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ABSTRACT: Macrosegregations in steel continuous casting can be caused by different
mechanisms such as feeding flow, deformation (bulging) induced flow, thermo-solutal con-
vection, equiaxed grain sedimentation etc. The current paper focuses on the formation of
macrosegregation in the mushy zone caused by the mechanism of feeding flow. A two phase
volume averaging Eulerian approach is applied to simulate the solidification of a scaled
benchmark strand as well as the formation of macrosegregation. It considers the liquid melt
and the columnar dendrite trunks as separate phases, whereby the morphology of the grow-
ing columnar trunks is simplified as step-wise growing cylinders. A diffusion controlled growth
model is implemented for calculating the mass transfer rate during solidification. In addition,
the velocity field of the melt flow is calculated by solving the corresponding momentum con-
servation equation. The species transport equation for the interdendritic melt is explicitly
solved and the thermodynamics of the binary Fe-C system is taken into account. Consider-
ing only solidification shrinkage-induced feeding, the predicted macrosegregation pattern
shows a negative center segregation rather than positive.

1. INTRODUCTION

Different flow and transport phenomena during continuous casting process cause mac-
rosegregation. The frequently occurring macrosegregation in continuously cast slab is the
centerline segregation [1-5]. Industrial practice has demonstrated that this centerline mac-
rosegregation can be reduced by the so-called softreduction procedure: at the end of solidifi-
cation, the strand is subjected to weak rolling [6-9]. Due to the complexity of the coupled flow
and transport phenomena, the majority of knowledge on this topic comes from experimental
trials to optimize the soft reduction parameters (e.g. the reduction position and reduction
rate). This is costly. Therefore, numerical studies become a more efficient method to achieve
deeper understanding to this problem [1,5,10]. Very recently, two of the present authors
[11-12] have developed a three-phase volume-averaging approach for predicting macroseg-
regations. With this approach the motion of grains, the melt flow caused by shrinkage and
thermo-solutal buoyancy, the growth of a columnar front and the columnar-to-equiaxed tran-
sition can be modeled.

In the current paper only a two phase columnar solidification is considered. The per-
meable mushy zone is assumed to be composed of cylindrical ‘dendrites’ with a given pri-
mary dendrite arm spacing, A;. Further development of the dendritic growth model especially
in the mushy zone has been made. The results of the feeding induced macrosegregation
forming within a solidifying strand are presented and discussed.

2. MODEL DESCRIPTION AND ASSUMPTIONS

A detailed description of the numerical model is published in [11-12]. Here a short out-
line of the columnar solidification model is given. The model considers two phases, one for
the melt and one for the growing columnar dendrites. The conservation equations of mass,
species and enthalpy for each phase are included. For the melt the momentum conservation
equation is solved in addition. The columnar phase is assumed to move with a fixed velocity,
namely the casting velocity (v..sr). The main assumptions of the model are summarized as
follows:

o A linearized binary Fe-C phase diagram, i.e. a constant solute redistribution coefficient
k and a constant liquidus slope m, are used.

o Columnar dendrite trunks grow from the mold wall as soon as the casting surface tem-
perature drops below liquidus 7.

o The morphology of columnar dendrite trunks is simplified as cone-shaped cylinders.
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A shell-wise growth of the cylinders is driven by diffusion.
Mechanical interaction between the solid and the liquid in the mushy zone is calculated
via Darcy’s law and the Blake-Kozeny permeability approach [13-14].

In order to quantitate the macrosegregation, a mixture concentration is calculated by
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Here, ¢ and ¢, stand for the concentrations, £ and f; for the volume fractions, p and p; for the
densities of the liquid and the solid.

As an improvement to the previously published multiphase solidification model [11-12],
the impingement factor for the columnar growth is re-considered. The calculation of the im-
pingement factor for hexagonal arrangement of columnar dendrites is based on geometry
information. The dendrite trunk diameter, d., is calculated according to the following correla-
tion
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Based on this expression, the maximum columnar diameter d.. is determined by the
diameter of the dendrite trunk (Fig. 1), when no liquid is left in the cell. Since the mass trans-
fer rate M,. depends on the surface per volume it can be defined as
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Here, V. stands for the growth velocity. As the columnar trunks will no longer be
ideal cylindrical, when they start to impinge, an impingement factor (f.,,) was defined to con-
sider the decrease of surface per volume with further solidification.
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Here, 1 _ is the critical liquid volume fraction detined as

T
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In order to overcome numerical difficulties at end of solidification where numerical con-
vergence is hard to achieve, a so called simplified-porosity-model (SPM) is implemented. At

a certain amount of residual melt, f g, , it became quite difficult for the feeding flow to
stream through the already solidified forest of dendrites. In reality, if feeding is not possible
porosity might form. We treat the formation of pores by considering the next growing solid
shell as a porous phase fsﬂ) with an average density of p, =~ being equal to the liquid den-

sity (Fig. 2). With this simple approach the average density of the solid phase including the
primary solid phase, f, and the newly formed porous shell is calculated by

,prim ?
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Fig. 1: Sketch of hexagonal arrangement. Fig. 2: Basic idea to treat the pore formation in a

growing shell with a solid average density.

3. PROBLEM DESCRIPTION

For the presented calculation the properties of a binary steel Fe-0.18wt.%C were used.
The solidification simulations were performed with the software FLUENT in combination with
the model outlined above by user defined subroutines [11-14]. For the geometry the scaled
benchmark shown in Fig. 3 has been chosen. The casting velocity of v,y = 3.5 mm/s =
12.6 m/h and a casting temperature of 7, = 1791 K were applied for the continuous casting
process. A 2D-symmetrical simulation was made. Fig. 3 schematically shows the calculation
domain, where (®) indicates the position of a pressure inlet, (@) shows a heat transfer coef-
ficient (HTC) boundary with 4 = 235 W/m?/K and T,.; = 325 K, and (®) indicates the location
of the outlet. Here, a constant casting velocity is taken as outlet boundary condition. (@) la-
bels the location of the symmetry plane. The wall (@) is assumed to move with the casting
velocity. Therefore, a non-slip condition for the wall boundary is applied. The calculation do-
main is discritizied with 245 760 cells. In this work only steady state results are presented.

6000mm

@

107.5mm
©
@)

— = —

: N N N

Fig. 3: Configuration of the calculation domain and boundary conditions (described in the text).

4. RESULTS AND DISCUSSION

The modeling results, graphically shown in this section, are presented in scaled figures
with different scaling factors in the horizontal and vertical direction. Fig. 4a shows the tem-
perature field (upper half) and volume fraction of the solid (lower half). Fig. 4b displays the
liquid concentration ¢; whereas Fig. 4c shows the mass transfer rate M,., Fig. 4d illustrates

the surface term f_ -4/ and finally Fig. 4e shows the average solid density p;. In Fig. 5

imp
the calculated Carbon macrosegregation field is displayed. Further details on that are given
in Fig. 6, where macrosegregation profiles from the inlet, the outlet and across different sec-
tions are shown. For a comparison, Fig. 7 shows published macrosegregation profiles
gained according to different macrosegregation forming mechanisms.
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(@) Th

1182 — 1791 [K]

T.=1789.9K  £.=50% do=74  f,=95%

(b) ci

0.18 — 1.30 [wt.%C]

(c) M.
0 — 25 [kg/m’/s]

(d) fimp AV
0-3627 [m’]

(e) ps
7324 — 7310 [kg/m’]

Fig. 4: (a) A scaled sketch of the temperature field (upper half) and volume fraction of the solid (lower half) of the
continuous casting process for Fe-0.18 wt.%C, with (b) liquid concentration c, (c) mass transfer rate M, (d)
surface term f, - A/V , and (e) average solid density p . All fields are overlaid with different isolines as ladeled
in Fig 4a. The bright areas represent the lowest values whereas the dark areas the highest.

In all figures the isotherm of the liquidus temperature 7} = 1789.9 K, where volume
fraction of the solid is zero, f; = 0, the isoline of f; = 0.5 as well as the isoline of f; = 0.95 and
also the isoline of d. = 4, is displayed. The mushy zone starts from 77, and ends at the prede-
fined liquid fraction limit of = 10™. In order to avoid convergence problems hindered feed-
ing, it was assumed that in the region of solid volume fraction larger than 0.95 pores might
occur.

In a general solidification sequence, solidification starts at the cooled surface region as
soon as the temperature drops below liquidus. According to the phase diagram informations
the so formed solid has a smaller concentration than the melt and therefore the liquid starts
to become enriched (see Fig. 4b). The difference between the averaged concentration within
the cell and the equilibrium concentration at the phase boundary is responsible for the mass
transfer rate M. (see Fig. 4c). With further cooling, the dendrite trunk diameter (d.) grows
whereby the surface per volume (4/V) increases. When d. becomes larger than 4,, the ap-
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plied impingement factor (fi,,) leads to a reduction of the columnar growth surface area
(fimp4/V) so that the mass transfer tends to zero by consuming the residual melt. Fig. 4d
shows that this product of f,, and 4// has a maximum at the 4, - isoline. However, as shown
in Fig. 4c, the maximum of the mass transfer rate is not at the 4, - isoline but rather at around
the ;= 0.5 - isoline. This indicates that the factor which is responsible for the maximum M,

(according to 3) is the growth velocity Vg, rather than the surface term A/V-fimp.

The proposed simplified-porosity-model starts to act at the predefined volume fraction
of f; = 0.95. This can be seen by the reduced average solid density o shown in Fig. 4e. As

feeding is no longer necessary for solid volume fraction beyond 95%, we could avoid any
major numerical convergence problem normally occurring when feeding flow starts to be
more and more difficult. However, the choice of f; = 0.95 as the starting point for porosity
formation is somewhat artificial and not based on related physical phenomena. At presence,
a corresponding improvement is under way. However, the present use of such a simplified-
porosity-model ensures a stable numerical calculation right to any liquid fraction limit de-
sired.

Fig. 5: Macrosegregation of C, isolines are defined as labelled in Fig. 4a.
The range of the values is 0.176wt.%C (bright areas) - 0.184wt.%C (dark areas).

Fig. 5 shows the predicted macrosegregation pattern and Fig. 6 the corresponding
macrosegregation developments at different positions along the length of the strand. As we
consider the mush to be permeable, solidification-induced shrinkage flow occurs through the
mushy zone up to the above mention predefine £, = 0.95 limit. Since the early work of Flem-
ings in 1967 [4], it is known that feeding flow towards the dendrites roots causes positive
macrosegregation at the surface of a casting, the so-called inverse segregation. This is also
observed in our simulations. In the center of the strand the solidifying dendrites are fed with
less- or non-segregated ‘fresh’ melt coming from the bulk region in the middle of the casting.
Therefore, the solid there is formed with a decreased solute content and negative macroseg-
regations occur at the center line.

Contradicting to this result, positive centerline macrosegregation is often reported in
practice. Based on our study, the explanation of positive centerline segregation has to con-
sider additional phenomena, such as bulging or bending. Fig. 7 shows a comparison of cal-
culated macrosegregation profiles with and without bulging or shrinkage (taken from [5]). Our
result coincides with these results, as negative center segregation is predicted when only
shrinkage flow is considered. The two other lines, namely the broken line and the continuous
line in Fig. 7, show the positive centerline segregation results induced by bulging
with/without shrinkage. It indicates that in the general case, positive centerline segregation
would be expected when bulging is important. The difference in the profiles in Fig. 6 and Fig.
7, especially far away from the center, depends on the different boundary conditions of the
simulations. However industrial practice also shows that in some special cases, for example
in large round billet castings especially for non-ferrous materials where bulging is of minor
importance, negative centerline segregation exists.
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Fig. 6: Macrosegregation pattern at the inlet, the outlet and Fig. 7: Carbon profile across the strand for
different cross section positions. different macrosegregation forming mecha-
nisms according to [5].

5. CONCLUSIONS

A two phase Eulerian approach is used to model the shrinkage flow induced mac-
rosegregations in steel continuous casting. The presented model includes an implementation
of a hexagonal staggered columnar growth model combined with a simplified porosity model.
The results show positive macrosegregations at the wall and negative ones in the center
line. These results confirm the previous studies in literature. Negative centerline segregation
is often experimentally observed in round billets, although positive centerline segregation is
normally found for steel slabs in industry. According to Miyazawa [1] and Kajitani [5], this
positive segregation is mainly due to bulging. The inclusion of bulging and other macroseg-
regation formation mechanisms in the Eulerian approach is the objective of further studies.

6. ACKNOWLEDGEMENT

This work is financially supported by the Austrian Christian-Doppler Research Society,
voestalpine Stahl Donawitz, voestalpine Stahl Linz and Siemens VAl Metal Technologies for
which the authors kindly acknowledge. The authors wish to express their appreciation to
ANSYS Inc./FLUENT Inc. for their technical assistance.

7. REFERENCES

[11 K. Miyazawa, K. Schwerdtfeger, Arch. Eisenhuttenwesen, 52 (1981) 415.

[2] C. Beckermann, Int. Mater. Rev., 47 (2002) 243.

[3] G. Lesoult, Mater. Sci. Eng. A., 413-414 (2005) 19.

[4] M.C. Flemings, ISIJ Intern., 40 (2000) 833.

[5] T. Kajitani, J.-M. Drezet, M. Rappaz, Met. Mater. Trans., 32A (2001) 1479.

[6] S. Ogibayashi, M. Kobayashi, M. Yamada, T. Mukai, ISIJ Intern., 31 (1991) 1400.
[7]1 C.H.Yin, J.K. Park, B. D. You, S.M. Yang, ISIJ Intern., 36 (1996) 231.

[8] R. Thomas, K. Harste, Steel Res., 75 (2004) 693.

[91 H. PreRlinger, S. llie, P. Reisinger, A. Schiefermuller, A. Pissenberger, E. Parteder, S. Bernhard,
ISIJ Intern., 46 (2006) 1845.

[10] S.Y. Lee, A.l. Chung, A.P. Hong, McWASP 1X, SIM2000, ed. P. Sahm, P.N. Hansen, G. Conley,
(2000) 648.

[11]1A. Ludwig, M. Wu, Mater. Sci. Eng. A, 413-414 (2005) 109.
[12] M. Wu, A. Ludwig, Metall. Mater. Trans., 37A (2006) 1613.

[13] Bird R.B., Steward W.E., Lightfoot E.N., “Transport Phenomena”, John Wiley & Sons,
New York (1960).

[14] A. Ludwig, M. Wu, Metall. Mater. Trans., 33A, (2002) 3673.

270




<<
  /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
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


