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Abstract. The prediction of evaluation a U- and V-shaped
cracks on the surface and subsurface of a continuously cast
steel slab, is investigated during hot rolling. The numerical
simulation is carried out by means of FE-code DEFORM
3D. Therefore, an algorithmic decision tree was developed
by the C4.5 program and applied in prediction of surface
and subsurface defects behaviour during the numerical sim-
ulation of hot rolling. Cracks were selected as a transver-
sal and longitudinal to the rolling direction. In addition to
the transversal and vertical U- and V-shaped cracks on the
surface; subsurface defect, referred as “circle hole”, on the
side part of workpiece were evaluated. In terms of surface
defects evolution, U-shaped cracks show a deteriorating in-
fluence during hot rolling. On the basis of the algorithmic
decision tree established, the prediction of cracks evolu-
tion (defined before plastic deformation process) during hot
rolling is examined.
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1 Introduction

In the present time, the continuous casting of steel slab un-
dergone significant development and is now widely use.
Problems connecting to the formation of surface and sub-
surface cracks still be largely studied [1-11].

Longitudinal and transversal surface cracks are often
found on continuously cast slabs. Often they are located
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in regions close to the centre line of the slab surface. They
are found to be difficult to eliminate during subsequent hot
rolling and consequently they will constitute defects on the
rolled product [1]. It is clear that in the early detection and
elimination of the possible causes of the defect were useful
aid for engineers and producers.

Kvackaj [2—4] classified various types of the surface de-
fects during rolling process transformed from defects in
steelmaking process. He categorized defects such as cracks,
laps, scratches, surface decarburization, etc. in terms of oc-
currence, detection, and possibility of confusion with other
defects. On the other hand, accurate classification of sur-
face defects on rolled products in terms of their causes and
where they were formed in the rolling process was not easy.

Promising technique were numerical and mathematical
simulation as well as machine learning methods [12—-18],
which enables to save time and cost as well as it is promis-
ing tool for identifying potential defect roots, both in the
slab and in the early stages of hot rolling, and following
coils through the production process.

Machine learning methods were applied to hot strip
rolling since the more traditional methods have not proved
feasible in scale defect modelling or prediction. Scale de-
fects are a common group of surface defects in hot steel
rolling, and due to stringent surface quality requirements it
is important to recognize the risk factors that cause scale on
the surface of steel products. However, no physical model
for scale formation has been formulated so far. The prob-
lem for modelling is due to high dimensional variable group
with their interactions. A combination of statistical pat-
tern analyses, with appropriate heuristic rules is a promising
strategy to achieve an improved reliability in defect detec-
tion [16-18].

In the present paper, the numerical simulation of hot
rolling in relation to the surface and subsurface defects of a
continuously cast steel slab is investigated. On the basis of
the numerical simulation results, machine learning method
[19,20] is carried out in order to the prediction of cracks
evolution during hot rolling.

2 Experimental Materials and Methods

Table 1 shows the chemical composition (wt. %) of the con-
tinuously cast steel slab (low carbon steel S690AI).

In order to prevent the nodes of the rolls from pene-
trating into the work material, penalty functions according
to work [1] were used. The reliability of the theoretical
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C Mn Si P S
0.042 | 0.225 | 0.005 | 0.004 | 0.010
Al Cu Ni Cr Si
0.052 | 0.021 | 0.012 | 0.007 | 0.005

Table 1. Chemical composition of investigated steel in
mass % (<0.003: Mo, Ti, V, Nb, Zr, Sn, Sb).

predictions was checked in a pilot-plant mill of roll radius
0.21 m (referred as a physical simulation). The workpiece
had a length of 0.135 m. The other initial dimensions were
ho = 0.02 m and by = 0.06 m for obtaining similarity with
the rolling schedule of the industrial reference mill.

Surface defects of V- and U-shape cracks and subsurface
defects, referred to as “circle” hole, were putted into work-
piece and specimen. In terms of orientation to the rolling
direction, defects were reported as follows:

Figure 2a. The location of cracks in the specimen before
the physical simulation (top view).

* transversal V1-shape crack;

» transversal U2-shape crack;

o Figure 2b. The location of cracks in the specimen before
* longitudinal V3-shape crack; the physical simulation (sidelight).

* longitudinal U4-shape crack;

* subsurface KD5-, KD6- and KD7-shaped cracks. transformation of originating defect to secondary defect,

Figure 1 and Figure 2a,b shows the locations of crack in which are divided to:

the workpiece and the specimen before the numerical and  (4) crack development; generation of depressions and
physical simulation. holes,

Table 2 shows the dimension of defects.

Six cases of state-defect visual appearance were defined
after the numerical simulation: (6) crack development; generation of depressions, holes
and lap.

(5) crack development; generation of lap,

(1) crack elimination,

An algorithmic decision tree was developed by the

C4.5 program and applied in prediction of defects be-

3) persistent defect in unpreserved shape, haviour during the numerical simulation of hot rolling. In-
put data of the algorithmic decision tree includes:

(2) persistent defect in preserved shape,

e defect dimensions;

A

Rolling direction * defects orientation to the rolling direction;

 temperature and deformation regime of simulation

» state — defect visual appearance after the numerical
simulation.

Five parameters were used in order to describe the crack
behaviour (Table 2):

* depth of crack,
3 ¢ width of crack,
A 2 « length of crack,
* radius of crack and

Figure 1. The location of cracks in the workpiece before
the numerical simulation. * diameter of crack.
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No. | Depth of crack | Width of crack | Length of crack | Radius of crack | Diameter of crack
ho [m -1073] bo [m -1073] Iy [m -1073] ro [m-1073] do [m -1073]
Vi1 3 4 60 - -
U2 - 6 60 3 -
V3 1.9 3 29.9 - -
U4 - 4 20 2 -
KD5 7.5 - - - 2
KD6 5 - - - 1
KD7 2.5 - - - 1

Table 2. Dimensions of crack before simulation.

No. | To[K] | T [K] | €[%]
1 1523 1453 30
2 1523 1453 40
3 1523 1453 60
4 1473 1373 30
5 1473 1373 40
6 1423 1023 20
7 1423 1323 30
8 1423 1323 40
9 1423 1373 50
10 1423 1373 60
11 1423 1373 80

Table 3. Temperature-deformation regime.

Temperature-deformation regime used in both experi-
ments was listed in Table 3, where: Ty — heating tempera-
ture [K], 7, — deformation temperature [K], ¢ — the amount
of deformation [%].

The processing conditions are listed in Figure 3.

Numerical simulation| | Physical simulation
(DEFORM 3D) (DUO 210)
i b

Analysis of cracks behaviour| | Analysis of cracks behaviour|
during numerical simulation during physical simulation

{
Review of results
{
Training tables development
as a input data for the algorithmic
decision tree established
(program C4.5)
|
Prediction of cracks evolution
as the final algorithmic decision tree

|
Review of results

Figure 3. Processing conditions.

3 Results and Discussion

Table 3 presents state-defect visual appearance after the
numerical simulation for given temperature-deformation
regime. Table 4 present example only the worste results
of simulation, surface U-shape cracks, that all these cracks
transformated to secondary defects. The results show
that primary defects are presented, mainly in U-shapes
cracks.

It appears from these Table 4 and Table 5 that the
amount of deformation is preferred effect on the crack
elimination than other factors. Thermal factor should
be important in industry conditions in terms of physic-
chemical processes during the heating as a result of ox-
ide influences on the defects. There are many possi-
ble sources of oxidation throughout the whole continu-
ously cast steel slab process, including slab cracks, pin-
holes and other [12-21]. In respect to this, is neces-
sary realised the heating either in protective or artificially
defects to furnish by plug in order to prevent from fur-
ther oxidisation. Therefore, our simulation processes was
selected without oxide influence on the crack develop-
ments.

In terms of temperature-deformation parameters is im-
portant amount of deformation. For the U2- and U4-shaped,
the numerical simulation show that development of primary
defects are presented until the strain exceed 80 %. The V-
shaped crack reliably eliminated primary defects, indepen-
dent on the defect dimensions and temperature until the ap-
plication of strain 60 %. Crack elimination was obtained
also in two another conditions (7o = 1473 K, ¢ = 30 %,
ho = 003mand Ty = 1573 K, ¢ = 60%, h, = 0.03
m).

Heating temperature (1150-1250°C) plays only
marginal role that the amount of deformation occur in
the range of 30-60 %. Zhang et al. [22] revealed that the
temperature field in the shell of slab is not uniform, so
the thermal stress will occur in the shell. If the thermal
stress and mechanical stress caused by pulling slab are big
enough, the cracks would appear, especially on the surface
of slab, as the thermal stress reaches the maximum value on
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Dimensions of crack | Dimensions of crack State-defect visual appearance
No. before simulation after simulation PP
v [m-107] NS PS NS PS
o,y 3 0 096 (1) crack elimination duri (3) persistent defect i
crack elimination during persistent defect in
Vi tl)o, ! 640 g 6740441 hot rolling unpreserved shape
0,1 .
ho’ 2 3 h= 0 h= 0.43 . .
U2 b 0 927 (5) crack development; (3) persistent defect in
10’ 2 0 0 63. T generation of lap unpreserved shape
0, 2 .
hg 3 1.9 0.4 0.54 (4) crack develo .
8 pment; . .
V3 bo,3 3 3.39 2.24 generation of depressions and @ p:;:;ie;it slfafegt m
lo, 3 29.9 0 55.65 holes P P
ho 4 2 h=025] h=0.56 (6) crack development; (6) crack development;
U4 | bos 4 3.23 3.94 generation of depressions, generation of depressions,
lo.4 20 0 35.85 holes and lap holes and lap
KD5 do, s 2 b=45 | b=475 (3) persistent defect in (3) persistent defect in
ho, s 75 1.6 6.38 unpreserved shape unpreserved shape
KD6 do,s 1 b=1.68 b=2.8 (3) persistent defect in (3) persistent defect in
ho 6 5 08 4.65 unpreserved shape unpreserved shape
KD7 do, 1 b=0 b=2.51 (1) crack elimination during (3) persistent defect in
ho, 7 25 0 2.23 hot rolling unpreserved shape

Table 4. State-defect visual appearance after the numerical simulation for regime: 7, = 1423 K (1150°C), T, = 1373 K
(1100 °C) and & = 50 %, NS-numerical simulation, PS-physical simulation.

the slab surface. Due to these facts, heat transfer and heat
generation due to plastic deformation have not been taken
into account. The contact times are, however, short and the
volume of material are large so that the reliability of the
present results should not be strongly violated because of
this assumption [1].

On the basis of the numerical simulation, the algorithmic
decision tree was established. The results are plotted in al-
gorithms for prediction of crack evolution of U-shaped and
V-shaped cracks (Figure 4 and Figure 5).

Model predictions are found to be in good agreement
with measurements obtained from artificial defect carried
out on the mill, mainly in comparison the behaviour of U4-
shaped crack during both simulation of hot rolling as well
as subsurface circle hole defects. In Figure 6 it is clear visi-
ble the crack development and the generation of lap (narrow
in the Figure 6).

The similar results obtained by Son et al. [5]; they stud-
ied deformation behavior of the surface defects of low car-
bon steel, and found that the oval-round rolling sequence
was effective to make the notches decrease in depth al-
though this rolling sequence could not eliminate the evolved
notches. As well Ervasti and Stahlberg [1] and Eriksson
[7] carried out the numerical simulations of the V-shaped
cracks.

4 Conclusions

The obtained results can be summarized as follows:

1. On the basis of the algorithmic decision tree estab-
lished, the prediction of cracks evolution during hot
rolling is examined.

2. In terms of surface defects evolution, U-shaped cracks
show a deteriorating influence during hot rolling.

3. In terms of temperature-deformation parameters is im-
portant the amount of deformation. For the crack elim-
ination is necessary to achieve the amount of defor-
mation of 50 % and 80 % in case of V-shaped and U-
shaped cracks, respectively.
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lo bo ho T0 Ts o .

[m-1 0_3] [m-10'3] [m-10'3] K] K] € [%] Type of crack State-defect visual appearance
60 6 3 1523 | 1453 | 30 | transversal (U2) | ©T°K de"el(’pniz;“ generation of
20 4 > | 1523 | 1453 | 30 | longitudinal (U4) | (3)Persistent dse}fzgim unpreserved
60 6 3 1523 | 1453 | 40 | transversal (U2) | (4 crack development generation

of depressions and holes
20 4 2 1523 | 1453 | 40 | longitudinal (U4) | () Ppersistent d:gz;tem unpreserved
60 6 3 1523 | 1453 | 60 | transversal (U2) | (1) crack elimination during hot
rolling
20 4 2 1523 | 1453 | 60 | longitudinal (U4) | (Y crack development; generation
of depressions and holes
60 6 3 1473 | 1373 | 30 | transversal (U2) | (1) crack elimination during hot
rolling
20 4 2 1473 | 1373 | 30 | longitudinal (U4) | (Y crack development; generation
of depressions and holes
60 6 3 1473 | 1373 | 40 | transversal (U2) | ) crack devegffpf;;m; generation
20 4 2 1473 | 1373 | 40 | longitudinal (U4) | ) rack deve{)?fﬂj‘;““ generation
60 6 3 1423 | 1023 | 20 | transversal (U2) | () persistent Sggzt in preserved
20 4 2 1423 | 1023 | 20 | longitudinal (U4) | (%) persistent g}f:gzt in preserved
60 6 3 1423 | 1323 | 30 | transversal (U2) | (®) crack development; generation
of depressions, holes and lap
20 4 2 1423 | 1323 | 30 | longitudinal (U4) | (¥ crack development; generation
of depressions and holes
60 6 3 1423 | 1323 | 40 | transversal (U2) | () crack development; generation
of depressions and holes
20 4 2 1423 | 1323 | 40 | longitudinal (U4) | (® crack development; generation
of depressions, holes and lap
60 6 3 1423 | 1373 | 50 | transversal (U2) | ) crack deve})‘l’}’lgm; generation
20 4 2 1423 | 1373 | 50 | longitudinal (U4) | (®) crack development; generation
of depressions, holes and lap
60 6 3 1423 | 1373 | 60 | transversal (U2) | ©)crack devel)?fplgg’“t; generation
20 4 2 1423 | 1373 | 60 | longitudinal (U4) | ) crack devegffplg;fm; generation
60 6 3 1423 | 1373 | 80 | transversal (U2) | (1) crack elimination during hot
rolling
20 4 2 1423 | 1373 | 80 | longitudinal (U4) | (D) crack ehrf;ﬁ?gn during hot

Table 5. State-defect visual appearance after the numerical simulation for given temperature-deformation regime.
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Figure 4. The prediction of U-shaped cracks evolution in continuously cast steel slab.

e [5] I.H.Son, J. D. Lee, S. Choi, D. L. Lee and Y. T. Im: J. Mater.
=(20:30:40) \=(60;80) Process. Technol., 201 (2008), 91-96.
. ) ' [6] J. Konishi, M. Militzer, 1. V. Samarasekera and J. K. Brima-
@) =50 (1) combe: Metall. Mater. Trans. B, 33 No. 3 (2002), 413-423.
lo [7] C.Eriksson: Steel Research Int., 75 No. 12 (2004), 818-828.
=3/ \=19 [8] H.-1. Yu and X.-h. Liu: Journal of Central South University
) of Technology, 17 No. 2 (2010), 235-238.

[9] R. Misicko and M. Longauerova: Transactions of the Tech-
nical University of KoSice, 4 No. 2 (1994), 97-109.

Figure 5. The prediction of V-shaped cracks evolution in [10] M. Kvicala, A. Hendrych, O. Zivotsky and P. Jandacka: Acta

continuously cast steel slab. Metallurgica Slovaca, 16 No. 2 (2010), 122-126.
. [11] R. Misicko, T. Kvackaj, J. Kijac, M. Schmogner and D.
lap " Rolling direction lap Fedakova: Hutnicke listy, 62 No. 1 (2009), 72-75.

(2002), 720-724.

[13] T. Kvackaj, M. Zemko, T. Kuskuli¢, R. Koeisko, M. Besterci,
S. V. Dobatkin and M. Molnarova: High Temp. Mater. Pro-
cess., 26 No. 2 (2007), 147-150.

[14] J. Bidulskd, T. Kvackaj, R. Bidulsky and M. Actis Grande:
High Temp. Mater. Process., 27 No. 3 (2008), 203-207.

[15] L. Némethovd, T. Kvackaj, R. Misicko, I. Pokorny and
I. Kovéarova: Acta Metallurgica Slovaca, 15 No. 3 (2009),
173-179.

[16] J. Haapamikiand J. Roning: Genetic Algorithms in Hot Steel

J [12] S. Moir and J. Preston: J. Mater. Process. Technol., 125-126

Figure 6. The generation of lap during both simulation
(To = 1423 K, T, = 1373 K, ¢ = 30 %).

References Rolling for Scale Defect Prediction, The Third World En-
[1] E. Ervasti and U. Stahlberg: J. Mater. Process. Technol., 94 formatika Conference — WEC’05, Ed. C. Ardil, Canakkale,

[17] H. Koskimiki, I. Juutilainen, P. Laurinen and J. Roning: De-

[2] T. Kvackaj: Metallurgical and geometrical substance of > X
tection of the need for a model update in steel manufac-

quality development in flat rolled products, (in Slovak),

Kogice, Stroffek (1999). turing, International Conference on Informatics in Control,

. = Automation and Robotics, Intelligent Control Systems and

[3] T. Kvackaj: Metalurgija, 39 No. 3 (2000), 185-189. Optimization — ICINCO 2007, Eds. J. Zaytoon, J.-L. Fer-

[4] T.Kvackaj, K. Hala and V. Molcanyi: Kovove Mater., 25 No. rier, J. Andrade-Cetto and J. Filipe, Angers, INSTICC Press
1 (1987), 47-50. (2007), 55-59.

AUTHOR'S COPY | AUTORENEXEMPLAR



AUTHOR'S COPY | AUTORENEXEMPLAR

The Production of Cracks Evolution in Continuously Cast Steel Slab 111

[18] D. Djukic and S. Spuzic: Statistical Discriminator of Surface [20] K. Machova: Machine Learning: Principles and Algorithms,
Defects on Hot Rolled Steel, Image and Vision Computing, (in Slovak), Kosice, ELFA (2008).

Hamilton, New Zealand (2007), 158-163. [21] L. Némethov4, J. Vilk and T. Kvackaj: Acta Metallurgica
Slovaca, 15 No. 1 (2009), 23-30.

[19] J. R. Quilan: C4.5. Programs for Machine Learning, San [22] X. Z. Zhang, Z. Y. Jiang, A. K. Tieu, H. T. Zhu and
Mateo, California (1993). Z. W. Tian: Adv. Mater. Res., 76=78 (2009), 554-559.

AUTHOR'S COPY | AUTORENEXEMPLAR




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00417
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


