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Abstract

The electrolytic reduction of spent oxide fuel involves the liberation of oxygen in a molten LiCl electrolyte, which results in a chemically
aggressive environment that is too corrosive for typical structural materials. So, it is essential to choose the optimum material for the process
equipment for handling a molten salt. In this study, corrosion behavior of Inconel 713LC, Nimonic 80A and Nimonic 90 in a molten LiCl-Li, O salt
under an oxidizing atmosphere was investigated at 675 °C for 72-216 h. Inconel 713LC alloy showed the highest corrosion resistance among the
examined alloys. Corrosion products of Inconel 713LC were Cr,03, NiCr,04, Ni and NiO, and those of Nimonic 80A were Cr,03, LiFeO,, (Cr,
Ti), 05 and Li,NigO;( while Cr,0s, (Cr, Ti), 03, LiAlO, and CoCr,0, were produced from Nimonic 90. Inconel 713LC showed a local corrosion
behavior and Nimonic 80A, Nimonic 90 showed a uniform corrosion behavior.
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1. Introduction

The molten salt technology has been widely applied in the
industrial world because of its physical and chemical character-
istics, especially its high electrical conductivity, high processing
rate, and high diffusion rate. And recently, it has attracted much
attention in the fields of jet engines, fuel cells, catalysts, and
metal refinement. Therefore, the studies on the corrosion of
the structural materials for handling high temperature molten
salts have also been continuously carried out. For example, the
corrosion of a gas turbine by a molten NaySO4 [1-3] and the
corrosion related to a molten carbonate fuel cell [4,5] have been
extensively investigated. Also there are many reports on an
accelerated oxidation in chloride molten salts [6,7]. However,
they are mainly short time electrochemical experiments and few
reports are found on long term experiments for the corrosion of
commercial alloys in a chloride molten salt by considering the
corrosion products, rate and behaviors.

The electrochemical reduction process for spent oxide
nuclear fuel is carried out in a LiCl-Li, O molten salt at 650 °C.
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The liberation of oxygen on an anode and the high tempera-
ture molten salts of the process cause a chemically aggressive
environment that is too corrosive for ordinary structural mate-
rials. Therefore, for an implementation of the electrochemical
reduction technology, corrosion resistance materials should be
developed. Guided by the past experience of the Korea Atomic
Research Institute, we selected Inconel 713LC, Nimonic 80A,
and Nimonic 90 as candidate materials for service in the elec-
trochemical reduction process and investigated their corrosion
behaviors under simulated electrochemical reduction condi-
tions.

2. Experimental

The chemical compositions of the used superalloys are shown in Table 1.
After the specimens were heated at 1050 °C for 1 h and water cooled to remove
an inner defect, they were prepared with dimensions of 70 mm x 15 mm x 2 mm
and stabilized at 950 °C for 1 h. Before the corrosion test, the specimens were
ground with SiC paper, polished with diamond paste and cleaned in de-ionized
water and acetone.

The experimental apparatus is shown in Fig. 1. A LiCl-Li,O molten salt
was introduced into a high-density MgO crucible and then heated at 300°C
for 3h in an argon atmosphere to remove any possible moisture. After reach-
ing the set conditions, the specimens and alumina tube were immersed into
the molten salt, and mixed gas (Ar—10% O;) was supplied through an alumina
tube. The corrosion tests were carried out at 675 °C and for 72-216 h. The Li,O
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Table 1

Chemical compositions of tested alloys (wt.%)

Alloy Ni Cr Fe Co C Al Ti Nb Mo
Inconel 713LC 74.00 11.57 0.10 0.08 0.05 6.05 0.76 1.95 4.15
Nimonic 80A 74.90 19.24 1.14 - 0.06 1.68 2.40 - -
Nimonic 90 59.88 19.38 0.57 16.05 0.058 1.38 2.40 - -
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Fig. 1. Schematic diagram of the apparatus for the corrosion test.

concentration in LiCl was 3 wt.%. Following the corrosion test, the specimens
were withdrawn from the salt and kept under argon gas while the furnace was
cooled to room temperature. The vessel was opened and the specimens removed
for a visual examination before a cleaning. The specimens were then cleaned
ultrasonically in de-ionized water, measured, and weighed. The corrosion prod-
ucts and fine structures of the corroded samples were analyzed by XRD (X-ray
Diffractometer, Rigaku, DMAX/1200), SEM (Scanning Electron Microscope,
JEOL, JSM-6300), and EDS (Energy Dispersive X-ray Spectroscope, JEOL,
JSM-6300).

3. Results and discussion
3.1. Corrosion rate

The weight loss of the specimens after the corrosion tests
in a LiCl-Li,O molten salt for 72 and 216h are shown in
Fig. 2. Every tested specimen showed a weight loss with time
and the corrosion rate was as such: Inconel 713LC < Nimonic
80A < Nimonic 90. 713LC alloy showed the highest corrosion
resistance among the examined alloys. The area change and
depth of attack for the specimens tested after a 9-day test at
675°C were investigated and shown in Table 2. In the case

Table 2
Corrosion results of a 9-day test at 675 °C

Alloy Cross-sectional area Depth of

attack (pm)

Initial cross-  Post-test Area change

sectionarea  area (mm?)  (mm?)

(mm?)
Inconel 713LC  46.184 47.336 +1.152 105.4
Nimonic 80A 46.933 46.864 —0.069 227.1
Nimonic 90 47.297 47.221 —0.076 244.0

of Inconel 713LC, an increase of the cross-sectional area was
observed and the reason was attributed to the volume increase
due to the formation of corrosion products on the surface. On
the other hand, the spallation and the severe progress of corro-
sion in Nimonic 80A and Nimonic 90 caused the decrease of
their cross-sectional area. The relatively shallow depth of attack
observed in Inconel 713LC might be attributed to the role of
the surface corrosion layer as a protective layer resulting in the
suppression of the internal intrusion of a corrosion medium.
Considering the corrosion rate measurements shown in Fig. 2,
the direction proportion between corrosion rate and depth of
attack was identified. The reason for the weight loss of the spec-
imens with time was attributed to a cracking of the protective
layer leading to its spallation from the base metal surface. There-
fore it was thought that the weight variation of the specimens
would be greatly influenced by the adherence between a corro-
sion layer and a base metal and the stability of a corrosion layer
growth.

3.2. Corrosion products

Fig. 3 shows the XRD patterns of the corrosion products from
the corrosion tests at 675 °C for 72 and 216 h. The identification
of the corrosion products was performed by the Joint Committee
on Powder Diffraction Standards (JCPDS)-the Powder Diffrac-
tion File (PDF). The corrosion products of Inconel 713LC were
Cry03, NiCry0y4, and NiO for 72 and 216 h (Fig. 3(a)). From a
thermodynamic point of view, Cr,O3 is the most stable oxide
in the Ni-Cr—Fe based alloys [8]. Therefore, for Nimonic 80A,
Cr,03 was initially formed as a corrosion product. Also the dif-
fusion of the Fe ion and its reaction with the Li based molten
salt led to the formation of LiFeO;. And then for the 216 h
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Fig. 2. Weight loss of the alloys corroded at 675 °C, as a function of the time.
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Fig. 3. XRD patterns of the corrosion products of: (a) Inconel 713LC, (b) Nimonic 80A, and (c) Nimonic 90 corroded at 675 °C for 72 and 216 h.

Fig. 4. Cross-sectional SEM images of (a) Inconel 713LC, (b) Nimonic 80A and (c) Nimonic 90 corroded at 675 °C for 216 h.
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Fig. 5. Cross-sectional SEM image and elemental distribution of Inconel 713LC corroded at 675 °C for 72 h.

conditions, the formation of LioNigOg and (Cr, Ti),O3 was
observed (Fig. 3(b)). Fig. 3(c) shows that the corrosion prod-
ucts of Nimonic 90 where Cr, O3 and CoCr,O4 for 72 h and (Cr,
Ti),03 and LiAlO» for 216 h, respectively.

3.3. Corrosion behaviors

Fig. 4 shows the SEM images of the specimens corroded for
216 h. Contrary to the corrosion of Inconel 713LC, an outer cor-
rosion layer was not observed for Nimonic 80A and Nimonic
90. Local corrosion behavior for Inconel 713LC and a uni-
form corrosion behavior for Nimonic 80A and Nimonic 90 were
observed, respectively. The content of Cr affected markedly on
the uniform corrosion pattern due to the their depletion [9]. The
formation of a dense protective corrosion layer of Inconel 713LC
(Fig. 4) and its lower corrosion rate have a close correlation.

Cross-sectional SEM image and elemental maps of Inconel
713LC corroded for 72h are shown in Fig. 5. The corrosion
layer was dense and adherent. The outer layer mainly consisted
of Cr, Ni-oxides. A solid reaction between the surface NiO and

30 pm

Cr,03 might cause the formation of the NiCr,O4 spinel oxides
observed in Fig. 3(a) [10,11]. The oxygen active elements such
as Al and Ti were preferentially oxidized and participated in the
corrosion layer [8]. It was reported that the addition of 4-5 wt.%
Al enhanced the oxidation-resistance of alloys by the formation
of an Al, O3 protective layer [ 12]. Ni is an element which inhibits
the internal diffusion of an oxygen ion by its accumulation on
the interface of oxide/oxide or beneath of the oxide layers [13].
In this study, the enrichment of Ni in an inner corrosion layer
was observed and thus Ni was considered as a useful element
for the enhancement of the corrosion resistance in a oxidative
molten salt.

Fig. 6 shows the cross-sectional SEM image and elemen-
tal maps of Nimonic 80A corroded for 72 h. The dense outer
layer mainly consisted of Cr, Fe-oxides. The diffusion coef-
ficients of the metal ion in the oxides are in the order of
Fe?* >Fe?" > Ni2* > Cr3* [10]. Therefore, the diffusion of the
Fe ion through the initially formed Cr,Os3 layer and its reac-
tion with a molten salt resulted in LiFeO,. The preferential
oxidation of Al and Ti beneath the outer corrosion layer and its

M ey S L IR

Fig. 6. Cross-sectional SEM image and elemental distribution of Nimonic 80A corroded at 675 °C for 72 h.
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Fig. 7. Cross-sectional SEM image and elemental distribution of Nimonic 90 corroded at 675 °C for 72 h.

participation in the corrosion layer formation were also observed
[8].

Cross-sectional SEM image and elemental maps of Nimonic
90 corroded for 72 h are shown in Fig. 7. The outer corrosion
layer was spalled and only an inner corrosion layer was observed.
It was thought that the solid reactions between the thermodynam-
ically stable oxide, CrpO3 and CoO formed from the preferential
oxidation of Co resulted in the formation of the CoCr,Oj4 spinel
oxides (see also Fig. 3(c)) [10,11]. Fig. 7 also shows the for-
mation of the oxides of Al and Ti beneath the Ni-rich layer. It
is suggested that the oxidation of the oxygen active elements
occurred after the preferential oxidation of Cr and Co. Wood et
al. [11] reported the existence of a Cr depletion region beneath
an outer corrosion layer, Cr,O3 and the reason was attributed
to the consumption of the Cr for an oxide formation. There-
fore with the progress of the oxidation, the Cr depletion region
would expand into the inside of the alloys because Cr diffuses
out from the base metal to supplement the consumed Cr (Fig. 7).
The thermal stress by the difference of the thermal expansion
coefficients between a base metal and an oxide layer and the
growth stress due to an oxide layer growth would cause a spal-
lation of the oxide layers. Therefore, the growth and spallation
cycle of the oxide layer will also deplete the Cr element which
is a constituent of the corrosion layer.

4. Conclusions

The corrosion behavior of superalloys in a oxidative
LiCl-Li; O molten salt was investigated in association with the
electrochemical reduction process. The corrosion rate was in
the order of Inconel 713LC < Nimonic 80A < Nimonic 90. Cor-
rosion products of Inconel 713LC were Cr;0O3, NiCryOy4, Ni
and NiO, and those of Nimonic 80A were Cr,O3, LiFeO,,

(CI‘, Ti)203 and LizNigOlo. CI'203, (CI‘, Ti)203, LiA102 and
CoCr,04 were identified as the corrosion products of Nimonic
90. Inconel 713LC showed a local corrosion behavior while
Nimonic 80A, Nimonic 90 showed a uniform corrosion behav-
ior. Ni was concentrated around the inner oxide layers and it
retarded the corrosion rate. The high content of Cr caused a
growth stress and a depletion of the elements in the corrosion
layer. So it was concluded that an excess Cr causes deleterious
effects on the corrosion resistance of alloys. Oxygen active ele-
ments, such as Al and Ti, enhanced the corrosion resistance by
a protective oxide layer formation.
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