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Liquid Sn is one of the promising coolants for liquid surface divertor concept of fusion reactors. However,
the compatibility between liquid Sn and structural materials is an important issue that has to be addressed, because
liquid Sn is extremely corrosive to steels at high temperatures. The corrosion may be mitigated when a protective
Al,O3 layer is formed on the surface of alumina forming steels. However, the effect of neutron irradiation on the
integrity of protective layer is not made clear so far. Japan and US joint research project “FRONTIER” started
in 2019 to investigate the material compatibility under neutron irradiation. The purpose of the present study is
to develop the conceptual design of the irradiation test capsule which enables material compatibility tests for the
alumina forming steels — liquid metal systems under neutron irradiation in the High Flux Isotope Reactor at Oak
Ridge National Laboratory, TN, USA. The three dimensional drawing of capsule structure was then developed.
The validity of the material selections for the capsule design was investigated by means of corrosion tests of SiC,

Si3Ny, Ti, and Mo in liquid Sn at 773 K for 262 hr.
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1. Introduction

Liquid metal tin (Sn) is one of the promising coolants
for the liquid surface divertor of fusion reactors [1,2] due
to its excellent thermophysical properties and low vapor
pressure [3]. However, the chemical compatibility between
liquid Sn and structural materials is an important issue that
has to be addressed. Liquid Sn is extremely corrosive to
steels at high temperatures. Steels corrodes in liquid Sn
due to the dissolution type corrosion and the formation of
intermetallic compounds [4, 5].

The corrosion resistance of FeCrAl alloys has been in-
vestigated. They form alumina (Al,O3) layer on their sur-
face, which is thermodynamically stable and chemically
compatible with liquid metals Pb-Bi [6] and Pb-16Li [7].
The Al,O3 layer worked as a diffusion barrier against lig-
uid Sn [8].

The effect of neutron irradiation on the integrity of the
protective Al,O3 layer has not been investigated so far. The
neutron irradiation induces the formation of point defects,
such as interstitials and vacancies, interstitial and vacancy
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type dislocation loops, and voids inside the layer struc-
ture [9]. These neutron damages may degrade the barrier
function of the Al,O3 layer. The corrosion acceleration
kinetics has not been made clear, though it is important
concern not only for the liquid surface divertor concept
but also for the liquid breeder blanket system. Japan and
US joint research project “FRONTIER” started in 2019 to
investigate the reaction dynamics at interfaces in DEMO
divertor systems and irradiation effects, and the TASK 3
focused on the chemical compatibility of Al-bearing ODS
alloys and some other corrosion resistant materials with
liquid metals under neutron irradiation [10].

The purpose of the present study is to develop the con-
ceptual design of the irradiation test capsule which enables
material compatibility tests for the alumina forming steels
— liquid metal Sn systems under neutron irradiation in the
High Flux Isotope Reactor (HFIR) at Oak Ridge National
Laboratory, TN, USA. A rabbit capsule for liquid Sn ex-
periment at HFIR was deigned, and its key features such
as corrosion test methodologies under neutron irradiation
and chemical compatibility of capsule materials were in-
vestigated.

© 2021 The Japan Society of Plasma
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2. Conceptual Design of Irradiation
Capsule in HFIR

The design of liquid Sn rabbit capsule which enables
to perform compatibility tests under neutron irradiation in
HFIR was developed. Figure 1 shows the three dimen-
sional drawing of capsule structure by CREO Parametric.
Three SS-3 samples of FeCrAlZr-ODS alloys after pre-
oxidation treatment and silicon carbide (SiC) thermome-
try [11] are installed in the internal holder of the rabbit
capsule.

Figure 2 shows the procedures of the corrosion test
in liquid Sn under neutron irradiation in HFIR. Solid Sn
of approximately 2 cc is installed in the internal holder in
an inert atmosphere as shown in Fig.2 (a). The solid Sn
is melted onto the corrosion specimens by nuclear heat-
ing during the neutron irradiation as shown in Fig.2 (b).
Figure 3 shows the dose rates by Gamma and X rays of
liquid materials (1 g) after 1 cycle (24 days) irradiation in
HFIR, which were calculated with FISPACT-2005 [12].
Here, the irradiation experiment of the capsule is assumed
to be performed in the unshielded removable beryllium
(RB) position of HFIR. The fast neutron fluence is as-
sumed to be 1 x 10? n/m? (E > 0.1 MeV) [13]. The does
rate of ODS FeCrAlZr alloy which has chemical compo-
sition of Fe-14.76Cr-6.4A1-0.5Ti-0.37Y-0.320-0.37Zr was
shown in Fig. 3. Co impurity contained in the normal steels
is typically 500 mass ppm and controls several-years dose
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Fig. 1 Liquid Sn rabbit capsule for compatibility study under
neutron irradiation in HFIR.
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Fig. 2 Preparation and disassemble of liquid Sn rabbit capsule.

rate in the typical post-irradiation tests. The dose rates of
the alloy with Co impurity of 0, 100, and 500 mass ppm
were also calculated. The effect of the Co impurity on
the dose rate was shown in Fig.3. The dose rate of Sn
is larger than the other liquid materials. Therefore, the
dose rate of the specimens will be higher if solidified Sn re-
mains on the specimens. Therefore, the solidified Sn must
be removed from the specimen for further metallurgical
analysis in the Low Activation Materials Development and
Analysis (LAMDA) facility at ORNL. Therefore, the cap-
sule is inverted and heated to remove the melted Sn from
the specimens in the hot cell as shown in Fig.2 (c). The
capsule is then disassembled and the specimens are taken
out from the internal holder for post irradiation characteri-
zation at LAMDA (Fig. 2 (d)). The mass loss of the spec-
imens is measured and the corrosion attack on the speci-
mens is metallurgically analyzed.

The temperature of liquid Sn is kept at 673 K for a pe-
riod of 22 to 26 days as one operating cycle of the neutron
irradiation experiment in HFIR. The accidental leakage of
liquid Sn from the internal holder due to the corrosion dur-
ing the reactor operation must be prevented. The internal
holder must be made of corrosion resistant material against
liquid Sn. The chemical compatibility of candidate mate-
rials for the internal holder was investigated by means of
corrosion tests in liquid Sn at a static condition. Unalloyed
Ti has commonly been used for the internal capsule fabri-
cation. The corrosion resistance of SizNy [14] and refrac-
tory metals such as Mo and W [15, 16] in liquid metals has
been reported, and they may also be suitable for the mate-
rial of the internal holder. However, the information is still

limited.
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Fig. 3 Dose rates by Gamma and X rays of materials after 1 cy-
cle (24 days) irradiation in unshielded removable beryl-
lium (RB) position of HFIR (Fast neutron fluence is as-
sumed to be 1 x 10% n/m? (E > 0.1 MeV) [13]).
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The capsule housing made of A6061 (Al-Mg-Si) must
stand even in the situation where liquid Sn accidentally
leaks from the internal holder and contacts with the hous-
ing. The temperature of the housing is kept at 323 K by
cooling its outside during the irradiation test in the current
capsule design. Liquid Sn which contacts with the capsule
housing can be cooled and solidified within a short time.
However, the Al-Sn phase diagram indicates that liquid Sn
can chemically react with Al due to the solid solution of Al
into Sn. The chemical reaction between liquid Sn and Al
at 323 K was investigated by means of liquid Sn dripping
experiment.

3. Chemical Compatibility of Liquid
Sn with Capsule Materials

3.1 Experimental conditions

The corrosion of SiC, SizNy, Ti, W, and Mo in lig-
uid Sn was investigated by means of static corrosion tests.
The test conditions were summarized in Table 1. The rect-
angular specimen was installed with liquid Sn in the cru-
cible made of 316L austenitic steel (Fe-18Cr-12Ni-2Mo)
as shown in Fig. 4 (a). The test setups were installed in the
vessel filled with Ar having a purity of 99.99% and kept
at 773 K by heater wound around the vessel. The detailed
structure of test apparatus was reported in the previous ar-
ticles [4, 8]. The corrosion resistance of W in liquid Sn at
773K was reported in our previous article [16].

The test setup was heated to the melting point of Sn af-
ter the test, and liquid Sn and the specimen was then taken
out from the crucible. The specimen surfaces and their
cross sections were metallurgically analyzed by field emis-
sion type scanning electron microscope and energy disper-
sive X-ray spectrometry (FE-SEM/EDX). The Si3Ny spec-
imen was analyzed by auger electron spectroscopy (AES).
Only the Mo specimen was cleaned with liquid Li and ad-
hered Sn was removed from its surface. The mass loss due
to the corrosion was then measured using an electro read-
ing balance with an accuracy of 0.1 mg.

The chemical interaction between liquid Sn and Al for
a short time was simulated by means of dripping experi-
ment as shown in Fig.4 (b). The plate made of pure Al
was installed on the plate heater, and the temperature was
kept at 323 K. Liquid Sn of 2 cc at 673 K was dripped onto
the plate. The temperature change of the plate surface was
measured by the thermocouple. The behavior of liquid Sn
and the damage of the Al plate was observed.

3.2 Corrosion resistance of SiC and SizN, in
liquid Sn

Figures 5 shows the results of visual inspection of the
specimens after the tests. The SiC and SizNy4 specimens
did not change its color by the exposure to liquid Sn. Ad-
hered Sn was easily removed from the specimen surface.
The wettability of liquid Sn on SiC was poor, and this fea-
ture was almost the same with that of Al,O3 bulk [8]. The

Table 1 Experimental conditions of corrosion tests with SiC,
SizNy, Ti, W [16], and Mo in liquid Sn.

Temperature Time Specimen size

(K] [hours]  [mm]
SiC 262 10x15x23
Si3Ng 262 10 x 15x2
W [17] 773 250 10 x 15 x2.45
Ti 262 10x15x2
Mo 250 10 x 15 x0.9

® e 673K

Drop

Specimen Crucible Thermogolple

316L

5cm Plate

heater
Al plate specimen (323K)

(Thickness: 1mm)

Fig. 4 (a) Test setup for static corrosion test, and (b) liquid metal
contact test.
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Fig. 5 SiC, Ti, and Mo specimens after exposure to liquid Sn at
at 773 K for 262 hr.

poor wetting indicated a small force of chemical and ther-
modynamic interaction between liquid Sn and these mate-
rials.

Figures 6 shows the result of cross sectional SEM/
EDX analysis on the surface of SiC specimen after the
test. The depletion of Si and the enrichment of oxygen
on the specimen surface were detected. The surface was
slightly oxidized due to the chemical reaction with oxy-
gen dissolved in liquid Sn. The oxidation was possibly
caused by the inward diffusion of oxygen into SiC. Carbon
was then left and enriched below the oxidation layer. The
carbon peak obtained in the EDX result located slightly
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Fig. 6 Cross sectional SEM/EDX analysis of SiC specimen after
exposure to liquid Sn at 773 K for 262 hr.

inward from the oxidation layer. The possible oxidation
reaction [1] is;

SiC + 20 (g, — SiO; + C. (1)

Liquid Sn forms SnO; as primary oxide when the oxygen
saturates in liquid Sn. The chemical potential of oxygen
(Do sn [kKJ/atom O]) in liquid Sn can be expressed as

1o c
Dosn = 534G} 5,0, + RT ln(a), @)

where C is the oxygen concentration [wt%], Cs is the oxy-
gen solubility [wt%], AG;)C,SnOZ is the standard Gibbs free
energy of formation of SnO, [kJ/mol], R is the gas constant
(8.314 x 1073 [kJ/K/mol]), and T is the liquid temperature
[K]. Figure 7 shows the relationship between chemical po-
tential of oxygen in liquid Sn and standard Gibbs free en-
ergy for formation of some oxides [17]. The chemical po-
tential of oxygen in liquid Sn corresponds to the standard
Gibbs free energy for formation of SnO, per one oxygen
atom, when the oxygen saturates in liquid Sn (C/Cs =1). It
becomes lower at lower oxygen concentration. Though the
oxygen concentration in liquid Sn was not measured in the
present study, the chemical potential at possible oxygen
concentration (C/Cs=0.01) was estimated and indicated
by dashed line in Fig. 7 as an example. The oxygen poten-
tial is seemed to be much higher than that of SiO, even at
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Fig. 7 Relationship between chemical potential of oxygen in
liquid Sn and standard Gibbs free energy for formation
of some oxides [17].
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Fig. 8 Result of AES analysis on Si3N, specimen after exposure
to liquid Sn at 773 K for 262 hr.

the low oxygen concentration. The standard Gibbs free en-
ergy for formation of SnO, per oxygen atom is rather large
as itis —205.5 kJ/mol at 800 K. The oxidation of SiC in lig-
uid Sn along eq. (1) is reasonable after considerations on
these thermodynamic conditions. The thickness of the ox-
idation layer was approximately 3 um. The metal elements
such as Fe, Cr, and Ni dissolved from the crucible accu-
mulated on the Al,O3; specimen surface in liquid Sn [8].
However, such an accumulation was not detected on the
surface of SiC specimens.

Figure 8 shows the result of AES analysis of the SizNy
specimen after the corrosion test. Oxygen was detected on
the specimen surface, and it diffused into the matrix. The
surface could be oxidized in liquid Sn as,

Si3N4 + 60(5,,) i 35102 + 4N(Sn)- (3)

The standard Gibbs free energies for formation of SizNy
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and SiO, at 800K are —485.8 kJ/mol and —763.5 kJ/mol,
respectively [17]. The chemical affinity of nitrogen with
liquid Sn may be poor, since Sn hardly forms its nitride.
Atomic nitrogen is chemically unstable in liquid Sn and its
chemical potential must be high. The oxidation of SizNy
in liquid Sn along eq. (3) is reasonable after the considera-
tions on these thermodynamic conditions.

Nitrogen atoms might diffuse into liquid Sn. The
depth of oxidized region was approximately 600 nm, and
the inward diffusion of oxygen atoms into the matrix was
detected in a depth of 2um from the surface. Sn diffu-
sion into the oxidized region was detected. The oxidation
layer contained nitrogen and Sn, and might exist as silicon
oxynitride Si;N,O [18] as;

Si3N4 + Si + 20(5,1) e ZSIQNzo (4)

The silicon oxynitride layer might be oxidized according
to the continuous supply of oxygen from liquid Sn as;

2Si,N,0 + 30, — 4510, + 4N(Sn)- 5
3.3 Alloying corrosion of Ti in liquid Sn

The Ti specimen could not be removed from the cru-
cible after the corrosion test, though liquid Sn was removed
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Fig. 9 Cross sectional SEM/EDX analysis of Ti specimen after
exposure to liquid Sn at 773 K for 262 hr.

from the crucible as shown in Fig. 5 (d). The specimen was
bonded with the crucible due to its alloying corrosion. The
specimen and the crucible were cut longitudinally, and the
surface cross section of the specimen was metallurgically
analyzed.

Figure 9 shows the result of SEM/EDX cross sectional
analysis at the interface between Sn and Ti. Typical al-
loying reaction layers [4] were detected as multiple layers
on the specimen surface. The inner and outer layers were
clearly distinguished in the SEM image. The inner layer
had uniform thickness of approximately 75 um. The outer
layer included chunky phases about ~100 um in size. The
results of EDX point analysis on the reaction layers were
presented in Table 2 and indicated that Sn/Ti in atomic % is
approximately 1.6 both for the inner and outer layer. This
Sn/Ti ratio is close to the stoichiometric composition of
Sn3Tip, in which the Sn/Ti ratio is equal to 1.5. The frag-
ments of Sn3Ti, were formed due to the alloying reaction
between Sn and Ti dissolved from the specimen surface,
and they were collected in a laminar shape in the outer
layer. The inner Sn3Ti, layer formed by Sn diffusion into
the Ti matrix. Continuous supply of Sn into the Ti matrix
resulted in the formation the Sn3Ti; layer on the specimen
surface, which had the highest Sn concentration among the
intermetallic compounds of Sn-Ti system.

3.4 Corrosion resistance of Mo and W [16]
in liquid Sn

The Mo specimen was totally covered by Sn. The wet-
tability of Mo in liquid Sn was good. The good wettability
may achieve a good thermal contact with liquid Sn. The
mass loss of the Mo specimen due to the corrosion was
3.14 x 1073 g (9.1 g/m?), and corresponded to 0.253% of
the initial mass. The corrosion rate was obtained as ap-
proximately 31 wm/year, and this rate was much smaller
than that of steels. Neither the alloying layer nor oxidation
layer was detected on the surface. These corrosion resis-
tant features were almost the same with those of unalloyed
W [16].

3.5 Results of liquid Sn contact test

Figure 10 shows the results of liquid Sn dripping test.
The temperature of the Al plate locally increased to 560 K
from 323 K by the liquid Sn dripping. The surface temper-
ature gradually decreased, and liquid Sn solidified on the
Al plate. The solidified Sn did not adhere on the plate sur-

Table 2 Atomic ratio of Sn to Ti in reaction layer formed on Ti specimen in liquid Sn at 773 K for 262 hr (Point number indicates the

position shown in SEM image of Fig. 9).

EDX point analysis
Sn;Tip 1 2 3 4 5 6 7 8 9
(Stoichiometric Outer layer Inner layer Ti matrix
composition)
Sn(at%)/Ti(at%) 1.5 4.54 1.58 1.59 1.86 1.73 1.76 2x1073
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Fig. 10 Result of liquid Sn dripping experiment.

face, and it was easily removed from the plate. No damage
of the plate was visually detected in this test.

4. Conclusions
Major conclusions are follows;

1. The conceptual design of the liquid Sn rabbit cap-
sule was developed for the compatibility test of ODS
FeCrAlZr alloy under neutron irradiation in HFIR at
ORNL.

2. Unalloyed Ti severely corroded in liquid Sn at 773 K
due to the formation of intermetallic compound of
Sn3Tiz.

3. SiC thermometry is used to monitor the temperature
in the irradiation test. The corrosion of SiC in liquid
Sn at 773 K was negligibly small, though its surface
was slightly oxidized.

4. SiC, SizNy4, Mo, and W revealed corrosion resistance
in liquid Sn at 773 K. They are suitable as the internal
holder materials for the test capsule. The wettability
of Mo and W in liquid Sn was high. They may have
good thermal contact with liquid Sn.

5. The Al plate revealed damage tolerance for liquid Sn
contact at 323 K for a short time. Al and its alloy are

suitable materials for the capsule housing.
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