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A B S T R A C T

Efforts to lightweight neutron absorbing composites are limited by incomplete understandings of the interaction
between absorbing particles and their matrices. In this study, analytical models and a more physically
representative simulation evaluated the penalty to neutron absorbing performance due to neutron channeling
between large absorbing particles. Models and simulation agreed that B4C particles smaller than 100μm and
especially those smaller than 10μm did not cause excessive neutron channeling. A more comprehensive neutron
absorbing composite design metric – boron-10 equivalent areal density, which considers the particle size
penalty and the matrix contribution to absorptivity – was introduced and used to estimate lightweighting
via matrix substitution. Calculations using this new metric showed that a non-absorbing Mg matrix reduced
mass by up to 35% over Al, constrained by the difference in mass density, while an absorbing Mg–Li matrix
reduced mass by up to 60%, exceeding the difference in mass densities alone. Measurement of apparent
absorber areal density through two experimental techniques – foil activation and direct counting – validated
estimated absorber areal density as a neutron absorbing composite design metric. This updated understanding
of the particle size penalty, newly introduced design metric, and experimental validation demonstrate a path
to lightweight neutron absorbing composites.
. Introduction

Neutron absorbing composites (NACs) are useful in a variety of
errestrial and aerospace applications where neutron radiation is a
oncern: as criticality control for used nuclear fuel casks (Machiels
nd Lambert, 2009) and as shielding for a variety of use cases which
nclude particle accelerators (Cecchetto et al., 2020), nuclear medicine
rocedures (Afkham et al., 2020), nuclear power sources (Athanasakis
t al., 2020), space nuclear propulsion (Caffrey et al., 2015), high-
ltitude aviation (ICRP, 2016; Singleterry and Thibeault, 2000), and
pace exploration missions (ICRP, 2013; Thibeault et al., 2015; Naito
t al., 2021). NACs are typically metal or polymeric matrices reinforced
ith neutron absorbing materials, often as discontinuous particles (Fu
t al., 2021; Tamayo et al., 2020). As most neutron absorbing nu-
lides have poor mechanical properties, the matrix provides structural
ramework for absorbing reinforcements. The absorbing reinforcements
re commonly boron-containing, most often boron carbide (B4C) due
o its combination of good strengthening, high thermal stability, and
xcellent low-energy (thermal) neutron absorptivity (Park et al., 2015;
hen et al., 2015; Li et al., 2017).
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E-mail addresses: a.oconnor@ufl.edu (A. O’Connor), cheol.park-1@nasa.gov (C. Park), wbolch@ufl.edu (W.E. Bolch), enqvist@ufl.edu (A. Enqvist),

manuel@ufl.edu (M.V. Manuel).

While existing NACs often are composed of aluminum (Al) matri-
ces (Chen et al., 2015; Park et al., 2015; Li et al., 2017; Zhang et al.,
2013; Lee et al., 2021; Zhang et al., 2019), lightweight matrices like
magnesium (Mg) or magnesium-lithium (Mg–Li) alloys could reduce
their mass while maintaining structural utility and mitigating space
radiation (O’Connor et al., 2024), thus improving their suitability for
mass-constrained applications such as aerospace (Belvin et al., 2006).
Designing and evaluating lightweight, structural NACs is thus of in-
terest for shielding neutron-rich environments, especially in aerospace
applications.

Before fabricating NACs, the reinforcement material and morphol-
ogy – especially its particle size – must be chosen. Large particles tend
to allow neutrons, especially thermal ones, to stream between the large
spaces between them without being absorbed: the neutron channeling
effect (Burrus, 1958; Smith, 1948; Wells et al., 1987). Thus, actual
NAC performance will be lower than expected based on composition
alone. Using smaller particles ameliorates this effect (Smith, 1948; Bur-
rus, 1958; Schrempp-Koops, 2013), but decreasing particle size makes
fabrication more difficult, primarily due to particle agglomeration and
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clustering (Malaki et al., 2019). As such, the chosen particle size must
balance the loss of shielding efficiency due to neutron channeling with
any increased difficulty of fabrication.

Several analytical and computational models can be used to in-
vestigate the particle size effect on neutron absorptivity from neutron
channeling. Early analytical modes employed Coveyou’s conception of
neutrons streaming between absorbing chunks subdivided into layers
approximating the particle size in NACs (Smith, 1948; Burrus, 1958,
1960; Åkerhielm, 1960). Later analytical models employed nuclear
fuel homogenization methods (Shmakov et al., 2000; Yamamoto, 2006;
Yamamoto et al., 2006; Yamamoto, 2010) or semi-classical approxi-
mations (Schrempp-Koops, 2013) to determine the particle size effect.
These models typically indicated that B4C particles less than hun-
dreds of microns were acceptable in NACs. These analytical models
are useful for larger, micron-sized particles but sometimes yield in-
consistent results in the nanometer range.1 This may be due to any
number of assumptions and simplifications inherent to these models.
Most notably, scattering and absorption in the matrix is neglected.
As such, Monte Carlo radiation transport simulations – that account
for a variety of physical phenomena – were conducted to validate the
trend in decreasing neutron absorptivity with increasing particle size.
Past simulations of NACs were not physically realistic: they employed
periodic arrangements of absorbing particles (Basturk et al., 2005;
Dyrnjaja and Zawisky, 2015; Turner, 2005; Soltani et al., 2016; Kim
et al., 2014) whereas real NACs ideally have random spacing between
particles. Thus, these models tended to suggest that nano-sized B4C
particles were needed to avoid significant neutron channeling. As such,
the present study used a more physically representative microstructure
in simulating NACs. By validating the particle size effect, it can be
accounted for during NAC design.

A NAC must be designed to a particular neutron absorbing per-
formance to match its intended application. Absorber areal density is
one such metric used to predict neutron absorbing performance (Li
et al., 2017; Jiang et al., 2019; O’Connor et al., 2020). Especially
when considering lightweight NACs with neutron absorbing matrices,
more comprehensive design metrics are needed to predict the expected
mass reductions. This study introduces a NAC design metric using areal
density that accounts for the contributions of discontinuous absorbers
(particles) subject to size penalties from neutron channeling and those
of continuous absorbers not subject to them. This metric was then used
to evaluate the potential lightweighting of NACs by matrix substitution
with less mass dense metals such as Mg and Mg–Li.

Previous introductions of absorber areal densities as NAC design
metrics did not provide experimental validation (Li et al., 2017; Jiang
et al., 2019). And when the neutron performance of NACs is measured,
it is often reported as macroscopic cross-sections or neutron trans-
mission ratios (Park et al., 2015; Chen et al., 2016) instead of areal
density, confounding efforts to compare differing NACs. This study
compares theoretical absorber areal density (boron-10 equivalent areal
density (10BEAD)) to that measured by two separate neutron absorption
testing setups. These were an In foil activation method modified to
correct for changes in incident neutron fluence, background radiation,
and non-thermal neutrons as recommended by the relevant ASTM
standard (E07 Committee, 2020) and a confirmatory direct counting
method more similar to the ASTM standard. The results from these
setups indicate the validity of the techniques and the use of absorber
areal density as a NAC metric.

This present study computationally predicts the particle size penalty
for B4C with comparison to analytical models, introduces a more com-
prehensive absorber areal density calculation, illustrates lightweighting
via matrix substitution as computed by this updated design metric, and
finally experimentally validates absorber areal density as a NAC design
metric.

1 With the notable exception of Schrempp-Koops (2013).
2

Fig. 1. Illustrative cross-section of a pseudo-random particle distribution in PHITS.

2. Materials and methods

Analytical models based on differing methodology (Smith, 1948;
Shmakov et al., 2000) were chosen to compute neutron shielding
efficiency by particle size. The PHITS (Sato et al., 2018) version 3.26
– a Monte Carlo radiation transport code – was chosen for its flex-
ibility, ability to use advanced geometries such as nested universes
and repeating lattices, ease of ingesting external data, and inclusion
of neutron interactions such as scattering. A 5 cm radius right cylinder
with a radial periodic boundary condition and a thickness set to an
areal density of 10 g cm−2 represented a prototypical NAC. The neutron
source was a 5 cm disc coaxial with the prototypical NAC set to emit
monoenergetic 25meV neutrons isotropically. Unless otherwise speci-
fied, all simulations used an Al matrix reinforced with monodisperse
10 μm diameter B4C spheres at 10% by volume. Reinforcements were
modeled as spherical particles at the center of a box with the same
dimensions as their diameter. An in-house Python script generated
pseudo-random distributions of cells containing either matrix alone or
matrix and particle, populated according to the reinforcement volume
fraction. With especially small reinforcements, PHITS required exces-
sive computer memory. As such, a technique using nested universes and
lattices reduced the computational burden while retaining accuracy.
The same Python script generated 100 by 100 by 100 lattices to provide
appropriate randomness. These ‘‘sublattices’’ were then nested into a
larger, repeating lattice comprising the entire simulated NAC volume.
Fig. 1 depicts an example cross-section of this geometry.

2.1. Experimental

Experimental measurements of neutron absorption, giving a mea-
sured boron-10 areal density (10BAD), were conducted in a manner
inspired by the ASTM E2971-16 standard (E07 Committee, 2020).
Previously fabricated Mg and Mg–Li matrix, B4C-reinforced NAC spec-
imens with 2 cm by 2 cm cross-sectional area were machined to a
constant thickness of 2.5mm. Calibration standards were Mg–Li alloys
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Fig. 2. Diagram of foil activating and counting setup.
with a known isotopic ratio (95.4%) of the absorbing 6Li isotope.2
The low and high areal density specimens had their compositions
verified by inductively coupled plasma - optical emission spectroscopy
(ICP-OES) as Mg-2.0𝑤𝑡%Li and Mg-7.96𝑤𝑡%Li, respectively.

2.1.1. Foil activation setup
For the foil activation setup shown in Fig. 2, a 3.564 × 1010 Bq

americium-beryllium (Am–Be) fast neutron source was fixed into an
assembly of lead bricks for shielding. Separately, a specimen holder
consisting of a 25mm-thick block of polyethylene and retaining clips
was prepared. A 1 in-diameter indium (In) foil was placed immediately
after the polyethylene to measure the incident neutron beam power.3
This was followed by the ostensibly absorbing specimen. This setup
was used in previous literature reports (Kang et al., 2015; Bacca et al.,
2022). Unique to this study, another In foil was placed after the spec-
imen to measure the transmitted neutrons. The assembled specimen
holder was placed immediately adjacent to the neutron source with the
polyethylene moderator between the source and specimen to produce
sufficient thermalized neutrons. An irradiation time of 6 h activated the
In foils to 99% saturation.

After irradiation, the specimen holders were removed from the
leaded assembly and moved to a separate room for counting. To mea-
sure their activity and thus neutron counts, the In foils were removed
from the specimen holder and each counted by separate Geiger-Müeller
(G-M) tubes (Spectrum Techniques GM35). The G-M tubes were in-
dependently powered and monitored by separate counters (Spectrum
Techniques ST360) connected to independent computers recording the
accumulated counts in the STX software (Spectrum Technologies). The
foils were counted in periods of 100 s counting and 20 s resting for a
total of 2 h, after which the foils had decayed to such a level that had
excessive uncertainty in the counts. Background counts were taken for
2 h after each specimen finished counting.

2.1.2. Direct counting setup
For the direct counting setup shown in Fig. 3, a 9.1 × 105 Bq

californium-252 (252Cf) fast neutron source was placed in a polyethy-
lene barrel to thermalize emitted neutrons. The test specimens were
placed immediately adjacent to the barrel and within a 4 cm2 shroud of
cadmium (Cd) foil (1mm thick; 99.99% pure, assumed natural isotopic
abundance; Goodfellow Corporation) to reduce scattering into the
detector. The helium-3 (3He) neutron detector (Saint-Gobain tube with
associated Precision Data Technologies PDT20A-HN-5V electronics)
was placed after the test specimen and powered (HP E3610A) with its
output directed to a counter/timer (ORTEC 974 Quad). The detector
tube itself was wrapped with the same Cd foil as the shroud to reduce
background and scattered neutron counts, except for a 4 cm2 opening

2 Assumed to be the only absorbing nuclide in the standards.
3 The flux depression resulting from this foil was neglected in calculations.
3

Fig. 3. Direct counting setup diagram.

coaxial with the test specimen. Due to the relatively short half-life of
252Cf (2.645 a), the source’s activity decayed noticeably to 8.0 × 105 Bq,
approximately 88% of the initial activity, by the end of the period.
This constantly decreasing activity and thus incident beam power were
accounted for by measuring the specimen-incident neutron flux without
a specimen present for 1 h prior to each specimen irradiation.

3. Theory

3.1. Areal density

Areal density including boron-10 alone. Li et al. (2017) introduced
boron-10 areal density (10BAD) as a geometry-eliding performance
metric for NAC design. It decomposes any NAC into merely the mass of
the neutron absorbing 10B isotope per unit area. Geometry and other
factors are removed and so disparate NACs can be readily compared
using this metric. 10BAD is given as:

10BAD
[

g cm−2] = 𝜌𝑥𝑤𝑝𝑤B𝑎10B (1)

where 𝜌 is the composite mass density in g cm−2, 𝑥 is the composite’s
thickness in cm, 𝑤𝑝 is the mass fraction of 10B-containing particles, 𝑤B
is the mass fraction of B in those particles, and 𝑎10B is the isotopic
abundance of 10B in that B. Adjusting the estimated 10BAD by alter-
ing composition and other factors like thickness can then design an
effective NAC.4

Areal density including other constituents. Jiang et al. (2019) introduced
the concept of equivalent boron areal density (EBAD) that includes
absorption by additional particles or constituents. Thus, the complete

4 Li et al. (2017) suggested at least 34mg cm−2.
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absorptivity of a NAC – beyond its 10B content alone – is accounted for.
BAD is given as:

BAD
[

g cm−2] = 𝜌𝑥𝑤B(𝑒𝑞.) (2a)

B(𝑒𝑞.) = 𝑤B + 𝜂𝑥,B ∗ 𝑤𝑥 (2b)

here 𝜂𝑥,B is relative neutron absorptivity with respect to B and 𝑤𝑥
s the mass fraction of the other absorbing constituent,5 and 𝜂𝑥,B is

the relative absorption efficiency of the other absorbing constituent
compared to B. The comparison is to natural B instead of 10B, but 10B or
even another absorber could serve as the comparison. 𝜂𝑥,B in Eq. (2b)
is not merely the ratio of cross-sections. As atomic masses and densities
differ between nuclides, a per-mass comparison is needed:

𝜂𝑥,B =
𝜎𝑥∕𝑀𝑥

𝜎B∕𝑤B
(3)

where 𝜎 is the microscopic cross-section and 𝑀 is the molar mass of
each constituent (Jiang et al., 2019).

Areal density including particle size effect. Neutron channeling reduces
absorption efficiency, which can be accounted for by introducing an
effect on absorber areal density based on particle size. This particle
size effect is an effective macroscopic cross-section from the ratio
of apparent macroscopic cross-section for a specific particle size to
the bulk macroscopic cross-section for the homogeneous case. From
previous work (O’Connor et al., 2020), the 10BAD adjusted for the NAC
particle size6 is given as:

10BAD𝜂(𝑑)
[

g cm−2] = 𝜌𝑥𝑤𝑝,𝜂𝑤B𝑎10B (4a)

𝑤𝑝,𝜂 =
∑

𝑖
𝑤𝑖 ⋅ 𝜂𝑖 (𝑑) (4b)

𝜂(𝑑) =
𝛴𝑡(𝑑)

lim𝑑→0 𝛴𝑡
(4c)

where 𝑤𝑖 is the mass fraction of each particle i of a particular size,
𝜂𝑖 is the relative efficacy of the size for particle i, and 𝑑 is the average
particle size. This exercise may be repeated for a range of particle sizes,
particle compositions, and neutron energies.

Areal density including other constituents and particle size effect. Combin-
ing the particle size penalized-10BAD and multi-component EBAD into
one metric yields boron-10 equivalent areal density (10BEAD). 10BEAD
may be computed as:

10BEAD
[

g cm−2] = 𝜌𝑥𝑤𝑝,𝜂𝑤𝑝,10B𝑒𝑞
⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟

particle(s)

+ 𝜌𝑥𝑤𝑚𝑤𝑚,10B(𝑒𝑞.)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

matrix

(5)

where 𝑤𝑝,10B𝑒𝑞
and 𝑤𝑚,10B𝑒𝑞

are the 10B-equivalent mass for the particle
and matrix, respectively, and 𝑤𝑚 is the mass fraction of the matrix.
The particle size effect (𝑤𝑝,𝜂 from Eq. (4b)) is only applied to the
particle component as the matrix is assumed homogeneous and not
subject to any neutron channeling effects. Each component of 10BEAD
may be extended to include a number of additional neutron-absorbing
constituents – like another particle or composition – or other even
effects like a distribution of particle sizes or geometries.

A neutron-absorbing matrix reinforced with B4C is notionally de-
picted in Fig. 4 to visualize the 10BEAD metric. The final metric is then
the sum of the contribution from particles – only their 10B content,
subject to a particle size effect represented by the missing portion of
the pie chart – and from the matrix.

5 Here, mass fractions are of the overall mass of the composite and not of
heir respective particles as in Eq. (1).

6 Åkerhielm (1960) proposed a similar concept though this was apparently
ot adopted by subsequent literature.
4

𝑥

3.2. Experimental measurements

The ASTM E2971-16 standard (E07 Committee, 2020) prescribes a
number of corrections and considerations for measuring the areal den-
sity of a neutron absorber. The measured count rate must be adjusted
for changes in the power of the incident neutron beam7 and background
& non-thermal neutron counts.8 To account for effects such as spectral
hardening, measured counts are compared to those from calibration
standards in order to compute the measured areal density. Instead of
reporting a reduction in counts that can be affected by factors unique
to a particular experimental setup or even individual exposure, this
standard instead reports a specimen’s ability to absorb thermal neutrons
as a 10BAD measurement.9

The existing In foil activation setup at NASA Langley Research
Center (LaRC) (Kang et al., 2015; Bacca et al., 2022) used a single foil to
measure the neutrons transmitted through an irradiated specimen was
modified by the addition of a second In foil just before the irradiated
specimen that enabled correction for changing incident neutron flux.
This correction allowed for comparisons between different exposures
while obviating the effects of typical alignment and distance errors.
A strong neutron absorber was used to determine the counts arising
from background radiation and non-thermal neutrons. If these counts
were attributed to thermal neutron absorption, then specimens could
falsely appear to be more effective in the thermal range. The directing
counting setup was more similar to that detailed in the ASTM standard,
requiring minimal modification.

4. Results

Over the first centimeter through a prototypical NAC, the simulated
neutron transmission ratio shown in Fig. 5 for particles in the tens
of microns, micron, and sub-micron ranges rapidly diverges. Particles
larger than tens of microns show a rapid increase in transmission
relative to the 60 nm case, indicating reduced absorption efficiency.
Conversely, the trend for sub-micron particles is indistinguishable,
showing no neutron channeling. For the micron range, particles are
initially nearly as efficient as sub-micron ones. The 10 μm particles
remain less than 25% divergent until about 0.5 cm. By 1 cm, however,
only 1 μm and below are less than 20% divergent.

Fig. 6 compares the relative absorbing efficacy by particle size for
multiple analytical models compared to the present work’s simulations.
The analytical and simulation results give substantially equivalent re-
sults. Based on the line of best fit to simulation results, it appears that
10 μm particles are at least 95% as efficient as the homogeneous case.
100 μm particles are still over 80% efficient. By 1000 μm, the efficiency
drops precipitously.

The relative efficiency by particle size depicted in Fig. 7 appears
constant at a range of typical reinforcement volume fractions. However,
the particle sizes penalty increases in absolute terms with increasing
volume fraction.

Fig. 8 shows that matrices that inherently absorb neutrons
(e.g. Mg–14𝑤𝑡%Li, LA141) demonstrated a somewhat lessened penalty
but the difference was small in absolute terms.

7 For instance, from a slight, unintentional change in positioning of the
ource or specimen holder or even a substantial decay in the neutron source
ctivity between exposures.

8 For instance, background from immutable external or cosmic sources. And
or non-thermal counts, from polyenergetic neutron sources and/or a detector
ensitive to higher energy neutrons.

9 One could say ‘‘This specimen absorbs thermal neutrons as if it had
−2 10
mg cm of B’’.
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Fig. 4. Diagram showing decomposition of a NAC into its components that contribute to 10BEAD.
Fig. 5. Relative neutron transmission for various particles sizes compared to 60 nm,
indicating that particles larger than a few microns rapidly diverge.

Fig. 6. Macroscopic cross-section by particle size from analytical models compares
favorably to this study’s simulations.

4.1. Areal density performance metrics

Li et al. (2017) claimed that a composite with 34mg cm−2 10BAD
ould block 99% of thermal neutrons. Using this recommendation

or 10BEAD, the mass reduction of matrix substitution for a B4C NAC
an be estimated as demonstrated in Fig. 9. Substituting less dense
g for Al, the predicted mass reductions are close to that from mass

ensity reduction alone. With increasing reinforcement volume frac-
ion, the predicted mass reduction somewhat decreases although 80%
f the maximum savings are retained at 25% B4C by volume. The
ass reduction for Mg substitution ranges from 25% to 35% over Al.
5

Fig. 7. Relative macroscopic cross-section for several particle sizes, indicating that the
neutron channeling penalty is fairly invariant with respect to volume fraction for the
dilute case.

Fig. 8. Relative macroscopic cross-section by particle size for several matrices, showing
a reduction in channeling at large particle sizes for absorbing matrices.

Substituting an absorbing Mg–14𝑤𝑡%Li matrix,10 the predicted mass
reductions at low volume fractions are even greater than that from
mass density reduction alone. The decrease in mass reduction with
increasing volume fraction is, however, more rapid than seen for the Mg
substitution. The mass reduction for Mg–14𝑤𝑡%Li substitution ranges
from 20% to 40% over Mg and from 40% to 60% over Al.

10 Assuming a 6Li abundance of 7.59%.
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Fig. 9. Relative mass reduction from substituting Mg/Mg–14𝑤𝑡%Li for Al in B4C-
reinforced composites by reinforcement volume fraction with respect to neutron
absorptivity.

Fig. 10. Only considering the particle contribution to the areal density underpredicts
he measured areal density.

.2. Experimental

For the foil activation method, only considering the particle’s con-
ribution to areal density underpredicted 10BAD as shown in Fig. 10.
ncluding the matrix contribution to areal density better predicted the
easured areal density as indicated by Fig. 11. Including the particle

ize effect did not substantially alter the predictions as shown in Fig. 12.
or the direct counting method, considering the particle contribution
lone again underpredicted measured areal density 10BAD as shown by
he 1:1 concordance line being substantially under the experimental
rendline. Fig. 13 shows that considering both the matrix contribu-
ion and the particle size effect in 10BEAD improved the concordance
etween estimated and measured areal densities.

. Discussion

.1. Analytical models and simulations

Previous computational models of NACs were periodic arrange-
ents of absorbing particles (Kim et al., 2014; Soltani et al., 2016) or
id not closely investigate particle sizes smaller than a micron (Sun
6

Fig. 11. Considering both the matrix and particle contributions to areal density
improves predictions.

Fig. 12. Areal density estimated using matrix and particle contributions, including the
particle size effect, reasonably predicts areal density measured by the foil activation
setup.

Fig. 13. Areal density predictions are also reasonable for the direct counting setup.

et al., 2020). This study instead used a physically realistic pseudo-
random distribution of particles within the modeled NAC while sam-

pling down to nanoscale particle sizes. Pseudo-random sublattices with
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100 cells in each dimension were found to be reasonably accurate and
ithout excessive computational burden. Neutron channeling is evident
hen tracking neutrons transmitted through the first centimeter of a
seudo-random NAC model. However, a reasonably effective NAC will
bsorb most incident neutrons within the first few millimeters. Pro-
ided that incident fluence is not excessive, then – for sufficiently small
articles like 10 μm or less – neutron channeling will only be a concern
or the first few millimeters into a NAC. After this distance, there
till will be some reduction in shielding efficiency due to channeling.
owever, the absolute neutron fluence may be so low (due to previous
bsorption) that any reduction in shielding efficiency is insubstantial.

The studied analytical models do not consider scattering in their
alculations. It was initially supposed that scattering in the matrix
r reinforcement would increase the distance any one neutron would
xpect to traverse within the NAC and that this increase would result
n additional absorption, reducing the effect of neutron channeling.
s PHITS does compute scattering, it was thought that simulations
ight show a lessened particle size effect or, rather, the penalty being

elegated to even larger particle sizes. As shown by the excellent agree-
ent between analytical models and this work’s simulation results, the

nfluence of scattering is apparently negligible under the studied con-
itions. However, a more strongly scattering matrix – e.g. hydrogenous
olymers – may exhibit such a reduction in neutron channeling.

.1.1. Particle size effect
The studied analytical models, some previous literature reports, and

his work’s simulations found a consistent trend of the particle size
ffect beginning to be noticeable around 10 μm and especially substan-
ial after 100 μm for B4C particles, without much regard to volume
raction. Schrempp-Koops (2013) used a different analytical model to
ind that shielding efficiency was preserved well through 1 μm and fell
ff rapidly as particle size exceeded 10 μm, agreeing fairly well with this
tudy. DiJulio et al. (2018) experimentally found a rather small effect
f B4C particle size on reinforced concrete when the particles were
maller than 63 μm, which comports with the present study. Wells et al.
1987) found that Boral was 82.5% as effective as the homogeneous
ase when B4C particles were 130 μm, again similar to this study. Turner
2005) found that 10 μm B4C exhibited a particle size effect of less than
% and only past 100 μm was the penalty more than 25%. However,
hat study found a linear trend with increasing particle size whereas
ost other studies, including this one, found an exponential trend.
onversely, Wells and Hobbes (2005) found the particle size effect was
ffectively zero up to 150 μm. Their lack of penalty is inconsistent with
his study but the critical size for the penalty is consistent. Recently,
ome literature reports suggested that nano- or sub-micron-size parti-
les were necessary to avoid the channeling effect in NACs (Kim et al.,
014; Sun et al., 2020; El-Khatib et al., 2021; Soltani et al., 2016).
owever, these reports did not closely study the sub-micron or micron
article size regimes, compared based on other measures than neutron
bsorptivity, or used polymeric matrices that could enhance modera-
ion and scattering. Indeed, El-Khatib et al. (2021) found an inverse
eutron channeling effect with respect to particle size11 – where nano-
ized particles performed worse. Overall, there is agreement between
nalytical models, this study’s simulations, and experimental results on
he critical particle size – at which channeling has a substantial effect
lying between 10 μm to 100 μm for B4C NACs where the matrix is not
ighly scattering. This size is near the mean free path of about 120 μm
or thermal neutrons in B4C.

11 This may instead be due to micron-size particles leading to more channel-
ng through a highly moderating and scattering polymeric matrix. Therefore,
n apparent increase in thermal neutron fluence for the nano-sized case is not
rom less absorption but rather from increased moderation and scattering.
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5.2. Using boron-10 equivalent areal density as a performance metric

The mass reduction for a NAC from substituting one non-absorbing
matrix with another appears limited to the difference in mass density
and inversely proportional to the matrix volume fraction. For instance,
Mg provides lightweighting by reduction in mass density alone —
accordingly, this substitution is less effective at high reinforcement vol-
ume fractions as there is less matrix mass to be reduced. The absorbing
particles are not affected and do not participate in the lightweighting.
Therefore, there is an inherent limit to lightweighting determined by
the mass density difference.

When lightweighting NACs by substituting a neutron absorbing ma-
trix such as Mg–Li, both the substituted matrix’s neutron absorptivity
and mass density difference influence the mass reduction. For dilute
reinforcement, the mass reduction from absorbing matrix substitution
exceeds that expected from mass density alone. It is not limited by
mass density differences as for non-absorbing matrices. The inherently
absorbing matrix displaces a portion of the absorptivity needed from
the denser reinforcement, ultimately reducing overall mass density.

5.3. Experimental

There is substantial uncertainty in the measured 10BAD from foil
activation, which arises from Poisson statistics of the number of counts
of the foils. The relative uncertainty per 100 s count immediately after
the foils were removed from the exposure was about 2%. However, the
exponential decay in counts resulted in a relative uncertainty nearer
5% towards the end of the counting period. Additional uncertainty was
introduced from the fairly high background count rate – only 1% of
the foil’s count at the beginning of the counting period but rising to
6% by the end – and removal of non-thermal neutrons. Only about half
of the counts were attributable to thermal neutrons, which introduced
substantial uncertainty into eventual measured 10BAD, especially for
specimens like the high areal density calibration standard where counts
were inherently lower due to its substantial absorption. As such, there
is substantial uncertainty in the comparison of measured to estimated
areal density. However, the linear trendline shows a correlation once
all predictive terms are used to calculate 10BEAD, indicating this tech-
nique’s validity. The introduction of corrections for incident neutron
flux, background radiation, and non-thermal neutron counts improved
the accuracy of this setup.

For the direct counting setup, about 80% of counts were apparently
from background and non-thermal neutrons. The exposure room had a
low background when the source was not present, so this intense popu-
lation of background and non-thermal neutrons probably occurred due
to the neutron emitted isotropically from the barrel being scattered by
the surroundings into the detector. Ostensibly, the Cd wrapping around
the detector was insufficient to prevent this. Yet this technique had
lower uncertainty in measured 10BAD than the foil activation one. The
longer time for counting made the total number of counts much greater,
reducing counting uncertainty by Poisson statistics. This technique
may slightly underpredict measured areal density but demonstrates the
utility of this technique combined with 10BEAD.

6. Conclusions

Overall, this study found good agreement between analytical models
and a physically representative simulations of neutron channeling in
NACs, supporting the use of micron-sized absorbing particles. It also
introduced a more comprehensive NAC design metric: 10BEAD. And
it provided experimental validation for 10BEAD using two different
measurement techniques. Analytical models from literature and a phys-
ically representative simulation found that for a B4C-reinforced NAC,
particles less than 100 μm and especially those less than 10 μm do
not lead to excessive neutron channeling. The boron-10 equivalent

10
areal density ( BEAD) metric was developed to more comprehensively
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estimate NACs performance by considering both matrix contribution
and the particle size effect. Lightweighting calculations using 10BEAD
showed that overall mass reduction is limited to the mass density
difference for a non-absorbing matrix such as Mg but it is greater than
that from mass density differences alone for an absorbing matrix such
as Mg–Li. The utility of 10BEAD was validated by comparing measured
10BAD versus expected 10BEAD. An In foil activation setup for neutron
absorption testing was modified to account for changes in incident
neutron flux, background radiation, and non-thermal neutron counts.
Using this setup, measured 10BAD correlated with expected 10BEAD,
considering both the contribution from an absorbing matrix and the
penalty from particle size. A separate direct counting setup supported
these findings.

6.1. Limitations and future work

The influence of moderation and scattering by matrix and by rein-
forcement,12 should be investigated with respect to neutron channel-
ing. Previously proposed NACs effective at higher energies used both
moderating hydrides and absorbing borides (Poindexter et al., 1966;
Poindexter, 1967), necessitating understanding of such effects if such
technology is to be recaptured.

10BEAD could be extended to different matrix compositions and
even multiple particle compositions, geometries, or sizes.
These lightweighting calculations only considered Al, Mg, and
Mg–14𝑤𝑡%Li matrices homogeneously reinforced by B4C. Other rein-
forcements that are less mass dense than even the matrix like LiH
should be considered.

Potential changes to the neutron absorption testing setups include
reducing uncertainties and extending their capabilities. For both setups,
reducing the background component through means such as additional
shielding or longer counting periods would improve statistics. By ad-
justing the moderating power of each setup and employing a fast
neutron detector or Bonner spheres, the absorptivity of NACs at higher
neutron energies could additionally be investigated.

There are a number of reasons for the underprediction of neutron
absorber areal density in these specimens. The isotopic abundance of
6Li in the fabricated specimen was assumed, and is liable to change
depending on the source of the Li. The amount of absorbing particles in
the composites could be inhomogeneous (Park et al., 2020). Addition-
ally, the particles may be agglomerated or clustered, reducing apparent
neutron absorption (Zhai et al., 2021).
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