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Abstrakt 
 Tento príspevok prezentuje výsledky distribúcie rádionuklidov pri výrobe ocele 
v elektrickej oblúkovej peci. Sú analyzované vstupné materiály, produkty a technologické 
odpady (troska a prach). Bola preukázaná prítomnosť prírodných izotopov 40K, 226Ra, 232Th 
a 238U ako aj  umelého izotopu 137Cs. Príspevok poukazuje na to, že rádionuklidy 40K a 137Cs sa 
budú koncentrovať v prachu, rádionuklidy 236Ra a 238U budú distribuované najmä medzi prach 
a trosku ale nemožno vylúčiť ani ich prítomnosť v oceli. Rádionuklidy 236Ra a 238U pochádzajú 
najmä z prírodných zdrojov: kazivca a bauxitu. Hoci 232Th nebol detekovaný v surovinách 
a šrote, v technologickom procese sa koncentroval do trosky a prachu. Namerané hodnoty 
rádioaktivity v prachu aj troske tak pre prírodné ako aj umelé izotopy sa nachádzajú 
v povolených limitoch. 
 
 
Abstract 
 This article presents the results of radionuclide distribution in electric arc furnace 
process of steel production. Input materials, products and technological waste (slag and dust) are 
analysed. The presence of natural isotopes 40K, 226Ra, 232Th and 238U as well as of the artificial 
isotope 137Cs was established. Paper shows that 40K and 137Cs will be concentrated in dust, 226Ra 
and 238U will be mainly distributed between dust and slag but their presence in steel cannot be 
excluded. 226Ra and 238U in steel, slag and dust mainly come from fluorspar and bauxite. 232Th 
was not detected in raw materials and steel scrap but it was concentrated in slag and dust during 
the technological process. The measured activity in dust and slag, both artificial and natural 
isotopes lie within the legally permitted limits. 
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Introduction  
 As the world steel production by electric arc furnace process grows, so do the 
volumes of waste that are generated in the course of this technological process, therefore the 
need for proper waste disposal solutions is also growing [1-4].  
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 Polluting substances that burden the environment mostly include slag, 
 
 
1. Experimental 
 This paper presents the investigation of radionuclide distribution in electric arc 
furnace process of steel production. Input materials, products and technological waste (slag and 
dust) are analysed. The presence of natural isotopes 40K, 226Ra, 232Th and 238U as well as of the 
artificial isotope 137Cs was established. 
 This work was undertaken as part of examination of physical and chemical properties 
of metallurgical waste and its characterisation and potential impact on environment. 
Investigations were carried out in one steel mill for production of carbon steels using electric arc 
furnace and in one foundry for production carbon and low alloy steel castings.  
 The content of radionuclides in the electric arc furnace dust and slag were determined, 
as well as in other materials (Si-Mn, Fe-Si, Fe-Mn, bauxite, fluor-spar, lime, coke, graphite 
electrodes, refractory blocks) used in the same steel making process, as well as steel melt itself.  
One example of steel plate contamination with 60Co were showed.   
 Subsequently, the content of radionuclides in twelve average monthly samples of 
steelworks dust, two average monthly samples of steelworks slag, and six samples of foundry 
electric arc furnace slag was monitored. 
 
 
2.1 Sampling 
 Samples of materials used in the electric arc furnace steel making process i.e. Si-Mn, 
Fe-Si, bauxite, fluor-spar, lime, coke, graphite electrodes, refractory blocks  (about 5 kg each) 
were crushed in a ring mill to the grain size below 1 mm, homogenised, and quartered to the 
quantity of 1.00 kg. They were dried at 378 K for 24 hours, transferred to glass bottles with 
ground cap, and marked.  
 Slag was sampled simultaneously with the melt, cooled in the air, ground in a ring 
mill to the grain size below 1 mm, homogenised, and quartered to the quantity of 1.00 kg. The 
sample was dried at 378 K for 24 hours, transferred to glass bottles with ground cap, and 
marked. Sample of molten steel was cast into a copper mould. 
 For the purpose of continuous monitoring of radionuclides presence in electric arc 
furnace dust between December 2000 and December 2001, the samples were taken at the de-
dusting plant outlet (about 5 kg each). The so-called raw monthly sample was obtained after 
homogenisation by stirring and quartering to the quantity of 1.00 kg. The average monthly 
samples were marked with numbers from 1 to 12 and kept in glass bottles with ground cap. 
 
 
2.2 Quantitative determination  
 The aliquot of prepared samples were transferred to standard counting vessels of 125 
cm3 and weighted. The loaded vessels were sealed and stored for at least 4 weeks to allow 
ingrowth of gaseous 222Rn (3.8 day half-life) and its short-lived decay products to equilibrate 
with the long-lived 226Ra precursor in the sample. 
 At the end of the in-growth period, the samples were counted with a multi-channel γ-
spectrometer. The activities of 40K, 226Ra, 232Th, 238U and 137Cs were determined by  γ-ray 
spectrometry, using a low background hyper pure germanium semiconductor detector system 
coupled to a 4096-channel CANBERRA analyser. Detector system was calibrated using 
standards supplied by both the National Bureau of Standards (USA) and Amersham 
International (UK). 
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 Depending of sample activity, spectra were recorded for times ranging 100,000-
200,000 seconds, and analysed using the GENIE PC CANBERRA software. 
 Activities of 226Ra were calculated from the 609.4 keV-peak of its 214Bi progeny. 
Activities of 232Th were calculated via 228Ra from the 911.1 keV-peak of its 228Ac progeny. 
Activities of 40K were calculated from the 1460.7 keV-peak, activities of 137Cs were calculated 
from the 661.6 keV-peak and activities of 60Co from the 1173 keV-peak.  Activities of 238U were 
calculated from the 235U activities assuming the 235U / 238U activity ratio of 0.046 [14]. 235U 
activities were calculated from the186 keV-peak, after substraction of the overlapping 226Ra 
peak, which was calculated previously from 214Bi [15,16].  
 Efficiency of the system was checked during International Atomic Energy Agency 
inter-comparison runs. Precision and accuracy of the system were checked additionally by 
simultaneous measurement of IAEA Reference Materials (International Atomic Energy 
Agency). It should be mentioned that efficiency was calculated as function of energy and 
geometry at the base of experimental data. 
 Limit of detection (LD) was determined according to Currie (1968) relation for aired 
observation and zero blank [17]. From LD lower limit of determination (LLD) was estimated at 
the base of know efficiency, counting time, energy intensity and sample mass.   
 
 
1. Results and discussion  
 Above has been mentioned that when radionuclides are present in some materials, 
these materials can be dangerous for whole environment. It is clear that in the case of high 
activity such materials belongs to the radioactive waste but it is not so clear in which purposes 
such materials can be used when content of radionuclides are low. From this point of view 
special attention deserves long-lived artificial and natural radionuclides.  
 As before mentioned slag and dust are waste in steel making process and in order to 
find the most acceptable solution for permanent disposal or further using, within the framework 
of defining physical and chemical characteristics, radionuclides distribution and potential 
radiation risk in steel making process was examined. 
 In order to try to determine distribution of radionuclides in dust, slag and steel, the 
materials used for the production of one steel melt were tested for the presence of radionuclides. 
The analysis included the materials added into the electric arc furnace as non-metal additives 
(Si-Mn, Fe-Si, bauxite, fluorspar, lime, coke), graphite electrodes, used refractory material, the 
slag produced, dust, and the melt itself.  Obtained results are shown in Table 1. It should be 
mentioned that every single sample was counted three times and results in all Tables presents the 
average activity value with standard deviation computed from these values and single counting 
error.  
 From the results in Table 1 it can be seen that components, which are used in steel 
production process contains only natural isotopes 40K, 226Ra and 238U.  However slag and dust 
contains 40K, 232Th, 226Ra and 238U as well as artificial 137Cs. Steel also contains small amount of 
40K, 226Ra and 238U. It is interesting that 232Th was not determined in any component of 
production process but as can be seen slag and dust contains 232Th. This means that trace of 
232Th was presented in some components and during the melting process is concentrated in dust 
and slag. In addition as 137Cs not detected in any production component means that its source is 
steel scarp. These results also show that 40K and 137Cs are concentrated in dust, 226Ra and 238U 
are mainly distributed between dust and slag although their presence in steel cannot be excluded. 
226Ra and 238U in steel slag and dust mainly come from fluorspar and bauxite.  
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 Table 1  Results of γ-spectrometric analysis of electric arc furnace dust samples 
 Sample ACTIVITY, Bqkg-1    

    40K 232Th 137Cs 226Ra 238U 

1 246.3±13.2 5.1±1.2 18.6±0.7 18.9±1.4 18.6±5.1 

2 260.1±13.8 3.6±1.0 18.1±0.8 19.8±1.5 21.3±5.3 

3 291.6±14.8 4.6±1.3 19.5±0.9 17.1±1.4 16.5±5.1 

4 288.2±14.7 4.4±1.3 19.7±0.9 12.4±1.3 10.6±4.6 

5 338.3±15.9 4.4±1.1 28.2±1.1 13.7±1.3 12.9±5.0 

6 230.5±12.0 4.3±1.1 24.1±0.8 12.5±1.2 12.8±4.2 

7 286.2±13.8 4.3±1.1 25.9±1.0 12.6±1.2 12.3±4.4 

8 301.6±13.2 4.6±1.0 28.7±1.0 13.2±1.1 13.4±4.2 

9 328.0±12.3 4.4±1.0 27.7±0.9 9.5±0.9 9.1±3.3 

10 219.0±11.8 4.2±1.0 16.7±0.8 12.9±1.1 12.1±4.2 

11 249.9±13.5 4.4±1.1 23.9±1.0 10.5±1.2 11.0±4.4 

12 282.8±14.3 4.7±1.2 30.0±1.1 14.7±1.3 15.6±4.8 

 
 It should be mentioned that difference between 226Ra and 238U content in bauxite and 
fluorspar and in dust and slag is normal because portion of bauxite and/or fluorspar in one 
charge of production process is only several percent (depending on technological requirements).  
 As the our results and preliminary results [18,19] showed the presence of mentioned 
radionuclides mainly in electric arc furnace slag samples as well as in dust samples their 
systematic analysis was carried out. It should be mentioned that the distribution of radionuclides 
between the slag and the dust generated in the blast furnace process of pig iron production was 
examined by other authors [20], who found out that radium and thorium isotopes accumulated in 
slag during the process.  
 In Table 2 results of radionuclides determination in twelve monthly average dust 
samples are shown. As it was expected the electric arc furnace dust samples contains natural 
isotopes 40K, 226Ra, 232Th and 238U, as well as artificial isotope 137Cs. The measured values 
regarding presence of individual isotopes and their activity are as follows:  40K from 219.0 ± 
11.8 Bqkg-1 (sample 10) to 338.3 ± 15.9 Bqkg-1  (sample 5); 232Th from 3.6 ± 1.0 Bqkg-1 (sample 
2) to 5.1 ± 1.2 Bqkg-1  (sample 1); 137Cs from 16.7 ± 0.8 Bqkg-1 (sample 10) to 30.0 ± 1.1 Bqkg-1 
(sample 12); 226Ra from 9.5 ± 0.9 Bqkg-1 (sample 9) to 19.8 ± 1.5 Bqkg-1 (sample 2), and 238U 
from 9.1 ± 3.3 Bqkg-1 (sample 9) to 21.3 ± 5,3 Bqkg-1 (sample 2).  
 In table 3 results of radionuclides determination in six samples from foundry and two 
samples from steel mill are shown. These results also show the presence of natural isotopes 40K, 
226Ra, 232Th, and 238U, as well as artificial isotope 137Cs. Activity of 40K is ranged from 7.3 ± 3.5 
Bqkg-1 (sample 5) to 63.3 ± 5.0 Bqkg-1 (sample 2), whereas the activity of this isotope in steel 
mill slag was 19.3 ± 1.7 Bqkg-1.  
 The measured activity value for 232Th in foundry slag ranged from 2.7 ± 0.5 Bqkg-1 
(sample 4) to 21.8 ± 1.3 Bqkg-1 (sample 2) and from 8.6±0.9 Bqkg-1 to 10.4±1.2 Bqkg-1 in steel 
mill slag; 137Cs was identified in a single sample of foundry slag and its activity was 1.8 ± 0.2 
Bqkg-1  (sample 2), whereas the samples of steel mill slag displayed the activity of 0.22 ± 0.1 
Bqkg-1  (sample 7) and 0.55 ± 0.08 Bqkg-1  (sample 8); the activity of 226Ra ranged from 10.8 ± 
0.6 Bqkg-1 (sample 4) to 38.8 ± 1.1 Bqkg-1 (sample 2) in foundry slag and 22.0 ± 1.2 Bqkg-1 to 
26.8 ± 3.0 Bqkg-1 in steel mill slag; 238U varied from 10.5 ± 2.2 Bqkg-1 (sample 4) to 38.7 ± 4.1 
Bqkg-1 (sample 2) and in steel mill slag the activity was 33.6±11.7 Bqkg-1.  
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 Table 2  Results of γ-spectrometric analysis of steel, slag and materials used in steelmaking process 
  ACTIVITY, Bqkg-1    

Material 40K 137Cs 226Ra 238U 

DUST 349.3±20.4 47.5±1.7  9.2±1.7 11.3±6.4 

slag 10.0±2.0  ND    14.7±0.7 13.9±2.6 

steel 9.4±2.1 ND   2.2±0.6 2.2±0.6 

SiMn ND ND   ND   ND   

FeSi 10±2.0 ND   2.2±0.6 2.2±0.6 

Bauxite 34.2± 7.2 0.9±0.3 59.6±1.9 58.9±6.3 

Fluor spar 10±2.0 ND   123.8±2.3 118.5±7.5 

Lime ND   ND   ND   ND   

Coke 10±1.1 ND   2.0±0.5 2.0±0.4 

Graphite electrode 46.4± 8.7 ND   2.5±0.5 2.5±0.6 

Refractory 

material 

22.2± 6.0 ND   9.1±0.9  8.7±3.1 

 ND – not detected 
 
 
 Table 3  Results of γ-spectrometric analysis of slag from  Steel Mill and Foundry  

ACTIVITY, Bqkg-1Sample 

 40K 232Th 137Cs 226Ra 238U 

1 15.5±3.5 4.8±0.5 ND  26.5±0.9 24.7±3.2 

2 63.3±5.0 21.8±1.3 ND 38.8±1.1 38.7±4.1 

3 12.3±3.7 12.4±1.0 ND  20.1±0.9 16.7±3.0 

4 10.0±2.9 2.7±0.5 ND  10.8±0.6 10.5±2.2 

5 7.3±3.5 5.7±0.8 ND  24.5±0.9 23.4±3.3 

6 14.7±3.5 7.3±0.8 ND  28.6±1.0 29.5±3.5 

7 23.3±1.4 8.6±0.9 ND 22.0±1.2 33.6±11.8 

8 19.3±1.7 10.4±1.2 ND 26.8±3.0 33.6±11.7 

 1-6  slag from foundry  
 7, 8  slag from Steel Mill                                                                           
 
 
 These results show that in steel production process 40K and 137Cs mainly will be 
deposited in dust, 226Ra, 232Th, and 238U will be distributed between dust and slag and small 
amount of 226Ra and 238U can be expected in steel.  
 In this case, content of radioactive substances identified in electric arc furnace dust 
and slag samples does not exceed the prescribed limit values for activity concentration according 
to the valid international regulations and analysed materials could be applied as additives in the 
production of construction materials (cement clinker, concrete, etc.), provided they meet other 
required physical and chemical characteristics.  
 In addition, presence of natural isotopes can be considered usual and they may appear 
in raw materials and accessory materials that are used in the steel making process. But detection 
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of artificial isotope caesium in electric arc furnace dust indicates that it might origin from steel 
scrap or from the residues of the material that was used in the technological process and 
deserves special attention. Namely this case shows that control input made mistake or did not 
detect caesium.  
 It is most probably that caesium source was low active and instruments could not 
detect it. In practise it is real danger because many tons of steel scrap can cover low active 
sources. It is also possible that input control is bad or does not exist. One example is 
contamination of steel plate with 60Co- results in Table 4. (A source of this steel plate was in one 
country in our region and steel plate was assigned to shipbuilding).  
 
 Table 4  Results of γ-spectrometric analysis of steel plate 

Sample ACTIVITY 60Co, Bqkg-1

1 319.1 ± 2.3 

2 322.4 ± 4.5 

3 320.8 ± 4.5 

 
 At the end, despite of input control as real case can be considered that low activity 
source or high activity pure alpha, beta-emitting radionuclides can enter in production process 
(pure alpha, beta and light gamma emitters (90Sr, 241Am, etc) cannot be detected on control 
point). 
 But from previous results and literature data can be said that caesium will contaminate 
dust and gaseous products. As caesium is volatile at the higher temperatures and if 137Cs source 
entered in production process it will come to gaseous products and dust. A 60Co always come to 
steel not in dust or slag. However radium and uranium can be expected in dust, slag and steel.  
 
 
Conclusion 
 From the previous results can be concluded that 40K and 137Cs will be concentrated in 
electric arc furnace dust. 226Ra and 238U will be mainly distributed between electric arc furnace 
dust and slag but their presence in steel cannot be excluded. 226Ra and 238U in steel, slag and dust 
mainly come from fluorspar and bauxite. 232Th was not detected in raw materials and steel scrap 
but it was concentrated in slag and dust during the technological process. The melting of 
caesium sources in steel scrap can caused contamination of electric arc furnace dust. 
 Activity of natural isotopes can be considered normal, as they are found in raw 
materials in minor quantities. The measured activities, both artificial and natural lie within the 
legally permitted limits [21] so that electric arc furnace slag and dust, in terms of the 
radionuclides present, may be applied as additives in the production of various construction 
materials.  
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