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Many phisical phenomena happen on the surface of worked object in the time of laser
recasting. Only a part of laser beam energy, which is absorbed by the worked object, vouches
for a recasting process. A portion of energy is lost for radiation, free convection and evapo-
ration of the alloy elements. The amount of absorbed energy depends on a great deal of
factors such as length of laser radiation, type and shape of the surface as well as presence of
plasma beyond worked surface. As a result of heating a liquid is being formed and temper-
ature distribution in the recasting zone is assigned, with its shape and properties. The energy
that was supplied to the surface conveys up the material by convection is caused by
Marangoni’s effect. As a result of heating the substance in the zone of laser beam action
a pool of liquid appears. The shape, depth, chemical composition and solidified layer struc-
ture, as an effect of cooling, depend on the factors already mentioned. Modelling of
phenomenon that proceed during laser recasting allows to decrease amount of requisite
experiments as well as prediction the course of process.

By dint of conducted computer simulations of laser recasting it was ascertained that the
main force which causes the liquid convection is the Marangoni force [1, 2]. The results of
computations confirm the influence of heat convection upon the recasted zone shape. The
direction of liquid stream on surface is determined by the Marangoni effect. Temperature
gradient as well as liquid chemical composition cause the alteration of sign of a temperature
surface tension factor ∂γ/∂T, which promotes the creation of two contrary oriented liquid
streams [3, 4].

In hitherto calculations [1, 2, 4] both the surface velocity and surface temperature were
calculated with the assumption that the surface of melted zone is not free. The possibility of
predicting surface shape is important on account of observation of its topography while



�-

heating and cooling. The flows of liquid with free surface and moving transition boundary
in a liquid state are the exceptionally complicated flows category. The position of surface is
well-known in initial moment only. Later position of this surface might be predicted with
numeric methods.

The following boundary conditions one should consider while assuming absence of
phase change:
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The position of free surface has to be calculated as part of general solution and it usual-
ly is not known in advance. It is supposed that flux of mass in elements lying on free surface
equals zero and preasure is equal to air-preasure. One of the conditions might be used to
apply as boundary condition, while the remaining one could serve to determination of free
surface position. Iterative methods are used in aim of sufrace position assignation. It addi-
tionaly enlarges the problem complexity.

Introduction of function H is necessary in the free surface shape calculations. This
function equals to value of surface elevation in relation to unperturbed position

( ), , ,z H x y z t= (2)

where: x, y and z are the coordinates of free surface point and t marks time.

The kinematic equations of boundary conditions become transformed into equation
which describes the local change of height

H H H
u v w

t x y

∂ ∂ ∂= − −
∂ ∂ ∂

(3)

where: u, v and w are the velocity components in x, y and z directions on the free surface.

The equation (3) can be integrated with respect to time. The liquid velocity on the free
surface can be obtained by extrapolation of values calculated for the liquid phase or using



�6

dynamic boundry conditions. For flow computations a number of authors uses finite ele-
ment method and for computations of function H a finite difference method with both of the
boundary conditions [5].

Euler’s method for two-dimensional arrangement, where calculations are carried out
for time tn, is the simplest way of solution of equation (3). It is assumed that derivatives with
respect to x and y are approximated with the use of central difference. A grid used for the
solution in direction x i y is homogeneous. The new value of 1n

iH +  variable is counted
according to the following formula

1 1 1

2

n n
n n i i
i i

H H
H H u v t

x
+ + −⎡ ⎤−

= + − Δ⎢ ⎥
Δ⎢ ⎥⎣ ⎦

(4)

where:
n
iH – elevation of grid node i in relation to unperturbed surface in n-th iteration,

Δx – a grid nodes distance,
Δt – a time step.

In case of large time steps Δt this methods is not sufficient, for example for slowly
changing solutions or solutions achieving a stationary state. Instability is a problem in
this method. In the aim of solution assurance Courant and Friedrichs [5] have proposed
exchange of central difference in equation mentioned above by difference between two
neighbouring points i–1 and i

1 1
n n

n n i i
i i

H H
H H u v t

x
+ −⎡ ⎤−

= + − Δ⎢ ⎥
Δ⎢ ⎥⎣ ⎦

(5)

The additional limitation of time step is required in aim of stability assurance

x
t

v

ΔΔ < (6)

A leapfrog method is different method which is commonly used. According to this
method integration is proceeded in a time iterval 2Δt. The use of this pattern for function H
results in

1 1 1 1 2
2

n n
n n i i
i i

H H
H H u v t

x
+ − + −⎡ ⎤−

= + − Δ⎢ ⎥
Δ⎢ ⎥⎣ ⎦

(7)

Analysis of this computational schema stability shows that it is unstable and therefore
useless for nonstationary numeric problems. In the aim of stabilization an additional
approximation is used

( )1 11

2
n n n
i i iH H H− +≈ + (8)
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The mathematical model for two-dimensional arrangement [1, 4] of recasting steel
with laser was used in this research. The area whereupon laser beams light becomes heated
violently. The structure melts-through. A quick liquid movement accelerates heat transpor-
tation to areas distant from the heat source. The size and shape of melted zone depends on
chemical composition of the substance and power of laser beam.
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Two-dimensional model 2×2 mm sized laser recasting steel HS6-5-2 (Tab. 1) with the
regard on arrangement symmetry includes only a half of laser beam. A sample was divi-
ded into triangular elements. On the sample surface, in the area, where great tempera-
ture gradient exists, the network was thickened to elements having size ~7·10–6 m. On
bottom sample surface the size of network was ~7·10–5 m. The plane in which laser beam
axis lies was establish as a symmetry axis. The liquid phase movement on the surface of
melted zone was mainly controlled by value and direction of surface tension, which was
taken into consideration in boundary conditions of the model. Great temperature gradient
on the surface of melted metal results in Marangoni flow as an effect of surface tension
gradient (Fig. 1).

Field of velocity and temperature were ascertained in calculations [1, 2, 4] performed
with the assumption that the surface of recasted zone is not free. Nevertheless the assump-
tion of stiffness surface in recasted zone in hitherto calculations of convection, in reality the
liquid surface freely relocates. The possibility of predicting of surface shape during process
and after cooling would enable to control more accurately course of the process.

In this paper marching function H given by equation (2) was introduced into the
model. It allows the calculation of shape of recasted zone surface. In order to solve differen-
tial equation (3) the iterative scheme (4) was applied with an additional solution stabilising
equation (8).

Characteristic values Symbol Unit Value 

Density ρ kg/m3 8100 

Viscosity μ kg/(m⋅s) 6⋅10–3 

Coefficient of thermal expansion β 1/K 1⋅10–4 

Latent heat of fusion LH J/kg 250.8⋅103 

Solidus temperature Ts K 1620 

Liquidus temperature Tl K 1740 

Absorbtivity η % 11 

Emissivity ε – 0.4 

Temperature coefficient of surface tension ∂γ/∂T N/(m⋅K) –5⋅10–4 

9
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The shape of recasted free surface by laser beam with 500 W power and after 0.15 s is
presented on the Figure 2. In axis of laser beam a strong liquid stream, which is directed
from surface interior sample, is visible. In this area a liquid steel reaches maximum value of
perpendicular velocity component, which is equal to 0.1 m/s on depth of 2.5·10–5m (Fig. 3).
Because of iterative scheme applied in this model, which permits the deformation of free
surface, the liquid stream directed to the surface in the area where the temperature is nearing
the liquidus temperature (Tl), results in bending of the surface above initial level of the
upper sample surface (Fig. 2). However an inversely directed liquid phase stream in the axis
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of laser beam creates cavity in this place. On the upper sample surface the liquid stream
is directed into laser beam axis (Fig. 4). The maximum liquid phase velocity on this bou-
ndary rises ~0.35 m/s. The perpendicular liquid velocity component on the same sur-
face changes its sign (Fig. 5) extreme values of its velocities reach –0.05 m/s and 0.03 m/s
respectively.
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Almost imperceptible surface deformation (Fig. 6) is caused by computations for sam-
ple which was doped with sulfur (20 ppm). In comparison to previous case the horizontal
and perpendicular components (u i v) of the liquid phase velocity vector on the liquid sur-
face (Figs 7, 8) are properly 1–2 orders smaller. Therefore their influence upon lifting n

iH
of free surface calculated with iterative scheme with the use of (4) is inconsiderable.
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Theoretical calculations of heat and mass transfer by using two-dimensional energy,
momentum conservation and stream continuity equations were presented in this paper. The
schema of calculating the surface location by introducing an additional iteratively counted
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function was proposed. The use of computer simulation for laser recasting enables pre-
diction of influence of processing parameters (laser beam power and diameter, chemical
composition of the material, surface parameters) upon the shape of recasted zone and liquid
phase free surface. The temperature gradient is a propelling force of surface liquid flow,
which is highest on the beam circuit. This results in very intensive mixing of melted phase
in this area. Steel doped with the sulfur causes decrease of unevenness of liquid steel free
surface.

The financial support of the Polish Committee for Scientific Research (research
projects AGH No. 11.11.110.728, MNiSW/IBM_BC_HS21/AGH/101/2007) is gratefully
acknowledged.

���������

>�? ����(
)*+
	�
��(�
*!
@ A�*
 �������B*
 �"�B")�
 ��
 )�#��A�
 ������
  �#��� ����C
 ������*�
 $��������
 ��

 �����
&����"���
��
��&��� ����
��
�����
*���
 ���%�
���������)�
*
'���������
�������AB*	
&
$'((&%
�	

&&���

>�? ����(
)*+
	�
��(�
*�
������*����
����� ����
�� A�
�
����
*
�������
 ����� ����C
������*��
�������A�
D�

(�������C�
 ���������)�
 *
 '���������
������	
 (������'��	
 E�)� ���
 ����	
 �������)
��
 �
 ���
 ����		

����	

���
�

>�? �����
�*+
	�,���
*+
-�.�����
-*/*�
!�����
�������
��
������
�����
�
������
���&�
������
�������
�����

���������
����&���
��
*������
�����������
�������
'�����
F	

F
�
��		
�����


>�? ����(
 )*+
	�
��(�
 *�
 @ A�*
  �������B*
 ���B�)�
 ������*�C
 ��
 )����A�
 ������
  ����� ����C
 �
 ����)���

�)�B*
�� ����
*
������
$����)	

�
�����		
������

>�? 0�������
/*�*+
����1
-*�
��� ���������
�������
���
�����
��������
! ������	
F�����	
����

G���&��

H���
����



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




