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ABSTRACT

The composition of ferromanganese slag is very important as it determines the slag/metal equilibrium rela-
tions including MnO content of final slag, melting relations and slag viscosity. The slag composition is further
expected to influence the process temperature. The properties of ferromanganese slags are suitably described
by its basicity and A/S mass ratios. The influence of slag basicity has been discussed in the previous papers.
The present paper will discuss the effect of AI203 on melting relations, viscosity and MnO-content of final
slag. This discussion will be based on assessed thermochemical databases and a recently developed viscosity
model.

1. INTRODUCTION

Alumina is one of the major constituents in ferromanganese slags. It is thermochemically stable in the ferro-
manganese furnace and goes almost completely to the slag phase. The presence of alumina will mainly influ-
ence phase relations and activities of MnO and SiO, in the oxide systems and finally affect the smelting
process. It is also expected to influence the viscosity of liquid slag. The effect of alumina on equilibrium con-
ditions has been studied previously in the laboratory[1]. The general conclusions based on the experimental
observations have later been confirmed by thermodynamic simulations[2].

Olsen[3] has found that industrial high-carbon ferromanganese slags with basicities in the range 0.4-0.8
have compositions very close to the measured liquidus lines[4] . Slag/metal equilibrium seems to be estab-
lished in industrial furnaces, whereas the slags are far from the slag/metal/gas complete equilibrium compo-
sitions. Liquidus temperatures at fixed basicities and Al,0,/SiO, mass ratios in the MnO-SiO,-Al,0-CaO-
MgO slag system have been measured earlier[4] . However, the experimental data only cover relatively high
temperatures (1450-1550°C) and a limited range of compositions.

Viscosity is another important factor influencing the content of MnO in slag phase. When changing from
one raw material base to another resulting in higher viscosity of the primary slag, the flow rate of slag into
coke bed will initially be hampered. However, the energy input in this area is constant and the temperature of
primary slag will increase since less energy is used for melting and reduction. The temperature will increase
until the “new slag” has the same viscosity as the previous slag. The viscosity may thus affect the process
temperature and the final MnO content in the slag. Little knowledge exists about slag viscosities close to the
liquidus boundaries of ferromanganese slags.

The present paper will discuss the effect of Al,O; on slag smelting properties and slag/metal equilibrium
relations based on assessed thermodynamic databases[2][6]. A SINTEF database[2] that covers the Mn-Fe-
Si-C the metallic system has been employed for the thermodynamic properties of metallic phases. The FACT
oxide database[6] has been used to describe the non-ideal behaviour of liquid and solid oxide phases. The
equilibrium calculations have been carried out using the commercial software FactSage[5]. The influence of
alumina on the viscosity has been evaluated using a recently developed viscosity model[8].
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2. THE EFFECT OF ALUMINA ON SLAG SMELTING PROPERTIES

The A/S ratio and the slag basicity have previously been suggested to evaluate the influence of alumina on
the thermochemical properties of ferromanganese slags[3][7] . The calculated influence of Al,O; on the lig-
uidus temperatures and compositions in the MnO-rich domain is schematically shown in Figure 1:. MnO oc-
cupies one apex in the ternary diagram since MnO is the only oxide to be reduced. The top and left apexes
are occupied by SiO, and Al,O;, respectively, in order to show the effect of A/S ratios on the liquidus lines.
The amount of the basic oxides, CaO and MgO, is kept constant. The dash-dotted lines represent slags with
fixed A/S ratio. Similar to basicity lines discussed previously[3][7], the A/S line define “reduction paths” of
certain ore mixtures, since only MnO is substantially reduced.

CaO/MgO = 5.6 Sio, CaO+MgO1:52:°:t%
——— 1350°C

\'\/ Liquid slgg\\
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Figure 1: Figure 1:1llustration of the effect of A/S ratio on the liquidus line

The effect of the A/S ratio on the liquidus content of MnO can readily be seen from the diagram by com-
paring the intersection points between the A/S lines and liquidus boundaries. For example, two different A/S
ratio lines intersect the 1450°C liquidus line at o and (3, respectively. The difference in A/S ratio has only a
slight effect on the liquidus content of MnO. Increasing A/S ratio from 0/(A/S=0.2) to B(A/S=0.8) results in
a reduction AMnO of the liquidus content of manganese oxide in the slag. Comparing the two liquidus lines,
solid for 1450°C and dashed for 1350°C, shows that the liquidus surface raises steeply in the MnO-rich do-
main.

Figure 2:(a) and (b) show the effect of the A/S ratio on the liquidus content of MnO provided fixed basici-
ties. Changing the A/S mass ratio from 0.2 to 0.5 reduces the solubility of MnO in liquid slag with about 5
wt%. Further increase in the A/S ratio has practically no influence on the liquidus MnO composition. It is
easy to draw the conclusion from Figure 2: that the effect of basicity on the MnO solubility is larger than that
of'the A/S ratio. A change in the basicity from 0.4 to 0.8 lowers the solubility of MnO in the slag considerably.

Figure 3: demonstrates the effect of slag basicity on the liquidus content of MnO for a fixed A/S ratio 0.5.
According to the definition of slag basicity, the sums of acid and basic oxides occupy respectively the top and
left apexes in the ternary diagram. The dash-dotted lines represent two oxide mixtures having different basic-
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Figure 2: Influence of A/S ratio on the liquidus MnO composition with fixed basicity for the MnO-SiO,-CaO-
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Figure 3: Illustration showing the effect of slag basicity on the liquidus content of MnO at fixed temperatures
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ities. The more acid slag intersects the liquidus boundary at point oe while the more basic slag at point 3. The
difference in liquidus MnO contents is shown as “AMnO” in the figure. It appears that the more acid ore mix-
ture has the higher liquidus content of MnO.

The liquidus temperature for a certain ore mixture is of importance for the ferromanganese process temper-
ature. The effects of the A/S ratio and of the slag basicity on the liquidus temperature is calculated and shown
in Figure 4: and Figure 5:, respectively. The primary crystallized solid phases are also indicated in the figures.
Figure 4: shows that increasing the A/S ratio from 0.4 up to 1.0, at a fixed MnO content at 35 wt%, has no
virtual influence on the liquidus temperature. Figure 5: shows that increasing the slag basicity, on the other
hand, leads to a continuous rise the liquidus temperatures. An approximate increase of 100-200°C in liquidus
temperature is expected for every 0.2 increase in basicity units from 0.2 to 1.0 for a fixed MnO content.

3. EFFECT OF ALUMINA ON THE EQUILIBRIUM RELATION

The effect of Al,O5 on the slag/metal equilibrium relations has been examined and is shown in Figure 6:(a)
and (b). The measured data[1][3] are not superimposed for the sake of clarity. Figure 6:(a) shows the effect
of A/S ratio on equilibrium MnO concentration provided fixed basicity 0.4, while Figure 6:(b) demonstrates
the same for a fixed basicity 0.8. In an earlier investigation[3] it was found that the A/S ratio has relatively
little influence on the equilibrium content of MnO. The influence of the A/S ratio on the equilibrium MnO
content is analogous to that on the liquidus MnO compositions as shown in Figure 2:. Changing the A/S ratio
from 0.6 to 1.0 has little influence on the equilibrium MnO in slag phase. Varying the A/S mass ratio from
0.2 to 0.5 results in the reduction of equilibrium MnO content around 5-6 wt%. Comparing Figure 6:(a) with
(b), it is concluded that a change in the basicity from 0.4 to 0.8 is able to reduce 15-18 wt% of MnO in the slag.

The effect of A/S ratio on the equilibrium content of silicon in the Mn-Si-C,; metal phase is shown in
Figure 7:. Increasing addition of Al,O; to a slag with fixed content of SiO, leads to more Si being reduced to
the metal phase. Increasing temperature brings on slight increase of Si content of liquid alloy. The influence
of basicity on the equilibrium Si content is more complicated due to the amphoteric nature of alumina. As can
be seen in Figure 7:, two curves intersect at A/S ratio around 0.7. For more basic slags, increasing basicity
enhances Sireduction, whereas the opposite effect applies to the more acid slags assuming the same SiO, con-
tent.

4. EFFECT OF ALUMINA ON THE VISCOSITY OF LIQUID SLAG

The effect of Al,O; on the viscosity of liquid ferromanganese slag has been evaluated using the recently de-
veloped viscosity model[8]. Detailed description of the viscosity model is given in another publication[8] at
this conference.

Viscosity is defined as a measure of the ability of one layer of molecules to move over an adjacent layer of
molecules. Liquid silicate melts contain various 3-dimensional structural units based on SjO e tetrahedra.
Addition of alumina to the silicate melt will modify the network structure and consequenuy cuange its vis-
cosity. Detail analyses are presented elsewhere[8].

Figure 8: shows the combined effect of the A/S ratio and the basicity on the viscosity of liquid slag with
fixed content of SiO,+ Al,O; at constant temperature. Both the A/S ratio and the basicity influence the slag
viscosity considerably. Changing the A/S ratio from 0.4 to 0.8 leads to decrease the viscosity. This is due to
the fact that increasing A/S ratio means decreasing the SiO, contents for slags having fixed SiO,+ Al,O; con-
tent. Increasing the basicity from 0.2 to 1.0 results in considerable decrease in slag viscosity. The effect of the
A/S ratio on slag viscosity is relatively stronger for the more acid slags.

It is well known that viscosity of liquid slag also depends on temperature. The effect of temperature on the
viscosity of ferromanganese slags is moderate in the temperature range from 1200 to 1500°C. As shown in
Figure 9:, every 100°C increase in temperature brings on about 0.2 poise decrease in the viscosity. For the
more acid slag, the effect of temperature on the viscosity is stronger than for the more basic slags.
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Figure 4: Influence of A/S ratio on the liquidus temperature of the MnO-SiO,-CaO-MgO-Al,0;
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Figure 10: Calculated viscosities along the liquidus with fixed A/S ratio and basicity (solid lines). The dotted
lines represent the corresponding temperature in the solid lines

As discussed above, industrial ferromanganese slags have compositions close to the liquidus composition.
Therefore it is of practical importance to recognize viscosities of slags at their liquidus composition at various
temperatures. Figure 10: is an example showing the viscosity as function of liquidus MnO content at different
temperatures. The calculated liquidus temperature vs. MnO content relations is shown as dotted lines in the
figure. It is evident that an acid operation tends to increase the viscosity of “primary liquid slag”. This is pri-
mary due to the fact that the more acid slag contains more SiO,. The viscosity of pure liquid SiO, is several
orders of magnitudes higher than that of pure alumina and other oxides. Increasing MnO content, on one hand
breaks the SiO j— network and on the other hand increases liquidus temperature, results in the decrease in
viscosity ot uquia slag. This shows that the viscosity is not “sensitive” to the MnO content.

5. CONCLUSIONS

The influence of alumina on the liquidus temperature of ferromanganese slags and their MnO contents has
been studied based mainly on assessed thermochemical databases. It has been found that the A/S ratio has
only slight effect on the liquidus temperature and MnO content. The slag basicity, as influenced by the alu-
mina content of the slag, is on the other hand important for the liquidus temperature and composition.

Slag/metal equilibrium calculations also confirm that the equilibrium MnO content is relatively little de-
pendent on the A/S ratio but strongly dependent on the basicity ratio. A more basic operation results in re-
duced MnO content. Increasing A/S ratio at fixed SiO, content leads to increased silicon content in the metal
phase.

The A/S ratio also plays a relatively important role on the viscosity of liquid ferromanganese slag. Increas-
ing alumina addition to the acid slag leads to increase in slag viscosity considerably. However, viscosity of
the more basic slag is not sensitive to the alumina addition. Increasing temperature may reduce the viscosity
of acid slag significantly whereas the effect of temperature on the basic slag is relatively small. Viscosities of



The Effect of Alumina in Ferromanganese Slag 343

ferromanganese slags close to the liquidus temperatures and compositions are strongly dependent on its ba-
sicity. Increasing basicity results in substantial decrease in viscosity.

REFERENCES

1] W.Z.Ding and S. E. Olsen: Metall. & Mater. Trans., 1996, vol. 27B, pp. 5-17.

K. Tang and S. E. Olsen: Metall. & Mater. Trans., 2006, vol37B, pp599-606.

S. E. Olsen: “The Slag Basicity Concept in the HC FeMn Process”, INFACON Nine, June 3-6, 2001, Quebec City,
Cananda, pp.280-285.

R Rait and S.E.Olsen: Scan. J. Metall., 28(1999), pp53-58.

http://www.factsage.com/.

TThttp://www.crct.polymtl.ca/fact/documentation/.

S.E.Olsen and M. Tangstad: "The Importance of Slag Basicity in the Production of high Carbon Ferromanganese",
53. Electric Furnace Conference, Orlando, USA, Nov. 1995.

[8] K Tang and M Tangstad: "Modeling Viscosities of Ferromanganese Slags", Communicated to INFACON XI, 2007,
India.

— r——
W N
—_

—
~
Pl

SBE




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


