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Abstract 

U-Zr metal fuel for SFR is now being developed by KAERI as a national R&D programme of Korea. In 
order to recycle transuranic elements (TRU) retained in spent nuclear fuel, the generation of long-lived 
radioactive wastes and a loss of volatile species should be minimised during the recycled fuel fabrication step.  

In this study, fuel slug fabrication method has been introduced to develop an innovative fabrication 
process of metal fuel of SFR for preventing the evaporation of volatile elements such as Am. Metal fuel 
slugs were fabricated with an improved injection casting method in KAERI. Volatile species can be 
retained through the use of a cover gas with over pressure and covered crucibles. 

Experimental results show that the Mn was not volatilised and conserved in inert gas conditions 
compared to the vacuum condition. The volatility of Mn can be controlled by changing the casting process, 
and minimal Mn (and Am) loss is possible. An improved casting method under an inert atmosphere is more 
effective in the prevention of vaporisation than casting under a vacuum and reduced atmosphere. In addition, 
improved casting under a reduced atmosphere shows a considerable effect in the prevention of vaporisation. 

Introduction 

The Korea Atomic Energy Research Institute (KAERI) seeks to develop and demonstrate the 
technologies needed to transmute the long-lived transuranic actinide isotopes in spent nuclear fuel into 
shorter-lived fission products, thereby dramatically decreasing the volume material requiring disposal and 
the long-term radiotoxicity and heat load of high level waste sent to a geological repository. Metal fuel for 
an SFR has advantages such as simple fabrication procedures, good neutron economy, high thermal 
conductivity, excellent compatibility with  Na coolant and inherent passive safety [1]. U-Zr metal fuel for 
SFR is now being developed by KAERI as a national R&D programme of Korea. In order to recycle 
transuranic elements (TRU) retained in spent nuclear fuel, remote fabrication capability in a shielded hot 
cell should be prepared. Moreover, the generation of long-lived radioactive wastes and a loss of volatile 
species should be minimised during the recycled fuel fabrication step. The fabrication technology of metal 
fuel for SFR has been under development in Korea as a national nuclear R&D programme since 2007 [2-
5]. The reference fuel for the Korean SFR is a metal alloy. Metal fuel has been studied and is also 
considered a leading candidate for advanced driver and transmutation fuels under the Fuel Cycle Research 
and Development (FCRD) programme, formerly the Advanced Fuel Cycle Initiative (AFCI) programme. 
The fabrication process for SFR fuel is composed of (1) fuel slug casting, (2) loading and fabrication of the 
fuel rods, and (3) fabrication of the final fuel assemblies. Fuel slug casting is the dominant source of fuel 
losses and recycled streams in this fabrication process. 

The development of the vacuum injection casting method for fuel slugs was initiated in 1956 with 
centrifugal casting considered as the backup process. Because the injection casting process is simple and 
compact, it is cost efficient and has the advantage of mass production while reducing the amount of 
radioactive waste. U-Zr and U-Pu-Zr fuel slugs for test sub-assemblies irradiated in EBR-II and FFTF were 
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fabricated by this injection casting method. More than 100,000 metal fuel slugs including both U-5wt%Fs 
and U-10wt.%Zr fuels were fabricated by injection casting in the United States. U-Zr-Pu alloy fuels have 
been used related to the closed fuel cycle for managing MA actinides and reducing high radioactivity 
levels since the 1980s. 

However, casting alloys containing volatile radioactive constituents, such as Am, is problematic in the 
conventional injection casting method, because the furnace containing the fuel melt is evacuated. Not only 
is the retention of Am important for the successful transmutation of MA in a fast reactor, but any material 
lost must be efficiently recovered in a waste stream and subsequently dealt with, increasing the overall 
facility cost and safety requirement. This is especially challenging in a remote fabrication environment, 
where all operations must either be automated or conducted with manipulators. Although injection casting 
has been a well-established fabrication method for metal fuel for decades [6], Am addition to the metal fuel 
hampers conventional fuel fabrication processes because of the high vapour pressure of Am at the melting 
temperature of the uranium alloys [7]. An advanced fuel casting system to control the transport of volatile 
elements during melting of a fuel alloy with MA has been developed. It is necessary to minimise the 
vaporisation of Am and the volume of radioactive wastes [8]. 

In this study, alternative fuel slug fabrication methods have been introduced to develop an innovative 
fabrication process of metal fuel of SFR for preventing the evaporation of volatile elements such as Am. 
Metal fuel slugs were fabricated by gravity casting and improved injection casting method in KAERI. 
Volatile species can be retained through the use of a cover gas with over pressure, covered crucibles, and 
short cycle times under these fuel fabrication methods, and melted under an inert atmosphere [9-11]. 

Experiment details 

The feasibility of improved injection casting method including melting under an inert atmosphere was 
evaluated in a small-size induction-melting furnace. As experimental equipment, its primary purpose was 
to explore and define various casting variables, e.g. casting temperature and pressure, pressurising rate, and 
mold coating method. For a preliminary test, pure copper was selected as a surrogate material, which has a 
melting temperature similar to uranium. The crucible is inductively heated up to 1400oC, which is 
sufficiently higher than the liquidus temperature of the surrogate material. All operations were done under 
an argon atmosphere. At a predetermined superheat, the mold was lowered, immersing the open tip into the 
metal melt. When the metal has solidified, the mold is raised. After cooling, the surrogate fuel slug is taken 
out of the mold. Elemental lumps of depleted uranium, zirconium, manganese, and rare-earth elements 
were used to fabricate U-10wt.%Zr, U-10wt.%Zr-5wt.%RE (RE: Nd 53wt.%, Ce 25wt.%, Pr 16wt.%, La 
16wt.%), U-10wt.%Zr-5wt.%Mn and U-10wt.%Zr-5wt.%RE-5wt.%Mn fuel slug by gravity casting 
method. Graphite crucibles coated with a high-temperature ceramic plasma-spray coating method and 
quartz molds coated with a high-temperature ceramic by a slurry-coating method were used. 

After fabricating the fuel slugs in a casting furnace, the fuel losses in the crucible assembly and the 
mold assembly were quantitatively evaluated. The soundness and chemical composition of the as-cast fuel 
slugs were identified and analysed. As-cast fuel slugs were inspected by gamma-ray radiography. The 
densities of the fuel slugs were also measured using an Archimedean immersion method. A scanning 
electron microscope (SEM) was used to study the microstructure of as-cast fuel slugs. Chemical 
compositions of as-cast fuel slugs were measured by energy-dispersive spectroscopy (EDS). After a 
surrogate fuel slug was generally soundly cast by the improved injection casting method under an inert 
atmosphere, fuel slugs by improved casting method have been successfully fabricated in KAERI for the 
prevention in evaporation of volatile elements such as Am. Metal fuel slugs were then examined with 
casting soundness and density to evaluate the feasibility of the fabrication method. 
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Results and discussion 

An alternative fabrication method was used to fabricate the fuel slugs using a low pressure gravity 
casting system in which the melt in a crucible is cast into the mold under the crucible through a distributer 
by a gravity force under low pressure [3]. The melting and casting parameters of the fuel slug casting 
process such as the melting batch size, coating method, pouring method, melting and casting temperature, 
mold pre-heating temperature, and melt distributor pre-heating temperature were investigated to obtain the 
sound fuel slugs. Metal fuel slugs with a diameter of 5 mm and a length of 300 mm were fabricated using 
the advanced fuel casting system, as shown in Figures 1-3. 

Figure 1: U-10wt%Zr fuel slugs (Φ5 mm × L300 mm) (a), and 
gamma-ray radiography (b), fabricated by low pressure gravity casting 

 

Figure 2: U-10wt%Zr-5wt.%RE fuel slugs (Φ5 mm × L300 mm) (a), and 
gamma-ray radiography (b), fabricated by low pressure gravity casting 

 

Figure 3: U-10wt%Zr-5wt.%RE-5wt.Mn fuel slugs (Φ5 mm × L300 mm) (a), and 
gamma-ray radiography (b), fabricated by low pressure gravity casting. 

 

Gamma-ray radiography was performed to detect internal defects such as cracks and pores inside the 
metal fuel slugs. The feeding yielding of fuel alloy melt to casting molds was about 90%. The alloy 
compositions and the densities of U-10wt.%Zr, U-10 wt.%Zr-5 wt.%RE, and U-10 wt.%Zr-5 wt.%RE-
5 wt.%Mn fuel slugs are shown in Tables 1 and 2. It can be seen that the losses of these volatile elements 
such as Am can be effectively controlled to below detectable levels using modest argon overpressures. 
Based on these results there is a high level of confidence that Am losses will also be effectively controlled 
by application of a modest amount of overpressure. The scanning electron micrographs of the metal fuel 
slugs fabricated by gravity casting under low pressure are shown in Figure 4. The microstructure of 
U-10wt.%Zr fuel slugs showed UZr2 or Zr particulate dispersions of about 5 μm in size and a laminar 
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structure below 0.5 μm in thickness in the matrix. The disperse precipitates of U-10 wt.%Zr-5wt.%RE fuel 
slugs, over-etched with an etchant, were finely distributed below 5μm in size. The microstructure of U-10 
wt.%Zr-5wt.%RE-5wt.%Mn fuel slugs, over-etched with an etchant, showed some eutectic Mn-rich 
precipitate dispersions below 3 μm in thickness. There was an increased amount of dendritic dispersion 
phases compared with U-10 wt.%Zr fuel slugs, irrespective of the atmospheric pressure. 

Table 1: Densities of U-10Zr, U-10Zr-5RE, and U-10Zr-5RE-5Mn fuel slugs 

Nominal composition location U-10Zr U-10Zr-5RE U-10Zr-5RE-5Mn 
Top (g/cm3) 15.9 14.7 12.5 
Middle (g/cm3) 16.1 14.7 14.0 
Bottom (g/cm3) 16.1 14.7 14.0 

Table 2: Alloy compositions of U-10Zr, U-10Zr-5RE, and U-10Zr-5RE-5Mn fuel slugs 

Nominal composition element U-10Zr U-10Zr-5RE U-10Zr-5RE-5Mn 
U (wt%) 90.4 84.1 79.1 
Zr (wt%) 8.7 10.2 10.0 
RE (wt.%) - 2.9 4.4 
Mn (wt.%) - - 4.6 
C (ppm) 293 760 626 
O (ppm) 546 560 1,150 
N (ppm) 17 40 50 

Figure 4: Typical scanning electron micrographs of 
(a) U-10Zr, (b) U-10Zr-5RE, and (c) U-10Zr-5RE-5Mn fuel slugs; × 5 000 

   

A considerable amount of Mn was contained in the periphery of the dendritic dispersions, and in the 
eutectic dispersions, approximately 1-2 μm in size. There was a greater amount of eutectic matrix in the 
alloy melted under Ar atmosphere compared to the alloy melted under a vacuum. This increased amount of 
eutectic phase in the U-10wt.%Zr-5wt.%Mn alloy melted under Ar atmosphere, resulted from a higher Mn 
content than the U-10wt.%Zr-5wt.%Mn alloy melted under a vacuum. 

The typical material balance in the crucible assembly and mold assembly after fabrication of volatile 
surrogate U-10wt.%Zr-5wt.%Mn, and U-10wt.%Zr-5wt.%RE fuel slugs are shown in Tables 3 and 4. A 
considerable amount of dross and melt residue remained in the crucible after melting and casting; however, 
most charge materials were recovered after fabrication of the fuel slugs 

The mass fraction of fuel loss relative to the charge amount after fabrication of U-10wt.%Zr-
5wt.%Mn, and U-10wt.%Zr-5wt.%RE fuel slugs was low, at about 1.5%, and 0.1% respectively. It is 
thought that a lower fuel loss in the case of casting of U-10wt.%Zr-5wt.%Mn and U-10wt.%Zr-5wt.%RE 
fuel slugs was related to the melting of the U-Zr-Mn and U-Zr-RE alloy in a densely plasma-sprayed 
graphite crucible with high-temperature ceramic materials, compared with the casting of U-10wt.%Zr fuel 
alloy in a sparsely slurry-sprayed graphite crucible with high-temperature ceramic materials. 
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Table 3: Material balance after casting of U-10wt.% Zr-5wt.%Mn fuel slugs 

 Melting/casting part Mass (g) Fraction (%) 
Before casting Crucible 1 122 100.0 
After casting Crucible assembly 67 6.1 
After casting Mold assembly 1 037 92.4 
Fuel loss  18 1.5 

Table 4: Material balance after casting of U-10wt.%Zr-5wt.%RE fuel slugs 

 Melting/casting part Mass (g) Fraction (%) 
Before casting Crucible 1 464 100.0 
After casting Crucible assembly 167 11.3 
After casting Mold assembly 1 295 88.6 
Fuel loss  2 0.1 

As shown in Figure 5a, the surrogate fuel slug was soundly cast using the improved injection casting 
method and a melted surrogate material under an inert atmosphere. The general appearance of the slug was 
smooth and the length was about 250 mm. Some hot tears were observed in the upper part, resulting from 
quick cooling. It is thought that this area of casting was not allowed to shrink quickly, placing the area 
under tension from metal contraction near the solidus temperature of the alloy. Contraction of the metal 
between the fronts above the solidus temperature tore away from the solidified casting. Gamma-ray 
radiography of an as-cast surrogate slug was performed to detect internal defects such as cracks and pores, 
as shown in Figure 5b. Propagation of the solidification front occurred toward the thermal centre of the 
casting and grain growth simultaneously occurred in the partially liquid portion of the casting, which 
creates an increasing resistive path for molten metal to flow. 

Figure 5: Typical scanning electron micrographs of 
(a) U-10Zr, (b) U-10Zr-5RE, and (c) U-10Zr-5RE-5Mn fuel slugs; × 5 000. 

 

The pores detected in the upper part region were expected to occur in areas of the casting where the 
grain growth starved the shrinkage areas of the molten metal. This kind of defect becomes much more 
evident and challenging to overcome the increasing alloying element contents in the fuel alloy, as the 
freezing range continues to widen. In order to control the void created by microshrinkage, it was judged to 
increase the pressure during casting and cooling, which effectively increases the feeding distance resulting 
in reducing the number and size of the gas pores that are trapped at the grain boundaries, and therefore 
allowing an extended nucleation and growth process 11. However, the internal integrity of the as-cast 
metal fuel slugs in the lower part was generally satisfactory. 

Optical micrographs of the surrogate fuel slug cast according to the solidifying position are shown in 
Figure 6. The grain size was seen to increase from the lower position to the upper position. This is because 
the solidification rate at the upper position, where molten melt solidifies first, is very high compared to the 
lower position. 
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Figure 6: Optical micrographs of the surrogate fuel slug cast according to solidifying position: 
(a) lower position, (b) middle position, (c) upper position 

   

 

Through the experience of the surrogate fuel slug, U-10wt.%Zr-5wt.%Mn fuel slugs containing a 
volatile surrogate element, Mn, shown in Figure 7, were soundly cast by improved injection casting for 
prevention of evaporation of volatile elements such as Am under various atmospheres such as a vacuum 
state, reduced atmosphere, and an inert atmosphere. The gamma-ray radiography of the as-cast surrogate 
slug was performed to detect internal defects such as cracks and pores. The general appearance of the slug 
was smooth, and the diameter and length were 5.4 mm and about 200-250 mm, respectively. The density 
variations according to the location of the fuel slugs are shown in Table 5. The density of the fuel pins 
prepared using an injection casting method shows a different way in accordance with the casting process 
conditions. The U-10Zr(#S13-03) fuel pins when the surrogate Mn for volatile radioactive constituents was 
not added, showed the lowest density because of the lighter density of Mn elements, but the others such as 
U-10Zr-Mn(#S13-04, #S13-05, #S13-06) by adding an equal amount of Mn elements such as 5wt,% 
showed a difference owing to the conditions of the casting process. The density of the fuel pins in an inert 
atmosphere showed the lowest value, which means the highest evaporation because of the consumption for 
light elements. However, the U-10Zr-Mn fuel pins(#S13-05) for a reduced atmosphere in which a vacuum 
was applied for a short time showed a higher density even when the volatile amount of Mn was small 
compared to the other casting method. The U-10Zr-Mn fuel pins (#S13-04) in a vacuum state showed the 
highest density as expected. 

Figure 7: U-10wt.%Zr-5wt.%Mn fuel slugs fabricated by improved casting method: 
(a) vacuum, (b) reduced atmosphere, and (c) inert atmosphere. 

 

This limited experiment results show that the Mn was not volatilised and conserved in the inert gas 
conditions compared to the vacuum condition. The volatility of Mn can be controlled by changing the 
casting process, and minimal Mn (and Am) loss is possible. An improved casting method under an inert 
atmosphere is more effective in the prevention of vaporisation than casting under a vacuum and reduced 
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atmosphere. In addition, improved casting under a reduced atmosphere shows a considerable effect in the 
prevention of vaporisation. 

Table 5: Alloy density of U-10Zr fuel pins prepared by injection casting method 

  U-10Zr 
(S13-03) 

U-10Zr-Mn 
(S13-04) 

U-10Zr-Mn 
(S13-05) 

U-10Zr-Mn 
(S13-06) 

Upper 
(g/cm3) 

1 15.7 8.8 15.3 14.9 
2 15.7 14.9 15.3 14.9 
3 15.7 14.9 15.3 14.9 

Middle 
(g/cm3) 

1 15.6 14.9 15.4 14.8 
2 15.7 14.9 15.3 14.8 
3 15.8 14.9 15.3 14.8 

Bottom 
(g/cm3) 

1 15.8 14.9 15.4 14.8 
2 15.8 14.8 15.3 14.8 
3 15.73 14.8 15.3 14.8 

Conclusion 

In order to prevent the evaporation of volatile elements such as Am, alternative fabrication methods of 
metal fuel slugs have been applied and examined with gravity casting and an improved injection casting 
method at KAERI. U-10wt.%Zr, U-10wt.%Zr-5wt.%RE (RE: Nd 53wt.%, Ce 25wt.%, Pr 16wt.%, La 
16 wt.%), U-10wt.%Zr-5wt.%Mn, and U-10wt.%Zr-5wt.%RE-5wt.%Mn fuel slugs were soundly 
fabricated with gravity casting for the retention of the volatile surrogate element. Based on these results 
there is a high level of confidence that Am losses will also be effectively controlled by application of a 
modest amount of overpressure. After a surrogate fuel slug was generally cast by improved injection 
casting method under an inert atmosphere, fuel slugs have been successfully fabricated at KAERI for the 
prevention of evaporation of volatile elements such as Am. Fuel slugs for SFR were characterised to 
evaluate the feasibility of the alternative fabrication method. The general appearance of the slug was 
smooth, and the diameter and length were 5.4 mm and about 250 mm, respectively. The mass fraction of 
the fuel loss relative to the charge amount after fabrication of U-10Zr-5Mn was quite low, up to 0.2%. The 
Mn element was almost recovered with the prevention in evaporation of the volatile surrogate, Mn. It was 
seen that the losses of these volatile elements such as Am can be effectively controlled below detectable 
levels using modest argon pressure. 
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