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IRRADIATION EXPERIMENTS WITH Li,TiOs/LiaSiO4 TWO-PHASE
LITHIUM CERAMICS AT THE WWR-K REACTOR

Advanced two-phase lithium ceramics Li,TiOs-LisSiO4 are considered as a potential candidate for use in
solid-state fusion reactor blankets. This phase composition makes it possible to combine the high lithium
content in orthosilicate LisSiO4 with the mechanical strength of lithium metatitanate Li;TiOs.

The study of the effect of neutron irradiation on two-phase lithium ceramics, as well as the correlation
with its structural and physical properties, remains quite relevant, taking into account the technological
diversity in the manufacture of the ceramics themselves and ceramic pebbles. This paper presents the results
of an experiment on reactor irradiation of two-phase ceramics 25mol% Li,TiOs + 75mol% LisSiO4 obtained on
the KALOS installation (KArlsruhe Lithium OrthoSilicate) using a modified melt-spraying technique. Neutron
irradiation was carried out at the WWR-K research reactor (Almaty, Kazakhstan) for 21 days at a sample
temperature of 50 °C. The accumulated fluence for thermal neutrons was 3.7-10%° n/cm?. The nuclear reaction
rate was 2.16-10%reactions/cm?s; the damage rate was 7.63-10® dpa/s, the damage during the irradiation
period was 0.14 dpa.

Keywords: two-phase lithium ceramics, neutron irradiation, tritium, tritium release.
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BBP-K peakTopbiHAa ekipazansl iMTUin kepamukacbiH LiaTiOz/LiaSiO4
cayneneHaipy 60iMbIHLLIA SKCNEPUMEHTTEP

etingipinreH ekidazanbl AMTMn KepammKkacol Li;TiOs - LisSiOs TepMOAAPONbIK peakTopaapdbiH, KaTTbl
HnaHKeTTepiHAE KONAAHYFa MEpPCneKkTUMBaNbl YMITKEP peTiHAe KapacTbipbliabl. MyHAal dasanbik Kypam
LisSiOs OpTOCMAMKATbIHBIH, *KOFapbl AUTMIA menwepiH Li;TiOs AUTUM MeTaTUTaHaTbIHbIH  MeXaHWKabIK
HepiKTirimeH yinnectipyre MymkiHAa ik 6epea;.

Ekipasanbl AUTUIA KepamuKacblHa HEWTPOHAbIK CayneneHAipydiH oacepiH 3epTTey, COHAal-aK OHblIH
KYPbINIbIMAbIK, *KaHe GU3NKa/bIK KacMeTTepiMEH KOppenaumackl e3eKkTi macesie 6o/bIn Kana bepyne, ONTKeHI
KepamMMKaHblH, aHe KepamuKasnblK chepanbik TyMipliKTepaiH, eHAipic TexHonoruanapbl apTypAai. byn
YCbIHbINFAH KyMbICTa 6ankbimaHbl OypKy agici 6oWbiHIWA moaubUKaumsanaHFaH TexHonornameH KALOS
(KArlsruhe Lithium OrthoSilicate) KoHAbIpFbicbiHAA anbiHFaH LixTiOs + 75 monb % LiaSiOs ekidasansbl
KepamuKacblHa PeaKTOP/blK CAyNeNeHaipy 3SKCNepUMEeHTIHIH HaTuxkenepi kentipinreH. CoHaan-ak,
HelTpoHAbIK cayneneHaipy 3eptrey peakTopbl BBP-K-ae (AnmaTtsi K., KasakcTaH Pecnybankackl) 21 KyH 6oiibl
50 °C TemnepaTypaga *yprisingi. MublHTbIK XblAyablk, HeRTPoH datoeHci 3.7-10%° H/cm? Kypadbsl. A4ponbik,
peaKUMANapAblH, XKolngamasiesl 2.16:101 peakuma/cm3-c, an atomaapibiH, bifbicy Kblagamablsbl 7.63-108
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dpa/c (bip aTomFa WaKKaHAafbl bIFbICY CaHbl) AeHreniHe skeTTi. CayneneHaipy KeseHiHaer }MUbIHTbIK Caynenik
3akbim 0.14 dpa Kypadbl.
TyliH ce3nep: ekidasanbl MTUIA KEPAMMKACHI, HEUTPOHAbIK CayNeNeHAIpY, TOUTUIA, TPUTNN BeniHyi.
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JKcnepuMMeHTbI No 06ay4YeHNto ABYXPa3HON INTUEBOM
Kepamukm LiaTiO3/LisSiOs Ha peakTope BBP-K

YcoBeplieHCTBOBaHHaA AByxdasHaa /uTueBas Kepammka LiTiOs-LisSiOs paccmaTpuBaeTca  Kak
NOTeHUMaNbHbIA KaHAMAAT ANA UCNOAb30BaHMA B TBEPAOTE/IbHbIX G/MaHKEeTax TePMOALEPHbIX PEaKTOPOB.
Takol $a3oBbli COCTaB MO3BOJIAET COYETATb BbICOKOE coAeprkaHue autna B optocunmkate LiaSiOs c
MEXaHMYEeCKOoM NPOYHOCTbIO MeTaTuTaHaTa AnTus LixTiOs.

NccnepoBaHne BO3AENCTBUSA HEMTPOHHOIO 06aydYeHna Ha ABYXDA3HYIO IMTUEBYIO KEPAMUKY, a TaKKe
KOppenauma c ee CTPYKTYPHbIMW N OGUINMYECKMMM CBOMCTBAMM, OCTAETCA aKTya/lbHOM 3adayel, y4uTbiBas
TEXHO/IOrMYecKkoe pasHoobpasmne MEeTOZ0B M3rOTOBNEHMA CaMOM KEPAMMKM U Kepammyeckmx chepuyeckmx
rpaHyn. B naHHoM paboTe npeacTaBaeHbl Pe3y/bTaTbl SKCNEPUMEHTAIbHOMO UCCNEN0BAHNA NO PEAKTOPHOMY
obnyyeHuto AsyxpasHol kepamukm Li;TiOs + 75monb% LisSiO4, nonydeHHon Ha yctaHosKke KALOS (KArlsruhe
Lithium OrthoSilicate) no MoaMdUUMPOBAHHOK TEXHONOTMM pacnblneHns pacnaasa. HeMTpoHHoe ob1yyeHne
NpPOBOAMNOCE B MCCAeAoBaTeNbCKOM peakTope BBP-K (r. Aamatsl, KasaxcTaH) B TedyeHue 21 aHA npu
Temnepatype o6pasuos 50 °C. HaKkonneHHbin G0eHC Tennosblx HEeMTPOHOB cocTasua 3.7:10% H/cm?,
MoKa3aHo, YTO CKOPOCTb ALEPHbIX peakumin gocturana 2.16:103 peakumit/cm3-c; CKOpPOCTb HaKoMAeHMs
nospexaeHnit 7.63-10% dpa/c (cmelleHMa Ha aTOM B CeKyH/y), a CyMMapHOe MOBPeMAeHMe 3a nepuog,

obnyyenua coctasuno 0.14 dpa.

Knioyesble cnosa: p,ByxcbasHaﬂ NTneBaAa KepamuKa, HeVITpOHHOG o6nyqume, TpVITVIl‘/JI, BblaeneHune

TPUTHA.

Introduction

Irradiation experiments with two-phase lithium
ceramics Li,TiOs-LisSiO4 are attracting the attention
of researchers in the field of nuclear/fusion energy
and materials science. This material is considered as
a potential candidate for use as solid fuel in advanced
nuclear reactors, as well as a blanket material for use
in thermonuclear reactors.

In the field of thermonuclear energy, the use of
ceramic materials for the reproduction of tritium in
the blanket of a thermonuclear installation is a
strategically important area of research. Due to their
unique thermophysical and thermomechanical
characteristics, as well as high efficiency of tritium
formation and release, lithium-containing ceramics
are becoming a central element for the
implementation of fusion reactor blanket concepts.
Among the many material options, such as Li,TiOs,
LiaSiOy4, Li0, Li»ZrOz and Li>AlO,, composite

materials that combine the positive qualities of
several chemical compositions are attracting
particular interest from researchers.

In a number of studies carried out in this
direction, great attention is paid to studying the
properties of ceramic pebbles, which are potential
candidates for use as a blanket material for the future
DEMO reactor [1,2]. The work of M. Xiang et al [3]
stands out for its claim that two-phase composites
consisting of Li,TiOs-LisSiOs pebbles, where the
second phase is dispersed in a Li>TiO3 matrix, exhibit
noticeable differences in grain structure compared to
single-phase materials. The noted granularity of the
composite is a key factor, given that grain size
directly influences the tritium release properties of the
ceramic material. Thus, increasing the yield of tritium
from pebbles can be a decisive factor in optimizing
tritium production and increasing the efficiency of a
thermonuclear reactor blanket.
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This aspect becomes the basis for further
research and experiments aimed at determining the
optimal characteristics of the blanket material and
expanding the understanding of the mechanisms of
tritium formation, release and transfer in ceramic
materials. It is in this context that the study of the
effect of neutron irradiation on two-phase lithium
ceramics, as well as the correlation with its structural
and physical properties, comes to the fore, providing
the basis for the development and improvement of
technologies in the field of fusion.

To date, a significant amount of research has
been conducted on two-phase lithium ceramics under
reactor conditions [4-9], including research
conducted by authors of this article [10-13]. Most of
these studies were performed in situ. These studies
gave an understanding of how important it is to know
the structural changes occurring in the ceramics
themselves for understanding the processes of tritium
production and release.

At the same time, accurate detection of tritium
and helium release under reactor irradiation
conditions requires carefully validated
methodological approaches, as outlined in [14].
Equally crucial is the consideration of
thermomechanical behavior at elevated temperatures,
since significant stresses may arise in tightly packed
pebble beds and the walls of steel capsules [15].
These factors must be taken into account when
planning further high-temperature experiments with
lithium ceramics.

This article provides a description of the first
stage of the study, namely a description of the
methodology of the already completed irradiation
experiment, with the necessary calculated data on the
irradiation parameters. This article is useful for
further analysis (PIE), and, in the experience of the
authors, is necessary for comparative assessments
with the results of other reactor irradiation
experiments of lithium ceramics. The methodological
conditions of an experiment, especially such a
multifactorial one as a reactor irradiation experiment,
often affect some PIE results and are necessary for
adequate interpretation of the results of future studies
of irradiated lithium ceramics.

Methodology of irradiation experiments at
the WWR-K reactor

The WWR-K reactor, as a source of neutron
radiation, provides unique opportunities for
conducting irradiation experiments [16]. Lithium
ceramic samples were irradiated in the reactor core to
study the following parameters:

* Physical and mechanical properties: Changes
in mechanical properties, including hardness,
strength and resistance to cracking due to radiation,
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as well as physical properties such as density, and
changes in dimensional characteristics, which may
vary due to exposure to neutron radiation.

* Properties of tritium generation: Study of the
dynamics of generation, accumulation and transfer of
tritium in a material, providing a deep understanding
of the mechanisms occurring under the influence of
various types of radiation and temperature load.

The authors envisage the preparation of a
number of additional publications, each of which will
reveal the nuances of the above research points.

The main parameters of the conducted reactor
experiment:

* Thermal neutron flux density in lithium
ceramics is 2-10% n/(cm?-s);

* Duration of irradiation 21.5 effective full
power days;

* The temperature of the samples during
irradiation did not exceed 50 °C;

* Reactor power 6 MW;

* The accumulated fluence for thermal neutrons
is 3.7-10% n/cm?.

The samples were placed in the center of the
reactor core as shown in Figure 1.

Figure 1 — Three dimensions view of
irradiation device

The irradiation device (ID) is a WWR-K’s
standard irradiation ampoule, inside of which there
are capsules with samples of different types of lithium
ceramics (Figure 1). The capsules are cylindrical
cases with a height of 30 mm, a diameter of 20 mm,
and a wall thickness of 1 mm. It is worth noting that
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before being placed in the appropriate capsules, the
samples were wrapped in primary packaging made of
aluminum foil. The capsules inside the ampoule are
arranged in such a way that three capsules with
samples (No. 1, No. 2, No. 3) are located in the lower
part of the cell, and the rest (No. 4, No. 5, No. 6) are
in the upper part. Capsules with samples are filled
with argon and sealed, the capsules themselves and
the ampoule are cooled with water. The standard
ampoule is located in the irradiation channel of the
WWR-K core. The ampoule and capsules are made of
SAV-1 aluminum alloy. The irradiation channel itself
is located on the periphery of the WWR-K core and
is surrounded by beryllium blocks.

The test samples

In the presented article, the emphasis is on the
results with samples of two-phase lithium ceramics,
namely 25mol%LMT+75mol%LOS (capsule No. 1),
produced by specialists from KIT (Karlsruhe Institute
of Technology). Here LMT indicates Li,TiO3 —
lithium metatitanate, and LOS stands for LisSiOs —
lithium orthosilicate.

The selection of such a phase composition
combines the valuable characteristics of both ceramic
phases: the susceptibility and lithium density from
LOS, taking into account its dominant contribution of
75mol%, and the mechanical strength, chemical and
thermal stability from LMT, with its share of
25mol%. This unique combination provides
significant advantages in terms of radiation resistance
and tritium production efficiency.

The physical characteristics are listed in Table 1,
which also shows the atomic concentrations of
various elements in the samples.

Table 1 — Main sample’s parameters

Formula 25 mol% Li,TiO; + 75
mol% LisSiO4
Atomic L!-GE 151,

. Li-7: 18.61,
concentrations of Ti- 6.03
elements, 103 0: 26.15
at/(barn-cm) Si- 2.01
Pebbles diameter, 250-1250
microns
Average pebble bed 07061
height, mm
Density (pebble), 2836
g/cm?®

. 1.5
Density (pebble bed),
glcm?

Neutronic calculations

Based on a detailed model of the WWR-K
reactor core and the irradiation device with samples,
and using the MCNP code for modeling particle
transport, an accurate prediction was obtained for the
formation and accumulation of nuclear reaction
products in the studied lithium ceramic samples.

The main channels of nuclear reactions
occurring with lithium are as follows:

°Li + n —» T + *He + 4.78 MeV (1)
‘Li+n—> T+ *He + n’

(2)

— 2.47 MeV

As calculations have shown, due to the high
cross section of reaction (1) and the predominantly
thermal spectrum of neutrons in the reactor [17],
tritium and helium are generated with a very
noticeable intensity.

The production of tritium and helium in lithium
ceramics by the end of irradiation was calculated. In
particular, the recorded amount of produced tritium is
0.37 Ci, which is equivalent to 0.039 mg, and the
amount of helium reaches 0.051 mg. These data are
important for understanding the dynamics of
processes occurring under the influence of neutron
radiation. The reaction rates in lithium ceramics are
also determined, which is determined by (3) formula
(see Table 2).

Reaction rate Q [reaction/(cm?-s)]:

Q=ny f ®(E)o(E)dE, 3)

where no is the nuclear concentration of the original
isotope [nucleus/cm®]; ®(E) — neutron flux density
[n/(cm?-s)] and o(E) — microscopic cross section of
the reaction [barn].

Table 2 — ®Li (n,a)T reaction rate

Sample Pebble Reaction rate

volume, density, . 3.
om? glem? reaction/(cm?-s)
0.20 2.84 2.16-10%

The results of calculations of the total heat
release and specific heat release from neutrons and
gamma radiation (including delayed gamma) for the
device elements are shown in Table 3. The height of
the registration zone (cylinder) of the capsule and the
canister was 5 mm.

For calculations of radiation damage in lithium
ceramics, cross sections of ceramic breeders [18,19]
were used, provided in a predefined structure of 100
energy groups for discrete levels of ®Li enrichment.
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Table 3 — Total heat release and specific heat release
of device elements with a sample of lithium ceramics

. Total Specific heat,
Material heat, W W/g
Sample (pebble bed) 3.6 12.09
Aluminum alloy
(capsule) 0.130 0.31
Aluminum alloy 18 031
(ampoule) ' '

First, the neutron flux densities in the samples
were calculated for the 100-group energy spectrum.
Then, using formula (4), the rate of damage and dpa
for entire irradiation period at the WWR-K reactor
was calculated

Emax

R
N DPA/ sec =f P(E)op(EDdE;,  (4)

0

where R — the rate of damage [dpa/(m?-s)], N —atomic
density [atom/m?®], o, — cross section of atom
displacement, ®(E;) — flux distribution on energy.

The obtained calculation results were:
» Damage rate —7.63-10® dpa/s
» Damage per 21 days — 0.14 dpa

Thermophysical calculations

To verify the absence of a critical thermal load
on the samples, it was necessary to determine the
temperature distributions throughout the one-layer
pebble bed. This was performed using numerical
calculations of the temperature distribution
throughout the volume of the working chamber,
carried out in accordance with the previously
described geometry. The calculation was carried out
for a 3-dimensional model shown in Figure 2. The
internal part of the ID (canister, capsules with
samples and argon, water washing the canister and
capsules) in Figure 2 is shown on the right for clarity.

Figure 2 — 3D model of irradiation device
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Initial and boundary conditions

The initial temperature of all domains of the
model is 40 °C. There is no heat exchange from the
ends of the canister (top and bottom). The
temperature of the outer surface of the hexagon and
the incoming water is constrained to 40 °C.

Ceramics samples are located at the bottom of
the capsules in one layer 0.7 mm thick. Capsules with
samples are filled with argon at 1 atm and sealed.
Water at a temperature of 40 °C is supplied to the
canister water cooling cavities (shown in blue in
Figure 3) from top to bottom at a speed of 0.1 m/sec.
It is also assumed that the temperature of the outer
surface of the irradiation channel (aluminum alloy
hexagon) is constant and equal to 40 °C.

45

40

Figure 3 — Temperature distribution in capsules
(capsule Nel is in lower left part)

The calculation was carried out in a stationary
mode.

The governing equations in the constructed
model for calculating heat distribution were:

Equation of heat transfer between gas and
surfaces of the sample and capsule wall:

pCpii - VT =V - (kVT) + Q, (5)

where C, — heat capacity at constant pressure,
J/(kg-'K); Q — total specific heat of the material,
W/m3,

Heat transfer by radiation was not taken into
account due to the low temperature of the samples and
the irradiation device.

Standard temperature-dependent parameters for
gases and materials were used for the calculation.

Calculation results
The results of calculated temperature

distribution over the sample and in the cavity of the
capsule Nel are presented in the colors in Figure 3.
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Table 4 — Radial temperature distribution in pebble
bed (capsule Nel)

Radius, mm | Temperature, °C
0 41.5
3 43.1
6 43.6
9 434
12 43.1
15 42.2
18 41.1

The calculation results showed that for a given
irradiation configuration and number of samples, the
maximum heating temperature in the area of the
capsule with samples will not exceed 55 °C. In this
case, the maximum spread (gradient) of temperature
along the radius of pebble bed will be no more than
2.5°C.

Post-irradiation characterization

After the tests, samples were removed from the
capsules and primary packaging, subsequently sorted
into pebble-shaped and powdery fractions, as well as
separate placement of the primary foil packaging.
Since it is planned to conduct experiments with
aluminum foil using liquid scintillation to determine
residual tritium in it, the primary packaging was
retained for additional studies.

Conclusions

The results of neutron-physical calculations are
presented: the amount of produced tritium and helium
from lithium ceramics with a volume of 0.20 cm?®
were estimated as 0.039 mg and 0.051 respectively;
the rate of ®Li (n,a)T reaction was 2.16-10%°
reactions/cm?-s; the damage rate was 7.63-10°8 dpa/s,
total damage per irradiation period was 0.14 dpa.

The results of thermophysical calculations
revealed that with the considered irradiation

_ 13 tion and a given number of samples, the
« g+ : r‘_ emperature along the capsule with samples will
L] H;Pv fqo’ exceed 55 °C, while the maximum temperature
e - ! long the sample filling will be limited to 2.5
€ 0 = °
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Figure 4 — Comparison of samples before and after
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