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Slag carry-over and the production of 
clean steel

P.C. Pistorius

Synopsis
For effective steel refining in the ladle (secondary steelmaking) the amount of steelmaking slag that 
is transferred from primary steelmaking must be limited, because the steelmaking slag contains iron 
oxide, manganese oxide, and phosphorus oxide. Adverse effects of slag carry-over include increased 
consumption of deoxidizers, phosphorus pick-up by the steel, and increased ladle refractory wear. 
Infrared imaging at longer wavelengths is an effective non-contact method to detect slag in the tapping 
stream. Various devices are used to shut off the tapping stream rapidly. These include slag darts, 
pneumatic slag stoppers, and slide gates for steelmaking converters, and eccentric bottom tapping for 
electric arc furnaces.
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Introduction
Oxygen converters and electric arc furnaces are used for primary steelmaking. For both process types, 
the product (liquid crude steel) has a similar composition: largely liquid iron, with around 800–1000 
parts per million (ppm, by mass) dissolved oxygen and low but significant concentrations of carbon, 
nitrogen, and phosphorus. The steel is tapped into a ladle, which serves as the refining vessel to adjust 
the final steel composition and temperature before casting.

Some steelmaking slag is inevitably tapped with the liquid steel. The mass of steelmaking slag 
tapped with the steel is termed ‘slag carry-over’. Controlling and limiting slag carry-over from 
steelmaking is a primary requirement for clean steel production (Fandrich, Lüngen, and Wuppermann, 
2008). Steel cleanliness refers to limiting the concentrations of dissolved impurities (such as nitrogen, 
oxygen, phosphorus, and sulphur) and of nonmetallic inclusions (oxides, sulphides, and nitrides) in 
liquid steel and in the final solid steel product. Of these, the strongest effect of slag carry-over is on the 
content of dissolved phosphorus in the liquid steel. 

Slag carry-over increases the amount of deoxidant needed, increases wear of ladle refractory, and 
causes reversion of phosphorus (transfer of phosphorus from slag back to the steel). This paper briefly 
reviews the fundamental origin of these effects, and summarizes the practical methods that are used to 
limit slag carry-over.

Steelmaking process conditions
In primary steelmaking, conditions are relatively oxidizing because of oxygen injection. In steelmaking 
converters, oxygen is injected to react with the carbon in the hot metal (containing some 4% carbon) to 
convert this into crude steel with around 0.1% carbon. The total oxygen consumption in steelmaking 
converters is 50–70 Nm3 per ton steel (Remus et al., 2013). In electric arc furnaces (EAFs), oxygen 
is used to lance molten  scrap, and oxygen also reacts with carbon (from injected carbon and carbon-
bearing raw materials such as pig iron). Combustion of carbon provides energy and produces carbon 
monoxide to foam the furnace slag. The median oxygen consumption in electric arc furnaces in the 
USA is approximately 35 Nm3/t (Association for Iron & Steel Technology, 2018b). For both converters 
and EAFs the resulting oxygen activity in steel, expressed as the partial pressure of O2, is around 10-9 
atm. The relatively oxidizing conditions result in a high concentration of FeO in the steelmaking slag 
(typically around 25% FeO, with some MnO present too). Oxidizing conditions and a high slag basicity 
are necessary to dephosphorize the steel (Turkdogan, 1996). Phosphorus, which originates from the 
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steelmaking raw materials, must be removed to achieve the 
required mechanical properties of steel. A typical specification is 
that the phosphorus concentration in steel should not exceed 150 
ppm by mass. Phosphorus is removed from steel by oxidation, 
converting neutral phosphorus atoms to phosphate ions that 
dissolve in the slag. Primary steelmaking is the only step in steel 
production that allows for dephosphorization, and phosphorus 
removal is an important requirement in optimization of primary 
steelmaking practices (Wünnenberg and Cappel, 2008). 

The extent of dephosphorization can be expressed as the ratio 
of the mass percentage of phosphorus in the slag to that in the 
steel:

 [1]

This ratio LP, the phosphorus partitioning coefficient, 
depends on the temperature, slag composition, and reaction 
kinetics; typical values are in the range of 50–100 for primary 
steelmaking. For LP = 50, every 20 kg of slag contains as much 
phosphorus as 1 t of steel. The much higher concentration of 
phosphorus in steelmaking slag than in steel is one of the main 
reasons why it is important to limit slag carry-over.

After tapping into a ladle, the steel is deoxidized by adding 
elements with a strong affinity for oxygen (such as aluminium, 
silicon, or silicon and manganese). Oxygen must be removed 
to avoid the loss of (subsequently added) alloying elements 
by oxidation, and to avoid carbon monoxide porosity during 
solidification. Deoxidation lowers the concentration of dissolved 
oxygen from around 800 ppm to just a few ppm (in the case 
of aluminium-killed steel). The much lower dissolved oxygen 
concentration is reflected in an O2 activity of around 10-15 
atm., some six orders of magnitude smaller than in primary 
steelmaking.

The much more reducing conditions in the ladle (secondary 
steelmaking conditions) cause a large shift in redox reactions. 
At equilibrium, the concentrations of iron oxide and phosphate 
in the ladle slag are near zero: all the FeO, MnO, and P2O5 in 
carry-over furnace slag would be reduced by deoxidation and 
returned to the steel. The typical concentration of silica (SiO2) 
in steelmaking slag is 15–20% (Remus et al., 2013). Silica from 
carry-over slag is partially reduced by aluminium in deoxidized 
steel, causing some silicon pick-up by the steel.

Effects of slag carry-over
A survey of steel plants that was published more than two 
decades ago (Block and Piotrowiak, 1996) remains a useful 
summary of the main reasons to limit slag carry-over. For both 
electric arc furnace and oxygen converter plants, the main 
reported advantages of lower slag carry-over are improved oxide 
cleanliness of steel, less consumption of deoxidizer, decreased 
reversion of phosphorus (or of silicon), and improved ladle 
refractory life. 

‘Oxide cleanliness’ refers to the concentration of inclusions 
in the liquid steel. The basis of the effect of slag carry-over on 
oxide cleanliness is that FeO and MnO in the slag are sources 
of oxygen, and continue to react with dissolved aluminium 
(or other deoxidizers) in the steel to form alumina (or other 
oxide) inclusions until the concentrations of FeO and MnO are 
near zero. Such sustained formation of fresh oxide inclusions 
tends to increase the total inclusion concentration in the steel: 
a correlation was reported between the inclusion concentration 

and the sum (%FeO + %MnO) in ladle slag at the end of ladle 
treatment (Schwerdtfeger, 1983). Low inclusion concentrations 
were associated with (%FeO + %MnO) less than approximately 
4%. However, there are subtleties to the effect of (FeO + MnO) 
on oxide inclusion composition: the less-reducing condition 
imparted by retaining a few per cent of FeO and MnO in the ladle 
slag serves to retard transfer of dissolved magnesium to the 
steel, and so delays formation of magnesium spinel inclusions 
(approximate composition MgAl2O4) (Ahlborg, 2001; Kumar, 
Ahlborg, and Pistorius, 2017). Spinels are associated with 
clogging of continuous caster nozzles, so delaying formation of 
spinels during ladle treatment (by retaining some FeO and MnO 
in the ladle slag) can be beneficial for some steel grades.

Deoxidizer consumption and phosphorus reversion are 
strongly affected by slag carry-over, and this can be readily seen 
from a simple mass balance. The calculation was based on steel 
that contains 800 ppm dissolved oxygen upon tapping, with the 
steelmaking slag containing 0.25% P and a total of 25% FeO plus 
MnO. The steel was assumed to be deoxidized with aluminium 
after tapping into the ladle, with 0.05% Al remaining in solution 
in the steel after deoxidizing. The amount of deoxidizer (Al) 
required is the sum of the Al that goes into solution (0.05%, or 
0.5 kg Al per ton of steel) and the Al required to reduce dissolved 
oxygen (from the steel) and FeO + MnO (from the slag) according 
to the following reactions:

Figure 1—Calculated effect of carry-over of steelmaking slag on 
consumption of aluminium (deoxidizer; lower graph), and on phosphorus 
reversion to the steel (upper graph; horizontal grey bars give the 
phosphorus reversion values reported by Di Napoli Guzela et al., 2003). 
The estimated thickness of the layer of carry-over slag is also shown in the 
upper graph
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2Al + 3O → Al2O3 [2a]

2Al + 3FeO → Al2O3 + 3Fe [2b]

2Al + 3MnO → Al2O3 + 3Mn [2c]

Reduction of SiO2 and P2O5 is not considered in the 
aluminium reactions – while phosphorus reversion has a 
significant effect on steel composition, the effect of reduction 
of these two oxides on Al consumption is small compared with 
reactions [2a] to [2c].

The calculated relationship between slag carry-over and 
deoxidizer consumption is shown in Figure 1, illustrating that 
the effect is significant. The calculated extent of phosphorus 
reversion is also notable; phosphorus reversion results from all 
the phosphorus in the carry-over slag (0.25% of the slag mass) 
returning to the steel upon reduction (deoxidation). As Figure 
1 illustrates, the calculated values for phosphorus reversion are 
consistent with the industrial observations of Di Napoli Guzela et 
al., (2003). They reported that without a slag stopper (described 
later), the amount of carry-over slag from oxygen converters is 
10––15 kg per ton of steel, resulting in approximately 30 ppm of 
phosphorus reversion; with a stopper, slag carry-over is reduced 
to 3–5 kg/t and phosphorus reversion to some 10 ppm.

Figure 1 also shows the depth of the layer of carry-over slag 
on the steel in the ladle. This depth was calculated for a slag 
density of 2.9 t/m3 (Mills and Keene, 1987) and assuming that 
the ladle is approximately cylindrical, with the depth of the steel 
equal to the ladle diameter. As Figure 1 indicates, the depth 
of the layer of carry-over slag is significant (typically several 
centimetres); measurement of the thickness of this layer is one 
of the approaches used in steel plants to quantify slag carry-over. 
As described by Abraham and Chen (2011), the procedure is to 
dip a steel rod into the steel bath in the ladle after tapping: the 
rod melts off at the steel-slag interface and slag adheres to the 
length of the rod within the slag; this length is readily measured. 

The adverse effect of slag carry-over on the wear of ladle 
refractory is generally ascribed to the presence of MnO in 
the steelmaking slag. Experimental studies have shown that 
increased manganese oxide concentrations increase the wear rate 
of MgO-carbon refractory, which is typically used for the ladle 
slag line (Ikesue et al., 1988; Um et al., 2012). The corrosive 
effect of MnO appears to be linked to both oxidation of carbon by 
MnO (causing loss of carbon from the refractory) and the rapid 
mass transfer of MnO in the slag (Lee et al., 2001).

Limiting slag carry-over
Slag carry-over is limited by detecting slag in the tap stream, 
and then interrupting the flow of steel and slag. In EAFs, an 
additional approach is to retain a significant ‘hot heel’ of steel 
in the furnace to serve as a barrier to slag flow. Each of these 
approaches is briefly described here. 

An alternative approach is to remove slag from the steel 
in the ladle after tapping, by raking off the slag. This is a less 
common approach (Block and Piotrowiak, 1996), and complete 
slag removal is difficult to achieve (Steneholm et al., 2018).

Slag detection
Surveys of steel plants 20–25 years ago indicated that most 
plants relied on visual detection of slag in the tapping stream 
(da Silva, Bergman, and Lindfors, 1993; Block and Piotrowiak, 

1996). At that time, the only alternative was electromagnetic 
detection of the slag – requiring a detector at the tap-hole, with 
associated maintenance concerns (Boyle et al., 2001). The 
electromagnetic slag detection system uses two coils around 
the tap stream. Alternating current applied to one coil induces 
an electromagnetic field that is detected by the other coil; the 
difference in electromagnetic properties of steel and slag (within 
the coils) affects the field and the difference is used to detect the 
presence of slag in the tap stream (Sahai and Emi, 2008; AMEPA, 
2018).

In contrast to the small number of plants that used a method 
other than visual detection of slag 20–25 years ago, some 84% 
of the plants listed in the latest AIST Basic Oxygen Furnace 
Roundup (Association for Iron and Steel Technology, 2018a) use 
a slag detection method (the plants surveyed are worldwide, but 
do not include China, Japan, Russia, South Korea, or continental 
Europe).

It appears that the development that made reliable non-
visual slag detection possible is infrared detection of slag in the 
tap stream. The infrared measurement relies on the difference 
in emissivity between steel and slag; this difference is much 
larger in the mid-infrared range (several µm wavelength) than 
in the visible range (Peacock, 2000). One way to express this 
difference is with the spectral radiance temperature, which 
is the temperature of a black body that would give the same 
radiance as slag or steel, at a particular wavelength. Slag has 
higher emissivity than steel, and so appears brighter. Figure 2 
demonstrates that the resulting difference in spectral radiance 
temperature is much larger at longer wavelengths; the difference 
remains large even with significant attenuation (absorption of 
light by fumes) (Peacock, 2000). This means that the infrared 
camera can be placed at a safe distance from the tapping stream, 
and can provide a reliable non-contact indication as soon as slag 
is detected (Viale et al., 2007). Such detection systems  
are available from several equipment suppliers (Luk’yanov  
et al., 2017).

Slag stopping
To limit slag carry-over, it is necessary to stop the flow soon after 
slag is detected: A typical tapping rate of a large steelmaking 

Figure 2—Difference in spectral radiance temperature between slag and 
steel, for different wavelengths. Calculated for steel and slag at 1650°C. The 
difference is much larger in the mid-infrared (>8 µm) than in the visible range 
(around 0.5 µm). Adapted from Peacock (2000)
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converter is around 1.2 t/s (Luk’yanov et al., 2017), emphasizing 
the need for rapid interruption of the flow as soon as slag is 
detected. During tapping of steelmaking converters and EAFs, the 
vessel is tilted to pour out the steel. One approach is to tilt back 
the furnace when slag is detected, but this is too slow to limit 
slag carry-over to low levels; for steelmaking converters, typical 
carry-over in such cases is 10–15 kg/t (Di Napoli Guzela et al., 
2003).

Slag stopping: steelmaking converters
Figure 3 illustrates methods commonly used to stop slag flow 
from steelmaking converters. The dart (Figure 3a) has an overall 
density that is between that of the slag and the steel. When it is 
dropped into the tap-hole, it limits slag flow through the tap-
hole and counteracts vortex formation; if allowed to form, the 
vortex would draw slag through the tap-hole before all the steel 
has been drained. Figure 3b shows a pneumatic slag stopper; 
this swings into place (by the action of a pneumatic cylinder) 
and stops the flow by blowing gas into the tap-hole at a high 
supply pressure, of around 10 bar (Boyle et al., 2001). A slide 
gate (Figure 3c) uses sliding refractory components, each with a 
hole for tapping: when the holes in the components are aligned, 
steel can flow; when slag is detected, the components are moved 
to take the holes out of alignment and so stop the flow (Lewis 
1885). Wiesel (2003) described the development of slide gates 
for converters, including approaches to limit the effects of 
mechanical and thermal shock on the refractory material. An 
advantage of slide gates is the high rate of closure. Slide gates 
are now available for a wide range of converter sizes (Maanshan 
Yushan Metallurgy New Materials, 2018). 

Figure 3—Illustration of methods to stop slag flow from an oxygen converter: (a) slag dart; (b) pneumatic slag stopper; (c) slide gate. Adapted from Orehoski and 
Gray (1986), Eastwood (1995), Wiesel (2003), and Maanshan Yushan Metallurgy New Materials

Figure 4—Schematic cross-section of an electric arc furnace, showing an 
eccentric bottom tap-hole

Figure 5—Relationship between the amount of steel retained as a hot heel 
and slag carry-over from an electric arc furnace. Adapted from Abraham 
and Chen (2011)
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Slag stopping: electric arc furnaces
Most modern EAFs use eccentric bottom tapping (EBT): a 
tap-hole at the bottom of the furnace (offset from the centre 
of the furnace) is used to drain out the steel (Jones, Bowman, 
and Lefrank, 1998); see Figure 4. The tap-hole is closed with 
a ’flapper’ or a slide gate. The reported lifetime of an eccentric 
bottom tap-hole is 150–180 heats (Heinen, 1997). Some furnaces 
have spouts to tap steel from the side of the furnace. A siphon 
spout uses a submerged entry to allow separation of steel and 
slag; the reported life is some 300 heats (Heinen, 1997). A slide 
gate can also be added to the spout to allow rapid shut-off of 
tapping (Jones, Bowman, and Lefrank, 1998; Heinen, 1997).

In the case of eccentric bottom tapping, retaining some steel 
in the furnace is essential to avoid slag carry-over by vortex 
formation. The retained steel is termed a ‘hot heel’. The volume 
of the hot heel has a strong effect on slag carry-over; Figure 
5 illustrates that a hot heel of some 10% of the tap mass was 
sufficient to decrease slag carry-over to around 7 kg/t. In  
Figure 5, a negative hot heel implies that there was no steel left 
in the furnace and the tap steel stream consisted entirely of slag 
at the end of tap (S. Abraham, personal communication).

Conclusions
Slag-free tapping is the starting point for production of clean 
steel. Slag carry-over of a few kilogram of slag per ton of 
steel is achievable with the current technological solutions: a 
combination of slag detection, and a method to stop flow rapidly.
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