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A B S T R A C T

Boron doping, combined with neutron capture in fission reactors, has been used to simulate the helium effect on
fusion structural materials. However, inhomogeneous helium bubble formation was often observed due to boron
segregation to grain boundaries. The excess radiation displacements due to 10B (n, α)7Li reaction, the high-energy
lithium and helium ions, also were not accounted for, which can significantly accelerate the displacements-per-
atom (dpa) accumulation alongside helium production (appm). Hereby an isotopically pure 10B doping approach
is proposed to simulate the extreme environment inside fusion reactors with a high He appm-to-dpa ratio of
about 10, which is about 102 × larger than in fission reactors. Computational modeling showed that ∼13 % of
total radiation displacement was induced by 10B (n, α)7Li in the case of 1000 appm 10B doped Fe samples, which
becomes even greater with increasing 10B loading. Spatially homogenous radiation damage and helium genera-
tion are predicted for grain sizes less than 1 μm, even if the boron partially formed precipitates or segregates on
grain boundaries. Feasibility studies with various 10B doping (and 235U-codoping) levels in research reactors
showed the estimated helium generation and radiation damage would significantly mimic fusion conditions and
greatly expedite fusion materials testing, from many years down to months.

© 20XX

1. Introduction

Harnessing fusion power is the holy grail of energy science and engi-
neering and may be the key to space explorations and climate adapta-
tion. Deuterium-tritium fusion in a burning plasma, the most promising
route, produces 3.5 MeV helium ions and 14.1 MeV neutrons. Neutrons
are much more deeply penetrating in materials than ions and electrons,
which is both a blessing and a curse. On one hand, this allows (a) en-
ergy transfer to a coolant and (b) breeding of tritium, that happen many
centimeters away from the burning plasma, separated by a solid vac-
uum vessel [1], the equivalent of the nuclear fuel cladding in fission re-
actor core. On the other hand, the fast neutrons streaming through such
vacuum vessel (VV) would cause not only massive displacement dam-
ages (measured by displacements per atom, dpa), but also numerous he-
lium atoms (measured by atomic parts-per-million, appm) produced in-
side the material by unavoidable (n, α) transmutation reactions, whose
cross-section in Fe is ∼40 mb for 14.1 MeV neutron. Fusion structural
materials must therefore endure both high-energy neutrons and gas-
atom generation and implantation, which can cause severe degradation
of their structural integrity. The internalized He causes embrittlement
and swelling of fusion materials [2,3], and is considered the more com-
ponent-life-limiting factor than dpa [4], at the high operating tempera-
tures of interest to fusion [5]. In other words, while both dpa and appm

(He) contribute to damaging the vacuum vessel, in the temperature
range for running the fusion reactor VV economically which
is ≥ 600 °C, appm (He) is the more severe threat. This is opposite from
the situation in fission research reactors and commercial fission power
reactors, where the neutron spectrum is much softer, and the appm
(He)-to-dpa ratio is about 0.1, and Helium plays only a secondary role
in the damage compared to dpa. In contrast, in fusion reactors the
appm-to-dpa ratios in Fe and W were estimated to be ∼10 and ∼0.5 [6],
respectively, and thus the helium damage is much more prominent (al-
though the dpa effect cannot be neglected).

To advance controllable fusion energy, we need to design and qual-
ify novel structural materials that can survive thousands of appm (He)
and hundreds of dpa of radiation displacements, in order to ensure a
few years of full-power operations—the minimum for economic fusion
power generation. However, the lack of high-flux fast neutrons for ma-
terials testing leads to a chicken-and-egg problem. On one hand, we do
not yet have the confidence that any materials available today can sur-
vive thousands of appm (He) with hundreds of dpa at ≥ 600 °C in con-
tact with corrosive coolants. On the other hand, the lack of such materi-
als also impedes the establishment and safe operation of such sources.
As background, fast-neutron sources are difficult to come by. At pre-
sent, Russia operates BN-600 and BN-800 fast neutron reactors, China
operates China Experimental Fast Reactor (CEFR), all liquid sodium
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cooled, but there is no fast neutron fission reactor operating in Europe
and the Americas. Currently, there is no facility anywhere in the world
that can provide a neutron energy spectrum and flux close to fusion
conditions. The test facility for fusion neutron sources, such as the pro-
posed International Fusion Materials-Irradiation Facility (IFMIF) and
Advanced Fusion Neutron Source (A-FNS) are not expected to be avail-
able for more than 10 years. To simulate the 14.1 MeV-neutron effects
on fusion reactor materials, experimental techniques such as multi-ion
beam irradiation [7,8], spallation neutron sources [9,10], boron doping
[11–18], and nickel doping [19–21] have been proposed.

The boron doping approach has been used to accelerate helium pro-
duction by boron-neutron capture 10B (n, α)7Li reaction using softer-
spectrum neutrons, which are much more broadly available at fission
reactors around the world, for example, the MIT Nuclear Research Re-
actor (MITR), the High Flux Isotope Reactor (HFIR) at Oak Ridge Na-
tional Laboratory, and commercial fission power reactors. 10B has an
exceptionally high thermal neutron capture cross-section of 3840 b,
thus 10B produces helium 105 × faster under thermal neutrons than Fe
under fast neutrons. Chemically pre-doping of material under investiga-
tion by 10B can greatly boost internal helium production, with the po-
tential to mimic fusion-spectrum exposure of multiple years in a matter
of weeks (see computational predictions below), in the sense of reach-
ing the same levels of appm (He) and dpa simultaneously. However, the
problems of borides and boron segregation to grain boundaries (GB)
need to be considered. GB segregation of boron was observed in 316
stainless steel doped with 0.5 wt% boron, even though rapid quenching
was employed in attempting to create a homogeneous boron distribu-
tion [17]. Boron-containing precipitates such as B(C, N), and (Fe, Cr)2Bwere also often found in boron-containing alloys [22,23]. 10B-doped
EUROFER97, one of the reduced activation ferritic martensitic steels,
was neutron-irradiated up to 16 dpa and showed a high density of He
bubbles around BN precipitates [17]. Also, after reviewing the litera-
ture we found that the radiation displacements induced by high energy
Li (∼0.8 MeV) and He (∼1.5 MeV) ions emitted from 10B (n, α)7Li reac-
tions were not modeled and generally ignored [14,24], leading to errors
in the dpa estimation.

In this study, we computationally designed a methodology to mimic
fusion-spectrum exposure of material using soft-spectrum neutron cap-
ture with 10B-doped materials. The boron solubility and solubility en-
hancement in iron and tungsten were discussed to suppress the boron
segregation. The radiation damage induced by Li and He ions emitted
from 10B (n, α)7Li reactions was calculated. Feasibility studies were con-
ducted for various 10B concentrations. The flow chart of the advanced
10B doping methodology was designed from fabrication to post-
irradiation examination. We will show that the right He appm-to-dpa
ratio of ∼10, appropriate for fusion conditions, can be achieved by such
a surrogate test. Furthermore, the surrogate test can be much faster due
to the huge thermal neutron capture cross-section of 3840 b of 10B (in
contrast, 11B has a negligible thermal neutron capture cross-section of
0.005 b). 10B and 11B has natural abundance of 19.8 % and 80.2 %, re-
spectively, thus using enriched 10B, which is commercially available,
would give 5 × speedup and dose. This way, we can shorten the radia-
tion campaign to much less than a year, while still reaching thousands
of appm (He) and hundreds of dpa, thus allowing greatly accelerated fu-
sion structural materials selection and optimization.

2. Methods

Radiation damage and helium concentrations induced by 10B (n,
α)7Li reactions in pure iron were estimated based on computer simula-
tions using the Stopping and Range of Ions in Matter (SRIM-2013) code
with the full cascades damage energy method, which provides the high-
est accuracy for vacancy production [25,26]. The vacancy production
was calculated using the damage energy method given in Eqn. (1) with
recommended displacement threshold energy (40 eV for Fe and 90 eV

for W) and lattice binding energy (5.8 eV for Fe and 13.2 eV for W)
[26,27].

(1)

where is the Norgett, Robinson, and Torrens (NRT) displace-
ments, is the damage energy, is the displacement threshold en-
ergy, is the energy absorbed by recoils, and is the ionization
energy loss of the recoil ions.

3. Results and discussion

3.1. Radiation damage and helium distribution induced by 10B (n, α)7Li
reactions

The usage of 10B (n, α)7Li reactions can accelerate not only helium
production but also radiation damage induced by highly energetic Li
and He product nuclei, as shown in Fig. 1. Unlike nickel doping which
produces long-lived radio-isotopes텍스트를 입력하려면 여기를
클릭하거나 탭하세요., no long-lived radioactive elements are produced
from boron transmutation, which makes it relatively easy to handle af-
ter the neutron irradiation (One does need to consider the effect of ther-
mal neutron transmutation on the base material, for example, 13C (n,
γ)14C, as the natural abundance of carbon-13 is ∼1 % and carbon-14 has
a half-life of 5730 years). There are two types of 10B (n, α)7Li reactions
that emit MeV-scale Li and He ions as given in Eqn. (2). An additional
benefit of the dpa generation by Eqn. (2) is that the radiation damages
are isotropic, unlike that created with accelerator-driven ion beam
where the high momentum monodispersity can create polarization arti-
facts and vacancy-interstitial imbalances in the typical 1D geometry
[28].

(2)

The depth-dependent vacancy production in pure iron was calcu-
lated using the full cascades damage energy method as shown in Fig. 2.
Since 94 % of 10B (n, α)7Li reactions emit 0.84 MeV Li and 1.47 MeV He
ions, the radiation damage was mostly induced by 0.84 MeV Li ions be-
low 1.5 μm penetration radius, and 1.47 MeV He ions (Fig. 2(a)) in the
region from 1.5 μm to 2.5 μm, where the peak radiation damage was

Fig. 1. Schematic illustration of 10B doping methodology to simulate helium
production and dpa accumulation (Not to scale). Note that the outgoing Li
(blue) and He (red) ions have spherically random momenta, unlike the ener-
getic ions produced by ion accelerators, thus mitigating potential polarization
artifacts.
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Fig. 2. The SRIM-calculated vacancies production induced in iron (a) by 94 % of 10B (n, α)7Li reactions (b) by 6 % of 10B (n, α)7Li reactions.

below 40 % of that of Li ions. The radiation damage in tungsten (Fig. 3)
was lower than that of iron due to higher displacement energy
( = 40 eV for Fe and 90 eV for W) and lattice binding energy (5.8 eV
for Fe and 13.2 eV for W).

Note that Figs. 2 and 3 are produced from SRIM simulation which
assumes a 1D geometry where the “Depth” x is aligned with the initial
ion (4He or 7Li) momentum, and the distribution of Frenkel pair, helium
deposition, etc. are described by a 1D distribution dP = ρ(x)dx,
x = [0,∞) shown in these figures. As illustrated in Fig. 1, however,
since the initial ion momenta are spherically random within 4π solid an-
gle, the actual distribution of vacancy concentration etc. will be a
spherical distribution, dP = ρradial(r)4πr2dr, r = [0,∞). Even though
numerically r = x, the radial fan-out would induce a transformation:

so we obtain

and therefore if there is a single emission source embedded in the
3D matrix like a stationary boride particle, the ρradial(r) distribution can
have two peaks, one at r = 0 where ρradial (r→0) turns singular as r−2

due to finite ρ(x = 0) shown in Figs. 2 and 3, and the other peak will
occur at rpeak>0 but with rpeak < xpeak≡argmax ρ(x). That is, the peak
damage and helium concentration will occur closer to the boride parti-
cle than the standard “Bragg peak” in 1D geometry. This effect is illus-
trated in Fig. 4.

Fig. 4 shows the peak damage region of Li (∼1 μm) and He
(∼2 μm) in iron and tungsten emitted from 10B isotopes with slightly
different peak locations. At initial irradiation time, or low burnup, the
radiation damage structure surrounding 10B rich precipitates could be
characteristically distinguished as a double-ring damaged structure.
This hypothetical concentric region, however, should not be observed
in reality after heavy neutron irradiation, because the radiation dam-
age and helium ions will be homogenously distributed in the case of
the solid solution of 10B in iron and tungsten. Even if some of 10B seg-
regate on grain boundaries, if the average grain size is smaller than
1 μm, helium concentration and radiation damage will be uniformly
distributed inside the grains due to ballistic atomic mixing and radia-
tion-enhanced diffusivity, as shown in Fig. 5. Furthermore, even with
a concentrated 10B source like a boride particle at the center initially,
this boride particle is unlikely to stay fixed at the center, but is likely
to fragment into “bomblets”, splintering off and scattered around in-
side the material after a number of 10B (n, α)7Li reactions, due to the
extreme energetic nature of the product nuclei and the Coulomb ex-
plosion of the electron cloud left behind. Thus later on, the distribu-
tion of the dpa and appm (He) could automatically become much
more homogenized due to the “nano-bomblets” effect.

Fig. 3. The SRIM-calculated vacancies production induced in tungsten (a) by 94 % of 10B (n, α)7Li reactions (b) by 6 % of 10B (n, α)7Li reactions.
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Fig. 4. The peak damage region of 1D (xpeak) and 3D (rpeak) geometry induced by 10B (n, α)7Li reactions in (a) iron (b) tungsten.

Fig. 5. The ion distribution of He and Li ions emitted from 10B particles in iron
with an average grain size of 1 μm.

3.2. Boron solubility and segregation

The equilibrium solubility of boron in tungsten is approximately
2000 appm at 2500 °C [29,30], which is enough amount to induce fu-
sion-level helium generation using 10B-enriched isotopes. However, the
solid solubility of boron in iron at thermodynamic equilibrium is rela-
tively low as 81 wt parts per million (wppm) in α-iron at 910 °C and
200 wppm in γ-iron at 1149 °C, corresponding to 418 appm and
1032 appm, respectively (Fig. 6) [29]. The relatively low boron solubil-
ity in iron is considered due to its atomic diameter of 1.8 Å, which is not
only too small for the substitutional position in iron (2.52 Å) but also
too large for the interstitial site (octahedral interstitial site in α-
iron = 0.38 Å and octahedral interstitial site in γ-iron = 1.085 Å)
[30].

There are several ways for enhancing boron solubility in Fe-based
alloys. Using metallic alloying elements such as chromium, vanadium,
and molybdenum can expand the iron lattice to allow boron atoms to
occupy the interstitial sites [32]. Since reduced activation ferritic/
martensitic (RAFM) steels, one of the candidate structural materials for
fusion reactors, have 8–9 wt% Cr and 0.15 wt%–0.25 wt% V, the boron
solubility of RAFM will be expected to be higher than that in pure iron.

Fig. 6. The phase diagram of Fe-B [31] (taken with permission from the pub-
lisher).

Out-of-equilibrium effects in irradiated materials such as radiation-
induced mixing, vacancy production, and vacancy-induced precipitate
dissolution could enhance the “dynamic” boron solubility and allow ho-
mogenous helium and radiation damage generation during neutron ir-
radiation [33,34].

3.3. Neutron irradiation at HFIR

Since 10B has an extremely high neutron capture cross-section of
3840 b for thermal neutron, neutron irradiation in a thermal reactor
such as the HFIR and Petten High Flux Reactor will result in complete
transmutation of 10B within ∼1 dpa [16,35]. The vacancy productions
per each ion (Li and He) were calculated in iron and tungsten, consider-
ing the reaction probability as shown in Table 1. For example, each Li
and He ion would knock out 210 and 76 iron atoms from their original
lattice site, respectively. A single 10B (n, α)7Li reaction in the iron,
therefore, would produce 286 displacements and one helium gas atom
corresponding to 3491 He appm/dpa. This could be used to control the
ratio of helium production to radiation damage (appm/dpa) in neutron
irradiation by changing the 10B concentration.

The neutron irradiations of Fe and W doped with various 10B con-
centrations at HFIR were computationally designed to mimic fusion
conditions as shown in Table 2. The calculation was conducted based
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Table 1
Radiation damage induced by10B (n, α)7Li reactions on Fe and W considering
reaction probability.

Fe W

Vacancies per Li ion++* 210 84
Vacancies per He ion 76 26
Total displacements 286 110
He appm/dpa 3491 9072

Table 2
Helium generation and radiation damage of10B-doped Fe and W irradiated at
HFIR for 25 days.
Material Dopant

concentration
(appm)

He
generation
(appm)

Radiation damage (dpa) He
appm/
dpa

10B 235U Neutron
(>
0.1 MeV)

10B (n,
α)7Li

Fission
reaction

Fe 1000 0 1000 1.9 0.3 0 455
1000 1000 10 82
1000 9600 98 10

W 13 0 13 0.8 0.001 0 16
13 13 0.1 14
13 4000 25 0.5

on one-cycle neutron irradiation (25 days) with a fast neutron flux of
1.2 × 1015 (n/cm2)∙s and a thermal neutron flux of 2.4 × 1015 (n/cm2)
∙s [36]. The radiation damage induced by fast neutron (>0.1 MeV) was
calculated based on the previous studies [37,38]. The radiation damage
induced by 10B (n, α)7Li reactions was almost negligible at the low 10B
concentrations well matched to previous studies. However, consider-
able radiation damage was produced with increasing 10B concentration
(∼13 % of total radiation damage was induced by 10B (n, α)7Li reactions
in case of 1000 appm 10B doped Fe), which becomes even greater with
increasing 10B loading. These results showed that the radiation damage
induced by He and Li ions should be considered to reduce errors in the
dpa estimation.

Simulations of 10B-doped iron showed the possibility of massive he-
lium production, but additional radiation source is necessary to expe-
dite radiation damage to hundreds of dpa, appropriate for fusion condi-
tions. To maximize the radiation damage during neutron irradiation
with ppm-level concentration, 235U co-dopants may be added to 10B
doped iron. The radiation damage induced by fission reaction was esti-
mated using SRIM simulations with following assumptions. The vacan-
cies induced by gamma ray, fission neutron, and beta particles from
235U fission were ignored, considering low energy (<10 MeV) com-

pared to fission fragments (∼168 MeV). The fission fragments were as-
sumed to be 95Kr and 137Ba, the most probable fragment masses. The fis-
sions per initial fissile atoms (FIFA) was estimated to be 14.5 % during
one-cycle neutron irradiation in HFIR considering the fission cross sec-
tion of 235U (ENDF/B-VIII.0). The SRIM simulation on 235U-codoped
iron showed that each 95Kr and 137Ba ion would knock out 24,374 and
45,243 iron atoms, respectively. For example, the radiation damage of
iron doped with 1000 appm 235U could achieve ∼10 dpa after the one-
cycle neutron irradiation in HFIR. The radiation damage (∼100 dpa)
and helium production (∼1000 appm) for Fe-based fusion structural
materials could be achieved by the neutron irradiation of iron doped
with 1000 appm 10B and 9700 appm 235U as shown in Table 2. The irra-
diation tests for W-based fusion materials were also computationally
designed to mimic the fusion conditions (∼26 dpa, ∼13 He appm) [39].

Fig. 7(a) shows the total radiation damage and helium generation
of neutron-irradiated iron at HFIR with various 10B concentrations af-
ter the one-cycle irradiation. It should be noted that 10B does not pro-
duce radiation damage and He continually during the neutron irradia-
tion. The half-life of burnt 10B was estimated to be 0.9 days, which
suggests that most helium and radiation damage generation will occur
at the very beginning of neutron irradiation. This initial concentrated
generation could be mitigated by using a thermal neutron shielding
such as a Eu2O3-shield capsule that can slow down the transmutation
closer to a fusion reactor condition as maintaining the amount of radi-
ation damage and helium generation after the neutron irradiation
[34]. The boron-10 doping combined with 235U co-doping can shorten
the radiation campaign less than 2 months as shown in Fig. 8(a),
while still reaching thousands of appm (He) and hundreds of dpa.
Therefore, our proposed methodology can greatly reduce the time and
cost of neutron irradiation tests for fusion reactor materials, which
can greatly accelerate fusion structural materials selection and opti-
mization.

3.4. Neutron irradiation at MITR

The fast neutron (E > 0.1 MeV) flux and thermal neutron flux of
MITR are 1.3 × 1014 n/cm2∙s and 3.4 × 1013 n/cm2∙s, respectively.
The thermal neutron fluence of MITR (1.3 × 1020 n/cm2) is much
lower than that of HFIR (5.2 × 1021 n/cm2), which would not trans-
mute all 10B after the one-cycle irradiation (45 days). The burn-up of
10B isotope under neutron irradiation (F) was estimated to be ∼0.4 us-
ing Eqn. (3) [40].

(3)

where is the thermal neutron capture cross-section of 10B, is
the thermal neutron flux at MITR, and is the irradiation time.

Fig. 7. Radiation damage production and helium production of iron doped with various 10B (a) neutron irradiation at HFIR (the half-life of burnt 10B was ∼0.9 days)
(b) neutron irradiation at MITR (the half-life of burnt 10B was ∼61.4 days).
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Fig. 8. Radiation damage production and helium production of iron doped with 10B and 235U (a) neutron irradiation with 9700 appm 235U at HFIR (b) neutron irradi-
ation with 26,000 appm 235U at MITR.

The radiation damage induced by both neutron and 10B (n, α)7Li re-
actions for one cycle in MITR is relatively low than HFIR, which sug-
gests higher 235U and 10B dopant concentrations is required as shown in
Table 3. The 10B and 235U doping methodology can greatly enhance the
irradiation capability of MITR by 500 times (from 0.008 dpa/day to ∼4
dpa/day) with hundreds appm of helium production, as shown in Fig. 8
(b), which allows rapid investigation of helium effect on fusion struc-
tural materials.

Table 3
Helium generation and radiation damage of10B-doped Fe and W irradiated at
MITR for 45 days.
Material Dopant

concentration
(appm)

He
generation
(appm)

Radiation damage (dpa) He
appm/
dpa

10B 235U Neutron
(>
0.1 MeV)

10B (n,
α)7Li

Fission
reaction

Fe 2600 0 995 0.4 0.3 0 1421
2600 2600 10 93
2600 26,000 100 10

W 32 0 13 0.2 0.001 0 65
32 32 0.1 43
32 11,000 26 0.5

3.5. Design of doping methodology

Fig. 9 shows the envisioned flow chart of the boron doping tech-
nique to investigate the effects of helium concentration on material
properties. First, the 10B concentration will be determined based on the
ratio of helium production ratio to radiation damage. Since the radia-
tion damage induced by neutron and 10B (n, α)7Li reactions in the re-
search reactor is not enough to emulate the fusion environment, addi-
tional sources for radiation damage such as 235U will be necessary to
achieve the target radiation damage.

The fabrication of solid solution 10B in iron and tungsten is the key
step to simulating the homogenous helium production and radiation
damage since discrete halos were often observed around 10B rich pre-
cipitates after neutron irradiation [16]. Arc melting could be utilized,
which showed no B precipitates observed even though the B concentra-
tion exceeds the solubility limit in the iron (500 appm at the 1050 °C
annealing temperature) [10]. Other methods such as 3D printing can
also be considered. The microstructure of fabricated alloys will be ob-
served to confirm the presence of boron precipitates. Mechanical prop-
erties will be measured not only to investigate the dopant effect but also
to compare the properties before and after the neutron irradiation.

420 stainless steel (420 SS) powders were provided from Höganäs.
The particle size ranges from 20 to 63 μm. 10B powders with average
particle diameter 200 μm were purchased from American elements.
Large 10B particles were ball-milled in a Fritsch Pulverisette 7 using

Fig. 9. The flowchart of 10B doping methodology.
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Fig. 10. (a) 420 SS powders for 3D printing, (b) Ball-milled 10B particles, (c) 10B doped 420 SS composite powders, and (d) 3D printed 10B doped SS samples via lase
powder bed fusion.

5 mm diameter of stainless steel balls and vials (ball to powder ratio of
5) for 15 h in order to reduce their particle size before blending them
with 420 SS powders. Afterwards, 10B powders were mixed with 420 SS
powders to form a mixture of 2600 appm 10B and blended in batches of
500 g in a high-speed blender (VM0104, Vita-Mix, USA) for 90 min 10B
doped 420 SS composite powders were printed via laser powder bed fu-
sion (LPBF) using a commercial system (EOS M290) as shown in Fig.
10. The parameter set was determined based on data from previously
published LPBF study of AISI 420 [41].

10B-doped samples and 11B-doped samples will be irradiated at ther-
mal research reactors to separate the effect of chemistry modification
from irradiation effects. Since the thermal neutron flux of HFIR is high
enough to transmute all 10B at the beginning of neutron irradiation, ther-
mal neutron shielding capsules for samples could be utilized to slow
down the transmutation, closer to the fusion reactor environment [33].

The microstructure of the irradiated sample will be characterized
using transmission electron microscopy (TEM) and atom probe tomog-
raphy (APT) to confirm the homogeneous helium bubble formation.
The size and density of helium bubbles will be measured to calculate
volume swelling after the irradiation. Tensile tests will be also con-
ducted to investigate the effect of helium on strength or ductility. By
this approach, we should be able to shorten the radiation campaigns to
achieve rapid helium generation and expedite fusion materials testing
from many years down to months or even days.

4. Conclusion

The isotopically pure 10B doping methodology on iron and tungsten
was proposed to simulate the extreme environments inside fusion reac-
tors with a high He appm-to-dpa ratio. Computational modeling of the
radiation damage showed that a single 10B (n, α)7Li reaction can pro-
duce 286 displacements in iron and 110 displacements in tungsten cor-
responding to 3491 He appm/dpa and 9072 He appm/dpa, respec-
tively. Considerable radiation displacement was induced by 10B (n,

α)7Li reactions (>10 % total radiation displacements in 1000 appm 10B
doped Fe samples), which becomes even greater with increasing 10B
concentration. Therefore, the radiation damage induced by Li and He
ions should be considered to minimize the errors in the dpa estimation.

The boron segregation to grain boundaries, the main problem of
previous boron doping, could be overcome by more homogenous distri-
bution of 10B. Spatially homogenous radiation damage and helium gen-
eration were expected for grain sizes less than 1 μm, even if the boron
partially formed precipitates or segregates on grain boundaries. The
boron solubility and several solubility enhancements such as metallic
alloying elements, radiation-induced mixing, and vacancy-induced pre-
cipitate dissolution showed the suppression of boron segregation in iron
and tungsten.

Feasibility studies on neutron irradiation with various 10B concen-
trations in fission research reactor were performed to estimate helium
generation and radiation damage. One-cycle neutron irradiation at
HFIR showed that a complete burn-up of 10B could be achieved al-
though the burn-up after the one-cycle at MITR was estimated to be
∼40 %. The simulation results showed that the 10B and 235U doping
methodology in both HFIR and MITR can simulate the extreme environ-
ment of fusion structural materials with high displacement rate (∼4
dpa/day) and helium production rate (hundreds of appm/day). This
proposed method would closely mimic fusion conditions and can
greatly expedite fusion materials testing from many years down to
months or even days, which can accelerate the design and qualification
of fusion structural materials.
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