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Abstract – The melting-solidification treatment of spent nuclear fuel hulls is a potential technique to 
improve immobilization/stabilization of carbon-14 which is mobile in the environment due to its weakly 
absorbing properties. Carbon-14 can be immobilized in a solid during the treatment under an inert gas 
atmosphere, where carbon is not oxidized to gaseous form and remains in the solid. A series of laboratory-
scale experiments on retention of carbon into an alloy waste form was conducted. Metallic zirconium was 
melted with metallic copper (Zr/Cu=8/2 in weight) at 1200 oC under an argon atmosphere. Almost all of 
the carbon remained in the resulting zirconium-copper alloy. 

 
 

INTRODUCTION 
 
Spent nuclear fuel hulls are highly radioactive 
waste generated from nuclear fuel reprocessing 
and will be disposed of into an underground 
repository.  One of the major radionuclides of 
concern in the safety assessment is carbon-14.  
Carbon-14 is long-lived (half-life 5,800 years) 
and mobile in the environment due to its weak 
sorbing properties.  A waste form with improved 
confinement is a possible solution to reduce the 
contribution of carbon-14 in the dose evaluation.  
Various treatments of spent nuclear fuel hulls 
have been proposed and developed [1,2,3]. They 
are mainly aimed at reduction in waste volume, 
rather than the immobilization/stabilization of 
radionuclides.  The melting-solidification 
treatment is a potential technique to improve 
immobilization/stabilization of radionuclides, 
especially carbon-14.  This treatment is also 
advantageous in terms of producing chemically 
homogeneous waste forms, which ensures 
reliable quality control of wastes for disposal. 
The main process of the treatment involves 
melting hulls with copper (Cu) and solidifying 
the resulting molten metallic mixture into an 
alloy under an inert gas atmosphere.  Carbon-14 
can be immobilized during the melting-
solidification treatment under an inert gas 
atmosphere, where carbon is not oxidized to 
gaseous form and remains in the solid.  This 
paper reports our first series of experiments on 
retention of carbon in a zirconium-copper alloy 
simulated waste form. We investigate the 
retention of carbon in the metal waste form and 
discuss possibility of immobilization of carbon-
14 by the melting-solidification treatment. 

PRINCIPLES OF TECHNIQUE 
 
Depression of the hull melting temperature 
 
The fuel hull is made of Zircaloy, a zirconium 
(Zr) based alloy. The melting point of Zr (1,852 
oC) is too high for conventional melting 
processes for metallic materials.  As indicated by 
the binary phase diagram of Zr and Cu [4], the 
hulls can be melted at a considerably lower 
temperature in the presence of Cu.  The resulting 
alloy is a eutectic of Zr and Cu. Our test in the 
present study was performed for a mixture of 
metallic pieces of Zircaloy 4 (80 wt%) and Cu 
(20 wt%) so that the melting temperature of the 
resulting eutectic (simulated waste form) is 
depressed to about 1200 oC. This temperature is 
comparable to the melting temperature of typical 
high-level radioactive waste glass [5]. 
 
 
   

Composition of this test 

Fig.1. Zr-Cu binary alloy phase diagram
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Immobilization of carbon-14 in the solid 
 
The standard free energy of formation of 
zirconium oxide is considerably lower than those 
of carbon monoxide (CO) and carbon dioxide 
(CO2) at 1200 oC, as seen in Figure 2 [6].  The 
affinity of oxygen is stronger for Zr than for C.  
Oxygen in the Zr-Cu-C-O system is therefore 
consumed by Zr more effectively than by C, and 
oxidation of carbon to CO and CO2 is limited 
accordingly.  Based on this thermochemical 
property of the system of interest, we removed 
oxygen from the system by employing an inert 
gas atmosphere during the melting-solidification 
treatment.  Any traces of oxygen in the inert gas 
atmosphere would be preferentially consumed by 
the oxidation of Zr, preventing C from being 
oxidized to form gaseous CO and CO2.  As a 
result of this procedure, we anticipated that C 
would not be volatilized during the melting and 
therefore would be immobilized in the resulting 
alloy. 
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Fig. 2. Standard free energies of oxide formation 
of copper, carbon and zirconium 

 
 
EXPERIMENTAL PROCEDURE 
 
Eighty grams of unirradiated Zircaloy 4 and 
twenty grams of copper were concurrently fed 
into an yttria crucible and melted at 1200 oC for 
2h in a resistance-heating furnace.  The melt 
chamber of the furnace was filled with argon gas 
during melting.  The melted mixture was 
solidified in the crucible.  Three runs were made 
to produce three ingots in this test.   Each of the 
ingots was cut into specimens for analysis and 
characterization.  Three specimens were cut from 
the upper, middle and bottom part of each ingot 
for determination of carbon retained in the 
ingots.  The amount of carbon was measured by 
using the high frequency heating and infrared-
absorbing analysis method.  Optical microscope 

and scanning electron microscopy (SEM) were 
used for the observation of the ingot surfaces.  
X-ray diffraction (XRD) and energy dispersive 
X-ray spectrometry (EDX) were used for the 
solid phase analysis. 
 
 
RESULTS AND DISCUSSION 
 
Appearance of the ingot 
 
The produced Zircaloy-Cu alloy ingots were 
shiny and there was no slag on their surfaces 
(Figure 3).  No separated phase and metallic 
materials were observed.  The ingots appear to 
be homogeneous with shrinkage cavities existed 
in the center of the ingots.  The ingots could be 
detached from crucibles easily and it appeared 
that no chemical reactions had occurred between 
ingots and crucibles. 
 
 

20mm 

Fig.3. The surface of the Zircaloy-Cu ingot 
 

 
Metallographic structure of ingot 
 
Figure 4 shows an example of the metallographic 
structure of the ingots.  Dendrite crystal was 
observed in the ingot matrix. 
 

 

 

Fig. 4. Optical microphotograph of 
metallographic structure of 
the ingot 

Dendrite crystal 
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Figure 5a is a SEM micrograph of the ingot.  
Figure 5b and 5c show the result of EDX 
mapping of Zr and Cu for the same area of SEM 
micrographs, respectively.  The results of EDX 
analysis show the uneven distribution of Zr and 
Cu.  Compared to the ingot matrix, the dendrite 
crystals are richer in Zr with only a trace amount 
of Cu.  In contrast, the ingot matrix is rich in Cu.  
Figure 6 shows an XRD profile of the ingot.  The 
ingot consists of the Zr phase and the CuZr2 
phase, as predicted by the binary phase diagram 
(Figure 1).  The EDX analyses indicate that the 
dendrite crystal is the Zr phase, and the ingot 
matrix is the CuZr2 phase.  Given the low 
solubility of carbon in Cu, it is likely that carbon 
is retained in the Zr phase rather than in the 
CuZr2 phase.  
 
Retention of carbon after melting-
solidification treatment 
 
The concentration of carbon in each of the ingots 
and the retention ratio are listed in Table 1.  The 
retention ratio of carbon is defined as a fraction 
between the amount of carbon remained in the 
ingot sample and the amount present in the 
reacting materials prior to melting.  The initial 
concentration of carbon (C0) in the reacting 
materials before melting is calculated from the 
average of measurement data from nine pieces of 
the raw materials.  The concentration of carbon 
after melting (Ci) is the average of three 
measurements for the upper, middle and bottom 
parts of each ingot.  The error is represented by 
the standard deviation.  Within the range of error, 
almost all of carbon remained in the produced 
ingots (Table I).  This result implies that carbon-
14 contained in spent fuel hulls can be retained 
in the metal solidified product. 
 
 
TABLE I. Concentration of carbon before/after 

melting and retention of carbon in 
Zircaloy-Cu ingot samples 

Conc. of carbon (mg/kg) 

Ingot    before 
   melting 

(C0) 

   after 
   melting 

(Ci) 

   Retention 
   Ratio 

(Ci/C0) 

No.1 72 ± 23 87 ± 26 1.20 ± 0.37 
No.2 72 ± 23 83 ± 40 1.16 ± 0.56 
No.3 72 ± 23 70 ± 27 0.97 ± 0.38 
 

 

Fig.5a . SEM micrograph of the ingot 
    A: Dendrite crystal 
   B: Ingot matrix 
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Fig.5b. EDX mapping of Cu 
(The same area of Fig.5a)  

 
 

Fig.5c. EDX mapping of Zr 
(The same area of Fig.5a) 
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Fig. 6. XRD profile of the ingot 
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CONCLUSION 
 
Melting tests have been performed for a mixture 
of Zircaloy 4 and Cu under an inert gas 
atmosphere.  Experimental results show that 
adding 20wt% of Cu decreased the melting 
temperature of Zircaloy 4, the main composite of 
nuclear fuel hulls, to about 1200 oC.  The 
melting-solidification treatment under the inert 
atmosphere successfully confined almost all of 
the carbon into the produced alloy. 
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