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Faster than expected surface corrosion and a considerable decrease in the 10B areal density of a non-clad Al-B4C neutron absorber
were recently reported from surveillance coupons used in a spent fuel pool for about 8 years, which is only approximately one-fifth
of the guaranteed service life of the absorber. Such premature degradation was largely attributed to irradiation-assisted corrosion
since numerous gas bubbles filled with He and H were discovered in the Al alloy matrix near B4C particles, and naturally 10B(n,
α)7Li reactions were designated as the underlying mechanism for the porosification that may have expedited the absorber
corrosion. In this study, the levels of radiation damage and He concentration in the micrographs published in recent
experimental studies were estimated to design ion beam irradiation experiments having appropriate parameters to emulate the
status of neutron-irradiated non-clad Al-B4C absorbers. TRITON, CSAS6, and SDTrimSP were coupled with modifications for
the calculation of dpa and He concentration in irradiated neutron absorbers. The simulations yielded 3.74–6.71 dpa and 0.71–
1.64 at% of He after 99 months of use and 3.82–8.39 dpa and 0.73–2.08 at% of He after 40 years of use. The simulations also
demonstrated that the radiation damage and He concentration have a weak correlation with the particle diameter. In terms of
radiation damage, these results are in good agreement with the reported experimental data, indicating that they can be referred
to in the experimental design. The calculated He concentrations, however, may warrant modification to include leakage of
implanted He atoms through irradiation-induced microcracks in the B4C particles. Because of the high diffusivity of He, full
leakage of He from B4C particles to their boundaries with the Al alloy matrix was assumed for further estimations, which
revealed that He concentration could be significantly elevated in the Al matrix near B4C particles.

1. Introduction

High-density racks with neutron absorbers have been installed
in spent fuel pools (SFPs) to maximize their packing density
by allowing a reduced pitch between spent nuclear fuel
(SNF) assemblies while maintaining criticality safety margins.
Al-B4C metal matrix composites (MMCs) are widely adopted
as neutron absorber materials owing to the notably high ther-
mal and epithermal neutron absorption cross section of 10B

[1–3]. In SFPs, the major sources of degradation of neutron
absorbers have been considered to be exposure to the aqueous
environment and gamma-ray radiation, as well as lesser levels
of fast neutron irradiation. Thus, the service life of Al-B4C
MMC neutron absorbers has been generally guaranteed based
on separate accelerated corrosion experiments and gamma-
ray irradiation tests [4–7].

The integrity of the neutron absorbers has to be investi-
gated throughout their service life to ensure their absorption
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capability and the resulting safety margin of SFPs. However,
once the neutron absorbers are installed in high-density
racks during the fabrication process, the absorbers are sealed
within the rack sheath and cannot be directly inspected
throughout their service life [7, 8]. Instead, surveillance pro-
grams using coupons of the neutron absorbers have been
commonly conducted to indicate the status of the neutron
absorbers. In these programs, a series of surveillance cou-
pons of neutron absorbers are placed in a storage cell sur-
rounded by recently discharged SNF assemblies and
periodically monitored for in-service investigation of the
neutron absorber performance [9–11].

Recent studies [12, 13] observed significant surface cor-
rosion of the surveillance coupons of a non-clad Al-B4C
MMC neutron absorber used for less than 9 years in an
SFP, which was wholly inconsistent with the guaranteed 40
years of service life. Microstructure characterization of the
surveillance coupons using transmission electron micros-
copy (TEM) and electron energy loss spectroscopy (EELS)
revealed a porous microstructure with numerous locally
formed voids and bubbles filled with He and H near B4C
particles [12]. This type of microstructure clearly exceeded
the degree of degradation expected solely due to gamma-
ray and fast neutron irradiation, considering their low flu-
ence in SFPs [14–17].

A 10B areal decrease (9.7% decrease over 99 months) and
thickness reduction (3.7% decrease over 99 months) of the
irradiated surveillance coupons also reported in the same stud-
ies revealed significant 10B depletion as well as potential loss of
B4C particles in the surveillance coupons [12, 18]. Based on
the observations, one of the previous studies [12] suggested
that the premature degradation could be mainly attributed to
a porosification of the Al matrix due to radiation damage
and gas atom accumulation, which are induced by energetic
He and Li ions from 10B(n, α)7Li reactions given as

10
5 B + 1

0n⟶ 94% 7
3Li3+ 0 840MeV + 4

2He2+ 1 470MeV
+ γ 0 48MeV ⟶ 6% 7

3Li3+ 1 015MeV
+ 4

2He2+ 1 777MeV
1

While several studies on radiation shieldingmaterials have
been carried out [19–23], these investigations were not dedi-
cated to the evaluation of the radiation damage induced by
secondary energetic ions. Therefore, follow-up accelerated
corrosion experiments on B4C neutron absorbers need to be
conducted to investigate and address the discrepancies
between the current qualification test results and the new
observations. These studies may perform charged-particle
irradiation experiments in an accelerated manner, the design
of which requires computational tools for the estimation of
the accumulated radiation damage and He concentration in
the neutron absorbers. A few experiments using charged-
particle irradiation facilities have already been conducted on
Al-B4C MMC neutron absorbers to investigate their perfor-
mance, but these studies employed empirically determined
heavy ion doses [24–26]. Thus, computational estimation of

the radiation damage and He atom accumulation by the newly
considered MeV-level charged particles from 10B(n, α)7Li
reactions is required in order to more fully understand the
degradation mechanism and certify the service life of neutron
absorbers.

To reach the equivalent radiation damage and He con-
centration that were observed in the micrographs published
in the recent experimental study [12], the same type of Al-
B4C surveillance coupon as used in previous experimental
studies was simulated in this work with the objective to sup-
port future experimental emulations using ion beam acceler-
ators. To investigate the B4C particle size-dependent
radiation damage and He concentration profiles near the
particles, 10, 15, and 20μm diameter, B4C particles were
assumed to be contained in the surveillance coupons. Addi-
tionally, several different coupon thickness reduction
assumptions were considered, as a reduced thickness can
result in a considerable change in the cumulative 10B(n,
α)7Li reactions in coupon peripheries. The simulations were
conducted by SANTA [27], a dedicated code for the evalua-
tion of radiation damage and ion distribution in Al-B4C
MMCs, which was developed by coupling several existing
codes, Transport Rigor Implemented with Time-dependent
Operation for Neutronic depletion (TRITON), Criticality
Safety Analysis Sequence with KENO-VI (CSAS6), and
Static and Dynamic Trim for Sequential and Parallel com-
puter (SDTrimSP) [28, 29], with proper modifications to
reflect the ion emission and geometric characteristics of
B4C particles.

2. Methods

2.1. 10B(n, α)7Li Reaction Distribution. The Monte Carlo
simulation codes based on binary collision approximation
are generally utilized to evaluate the radiation damage and
ion concentration resulting from interaction between inci-
dent energetic ions and materials. In such codes, the
implanted ion position and displacements produced by the
energetic ions are stochastically calculated based on the

B4C particle
Al matrix

Figure 1: Example of the concentric shell configuration of a B4C
particle and Al matrix for simulation. The yellow central region
and surrounding grey region represent the B4C particle mesh and
aluminum alloy mesh, respectively.
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nature of the Monte Carlo method [29, 30]. Therefore, the
number of Li and He ions produced from 10B(n, α)7Li reac-
tions within a B4C particle should be provided beforehand.

The cumulative 10B(n, α)7Li reactions in a single B4C
particle in a neutron absorber can be calculated on the basis
of 10B density change as below:

N n,α = Δn10B ×
Vabsorber
NB4C

, 2

where N n,α is the number of 10B(n, α)7Li reactions per B4C
particle during neutron irradiation, Δn10B is the change in
10B number density of the absorber, Vabsorber is the volume
of the absorber, and NB4C is the number of B4C particles in
the absorber. The change in the 10B number density of an
absorber, Δn10B , is given as

Δn10B =
ΔρA,10B ×NA
t ×M10B

, 3

where ΔρA,10B is the change in the areal density of 10B in the
neutron absorber, t is the thickness of the neutron absorber,
NA is Avogadro’s number, and M10B is the molecular weight
of 10B.

The 10B density, however, does not evenly decrease
throughout the whole absorber since the 10B(n, α)7Li reac-
tion rate exponentially decreases along the absorber depth
due to neutron attenuation. Thus, the neutron flux distribu-
tion within a surveillance coupon is calculated in advance
using CSAS6, a Monte Carlo transport code in the SCALE
code system, to reflect this distribution. In CSAS6 simula-
tion, a surveillance coupon of the neutron absorber is

divided into equal-volume cells in a structured grid along
the depth direction. CSAS6 simulation requires the isotope
concentration of the SNF assemblies, as surveillance cou-
pons are generally surrounded by recently discharged
SNF assemblies to expedite the degradation of the coupons
[7, 8]. For this, the isotope concentration is provided at
certain time instants using TRITON, a multipurpose code
for transport and depletion.

Subsequently, the spatial distribution of the 10B(n, α)7Li
reaction rate and corresponding weighting factor for the
reaction distribution of the cells are evaluated as below:

Ri = 〠
Ngroup

g=1
ϕ g i ×〠 g i

n,α , 4

W i = Ri

∑Ncell
j=1 R

j
, 5

where Ri is the 10B(n, α)7Li reaction rate of coupon cell i,W i

is the weighting factor of coupon cell i, ϕ g i is the neutron
flux in coupon cell i for neutron energy group g, ∑ g i

n,α is
the macroscopic cross section for 10B(n, α)7Li reactions in
coupon cell i for neutron energy group g, Ngroup is the
number of neutron energy groups, and Ncell is the number
of cells in the surveillance coupon. Therefore, the cumula-
tive 10B(n, α)7Li reactions N i

n,α in a single B4C particle in
coupon cell i is given as

N i
n,α =W i × Δn10B ×

V i
cell

N i
B4C

, 6
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Figure 2: Estimation of 10B areal density based on experimental data of a non-clad Al-B4C MMC [18].
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where W i is the weighting factor of coupon cell i, V i
cell is

the volume of coupon cell i, and N i
B4C is the number of

B4C particles contained in coupon cell i. The weighting
factor continuously varies throughout the absorber service
life due to 10B depletion in the absorber surface region. To
reflect this variation, the Monte Carlo simulation for
updating the weighting factor is repeated at every time
instant. Then, Eq. (6) can be rewritten as below:

N i
n,α = 〠

Nstep

k=1
Δnk10B ×W i,k × V i

cell
N i

B4C
, 7

where Δnk10B is the 10B density change during time step k,

W i,k is the weighting factor of coupon cell i at time step k,
and Nstep is the number of time steps.

The neutron-induced 10B areal density decrease and the
corresponding cumulative 10B(n, α)7Li reactions in the cou-

pon could be reduced by a decrease in coupon thickness,
which is attributed to corrosion assisted by porous micro-
structures that are induced by irradiation. In this case,
detachment of B4C particles from the absorber surface due
to severe corrosion largely contributes to the reduction of
the 10B areal density of the coupon. Accordingly, Eq. (7)
should be updated as below:

N i
n,α = 〠

Nstep

k=1
Δnk10B ×W i,k ×V i,k

cell ×
Fi,k
neutron
N i,k

B4C
, 8

where V i,k
cell is the volume of coupon cell i at time step k,

Fi,k
neutron is the fraction of neutron-induced 10B areal density

decrease for coupon cell i at time step k, and N i,k
B4C is the

number of B4C particles contained in coupon cell i at time
step k.

2.2. Ion Implantation and Vacancy Production. B4C particles
contained in B4C-Al MMCs have sphere-like geometry with
faceted surfaces. However, for simplifying the problem, the
shape of the B4C particles is assumed here to be a perfect
sphere. Then, a B4C particle and surrounding Al matrix
are divided into several concentric shells, as shown in
Figure 1. Also, the angular dependency of neutron flux
within the B4C particle is ignored since the mean particle
size (5–9μm) [6] is over 20-fold smaller than the mean free
path of a thermal neutron in a B4C particle (~120μm). By
exploiting the above two assumptions, the calculation of
radiation damage and He accumulation simplifies to a prob-
lem with spherical symmetry.

The spatial distributions of radiation damage and He
concentration are calculated with the given number of
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SNF
assembly

SNF
assembly

SNF
assembly
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assembly
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Surveillance
assembly
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Figure 3: Schematic example of (a) a high-density rack configuration containing a surveillance assembly and (b) a surveillance assembly. To
expedite the degradation of surveillance coupons, the surveillance assembly is generally surrounded by recently discharged SNF assemblies.

Table 1: Dimensions of the simulated surveillance coupons and
SFP.

Parameter Value

Assembly pitch (cm) 23.29

Rack height (cm) 453.39

Rack thickness (cm) 0.19

Surveillance coupon width (mm) 100 [12]

Surveillance coupon thickness (mm) 27 [12]

Surveillance coupon height (mm) 200 [12]

Absorber boron weight percent (wt%) 32.24 [12]

B4C particle average size (μm) 5–9 [6]
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emitted ions in aB4C particle using SDTrimSP, which can
simulate the interaction between incident energetic charged
particles and lattice atoms [29]. SDTrimSP was provided
from the Max-Planck-Institut für Plasmaphysik in Ger-
many. The original version of SDTrimSP, however, was
designed for a one-dimensional Cartesian coordinate sys-
tem. In the code, all layers are treated as infinite planes,
and hence, it can only support parallel incident ions
[31–33]. Therefore, we modified SDTrimSP to consider the
simultaneous emission of energetic ions from the entire bulk
of B4C particles and a spherical geometry.

As the first step, a spherical coordinate system is applied to
deal with the curved surface of a B4C particle. In the modified
SDTrimSP, the position of ions and produced vacancies are
automatically converted from Cartesian coordinates to spher-
ical coordinates; the positions of ions and all displacement
data are stored and processed in radial coordinates under the
spherical symmetry assumption. Second, multipoint ion irra-
diation is included to reflect simultaneously emitted ions over
the entire region of the B4C particle. The modified SDTrimSP
sets the start positions of the trajectories of the He and Li ions
to the midpoint of the B4C particle shells (see Figure 1), and it
selects the starting point shell based on the 10B(n, α)7Li reac-
tion distribution within the B4C particle.

The number of displacements and implanted ions in the
concentric shells of the B4C particles and Al matrix can then
be properly calculated with the above modifications. The
effective number of generated displacements is evaluated

using the Norgett-Robinson-Torrens model [34]. The dis-
placement energies of B, C, and Al are, respectively, set to
46, 69, and 25 eV, following the recommendation of Kono-
beyev et al. and ASTM E521 [35, 36] for direct comparison
with experimental studies utilizing the code. The total num-
ber of produced displacements is converted into dpa units by
dividing them by the number of lattice atoms (B, C, and Al)
in each shell. Therefore, the dpa value largely depends on the
atomic fraction of the lattice atoms and likely increases with
ion implantation.

Charged heavy particles (He and Li ions) produced in
the central region of B4C particles are mostly stopped within
the particle due to their short ranges in the B4C medium (1–
4μm). As a result, radiation damage and He atoms can con-
centrate in the intraparticle region and possibly form a
porous structure. In this region, gas atom accumulation
could increase the range of heavy ions by decreasing the
macroscopic stopping power of the material, which could
expand the radiation-damaged Al areas over the course of
potentially extended service times. Hence, the neutron flux
distribution in the intraparticle region has to be appropri-
ately evaluated beforehand. The result of a one-group neu-
tron diffusion equation for a nonmultiplying system
indicated negligible neutron attenuation along the particle
radius because of the extremely small B4C particle sizes. A
simple Monte Carlo simulation reaffirmed this minor atten-
uation even for a particle of 40μm radius, which is over 8
times larger than the mean size of the particles in a non-
clad Al-B4C MMC. Therefore, the 10B(n, α)7Li reactions
are assumed to take place uniformly over the B4C particle
bulk.

The rigorous dynamic mode of SDTrimSP that continu-
ously updates the atomic fraction of the layers is activated to
reflect the aforementioned ion range extension due to poro-
sification [29]. Based on the positions of the implanted ions
(He and Li) and consequently displaced lattice atoms,
SDTrimSP reevaluates the atomic fractions at every time
step. The number density of He atoms in the materials is
referred from the measured He number density in a 5 nm
bubble in Al matrix using EELS [37]: the number density
of He atoms is 4 2 × 1028m3 at 300K with a compressibility
factor of 2.2 (pressure is estimated as approximately
400MPa).

3. Results and Discussion

3.1. Cumulative 10B(n, α)7Li Reactions per B4C Particle. The
10B areal density decrease of the coupons through their oper-
ation was acquired by referring to the dataset from the pre-
vious study by Jung et al. [12, 18]. Figure 2 shows the
estimation of 10B areal density reduction along irradiation
time based on experimental measurements. The previous
studies fitted the data by an exponential function with an
R-squared value of 0.9999 and estimated a 10B depletion of
11.6% over the 40-year service life. The fitted 10B depletion
with irradiation time was given as

ρ10BA t = y0 + A∙e− t−t0 /B1 + A∙e− t−t0 /B2 , 9

Table 2: Chemical composition of a non-clad Al-B4C MMC [6].

Element Composition (wt%)

6061 Al powder

Mg 0.080–1.20

Si 0.40–0.80

Cu 0.15–0.40

Fe 0.15 (max.)

Zn 0.25 (max.)

Ti 0.15 (max.)

Ni 50 ppm (max.)

Co 10 ppm (max.)

Mn 10 ppm (max.)

Cr 10 ppm (max.)

Al Bal.

ASTM C750 Type 1 B4C powder

Total B 76.50 (min.)

Total B+C 98.0
10B 19 90 ± 0 3 at%
HNO3 sol. B 0.59 (max.)

H2O sol. B 0.29 (max.)

Si 0.50 (max.)

Fe 0.50 (max.)

Ca 0.30 (max.)

F 25 ppm (max.)

Cl 57 ppm (max.)
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where ρ10BA t is the 10B areal density (mg/cm2) with irradia-
tion time t (month), y0 is 29.1265, A is 1.08029, t0 is 33, B1 is
57.8511, and B2 is 70.7069 [12, 18].

The CSAS6 code simulated the surveillance coupons
located in the center of one storage cell surrounded by
recently discharged SNF assemblies, as shown in
Figure 3(a). In the simulation, 8 surveillance coupons of a
non-clad neutron absorber were axially bundled into a sur-
veillance assembly, an example of which is shown in
Figure 3(b), to account for the axial neutron flux distribution
induced by the boundary effect and the axial burnup profile
of the SNF. The dimensions of the simulated surveillance
coupon and the SFP are specified in Table 1. The chemical
compositions of high-purity Al 6061 alloy and nuclear-
grade boron carbide powder (ASTM C750 Type 1), the
materials composing the non-clad Al-B4C MMC, are given
in Table 2 [6].

The surveillance coupons were divided into 10 cells to
reflect the neutron flux distribution along the depth direc-
tion. The Monte Carlo simulation of the SFP was conducted
at time instants of 0, 100, 1000, 2000, 4000, 8000, and 12000
days to evaluate long-term neutron flux variation, and
hence, the isotope composition in the assembly was also cal-
culated at these time instants. In this study, the recently dis-

charged assembly EC45 having a burnup of 52,584MWD/
MTU, the configuration of which is shown in Figure 4, was
assumed to be charged in surrounding storage cells of the
SFP, with a concentration of boric acid in the coolant of
2000 ppm. The design parameters of the assembly are sum-
marized in Table 3 [38, 39].

- Standard fuel rod

- Guide tube

- Instrumental tube

Figure 4: Schematic illustration of the 17 × 17 lattice geometry of the EC45 assembly [38, 39]. The assembly comprises 264 standard fuel
rods and 25 guide/instrumental tubes.

Table 3: Design parameters of the EC45 assembly [38, 39].

Parameter Value

Lattice geometry 17 × 17
Fuel rod pitch (cm) 1.26

Assembly pitch (cm) 21.504

Active fuel rod length (cm) 365.76

Fuel material type UO2

Fuel pellet density (%TD) 96.016

Fuel pellet diameter (cm) 0.8191

Enrichment (wt%) 4.4982

Clad material type ZIRLO

Clad inner diameter (cm) 0.8356

Clad outer diameter (cm) 0.950
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The axial positions of the degraded surveillance coupons
were undefined in the previous study by Jung et al. [12].
However, considering the severe surface corrosion, the cou-
pons were speculated in the present work to be located in the
middle of the surveillance assembly, where they experience
the highest neutron flux. The Monte Carlo simulation results
indicated that the fifth surveillance coupon from the bottom,
which is the nearest one to the center of the active fuel, was
subjected to the most severe neutron radiation.

As corrosion-induced B4C particle loss could largely con-
tribute to the 10B areal density reduction, 3 cases of corrosion
were considered in the simulations: no corrosion over the whole
service life, corrosion until the latest observation (99 months),
and corrosion until near the end of the service life (400months).
In the simulations, the coupon thickness data reported in Jung
et al. [12] was employed: 1.48% and 3.70% decrease after 52
months and 99 months of irradiation, respectively.

When the thickness reduction due to corrosion was
neglected (no corrosion case), the simulation yielded a con-
siderable 10B number density decrease at the peripheries of
the coupon, approximately 4 times greater than that at the
center and 2 times greater than the average density decrease
during the 40-year service life. Figure 5(a) shows the calcu-
lated 10B number density distribution of the coupon cells
stacked along the depth direction at several time instants.
As shown in the figure, the 10B areal densities of the outer-
most cells rapidly decreased with irradiation time. The cor-
responding cumulative 10B(n, α)7Li reactions of the coupon
cells are displayed in Figure 5(b).

The simulation was subsequently conducted for the cou-
pon with a thickness decrease of 3.70% after 99 months but
was stopped from this point, the so-called “corrosion until

99 months” case. Based on the previous measurement, the
thickness of the coupon was set to decrease from 0.27 cm
to 0.26 cm over 99 months, as plotted with the red line in
Figure 6. Figure 7(a) displays the 10B areal density distribu-
tion within the coupon, showing that the 10B areal densities
of the cells at the peripheries largely decreased compared to
the no corrosion case. However, as shown in Figure 7(b), the
cumulative 10B(n, α)7Li reactions in those cells were in fact
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Figure 5: (a) 10B areal density distribution along the neutron absorber depth for the no corrosion case and (b) corresponding cumulative
10B(n, α)7Li reactions of the coupon cells.
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reduced since a considerable amount of the 10B areal density
reduction resulted from the loss of B4C particles.

This tendency was further exacerbated in the “corrosion
until 400 months” case. Here, the coupon thickness was
assumed to decrease to 0.254 cm over the 400 months of oper-
ation time, as plotted with the blue line in Figure 6. The cou-
pon thickness with operation time was determined based on
the 10B areal density reduction due to the 10B(n, α)7Li reac-
tions; this neutron-induced 10B areal density decrease during
each time step was forced to follow the exponential decrease
in the number of neutrons produced from the SNF assemblies
with decay time. The 10B areal densities of the coupon cells in
this case are displayed in Figure 8(a) with irradiation time. In
the outermost cells, the 10B areal densities drastically decrease
since a large number of B4C particles were assumed to be
swept away to the coolant from the coupon surface. However,
as shown in Figure 8(b), for the same reason as in the former
case, the cumulative 10B(n, α)7Li reactions in the outermost
cells reduce to about half compared to those of the no corro-
sion case.

For the outermost cells, which need to be experimentally
investigated as they have been subjected to severe corrosion,
the cumulative 10B(n, α)7Li reactions per coupon cell after 40
years of irradiation were calculated to be 14 72 × 1021 for the
no corrosion case, 10 39 × 1021 for the corrosion until 99
months case, and 8 07 × 1021 for the corrosion until 400
months case. After 99 months of irradiation, the cumulative
10B(n, α)7Li reactions per cell were estimated to be 1 18 ×
1022 for the no corrosion case and 7 57 × 1021 for the corro-
sion until 99 months case, respectively.

The cumulative 10B(n, α)7Li reactions were divided by
the number of contained B4C particles in the cell to provide
the number of emitted atoms for the calculation of radiation
damage and He accumulation (see Eq. (8)). The absorber
manufacturer informed the mean diameter of B4C particles
to be 5–9μm [6]. However, various sizes of B4C particles
could be included in the neutron absorbers during fabrica-
tion; hence, simulations of radiation damage and He accu-
mulation were conducted for 10, 15, and 20μm diameter
B4C particles. Tables 4 and 5, respectively, show the number
of 10B(n, α)7Li reactions per B4C particle for 99 months and
40 years of operation. As shown in the tables, the cumulative
10B(n, α)7Li reactions per B4C particle are proportional to
the particle volume since the simulation neglected neutron
attenuation along the radius direction.

3.2. Radiation Damage and He Concentration in Surveillance
Coupons. Radiation damage and ion distribution were calcu-
lated for 10, 15, and 20μm diameter particles having various
numbers of B4C particle shells and 50 surrounding Al shells
(see Figure 1). The Al shells were set to have 0.2μm inter-
vals, and therefore, all emitted He and Li ions having short
ranges in Al matrix (2–6μm) are sufficiently confined in
the Al matrix layers (10μm) without transmission.

Figure 9 shows the radiation damage in dpa units and He
atom concentration in at% units within the Al matrix
beyond the particle-matrix interface for the 3 corrosion cases
after 40-year irradiation time. The maximum radiation dam-
age and He concentration were 3.82–8.39 dpa and 0.73–
2.08 at%, respectively, depending on the corrosion
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Figure 7: (a) 10B areal density distribution along the neutron absorber depth for the corrosion until 99 months case and (b) corresponding
cumulative 10B(n, α)7Li reactions of the coupon cells.
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assumption and the diameter. The radiation damage and
He atom concentration in the surveillance coupons irradi-
ated for 99 months were calculated as 3.73–6.71 dpa and
0.71–1.64 at%, respectively, as shown in Figure 10. The
radiation damage of the irradiated coupons for the 99
months case is well matched with former estimates (1–
10 dpa) [18, 25] and therefore can provide a viable bench-
mark for the level of radiation damage that results in the
morphology observed in the previous study [12]. Nonethe-
less, it is worthwhile to note that the He atom concentra-
tion could differ from the actual case due to thermal spike
and ballistic collision, which enhance the high mobility of
He atoms in the medium.

Both radiation damage and He atom concentration in
the Al matrix rapidly decreased until a distance of
about2.5μm from the particle-matrix interface since the
ranges of Li ions in Al are approximately 2.27 and 2.60μm
for energies of 0.84 and 1.015MeV, respectively. The results
then showed a slow decrease in radiation damage until a dis-
tance of about 5μm from the interface since the ranges of He
ions in Al are approximately 4.65 and 5.70μm for energies

of 1.47 and 1.777MeV, respectively. Therefore, vacancies
produced by Li ions are likely concentrated within roughly
2.5μm from the interface. Implanted Li ions also contribute
to the elevation in radiation damage near the interface by
reducing the atomic fraction of the lattice Al atoms.

With an increase in diameter, both radiation damage
and He atom concentration results slightly increased due
to the increase in the cumulative 10B(n, α)7Li reactions per
B4C particle. However, because of the shallow penetration
depth of heavy ions in the B4C medium, the thickness of
the B4C particle region that can affect the Al matrix is
restricted to a few μm from the interface, and hence, most
of the emitted heavy ions are likely stopped within the
B4C. As displayed in Figures 9 and 10, the calculated maxi-
mum radiation damage near the 20μm diameter B4C parti-
cle is only about 25% higher than the result of the 10μm
diameter particle since more than 70% of the produced ions
from the 20μm diameter particle are retained in the B4C
particle region due to their short range in B4C medium.

Considering the many irradiation-induced microcracks
and the bubble-free microstructure of the B4C particles
found in the previous study [12], high-diffusivity He atoms
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Figure 8: (a) 10B areal density distribution along the neutron absorber depth for the corrosion until 400 months case and (b) corresponding
cumulative 10B(n, α)7Li reactions of the coupon cells.

Table 4: Cumulative number of 10B(n, α)7Li reactions per B4C
particle over 40 years in the 3 considered cases.

Diameter No corrosion
Corrosion until
99 months

Corrosion until
400 months

10 μm 2 73 × 1012 2 06 × 1012 1 54 × 1012

15 μm 9 20 × 1012 6 96 × 1012 5 19 × 1012

20 μm 2 18 × 1013 1 65 × 1013 1 23 × 1013

Table 5: Number of cumulative 10B(n, α)7Li reactions per B4C
particle over 99 months in 2 considered cases.

Diameter No corrosion Corrosion until 99 months

10μm 2 18 × 1012 1 42 × 1012

15μm 7 36 × 1012 4 81 × 1012

20μm 1 74 × 1013 1 14 × 1013
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in the B4C region would likely leak out through the micro-
cracks and be concentrated near the B4C particle surface.
Accordingly, in actual cases, local He concentration and
porosity at the particle-matrix interface could be signifi-

cantly higher than the simulation results: according to sim-
ple calculations, possibly more than 30 at% of He can be
achieved near 20μm diameter B4C particles if all implanted
He atoms leak to the adjacent Al matrix layer. This excessive
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Figure 9: (a) Radiation damage and (b) He concentration in the Al matrix near B4C particles with diameters of 10, 15, and 20μm after 40 years.
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Figure 10: (a) Radiation damage and (b) He concentration in the Almatrix near B4C particles with diameters of 10, 15, and 20μmafter 99months.
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He concentration can largely assist the irradiation-induced
bubble formation and growth in conjunction with remnant
H atoms [40–43] produced by severe surface corrosion. This
porosification would likely propagate along the boundaries
between B4C particles and Al matrix, which could lead to
the detachment of B4C particles and thus the early depletion
of 10B and subsequent increase in the criticality of the pool.

4. Conclusion

The equivalent radiation damage and He concentration
reached in the recently reported surveillance coupons of a
non-clad Al-B4C metal matrix composite neutron absorber
used in a spent fuel pool were evaluated by coupling TRI-
TON, CSAS6, and modified SDTrimSP codes to inform the
design of ion beam irradiation experiments that emulate
the irradiation-induced microstructures of the absorbers.
The simulations yielded 3.74–6.71 dpa and 0.71–1.64 at% of
He for 99 months of irradiation and 3.82–8.39 dpa and
0.73–2.08 at% of He for 40 years of irradiation as the maxi-
mum radiation damage and He concentration in the Al
matrix near 10, 15, and 20μm diameter B4C particles.

More than 70% of the produced He ions emitted from
the 20μm diameter B4C particles could not reach the Al
matrix but rather were retained within the B4C particle
region due to the short ranges of He and Li ions in B4C
medium. Hence, the estimated radiation damage and He
concentration within the Al matrix surrounding B4C parti-
cles of different sizes showed very weak dependence on the
particle size, even though the total number of cumulati-
ve10B(n, α)7Li reactions per B4C particle was almost linearly
proportional to the particle volume. However, due to the
high diffusivity of He and numerous irradiation-induced
microcracks in the B4C particles, a significant portion of
implanted He atoms could leak to the boundary between
the particles and Al matrix, especially near large B4C parti-
cles. The synergistic effects of locally concentrated He and
H, the latter of which is generated from surface corrosion,
can largely assist bubble formation and growth and conse-
quently severe porosification [40–45]. Therefore, to experi-
mentally emulate a neutron-irradiated Al-B4C absorber,
various levels of He implantation should be considered at
the experimentalists’ discretion, perhaps between the lower
bound (ballistically escaped He) and the upper bound (all
He produced for the B4C particle under consideration) esti-
mated from simulations.

The radiation damages calculated in this work were well
matched with the experimental estimations that can be
found in the literature, and thus, these values can be directly
referred to in experimental designs for the emulation of
irradiation-assisted corrosion of such type of neutron
absorbers.
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