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Abstract
A large amount of Li-containing ceramic breeder pebbles is packed in the solid
breeding blanket of a nuclear fusion reactor. Several pebble fabrication technolo-
gies have been proposed in previous studies, including wet process, emulsion
method, extrusion spheronization, additive manufacturing, and melt process.
However, a simple, energy-effective, and scalable fabrication technology remains
to be developed for the automated mass production and reprocessing of used
radioactive pebbles post-operation. Selective laser melting potentially enables
the quick and automated fabrication of breeder pebbles. Herein, we employ a
high-power density pulse laser to produce ceramic breeder pebbles. A pulsed
YAG laser was irradiated over a lithium metatitanate (Li2TiO3) powder bed in
air, and the corresponding temperature was monitored using fiber-type infrared
pyrometers. Spherical Li2TiO3 pebbles were successfully fabricated in a single
step with an average diameter of 0.78 ± 0.13 μm and the sintering density of
87.4% ± 5.6% (input power: 7.9 J/pulse). The irradiated Li2TiO3 powder melted
and turned spherical under surface tension and rapidly solidified, resulting in
uniaxial fine grains and a decrease in the degree of long-range cation ordering.

KEYWORDS
Li-containing ceramics, Nd: YAG laser, nuclear fusion, pebble fabrication, selective laser
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1 INTRODUCTION

Nuclear fusion is a low-carbon and sustainable energy
source by fusing hydrogen isotopes of deuterium and
tritium. Tritium is a rare and radioactive isotope, so it is
produced by Li-containing compounds in breeding blan-
kets surrounding the fusion plasma.1 The solid breeding
blanket concept has been developed for a demonstration
(DEMO) fusion reactor using Li-containing ceramic
breeder pebbles with a cooling system using pressurized
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water or helium to validate fuel self-sufficiency.2–5 A
significant amount of Li-containing pebbles, that is, one
or two hundred tons,6,7 will be packed in a DEMO fusion
reactor. The most promising materials of ceramic breeder
are Li2TiO3, Li4SiO4, and these mixture, in which 6Li is
enriched to 60–90 at.% to ensure the amount of tritium
bred in the blanket is greater than that consumed in the
plasma. The pebbles used after an operational period of
2–5 years are expected to be reprocessed after a cooling
period, refabricated, and reused, because (1) 6Li-enriched
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compounds are highly expensive and (2) the average burn
up of 6Li in the breeding blanket is only ∼1% per full
power year in a DEMO reactor.8 Hence, a simple, inex-
pensive, and scalable fabrication method is desirable for
the mass fabrication and re-fabrication using the activated
pebbles.
Dense and spherical ceramic breeder pebbles are

required for breeding and releasing fuel tritium efficiently
as well as for reducing thermal stress in the pebble bed
blanket. Several techniques have beenproposed for the fab-
rication of ceramic breeder pebbles. The wet process9–12
is a well-established method which can produce spheri-
cal green pebbles by dropping a liquid mixture of Li2TiO3
and polyvinyl-alcohol through a nozzle. In the emulsion
method,13–15 green pebbles with a narrow size distribu-
tion are produced by cutting the Li2TiO3 slurry flow
with oil flow in a T-shaped flow path. The extrusion
spheronizationmethod16–18 forms green pebbles frommix-
ture of raw powder and polyvinyl-alcohol binder using
a Spherodizer. Additive manufacturing19,20 is an emerg-
ing technique, which employs ultraviolet light or a CO2
laser to form green pebbles. However, these methods
mentioned above involve multiple processes composed of
spherization of green pebbles, drying for debinding, cal-
cination (optional), and sintering at >1000◦C using time
and energy-consuming electric furnaces. Melt process21–23
is a one-step fabrication method by heating breeder mate-
rials above the melting point in a noble metal crucible.
Then, the melt is dropped and solidified in a cooling
tower by spraying liquid nitrogen. Although this method
enables a reprocessing after service,24 the fabrication via
the harsh process has technical challenges in control-
ling the pebble size distribution and improving the crush
load.
Additionally, breeder pebbles are required to have a

small grain size, preferably <5 μm.6,14 This is because the
diffusion of tritium ions within the crystal grain is one
of the rate-determining steps in the whole tritium release
processes.25–27 Based on the classical solidification the-
ory of Kurz and Fischer,28 the microstructure and size of
grains are influenced by the solidification rate R and local
temperature gradient G. The cooling rate Ṫ (Ṫ = G/R) gov-
erns the scale of the microstructure, thus a fabrication
method with a rapid cooling may lead to a decrease in the
grain size. Herein, we propose a new fabrication method
using a high-power neodymium-doped yttrium aluminum
garnet (Nd: YAG) laser, in which Li2TiO3 breeder peb-
bles are directly fabricated from the powder bed by a
single step. The effects of input power on the size dis-
tribution, the microstructure, and crystal structure of the
fabricated pebbles are investigated. Based on the results,
pebble formation mechanism and energy efficiency are
discussed.

F IGURE 1 Schematic diagram of the experimental set up (A)
and sample powder bed after irradiations (B). Nd: YAG laser was
irradiated onto a Li2TiO3 powder bed in an alumina boat where
temperature of the laser spot was monitored using the single- or
two-color pyrometers and recorded by a data logger.

2 METHODS

Ceramic breeder pebbles were fabricated by irradiating
an Nd: YAG laser (wavelength: 1064 nm) on to a Li2TiO3
powder bed as shown in Figure 1. Super Laser MAX-S30P
(THM Co., Ltd.) was used as a high-power pulse laser
source. The laser spot size was 1.2 mmϕ. The maximum
peak output and pulse repetition rate were 30 J/pulse and
30 pulse/s, respectively. The pulse width was set 2.5 ms
in this work. Li2TiO3 powder (>99%) was procured from
Kojundo Chemical Laboratory Co., Ltd. The grain size dis-
tribution of the initial powder is shown in Figure S1. The
average size was estimated to be 0.53 μm with standard
deviation 0.16 μm. The powder was filled in an alumina
boat and pressed with a plate to make a flat surface. The
density of the powder bed was 1.39 g/cm3, approximately
40% of the theoretical density of Li2TiO3. The boat was
placed on a one-axis stage. The temperature of the laser
spot was monitored using two infrared radiation pyrome-
ters. One was a fiber-optic single-color pyrometer (Japan
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MUKAI 3

F IGURE 2 Photo (A), scanning electron microscope (SEM) images of the surface (B and C), inside grains (D), and the cross-section (E)
of the pebbles fabricated with the laser power of 7.9 ± 0.1 J/pulse.

Sensor Co.) with an InGaAs image sensor, covering 180–
2000◦C with a target size of 1.8 mmϕ. The output voltage
range was from 0 to 1 V and had a linear relationship
with the measured temperature. The emissivity for the
single-color pyrometer was set to be 1.0. The other was
a fiber-optic two-color pyrometer with Si and InGaAs
image sensors, covering 700–2000◦C with a target size
of 5 mmϕ. The single- and two-color pyrometers were
used formeasuring the heating/cooling rate andmaximum
temperature, respectively. The outputs from the single-
color and two-color pyrometers were recorded using a data
logger with sampling rates of 100 and 10 ms, respectively.
The Li2TiO3 powder bed was irradiated in air with the

pulse powers of 7.1, 8.2, 9.3, and 10.3 J. After a pulse irra-
diation, the powder bed in the alumina boat was moved
∼2.5 mm by using the one-axis stage and then irradiated
again (Figure 1B). This procedure was repeated for 100
times in each input-power condition. After the fabrication
process, the pebbles were collected by using a sieve with
a mesh size of 300 μm. The densities of the pebbles were
measured by helium pycnometry by Micromeritics (Accu-
Pyc II 1340). Uniaxial crush load tests were carried out for
single pebble with a crosshead speed of 0.01 mm/min. The
surface of the pebbleswas observed by using scanning elec-
tronmicroscope (SEM). For the cross-section observations,
the pebbles were embedded in an electrically conductive
resin and then polished with sandpaper. Powder X-ray
diffraction (XRD) was carried out with Rigaku TTR-III
using Co–Kα radiation. The XRD patterns from the pow-
der prepared by crushing the pebbles in an agate mortar
as well as the original powder were collected in the 2θ
range of 20–100◦ at a step of 0.02◦. Theoretical XRD pat-

terns of monoclinic and cubic Li2TiO3 were simulated by
using the crystal structure data byKataoka et al.29 and Lau-
mann et al.,30 respectively. VESTA software was used for
the simulations of XRD pattern and visualization of the
crystal structures.31 The initial powder and fabricated peb-
bles were dissolved with HCl andH2SO4. The solution was
mixed with dilute HNO3. The concentrations of Li and Ti
were quantified using inductively coupled plasma optical
emission spectroscopy (ICP-OES).

3 RESULTS

Figure 2 shows the pebbles fabricated by YAG laser irradi-
ation at a laser power of 7.9 J/pulse. The pebbles fabricated
by the one-step process had spherical shapes with a diam-
eter size distribution (Figure 2A). The surfaces of the
fabricated pebbles were observed via SEM to be smooth
(Figure 2B), indicating heating and melting of the irra-
diated part (melting temperature of Li2TiO3: 1533◦C32)
followed by the solidification during cooling. The SEM
images in Figure 2C,D show that the grain sizes of the
surface and inside of the pebble were 9.4 and ∼1 μm,
respectively. The surface had a growth of crystal grains,
whereas the inside grain size was almost the same as that
of the original Li2TiO3 powder before irradiation. The SEM
image of the cross-section in Figure 2E represents the
pebble to be spherical with a dense microstructure and
micrometer-sized closed pores.
Figure 3 shows the temporal temperature change in the

laser spot measured by the two pyrometers. The output
voltage from the single-color pyrometer exhibits a linear
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4 MUKAI

F IGURE 3 Output voltage from the single-color pyrometer (A) and temperature measured by the two-color pyrometer (B) during YAG
laser irradiations with the laser power of 7.9 ± 0.1 J/pulse, in which dotted and broken lines denote the temperatures of β–γ transformation
and melting point of Li2TiO3.

relationship with the temperature, such that 0 and 1 V
correspond to 180 and 2000◦C, respectively. Although the
emissivity ε of Li2TiO3 at high temperatures is not found
from literatures, an emissivity of 0.8–0.95 was assumed
in this study. In the previous measurement for Li4Ti5O12,
an emissivity of 0.8–0.9 was assumed for the temperature
range of 703–964◦C.33 The output voltage measured by the
single-color pyrometer with ε = 1.0 with the power con-
dition of 7.9 J/pulse is shown in Figure 3A. During the
laser irradiations, the voltage reached to the maxima in
approximately 0.5 s and then decreased to 0 V (<180◦C)
in∼2 s, indicating a rapid heating/cooling of the irradiated
spot. The maximum voltage was ∼0.5 V, corresponding to
1090◦C.However, this temperaturewas significantly below
the melting temperature of Li2TiO3 (1533◦C) and incon-
sistent with the SEM surface observation results. Hence,
themaximum temperature wasmeasured by the two-color
pyrometer as shown in Figure 3B,wherein ε= 0.8. It is seen
that the maximum temperature reached above the melt-
ing point in the most cases. At the irradiation at t ∼ 15 s,
the temperature did not reach the melting point despite
being heated up to it. This is presumably because the melt
flowed away from the measuring spot upon gas release.
Using the two-color pyrometer, themaximum temperature
was measured to be 1577–1720◦C by assuming ε = 0.8. The
temperature rapidly decreased from the maxima to 700◦C
(0 V output) in 0.2–0.3 s. Given a maximum temperature
is 1600◦C, it corresponds to a cooling rate of Ṫ = 3000–
4500◦C/s. The temperatures monitored by the two-color
pyrometer by setting ε = 0.9 and 1.0 were also measured
(Figure S2). The temperature of the spot was above the
melting point even with the emissivity values.
In Figure 4, the size distribution of the fabricated peb-

bles with the pulse powers of 6.9, 7.9, 9.0, and 9.8 J are
shown. The deviation in the input energy was less than
0.1 J. In total, n = 59–74 pebbles were collected after siev-

ing the powder bed, whereas laser was irradiated 100 times
in each energy condition. This is because (1) some peb-
bles were jumped away from the powder bed upon gas
release and (2) pebbles smaller than themesh size (300μm)
were not collected by the sieve. The average pebble diam-
eters were 856 ± 163 μm (6.9 J), 784 ± 125 μm (7.9 J),
714± 121 μm (9.0 J), and 694± 148 μm (9.8 J). Although the
average diameters appeared to decrease with the power,
the relationship between the power and size is unclear
owing to the large deviations. The sintering densities were
measured to be 82.3% ± 3.1% (6.9 J), 87.8% ± 5.6% (7.9 J),
90.6% ± 14.5% (9.0 J), and 80.0% ± 18.8% (9.8 J) of the
theoretical density (3.43 g/cm3). The large error in the
pebbles with 9.0 and 9.8 J was owing to the substan-
tially small weight of the samples, that is, approximately
10 mg.
Li/Ti ratios of the fabricated pebbles with the laser

power of 7.3, 9.0, and 9.8 J were given to be 1.84 ± 0.01,
1.76 ± 0.01, and 17.5 ± 0.01, whereas that of the ini-
tial powder was 1.94 ± 0.03. The ratio decreased due to
the evaporation of Li during the laser. The mean crush
loads of the pebbles fabricated with 6.9 and 7.9 J input
conditions were 7.7 ± 4.7 N (n = 20) and 5.6 ± 2.8 N
(n = 18), respectively. These values were low compared
with the Li2TiO3 pebbles fabricated by the other methods
and similar to those of Li4SiO4–Li2TiO3 biphasic pebbles
fabricated by melt process; the crush loads of Li2TiO3
pebbles by emulsion method,34 Li2TiO3 pebbles by piezo-
electric microdroplet jetting,11 Li-rich Li2TiO3 pebbles by
rolling method,35 and Li4SiO4–Li2TiO3 pebbles by melt
process24 are 37.2, 25.7, 10–41, and 5–15 N. Crush load of the
pebbles could be improved by an additional heat treatment
and/or compositional modification, as reported in the pre-
vious studies.22,36 Particularly, an addition of Li2CO3 to the
initial powder as a sintering aid may contribute both to
densification and increase of Li/Ti ratio.37
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F IGURE 4 Size distributions of the pebbles fabricated with the laser powers of 6.9 J (A), 7.9 J (B), 9.0 J (C), and 9.8 J (D).

F IGURE 5 Comparison of the X-ray diffraction patterns of the
Li2TiO3 powders before and after YAG laser irradiations with the
simulated patterns of β-Li2TiO3 and γ-Li2TiO3.

Figure 5 compares the XRD patterns of the powder pre-
pared by crushing the pebbles (laser power: 7.9 J) with
the data of original powder and simulated patterns of β-
and γ-Li2TiO3. As a result, no new peak was found from

the irradiated sample. This indicates that the change in
the composition caused by vaporization is insignificant.
Additionally, the formation of impurity phase such as
Li2CO3 was not found even with the fabrication in air. A
change in the peak intensities was observed before and
after irradiation; this point is discussed in the following
section.

4 DISCUSSION

The XRD data in Figure 5 shows the peak intensity from
the (0 0 2) plane of β phase to become weaker in the
irradiated sample. This peak is designated as peak A in
this paper, which corresponds to the long-range ordering
of the Li–Ti–O layers along the c axis (d spacing: ∼4.8 Å)
in β-Li2TiO3. In contrast, the diffraction intensity from
the irradiated sample at 51.2◦ is stronger than that of peak
A. This peak is designated as peak B in this paper, which
is derived from the main peak of γ-Li2TiO3 from (2 0 0)
plane as well as (1 3 3) and (2 0 2) planes in β-Li2TiO3.
The intensity ratio of peak A and B, IA/IB, represents the
degree of long-range cation ordering.38,39 Although the
IA/IB ratios were 2.4 and 0.0 in the simulated patterns
from the perfect crystals of β- and γ-Li2TiO3, the ratios
from the samples before and after irradiations were 2.0
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6 MUKAI

F IGURE 6 Schematic image of morphological changes upon a
YAG laser irradiation.

and 1.0, respectively. This indicates that the degree of
the cation ordering decreased after irradiation. This is
ascribed to the quenching of the high-temperature γ phase
by the rapid cooling of the melt. The cooling rate of this
fabrication method was 3000–4500◦C/s and significantly
faster (i.e., by several orders of magnitude) than the one
in a fabrication process using an electronic furnace. This
could be a reason that a small grain size is observed in
Figure 2D.
From the experimental results, the formation mech-

anisms of the spherical pebble and crystal structural
change upon laser irradiation are drawn as Figure 6. The
irradiated spot is rapidly heated up above the melting
point in <0.5 s, while releasing gases such as water vapor
and CO2. The melt becomes spherical because of surface

tension and then solidifies, with a significantly rapid
cooling rate. Given that there is a temperature difference
of 1500◦C between the irradiation spot and a position
3 mm away from the spot center, the local temperature
gradient G is estimated to be 500◦C/mm. Using the values
of G and Ṫ, the solidification map predicts that fine and
uniaxial grains are formed by this laser process. This
prediction is consistent with the small grains without
orientation observed by SEM (Figure 2C).
To investigate the energy efficiency of this fabrication

method, the energy consumed E for each laser irradiation
was estimated. It was assumed that, with the input laser
energy of 7.9 J, a melt is heated from 25 to 1600◦C and then
a pebble with a diameter of 0.75 mm and density of 85% is
fabricated. The energy consumption to fabricate the pebble
(E) is given as follows:

𝐸 = 𝑚

{
∫

1155

25

𝑐p,𝛽(T)d𝑇 + ∫
1533

1155

𝑐p,𝛾(T)d𝑇

+∫
1600

1533

𝑐p,m(T)d𝑇 + Δ𝐻tr∕𝑀 + Δ𝐻m∕𝑀)

}
(1)

where m, M, cp,β, cp,γ, and cp,m denote the mass of
single-pebble, molecular weight, heat capacities of β, γ,
and melt phases of Li2TiO3. ΔHtr and ΔHm are the
enthalpies of the β–γ transformation and melting, respec-
tively. These enthalpies were taken from the literatures as
ΔHtr = 9.2 kJ/mol40 and ΔHm = 110 kJ/mol.41 The tem-
perature dependencies of cp,β(T) and cp,γ (T) were given
by Kleykamp et al.,40 whereas cp,m(T) was assumed to be
equivalent to cP,γ(T) because the heat capacity of the liq-
uid phase was not found in the literatures. To this end,
the consumed energy was estimated to be 2.1 J per pebble,
corresponding to 26% of the laser power.
The energy consumption is compared with that for sin-

tering BaTiO3, because the literature data of Li2TiO3 was
not found. The heat capacity of BaTiO3 is 102.4 J/mol/K at
27◦C42 and similar to that of Li2TiO3 (cp = 108.6 J/mol/K at
25◦C40). The energy consumption for fabricating Li2TiO3
by the laser process corresponds to 12.7 kJ/g, which is
significantly lower than 2800 kJ/g for sintering BaTiO3 at
1300◦C by conventional method using electric furnace in
a lab-scale condition.43 However, this advantage is only
valid on gram basis, because the conventional process
could be more energy-efficient by scaling up, whereas that
of the laser process should remain constant. Hence, the
energy consumptions for 5 kg are compared. The laser
process consumes 63.5 MJ for 5 kg of Li2TiO3 pebbles,
which surpass the total energy consumption for BaTiO3
by conventional sintering estimated by T. Ibn-Mohammed
et al. to be 990 MJ.44 This comparison shows that the laser
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MUKAI 7

process still has advantage in energy consumption by one
order of magnitude on kilogram basis.

5 CONCLUSIONS

This study proposes a one-step fabrication method for
Li2TiO3 pebbles using a pulsed Nd: YAG laser. After the
irradiation onto the powder bed, the corresponding spot
was rapidly heated up (in less than 0.5 s) above themelting
point, while releasing gases from themelt. Themelt turned
spherical because of surface tension followed by a rapid
solidification, which increased the degree of long-range
cation disorder by the quenching. The average pebble
diameters were 694–856 μm, and the sintering densities
were 80%–91% of the theoretical density (i.e., 3.43 g/cm3).
The pebbles exhibited uniaxial and fine grains as large as
1 μm because of the extremely high-temperature gradient
and rapid cooling rate. The advantage of this method is
not only a simple process but also a high energy efficiency
12.7 kJ/g (∼26% of the input laser power), which could be
applied to an automated fabrication. The remaining chal-
lenge lies in the compositional change and themechanical
property of the fabricated pebbles, whichmay be improved
by an additional heat treatment and/or by mixing with
additives.
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