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Effect of the Slag Composition on the Process Behavior,
Energy Consumption, and Nonmetallic Inclusions during

Electroslag Remelting

Reinhold Schneider,* Valentin Wiesinger, Siegfried Gelder, and Gerhard Reiter

Electroslag remelting (ESR) is an important process to produce high-quality tool
steels. The slag composition has a strong effect on the remelting behavior,
particularly on energy consumption and the removal of nonmetallic inclusions
(NMI). The latter aspect is strongly related to chemical reactions between the slag
and the metal and determines the necessary composition of the slag. Also, the
electrical conductivity of the slag is determined by the slag composition, and
a high resistivity is desirable. The effect of different slag compositions with
0%-60% CaF, and a corresponding wide range of electrical conductivities is
investigated regarding slag movement, slag surface temperature, and slag skin
thickness, as well as their impact on chemical reactions and the removal of NMI.
Therefore, a laboratory-scale ESR unit and the plastic mold steel X40Cr14 are
used for the experimental trials. The results show a strong impact on the
remelting behavior as well as on the specific energy consumption ranging from
~900 to over 1700 kWh h". The findings from the chemical analysis and
detection of NMI indicate that a similar metallurgical behavior is feasible, leading
to comparable amounts of dominantly Al,0;—MgO-type inclusions with some

1. Introduction

Electroslag remelting (ESR) is a well-estab-
lished secondary refining process for many
steels and Ni-base alloys with highest
requirements regarding material proper-
ties. The main purposes are a dense solidi-
fication of ingots with a low degree of
segregation as well as the reduction of
medium-sized and especially complete
removal of large nonmetallic inclusions
(NMI). The specific energy consumption
of ESR is documented in the range
from 880 to over 2000kWht .l
Rising requirements regarding sustainabil-
ity, emission control, and environmental
protection have triggered new awareness
for this topic.*®°! Besides plant geometry
and design, the customarily CaF,-based
slag plays the key role in the heat genera-

variation due to different activities in the slag.
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tion and energy consumption of ESR.

Key properties are the melting point as

well as the electrical and thermal conduc-

tivity.>'! Other factors such as fill ratio
and the amount of slag, or the melt rate can also have a strong
effect.[+811716)

According to Holzgruber,!'® rising fill ratios up to 0.4 lead to a
reduction in specific energy consumption due to a better heat
transfer into the electrode and less radiation losses at the free
slag surface. A further increase in fill ratio surprisingly resulted
in a reversed trend due to changing immersion depths. Results
from Li et al.,** both laboratory scale and industrial size, dem-
onstrate the strong effects of fill ratio (0.24 and 0.6) and electrical
conductivity on the specific energy consumption with values
below 1000 kWht ™! at higher fill ratios combined with low or
no CaF,-containing slags. CaF,-free slags in Briickmann and
Schwerdtfeger'”! confirmed their particular advantage in specific
energy consumption with values below 1000 kWht .

There are only few reports of systematic research on energy con-
sumption in ESR on the industrial scale. A recent investigation
with a wider variation of slags is documented in refs. [5-7], and
confirms an almost linear increase with electrical conductivity.
A similar but less pronounced increase is reported in Jiger and
Kithnelt'® for slag composition with a wide variety of CaF, con-
tents and a significantly higher fill ratio. A recent summary on the
different effects of the fill ratio and the electrical conductivity on the
specific energy consumption can be found in Schneider et al.,¥
indicating that the energy consumption data from laboratory scale
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experimental investigations can be transferred to industrial plants,
when experiments are conducted with similar fill ratios.

Results of laboratory experiments using various amounts from
1.3 to 2.4 kg of a CaF,-based slag are reported in El Gammal and
von Hagen!"* and exhibit an almost 50% increase of the specific
energy consumption with rising slag quantity. Such strong
dependency on the slag cap height was also observed in
Dewsnap and Schlatter!™® with an increase in energy consump-
tion of 40% when rising the slag cap height from 75 to 125 mm.
However, only a slight tendency of increasing energy consump-
tion when raising the amount of slag from 3.5 to 6.5 kg was
found in Schneider et al.,! indicating that other factors can con-
tradict this effect. The effect of the melt rate in Schneider et al.l*
was found to be minor as well, lying between the results in
refs. [11,13], which found almost no, and ref. [12] with a signifi-
cant reduction on energy consumption with rising melt rate.

The practical use of low or no-CaF, slags is still restricted due
to concerns regarding negative effects on the cleanliness levels as
indicated in Duan and Guo.”! A comparison after remelting
using a slag of 40% CaF,, 30% CaO, and 30% Al,0; with
CaF,-free slags shows that, except for higher SiO, concentra-
tions, good levels in cleanliness can also be achieved by all
slags.'”) However, the investigated steel had a relatively high
S content, hence improvements regarding cleanliness were
dominantly connected with sulfur removal, which is not directly
comparable with modern steelmaking praxis. Contrarily, accord-
ing to Anable et al.,[') CaF,-free slags led to a limited cleaning
effect compared to CaF,-rich ones. Two more recent comparison
using slags with different CaF, contents (32% and 14%) in
Schneider et al.*?”! showed no negative effect of a lower CaF,
content in the number and dependency size of the NMI.
Thereby it must be taken into consideration that cleanliness
requirements have shifted from original sulfide removal toward
oxide inclusion optimization.?** The focus of this investiga-
tion was therefore to determine the effect of a wide variation
of the CaF, content in the slag on process-related effects, espe-
cially energy consumption, as well as on quality-related aspects,
primarily the content and type of NMI, using a state-of-the-art
electrode material. Thereby the potential for significant energy
savings without loss in product quality should be evaluated.

2. Experimental Section

2.1. Materials

The steel used for the remelting experiments was the corrosion-
resistant plastic mood steel DIN EN X40Cr14 (AISI 420); its
chemical composition can be found in Table 1. The electrodes
had a diameter of 101.5 mm and a metallic bright surface.
Three slags chosen with varying amounts of CaF,, ranging
from 0% to nearly 60%, were used. The remainder consists of
roughly equal amounts of CaO and Al,O3, with small additions

Table 1. Chemical composition of the electrode in [wt%)].

C Si Mn Cr \ o S

0.38 0.7 0.5 14.2 0.2 0.0003 0.0009

www.steel-research.de

Table 2. Typical chemical compositions of the applied slags in [wt%)]
from ref. [25].

Commercial slag name  Abbreviation ~CaF, CaO AlL,O; SiO, MgO

ESR2022 60CaF, 580 150 23.0 1.0 2.0
ESR2015 30CaF; 315 295 335 1.5 3.0
ESR3002ELH 0CaF, 0 47.0 46.0 <0.8 5.0

of SiO, and MgO; their typical chemical compositions can be
found in Table 2. All slags were standardized products of
“Wacker Chemie AG” and were used in a premelted, granular
form. Slags will be labeled regarding their approximate CaF,
content, namely, 60CaF,, 30CaF,, and 0CaF,.

The electrical conductivity depending on the chemical compo-
sition and temperature can be calculated using the formulae
from Hara et al.?® The slag 60CaF, has a high calculated elec-
trical conductivity at 1600 °C of 2.53 Q™' cm™". The slag 30CaF,
is one of the standard slags in ESR with a medium electrical
conductivity of 1.55 Q™ cm ™", while the slag 0CaF, is CaF,-free
and has the lowest electrical conductivity of 0.88Q 'cm™".

2.2. Process Parameters

The experiments were performed on a laboratory scale ESR unit.
The power supply operates at 4.5 Hz with a maximum voltage of
100V and a maximum current of 5 kA. The used round mold was
slightly conical with an average diameter of 168 mm. The voltage
is mostly dependent on the immersion depth, the electrical con-
ductivity, and amount of slag. The most important parameters are
shown in Table 3. They were chosen to achieve a comparable melt
rate of about 50 kg h ™! while ensuring a stable remelting behavior.

2.3. Process Data Recording and Slag Temperature
Measurement

The electrical energy consumption and heat transfer, based on
flow rate and the resulting temperature difference, to the cooling
water were continuously measured throughout the remelting
trials. Additional slag surface temperature measurements were
performed with a two-color pyrometer (Keller PA41AF21/S) with
an average spot size diameter of 5+ 2mm and were started
when reaching a stable remelting behavior after 20 min.

2.4. Material Investigations

The ingots were forged, and samples were taken in the upper part
of the ingot for chemical analysis and investigation of NMI, the

Table 3. Process parameters of the remelting experiments.

Slag Slag Current Voltage Melt rate Immersion
amount [kg] [kA] v kgh™] [mm]
60CaF, 5 4.7 60-62 47 15
30CaF, 5 3.0 64-65 48 6
0CaF, 5 2.7 60-62 53 3
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latter was performed with an automated scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM-
EDS) system. Details on the examination method can be found
in Schneider et al.?% NMI with an O content >5 wt% and an $:0
ratio <0.15 were considered oxides. Inclusions with O and S
contents >2 wt% each and an S:O ratio between 0.15 and 6.67
were categorized as oxysulfides (conglomerates/compounds of
oxides and sulfides). NMI with an S content >2wt% and an
O:S ratio <0.15 were taken as sulfides.

3. Results
3.1. Specific Energy Consumption

The total specific energy consumption when remelting with the
slag 60CaF, was 1736 kWht ™', for the slag 30CaF, it amounted
to 1182kWht™! while the slag 0CaF, had the lowest specific
energy consumption with only 914kWht'. The distribution
of the energy losses can be taken from Figure 1. The cooling
of the base plate amounts to only 3%—4% of the energy dissipa-
tion during the stable remelting phase, while around 54%-59%
of the energy are lost to the cooling of the mold. Independent of
the slag used around 31%-34% of the energy consumption can
be attributed to losses in the rectifier. The rest of the energy is
lost to radiation of the slag surface and heat stored in the ingot,
electrode, and plant components, which amounts to 5%-10%.
It is clear that slags with a lower CaF, content, and therefore
lower electrical conductivity, lead to a lower specific energy
consumption.

3.2. Slag Surface Temperature and Slag Skin Thickness

To determine the true slag surface temperature, the temperature
measurements from the two-color pyrometer were extrapolated to
the mold height using a linear and power function, to account for
radiation absorption due to smoke, and are displayed in Figure 2.
Raising the CaF, content leads to an increased development of
smoke, which due to absorption of radiation leads to a steeper
incline and higher extrapolated slag surface temperature.
Figure 3 shows the slag skin thickness after remelting. While there
is almost no change between 0 and about 30% CaF,, the slag skin
thickness is drastically lower for the high CaF,-containing slag.

m Rectifier loss ®mRest ®Mold cooling = Base plate cooling
2000

1500

1000

500

Specific energy consumption
[kWh/t]

60CaF, 30CaF, 0CaF,

Figure 1. Specific energy consumption and distribution by cause of loss.
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Figure 2. Smoothed slag surface temperature curves with linear and
power extrapolations to the mold height.
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Figure 3. Slag skin thickness after remelting.

Higher viscosity slags with colder surfaces lead to lower heat
losses due to radiation and energy transfer to the cooling water.
The cellular appearance of the slag surface can be fine, as por-
trayed for slag 60CaF, in the left image in Figure 4 or coarse as
for slag 30CaF, in the center picture. High viscosity slags as seen
in the right picture for slag 0CaF, have a darker and seemingly
colder surface, broken up by surging slag that flows over the
formed slag skin. A correlation between energy consumption
and heat losses at the slag surfaces due to its behavior and
appearance can be observed.

3.3. Effect of Slag Composition on NMI

Figure 5 gives an overview on the content and size distribution of
NMI with an equivalent circle diameter (ECD) >3pm, comparing
electrode and remelted ingots. A general decrease in the total
amount in area percentage can be observed in all remelted ingots
compared to the electrode, with the largest reduction for the
CaF,-free slag. As for NMI larger 6 pm (ECD), the most signifi-
cant reduction was determined for the slag with 60% CaF,.
Differences can also be found in the type of NMI. The significant

© 2022 The Authors. Steel Research International published by Wiley-VCH GmbH
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Figure 4. Surface of the slags 60CaF,, 30CaF,, and 0CaF, (from left to right).
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Figure 5. Amount in area percentage of NMI, classified by size and type, as well as O and S contents of the electrode and remelted ingots.

share of sulfides and oxysulfide conglomeratres in the electrode
is strongly reduced during remelting. In reverse, increased O
contents result in an increase of oxides. In case of slag
60CaF,, the strong increase in oxygen leads to many small oxides
<3 pm ECD.

The composition of NMI is displayed in the ternary system
Al,05-Si0,-MgO in Figure 6a—d, to which most of all detected
oxides could be assigned. While white areas represent composi-
tions without NMI, there is an increasing concentration from
blue (few) to red (many NMI). Sulfides were always of MnS type
and were not included in these figures.

Most of the NMI detected in the electrode were along the axis
Al,05-MgO, with a wider variation in composition and some
CaO. After remelting, the desired MA-spinel-type inclusions
(Al,03.MgO) are predominantly formed after remelting with
slags of lower CaF, composition and some Al,03;—(CaO) inclu-
sions for slag 30CaF,. In contrast, remelting with the slag
60CaF, leads to an NMI composition with a high Al,O; content
and some MgO.

4. Discussion

Direct surface temperature measurement is limited by the fume
between the slag surface and the pyrometer, which according to
refs. [10,27,28], is mainly caused through the evaporation of vol-
atile fluorides such as CaF,, AlF;, and SiF,. The extrapolated slag

steel research int. 2022, 2200483 2200483 (4 of 7)

surface temperature increases dramatically when changing the
flow behavior from lid formation and capping to a constantly liq-
uid, cellular fluid flow pattern, but stays roughly constant at
higher electrical conductivities despite observed small changes
in the optical appearance of the slag surface. The observed
high-temperature values of the higher CaF,-containing slags cor-
relate well with values in refs. [4,29-31]. On the contrary, both the
flow behavior and the low slag surface temperature of the CaF,
free slag are quite similar to results of a low CaF, slag in
Schneider et al.' and correlate well with the trend found for
CaF-free slags in Kusamichi et al.*”!

The slag skin thickness of slag 60CaF, is around 40% lower
than the other two slags. According to ref. [25], these slags have a
similar melting point between 1350 and 1400 °C. Therefore, the
lower slag skin thickness may be related to a higher flow velocity,
which increases the heat transfer toward the mold wall.

A linear trend of the specific energy consumption with rising
electrical conductivity can be observed in Figure 7. Data from
refs. [5,14,21] support this linear trend, under consideration that,
as described in Schneider et al.,[* only experiments with a similar
fill ratio, determined by the ratio of the cross-sectional area of
electrode and mold, respectively (d*/D?), can be directly com-
pared this way. In the case of the laboratory plant used, the fill
ratio was 0.37. The comparatively high specific energy consump-
tion of slag 60CaF, might be additionally owed to the thinner slag
skin and bigger loss of energy to the cooling water and to radia-
tion but is still within the correlation range. In addition to the

© 2022 The Authors. Steel Research International published by Wiley-VCH GmbH
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Figure 6. Chemical composition of the NMI in the ternary system CaO-MgO-Al,O; a) in the electrode, and after remelting with the slags: b) 60CaF,,

c) 30CaF,, and d) 0CaF,.
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Figure 7. Specific energy consumption and its correlation with the electri-
cal conductivity for remelting with a comparable fill ratio.

improved energy consumption, CaF,-free slags reduce the envi-
ronmental pollution caused by volatilization of fluorides and
facilitate disposal according to refs. [9,32].

Changes in the NMI content, type, and composition
after remelting are in good agreement with results in
refs. [4,20,21,23,24] for slags with a medium to lower CaF, con-
tent. In refs. [22,33], the formation of predominantly alumina as
well as Al,0;-CaO inclusions is reported using a similar steel
and slag, but focusing on inclusions >8 pm, which might be sur-
viving inclusions from the electrode and therefore not in equi-
librium with the slag composition. As described in refs. [33,34],

steel research int. 2022, 2200483 2200483 (5 of 7)

significant differences on the size distribution have to be
expected. While in laboratory scale plants inclusion growth is
rather limited, larger inclusion up to about 40 pm can be formed
in large industrial ingots due to the growth of either newly
formed or surviving inclusions from the electrode. Thereby it
must be taken into consideration that NMI dissolution or absorp-
tion into the slag, as pointed out in refs. [34,35], are considered to
be the two main mechanisms for the removal of NMI. Using low
or no CaF,-containing slags, which according to Milles and
Keenel®*®! possess high viscosities, not only changes the flow
behavior, but may therefore also affect the absorption process
of NMI toward lower efficiency. Based on results in Li et al.,”!
a high CaO/Al,O5-ratio in the slag, corresponding to a lower vis-
cosity, increases the dissolution of Al,O3 in CaF,~CaO-Al,0;
slags, thereby indicating a way to improve the removal of
alumina type inclusions. Remelting with the slag 70%
CaF, + 30%Al,03, according to refs. [20,23,34], leads to mainly
alumina type inclusion, which correlates well with the inclusions
found for slag 60CaF,. The general effect of the Al,O; content on
the composition on the NMI composition is furthermore in
good agreement with modeling results in Wang et al.*® and
experimental trials in refs. [39,40], making a balanced and
well-adjusted Al,0; contents a key factor for optimized slag
compositions. The low amount of NMI after remelting with
the CaF,-free slag confirms the good results in Briickmann
and Schwerdtfeger!'” for slags with a lower SiO, content. The
activities of the slag components calculated by FactSage are
shown in Figure 8.

The high Al,O; activity and low MgO activity for the slag
60CaF, support the formation of alumina type inclusions,

© 2022 The Authors. Steel Research International published by Wiley-VCH GmbH
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Figure 8. Activities of slag components for the slags used calculated with
FactSage.

whereas the slags 0CaF, and 30CaF, have a significantly higher
MgO activity and lower Al,Oj; activity, which lead to the forma-
tion of Al;0;-MgO inclusions. Thereby the calculated activity
values can describe the NMI formation much better than the
measured Al,Os activity data of the pure CaF,~CaO-Al,O; ter-
nary system in Hino et al.*!] The importance of activity changes
at constant Al,O; content due to CaO additions is also docu-
mented in refs. [20,42], leading to higher MgO-containing
NMI with rising CaO content in the slag. Generally, it must
be taken into consideration that all remelting trials were con-
ducted without protective gas, which according to refs. [20,23,43]
increases the oxygen content.

The difference between the share of oxides and oxysulfides
(conglomerates and compounds of oxides and sulfides) between
the two lower CaF,-containing slags despites similar O and S
contents may be related to the defined criteria as inclusions.
Below the threshold ration S:O-ratio <0.15, inclusion can still be
oxysulfides but with a relatively small sulfide share. According to
Mitchell and Sjéquist Persson,**! such conglomerates of com-
pounds are typical for larger inclusions and named secondary
inclusions in refs. [22,33].

5. Conclusion

Based on the results, the following main conclusion can be
drawn: 1) An increase in CaF, content of the slag leads to more
smoke formation, a higher slag surface temperature, and a lower
slag skin thickness; 2) The corresponding increase of the electri-
cal conductivity by raising the CaF, content results in a signifi-
cantly higher specific energy consumption; 3) All slags used
reduced the content of preferentially larger NMI, mainly the sul-
fides, combined with an increase of fine oxides due to open
remelting in contact to air; 4) Based on changes in the activity
of the slag components, the type of NMI after remelting changes
from high-Al,03-containing inclusions at high CaF, contents to
MA-spinel-type inclusions for low and no CaF,-containing slags;
5) The results indicate the potential to use slags with higher
resistivity without significant losses in product quality; 6) More
in-depth investigation, especially regarding the absorption of
larger NMI, is necessary to clarify the cleaning effects of the dif-
ferent slags.
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