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During the processing of stainless-steel grades in an electric arc furnace (EAF) a considerable amount of chromium can be lost
due to oxidation. These chromium oxides form different phases in the slag, the most stable being the spinel phase. The basicity
of the slag has a major impact on the composition of the chromium oxide phase. A phase analysis revealed two types of
chromium oxide phases, calcium chromites and chromite spinels, which are dependent on the chemistry and the basicity of the
slag. The calcium chromites only form at a high slag basicity, while the chromite spinels form at both high and low basicity. The
effects of ferrosilicon additions were observed as they have a profound effect on both the slag and the chromite spinel chemical
composition.
Keywords: chromite spinel, calcium chromite, stainless steel slag, chromium loss
Med izdelavo nerjavnih jekel v EOP lahko pride do znatnih izgub kroma zaradi oksidacije. Kromovi oksidi v `lindri tvorijo
razli~ne faze, najstabilnej{a je spinelna faza. Bazi~nost `lindre ima velik vpliv na fazno sestavo kromitnih oksidov. Fazna
analiza je pokazala prisotnost dveh vrst kromovih oksidov, odvisnih od kemijske sestave `lindre in bazi~nosti, to sta kalcijev
kromit in kromitni spinel. Kalcijevi kromiti so prisotni ob visoki bazi~nosti, medtem ko so spineli prisotni tako ob visoki kot
nizki bazi~nosti. Opazovani so bili u~inki dodatkov ferosilicija, ki odlo~ilno vplivajo na kemijsko sestavo `lindre in kromitnih
spinelov.
Klju~ne besede: kromitni spinel, kalcijev kromit, nerjavna `lindra, izguba kroma

1 INTRODUCTION
Chromium promotes ferrite1 and is an important
alloying element in steels, especially stainless steels.
Stainless steels contain chromium in excess of the mass
fraction w = 10 %;2 higher amounts of chromium in steel
leads to a higher corrosion resistance.3 Chromium is
added through the melting of stainless-steel scrap and
ferrochromium additions. Ferrochromium is available in
different grades that contain different amounts of chromium and other alloying elements. Carbon plays the
most important role as an alloying element in ferrochromium besides chromium, because oxygen blowing is
needed to remove the carbon from the melt, which can
cause chromium losses.
Chromium-rich slags typically form during the
melting of stainless-steel grades. Studies show that 97 %
of the chromium losses are attributed to the electric arc
furnace (EAF),2 during melting and to a large extent
during the blowing of oxygen into the melt in order to
remove the carbon.4,5 The oxidation of chromium takes
place alongside that of other alloying elements in the
steel, such as aluminum, carbon, silicon, manganese and
a certain amount of iron itself. The reaction of chromium
and oxygen dissolved in steel can be described as:6
2Cr( s) + 3[O] = Cr2 O 3 ( s)
(1)
ΔG10 = −1 127 100 + 250.80T (J)
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The dominant chromium oxide in the slag at the
melting temperature, without a protective atmosphere, is
Cr2O3.7 Oxides of alloying elements, among them chromium oxides, along with slag-forming oxide additions,
form different phases in the slag. There are two types of
chromium-oxide-based phases that are generally found
in a chromium slag, i.e., chromium-oxide-based spinels,
which are solid solutions, and calcium chromites, which
are stoichiometric compounds.8 Chromium-oxide-based
spinels contain Cr2O3, Al2O3, FeO, MgO and MnO,
while calcium chromites contain only CaO and Cr2O3.
Chromium oxide spinels precipitate in the liquid slag9
and affect the slag’s properties. The slag stiffens and becomes inactive, thus preventing the reduction of oxides
and attributing to the loss of alloying elements. When
spinels are formed, the activity of the chromium decreases because of the strong bonding in the spinel,
especially in the MgCr2O4.10
Reductive agents such as aluminum, carbon, ferrosilicon and even calcium carbide are introduced into the
slag in order to minimize the chromium losses.4,5,9,11–15 In
the case of the decarburization of the melt a typical
stainless-steel slag can contain from w = 30 % to 40 %
Cr2O3.15 The aim of this work is to study the phase
composition of chromium-rich slags and the composition
of chromium-oxide-based phases in order to establish the
basic conditions for further studies of the thermodyna753
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mic equilibrium mechanism of the chromium distribution between the steel and the slag.
2 EXPERIMENTAL
Slag samples were taken with a special spoon during
the steel processing in the EAF. One sample was taken
after the ferrochrome addition and the oxygen blowing
and another after the ferrosilicon addition. The samples
were left to cool; smaller pieces were cut away and put
into the mass for metallographic investigation. They
were grinded and polished and then carbon was evaporated onto the surface to provide electrical conductivity
for the electron microscope. Other pieces of the same
slag samples were crushed in a steel mortar, then in a
steel ball mill, and finally in an agate mortar to achieve
the final fine powder that is needed for the X-ray diffraction. The slag samples underwent light microscopy
(LM), (Microphot FXA, Nikon), electron microscopy
and electron-dispersive spectroscopy (EDS) analysis
(SEM-EDS, JEOL – JSM6500F) and X-ray diffractometry (XRD, Panalytical XPert Pro PW3040/60).
3 RESULTS AND DISCUSSION
Slag samples, before and after the ferrosilicon addition, were taken from high and low basicity slag.
The basicity is defined as:
%CaO
(2)
B=
%SiO 2
The samples with high basicity before the ferrosilicon addition contain both calcium chromites and spinels,
whereas the low-basicity samples after ferrosilicon contain only spinels. The formation of spinels is preferred
over the formation of calcium chromites.16 The spinels
are particles that precipitate at processing temperatures

Figure 1: Microstructure of slag with chromite spinels (B = 0.8, after
FeSi addition)
Slika 1: Mikrostruktura `lindre s kromitnimi spineli (B = 0,8, po
dodatku FeSi)
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Figure 2: Microstructure of slag with chromites, and calcium
chromites (B = 2, before FeSi addition)
Slika 2: Mikrostruktura `lindre s kromitnimi spineli in kalcijevimi
kromiti (B = 2, pred dodatkom FeSi)

from liquid slag, and the equations for precipitation
are:17,18
MgO(S) + Cr2O3(S) = MgO ·Cr2O3(S)
ΔG 30 = −30 221−19.945T (J)

(3)

FeO(S) + Cr2O3(S) = FeO ·Cr2O3(S)
ΔG 40 = −37 706 + 3.846T (J)

(4)

MgO(S) + Al2O3(S) = MgO ·Al2O3(S)
ΔG 50 = −20 740 −1157
. T (J)

(5)

The precipitated spinels are solid solution of all the
oxides mentioned above. The analyzed samples can be
divided into two groups, i.e., those with high basicity and
those with low basicity. The low-basicity samples
contain only chromites and no calcium chromites. The
spinels are of various sizes, from 10 μm to 100 μm, as
shown in Figure 1. The high-basicity slags (Figure 2),
on the other hand, contain large spinels that can reach

Figure 3: Ternary diagram of Mn-Fe-Mg in spinels (mole fraction)
before and after FeSi addition
Slika 3: Ternarni diagram Mn-Fe-Mg v spinelih (molski dele`) pred
dodatkom FeSi in po njem
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Figure 4: XRD spectrum of a slag sample before the FeSi addition
Slika 4: XRD-spekter vzorca `lindre pred dodatkom FeSi

sizes above 100 μm in diameter. The main difference,
however, is the presence of needle-shaped calcium
chromites. The EDS analysis of the slag samples showed
that the chemical composition of the spinels changes
during the processing. After the ferrosilicon addition, the
content of FeO in the spinels is lowered, as can be seen
in Figure 3.
Iron oxide is the most easily reduced of all the oxides
in the spinels and is therefore the most impacted by the
addition of FeSi. Magnesium oxide, on the other hand, is
very stable in the spinel phase and is not reduced, its
content is also increased by refractory degradation.19,20
FeSi is mainly added in order to reduce the chromium
content in the slag, but a significant part is used to
reduce the iron oxides. The diagram in Figure 3 shows
that FeSi does not reduce the manganese from the spinels very effectively. The composition of spinels follows
the parallel Mn concentration lines in the ternary diagrams, showing only slight deviations.
The XRD spectrum of the slag before the FeSi addition at high basicity (Figure 4) shows the presence of
spinels, calcium chromites and alpha iron.
After the FeSi addition at low basicites there are no
calcium chromites present, only spinels and alpha iron,
as can be seen in Figure 5. There are no more calcium
chromites present.
Alpha iron is the presence of metal droplets that form
due to the entrapment of the melt during the steelmaking
process, either because of mixing during the arc melting
and oxygen blowing or during the reduction of the
oxides to the metal state. The XRD spectra confirm the
observations under both SEM and LM. In fact, the SEM
EDS analysis of the metal droplets revealed that they
contained mostly iron and chromium, hence the ferrite
phase, the composition spanning from w(Cr) = 10 % up
to 20 %.
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Figure 5: XRD spectrum of a slag sample after FeSi addition
Slika 5: XRD-spekter vzorca `lindre po dodatku FeSi

The examinations of the slags revealed that although
all of the slags contained calcium chromites before the
FeSi additions, none of the samples after the FeSi additions did. The tendency of calcium oxide to form phases
with silicon oxides is clearly greater than that of forming
them with chromium oxides.
4 CONCLUSION
Chromium slags contain two types of chromiumbased oxides: calcium chromites and chromite spinels.
The composition of the chromites changes during the
processing; the addition of ferrosilicon (FeSi) significantly decreases the Fe content in the spinels.
The magnesium contents in spinels increases during
the steelmaking process, both due to the relative increase
of the content (FeO and Cr2O3 reduction) during ferrosilicon injection and due to MgO dissolution from the
refractory.
Calcium chromites form only in slags with high
basicity, when the silicon content in the slag is low; the
slag is saturated with CaO.
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