84T & F 11 A B % K Vol.47  No.11
2011 4¢ 11 1 %5 13881395 3 ACTA METALLURGICA SINICA Nov. 2011 pp.1388-1395

ASTM A216 WCA 5405 E R A E#iTFE
HBTHY CA F&H

BoRY O HERY RRKIEY LRIEKD KER?D  HE AR
1) W2 HUBR TR R S O 3 B WL A 95 3S, L 100084
2) HFE ARG A El, 1 471039

8 E 44 Thermo-Calc Ml Dictra k% & T SHTCAM T RBEEMERY BUIRE, B2 7 TlRESN (CA) #A, xt
ASTM A216 WCA #5405 X5 8 A RRAAAE T THEML. &I TSR TRE SR LR, 8 OM f1 SEM
WML T FEDIR AR ALAHORALR, W T8I o GeREMEBREMRRAT . B2 R, PR BUER I R S
ST TR, 287 TR HR MM ESHORAER L. G508, SRS TR E RF, BRAEENRX, 3 o
BREMRA & RN, RN, Je3Er o BREMAFHE SR RS FIBR G T4 2 Fr BRI

SR TTMLE AP, BERALSY B, ASTM A216 WCA #41
REESXS  TCGIILS, 14231 XBERRAEB A XEHS  0412-1961(2011)11-1388-08

CA MODELING OF PHASE TRANSFORMATION IN ASTM
A216 WCA CAST STEEL DURING SOLIDIFICATION
AND COOLING PROCESS

SU Bin V), HAN Zhigiang V), ZHAO Yongrang ?, SHEN Bingzhen 2, ZHANG Lianzhen ),

LIU Baicheng V)

1) Key Laboratory for Advanced Materials Processing Technology, Ministry of Education, Department of Mechanical
Engineering, Tsinghua University, Beijing 100084

2) CITIC Heavy Industries Co., Ltd., Luoyang 471039

Correspondent: HAN Zhiqiang, associate professor, Tel: (010)62794616,
E-mail: zghan@mail.tsinghua.edu.cn

Supported by National Science and Technology Major Project (No.2011ZX04014-052)
Manuscript received 2011-05-24, in revised form 2011-08-06

ABSTRACT A cellular automaton (CA) model has been developed to simulate the microstructure
evolution of ASTM A216 WCA cast steel during solidification and consequent cooling process. In the
model, the thermodynamics and solute diffusion of the multicomponent system were taken into account
by using Thermo—Calc and Dictra software. The peritectic solidification, a—ferrite/austenite transition
and eutectoid transformation as well as the final microstructure can be predicted. To validate the
model, a sand mold step—shaped casting was produced and metallographic examination was carried
out, in which the content and the grain size of proeutectoid ferrite were measured by using OM, and the
mean interlamellar spacing of pearlite was measured by using SEM. It was shown that the simulated
results are in good agreement with the experimental results. As the cooling rate increases, proeutectoid
a—ferrite content increased, while the mean grain size of proeutectoid a—ferrite and the average lamellar
spacing of pearlite decreased.
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Table 1 Parameters used in the simulation![6:24,27,28]

Parameter Value Unit
Liquidus temperature (71,) 1513 c
Peritectic temperature (Tp) 1493.5 c
Starting temperature of austenite 807 C
to a—ferrite transformation (Asz)
Eutectoid temperature (Aj) 707 C
Even degree of undercooling (ATx) 10 c
Normal curvature degree 4 C
of undercooling (ATy)
Maximum density of nuclei (ns) 107 m~—2
Activation energy for atom motion 140 kJ/mol
at the §/v interface (E%/7)
Pre-exponential factor (Mg/’y) 0.01 mol'm/(J-s)

Atomic volume of a—ferrite (V)  0.00824 nm3
Average lattice parameter 0.329 nm

of a—ferrite and v (a)

Area density of the atomic 103 m—2
sites available
for nucleation at v boundaries (Na)
Edge energy (ve) 0.032 J/m?

Difference of interfacial and grain  0.0065 J/m?

boundary energies (Ve + Y0 — Ygb)

Activation energy for atom motion 140 kJ/mol
at the v/a interface (EV/®)

Pre—exponential factor (Mg/a) 0.001 mol-m/(J-s)
Adjustable parameter (b) 0.04 S
Adjustable parameter (c) 2 -
Adjustable parameter (d) 140 -

Molar volume of pearlite (Vsn)  7.3x107%  m3/mol

Surface energy (o) 1 J/m?

A SEM Xt @AHilAe AT, WAL 7Bt R
JR BRI SR SE AT T X I, 4R 8c s, W]
L, B Ve IR AREIHR, BROGHACT-H F ) (AL N



1394 & B ¥ M 4T %

B 7 AU IR A MO A R SRR A A 2R
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No.4 (d, i) and No.5 (e, j) steps



SR ASTM A216 WCA S9Nk R I & # FRAEAE ) CA Bl

1395

v Simulation
[ Experiment

Area fraction of proeutectoid o-ferrite
o
2
T

|

Step 3
Sample

%

Step 3
Sample

Step 1 Step 2 Step 4 Step 5

150

(b)
140 | p

130 -
120 -
110 -
100 -

90

80 -

n

Step 5

Mean size of proeutectoid a-ferrite grain, xm

Step 1 Step 2 Step 4

0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30

Mean interlamellar spacing of pearlite, zm

7ml

Step 5

0.25

Step 1

Step 2 Step 3

Sample
B 8 HMBhTIEsAT o BREMAE R T e R &
BOLHRFY fr B

Fig.8 Area fraction (a) and mean size (b) of proeutectoid

Step 4

« ferrite and mean interlamellar spacing of pearlite
(c) in different steps

3 #ig

24 Thermo—Cale 1 Dictra {4 B L H TP #
XARAE B SRR, @7 ASTM A216 WCA &4
BEE S5 S H REARE AR CA BLEL Bt HBsEi
HEATRRIE LM, S5 RSB, BSR 5 LR RAT S RIT,
BV ARG R, et o BREMARM S BRI, R
FEIEHT o BRE R bk RS I ZRO AR 2 12 F 1]

iV AN
SEH

[1] Huang TY, Liu X G, Kang J W, Liu B C. Foundry, 2007;

56: 899

=

(10]
(11]
(12]
(13]
(14]
(15]
(16]

(17]

(18]

(19]
20]

(21]
(22]

23]
(24]

25]

[26]

27]
(28]

(29]

(BERAM, XN, FRHER, WIE . %, 2007; 56: 899)
Roosz A, Gacsi Z, Fuchs E G. Acta Metall, 1983; 21: 269
Garcia de Andrés C, Caballero F G, Capdevila C,
Bhadeshia H K D H. Scr Mater, 1998; 39: 791

Caballero F G, Capdevila C, Garcia de Andrés C. J Mater
Sci, 2002; 37: 3533

Oliveira F L G, Andrade M S, Cota A B. Mater Charact,
2007; 58: 256

Kang X H, Du Q, LiD Z, Li Y Y. Acta Metall Sin, 2004;
40: 152

(FRFLL, k3, 2B, ZRiRIK. &R %R, 2004; 40: 452)
Shibata H, Arai Y, Suzuki M, Emi T. Metall Mater Trans,
2000; 31B: 981

Mcdonald N J, Sridhar S. J Mater Sci, 2005; 40: 2411
Zhang L, Zhang C B, Wang Y M, Wang S Q. Acta Metall
Sin, 2004; 40: 599

(3 #, RS, EXM, EHEH. &RB¥M, 2004; 40: 599)
Zhang L, Zhang C B, Wang Y M, Wang S Q, Ye H Q.
Acta Mater, 2003; 51: 5519

Lan Y J,LiD Z, Li Y Y. Acta Mater, 2003; 51: 5519
Tong M M, Li D Z, Li Y Y. Acta Mater, 2004; 52: 1155
Tong M M, Li D Z, Li Y Y, Ni J. Metall Mater Trans,
2002; 33A: 3111

Militzer M, Mecozzi M G, Sietsma J, Zwaag S V. Acta
Mater, 2006; 54: 3961

Huang C J, Browne D J, McFadden S. Acta Mater, 2006;
54: 11

Huang C J, Browne D J. Metall Mater Trans, 2006; 37A:
589

Loginova I, Odqvist J, Amberg G, Agren J. Acta Mater,
2003; 51: 1327

Sun L B, Xu Q Y, Liu B C. Acta Metall Sin, 2003; 39:
387

(IR, VEPRES, BT IR. SR 24, 2003; 39: 387)
Andersson J, Helander T, Héglund L, Shi P F, Sundman
B. Calphad, 2002; 26 : 273

Thévoz P, Desbiolles J L, Rappaz M. Metall Mater Trans,
1989; 20A: 311

Brody H D, Flemings M C. Trans AIME, 1966; 236: 615
Shang C J, Hu L J, Yang S W, Wang X M, Zhao Y T, He
X L. Acta Metall Sin, 2005; 41: 471

(MEE, PR, BER, T2, BiZE, WER SB%H
2005; 41: 471)

Fazeli ', Militzer M. Metall Mater Trans, 2005; 36A: 1395
Militzer M, Pandi R, Hawbolt E B. Metall Mater Trans,
1996; 27A: 1547

Wang Q C, Yang Z G, Li Z D. Acta Metall Sin, 2007; 43:
344

(E/5#, HER, ZR\KR. SIR%H, 2007; 43: 344)

Wang Q C, Yang Z G, Zhang C. Acta Metall Sin, 2008;
44: 708

(a8, HEN, 5k 5. SEFMR, 2008; 44: 708)

Varma M R, Sasikumar R, Pillai S G K, Nair P K. Bull
Mater Sci, 1996; 27A: 1547

Nakajima K, Apel M, Steinbach 1. Acta Mater, 2006; 54:
3665

Borgenstam A, Engstrom A, Hoghund L, Agren J. J Phase
Equilibria, 2000; 21: 269




<<
  /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


