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A B S T R A C T

Development of significant provisions of the slag melts theory made it possible to substantiate a change 

in the average oxidation state (o.s.) of iron in the slag phase, and also to determine the conditions and 

limits of such changes. It is shown that the value of the equilibrium oxygen partial pressure, Po2 as a value 

available for measurements is possible to be taken as a measure of slag redox potential of, taking into 

account its electronic system performance (the Fermi level). It is established a functional relationship 

between the average o.s. of iron in the oxide-fluoride melted slags, Po2 value and the temperature. Taking 

into account the structural peculiarities of the external iron electron shells, a kind of dependence of its 

average o.s. in the slag phase on Ро2 was proposed and it was experimentally established that a decrease in 

Ро2 from 10–6 to 10–10 Pa at 1873 K leads to a decrease in by o.s. approximately a factor of 2. An increase 

in the iron content in a slag leads to a monotonous increase in its average o.s. The study of Mössbauer 

absorption spectra of quenched slag samples confirmed the possibility of simultaneous presence of iron 

in the slag in oxidation states from 0 to +3.
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Introduction  

Electronic structure of transition elements — (n – 1) 

dxnsy determines the number of possible oxidation states 

(o.s.) of each element, which corresponds to its unique 

nature. This is one of the fundamental properties, which 

depends on the distribution of the electron density and the 

bond character that are represented by physical research 

methods reflecting the fluctuations of electronic states. 

A feature of a melted slag, containing the transition 

elements (iron, chromium, manganese, titanium) is the 

variation of its redox properties within a wide range as a 

result of the change in the o.s. of these elements [1, 2]. 

Despite the fact that in many cases the deviation areas 

of slag compositions in comparison to stoichiometrical 

are very small, these deviations affect significantly not 

only their redox properties, but also sorption, electrical, 

diffusion and other characteristics. Theoretical and ex-

perimental studies of slag melts with a large variety of the 

manifested o.s. of d-elements are of considerable interest. 

Fundamental part

However, the state of the slag phase cannot be fully 

described by indicating only the temperature, pressure 

and nominal chemical composition. Additional data are 

required documenting the level of redox potential. The 

proposition to take into account the characteristics of the 

electronic phase system [3, 4] lead to an expression for the 

component chemical potential:

0
( ) ( ) ( )ln ,i i i iRT aμ = μ + + μν′  (1)

where μ(i) — chemical potential of i component in slag; 

a ′(i) — i element activity fraction, which is only dependent 

on the nominal (analytical) composition of the phase; 

μ — chemical potential of the electrons in a phase (the 

Fermi level); νi — average i element o.s. in slag phase; 

R — absolute gas constant; Т — absolute temperature.

Average o.s. of k elements, that are an integral part of 

the phase, related to the electroneutrality equation: 
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where n(i) — the number of moles of i element in slag 

phase. Value νi is the difference between the number of 

electrons in an atom of i element (its number in the pe-

riodic table) and the average number of electrons at the 

energy levels of the atoms of this element in the phase. It 

is determined by equation [3, 4]: 
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where νi
max — integer value of the o.s. of i element;

Si — a number of energy levels with variable occupation; 

Eij — energy levels of j atoms of i element.

The theoretical analysis shows that for slags having 

a composition with a narrow nonstoichiometry interval, 

which are characterized by a weak dependence of νi on 
μ, a small change in the composition of the phase must 

be accompanied by a significant change in its redox po-

tential. 

If the slag is in thermodynamic equilibrium with the 

gas phase at partial oxygen pressure Pо2, then the chemi-

cal potentials of oxygen in gas μ{0} and slag μ(0) are equal. 

To assess changes in o.s. of elements that make up the slag 

phase, oxygen is used as reference element: ν0 = –2. This 

step allows taking the value of the equilibrium partial pres-

sure of oxygen as a measure available for measurements in 

the quality of the redox potential of the slag.
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Further analysis makes it possible to express the fea-

tures of the structure of the outer iron electron shells 

3d64s2 (i = Fe) by the dependence of its average o.s. in 

the slag phase on the energy states of the element and the 

Fermi level:
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Assuming that μ0
(0) = const and accepting assumption 

about zero width of 4s iron zone, we have: 

( )

( )

1 2 2

6 2

0 Fe1
O0Fe4s Fe4s

0 Fe2
O0Fe3d

1
lnP ; 

4

1
lnP ,

4

E E RT

E RT

= = μ −

= μ −  (6)

where 
2

Fe1
OP  and 

2

Fe2
OP

 — constants at a given temperature, 

which values can be calculated on the basis of data [5] on 

the dependence of liquid iron oxides composition on Ро2. 

Relation (5) and relation (6) following the transforma-

tions and simplifications, imply a functional relationship 

between o.s. of iron in the slag melt and Po2 value, which 

is available for experimental control [6]:
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Of course, the assumption of “zero width” of a num-

ber of energy levels of the transition elements is not strict. 

But it allows for interpreting the experimental data and 

obtaining practically useful recommendations.

Experimental study of o.s. components of slag melt 

showing the effect of slag oxidation (Ро2) on its chemi-

cal and phase composition, the electronic conductivity 

[7, 8] — difficult task, due to small changes in the chemi-

cal composition of the latter. The EMF method has a 

high sensitivity even with respect to minor changes in slag 

composition. The results of measuring Po2 and iron o.s. 

checking in oxide-fluoride slags are described in publica-

tions [9, 10]. 

The Mössbauer spectroscopy method can be considered 

a reliable method for determining the charge state of iron 

atoms in metallurgical slags [11]. Thus, the value of one of 

the main parameters of Mössbauer spectra description — 

the isomeric shift — is determined by the value of electron 

density of 1s-electrons on the iron atom nucleus, which is 

primarily related to the electronic configuration of the outer 

(valence) atom levels. As for oxygen and fluoride iron com-

pounds, a dependence of values of the isomeric shift on the 

formal iron o.s. is observed in compounds close to linear [12, 

13]. The relative areas of the Mössbauer spectra resonance 

lines are proportional to the relative content of the iron-

containing phase component they correspond to. Thus, the 

Mössbauer spectroscopy method is a direct method that al-

lows differentiating iron compounds in complex composi-

tion materials according to o.s. The main problem in the 

study of low-iron materials by Mössbauer spectroscopy is the 

small content of 57Fe isotope in natural iron. However, the 

use of the initial iron compounds enriched by 57Fe isotope 

makes it possible to obtain Mössbauer spectroscopy data for 

complicated study objects. 

Experimental part

For experiments on a laboratory resistance furnace 

with the graphite heater slags (Table 1) were preliminary 

calcined in air at 1073 K for 2 hours by fusing them in cru-

cibles of boron nitride. In addition, C2 slag was studied, 

which is used for ladle steel refining, as well as fluxes of 

electroslag remelting — ANF-1 and ANF-6.

The melts were added with successively increasing 

Fe2O3 powder addition from 0.05 to 3.0% of their origi-

nal weight (0.1 kg). At the same time, a short-term slag 

foaming was recorded, upon which Po2 measurement and 

sampling were performed. 

The first small portions of Fe2O3 led to a significant 

decrease in EMF (an increase in Po2 by 1.5÷3 orders). 

The effect of subsequent additives turned out to be weaker. 

Such results are distinctive in all study slags.

With the introduction of large Fе2O3 additives 

(0.5÷3.0% of the initial mass of the melt), metal beads 

were isolated from the slag. Beads collected from the 

bottom of the crucible were subjected to chemical 

analysis. The content of oxygen and carbon was within 

0.0015...0.0030% and 1.6...3.1% respectively. To deter-

mine these contents the high-temperature extraction 

method after preliminary electropolishing of the beads 

surface was used. The content of aluminium was with-

in 0.02...0.20%. To determine this content the spectral 

ana lysis method in the inductively-coupled plasma was 

used. Absolute permissible discrepancies intra-assay are 

characterized by the following values, %: [С] ±0.02, [Al] 

±0.005, [O] ±0.0004.

Slag samples were taken by freezing on a tungsten 

core, placed in liquid nitrogen and then analyzed by X-ray 

fluorescent method. The error in determining Fe concen-

tration in the slag was 0.02%. 

The relation of Ро2 with iron concentration in the 

slag expressed in its atomic fraction CFe, shown in Fig. 1. 

The line 4 in Fig. 1 is drawn on the assumption of stoi-

chiometric composition of iron oxide (II) and represents 

Table 1.  Initial chemical composition of the study slags

Slag 
type

Component content/ % wt.

CaF2 MgO Al2O3 SiO2 CaO FeO MnO Other, �

С1 – – 40.0 – 60.0 – – –

С2 11.0 23.2 22.4 13.1 30.0 0.10 0.1 0.10

ANF-6 62.6 0.7 29.6 2.6 4.2 0.11 0.1 0.09

ANF-1 85.8 1.0 3.5 3.2 6.2 0.11 0.1 0.09



17

 Steelmaking CIS Iron and Steel Review — Vol. 16 (2018), pp. 15–20

the dependence of the iron content in the slag on Ро2 in 

this hypothetical case. The experimental curves obtained 

for the studied slags are non-linear. The tangent of the 

angle between the line tangents to them and the axis of 

abscissas increases progressively as Po2 increases. This 

fact makes it possible to assess the value of νFe and its 

changes when Po2 changes using the relations proposed 

in the paper. 

The experimental points in Fig. 2 represent the results 

of the above described laboratory studies, as well as litera-

ture on other slags [14–20]. The curves were calculated 

based on relation (7) taking into account date [5] in the 

temperature range of 1523–2023 K. 

In order to confirm the relationship of the average iron 

o.s. in slags with Ро2, the Mössbauer spectroscopy method 

was used to differentiate iron atoms with different o.s. In 

doing so, the samples of slag with the iron oxide (III) ad-

dition of natural isotopic composition in the range from 

0.05 to 3.0% were studied as well as specially prepared 

samples using 57Fe2O3 as an iron source with an enrich-

ment level of 95% (iron content in slag from 0.5 to 2.0%). 

The samples were quenched in liquid nitrogen on tung-

sten or graphite rods.

Mössbauer absorption spectra of slag samples were 

obtained on MS104EM express spectrometer produced 

by “Cordon”. 57Со in the matrix of metallic rhodium with 

an activity of 1 and 25 mCi produced by “RITVERC” 

served as the source of γ-radiation. The presence of reso-

nant lines was monitored both in wide and narrow velocity 

ranges. Because of the low iron content in the samples to 

achieve an acceptable quality of the spectra, the spectral 

data was collected for a long time (up to 2 months). As 

a result, the temperature of some samples varied within 

the range of +17...+28 °C. Mathematical processing of 

the experimental Mössbauer spectra was carried out at 

high resolution (1024 points) using SpectrRelax 2.4 and 

Univem MS 9.08. For this purpose, the spectra were 

described by superposition of singlets, symmetrical 

doublets and sextets. The weakly pronounced effects 

observed for the study samples required taking into 

account the effect of iron admixture in the material of 

the beryllium window of the spectrometer detector on 

the spectra. In this regard, spectrum parameters without 

a sample-absorber (background level) were previously 

Table 2.  Parameters of Mössbauer spectra of ANF-6 slag samples

Sample
reference code

Sampling 
time interval /s

Additive mass 
fraction Fe / %

δ/mm/s Δ/mm/s Гexp /mm/s Heff/T S(k)/ % νFe (k) Average νFe

Background 1 0.13 0.57 0.26 100

2-1 5 0.5

1 0.00 0.00 0.30 33.0 41 0

+1.18
2 0.96 0.44 0.31 22 +2

3 0.76 1.43 0.55 27 +2

4 1.35 1.47 0.30 10 +2

2-2 5 1.5

1 0.00 0.02 0.22 32.9 8 0

+1.84
2 0.94 0.57 0.32 25 +2

3 0.81 1.38 0.61 45 +2

4 1.26 1.52 0.64 22 +2

2-3 5 2.0

1 0.90 0.83 0.55 30 +2

+2.042 0.94 1.72 0.91 66 +2

3 0.34 0.73 0.25 4 +3

1-1-57Fe 5 0.5

1 0.00 0.20 4 0

+1.802 0.23 –0.07 0.74 18.2 36 0

3 0.29 0.55 1.19 60 +3

1-2-57Fe 900 0.5
1 –0.08 0.00 1.00 27.6 68 0

+0.96
2 0.25 0.68 0.83 32 +3

Fig. 1. The relationship of lgРо2 with iron concentration 
in oxide-fluoride slags at 1873 К [6]: 

 1 — ANF-1; 2 — ANF-6; 3 — C2; 4 — is drawn 

on the assumption of stoichiometric composition 

of iron oxide (II)

Fig. 2. Dependence of the average iron o.s. in slags on lgРо2
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determined, then taken into account when processing the 

spectra of study samples. Table 2 shows the parameters 

of the spectra after subtraction of the beryllium window 

subspectrum (background). Chemical shift values are in-

dicated relatively to α-Fe.

The Mössbauer spectra of the study samples (Fig. 3) 

represent a combination of broad, poorly resolved 

resonance lines with a highly low effect value (about 

0.1 %). In most cases, the main part of the spectrum is 

concentrated in its central “paramagnetic region”. For 

samples 2–1 and 2–2, rather narrow resonance lines 

corresponding to α-Fe are clearly distinguished on the 

spectra indicating the realization of conditions similar 

to equilibrium when forming this phase. In case of sam-

ple 1-1-57Fe, it is possible to distinguish subspectrum 2 

with parameters corresponding to the metal-like iron 

θ-carbide Fe3C [21].

For samples 1-1-57Fe and 1-2-57Fe the ferromagnetic 

part of the spectrum has a relaxation form specific for 

strongly disordered iron atoms in the phases obtained 

under nonequilibrium conditions. Nevertheless, for al-

most all spectra it is possible to give satisfactory models 

describing subspectra by 2÷4 superposition that can be 

unequivocally attributed either to the metallic iron de-

rivatives, or to the iron oxygen derivatives in o.s. of +2 

and/or +3. Practically for all samples (except for 2-1, 

Table 2), it is possible to reliably exclude the possibi-

lity of formation of fluoride iron compounds in o.s. of 

+2 and +3, because the observed isomeric shifts are no-

ticeably lower than the expected for iron atoms in the 

fluoride environment (1.36 for Fe+2 and 0.48 for Fe+3 

[13, 22]). 

Discussion

Owing to a considerable specific surface area of the 

dispersed particles of powder metal beads, as well as sta-

tistically uniform distribution over the slag volume, the 

degree of their composition reaching the equilibrium, 

confirmed by experimental verification [6]. Thus, the 

proposed procedure allowed investigating the features of 

iron equilibrium distribution between the metallic and 

slag phases.

 The relation of Ро2 with iron concentration in the slag 

expressed in its atomic fraction CFe, shown in Fig.1 in 

double logarithmic coordinates turned out to be nonlin-

ear. The  result obtained is satisfactorily explained taking 

into account a change in the average iron o.s. (νFe) in slag 

at a change in Ро2. Indeed, when νFe = +2, which cor-

responds to oxide FeO of stoichiometric composition, it 

can be written that:

[ ] ( )
2

1/2
2 Fe Fe O

1
Fe O FeO ; P

2
C K+ ↔ = , (8)

where КFe is a constant value for this slag composition at 

a constant temperature.

The line 4 represents this relationship (8) in Fig. 1. 

The tangent of an angle between the line and the abscissa 

axis at any point is 1/2. The tangent of the angle between 

the experimental curves and the abscissa axis gradually 

increases with increasing Po2, prompting suggestion that 

that Po2 affects νFe.

As noted above, metallurgical slags along with other 

condensed oxides are generally marginally non-stoi-

chiometric, that is having a finite (but not equal to zero) 

homogeneity area. In a particular case, for the oxide rep-

resented by the formula FeOх, the electroneutrality con-

dition (2) is expressed by the equation:

Fe O 0,v xv+ =  (9)

where νFe and νO are o.s. of iron and oxygen, respectively, 

with νO = –2.

The iron o.s. in the oxide phase is associated with its 

stoichiometric ratio by the equation:

νFe = 2x. (10)

Taking into account an “electronic” component μνi in 

equation (1) of the chemical potential of the slag compo-

nent (i) leads to the following expression for a coefficient 

of element distribution between metal and slag:

 ( ) [ ]/
i

RT
i iiK a a e

μν

= ′ . (11)

From relations (4) and (11) for i = Fe, the constant 

temperature assigned to the slag composition determin-

ing the values of A and B dimensional coefficients, at low 

concentrations:

Fe /4
Fe 2o

vC A B P= + ⋅ . (12)

It is easy to see that relation (8) is a special case 

(12) and νFe reflects the value of the first-order deriva-

tive of the functions mapped by the experimental curves 

in Fig. 1. 

а

b

c

Fig. 3. Mössbauer spectra of ESR slag of ANF-6 type, 
room temperature:
a — 2–1 (41% Fe0, 59% Fe+2); b — 2–2 (8% Fe0, 

92% Fe+2); c — 2–3 (96% Fe+2, 4% Fe+3)
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Despite the fact that the assumptions on zero width 

of iron 4s-zone of in the slag phase and μо
о constant for 

different slags are rather rough approximations, the ex-

perimental data on various slag systems correlate with 

the calculated dependence in the investigated range 

of Ро2.

Based on the fact that in derivation (7) a hypothesis 

was used saying that it is impossible to form stable iron 

compounds in the system at the o.s. of +1 [4], the con-

sistency of the data obtained in the present work with the 

theoretically predicted dependence indicates the correct-

ness of the assumptions made in (7) concerning possible 

iron o.s. in slags. νFe value is a statistical characteristic of 

iron o.s. (13):

( )
( )

0 2 3

0 2 3

Fe Fe Fe
Fe

Fe Fe Fe

0  … + 2  … + 3

 … +  … + 

n n n
v

n n n

+ +

+ +

= . (13)

The distribution of iron and oxygen between the slag 

and the metal can be represented as a result of redox re-

actions (14) and (15) involving nO and nFe moles of the 

oxygen and iron, respectively, in fulfillment the electro-

neutrality condition (16) taking into account the Gibbs-

Duhem equation (17):
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Fe Fe O2 0v n n− = . (16)

( ) ( )O FeO Fe
0.n d n dμ + μ =  (17)

The presence of “steps” on the curves (Fig. 2) cor-

responds to stable average iron o.s. that can be stipulated 

both by the predominance of the mole fraction of a cor-

responding o.s. in Ро2 interval and their equilibrium. 

The average o.s. for samples can be calculated by the 

relation (7) on the basis of the obtained data: 

( ) ( )Fe
Fe

100

S k v k
v

⋅
= ∑ ,  (18)

where S(k) is the relative area of subspectrum k, νFe(k) is 

iron o.s. corresponding to subspectrum k in Table 2. The 

data obtained from the Mössbauer spectra are shown in 

Fig. 4.

Based on the analysis of the results obtained within 

each series of experiments, it can be concluded: 

– all slag samples are phases of complex composition 

containing iron in o.s. of 0, +2 and +3 in various combi-

nations and ratios;

– an increase in the iron content in the slag leads to a 

monotonous increase in the average o.s. and a decrease 

in the metallic iron fraction;

– average iron o.s. in the slag is mainly determined by 

the balance between Fe0
 and Fe+2;

– in samples extracted from melts immediately after 

adding 57Fe2O3, the average iron o.s. is mainly determined 

by Fe0
 and Fe+3, and in 15 minutes most of the iron is 

reduced to metal reducing the average o.s. up to +0.96.

 So, by Mössbauer spectroscopy method, the hypoth-

esis has been confirmed expressed earlier about iron in 

o.s. Fe0, Fe+2 and Fe+3 slag melts and the conditions have 

been identified determining the ratios of these o.s.

Conclusions

Taking into account the structural peculiarities of 

the external iron electron shells, a kind of dependence 

of its average o.s. in the slag phase on Ро2 was proposed 

and it was experimentally established that a decrease in 

Ро2 from 10–6 to 10–10 Pa at 1873 K leads to a decrease 

in νFe by approximately a factor of 2. An increase in the 

iron content in a slag leads to a monotonous increase 

in its average o.s. and a decrease in the proportion of 

metallic iron.

 Summary

Investigation of the change in average iron (νFe) o.s. 

depending on Ро2 and slag temperature on the basis of the 

use of electromotive force methods with solid electrolyte 

and Mössbauer spectroscopy confirmed the possibility 

of simultaneous presence of iron in o.s. from 0 to +3 in 

a slag melt. The obtained theoretical and experimental 

results are consistent with the concepts of slags as phases 

of a composition variable by oxygen, the thermodynamic 

description of which requires accountancy of their elec-

tronic system characteristics. 

The results indicating the simultaneous presence of 

iron in slags in various o.s., the established relationship 

of Ро2 with the content and the average iron o.s. are of 

interest for the improvement of metallurgical technolo-

gies that require maintenance of a given redox potential of 

slag with various steel refining options, primarily for the 

off-furnace processing and electroslag remelting. Due to 

the expressness and objectivity of such information, the 

issues of control over slag oxidation, the content of easily 

Fig. 4.  Change in the relative iron content in various o.s. 
(squares) and the average o.s. (dots) depending 
on the iron content in ANF-6 slag according 
to Mössbauer spectroscopy data
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oxidizing elements in the fusion-bonded ingot are most 

adequately addressed.
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