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ABSTRACT 
To allow the future recycling of 

decommissioning wastes to promote smoothly, 
melting tests were conducted using metal wastes 
and simulated wastes with radioisotopes. The test 
results indicate that the transfer behavior of 
radionuclides during melting is basically understood 
by considering the volatility and oxidizable 
tendency of each radionuclide. The partitioning of 
some radionuclides into products was influenced by 
the melting process of wastes. The radioactivity 
distribution in ingots was uniform regardless of the 
kinds of radionuclide. 

1. INTRODUCTION 
In some European countries and the United 

States, recycling of wastes arising from 
decommissioning, converting wastes to beneficial 
resources, is being conducted to reduce the amount 
of wastes and to case the problem of disposal [1-4]. 
The criteria development for the recycling of wastes 
lias also been addressed by some organizations [5,6] 
to make a internationally consistent criteria, because 
the number of nuclear facilities to be 
decommissioned is being increased. 

In Japan, decommissioning of some nuclear 
power plants currently operating is expected to 
begin early in the next century. At this juncture, a 
large %'olumc of low-level radioactive wastes will 
be produced by such decommissioning and 
recycling of these waste will be very important. 
However, research and development on the 
recycling of radioactive wastes in Japan has not 
been addressed enough, and there is a little data 
concerning the transfer behavior of radionuclides 
during melting. 

With this incentive, the Japan Atomic Energy 
Research Institute (JAERI) has been conducting 
melting tests in preparation for the recycling of 
radioactive metal wastes under-the contract with the 

Science and Technology Agency 17-10], The 
objectives of the tests are the followings: 1) to 
determine the transfer behavior of radionuclides 
during melting process, 2) to accumulate basic rials 
for metal recycling through melting tests, 3) to gain 
experience on melting of actual metal wastes. 

This paper describes the partitioning of 
radionuclides among the ingot, slag, and off-gas, 
some influencing factors on it, and the radioactivity 
homogeneity of ingots. 

2. MELTING TESTS 

2.1 Progress of Melting Tests 
As shown in Fig.l, the lest program for melting 

radioactive metal wastes began in 1987. Installation 
of the test facility was completed in 1990. 
Following several cold tests to establish a safe 
melting procedure, hoi melting tests were conducted 
using metal wastes generated from the 
decommissioning [11] of the Japan Power 
Demonstration Reactor (JPDR) and simulated 
wastes with radioisotopes. By the end of March 
1994, a total of 33 hot tests had been completed. 
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Fig.l Schedule of melting test program 

2.2 Test Conditions 
Melting tests were carried out under 

conditions as shown in Tables 1 and 2. 
the 
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casting equipment were installed in the steel 
containment. 

Photo.l shows the induction furnace. The furnace 
has a capacity of 500 kg of steel per batch, and can 
process about 500 kg of metal materials in 90 
minutes. 

All auxiliary activities such as slag removal 
(Photo.2), temperature measurement and sampling 
of molten metal, were carried out through the hatch 
in the ceiling of the containment. Off-gases 
generated during melting were filtered through 
cyclone, bag-house, and HEPA filters. About 
8,000m3/h of ventilation air was processed during 
melting. 

Photo.l Induction furnace at JAERI 

Photo.2 Slag removal 

2.4 Melting Process 
The melting process for the simulated waste tests 

is schematically shown in Fig.3. To investigate the 
difference in the transfer behavior of radionuclides 
by an melting process, melting of simulated wastes 
was conducted by two process. The first is that 
simulated waste was heated and melted at the 
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beginning of the tests together with large amounts 
of commercial steel. The second is that simulated 
waste was directly fed into the molten commercial 
steel, and this process was mainly applied for the 
melting tests. 

Molten metal was poured directly into the ingot 
mold by lilting the furnace body. Photo.3 shows an 
product ingot. The size of the ingot is about 900 
mm long and about 300 mm wide. According to the 
sectional inspection of ingots, no blow holes were 
detected. 

Photo.3 Product Ingot 

2.5 Sampling and Measurements 
In order to assess the transient radioactivities of 

molten metal and slag, samples were taken by the 
use of cylindrical metallic cups or slag removal 
tongs: one sample before melting the simulated 

wastes and three samples after melting of these 
wastes. Six to ten samples of an ingot were taken 
from the three sections, the upper, middle, and 
lower portions of each ingot. Off-gas dust was 
collected by paper and charcoal filters at several 
points in the off-gas system. 

The germanium-semiconductor detector and the 
liquid scintillation counter were used for measuring 
radioactivity of samples. Samples of the ingot were 
dissolved and samples of the slag were powdered. 
Seventy-five to ninety radioactivity measurements 
were made for each test. It required 5,000 to 10,000 
seconds to measure each sample. Chemical 
compositions of the product slag were determined 
by inductively coupled plasma emission-
spectroscopic device. 

3. TEST RESULTS AND DISCUSSION 

3.1 Partitioning of radionuclides 
The melting of decommissioning wastes showed 

that more than 99% of Co-60 in the wastes was 
partitioned to the ingot, and the partitioning of Co-
60 was independent of the waste material. 

The partitioning of radionuclides among the 
ingot, slag, and off-gas is shown in Fig.4 regarding 
five typical ganuna-emitting radionuclides. These 
data were obtained in tests in which simulated 
wastes were fed directly into molten carbon steel. 
As was expected from its thermodynamic and 
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Table 1 Summary of melting tests using decommissioning wastes T a b l e 2 S n m m a l 5 ' o f m c l t >ng l e s t s ^ ^ S simulated wastes 

TEST NO 

JP-1 

JP-2 

JP-3 

JP-4 

JP-S 

JP-6 

JP-7 

JP-S 

WASTETYPE 

PipBS 

Pipes 

PtpBS 

Pipes 
Stud volts 

f Noution-lrmdiatod I 
Stabilizers 

1 Noution-rmdmtod ] 

Pipes 

Pipes 

MATERIAL 

SUS 304*' 

SUS 304 

ASTM-A33S 

ASTM-A33S 

ASTM-A193 

ASTM-A66S 

ASTM-A33S 

SUS 304 

RADIOACTIVITY" 

Z 0x10°- 2.1x10"' Ba'cm* 

6 6x10"'- 2 4x10"* Bqfcm* 

4.9X1 0 ° - 4.1 Bo/cm* 

4 4x10°-6.2Ba/cm* 

10 -37Bq /a 

26-125Bq/g 

7.7x10-'-4 5x1 o' Bq/em* 

3 7x10-3-2 4x101Ba/cm' 

1) Coball-60 is Ibe only dominant radionuclide. 
2) SUS: Stainless s l id 

Contaminated pipes and neutron-irradiated 
components such as stud volts of pressure vessel 
head were used in the decommissioning waste tests. 
The wastes applied for the tests included Co-60 
only as dominant radionuclide. 

Simulated wastes were prepared by evaporating 
radioisotope solutions onto three types of steel in a 
vessel at 358 K using a heating furnace. 
Radioisotopes applied to elucidate their transfer 
behavior are Mn-54, Co-60, Zn-65, Sr-85 (a 
substitute for Sr-90), Cs-137, and Ni-63. These 
radioisotopes were selected as typical radionuclides 
found in contaminated components of nuclear power 
plants. The total radioactivity applied to each test 
was about 15 MBq for gamma-emitting 
radionuclides. Depending on the materials, melting 
occurred in the range of 1,593-1,923 K. The fluxes 
used in the tests are CaO, Si02, Al (18-27wt%), 
CaF2 (10-19wt%) and the basicity of (CaO/Si02) of 
the flux compounds was varied from 0.3 to 3.0 to 

TEST 
NO. 

RI-1 
RI-2 
RI-3 
RI-4 
RI-5 
RI-6 
RI-7 
Rl-S 
RI-9 
RI-10 
RI-11 
RI-12 
RI-13 
RI-14 
RI-15 
RI-16 
RI-17 
RI-1B 
RI-19 
RI-20 
RI-21 
RI-22 
RI-23 
RI-24 
RI-2S 

MATERIAL 

ASTM-A335 

SUS 304 ^ 

ASTM-A335 

PIQIRON 

ASTM-A335 

PIG IRON 

ASTM-A335 

SUS 304 

MELTING 
TEMP. 

IK) 
1.913 
1.873 
1.903 
1.823 
1.843 
1,893 
1.893 
1.768 
1.783 
1.903 
1.908 
1.913 
1.913 
1.923 
1.913 
1.613 
1 593 
1.763 
1.793 
1B23 
1 R 7 3 
1 BRn 

1.843 
1.B58 
1.843 

BASICITY 
OF FLUX 
(CaO/SiO,) 

1.0 
1 0 
1.0 
3 0 
3.0 
3.0 
3 0 
0.3 
0 3 
0 3 
0 3 
1.0 
1.0 
1 0 
1 0 
3 0 
3 0 
0.3 
0.3 

_ 
1 0 
1.0 
0 3 
0 3 

RADIONUCLIDES USED 

Mn-54.Co-E0.Sr-S5 

Zn-65.Cs-137 

5 radionuclides1' 

Ni-63 

Mn-54,Zn-S5,Sr-a5 
Cs-137 

S radionuclides'! 
Mn-542n-65,Sr-B5 Cs-137 
2n-65 
Mn-S4.Sr-85.Cs-137 

Mn-54 2n-65,Sr-S5 
Cs-137 

5 radionuclides1' 

1) Mn-54, Co-60, Zn-65, Sr-85, Cs-137 
2) SUS : Stainless steel 

examine the influence of it on the partitioning of 
radionuclides among the ingot, slag, and off-gas. 

2.3 Test Facility 
A small industrial-scale induction furnace 

system located at JPDR was used for the melting 
tests as shown in Fig.2. The system includes feed 
equipment, a high-frequency induction furnace 
(350k\V, 1,000Hz), casting equipment, local 
ventilation equipment, off-gas treatment equipment, 
and so on. To prevent dust and fumes from 
spreading during melting, the furnace and the 
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Fig.2 Schematic of Melting Test Facility 
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physical properties (change in free energy of 
oxidation, boiling point of 2,877 °C), Co-60 was 
partitioned nearly 100% to the ingot. 

A large amount of Mn-54 and Zn-65 were 
found in the ingot. However, 7 to 20% of Mn-54 
was oxidized into the slag and about 15% of Zn-65 
volatilized into the off-gas. In spite of the high 
volatility of zinc (boiling point; 1,179 K), Zn-65 
remained in the ingot to a great extent. Two 
possible reasons are considered for these results. 
The first is that the amount of Zn-65 applied for 
the tests was less than ppb, and therefore, the 
Zn-65 could be enough within the solubility limit 
in molten metal bath. The second is that the 
presence of the slag layer prevented Zn-65 from 
vaporizing from molten metal bath. 

Strontium-85 was found in the slag only, and 
this tendency was not influenced by applied flux. 
Since strontium is expected to be a less soluble 
element in molten iron bath due to the size effect 
(larger atom diameter than iron) and is also a highly 
oxidizable element due to the lower free energy of 
oxidation, it is considered that Sr-85 was oxidized 
into the slag. 

The measured radioactivities of Cs-137 were 
under the detection limit for all samples taken from 
ingots. Cesium-137 was oxidized into the slag 
(2-40%) or volatilized into the off-gas (30-60%). 
The partitioning of Cs-137 to the off-gas indicated 
a tendency to be increased by the use of the flux 
composition that its basicity is higher than one. 
These results suggest that oxidation and 
volatilization of Cs-137 is happening during 
melting due to its lower boiling point (963 K) and 
higher affinity to oxygen than iron. 

As can be seen from Fig.4, (here was imbalance 
of radioactivity between detected and applied 
radioactivities. Especially, the unaccounted 
radioactivities were significant to the radionuclides 
such as Sr-85 and Cs-137, which showed greater 
partitioning to the slag or the off-gas. It is 
considered that the unaccounted radioactivity was 
mainly caused by the retention of some amount of 
radionuclides in the furnace refractory and the off-
gas system. According to the radioactivity 
measurements of samples taken from the furnace 
refractory, Sr-85, Cs-137, Mn-54, and Zn-65 were 
detected. As shown in Fig.5, the estimated 
radioactivity of Sr-85 was nearly equivalent to the 
unaccounted radioactivity during 7 melting tests. 
However, other radionuclides were within 30% of 
each unaccounted radioactivity. From the 
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Fig.5 Residual Sr-85 in furnace refractory compared with 
the unaccounted radioactivity during 7 tests 

preliminary survey concerning contamination in the 
off-gas syslem, there was only found 5 to 10% of 
the unaccounted radioactivity to Cs-137 and Zn-65. 

As described above, although smaller amounts of 
some radionuclides applied for the tests are still 
missing, the test results demonstrate that the 
volatility and the affinity to oxygen of radionuclides 
are important factors to predict the transfer behavior 
of each radionuclide during melting. 

3.2 Transfer behavior of radionuclides 
(1) Variation in partitioning fraction by melting 

process 
The transfer behavior of Cs-137 and Zn-65 is 

strongly influenced by the melting process of 
simulated wastes. Figure 6 shows the influence of 
a melting process on the partitioning of 
radionuclides among the ingot, slag, and off-gas. 
When the simulated wastes were heated and melted 
at the beginning of the tests, the partitioning of 
Cs-137 and Zn-65 to the off-gas increased by far 
compared to those of when wastes were fed directly 
into molten steel bath. This suggests that the 
radionuclides with lower boiling points and higher 
volatility such as Cs-137 and Zn-65 have a 
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tendency to transfer easily into the off-gas in the 
process of melting. On the contrary, it is obvious 
that the partitioning of Co-60, Mn-54, and Sr-85 
is hardly influenced by the melting process. 

(2) Effect of slag on partitioning fraction 
As shown in Fig.7, test results applied no flux 

showed a great increase of the partitioning of 
Zn-65 to the off-gas. About a half of partitioned 
Zn-65 was detected in the slag, leaving from 
molten metal bath. At the same time, higher 
amounts (20-25%) of Mn-54 was partitioned into 
the slag compared to the results for which tests 
were conducted in sufficient slag layer. These 
results suggest that the presence of slag layer 
prevents escaping and oxidizing of volatile elements 
from molten metal bath to some extent. 
Accordingly, it seems to be probable that there 
happens no complete escaping from molten metal 
bath even for the radionuclides that have higher 
volatility. 
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(3) Temperature dependence of partitioning 
fraction 

There was found a little temperature dependence 
on the transfer behavior of some radionuclides. 
Figure 8 shows the temperature dependence of 
partitioning fraction as a function of the melting 
temperature. The melting temperature was evaluated 
as the mean melting temperature before tapping 
molten metal. 

As shown in Fig.S(a), the partitioning of Co-60 
to the ingot was almost constant within tested 
melting temperatures. The partitioning of Mn-54 
and Zn-65 to the ingot showed no clear tendency 
due to the scatter of the test data. 

On the other hand, as shown in Fig.8(b), slight 
increasing of Cs-137 to the off-gas was observed 
with melting temperatures. But, the partitioning of 
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Fig.8 Temperature dependence of partitioning fraction 

Zn-65 to the off-gas was independent of melting 
temperatures. 

Unfortunately, the effect of melting temperatures 
on the transfer behavior of radionuclides is not 
necessarily clear due to the scatter of the test data. 
However, it seems that the difference of melting 
temperature produces a little effect on the 
partitioning of radionuclides. 

(4) Radioactivity Homogeneity of Ingots 
To check the radioactivity homogeneity of 

ingots, samples were taken from the upper, middle, 
and lower portions of each ingot. Figure 9 shows 
the typical test data concerning the homogeneity, 
which were obtained from four melting tests (RI-
6,7,10,11:13 data each). The measured radioactivity 
concentration data for samples arc indicated at 
intervals of 0.05 as the relative concentration to the 
mean value of each ingot. 

The distribution of the number of samples as a 
function of the relative concentration shows nearly 
the Gaussian distribution, and variations in the 
relative concentration data arc almost within 20% 
of the mean value. Judging from a metal recycling 
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view point, these variations are considered to be 
relatively small. Therefore, it may be concluded that 
the radioactivity distribution in the ingot is regarded 
as uniform regardless of the species of 
radionuclides. 

4. CONCLUSIONS 
Addressing the future recycling of metal wastes 

arising from decommissioning of nuclear facilities, 
melting tests of radioactive metal wastes were 
conducted. The test results indicate that the 
volatility and the affinity to oxygen of radionuclides 
are important factors on the partitioning of 
radionuclides between the ingot, slag, and off-gas. 

The transfer behavior of some radionuclides was 
influenced by the melting process of wastes and the 
basicity of slag. The effect of melting temperatures 
on the transfer behavior of radionuclides was not 
necessarily clear due to the scatter of the data. 
Radioactivity in the product ingot was 
homogeneously distributed concerning the 
radionuclides found in the ingot. 

According to the test results, most of the 
partitioning data are consistent with those of some 
European countries and the United States. 
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