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Effect of the Slag Composition and a Protective
Atmosphere on Chemical Reactions and Non-Metallic
Inclusions during Electro-Slag Remelting of a Hot-Work
Tool Steel
Reinhold S.E. Schneider,* Manuel Molnar, Siegfried Gelder, Gerhard Reiter,
and Carlos Martinez
The remelting behavior of the hot-work tool steel X37CrMoV5-1 is investigated
with several experimental melts on a lab-scale ESR-plant. The investigated
parameters comprise a variation of the slag compositions and the use of a
protective nitrogen atmosphere. Variations of the slag composition include slags
with different contents of CaF2, CaO, and Al2O3 as well as a variation of the SiO2-
content in the slag. The remelted ingots are forged and analyzed regarding their
chemical composition. The distribution and composition of the non-metallic
inclusions (NMI) is studied by an automated SEM-EDX method. Additionally, the
chemical composition of the slag after remelting is analyzed. The results show
clearly an equilibrium reaction between Si and Al in the steel with SiO2 and Al2O3

in the slag as well as the effect of oxygen in open ESR operation. A protective
atmosphere reduces the Si-losses during remelting, but has no major effect on the
number or composition of NMI compared to open remelting. The content of NMI,
especially the larger ones, is reduced significantly in all remelting experiments. The
majority of the NMI are MA-spinel type except for the CaO-free slag, where
alumina inclusions prevail. In general, remelting leads to an almost complete
removal of sulfides, a reduction of oxisulfides, and a slight increase of oxides.
1. Introduction

Like in the early days of electro-slag remelting, as documented,
e.g., in refs. [1–3], this process is still mainly used to reduce
inhomogeneity (like segregations, shrink holes) and to improve
the cleanliness level, especially regarding large non-metallic
inclusions (NMI).[4,5] The cleanliness level and the type of
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inclusions are affected significantly by the
remelting slag.[1,2,6–10] Furthermore, the
slag composition, especially the basicity of
the slag, has a major effect on silicon
losses.[1,2,9,11] Regarding the effect of the slag
composition on the composition of the
NMI in tool steels after remelting, the
existing references are still limited.

The effect of different remelting
parameters on the formation of NMI
has found renewed interest as a prereq-
uisite for the production of steels with
lowest amounts of oxygen and NMI. The
effect of a protective atmosphere and
additions of a slag deoxidation treatment
on a corrosion resistant die steel is
described in ref. [5], showing that both
measures can provide similar improve-
ments when starting from high oxygen
contents in the electrode. On a similar
additionally Ni-alloyed grade, higher melt
rates resulted in significantly more,
but finer NMI and in a corresponding
increase of the oxygen content.[12] The
divergences were attributed to differ-
ences in the precipitation and growth kinetics. The origin
of NMI in a similar steel, determined with a La2O3-tracer in
the remelting slag, was in the focus of investigations in ref.
[13], indicating that, at least for larger inclusions, the majority
of NMI are formed newly during solidification, while some
MgO.Al2O3-(MA)-spinel type inclusions do either have a too
low La2O3-solubility or do originate from the electrode. The
effect that some inclusions survive from the electrode is
additionally supported by results in ref. [14], using different
3D analytical methods, but again with a focus on larger
inclusion and remelting of different ingot diameters. Results
from industrial trials on hot work tool steels and a martensitic
Cr–Ni-steel in ref. [15] demonstrate the strong cleaning effect
regarding NMI of ESR, especially of protective gas ESR,
almost reaching the quality level of VAR. Most inclusions
detected are of the MA-spinel type or have a high Al2O3-
content. Similar type, but significantly more inclusions were
found in a comparable hot-work tool steel from industrial
production.[16] In this context, the development of NMI over
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the whole process route demonstrates the cleaning effect of
the ESR process. The effect of higher SiO2 additions to the
remelting slag on the NMI composition is documented in ref.
[17] for a hot work tool steel and confirms earlier results in
refs. [1,9] whereby larger inclusions of a mixed (Ca,Al,Mg)O-
type with high SiO2 contents are formed. Nevertheless, and
similar to results in ref. [13], the majority of MA-spinels,
showed no significant change in composition and are in good
agreement with results in ref. [15]. Laboratory scale inves-
tigations in ref. [18] with a die steel show advantages of Ar as a
protective gas, low filling rations and a multi-component slag
compared to a binary CaF2�Al2O3-slag. Unfortunately
detailed information of chemical changes, slag compositions
after remelting, and NMI detection methods are missing for
better comparison. Substantial effects, both on chemical
reactions between the slag and the metal as well as on the NMI
composition can be achieved at lower frequency operation due
to polarization effects.[19] The effect of low frequency ESR in
comparison to DC-ESR of both polarities on the number and
types of NMI in a similar hot work tool steel is illustrated in
ref. [20]. While ESR with DCþ polarity leads to high amounts
of Al2O3-type inclusions in conjunction with strongly
increased oxygen contents, MA-spinel type inclusions domi-
nate in 1Hz AC- and in DC- operation. This effect can be
explained by electrochemical reactions similar to ref. [19].
Thereby, it has to be taken into consideration that current
densities in ESR operation according to ref. [3] depend highly
on the electrode and ingot diameter and the effects found in
refs. [19,20] might therefore not be that relevant for large
production units. Remelting a high-temperature steel, with
high MgO-containing slags lead to stronger reduction of
larger NMI with rising MgO-contents up to 10%. In contrast,
the number of small inclusions (< 4 μm) increased when the
amount of magnesia was raised.[10]

With the current work the effects of different slag
compositions in the standard system for ESR-slags
(CaF2�CaO�Al2O3), the influence of higher SiO2-contents
and of a protective N2-atmosphere were investigated with the
same hot-work tool steel. Thereby, the main focus was on
changes in the chemical composition, especially Al, Si, and O
during remelting and on corresponding changes in content, size
distribution, and chemical composition of particularly small
NMI. These results were partially presented in refs. [21,22].
Table 1. Nominal chemical compositions of the applied slags.

Trial, Slag CaF2 [wt%] CaO [wt%] Al2O3 [wt%] SiO2 [wt%] MgO [wt%]

3C3A 31.5 29.5 33.5 1.5 3

3C3A-N2 31.5 29.5 33.5 1.5 3

3C3A1S 29 27 30.5 10 3

4C4A 14.5 37.5 41.5 1.5 4

3A 68 - 30 2 -
2. Experimental Section

All experiments were conducted on a laboratory scale ESR plant
with amold diameter of 165mm and a low frequency (up to 5Hz)
ACpower supplywithamaximumcurrentof5 kAandamaximum
voltage of 100V. A more detailed description on the plant
configuration can be found in ref. [23]. To create a protective
atmosphere, the mold was covered with a furnace head. Prior to
melting operation the atmosphere was blown out by a nitrogen
gas stream until the measured oxygen content inside the mold
was below 0.1 vol%. The slag was than inserted into themold by a
valve system. During remelting under protective nitrogen
atmosphere, a constant gas flow of 30 lmin�1 was applied and
the oxygen content was controlled to be �0.1 vol%.
steel research int. 2018, 89, 1800161 1800161 (2 of 9) © 2
2.1. Investigated Materials

For the remelting experiments, the hot-work tool steel
X37CrMoV5-1 (standard ingot cast and rolled bars) was used.
The chemical composition of the steel (electrode) can be taken
from Table 3. All electrodes had a diameter of 101.5mm and a
machined metallic bright surface.

A variety of slags was applied to investigate the effect of
different slag compositions. The first slag, consisting of roughly
one third CaF2, one third CaO, and one third Al2O3 can be
regarded as a standard-slag in ESR-remelting. This slag was
applied twice, once in an open configuration in direct contact
with air, and once under protective gas (N2). All other
experiments were performed only in the open configuration.
The standard slag was also enriched with SiO2 to a starting
content of 10% (slag 3C3A1S). Slag 4C4A had a reduced CaF2-
content and slag 3A was practically free of CaO and MgO. The
initial chemical compositions were not experimentally analyzed,
but its nominal values, based on the components used, are
shown in Table 1.
2.2. Process Parameters

All experiments were performed with a frequency of 4.5Hz.
The starting procedure was conducted with solid slag and 3 g of
Al-granulate for initial deoxidation. The process was started by
so called “cold start procedure”. Therefore, the electrode was
contacted with the Al-granulate and the baseplate, forming an
open arc. Soon afterwards granulated solid slag components
were inserted into the mold. Subsequently, the arc not only
melts the electrode but also the solid slag and the system
changes from arc heating to resistance heating. During
the initial arc phase the Al-granulate act as a deoxidant. The
whole slag is melted after typically 15min. The parameters
were selected to realize comparable melt rates, which required
the adjustment of the melting current. The voltage was the
result of an almost constant immersion depth of the electrode
of about 0.5 to 1 cm. The main parameters of the remelting
experiments are summarized in Table 2. No deoxidants were
added to the slag during remelting. The ingot length after
remelting was between 420 and 490mm.
2.3. Materials Investigation

After remelting, the ingots were forged to a diameter of
60–80mm. The forging started at a temperature of 1150 �C, was
018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Process parameters of the remelting experiments.

Trial, Slag Atmosphere Slag [kg] Current [kA] Voltage [V] Melt rate [kg h�1] Immersion [cm]

3C3A air 5 3.5 60�62 63 1

3C3A-N2 N2 5 3.0 61�62 50 0.5

3C3A1S air 5 2.9 74�75 51 1

4C4A air 5 2.8 65�67 62 0.5

3A air 6 4.0 60�63 57 0.5
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conducted in one heat and completed above 900 �C. The degree
of deformationAinitial/Aend was always between 4 and 7. Samples
for chemical analysis and investigations on NMI were taken
from the upper third of the forged ingot. Additionally, the slag
was analyzed after remelting. An scanning electron microscope
(SEM) JEOL JSM 6490 fitted with an Oxford Instruments X-Max
50 X-ray energy dispersive detector (EDX) and the AZtec Feature
software suite was used for the automated analysis of the
non-metallic inclusions. The system equips a W-emitter and the
analyses were performed at an electron beam energy of 15 keV.
The automated NMI scans were acquired in standardized fields
of approximately 150mm2 using the backscattered electron
signal. In this imaging mode NMI appear darker as the
surrounding steel matrix due to the lower atomic number of
NMI-typical elements such as O and S. This phase contrast
allows the NMI to be recognized and their composition
subsequently analyzed by EDX. With this method it is thus
possible to fully characterize the position, size and composition
of any inclusion located within the limits of the preset scan area.
A detailed description of this method, its advantages and limits
can be found in ref. [24]. All detected NMI with an oxygen
content of 5wt% or more and an S:O-ratio of <0.15 were
considered oxides. Inclusions with oxygen and sulfur contents of
at least 2wt% each and an S:O-ratio between 0.15 and 6.67 were
categorized as oxisulfides (conglomerates of oxides and sulfides).
NMI with a sulfur content of 2wt% or more and an O:S-ratio of
<0.15 were taken as sulfides.
3. Results

3.1. Chemical Composition of the Ingots

The chemical composition of the electrode and the remelted
ingots is summarized in Table 3. There were no significant
changes in the contents of C, Mn, Cr, Mo, and V due to the
Table 3. Chemical compositions of the electrode and the remelted ingots.

Trial, Slag C Si [wt%] Mn [wt%] Cr [wt%]

Electrode 0.36 0.95 0.4 4.8

3C3A 0.36 0.90 0.4 4.9

3C3A-N2 0.36 0.91 0.4 4.9

3C3A1S 0.36 0.93 0.4 4.9

4C4A 0.36 0.91 0.4 4.9

3A 0.36 0.91 0.4 4.9
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remelting process. The chemical composition of the ingot
remelted with the standard slag 3C3A lead to a significant
reduction of the Si-content and a corresponding increase of the
Al-content (Figure 1). The application of a protective nitrogen
atmosphere has only a small impact on this reaction, leading to a
slightly lower loss of silicon. By increasing the initial SiO2-
content of this slag to 10% (3C3A1S) the Si-losses were reduced.
Furthermore, the Al-content of the ingot remained almost
constant compared to the electrode.

A variation of the CaF2-content toward lower CaF2- and higher
CaO-, as well as Al2O3-contents (slag 4C4A) has only little effect
on the chemical composition in comparison to the slag 3C3A. In
contrast, remelting with slag 3A does not alter the Al-content
compared to the electrode, despite having a similar Al2O3-
content as slag 3C3A. Concerning the Si-content the use of slag
3A results in a similar reduction as the other low SiO2-containing
slags.

The oxygen content after remelting was slightly reduced to
8–12 ppm at all experiments, except for remelting with the slag
3A, where the oxygen content almost doubled to 24 ppm. As
expected for ESR-remelting, the sulfur content was reduced
significantly from 13 ppm in the electrode to 4–9 ppm. The
highest value was found for remelting with the slag 3C3A under
protective N2-atmosphere.
3.2. Chemical Composition of the Slag after Remelting

Changes in the SiO2- and the FeO-content are clear indicators for
chemical reactions taking place during the remelting process.
Table 4 shows the slag composition after remelting for all five
experiments. Open remelting with the slags 3C3A, 4C4A, and 3A
results in a 2% to 3% increase in SiO2 compared to the nominal
starting composition and a FeO-content in the range of
0.1–0.2%. By using a protective nitrogen atmosphere, the gain
of SiO2 is reduced substantially and the final FeO-content was
Mo [wt%] V [wt%] Al [wt%] S [ppm] O [ppm]

1.2 0.4 0.018 13 13

1.2 0.4 0.059 4 11

1.2 0.4 0.065 9 11

1.2 0.4 0.015 6 12

1.2 0.4 0.053 4 8

1.2 0.4 0.016 8 24

018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Silicon and aluminum contents in the electrode and after
remelting.
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below 0.05%. Adding 10% SiO2 to the slag (3C3A1S) is effective
in reducing the rise of the SiO2-content, but results in the
highest FeO-level of all experiments.

Alterations of the other slag components were of minor
importance and within the typical uncertainty of measurement,
except for slag 3A. In the case of slag 3A, the Al2O3-content of the
slag after remelting was only 23%. This can mainly be attributed
to the high Al2O3-content in the slag skin at the copper mold,
which leads to a continuous loss of Al2O3 from the top-slag.
3.3. Non-Metallic Inclusions

3.3.1. Content and Types of Non-Metallic Inclusions

Figure 2 gives an overview on the total content (area%) of all
types and sizes of non-metallic inclusions. Starting from the
electrode, which contains mainly oxisulfides, but also notewor-
thy amounts of oxides and sulfides, remelting with the slags
3C3A (under air and under protective gas) and 3C3A1S leads to
an increase of the pure oxides and a corresponding reduction of
oxisulfides. While the total amount of NMI is slightly lower for
remelting under protective nitrogen atmosphere, the addition of
10% SiO2 does not have a significant effect on the total share of
NMI. Pure sulfides were removed almost completely at all three
remelting conditions.

The best results, especially regarding oxides, were found after
remelting with the slag 4C4A, which also corresponds well with
the lowest oxygen content of all ingots. In contrast, remelting
with the slag 3A leads to a high content of NMI in total, especially
Table 4. Chemical compositions of the slags after remelting.

Trial, Slag CaF2 [wt%] CaO [wt%] Al2O3 [w

3C3A 34.1 26.1 32.5

3C3A-N2 30.0 33.8 31.6

3C3A1S 29.8 24.8 31.7

4C4A 12.8 36.6 41.9

3A 69.1 2.6 22.9
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oxides, but to an extremely low content of oxisulfides. Again, the
oxygen content corresponds well with the amount of oxides.

This picture changes significantly when only inclusions larger
5 μm are taken into consideration (Figure 3). All five remelted
ingots have a significantly lower total content of NMI>5 μm than
the electrode. This is mainly based on the strong reduction of
oxisulfides, combined with a moderate increase in oxides. Only
the ingot remelted under the high SiO2-containing slag 3C3A1S
has a noticeable high oxide content and some pure sulfides. After
remelting with the slag 3A, the results for NMI>5 μm are almost
opposite to the results for all NMI. The share of oxides is on the
same level as for the other slags and the total amount of NMI is
the lowest.
3.3.2. Size Distribution of Non-Metallic Inclusions

Figure 4a–c provide a more detailed information on the size
distribution of the NMI. The number of oxides shrinks by several
orders of magnitude with rising equivalent circle diameter
(ECD), thereby the number of oxides in the ingots is higher than
in the electrode for almost all sizes (Figure 4a). Up to an ECD of
5 μm, the highest amount of oxides was found after remelting
with slag 3A.

In contrast, this slag lead to the lowest amount of oxisulfides
by far (Figure 4b). As for the other remelted ingots, the number
of small oxisulfides (< 5 μm) was similar to the electrode. The
remelting process reduced larger oxisulfides significantly. With
the exception of two large sulfides after remelting with slag
3C3A1S (Figure 4c), the amount of sulfides was reduced by one
order of magnitude or more in all remelting trials and for all
ECDs.
3.3.3. Distribution of the Chemical Composition of
Non-Metallic Inclusions

The chemical composition of the non-metallic inclusions is
illustrated in the ternary system Al2O3�MgO�CaO in Figure 5,
towardmost of the inclusions could be assigned to. Therefore, all
oxides and the oxidic parts of the oxisulfides were considered for
evaluation. The analyzed compositions were projected to 100%
by keeping their measured shares of Al2O3-, MgO-, and CaO-
contents. White areas represent compositions where no NMI
were detected. Blue areas correspond with those chemical
compositions that were found only in low concentrations. In
contrast, red areas show the chemical compositions with a large
t%] SiO2 [wt%] MgO [wt%] FeO [wt%]

4.4 2.8 0.2

2.4 2.0 <0.05

10.6 2.5 0.3

4.8 3.5 0.15

4.0 0.25 0.1

018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Content of non-metallic inclusion (NMI).
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share of the total inclusion area. These concentrations are always
based on the total content of NMI for each individual analysis
and are not related to an absolute value. As the number of
sulfides after remelting was very low, no detailed analysis of the
sulfide composition was performed.

Themain types of NMI in the electrode areMgO.Al2O3- (MA-)
spinel type as well as high MgO containing inclusions. A third
group with a higher share of the total area of inclusions are pure
Al2O3-type. Furthermore, some calcium–magnesia–aluminates
with a wide area of chemical compositions were found.
Remelting with the standard slag 3C3A leads to a concentration
of the NMI in the area of the MA-spinel and some calcium-
magnesia-aluminates with typically 50% Al2O3 or more. Similar
results were found after remelting under protective
N2-atmosphere and with the slag 4C4A, where the spinel-type
inclusions were shifted toward higher MgO-contents and several
high MgO containing inclusions were found, too.

The higher SiO2-content of the slag 3C3A1S shifts the
concentration of the MA-spinel as well as the calcium-magnesia-
aluminates toward higher Al2O3-contents. Not visible in these
figures, is another effect of the higher SiO2-content in the slag.
According to results published in ref. [9] especially calcium-
magnesia-aluminates have higher SiO2-contents with values of
over 20%. High MgO-containing inclusions were also found in
this sample.
Figure 3. Content of non-metallic inclusion (NMI)>5 μm.

Figure 4. Size distribution by ECD of a) oxides, b) oxisulfides, c) sulfides.

steel research int. 2018, 89, 1800161 1800161 (5 of 9) © 2
In contrast to all these results are the compositions of the non-
metallic inclusions after remelting with the CaO- and MgO-free
slag 3A. Almost all of the detected NMI have high Al2O3-
concentrations with minor contents of MgO or CaO.
018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Chemical composition of the detected nonmetallic inclusion, density function according to the share in area.
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4. Discussion

4.1. Chemical Reactions and Changes in the Composition of
Steel and Slag

The loss of silicon and the gain of aluminum in the steel,
according to refs. [1,2,8–10,25], depends largely on chemical
reactions according to equation (1) and (2).

3 Si½ � þ 2 Al2O3ð Þ $ 3 SiO2ð Þ þ 4 Al½ � ð1Þ

Si½ � þ 2 O½ � or 2 FeOð Þ $ SiO2ð Þ þ 2 Fe ð2Þ
steel research int. 2018, 89, 1800161 1800161 (6 of 9) © 2
Thereby, Equation (1) describes the equilibrium between Si
and Al in the steel and the content (activity) of SiO2 and Al2O3 in
the slag. This equilibrium condition is the primary reason for the
reduced Si- and the increased Al-contents after remelting with
the slags 3C3A and 4C4A and also for the reduced Si-losses and
the low Al-content after remelting with the slag 3C3A1S. In the
latter case, the higher SiO2-content in the initial slag largely
prevents reaction (1) due to an increase of the SiO2 activity in the
slag. This corresponds with results in refs. [1,11] where the
basicity CaO/SiO2 was used to describe the effect of higher SiO2

contents. The dashed line in Figure 1 indicates the stoichiometry
according to Equation (1), which was (within analytical accuracy)
fully observed only in the case of remelting under protective
atmosphere. All other trials show a loss in total AlþSi and are
018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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therefore situated below the equilibrium line due to oxidation
effects.

As described in refs. [5,18], scaling of iron to iron oxide at the
electrode surface above the slag, according to Equation (3), is the
main source of oxygen uptake into the slag when remelting is
performed without protective atmosphere.

O2 gð Þ þ Fe sð Þ $ FeOð Þ ð3Þ

Reaction (2) describes the subsequent effect of this FeO-
uptake into the slag, leading to an additional loss of silicon (and
aluminum). Both reaction (2) and (3) according to ref. [8] also
contribute to the observed increase on SiO2 and FeO in the slag
as can be taken from Table 4. Therefore, using a protective
atmosphere during remelting reduces the Si-losses and avoids
the uptake of SiO2 and FeO in the slag almost completely.

It is more difficult to understand the reactions for remelting
with slag 3A. First of all, the loss of Al2O3 in the slag from
initially 30% to about 23% during remelting, in accordance with
ref. [25], was proven to be the effect of preferential solidification
of Al2O3 in the slag skin at the ingot surface and has, therefore,
nothing to do with potential chemical reactions between themelt
and the slag. The Al-content in the remelted ingot is therefore
also the same as in the electrode. The loss of Si into the slag
(SiO2) and the rising FeO-content match well with those of the
slags 3C3A and 4C4A. These changes can therefore be solely
attributed to reaction (2) and (3). At similar contents of Si and Al
in the electrode and SiO2 in the slag after remelting, the reason
why reaction (1) does not lead to an uptake of Al can only be
explained by a significant increase of the Al2O3-activity, despite a
reduced Al2O3-content. This correlates with Al2O3-activity data
in ref. [26] proving that higher Al2O3-activities can be effective at
significantly lower Al2O3-contents.

In difference to ref. [5], where the oxygen content was largely
reduced by ESR, the oxygen level was lowered only slightly with
all CaO rich slags despite no deoxidants were added during
remelting. The explanation for this effect may be found in the
already very low initial oxygen content of the electrode. The trend
also matches with results in ref. [16] but on a lower oxygen level.
Furthermore, the result from the higher SiO2-containing slag
(3C3A1S) confirmed findings in ref. [9] that such additions of
SiO2 do not affect the oxygen content negatively.

Surprisingly the O-content after remelting with the domi-
nantly Al2O3-containing slag 3A almost doubled but correlates
well with findings in ref. [18], where a slag of type 3A lead also to
higher O-contents than a CaO-containingmulti-component slag.
Taking into consideration the explanation given before on a
higher Al2O3 activity for this slag, the reactions according to
Equation (4) will automatically lead to higher oxygen contents in
the steel.

2 ½Al� þ 3 O½ � $ Al2O3ð Þ ð4Þ

Changes in the sulfur content show significant desulfuriza-
tion in all remelting trials, which is in agreements with the
expected process behavior according to, e.g.[1,18,27] Nevertheless,
the initial sulfur content is already very low, therefore differences
in the final sulfur contents are more or less within the typical
scatter of the analytical method. However, the highest sulfur
steel research int. 2018, 89, 1800161 1800161 (7 of 9) © 2
content was measured after remelting under protective atmo-
sphere. According to refs. [1,18], this can be explained by the
missing effect of slag renewal due to an oxidation of sulfur in the
slag in contact with oxygen from the atmosphere according to
Equation (5) and (6).

2 S½ � þ 2 O2�� � $ 2 O½ � þ 2 S2�
� � ð5Þ

2 S2�
� �þ 3 O2f g $ 2 SO2f g þ 2 O2�� � ð6Þ

If the protective gas prevents reaction (6), reaction (5) leads to
a continuous uptake in sulfur into the slag, reducing the
capability for further desulfurization.
4.2. Amount, Size, and Composition of NMI

All remelting trials led to significant reductions in sulfides and
oxisulfides as well as to a more or less pronounced increase in
oxides. The reduction in sulfides and oxisulfides is directly
related to the reduction of sulfur as described before. This effect
can also be held responsible for the increase in oxides as,
according to findings in refs. [5,8,12], oxides often act as nucleus
for the sulfide formation leading to mixed NMI, which is less
relevant at such low sulfur contents.

The reduction of NMI is more pronounced for larger NMI,
which is in good agreement with the expected behavior. The
increase in fine oxide inclusions compared to the electrode
corresponds to findings in ref. [16]. However the total amount of
inclusions is significantly reduced, especially inclusions larger
than 5 μm. Severe reductions of small inclusions (<2 μm) as
reported in ref. [18] are probably the results of unspecified
“microscopic observations”.

The chemical compositions of NMI after remelting with the
slag 3C3A (with and without protective atmosphere) are in good
agreement with results from industrial production as described
in ref. [15] with a majority of NMI in the area of the MA-spinel
and also correlate broadly with results in refs. [9,14,16,18,20]
despite information on the slag composition is partially missing.
Variation of the slag compositions from roughly 30% CaO and
Al2O3 to 40% each as in slag 4C4A have only little effect on the
composition of NMI except for an increased amount of high
MgO inclusions, which corresponds with a slightly higher MgO-
content of this slag. A positive effect of higher CaF2-contents on
inclusion removal as described in ref. [28] for a Ni-base
Superalloy could therefore not be confirmed. Higher SiO2-
contents in the slag affect the SiO2-ration in the non-metallic
inclusions significantly, which is described in detail in ref. [17]
and correlates with earlier findings in refs. [1,9].

Removing CaO and MgO almost completely from the initial
slag, as in case of slag 3A, changes the composition of NMI
dramatically. Thereby alumina, in agreement with refs. [7,18],
becomes the predominant type and the amount, especially of
small oxide inclusions, more than doubled compared to the
other remelted ingots. The explanation for this difference can be
taken from the almost doubled oxygen content. As aluminum is
the dominant deoxidant, reacting to more stable oxides than
silicon and being significantly more available in the melt than
018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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magnesium or calcium, Al2O3 is preferentially formed during
the cooling and solidification of the metal. The lowMgO-content
in the slag fosters this behavior. More oxides, due to the higher
oxygen content, might also be the reason for the lower amount of
oxisulfides, as the NMI-cluster may fall below the S:O-ratio
threshold applied for the categorization.

This change in the composition of NMI with a complete
removal of MA-spinel type inclusions is in contrast to findings in
refs. [13,14], where this type on inclusions is assumed to have
partially survived from the electrode. Thereby it has to be taken
into consideration that investigations in refs. [13,14] focused on
larger inclusions (>8 μm) with a more than 40 times wider area
of detection. In this study the main content of inclusions is
<8 μm and can be regarded as newly formed during solidifica-
tion. Therefore their composition is mainly based on equilib-
rium condition between aluminum and oxygen in the steel and
not a question of survival from the electrode. This confirms
findings in ref. [5] that the dominant part of oxygen in the steel
can be found in small inclusions. These small inclusions cannot
be removed into the slag by floatation in the liquid melt pool and
become trapped in the advancing solidification front.[5,7,8]
5. Summary and Conclusions

Based on these results the following conclusions can be drawn.
Chemical reactions:
1)
stee
The reactions between Si and Al in the melt and SiO2 and
Al2O3 in the slag follow the equilibrium condition.
2)
 Higher SiO2-contents in the slag (3C3A1S) as well as a
reduction of the Al2O3 activity (slag 3A) can prevent the loss
of Si and the subsequent increase in Al.
3)
 Except for remelting under protective atmosphere, all
remelting trials showed a loss of SiþAl mainly based on
FeO uptake to the slag by the oxidation of the electrode.
4)
 Open ESR also leads to higher FeO- and SiO2-contents in the
slag than remelting under protective atmosphere.
5)
 Sulfur was reduced despite an already very low initial sulfur
level in the electrode, this effect was less pronounced under
protective atmosphere.
6)
 The oxygen content after remelting was slightly lower than in
the electrode except for the initially CaO- and MgO-free slag
(3A), where the oxygen content almost doubled.
7)
 This increase in oxygen with slag 3A can be explained by an
increase in Al2O3-activity.

Non-metallic inclusions:
8)
l r
The total content of non-metallic inclusions was reduced by
ESR, except for remelting with the initially CaO- and MgO-
free slag 3A.
9)
 Inclusions larger 5 μm were removed even more signifi-
cantly with all slags.
10)
 While the content of oxides rose, oxisulfides were reduced
and sulfides even stronger.
11)
 Therefore, themain improvement in cleanliness is based on
the reduction of sulfur (removal of sulfides) as well as on the
elimination of larger NMI.
esearch int. 2018, 89, 1800161 1800161 (8 of 9) © 2
12)
018 T
Similar to the NMI-composition of the electrode, the highest
content of NMI after remelting was of the MA-spinel type,
except for the initially CaO-and MgO-free slag 3A.
13)
 Remelting with the initially CaO- and MgO-free slag 3A
leads to Al2O3-type inclusions in the steel.
14)
 Higher MgO-contents in the slag result in more high-MgO
containing NMI after remelting.
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