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Abstract: Heavy liquid metals have found a wide range of application in energy
conversion systems, due to their beneficial thermal properties, especially their low melting
points and their capability of operating at higher temperatures without boiling. In addition,
the neutronic properties of various liquid metals make them attractive for fusion as well as
in Generation IV nuclear reactors. Lately, concentrated solar power (CSP) systems have
developed an interest in this technology, calling for temperatures up to 800 °C. The main
challenge in realizing engineering scale units is to find proper structural materials that can
withstand the corrosion and provide mechanical strength at operation conditions. Lead-
Bismuth Eutectic (LBE) is one of the main candidate coolants for liquid metal cooled reac-
tors and solar thermal power applications due to its physical properties such as good ther-
mal conduction, low thermal expansion and melting point, non-violent reactivity to water
and low neutron absorption. However, the key limiting factor for LBE usage is the fact of
its high corrosiveness to steels and other structural materials. In this work, the results of our
systematic materials study in liquid LBE and its alternatives are presented. Various poten-
tial structural materials were exposed to LBE, Rose’s metal (Pb-Bi-Sn) and Pb-Bi-Zn eutec-
tic, in static corrosion tests. Post corrosion characterization was conducted by micro-
structural analysis (SEM/EDS, X-ray diffraction, Raman spectroscopy) and preferential

corrosion mechanisms were evaluated.

Keywords: liquid metals, lead-bismuth eutectic, solar energy, nuclear systems, cor-

rosion, steel.

1. INTRODUCTION

Liquid lead-bismuth eutectic (LBE) became a
focus of thorough research several decades ago,
particularly in Soviet Union and Germany, as a
potential heat-transfer fluid in nuclear applications,
mainly nuclear power plants and submarines, due to
its preferred thermophysical properties (heat
capacity, thermal conductivity, thermal expansion
coefficient, etc.), and nuclear properties. This rese-
arch has produced a large database of LBE properti-
es, which is helpful as a starting point for any further
research [1]. Although these research -efforts
experienced a standstill through the 1990s, after the
collapse of the Soviet Union and the change in glo-
bal policy, interest in liquid-metal coolants was
revived when the Generation IV Fast Reactor pro-
gram was proposed.

The increase in global electrical energy
demand in recent decades [2], coupled with a paral-
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lel global temperature increase expected for the
same period, has increased the need for carbon-free
energy sources, as well. Concentrated solar power
(CSP) can contribute to the electricity production
portfolio as a green house gas free alternative energy
source. It has the potential to achieve low costs in
the long term due to their ability to reach high tem-
perature and utilize more efficient thermo-dynamic
cycles [3, 4]. Also, the direct hydrogen production
from water in CSPs, which is possible if the heat-
transport-fluid temperature reaches 900 'C makes
them economically competitive. Moreover, combi-
ning CSP with either thermal or hydrogen storage
allows an energy production for 24 hours a day, sin-
ce the stored energy (heat or hydrogen) can be used
during night to keep the electric supply stable.
However, CSP performance over 800 °C is a chal-
lenge, and new, possible heat-transfer fluids need to
be considered.
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Oil-based fluids cannot be used in such high-
temperature applications because of their disintegra-
tion at temperatures over 600 °C [5]. On the other
hand, gases have low density and therefore less effi-
cient heat transport, while molten salts are known to
have high melting points [6]. These facts leave only
liquid metals as potential candidates. Among them,
there are two categories of metals used: light (very
reactive) metals - among which sodium is the main
one, and heavy liquid metals — among which lead
and lead-based alloys are best known and used.
While being hazardous when in contact with water,
sodium seems to be an unlikely candidate for high-
temperature applications due to its boiling point
being slightly above 800 ‘C at 1 atm pressure. Such
a relatively low boiling point can lead to a
significantly more dangerous situation if sodium
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vapor is released at high temperatures, since it will
burn upon contact with moisture from the air. For
these reasons, only liquid heavy metals remain as
reasonable candidates for high-temperature applica-
tions.

The main properties liquid metals must pos-
sess in order to be candidates for use in CSP systems
and in nuclear reactors are low melting point, high
heat capacity, good thermal conductivity, relatively
low viscosity, and low corrosiveness and low costs if
possible. Historically, large facilities have been built
and successfully operated — which leads to a signifi-
cant amount of research experience in working with
various liquid metals and alloys, mostly with lead
and lead-bismuth eutectic, LBE (55.5 w. t.% Bi,
45.5 w. t.% Pb) [5].

Figure 1. A scheme of a Liquid-Metal-cooled Fast Reactor (LMFR) [7]

This leads to a large amount of data that has
been obtained from nuclear application, where LBE
has been used as a coolant in liquid-metal-cooled
fast reactors (or liquid metal fast reactors, LMFR,
see Figure 1), first adapted for nuclear submarine
use, but later also for power generation [5]. A spe-
cial benefit of this alloy is the large temperature dif-
ference (AT) between the high boiling point
(1670 °C) and the rather low melting point (125 °C)

[7]. The other benefits are non-reactivity with water
and a low vapor pressure as well.

A general issue about the use of LBE is its
corrosiveness, and a main obstacle to its deployment
as a heat transport fluid is finding structural materi-
als that can withstand its harsh corrosion environ-
ments at high temperatures, including the possibility
of liquid-metal-assisted embrittlement [15]. The
combination of corrosion, long-term operation and
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structural integrity over a wide range of operating
conditions make the structural materials choice rat-
her challenging for temperatures above 600 °C. Hen-
ce, the main goals of research in this area are (1) to
design a liquid metal composition with suitable cor-
rosion and thermophysical properties at temperatures
of 600—800 °C, (2) to find the best candidates for
structural/piping material, and (3) to determine a
proper liquid metal chemistry. The criteria for liquid
metal alloys selection are wide liquid-phase range,
good thermal properties, low corrosivity and
toxicity, commercial accessibility, and low reactivity
with air and water. Only several elements from the
periodic table, when combined together in suitable
alloys, can meet all these criteria: lead, bismuth, tin,
zinc and antimony.

2. OXYGEN CONCENTRATION CON-
TROL IN CORROSION TEST
SYSTEMS

Many structural materials (steels) from which
the system components are manufactured (and with
which the liquid metal comes into contact) — like
iron (Fe), chromium (Cr) and nickel (Ni) — have a
high solubility in heavy liquid metal alloys at tempe-
ratures greater than 400 °C, and this solubility incre-
ases with further temperature increase. This
solubility can lead to extensive dissolution of these
structural-material elements if there is no mecha-
nism to prevent it, but the dissolution can be reduced
by the presence of a passive oxide film on the struc-
tural materials surface. Diffusion of the material’s
atoms through the oxide layers then becomes the
rate-limiting step for the dissolution corrosion [8,9].
Such passive oxide films can be grown through the
use of an active oxygen-control system, which adds
or removes oxygen from the heavy liquid alloys, as
needed [8]. Active oxygen control is possible becau-
se lead and bismuth are less chemically active than
are the main constituents of steel and other common
structural materials; the formation of their oxides
produces higher Gibbs free energy changes (AG)
than does the formation of the oxides of the structu-
ral materials. The AG of chemical compound forma-
tion is in direct proportionality with the electric

potential of its formation (measured as the electro-
motive force), as given by relation:

AG=-nFE,

E is electromotive force (EMF). This equation
means that AG can be expressed by the electric
potential, or EMF, and precisely measured and con-
trolled in that way. This effect is well illustrated by
the Ellingham diagram (Figure 2) where the free
energy lines of Fe;04, Cr,0; and AlLO; lay below
the free energy lines of Pb- and Bi-oxides, thus
allowing the formation of iron, chromium and alu-
minum oxides on the surface of steel.

However, high oxygen content in liquid Pb
and Bi alloys can generate Pb and Bi oxides that
precipitate in colder sections of coolant systems
(causing clogs in pipes and tubes), and it can also
lead to fast oxidation rates of the steel surface. The-
refore, a balance between high and low oxygen con-
tent is essential for developing a reasonably low cor-
rosion rate based on protective oxide films.

The optimal oxygen content in LBE as a fun-
ction of temperature is shown in Figure 3, where the
upper edge of the square defines the oxygen concen-
tration needed to prevent the formation of lead
oxides, while the lower edge defines a concentration
that allows the formation of mixed iron-oxide in the
given temperature range. The oxidation in liquid
metal is a dissolution-oxidation process rather than a
straight oxidation (illustrated in Figure 3, where
excessively oxidized Fe-Cr-Al steel at high oxygen
content and dissolution at low oxygen content can be
seen in the Scanning Electron Microscopy (SEM)
images of a solid sample). [5] The optimal oxygen
content for LBE systems operating between 550 °C
and 800 °C is known to be in the range between
10* and 10°° wt.% of monoatomic oxygen (conside-
ring Fe-oxides formation only) [11,12]. A similar
range is supposed to be for the other Pb/Bi-based
heavy alloys tested here. While oxygen concentra-
tion is in the operational range (defined for a particu-
lar liquid metal, solid material and specific tempera-
ture), the protective layer is being formed. In fact,
AL Os5 and Fe-Cr-spinels are the specific oxides that
form the basis of protective layers (protective
oxides), which means that the minimum required
oxygen content moves towards lower values (down
to 107-10" w. t.%), therefore making it easier to
control.
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Figure 2. Ellingham diagram of specific oxide formation for carbon (C) and several metals, calculated by the Elling-
ham Diagram Web Tool (ref. [10]). Lead (Pb) and main steel-constituting elements (Fe, Cr, Al) shown as well.
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Figure 3. Oxygen concentration range in LBE for the temperatures in the range of 500 — 1200 K. The operation region

presents the optimum oxygen concentrations in the temperature range of 823 — 1073 K (550°- 800°C) used in this rese-

arch (vight and left edge of the gray square), assuming that PbO formation should be avoided and Fe;O, allowed. The

oxygen content determining the upper limit is the solubility of O, in LBE; the lower means the concentration of O; nee-
ded to form magnetite, Fe;O, (magnetite here serves only the purpose to illustrate the narrowest ‘window’). Bottom
right image. a penetration of LBE into material due to a too low O, concentration (not enough for protective oxide

layer formation). Top left image: a porous structure in steel material caused by the fast oxidation rate in material due

to a high O, concentration in liquid (illustrations from the experiments done at UC Berkeley [5])

A precise oxygen control of the liquid metal is  oxygen sensor allows the transport of O~ ions thro-
crucial to maintaining and growing self-healing pro- ugh the sensor’s tip (yttria stabilized zirconia),
tective oxide layers on steel. For measuring and con-  thereby allowing the measurement of the electroc-
trolling the oxygen content of liquid metals at tem- hemical potential (i. e. electromotive force, EMF)
peratures up to 800 °C, commercially available between the oxygen in the reference (Pt/air) of the
oxygen sensors can be used. In liquid metals, the sensor, and the oxygen in the liquid metal. The
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oxygen concentration of the liquid metal can be cal-
culated based on the modified Nernst equation (for a

general oxidation reaction, xM + (y/2)O, — M,0,):

I RT (x 1 1
EMFy o, = — Fﬂ‘rﬂ;l_‘“xoj_ + F{; Inay) — ;lﬂ (ﬂM,,ﬂ}.) +51In (a9, i .m-]} Eq. (1)
where the first term on the right hand side is the However, the activity of metal oxide is
standard Gibbs free energy of metal oxide formation Chy
at the standard T and P, the (RTx/2Fy)-In(ay) repre- M0, = —amration
sents chemical activity of a non-oxidized metal in My Oy Eq. (3)

2\ BT
the reaction, while the next term, &Jﬁm (@s1e;) ,
means the chemical activity of metal-oxide in the
reaction system. R is the universal gas constant; 7 is
absolute temperature; F is the Faraday constant;
A ngMO is the Gibbs free energy of formation of
M0,
2/y moles of MO, oxide at temperature 7" and when
the activities of the reactants and products are equal
to unity; ay is the activity of the oxidizing metal
(equal to 1 if the metal is solid or if the liquid metal
is purely this oxidizing metal; less than 1 if the metal
is only a part of the liquid alloy); Ay 0, is the activity

of the oxide (equal to 1 if the oxide is forming a sca-
le on the solid metal or is precipitating out of the
liquid metal; less than 1 if the oxide is an oxide of
one of the liquid-metal constituents and is not preci-

pitating out of solution); and «,, ,, ., is the activity

of oxygen in the air reference of oxygen sensor,
which is exactly 0.2095 (or 20.95%, i. e. the percen-
tage of O, in the air). This means that the last term in
the previous equation can be given as

RT

RT
—In(ag,ar) ® 4—F]n (0.2095)

4F Eq. (2)

102 1022 12

meaning that only the ratio on the right hand side
can be found. In order to find a concentration
(numerator in the equation), the denominator of
equation must be found first — by an independent
measurement (such as mass spectrometry or coulo-
metric titration). In this way, the EMF measured in
oxygen sensor is a function of temperature (T) and
of the activity of metal oxide (ayxoy), 1.€.

E MFMW_QJ. =f (Q:Mx&_}-r ) Eq. (4)

If the measured EMF is less than the EMF
for oxidation of the metal, the metal will oxidize. (In
the Ellingham diagram, oxidation occurs if the
Gibbs free energy that corresponds to the system’s
oxygen activity is less negative than the Gibbs free
energy of the oxide formation; see Figure 4). It is not
necessary to know the oxygen concentration in the
liquid metal in order to know and control the oxygen
activity at one specific temperature: the measure-
ment of the EMF alone is sufficient to control the
oxidation power of a liquid alloy at that temperature.
By setting an EMF value below the line of formation
of protective steel oxides, it can be proved
thermodynamically that those oxides are able to
form (although the oxide layer formation also
depends on kinetics of the process).
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Figure 4. A relationship between the EMF of various metal oxides’ formation (measured by the air-referenced oxygen
sensor), the temperature (solid lines), and the monatomic oxygen concentration (w. t%, dotted lines) in liquid LBE. The
actual concentration of metal oxide assumed to be in saturation (a = 1) [14]
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3. MATERIALS SELECTION

Having in mind the elements from the perio-
dic table that can meet the selection criteria for pos-
sible use in high-temperature liquid metal alloys,
and knowing the principles of oxygen concentration
control (previous section), a down-selection (a
design) of liquid-alloy candidates can be made; this
selection was the main part of the work described in
this paper. The priority in this study was both the
evaluation of candidates (in both qualitative and
quantitative ways) and the understanding of the cor-
rosive effects of the constitutive elements, at liquid-
metal temperatures higher than in any previous rese-
arch in this area.

Initial screening of liquid-metal alloys was
made by calculating their thermal properties (such as
liquidus temperatures) with the CALPHAD
thermodynamic approach, and by performing ther-
mal analysis on small samples of alloys (for
example, by differential scanning calorimetry). LBE

remains the main candidate for testing at high tem-
peratures, for two reasons. First, the long history of
scientific investigation of this alloy as a heat-transfer
fluid in nuclear applications (though in the tempera-
ture range < 550°C) has produced a lot of data on its
properties, which is available in the literature.
Second, Pb and Bi exhibit a lower tendency to form
intermetallic phases with the common constituents
of structural metal alloys (Fe, Cr), and the structural
metal alloys exhibit relatively lower solubility in
LBE than in other possible liquid metals. Besides
LBE, two other lead-bismuth-based alloys have been
tested in our work thus far: Rose’s metal (50 wt%
Bi, 25 w. t.% Pb, 25 w. t.% Sn), and Pb-Bi-Zn alloy
(near eutectic; 61.5 w. t% Pb, 37.5 w. t.% Bi,
1 w. t.% Zn). These alloys were chosen as variations
of the LBE that enable more straightforward evalua-
tion of the corrosive effects of Sn and Zn (their
tendency to form intermetallics), while still maintai-
ning sufficiently low liquidus temperatures.

Table 1. Eutectics chosen for examination in static corrosion tests.

Pb
w. t.%

LBE 44.5 55.5
Pb-Bi-Sn 25 50 25
Pb-Bi-Zn 61.5 37.5

In order to find structural (pipe) materials
appropriate for use in high-temperature liquid metal
environment, a thorough discrimination/selection of
candidates needed to be done. High-nickel-
containing materials, such as SS-316L and Inconel-
693, showed an excessive dissolution after staying
for 500 or more hours in LBE at 700°C, due to nic-
kel being highly soluble in liquid LBE, and so were
rejected from further study. Aluminum-based alloys
were abandoned because of their too low melting
temperature (~ 660 °C), while titanium and
refractory metals have been excluded due to their

Oxide
95 Oxide
1 ~ 120 Intermetallics

excessive oxidation in the air that surrounds the out-
sides of the pipes that contain the liquid metal. Hen-
ce, of all possible structural materials, only ferritic
steels (having no nickel) remained as candidates.
Kanthal steels have proved thus far to be the materi-
als of choice (a list of the tested Kanthal steels is
given in Table 2), because of their availability, che-
apness, absence of Ni, and high content of Cr and Al
— crucial elements for the formation of protective
oxide layers on the surfaces of the structural mate-
rial.

Table 2. Composition of the Kanthal steel candidates used as structural materials in the static corrosion testing (data

taken from Sandvik, the manufacturer)
Mn Mo Cr Al
W. t% W. t% w. t.% w. t.% w. t.% w. 1.%
4.0

<0.08 <0.7 <0.7 12.0-14.0
APM <0.08 <0.7 <04 20.5-23.5 5.8
APMT <0.08 <0.7 <04 3.0 20.5-23.5 5.0
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4. STATIC CORROSION TESTS - SETUP
AND PROCEDURES

A setup for oxygen-controlled static corrosion
tests has been developed in order to perform selected
materials examination. Each static corrosion test was
conducted in an alumina crucible inside an autocla-
ve, as illustrated schematically in Figure 5 [17]. The
oxygen content of the cover gas inside the autoclave
was maintained actively by switching the gas flow

between diluted hydrogen (5% H,, balance Ar) and
diluted oxygen (3% O,, balance Ar) through the
autoclave, based on the electromotive-force (EMF)
readings coming from the oxygen sensor that was
immersed into the liquid metal. As explained above
in Section 3, the EMF, or voltage, was produced by
the oxygen sensor because of the difference in
oxygen activities between the oxygen in the air in
the sensor’s reference (at 20.95%) and the oxygen in
the liquid metal.
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Figure 5. A schematic of a static corrosion test setup [17]

In order to establish a proper oxygen control
in the system, the EMF must be precisely measured
and maintained within the correct range. For this
purpose, the output of each gas bottle is equipped
with the gas control valve that has a feedback con-
nection to the data acquisition software for EMF
control. A correlation between EMF and oxygen
content in the reaction system can be given by the
following quick rule of thumb: the higher the
oxygen concentration, the lower the EMF in the
system. For instance, in LBE at 700 °C, according to
the modified Ellingham diagram with the dashed
lines of oxygen concentration (Figure 4), the point of
EMF = 1.0 V corresponds to ~ 2 107" w. t.% oxygen.
At this position, the EMF is close to the line of
Fe;04 formation, far below the Cr,O; and Al,O3
lines, and far above the lines of PbO and Bi,0O; for-
mation. This fact means that with this oxygen con-
centration at this temperature, Cr,O;, ALO; and
Fe;04 can be formed, but PbO and Bi,O5; cannot. If
the EMF goes slightly upwards on this chart, the
oxygen concentration goes down: so, for EMF=1.1V,
the oxygen concentration is ~ 10~ w. t.% and is above
the Fe;O, formation line, thereby preventing the mixed
iron oxide formation.

Each one of the three Kanthal samples was
polished and then cut into three long, thin strips of
nearly the same size after polishing, and immersed
into a molten alloy (at 600—800 °C) for a defined
time period, up to 1000 h, and continuously under
the flow of one or the other of the gases (Ar/H, or
Ar/0,), so that the desired EMF value could be kept
constant. Each strip was dipped vertically partway
into in the liquid metal and was held in place by pas-
sing it through a slot in a holder that sat on top of the
crucible. To obtain the mid-term results, one strip of
each one of the steels was pulled out from its slot
and analyzed; these pullouts were done after three
different lengths of time.

In the case of LBE, the analytical formula of
correlation between EMF and oxygen concentration
in liquid metal (ref. [11], p. 160) was used. For
Rose’s metal and Pb-Bi-Zn, there was no analytical
equation for EMF as a function of temperature and
oxygen concentration, since such an equation
requires the use of an independent measurement,
such as by coulometric titration, of the saturation
oxygen concentration in Pb-Bi-Sn and Pb-Bi-Zn as a
function of temperature. Therefore, EMF was
determined and set (in each test) on a value that is
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in-between the potentials of iron-oxide formation
(the minimum one) and the formation of the oxide of
the most reactive liquid-metal constituent, which
was Zn in the case of Pb-Bi-Zn eutectic and Sn in
the case of Rose’s metal).

The candidate liquid metals were Pb-Bi
(LBE), Pb-Bi-Sn (Rose) and Pb-Bi-Zn -eutectic
systems, at temperatures 600—800 °C (Table 1). As a
characteristic, all of them have low melting points
(< 150 "C) and have the potential of forming either
oxide or intermetallics with Kanthal steels in the
presence of oxygen. Three long-term static corrosion
tests (Table 3) have been performed in LBE, two in

Rose’s metal, and three in Pb-Bi-Zn, using three
Kanthal steels (ALK, APM, APMT) as the structural
materials in all the tests. The tests cover temperatu-
res in the range 600—800 ‘C, various time periods up
to 1000 hours, and various oxygen concentrations in
the system. Results from the static corrosion tests in
LBE, Rose’s metal and Pb-Bi-Zn eutectic were
analyzed by scanning electron microscopy (SEM)
and energy dispersive x-ray spectroscopy (EDS) in
order to assess the structural material (bulk metal)
loss in three Kanthal steel samples (ALK, APM,
APMT) caused by the exposure to the liquid metals.

Table 3. A list of the long-term constant-temperature static corrosion tests performed. The concentration of oxygen in
Pb-Bi-Sn (Rose’s metal) and Pb-Bi-Zn was approximately assessed, since the exact dependence of the electromotive
force on the oxygen content in the system, EMF = f(Co, T), is yet unknown for these alloys.

Liquid Temperature Max. duration EMF set Oxygen Number of
Alloy °O) (hours) point(V) concentration (wt%) pullouts
LBE 700 1000 0918 10° 3
LBE 800 1000 0.926 10° 3
LBE 800 440 1.014 107 2
Rose’s 700 500 No oxygen No oxygen 1
Metal control control
Rose’s 700 920 0918 At formation of SnO, 3
Metal (Conc. unknown)
Pb-Bi-Zn 600 1000 0.98 High (> 10 3
Pb-Bi-Zn 700 440 0.90 High (> 107 2
Pb-Bi-Zn 800 440 0.93 Low (~ 1077 2

5. RESULTS OF HIGH-TEMPERATURE
STATIC CORROSION TESTS IN LBE
AND ITS DERIVATIVES

5.1. LBE: corrosion behavior

Three successful long-term static corrosion
tests in liquid LBE have been performed (Table 3).
In the first two listed in the table (700 C and
800 'C, 10° w. t.% oxygen ; pullouts of samples
after 350 h, 700 h, and 1000 h), the ALK steel per-
formed acceptably well. It tended to form a fairly
adherent, inner, Al,O; layer of 4 um thickness and
an outer, chromium-rich oxide layer of about the
same thickness. An example of such aluminum and
chromium oxide layers is shown in Figure 6. The

oxide-scale thickness did not consistently grow lar-
ger over time, probably because the scale detached
and reformed one or more times, as indicated by the
presence of remnants of aluminum oxide in the LBE
near the surface of the steel at longer immersion
durations. The detachment of the oxide layer could
have been caused by the thermal cycling and/or the
handling of samples when the mid-term samples
were obtained. If the dissolution is estimated as
being ~12 um, based on SEM micrographs of disso-
lution zones of this depth into the steel, then the total
corrosion depth of oxide plus dissolution can be
estimated at 16 um after 1000 hours of immersion.
This corrosion rate corresponds to less than 140 um
per year, which is fairly acceptable.
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Figure 6. SEM and EDS analysis of a cross section of the interface between ALK and
LBE, after exposure for 633 hours at 700 °C with 10" w. t.% oxygen (EMF = 0.917 V)

The APM and APMT steels did not fare quite
as well as the ALK did, in constant-temperature
LBE; their oxides were less adherent; and as a
consequence, there was significant more dissolution
in both steels at the longer immersion durations.
Figure 7a shows a worst-case example of the disso-
lution of APMT. APM and APMT steels have only a
limited capability of re-forming the protective oxide
(mainly ALOs;) at this condition. Where the oxide
layer failed; a residual oxide layer was frequently
found (on the SEM scan) ,,floating” in the LBE near
the original steel surface after the substrate steel had
been completely dissolved away. At other places
where the oxide layer adhered, little to no dissolu-
tion occurred. Frequently, the oxide layer was even
thicker in APM and APMT than in ALK, meaning a
smaller material loss to oxidation in the latter (Figu-
re 8). Thus, the corrosion performance of these ste-

els appears to depend on various surface conditions
of the steels or on other factors.

The third LBE test in Table 3 (800 °C in the
107 w. t% oxygen, at 440 h) indicates that
1077 w. t.% oxygen at 800 °C is not enough for con-
trolled oxide layer formation in any of the three
Kanthal steels, so that there were only destruction of
the material and a thickness loss of 60—140 pm,
even after only 220 hours (Figure 9 and Table 10).

Some of the detachment of the oxide layers
in LBE experiments might have been caused by the
handling of the samples during extraction from the
liquid metal and preparation for microanalysis.
Another cause might have been the difference in the
thermal expansion coefficients of the oxide layer and
of the substrate steel; detachment would then have
occurred during the cooling down of the sample pri-
or to extraction.
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Figure 7. a) Worst-case example of the dissolution of APMT after 1000 hours in LBE at 800 °C/10™° w. t.%
oxygen (EMF = 0.926 V). b) SEM images of a cross section of APM Kanthal steel after 1000 hours in
LBE at 700 °C/10°° w. t.% oxygen (EMF = 0.918 V). Penetration of liquid into APM bulk.
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Figure 8. EDS results for ALK (left) and APM (right) at 800 °C after 1000 hours of exposure. A thinner protective oxide
layer (less loss of material to oxidation) was detected in ALK than was detected in APM
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¢) APMT

Figure 9. Not enough protective oxide layer on the surface of Kanthal samples after 220 hours of treatment
in LBE at 800 °C in low oxygen concentration (107 w. t. % oxygen)

5.2. Rose’s metal: corrosion behavior

Kanthal steels dissolved more in Rose’s metal
than they did in LBE. This finding is not surprising
given that Sn more readily forms intermetallic pha-
ses with Fe and Cr than Pb or Bi forms with these
elements, according to phase diagrams. Therefore,
Sn in liquid Rose’s metal can be expected to accele-
rate the dissolution of these steel constituents into
the liquid.

As in the LBE tests, the ALK steel performed
the best in the oxygen-controlled Rose’s metal tests
and did not experience massive dissolution even
after 920 hours of immersion (Figure 10). This per-
formance can be attributed to evidence that even
though the aluminum oxide layers sometimes detac-
hed from the ALK surface, a new oxide layer for-
med on the freshly exposed surface. If it is estimated
that at most three 4 pm thick aluminum oxide layers
spalled off during 920 hours, accompanied by 4 um
of dissolution at most, then the corrosion rate of

ALK in Rose’s metal is again less than 150 um per
year at 800 °C, as it is in LBE.

The better protective properties of ALK can be
ascribed to the differences in structural elements con-
tent: a lower content of Cr (12—14 w. t.%) and Al (4%)
in ALK than in APM and APMT (20—23 w. t.% of Cr,
and 5—6% of Al), along with a higher content of man-
ganese (~ 0.7% in ALK, < 0.4% in APM/APMT).
This finding seems to indicate that it is possible to have
too much Al in the steel for corrosion protection; the
optimum amount is somewhat less than the maximum
amount allowable from the metallurgical perspective.
The thicknesses of the oxide layers formed in Rose’s
metal were almost the same, or very similar, to those
formed in LBE in the equivalent (corresponding) pul-
louts. However, the oxide layer detachment seemed to
be more frequently present here in this alloy, and much
more penetration of Rose’s metal (i. e. dissolution of
structural material) occurred in APM and APMT than
in ALK (Figure 11).
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Because of tin’s greater affinity for oxide
formation relative to the oxides of lead and bismuth
(thus narrowing the window for oxygen control),
and because of the more frequent oxide layer detac-
hment from the steels in Rose’s metal, resulting in
abrupt and massive dissolution of the material,
Rose’s metal has been abandoned in further research
and dropped from the list of liquid alloy candidates.

Figure 10. SEM and EDS scans of cross section of the
interface between ALK Kanthal steel and Rose’s metal
after 1060 h of exposure in Rose’s metal at 700 °C, at the
potential near the oxygen saturation point
(EMF = 0.918 V). There is about 3 um of AL,O;
inner layer (towards steel), and about 5 um
of Cr,0; outer layer (towards Rose’s metal).

Figure 11. SEM scan of the cross sections of solid-liquid
interface in APM and APMT Kanthal steels, after 1060 h
in Rose’s metal at 700 °C. Massive dissolution is visible
(liquid metal penetration) in both APM (left) and APMT

(right)

5.3. Pb-Bi-Zn eutectic: corrosion behavior

Three tests have been performed in Pb-Bi-Zn
eutectics (Table 3). Results of SEM/EDS analysis
show that there was a strong formation of an inter-
metallic layer on the surfaces of all three Kanthal
steels. The layer was thick and fully attached to the
bulk, having almost all elements from liquid and
bulk therein. This result implies a large and uniform
loss of the bulk metal material, i.e. a noticeable
sample thickness loss (although there was a lack of
intermetallic layer detachment, potentially conside-
red as an advantage). In addition, the depletion of
bulk structural elements (Fe, Cr, Al), by penetration
of liquid Pb-Bi-Zn into solid and the increase of
intermetallic layer thickness, caused a mechanical
weakening and embrittlement of the samples,
subsequently leading to their cracking and breaking
while being handled.

Since it was difficult to characterize the mate-
rial loss (as a total change in sample thickness) in
the absence of oxide layers to indicate the original
surface, the thickness change was characterized as a
total thickness of the intermetallics zone. The inter-
metallic zone was compact and well-attached to the
bulk steel and contained various elements from both
bulk and liquid, but very thick and heterogeneous
(Figure 12), with erratic and unpredictable changes
in layer thickness in time (Figure 13) indicating a
significant structural material loss in Kanthal sam-
ples. In fact, a bit unexpected decrease of layer thic-
kness in time (in samples exposed for 1000 h) indi-
cates that even the previously formed intermetallic
layer (and not only the bulk metal) suffers a dissolu-
tion in a protracted contact with liquid, so that the
protective function of layer is compromised (at least
at 600 C).

Another way to characterize the loss of mate-
rial is by measuring the depth of penetration of the
liquid into the solid (for the areas where there is no
protective layer formation, but liquid penetra-
tion/solid dissolution only). This method shows
again better results in the case of LBE (less material
loss, lower penetration) than in the case of Pb-Bi-Zn
(Figure 14).

In general, Pb-Bi-Zn alloy cause a thick,
extensive, and non-protective intermetallic layer on
the surfaces of Kanthal steels, particularly at higher
temperatures. These intermetallics consume a large
amount of bulk material, hence causing a large mate-
rial loss (see Table 4) and a subsequent decline of
the mechanical integrity of a structure due to the
thickness loss.
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Figure 12. SEM (a) and EDS maps of the sample APMT exposed to Pb-Bi-Zn (add concentrations)

after 440h exposure at 700 “C, at EMF = 0.90 V.
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Figure 13. Bulk material loss — intermetallics zone thickness, Kanthal steels in Pb-Bi-Zn eutectic
at 600 °C (left) and 700 °C (right)
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Figure 14. Depth of penetration of liquid Pb-Bi-Zn and LBE into bulk structural materials (Kanthal steels),
at 800 “C and low oxygen concentration (~10"" w. t.%)
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Table 4. Assessment of the thickness loss in Kanthal samples, Pb-Bi-Zn alloy vs. LBE (800 °C, low oxygen content)

thickness loss (um)

Kanthal sample

in Pb-Bi-Zn (800C, 10”7 w. t.% O,)

in LBE (800 C, low O, conc.)

ALK 120 + 80 90 +40
APM 110 £ 60 60 £20
APMT 150 + 40 140 £ 40

6. CONCLUSIONS

Three liquid-metal alloys that are potential
candidates for use in solar thermal and nuclear
power plant technologies have been tested in static
corrosion tests at high temperatures (700-800 C):
lead-bismuth eutectic, Rose’s metal and Pb-Bi-Zn
eutectic. Three Kanthal steels (ALK, APM and
APMT) were investigated as potential structural
materials. Tests in which the structural material
samples were immersed in the liquid eutectics were
performed at 600-800 'C, with sensor-controlled
oxygen concentration and for up to 1000 h. The
following conclusions can be pointed out:

1) Oxygen control of the liquid metal in a sta-
tic corrosion test can be made simply by maintaining
an EMF value that is below the EMF line for the
dissolution of the protective metal oxides.

2) A linear growth rate of the protective alu-
minum oxide layers on the Kanthal steels has been
observed at 700 and 800 °C in LBE (when massive
dissolution is not present). Dissolution occurs on
APM and APMT in Rose and LBE. Detachment and
layer re-growth prevent a precise oxide thickness
determination.

3) ALK steel experiences a corrosion rate of
less than 150 pm per year at a temperature of 800 °C
under static test conditions in LBE and in Rose’s
metal. Higher corrosion rates are found in APM and
APMT.

4) Since Sn is a stronger oxidizer than Pb and
Bi, corrosion process in Rose’s metal is more
aggressive than in LBE. An additional issue here is a
more frequent detachment of Al-oxide and lack of
its re-growth in Rose’s metal. Because of these rea-
sons, this alloy has been abandoned for further rese-
arch.

5) Pb-Bi-Zn eutectic has at least two serious
drawbacks: a strong interaction at the sample-holder
interface, and a huge bulk material loss in structural
metal (steels) through the formation of non-
protective intermetallics.

Results of these tests showed that LBE is by
far the most promising candidate so far, in contrast
to the investigated liquid Pb-Bi-Sn and Pb-Bi-Zn
eutectic systems.
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FOR

TEYHU Pb-Bi EYTEKTUK KAO MATEPUJAJI 3A TIPEHOC TOIUJIOTE Y HYKJIEAPHUM
PEAKTOPUMA YETBPTE I'EHEPAIIUIE, 1 BUCOKOTEMITIEPATYPHUM KOHIUIEHTPATOPUMA
COJIAPHE EHEPTUJE: KAPAKTEPUCTUKE, 3AXTEBH, IOTELIKORE

Casxerak: TeyHH TEIIKH METAIIM HAIIUTH Cy [IMPOK CIIEKTap MPHMEHa Yy CHCTEMHMA 32
KOHBEP3Hjy €Hepruje, 300r BHUXOBUX MOOPHX TEPMAIHUX CBOjCTaBa, a OCOOMTO 300T HUCKE
TayKe TOMJberha M MOTyNHOCTH paja Ha BUIIMM TeMIeparypama 0e3 kibydara. LlltaBuine,
HEYTPOHCKA CBOJCTBA PA3IMUMTHX TEUHHX METalla YMHE UX MOTOJAHUM 32 (hy3MOHE peaKTope,
Kao U 3a HykjIeapHe peakrope [V reHepauuje. Y HajHOBHje BpeMe, CUCTEMH 3a KOHIIEHTPO-
BakbC COJIAPHE CHEPIHvje ce CBE BWIIE yCMEpPaBajy Ka OBOj TEXHOJIOTHjH, MOITo omoryhasa
paauae temnepatype u g0 800 °C. I'maBHM W3a30B y HEHOM IIPAKTHYHOM PEATH30BaIbY je
nahu oxrosapajyhe crpykrypHe Marepujasie Koju OM OMIM OTIOPHHM Ha KOpo3ujy U 00e30e-
huBanmm Mexanuuky cHary TokoM pajga. OnoBo-om3myT eyrextrk (LBE) je jenan ox rmaBHUX
KaHAW/AaTta 3a OBe NpHMeHe (y peakTopuMma XiaheHHM TEYHHM METaIuMa, M COJapHHM
cucTeMuMa) 300T CBOjUX (PM3WYKHX OCOOWHA: MOOpEe TOIUIOTHE MPOBOAJEMBOCTH, MajlOT
TOIUIOTHOI' IIMpEHa, HUCKE TAa4yKe TOIJbEHa, HEarPeCHBHE PEAKTHBHOCTH IpeMa BOIH H
Majior arcopOoBama HeyTpoHa. ['naBHM orpannuaBajyhu (akrop 3a meroBy ymnorpedy je
M3pa3nuTa KOPO3UBHOCT IIpeMa YeNUKY U IPYTUM CTPYKTYpHHUM MaTepujanuma. OBne TOHO-
CHMO pe3yJITaTe CUCTEMATCKOI' HCIIMTHBamka Marepujana y TedHoM Pb-Bi eyrextuxy (LBE) n
ETOBUM aJITepHATHBAMa. PazinuuTi NOTEHIMjaIHU CTPYKTYPHU MaTepHjalli Cy TECTUPAHU
y LBE-y, PoyzoBom merany (Bi-Pb-Sn) u y Pb-Bi-Zn eyrekTuky, y CTaTHYKUM yCIOBHMa
koposuje. IlocTkopo3nona KkapakTepusamuja pahjeHa je MHUKPOCTPYKTYPHOM aHAJIH30M
(SEM/EDS, mudpakimja x-3pauemha, PaMaHoBa CIIEKTPOCKOIHja), Y3 eBalyanujy Moryhux

MexaHH3ama KOpo3Huje.

KibyuHe pujeus: T€YHN METallH, OJIOBO-OM3MYT €YTEKTHK, COJIapHa €Hepruja, HyKie-

apHa OCTPOjerha, KOPO3Hja, YETHK.



