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ABSTRACT

Liquid lead (Pb) is an attractive heat transfer fluid (HTF) for packed-bed thermal energy storage (TES) systems aimed for high
temperatures. However, liquid Pb is corrosive and its corrosivity increases with rising temperature. Therefore, compatibility

tests of possible filler materials with Pb are mandatory. This study tested the corrosion and thermal alteration of seven ceramic

materials (two alumina materials, one alumina zirconia composite material, two zirconia ceramics stabilized with either yttria

or ceria, and two zirconium silicates in different compositions) in liquid Pb at 650°C and 750°C in a reducing environment for up
to 5000h. The results showed that the tested zirconium silicates are not suitable due to the high glass content and the ceria sta-
bilized ZrO, revealed a poor thermal shock resistance. In contrast, the yttria stabilized ZrO, and the alumina zirconia composite
showed a very good compatibility with a negligible reaction with Pb.

1 | Introduction

High-temperature thermal energy storage (TES) can be used in
a wide application range. One field of application is the use of
excess heat in industrial processes, resulting in cost savings and
areduction of CO, emissions by increasing energy efficiency [1].
When using fluctuating renewable energies like, for example, in
concentrating solar power (CSP) plants, TES systems enable a
24/7 electricity generation. Most commercial CSP systems use
two-tank molten salt storage systems [2, 3]. The so-called solar
salt, consisting of the eutectic mixture of 60wt.% sodium ni-
trate (NaNO,) and 40wt.% potassium nitrate (KNO,), serves as
both the storage medium and the heat transfer fluid (HTF). A
drawback of solar salt is its limited operating temperature in the
range between 290°C and 565°C because of the decomposition
of the salt at higher temperatures with the formation of toxic
nitrous gases (NOx) [4-6]. Recent studies show that a higher

concentration of NOx gas above the liquid salt can stabilize the
solar salt, which may allow the use up to 645°C. This method
requires that the salt and gas phase composition are carefully
monitored and controlled [7-9].

Next-generation CSP plants are foreseen to operate at tempera-
tures above 700°C to improve the solar-to-electricity efficiency
and to reduce the levelized cost of energy [10-12]. Regarding
the use of industrial excess heat, even higher temperatures of
1000°C should be achieved [13, 14]. For these higher tempera-
tures, liquid metals are possible HTFs due to their chemical
stability over a wide temperature range and their excellent heat
transfer properties [1, 15-18]. Lead, the liquid metal proposed
here, has a melting point of 327°C and a boiling point of 1743°C.
This allows operation temperatures between 400°C and 1000°C.
Liquid metal HTFs are foreseen to be combined with suitable
filler materials of high storage capacity to form a thermocline
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packed-bed TES system. The low-cost and high-temperature
stable filler material stores the available sensible heat, while at
the same time helping to maintain the required temperature
gradient of the single-tank thermocline system. This results in
reduced storage costs [19].

A challenge when using liquid metals as HTFs is their corrosive-
ness, which increases with temperature. Liquid metals have a
high solubility for the alloying elements of structural materials,
leading to leaching of these alloying elements from the struc-
tural materials and penetration of liquid metal into the weak-
ened materials [1]. These corrosion processes are accompanied
by a loss of mechanical properties and may result in material
failure. Further corrosion phenomena include the formation
of intermetallic compounds between liquid metal and alloying
elements or the interaction with liquid metal impurities. Here,
oxygen plays a crucial role, as it may oxidize steel alloying ele-
ments and form protective oxide scales when available in suffi-
cient concentrations in the liquid metal. In systems with liquid
metal flow, erosion of solid components might be a further issue
to be considered [20-22]. The corrosion of structural materials,
in particular steels, in liquid Pb and lead bismuth eutectic (LBE)
has been extensively investigated in the temperature range
around 550°C [1, 23-26], and further research for higher tem-
perature is on-going [27-29]. However, little research has been
carried out on the behavior of possible filler materials in contact
with liquid metals.

Beside a good material compatibility with the liquid metal, po-
tential filler materials have to fulfill additional criteria. The most
important are the thermophysical properties; they should have
a high volumetric heat capacity, but a relatively low thermal
conductivity (depending on the size of the material), high ther-
mal fatigue, and a high thermal shock resistance. Additionally,
the price of the material should be low to target maximum in-
vestment costs for the overall storage system of 15€/kWh as
proposed by the Strategic Research Agenda 2020-2025 of the
European Solar Thermal Electricity Association [30]. In this
study, we focus on ceramic bead materials, as they have the
advantages of having a homogeneous chemical composition,
being commercially available, and being phase stable at the
chosen temperature, which is often not the case for the cheaper
natural material and slag [31]. Phase changes often cause vol-
ume changes, which can lead to cracks and crumbling under
thermal cycling. Additionally, during long-term operation with
cyclic thermal charging and discharging, thermal ratcheting is
often expected, caused by a mismatch in thermal expansion co-
efficients between the storage tank and the solid material [32].
During charging, the filler material and the tank expand, which
leads to a rearrangement of the filler material. If the tank ex-
pansion is higher than that of the filler material, empty spaces
occur, which lead to a downward movement of the filler ma-
terial driven by the weight of the overlaying particles. During
discharging, the now compact filler material layer impedes the
tank from going back to its initial size. This leads to mechanical
stresses between particles and between the tank and the par-
ticles. Typical for natural material and slags are sharp edges,
which might cause problems during filling, reduce the bulk
density, and increase the risk of the ratcheting effect. According
to Garitaonandia [32], higher mechanical stresses occur be-
tween the first and the seventh year of operation when using a

nonuniform steel slag. By choosing a smooth, bead-shaped filler
material for packed-bed with liquid metal, no thermal ratchet-
ing is expected since the ceramic is floating because it is less
dense than the HTF (here: liquid Pb) and no interlocking occurs.
Additionally, spheres are chosen with a narrow size distribution,
so that for the application in a packed-bed TES, the porosity dis-
tribution is also very predictable.

A previous paper [33] describes the investigation of suitable filler
materials for thermocline packed-bed TES systems using LBE
as the HTF. These investigations were carried out for a lab-scale
experiment [34]. As filler material, two glasses (diamond pearls
and borosilicate glass) and four ceramics (aluminum oxide
(90%), magnesium silicate ceramic (steatite), yttria stabilized
zirconium oxide, zirconium silicate ceramic) were chosen and
exposed in LBE at 500°C up to 4weeks under reducing condi-
tions, that is, with dissolved oxygen concentrations too low to
form an oxide scale. Both glasses revealed corrosion attack and
chipping of the surface. Therefore, the glasses were not included
in the current study. For the ceramics, it was also shown that
any glass phase present has a negative impact on the corrosion
resistance. Although the 90% alumina material showed a very
low corrosion attack, further investigations were recommended
to determine its corrosion resistance. Zirconium silicate and zir-
conium oxide exhibited a high corrosion resistance.

In contrast to the previous study, the current paper describes re-
sults for candidate filler materials exposed in liquid Pb instead
of LBE. Using Pb instead of LBE reduces the HTF's investment
costs and reduces the corrosivity due to the fact that Bi is more
aggressive than Pb. As before, the exposure tests were per-
formed under reducing conditions. Furthermore, the exposure
temperature was increased from 500°C to 650°C and 750°C,
which corresponds more closely to the desired temperatures for
a future packed bed energy storage system, and the exposure
duration was raised to 1000, 2000, and 5000h. As the tempera-
ture rises, the solubility of the elements in the liquid metal also
increases, making it more corrosive, even though Pb is the only
element being used at present. For this reason, some of the ma-
terials tested before [33] had to be tested again under the new
conditions. Based on the former results, only ceramic beads
were tested. The screening tests are a first step toward finding
a suitable filler material for the use of Pb for high temperature
application. Thermal cycling tests are the next step, which will
be the scope of future studies.

2 | Materials and Methods
2.1 | Materials

The selection of filler material depends on various criteria.
Based on previous theoretical investigations and numerical
simulations [15, 19], the material needs to be low cost, have
a high volumetric heat capacity, relatively low thermal con-
ductivity, high thermal fatigue resistance, and a high thermal
shock resistance. In the case of Pb as HTF, the filler material
should also be resistant against liquid metal corrosion, espe-
cially at temperatures above 600°C. Regarding the previous
tests [33], ceramics are a promising option. Therefore, seven
ceramics were chosen, which can be divided into four groups.
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The first group contains alumina (Al,0,) with two different
purities (90% and 92%). Secondly, an alumina zirconia com-
posite based ceramic named Minerax is investigated. The
third group consists of zirconia (Zr0,), stabilized with either
yttrium oxide or cerium oxide (Y,0,-ZrO,/ZirmilCe), and the
last group is based on zirconium silicate in different composi-
tions named Rimax and ER120. All of the materials with ex-
ception of the zirconium silicate ER120 have a spherical shape
with a narrow size distribution, which allows a prediction of
the porosity distribution in the packed bed for simulations. To
determine the size, 10 beads per sample were measured. The
material, size, and supplier of the beads are listed in Table 1.
All ceramic beads are industrially used for milling.

2.2 | COST Estimation

This cost estimation of the storage material (lead and filler) is
an initial estimate. If the price for the filler material or the lead
changes, this has a significant impact due to the large volume
of these materials. Equation (1), which was already described
in [31], was used for a cost estimation of the material C, costs
per kwh1in €:

p-€-Ci+p,-(1—¢e)-Cg

Crgs = 3.6 - 10° -
(pr-cpi-e+ps-cps-(1—g)- AT

@

TABLE1 | Bead material, size, and supplier.

C, as material cost in €/kg, ¢ the porosity, o the density in
kg/m3 and ¢, the specific heat capacity in J/(kgK), while the
subscripts [ and s denote liquid and solid respectively. AT is
the temperature gradient of the loop, in this case 300 (max.
temperature 700°C, the middle between the tested tempera-
ture 650°C and 750°C). The data relevant for the calculation
and the results are given in Table 2. The specific heat capacity
and the density for the materials alumina 90%, Y,0,-ZrO, and
Rimax were measured and published in [33]. For the calcula-
tion, it is assumed that the specific heat capacity of alumina
92% is similar to that of alumina 90%. A similar approach was
taken with ER120 and Rimax. In the case of ZirmilCe, the
molar heat capacity of Ce,,,Zr, ¢..O, was obtained from lit-
erature [36]. Minerax is a zirconia toughened alumina (ZTA),
so the specific heat capacity was taken from a supplier of ZTA
ceramics [35]. Where density measurements were missing, the
supplier details were used instead. The prices for the beads are
indicated figures from the supplies for July 2026. Concerning
Pb, at 700° the specific heat capacity is 146J/(kgK) and the
density 10 545kg/m? [1]. The material cost of the heavy liquid
metal is assumed to be 2 €/kg, since the monthly average value
has consistently been around 2 € in recent years [37]. A poros-
ity value of 0.26 (26%) was chosen for the packed bed, which is
the minimum value of a monodisperse bed.

The significant price difference (€/kg) between the aluminum
oxides is reflected in the costs per kWh (€/kWh). A similar pat-
tern is observed with the two stabilized zirconia materials; here,

Materials Content (Wt.%) Bead diameter (mm) Supplier
Alumina 90% 90% Al,0,, 4.5% SiO,, 5% 2.4-3.5 Miihlmeier GmbH & Co. KG
alkaline metal oxides

Alumina 92% 92% Al,O,, 2.5% SiO,, 2.5% 3.0-3.24 Final Advanced Materials
MgO, 2% CaO, 1% others

Minerax 66% Al,O,, 18% ZrO,, 16% others 2.4-2.7 Saint-Gobain ZirPro

Y,0,-ZrO, 95% Zr0,, 5% Y,0, 3.1-3.2 Final Advanced Materials

ZirmilCe 82% Zr0,, 16% CeO,, 2% others 2.65-2.8 Saint-Gobain ZirPro

Rimax 58% Zr0,, 37% SiO,, 5% others 2.67-2.87 Saint-Gobain ZirPro

ER120 66% Zr0O,, 29% SiO,, 5% others 1.8-2.6 (round beads) Saint-Gobain ZirPro

5.4-8.8 (elongated)

TABLE 2 | Specific heat capacity, density, and costs of the tested materials together with their estimated cost estimation of the storage material.

Materials Specific heat capacity, J/(kgK) Density, (kg/m?3) Material cost, (€/kg) Cost, (€/kWh)
Alumina 90% 855, _ s0oc=1226,_ 10000 1331 2545 [33] 7 77.1
Alumina 92% 1109 3700 49 (@3 mm) 419.9
Minerax 720 [35] 3800 3 59.02
Y,0,-Zr0, 469 _ 50c=651 7 1000ec 1331 6020 [33] 153 (@3mm) 2320.79
ZirmilCe 441 [36] 6200 20 412.57
Rimax 626, _ 5007921 10000 [33] 4235 [33] 12 163.02
ER120 740 3800 20 255.92
Energy Storage, 2026 30f13
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a substantial price reduction can be achieved through material
selection. However, the prices are generally much higher than
those of the previously tested slags.

2.3 | Corrosion Test and Test Condition

For the corrosion tests the COSTA (COrrosion test stand for
STagnant liquid Alloys) facility [38] was used, see Figure 1. It
consists of tubular, three zone furnaces with two half-closed
quartz tubes as reaction chambers. The three independently
controllable heating zones guarantee a large isothermal (+5°C)
area allowing up to nine samples to be tested simultaneously per
quartz tube. The open ends of the quartz tubes are sealed by lids
containing feedthroughs for the cover gas (in this study 100mL/
min of an Ar-5% H, mixture was used with an Ar and H, purity
of 6.0). A moisture and an oxygen sensor were placed at the gas
outlet to control the cover gas. Inside the COSTA facility, each
sample to be tested is placed in one liquid metal filled alumina
crucible located on a crucible carrier. For loading and unloading
of the samples, a glovebox previously purged with Ar-5% H, is
connected gas-tight to the quartz tube. For the tests presented
here, each crucible was filled with 160-170g of Pb (99.99% de-
livered by Feinhiitte Halsbriicke GmbH) and with around 10-15
ceramic beads of one type. To avoid floating of the beads, they
were pressed down with tantalum strips, which were addition-
ally weighted with molybdenum rod sections.

For the experiments, two furnaces were used; one heated to
650°C, the other to 750°C. One quartz tube of each furnace was
operated for 1000 and 2000 h; the other for 5000 h exposure. This

ensures that there is no disruption caused by taking out samples.
After cooling down to room temperature, the beads were taken
out of the glovebox. A photo of the beads after 1000h exposure
at 650°C is depicted in Figure 2.

2.4 | Analysis

Surfaces and cross sections of three beads each were examined
before (as-delivered) and after exposure. For the cross-section
analysis, the samples were prepared using standard metallo-
graphic techniques. For the post exposure examination of the
surfaces, the beads were cleaned from the adherent Pb residual
for 30min with a 1:1:1 solution of ethanol, hydrogen peroxide
(30%), and acetic acid (96%).

Surface and cross-section of the beads were investigated using
the scanning electron microscope (SEM) Zeiss LEO 1530 VP
with a Schottky-field emission gun and an integrated energy-
dispersive X-ray analysis system (EDS).

3 | Results

3.1 | Alumina 90% and 92%

3.1.1 | As-Delivered

Cross section photos of Al,0, 90% and 92% are depicted in

Figure 3. There is a difference in grain size, with the grain size
of Al,0, 90% (Figure 3a) being smaller than that of Al,O, 92%

furnace
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FIGURE1 | Scheme of COSTA test facility with the procedure of filling the crucibles with the test material.
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FIGURE2 | Photo of beads after 1000 h exposure to Pb at 650°C.
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Ba-Ti-Mg-Al-O precipitations .

glass phase —»

e "’v ‘

glass phase

FIGURE3 | SEM (SE) cross section photos of the Al1,0, samples: (a) Al,0, 90% (b) Al,O, 92%.

TABLE 3 | Chemical composition in wt.% of Al,O, 90% and 92%
measured by EDS.

O Al Na Mg Si Ca Ti Ba

AlQ, 50 448 — 1.2 1.8 19 01 0.2
90%

ALO, 505 455 02 08 23 08 — —
92%

(Figure 3b). The chemical composition of the samples measured
by EDS is depicted in Table 3. Based on the cross-section images,
the surfaces of both Al,0, 90% and 92% beads appear rather
rough. Some pores are visible within the beads, with a higher
number of pores found in the alumina 90% bead.

The alumina beads contain the typical impurities like silicon,
calcium, magnesium, and sodium oxides, the latter not being
detectable by EDS in Al,O, 90%. These oxide impurities melt
during the sintering process, forming a glassy matrix along
the Al,O, grain boundaries which is known as inter-granular
glassy phase [39]. This phase is visible as a dark gray area in
both SEM photos. This glass phase matrix contains Si, Ca, Mg,
and in the case of Al,0, 92%, small amounts of Na. The main
difference between the two ceramics is that Al,0, 90% addi-
tionally contains Ti and Ba. Ti and Ba, together with Al, Mg,
O, and small amounts of the other components, form platelet-
shaped crystals appearing as needles in the cross sections.

3.1.2 | Al,0,90% After Pb Exposure

After the exposure to 650°C and 750°C, all Al,0, 90% spec-
imens show a slight reaction in some regions on the surface
(see bright area in Figure 4a). Figure 4b presents a cross sec-
tion SEM image of such a region along with the corresponding
EDS elemental mapping, highlighting liquid Pb penetration
between the outermost Al,O, grains, where the glass phase
containing Si, Ca, and Mg is located. Neither the Ba and Ti
enriched platelet-shaped oxide nor the Al,O, grains show any
corrosion attack. The maximum Pb penetration depth along
the glass phase is approximately 4um after 1000h at 750°C
and 2-3 um after 1000h at 650°C, and even after the extended
exposure period of 5000h no increase in corrosion depth is
measurable. Anyway, a systematic time or temperature de-
pendence of the liquid metal attack could not be observed. In

some spots Pb filled surface defects can be observed, similar
to how it is shown in Figure 5b for Al,0, 92%.

3.1.3 | AlL0,92% After Pb Exposure

The 92% sample exhibits the same corrosion mechanism as the
90% beads: Pb penetrates between the Al,O, grains and along
the glass phase rich in Si, Ca, Mg, and Na. A corrosion depth of
3-5um is observed after 1000h at 750°C (Figure 5a). Similar to
the A1,0, 90%, no time or temperature dependence of the pen-
etration depth could be determined for alumina 92%. In several
spots where surface defects such as grooves are visible, liquid
lead has penetrated these defects, reaching much higher depth
up to around 10 um (Figure 5b).

3.2 | Minerax: Alumina Zirconia Ceramic
Composite

3.2.1 | As-Delivered

Minerax consists mainly of three basic oxides based on a com-
bination of alumina (Al,0,), zirconia (ZrO,), and silica (SiO,).
It is used for the high energy milling of mineral ores due to its
high wear resistance. The delivered ceramic has a lot of pores, a
high surface roughness, and some defects like cracks close to the
surface, see Figure 6a. The chemical composition of the beads as
measured by EDS is depicted in Table 4.

A ZrO, and a zirconia silicate phase (cf. Figure 6b bright
phases) are distributed in the Al,0, matrix. Both contain Y,0,
according to the EDS. Their grains are not homogenously dis-
tributed; they can also be locally enriched. The Al,O, matrix
consists, in addition to Al and O, of the typical alumina im-
purities Mg, Na, and Ca. Ca shows an inhomogeneous dis-
tribution, while there are no local enrichments of Na or Mg
detectable.

3.2.2 | Minerax After Pb Exposure

After extraction, large areas of the sample surface are cov-
ered with Pb, most probably due to the high surface roughness.
However, after cleaning the beads from adherent Pb, isolated
areas are visible where Pb has reacted with the sample surface,

Energy Storage, 2026
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Si Mg

FIGURE 4 | Al,0,90% after 1000h exposure to Pb at 750°C. (a) surface reaction with Pb, (b) penetrated Pb close to the surfaces including cor-

responding EDS elemental mapping photos.

FIGURES5 | AlO, 92% after 1000h exposure to Pb (a) at 750°C showing penetration of Pb along the Al,O, grains into the material. (b) at 650°C
showing local Pb penetration at a surface defect. The black large particles in the lead above the samples are SiO, from grinding.

FIGURE 6 | Surface SEM (BSE) images of as-delivered Minerax at different magnifications.

TABLE 4 | Chemical composition in wt.% of the alumina zirconia
composite Minerax.

(0] Al Zr Na Mg Si Ca Y

50.1 44.8 8.4 0.1 0.20 3.4 0.4 1.1

but it is not possible to measure by EDS what the Pb has reacted
with. Figure 7 shows the typical appearance at 650°C. Penetration
of Pb is only locally visible close to the surface in the first 1-2um
along grain boundaries and in pores and surface defects like gaps/

cracks that were already observed on the original samples; see
Figure 8a.

Additionally, isolated areas with larger breakaways without
Pb inclusions like in Figure 8b can be observed at some beads.
Most probably this breakage occurred after Pb exposure during
cooling to room temperature and was caused by a defect in the
material. The black spots within the adherent Pb are silica par-
ticles from the abrasive paper, which were incorporated into the
rather soft Pb during cross-section preparation.
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A similar corrosion behavior like the one at 650°C is observed
at 750°C. Pb has penetrated into the materials only close to the
surface (Figure 8c) and in places where cracks and pores exist.

3.3 | ZrO, Stabilized With Y,O; or CeO,
3.3.1 | As-Delivered

Both yttria (Y,0,-Zr0O,) and ceria (Zirmil Ce) stabilized zirco-
nia beads are high density milling media. The chemical com-
position of the materials is depicted in Table 5. Both materials
exhibit elevations and small depressions at the surface, which
have the same chemical composition as the base material.
Additionally, small black spots are visible, which are Al,O,
precipitations, see Figure 9. They can be found in the whole
material. In contrast to the more or less round Al,O, precip-
itations of Y,0,-Zr0O, (Figure 9c), Zirmil Ce shows elongated

.-’_‘

Al-oxides (Figure 9d). Zirmil Ce exhibits defects at the surface
(Figure 9b,d).

3.3.2 | Y,0,-ZrO, After Pb Exposure

After exposure, the white shiny surface of the Y,0,-ZrO, beads
is slightly gray. Investigations on uncleaned bead surfaces show
the formation of a Pb-Zr-O compound (62-65at.% O, 21-26at.%
Zr, 5-10at.% Pb with impurities of Y, Al, and Si-possibly PbZrO,
[40]) attached to the surface. This is shown exemplarily in
Figure 10a for a bead exposed for 5000h to Pb at 750°C. A clear
confirmation of the formation of PbZrO, phase would have re-
quired an XRD analysis; however, this was not feasible because
of the curvature of pebble surface. After cleaning the beads
from adherent Pb, the Zr-Pb-O compounds cannot be found
anymore, but small Sn particles were detectable at the surface,
which are attributed to an impurity of the Pb. Chemical analysis

FIGURE7 | SEM photo of Minerax bead after 5000 h exposure in Pb at 650°C with corresponding element mapping.

FIGURE 8 | Minerax: (a) after 2000 h exposure in Pb at 650°C showing a Pb filled defect at the surface. (b) after 1000 h of exposure in Pb at 650°C
showing a larger breakage at the surface. (c) After 2000 h of exposure in Pb at 750°C exhibiting Pb penetration in the surface region.

TABLE 5 | Chemical composition in wt.% of yttria and ceria stabilized zirconia beads measured by EDS.

0 Zr Al Na Si Y Ce Mg Ca
7r0,Y,0, 29.9 60 13 13 13 6.3 — — —
Zr0,-CeO, 30.4 52.1 0.5 0.3 0.3 0.77 15.3 0.2 0.2
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Y,0; stabilized ZrO,

CeO0, stabilized ZrO,, (Zirmil®Ce)

FIGURE9 | Surface (a, b) and cross-section (c, d) SEM photos of the ZrO, samples stabilized with Y,0; (a, ¢) and with CeO, (b, d).

LAy T

%t "

FIGURE 10 | SEM photos of yttria stabilized ZrO, beads after 5000h exposure to 750°C in Pb: (a) uncleaned surface of a bead with Zr-Pb-O com-
pounds, (b) surface after cleaning of adhering Pb showing Sn particles, (c) cross section.

(SPARK-OES) confirmed the presence of very low amounts of
Sn (<0.0001 wt.%) in the as-delivered Pb. However, no influence
of the Sn impurity on the corrosion was observed. Based on the
distribution of the Sn particles on the samples surface where al-
most Sn-free circles form, cf. Figure 10b, it can be assumed that
the surface was not completely wetted by the Pb. Despite rem-
nants of Pb in the surface depressions of the wetted areas, no
corrosion attack is detectable on the surface or in the cross sec-
tions of the samples exposed to 650°C and 750°C, respectively,
see Figure 10c.

3.3.3 | Zirmil Ce After Pb Exposure

The behavior of the Ce oxide stabilized ZrO, (Zirmil Ce) is quite
different. After exposure, the beads exhibit a lot of cracks run-
ning deep into the material, see Figure 11a, for example. This
occurs at both temperatures and for all exposure times. It is con-
cluded that the material is not thermal shock resistant. Pb can

penetrate into larger cracks. Additionally, the liquid metal reacts
with Zirmil Ce at the surface and forms very small plate-like
crystals (wetted area in Figure 11b). The determination of their
chemical composition by SEM/EDS is not clearly attainable.
Figure 11b shows a wetted and an unwetted surface. The wetted
area is presented by the plate-like crystals, whereas at the bor-
der (brighter “line”) Ca and Na are enriched together with Pb.
Therefore, it can be assumed that the plate-like crystals result
from a reaction of Ca and Na with Pb.

3.4 | Zirconium-Silicate: Rimax and ER120

3.4.1 | As-Delivered

In the Rimax and ER120 beads, the yttria stabilized zirconia
phase (bright phase) is embedded in a glassy silica phase (dark

gray phase), see Figure 12. While the surface of the Rimax
beads (Figure 12a,b) shows a lot of surface defects (small cracks,
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FIGURE 11 | SEM photos of ceria stabilized ZrO, beads: (a) cross section of a bead after 2000 h exposure in Pb at 650°C and (b) surface of a bead

after 5000 h exposure in Pb at 750°C with a wetted and unwetted area.

Rimax

ER120

ER120

FIGURE 12 | Surface (a, c, €) and cross section (b, d) of Rimax (a, b) and ER120 (c, d, ) as delivered.

indentations...), the ER120 beads (Figure 12c,d) are surrounded
by a glass shell, which consists mainly of Si and O with a minor
content of Zr (2.5-5.5at.%) and Al (0-1.9at.%) according to EDS
point measurements. Table 6 contains the average chemical com-
position data in wt.% measured on the cross section of a bead.

3.4.2 | Rimax After Pb Exposure

After the exposure, the Rimax beads exhibit a significant cor-
rosion attack on the glass phase, see Figure 13. Liquid metal
enters between the zirconia grains where the glass phase is lo-
cated (Figure 13a). This causes a loss of their cohesion, which
can lead to detachment of individual grains or grain aggre-
gations. In areas with homogeneous Pb penetration, a slight
temperature-dependent corrosion attack is measurable. The
corrosion depth is around 2pm after 5000 h exposure at 650°C,
while at 750°C it is around 4-5pum after 1000 h of exposure. But
these homogeneous attacks are rarely observed; more often the

penetration of Pb takes place via cracks or other defects on the
surface, which leads to corrosion of the glass phase in deeper
areas, Figure 13b,c.

3.4.3 | ER120 After Pb Exposure

The susceptibility of glass to Pb is clearly evident in the ER120
balls. Pb is incorporated into the outer layer of glass, which
leads to embrittlement, cracking, and chipping. As an exam-
ple, a bead that was exposed at 750°C for 5000 h is depicted in
Figure 14a,b. Figure 14a shows the cracking of the glass shell
and Figure 14b shows the chipping, thereby exposing the un-
derlying zirconia phase. EDS point measurements on the glass
shell reveal 0.3-2.8 at.% Pb, 0.8-2.3at.% Zr, and 0.9-1.6 at.% Al
beside the main constituents Si and O. Pb is not only incorpo-
rated into the outer glass shell, it also penetrates into the glass
matrix; see the element mappings in Figure 14d-g. It is visible
that the zirconia is not affected by this attack. The penetration
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of the lead is accelerated by the breaking and chipping of the
outer glass layer. The deepest attack was found after the lon-
gest exposure time of 5000h; for 650°C it was 12um and for
750°C 20 um. However, a systematic dependence on tempera-
ture cannot be found because the penetration depth depends
on defects in the outer glass shell. For example, after 1000 h
the deepest attack with 6 um was found on a bead exposed to
650°C, while the deepest attack on a 750°C exposed bead was
3 pm.

4 | Summary and Discussion

Seven ceramics were tested in oxygen depleted Pb at tempera-
tures of 650°C and 750°C for up to 5000h. It was found that nei-
ther a temperature nor a time dependence could be detected in
the attack of the liquid metals on the ceramic beads at these two
temperatures due to the nonuniform attack, with the exception

of the Rimax beads. The results clearly showed that, when it
comes to ceramics, liquid metal attack is not the only factor to
consider, as thermal shock resistance is also crucial [41-43].
Table 7 summarizes the results.

The further to the left the ceramics are positioned in the table, the
better they performed. Furthermore, the materials were grouped
in three categories: + indicates good performance, samples
marked with 0 showed minor defects, and — indicates poor per-
formance. The latter are not suitable as heat storage material with
Pb as HTF. Zirmil Ce is one of the ceramics that performed worst.
The main reason is its poor thermal shock resistance. The cracks
after exposure run deep into the material. The slight reaction of
the impurities like Ca and Na with the liquid Pb is negligible. The
other two materials with poor performance, Rimax and ER120,
belong to the group of zirconium silicate (ZrSiO,) ceramics. These
ceramics have excellent thermal shock resistance [44], however,
they also have a high amount of a glass silica phase.

TABLE 6 | Chemical composition in wt.% of zirconium-silicate beads measured by EDS.

o Zr Si Na Mg Al Ca Fe Y
Rimax 43 35.2 17.4 0.4 0.6 2.0 0.4 0.1 0.9
ER120 46.4 35.5 16.2 — — 0.89 — — 1

'\-.T l}r"‘*«

g ‘
v "‘\\‘&\r,

Pb inclusions:

FIGURE 13 | Cross section of Rimax beads (a) after 5000h at 650°C showing Pb inclusions in the glass phase; (b) and (c) presents Pb penetration

in cracks after 2000h (b) and 5000h (c) at 750°C.

FIGURE 14 | ERI120 after 5000h exposure at 750°C. (a, b) Surface of a bead with cracks and spallation of the outer glass shell, (c) cross section
showing severe corrosion attack with penetration of Pb, and (d-g) associated SEM mapping of the element distribution.
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The previous study [33] performed in liquid LBE at 500°C high-
lighted the inferior behavior of glass beads in those conditions.
The ceramic beads with glassy binder phase or outer shell, ER120
and Rimax, exhibited cracking and chipping of the surface most
likely due to the solution of Na, Mg, Ca, and Al out of the glass net-
work mainly by Pb. Especially the behavior of the outer glass shell
of ER120 is comparable with the behavior of the tested borosilicate
glass in [33]. It shows the same severe cracking. Additionally, Pb is
incorporated in the shell and in the outer glass matrix. It is known
that a glass structure is ideally suited as a sorbent for heavy met-
als like Pb. Glasses containing lead have a wide field of applica-
tion, like crystal classes, optical glasses with high refractive index,
classes absorbing ionizing radiation, and glasses for low tem-
perature welding of metals [45]. At low contents (below 40 mol%
of PbO), Pb** can act like Ca?* and Na?* as a network modifier.
The breaking of the Si-O-Si linkages partially disrupts the glass
network, and Pb** occupy the cavity sites [46-48]. This change in
the glass network has an influence on the properties of the glass.
Beside the density and the lowering in glass transition tempera-
ture, there is also a significant increase in the thermal expansion
coefficient [49]. This causes higher internal stresses during rapid
thermal cycling, which can cause cracking. Furthermore, it can be
assumed that there is a volume increase due to the larger Pb in the
glass, which also increases the internal stress. This seems to be the
reason for the cracks and chipping.

Interestingly, the Rimax beads from the same batch showed a good
behavior in LBE at 500°C for 168 and 672h and in a TES operated
between 180°C and 380°C, with 37 thermal cycles within a year
[33]. Here, only a slight reaction with the glass phase was observed.
At this lower temperature the reaction of the glass phase seems to
be slower. As the temperatures increase, the penetration depth of
Pb into the material also increases, as our results show: 650°C for
5000h around 2pm, 750°C for 1000h around 4-5um. This makes
the Rimax sample the only ceramic for which a clear temperature
dependency has been demonstrated.

The alumina samples showed a much better performance com-
pared to Zirmil Ce und zirconium silicate ceramics. But even
here, Pb penetrated slightly into the vitreous phase formed
during sintering. The Al,O, itself showed no attack. Similar be-
havior was reported in Ref. [33]. However, the shock resistance
should be further investigated through thermal cycling exper-
iments to prevent the beads from crumbling during operation
in a packed-bed TES system. A similar slight reaction with Pb
was observed for the alumina zirconia composite-based ceramic
(Minerax). Most probably, Pb reacts with a Si-containing phase.

The best behavior is presented by the yttria stabilized zirconia
Y,0,-ZrO,. Only a slight reaction with Zr was found at the sur-
face of the Y,0,-ZrO,. It seems that it forms a ternary compound
with the liquid Pb at high temperatures, most probably PbZrO,,

TABLE 7 | Summary of the results: + good behavior, 0 defects, —
poor behavior (cracks and/or Pb infiltrated).

Al,0,90%/

AL0, 92%/
Y,0,-Zr0, Minerax Rimax ZirmilCe ER120
+ 0 - - -

as deduced from EDS. However, this reaction is negligible. To
conclude, the material is suitable for high-temperature TES (up
to 750°C) with Pb as HTF. Nevertheless, thermal cycling experi-
ments are recommended.

Estimation of the material costs (filler and HTF) showed prices
ranging from €59kWh! to €2320kWh~. The order of increasing
price is as follows: Minerax < Al,0, 90% < Rimax < ER120 < Zirmil
Ce<Al0, 92%<Y,0,-ZrO,. Using Minerax and Al,O, 90% as
the filler material results in the cheapest kWh price, at €59 and
€77, respectively. The advantage is that both materials also exhib-
ited good corrosion behavior in the corrosion tests. However, the
supplier’s price for Al,O, 92% was significantly higher than that
for Al,O, 90%, resulting in a kWh price of €420, which is similar
to the price of €413 when Zirmil Ce is used as the filler material.
This clearly shows how important it is to compare similar mate-
rials, and the effect this can have on costs. Y,0,-Zr0O,, the yttria-
stabilized zirconia, performed best in the corrosion test but was
also the most expensive at 2320€/kWh. However, the estimated
costs are still far from the maximum target investment cost of
15€/kWh for the overall storage system [30]. Nevertheless, using a
more expensive filler material could be advantageous if it is more
stable and has a longer service life without blocking the Pb flow.

5 | Conclusion

Seven ceramics were tested as possible filler material for high-
temperature packed-bed TES with Pb as HTF and a cost estima-
tion of the material costs (filler and HTF) was done. The tests
were performed for up to 5000h at 650°C and 750°C in liquid
Pb. The ceramics used were alumina materials with different
purities (90% and 92%), one alumina zirconia composite named
Minerax, two zirconia ceramics stabilized with either yttria or
ceria (Y,0,-ZrO,/ ZirmilCe), and two zirconium silicates with
different compositions (Rimax and ER120). Tests the following
conclusions can be drawn from the exposure tests.

The tested Y,0,-ZrO, shows only negligible reaction with the
liquid metal and is a promising filler material. However, this
tested material does have a high selling price, which results in
a high kWh price (2320,79€/kWh). A slightly inferior perfor-
mance is observed for both alumina samples and the zirconia
toughened Al,O, (Minerax). Compared to the Y,0,-ZrO, tested
here, the low purchase price makes Minerax and Al,0, 90% very
attractive. Zirconium silicates and the tested Ce oxide stabilized
Zr0, are not suitable for application in Pb.

A temperature dependence of the liquid metal attack could be
demonstrated only for the Rimax beads. As was already shown
in an earlier study, it appears that the glass content (vitreous
phase) is a very important factor in corrosion behavior because
Pb easily penetrates into the Si-O phase, influencing its thermal
shock behavior and most likely inducing internal stress.

Thermal shock resistance is an important factor for all ceram-
ics. Therefore, all materials proven to be suitable should also be
tested under thermal cycling conditions.

Regarding material costs, these range from 59 to 2320€/kWh
(Minerax<AlL,O, 90%<Rimax<ER120<Zirmil Ce<Al,O,
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92%<Y,0,-Zr0,). These are high costs; however, the purchase
price fluctuates depending on commodity markets, supplier ne-
gotiations, order volumes, production energy costs, and so on.
Similarly, a more expensive filling material can offer advantages
if it is more stable and has a longer service life.
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