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Abstract –New alloys were designed and prepared to improve their corrosion resistance in an electrolytic 
reduction environment for a spent oxide fuel on the basis of a thermodynamical assessment. A considerable 
solubility of Si was confirmed in the Ni alloys and their corrosion resistance was drastically increased with 
the addition of Si. It was confirmed that a protective oxide layer was formed during a corrosion test due to 
a reaction among the alloying elements such as Cr, Al and Si.  

 
INTRODUCTION 
The electrolytic reduction of a spent oxide fuel 
product involves the liberation of oxygen in a 
molten LiCl electrolyte, which results in a 
chemically aggressive environment that is too 
corrosive for most typical structural materials 
[1,2]. In addition, the Uranium and TRU 
components in the reduced spent oxide fuel and 
UREX+1a products may form eutectics and 
liquid phases during a reduction process which 
increases the potential for a corrosion of a cell 
cathode. Even so, the electrochemical process 
vessel, structural cell components, and the 
electrical supply materials must each be resilient 
in the presence of oxygen, TRU and molten salt 
components, and various impurities at ~650ºC to 
enable high processing rates and an extended 
service life.  
Hence, the objective of this study is to develop 
advanced structural materials that will contribute 
toward the implementation of a new advanced 
technology for the electrolytic reduction of a 
spent oxide nuclear fuel and a UREX+1a product 
or a spent advanced burner reactor oxide fuel in a 
molten salt electrolyte. This study includes the 
modification of commercial alloys for a better 
corrosion resistance to an oxidative environment 
of a molten salt containing fuel elements. 

 
EXPERIMENTAL PROCEDURES 
On the basis of the commercial 713LC, the 
alloying composition was modified with silicon 
and chromium addition as shown in Table 1. 
And a trace amount of zirconium and yttrium 
was added to observe the corrosion behavior 
change. Among the alloying elements, especially 
the iron and molybdenum contents were 
decreased to as low as possible, because they 

revealed a negative effect on the corrosion 
behavior in a former research. 
 
Table 1 Designed chemical compositions of Ni-
based alloys 

  
Actual compositions are almost within the design 
goal. Each batch of 50kg alloy was melted at 
1700 oC under an inert atmosphere. The melt was 
poured into a preheated metallic mould and a hot 
top mould was used to decrease the shrinkage 
cavity in an ingot. 

 
Fig. 1 Corrosion test apparatus for the molten 
salt/oxygen vapor exposures 

Alloy Ni Cr Si Al Ti Nb Zr Y 

N-1 Bal 12 2 6 0.5 2  -  - 

N-2 Bal 12 5 6 0.5 2 - - 

N-3 Bal 20 5 6 0.5 2 - - 

N-4 Bal 12 2 6 0.5 2 0.2 0.05
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The experimental system is presented in Fig. 1. 
LiCl-Li2O molten salt was introduced into the 
MgO test crucible at room temperature and then 
heated at 300 oC for 3 hrs in an Ar atmosphere to 
prevent against any moisture accumulation. After 
reaching the set corrosion condition, the samples 
and alumina tube (6Φ) were immersed into the 
molten salt, and the mixed gas was supplied 
thorough the alumina tube. When the test was 
completed, the corrosion products were removed 
from the molten salt and cleaned by an ultrasonic 
washing. After being dried for more than 24 hrs, 
the weight variation was measured. The 
corrosion products 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-6,300). 
 
 
RESULTS AND DISCUSSIONS 
In the Ni based alloy system, alloying elements 
for specific purposes have already been widely 
investigated. However, the alloys for the TRU 
and Li2O/LiCl containing systems are not 
commercially available, because most of these 
alloying elements form an eutectic alloy with 
uranium and plutonium under a given 
operational temperature. Especially, Ni has a 
very low eutectic temperature with plutonium 
and cerium. So, a new alloy system should be 
designed to develop a structural material for a 
real electrolytic reduction process containing 
TRU. Quaternary phase diagrams of the Ni-Cr-
Al-Si were constructed from the binary database 
of FACTSage[3]. Fig. 2 shows a pseudo binary 
phase diagram for a better understanding, where 
the concentrations of the chromium and 
aluminium were fixed at 12 and 6 wt%. In the 
case of 12% chromium, the solubility of the 
silicon is around 6wt%, and the silicon starts to 
precipitate as a Cr3Si intermetallic compound. 
With an increasing chromium concentration to 
20 wt%, the solubility of the silicon decreases to 
4.8 wt%, and there are always gamma(γ) and 
gamma prime(γ′) phases as shown in Fig. 3. 
When Nb is considered in an alloy system, the 
phase diagram becomes more complicated 
because of the formation of a Ni3Nb phase. The 
solubility of the silicon decreases to 5wt% and 4 
wt% for the 12 wt% and 20 wt% chromium 
concentrations respectively. 

 
 

 
Fig. 2 (Ni-Cr-Al-Nb)-Si pseudo binary phase 
diagrams with 12 wt% Cr 
 

 
Fig. 3 (Ni-Cr-Al-Nb)-Si pseudo binary phase 
diagrams with 20 wt% Cr 
 
Fig. 4 shows the microstructures of the as-cast 
alloys. It was generally found that a uniform 
microstructure is obtained and a small fraction of 
a second phase is distributed in the matrix.  
 

 
Fig. 4. Initial microstructure of the prepared Ni 
base super alloys 
a) N-1      b) N-2      c) N-3      d) N-4 
 
In order to detect a second phase, EDX analysis 
was performed on sample N-1 as shown in Fig. 
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5. Niobium concentration is much higher in the 
precipitate than in the matrix. This agrees well 
with the calculated phase diagrams, because 
niobium always forms a Ni3Nb intermetallic 
compound as shown in Figs. 2 and 3. 
 

 
Fig. 5 EDX analysis of the as cast Ni base super 
alloy. 
 
Fig. 6 shows the weight loss of the alloys 
corroded at 650 oC as a function of the time. It is 
clearly seen that the weight loss is drastically 
decreased when compared to the commercial 
713LC. Especially the weight loss of sample 
numbers 1 and 2 are below 5 mg/cm2 for the 9 
days experiment. The weight loss of 5 mg/cm2 
for the 9 days experiment is equivalent to 0.3 
mm/year of the corrosion rate. It has been 
reported that the requirement for a corrosion 
resistant in engineering materials is below 0.5 
mm/year. So, the corrosion rates of sample 
numbers 1 and 2 are within this requirement. 
 

 
Fig. 6 Weight loss of the alloys corroded at 650 
oC as a function of the time 

 
Fig. 7 Cross-sectional SEM image and elemental 
distribution of N-2 and N-3 corroded at 650 oC 
for 72 hrs. 
 
Fig. 7 shows a cross sectional SEM image and an 
elemental distribution of sample N-2 corroded at 
650 oC for 72 hrs. A dense protective oxide layer 
composed of nickel, chromium, aluminum and 
silicon is clearly seen. Hence, it is confirmed that 
silicon was a key component that enhanced the 
corrosion resistance in this alloy system. And 
also, the content of alloying elements is very 
important to form stable protective oxide layers. 
The concentration of each alloying element has 
not been optimized as yet, so there is room to 
enhance their corrosion resistance by controlling 
the concentration of the alloying elements. 
 
CONCLUSIONS 
The research results show that the corrosion rates 
of the newly designed alloys were drastically 
decreased when compared to that of the 
commercial Inconel 713LC and a four times 
lower corrosion rate, 0.3 mm/yr was achieved. It 
was found that Si, Cr and Al diffused to the 
surface and formed a protective oxide layer, thus 
inhibited an internal intrusion of the oxygen ion. 
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