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Abstract

Burnable absorbers can benefit nuclear reactors of virtually any design by providing reactivity
control for extended fuel cycles, tritium production, burning of long-lived radionuclides, and
reactor safety. When selecting the ideal burnable absorber type and its design, one must consider
the resulting impact on the reactor’s fuel cycle design and cost, reactivity, thermal hydraulics,
manufacturing, and radiation response. These selection criteria, as well as neutronic and
thermophysical material property requirements, may be vastly different depending on whether the
burnable absorber is intended for use in a commercial water-cooled reactor, a research reactor, or
a next-generation advanced reactor system. A recent integration, synthesis, description of past and
present technologies, and identification of existing gaps and areas of future research is lacking on
these important topics. This paper includes a fundamental description of the use of burnable
absorbers and their impacts on reactivity, absorber depletion, self-shielding, basic thermophysical
properties, and the use of burnable absorbers in next-generation nuclear applications.
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Nomenclature

y Initial self-shielding coefficient

n BA content

K Thermal conductivity

Oa,ih Absorption cross section for thermal (0.0253 eV ) neutrons

04,84(E) Energy-dependent neutron absorption cross section of the BA

04,7(E) Energy-dependent neutron absorption cross section of the fuel

Oufust Absorption cross section for 200 keV neutrons



a,BA

z:oz,BA,eﬁ”
Dp4(E)
Dp4(0)
QDBA(X)
a;
AEC
AGR
ATF
ATR

b

BA
BAR
BOC
BR
BRpy
BSG
BWR
CANDU
CRW
CVD
DOE
E
EOC
ETR
eV

JBaF
FLIP

g

GA
GAIN
GE
GWd/tHM
HEU
HPRR
HTGR
HWR
IFBA
IPyC
LEU
LOCA
LOFA
LWR
M
MNSR
MTR
N3y
Nr
NRC
OPyC
ORNL
P

P/A
PWR

The macroscopic absorption cross section of the BA when ignoring self-shielding

The effective macroscopic absorption cross section of the BA when accounting for self-shielding

Energy-dependent neutron flux within the BA
The neutron flux incident upon a BA

The neutron flux after traveling a distance x through a BA
Coefficients describing the geometry and properties of the medium surrounding the BA
Atomic Energy Commission

Advanced gas-cooled reactor

Accident-tolerant nuclear fuel

Advanced Test Reactor

Barns (102* cm™?)

Burnable absorber

Burnable absorber rod

Beginning of cycle

Breeding ratio

Burnout rate of the BA

Borosilicate glass

Boiling water reactor

Canadian deuterium-uranium reactor

Control rod withdrawal

Chemical vapor deposition

United States Department of Energy

Energy, neutron energy spectrum, or Young’s modulus of elasticity
End of cycle

Engineering Test Reactor

Electron volt

Neutron absorptions occurring in the BA divided by neutron absorptions occurring in the fuel
Fuel Lifetime Improvement Program
Self-shielding factor

General Atomics

Gateway for Accelerated Innovation in Nuclear
General Electric

Gigawatt-day per metric ton of heavy metal
Highly enriched uranium

High Performance Research Reactor (Program)
High temperature gas-cooled reactor

Heavy water reactor

Integral fuel burnable absorber

Inner pyrolytic carbon

Low enriched uranium

Loss of coolant accident

Loss of flow accident

Light water reactor

BA additive

Miniature Neutron Source Reactor

Materials Test Reactor

Atom density of the BA

Atom density of the nuclear fuel

United States Nuclear Regulatory Commission
Outer pyrolytic carbon

Oak Ridge National Laboratory

Porosity

Peak-to-average fission ratio

Pressurized water reactor



QUADRISO Quadruple isotropic

r Spatial location

R&D Research and development

RERTR Reduced Enrichment for Research and Test Reactors (Program)
S Lump surface area of the BA

SLOWPOKE Safe LOW-Power Kritical Experiment

SFR Sodium-cooled fast reactor

SPS Spark plasma sintering

t Time

ta BA thickness

t Reduced temperature

T Temperature

Ty Integrated flux-time

TD Theoretical density

TPBAR Tritium-producing burnable absorber rod

TRIGA Training, Research, Isotopes, General Atomics (reactor)
TRISO Tri-structural isotropic

V Lump volume of the BA, or volume fraction of composite constituent
WABA Wet annular burnable absorber

WF Weight fraction

W(z) Lambert W-function

XRD X-ray diffraction

1. Introduction

Burnable absorbers (BAs), also known as burnable neutron poisons, are materials inserted into
a nuclear reactor core that contain non-fissile nuclei with large neutron-absorption cross sections.
The BAs absorb neutrons, decreasing their population significantly over the course of the core’s
operational cycle. As the BA abundance decreases, so too does the BA’s impact on reactivity. BAs
can provide a variety of benefits, including reactivity control for extended fuel cycles [1-6], tritium
production [7], and burning of long-lived radionuclides from spent nuclear fuel [8, 9]. While BAs
can vary widely based on economics, thermal hydraulics, manufacturing, response to radiation
damage, and reprocessing/disposal, BAs have a strong negative reactivity worth, which of course
decreases by design as they are depleted due to neutron absorption. This paper provides the
integration, synthesis, and description of past and present burnable absorber technologies.
Furthermore, it seeks to identify existing gaps and areas of future research with respect to burnable
absorbers which is currently lacking in the recent peer reviewed literature. An example is also
provided which illustrates the impact of burnable absorbers on neutron multiplication and fission
(power) densities based on Monte Carlo neutronic simulations of the Advanced Test Reactor
(ATR).

Burnable absorbers are often used to reduce power peaking in the core, either for a fresh fuel
assembly (typically in light water reactors (LWRSs)) or locally within a fuel pin or plate (typically
in research and test reactors). The negative reactivity of a BA offsets the positive reactivity of fresh
fuel. Depletion of fuel is accompanied by depletion (burnout) of the BA material; ideally, the BA
will effectively burn out at the same rate as the fuel in such a way that the net reactivity remains
constant with time. If the BA burns out too quickly, then a positive reactivity swing later in the
operational fuel cycle could exceed the allowable limits for the reactor. If the BA burns out too



slowly, then the remaining BA results in a negative reactivity penalty toward the end of the fuel’s
operational cycle; however, an exact match is not necessary and typically is not feasible. Local
spectral effects will affect the relative depletion of the poison and the fuel. When used in this
manner, BA materials may be included within the fuel, either as a homogeneous mixture or a
coating, but BA rods can also be used to control local power peaking for a fuel assembly by
appropriate placement of rods within a fuel assembly. The two approaches are often combined;
gadolinium-bearing fuel rods are used to control assembly reactivity in many boiling water reactor
(BWR) designs (vide infra). Pressurized water reactors (PWRs) also use soluble boron to control
total core reactivity, but because the boron is uniformly distributed in the coolant it is not used to
control peaking. Further, soluble boron is not considered to be a burnable absorber as reactivity
control is managed by reactor operators by reducing boron content with burnup over a fuel cycle.

Because neutron capture in burnable absorbers is typically spectrum-dependent, BAs are
sensitive to changes in temperature. '°B, often used as a burnable poison, is a 1/v absorber whereby
its neutron absorption cross section decreases logarithmically with neutron energy. The magnitude
of negative reactivity for '°B decreases with increasing temperature as the thermal Maxwellian
shifts toward higher energies. This results in net positive reactivity feedback. '*>Gd and '*’Gd, on
the other hand, while 1/v at very low neutron energies, both have significant resonances above 1
eV and can a exhibit increasingly negative reactivity coefficient with respect to temperature,
depending on the spectrum of the reactor itself. '’Er has a large thermal resonance at 1 eV that
results in increased absorption resulting in a negative reactivity coefficient with respect to
temperature; hence, boron and gadolinium are also common BA materials in fast reactors; in a fast
reactor spectrum both have removal cross sections that decrease with increasing temperature, so
both have net positive temperature reactivity coefficients. While a negative reactivity coefficient
for a BA would be desirable in a reactor such that neutron capture increases with increasing
temperature, the temperature reactivity coefficient of fuel associated with burnable absorbers is
designed to always be negative and will more than offset any positive feedback from burnable
absorbers. Of course, the magnitude of the temperature reactivity coefficient will always decrease
with burnout of the poison materials.

BAs are considered distinctly separate from control rods. Control rods in nuclear reactors can
be withdrawn from the reactor core during operation and can be used for several years to decades
before replacement is necessary. Other neutron poisons that are present in the core that are released
as fission products are also not considered BAs; instead, they are an unavoidable consequence of
nuclear fission reactions.

Different nuclear reactor types have different operating conditions, coolants, fuel forms, and
neutron spectra which may limit the practicality of some BAs. The discussion offered in this paper
will focus on the most common BAs listed in Table 1, where cam and oafst are the neutron
absorption cross sections at thermal (0.025 electron-volts (eV)) and fast (200 keV, which is the
flux peak for a typical sodium-cooled fast reactor) neutron energies, respectively, in units of barns
(10%* cm?). Cross-section data for this paper were taken from the ENDF/B-VII.1 library [10].
Some isotopes have been omitted from Table 1 because they are either highly unstable, have no
natural abundance (i.e., are synthetic), or do not readily absorb neutrons.



As noted earlier, the most common BA materials in commercial LWRs are boron and
gadolinium. Boron is used in the standard form of B4C with the natural boron isotopic composition
(approximately 19.9% '°B and 80.1% ''B). '°B has a thermal neutron cross-section of about 3850
b; in comparison, thermal absorption in ''B is negligible, with a cross section of about 0.005 b for
thermal neutrons. When absorbing a thermal neutron, '°B emits an alpha particle (‘He) resulting
in a 'Li daughter nucleus. As both are stable isotopes, neither is a source of decay heat post-
shutdown. However, the accumulation of helium can produce internal pressure that can challenge
the integrity of high-density fuels or build up between the poison and cladding. Further, neutron
capture in 'Li results in the production of tritium. Natural gadolinium (see Table 1 for isotopic
abundances and cross sections) is another common BA in commercial reactors due to the high
neutron absorption cross section of 1>Gd and '3’Gd. Their absorption cross-sections are the highest
among all stable isotopes. Relative to boron and other BA materials, which are generally
considered to be “gray” absorbers, gadolinium behaves like a “black™ absorber for neutrons,
making it highly effective in compensating for excess reactivity. However, this same property can
result in strong local flux depressions if not properly designed [11]. This phenomenon will be
discussed in detail in the next section.

Although not as common, hafnium-based materials are attractive BA candidates, not only
because of their ability to readily absorb neutrons above thermal energies (a phenomenon known
as resonance energy absorption), but also because its worth changes slowly with irradiation. This
slow change is due to the multi-isotope capacity for Hf to absorb neutrons. In Hf, when a neutron
is absorbed, some natural hafnium isotopes readily transform into another neutron-absorbing
isotope. Hafnium metal also has excellent corrosion resistance to hot water if a passivation layer
(HfO2) forms on its surface. In its unalloyed form, passivated hafnium corrodes in 400 °C steam
at a rate of approximately 1.36 pg-cm™-day’!, about 1/8'" the rate of Zircaloy-2 [12]. Without this
passivation layer, however, hafnium degrades rapidly due to the diffusion of hydrogen formed by
radiolysis of water, resulting in rapid swelling and embrittlement [13]. This hydride-induced
swelling and facture of hafnium has led to the abandonment of hafnium as an absorber material
under high temperature/fluence conditions (i.e., commercial applications).

Hafnium-based BAs can also designed HfO:. In principle, HfO2 could be used as a BA
material. While UO: adopts a fluorite crystal structure, HfO2 can crystallize in monoclinic,
tetragonal, or cubic structures. For high temperature conditions, for example in commercial UO2,
where the centerline fuel temperature can exceed 1300 K, HfO2 may substitute uranium to form
the UO2-HfO: solid solution [14]. Nuclear fuel might also be coated with a layer of HfO2 via a
deposition technique, though there is no evidence of this being experimentally tested under reactor
conditions [15-18].

Cadmium-based BAs have attractive neutronic properties for extended fuel cycles. Cadmium
is also an important component of standard silver-indium-cadmium control rods in both research
and commercial nuclear reactors. The neutronic properties of Cd-based BAs allow precise control
of BA burnout over a wide range of fuel burnup in comparison to boron (slower-burning) or
gadolinium (faster-burning) BAs [19, 20]. Further, cadmium’s (n,y) reaction does not result in
helium accumulation. Historically, proposed cadmium-based BAs have taken the form of metallic



Cd wires or CdO pellet coatings [21-24]. The use of Cd-based BAs, however, presents fabrication
and disposal complications due to significant health concerns. Both Cd and CdO are ranked as a
health hazard Level 4 according to the National Fire Protection Association. Very short exposure
to small amounts of either of these materials can be lethal, as they are carcinogenic, can cause lung
oedema and death if inhaled, and are extremely toxic if ingested. Further, the 350°C melting point
of cadmium metal limits its applicability, particularly during a possible design-basis accident.

Table 1: Selected nuclei properties and neutron absorption cross sections.

Natural Isotopic
Abundance (%)

Reaction | Oam (b) | Oagast (b)

Element | Isotope Half-Life

Li SLi Stable 7.5 n,o 938 1.97
B ;] Stable 19.9 n,o @ 3844 1.47
Ag Ag Stable 51.8 ny 38 0.31
19Ag Stable 482 ny 90 0.29
Cd 183cd 810y 12.2 ny 19969 0.28
In 3 Stable 4.3 ny 12 0.35
BIn 4-10"y 95.7 ny 202 0.29
478m 10"y 15.0 ny 57 032
Sm 149Sm Stable 13.8 ny 40150 0.70
1508 m Stable 7.4 ny 100 0.25
128m Stable 26.7 ny 206 0.15
Eu BIEy 510"y 47.8 n,y 9185 0.30
153Ey Stable 52.2 ny 358 0.75
134Gd Stable 2.18 ny 85 0.37
15Gd Stable 14.8 n,y 60737 0.73
Gd 156Gd Stable 20.5 ny 2 0.19
57Gd Stable 15.7 n,y 252912 0.33
198Gd Stable 24.8 ny 2 0.08
'°Gd Stable 219 n,y 1.4 0.04
161Dy Stable 18.9 ny 600 0.45
Dy 12Dy Stable 25.5 ny 194 0.13
18Dy Stable 249 ny 123 0.34
%Dy Stable 28.3 ny 2653 0.05
Er 7By Stable 22.9 n,y 650 0.51
- Lu Stable 97.4 ny 23 0.49
7oLy 4-10y 2.6 n,y 2098 0.72
174Hf 2:108y 0.16 n,y 550 0.45
Hf 17HE Stable 18.6 ny 374 0.56
ISHE Stable 27.3 ny 84 0.10
e Stable 37.3 ny 954 0.44
i 193] Stable 62.7 ny 111 036

M 6, 1, is defined here as the neutron absorption cross section at 200 keV—i.e., the energy of the flux peak for a typical sodium-cooled fast
reactor.

@ The n,20 cross section for '°B increases by several orders of magnitude above 1 MeV and exceeds that of the n,o cross section above 4.7 MeV.
This makes boron-based BAs particularly attractive for fast reactor applications from a neutronics perspective.



2. Absorber Burnout and Heterogenous Effects

The time-dependent behavior of BAs used for reactivity control is dependent on several
factors, including the local flux and self-shielding effects. The latter can be classified in terms of
spatial or energy self-shielding. The degree of self-shielding also defines whether a design can be
homogenous (minimal self-shielding) or heterogeneous in terms of BA design and placement.
Each has its benefits and disadvantages for a given core design. These topics are reviewed in this
section.

2.1 Absorber Burnout

One of the most important criteria that drives the BA selection is its burnout rate due to neutron
capture. Some elements, such as boron, have only one stable isotope that readily absorbs neutrons
('°B) while other elements have multiple neutron-absorbing isotopes, resulting in subsequent
neutron absorptions. For the simplest case of BAs with only one neutron-absorbing isotope and
infinitely dilute, i.e., no self-shielding (vide infra), the burnout rate can be calculated using
Equation 1 [25]. Once such a BA nuclide absorbs a neutron, it is changed to the next higher mass
isotope, which may be stable or decay; in either case, the daughter product is not an absorber. Such
a BA can be depleted rapidly if its absorption cross section is large. Note that the cross section and
flux both depend on the neutron energy spectrum, meaning that nuclei which have high thermal
neutron absorption cross sections may not be effective BAs for fast spectrum nuclear reactors, or
vice versa.

BRy =Ny, 0, p4 (E)'(DBA (E) (Eq. 1)

where

BRg4 = burnout rate of the BA (atoms-s™-cm™)

N34 = atom density of the BA (atoms-cm™)

04,84(E) = energy-dependent neutron absorption cross section of the BA (cm? = 10"* b)
®s4(E) = energy-dependent neutron flux within the BA (neutrons-s™-cm)

E = neutron energy spectrum

Some elements have multiple naturally occurring isotopes which readily absorb neutrons. For
example, europium has two stable isotopes ('*'Eu and '>*Eu) as shown below, along with each
isotope’s natural abundance and thermal neutron absorption cross sections (some isotopes with
small absorption cross sections are ignored). For the case of a europium-based BA, the burnout
rates of the relevant Eu isotopes are described by a set of coupled differential equations in
Equation 2 that relate production (absorption by the next lower isotope) and loss (absorption and
decay) [26]. These coupled equations, known as the Bateman equations, can be solved numerically
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or analytically to determine the isotopic populations and burnout rates as a function of time [26].
Here, it is assumed that the europium is distinct from the fuel and is not produced as a function of
fission. The full set of Bateman equations also must consider the fact that a daughter product from
either transmutation or decay may also have a significant absorption cross section, and in principle,
all transmutation mechanisms should be included in Equation 2. For simplicity, however, only
decay and radiative capture (absorption) of Eu isotopes are shown here; nevertheless, we still
obtain seven coupled equations for isotopes.

Abundance (%) 47.8 0 52.2 0 0 0 0
Isotope 151Eu N 152Eu — 153Eu N 154Eu — ISSEu — 156Eu — 157Eu
Syt (D) 9185 12796 358 1353 3760 100 111

d]51N _ 151 151 151 151 E 2
——=""IN(1)" o, (E)-®(E)="" N ()" 2 (Eq. 2)

dXN _(x-1) (x-1) (X—l)ﬂ/ X X X3

—==N@ (e, (B) @E) = TTVA) = N @) (Yo, (B)- @(E) - *4)

where,

/= Radioactive decay constant (s)

X=1152,157]

If breeding (the conversion of fertile nuclei into fissile nuclei) and fission are ignored, then the
relationship for the burnout rate of the fuel in the reactor, BRr, is identical to that of the burnable

absorber in Equation 1, where Nr, o4 r(E), and D, (F,E ) are the fuel’s atom density, neutron

absorption cross section, and neutron flux within the fuel, respectively, where r represents spatial
location.

2.2 Spatial Self-Shielding

Another relevant concept for BA design and reactor operation is the set of phenomena known
as self-shielding. In this section, we will discuss spatial self-shielding. In heterogenous thermal
reactor cores, neutrons are born by fission within the fuel, but they are moderated, or slowed down,
after leaving the fuel and entering the moderator. Lower energy neutrons are scattered back into
the fuel to be captured or absorbed to cause another fission to maintain criticality; however, such
neutrons can also be scattered into a BA material. BAs are therefore used to compensate for excess
reactivity in the fuel to be able to maintain criticality. Because the cross section of a BA is very
large relative to fuel fission cross sections at thermal energies, there is a high probability of
absorption as soon as the neutron enters the BA region. As a result, the surface layers of the BA



geometrically shield the inner layers from neutron flux, leading to a relatively lower neutron flux
inside the absorbing material. For fast reactors, self-shielding is generally negligible — the mean
free path of fast neutrons within a fast reactor will be significantly longer that the thickness of an
absorber material, so the probability of absorption is approximately constant in moving through a
BA material.

The self-shielding factor, g, is the ratio of the flux within a burnable absorber region to that
which would be observed if the absorber was not present, as defined by Equation 3 [27]. Here
we have assumed that the flux in the absence of the BA is approximately constant in space. In
general, there is a significant spatial reduction in the flux within a strong absorber due to neutron
absorption. A strong absorber will locally depress the flux within the absorber relative to the flux
that would be present in that region in its absence. This is illustrated in a simplified fashion in
Figure 1. Here, the blue shading represents the poison region in space. The blue line shows the
spatial flux in absence of the poison, while the grey line within this region shows the attenuation
of the flux in both directions moving through the region, with a minimum in the center of the
region (for a symmetric geometry). This complicates the solution of Equation 2, as ®(E) is not

a simple function of energy but inherits a spatial component as well, i.e.,
@(7,E)=g(7,E)~d)nBA(E).

@BA(F,E)

)= 16

(Eq. 3)

D,, (7, E ) = energy- and spatially dependent neutron flux within the burnable absorber

(neutrons-s™'-cm™)

® ., (E) = energy-dependent neutron flux within the same region if no burnable

absorber is present, i.e. without spatial self-shielding (neutrons-s™'-cm)

More generally, Equation 3 can be written in terms of both energy and spatial averages of the
fluxes in the absorber region, where the fluxes are volume- and lethargy-weighted averages of
space and energy, respectively, as shown in Equation 4 [27]. However, it is important to note that
as the net reactivity of the BA decreases with burnup, the flux in the BA region will increase,

trending toward the value of @ ,,, i.e., similarly g will increase and approach unity.

g=—" (Eq. 4)

10



Neutron flux in
absence of
burnable absorber

/ Neutron fluxin
! presence of
/' burnable absorber

Fig. 1: Illustration of the spatial effect of a strong absorber depressing the neutron flux.

The previous discussion and the plot in Figure 1 both assume that the BA is composed of a
uniform distribution of absorber material. If a BA material is lumped (i.e., non-uniformly
distributed as dispersoids, precipitates, thick rings, etc.) with sufficiently large volume, then the
distribution of the neutron flux will not be a simple continuous function throughout the BA volume
due to spatial variations in self-shielding; however, a volume-averaged distribution is typically
assumed in reactor calculations, and has been found to be generally acceptable when dispersoids
are randomly located and have an average aspect ratio near unity. On the other hand, some
fabrication processes may create distributions in which the absorbing materials are concentrated
in limited spatial locations (e.g., located preferentially near the radial center or toward the outside
of a rod), or with a very large aspect ratio where the poison material is stretched preferentially in
a specific direction (e.g., elongated and aligned in a particular direction due to rolling, extrusion,
etc.). In such cases, self-shielding effects may be more pronounced in one direction over another,
or strongly vary with location. Thus, such situations demand an understanding of the effect of the
distribution and shape of the poison material within the BA to understand the evolution of poison
burnout rate and impact on reactivity versus time. It is possible that tailored fabrication methods
could be used to achieve desired poisoning behavior. However, developing an understanding of
the reactivity worth of non-uniform distributions or use in special applications is beyond the scope
of this paper. Henceforth, this discussion will focus on BAs with a poison distribution that can be
considered uniform through the media.

The reduction in the neutron flux moving through a fresh burnable absorber material is a result
of capture of neutrons which occurs more often at the surface of the rod due to spatial self-
shielding. Some neutrons will penetrate or even thermalize within the interior of a BA, but neutrons
will be preferentially absorbed at the outer rim. With increasing burnup, the poison nuclide(s) in

11



the most strongly absorbing region will be converted by neutron capture and possibly also decay
to a nuclide or nuclides with a much smaller absorption cross section through one or more
successive captures. As poison is transmuted at the outer region of the BA, more neutrons can
penetrate further into the absorbing material. Hence, the poison will progressively burn out
moving from the outside to the innermost volume in an onion-skin fashion.

Although the discussion above was generalized, it primarily applies to non-fueled BA media.
Burnable absorbers may also be combined with fuel rods. Gadolinia (Gd203) is often used as an
integral poison within both PWR and BWR fuel, where it is to a first approximation uniformly
blended with UOz (vide infra). In such fuel, self-shielding is also present due to a large thermal
cross section for fission in 2>3U. The same radial burnup effect exists in gadolinia-bearing fuel. By
design, the gadolinium burns out well in advance of the fuel; its purpose is intended to offset the
initial high reactivity of fuel enrichments in the 4-5 wt% 23U enrichment range of commercial
power reactors. Westinghouse’s Integral Fuel Burnable Absorber (IFBA) [28, 29] also adds poison
material to a fuel rod, although in this case, fuel pellets are coated with a thin layer of zirconium
diboride (ZrBz2). Again, although some thermal neutrons will pass through the coating while a
significant number of them will be captured by the '°B in the ZrB: coating. This reduces the
burnup of the fuel such that by the time the boron is depleted the IFBA fuel (and the core as a
whole) will have lost the excess reactivity it had at the beginning of the fuel cycle due to a
combination of fuel depletion and fission product buildup.

2.3 Energy Self-Shielding

A phenomenon known as energy self-shielding is also present in fuel rods. Specific resonance
energies in 2°U have large cross sections relative to adjacent energy regions. Hence, neutrons at
those energies are highly likely to be captured, reducing the thermal flux in energies close to the
resonance. Here, flux is reduced on the energy spectrum, not on the spatial spectrum, although
this does result in some spatial self-shielding at those resonance energies. For BAs, however, cross
sections have a spectral variation, but low energy resonances are rare. '>Gd and *’Gd, the two
strongly absorbing gadolinium isotopes, have some resonances near 1 eV, but below 1 eV there
are no resonances and the cross section becomes one to two orders of magnitude larger in the
thermal region. Boron has no resonances below 1 MeV, and the thermal cross section is four to
five times larger in the thermal region than that of the higher energy resonances. Hence, energy
self-shielding is not normally considered with respect to common BA materials.

Finally, it is important to observe that BAs may be permanent within a reactor fuel assembly,
residing in the assembly for its entire lifetime— this is always true when the poison is integral to
the fuel. However, most LWRs are designed to be able to remove BA-bearing structures, typically
after the first cycle. In PWR designs, a cluster of burnable poison rods may be loaded in control
rod positions for uncontrolled assemblies. In BWRs, temporary poison curtains (plate-type
structures) are used between uncontrolled fuel assemblies. For both concepts, the BA loading is
such that it is fully burned out by the end of the first cycle. During fuel shuffling operations the
depleted poison structures are removed. This approach may be applied in fuel block shuffling for
gas-cooled reactor designs, and BA materials may be used within pebble bed reactors during their
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approach to their asymptotic fuel distribution. For evolving contemporary microreactor concepts,
however, where fuel shuffling is not anticipated, BA rods or plates may be desirable with a
significant loading to offset high loadings of fuel and may be designed to last on the order of the
designed core life. However, whether removed or not, the self-shielding factor g due to the poison
will approach unity near the end of the effective life of the BA. This means that the boron
absorption effect is gone, and thermal neutrons will pass freely (perhaps with scattering but very
little absorption) through the depleted BA region.

2.4  Heterogeneity vs. Homogeneity in BA Distribution

There is no clear distinction between when it is appropriate to assume homogeneous vs.
heterogeneous BA geometry; for the case of '°B-containing compounds (whose 0.0253 eV neutron
absorption cross section is about 3838 b), thermal neutron self-shielding effects are noticeable
when the BA’s physical thickness reaches length scales on the order of a few microns [30]. In the
analytical treatment for the burnout of a self-shielded BA Iump, any approximation to the one-
velocity Boltzmann equation may be represented by a power series in the quantity of absorber
located in the lump as shown in Equation 5 [27].

g= {1 4 iai (24,2, 1 )} (Eq. 5)

i=1
Za,BA,eff =82, p4
where

a; = Coefficients describing the geometry and properties of the medium surrounding the

BA
ta = BA thickness

Y, 51=0, 5 (E ) - N,, = the macroscopic absorption cross section of the BA when

ignoring self-shielding
X, s1ey = the effective macroscopic absorption cross section of the BA when accounting

for self-shielding

In most practical situations, the a; decrease rapidly after the first term. Using only the first term
in the expansion offers a reasonable approximation for illustrative purposes such that the self-
shielding factor is given by Equation 6 [27].
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_ YN (1) )
g= {l+ N, (0) } (Eq. 6)

! = duration that the BA has been under neutron irradiation (sec)

Ny, (t) = atom density of the BA at time ¢ (atoms-cm™)

Ny, (0) = atom density of the fresh BA, i.e., at time ¢ = () (atoms-cm™)
¥ = initial self-shielding coefficient, defined by the initial lump geometry and initial
macroscopic absorption cross section

Since y is a constant, the assumptions made thus far allow direct calculation of the burnout
rates for the fuel and BA. Still exclusively considering thermal neutrons for this calculation, the
fuel burnout rate is defined by Equation 7 and the BA burnout rate is defined by Equation 8 [30].

The burnout rate ratio is determined by combining Equations 7 and 8 as shown in Equation 9
[30].

dx = -0, ;nv xdt

(Eq.7)

dt
dy = —0, 4"y 1_{7 (Eq. 8)

q.

dx _ Our x(l-l-}/y)

dy 0.4 y (Eq.9)
where
x(t) = Np(®)
N:(0)

NBA
Y030

nv, = thermal neutron flux at # = 0
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Using the initial conditions that x(0) = y(0) = I yields the burnout rate relationship between
the fuel and the BA as shown in Equation 10 [30]. Note that an initial self-shielding coefficient
of y = 0 indicates that there are no BA self-shielding effects (e.g., if it is distributed homogeneously
in a diffuse manner), reducing to Equation 11 [30].

X= [yey(yfl) ]{:x;J

(Eq. 10)

X = y(Z;J (Eq. 11)
where

y =0 (i.e., no self-shielding)

It may be more practical to define reactor operation time in terms of integrated flux-time 7T
using Equation 12 [27]. Consequently, we can see by inspection with Equation 2 and Equation
5 that the rate of change in the BA population is given by Equation 13 as a function of flux-time
[27]. Integrating Equation 13 yields the relationship of the burnable poison population at flux-
time 7rin Equation 14 [27].

T, = [@dr (Eq. 12)
dNBA(Tf’) _NBA(Tf)'O_ BA
BN N (T = : @ Eq. 13
de 5 _f) Ou.54"8 7/NBA(T/‘) (Eq )
N,,(0)
7 -2 | Mo (Tf)—lln NB“—(T") (Eq. 14)
! Oy Ny, (O) Y Ny, (0)

Rearranging and solving Equation 14 for the BA population as a function of integrated flux-
time yields Equation 15 where W(z) is the Lambert W-function. Several mathematical computing
software packages implement the Lambert W-function (e.g, Maple, Matlab, Mathematica). For the
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case where the BA has no self-shielding, y = 0 and the BA population vs. flux-time can be
determined directly using Equation 16.

N, ( Tf) i W( y o Ty )

— (Eq. 15)
Ny, (0) 4
where
y > 0 (i.e., accounts for BA self-shielding)
W(z) = the Lambert W-function
N, (T o T,
BA( ):e 048y (Eq- 16)
N,,(0)
where
y=10

Equation 15 and Equation 16 only consider monoenergetic neutron absorption. The
absorption cross sections of most BA isotopes vary strongly with energy, as shown in Figure 2 for
the case of '°B [31]. If we assume that the average neutron energy in a reactor is 0.0253 eV,
indicated by the solid red circle in Figure 2, this correlates to a '’B neutron absorption cross section
of about 3838 b. The flux peak for a typical fast reactor, about 200 keV, is indicated by the dashed
green triangle in Figure 2, which correlates to a neutron absorption cross section of about 1.5 b
[10]. Using the 0.0253 eV cross section in the one-group approximation, the BA population vs.
integrated flux-time can be compared for different levels of the BA initial self-shielding
coefficient, y, as shown in Figure 3 below. Note that increasing the initial self-shielding coefficient
decreases the rate at which the BA depletes, thereby increasing its lifetime in the core.
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Fig. 2: ouq vs. energy for '°B. The solid red circle corresponds to 0.0253 eV, for which
ona = 3838 b. The dashed green triangle corresponds to 200 keV (a typical fast reactor flux
peak), for which gna =1.5b.
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Fig. 3: Comparison of self-shielded (y > 0) and non-self-shielded (y = 0) burnable absorber
concentrations vs. integrated flux-time, from Equation 15 and Equation 16.
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3. Burnable Absorbers for Commercial Water-Cooled Reactors

Commercial water-cooled reactors generally have three distinct designs: pressurized water
reactors (PWRs), boiling water reactors (BWRs), and heavy water reactors (HWRs). At the
beginning of cycle (BOC) for a commercial nuclear reactor’s operational fuel cycle, the core has
excess reactivity because (a) the fissile content of a fuel assembly is maximal at BOC and
(b) accumulation of fission product neutron poisons has not yet begun in fresh fuel. Control rods
can be used to counteract the excess reactivity at BOC; however, inserting control rods deeper into
the reactor core causes the power distribution to become increasingly nonuniform. Using control
rods for this purpose also decreases the effective control rod lifetime. In commercial PWRs,
soluble neutron absorbers (typically boric acid) are routinely introduced into the primary coolant
to provide uniform negative reactivity. The utility of soluble neutron absorbers, however, is limited
in water-moderated reactors because at higher concentrations they also diminish the moderator
void coefficient of reactivity, which must remain negative throughout the operational fuel cycle.

Ideally, the BA (and its neutron-absorbing daughter products) should be depleted shortly
before the reactor’s end of cycle (EOC). In current LWRs, incorporating boron, gadolinium, or
erbium compounds into the fuel rods or non-fueled rodlets is common. Commercial HWRs, such
as Canadian deuterium-uranium (CANDU) reactors, often incorporate dysprosium BAs into the
non-plutonium-bearing depleted uranium fuel rods.

When selecting and designing a BA for use in commercial nuclear reactors in the United States,
the BA’s impact on safety and behavior of the spent fuel at discharge must be rigorously
established to obtain regulatory approval through the Nuclear Regulatory Commission (NRC).
Selection, design, and certification of BAs will always depend upon detailed analyses of the BA
impact on reactivity. The neutronics optimization of BAs in commercial water-cooled nuclear
reactors has been studied extensively, but the conclusions of such studies often vary depending on
the particular design and conditions of the system in which the BA will be used [32-34]. However,
it is important to remember that the primary reasons to use BAs in commercial nuclear power
reactors are to reduce fuel cycle costs, extend the fuel’s operational cycle, and improve reactor
safety. BA designs have been proposed, based purely on neutronic rationale, which attempt to
maximize BOC vs. EOC reactivity effects by using transuranics, like ?*°Pu [8] or 24! Am [9, 35,
36], as the BA species. While it is true that such transuranic BAs will add to EOC reactivity by
transmuting into fissile species, economic, licensing, manufacturing, handling, and proliferation
implications must also be considered. As a result, the following aspects of BAs in commercial
water-cooled reactors will be discussed: an introduction to the two general types of BAs currently
used (fueled vs. non-fueled burnable absorbers), fabrication, and material properties.

3.1 Fueled Burnable Absorbers

One current method of including BAs into commercial nuclear reactor cores is to incorporate
the BA material within or around the UO:2 fuel pellets themselves. Three common fueled BA
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designs are illustrated in Figure 4, where the BA is (left) dispersed or homogeneously mixed
within the UO2 matrix, (middle) coating the outer surface of the UOz pellet, or (right) both. Design
of boron-based BAs must account for the production and accumulation of helium from the
19B(n,a)"Li reaction, which could reduce fuel thermal conductivity, increase fuel temperature, and
accelerate fission gas release if the reaction occurs from within the fuel matrix itself [37].
Consequently, boron is only incorporated into commercial LWR fuel in the form of external
coatings. In practice, commercial water-cooled reactors use fuel-BA pellets of UO2-Gd203, UO2-
Er03, or UO2-Dy20s3 dispersions or solid solutions mixed within the fuel. Westinghouse Electric
Company also produces standard UO:z fuel coated with a thin ZrB> film, called an integral fuel
burnable absorber (IFBA) [28, 29]. The ideal BA isotopics, design, and distribution depend not
only on the type of reactor, but also on the details of the fuel pin assembly design itself [38].

Gas Gap Cladding

Gas

Cladding Gap
BA in UO, U0, BA BA in UO,
Coating

Fig. 4: Three common fuel-BA designs for commercial reactors, where the BA 1is (left) dispersed
or homogeneously mixed within the UO2 matrix, (middle) coating the outer surface of the UOz
pellet, or (right) both.

3.2.  Burnable Absorber Rods

Another common BA design for commercial water-cooled reactors is burnable absorber rods
(BAR, typically called “burnable poison rods” in industry). BARs are loaded in guide tube
positions in an assembly and are typically removed when the fuel is shuffled; hence it is desirable
to have the poison worth reduced to as small as possible by the end of the fuel’s operational cycle.
Two examples of such BARs are the Westinghouse wet annular burnable absorber (WABA)
rodlets and (the less common) borosilicate glass (BSG) burnable absorber. WABAs and BSGs
contain no fissile material. Because the BA and fuel are not mixed, helium buildup due to n,«a
reactions does not impact the fuel’s thermal conductivity, internal fuel gas pressure, nor fission
gas release.

The WABA is an annular BA that is clad in two concentric Zircaloy tubes, while the BSG is
clad in concentric 304 stainless steel tubes. An illustration of typical WABA and BSG BAs are
shown in Figure 5. Each rodlet requires an annular plenum to accommodate the release and
buildup of helium during use, as well as contact with water for cooling purposes. The water flowing
through the innermost channel also augments thermalization of neutrons, reducing the necessary
BA thickness and allowing more controllable and complete burnout of BA material [33]. Similar
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concepts have been proposed whereby BAs are incorporated into other in-core components, such
as thimble guides [39, 40]. The compositions of WABA and BSG BAs are provided in Table 2
[41].

+— Guide Tube

Water
Cladding
Gas Gap
BA

Gas Gap
Cladding
Water

Fig. S: Illustration of WABA or BSG used in commercial water-cooled reactors where WABAs
are Al203-B4C clad in Zircaloy and BSGs are B203-S102 clad in 304 stainless steel.

Table 2: Compositions of Westinghouse WABA and BSG.

WABA (ALO3-B4C) BSG (B203-Si03)

Element/Isotope

wt% wt%

1o 1.968 0.699

B 8.992 3.207

Carbon 3.040 --

Oxygen 40.479 53.902
Aluminum 45.521 1.167
Silicon -- 37.586
Potassium -- 0.332
Sodium -- 2.837

Although lithium is not typically considered for use as a BA, it has been used as a BA to
produce tritium for nuclear weapons via the SLi(n,0)’H reaction. The United States stopped
producing tritium for nuclear weapons at its production facility in Savannah River in 1988. In the
late 1990s, BAs were designed and implemented into commercial LWRs, as described in
NUREG 1607, in the form of tritium-producing burnable absorber rods (TPBARs). The TPBAR
design is similar to that of the WABA or BSG (see Figure 5). The BA within the TPBAR was
composed of cylindrical lithium aluminate (LiAlOz) pellets with enriched °Li content. The BA was
surrounded by a zircaloy tritium getter to absorb free tritium gas. The getter was nickel plated to
prevent oxidation, then clad in Type 316 stainless steel. Tritium decays into *He with a half-life of
about 12.32 years. This isotope of helium has a thermal neutron absorption cross section of 5318 b.
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Even though *He abundance in the TPBAR is small due to the slow decay of tritium, its impact on
reactivity must also be considered throughout the BAs operational cycle due to its large thermal
neutron absorption cross section.

3.3.  Fabrication and Material Properties of Commercial Water-Cooled Reactor BAs

3.3.1. Gadolinia

UO2-Gd203 fueled BAs are commercially produced by a variety of fuel vendors, including
Westinghouse Electric Company, Framatome, and Siemens. They are used extensively in BWRs
because of the lack of soluble boron options. The use of gadolinium oxide as a BA in commercial
water-cooled reactors is particularly attractive because (a) several isotopes have large thermal
neutron absorption cross sections and (b) the use of Gd203 within the solid fuel itself is permissible
due to the absence of helium accumulation.

The Gd isotopes with large neutron absorption cross sections constitute about 30% of the
natural abundance (see Table 1). An ideal BA not only is initially a strong enough absorber to
compensate for the excess reactivity of fresh fuel, but also burns out at a desired rate, such that the
BAs residual reactivity decrement is zero at the end of the fuel’s operational cycle. One additional
method of controlling these parameters is to control the isotopics of the BA, i.e., to enrich the Gd
isotopes of odd mass number to a desired concentration. Theoretical evaluation of the fuel cycle
extension potential via Gd enrichment has been demonstrated, though the ultimate economic
benefits of this methodology depend ultimately on the additional cost of the processes used [42].
Laser enrichment of the odd Gd isotopes is possible because the total width of the isotope structure
is substantially larger than the bandwidth of common pulsed dye lasers [43]. Even with broadband
lasers (~3 GHz), enrichment of the neutron-absorbing isotopes '*>Gd and '*’Gd to greater than
50% has been demonstrated experimentally [43]. Although the needed quantity of enriched Gd is
less than that of uranium, Gd laser enrichment processes are still costly [44, 45]. Gadolinium
enrichment has been experimentally demonstrated using cation exchange chromatography, but this
technology is very inefficient [45]. A collaboration between Exelon Corporation and Oak Ridge
National Laboratory (ORNL) is in progress, funded through the Department of Energy (DOE)
Gateway for Accelerated Innovation in Nuclear (GAIN) program, with the objective of
commercializing the plasma enrichment of the odd Gd isotopes.

Gd20s3 can crystallize in five different phases: low-temperature cubic (C), monoclinic (B),
hexagonal (A), hexagonal (H), and X-phase (X) [46]. The Gd203 cubic phase is stable until the
monoclinic phase transition at 1200°C, followed by a hexagonal phase transition at 2100°C, which
persists until melting at 2420°C. The ZrO2-Gd203 system is relevant because ZrOz is often used a
surrogate for UO2. When considering the UO2-Gd203 and ZrO2-Gd20s3 systems, it is important to
note that the acceptable Gd203 content is limited (typically up to about 10 wt% [47]) due to high
residual reactivity resulting from high neutron-absorbing radioisotopes in its decay chain [48]. The
UO2-Gd203 system forms a stable solid solution with a fluorite structure until melting within this
composition range [49, 50]. Therefore, a simple linear relationship between theoretical density and
gadolinia content at room temperature exists as shown in Equation 17 [51].
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Dy 60, =10.962-0.0317 (Eq. 17)

where

TD = Theoretical maximum density of UO2- #Gd203 (g-cm™)
n = Gadolinia content (wt%)

UO2-Gd203 composites can be fabricated as either a dispersion or a solid solution. If we only
consider the low-temperature Gd203 cubic fluorite-type structure in which one-quarter of the O*
ions are in the anion sublattice vacancy, one might assume that solid solutions of cubic fluorite-
type (Fm-3m) structure would be stable in both the UO2-Gd203 and ZrO2-Gd20s3 systems [52]. For
the surrogate binary system, however, Gd203 and ZrO: form eutectics with several phase
transitions prior to melting, making thermophysical comparisons between the surrogate and the
fuel composite difficult [46]. CeOz is also routinely used as a surrogate for UO2 as well, and
Gd20s-doped ceria is an important oxygen-ion conductor in solid-oxide fuel cells [53]. CeO»-
(Gd20s surrogates with gadolinia content below 20 wt% crystallize as a solid solution with fluorite
structure at room temperature; however, a phase separation occurs between the range of 375°C
(for 3 wt% gadolinia) to 725°C (for 10 wt% gadolinia), whereby the Gd203 forms C-type (la-3)
nano- or micro-domains within the CeOz fluorite phase [53-55].

When incorporating pre-sintered Gd203; dispersoids into oxide fuel, the mismatch of
densifications during sintering can produce excessive cracking between the BA and the fuel
matrix. This can be ameliorated by controlling the initial density of the BA prior to sintering [47]
or by doping the composite with a small amount (0.05 wt%) of TiO2 [56]. A UO2-Gd203 solid
solution composite can be fabricated by co-precipitating the powders prior to pressing or sintering.
The gadolinia can be distributed homogeneously throughout the UO2 matrix by mixing uranium
and gadolinium nitrates and adding a dilute ammonium hydroxide solution, then decomposing the
mixture by heating in air and reduced in a hydrogen atmosphere [57, 58]. Co-precipitation [57, 59]
and co-milling [52] methods result in greater final pellet densities than the commercially preferred
conventional dry-blending method of the two oxide powders [60-63].

UO2 nuclear fuel has been fabricated using the spark plasma sintering (SPS) method [64-66].
Recently, a UO2-Gd203 composite was fabricated using the SPS method with varying gadolinia
content, though microstructural, crystallographic, and thermal analyses of the resulting fuel were
not conducted [67]. The addition of increasing gadolinia content resulted in decreasing
compressive hardness, as well as increasing porosity [67]. Porosity should therefore be reduced
with increasing SPS temperature by mitigating the Kirkendall effect [67-69].

Elastic property measurements of UO2-#Gd203 are lacking in the peer-reviewed literature,
particularly for dispersions of Gd203 in UOz. The most recent elastic property measurements of
solid solution UO2-#Gd20s3, prepared using the coprecipitation technique, were taken in 1991 at
room temperature using ultrasonic pulse-echo [70]. These measurements showed a linear
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relationship between Young’s modulus decrement and gadolinia content at room temperature,
shown in Equation 18 for 100% dense fuel, where # <20 [70]. The Young’s modulus of porous
UO02-Gd203 can be calculated via Equation 19 and were determined at room temperature for
porosity less than 10% [71]. It should be noted that this relationship is over half a century old, and
the porosity correction in Equation 19 is independent of composition (i.e., # value). This implies
that the porosity correction should also apply to pure UO2. Rather than 0.02277, the currently
accepted porosity correction coefficient for pure UO:2 is 0.0262, which will be used in
thermomechanical equations and calculations in forthcoming sections [72]. While the elastic
properties of UO2-#Gd20s3 as a function of gadolinia content, temperature, and porosity altogether
have never been measured directly, models exist which attempt to predict the elastic properties as
a function of all three parameters [73].

-3
E 6ayo, = Euo, (1_’7'5'686’10 ) (Eq. 18)

Using a Young’s modulus of 226 GPa for 100% dense pure UO2 at 298 K [74] yields:

E(U,Gd)02 (77) = 226(1 ~17-5.686- 1073)
where

17 = Gadolinia content (Wt%), 77 € (O, 20)

E(Uﬁd)g2 (77) = Young’s modulus (GPa) at 298 K, normalized to 100% theoretical density
(TD)

Ey oo, (1.P) =226(1-77-5.686-10" ) (1-0.02277 - P) » (Eq. 19)

where

P =Porosity (%), Pe (0,10)

The thermal conductivity of nuclear fuel is an important parameter for reactor safety. Despite
the relatively poor thermal conductivity of pure UO2, the thermal conductivity of UO2 at room
temperature decreases further with increasing Gd203 content [75]. However, the decrement in
thermal conductivity vs. BA content is less for Gd203 dispersions than Gd20s3 in solid solution
with UOg2; this is attributed to less phonon-point defect scattering in the UO2 matrix for the

2 The porosity correction coefficient is independent of #, implying that it also applies to pure UO,. The currently
accepted porosity coefficient for pure UO; is 0.0262 (rather than 0.02277) and is recommended for use; however,
the historical relationship using the 0.02277 coefficient is shown here.
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dispersion fuel [76]. The thermal resistance at the boundary between the Gd203 dispersoids and
the UOz also varies with temperature [76].

Historical data on the thermal conductivity of solid solution UO2-7Gd203 vs. BA content exist
from a variety of sources, including the Japan Atomic Energy Agency (formerly the Japan Atomic
Energy Research Institute) [57], Framatome [77], Babcock and Wilcox [78], Exxon [79], and the
Nippon Nuclear Fuel Development Company [75]. While all sources show the same general
trend—that thermal conductivity decreases with increasing gadolinia content at room
temperature—the data vary widely in magnitude below 2000 K depending on the source, and the
difference in thermal conductivity from pure UO:2 is smaller above 2000 K [57, 75]. This
relationship will be shown explicitly in a later section in comparison to other BAs.

3.3.2. Erbia

UO2-7Er203 BAs are commercially produced by Westinghouse Electric Company but are used
less extensively than gadolinia or boron-based BAs due to fuel cycle cost considerations. Similar
to gadolinium, the n,y reaction for erbium BAs does not result in helium buildup, so the use of
Er203 within the solid fuel itself is permissible. On a per-volume basis, however, the reactivity
impact of Er20s is significantly less than that of Gd203 due to its smaller absorption cross section.

Erbia crystallizes in a C-type cubic structure at room temperature until the hexagonal phase
transition at about 2320°C, just before melting at 2390°C [80, 81]. The crystallographic phase
transitions of MO2-Er203 surrogates are still largely unverified experimentally; however, recent
studies suggest that their temperature-dependent properties and phase transitions are similar to that
of Gd203 BA surrogates—i.e., fluorite solid solution at room temperature followed by high
temperature C-type phase separations [82, 83].

Similar to gadolinia BAs, the general relationship describing change in surrogate lattice
parameter vs. erbia content in single fluorite phase solid solution closely follows Vegard’s law
[84]. When the UO2-Er203 composite is a single phase solid solution, a simple linear relationship
exists between theoretical density and erbium content at room temperature, as shown in
Equation 20 [51]. However, recent evidence suggests that the UO2-Er203 composite does not form
a single phase solid solution [85]. Instead, X-ray diffraction (XRD) measurements reveal a second
fluorite-type phase, the phase fraction of which increases and lattice parameter decreases with
increasing erbia concentration [85].

TDyy 5o, =10.962-0.01757 (Eq. 20)

where

TD = Theoretical maximum density of the UO2-#Er203 (g-cm™)
n = Erbia content (wt%)
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The simplest and most commercially favorable fabrication method of UO2-#Er20s3 is
conventional dry mechanical blending, pressing, and sintering of composite powders. Assuming
low erbia concentrations (<10 wt%), the composite forms a two-phase solid solution with a fluorite
crystal structure when fabricated in the conventional manner if the sintering temperatures exceed
1500°C; however, the porosity of the final pellet can vary widely and is strongly dependent upon
the quality of homogenization of the raw powders [85, 86]. While Er2O3 has been fabricated using
SPS, UO2-7Er20s3 has not yet been fabricated using SPS at the time this paper was written.

The Young’s modulus, lattice parameter, heat capacity, thermal conductivity, and thermal
expansion coefficient of UO2-Er203 as a function of temperature and BA concentration have been
experimentally determined [74]. The thermomechanical relationships for UO2-#Er203 and UO»-
nGd20s3 are similar when BA concentration is low. The UO2-#Er203 Young’s modulus is linearly
related to erbia content, as shown in Equation 21, for 100% dense fuel at room temperature where
n <7 [74]. The Young’s modulus of porous UO2-Er203 at room temperature can be calculated via
Equation 22 for porosity 10% or less [71]. The porosity correction coefficient 0.0262 should be
used in Equation 22 (rather than 0.02277) for the same reasoning as discussed in Equation 19.

998.47

E

(U,Er)0, (

7)=226-

where

1 = Erbia content (wt%), 77 € (0,7)
Ey g, (77) = Young’s modulus (GPa) at 298 K, normalized to 100% TD

998.47

Ey 5o, (77, P) = (226 " 23604 , ] (1 —-0.02277- P) b (Eq. 22)

where

P =Porosity (%), Pe (0,10)

Similar to UO2-#Gd203, the thermal conductivity of UO2-7Er203 decreases with increasing
erbia content at room temperature, but this decrease is less noticeable above about 1500 K [74,
87]. This relationship will be shown explicitly in a later section in comparison to other BAs.

b The porosity coefficient of 0.0262 (rather than 0.02277) is recommended for use for the same reasoning as
discussed in Equation 19.
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3.3.3 Other Rare-Earth UO>-M>03 BAs

While other rare-earth BA oxides such as Dy203, Sm203, and Eu2O3 have been used
historically as control rod materials, their commercial use as BAs is nearly nonexistent. All three
oxide compounds form stable fluorite solid solutions or dispersions with UO2 at room temperature,
followed by a hexagonal phase transition near their melting points [88].

Experimental results from the 1960s indicate that UO2-#Dy203, UO2-#Sm203, and UO:-
nEu20s3 can be fabricated in the conventional dry blending, pressing, and sintering of powders to
form stable high-density dispersion fuels [89]. UO2-#Eu203 was recently fabricated using SPS to
form high density fluorite solid solution pellets, the properties and densification mechanisms of
which were similar to those for UO2-#Gd203 counterparts fabricated using SPS [67, 90].

3.3.4 ZrB:

Zirconium borides were first experimentally considered for commercial LWR use in the
Shippingport PWR in the late 1950s. In addition to the development of Zircaloy cladding, the
experiments at Shippingport also attempted to demonstrate the use of zirconium-uranium-boron
metallic fuel (which was rejected in favor of standard UO: fuel for commercial LWRs). In the
Shippingport Core 1-Seed 2, BAs composed 90-96 wt% Zircaloy, 3.9-9.9 wt% uranium, and
0.03-0.11 wt% natural boron were fabricated and irradiated [91]. The metallic fuel BA consisted
mostly of the a-zirconium and g-zirconium-uranium hexagonal phases. However, because of its
insolubility, the BA was distributed within the fuel matrix as a dispersion of ZrB2, which also
adopts a hexagonal crystalline structure. The BAs were fabricated by extrusion and hot or cold
working of the alloys. The mechanical properties of the zirconium-uranium-boron alloys were
found to be strongly affected by variations in both impurity content and fabrication parameters
[91].

Zirconium diboride (ZrB2) is an attractive BA material due to the low cost of boron, as well as
the excellent thermophysical properties of ZrBz. ZrB:2 has a melting point of about 3000°C. Its
thermal conductivity is in the range of 70 — 100 W-m™'-K™! below 2000°C [92, 93]. Recent studies
have shown that while the lithium resulting from neutron absorption of 1°B remains retained within
the ZrB2 matrix, the helium released from the n,a reaction has a low diffusion activation energy;
it therefore diffuses easily through the matrix, readily resulting in helium release [29]. The current
commercial use of ZrB: is as a thin-film coating over pure UO2 nuclear fuel (see Figure 4). The
technology to coat UO: fuel with a thin film of ZrB2 was developed by Westinghouse in the late
1980s; today the coating is deposited using physical vapor deposition from a ZrB: electrode [94].

3.3.5 Al2O3-B+C Wet Annular Burnable Absorber

Another possible BA design, the WABA, offers a method of inserting initial negative reactivity
to provide significant fresh fuel reactivity hold down without binding the BA onto or within the
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fuel itself. Unlike control rods or boric acid in the coolant, WABAs are integral burnable absorbers
because they are non-removable parts of the fuel assembly. A typical WABA, shown in Figure 5,
is typically inserted into the top of fuel assembly guide thimble tubes. In current practice, Al203-
B4C WABAS are used in conjunction with IFBAs in order to more precisely optimize fresh fuel
reactivity hold down while also controlling BA burnout and residual reactivity near the end of the
fuel’s operational cycle. The commercial design, such as the WABA produced by Westinghouse,
comprises rods containing alumina pellets with boron carbide dispersoids, clad in Zircaloy, where
the weight percent of B4C and the number of WABAS per assembly are variable. The Al203-B4C
WABASs are fabricated via standard mixing, pressing, and sintering of powders [95].

Assuming the WABA maintains its structural integrity, post-irradiation examination (PIE)
studies have shown the vast majority (>99%) of critical reaction productions, such as tritium, are
retained and do not release into the plenum gas [96]. From a thermal safety perspective, there is
no fuel in the WABA, so heat generation within this type of BA is less than in a fueled BA. As
shown in Figure 5, however, water coolant flows around both the outside and inside surfaces of
the WABA to remove heat released following the '°B neutron absorption reaction. The diffusion
of oxygen into the Zircaloy cladding occurs rapidly above 1500 °C [97]. The reaction products are
partially liquid above this temperature, resulting in low temperature melt formation of the
WABA/cladding system. This phenomenon may have contributed toward the severe damage in
the upper end fittings of the burnable poison rod fuel assemblies during the Three Mile Island-2
accident [97].

3.4.  Comparison of Thermomechanical Properties

3.4.1. Young’s Modulus

Understanding BA thermomechanical properties as a function of temperature is important in
order to predict fuel performance during normal and accident scenario conditions. Determining the
temperature-dependent elastic properties of UO2-nM203 compounds is difficult due to a lack of
high-temperature experimental data. It is also important to note that, ideally, the BA population
should reach zero near EOC; this means that fueled BA thermophysical properties will change
throughout the course of the fuel’s operational cycle due to changes in composition. However, a
methodology for predicting the temperature-dependent Young’s modulus of UO2-yM203
compounds (Epeier) can be realized as follows. If the elastic properties of the constituents of a
composite material behave linearly with temperature (i.e., no phase changes, elastic coupling, etc.),
as is the case for the UO2 and M203 materials in the current discussion over a wide temperature
range [98], and if the influence of porosity and temperature on the elastic properties of the solid
are independent, then the Young’s modulus of an isotropic composite solid can be approximated
by the “rule of mixing”—i.e., the linear combination of the volume-weighted Young’s moduli of
its constituents, shown in Equation 23 [99]. Equation 23 assumes that the composite and its
constituents are 100% TD. A porosity correction will be applied later. For this discussion, the
composite constituents of interest are UO2 and M20s3, where M is Gd, Er, or Sm.

27



E

pellet,100

= EUOZ VUO2 + EM203 VM203 (Eq. 23)
where

E 1 100 = temperature-dependent Young’s modulus of the composite at 100% TD

Ey,, = temperature-dependent Young’s modulus of UO2 at 100% TD
VUO

2

= volume fraction of UO2 in the composite, assuming 100% TD
E, ,, = temperature-dependent Young’s modulus of M2O3 at 100% TD

V1,0, = volume fraction of M20s in the composite, assuming 100% TD

The composition of materials is often expressed in terms of weight percent due to the ease of
measuring the weights of the constituent raw powders during fabrication. The relationship in
Equation 23 can be expressed in terms of weight percent (for a composite solid at 100% TD) by
using Equation 24.

VVFvUO2 WFM 20
Luo Pum,o
E -E. - 2 +E, , - 57 £ 24
pelter,100 — Lo, WEy, WE,, M,0 WEy,, WFy o, (Eq. 24)
pU02 pM203 pU02 pMzos

where,

WF, = ll_Tg = the weight fraction of UOz2 in the composite, assuming 100% TD

Puo, =10.962 = the density of UO2 at 100% TD [100]

WF,  =— = the weight fraction of M203 in the composite, assuming 100% TD
Y5100

Piro, = the density of M20s at 100% TD
M = the BA species (Gd, Er, or Sm)

Finally, a porosity correction can be included, as shown in Equation 25, which is valid when
porosity is small (i.e., less than 10%) [72, 101]. In practice, the porosity correction varies
depending on the material and composition (which also changes due to BA burnup). Note that the
porosity correction coefficient of 0.0262 should be used in Equation 25 for the same reasoning as
discussed in Equation 19 and Equation 22.
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WEo, WE, o,

pUOZ ’0M203
Epellet = EU02,100 ’ WFuo WFM 5 +EM203,100 ' WFuo WFM N (1— 0.0262- P)
2 + 2Y3 2 + 2Y3
Puo, P,o, Puo, Pu,o, (Eq. 25)
where

Eperier = the temperature-dependent porosity-dependent Young’s modulus of the

composite pellet
P =Porosity (%), P < 10

Obtaining the Young’s modulus of a composite using Equation 25 requires assembling the
properties and relationships of its constituent components. The temperature-dependent Young’s
moduli of UO2, Gd203, Er203, and Sm203 all follow the linear relationship shown in Equation 26
between 298 and 1500 K where m and b are the coeftficients provided in Table 3 for each material
at 100% theoretical density [72, 102-104].

E (T)=mT+b (Eq. 26)

where
En = Young’s modulus
m,b = material-specific coefficients (see Table 3)

T = Temperature

Table 3: Young’s modulus vs. temperature coefficients in Equation 26 for UO2, Gd203, Er20s3,
and Sm20s3 at 100% theoretical density.

Equation Reference Material m (GPa-K') b (GPa)

27 [72] UO> -0.0256 233
28 [102] Gd203 -0.0229 163
29 [103] Er0s -0.0204 185
30 [104] Sm20s -0.03 158

An example of fueled BA compositions and properties is given in Table 4 where 10 wt% BA
content has been assumed. By combining Equations 25-30, the Young’s moduli for UO2-#Gd20s3,
UO2-7Er203, and UO2-#Sm203 can be obtained over a wide range of temperatures, porosities, and
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BA concentrations. These relationships are plotted in Figure 6 for comparison, where 7 =10 wt%
and TD = 95% have been chosen. Figure 7 shows the Young’s modulus of UO2-#Gd203 as a
function of temperature to highlight the influence of BA additive content.

Table 4: Volume Fraction of UO2-10M203 Constituents.

BA Wit % pat100% BA Vol. UO: Vol.
Additive ® TD(g-em?®  Frac. Frac.
Gd203 10 8.348 1102] 0.127 0.873
Er203 10 8.651 [103] 0.123 0.877
Sm203 10 7.748 11041 0.136 0.864
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Fig. 6: The Young’s moduli vs. temperature of unirradiated 95% TD UO2 and 95% TD UO:-
10M20s as calculated using Equations 25-30.
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The Young’s moduli vs. temperature illustrated in Figure 6 and Figure 7 show several
important characteristics of the UO2-M203 rare-earth BAs discussed in this section. From
Figure 6, we see that the fuel stiffness is always reduced with increasing M2O3 BA content,
regardless of which BA material is chosen. Second, Figure 7 shows that increasing the BA content
within the fuel further decreases the stiffness of the material. Finally, from both figures, increasing
temperature always lowers the elastic stiffness of the materials regardless of composition.

Although UO:z fuel coated with a ZrB2 BA layer does constitute a fueled BA, it is assumed that
the coating itself provides negligible benefit toward the mechanical integrity of the fuel due to the
miniscule thickness of the layer in comparison to the size of commercial UOz2 fuel pellets. For this
reason, the temperature-dependent Young’s modulus of ZrB2 is not included in Figure 6, but is
provided independently in Equation 31 and is valid from 273-2000 K [105]. Equation 31
assumes a porosity of less than 5%.

B,y (T)=500-2.54Te /7 +1.9(T~1188.1+|T~1188.1))e 7 (Eq. 31

where

T = Temperature (K)
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3.4.2. Thermal Conductivity

Another important thermomechanical property for fueled BAs is thermal conductivity. In
addition to UO2-M203 and UB: (discussed in more detail in the next section) BAs, the thermal
conductivity of ZrB: fuel coatings should also be considered because they are directly applied to
the outer surface of the UO: fuel. As previously discussed, the addition of M203 BAs into UO2
further decreases the fuel’s thermal conductivity. Empirical relationships describing the thermal
conductivity (x) vs. temperature of pure UO2 (95% TD) [106], UO2-10Gd203 (95% TD) [75], UO2-
10Er203 (95% TD) [87], and ZrB2 (100% TD) [92] in Equation 32, Equation 33, Equation 34,
and Equation 35, respectively. The ZrB2 thermal conductivity is reported here at 100% TD
because the deposition techniques used to apply thin films can generally achieve >99% TD. The

thermal conductivities of these materials are shown in Figure 8.

-16.35

Kyo, (T) = 100 +6400-e g
ve 7.5408+17.692-¢, +3.6142-¢t> ;7

r

where

x = thermal conductivity (W-m™-K™)

t = %(I){O) for temperatures between 273 and 2600 K.

K (T):ﬁarctan(x)+3.57-10*12-T3

U0, -10Gd,0,
X
where
-1
K,=(235-107+255-10%.T)
| 4
x=3.84- (yK0 )A et
y = atomic fraction of Gd, valid from 0 to 0.142 (0 to 10 wt%)
T (K ) = for temperatures between 400 and 2023 K.
Kyo,10mm0, (T)==7.954-10" - T% +3.241-10°-T* =5.731-10" - T +5.5
where

T (K ) = for temperatures between 297 and 1700 K.

(Eq. 32)

(Eq. 33)

(Eq. 34)
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KZrBz

_ 013372
(T) =207.7-T (Eq. 35)

where

T (K ) = for temperatures between 297 and 2300 K.

Figure 8 illustrates that UO2 thermal conductivity is reduced with the incorporation of M203
BA material in the fuel, though this decrease is small for UO2-10Gd203 at temperatures above
1500 K. ZrB2 has significantly higher thermal conductivity than UO2 or the UO2-M203
composites.
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Fig. 8: Thermal conductivity vs. temperature of unirradiated UOz2 (95% TD), UO2-10Gd203
(95% TD), UO2-10Er203 (95% TD), and ZrB2 (100% TD), from Equations 32-35.

4. Burnable Absorbers for Research and Test Reactors

Low power research reactors (e.g., AGN-201 [107], Argonaut [108]) rarely require burnable
poisons as they are not designed for significant burnup and control rods provide sufficient
reactivity control to offset reactivity change during operation. However, most higher power
research and test rectors in the United States are intended to reach higher burnup and longer core
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life, and they may have different neutron spectra than commercial water-cooled reactors. Research
reactors are generally designed for producing neutrons for research applications but are often also
used to produce special radioisotopes for medicine and industry, e.g., technetium-99m, cobalt-60,
and americium-241. Most research reactors are also used for operational training. Test reactors,
on the other hand, are generally used for materials testing and operate at higher flux levels, as well
as production of radioisotopes. The US NRC classifies both as non-power reactors since they are
not used for energy production. Such reactors contain varying fuel types (composition, shape,
size, cladding) although all in the US are currently water cooled, but with different moderator and
reflector materials. These features are varied according to the specific design application(s) of the
reactor. Therefore, the nature of burnable poisons, when used, will vary by reactor type. Rather
than attempt to describe each non-power reactor type and its use of burnable poisons, we will focus
on some of the more common such designs and provide an overview of how BAs are deployed in
those designs.

As of June 2021, the IAEA research reactor database [109] showed that there were 223
operational research and test reactors. 55 of these reactors are low power (less that 1 kW), primarily
subcritical and critical assemblies but also including five AGN-201, eleven MNSR (Miniature
Neutron Source Reactor), eight SLOWPOKE (Safe LOW-POwer Kritical Experiment)-type
reactors (all located in Canada) and three Argonaut reactors; as noted earlier such systems do not
typically use burnable absorbers. Of the remaining reactors, 38 are TRIGA (Training, Research,
Isotopes, General Atomics)-type reactors. However, by far the most common reactor type, with
various names and designers, are water-cooled plate-type reactors, most of which use Materials
Test Reactor (MTR)-type fuel elements, manufactured worldwide (e.g., Argentina, Chile, Egypt,
Germany, South Africa, the United Kingdom and the United States). All are believed to have been
converted to LEU, but the fuel form varies by reactor, although most MTR-type fuels are based on
uranium silicides. However, core configurations and BA usage varies widely depending on the
purpose of the core. An in-depth survey of the various BA strategies for these reactors is beyond
the scope of this paper; we will consider TRIGA and MTR-type designs, then conclude with a
description of the Idaho National Laboratory’s ATR and show how BA usage allows this reactor
to operate in its designed high-flux regime.

4.1 TRIGA

The TRIGA class of reactors is the most widely used class of civilian research reactors in the
United States and have been in use since the 1950s. Historically, there have been several different
TRIGA reactor designs, such as the TRIGA Mark I, Mark II, Mark III, Mark F, etc. TRIGA
reactors use uranium-zirconium hydride as fuel. The benefits of the UZrHx system (where x is the
H:Zr ratio) include excellent chemical stability under the presence of hot water (making cladding
failure accidents of no consequence), and high-temperature stability, particularly under large
prompt-reactivity insertions. Early TRIGA designs originally used fuel with 8.5 to 12 wt%
uranium content that was enriched to 20% 2*°U. Directly above and below the UZrHx fuel meat,
within the fuel rod, resided ~0.05 in. thick BA disks composed of Al203-Sm203. The samarium
content of these disks varied up to about 1 wt%. While the BA disks did not improve the prompt
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temperature coefficient, they did help compensate for reactivity changes during the fuel’s
operational cycle.

As higher TRIGA power levels and power densities became desirable, the uranium enrichment
during the Fuel Life Improvement Program (FLIP) was increased to 70-93% while maintaining
an 8.5-12 wt% uranium content. In order to offset the initial excess reactivity of the highly
enriched uranium (HEU) FLIP fuel, 1-3 wt% erbium was incorporated into the UZrHi.¢ matrix,
which acted as a BA. The erbium BA and its resonance peaks also contributed toward the prompt-
negative temperature coefficient which changes very little due to burnup. The microstructure of
TRIGA fuel, particularly after irradiation, is currently not well documented in the literature.
Historically, the TRIGA fuel itself is fabricated by hydriding the U-Zr-Er solid solution alloy,
during which the zirconium is preferentially hydride [110]. It is believed that the resulting
microstructure takes the form of micro-scale dispersoids of uranium metal in the surrounding
zirconium hydride matrix [111, 112]. In the 1970s, the FLIP fuel was replaced with its current
20% low-enriched uranium (LEU) fuel form at a much higher uranium content of 2045 wt% and
includes the erbium BA.

4.2  MTR-type Reactors

The original Materials Test Reactor used a highly-enriched uranium core made of metallic
plate-type uranium-aluminum fuel clad in aluminum. Eighteen slightly curved rectangular plates
of fuel were fitted into two aluminum side plates such that the assembled element had a rectangular
cross section 8 cm X 7.6 cm. The side plates were 5 mm in thickness. Although the subsequent
MTR-type reactors share the same basic fuel form factor, the reactor configurations and fuel

meat/plate design vary by manufacturer, with fuel type determined largely by the manufacturer of
the fuel.

The original Materials Test Reactor operated at what was then Argonne National Laboratory-
West (present day Idaho National Laboratory) between 1952 and 1970. It was cooled and
moderated by water and used a uranium-aluminum fuel clad in aluminum with highly enriched
fuel. Although burnable absorbers were not initially employed, desire to operate longer cycles
with higher power led to the addition of boron as a BA within the fuel meat. MTR was also used
to test a number of different BA materials, including various boron compositions bonded with
Zircaloy-2 [113] along with more esoteric BA materials such as Dy203 within the fuel matrix
[114]. The Engineering Test Reactor (ETR), operated between 1957 through 1981, also used
MTR-type plate fuel. In this core, the boron in the fuel meat was later moved to the aluminum
side plates to flatten flux profiles in the core [114]. However, few of the remaining MTR-type
cores need or utilize burnable absorbers at present. Among others, Japan’s JRR-3M, Australia’s
OPAL and Argentina’s RA10 research reactors use burnable absorbers in the form of thin
cadmium wires placed in the sideplate of each fuel assembly [115-117]. Others use borated
aluminium side plates like the original MTR, but most designs do not do not have the performance
requriements that would make use of BAs desireable. For most research reactors, powers are
sufficiently low that extension of fuel lifelime through burnable poisons was not a design
requirement. However, there is ongoing work to assess the advantages and disadvantage of use of
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BAs in MTR-type research reactors [118] and for the use of americium nuclides as a side plate
loaded burnable poison in a MOX-loaded MTR-type 22 MW core [35].

4.3 Advanced Test Reactor

Like its predecessors (the MTR and the ETR), the ATR uses plate fuels to achieve the large
power density needed for generating high fluxes for materials testing. While the MTR-type fuels
used slightly curved plates in a rectangular fuel element, the ATR uses fuel plates swages into
aluminum side plates and formed into wedge-shaped fuel elements with a 45° arc width, as
illustrated in Figure 9a. In this element, fuel plates are numbered 1-19 beginning with the shortest
plate (lower left in the figure) to the longest plate (top of the figure). The elements are arranged in
the form of a four-lobed serpentine, as shown in Figure 9b. This configuration provides intense
neutron fields within and between each of the four lobes, and in the center of the core, for a total
of nine high-flux irradiation positions.

ATR uses aluminum-clad HEU fuel in the form of a uranium-aluminum mixture, as was used
in its predecessors. Because innermost plates are shielded from thermal fluxes by the outermost
plates, fission rates are highest in the outermost plates. To overcome this, in the current Mark 7
fuel assembly, plates 1-4 and 16-19 have BA added in the form of B4C, combined with reduced
inventories. Fuel/poison loadings are provided in Table S [119]. This BA grading, combined with
inverse fissile grading, serve to both flatten the fission profile across the element and to reduce the
reactivity of the fresh fuel. After the first cycle (typically on the order of 60 days in ATR) the '°B
is essentially depleted; however, the reduced >>>U loading serves to maintain the flattened profile
for subsequent cycles. Note that mass fractions are shown rather than actual mass, because the
mass of each plate changes moving outward (from plate 1 to plate 19).

Fig. 9: Illustrations of (a) an ATR fuel element design and (b) cross section of the ATR core.
In 9a, the red regions represent fuel meat clad in aluminum (gray) and separated by water (blue).
The fuel plates are swaged into the aluminum side plates (gray) to form the fuel element. In 9b,
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40 fuel elements (shown in yellow) are arranged in a four-lobed serpentine pattern surrounded by
rotating control drums (dark grey cylinders with arrows indicating rotation of hafnium poison,
shown in black) and beryllium reflector (lighter grey). High-flux in-pile irradiation position are

shown in red, safety rods in light blue, and outer experiment positions in orange.

Table 5: Isotopic mass fractions in ATR fresh fuel plates.

Plate 1 Plate 2 Plate 3 Plate 4 Pslitess Plate 16 Plate 17 Plate 18 Plate 19
1o 0.07% 0.08% 0.04% 0.04% 0.00% 0.04% 0.04% 0.08% 0.08%
1B 0.33% 0.34% 0.17% 0.17% 0.00% 0.17% 0.17% 0.34% 0.34%
12C 0.11% 0.12% 0.06% 0.06% 0.00% 0.06% 0.06% 0.12% 0.12%

21Al 68.45%  68.52%  63.26%  63.44%  58.23%  63.44% 63.47% 68.44%  68.67%
By 0.31% 0.31% 0.36% 0.36% 0.42% 0.36% 0.36% 0.31% 0.31%
By 28.86%  28.78%  33.92%  33.76%  38.85%  33.76%  33.74%  28.87%  28.64%
Boy 0.11% 0.11% 0.13% 0.13% 0.15% 0.13% 0.13% 0.11% 0.11%
By 1.75% 1.75% 2.06% 2.05% 2.36% 2.05% 2.05% 1.74% 1.74%

Figure 10 shows the radial fission density distribution, which is generally proportional to the
power density. The hypothetical loading with neither BA nor graded fissile loading is shown in
blue and illustrates significant peaking in outer plates caused by the self-shielding moving from
the outer plates (e.g., 1, 2, 18, 19) to the inner plates (e.g., 9, 10, 11). However, the actual loading
provided in Table 5 for fresh fuel, plotted in orange in the figure, shows a much more flattened
radial profile, with the power peak found in plate 15. This figure also shows the computed end of
life power profile, in grey, where the eight initially borated plates are highly depleted and show a
much lower fission density than the remainder of the element. For the boron-free element, the
peak-to-average (P/A) fission density is 1.44; for the actual fuel with graded loadings, the P/A is
1.09 at beginning of life and 1.17 at end of life.
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Fig. 10. Computed radial normalized fission density profiles with and without boron burnable
absorber (error bars are on the order of the size of the symbols).

To highlight the behavior of borated fuel as a function of depletion, a model of the ATR loaded
with all fresh fuel was simulated for a 180 day operational period (although, in practice, ATR is
typically operated with a mix of fresh, once burned, and twice burned fuel, with a cycle length of
50-60 days). Control drums and shims used for core reactivity control [119] were not modified
during the depletion simulation. From Figure 11, it is clear that, after the initial reactivity drop
due to fission product poisoning (mostly xenon), the reactivity increase due to the depletion of '°B
is roughly equivalent to the negative reactivity due to fuel depletion for roughly 50 days. By this
time, the !B content is approximately 30% of its initial density and no longer offsets the depletion
of fissile material.
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Fig. 11. Computed kerand average '°B content for a core fully loaded with fresh fuel and
depleted for 180 days (error bars are on the order of the size of the symbols).

Although the ATR is significantly different from other light water reactors, it provides an
excellent demonstration of the use of BAs to offset fuel reactivity. For ATR fuel, a once-burned
fuel assembly (50-60 days at power) loaded in the core will have almost the same reactivity as in
its fresh state. However, with '°B content reduced to less than 30% of its initial value, the reactivity
of the fuel will decrease with burnup for its second and third cycles. Note that for a commercial
reactor with less than 5 wt % enriched ?*°U, production of fissile isotopes of plutonium helps to
offset the loss of BA material with burnup.

5.  Next-Generation Technologies
5.1.  Thermal Spectrum Reactors

5.1.1 Uranium Diboride

The characterization and use of uranium diboride (UB2) BAs was considered for nuclear
reactors for over half a century [120, 121], though recently these studies have focused on
computational efforts [122]. Uranium diboride has a hexagonal crystal structure (P6/mmm space
group) and a melting point of about 2385°C [123]. Due to its higher density of 12.7 g-cm™ in
comparison to UO2 (10.97 g-cm™), UB2 has a higher uranium density, which potentially allows
for lower enrichment or longer fuel operational cycles from a criticality perspective.
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Standard pressing and solid-state sintering of UB2 powder typically does not yield high-density
pellets. Hot pressing of powders has been attempted previously, but partial decomposition of UB2
upon contact with graphite dies, as well as the formation of UB4, UO2, and UBC reaction
byproducts have been observed [124]. UB:z pellets were recently produced via arc melting and SPS
to greater than 90% TD, but XRD of the resulting pellets suggest the presence of several impurity
phases [123].

As previously mentioned, one unfavorable aspect associated with the use of UB: fuel is
increased internal gas buildup resulting from the /°B(n,a) reaction. Due to the anisotropic nature
of the hexagonal structure, swelling of UB: is also expected to occur anisotropically [125]. The
anisotropic migration of defects is expected to reduce defect annihilation rates, meaning that the
radiation tolerance of UB: is less than that of less anisotropic materials like UO2 [125].

Temperature-dependent Young’s modulus data for UB2 are not well understood at high
temperatures due to its affinity to oxidize in high temperature air, though UB2 (95% TD) has been
studied up to 673 K as shown in Equation 36 [126]. An empirical relationship for the thermal
conductivity of UB2 (95% TD) is provided in Equation 37 [123]. Note that the thermal
conductivity of UB2 (between 21 to 33 W-m™!-K-! within the allowable temperature range) is much
higher than the UO2 and UO2-M203 composites (see Equations 32-35).

Eyp, (T) =-0.10197 +339.98 (Eq. 36)

where

T(K) = temperatures between 297 and 673 K

ki (T) = +1BT " CTT+D tE (Eq. 37)
where

A4=9.586107

B=1.021-10"

C=153.4

D=-3.42-107

E=5.958

T(K) = temperatures between 297 and 1773 K
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5.1.2 Accident-Tolerant Fuel Candidates

A resurgence in the research and development of ATF candidates has occurred following the
events of the Fukushima Daiichi disaster in 2011. An ideal ATF has higher thermal conductivity
in comparison to standard UO2 in order to improve safety during loss of coolant or loss of flow
accidents while also having higher uranium density [100, 127]. Even though common ATF
candidates like UN, Us3Si2, and composites thereof suffer from catastrophic hydrolysis when in
contact with high-temperature water consistent with commercial LWR design basis accidents
[128-130], some of these fuels are still under consideration as dispersions or in other reactor types
(gas-cooled reactors, lower temperature research reactors, etc.).

One such ATF-BA candidate is U3Si2-UBa. Attempts to fabricate this composite using standard
mixing, pressing, and sintering of powders have been unsuccessful, resulting in pellet densities of
only 70-80% TD [131]. This could be due to the dissimilarity in bonding between the ionic-
dominant UB:2 [132] and covalent-dominant UsSi2 [133], as has been observed (and resolved via
other densification techniques) in other UsSi2 composites [100, 134, 135]. Within the low-density
pellets, the UsSi2 and UB:2 phases appear to be stable in contact with each other up to 1500°C
[131]. The relationship between UB2 content within the U3Siz and thermal conductivity, swelling,
and fission gas release are still experimentally undetermined.

Another ATF-BA candidate is UsSi2 with gadolinium or gadolinia solid solutions or
dispersoids. Implementing Gd into ATF candidates for use in thermal spectrum reactors might be
highly desirable due to the historical success of UO2-#Gd203 compounds. However, a variety of
methods used to produce gadolinium doped UsSiz2, including arc melting methods and powder
blending, have thus far failed to produce structurally robust ATF-BAs [136].

The thermophysical properties of these ATF-BA composites have never been experimentally
determined. The elastic properties of UN [137] or UsSi2 [126] ATF-BA composites can be
calculated using Equation 25 (note that the porosity correction factor of the ATF-BA will be
different than that of UO2’s). The thermal conductivities of ATF-BA composites are generally
more difficult since they are path-dependent rather than mass/volume-dependent, i.e., the simple
rule of mixing is generally a poor approximation of a composite’s thermal conductivity behavior.
Instead, with the known thermal conductivities of the constituent materials, one may use the
Maxwell approach to predict the thermal conductivity of the composite as described here [127].

5.1.3 Tristructural Isotropic Fuel

Tristructural isotropic (TRISO) fuel was originally conceived and designed to be a robust fuel
for use in high-temperature gas-cooled reactors (HTGRs). As such, most studies have focused on
HTGR applications of TRISO fuel. We note, however, that TRISO fuel boasts safety and
performance characteristics that may benefit a variety of advanced reactor designs. The general
design of TRISO fuel—as investigated under the U.S. DOE Advanced Gas Reactor (AGR) Fuel
Development and Qualification Program—is illustrated below in Figure 12 [138]. Multiple studies
have demonstrated the benefits of implementing BAs in HTGRs in order to control the high excess
reactivity associated with the fresh fuel configuration [139-142]. The use of BAs in HTGRs is also
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important for thorium-fueled systems because they can dramatically reduce reactivity and flatten
the reactivity swing to decrease the burden on the control rod mechanism, as well as reduce the
positive temperature coefficient or even make it negative [143]. With the continued success of
TRISO fuel, one may naturally consider the possibility of adding a fourth layer with BA material
onto the fuel particle. While there is no evidence in the peer reviewed literature that this “quadruple
isotropic” (QUADRISO) fuel concept has ever been experimentally attempted, neutronic studies
suggest that the greatest operational lifetime for the same initial excess reactivity is achieved by
using gadolinia-doped fuel in PWRs [144] while a combination of B4C, CdO, and Gd203 could
achieve similar results in HTGRs [145].

Outer Pyrolytic Carbon
Silicon Carbide

Inner Pyrolytic Carbon
Porous Carbon Buffer
Fuel Kernel

Fig. 12: Illustration of a TRISO fuel particle composed of a UCO fuel kernel surrounded by a
porous graphite buffer layer, an inner pyrolytic carbon (IPyC) layer, a silicon carbide layer which
acts as the primary pressure vessel, and a dense outer pyrolytic carbon (OPyC) layer. The
QUADRISO fuel concept has been proposed which includes a fourth layer containing BA
material.

5.2 Fast Spectrum Reactors

The benefits and uses of BAs for fast spectrum reactors are quite different than for thermal
spectrum nuclear reactors. One distinct difference between fast vs. thermal spectrum reactors is
the possibility for fast reactors to convert >**U into fissile **’Pu faster than the fuel is consumed—
to have a breeding ratio (BR) greater than unity. For example, the BR for the Phénix sodium-
cooled fast reactor (SFR) was measured as 1.16 [146]. This means that the fissile inventory in the
reactor core increases with time. While thermal spectrum reactors can have a BR greater than unity
(e.g., when using the thorium conversion cycle), strong neutron poison fission products are
unavoidable for thermal spectrum reactors. The neutron-poisoning effect from fission products is
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much smaller in fast spectrum reactors due to low neutron-absorption cross sections in the fast
spectrum, where the important metric is the fission-to-capture ratio which is much larger in a fast
spectrum reactor than in a thermal spectrum reactor.

Fast reactors can exhibit high burnup reactivity loss that leads to high excess reactivity and
potential fuel melting in control rod withdrawal (CRW) accidents, which becomes an important
constraint on the system’s safety and efficiency [147]. By implementing, for example, Gd203-
based BAs, fast reactor core inherent safety is improved by producing a larger margin to fuel
melting in unprotected CRW accidents [147]. Low-enriched boron-based BA’s are the most
promising candidates for use in SFRs due to their impact on reactivity feedback coefficients from
the low-Z materials, which more effectively slow down neutrons due to scattering [148]. Further,
the '°B(n,20))°H cross section is substantially larger for fast neutrons, exceeding that of the '°B(n, o)
cross section in the MeV range. However, there are proposed fast reactor designs that actually
show an increase in reactivity from BOC to EOC [149-151]. This is also true of reactors that are
typically designed for the express purpose of breeding, but the increase in excess reactivity is
usually tempered by short cycles and extraction of the breeding blanket for processing. Some
special purpose fast reactors, e.g., “burner” reactors [152, 153], by definition have a fairly large
reactivity loss from cycle to cycle and, consequently, would benefit from the use of BAs.

6. Summary

This manuscript describes the potential benefits, challenges, and developmental efforts
associated with burnable absorbers from a historical perspective, in current practice, and future
potential. Several BAs are compared on the basis of their nuclear properties, fabrication methods,
thermomechanical properties, and designs. BAs have many potential uses, such as the extension
of the nuclear fuel’s operational lifetime, safety and criticality control, the production of tritium
for nuclear weapons, and the burning of long-lived radionuclides. Regardless of the intended
purpose of the BA, its impact on reactivity must be considered. In thermal spectrum reactors, the
BAs impact on reactivity can vary strongly based on its physical geometry and dimensions due to
self-shielding effects.

Improvements in gadolinium- and boron-based BAs for use in the current reactor fleet will
likely continue incrementally due to their historically extensive use in commercial LWRs.
Improvements may include an ability to more accurately optimize the BA’s burnout rate and
impact on reactivity to further extend the fuel cycle. The combined use of boron and gadolinium
appears attractive for development because of their contrasting burn rates. Current commercial
LWR BA research efforts include the development of more efficient and affordable enrichment
methodologies of highly neutron-absorbing isotopes for BAs, such as the gadolinium isotopes with
odd atomic numbers.

Research reactors typically operate at much lower temperatures and power densities than
commercial reactors. Research reactors also use different fuel (U-10Zr, U-10Mo, etc.) than
commercial LWRs, such that their BAs have a different set of neutronic and thermophysical
property requirements. Recent studies for the implementation of BAs in research reactors are
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ongoing as part of the Reduced Enrichment for Research and Test Reactors (RERTR) and High
Performance Research Reactor (HPRR) Programs under the DOE Office of Material Management
and Minimization within the National Nuclear Security Administration (NNSA).

There are several opportunities for the R&D of BAs for use in advanced reactor systems. For
example, QUADRISO fuel has been proposed, which adds an additional BA layer to the standard
TRISO fuel design. Alternatively, it may be more straightforward to include a dispersion of
burnable absorbers into the carbon matrix compact or the fuel kernel without the need to alter the
TRISO layers. In this case, however, care must be taken to ensure that the gaseous products of the
BA do not accumulate to compromise the structural integrity of the compact. In addition to helium
accumulation from boron-based BAs, rare-earth oxide BAs, such as Gd2O3, might also contribute
to the internal pressure of the compact due to oxygen interactions with the carbon matrix, resulting
in carbon monoxide accumulation. Rare-earth carbide burnable absorbers may resolve this issue,
though there is no evidence of experimental characterization of these materials at the time this
manuscript was written. Several UsSi2-based BAs have also been proposed, but have yet to achieve
a structurally robust, >95% dense ATF-BA. BAs can be beneficial in fast spectrum reactors as
well, particularly for “burner” reactor designs, but their experimental demonstration in the peer-
reviewed literature is extremely limited.
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