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ABSTRACT

A new neutron multiplier based on lanthanum plumbide LaPb; was produced using two
different casting methods. The argon-arc melted material consists of LaPb; dendrites be-
tween grains of LaPb, phase of approximately equal volume fraction. The induction melted
material is composed primarily of large LaPb; grains, about 80 um in size. Corrosion testing
at 20 and 300 °C in air revealed the rapid degradation of LaPb; without the formation of a
protective passivation layer. The corrosion process results in significant volumetric
expansion accompanied by cracking. When LaPbs is exposed to air at 500 °C, pure lead as a
corrosion product melts to form layers protecting against rapid corrosion. LaPb; showed
low (113—193 MPa), but sufficient strength for functional use in the temperature range of 20

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Corrosion —500 °C.
DEMO
1. Introduction

One of the essential challenges within a framework of the
breeder blankets development for the future DEMO fusion
facility is an elaboration of such blankets designs that can
potentially meet the basic system requirements for tritium
breeding capacity, energy deposition, and safety features [1].
The first challenge is producing more than one tritium per
neutron from the plasma source ensuring a margin sufficient
to take into account tritium losses in the fuel cycle. Due to the
natural loss of neutrons in the blanket structure, the tritium
breeding would be always below unity unless a so-called
neutron multiplier is used to compensate for this effect [2].
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A neutron multiplier is a material that should have 1) a high
atomic density (i.e. a metal or metal compound) and 2) a
sufficiently high neutron multiplication cross section (n,2n) in
the energy range relevant for fusion applications. Such a
metal inherently absorbs neutrons due to the (n,y) neutron
capture process. Therefore, the neutron multiplier should also
have as low as possible parasitic neutron capture cross section
below 14 MeV, and especially at low neutron energies. In the
framework of the analyses performed in Ref. [3], two metals
having most suitable physical properties for use in breeder
blankets as the neutron multiplier were identified: beryllium
and lead.

The use of these metals in the breeder blanket has its pros
and cons that can impact the DEMO blanket technology [1,4].
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Beryllium has the lowest (n,y) and sufficiently high (n,2n)
(with a threshold of =1.85 MeV) reaction rates in the typical
DEMO blanket neutron spectrum. On the other hand, lead has
the highest (n,2n) (with a threshold of =8.2 MeV) and the low
neutron capture reaction rates. The atomic density of Be is
about four times higher than that of lead, making Be a highly
efficient neutron multiplier compared to Pb. Due to its rela-
tively high melting point of 1287 °C, Be can be used in the solid
state in DEMO blankets [5], while lead is mostly used in liquid
form due to its low melting point of 327 °C [6]. The main dis-
advantages of the Be neutron multiplier are its considerable
cost related to its limited natural reserves and the fact that it
presents a health hazard for sensitive persons on inhalation of
small particles, which can occur mainly during mining, pro-
cessing or conversion into metal alloys and scrap processing
[7]. In contrast, lead used as a neutron multiplier is widely
available and inexpensive. The primary concerns when using
lead in a breeder blanket are liquid metal corrosion of the steel
structure and the risk of partial solidification in stagnant
zones of the blanket [1].

The cost of fusion energy and facilities is a critical factor
that can impact its public acceptance. To reduce costs, re-
searchers are investigating alternative neutron multiplier
solutions based on lead, such as solid compounds [8]. These
compounds should have a melting point of at least 500 °C to
ensure reliable operation of the blanket steel structure. One
promising solution would be an intermetallic alloy of Be and
Pb, which forms an ordered solid-state compound. This alloy
would have a low Be content and combine the most attrac-
tive properties of each element, making it highly effective as
a neutron multiplier, solid and inexpensive. To explore this
possibility, the authors conducted preliminary tests to
combine lead with beryllium. However, these tests did not
result in the formation of a solid alloy, as lead and beryllium
in the liquid state are insoluble and do not form compounds
during crystallization. The phase diagram of the Pb—Be
system appears to be similar to that of the Sn—Be system
[7]. Attempts with ternary systems (Be—Pb—Ti and
Be—Ti—Zr), containing a high amount of lead and small
amounts of beryllium and the third element, were also
unsuccessful.

One of the most promising solid compounds based on lead
that could potentially be used in the breeder blanket is LaPbs
[3]- With a melting point above 1100 °C, this compound could
be used in the form of solid blocks filling the interior space of
the blanket. The tritium breeding performance of the breeder
blanket with this neutron multiplier was found to be compa-
rable to that of blanket filled with pure liquid lead [1]. In terms
of cost, rare earth lanthanum is widely used in the manufac-
ture of conventional lighters and catalysts and its use would
only slightly increase the final costs. The breeder blanket filled
with the LaPbs; blocks would drastically reduce the in-
vestments in the DEMO, compared to the blanket with the solid
Be-based neutron multiplier [3]. The replacement of liquid lead
with the LaPbs; blocks enables the blanket layout with highly
reduced corrosion problems and without a liquid lead loop
leading to a very compact and inexpensive DEMO design.

While there have been a few studies on the properties of
LaPbs, including thermal [9—11], electromagnetic properties
[10,12,13], and electronic structures [11,12], there is still much

that needs to be understood about this material if it is to be
used as a neutron multiplier in a breeder blanket. One of the
key factors to consider is whether the material will retain its
shape at temperatures of up to 500 °C, without softening or
cracking. Additionally, it is important that the material ex-
hibits good corrosion resistance in air and water, to prevent
corrosion during manufacturing and assembly of the breeder
blanket. To better understand these properties, a study has
been conducted on the melting of ingots of lanthanum
plumbide, as well as on its structure and mechanical and
corrosion properties. By examining these factors in detail, it
may be possible to determine whether LaPbs; is a viable option
for use as a neutron multiplier in a breeder blanket, and what
steps may be needed to ensure its reliability and safety in this
application.

2. Materials and experimental techniques

Granules of pure lead (+30 mesh, 99.99%, Alfa Aesar) and
pieces of pure lanthanum (99.9%, Alfa Aesar) were taken as
starting materials. The pieces of lanthanum were stored in
oil and washed in acetone before melting. Ingots of pure
lanthanum and lead were preliminarily melted, their sur-
faces were further ground mechanically to remove an oxide
film. The first ingots were obtained by argon-arc melting
using an Edmund Biihler AM furnace. The ratio of pure lead
and lanthanum in the alloy was Pb-19 wt% La (hereinafter
Pb—19La), which corresponds to Pb-25.9 at.% La. The selected
composition is close to the target composition of LaPbs (Pb-25
at.% La) with a slight shift in more lanthanum towards the
LaPb, (Pb-33.3 at.% La) to avoid the formation of a pure lead
phase with a low melting point (Fig. 1). When melted, lead
and lanthanum react intensely. During melting and 4
remeltings, the mass of the ingot decreased by 12% due to the
evaporation of lead (confirmed by chemical analysis of
powder). The evaporated lead after melting adhered in the
form of a powder to the surface of the chamber (Fig. 2a). The
dimensions of the ingots after melting were about
@40mm x 16 mm (Fig. 2b).

To reduce the evaporation of lead during melting, subse-
quent ingots were prepared by induction melting. The miti-
gation or prevention of lead evaporation can be achieved by
means of rapid induction melting and intensive mixing with
eddy currents, which enable the lead to be more effectively
retained within the molten material. Tantalum was experi-
mentally chosen as the material of the crucible, as it does not
react with the melt. Melting took place in a laboratory induc-
tion furnace installed in a glove box with an argon atmosphere
(Fig. 2c). After melting, the liquid was poured into copper
molds. Four experimental ingots weighing 200—300 g each
were cast (Fig. 2d).

The structure of the alloys was studied using optical (OM)
and scanning electron microscopy (SEM). The structure was
prepared by grinding and mechanical polishing without the
use of water. The elemental analysis of La, Pb and O was
carried out with energy-dispersive X-ray spectroscopy (EDS).
Electron backscatter diffraction (EBSD) was used to build
surface normal-projected inverse pole figure (IPF-Z) orienta-
tion maps. Density was measured by the hydrostatic weighing
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Fig. 1 — La—Pb phase diagram [1]. The blue area indicates the studied composition of Pb—19La (wt.%).

in Cy4H3p liquid medium. Microhardness was measured using
indentation forces of 10—-2000 gf. X-ray diffraction (XRD)
measurements were performed on a Seifert PAD II diffrac-
tometer with Cu-Ko, radiation. Corrosion tests at room
temperature were carried out in air at about 40% humidity for
about 2100 h. Humidity was monitored with a room hygrom-
eter. Periodically, the sample was weighed and the mass gain

per area was calculated. Corrosion tests at 300 and 500 °C were
carried out in air in a resistance furnace for about 30 h. In this
case, the humidity could not be controlled and the samples
were periodically removed from the furnace to measure the
weight gain. Mechanical compression tests were carried out in
vacuum at temperatures of 20, 300, and 500 °C on samples of
@5mm x 6 mm. The initial strain rate was 10 > s~*. After

(b)

Fig. 2 — (a,c) Casting of Pb—19La alloy and (b,d) the resulting ingots. (a,b) argon arc melting, (c,d) induction melting with

pouring into a copper mold.
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mechanical tests, the fracture surface of the samples was
studied.

3. Results and discussion
3.1. Microstructure

Initially, argon-arc melting was chosen as the simplest way
for producing LaPbs; ingots, following the procedure described
in Refs. [14,15]. Fig. 2b shows a typical Pb—19La ingot obtained
by argon arc melting. There are shrinkage cavities and cracks
at the surface, apparently due to rapid cooling during the so-
lidification. The ingot's density of 9.93 g/cm? is lower than the
calculated from X-ray data density of LaPb; of 10.713 g/cm?, as
reported in Ref. [15]. Although the ingot had a shiny surface
immediately after melting, it tarnished an hour later, possibly
due to corrosion in air. Such a fast interaction with air/water
vapor was observed previously in Ref. [15]. To decrease the
loss of lead from its evaporation, induction melting in a
tantalum crucible was chosen as in Refs. [9,10]. Fig. 2d shows
an example of a Pb—19La ingot (65 x 38 x 12 mm?) produced by
induction melting. A shrinkage cavity is present at the surface
of the ingot without visible cracks. The density of this ingot is
much higher and reaches 10.54 g/cm®. To avoid possible
corrosion in air, all alloy ingots were placed in an oil container
after melting.

Fig. 3 presents X-ray diffraction patterns of Pb—19La after
argon arc melting and induction casting. Since the mea-
surements were carried out in air, the first sample was
ground right before the measurement. In the case of the
ingot obtained by induction melting, the sample was
exposed to air for about 1 h before the measurement. The
XRD patterns show main peaks that can be attributed to both
LaPb; and lead, which have very close peaks with a slight
shift [15]. These peaks are partly broadened and doubled
indicating the presence of both phases at the surface. Based
on the density measurement data, the main phase is LaPbs,
while pure lead may cover the surface when corroded during
the measurement (to be shown below). The diffraction pat-
terns also have strong peaks corresponding to lead oxide and
lanthanum hydroxide, especially in the case of the sample
exposed to air prior to measurement. It was not possible to
confirm the presence of other lanthanum plumbides (LaPb,,
LasPb,) using XRD, since their structure has not been
described before and, accordingly, there is no XRD data for
them [15]. The presence of other lanthanum plumbides may
explain the peaks at about 37° (Fig. 3a), which cannot be
identified as LaPbs, Pb, or PbO. The same unidentified peak is
present in the diffraction pattern of LaPbs (with shifted
composition) in Ref. [14]. XRD studies of Pb—19La after
exposure to air showed that even 1 h was enough for LaPbs to
corrode with the formation of phases of lead, lead oxide and
lanthanum hydroxide at the surface.

The microstructure of the Pb—19La alloy obtained by the
argon-arc melting is shown in Fig. 4a and b. During crystalli-
zation, a two-phase dendritic structure was formed with a
length of dendrites up to 500 pm and a thickness of about
20 um. The dendrites are oriented mainly along the direction
of heat removal in the ingot. The volume fraction of the phase
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Fig. 3 — X-ray diffraction patterns of Pb—19La obtained by
(a) argon arc-melting, (b) induction melting. (a) was
polished just before and (b) 1 h before the measurement.
The peaks corresponding to (c) LaPbs (PDF: 03-065-7232), (d)
Pb (PDF: 00-004-0686), () PbO (PDF: 01-072-0151), and (f)
La(OH); (ICSD: 239411), used for the analysis, are shown
below the diffraction patterns.

corresponding to the dendrite axes is about 53%. EDS analysis
(Fig. 5) showed that the two phases differ significantly in
chemical composition. The dendritic axes have a composition
of 77 Pb—23La (at.%), which is close to the composition of
LaPbs. The interdendritic space contains more lanthanum and
less lead with the composition of 66 Pb—34La (at.%), which
corresponds well to the LaPb, compound that was not found
using XRD because of the lack of corresponding data. The
dendrite axes contain a slightly higher oxygen compared to
the interdendritic space. The observed two-phase dendritic
microstructure could arise upon cooling of the melt with
lower lead content (due to evaporation), and, accordingly, the
composition shifted towards a higher content of lanthanum.
In this case, the LaPbs; phase (dendritic axes) crystallizes first.
When the temperature reaches 1105 °C, the LaPb, phase is
formed in the interdendritic space from the liquid and a part
of LaPbs according to the peritectic reaction L + LaPb; — LaPb,
[15,16].

The microstructure of the sample obtained by induction
melting consists of large grains of LaPb; with an average size
of about 80 pm according to EBSD analysis (Fig. 4c and d). A
second phase with a volume fraction of about 3% is observed
along grain boundaries, at triple junctions, and sometimes
inside LaPbs; grains. This phase cannot be identified using
EBSD and, therefore, is shaded in black. The distribution of
these particles can represent the boundaries of LaPb; den-
drites during crystallization. EDS analysis (Fig. 6) showed that
the ratio of Pb and La in LaPbs is 73 Pb—27La (at.%), while in the
second phase 66 Pb—34La (at.%), which can correspond to the
LaPb, phase. In addition to these two phases, the structure
contains acicular particles with a lanthanum to oxygen ratio
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Fig. 4 — Microstructure of Pb—19La obtained by (a,b) argon arc-melting, (c,d) induction melting. (a,c) SEM, (b) OM, (d) EBSD
map of LaPb; phase. The black and white lines on the EBSD map indicate high- and low-angle grain boundaries,

respectively.

of 43La—570 (at.%). These particles can represent the
lanthanum oxide La,O; particles. The same particles are
observed in the structure of the ingot prepared by argon-arc
melting (Fig. 5), but there is no high oxygen content, prob-
ably due to the fact that the particles fell out during sample
preparation.

5 um
FR——r—a—

In general, the ingots obtained by two methods have
similar two-phase structure with LaPb; dendrites/grains and
LaPb, in the interdendritic space. The use of induction melting
prevented a strong evaporation of lead, and therefore the
content of the second phase turned out to be much lower.
Regarding the use of such materials as the neutron multiplier,

Fig. 5 — SEM image and corresponding EDS maps of Pb—19La obtained by argon arc melting.
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Fig. 6 — SEM image and corresponding EDS maps of Pb—19La obtained by induction melting.

the lead content should be as high as possible. Therefore, only
Pb—19La ingots obtained by induction casting containing a
minimum amount of the LaPb, phase were used for further
study.

3.2. Corrosion

As already noted, the surface of the first Pb—19La ingot began
to tarnish already in the first hours after melting. Therefore, to
use this material in the breeder blanket as a neutron multi-
plier material, it is necessary to apply some technical mea-
sures to prevent and suppress corrosion processes. If LaPb3
blocks are accepted as the material for neutron multiplication
in the DEMO breeder blanket, no purge gas is preliminarily
assumed to remove gaseous products outside the blanket.
However, some secure system is anticipated in transient or
emergency process in such a breeder blanket to evacuate
gaseous products and to protect the equipment. Assuming
that such accidents could potentially occur, the LaPb3 blocks
could come into contact with air or water released from the
cooling system. In order to preliminary check the corrosion
resistance, simple experiments were carried out with placing
the samples of Pb—19La (produced by induction melting) with
a dimension of about 10 x 10 x 5 mm? in air (with 40% hu-
midity) or in water at room temperature and in air at 300 and
500 °C.

The kinetic plot for the corrosion of Pb—19La in air at room
temperature and about 40% humidity is shown in Fig. 7. Three
intervals with different corrosion kinetics can clearly be
distinguished. The initial stage of corrosion lasts about 50 h
(Fig. 7b) and obeys a parabolic rate law. According to the
fitting, the weight gain per area (in g/m?) can be determined as
Am/s = 0.005 t%°71 where t is corrosion duration in h. Both in

the second and in the third stages, the corrosion kinetics
obeys the linear rate law. Up to approximately 500 h, a higher
corrosion rate, i.e. 0.512 g/mz/h was detected, while at a later
stage, it decelerates yielding a value of only 0.268 g/m?/h. The
lower corrosion rate observed between 500 h and 2100 h can
be attributed to the lower diffusion flux of gaseous species to
Pb—19La due the formation of an outer scale. A similar
experiment was carried out in Ref. [14] where LaPb; samples
were exposed to air at room temperature. The corrosion rate
turned out to be much faster and amounted to about 8%
weight gain in 20 days. In the present work, the weight gain
was about 2% over the same period. Such a difference may be
due to the fact that the authors studied not a LaPbs sample,
but of a shifted composition towards higher lanthanum con-
tent [14]. Other reasons could be a higher humidity during the
experiment and/or a relatively large area of the sample as the
geometric dimensions of the samples were not indicated in
the study.

The primary factor contributing to the rapid corrosion of
Pb—19La at room temperature in air is the presence of
lanthanum in its composition, which exhibits a high affinity
for oxygen. Lanthanum is well-known to corrode rapidly in
air, particularly in the presence of water vapor. According to
[17—19], the corrosion rate of lanthanum at 35 °C is 0.33 g/m?/
h and 2.13 g/m%h at air humidities of 1% and 75%, respec-
tively. Therefore, it can be inferred that the Pb—19La alloy
corrodes in a similar or slightly slower manner (0.268 g/m?/h)
than pure lanthanum metal during the second linear stage of
corrosion.

In the case of corrosion tests at a higher temperature of
300 °C, an exceedingly rapid corrosion behavior is observed
(Fig. 7c). Within the first 6 h, the weight gain reaches 1000 g/

m? By the 20-30 h, the rate of corrosion significantly
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Fig. 7 — Corrosion kinetic plot of Pb—19La alloy in air: (a) at 20 °C and 40% humidity, (b) an enlarged view of initial corrosion

stage in (a), (c) at 300 °C, and (d) at 500 °C.

decreases, and ultimately comes to a halt. The corrosion
behavior conforms to an exponential law, with the weight
gain per area (in g/m? being able to be calculated as Am/
s = —1955.e/6655,1964, where t is corrosion duration in h.
Contrary to expectation, this behavior is not attributed to the
formation of any passivation layer. Instead, it is a result of the
consumption of all LaPbs; during the tests, as elaborated
below. Corrosion at 300 °C can be also is associated with a
significant volumetric effect that leads to crack opening and
rapid corrosion. Although the mechanism of corrosion at
300 °C and room temperature is similar, the process is accel-
erated at higher temperatures.

Upon increasing the testing temperature to 500 °C (Fig. 7d),
corrosion is significantly reduced as compared to the previous
temperature of 300 °C. After approximately 20 h of corrosion,
the specific weight gain during corrosion at 500 °C was 16
times less than that at 300 °C. At 500 °C, a relatively fast
corrosion stage is followed by a linear corrosion stage after
roughly 5 h. The corrosion rate during this linear stage is
measured at 2.007 g/m%h, which is approximately 7.5 times
faster than at room temperature. It is evident that at 500 °C,

there exists a protective mechanism that inhibits very rapid
corrosion, compared to 300 °C.

Fig. 8 shows the microstructure of the sample surface after
exposure to air for different times. EDS analysis showed (not
presented in the work) that after 8 h in air, particles of pure
lead about 1 um in length and about 200 nm in thickness
appeared on the surface. The formation of lead particles were
detected to be faster near grain boundaries, apparently due to
accelerated grain boundary diffusion. These lead particles
merge and protrude from the grain boundaries forming
ramified structure. In Ref. [14] a very similar corrosion was
observed, where these particles were denoted as lead nodules
and whiskers. The formation of whiskers even at room tem-
perature is a well-known concern in electronic applications.
However, the mechanism of whiskers growth is not properly
understood. Jackson and Crandall postulated in their review
that whisker growth can results from intrinsic or extrinsic
stresses in the growing outer layer [20]. Moreover, it is sug-
gested that the whisker growth accelerates (i) at increasing
temperature and (ii) in humid atmosphere [20,21]. It can
therefore be assumed that gaseous species such as oxygen
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(b)

Fig. 8 — Surface microstructure of the Pb—19La sample after exposure to air for (a) 5 h, (b) 1 day, (c) 8 days, (d) 56 days.

and water vapor can diffuse into material causing severe
stresses and giving rise to the formation of nodules/whiskers
on Pb—19La. In Ref. [8], it was proposed that whiskers are
formed as a result of the corrosion of LaPbs, through the
following reaction:

LaPb; + 3H,0 — La(OH); + 3 Pb + 3H (1)

After 1 day (Fig. 8b), the entire surface of the sample was
covered with often curved nodules of pure lead, the grain
boundaries with lead nodules became thicker. After 8 days
(Fig. 8c), cracks developed along the grain boundaries became
visible, likely due to the strong volumetric expansion due to
corrosion. After 56 days of corrosion (Fig. 8d), cracks were
found everywhere at the surface. Cracks often propagate
across the former grain boundaries.

After 88 days of corrosion, the sample was embedded into
resin and afterwards it was ground to half the height. A
corrosion layer of 1000—1500 pm in thickness was formed. The
cross-section micrograph and the corresponding EDS maps
are presented in Fig. 9. It shows the propagation of corrosion
in the sample, starting from the edge of the sample on the
right to the centre of the sample on the left. EDS maps of ox-
ygen distribution shows higher oxygen content along the
grain boundaries indicating that the corrosion process is
governed by oxygen inward diffusion causing severe internal
oxidation. Fig. 9 clearly shows that La oxidizes preferably due
to its high affinity to oxygen, while Pb — a thermodynamically
much nobler element — exhibits a much higher resistance as a
lot of unoxidized Pb islands are still visible in the zone of in-
ternal oxidation. The reaction products formed between
grains during corrosion have very likely a larger volume than

LaPbs, this results in tensile stresses and cracking, providing
an easy path for air to enter the sample. Cracks run not only
along the grain boundaries, but also inside the grain itself,
causing further corrosion within the grain (Fig. 10a). Fig. 10b
and EDS maps in Fig. 9 show alternating layers of pure lead
and layers with a high content of lanthanum and oxygen.
Thus, a dense passivation layer was not formed at the surface
of the sample, which could protect the material from further
corrosion.

Knowing the density of the reaction products in (1), the
volumetric effect of the corrosion reaction can be assessed to
explain the cracking. The volume of the mixture of pure lead
and lanthanum hydroxide exceeds the volume of lanthanum
plumbide by 39.7%. Such increase of the sample volume could
explain the intensive cracking propagation.

Small peaks of La(OH); were also found in the diffraction
pattern of the sample, which was exposed to air for 1 h
(Fig. 3b). Therefore, the main driving factor for corrosion ap-
pears to be humidity rather than oxygen in the air. To test this
assumption, another sample of the Pb—19La alloy was placed
in water (Fig. 11). The very intensive chemical reaction was
observed resulting in a brake of the sample into pieces in 2 h.
Such fast corrosion process prevented further measurement
of the weight gain in the sample. During the reaction, the
temperature increase was found accompanied by a hydrogen
release. After about one day keeping the sample in water, it
completely corroded and crashed into fragments (Fig. 11b).

Fig. 12 illustrates the appearance of the Pb—19La samples
after exposure to air at elevated temperatures of 300 and
500 °C for durations of 1 and 30 h. At 300 °C, already after 1 h,
rapid corrosion develops so that the reaction products form a
layer that repeats the faces of the initial shape of the sample
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Fig. 9 — SEM image and corresponding EDS maps of Pb—19La sample after exposure to air for 88 days. The edge of the

sample is on the right.

(Fig. 12a). After about 30 h of corrosion, the sample was
completely consumed, with all LaPb; subject to corrosion
(Fig. 12b). This phenomenon explains the observed reduction
and cessation of corrosion after 20—30 h, as demonstrated in
Fig. 7c.

Regarding the corrosion behavior of LaPb; at 500 °C, the
most notable feature is the formation of pure lead droplets on
the sample surface immediately upon corrosion initiation
(Fig. 12c—d). Subsequent chemical analysis confirmed the
composition of droplets as pure lead. These droplets can
accumulate on the surface of the sample and coalesce into
larger droplets. However, with extended corrosion time, no
substantial growth or formation of new lead droplets is
observed, and the initial droplets eventually detach from the
sample surface due to periodic transfer from the furnace to

the balance. The shape of the sample remained unchanged
after 30 h.

To elucidate the corrosion protection mechanism at 500 °C,
the Pb—19La sample was embedded in an electroconductive
resin and polished to half its height. Fig. 13 depicts the
microstructure and corresponding EDS maps of the sample
after exposure to air at 500 °C for 30 h. A corrosion layer
measuring up to 450 um in thickness was observed on the
LaPbs surface. Notably, this corrosion layer exhibited reduced
electrical conductivity compared to layer formed at 20°C,
resulting in a brighter appearance in the SEM photograph.
Analysis of the corrosion layer revealed the presence of a
phase containing lanthanum and oxygen in a near 41La—590
ratio (at.%) throughout its entire thickness. This phase may
correspond to the formation of lanthanum oxide (La,O3)

Fig. 10 — Pb—19La sample after exposure to air for 88 days: (a) further formation of new cracks inside the grains,
(b) alternating layers of high lead (bright) or high lanthanum and oxygen (dark).
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Table 1 — Mechanical properties of Pb—19La alloy after
compression tests at room and elevated temperatures.

T, °C e, % Go.2, MPa Omax, MPa
20 12.8 £+ 0.8 138 £+ 9 193 + 15
300 119+ 1.3 123 + 10 163 + 10
500 >50 95 + 17 113 £ 25

rather than lanthanum hydroxide, as the latter decomposes
into La,05 and water upon heating above 300 °C.

Within the entire corrosion layer, thinner layers up to
50 pm in thickness can be found, containing lead and negli-
gible amounts of oxygen or lanthanum. These layers are most
likely comprised of pure lead, which forms during the corro-
sion of LaPbs, alongside lanthanum oxide/hydroxide. At
500 °C, the lead, being in a liquid state, could come out on the
surface of the sample and form droplets. As the corrosion time
increased and the thickness of the corrosion layer grew, the
lead became trapped within the layer, forming a layer of liquid
lead therein. Evidently, diffusion of oxygen through the layer

of liquid lead and into the interior of the material is much
slower than through cracks, which are constantly formed due
to the strong volume effect during corrosion at 20 and 300 °C.
This presents opportunities for protecting LaPbs from corro-
sion, particularly if utilized within a breeder blanket.
Continued investigation into the corrosion behavior of LaPbs
is ongoing. The observed phenomenon may also theoretically
be applicable to corrosion protection of other materials.
Crucially, the formation of a liquid phase during corrosion at
operating temperatures, capable of filling pores and cracks,
may prevent the rapid penetration of the corrosive agent deep
into the material. Even if this protective layer is damaged,
further corrosion may contribute to the self-healing of the
surface.

The Pb—19La alloy exhibits moderate resistance to oxida-
tion in air with 40% humidity at room temperature and
completely fails after a few hours in water. This behavior can
primarily be attributed to the peculiarity of the environment,
i.e., humidity or water. Pure lead, formed in the samples due
to corrosion, could cause malfunction of the breeder blanket

Fig. 11 — Pb—19La sample corrosion in water at 20 °C after (a) 10 min, (b) 4 h, (c) 1 day.

|

300°C, 30 h

500°C, 30 h

Fig. 12 — Appearance of Pb—19La samples after corrosion tests at (a,b) 300 and (c,d) 500 °C in air for (a,c) 1 and (b,d) 30 h.
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Fig. 13 — SEM image and corresponding EDS maps of Pb—19La sample after exposure to air at 500 °C for about 30 h. The edge

of the sample is on the right.

during reactor operation due to its melting at operating tem-
peratures. On the other hand, at such high temperatures, pure
lead can form a liquid layer of lead within the corrosion layer,
thereby mitigating against accelerated corrosion. In the
practical use of Pb—19La blocks, the blocks must be handled in
a protective atmosphere to exclude corrosion processes. A
realistic approach to protect the blocks from contact with
water or water vapor in the blanket could be a use of a pro-
tective casing made, for example, of steel.

3.3.  Mechanical properties

The hardness measurements of Pb—19La alloy samples ob-
tained by induction melting were conducted immediately

—_—20°C
200 - —300°C
—500°C

150 +

100

o, MPa

50 4

0 T T T T T 1
0 5 10 15 20 25 30

e, %

Fig. 14 — Typical compressive stress-strain curves of
Pb—19La obtained by induction melting.

after grinding. Indentation forces ranging from 10 g to 2 kg
were applied, and LaPb; showed a consistent hardness of
100 + 5 HV regardless of the force applied. To measure the
hardness of the LaPb, phase formed along the grain bound-
aries, a lower indentation force of 10—50 gf was used due to
the smaller particle size. LaPb, had a slightly lower hardness
of 70 + 10 HV. In Ref. [7], the hardness of LaPb; was reported to
be slightly higher (116.6 HV) possibly due to differences in
manufacturing methods and lead content.

Table 1 shows the results of mechanical compression tests.
The alloy showed a strength of about 193 MPa at room tem-
perature, which decreases but does not drop sharply to
113 MPa at 500 °C. For comparison, he strength of lead at room
temperature is only about 10—20 MPa and decreases signifi-
cantly at 300 °C (melting point of Pb is 327 °C) [22].

Fig. 14 depicts typical compressive stress-strain curves for
Pb—19La specimens tested in vacuum at three different tem-
peratures: 20 °C, 300 °C, and 500 °C. At room temperature and
300 °C, the compression after reaching maximum stress is
followed by a sharp decrease in stress, which is associated
with crack formation. However, the samples do not rapidly
fracture completely because the central volume continues to
resist the load until new cracks form. At room temperature, a
serrated flow curve is observed after about 7% deformation,
indicating an increase in stress (Fig. 14). The Pb—19La samples
appeared to be brittle at 20 and 300 °C with plastic deforma-
tion of about 12—13%. At the end of the tests, the samples split
in the direction of compression, with the central volume
fracturing and a main 45° crack forming (Fig. 15a and b). At
500 °C, the decrease in stresses upon reaching the maximum
load is more uniform, and no steps are observed in the curve.
Upon reaching 10% deformation, the stress increases due to
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Fig. 16 — Fracture surface morphology of Pb—19La specimens after compression testing at (a) 20 °C and (b) 500 °C.

an increase in the cross-sectional area. The specimens do not
completely fracture under compression at 500 °C, despite the
chipping of a significant number of fragments around the
central part (Fig. 15c).

Fig. 16 displays the fracture surface of specimens subjected
to compression testing at 20 and 500 °C. Despite placing the
specimen in oil after the test, both specimens displayed
corrosion in the form of whiskers and nodules of pure lead
(enlarged images in the upper right corners). Nonetheless, the
difference in fracture surfaces is noticeable. At room tem-
perature, the specimen fractured in a brittle manner with
large cracks frequently oriented at 90° to each other (Fig. 16a).
By contrast, the fracture surface after a compression test at
500 °C appears to be much more developed, with an evidently
higher proportion of the ductile component (Fig. 16b).

Overall, the Pb—19La alloy exhibits sufficient strength for
its use as a functional material in the fusion reactor breeder
blanket. Although the alloy is brittle at low temperatures, the

formation of cracks does not lead to rapid and complete
fracture of the specimen. The compressive strength of above
110 MPa can be achieved even at 500 °C without complete
fracture of the specimen.

4, Conclusions

In the framework of the R&D EUROfusion activity for the
development of the DEMO breeder blankets, the Pb—19La solid
neutron multiplier was produced and tested. Both argon-arc
and induction melting techniques were used to cast Pb—19La
ingots suitable for trial experiments. During the argon-arc
melting process, the evaporation of lead caused a shift in the
composition of the alloy, resulting in the formation of LaPbs
and LaPb, structures with approximately equal volume frac-
tions. On the other hand, induction melting was found to be
more effective, producing a material with almost single-phase
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LaPbs grains of about 80 um in size and a small amount of LaPb,
(about 3%) primarily along the grain boundaries.

Pb—19La samples are highly susceptible to corrosion when
exposed to air or water. As a result of corrosion, pure lead and
lanthanum hydroxide are formed, the volume of which is
approximately 40% larger than that of LaPbs. This leads to the
formation and opening of the cracks, first along the grain
boundaries, and then inside the grains. Testing the sample at
300 °C in air exhibited rapid corrosion, with the complete
consumption of the sample within 20—30 h. However, corro-
sion at 500 °C was observed to be slower owing to the for-
mation of pure lead as a corrosion product, which melts and
can establish a layer of liquid within the corrosion layer,
leading to a decelerated corrosion process. LaPbs; has a hard-
ness of 100 HV and a strength of about 193 MPa at room
temperature. With an increase in temperature to 500 °C, the
strength decreases to 113 MPa.

The results obtained suggest that lanthanum plumbide,
LaPbs, has potential for use in DEMO blanket technology as a
neutron multiplier. However, its high sensitivity to corrosion
in both air and water environments makes it unsuitable for
direct use without additional preparation. One potential solu-
tion to this issue could be to encase the LaPbs blocks in steel,
which would protect them from accidental exposure to air or
water.
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