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Abstract 

As a final step in the argon oxygen decarburisation (AOD) process, argon- and nitrogen gas is 

blown through the melt. To regulate the nitrogen content in the steel melt during this step a 

reliable model is needed. With data from 31 heats of the duplex stainless steel SAF2507 

collected at Sandvik Materials Technology (SMT), different models are investigated. This is 

done by looking at the partial pressure of the nitrogen gas and the nitrogen content achieved 

during each heat. By calculating the nitrogen solubility in the steel melt with different models 

and then using Sieverts’s law, a partial pressure for the nitrogen gas is obtained for each heat 

and compared with the data. With adjustments done for a model obtained from J. Kijac et al., 

more reliable results are attained than by the model used today at SMT. It should be kept in 

mind that this model is based on the theory with diluted solution and is therefore not optimal 

for high alloyed steels, and it is suggested to develop a model from a software based on real 

solution such as Thermo-Calc. 

 

Sammanfattning 

I slutskedet av AOD-processen blåses argon- och kvävgas genom stålsmältan. En pålitlig 

modell behövs för att reglera kvävehalten i stålsmältan under det här steget. Olika modeller 

undersöks med data från 31 charger av det duplexa rostfria stålet SAF2507 samlad från Sandvik 

Materials Technology (SMT). Undersökningen sker genom att titta på partialtrycket av 

kvävgasen och kvävehalten som uppnåddes för varje charge. Genom att beräkna 

kvävelösligheten i stålsmältan med olika modeller och sedan använda Sieverts lag, kan ett 

partialtryck för kvävgas räknas ut för varje charge och jämföras med datan. Mer exakta resultat 

är uppnådda med en justerad modell hämtad från J. Kijac et al. jämfört med den modell använd 

på SMT idag. Att ha i åtanke är att denna modell är baserad på teori med antagande om utspädd 

lösning, vilket inte är optimalt för höglegerade stål och ett förslag är att utveckla en modell 

med hjälp av ett mjukvaruprogram som baseras på äkta lösning såsom Thermo-Calc. 
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1 Introduction 

Nitrogen can to some degree replace nickel in stainless steels, not only for the economical 

savings, since nitrogen is less expensive than nickel, but also since nitrogen contributes to 

desired properties. The regulation of the nitrogen content is preferably done in the Argon 

Oxygen Decarburisation (AOD) process. The AOD process is an important step in the 

secondary steelmaking process and it is under constant development, so that the industry can 

gain energy and economical savings. If the nitrogen content is too low after the AOD process, 

it usually needs to be regulated in the ladle furnace by the addition of solid nitrogen alloys, 

which is more expensive than adjusting the nitrogen content by using nitrogen gas in the AOD 

converter. By using a reliable model to regulate the nitrogen content in the AOD converter, the 

amount of nitrogen- and argon gas used could be reduced to only be what is necessary for the 

specific content. This would also shorten the time the heat spends at the AOD converter. A 

reliable model would therefore be beneficial for the nitrogen regulation process at the AOD 

converter.  

 

At Sandvik Materials Technology (SMT) there is no reliable model for the operators today and 

this project is investigating different models to use. Most models are based on diluted solutions 

which is not optimal for steels with higher amounts of added alloy elements, as for SAF2507 

(Sandvik Austenite Ferrite 25%Cr 7%Ni). Therefore, the software Thermo-Calc with its 

database based on real solutions is also investigated as a possible model. The aim for this study 

is to investigate different models for the nitrogen regulation and to see if any of the models 

would be suitable and reliable to use in the industry. This study is delimited to only one steel 

grade SAF2507. 
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2 Steelmaking at Sandvik Materials Technology 

The steelmaking process can be divided into primary and secondary steelmaking, where the 

primary is making the molten steel from ore or scrap and in the secondary the steel is refined 

in various ways. In the stainless steel production at SMT the melt is made from scrap and the 

melting occurs in an electric arc furnace (EAF). The refining steps occurs firstly in the AOD 

converter and secondly in the ladle furnace before casting.  

 

2.1 Electric Arc Furnace 

The first step in the steelmaking process is to melt scrap in an EAF. Scrap and alloying elements 

are charged from baskets to the EAF. Three electrodes made of graphite creates an electric arc 

between them and the scrap, which will start the melting process. The temperature can reach 

4000℃ [1]. When the scrap and the alloying elements has melted, the volume shrinks and more 

scrap can be added. The total capacity of the EAF at SMT is 75 ton. It is desirable with a 

foaming slag since it protects the refractory and increases the heat transfer between the 

electrodes and the steel [2]. When the melting process is completed, the melt is tapped into a 

ladle, where the temperature is measured and automated samples are taken to gain the chemical 

composition for the steel and the slag. Afterwards, the slag is removed.  

 

2.2 AOD converter 

The AOD process can be divided into three chemical reaction steps: the decarburisation, the 

chromium reduction and desulfurisation. The converter at SMT can contain up to 75 ton molten 

steel. Oxygen, argon and nitrogen can be blown into the melt through seven nozzles near the 

bottom of the converter. At other companies, gas can be blown from a top lance or from both 

nozzles and top lance. The gases are exiting the melt at the top of the converter. When blowing 

oxygen, the temperature in the steel will rise and sometimes become too hot. Cooling scrap of 

the same steel grade can then be added to lower the temperature [3]. 

 

The lining of the converter is made of dolomite, which is a high temperature resistive material, 

since the melt goes up to temperatures around 1700℃. The lining still needs to be repaired 

every 75th heat in average, usually every 5-6th day. There are three different converters in use 

at SMT, this is necessary to not hold up the production. The lining is being repaired on one of 

the converters, while the second is being dried after the lining has been repaired and the third 

is in production [3]. 
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2.2.1 Decarburisation 

The decarburisation step is necessary to decrease the carbon content. A high concentration of 

carbon in steel gives insufficient corrosion resistance and can also give inadequate mechanical 

properties. By blowing oxygen, the carbon in the steel melt will react with the gas and form 

carbon monoxide, as described in equation 1.  

 

[𝐶] +
1

2
𝑂2(𝑔) ↔ 𝐶𝑂(𝑔) (1) 

 

Where [ ] means that the element is dissolved in the steel melt. 

When exiting the melt, the CO will react with the air and form carbon dioxide. Equation 2 

shows how the oxidation of alloying elements like Cr also occur. 

 

2[𝐶𝑟] +
3

2
𝑂2(𝑔) ↔ (𝐶𝑟2𝑂3) (2) 

 

Where ( ) means that the element is in the slag phase. 

Equation 3 below shows the equilibrium between C and Cr: 

 

𝐶𝑟2𝑂3 + 3[𝐶] ↔ 2[𝐶𝑟] + 3𝐶𝑂(𝑔) (3) 

 

The equilibrium constant K for this reaction can be described by equation 4: 

 

𝑙𝑜𝑔 𝐾 =  𝑙𝑜𝑔 (
𝑎𝐶𝑟

2 × 𝑎𝐶𝑂
3

𝑎𝐶
3 × 𝑎𝐶𝑟2𝑂3

) =  −
39353

𝑇
+ 25.1 (4) 

 

Where, ai is the activity for element i, T is the temperature of the steel melt in Kelvin. 

Since CO is a gas, the activity can be set as equal the partial pressure. A lower partial pressure 

for CO increases the decarburisation, due to increased K which will lead to continued oxidation 

of C even though the carbon content is decreased [2]. 

2.2.2 Chromium reduction 

By adding reductants, which has a high oxygen affinity, the oxidized elements can return from 

the slag to the melt. The reductants used to reduce Cr is usually Si and Al. The reaction for the 

reduction and oxidation with Si is according to equation 5 [4]:  

 

2(𝐶𝑟2𝑂3) + 3 [𝑆𝑖] ↔ 4 [𝐶𝑟] + 3(𝑆𝑖𝑂2) (5) 
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The substances will also contribute in decreasing the oxygen content in the melt, as described 

by equation 6. This is of importance since a low oxygen content is preferred in the steel [1]: 

 

𝑆𝑖 + 2𝑂 ↔ 𝑆𝑖𝑂2 (6) 

 

The same goes for the aluminium addition, where Al in melt reacts with the oxide in the 

chromium compound in the slag as well as single oxygen in the melt. See equation 7 and 8 [1]. 

 

(𝐶𝑟2𝑂3) +  2 [𝐴𝑙] ↔  2 [𝐶𝑟] + (𝐴𝑙2𝑂3) (7) 

2 𝐴𝑙 + 3𝑂 ↔ 𝐴𝑙2𝑂3 (8) 

 

For steel grades with high demands on a low sulfur content, the main element to use for the 

desulfurisation is Al. This is the case for SAF2507, although some Si is required in the final 

composition and therefore added in a smaller amount [3]. A low viscosity, which can be 

achieved by adding CaF2, is beneficial for the chromium reduction. A high basicity will 

increase the activity for the chromium compound, which in turn will lead to a higher 

temperature for the steel melt (see equation 4). The basicity is a measure of the base to acid 

ratio. For the basicity in a slag containing both alumina and silica the ratio would follow 

equation 9 [1]: 

 

𝐵𝑎𝑠𝑖𝑐𝑖𝑡𝑦 =
%𝐶𝑎𝑂

%𝑆𝑖𝑂2 × %𝐴𝑙2𝑂3
 (9) 

2.2.3 Desulfurisation 

Lime (CaO) is added to decrease the sulfur content. The reaction for this can be seen in equation 

10. The sulfur bonds to Ca, leaving CaS in the slag and oxygen in the melt [1].  

 

(𝐶𝑎𝑂) + [𝑆] ↔ (𝐶𝑎𝑆) + [𝑂] (10) 

 

A high basicity in the slag yields a higher effect of the desulfurisation. An important factor for 

the desulfurisation is a low oxygen activity, which is achieved in the presence of Al or Si. For 

that reason, it is important still have some Al or Si left. To stir the melt, Ar/N2 -gas is blown 

through the nozzles in the bottom [1]. 
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2.2.4 Nitrogen regulation 

When the chemical composition of the melt is known, regulations of nitrogen can be made. By 

blowing either oxygen or argon, the nitrogen within the melt can desorb, leading to a lower 

value of the nitrogen content. Using nitrogen gas instead allows for an increase in the nitrogen 

content. Since Ar/N2-gas is used to stir the melt during the final step, the mixture is adapted 

after the nitrogen content in the melt [3].  

 

2.3 Ladle Furnace 

Before casting, the steel melt goes to the ladle furnace. In this stage the temperature is adjusted 

to be as optimal for the casting as possible. Inert gas is used for stirring and cooling the melt 

while graphite electrodes are used for heating. It is also in the ladle furnace the final change of 

chemical composition is made until tolerable values are attained [2]. 

 

2.4 Nitrogen in steel 

Replacing nickel with nitrogen in duplex stainless steel does not only contribute to decreasing 

the costs but it has also been shown that it has good effects on the properties of the material. 

Stainless steel in an austenitic phase has an octahedral fcc structure which results in a high 

nitrogen solubility. The nitrogen has a stabilization effect on the austenitic phase [5]. Nitrogen 

decreases the effect on stacking fault energy and increases the effect on internal friction which 

will lead to additional hardening effects. Very high yield strength, high corrosion resistance 

and high toughness are typical properties for austenitic high nitrogen steel [6]. It also helps to 

protect the steel from pitting and crevice corrosion. An excessive addition of nitrogen leads to 

brittle steel [5]. Usually the nitrogen content in high nitrogen steels are between 0.1-2 wt%. In 

constructional steel grades it is important to decrease the nitrogen content due to prevention of 

brittle fracture upon age hardening [7].  

2.4.1 Nitrogen solubility 

The nitrogen solubility can be affected by various factors, both thermodynamic and kinetic. 

For example, nitrogen solubility will increase by adding Cr, Nb, Mn, Mo, Ta, V or W [8] [9], 

and also when increasing the nitrogen pressure [9], see Figure 1.  
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Figure 1. Graph that shows the correlations between amount of Cr and N, and the nitrogen 

pressure [7]. 

Nitrogen solubility decreases with increasing temperature [8] [10], and also by adding Al, C, 

Co, Cu, Ni, O, Si or Sn [8] [10] [9]. However, some studies states that oxygen does not affect 

the solubility of nitrogen [10]. Regarding the chromium, some studies have shown that Cr 

increases the solubility only up to 16wt% and when the content of Cr is above 18wt% the 

nitrogen content decreases [9]. It is said that the addition of alloying elements that has a 

negative interaction parameter increases the solubility and with positive interaction parameters 

the solubility will decrease. This is because when the activity of nitrogen is lowered, the 

solubility is raised. The elements that will affect the solubility the most, Nb, V and Ti, may 

cause unwanted nitrides, therefore leading to Cr being the most important alloy element 

followed by Mn. The later will also stabilize the austenite without forming nitrides [7]. 

 

Regarding the kinetics, the amount of oxygen will decrease the rate of desorption and 

absorption of nitrogen. Cr will also affect the rate of the reactions with nitrogen and it assumed 

to be because Cr increases the nitrogen solubility by lowering the nitrogen activity in the melt 

and this will increase the rate of absorption. A dissociation reaction is when a compound breaks 

apart into two or more parts, and it is faster on the Cr-surface site than on the iron site. This is 

another possible cause for Cr to increase the absorption rate. It could also be that Cr attracts O 

and S away from the reaction surface, the surface between gas bubble and steel melt, which in 

turn increases the chemical reaction rate. It is known that the total reaction rate increases with 

increasing temperature [8]. 
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2.4.2 SAF2507 

Duplex stainless steel (DSS) consists of approximately equal amounts of austenite and ferrite. 

During the 1980s in Sweden a new DSS-grade was developed, called SAF2507, which is a 

trademark owned by SMT. Compared to already existing DSS it has higher contents of N and 

also Cr and Mo, which makes a great improvement on the strength and corrosion resistance 

[11]. An overview of the chemical composition can be seen in Table 1. 

 

Table 1. Wt% of alloying elements in SAF2507 [12]. 

Cmax Simax Mnmx Smax Pmax Cr Ni Mo N 

0.03 0.8 1.2 0.015 0.025 25 7 4 0.3 

 

SAF2507 is characterised by its: 

- High resistivity to general corrosion, erosion corrosion and corrosion fatigue. 

- Very high mechanical strength. 

- Physical properties that offer design advantages. 

- Excellent resistivity to stress corrosion cracking in chloride-bearing environments and 

to crevice and pitting corrosion [12]. 
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3 Models for predicting nitrogen content in the AOD 

process 

There are several different models developed for the AOD process that can predict how much 

of each gas to blow to gain a desired nitrogen content. To use these models, data about the 

chemical composition, temperature and pressure of the steel melt are usually needed. Most of 

them are built on the same basis, where firstly the nitrogen solubility in dilute iron alloy is 

described by the reaction of equation 11:  

 

1

2
𝑁2 ↔ 𝑁𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑖𝑛 𝑑𝑖𝑙𝑢𝑡𝑒 𝑖𝑟𝑜𝑛 𝑎𝑙𝑙𝑜𝑦 (11) 

 

The equilibrium constant, K, for the reaction is described by equation 12: 

 

𝐾 =
𝑎𝑁

(𝑎𝑁2
)

1
2

=
𝑓𝑁[%𝑁]

√𝑃𝑁2

 (12) 

 

Where fN is the activity coefficient for nitrogen, 𝑃𝑁2
 is the partial pressure of nitrogen and %N 

the dissolved nitrogen concentration. 

 

A new expression, equation 13, is obtained after taking logarithm on both sides of equation 

12: 

𝑙𝑜𝑔[%𝑁] =
1

2
𝑙𝑜𝑔𝑃𝑁2

+ 𝑙𝑜𝑔𝐾 − 𝑙𝑜𝑔𝑓𝑁 (13) 

 

It has earlier been established that nitrogen dissolves in iron alloys according to Sieverts’s law 

for pressures up to 1 atm and that the activity coefficient for nitrogen, fN, in binary Fe-N-

solutions can be taken as unity [13]. Sieverts’s law says that the solubility of a diatomic gas in 

a metal is proportional to the square root of the partial pressure of the gas in thermodynamic 

equilibrium, see equation 14. 

 

[%𝑁] ∝ √𝑃𝑁2
(14) 

 

The activity coefficient for the alloying elements, 𝑓𝑁
𝑎𝑙𝑙𝑜𝑦

, is not equal to 1, and with 

experimental results at 1 atm, relationships can be derived, where the standard state is taken as 

1 wt% solution of nitrogen in pure liquid iron. Equation 15 describes the equilibrium constant, 

K, at 1 atm, for an iron alloy: 

 

𝐾 = 𝑓𝑁
𝑎𝑙𝑙𝑜𝑦

× %𝑁𝑎𝑙𝑙𝑜𝑦 = %𝑁𝐹𝑒  (15) 
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This makes it possible to calculate 𝑓𝑁
𝑎𝑙𝑙𝑜𝑦

 from experimental measured solubilities. 

The activity coefficient for a multicomponent alloy can be expressed by using a Taylor series 

expansion where the higher order terms are ignored [13], see equation 16: 

 

𝑙𝑜𝑔 𝑓𝑁
 𝑎𝑙𝑙𝑜𝑦

= [𝑙𝑜𝑔 𝑓𝑁
 𝑁 + (

𝜕𝑙𝑜𝑔𝑓𝑁
𝑁

𝜕%𝑁
× %𝑁) + (

𝜕𝑙𝑜𝑔𝑓𝑁
 𝑗

𝜕%𝑗
× %𝑗) + (

𝜕𝑙𝑜𝑔𝑓𝑁
𝑘

𝜕%𝑘
× %𝑘)] (16) 

 

Since 𝑓𝑁
𝑁 can be taken as unity the first term vanishes. Each derivative is called first order free 

energy interaction parameter which is commonly written according to equation 17: 

 

𝑒𝑁
𝑗

= (
𝜕𝑙𝑜𝑔 𝑓𝑁

 𝑗

𝜕%𝑗
)%𝑗→0 (17) 

 

Where j is the alloy element.  

 

This relationship is based on dilute solutions, meaning that the wt% of the added alloying 

element is approaching zero. It was suggested that the Taylor series could be expanded 

further and include higher order terms, as in equation 18, to make the models applicable on 

high alloyed steels. 

 

𝑙𝑜𝑔 𝑓𝑁
𝑎𝑙𝑙𝑜𝑦

= ∑ 𝑒𝑁𝐹𝑒

 𝑗
× %𝑗

𝑚

𝑗=2

+  
1

2
∑ 𝑟𝑁𝐹𝑒

 𝑗
× (%𝑗)2

𝑚

𝑗=2

+ ∑ 𝑟𝑁𝐹𝑒

 𝑗,𝑘
× % 𝑗 × % 𝑘

𝑚

𝑗=2

 + ⋯ 𝑒𝑡𝑐. (18) 

 

Where the second order interaction parameters 𝑟𝑁𝐹𝑒

𝑗
 and 𝑟𝑁𝐹𝑒

𝑗,𝑘
 are defined according to 

equation 19 and 20: 

 

𝑟𝑁𝐹𝑒

 𝑗
= [

𝜕2𝑙𝑜𝑔 𝑓𝑁
 𝑗

𝜕% 𝑗2
]%𝑗→0 (19) 

𝑟𝑁𝐹𝑒

 𝑗,𝑘
= [

𝜕2𝑙𝑜𝑔𝑓𝑁
 𝑗,𝑘

𝜕%𝑗𝜕%𝑘
]% 𝑗,% 𝑘 →0 (20) 

 

When the nitrogen solubility is known, it can be used to calculate how much N2 (gas) is needed 

to obtain the desired nitrogen content. This is done by using Sieverts’s law, see equation 14, 

and equation 21 is achieved if the nitrogen solubility, [%N]solubility, is defined as the amount 

of dissolved nitrogen that stands in equilibrium with pure N2 (gas) at 1 atm. 

 

[%𝑁] = [%𝑁]𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦√𝑃𝑁2
(21) 
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This can be expressed as equation 22: 

 

𝑃𝑁2
= (

[%𝑁]

[%𝑁]𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦
)2 (22) 

 

By knowing the nitrogen solubility and what content of nitrogen that is desired, the partial 

pressure can be calculated and an accurate mixture of 𝑁2/Ar-gas can be chosen. 

 

3.1 Chipman and Corrigan 

Chipman and Corrigan [8] developed a model for nitrogen solubility by using only the first 

order interaction parameters and no higher order terms. See equation 23. The interaction 

parameters were obtained at 1600℃ in liquid iron.  

 

𝑙𝑜𝑔[%𝑁] =
1

2
𝑙𝑜𝑔𝑃𝑁2

+  𝑙𝑜𝑔 𝐾 − 𝑙𝑜𝑔𝑓𝑁 (23) 

 

Since the parameters are temperature dependent, Chipman and Corrigan created an expression, 

equation 24, so that the interaction parameter could be calculated at the current temperature. 

The partial pressure is set to 1 atm. 

 

𝑙𝑜𝑔[%𝑁] =  𝑙𝑜𝑔 𝐾 − (
3280

𝑇
− 0.75) 𝑙𝑜𝑔𝑓𝑁 (24) 

 

Equation 25 and 26 shows the definitions of log K and log fN. 

 

𝑙𝑜𝑔 𝐾 =  −
188

𝑇
− 1.25 (25) 

𝑙𝑜𝑔 𝑓𝑁 = ∑ 𝑒𝑁,1873 𝐾
𝑗

[%𝑗] (26) 

 

This model is only suitable for low alloyed steels. For example, the Cr- and Ni-content cannot 

exceed 10wt%, which is the case with Cr for SAF2507. The interaction parameters are 

presented in Table 2. 
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Table 2. Interaction parameters for Chipman and Corrigan’s model, where 𝑒𝑁
𝑗
 is the 

interaction parameter for element j [8]. 

j 𝑒𝑁
𝑗
 j 𝑒𝑁

𝑗
 

C 0.13 Co 0.01 

Si 0.047 V -0.1 

Mn -0.023 Cu 0.006 

Cr -0.045 Sn 0.006 

Ni 0.01 Nb -0.067 

Mo -0.011 Ta -0.034 

W -0.002   

 

3.2 S. Li-Yuan et al. 

S. Li-yuan et al. [14] added second order terms to the equation by Chipman and Corrigan, to 

adapt it for steels containing 14-18wt% Cr and Mn. The expression for log fN that follows can 

be seen in equation 27: 

 

𝑙𝑜𝑔 𝑓𝑁 = ∑ 𝑒𝑁
𝑗

[%𝑗]

𝑚

𝑗

 +  ∑ 𝑟𝑁
𝑗
[%𝑗]2

𝑚

𝑗

(27) 

 

Where Cr and Mn are the only components considered for the second order terms. The values 

for all the interaction coefficients, developed for 1600℃, are presented in Table 3. Equation 

28 shows value of log K. 

 

𝑙𝑜𝑔 𝐾 =  − 
188.052

𝑇
− 1.17 (28) 
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Table 3. Interaction parameters for the alloying elements at 1600℃, where 𝑒𝑁
𝑗  is the first 

order and 𝑟𝑁
𝑗 is the second order interaction parameter for element j [14]. 

j 𝑒𝑁
𝑗
 𝑟𝑁

𝑗
 

C 0.13  

Si 0.047  

Mn -0.02 1.5× 10−4 

S 0.007  

P 0.045  

O 0.05  

Mo -0.011  

Ni 0.01  

Cr -0.047 2.8× 10−4 

Cu 0.009  

 

3.3 D.R. Anson et al. 

By adding an adjustment on the Cr content, D.R. Anson et al. [13] developed the following 

model of equation 29: 

𝑙𝑜𝑔[% 𝑁] =
1

2
𝑙𝑜𝑔𝑃𝑁2 + 𝑙𝑜𝑔 𝐾 − 𝑙𝑜𝑔 𝑓𝑁 (29)

partial pressure was set to 1 atm and log K and log fN are defined according to equation 30 

and 31. 

 

𝑙𝑜𝑔 𝐾  =
1467.6

𝑇
− 1.28 (30) 

𝑙𝑜𝑔 𝑓𝑁 = [𝑒𝑁𝐹𝑒20𝐶𝑟

𝐶𝑟 × (%𝐶𝑟 − 20) + ∑ 𝑒𝑁𝐹𝑒20𝐶𝑟

𝑗
× %𝑗]𝑇,𝑃𝑁2

𝑛

𝑗=1,𝑗≠𝐶𝑟

 (31) 

 

The model is suitable for temperatures between 1550-1650℃. It is optimized for duplex 

steels with 20-30 wt% Cr and 5 wt% Ni. Pure liquid iron at 1600℃ was set as reference state. 

The interaction parameters used is presented in Table 4. 
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Table 4. Interaction parameters for the model from D.R. Anson et al., where 𝑒𝑁
𝑗
 is the 

interaction parameter for element j [13]. 

j 𝑒𝑁
𝑗
Fe20Cr reference state 

Cr -185.45/T+0.0694 

Ni 86.569/T-0.0371 

Mn -155.68/T+0.0701 

Mo 49.89/T-0.0344 

C 358.87/T-0.0724 

 

3.4 J. Kijac et al. 

J. Kijac et al. [10] used following model, equation 32, for nitrogen solubility:  

 

𝑙𝑜𝑔[%𝑁] =
1

2
𝑙𝑜𝑔𝑃𝑁2

−
664

𝑇
− 0.999 − 𝑙𝑜𝑔 𝑓𝑁 (32) 

 

The partial pressure was set to 1 atm and log K and log fN are defined according to equation 

33 and 34. 

𝑙𝑜𝑔 𝐾 =  
664

𝑇
− 0.999 (33) 

𝑙𝑜𝑔𝑓𝑁 = ∑ 𝑒𝑁
𝑖 |𝑖|

𝑖
+ ∑ 𝑟𝑁

𝑖 |𝑖|2

𝑖
+ ∑ ∑ 𝑟𝑁

𝑖𝑗|𝑖||𝑗|
𝑖𝑗𝑖

(34) 

 

The model of J. Kijac et al. considers the interaction parameters of both first and second 

order, the parameters varies with temperature and are presented in Table 5. 
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Table 5. Interaction parameters for the model from J. Kijac et al., where 𝑒𝑁
𝑖  is the first order 

and 𝑟𝑁
𝑖  together with 𝑟𝑁

𝑖𝑗
 are the second order interaction parameter for elements i and j [10]. 

i 𝑒𝑁
𝑖  𝑟𝑁

𝑖  i, j 𝑟𝑁
𝑖𝑗

 

C 90/T+0.047 60/T-0.022 C, Si 0.01 

Si 35/T+0.03 0.0008 Si, Mn -0.0009 

Mn -5/T+0.006 -0.0004 Mn, C 0.02 

P 148/T-0.034    

S 23/T-0.0053    

Cr -164/T+0.0415 0.00036   

V -316/T+0.053    

Ti -4835/T+2.04    

Al -332.2/T+0.04    

 

3.5 J. Riipi et al. 

J. Riipi et al. [15] calculated the equilibrium content of nitrogen by using a computational 

thermodynamic software called FactSage. Simplified descriptions for equilibrium content of 

nitrogen has been used, due to time-consuming calculations. The developed model can be seen 

in equation 35: 

 

[𝑁 𝑤𝑡%] = ((−11.786𝑚𝐶𝑟
2 + 1.8136𝑚𝐶𝑟 − 0.2325)𝑚𝑁𝑖 + 9.6786𝑚𝐶𝑟

2 −

1.1532𝑚𝐶𝑟 + 0.1518)𝑃𝑁2

1
2 (35)

 

 

 

Where mi is mass fraction of element i in steel melt and 𝑃𝑁2
 – partial pressure of nitrogen 

in the gas phase in contact with steel. 

 

Only Cr and Ni are considered because of its high effects on nitrogen solubility. Because the 

Mn-content was below 1.5wt% in the steel grade used in the experiment of J. Riipi et al., it was 

considered negligible and therefore not included in the model. This is also the case for 

SAF2507 [15].  

  

  



15 

 

3.6 Thermo-Calc’s real solution 

The interaction parameters are based on Henry’s law, which is limited to a small amount of the 

added component (diluted solutions). As seen in Figure 2 the results from Henry’s law is not 

accurate with higher amounts of alloying element. For high alloyed steels Henry’s law can 

therefore not accurately be applied. 

 

 
Figure 2. The vapor pressure of a component of a binary solution varying with dependence of 

added alloy element [16]. 

The software Thermo-Calc is based on experimental and theoretical data. Information about 

composition and temperature dependencies relate to thermodynamics and phase equilibriums 

to create the system [17]. In Thermo-Calc there are different databases, for example TCFE9 

which is a database made for Fe-based alloys and a variety of different steel types. TCFE9 is 

not based on diluted solutions, while other databases such as SLAG4 is. The minimum amount 

of Fe that is suited for the TCFE9 database is 50 wt%. An upper limit exists for other elements, 

for instance is the maximum limit for Cr 30 wt%, and for Ni 20 wt% [18].  
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4 Method 

To see which model that best correlates with the process at SMT, a comparative investigation 

is made. Data are collected from SMT with samples from 31 heats with SAF2507. The data 

contains chemical composition, the temperature of the melt, the partial pressure of the nitrogen 

gas blown and the nitrogen content measured after the final step in the process. Equation 36 

shows how the nitrogen solubility is calculated with each model for the 31 heats. The measured 

nitrogen content achieved after the blowing process is used in equation 22 with the calculated 

nitrogen solubility, and this gains a partial pressure:  

 

𝑃𝑁2
= (

%𝑁𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

 % 𝑁𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 
)2 (36) 

 

Where 𝑃𝑁2
 is the partial pressure of nitrogen, %Nmeasured is the wt% nitrogen in the taken 

sample and %Nequilibrium is the nitrogen solubility.  

 

The calculated partial pressure is compared with the partial pressure from the data, hereby 

referred to as the real partial pressure. The partial pressures should match well for a model to 

be considered reliable. With Thermo-Calc it is possible to calculate the partial pressure for 

nitrogen gas without firstly calculate the nitrogen solubility, possibly reducing the sources of 

error. The input values include the chemical composition, the measured nitrogen content, the 

pressure and the temperature. 

 

The values for the calculated partial pressures is plotted against the real partial pressure. This 

is compared with a diagonal line, for which the real pressures are plotted against both y- and 

x-axis. In this manner it is possible to see by how much the models deviates from the true 

values. The equations for the trendlines of the calculated partial pressures are set in the plots, 

as well as a correlation coefficient, R2. The R2-values indicates how big the standard deviation 

is from the model’s trendline. If the value is close to 1.0 the standard deviations is small, whilst 

a smaller number indicates a bigger standard deviation. The closer the slope of the trendline 

and the R2-value are to 1.0 the more reliable the model is considered. 

 

A current model at SMT is plotted the same way to see if any other model is more reliable than 

the one existing at SMT today. This model is based on the model of D.R. Anson et al. and 

adjustments has been made to correlate more. Models with R2-values and slopes of the trendline 

closer to 1.0 than SMT’s model is of great interest. 
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4.1 Adjustment of parameters 

Adjustments of the parameters can be done to further optimise the prediction of solubility and 

partial pressure of nitrogen. Since Cr is an alloy element with an important correlation with 

nitrogen solubility as well as its high content in SAF2507, an exchange of its interaction 

parameter is attempted. For the model of J. Kijac et al., this interaction parameter is exchanged 

to a parameter from another study [19] with a value of  −
171

𝑇
+ 0.043. Further adjustments to 

the model of J. Kijac et al. includes a change in the expression for log K, see equation 33, by 

changing the value 664.  

 

A further way to optimise the models is by using the regression tool in Excel’s data analysis 

for the plotted results. The values can be shifted such that the slope of the trendline both could 

be closer to 1.0 and be brought closer to the trendline of the real partial pressures. With help 

from the regression tool the partial pressures calculated with the model of J. Kijac et al. are 

multiplied with 0.6, and an addition of 0.2 is made. For the model of S. Li-Yuan et al., 0.15 is 

added to the calculated partial pressures and multiplied with 1.012. 

 

4.2 The nitrogen solubility with diluted and real solution 

By using an average chemical composition for SAF2507, based on data from SMT, the nitrogen 

solubility is calculated in Thermo-Calc. For a comparison between diluted and real solution 

both database SLAG4 and TCFE9 are used. The temperature interval is plotted between 

1500℃-1700℃ and content of nitrogen between 0-0.8 wt% and the pressure is set to 1 atm. 
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5 Results 

The calculations described in the method were plotted such that the models could be evaluated. 

The calculated values for each model are presented in separate plots. Figure 3 shows results 

from the model at SMT. 

 

 

Figure 3. The calculated partial pressures from the model used at SMT. 

 

The results from Chipman and Corrigan’s model is shown in Figure 4. Both the R2-value and 

the slope of the trendline is closer to 1.0 than SMT’s model, yet the pressures calculated are 

lower. 
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Figure 4. The calculated partial pressures from Chipman and Corrigan’s model.  

Figure 5 shows the results from the model of S. Li-Yuan et al. The values follow almost the 

same pattern as Chipman and Corrigan’s model but due to the second order interaction 

parameters they are set a bit higher and closer to the diagonal line. The slope of the trendline 

is therefore closer to 1.0 and the R2-value is lower.   

 

 
Figure 5. The calculated partial pressures from the model of S. Li-Yuan et al.. 
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The model of D. R. Anson et al. is presented in Figure 6. The slope of the trendline is closer to 

one than the model from SMT, yet the R2-value is the same. 

 

 
Figure 6. The calculated partial pressures from the model of D.R.Anson et al.. 

The result from the model of J. Kijac et al. are presented in Figure 7. The slope of the trendline 

is greater than the rest of the models, yet the R2-value is closer to 1.0. 

 

 
Figure 7. The calculated partial pressures from the model of J. Kijac et al.. 
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The results of the model of J. Riipi et al. can be seen in Figure 8. The slope of the trendline 

and the R2-value are lower than any other model. 

 

 
Figure 8. The calculated partial pressures from the model of J. Riipi et al.. 

The partial pressures calculated with Thermo-Calc (TCFE9) is presented in Figure 9. The 

slope of the trendline and the R2-value are closer to 1.0 than for SMT’s model. 

 
Figure 9. The calculated partial pressures from Thermo-Calc. 
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After the adjustments described in the method, the results changes for the model of S. Li-Yuan 

et al. according to Figure 10. The R2-value is the same but the slope of the trendline gets closer 

to 1.0.  

 

 

Figure 10. The calculated partial pressures from the adjusted model of S. Li-Yuan et al.. 

By regulating the value of 664, the most accurate results are gained with the value 644 instead. 

The adjustments done to the model of J. Kijac et al. gives a slope of the trendline closer to 1.0, 

as well as resulting in a smaller standard deviation. This can be seen in Figure 11. The change 

of the model’s interaction parameter for Cr results in its higher R2-value, as well as lowering 

the incline of the slope. The addition made with help from the regression tool decreases the 

value of the slope and brings it close to the value of 1.0.  
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Figure 11. The calculated partial pressures with the model of J. Kijac et al. after adjustments 

of parameters. 

 

In Table 6 the R2-values and slopes of the trendlines for each model are presented.  

 

Table 6. The different model’s correlation coefficient, R2, and slope of the trendline. 

Model R2-value Slope of trendline 

SMT 0.2018 0.405 

Chipman and Corrigan 0.422 0.8164 

S. Li-Yuan et al. 0.3838 0.8319 

D.R. Anson 0.2018 0.6215 

J. Riipi et al. 0.1189 0.2526 

J. Kijac et al. 0.4698 1.9369 

Thermo-Calc 0.2742 0.7423 

Adjusted S. Li-Yuan et al. 0.3838 0.8419 

Adjusted J. Kijac et al. 0.471 0.9878 
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Regarding the solubility of nitrogen, the comparison of the two databases from Thermo-Calc 

shows that the one based on a diluted solution yields a higher solubility, as can be seen in 

Figure 13 and Figure 12.  

 

 

 

 

 

  

Figure 13. Graph showing the solubility of 

nitrogen based on TCFE9. 

Figure 12. Graph showing the solubility of 

nitrogen based on database SLAG4. 
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6 Discussion 

To get a complete understanding of the AOD process more aspects involved in the matter of 

nitrogen solubility, for instance the size and flow of the gas bubbles, must be considered. 

Taking that aside, the work shows how nitrogen regulation is dependent of the used parameters 

in the solubility models. Although many models are based on diluted solution, the interaction 

parameters used are different, leading to varying results. This should indicate that adjustment 

of the models is beneficial to get results that better corresponds to the actual nitrogen solubility. 

For other steelworks the adjustments needed may differ.  

 

6.1 Evaluation of models 
 

The model from S. Li-Yuan et al., which has interaction parameters of higher order terms, does 

not show a lower R2-value than the model of Chipman and Corrigan. This is somewhat 

unexpected, since the addition of the second order terms was assumed to give values closer to 

reality. The only elements used for second order terms was Mn and Cr. With the adjustments 

made to the model of S. Li-Yuan et al. the R2-value do not differ and the slope only increased 

with 0.01. Apart from this the values are raised, leading to the model giving partial pressure 

closer to the real values.  

 

The R2-value for the model of D.R. Anson et al. and SMT’s model is the same. The former do 

have a better slope on the trendline, although the values are set lower. The reason that the model 

of SMT does not show any better results could be a consequence of which heats, as well as 

steel grade, that are used in this work compared with the ones used during the adjustments of 

the model.  

 

The slope of the trendline for the model from J. Kijac et al. changes a great deal after 

adjustments. The graph also shows that the results are more gathered around the trendline than 

it was before, due to the change of the interaction parameter for Cr. Considering that the 

adjustments leads to a higher R2-value than the model at SMT, as well as any other of the 

investigated models, shows that it is the most reliable model. Since the model of J. Kijac et al. 

do not contain any parameter for the content of Ni it would be interesting to see if such an 

addition would lead to an even better conformity with the actual system.  

 

The model of J. Riipi et al. is based on the software FactSage, for which it is unknown whether 

it is based on a diluted solution or not. Cr and Ni are the alloying elements with the highest 

contents in SAF2507 and the only ones included in this model. The results show that the R2-

value is smaller than the others. So even if Cr and Ni by far has the highest content, it may be 

insufficient to not include the other alloy elements. 
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6.2 Diluted solution 

The plots from Thermo-Calc shows that the calculated nitrogen solubility differs a lot 

depending on if the database used is based on diluted solution or on real solution. To have a 

model based on diluted solution is not optimal when having a higher amounts of alloying 

elements. When plotting the partial pressures achieved with Thermo-Calc, the result is not 

better than the model from J. Kijac et al. but it might be possible to adjust this model to make 

it more accurate. Due to time limitations this was not attempted in this project. 

 

6.3 Considerations 

All the models investigated are considering a constant temperature, which does not correspond 

to the real process where the temperature instead fluctuates. Another consideration to make is 

that the amount of the argon- and nitrogen gas blown into the melt is dependent on time. To 

not take that into account is not ideal, since equilibrium of the gas, slag and melt may or may 

not have been reached. A model that does not show good results could be more suitable if 

equilibrium is reached, since the calculations are based on an equilibrium state. To make the 

study more extensive the calculated solubility can be compared with samples where the 

solubility is reached. That is a matter of resources, as well as time, and were therefore not 

investigated.  

 

6.4 Ethical and social aspects 

The air consists of approximately 78% nitrogen. It takes less energy to extract nitrogen from 

the air and contain it as gas than to obtain solid nitrogen in form of an alloy. If the operators at 

the AOD have a reliable model to regulate the nitrogen content the use of solid nitrogen alloys 

in the ladle furnace will be reduced. 

  

If a model is reliable it would mean that the operators would need less tries to get the right 

nitrogen content. This would shorten the time spent on blowing gas and less amounts of 

samples would be necessary as well. Due to these factors less energy would be put into the 

AOD process, which is desired partly since the use of energy contributes to the climate change. 
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7 Conclusions 

Many alloying elements have an impact on the nitrogen solubility and the interaction 

parameters for these can be vital for the outcome when calculating the nitrogen solubility. For 

duplex stainless steels, such as SAF2507, the content of Cr is high and therefore of extra 

interest. Second order interaction parameters do not seem to be of greater importance. The 

results from the study shows that the adjusted model from J. Kijac et al. is the most accurate 

for SMT’s process. This is still based on diluted solutions which is not optimal to use as a basis 

and also this adjusted model might be difficult to adapt to other companies’ AOD processes. 
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8 Recommendations 

Based on the work done some recommendations are listed below. These includes 

recommendations for how the presented models could be investigated further. There are also 

general recommendations for further works on nitrogen regulation.  

Suggestions for further work: 

- Optimise the use of Thermo-Calc, or other software with database with real solution, 

to get results that are more adapted to the real process. 

- Add an interaction parameter for Ni to the model from J. Kijac et al., to see if that would 

benefit the results further. 

- Extensive conclusion of all effects on nitrogen solubility, kinetic and thermodynamic, 

would be of great importance when making a model for the nitrogen regulation that 

specifically takes place in the AOD converter.  

- Compare calculated solubility of nitrogen with samples where the solubility is 

reached. This could lead to a better understanding of how well the models 

corresponds to the process, and from there adjust the calculations for a better 

regulation.  
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Appendix A: Thermo-Calc command 

go da 

sw tcfe9 

def-sys fe si ni n mo mn cu cr c al 

get 

go p-3 

@@ note that the weight of alloy elements should be defined as fraction 

@@ enter values at “xx” 

s-c w(si)=xx w(ni)=xx 

s-c w(n)=xx w(mo)=xx 

s-c w(mn)=xx w(cu)=xx 

s-c w(cr)=xx w(c)=xx w(al)=xx 

s-c n=1 p=1e5 t=xx 

@@ 1e5 = 1 bar expressed in Pa if 1 atm = 101325 Pa 

c-e 

sh ac(n2,gas) 

exit 
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