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ABSTRACT 
 

During the decommissioning phase of a nuclear power plant, a large amount of steel scraps are generated.  Such 
scraps can be recycled if their radioactivity are reduced to a level lower than the clearance level by decreasing the radioactive 
element content.  In order to produce low-activation steel, the current situation of steel bars in Japan and the contamination 
sources of the target elements in iron and steel making processes were discussed and the following points were clarified. 1) 
Co content in steel bars varied widely from 10 to 130 ppm, and the average value was 66 ppm.  A good relation was found 
to exist between the Co and Ni content; therefore, the main source of Co can be considered to be Ni-containing scrap or 
ferro-alloys. 2) Serpentine was identified to be the major contamination source of Co in BF and BOF process, followed by the 
silica sand.  The ratio of the Co to the Fe content in the iron ore varied from 1.5 to 6.5 ppm, depending on the brand.  By 
selecting raw materials, low-Co-containing hot metal was obtained in laboratory experiments. 3) Steel bars and plates with 
low Co content were produced in the laboratory by the dilution of commercial steel bar with electrolytic iron and the 
sufficient high level of strengths were confirmed. 
 
INTRODUCTION 

 
During the decommissioning phase of a nuclear reactor, most of the steel-reinforced concrete shielding around the 

pressure vessel is considered as low-level radioactive waste.  In terms of life-cycle cost reduction, it is very desirable to 
reduce the radioactivity of such low-level radioactive waste to below the clearance level.  Under the support of the Ministry 
of Economy, Trade and Industry, a project named “Low Activation Reinforced Concrete Design Methodology (LARC-DM)” 
has been started in Japan. 

In the steel-reinforced concrete, large amount of steel bar which contains small amount of radioactive elements after 
thermal-neutron irradiation (in this paper, these elements are called as “target elements”) is used.  There are two main 
processes to produce steel bars, i.e. electric-arc furnace (EAF) process and the blast furnace-basic oxygen furnace (BF-BOF) 
process.  In EAF process, molten steel is produced by the melting of steel scraps using electric power.  The scraps are 
mainly collected from commercial market.  In BF-BOF process, at first, carbon saturated molten iron (hot metal) is 
produced by the reduction of iron ore with coke in blast furnace.  After that the hot metal is oxidized (decarburized) using 
oxygen gas in basic oxygen furnace and obtains molten steel.  In BOF, scraps are also used but most of them are collected 
from the inside of steelmaking works.   It would be very important to know the source of these elements and the possibility 
to reduce them.  Although there were some research activities to reduce the content of tramp element, like Cu,Sn and 
Zn[1],[2],[3], direct application of there methods to the target elements would be difficult.  In the first half of this paper, the 
current situation of steel bars and the contamination source of these elements in iron and steel making processes and methods 
to produce low activation steel are discussed. 

On the other hand, the influence of the target elements on the strength of steel bar has to be clarified.  In the second 
half of this paper, mechanical performances of steel bars and plates which rolled from ingot produced by laboratory furnace 
using electrolytic iron are discussed. 
 
CURRENT SITUATION OF STEEL BARS 

 
Over 150 steel bars were sampled and their target element content was analyzed.  The selected target elements were 

Co, Ni, Nb, Zn, and Sn, which transform into 60Co, 59Ni or 63Ni, 94Nb, 65Zn, and 125Sb by thermal-neutron irradiation, 
respectively.  The concentrations of Co,Sn,Cs and Eu were analyzed by inductively coupled plasma mass spectrometry 
(Seiko Instruments, SPQ 9000),and the content of Ni,Nb and Sc were analyzed by inductively coupled plasma emission 
spectrometry (Nippon Jarrell-Ash, ICAP-757).  Using the analysis results, ∑Di/Ci values were calculated, where Di is the 
concentration of radionuclide i, and Ci is its clearance level, cited from IAEA-RS-G1.7, assuming inner part of the biological 
shield in a 1,100 MW BWR, after 40 year irradiation of 2*105n/cm2s thermal neutron flux and 6 years of cooling time.  
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Since the ∑Di/Ci values were found to be in proportion to 
the Co content (Figure 1), Co was identified as the major 
target element in steel.  A histogram of the Co content is 
shown in Figure 2.  The Co content varies widely from 
10 to 130 ppm with an average value of 66 ppm.  Most 
of the sampled steel bars were produced by EAF process.  
Although the number of samples was small, the steel bars 
produced by BF-BOF process were found to contain 20 to 
50 ppm of Co.  A good correlation was found to exist 
between the Co and Ni content in the steel bars, as shown 
in Figure 3. Usually, Co is by-product of Ni and their 
thermodynamic characteristics are very similar[4]; hence, 
the main source of Co can be considered to be 
Ni-containing scrap or ferro-alloys.   So, when the low 
activation steel is produced, strict selection of scrap or 
prohibition of commercial scrap usage is very important       
  Based on these results, in this project, the targets for 
the Co content in steel bars are set to the 
following three levels: 1) less than 30 
ppm, 2) less than 10 ppm, and 3) less 
than 3 ppm.  
 
SOURCES OF TARGET ELEMNTS 
IN IRON AND STEEL MAKING 
PROCESS 

 
As the main source of Co can be 

considered to be Ni-containing scrap or 
ferro-alloys, the main rout to produce 
low activation steel would be the 
BF-BOF process without commercial 
scrap. To understand the content in hot 
metal and mixing source of target 
elements especially Co are very 
important.    

Content of target elements in 
various raw materials of BF and BOF 
processes were analyzed.  For BOF, 

Fig.1 Relation between ∑Di/Ci values and Co 
content in steel bars. 

Fig.3 Relation between Co and Ni content in steel bars 

Fig.2 Distribution of Co content in commercially 
produced steel bars. 

Fig.4 Basic materials flow of BF-BOF process. 
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sintered ore, lumpy ore and pellets are charged as iron source, silica stone, serpentine and dolomite are charged as fluxes to 
control the slag composition, coke and powder coal are charged as reductant and heat source.  Sintered ore or pellets are 
produced by sintering plant or pelletizer by powder ore and lime stone to control the strength and size.  Coke is produced by 
coke oven using powder coals.  For BOF, burnt lime, fluorspar, burnt dolomite as charged as fluxes to control the slag 
composition.  The basic material flow is summarized in Figure 4.  In this research, the following materials were sampled 
from Kimitsu Works, Nippon Steel Corporation; 1) sintered ore, lumpy iron ores (3 brands), pellets (3 brands), silica stone, 
serpentine, lumpy coke, powder coal, dolomite as charged materials to BF,  2) powder ore(7 brands), lime stone as charged 
materials to sintering plant, 3) coals(3 brands) as charged materials to coke oven, 4) burnt lime, fluorspar, burnt dolomite as 
charged materials to BOF.  As the target elements, Ni, Sc, Nb, Sn, Cs, Eu was analyzed beside Co.   

From BF, hot metal which formed by the reduction of iron ore, and slag which formed by gangue minerals in ore and 
added fluxes are tapped.   Content of target elements in hot metal and slag are shown in Table 1. Co and Ni were distributed 
between slag and metal phases. Sc was detected only in slag and Nb, Sn were detected only in hot metal, although their 
concentrations were very low.  Cs and Eu were not detected in both phases.   

The results of the analysis of the raw materials are shown in Table 2; here, PO, LO, PL, and CL indicate the brands of 

 
Table 2 Target element content in the charged materials for the sintering, BF, and BOF processes (mass%). 

Table 1 Content of target elements in hot metal and slag.  
(mass%) 
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the powder ore, lumpy ore, pellets, and coal, 
respectively.  The mass balances for the 
elements Co and Ni in the iron making process 
are summarized in Figure 5.  Serpentine was 
identified to be the main source of Co and Ni, 
followed silica stone.  The ratio of the Co to 
the Fe content in the ore varied from 1.5 to 6.5 
ppm, depending on the brand.  Coke and coal 
were identified as the sources of Nb and Sc, 
while the pellets were identified as the sources 
of Sn and Cs.  Certain brands of ore were 
found to be sources of Sn and Sc.  Eu was not 
detected in any of the materials.  In the 
charged materials for the BOF process, the 
target element content was found to be 
negligible.  Therefore, the first target—less 
than 30 ppm of Co—is achieved by the 
conventional BF-BOF process under the 
condition of BOF operation without scrap. 

 
EXPERIMENTS TO PRODUCE LOW- 
COBALT-CONTAINING HOT METAL 
  

Laboratory experiments were carried out to produce low-Co-containing hot metal by selecting raw materials.  The 
experimental conditions are summarized in Table 3.  In the first run, the same charging ratio used in the Kimitsu BF process 
was adapted except for the pellets and the other recycling materials.  In the second run, serpentine—one of the main sources 
of Co—was replaced with dolomite.  In the third run, only low-Co-content ore was used (PO-d).  The powder materials 
were mixed in appropriate ratios and pressed to form tablets of 15mm in diameter.  These tablets were heated at 1723 K for 
12 h in a CO atmosphere by using graphite crucibles.  

The results are shown in Table 3.  The Co content in the hot metal 
was found to be 10 ppm in runs 2 and 3.  It was found that the second 
target—less than 10 ppm—is achieved if the selected materials are 
used in the BF process.  Figure 6 shows the mass balance of Co in the 
third run.  As the main sources are iron ore, coke and both materials 
are imperative for BF process, in order to achieve the final target—less 
than 3 ppm—a conventional BF-BOF process would not be 
appropriate. The development of novel technology to reduce the Co 
content in molten iron or steel is necessary. 

 
STRENGTH OF LOW ACTIVATION STEEL BARS AND 
PLATES 

 
Molten steel with low Co content was produced in the 

laboratory by the dilution of commercial steel bar with electrolytic iron.  
Commercial steel bar (JIS G 3122 grade) and electrolytic iron are 
melted in 300kg scale electric furnace. The mixing ratio of commercial steel bars and electrolytic iron was changed in three 
cases (Case B, C, and D) to control the Co content.  Carbon, silicon and manganese were added to control the chemical 
composition to become the same value as the commercial steel bar.   For comparison, commercial steel bar was re-melted 
without dilution by electrolytic iron (Case A).     Molten steel was cast into three square section ingots of 400mm in height 

Fig.5 Mass balances of Co and Ni in the BF and sintering processes. 

Table 3 Experimental conditions and results 

Fig.6 Mass balance of Co in run 3. 
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and rolled to form thick plate of 10mm in thickness, bars of 20mm and 30mm in diameter, respectively.  The compositions 
of the ingots are summarized in Table 4.   Cobalt contents were 160ppm, 12ppm, 4ppm and 1ppm in Case A to D, 
respectively.    To make plates and bars, ingots were heated to 1473K and rolled to each thickness.  Steel temperature 
after the rolling was 1173K or higher.   Mechanical properties were investigated using tensile testing machine (Shimadzu 
corporation, AG-4000KNIS).   

Figure 7 shows the strengths of bars and plates made by low activation steel.  To meet the Japan Industrial 
Standard (JIS) of steel bar in this grade, minimum tensile 
strength should be 490N/mm2, and minimum proof 
strength should be 345 N/ mm2.  Compare with these 
values, tensile and proof strengths of low activation steel 
were fairly high.   But, they decreased slightly as Co 
content decreased and the values of big radius bars were 
close to the minimum values of JIS.   A good relation 
between the strength and the total contents of impurities 
(Co+Ni+Mo+Cr) was found as shown in Figure 8.  These 
elements can be considered to have solution hardening and 
grain refining effects, although their contents are low.  So, 
the decrease of strength would be caused by the dilution of 
these impurities besides Co.  The micro alloying will be 
important to keep the strength.   On the other hand, 
strength is affected by grain size as shown in Figure 9, 
where r is diameter of grain (μm).   Grain refinement by 
controlled rolling will be another measure to keep strength.    

   
CONCLUSIONS    
 
In order to produce low-activation steel, the current situation of steel bars, the contamination sources of the target elements in 
iron and steel making processes, and the mechanical properties of the low activation steel were discussed and the following 
points were clarified. 

Fig.7 Tensile and proof strength of each samples. 

Fig.8 Influence of impurity content on strength. 

Table 4 Chemical composition of ingots. (mass %) 

Fig.9 Influence of grain size on strength. 
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1) ∑Di/Ci values were in proportion to the Co content.  Co content varied widely from 10 to 130 ppm, and the average value 
was 66 ppm.  A good relation was found to exist between the Co and Ni content in steel bars; therefore, the main source of 
Co can be considered to be Ni-containing scrap or ferro-alloys.  Based on these results, in this project, the targets for the Co 
content in steel bars were set to the following three levels: 1) less than 30 ppm, 2) less than 10 ppm, and 3) less than 3 ppm.    
2) The target element content of the various raw materials of the BF and BOF processes was analyzed.  The Co content in 
hot metal was found to be approximately 20 ppm.  The main source of Co and Ni is serpentine, followed by ore and coke.  
The ratio of Co to Fe content in the ore varied from 1.5 to 6.5 ppm, depending on the brand.  In the charged materials for the 
BOF process, the target element content was negligible.  Thus, the first target—less than 30 ppm Co—is achieved by the 
conventional BF-BOF process under the condition of BOF operation without scrap. 
3) Laboratory experiments were carried out to produce low-Co-containing hot metal by selecting raw materials.  In these 
experiments, serpentine—one of the main sources of Co—was replaced with dolomite, and only low-Co-containing ore was 
selected.  It was found that the second target—less than 10 ppm—is achieved if these selected materials are used in the BF 
process.  To achieve the final target—less than 3 ppm—the conventional BF-BOF process is not appropriate; hence, the 
development of novel technology is necessary. 
4) Molten steel with low Co content was produced in the laboratory by the dilution of commercial steel bar with electrolytic 
iron.  Molten steel was cast into ingots and rolled to form plate and bars.  By the tensile test, tensile and proof strengths of 
low activation steel were fairly high, but they decreased slightly as Co content decreased and the values of big radius bars 
were close to the minimum values of JIS.  The micro alloying and grain refinement by controlled rolling will be important to 
keep the strength.  
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