
Progress in Nuclear Science and Technology 
Volume 5 (2018) pp. 192-195 

 

 

ARTICLE 

 
 

Interaction studies between U-Zr alloy system and ceramic plasma-spray  
coated layer at elevated temperature 

Ki-Hwan Kima*, Ki-Won Honga,b, Hoon Songa, Seok-Jin Oha and Jeong-Yong Parka 

 
aKorea Atomic Energy Research Institute, 989-111 Daedeok-daero, Yuseong-gu, Daejeon, 34057, Republic of Korea 

bChungnam National University, 99 Daehak-ro, Yuseong-gu, Daejeon, 34134, Republic of Korea 
 

Refractory coatings were applied to niobium and graphite substrates by vacuum plasma-spray (VPS) coating 
method. Melt dipping tests conducted were the coated rods lowered into U-10wt.%Zr melt at elevated 
temperature, and withdrawn and cooled outside the crucible in the inert atmosphere of the induction furnace. 
Melt dipping tests of the coated Nb rods indicated that plasma-sprayed TiC, TaC, and Y2O3 coating doesn’t 
form significant reaction layer between fuel melt and coating layer. In order to develop the VPS coating 
method for re-usable crucible of metal fuel slugs to be overcome the issue of thermal expansion mismatch 
between coating material and crucible, Various combinations of VPS coated specimens were applied to 
investigate the bonding effect on the crucible substrate and the interaction of metal fuel with the VPS coated 
crucible substrate. It is observed that most coating methods maintained sound coating state in U-10wt.%Zr 
melt. All coated rods showed no reaction with the melt and also maintained the integrity of the coating layers 
even after three cycles. Thus, the ceramic plasma-spray coatings are thought to be promising candidate 
coating methods for a reusable crucible to fabricate metal fuel slugs. 
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1. Introduction1 
A sodium-cooled fast reactor (SFR) is being 

developed in combination with the pyro-electrochemical 
processing of spent fuel at KAERI [1-3]. U-Zr and 
U-TRU-Zr metal fuels have been considered as the 
driver fuels for SFR in Korea [4-5]. The spent nuclear 
fuel that is produced at an LWR can be used at an SFR. 
Existing uranium utilization rate in LWR is slightly 
within 8%, but can be improved to more than 90% when 
using an SFR system [6-8]. Therefore, SFRs are 
expected to resolve the issue of nuclear spent fuel 
problems, which include radioactive waste repository 
[9-11]. 

Metal fuel slugs with a driver fuel assembly have 
been generally fabricated by the injection casting of fuel 
alloys under a vacuum state [12-15]. Zirconium was 
added to increase the melting point of the nuclear fuel 
slug and thereby maintain stability at high temperature. 
Traditionally to prevent melt/material interactions metal 
fuels, such as the U-Zr/U-TRU-Zr fuels for the SFR, 
have been melted and cast in slurry-coated graphite 
crucibles and slurry-coated quartz molds [16-18].  
Application of these coatings in a hot cell environment 
is labor-intensive and operator-dependent, and can 
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introduce additional waste streams. Also, coating 
reaction and porous coatings can be a source of melt 
contamination and fuel losses, respectively.   

Reducing these interactions will result in a fuel loss 
reduction.  As part of this effort a coating technology 
for the crucibles will be developed in order to develop a 
re-usable crucible. The coating must possess excellent 
compatibility between the fuel melt and coating layer, 
and have good thermal cycling characteristics.  
Application of a permanent coating will reduce fuel loss 
through coating infiltration, contamination of the melt 
with coating materials and/or crucible materials, and 
casting preparation time. The refractory coating must 
have excellent compatibility between the 
U-Zr/U-TRU-Zr melt and the crucible material, 
withstand multiple thermal cycles, and have good 
substrate adhesion.  

In this study, refractory coatings were applied to 
melting crucible substrates by plasma-spray coating 
method. Melt dipping tests conducted were the coated 
rods lowered into U-10wt.%Zr melt at elevated 
temperature, and withdrawn and cooled outside the 
crucible in the inert atmosphere of the induction furnace.  

The ceramic coating materials showed separations in 
the coating interface between the substrate and coating 
layer, or between the coating layer and fuel melt after 
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the dipping test. To develop a re-usable meting crucible, 
the issue of a thermal expansion mismatch between the 
coatings and crucibles must be overcome. Various 
combinations of coating conditions such as the coating 
thickness and multi-layer coating methods including 
bond coating materials with substrate materials were 
investigated to find the bonding effect on the substrate 
and the interaction of metal fuel with a plasma-spray 
coated crucible substrate.  

 
 

2. Experimental procedure 

The substrate was 99.8% pure niobium and graphite 
materials with a diameter of 10 mm. SiC was coated 
about 3 µm in thickness with chemical vapor reaction 
method on graphite substrate at high temperature. A 
plasma spray method was used to apply an 
approximately 100 µm thick coating to niobium/graphite 
rods of 10 mm in diameter. HfC, TaC, TiC, ZrC, and 
Y2O3, Y2O3 st. ZrO2 powders, ranging from 10μm to 
45μm in size, were plasma-sprayed under a protective 
atmosphere onto the substrates, including multi-layer 
coatings. 2 kinds of coating methods such as Y2O3(150 
µm) and TaC(50µm)-Y2O3(100µm) have been selected 
as promising coating candidate materials. The thickness 
of the coatings on the substrate was controlled by the 
number of coating layers to the substrate, with a torch 
input power of about 15 kW, and a plasma gas of argon 
and helium.  

A rough surface finish was provided to enhance the 
adhesion of the coating layer by grit blasting the 
niobium and the graphite substrates with alumina after 
which it was cleaned using a standard ultrasonicator.  
Approximately 100µm thick coatings were deposited by 
controlling the number of the coating layers, with a torch 
input power of about 15 kW, an arc current of about 750 
amperes, and a plasma gas of an argon and helium 
mixture. Dip tests conducted were the samples lowered 
into the melt at 1600°C, that is, casting temperature of 
U–10wt.%Zr alloy system fuel slugs, and withdrawn and 
cooled outside the crucible in the inert atmosphere of the 
induction furnace. The coating microstructure before 
and after testing was characterized using a scanning 
electron microscope (SEM). The chemical compositions 
of the coated specimens were measured by 
energy-dispersive spectroscope (EDS).   

 
 

3. Results and discussion 
After exposure to the U-10wt.%Zr melt of the coated 

Nb rods at 1600oC for 5min, and cooling in separated 
state from the melt, the HfC coated rod showed 
significant penetrations of U-10wt.%Zr melt into HfC 
coating layer with the thickness of about 30 µm, as 
shown in Figure 1(a). No reaction layer formation or no 
penetration of U-Zr melt into the coating, in Figure 1(b), 
was observed in the TaC coating layer. The TiC coated 
rod showed a little reaction of U-Zr melt between TiC 
coating layer and U-Zr alloy after exposure to the melt, 

as shown in Figure 1(c).  Figure 1(d) showed the 
discrete ZrC coating layer completely disappeared due 
to the eutectic reaction in U-Zr melt with the coating 
layer. No reaction layer formation or no penetration of 
U-Zr melt into the Y2O3 coating, in Figure 1(e), was 
observed in the Y2O3 coating layer, since Y2O3 is more 
stable from equilibrium thermodynamics than the other 
ceramic crucible materials. The Y2O3 st. ZrO2 coated Nb 
rod showed a discrete coating interface between Y2O3 st. 
ZrO2 coating layer and U-Zr alloy layer, but significant 
penetrations of U-Zr melt between Y2O3 st. ZrO2 coating 
layer and U-Zr alloy with the thickness of about 70 µm 
did occur, as shown in Figure 1(f). 

After exposure to the U-10wt.%Zr melt of the coated 
Nb rods at 1600oC for 15min, and cooling in separated 
state from the melt, HfC, ZrC, and Y2O3 st. ZrO2  
coated rods were already greatly  deteriorated, but, TiC, 
and Y2O3 coated rods still appeared sound. No reaction 
layer formation or no penetration of U-10wt.%Zr melt 
into the TaC coating layer. The TiC coated rod showed a 
little reaction of U-Zr melt between TiC coating layer 
and U-Zr alloy after exposure to the melt. No reaction 
layer formation or no penetration of U-Zr melt into the 
Y2O3 coating, was observed in the Y2O3 coating layer.  
 

 
Figure 1. Cross-sectional BSE micrographs showing the 
interface between U-10wt.%Zr and ceramic plasma-sprayed 
layer on Nb substrate after dipping at 1600oC for 5min and 
cooling in separated state from the melt ; (a) HfC, (b) TaC, (c) 
TiC, (d) ZrC, (e) Y2O3, and (f) Y2O3 st. ZrO2. 
 

After exposure to the U-10wt.%Zr melt at 1600oC for 
15min and cooling separated from the melt, the SiC 
formed a significant reaction layer between the 
U-10wt.%Zr melt and the coating layer, as shown in 
Figure 2(a). The plasma-spraying Y2O3 st. ZrO2 rod 
showed an indiscrete coating interface, and an extensive 
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interaction layer of about 100 μm in thickness formed by 
the penetration of U-Zr melt into the coating layer, as 
shown in Figure 2(b). The multi-layer coated rod with 
the chemical vapor reaction of SiC and the 
plasma-spraying of Y2O3 showed little reaction layer 
formation with the Y2O3 coating, as shown in Figure 
2(c). Finally, in Figure 2(d)~(e), no reaction layer 
formation or penetration of U-Zr melt into the coating 
was observed in the Y2O3 coating layer, since Y2O3 has 
thermodynamic stability with the U-Zr melt. 
 

 
Figure 2. Cross-sectional BSE micrographs showing the 
interface between U-10wt.%Zr and ceramic coating layer on 
graphite substrate after dipping at 1600oC for 15min and 
cooling in separated state from the melt; (a) 
chemical-vapor-reacted SiC, (b) plasma-sprayed Y2O3 st. ZrO2, 
(c) chemical-vapor-reacted SiC, and then plasma-sprayed Y2O3, 
(d) plasma-sprayed Y2O3, and (e) slurry-sprayed Y2O3. 
 

Figure 3 shows BSE micrographs of the coated Nb 
rods after three cycles of exposure to the U-10wt.%Zr 
melt. The coated rods generally showed a good 
appearance after exposure to the melt. All coated rods 
showed no reaction with the melt and also maintained 
the integrity of the coating layers even after three cycles. 
Y2O3(150) VPS coated Nb substrate showed no 
significant penetrations of U-10Zr melt into the Y2O3 
coating layer, as shown in Figure 3(a). The single layer 
of Y2O3 showed a strong resistance to the thermal shock 
and the expansion mismatch, and a strong resistance to 
the interaction with the U-10wt.%Zr melt.  The coating 
rods having a double layer such as TaC(50)-Y2O3(100), 
Y2O3(50)-TaC(100) and Y2O3(50)-TiC(100) coated Nb 
substrates also showed no penetration of U-Zr melt into 
the coating layer, as shown in Figure 3(b), (c), and (d). 
No reaction with the U-Zr melt was verified in the case 
of TaC and TiC coating through an EDX analysis. The 

double layer coating of TaC-Y2O3 showed a sound state 
in the coating interfaces. The double layer coating of 
Y2O3(50)-TaC(100) and Y2O3(50)-TiC(100) showed a 
sound state, but a separation of the coating interface 
between the Y2O3 and TaC bonding layers.  The triple 
layer coating such as Y2O3(100)-TaC(100)-Y2O3(100) 
and Y2O3(100)-TiC (100)-Y2O3(100) also showed no 
penetration of U-Zr melt into the Y2O3 coating layer, as 
shown in Figure 3(e) and (f). It was also found that the 
triple layers with Y2O3 as a bonding material separates  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Cross-sectional back-scattered scanning electron 
(BSE) micrographs showing the interface between 
U-10wt.%Zr and coating layer after three cycles of dipping at 
1600oC for 5 min: (a) Y2O3(150), (b) TaC(50)-Y2O3(100), (c) 
Y2O3(50)-TaC (100), (d) Y2O3(50)-TiC(100), (e) 
Y2O3(100)-TaC(100)-Y2O3(100), and (f) 
Y2O3(100)-TiC(100)-Y2O3(100). 
 
easily from the substrate, indicating a similar result with 
the melt dipping of the single layer. Judging from these 
results, it can be considered that the intimate adhesion 
between Y2O3 bond layer and niobium substrate is a 
more important factor to determine the coating 
performance of the triple coating method. 
 
 
4. Conclusion 

To develop a re-usable meting crucible, 
plasma-sprayed coatings of high-temperature ceramic 
crucible materials were applied, and elevated 
temperature interaction studies were carried out between 
U-10wt.%Zr alloy system fuel and ceramic 
plasma-sprayed layer. The coated rods were dipped in 
U-Zr melt, and then characterized for interaction studies. 
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Melt dipping tests of the coated graphite rods indicated 
that plasma-sprayed Y2O3 coating don’t form significant 
reaction layer between U-10wt.%Zr melt and coating 
layer. Melt dipping tests of the coated Nb rods showed 
that TiC, TaC, and Y2O3 coatings exhibited the 
promising performance among other ceramic coatings. 
All coated rods showed no reaction with the melt and 
also maintained the integrity of the coating layers even 
after three cycles. Thus, the ceramic plasma-spray 
coatings are thought to be promising candidate coating 
methods for a reusable melting crucible to fabricate 
metal fuel slugs for SFR. 
 
 
Acknowledgements  

This work has been carried out under the Nuclear 
Research and Development Program supported by the 
Ministry of Science and Technology in the Republic of 
Korea. 
 
 
References 
[1] C. Kim, D. Hartanto and Y. Kim, Uranium 

enrichment reduction in the prototype Gen-IV 
sodium-cooled fast reactor (PGSFR) with PBO 
reflector, Nuclear Engineering and Technology,  
48 (2016), pp. 351-359. 

[2] J.H. Kittel, B.R.T. Frost, J.P. Mustellier, K.Q. 
Bagley, G.C. Crittenden and J.V. Dievoet, History 
of fast reactor fuel development, Journal of 
Nuclear Materials, 204 (1993), pp.1-13.  

[3] L.C. Walters, B.R. Seidel and J.H. Kittel, 
Performance of metallic fuels and blankets in 
liquid-metal fast breeder reactors, Nuclear 
Technology, 65 (1984), pp. 179-231. 

[4] L.C. Walters and G.L. Hofman, Metallic fast 
reactor fuels: a comprehensive treatment, Materials 
Science and Technology A, 10 (1994), pp. 1-43.   

[5] G.L. Hofman, L.C. Walters and T.H. Bauer, 
metallic fast reactor fuels, Progress in Nuclear 
Energy, 31 (1997), pp. 83-110. 

[6] D.C. Crawford, D.L. Porter and S.L. Hayes, Fuels 
for sodium-cooled fast reactors: US perspective, 
Journal of Nuclear Materials, 371 (2007), pp. 
202-231. 

[7] H. Lee, G.I. Park and I.J. Cho, Current status of 
pyroprocessing development at KAERI, Science 
and Technology of Nuclear Installations, 2013 

(2013), pp. 1-11.  
[8] H. Lee, G.I. Park and E.H. Kim, Pyroprocessing 

technology development at KAERI, Nuclear 
Engineering and Technology, 43 (2011), pp. 
317-328. 

[9] J.H. Jang, H.S. Kang, Y.S. Lee, H.S. Lee and J.G. 
Kim, Development of continuous ingot casting 
process for uranium dendrites in pyroprocess, 
Journal of Radioanalytical and Nuclear Chemistry,  
295 (2013), pp. 1743-1751. 

[10] I. S. Kim, C.S. Seo, H.S. Shin, Y.S. Hwang and 
S.W. Park, Characteristics of reduced metal from 
spent oxide fuel by lithium, Journal of the Korean 
Nuclear Society, 35 (2003), pp. 309-317. 

[11] Y.H. Kang, J.H. Lee, S.C. Hwang, J.B. Shim, E.H. 
Kim and S.W. Park, Electrodeposition 
characteristics of uranium by using a graphite 
cathode, Carbon, 44 (2006), pp. 3142–3145. 

[12] C.L. Trybus, Injection casting of U-Zr-Mn, 
surrogate alloy for U-Pu-Zr-Am-Np, Journal of 
Nuclear Materials, 224 (1995), pp. 305-306.  

[13] J.H. Kim, Kim, K.H. Kim and C.B. Lee, 
Preparation of U-Zr-Mn, a surrogate alloy for 
recycling fast reactor fuel, Advances in Materials 
Science and Engineering, 2015 (2015), pp. 1-8.  

[14] T. Ogata and T. Tsukada, Engineering-scale 
development of injection casting technology for 
metal fuel cycle, Proc. of Global 2007 (2007), pp. 
557-562. 

[15] C.L. Trybus, J.E. Sanecki and S.P. Henslee, 
Casting of metallic fuel containing minor actinide 
additions, Journal of Nuclear Materials, 204 
(1993), pp. 50-55.  

[16] P.S. Chen, W.C. Stevens and C.L. Trybus, 
Reusable molds for casting U-Zr Alloys, Proc. of 
Fall Meeting of the Metallurgical Society and 
AIMPE (1992), pp.1-14. 

[17] K.H. Kim, S.J. Oh, S.K. Kim, C.T. Lee and C.B. 
Lee, Micro-structural characterization of U-Zr 
alloy fuel slugs for sodium-cooled fast reactor, 
Surface and Interface Analysis, 44 (2012), pp. 
1515-1518. 

[18] K.H. Kim, C.T. Lee and C.B Lee, Characterization 
of ceramic plasma-sprayed coatings, and 
interaction studies between U-Zr fuel and ceramic 
coated interface at an elevated temperature, Thin 
Solid Films, 519 (2011), pp. 6969-6979. 

 


	1. Introduction0F
	2. Experimental procedure
	3. Results and discussion
	4. Conclusion



