher, the ZrA concentration, the more
regular and hexagonal a pore structure resulted. The most regular hexagonal pore structure was obtained
in scaffolds that contained 80 g (Zr)/L and were frozen at freezing rates of 1°C/min and 6°C/min.
Because of its particular promise, the study focused on scaffolds of this composition and freezing rate.

Alumina Scaffolds with Lamellar and Hexagonal Pore Structure: Spherical Al,O3 particles
with either a “small” 400 nm diameter (Ceralox SPA-RTP SB, Sasol North America Inc., Tucson, AZ,
USA), or a “large” 10 um diameter (Sigma Aldrich, St. Louis, MO, USA), or a “bimodal” 7:3 large:small
particle volume ratio, or Al,O; platelets with a 5-10 um diameter and a 300-500 nm thickness
(AlusionTM, Antaria Limited, Bentley, Western Australia) were used for slurry preparation with a
27% (w/v) Al,O3 content. For lamellar pores, the 2.4% (w/v) medium molecular weight chitosan in 1%
(v/v) acetic acid solution with 5% (v/v) ethanol content was used as binder composition. For hexagonal
pores, the additive zirconium acetate (ZrA) in acetic acid was used as additive. The amount of ZrA was
varied in 20g Zr per L steps from 20 g (Zr)/L to 100g/L and the dependence of pore aspect ratio and size
on ZrA concentration determined, as in the case of stainless steel 316L. The cell wall solid volume
fractions in the lyophilized scaffold were 75% (v/v) Al,O3 and 25% (v/v) chitosan. The most regular
hexagonal pore structure was obtained in scaffolds that contained 100 g (Zr)/L and were frozen at a
freezing rate of 10°C/min. Because of its particular promise, the study focused on scaffolds of this
composition and freezing rate.

3.1.3 Pre-Sintering and Sintering of Metal and Ceramic Fuel Scaffolds

Al,O3; with Lamellar and Hexagonal Pore Structure. Because the chitosan, which bonds the
particles in the freeze-cast green bodies, softens when exposed to moisture, the ‘green’ Al,Os; and
stainless steel, scaffolds were pre-sintered before wet infiltration with the second phase. In case of the
ceramic (Al,O3), the binder was removed in air (Model 1710 BL, CM Furnaces Inc, Bloomfield, NJ) by
heating the samples at a rate of 3°C/min to a first isothermal hold at 600°C for 1 hour for polymer burn-
off. For sintering, the temperature was increased from 600°C at a heating rate of 5°C/min to 1600°C and
held for 2 hrs, before cooling down to room temperature at less than or equal to 5°C/min.

Stainless steel 316L with Lamellar Pore Structure. In the case of 316L freeze cast with
ethanol, a similar procedure was used. At the University of Wisconsin, the samples were sintered in an
Ar-4%H, atmosphere using an MTI GSL-1600X bench top vacuum tube furnace. Starting at room
temperature and maintaining a vacuum pressure of 10 Torr, the samples were heated at a rate of 5°C/min
to 400°C. They were then held at 400°C for 2 hours to allow the binder material to burn out and evacuate
the scaffold. Then the temperature was raised at a rate of 7°C/min to a maximum temperature of 1150°C
where it was held, again, for 2 hours. Upon completion, it was allowed to cool to room temperature at a
rate of 7°C/min. All other samples with lamellar structure were sintered in a belt furnace at Hoeganaes
(Cinnaminson, NJ), in which the samples were moved through different temperature ranges at two belt
speeds, either 30.5 mm/min (1.2 in/min) or 69.9 mm/min (2.75 in/min), see Figures 4 and 5 for details.

In the belt furnace, the sintering process began with a polymer burnout step when ramping up the
temperature t0 Tpumout OF (~732°C (~1350°F) “shoulder”, at which the samples remained for about 20 min.
Sample sintering mostly occurred during the ramp up to, time spent at, and a portion of the ramp down
from the sintering temperature Tqner. At a belt speed of 69.9 mm/min, the sample had a time at peak
temperature Tpeax Of ~10-15 minutes, whereas at 30.5 mm/min, this time was over 20 min. However,
much of the sintering occurred over the time period of ~45-50 min (69.9 mm/min) or ~1.75-1.8 h
(30.5 mm/min). Figure 4 shows a graphic representation of the sintering temperature profile. Such a
sintering profile is gained from sending a ‘dummy’ or a ‘bulk’ sample with a thermocouple placed in a
drilled hole and measuring off the ambient conditions, which may then be recorded. The three sintering



profiles investigated were a sintering temperature of 1150°C (2100°F) at 30.5 mm/min and 69.9 mm/min,
and 1175°C (2150°F) at 69.9 mm/min.

Figure 4: Schematic sintering temperature profile

Samples sintered for a shorter period of time experienced less pore shrinkage in comparison to
their counterparts sintered for longer periods of time. The faster sintering profile resulted in non-
uniformly sintered samples, an effect most likely due to areas of the sample not reaching sufficiently high
temperatures in the comparatively shorter period of time prior to cooling. Non-uniformly sintered
samples had reduced structural integrity and mechanical stability; also their thermal conductivity through
the cell walls of the scaffold was affected. The slower sintering profile of 30.5 mm/min resulted in
smaller scaffold pore sizes, which, however was still sufficiently large to accommodate ‘fuel surrogate’
ceria powders of 1 um diameter.

Figure 5. Stainless steel sample that was sintered well,
with no significant oxidation.

Many samples sintered at the lowest temperature 1150°C (2100°F,) and shortest time/fastest belt
speed (69.9 mm/min) appeared bent upon reception post sintering. When cut with the low speed saw, a
crescent-shaped, dull, powdery region appeared in many of these, in the ‘extended’ (tensile residual
strain) region of the sample (Figure 6a-b).

Figure 6a: Examples of bent samples, as sintered.



Figure 6b: Optical micrograph of the insufficiently sintered, crescent shaped region in a ‘bent” sample.

The optical micrographs of Figure 6b indicate that the dark, less consolidated crescent region has
less open pores, and is less reflective to visible light. Along with its powdery texture, and the fact that it
was found on the taller side of the bent sample, implying less shrinkage, points again to a conclusion of
incomplete sintering due to too low temperature or too fast a speed, or both. Samples sintered at the same
speed but higher temperature, thus 1175°C (2150°F), at 69.9 mm/min, or the same temperature and
slower belt speed, thus 1150°C (2100°F) and 30.5 mm/min, neither bent significantly nor contained
powdery, unsintered regions. Another indication of insufficient sintering was a low material density of
samples processed at the higher belt speed and lower temperature.

The carbon, nitrogen, oxygen and sulfur content of the stainless steel scaffolds were determined
via combustion and IR analysis both before and after sintering at 1120°C (2050°F) in H, at various belt
speeds. The results are given in Table 2. Reference values for the 316L powder were manufacturer
provided.

Table 2: Carbon, nitrogen, oxygen, sulfur content of frozen stainless steel scaffolds, pre- and post-sintering.

316L Scaffold C(%) N(%) O(%) S(%)
Unsintered sample 171 0.036 144 0.01
Belt speed

69.9 mm/min (2.75in/min)  0.013 0.012 0.07 0.001
88.9 mm/min (3.50 in/min)  0.012 0.012 0.1 0.001
101.6 mm/min (4.00 in/min)  0.07 0.009 0.07 0.002
Reference

316L-SS (Epson-Atmix) 0.017 - - 0.005

Excess carbon, nitrogen, and oxygen presence would be expected due to the chitosan-gelatin
binder, as these are natural polymers (a nitrogen-containing polysaccharide, and a peptide-protein
compound, respectively). Carbon has largely been ‘burnt off’ for belt speeds of 69.9 mm/min and
88.9 mm/min (3.5 ipm) belt speeds, despite even at the lower peak temperature of 1120°C (2050°F).
Because of the slower belt speeds of 30.5 mm/min and 69.9 mm/min, and the higher peak temperatures of
1150°C (2100°F) and 1150°C (2150°F) used in our standard sintering procedures, we assume burn-off
results to be equally good, if not better, than the initial test run. Note: because the combustion and IR
analyses are destructive to at least part of each sample tested, no additional chemical analyses were
performed on samples prepared for structural and mechanical analysis.

Stainless steel 316L with Hexagonal Pore Structure. While the standard procedure of a belt
speed of 30.5 mm/min in an atmosphere of 4% H,-Ar at a temperature of 1190°C was optimal for 316L
freeze-cast without additives, the ZrA containing samples could not be adequately sintered with this



procedure. Instead, a new sintering procedure was developed using an Abar 90 Vacuum Furnace at the
Lawrence Berkeley National Laboratory, exploring different temperatures and atmospheres (pure H, and
4% H,-Ar). Well-sintered, stable samples were found to result from sintering at a temperature of 1150°C
for two hours in both a 4% H,-Ar and a pure H, atmosphere. No significant differences in structure and
properties were observed, but the samples sintered in pure H, had a slightly duller appearance. Figures
7a)-b) show optical micrographs of sintered samples prepared from slurries containing no ZrA and 20 g
(Zr)IL, respectively. Noteworthy is how well the structure of the green bodies is preserved after sintering.

Figure 8 is a plot of relative density versus height for specimens cut from the top (T), middle
(M), and bottom (B) thirds of a sample and sintered in different atmospheres. The relative density was
almost constant with height. The specimens sintered under vacuum were approximately 33% less dense
than the specimens sintered in gaseous atmospheres. Sintered specimens were sectioned using an Isomet
Low Speed Saw. It was found that this method was precise, but slow. There was no observed distinction
between sectioning using isopropanol, ethanol, or DI water as cooling fluid. The method was found to be
good for preparing mechanical testing samples, but always resulted in a smeared surface.

a) b)

Figure 7: Optical micrographs of 316L microstructures when a) produced without ZrA and sintered in a belt
furnace at 1190°C and belt sped of 30.5 mm/min and n) freeze cast with 20 g/L ZrA sintered at 1150°C
for two hours in a 3 psig H, atmosphere

Figure 8: Relative density plotted versus specimen height (Top, Middle, and Bottom) for 316L discs containing a
concentration of 20 gZr/L sintered in different atmospheres.



3.1.4 Structural and Mechanical Evaluation

The structure and mechanical properties of the freeze-dried and sintered samples were carefully
characterized to establish structure-property-processing correlations for the freeze-casting process, so that
scaffolds can be custom-designed for a given application.

Structural characterization (density, pore morphometry): The 316L and Al,O3; samples were
cut, after lyophilization and at well-defined heights measured from the sample bottom, into 3 mm and
5.5 mm cubes, as well as 5 mm and 2 mm thick discs, respectively with a diamond-decorated wire saw
(Models DS3000DC and 4240, WELL Diamond Wire Saws, Inc., Norcross, GA, USA) at a 0.8 m/min
wire speed. Sample discs from representative heights along the longitudinal axis were imaged optically
(Leica M205, Leica Microsystems Inc., Buffalo Grove, IL, USA). The density of the samples was
determined on a weight per volume basis. The pore morphometry (pore size, geometry, connectivity) was
quantified using a combination of optical and scanning electron microscopy, and X-ray microtomography.

Optical and electron microscopy, on scaffolds with lamellar structure, were performed on razor-
blade cut, unsintered samples. For image analysis, 5 fields in each of 5 samples were used, with the
magnification chosen such that there were about 10 pores across the field of view (at ~10-100x
magnification). Slices from unsintered scaffolds with a hexagonal pore structure were cut with the
diamond-wire saw at sample heights of at 7.8, 17.4 and 27 mm, which corresponds to the position at
which the samples were cut for mechanical testing. The disks for imaging were halved; one half was
sintered for structural comparison with the green body material structure.

Freeze-cast and lyophilized stainless steel 316 with lamellar structure. Shown in Figure 9
are cross-sections of typical 316L scaffolds with lamellar structure made with slurries that contained 10
vol.% steel (S10) and different ethanol contents (0%, 5%, 10%, 15% (v/v)). The samples were made with
the 4:1 chitosan:gelatin binder frozen at 1°C/min, lyophilized and cut at three different heights (10 mm,
15 mm, 20 mm) along the freezing direction of the sample.

Height S10EO0 S10E5 S10E10 S10E15

20 mm

15 mm

10 mm

Figure 9: Representative micrographs of 316L “S10” (4:1 chitosan:gelatin binder) samples with different ethanol
contents (horizontal) at different sample heights from the base (vertical), frozen at 1°C/min. Scale bar is 200 pm.



The micrographs show that the average pore size increases with increasing ethanol content, while the pore
aspect ratio, which we define as the ratio of long to short pore axis, decreases with increasing ethanol
content. It appears that this is predominantly due to an over-proportional increase in the short pore axis in
comparison to the long pore axis. Notable is that between the 10 and 15% (v/v) ethanol content, the pore
size distribution becomes bimodal; the thick walls between the large pores contain small lamellar pores.
Additional tests are required to establish what effect this bimodal pore distribution has on the sample’s
mechanical (stiffness and strength) and thermal (particularly thermal conductivity) properties, as well as
the scaffold’s ability to accommodate fuel swelling and to accommodate fission products.

Because more ‘tubular’ (low cross-sectional aspect ratio) or true ‘honeycomb-like’ pores were
thought to be more favorable for infiltration, and also because they may result in higher strength and
stiffness values than lamellar ones at the same overall porosity, different binder compositions and
additives were tested. Figure 10 shows optical micrographs from comparable samples to that in the
upper left corner of Fig. 9, S10EOQ with gelatin binder, frozen at 1°C/min and 3°C/min, both at 20 mm
height (the figures show freezing at 1°C/min and 10°C/min). The pure gelatin binder was found to result
in more tubular porosity than chitosan-gelatin blend binders. However, the gelatin solutions were less
viscous than chitosan-based, leading to sedimentation within the freeze cast structures, and causing
gradients in pore sizes and steel content. It also yielded regions of samples apparently fairly depleted of
steel, which did not sinter well.

Figure 10: Optical micrographs taken at similar heights (~20 mm) for S10E5 samples frozen at 1°C/min (left) and
10°C/min (right), scale bar = 200 um

Figure 11: Optical micrographs of gelatin-binder-based S10EO0 samples frozen at 1°C/min (left) and 3°C/min
(right) at ~20 mm height

Samples frozen at 1°C/min possess much larger pores, shown in the left image in Figure 11,
which are favorable for infiltration. In addition to creating larger, less numerous pores with lower cross-
sectional aspect ratios, freeze casting with ethanol also resulted in thicker cell walls, which is thought to
be favorable for the scaffold’s mechanical integrity. Figure 12 shows sintering density with ethanol
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content for stainless steel scaffolds. Typical overall shrinkage in the case of the 316L samples fell in the
range of 20-35% (radially) and 20-25% (axially).

Figure 12: Sintered density results compared for a) different sintering temperatures (at 69.9 mm/min) and b)
different belt speeds (30.5 mm/min and 69.9 mm/min).

As expected, for a given sample composition and freezing rate, those samples sintered for less
time, but at the same temperature, had a lower density than their longer-sintered counterparts. Such
information agrees with the micrographs and observations that a number of quickly-sintered samples still
contained a powdery, incompletely sintered region, which leads to lower density values. Figure 13
summarizes the density after sintering for different ethanol contents, sintering temperatures and belt
speeds.

Figure 13: Sintered densities for freeze-cast 316L scaffolds as a function of ethanol content and processing
conditions.

As expected, we found the trend that higher sintering temperatures and longer sintering times
(slower belt speeds) resulted in higher absolute and relative material densities.

Hexagonal pores of regular size and distribution could be achieved when 80 g (Zr)/L were added
to the slurry. Shown in Figure 14 are scanning electron micrographs of 15% (v/v) 316L scaffolds frozen
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at 6°C/min imaged after freeze-drying (a), c), e), left column) and after sintering in a pure H, atmosphere
(b), d), ), right column).

Figure 14: Scanning electron micrographs of 15% (v/v) 316L scaffolds frozen at 6°C/min imaged after
freeze-drying (a), c), e), left column) and after sintering in a pure H, atmosphere (b), d), f), right column).
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Freeze-cast and lyophilized Al,Os;. Shown in
Figure 15 are typical pore and microstructures of the
freeze-cast, unsintered Al,O; scaffolds at different
heights along the sample, measured from the end at
which freezing started. The pore structure is very
similar to that of the previously discussed steel
scaffolds, which is not surprising, as it primarily
depends on the ice phase. Pores are typically 20-
60 um wide and have a high cross-sectional aspect
ratio of at least 4 or 5:1 for most pores; they are thus
sufficiently large to accommodate 0.1 um and 1 um
ceria powders, which serve as fuel surrogate infiltrate.
Moreover, because these scaffolds are ceramic-based,
they have a higher thermal conductivity than the
metallic scaffolds at room temperature, but one,
which, in contrast to the thermal conductivity of 316L,
decreases with increasing temperature. According to
NIST, the thermal conductivities of Al,O; are 33
W/m.K (at 20°C) and 11.4 W/m.K (at 500°C); the
thermal conductivities of 316L are 16.2 W/m.K (at
100°C) and 21.4 W/m.K (at 500°C).

An important finding was that the platelet-
based Al,O; scaffolds, due to platelet self-alignment
that occurs when the cell walls form during the
freezing process, leads to closely-packed particles that
exhibit a nacre-like structure and results in
significantly reduced shrinkage during pre-sintering
and sintering (Figure 16). Sintered samples exhibited
9.19+0.43% shrinkage of the diameter and
7.97+0.61% along the height, which is a factor of 2-3
lower than both the shrinkage in the samples made
from either 316L spherical stainless steel or Al,O;
powders.

Freeze-cast Al,O; with hexagonal pores.
Figure 17 shows how the pore shape of the freeze-cast
scaffolds can be changed from a lamellar to a
hexagonal cross-section through the addition of
zirconium acetate, as shown above for the 316L
scaffolds. The diameter of the hexagonal pores
produced with 80 gZr/L is approximately 150 um for a
freezing rate of 1°C/min. It can be varied between
100 um (10°C/min) and almost 300 um (0.1°C/min).
The samples can thus easily be infiltrated with ceria
particles with a dso of 1 um.

The samples chosen for the infiltration studies
had a composition of 100 g (Zr)/L and were freeze-cast
at a freezing rate of 1°C/min.

13

Height
[mm]

33.3

27.6

21.8

16.1

10.3

Structure of Al,O;

Figure 15: Optical micrographs of Al,Os-platelet-

based scaffolds at pre-set heights, scale
bar is 250 pm:



Figure 16: SEM micrographs of Al,Os-platelet-based scaffold at two magnifications showing the high degree of
alignment of the alumina platelets in the cell wall material.

a) 20gZr/L b) 40gzr/L

c) 60gZr/L d) 80gzr/L

Figure 17: SEM micrographs of Al,Oz-platelet-based scaffold freeze cast with a) 20 gZr/L, b) 40 gZr/L, c)
60 gZr/L and d) 80 gZr/L revealing the dependence of pore aspect ratio on additive concentration.
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Mechanical testing of 316L samples: All sintered specimens were subjected to an assessment of
mechanical properties such as compressive stiffness and strength in order to adjust sintering conditions to
ensure that the scaffolds produced in Task 1 are suitable for infiltration with a second phase by slurry
infiltration or liquid metal infiltration, both of which were tested as part of the research presented here, or
vibro-packing and wet sol-gel processing, which are alternative methods.

To cut samples for mechanical testing, the sintered stainless steel scaffolds were mounted with
their dense “bottom” and Loctite 495 adhesive to milled aluminum (Al) blocks for cutting with a low-
speed wafering saw (IsoMet, Buehler, Illinois Tool Works, Inc., Lake Bluff, IL, with a 0.015” thick cubic
boro-nitride (metal-bonded) blade (Allied High Tech Products, Inc., Rancho Dominguez, CA) at
estimated blade speeds of ~300-400 rpm into cubic shapes. The side length was 4-5 mm, in the case of
scaffolds with a lamellar structure and 4 mm in the case of samples with hexagonal pore structure.
Sample dimensions were measured and the samples weighed after about 12 hours in air/fume hood to
further dry the samples. Sample densities for regular cut pieces were calculated and recorded. In the case
of samples with lamellar pore structure, four samples from two layers were cut, thus at least eight samples
were tested per freeze-cast cylinder and composition. In the case of samples with hexagonal pore
structure, four samples of three layers were cut per freeze-cast cylinder, and samples of at least two
cylinders were tested. Two of the four samples in each layer were tested parallel and perpendicular to the
freezing direction, respectively.

Cubes of scaffolds with a lamellar structure were tested in compression on an MTS 793 with a
100kN load cell, with a PTFE film placed between the flat compression platens and the sample being
compressed to reduce friction. Scaffolds with hexagonal pores were tested in compression on an Instron
4469 with a 50 kN load cell at a crosshead speed of 0.025 mm/s to achieve a strain rate of 0.001 s*. A
video extensometer was used to measure displacement; G-N Metal Assembly Paste was applied as a
lubricant to the flat compression platens to reduce friction. Load-displacement data was recorded, and
converted to engineering stress-strain using the previously obtained sample dimensions. The elastic
modulus was determined from the initial slope of the load-displacement curve; the yield and the plateau
strengths of the porous material were determined as described by Gibson and Ashby™. Summarized in
Figures 18 and 19 are the mechanical properties of stainless steel samples with a lamellar pore structure
as a function of ethanol content, freezing rate and sintering conditions. Lower freezing rates result in both
a higher modulus and strength, as do the higher temperature and lower belt speeds during the sintering
process. We therefore eliminated the low temperature, high belt speed sintering condition (2100°F
(1150°C), 69.9 mm/min); it resulted in unsintered regions within the sample. The results of the
compression tests on stainless steel samples with hexagonal pore structure are shown in Figure 20.

Figure 18: Young’s modulus (left) and yield strength (right) plotted versus ethanol content.
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Figure 19: Yield strength vs. Young’s modulus correlation for 316L samples with a lamellar pore structure.

c) d)

Figure 20: Yield strength vs. Young’s modulus correlation for 316L samples with a hexagonal pore structure.

16



Both Young’s modulus and yield strength were found to increase from the top to the bottom of the
scaffold for both freezing rates and at almost constant relative density; both the Young’s modulus and
yield strength of the samples with hexagonal pore structure were about twice as high as those of the
scaffolds with a lamellar pore structure. A higher freezing rate resulted in higher mechanical properties
for both pore structures, likely because of a smaller pore width and aspect ratio in the case of the lamellar
structure and a smaller pore diameter in the case of the hexagonal one.

Mechanical testing of Al,O3z: The Al,O;3 scaffolds with hexagonal pore structure, freeze-cast at
1°C/min with the addition of 100 gZr/L were mechanically tested in the same way as the stainless steel
scaffolds. However, the sample cubes had an edge length of 10 mm and were sectioned with the
diamond-decorated Well wire saw. Testing was performed on a universal testing machine (Model 5948,
Instron, Norwood, MA) at a crosshead speed of 0.05 mm/s. to achieve a strain rate of 0.01 s*. These
scaffolds with a hexagonal pore shape possessed a Young’s modulus of 255+68 MPa and a yield strength
of 1.27+0.36 MPa.

The mechanical testing results show that both the fuel scaffold structure (pore size, cell wall
thickness) and their mechanical properties can be custom-designed, also for a constant relative density,
depending on freezing and sintering conditions. Later we show that this also allow us to tailor the thermal
properties of these materials. Through the experiments described here, we have gained significant
experience in both the processing and characterization techniques proposed in this Task 1. Both the
Al,O3 ceramic and stainless steel (316L) scaffolds could successfully be freeze-cast into scaffolds that
fulfill the design requirements outlined in Table 1; the proposed set of scaffolds could be manufactured
successfully with a sufficient pore size for infiltration (see Task 2 below).

3.1.5. Effective Thermal Conductivities of Freeze Cast Materials

The effective thermal conductivities of the Al,03 and 316L scaffolds produced by freeze casting
were measured with a Netzsch Nanoflash LFA 447 laser flash analyzer (Netzsch Instruments, Burlington,
MA). The system measures thermal diffusivity. Using separately determined specific heat values for the
respective temperatures, the thermal conductivities of a samples could be determine for the temperature
range of 25°C-300°C. The Al,O3 samples tested were produced with 100 g (Zr)/L; the 316L samples were
freeze cast both without ZrA to achieve a lamellar and with 80 g (Zr)/L to achieve a hexagonal pore
structure. Measurements were performed on square samples with 7 mm side length and a thickness of
2.2-2.3 mm. The thermal conductivity was determined both parallel and perpendicular to the freezing
direction, thus parallel to the long pore axis (axial), and across the pores (transverse). Samples were cut
as described for mechanical testing. For each measurement, parallel and perpendicular to the freezing
direction, three samples were cut per cylinder at three positions (bottom, middle, top) along the height of
the cylinder. Samples of three cylinders were tested.

Shown in detail in Figure 21 is, how the thermal conductivities vary with temperature for
samples with both lamellar and hexagonal pore structure and frozen at 1°C/min and 6°C/min. The thermal
conductivity parallel to the freezing direction is about twice as high as those perpendicular to it. In both
directions, the thermal conductivity depends on the relative density of the scaffolds, but is practically
unaffected by the pores structure and geometry. Lower values in the transverse direction in the case of
hexagonal pores are thought to be due to the existence of cracks in some of the samples.

The effective thermal conductivities (in both directions) for Al,O3; and 316L samples are plotted
in Figures 22 a)-b), respectively.
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c) d)

Figure 21: Thermal conductivities of the freeze-cast 316L scaffolds measured parallel (a, b) and perpendicular (c,
d) to the freezing direction of scaffolds with lamellar (a, ¢) and hexagonal (b, d) pore structures.

a) b)

Figure 22: Effective thermal conductivities of freeze-cast scaffolds produced from a) Al,O3 with 100 gZr/L and b)
316L stainless steel. These measurements were taken with a Netzsch Nanoflash LFA 447.
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Figure 23: Variation in bulk thermal conductivities of Al,O3, ZrO,, and 316L stainless steel with respect to
temperature™® ™,

For comparison, the thermal conductivities of bulk Al,Os, ZrO,, and 316L are plotted in
Figure 23. Note that both materials show a high degree of anisotropy in the effective thermal
conductivity. In the case of Al,Os, the transverse thermal conductivity is almost two orders of magnitude
lower than the bulk material at 25°C. Despite the drastic change in magnitude, both the Al,O; and 316L
freeze-cast materials show trends with respect to temperature that are clearly influenced by the behavior
of the bulk materials from which they are derived.

3.2 TASK 2: Determine optimal slurry composition and filling techniques for loading metal and
ceramic particles into the freeze-cast metal and ceramic scaffolds

The high overall porosity of the freeze-cast metal and ceramic scaffolds prepared in Task 1 and the
excellent control of their pore size and geometry permit to optimize the scaffold porosity for infiltration
with a second phase. In this Task 2, we tested and adjust host scaffold and slurry properties (chemical
composition, particle size distribution, liquid carrier viscosity, etc.) for infiltration performance, filling
grade and scaffold-filler interface properties.

3.2.1 Metal and Ceramic Scaffold Infiltration: In a typical fast reactor fuel design®, a 6 mm
diameter oxide fuel pin consists of a fuel pellet (~92-95% theoretical density), which is surrounded by a
0.1 mm He- or sodium (fast reactor) filled gap and housed in a cladding tube of ~0.4 mm in thickness.
While the exact fuel pin design for an advanced reactor may differ from these values, they provide a
target for the freeze casting work proposed. Using the above stated values for fuel pin diameter, gap, and
cladding dimensions, the fuel loading corresponds to ~70%, the gap to ~6%, and the cladding to ~24% of
the fuel pin cross-section. The aim therefore is to replicate a fuel filling of ~70% of the pin cross-section
by filling the honeycomb-like pore pattern of the freeze-cast metal and ceramic scaffolds.

3.2.2 Objective: The objective of Task 2 was to establish optimal slurry compositions for infiltrating
the metal and ceramic scaffolds prepared in Task 1. Second phase particle size, slurry composition and
viscosity will be linked to the quality and quantity of particle loading of the scaffolds with different pore
morphometries. The fundamental structure-property correlations established in this Task 2 will form the
basis of the modeling efforts detailed in Task 4 (see later section for first modeling results).

3.2.3 Strategy and Rationale: For particle loading of the scaffold, initial work focused on particle
sizes at the lower end of the spectrum typically used in vibro-packing studies for nuclear applications™®™®.
In the first instance, the focus was on particle infiltration with a mean diameter of 0.1 um. This work
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established the viability of different loading techniques that allow filling the channels to the correct
density (see Task 1).

Four different techniques of particle infiltration were tested in the framework of this project,
traditional vibro-packing, wet-chemical sol-gel processing, a combination of the two, and particle slurry
infiltration. With dry particle vibro-packing, ~80-82% of the theoretical density can be achieved. With
sequential wet sol-gel infiltration, a loading of up to 90% of the theoretical density was predicted. We
tested, whether a combination of both techniques, the application of vibration during particle infiltration,
would result in a packing density >90% of the theoretical density, but found this method unsatisfactory.

Most successful of all tested infiltration techniques was wet sample infiltration with a particle
slurry, which like wet sol-gel processing route offers two important advantages over vibro-packing: it is
well suited to remote handling of radioactive materials, and it is compatible with aqueous reprocessing
methods such as PUREX. While sol-gel process™ had already been developed for several different types
of Generation IV Reactors, and one of the applications is to fabricate ‘sphere-pac’ fuel for Fast Breeder
Reactors, the slurry infiltration technique described hear appears new and was found to be the optimal
filling procedure for both the metal and the ceramic scaffolds. In all of the experiments that explored the
ability to load fuel into the scaffolds, surrogates for uranium-bearing powders were used. Ceria was used
as surrogate for uranium dioxide. Liquid metal infiltration was tested with ceramic and metal scaffolds.
Both could successfully be infiltrated. Details are provided below. In the case of ceramic scaffolds, the
wettability of the scaffolds was improved through metal coating before infiltration in a vacuum furnace.

3.2.4 Scaffold Infiltration Procedures

Ceramic Scaffolds. Since the sintered Al,O; scaffolds can be easily cut while retaining their
open, hexagonal pores and sustaining only minimal wall damage, they were chosen as “first candidates’
for ceria infiltration. The processing method of choice was centrifuge-aided wet infiltration. Scaffold
disks of 5 mm height were placed in a custom-designed sample holder for installation in a standard 25 mL
centrifuge tube (Figure 24). After the sample holder including the sample disks were mounted in a
centrifuge tube, 7 mL of ceria slurry were carefully pipetted on top of the specimen. The slurry
composition was 75.5 wt% ceria powder (dsp =0.93 um, PIDC, Ann Arbor, MI), 24.1 wt% distilled
water, 0.3 wt% dispersant (Darvan C-N, R.T. Vanderbilt Company, Inc., Norwalk, CT). The centrifuge
tubes were closed, placed in a centrifuge and spun at 800 RPM for 90 seconds. After spinning, the
scaffold disks were carefully removed from the sample holder, cleaned from all ceria powder on the outer
surfaces and allowed to dry for 48 hours. The amount of infiltrant within the scaffolds was determined by
weighing the scaffold slices before and after infiltration. To further evaluate the packing density and
distribution of ceria within the alumina scaffolds, samples were fractured or cut with a diamond-decorated
wire saw (model 4240, WELL Diamond Wire Saws, Inc., Norcross, GA).

Scanning electron microscopy and energy-dispersive X-ray spectroscopy (EDS) were used to
investigate the surface of the infiltrated sample and the distribution of the different materials within the
scaffold. The infiltrated samples, shown in Figure 25, possess a high packing density of 77.6 + 0.8% of
ceria within the hexagonal macropores. Figures 25b)-d) are the EDS mapping images for O, Al, Ce,
respectively. In the Al map, it is apparent that the scaffold walls held their structure during infiltration.
The ceria EDS map show that the ceria is densely packed in the scaffold. This filling was observed in
cross-sections taken at from different heights of the infiltrated scaffolds, confirming the success of the
selected infiltration method. Figure 26 shows the results of X-ray microtomography performed on
alumina samples freeze cast with ZrA and reveal the hexagonal pore shape as well as the high degree of
pore alignment.
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a) b)

Figure 24: Custom-designed sample holder for 5 mm high sample disks and infiltration using a standard 25 mL
centrifuge tube (b).

c) d)

Figure 25: a) Backscattered SEM image of infiltrated alumina scaffold. EDS maps of b) oxygen, ¢) aluminum,
and d) cerium in the same area shown in a).

21



b)

c)
Figure 26: X-ray microtomography of freeze-cast alumina-zirconia ceramics
with a width of 600 um showing the hexagonal shape and the high ~ b) 3D rendering and
degree of alignment of the pores. a) Horizontal cross-section. c) vertical cross-section.

3.3 TASK 3: Evaluate the effects of sintering on the final fuel form.

The objective of Task 3 was to sinter, either in a one- or a two-step process the fuel pellet to the
desired properties for a given application. In the first instance the goal was to achieve a 70% fuel loading
of the pin with a 92-95% theoretical density in the fuel phase.

Metal Scaffolds. For the first experiments with metal fuel surrogate infiltration, we chose
stainless steel 316L scaffolds with hexagonal pores. The first goal was to test whether metal alloys can
penetrate the metal scaffold pores and completely fill them without compromising the scaffold structure.
Other goals were to compare the shape and size of the pores after infiltration using optical and scanning
electron microscopy and to determine, based on these experimental results with which process variables a
reproducible, complete infiltration can be achieved.

Two different infiltration procedures were used. In Procedure I, 2 mm thick slices of 316L
scaffolds were pre-sintered at 1150°C in hydrogen gas for two hours, cut into quarters using a high speed
diamond saw (Ameritool, Inc.) and infiltrated with four different silver (Ag) alloys while held in a
vacuum furnace at 1000°C for 15 minutes. In Procedure 11, the unsintered freeze-cast quartered scaffold
was simultaneously infiltrated and sintered in H, gas at 1000°C for 15 minutes. In both cases, at a time
beyond 15 minutes, the infiltrant began to erode scaffold walls and to distort the pore morphology. The
four Ag alloys used were Ticusil (68Ag-27.5Cu-4.5Ti), Pacusil (65Ag-20Cu-15Pd), Braze 655 (65Ag-
28Cu-5Mn-2Ni), and Lithobraze (72Ag-27.5Cu-.5Li). They were chosen for these first metal-in metal
infiltration experiments due to their optimal wetting capabilities of 316L stainless steel (ASM Handbook,
vol. 6, p 118, table 4%°). In the case of Procedure I, the 316L scaffold discs were initially presintered at
1150°C for two hours in either H, gas, or Ar gas or a 4% H,-Ar gas mixture in order to compare the
effects of different atmospheres on scaffold microstructure and strength. Based on the result, H, gas was
chosen as the ideal sintering atmosphere since, it does not oxidize scaffold walls and thus allows for
particle fusion and subsequent increase in scaffold strength. Furthermore, presintering proved to be more
successful than simultaneous sintering and infiltration since the former process preemptively densified
lamellar walls thereby creating more uniform surfaces for the Ag-based infiltrants to completely penetrate
and fill the pores.
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Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) were used to
characterize the infiltrated scaffolds’ microstructural surface and the elemental distribution of infiltrants
within the macropores, respectively. The EDS maps of Cu, Fe, and Li in the 316L scaffold freeze cast
with a 40 gZ/L ZrA concentration infiltrated by Lithobraze (Figure 27) and 316L scaffold freeze cast
with ZrA (20gZr/L) and infiltrated with Braze 655 (Figure 28) illustrate excellent wetting and successful
pore filling.

a) SEM micrograph of 316L scaffold freeze cast with ZrA (40gZr/L) infiltrated with Lithobraze.

b) Fe Map. ¢) Cu Map.

d) Ag Map. e) Li Map.

Figure 27: a) SEM micrograph and EDS maps of b) Ag, ¢) Cu, d) Fe, e) Li in a 316L scaffold freeze cast with ZrA
(40gZr/L) and infiltrated with Lithobraze.
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a) SEM micrograph of 316L scaffold freeze cast with b) Cu Map.
ZrA (20gZr/L) infiltrated with Braze 655.

c) Ag Map. d) Fe

Figure 28: a) SEM micrograph and EDS maps of b) Cu, ¢) Ag and d) Fe in a 316L scaffold freeze cast with ZrA
(20gZzr/L) and infiltrated with Braze 655.

34 TASK 4: Neutronic calculations to determine exact Design Requirements for Novel Fuel
Materials

The structural, thermal and mechanical properties of the porous and infiltrated scaffolds (density,
pore morphometry, thermal conductivity, Young’s modulus, strength, etc.) were used as inputs in the
neutronics code MCNP and finite element software Abaqus for neutronic and thermal calculations. Other
input parameters such as power rate and coolant temperature will be selected based on current and next
generation fast reactor designs. Through these calculations, the fuel maximum temperature and
temperature gradient on the radial direction of the fuel pin can be determined for a range of fuel
enrichments, fuel volume fractions and fuel distributions, and safety margin can be obtained and
compared to the current fast reactor fuels.

Step by step, each of the composite designs described above is evaluated and suggested for use in
a specific reactor and fuel design based on the calculated performance. The modeling results form a
critical component in the iterative process of fuel pellet design optimization and provide feedbacks for
further modification and improvement on the porous scaffold structures, their infiltration and sintering.
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3.4.1 Results of Neutronic Calculations

Neutronics calculations for a model breeder reactor were performed using Monte Carlo N-Particle
(MCNP) code. The model used is based on the Engineering Breeder Reactor Il in Idaho. Preliminary
calculations confirmed that freeze-casting is a promising route for the manufacture of fast reactor fuel due
to the ability to place the fuel selectively and more precisely.

Two different fuels were tested (Uranium-Zirconium and Uranium Americium-Zirconium) and
criticality was reached. A reduced effective neutron multiplication factor, ke, was found when using the
scaffold geometry because the scaffold itself is taking up space that would normally be solid fuel.
Figures 29 a) and b) show schematics of a representative fuel structure of a traditional solid pellet and a
freeze-cast pellet, respectively. In both, the yellow outer circle represents the cladding, the pink inner
circle represents the plenum, and the blue inner circle represents the fuel pellet. The pink hexagon
surrounding the cladding is, in the case of a fast reactor, sodium, which acts as the coolant. For the solid
pellet, the center, pellet area, is one homogeneous material. In the case of the freeze cast pellet, the
yellow pattern represents the scaffold material while the blue represents the fuel.

First results are given in Tables 3 and 4. They show criticality calculated as a function of fuel
enrichment, height of reactor, and percent americium. The height of the EBR-II reactor is 34.3 cm with a
pitch of 34.571 cm, which was taken as the basis for the other heights in Tables 1 and 3. EBR-Il is a
very short and wide reactor with a diameter to height ratio of 2. According to the IAEA fast reactor
database, EBR-II has the largest ratio. Typical diameter-to-height ratios for reactors are close to 1. This
smaller ratio is known to decrease neutron leakage. Therefore, several trials were run with a height of
45 cm which results in a diameter to height ratio of 1.55, which is close to value of the JOYO fast breeder
reactor in Japan (ratio of 1.54). As height increases, criticality is almost certain to be reached with the
new freeze-cast fuel.

Figure 29a): A traditional solid fast reactor fuel pin Figure 29b: A freeze-cast fuel pin, consisting of the
consisting of a solid pellet surrounded by the plenum matrix scaffold (yellow pattern) filled with fuel (blue),
(pink circle), cladding (yellow circle) , and sodium (pink surrounded by the plenum (pink), cladding (yellow), and
hexagon). sodium (pink hexagon). .

Enrichment is defined as weight percent of U*/U. Currently, commercial reactors are limited to
20% enrichment. However, fast reactors are expected to require higher enrichment, shown in Table 4.
For example, EBR-II runs at 67% enrichment. As enrichment increases, the probability of criticality
increases. Americium is a long-lived actinide that would be added to the fuel pin in order to burn it.
Shown in Table 3, is the effect on criticality when americium is added, replacing uranium. Since
americium is not as effective as a fuel, criticality is decreased as more americium is added. Of the listed
15 configurations, only three, trial numbers 1, 6, and 10, did not to reach criticality.
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Table 3: Trial data to determine reactor criticality

Trial Height Hex Core Fuel Type = U235 : U238 @ Zr | Am Fuel
# Cell Pitch Enrichment
[cm] [cm] [%]  [%] [%] [%] [%]
1 34.3 34571 U-Zr 60 30 10 0 66.7
4 34.3 34571 U-Zr 80 10 10 0 88.9
5 34.3 34571 U-Zr 70 20 10 0 77.7
6 34.3 34571 U-Zr-Am 53.6 26.4 10 10 67.0
7 34.3 34571 U-Zr-Am 65 15 10 10 81.25
8 40 34571 U-Zr 60 30 10 0 66.7
9 45 34571 U-Zr 60 30 10 0 66.7
10 45 34571 U-Zr 40 50 10 0 44.4
12 45 34571 U-Zr-Am 53.6 26.4 10 10 67.0
14 45 34571 U-Zr-Am 45 25 10 20 64.3
EBR-1I 34.3 34.571 U-Zr 60.3 29.7 10 0 67.0

Table 4: Trial data continued from Table 3

Trial | k Guess | Generations | Generations Kef Stand. # of Pore Size : Layout
# (total) (discarded) Dev. | Particles [um]

1 1 50 10 0.93502 : 0.00094 @ 10000 500 uniform

4 1 50 10 1.07436 : 0.00115 : 10000 500 uniform

5 1 50 10 1.00943 : 0.00114 . 10000 500 uniform

6 1 50 10 0.92584 : 0.00087 : 10000 500 uniform

7 1 50 10 1.0129 : 0.00098 @ 10000 500 uniform

8 1 50 10 1.01277 : 0.00109 : 10000 500 uniform

9 1 50 10 1.06927 : 0.00089 : 10000 500 uniform

10 1 50 10 0.87506 : 0.00099 : 10000 500 uniform

12 1 50 10 1.04996 : 0.00104 | 10000 500 uniform

14 1 50 10 1.01172 : 0.00123 : 10000 500 uniform

EBR-II 1 uniform

3.4.2 Results with a new Neutronics Model based on the Structure of Freeze-cast Scaffolds

The neutronics model was modified to more accurately represent the structure of the freeze-cast
pellet scaffold. Typical area ratios of fuel to freeze-cast scaffold were used in the model. In the case of
the stainless steel scaffolds, typically 30% of the area is steel with fuel filling the remaining 70%. This
ratio is constant through the entire length of the fuel. In the case of the ceramic scaffolds, typically 10%
of the scaffold’s hexagonal cross-section is ceramic while fuel fills the remaining 90%. Additionally,
new dimensions for the scaffold hexagon pitch were determined for pore sizes of 300, 400, and 500 pum.
Then, the fuel pin size was readjusted to optimize the amount of pores in each pin.

Representative

schematics of metal and ceramic scaffolds with different pore sizes are shown in Figure 30.
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a): Steel with 300 pm pores. b): Steel with 400 um pores. c): Steel with 500 pm pores.

d): Ceramic with 300 pum pores. e): Ceramic with 400 um pores. f): Ceramic with 500 um pores.

Figure 30: a-c) Schematics of the steel scaffolds with pore sizes of 300, 400, and 500 pum, respectively.
d-f) Schematics of the ceramic scaffolds with pore sizes of 300, 400, and 500 pum, respectively.

3.4.3 Comparison of Different Neutronics Models

A major goal was to predict the most desirable fuel scaffold from a neutronics perspective. This
was accomplished initially comparing seven models of EBR-11.?* For the analysis, reactor dimensions
and other parameters were based on the Experimental Fast Breeder Reactor Il (EBR-II) and found in the
International Atomic Energy Agency’s (IAEA) Fast Reactor Database?. Important parameters for the
base case are given in Table 5.

Table 5: EBR-1I Reactor Parameters.

Parameter Value

Assemblies 127 (10 of which are voids for control rod insertion)
Fuel Pins Per Assembly 91

Core Half Pitch 34.571cm

Core Height 34.3cm

Fuel Pin Radius 0.221cm

Unit Cell Half Pitch 0.2873 cm

Reactor Power 62.5 MWihermal

Fast reactors cores are hexagonal. Fuel assemblies are also hexagonal. The unit cell of a fuel pin
is hexagonal although the pin itself is cylindrical. A cross section of the entire core is shown in
Figure 31. This shows the hexagonal shape of the core within the cylindrical core barrel. The ten
smaller hexagons are the channels for control rod insertion. Fuel assemblies are of the same size and
shape as the control rod insertion channels. The difference between EBR-II fuel and freeze-cast fuel is
the further division of the fuel pin into small (300-500 pum) pores.
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Figure 31: Schematic Cross Section of EBR-II Core, showing the hexagonal shape of the core, control
rods, and fuel assemblies.

Four materials were utilized in these models. The fuel is uranium metal, like that used in the
actual EBR-1I. Uranium metal fuels have enhanced safety characteristics because, as the fuel temperature
rises above normal operating conditions, the fuel expands enough to decrease the rate of fission. Uranium
is mixed with 10% zirconium, by weight. The relative weight of uranium-238 and uranium-235 varies
between the models to compare the models at similar k-effective values. The coolant and gap are filled
with sodium. Sodium is used as a coolant, since it does not moderate neutrons and has excellent high-
temperature heat transfer capability. The cladding, assembly jacket, and the scaffold material is stainless
steel 316L, which is composed of iron, chromium, nickel, and molybdenum. The final material is MgO-
ZrO,, from which the ceramic scaffolds could be made. A summary of the materials used in these models
is given in Table 6.

Table 6: Material Definitions

Material Composition [wt%] Density [g/cm’]

Coolant/Gap Sodium (Na) 0.8345
Stainless Steel 316L

Cladding/ 66.5% Iron

Assembly Jacket/ 18.5% Chromium 8.0

Steel Scaffold 12% Nickel

3% Molybdenum
Ceramic (MgO-ZrQOy)
. 55.8% Zirconium

Ceramic Scaffold 29.4% Oxygen 5.7
14.8% Magnesium
Uranium Metal (U-Zr)

Fuel 90% Uranium (Varying Isotopes) 17.7
10% Zirconium

Figure 32 shows the base case of a fuel pin typical of a fast reactor, followed by a closer view of
pins with different scaffolding materials. The pores are of the same size, but the scaffold thickness is
determined by the material. Ceramic freeze-cast scaffolds are assumed to allow for 90% porosity. That
is, 90% of the cross sectional area will be open for fuel infiltration. In contrast, steel freeze-cast scaffolds
allow for only 70% porosity which leaves less space for fuel. As evident from Figure 32, freeze-cast pins
cannot be loaded with the same volume of fuel as non-freeze-cast fuel pins.
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a) b) c)

Figure 32: Fuel pin configurations for a) Base case fuel pin, b) Freeze-cast ceramic scaffolds (edge of fuel pin), and
c) Freeze-cast steel scaffolds (edge of fuel pin).

Figure 33: Outer scaffold wall and material legend.

All pores in each scaffold were filled entirely with fuel, as well as the partial pores at the edge of
the pin. To maintain the integrity of the scaffold, an outer scaffold wall was modeled. The outer scaffold
wall is present to maintain the cylindrical shape of the scaffold. It is adjacent to the sodium gap, which in
turn is surrounded by steel cladding. In the ceramic models, this outer wall has a thickness of 1 um,
which is representative of a typical cell wall thickness between pores as seen in Figure 33.

The steel models had a thicker outer scaffold wall of 20 um corresponding to the typical cell wall
thickness throughout the pin. Six models were compared to the base case, and are shown in Figure 34.
These models consist of three ceramic scaffolds and three steel scaffolds. Each scaffold material is
modeled with three different pore diameters: 300 um, 400 um, and 500 um. Smaller pores result in more
exact loading (as the divisions of the scaffold are finer) or flexibility with fuel design, which is a key
feature of freeze-cast fuel. However, small pores could pose difficulties for fuel infiltration, which is still
being studied.
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d)

b)

e)

f)

Figure 34: Fuel pins of each model. a-c) Ceramic scaffold with the pore diameter noted in each image.
d-f) Steel scaffolds with the pore diameter noted in each image.

3.4.4 Results of k-Effective Calculations

The first step was to determine the necessary enrichment required for each model to reach a k-
effective near 1.01. This was used as a baseline so that other parameters could be compared; exact values
are provided in Table 7. These values are for updated models with more particles per generation (and
other small modifications) than the models used in*.

Table 7: K-Effective Data for Updated Models. Model description provides the scaffold material and the diameter

of the pore in micrometers.

Model Enrichment k-effective Stand. Dev.
EBR-II 51% 1.01257 0.00022
Ceramic 300 57% 1.01730 0.00023
Ceramic 400 57% 1.01774 0.00024
Ceramic 500 57% 1.01794 0.00025
Steel 300 79% 1.01015 0.00021
Steel 400 80% 1.01403 0.0002
Steel 500 79% 1.01293 0.00023

Figure 35 reveals that the ceramic scaffolds required a much lower enrichment than the steel
scaffolds. The lowest enrichment required was the EBR-11 case which is the case without scaffold. The
freeze-cast models were expected to require a higher enrichment due to the presence of the inert matrix or

scaffold which took the place of part of the fuel.
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Figure 35: K-effective at Varying Enrichments. This plot includes both the old data and the updated model data.
The two sets of data are very close, but the updated data has a lower standard deviation due to more
particles being tracked per generation.

The large enrichment difference between the ceramic and the steel scaffolds is caused by two
factors. One reason for a higher enrichment being required for the steel scaffolds is that there is only 70%
porosity for fuel placement, whereas in the ceramic scaffolds there is 90% porosity for fuel.

However, the porosity is not the only reason for steel scaffolds to require a higher enrichment as
shown in Figure 36 (note that this data is not the updated model data). When the scaffold material is
changed to steel using the same geometry as the ceramic scaffold models (thus 90% porosity), a higher
enrichment is still required. This demonstrates that ceramic inert matrices do not absorb neutrons as
much as the steel does. Based on this data, ceramic would make a better scaffold material than steel, for
two reasons: higher porosity for fuel infiltration and better characteristics in regard to reactor materials.
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Figure 36: A graph showing K-effective plotted versus enrichment. This graph reveals that even if steel has the
same amount of open porosity (90%) as the ceramic (MgO-ZrO,) the ceramic scaffolds still have a
neutonic benefit because of lower neutron absorption..

Flux tallies were used to collect information about the neutron flux as a function of position. For
criticality problems in MCNP5, the flux is given per fission. This must be normalized to have flux values
in terms of the actual reactor. The following method was used to find a scaling factor. Necessary
parameters include the power of the system (62.5 MWemar) and the average number of neutrons released
per fission event (tabulated by MCNP5). These values are used with Equation 1 to determine the actual
flux.

@ =P-v-3.467x10" [fissions/Watt.s]- @, @

Wwhere P =62.5x10° Watts
v = 2.546 neutrons/fission

The center pin flux for the updated models is shown in Figure 37 for the ceramic scaffold models
and the EBR-I1 without any scaffold. Table 8 shows the average flux from a radius of 0 to 0.05cm
(center) and the average flux from a radius of 0.05 cm to 0.22 cm. The freeze-cast scaffold flattens the
flux profile across the pin. The fluxes are different in magnitude based on the k-effective values (see
Table 7).
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Table 8: Average flux from a radius of 0 to 0.05 cm (center) and from a radius of 0.05 cm to 0.22 cm (outer).

Flux [n/cm?-s] Center Outer
EBR-I11 2.13E+15 2.10E+15
Ceramic 300 pm 2.21E+15 2.22E+15
Ceramic 400 pm 2.23E+15 2.24E+15
Ceramic 500 pm 2.24E+15 2.23E+15
2.30E+15
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Figure 37: Center Pin Flux Profile (Updated Models).

The flux throughout the entire core is of the same shape as a typical radial flux profile: Bessel
function. There is no significant difference between the ceramic, steel, or EBR-II models as seen in
Figure 38. The similar magnitude of the flux is explained by the normalization of the flux to the k-
effective value. The fluxes in Figure 38 were multiplied by 1/ker.  All models were run at the same
power. It is important to note that the shape is the same in all cases as well as the magnitude. This means
that the freeze-cast pins have similar characteristics to the base case pins.
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Using representative cross section values for uranium and zirconium from the National Nuclear Data
Center, the mean free path of a neutron in the fuel was estimated at 2.3 cm, which is much larger than the
pores. This means that the neutrons will interact with the scaffold walls.

Figure 38: Flux Profile in Core.
3.4.5 Maximum Fuel Temperature

A critical parameter in fuel design is the temperature within the pin. MCNP5 provided fission
heating tallies within fissile material cells. For the freeze-cast cases, the energy per gram per source
neutron was found in a single pore. For the base case, the energy per gram per source neutron was found
in the fuel pin. These energy densities were multiplied by the fuel density (17.7 g/cm®) and then by the
total volume of fuel within the core accounting for the appropriate porosity in the freeze-cast models.
Finally, the reactor power was divided by the final energy per source neutron to obtain a normalization
factor for power density. This normalization factor has units of source neutron per “actual reactor”
neutron per second.

The total energy deposited per gram within the fuel pins was tabulated using another tally in
MCNP5. This energy was normalized using the factor described above. To find the total energy
deposited in the pin, the normalized energy per gram was multiplied by the density of the pin (this varied
based on the model due to the presence and depending on the type of scaffold) which resulted in a power
density (power per volume). The values of the power density (q’’’) for each model (for the updated
model data) are given in Table 9, along with the maximum fuel temperature.
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Table 9: Values of the power density (q’’’) and maximum fuel temperature for different models detailed in text.

9" [MW/ cm’] Ttuel, max [deg C]
Model 100% Power  90% Power 70% Power  100% Power  90% Power 70% Power
Ceramic 300 2.92E-03 2.63E-03 2.05E-03 836 799 727
Ceramic 400 2.99E-03 2.69E-03 2.09E-03 844 807 733
Ceramic 500 2.92E-03 2.63E-03 2.04E-03 835 799 727
Steel 300 2.88E-03 2.60E-03 2.02E-03 826 791 720
Steel 400 2.90E-03 2.61E-03 2.03E-03 828 793 722
Steel 500 2.84E-03 2.55E-03 1.99E-03 820 785 716
EBR-II 2.65E-03 2.39E-03 1.86E-03 791 759 695

The power density was normalized to values of 100% power (62.5 MW), 90% power (56.25
MW), and 70% power (43.75 MW). This allows the maximum fuel temperatures of the scaffolds with
90% fuel to be compared to the temperatures of scaffolds with 70% fuel for similar burning. The shaded
values indicate the appropriate scaling factor. To calculate the maximum fuel temperature, the power
density can be used with Equation 2 and the constants given in Table 10:

"D2 "D2 2
:Tcoolant +ZkR + q F; A ( )

T

fuel, max
fuel

1 R+g+c 1 R+g 1
—In———|+—1In +
k R+g k R h(R+g+c)

g

where

A=

C

Table 10: Properties and values used to calculate maximum fuel temperature.

Parameter Value Units
Tcoolant 473 [OC]
Fuel Radius (R) 0.221 [em]
Gap Thickness (g) 0.01524 [em]
Cladding Thickness (c)  0.03034 [em]
Ksodium (Kg) 0.668 [J/em-K-s]
kcladding (kc & ksteel) 0.215 [J/Cfn-K-S]
Ku-zr 0.275 [J/em-K-s]
Kmgo-ZrO; 0.03 [J/em-K-s]
Heat Transfer Coeff. 1.6 [J/s-cm®-K]

Only the thermal conductivities of pure U-Zr (uranium metal fuel), MgO-ZrO, (ceramic scaffold),
and stainless steel 316L (metal scaffold) were known. The combined thermal conductivity of the fuel and
the scaffold was estimated using the surface area ratios of the material. For example, the ceramic model’s
thermal conductivity was approximated by the following: Krer = (90% x ku.zr) + (10% x Kwgo-zr02)-
Although this method is not entirely accurate, as the heat would travel through a heterogeneous material,
it provided a means to calculate a first approximation for the maximum fuel temperature.

The heat transfer coefficient (h) was calculated using the power density found for the EBR-I1I
model and Newton’s law of cooling (Equation 3):

" 3
q' =3 =ht,-t) ®
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This was used to find the power per area (q’’). Based on values from the IAEA’s Fast Reactor Database,
both the cladding temperature (t,) and the coolant fluid temperature (ty) were known. This led to a
reasonable value for a heat transfer coefficient to be used to find the maximum fuel temperature in all of
the models.

Based on these results, the steels have the lowest maximum fuel temperature, which is to be
expected due to the high thermal conductivity of stainless steel. The normal fuel without any scaffolds
had the next highest maximum fuel temperature. The ceramics had the highest maximum fuel
temperature although this was still well below the melting temperature of 10% UZr (>1100°C).

The conclusions of this comparison is that the ceramic scaffold is more desirable than the steel
scaffold from a neutronics perspective. Any inert scaffold will increase the necessary enrichment. The
scaffold appears to flatten the flux profile on a local level. Finally, the maximum temperature for fuel can
be decreased by introducing a steel scaffold. The presence of a ceramic scaffold increases the maximum
fuel temperature, but not significantly. The size of the scaffold pore does not have an effect from a
neutronics standpoint, but there might be fuel infiltration issues due to pore size.

3.4.6 Scaffold Geometry Considerations

The freeze-cast ceramic and metal scaffolds have had smaller pores than originally model
material, which had 500 um diameter pores. As a result, a 200 um pore diameter model was built; it is
depicted in Figure 39. From the results above, the pore size itself is not expected to have a large impact
on the overall criticality of the reactor; however the MCNP model will be as realistic as possible. Also,
the second-generation freeze-cast scaffolds now exhibit pores that are hexagonal, a geometry that is
achieved with the aid of additives as described earlier.

Figure 39: Model scaffold with pores of 200 um diameter.
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3.4.7 Suggestion of Promising Scaffold Materials

Stainless steel and MgO-ZrO, were the original suggestions for freeze-cast fuel scaffolds.
However, also other materials can successfully be freeze-cast into fuel scaffolds offering many different
possibilities for scaffold-fuel combinations. A complete list of all the variables explored is given in
Table 11. Figure 40 shows a plot of k-effective versus fuel enrichment for several possible scaffold-fuel
combinations.
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Figure 40: Scaffold Material and Porosity Combinations. A, B, and C correspond to open porosities of 90%, 80%,
and 70% respectively.
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Each scaffold material was tested at different characteristic porosities: 90% which corresponds to “A” in
Figure 40, 80% or “B” in Figure 40, and 70% or “C” in Figure 40. The data is for 200 um diameter
pores.

Table 11: List of scaffold materials and suggested values for open porosity and fuel enrichment.

Enrichments Scaffold Material Open Porosity
50% Steel (SS316) 90% (A)
60% Alumina (Al,O3) 80% (B)
70% Ceramic (MgO-ZrO,) 70% (C)

Silicon carbide (SiC)
Zirconia (ZrOy)
UO; (5% Enriched)
UO, (20% Enriched)

Also scaffolds freeze cast from UO, were explored. The motivation for the use of UO; as a
scaffold material was that it could lessen the neutronic penalty of an inert matrix. UO, with 5%
enrichment still imposes a neutronic penalty because the UZr fuel is enriched to 50-70% so 5%
enrichment in the scaffold wall does not offer a significant benefit. A UO, scaffold with a four times
higher enrichment of 20% was also tested and found to lessen the neutronic penalty.

The results of this investigation were used in conjunction with a property comparison of the
scaffold materials and fuels to determine which scaffold materials would be the most promising and
should therefore be pursued further. The strongest indicator of neutronic penalty is the porosity
achievable in the scaffolds. However, some conclusions can also be drawn about the specific materials.
Silicon carbide and Al,O3; for example, are particularly promising. UO, also has advantages, but
interactions between UZr and UO, would need to be considered. We, therefore, focused on these three
scaffold materials in the case of ceramic scaffolds and continued our work with stainless steel 316L in the
case of metal scaffolds.

3.4.8 Suggestions for Promising Scaffold-Fuel Combinations

Freeze-casting is very flexible in that many materials can be made into scaffolds. Basic
properties of several different materials were examined to determine the focus of freeze-cast
manufacturing. The scaffold materials considered are stainless steel 316, Al,Os, MgO-ZrO,, SiC, and
ZrO,. UO, is also being considered as a fissile scaffold material. Both UO, and UZr are being
considered as the fuel. For the EBR-II model, only UZr has been used in MCNP simulations. However,
infiltration experiments have been performed with both UO, and UZr surrogates, as detailed above.

Ideally, the scaffold material would have a low cross section in order not to interfere with the
neutronics. The scaffold material should also have a high thermal conductivity to keep the maximum fuel
temperature low. The scaffold material should corrode little in water (for light water reactor applications)
and sodium (for liquid metal fast reactor applications, such as EBR-II) and not react violently in either of
these environments.

The melting temperature of the scaffold should be high to maintain fuel integrity. Also, the
scaffold should not swell excessively under irradiation. Finally, cost was considered for each material.
Table 12 lists these properties for the focus scaffold materials 316L, Al,Os, SiC as well as for MgO-ZrO,
and ZrO,.
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Table 12: Scaffold Material Properties

Property Stainless Steel Ceramic Alumina Zirconia Silicon Carbide
(316L) (MgO-Zr0,) (Al05) (Zr0,) (SiC)
Total Cross .262 .703 .681 .630 124
Section at 1 MeV
[1/cm]
Thermal 16.3 @ 100°C 2.5 30 1.7 100-140
Conductivity 21.5 @ 500°C
[W/m-K]
Corrosion Resistant - Resistant - Resistant during normal
Response to up to operation and at
Water 1800°C elevated temperatures
Corrosion Excellent MgO: slight Slight Significant Recommended for
Response to weight loss, weight corrosion long term service
Sodium Zr0O,: significant loss
corrosion
Melting 1400 2200 2072 2715 2730
Temperature [°C]
Radiation 4-10% Volume 0.1% Increase 0-4% 6% 0.2-4% Volume
Induced Swelling Increase Volume Increase Swelling
Increase
Cost [$/ton] 4300 350-600 660-850 3800-7800 1855-2597

According to this comparison, SiC was found to be especially advantageous due to its low cross section,
high thermal conductivity, corrosion resistance, high melting temperature, and low swelling. However,
the estimated cost of SiC is high. Also, when MCNP calculations were carried out, SiC had more of a
negative effect on criticality than some of the other materials. Of the materials in Table 12, alumina had
the smallest effect on k-effective. Thus, SiC and Al,O3 are the most promising of all investigated scaffold
materials.

In addition to these scaffold material, two types of fuel were considered: UO, and UZr. UO; is
widely used in light water reactors, but could also be used in fast reactors. Since UO, is a ceramic, it can
be freeze-cast. A particularly promising combination would be a UO; scaffold with UZr fuel. This
would allow for the good thermal expansion characteristics of UZr fuel, but the UO, in the scaffold would
provide a neutronic boost. The interactions between UZr and UO, would, however, need to be
characterized, too.

3.4.9 Temperature Modeling of Fission Heating throughout Pin

A key feature of fuel design is considering the maximum temperature within the fuel pin. For
temperature modeling, the volumetric power density was calculated in the SFR model and the PWR
model without freeze-cast fuel pins. MCNP5 provided fission heating tallies within fissile material cells.
This fission-heating tally, provided in units of MeV/g, was scaled to the reactor power. Figure 41 shows
the fission heating in individual pores in one fuel pin.
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Figure 41: Number of fissions in individual pores in a freeze-cast pin. Units are MW/cm?.

Predicted maximum fuel temperatures are given in Table 1. In the SFR model, the maximum fuel
temperature is only reduced, if the fuel’s thermal conductivity is closer to that of silicon carbide. Thus, if
SiC was used as the scaffold material, the expected thermal conductivity of the UZr-SiC fuel would be
higher than normal UZr fuel. The MgO-ZrO, and the zirconia scaffold would be very poor choices from a
thermodynamic perspective as the thermal conductivity is very low compared to that of UZr. In the
PWR, UO, has a very low thermal conductivity and so, even though the volumetric power density is an
order of magnitude lower than that of the SFR, the maximum fuel temperature is similar to the maximum
temperature in the SFR. Because of the poor thermal conductivity of UO,, adding almost any scaffold
material to the fuel will increase the thermal conductivity. The reduction in maximum fuel temperature is
most evident in SiC and the stainless steel 316L scaffolds. Zirconia has an even lower thermal
conductivity than UO, and therefore increases the peak fuel temperature. Note that these calculations
were performed assuming that the fuel would have a thermal conductivity equal to the scaffold material.
In reality, the effective fuel thermal conductivity would fall between the pure fuel thermal conductivity
and the pure scaffold thermal conductivity.

Table 13: Maximum Fuel Temperature for Various Fuel Thermal Conductivities.

Material Thermal SFR PWR Reference
Conductivity  Calculated Calculated

(at 500 °C) T fuel,max T fuel,max

[Wicm-K] [°C] [°C]
UZr 0.327 618 - [23]
uo, 0.04 - 615 [24]
ZrO, 0.021 1993 750 [25]
SiC 0.551 579 476 [26]
MgO-ZrO, 0.06 1037 565 [27]
AlLO, 0.146 734 506 [28]
SS316L 0.215 666 493 [29]
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3.4.10 Actinide Transmutation

Actinides are formed in nuclear reactors, when heavy elements absorb a neutron, but do not
fission. The resulting isotopes are often radioactive and need to be disposed of properly. Instead of
storing the radioactive spent fuel, the actinides could be separated and inserted into a reactor. When
exposed to a neutron flux, the actinides can be transmuted into less harmful isotopes. Frequently, these
isotopes are fissile and can be used as an energy source in a reactor. Figure 42 shows the fission to
absorption ratio of uranium and several actinides in a SFR and a PWR.* Ideally, the actinides would have
a high ratio, indicating that the actinides would fission and contribute to the energy yield of the fuel.
From this perspective, it is beneficial to burn most actinides in an SFR, because actinides have a higher
fission to absorption ratio at high incident neutron energies. However, it is also necessary to examine the
cross section of the target actinide in each spectrum.

Figure 42: Fission to Absorption Ratio for Various Isotopes.30

In general, there are isotope paths that should be avoided in order to reduce the amount of heavier
nuclides.®* The primary path to avoid is shown in Figure 43. This leads to curium, which is undesirable.
However, Plutonium-241 decays over time to Americium-241. Thus, if older spent fuel is placed into
reactors for transmutation, the path seen in Figure 44 is often observed. 83% of the time, this chain leads
to Plutonium-239, which is fissile and will readily fission producing energy while also disposing of the
actinides in the spent fuel.* Americium-241 is a good candidate for transmutation into a fissile isotope.

Figure 43: Reaction and Decay Path Leading to Curium-244.
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Figure 44: Americium-241 Reaction and Decay Path

The interaction between neutrons and the actinides is determined by the cross section of the
particular isotope. Figure 45 shows representative cross sections for capture and fission interactions at
low incident neutron energy and high incident neutron energy. In the thermal spectrum, Americium-241
has a very high capture cross section and will act as a strong absorber of thermal neutrons. The reaction
rate, or the rate at which the actinides will be transmuted, is also proportional to the flux. This is
important because the flux in a SFR is typically an order of magnitude higher than the flux in a PWR.
These factors are considered in the analysis of the transmutation rate in each model. The ability to alter
the local flux is one of the primary motivators to use freeze-cast scaffolds to target actinides. Essentially,
the actinides will be strategically placed within the fuel pin to utilize areas of high flux. Normally,
multiple fuel types could not be heterogeneously placed within a single fuel pin, but the presence of the
scaffold makes this possible.

Table 14: Cross Section Data for Isotopes of Interest.*

Isotope Cross Section at 0.1 eV Cross Section at 100 keVV ~ Cross Section at 1 MeV
[barns] [barns] [barns]
Capture (n,y)  Fission Capture (n,y)  Fission Capture (n,y)  Fission
U-235 42 240 0.42 1.6 0.1 11
U-238 14 8.3E-6 0.19 5E-5 0.13 0.17
Am-241 300 14 1.6 0.017 0.28 15
Cm-244 7.6 0.50 0.39 0.05 0.16 2.2

An important issue in actinide transmutation is the production of helium through the alpha decay
of Curium-242 to Plutonium-238. The helium gas will contribute to significant swelling of the fuel.*®
The diffusion of the helium through the fuel is very complex involving accumulation of the gas bubbles in
grains and resultant pressure increases.®® At longer burn up times, as the concentration of helium
increases, the gas bubbles can combine and form pathways to release the gas.*® This presents another
possible use for freeze-cast scaffolds in actinide transmutation: preferential filling of fuel pores to allow
for specific volumes of helium gas byproducts. Each pore could be filled to a certain height, leaving a
plenum for helium gas to collect and preventing swelling of the entire fuel pellet.

To determine the efficiency of freeze-cast scaffolds for target actinides for transmutation, a single
pin in the center of the reactor was replaced with a freeze-cast fuel pin. This is illustrated for the sodium
fast reactor in Figure 45 and for the pressurized water reactor in Figure 46. The freeze-cast scaffold fuel
pins were modified on a pore-by-pore basis to achieve higher transmutation rates. Unless otherwise
specified, the scaffold is alumina with 90% open porosity and a 200 pm pore diameter. The error
propagation through each burn up step is not supported by MCNPX at this time. However, the relative
error of the flux in a single pin is ~3% for the PWR model with 100,000 particles. The relative error
would be less in the SFR model as it is geometrically smaller. All burn up calculations were performed
with 100,000 particles. Based on the results of the flux error analysis, it can be concluded that the
reaction rate and resultant isotopic mass can be reported with confidence.
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Figure 45: SFR Cross Section of Several Fuel Assemblies and One Freeze-Cast Fuel Pin.

Figure 46: PWR Cross Section of One Fuel Assembly with a Single Freeze-Cast Fuel Pin.

Often, fast reactors are chosen in transmutation studies because little Americium-241 is produced
in fast reactors during normal operation. Therefore, it is quite simple to have a net decrease in
Americium-241 over the fuel cycle illustrated in Figure 47. The mass of Americium-241 was tracked in
the entire reactor (excluding the freeze-cast fuel pin which had an initial Americium-241 mass of 9.7 g).
The buildup of Americium-241 over the course of the fuel cycle is very small totaling 92 pg whereas the
Americium-241 in the target fuel pin decreases by 0.8 g demonstrating that there is a net reduction in
Americium-241.

43



0.0001 |

--e-= Americium-241 Produced in Entire Reactor

—}— Americium-241 Transmuted in Freeze-Cast Fuel Pin £

=

g

8E-5 &

g 77 2
3 i 3
% +/ ’ ; §
£ 6E-5 AP o &
- / § -
=z % ; 2
= e / 3
— :. é
T 4E-5 P 0.4 =
< / g
3 ’ s &
§ I/ '-' g
/ 8
2E-5 A 02 *©
/7 2
l* . ’ 2

. R N e > §
L . O

100 200 300 400

Burnup [Days]

Figure 47: Accumulation of Am-241 in Normal Reactor Operation
Compared to Mass Transmuted in Freeze-Cast Fuel Pin.

In contrast to fast reactors, Am-241 is produced in sizable amounts in the normal operation of a
thermal reactor. In a 400 day fuel cycle, 42 g of Am-241 accumulate within the reactor. More Am-241 is
formed once the fuel is removed from the reactor, because of the decay of Plutonium-241. Comparing
cases of homogeneously with heterogeneously placed Am-241 in the freeze-cast scaffolds, the
heterogeneous pins were found to result in higher transmutation rates and up to 68 g could be achieved.
Placing Am-241 isolated from the rest of the fuel has the additional advantage that specific plenum
volumes can be designated within each pore to contain the excess helium gas produced during the burning

of Am-241.

3.4.11 Isotope Production

Medical isotopes are widely used in procedures including imaging, diagnostics, and treatments.
Several examples are listed in Table 15. Medical isotopes include certain fission products, but also
include isotopes produced via neutron bombardment in a nuclear reactor. Freeze-cast scaffolds could be
used to make fuel pellets custom-designed to produce specific isotopes. In addition to making target pins,
the pores could act as channels to transport gaseous medical isotopes out of the fuel for use.
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Table 15: Medical Isotopes and Uses.*
Medical Isotope Use
Bismuth-213 Cancer therapy
Chromium-51 Track red blood cells
Cobalt-60 Sterilization of equipment
Dysprosium-165 Acrthritis treatment
Erbium-169 Relief of arthritis pain
Holmium-166 Liver tumor treatment
lodine-125 Brachytherapy
lodine-131 Thyroid cancer treatment
Iridium-192 Internal radiotherapy
Iron-59 Metabolism studies
Lead-212 Cancer therapy

Letetium-177

Gamma imaging and beta treatments

Molybdenum-99

Parent of Technetium-99m

Palladium-103

Prostate cancer treatment

Phosphorus-32

Treatment of polycythemia vera

Potassium-42

Potassium exchange

Rhenium-186

Pain relief for bone cancer

Rhenium-188

Beta irradiate coronary arteries

Samarium-153

Pain relief for bone cancer

Selenium-75

Study digestive enzymes

Sodium-24

Study electrolytes

Strontium-89

Pain relief for bone and prostate cancer

Technetium-99m

Imaging

Xenon-133

Study pulmonary ventilation

Ytterbium-169

Study cerebrospinal fluid

Ytterbium-177

Parent of Lu-177

Yttrium-90

Brachytherapy

To explore this further, Samarium-153 was chosen as the desired medical isotope. The target was
Samarium-152 which absorbs a neutron to become Sm-153. Natural Samarium (27% Sm-152) was
loaded into freeze-cast pins in the PWR model. The percent of the target transmuted was calculated by
dividing the final mass of Sm-153 by the initial mass of Sm-152 that had been loaded into the fuel pin. It
was found that increasing the flux by placing the moderator in the fuel pin does, as expected, result in a
higher conversion rate. It was further observed that most of the isotope production takes place in the first
burn interval of 25 days, because activity (which is proportional to mass) reaches a saturation level during
irradiation. This saturation activity (Asy) is dependent on the number density of the target atoms, the
cross section of the desired reaction, and the flux that the target is exposed to. How quickly a specific
isotope reaches the saturation activity is further dependent on the half-life of the target.*® The half-life of
Sm-153 is 46 hours corresponding to a decay constant of 0.15 1/hr so that Sm-153 reaches 95% of its
saturation activity at 8 days of irradiation.
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5. CONCLUSIONS

The results of this study, which explored both experimentally and through modeling flexible and
controllable fuel pellet designs, are very promising. Two new fuel pellet designs manufactured by freeze
casting and infiltration with either homogeneously or heterogeneously distributed fuel mixes were
investigated: 1) Metal honeycomb structures as the basis of a CERMET fuel or a purely metallic fuel and
2) Ceramic honeycomb structures as the basis of an inert matrix fuel (IMF) form or a form for containing
isotopes targeted for geologic disposal. Both the metal and ceramic honeycomb scaffolds were designed
to serve as the housing for infiltration with metallic or ceramic nuclear fuel slurries or powders. Ideally,
the inert matrix material should have a high thermal conductivity, a high melting temperature, be resistant
to corrosion, experience low swelling under irradiation, and be low cost. While several potential scaffold
materials, such as MgO-ZrO,, SiC, and ZrO,, were tested, the project focused on stainless steel 316L and
Al,O3 to create the new fuel forms. The loading of both types of scaffolds with fuel could successfully be
demonstrated using ceria powders as surrogates for uranium dioxide and silver solders and brazing alloys
as surrogates for metal fuel.

In our modeling effort, MCNP5 models were constructed to determine the effect of the inert
matrix of the freeze-cast scaffold fuel pin on its performance in comparison to traditional fuel pins with
respect to neutronic interaction. This first modeling work set the stage for the experimental work. Key
findings were that, in a pressurized water reactor (PWR), the flux profile in a 316L steel scaffold fuel pin
was flatter than that of a standard UO; fuel pin and that the introduction of inert material into the fuel pin
affected the criticality described by the k-effective value; the k-effective value is the neutron
multiplication factor defined as the number of neutrons in one generation divided by the number of
neutrons in the previous generation. In sodium fast reactors, more inert material was found to correspond
to lower k-effective values and, in some cases, a subcritical reactor configuration. In contrast, in the case
of the PWR, the inert material was found to serve as a moderator and actually increase the k-effective for
certain scaffold materials.

A very attractive application of the novel fuel pin designs, in addition to its use as a traditional
fuel pin, was to design and freeze-cast target fuel pins. These target fuel pins could be loaded with a
combination of highly enriched fuel, reflector material, and moderator material geometrically arranged so
that it will optimally transmute actinides or generate radioactive isotopes for medical applications. In the
context of target pins in this project, primarily the transmutation of Americium-241 was explored, both in
a sodium fast reactor and in a PWR.

In the sodium fast reactor, k-effective was found to increase with an increasing amount of fuel
filled pores in the scaffold and the neutron flux in the pin could not be sufficiently altered on small
enough a scale for effective transmutation, because of the large mean free path of high-energy neutrons.
However, in the case of a PWR, changes to the fuel pin were found to cause local changes in the flux,
which can be utilized to achieve in a heterogeneous fuel distribution over different pores significantly
increased transmutation rates of Am-241, in comparison to homogenous fuel distribution that contains the
same amount of Am-241. The steel scaffold with 70% open porosity, for example, showed a smaller flux
depression in the middle of the fuel pin and an ultimately flattened flux profile resulting in more uniform
fuel burnup. Interestingly, in the case of the ceramic scaffolds made from alumina, MgO-ZrO,, SiC, and
ZrO,, more fuel resulted in a lower k-effective for scaffolds, because the additional inert matrix material
served as an additional moderator, and the scaffold material was found to lessen the flux depression by
decreasing neutron absorption in the fuel. Concentrating the Am-241 in the center of the fuel pin resulted
in a decrease in the transmutation rate. Higher transmutation rates could be achieved by spreading the
Am-241 out within the fuel pin, because of reduced self-shielding. An increase in transmutation rate
could be achieved with a single fuel pin loaded with a ring of Am-241 around pores filled with moderator
resulting in a net decrease in Am-241.
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A basic temperature model of the fuel pins revealed a fairly low power density in the new fuel designs.
As a result, the maximum fuel temperature did not approach the fuel melting temperature. The fission
heating calculated in the center of the reactor was 2530 W/cm?® + 0.75% in the case of an SFR and 155
W/cm?® + 11% in the case of a PWR. The scoping calculations indicated further that ZrO, or MgO-ZrO,
would be poor choices for use in a SFR, because the peak fuel temperature is significantly increased. Ina
PWR, most scaffold materials have a higher thermal conductivity than UO, and would therefore decrease
the maximum fuel temperature. Taking into account all parameters explored, thus k-effective, flux, and
peaking fuel temperature, alumina or SiC scaffolds were found to be the best suited of all explored
scaffold materials in an SFR and that alumina, SiC, or MgO-ZrO, scaffolds would be best-suited for use
ina PWR.

A second application for the uniquely designed target pins is isotope production. Radioactive
isotopes are widely used in medical procedures. The production of Samarium-153, which is used in the
treatment of bone cancer, was explored as one potential isotope. Sm-153 is produced when Sm-152
absorbs a neutron. Also for this application, the porous structure of freeze-cast fuel types were found to
be of promise because of their performance, and because newly generated isotopes would need to be
removed at fairly short intervals during the first few weeks of each fuel cycle, a task that would be eased,
thanks to the highly aligned pores of the scaffold, which could be used as transport channels for isotope
harvesting.

Based on the above findings, we conclude that freeze-cast fuel designs offer novel and attractive
features and an improved performance over traditional nuclear fuel designs. Particularly the flexibility in
material-fuel combinations and the unprecedented, controllable fuel pellet designs are promising
advantages over existing designs. Irradiation experiments on both the porous and infiltrated scaffolds will
be required to determine other critical properties of the new fuel forms such as the swelling of each
material and the migration of fission products through the scaffold. The performance of the different fuel
designs under radiation conditions will determine whether freeze-cast fuels will be desirable alternatives
to existing fuel types and be attractive for commercial production and use.
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