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Industry tests have shown that Steelcal™, a specially modified grade of calcium ni-
trate, can be an efficient agent for creating foaming slags in electric arc furnaces (EAFs) for
melting stainless steels [1]. The reason why steel producers are interested in having foaming
slag is the economical benefits that can be achieved by increased productivity and/or re-
duced energy consumption, reduced electrode consumption, reduced maintenance costs and
possible increased recovery of chromium from the slag. Many factors influence foaming,
such as gas development in the slag, the slag foamability, injection technique etc., and each
of these factors are dependent on several other parameters. When melting stainless steels,
foaming is poor, e.g. the Cr2O3 content of the slag has a strong influence on the foamability
of the slag. In order to try to determine the significance of various parameters, testing of the
foaming capability of Steelcal has been conducted at the metallurgical laboratory of the
AGH University of Science and Technology in Krakow, Poland.

The purpose of the tests was 1) to recreate the good slag foaming observed in industry
tests, and 2) to obtain knowledge of the influence of the most important parameters on the
slag foaming.
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Steelcal, as a by-product created during fertilizer production, is a hydrated calcium am-
monium nitrate with the approximate chemical composition Ca(NO3)2(NH4NO3)0.2(H2O)2.
Steelcal decomposes in a steel/slag melt at high temperature to CaO and various gases de-
pending of other reactants present. For example, when reacting with carbon the following
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approximate reaction is possible (estimated by the FACTSAGE database for thermodynam-
ic calculations):

Ca(NO3)2(H2O)2 + 5C => CaO + N2 + 2H2O+ 5CO (1)

The reaction (1) will give 8 mol gases per mol of Steelcal.
Industrial tests [1] have shown that, as a rule of thumb, the necessary quantity of

Steelcal to achieve foaming relative to the steel weight in an EAF is approximately 1% of
the steel weight, or 10% of the slag quantity, assuming that the steel to slag ratio is ca. 10:1.
Per ton of steel the gas development in reaction (1) will be:

10 kg Steelcal + 3 kg C + (0.5 kg N2) => ca. 9 Nm3 gases, or 56 m3 at 1600°C.

This estimate shows that Steelcal develops a lot of gas during decomposition, which
can create foaming of the slag, provided that the foamability of the slag and the injection
technique is right.

Good foaming results have been achieved by injecting Steelcal into the slag, just below
the surface of the slag. The angle of injection should be small relatively to the horizontal
plane. Injection should make a rotating movement of the molten slag, especially if there is
only one injection point.
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A laboratory EAF installed in the metallurgical laboratory at the AGH UST was used
for the Steelcal tests. The EAF has previously been used for slag foaming experiments
when melting unalloyed carbon steels [2]. The EAF is a single electrode arc furnace with
a conductive hearth. Electrical power is supplied from a 40 kVA transformer. The apparatus
consists of a graphite crucible with ceramic linings and conducting bottom. This is placed in
a steel frame to ensure electrical contact with a copper plate on the base of the furnace. The
graphite electrode is mounted vertically in an electrically driven mechanism, which allows
it to be moved up and down automatically or manually.

A sketch of the single electrode unit for arc melting used for Steelcal testing is shown
in Figure 1. A sketch of the graphite crucible is shown in Figure 2. Photo of apparatus is
shown in Figure 3.

For the Steelcal tests, a hole was drilled in the crucible wall in such a way that it was
possible to inject Steelcal (or Steelcal + carbon or others components) through a steel tube by
air or nitrogen as a carrying gas at a pressure of 0.10–0.15 MPa. The position and the angle of
the injection point caused the Steelcal to enter into the slag phase and stirring the slag.

After injecting Steelcal, the slag level was measured several times by a copper rod. The
copper rod was immersed into the slag bath, and after drawing it out, the distance between
the top of the crucible and the solidified slag on the copper rod was measured.

A ca 1 kg piece of AISI 304 stainless scrap was introduced into the crucible for the
Steelcal tests, and the electrode was moved down. Then the electric power was turned on,
and an electric arc ignited. After the steel meltdown (about 3–5 minutes), the slag was
added into the crucible and melted.
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For each charge approximately 1 kg of AISI 304 stainless steel and 3 kg of slag was
melted. The steel-to-slag ratio was thus 1:3, whereas in an industry furnace the ratio is about
10:1. The quantity of the Steelcal injected after melting was therefore related to the slag
quantity, i.e. about 10% of the slag or ca 0.3 kg Steelcal, or Steelcal + C when carbon was
added. Slag samples were taken after melting, but before Steelcal injection. Slag and steel
samples were also taken after the test was finished. All tests were video recorded.
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The slag height (thickness) before Steelcal injection, when 3 kg of slag had been
melted, was ca. 3 cm, and is denoted as the “0 level”. The level of the slag height was
measured by a copper rod (ruler) as the distance from the top of the crucible to the slag
surface. The 0 level measurement was done immediately after all slag (3 kg) had been
melted and before Steelcal injection began. The same slag height increase measurement
were done after Steelcal injection.
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AISI 304 stainless steel chemical composition:
< 0.08% C, 18–20% Cr, 8–10.5% Ni, < 0.75% Si, < 2% Mn
Carbon steel slag:
35–40% CaO, 15–20% SiO2, 20–30% FeO, ~5% MnO, 2–5% Al2O3, 5–10% MgO
Stainless steel slag:
32% SiO2, 45% CaO, 6% MgO, 6% Cr2O3, 3% MnO, 3% Al2O3, 2% TiO2, 2% FeO,
1% CaF2, < 1% others.
Steelcal:
Ca(NO3)2(NH4NO3)0.2(H2O)2, grain size 2–4 mm
Metallurgical coke:
> 85% C, < 1% S, < 12% ash, 2% vol. el., < 0.8 hydrocarbons, grain size 0.1–0.5 mm > 80%
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Injection gas:
Air or nitrogen, pressure 0.10–0.15 MPa.
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For the first 3 tests, carbon steel slag modified by adding 10%, 15% and 5% Cr2O3
respectively, was used. Carbon steel slags are known to be relatively easy to foam by
injecting carbon only [2], whereas a high content of Cr2O3 is reducing the foamability of
slags [3]. It was the purpose of the first 3 tests to examine how the Cr2O3 would influence
the foamability of a slag that otherwise was supposed to have good foamability.

For the other 19 tests, the industrial stainless steel slag from AvestaPolarit, Avesta, was
used. For the last 13 tests, the Avesta slag was modified by adding some FeSi, SiC or CaO,
except for tests 12 and 19 where slag-modifying additives were mixed with the Steelcal (see Tab. 1).
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Test  
No 

Description 
Slag 
high 

Increase 
high 

Cr2O3 
before 

Cr2O3 
after 

1 300 g (70% Steelcal +30% C) 11.0 3.67 13.0 17.0 

2 300 g (70% Steelcal +30% C) 3.0 1.00 28.0 25.0 

3 300 g (70% Steelcal +30% C) 6.0 2.00 11.0 14.0 

4 150 g (70% Steelcal +30% C) 5.0 1.67 10.0 16.0 

6 200 g (70% Steelcal +30% C) 4.0 1.33 9.6 9.8 

5 300 g (70% Steelcal +30% C) 4.5 1.50 10.0 10.0 

11 300 g (pure Steelcal) + 100g FeSi 4.0 1.33 8.5 5.3 

18 300 g (pure Steelcal) + 100g FeSi[45o] 6.0 2.00 8.3 6.5 

12 300 g Steelcal + 100g FeSi mixed 3.5 1.17 9.4 5.9 

22 240 g (80% Steelcal + 20% C) +200g FeSi mixed [45o] 7.0 2.33 6.1 4.3 

10 200 g pure Steelcal + 50g FeSi 6.0 2.00 8.5 7.9 

9 300 g pure Steelcal + 100g FeSi 12.0 4.00 6.7 5.5 

13 300 g pure Steelcal + 100g FeSi 5.0 2.67 8.9 5.7 

16 300 g pure Steelcal + 100g FeSi mixed 10.0 3.33 7.5 5.7 

14 300 g pure Steelcal +300g FeSi 6.0 2.00 7.1 5.5 

20 300 g pure Steelcal + 300g FeSi 9.0 3.00 6.9 5.8 

19 300 g pure Steelcal + 300g FeSi mixed [45o] 3.0 1.00 9.9 6.8 

15 300 g (80%Stelcal+20%C) +100g FeSi 3.0 1.00 8.9 6.3 

7 300 g (70% Steelcal +30% C) 3.5 1.17 9.5 9.1 

8 300 g (70% Steelcal +30% C) +100g FeSi 9.5 3.17 8.0 4.9 

17 300 g pure Steelcal + 100g SiC [45o] 4.0 1.33 5.4 3.2 

21 240 g (80%Stelcal+20%C) (charge with CaO) 10.5 3.50 8.0 8.1 

22 300 g (80%Stelcal+20%C) + 200g FeSi  7.0 2.33 6.1 4.3 
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Table 2 shows the most important parameters, the maximum slag height results and the
chemical composition of the steel and slag respectively for the tests no. 1–22. The main
trends are seen in Figure 4.
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Test No 0 1 2 3 4 5 6 7 8 9 10 
Slag type 
+%Cr2O3 

  
Css 

+10% 
Css 

+15% 
Css 
+5% 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

FeSi, kg                 0,1 0,1 0,05 
Inj. Gas   Air Air Air Air Air Air N2 N2 N2 N2 
Steelcal 
"S"+%C 

  S+30C S+30C S+30C S+30C S+30C S+30C S+30C S+30C Pure Pure 

Steelcal 
quant., kg 

  0,3 0,3 0,3 0,15 0,3 0,2 0,3 0,3 0,3 0,2 

Note             C-inj,       2x inj, 
Slag 
height 
max, cm 

0-level 
= 3cm 

11 3 6 5 4,5 4 3,5 9,5 12 6 

Steel 
analysis 

"304"                     

C 0.07 0.09 0.02 0.02 0.29 0.58 0.75 0.60 1.06 0.79 0.76 
Si 0.37 <0.01 <0.01 <0.01 <0.01 0.03 0.05 0.04 0.35 1.46 0.11 
Mn 1.66 0.08 0.10 0.10 0.59 0.92 1.10 1.04 1.62 1.77 1.15 
P 0.04 0.02 0.16 0.16 0.07 0.04 0.04 0.04 0.05 0.04 0.05 
S 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 
Cr 18.40 0.83 2.48 2.60 12.50 17.10 18.30 18.20 20.90 20.50 20.60 
Ni 9.93 8.66 11.30 11.20 11.80 11.50 11.30 11.40 10.50 10.30 10.50 
Al 0.16 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Cu 0.14 0.13 1.89 1.88 0.16 0.15 0.14 0.15 0.14 0.13 0.17 
Mo 0.17 0.11 0.17 0.17 0.19 0.19 0.19 0.19 0.18 0.17 0.18 
Ti 0.56 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.01 <0.01 <0.01 <0.01 
Slag 
before 

Original 
Avesta 

Css 
+10% 

Css 
+15% 

Css 
+5% 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Fe2O3 2.00 28.00 16.00 27.00 3.30 2.30 2.10 2.10 1.50 1.30 1.40 
CaO 45.00 34.00 31.00 37.00 40.00 40.00 40.00 40.00 41.00 42.00 41.00 
SiO2 32.00 13.00 12.00 14.00 30.00 32.00 32.00 32.00 33.00 34.00 32.00 
Cr2O3 6.00 13.00 28.00 11.00 10.00 10.00 9.60 9.50 8.00 6.70 8.50 
MgO 6.00 3.00 2.60 3.10 4.70 4.80 5.00 4.90 5.00 5.00 4.80 
MnO 3.00 2.90 2.80 3.40 5.40 5.40 5.40 5.40 5.00 4.80 5.50 
Al2O3 3.00 3.70 6.40 3.10 3.70 3.00 2.80 3.10 3.30 3.70 3.60 
TiO2 2.00 0.40 0.50 0.50 1.80 1.90 1.90 1.90 1.90 2.00 1.90 
Basicity 1.41 2.62 2.58 2.64 1.33 1.25 1.25 1.25 1.24 1.24 1.28 
Slag after                       
Fe2O3   17.00 16.00 23.00 2.70 2.00 2.40 1.40 1.00 1.20 1.40 
CaO   33.00 32.00 35.00 37.00 40.00 40.00 41.00 42.00 42.00 41.00 
SiO2   12.00 13.00 14.00 28.00 31.00 31.00 31.00 36.00 36.00 33.00 
Cr2O3   17.00 25.00 14.00 16.00 10.00 9.80 9.10 4.90 5.50 7.90 
MgO   3.20 2.20 2.40 4.20 4.60 4.90 4.50 4.70 4.50 4.70 
MnO   3.10 2.90 2.90 5.50 5.20 5.30 5.40 4.70 4.50 5.40 
Al2O3   12.00 6.50 6.20 4.90 4.70 3.80 4.30 4.50 3.60 3.80 
TiO2   0.40 0.50 0.50 1.70 1.90 1.80 2.00 2.00 1.90 1.90 
Basicity   2.75 2.46 2.50 1.32 1.29 1.29 1.32 1.17 1.17 1.24 
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Test No 11 12 13 14 15 16 17 18 19 20 21 22 
Slag type 
+%Cr2O3 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

FeSi, kg 0.1   0.1 0.3 0.1 0.1 
* 0.1 
SiC! 

0.1   0.3 
* 
0.3CaO! 

0.2 

Inj. Gas Air Air N2 N2 N2 N2 N2 Air N2 N2 N2 Air 

Steelcal 
"S"+%C 

Pure 

0.3 kg 
"S" + 
0.1 kg 
FeSi 

Pure Pure S+20C Pure Pure Pure 

0.3 kg 
"S" + 
0.1 kg 
FeSi 

Pure S+20C S+20C 

Steelcal 
quant.. kg 

0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.24 0.24 

Note   
Mixed 
"S" 
+ FeSi 

      
Inj. 
angle 
45 deg. 

0.1kg 
SiC 

  
Mixed 
"S" 
+ FeSi 

      

Slag 
height 
max. cm 

4 3.5 5 6 3 10 4 6 3 9 10.5 7 

Steel 
analysis 

      
Porous 
steel 

            
No 
steel* 

  

C 0.64 0.52 0.56 0.65 0.57 0.55 2.73 0.81 0.61 0.59 0.07 1.03 

Si 1.8 0.7 3.2 8.37 6.3 3.9 3.3 3.1 0.85 9.1 0.37 5.6 

Mn 2.3 1.6 2.6 2.75 2.7 2 5.1 2.4 1.7 2 1.66 2.2 

P 0.04 0.035 0.048 0.035 0.036 0.03 0.034 0.033 0.04 0.035 0.04 0.03 

S 0.007 0.007 0.008   0.006 0.005 0.01 0.006 0.009 0.009 0.02 0.008 

Cr 20.6 20.1 20.9 19.23 20.2 19.1 27.5 19.9 19.5 17.6 18.40 17.6 

Ni 10.3 10.6 10 9.47 10 9.9 8.7 10 10.4 9.3 9.93 9.8 

Al 0.01 0.01 0.01 <0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.16 0.01 

Cu 0.13 0.13 0.12 0.1 0.12 0.13 0.1 0.13 0.14 0.12 0.14 0.12 

Mo 0.17 0.17 0.17 0.16 0.17 0.16 0.13 0.16 0.17 0.15 0.17 0.15 

Ti 0.01 0.02 0.02 0.17 0.03 0.01 0.4 0.03 0.02 0.07 0.56 0.05 
Slag 
before 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Avesta 
slag 

Fe2O3 2.1 2.2 2.9 1.4 1.8 1.3 0.9 1.5 2.1 1.1 2.6 1.1 
CaO 39.4 39.9 36.8 40.8 40.7 41.1 41.2 40.4 40 41.8 53.3 42.1 
SiO2 34.1 32.4 36.4 35.3 33 33.9 37.5 34.1 31.8 37.5 24.4 35.1 
Cr2O3 8.5 9.4 8.9 7.1 8.9 7.5 5.4 8.3 9.9 6.9 8 6.1 
MgO 4.9 4.9 4.4 5 4.8 4.9 5.1 5 5.3 5 3.6 5.1 
MnO 4.9 5.5 5.1 4.4 5.3 5 4.5 5 5.6 4.4 4 4.2 
Al2O3 3.4 3 3 3.4 2.8 3.5 3.1 2.9 2.7 3.2 2.1 3.6 
TiO2 1.8 1.9 1.7 1.9 1.9 2 1.8 1.9 1.9 1.9 1.4 1.9 
Basicity 1.16 1.23 1.01 1.16 1.23 1.21 1.10 1.18 1.26 1.11 2.18 1.20 
Slag after                         
Fe2O3 0.9 1 1.4 1.2 1.5 1.3 0.7 1.4 1.3 1 3.3 1.3 
CaO 41.9 41.2 41.8 43.1 41.5 41.7 44.6 42.6 41.6 42.9 52.4 43.5 
SiO2 35 35.3 35.3 35.6 35.2 35.6 36.7 34.4 35 35.3 25.4 36.3 
Cr2O3 5.3 5.9 5.7 5.5 6.3 5.7 3.2 6.5 6.8 5.8 8.1 4.3 
MgO 4.6 4.5 4.6 4.4 4.7 4.7 4.7 4.5 4.2 4.6 2.7 4.6 
MnO 4.3 5 4.4 3.7 4.5 4.5 3.7 4.8 5 4 3.8 3.6 
Al2O3 5.3 4.7 4.4 3.8 3.8 3.9 4.4 3.1 3.4 3.7 2.4 3.6 
TiO2 1.9 1.9 1.9 2.1 2 2 1.7 2.1 2 2.1 1.4 2.1 
Basicity 1.20 1.17 1.18 1.21 1.18 1.17 1.22 1.24 1.19 1.22 2.06 1.20 
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The best result (max slag height 12 cm, 4× original height) was obtained in test 9 when
pure Steelcal was injected by nitrogen after modification of the Avesta slag by addition of
some FeSi (3%). In this test the Cr2O3 content in the slag decreased from 6.7% to 5.5%, and
the Cr content in the steel increased from 18.4% to 20.5%. The Cr recovery is caused by the
FeSi addition, which also improved the foamability of the slag. The foaming, however,
must be solely attributed to Steelcal as the only gas-developing agent.

Good foaming was also achieved in test 1 when carbon steel slag (Css) modified by
adding 10% Cr2O3 was used, but most Cr in the steel seems to have been oxidised and
entered into the slag. The oxidation of the chromium content in the metal bath may have
taken place during the first phase of melting the steel, when there is very little slag in the
crucible to protect the steel from air, and also by the reduction of FeO to Fe by oxidation of
Cr. Foaming was, at least partly, due to the „well known” reaction between C and FeO
giving CO. Thus „Fe2O3” is reduced from 28% to 17% in test 1.

In test 2, when 15% Cr2O3 was added, the concentration of Cr2O3 was probably too
high for the slag to foaming. Kerr and Fruehan [3] found it very difficult to create the foam
in slags with more than 15% Cr2O3. The moderate foaming in test 3 when only 5% Cr2O3
was added to the carbon steel slag was probably due to an increase in Cr2O3 content more
than 11% Cr2O3 after melting. For all tests 1–3 with the modified carbon steel slag, the
Cr2O3 content after melting was close or high as the limit of ca. 15% Cr2O3 for good foam-
ability.

In the tests 4–7, different quantity of stainless steel slag from Avesta was used, and
Steelcal(70%) + carbon (30%) was injected by air. Very little foaming was achieved. The
viscosity of the slag seemed to be so low that the slag did not form stable foam, but the gas
just passed through the slag as bubbles. In test 4, only half of the intended quantity of Steel-
cal + 30C was injected due to problems with the equipment (low injection pressure). The
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loss of chromium from the steel to the slag was considerable, indicating that Steelcal and air
may have oxidized the steel, and that the carbon had not been an effective Cr recovery
agent, not even in test 6, when additional pure C was injected after reduced quantity of
Steelcal + 30C blowing was finished. Pure C did not create any more foaming either. In test
7, nitrogen replaced air as injection gas without any significant effect on Cr in steel and slag
compared to test 6.

In the test 8 and 9, some (3.5%) FeSi was added to the slag, and very good foaming
was achieved. In test 9, pure Steelcal was injected (no C), and 4 times increase in the slag
level took place. In test 10, the quantity of FeSi and pure Steelcal was reduced, and foaming
was also less intense.

The intention of tests 11–22 was to change several parameters in order to check the
influence of these parameters and to optimize them.

In the tests 11–15, the Steelcal did not seem to enter the melt well, but instead floated
on top of the melt before it decomposed. In this way gas from decomposition of Steelcal did
not flow through the slag and couldn’t contribute to foaming. The reason why this happened
was most probably due to wear of the crucible, which made the volume larger and the be-
ginning melt height lower. In combination with a relatively low angle of injection, the lower
beginning melt height made it difficult for the Steelcal to enter the melt. This emphasizes
that the injection technique is an important parameter. The results from the tests 11–15 are
due to this not used in analyses of the parameters that influence foaming the most.

Due to the improper injection in the tests 11–15, the injection angle was changed from
ca. 30ο to ca. 45ο in the remaining tests 16–22.

In test 16 it was attempted to repeat the good foaming in test 9 (12 cm), and this was
accomplished satisfactorily since a slag height of 10 cm was achieved.

SiC was added to the slag in test 17 in order to see how this would influence the foam-
ability of the Avesta slag, but the result was disappointing. The SiC burned vigorously in the
crucible on the surface of the slag, and the slag height after Steelcal injection was only 4 cm.
The Cr recovery was however very good as Cr in the steel increased from 18.4% to 27.5%,
and the Cr2O3 content in the slag decreased from 5.4% to 3.2%. SiC seems to be a very
efficient chemical for Cr recovery and also for adding heat in the form of chemical energy to
the melt. This is difficult to explain (there is low Cr2O3 and high basicity – good foamability
parameters). Maybe other parameters, such as the temperature of the melt/slag, had more
extensive influence. Higher temperature will reduce the viscosity and hence the foamability
and burning of SiC increased the temperature.

Air as injection gas was tried again in test 18 with the other parameters the same as in
the successful tests 9 and 16, and the slag height rose from 3 cm to 6 cm. The Cr recovery
was good, - Cr in steel increased from 18.4% to 19.9%.

In test 19, FeSi was mixed with Steelcal and injected into the unmodified Avesta slag.
This gave no foaming. However, the Cr2O3 content was reduced from 9.9 to 6.9%. Possibly
gasification of the Steelcal came too late to exploit the lower Cr2O3 levels. The foamability
of the slag must probably be improved before Steelcal is injected.

Increasing FeSi addition to the slag was attempted in test 20 when 0.3 kg FeSi was
added (10%). Foaming was again good (9 cm). The Cr percentage of the steel decreased
from 18.4 to 17.6%, although the Cr2O3 content of the slag was reduced. However, the mass
of metal was increased by Si (9.1% of Si). Thus, in spite of the decrease of Cr percentage
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content in the steel, the mass of Cr in the steel increased, and this is in line with the Cr2O3
reduction in the slag.

In industry tests, successful foaming had been achieved with a high basicity slag (basicity
CaO/SiO2 >2) [1]. A high basicity will give higher viscosity, which should be beneficial for
the foamability. CaO was therefore added to the Avesta slag in test 21, giving a basicity of
2.18 before Steelcal injection, whereas for the other tests using the Avesta slag the basicity
had been below 1.4. In test 21, a Steelcal + 20% C mixture was used, in an attempt to try
neutralize the oxidizing effect of Steelcal. Foaming was good also in test 21, i.e. 10.5 cm slag
height. As expected, the slag analysis did not change significantly, since no efficient reduc-
ing agent, such as FeSi, had been added. This result may indicate that at high basicities,
Cr2O3 solid phase is not formed in the Avesta slag at concentrations around 8%. Then it does
not seem to be necessary to add FeSi for reduction. However, only one experiment of this
kind has been conducted, and it would be extremely interesting to study this case further.

In test 22 FeSi of 0.2kg was added to the slag and Steelcal + 20% C was injected by air.
Foaming was moderate (7 cm). Again the % of Cr in the steel was reduced, as in test 20, but
the total metal quantity was increased since the Si content increased (to 5.6% Si) as in test 20.

For an in-depth evaluation of the influence of various parameters, some tests are disre-
garded:
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For the other tests (4A10, 16, 18A20, 22) the influence of the Cr2O3 content of the slag
on the foamability can be seen in Figure 5. The trend lines in figure 5 clearly indicate that
a high content of Cr2O3 in the slag makes it difficult to foam it. This result is in line with
other researchers, e.g. Kerr and Fruehan [3].
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Si addition to the slag as FeSi clearly reduces the Cr2O3 in the slag to Cr in the steel,
increases the SiO2 content and may improve the foamability by giving a higher viscosity.

For all the tests with Avesta slag, most of the carbon seem to have dissolved in the steel
and thus did not contribute to foaming, but the C level in the steel also rose in the tests when
no C was added. This C may have come from the crucible or from C in the FeSi and plays
little role in producing foaming (except in tests1 and 3 with high values of Fe2O3 in the
slag). It mainly dissolves in the steel (as indicated in test 17 when SiC was added and C in
steel increased to 2.73%). Or it simply burns with air (this may have been the case in test 2
and 3).

In these tests only a narrow range of parameters, slag compositions and basicity have
been studied. In earlier industry tests, however, Steelcal was able to foam slags with a wide
range of chemical compositions and basicity ranging from 1.1 to 2.6. Also, a high basicity
seemed to be beneficial [1].

1� �����������

Testing Steelcal as a stainless steel slag foaming additive in a laboratory furnace has
been successful. The main objectives of the testing have to a large extent been achieved.
Recreating the good slag foaming observed in industry tests has been possible. Knowledge
of the influence of the most important parameters on the slag foaming has been acquired.

The laboratory experiments support the result in the literature that foaming is poor at
high Cr2O3 contents-possibly corresponding to the presence of a solid Cr2O3 phase in the
slag. For more than around 10% Cr2O3 significant foaming is not accomplished in the labo-
ratory experiments when only adding Steelcal + 20–30 % carbon. To get good foaming at
the high Cr2O3 levels a strong reductant such as FeSi must be added to the slag prior to the
injection of Steelcal or Steelcal + carbon. These results are in good agreement with thermo-
dynamic calculations and the literature information, which indicates that carbon does not
reduce the Cr2O3 to Cr dissolved in the steel.

In the laboratory, the best results have been achieved with injection of pure Steelcal by
nitrogen after Cr2O3 has been reduced and the slag viscosity has been modified by FeSi
addition, but also mixing Steelcal with carbon has given good foaming. However, the re-
sults have not demonstrated that it is an advantage to add carbon to Steelcal when FeSi has
been added previously to the injection of Steelcal.

Air may be used as an injection gas. FeSi addition seems to be the easiest to use and
most efficient additive for Cr recovery, and this should be ready to apply in industry. The
results indicate that it is important that the injected Steelcal penetrates the slag. Thus an
angle between the injection lance and the horizontal of 45 degrees was better than 30 de-
grees in the laboratory, but this angle is depending on the dimensions of the crucible or
furnace. With one exception good foaming was attained with a Basicity = %CaO/%SiO2 in
the range 1.1 to 1.4. Some interesting properties of SiC as an additive have been demon-
strated, but how SiC should be applied has not been found yet.

The tests have confirmed some already known facts on what parameters influence
foaming of stainless steel slags, such as the Cr2O3 content and viscosity, and also given
some new information on how Steelcal works and can be utilized. There are, however, still
some factors that should be pursued.
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The effect of the various reducing agents that may be added to the slag (C, FeSi, SiC) is
not fully understood, and should be a scope for further research.

Slag composition variation and modification should also be examined by using slag
from various steelmakers.

The slag viscosity and other properties should be modified by adding various quanti-
ties of SiO2 or CaO.

Testing Steelcal as a stainless steel slag foaming additive in a laboratory furnace has
been successful. The main objectives of the testing have to a large extent been achieved.
Recreating the good slag foaming observed in industry tests has been possible. Knowledge
on the influence of the most important parameters on the slag foaming has been acquired.

In the laboratory, the best results have been achieved with injection of pure Steelcal by
nitrogen after the slag viscosity has been modified by FeSi addition, but also mixing Steel-
cal with carbon has given good foaming. Air may be used as an injection gas. FeSi addition
seems to be the easiest to use and most efficient additive for Cr recovery, and this should be
ready to apply in industry. The interesting properties of SiC as an additive have been dem-
onstrated, but how SiC should be applied has not been found yet.

Continued tests are recommended on the subject of combining Steelcal with various
types and quantities of reducing agents and slag additions in slags of various compositions.

����������

D?E 2�������3	
4��	�23
31

�� ���
��
���������
�����
 �����
 ��
�"
�
�����
������ 
��������
 ����
2
����� �)��

����4���	
F������
9@@�	
!!�
5�A58

D9E 5��
�����6���731
������
��
����
��� ���
��
��������
���
���������
8��
����!���
��������
����� �)���
���C

��������
�����������
G���
�	
!!�?�6@�A?�6?9�
G�����	
�����	
97A9�
���
9@@9

D�E 5����83	
9���	���:31

�� �-�����
��
���������
����� �)���
������
������������
��
���
H9@@@
�������
'���C

������
����������I	

������	
%�"

0����&��

���� -��
9@@;



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


