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Abstract

The use of eutectic lead lithium (PbgsLii7) alloy as a coolant-cum-tritium breeder in fusion
reactors presents challenges related to magneto-hydrodynamic drag (MHD) and corrosion. To
address these issues, alumina (Al2O3) is proposed as a ceramic coating material. This study
focuses on the characterization of PbgsLii7 alloy and its interaction with Al>Oz at the reactor's
operating temperature. The investigation employs EPMA, XRD, and thermal analysis
techniques. Results indicate that alumina can interact with PbgsLii7 alloy at 550 °C, even in a
high-purity argon atmosphere. The role of oxygen in this interaction process is also discussed.

These findings contribute to the understanding of materials for fusion power applications.
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1. Introduction

Liquid lead lithium alloy (PbgsLii7) has emerged as a promising candidate for coolant, tritium
breeder, and neutron multiplier applications in the blanket systems of advanced fusion reactors,
including the International Thermonuclear Experimental Reactor (ITER) and Fusion Power
Reactors (FPR) [1-5]. However, a critical challenge in the development of liquid metal-cooled

blanket systems lies in ensuring compatibility between the liquid metal and structural materials.

Currently, reduced activation ferritic martensitic (RAFM) steels are employed as structural
materials in fusion reactor test blanket systems [6-8]. Among the key issues facing Pb-L.i cooled
blankets in ITER are tritium permeation, corrosion, and magneto-hydrodynamic drag (MHD)
effects, which are actively being addressed [1,5,8-11]. To minimize the effect of tritium
permeation, permeation barriers are installed and to tackle the MHD effect and corrosion,
blanket / structural materials are being coated with ceramics. These ceramic coatings serve a
dual purpose by preventing direct contact between the materials and the liquid metal and
electrically decoupling them from the conductive liquid metal flow within the magnetic field
[1,2,3,5,8,9-14].



The exploration of various ceramic coatings for PbgsLiiz systems includes oxides (Al203,
Cr203, Y203, SiO2, Ca0, and MgO), nitrides (AIN, TiN), and carbides (B-SiC, TiC) [2, 9, 10].
Among these options, aluminum oxide (Al20O3) stands out as a prime candidate due to its
exceptional thermochemical stability, high electrical resistivity, radiation resistance, and
excellent compatibility with PbgsLii7 alloy [8, 11, 15-18].

In ITER and FPR, the coolant PbgsLi17 alloy operates within the temperature range of 450-550
°C. Ensuring compatibility between alumina and the liquid PbgsLii7 alloy at this temperature
range is a critical consideration. Hubberstey et al. [2] reported the formation of Li>O(s) in
PbgsLis7 alloy in the presence of oxygen, despite the low activity of Li. Their thermodynamic
calculations suggested that oxides like alumina should be thermodynamically stable in oxygen-
saturated Pb83Li17. Subsequently, Pint et al. [15, 19, 20] found that the interaction of PbgsLi17
with alumina in an argon atmosphere at 800 °C for 1000 hours resulted in the formation of
LiAlO2(s) compound. Notably, the reaction kinetics were slow, likely due to the limited supply

of oxygen (from impurities in argon or dissolved oxygen in PbgsLi17).

The interaction of Al.O3z with liquid PbgsLi17 alloy at the fusion reactor's operating temperature
range (450-550 °C) remains relatively understudied in open literature. This investigation
focuses on the heating/cooling behavior of PbgsLii7 alloy and its interactions with alumina
within this temperature range. The role of oxygen in the interaction process is also examined.
Experiments were conducted in both the presence and absence of oxygen atmosphere, achieved
through high purity argon atmosphere from a cylinder and/or high vacuum (10 mbar) to
ensure an oxygen-free environment, while experiments in air provided a continuous supply of
oxygen. The study utilizes EPMA, XRD, and thermal analysis techniques to examine the
interaction between liquid PbgsLi17 alloy and alumina.

2. Experimental
2.1 Materials

Homogeneous PbgsLii7 alloy was prepared in-house at the Materials Group, BARC, using a
patented technology. The alloy was contained in a tantalum crucible and sealed in an evacuated
quartz ampoule, then annealed at 200 °C for 48 hours prior to use. Powder X-ray diffraction
(XRD) analysis was performed using an Inel instrument with Cr-Ka radiation to characterize

the alloy. The obtained d-spacings were compared with those listed in the PCPDF database for



phase identification. Compositional analysis was conducted using a CAMECA SX 100
Electron Probe Micro Analyzer (EPMA). The lithium content in the lead lithium alloy was
determined using the inductively coupled plasma atomic emission spectroscopy (ICP-AES)
technique. The samples were dissolved in 2% HNO3z and analyzed using ICP-AES for lithium

content measurement.

2.2 Interaction studies of alumina with PbgsLi17 alloys
2.2.1 Heating PbsgsLis7 alloys in an alumina boat

The initial interaction studies involved melting 50 g of lead lithium alloy in an alumina boat at
550 °C for 6 hours under a flowing high-purity argon atmosphere. After solidification, the
resulting melt was found to adhere to the surface of the alumina boat. The interface between
alumina and the solidified PbgsLi17 was carefully sliced using a diamond saw and subsequently

subjected to compositional analysis using the Electron Probe Micro Analyzer (EPMA).

2.2.2 Thermal equilibration of PbgsLiiz alloys with alumina powders in sealed quartz

ampoule

To further investigate the interaction, dried alumina powders were mixed with small chunks of

PbgsLi17 alloy at a weight ratio of 1:5. Two sets of samples were prepared:

(1) The mixture was wrapped in tantalum foil, and the foil was sealed in a quartz ampoule

that was then evacuated to a pressure of 4x10° mbar.
(2) The mixture was placed on an alumina boat.

Both sets of samples were heated in a furnace at 550 °C for 48 hours to achieve thermal
equilibration. This study aimed to examine the effect of oxygen ingress on the interaction

behavior between alumina and PbsgsLi17 alloy.

2.2.3 Thermal analysis studies

Simultaneous thermal curves (TG-DTA) were obtained using a Setaram thermoanalyzer. Small
chunks of PbgsLiy7 alloy, each weighing 170 mg, were subjected to heating from 50 to 500°C
at a heating rate of 5 °C/min. This thermal analysis was conducted in an alumina cup under

two different conditions:



(1) Flowing High Purity Argon Atmosphere: The sample was heated in an environment of
high purity argon gas, and argon was continuously flushed over the sample for 12 hours

prior to heating.

(2) Air Atmosphere: The sample was heated in ambient air without any additional protective

gas environment.

TG-DTA curves were recorded for both scenarios to study the thermal behavior of PbssLii7

alloy under flowing argon and air atmospheres.

3. Results and discussions

3.1 Characterization of the starting PbssLii7 alloy

The X-ray diffraction (XRD) pattern of the solid PbgsLi17 alloy exhibited similarities to that of
pure lead (PCPDF no: 04-0686), with a slight shift in peak positions towards higher 20 values.
The alloy was found to crystallize in a cubic crystal structure, with a lattice parameter of a =
4.9342 A, compared to the reported value of 4.950 A for pure Pb [5]. The decrease in d-spacing
is attributed to the formation of a lead lithium solid solution, where smaller lithium atoms
(atomic size: 156 pm) substitute larger lead atoms (atomic size: 175 pm) in the lattice, causing
it to contract [21]. Despite annealing the sample at 200 °C for 120 hours in an evacuated quartz

ampoule, no XRD peaks corresponding to the co-existing second phase PbLi(s) were observed.

PbLi is known to be a rhombohedral phase with a slightly distorted CsCl structure [22].
Previous X-ray patterns from room temperature showed a complex rhombohedral phase that
transformed into a simple cubic phase as PbLi was heated [22]. It is plausible that the PbL.i

phase retains its cubic structure at room temperature, explaining its absence in the XRD pattern.

The scanning electron microscopy (SEM) backscattered electron image of the PbgsLii7 alloy
(Figl) revealed two distinct phases. The brighter phase corresponded to the Pb(Li) solid
solution containing approximately 1 at % Li, while the darker phase corresponded to the
PbLi(s) phase. The composition of Li in these two phases could not be precisely ascertained
due to its low atomic number (Z). Nevertheless, ICP-AES chemical analysis indicated that the
PbgsLis7 alloy contained 16.2 + 0.2 atom % of L.



Fig. 1 SEM image of PbssLi17 alloy showing two phases corresponding to PbLi and
Pb(L1i)

3.2 Diffusion studies of PbssLii7 alloy in alumina boat
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Fig2 () Back scattered electron (BSE) EPMA image of Pb-Li alloy and alumina
interface
(b) EPMA line scans of Pb-Li alloy and alumina interface depicting Al and
Pb counts
The diffusion characteristics of the PbgsLii7-Al2Os interface were studied by melting the alloy
in an alumina boat, and the investigation was carried out using an electron probe micro-
analyzer (EPMA). Figure 2a displays the backscattered electron (BSE) EPMA image of the
interface. The white phase observed on the lead-lithium side corresponds to the Pb(Li) phase,
while small grayish islands represent the PbLi phase. The darker phase on the right side of the



interface corresponds to alumina. Notably, due to limitations in EPMA, the presence of lithium
could not be detected, and thus, compositional analysis focused solely on lead and aluminum.
Figure 2b presents the EPMA line scan of the interface, illustrating the counts of Pb and Al. A
clear inter-diffusion zone, approximately 4um in width, where counts corresponding to both
lead and aluminum were present, is evident. The presence of inter-diffusion indicates the

potential interaction between PbgsLii7 and Al2Os at the interface.

3.3 Thermal equilibration studies of PbssLii7 alloy with alumina powders

During the heating schedule, the PbgsLiiz alloy melted, reacted with the alumina and was
allowed to solidify. Interestingly, the reacted alumina powder was not embedded inside the
melt; rather, they could be easily separated. As a result, sample analysis for XRD was
conducted separately for the solidified alloy (Fig. 3a and b) and the reacted alumina powder
(Fig. 4a and b). The XRD analysis of the solidified PbgsLis7 alloy heated with alumina in
vacuum (Fig. 3a) showed that all the peaks still corresponded to the starting alloy, indicating
no significant changes in the alloy's crystalline structure. However, when the solidified metal
was heated in air (Fig. 3b), the XRD pattern corresponded to that of pure lead along with the
appearance of PbO peaks (PCPDF: 720094). This indicates that Li in the Pb83Li17 alloy has
completely oxidized, leaving behind pure Pb, which has also partly oxidized to give rise to the
peaks of PbO. The oxidation of lithium and partial oxidation of lead in the presence of air
suggests the occurrence of a chemical reaction between the alloy and the surrounding

atmosphere during the heating process.

The XRD patterns of the reacted alumina powder in vacuum and in air are presented in Figure
4a and Figure 4b, respectively. The XRD pattern of the sample equilibrated in vacuum (Figure
4a) corresponded exactly to pure alumina (PCPDF: 461212), indicating that alumina does not
react with the PbgsLii7 alloy under vacuum conditions. However, when alumina was heated in
air (Fig. 4b), additional peaks of LiAIO, (PCPDF: 731338) were observed alongside the
alumina peaks. Notably, no separate phase of LioO was detected in the XRD pattern (Figure
4b), leading to the conclusion that at 550 °C, Al>Os interacts with PbgsLii7 alloy (under the

ingress of oxygen) following the reaction:
Li2O(s) + Al203(s) — 2LiAlO2(s) (AG° 550 °C =-117KJ) cooviviiiiiiiin (1)

Previous studies by Pint et al. [15] reported the temperature for Pb83Li17 alloy interaction with

alumina to form LiAlIO2(s) compound under an argon atmosphere to be 800 °C. However, our



findings reveal that the interaction between Pb83Li17 alloy and alumina to form LiAIO2 can
occur at a lower temperature of 550 °C, provided there is a sufficient supply of oxygen.
Notably, in vacuum conditions (4x10° mbar), no visible reaction between PbgsLi17 and alumina
was observed even after 48 hours. An inert gas like argon or helium may contain trace amounts
of oxygen, and when used as flowing gas in a reactor for prolonged durations, it would ensure
a constant supply of oxygen. This gradual oxygen supply would eventually lead to the
formation of LiAIO2 even at 550 °C, although at a slower rate compared to that observed in air.
To investigate the interaction behavior in an inert gas, thermal studies as described in the

following section (Section 3.4) were undertaken.
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Fig.4 XRD patterns of alumina thermally equilibrated with lead lithium alloy at 550 °C for

48h (a) in vacuum (b) in air

3.4 Thermal analysis (TG-DTA) studies

Fig. 5a displays the TG-DTA plot obtained from the PbgsLii7 alloy heated in an alumina cup
under a flowing argon atmosphere. Two endothermic peaks were observed with onset
temperatures at 219 °C and 229 °C. The weak peak at 219 °C is attributed to the phase transition
in the PbLi(s) phase, while the strong peak at 229 °C corresponds to the eutectic melting of the
alloy. The absence of any major endothermic peak following the eutectic peak suggests that
the starting Pb83Li17 alloy was close to its eutectic composition.

The simultaneous TG-plot (weight change) showed a mass gain of about 1.25 mg in the
temperature range of 230 to 500 °C, beyond the eutectic melting temperature. This mass gain
is attributed to the preferential oxidation of Li metal in the molten alloy. The observed weight

gain (1.26 mg) agrees well with the expected mass gain if all the Li in the 170 mg PbgsLi17



alloy was considered to be oxidized. Notably, the weight gain indicates that liquid lead was not

getting oxidized in the argon atmosphere.
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Fig.5 (@) Simultaneous TG-DTA plot of PbgsLii7 alloy heated upto 500 °C in argon
(b) TG-DTA plot of PbssLii7 alloy heated upto 500°C in air

The observed oxidation of Li in the flowing argon atmosphere can be explained by the
equilibrium oxygen potential of the Li/Li-O system. The calculated oxygen potential for the
Li/Li,O system [23] is found to be of the order of 10! atm at 220 °C, suggesting that the
oxygen potential achieved by the flow of argon in the system is significantly higher than the

required oxygen potential for the oxidation of Li.

Furthermore, it was observed that the rate of mass gain due to the preferential oxidation of Li
in the PbgsLii7 alloy increased above 370 °C, accompanied by the appearance of a small
endothermic peak. This peak is attributed to the rapid oxidation of Li, leading to the generation
of pure Pb metal, which subsequently undergoes in-situ melting, resulting in the observed
endothermic peak. The cooling curve recorded for the system shows a single exothermic peak
at 327 °C, which is likely due to the freezing of liquid Pb. Importantly, no other exothermic
peak besides the eutectic freezing was observed, indicating that all the Li metal had oxidized

during the heating cycle, leaving only Pb metal in the sample.

Fig. 5b displays the TG-DTA plot recorded in static air. The DTA plot in Fig. 5b exhibited an
endothermic peak resulting from a superimposed phase transition and the eutectic melting
effect, along with an additional small endothermic peak at 323 °C (in contrast to 370 °C

observed in Fig 5a). The appearance of this DTA peak in air can be attributed to the melting of



lead metal formed due to the preferential oxidation of the Li component at a lower temperature

compared to the argon-heated sample.

In the TG plot, the mass gain curve shows a total mass gain of 2.5 mg for the 170 mg sample
in the temperature range of 230 to 500 °C when heated in air. This total mass gain can be
divided into two components: a mass gain of 1.26 mg, attributed to the complete oxidation of
Li (17 at %), forming Li>O(s), and the remaining 1.24 mg due to the partial oxidation of lead,
forming PbO(s).

The DTA plot in the cooling cycle showed one exothermic peak corresponding to the
crystallization of liquid Pb, similar to the DTA plot recorded in a flowing argon atmosphere.
However, the relative peak intensity due to the freezing of Pb(l) decreased compared to the
argon-heated sample, suggesting a smaller amount of metallic Pb was present in this alloy after
heating in air. These results support the occurrence of preferential oxidation of Li in the
presence of oxygen, leading to the formation of Li>O(s) and PbO(s) phases, along with a

reduction in metallic Pb content.

It is important to note that no exothermic peaks corresponding to the formation of LiAIO2 were
observed in the thermal studies of PbgsLis7 alloy heated in either argon or air. This lack of
observable exothermic peaks could suggest either a low exothermicity of the reaction or an
extremely slow reaction rate. However, the thermal studies did indicate the formation of Li.O
at 550 °C, even in flowing high purity argon gas. This suggests that with time, Li2O is likely
to react with alumina to form LiAlO., as discussed in Section 3.3.

In the context of ITER, where experiments are expected to last only for 1000 seconds, the
reaction between alumina and PbgsLi17 alloy may not be detrimental. However, in future fusion
power reactors, where alumina and PbgsLii7 alloy are expected to be in contact for longer
durations under the flow of high purity inert gas, alumina coating may not be an entirely
suitable choice. Further research is required to explore new and more compatible coating
materials for such applications.

4.  Conclusions
The manuscript investigates the interaction between liquid PbgsLii7 alloy and Al,Os at fusion
reactor operating temperatures (400-550 °C). The role of oxygen in this interaction was also

examined. The main findings are as follows:



Under vacuum conditions (4x10°® mbar) at 550 °C for 48 hours, there was no interaction

observed between liquid PbgsLii7 alloy and Al2Os.

When heated in air at 550 °C for 48 hours, both lead and lithium in the liquid Pb83Li17
alloy were oxidized. Additionally, in the presence of flowing argon, rapid oxidation of

lithium occurred beyond the eutectic melting temperature (235 °C).

Alumina was found to react with Li-O at 550 °C, resulting in the formation of the
LiAIO2 compound. The reaction occurred more rapidly in the presence of oxygen and

at a slower rate in the presence of flowing argon.

These observations provide valuable insights into the behavior of PbgsLi17 alloy in contact with

alumina under different conditions, shedding light on the importance of oxygen and inert gas

environments in the interaction process.
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