#wt (I T+ B E &
2 E 4

Elucidation of formation mechanism of y grain structures
in as-cast and semi-solid carbon steels including viscosity
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Control of austenite ( y) grain structure is of great importance in steel making processes
such as Continuous Casting (C.C.) and semi-solid processing, because the productivity in
each process is closely related to the size and shape of y grains. For instance, in C.C.
processes, Coarse Columnar y Grains (CCG) structure forms after the solidification in the
vicinity of C.C. slab and this structure decreases hot ductility of the C.C. slab and, eventually,
causes surface cracking. Therefore, the prevention of formation of CCG has been one of the
most important issues in the filed of steel making. Many attempts have been made to clarify
the formation mechanism of the CCG structure. It has been considered in earlier studies that
the CCG form by continuous grain growth in which the width of columnar y grains contin-
uously increases during cooling process in y single phase field. However, there is no direct
experimental evidence indicating the formation of CCG due to the continuous grain growth.
Moreover, the prediction of as-cast y grain size based on the continuous grain growth model
is often inconsistent with the experimental results. Hence, despite its practical importance,
the formation process of CCG remains to be clarified. In this study, detailed investigations
into the formation mechanism of CCG are carried out and the refinement methods of as-cast
y grain structure in C.C. process are put forward.

In addition to the C.C. process, the semi-solid processing is considered important process
of producing high quality steels. In the semi-solid processing of carbon steels, the viscosity
of semi-solid fluid is a factor affecting the mechanical property of final products and it largely
depends on the y grain structure, more precisely, the morphology and volume fraction of y
solid particles in L+ y structure during reheating process. However, the correlation among
the morphology, volume fraction of semi-solid steel and the viscosity behavior is not fully
clarified. In this study, controlling of L+ y structure in semi-solid processing is attempted
and also the viscosity behavior is investigated in detail to clarify the correlation between
them.

As described above, the main purpose of this study is the elucidation of formation mecha-
nism of y grain structures in both the as-cast and semi-solid steels. This thesis consists of 9
chapters and the organization is explained below. '

In chapter 1, the importance of control of as-cast y grain structure was explained in great
detail mainly in terms of the occurrence the surface cracking in C.C. process and the con-
trol rolling process. Moreover, recently developing semi-solid processing and the problems
involved in the application of the technique to steel production were described.

In chapter 2, the high temperature structures in steels such as dendrite, as-cast y grain and
L+ y semi-solid structure were detailed. The previous researches regarding as-solidified y
grain structure were reviewed with some classifications of microstructures according to the
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solidification conditions and morphology of y grain structure. In addition, some methods
to fabricate semi-solid raw materials and the development of semi-solid structure in metals
were explained.

In chapter 3, the formation mechanism of CCG structure in 0.2C steel was investigated
by using the rapid unidirectional solidification equipment. In the formation process of CCG
structure, Fine Columnar y Grains (FCG) always exist ahead of the CCG region. The change
from the FCG structure to CCG structure is discontinuous. The minor axis diameter of FCG
is comparable to the primary dendrite arm spacing and the FCG region corresponds to the
liquid+ y two-phase field. It was found that the CCG structure develops in the direction
of heat flow by consuming the FCG structure at the front of CCG. This process should be
classified into discontinuous grain growth and is in marked contrast to the continuous grain
growth assumed in earlier studies.

In chapter 4, the as-cast y grain structures and their formation mechanisms in hyperperi-
tectic carbon steels were investigated. In steels with the carbon concentration higher than
0.38mass %, Columnar y Grains (CG) whose average minor axis diameter is 200-500 g m
appear near the mold. When the carbon concentration is 0.43mass %, almost the whole struc-
ture consists of the CG. The microstructural observation, electron backscattered diffraction
analysis suggested that the CG structure was formed by primary or preferential growth of y
dendrite structure. This was also supported by the numerical analysis of dendrite growth.

In chapter 5, the formation mechanism of as-cast y grain structure in steels with the
carbon concentration less than 0.15mass % was investigated. In the steels with the carbon
concentration between 0.1 and 0.15 mass %, the CCG structure formed near the surface of the
castingot. In the steels with the carbon concentration less than 0.1mass %, the CCG and FCG
structure were not observed and, instead, Columnar and Equiaxed y Grain (CEG) structure
was observed in the whole observation area. Based on the microstructural observation for
furnace-cooled samples, it was considered that the formation of CEG originates from the
massive-like partitionless transformation.

In chapter 6, the morphology and formation mechanism of as-cast y grain structures in
carbon steels were summarized. Based on the knowledge for the formation of as-cast y grain
structure thus clarified, directions and practical methods to control as-cast y grain structures
were proposed. The formation of the CCG structure can be avoided by the addition of alloying
elements which stabilize pinning phases, such as TiN, § and liquid, at high temperatures.

In chapter 7, the effect of heating rate, holding time and the addition of Nb on the develop-
ment of semi-solid structure in 100Cr6 steel was investigated by reheating experiment. It was
revealed that the size of globular y grains in semi-solid structure was smaller in Nb added
sample especially in the case of a slow reheating condition due to the suppression of y grain
growth by NDbN particles dispersed in the matrix.

In chapter 8, the viscosity of 100Cr6 steel in liquid single or liquid + y duplex phase state
was investigated by using high temperature rotational type viscometer. The liquid and semi-
solid steel showed non-Newtonian behavior. The viscosity of semi-solid steel dramatically
increased with small decrease in temperature. Hence, in practical, the precise control of
temperature must be required for the application of semi-solid processing to steels.

Finally, the important findings in this study were summarized in chapter 9.
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REMOBELHE O AICBWTIERT 324 —AF7F 1 b (y) 8IS CLT, #Hy
RIHEER) 13, S5 OBRIEMICHER M THEELHE TH 5. RO RMEBLEEORRIC
A DRERD y HIDER L, ZORAERMESGHREINOFER %2 LML
NTW3B. Lizh- T, #h y Mo Sab R UMk, SfE T nr Aic Bt 58
BEHETH D, ZORDIITHEAER y WSO BBE RO MICT 2 HEND S, L
Lahs, BRI BWVT, 5 y iESOEREBEOBRIITTHTH D, ThidRIEIcHE
By BRSO B LIRS DI T h TWERN T LI RN TV, £, EFsEEHICinZ
T, B ROH LWELSETH B EI VY v RO R BV T y RIEHEI s
TEELBETHS. REMDFT VYV T+ —I 7 IKBVTRE, BREIAL, vy + BHEO
ZHEEFEREL LI, HFUAOTENTONS. L LENS, ZOMD y hiBEOHE
BERZOMAKICHERY RIFITHEYHEME FictI VY vy FolEOEIE+Hc#HS
MTENTVEL,

ARG OBEELIE T 0 A THAERHFE 0L LIV Yy R ot
AICBIT B y MEGEHEEOREBEZHNE U, vy AEBROTRERE L ZniciEbs &iEY
HEOEFOMARAAR LD THZ. KRLEINENSBREINTED, FEOBHEIIL

TOHEHTHS.
BT, WROBAE A LOBRN S, BEHEERTEI VY v FEFERIC BT
PEEFERBFAL TN 5.

BETIE, y NEBEK - REBRBRICETAIECROMRAZE LHTNS.

BT, HRERF OB HISZMIC RS TRWEE— A AR EZEEZ FVL T,0.2mass%
REMIC B1F 2HAKER y #iI (Coarse Columnar y Grain, CCG) DIEFGEREHERHE L
T3, BREBRICBWTHRETY 5 CCG DRIAIIIE, T K54 b—R7 — LHERERED
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YA XG5 7% K y B (Fine Columnar y Grain, FCG) BWHEICIERKT 5 L HVE
"IN ZLUC,CCGCREFDRAIENRET S FCG BB L THRET 3, Wbid 3R Ek:
BRBICE > TRET B T EPHESDICHE oz, Ulehio T, HEREE & T & 7otk
BRELCTWERNWT EHARENT.

SBIYE TIE,0.15~0.45mass% IREBEOBTARMENSR L U, $5 y RSO i
BEZRAEL TV 5. ATRMOHH y RERIE, REZBEOEMNICAV,CG(Columnar y
Grain) 2E § 2§\ £ £{t L /-, $A8EE52 EBSD, HEMHT OFR,CG kT B E ¥
KBIFDByTYRIA FOBEREICE > TERT 3T LARE L.

HHBE T, IRFEBEE 0.15mass% L FTOFBICH VT, i y MEKE BB ZREL
TW5. [RRERCHEVTIF,CCG KU FCG D ¥ L 5 & & Bk 5% - HROBEREEH
eI h, CoFH - HROBRERIE, massive-like 72 5/ y HEBEIC K > TIERT BT &
MR Ehz.

FRETIR, REMOGFHH y REKOTLERUZOHBREEEZRIEL, 8 y AEKOM
AR LT 5.CCG O ABAIEIC I, FCG/CCG BADBE ZHKIT B L
DRBETHD, ZOMEER L LT TiNb §STROMEBHRINC X 2BEMERR 2 RE
L7z ZDFER,CCG A FCG M B 2 b 3 THBOMMIENER S N iz,

BEETE, LIV FEEEEOEAL /TN S 100Ce MENRE U, HEEORE
HEHERAEL TV S. ZORR, HAMBZ I 7o EETSE TV RS MERTy ©
FEAERIR TEEMNICIET 3 T LAVRE Nz, BYARRTO vy WOtz L LT Nb
EHEMUIZE T A NN OEHIC KD y RIOBEKEHSHIEI X h, ZOER (y + #&HE) ZH
BRI B 2R y RFIMMEE T 2T L 2L L.

FNETI, BEEETHW 100C6 DL IV Y v RESRUAROBEM TR
WELZ. 20V Yy FREIZEANEERZED LRICH S EFRBOET, $hbbF
FV b ¥—%rR Ul EHEDZRICHBR LU IZREIC B0 T, RS AW BEE O
IMCHEVMET T B E= a— Mo HDEEHREI NI

BABIARILOBRIETHS.

ThEET BRI, BEIL, EREEERCTEI VY v FREEEICEBT 5 y hEEOEKE
BALTIZOREEHEZRBIELLDOTH D, HMMHRAE /0 ADRFICHBIF 3
TR UEHRNEEBICERT 2 L T AKED L0855, K-> TEER, LiHERFEE
+ (I%) DXL EBEENBERHEEDLED B, |
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