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Modeling of microstructure evolution in regular eutectic growth
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The growth morphology of regular eutectics has been studied using a model eutectic alloy and a transparent
CBr,— C,Clg eutectic alloy. A modified cellular automatdklCA) model is developed to model the evolution
of regular eutectic microstructures. Different from the classical cellular automata in which only the temperature
field is involved, the present model also includes the solute redistribution and the curvature effect during
eutectic solidification. The finite-volume method, which is coupled with the cellular automaton model, is used
to calculate the solute field in the calculation domain. The growth velocities of both eutectic phases are
evaluated according to the local undercooling, consisting of thermal, solutal, and curvature undercoolings. The
cooperative and competitive growth mechanisms of two eutectic phases are embedded in the present MCA
model. The effects of diffusion and growth velocity on eutectic growth morphology, such as lamellar spacing
and interface shape, were systematically investigated. The simulation results reveal a wide range of realistic
eutectic growth features, such as eutectic oscillatory growth, selection of eutectic lamellar spacing accom-
plished by lamellar branching or lamellar termination, as well as interaction between the solute redistribution
and the adjustment of volume fractions.
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[. INTRODUCTION MC time step used in MC calculation is not correlated with
real time. Meanwhile, the boundary integral method allows
Precise understanding of the evolution of eutectic microthe reliable simulation of the dynamics of the solid/liquid
structures is crucial in controlling solidification of eutectic interface and some basic eutectic lamellar instabilities such
alloys. The growth behaviors of eutectic alloys have longas oscillatory and tilted eutectic morphologies in a relevant
received considerable attention since eutectic microstructuré@Ww Velocity regime, but it cannot handle catastrophic dy-
are of special interest not only from a theoretical point offamic events such as the merging and branching of
view in terms of pattern formation and growth mode seleclamellaez” Furthermore, both Monte Carlo and boundary in-
tion during solidification, but also from a practical point of tegral approaches cannot describe variations of the nonequi-
view recognizing the properties associated Withllbrlum solute field in ||qL||d during eutectic solidification.
microstructureg:? On the other hand, phase field simulations effectively dupli-
Two important parameters of eutectic microstructurescate many experimental phenomena, such as eutectic lamel-
markedly affecting the properties of materials, are the relalar spacing and volume fraction adjustmefts:® However,
tive volume fractions of the two phases and interlamellatiP to now phase field models are limited to a very small
spacing. These parameters can be easily controlled by egalculation domain due to a cell size limitation and a consid-
periments. Generally, the volume fractions can be controlle@rable computational power requirement.
to some extent by alloy compositions, whereas eutectic in- The purpose of the present work, as a series of studies on
terlamellar spacing can be mainly controlled by growththe modeling of eutectic growtH;*’is to develop a modified
velocity3* Extensive theoretical and experimental stutiidgs cellular automatorfMCA) model for modeling microstruc-
have been carried out to investigate eutectic growth morture evolution in eutectic solidification. Two kinds of eutectic
phology and to provide models describing the eutectic mi-2lloys were examined: a model eutectic alloy with two solid
crostructural characteristics as functions of alloy composiPhases of identical physical properties and a transparent
tions and growth conditions. Following the pioneering CBri-C>Clg eutectic alloy. The effects of solute diffusion and
analysis of Jackson and Hulftyarious theoretical models growth velocity on eutectic growth morphology, such as eu-
have been developed to relate eutectic interlamellar spacin§ctic lamellar spacing and interface shape, were investi-
with growth conditions~*3 gated. Some of the computational results were verified by the
Numerical modeling has recently emerged as a powerfuXperimental observations found in the literature.
and important tool to simulate microstructural evolution dur-
ing various solidification process&s.?! Some researchers 1l. MODEL DESCRIPTION AND NUMERICAL METHODS
have applied Monte CarldMC) models>?? phase field
model$>~?° and other numerical approaches, such as the
boundary integral methad,to model the directional growth In a nonfaceted/nonfaceted eutectic system, two thermo-
of lamellar eutectics and to exhibit a wide variety of charac-dynamically distinct solid phases, labeledand 8, can si-
teristic features of eutectic formation. However, Monte Carlomultaneously grow from the parent liquid phase when its
techniques have the drawbacks of being unable to descridemperature goes below the eutectic temperature, LLe.,
the time evolution of eutectic growth, due to the fact that the— «+ 3, frequently forming a regular periodic structure of

A. Cooperative and competitive eutectic growth
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!amellqe. Durmg e_utect|c solidification, two_solutes are re- AT(t,)=Te—T(t,)+m-[C(t,) - Ce]-TiKi(t,), (2
jected into the liquid. Solute A accumulates in front of e

lamellae, while solute B accumulates in front of tadamel- ~ WhereTg and Cg are, respectively, the eutectic temperature
lae. The solute diffuses along the solid/liquid interface fromand the eutectic compositiol; is the Gibbs-Thomson co-
one phase to the other. Consequently, solute diffusion plays éfficient of phase (phasex or g8). K;(t,), C(t,), andT(t,)
critical role in determining eutectic microstructural charac-are the mean curvature with respect to phiasad the con-
teristics. As the lamellar spacing decreases, the soluteentration and the temperature of a liquid cell at the solid/
buildup in front of the solid/liquid interface decreases. Inliquid interface at timet,, respectively. The liquidus slope
other words, solute diffusion tends to decrease lamellar spagn; is negative for then-phase growth and positive for the
ing. However, if the effect of solute diffusion on lamellar g-phase growth, i.em,<0 andmg>0.

spacing is exclusively considered, lamellar spacing would be According to an analytical modé?, the relationship be-
estimated to be much finer than the actual. Since excess frégeen the growth velocity of eutectics and the interface un-
energy is associated with phase boundaries, as the lamellgercooling can be expressed as

spacing becomes finer, more surface area between the two

phases is created for a unit volume of eutectic transforma- v[AT(t,)]=a-AT(t,)?, 3
tion. Thus, surface energy acts fo increase I"’lme”a\r/vherea is the growth kinetics coefficient, which is chosen to
spacing>?® Under a certain growth condition, there must be o5 m/usg : 0se

an optimum lamellar spacing with respect to solute diffusion Once a ceII.has nucleated or solidified, it will grow with a
and surface energy considerations. If the lamellar spacinarowth velocity determined by local undércooling At a cer-
departs from the optimum, the thermodynamic equilibriumt in time t t{} | %h f idified g.” ¢ th
condition for the solid/liquid interface can no longer be ful- an imet,, the growth fength of a sofidified cell at the
filled. This causes the adjustment of lamellar spacing by th(§0“d/IIqUId interface/ (tn), is given by

creation of extra lamellae or terminations until the new N
lamellar spacing becomes stable. Accordingly, the key as-  |(t,)=(cos#+|sind]) "1 >, v[AT(t,)]XAt,|, (4
pects for the modeling of eutectic growth should include the n=1

contributions of both solute diffusion and surface energy,
. ) . " “whereAt
which determine the cooperative and competitive eutecti

grolwth gehaworso,l rlespectlyely. h di ional cal line between this solid cell and its neighboring liquid cell,
cuI:ti(c:L g;;?a?;ocoenggtﬁ]cgt'gfggot\:\:]tif(’):imng(;{'hc')rgg:asl'(;??aggé_andN _indicates the iteratlion.number. Then, the solid fraction
ment of cells was considered. At the beginning of simulation,Of a given cell at a certain timéy(ty), can be expressed by
the whole domain was filled with liquid cells having a uni- I(t,)

form eutectic composition. Two kinds of temperature fields fs(ty) = - (5)

in the calculation domain were considerdd): a uniform

temperature field with a certain thermal undercoold@  whereL is the cell spacing. Whefiy(t)=1 , the neighboring
=Tg—To, whereTg andT, are the eutectic and isothermal |iquid cell is captured by the solid cell and its state changes
temperatures, respectively, aiid) a temperature field im-  from liquid to solid. The detailed growth algorithm of a non-
posed with a certain thermal gradient inside the domain. Difaceted crystal can be found elsewhéte.

rectional eutectic growth was considered to occur from the |t is to be noted that the liquidus slope in Eq. (2) is
bottom of the calculation domain, where a row @fand 8 negative for thex-phase growth and positive for tiephase
seeds was assigned according to the equilibrium volumgrowth. The Gibbs-Thomson coefficients and the interface
fraction of two eutectic phases and various initial lamellarmean curvatures for phasesand 3 are also different. The
spacings. The seeds of phagesind 8 have their crystallo- |ocal undercooling taken from the center of an interface lig-
graphic orientation of 0° with respect to the vertical growthuid cell is thus different with respect to the solidification of

n is the time step# is the angle of the preferential
%rowth direction of a solid cell with respect to the linking

direction. phasesa and B. Therefore, if an interface liquid cell is
During eutectic solidification, the driving force for eutec- nejghbored by both the and 3 phase cells, local undercool-

tic transformation is defined by the local undercoolib@,  ings and growth lengths with respect to the growth of phases

which consists of four contributions: a and B are calculated and compared simultaneously. The

competitive eutectic growth mechanism is thus directly em-
bedded in the present MCA growth algorithm.

As described previously, the balance between solute dif-
fusion and surface energy, i.e., solutal and curvature under-
where AT+ is thermal undercoolingAT¢ is solutal under- coolings, is one of the most important mechanisms control-
cooling, AT, is curvature undercooling, anT, is kinetic  ling eutectic growth. A stable eutectic microstructure forms
undercooling. For most regular eutectic systems, it is genemwhen proper diffusion coupling is maintained between
ally considered that kinetic undercooling is negligifle. phasesa and 8. If lamellar spacing increases, the lateral
Therefore, the total local undercooling at the solid/liquid in-diffusion distance between lamellae increases, resulting in
terface at timet,,, AT(t,), is considered to be the sum of insufficient diffusion and giving rise to the piling up of ex-
three contributions, given by cess solute in front of the wider phase. Thus, the lamel-

AT=AT;+ATc+AT, +AT,, (1)
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TABLE |. Physical properties used in the present simulation.

Symbol Definition and units Model alloy CBr C,Clg?
Te eutectic temperaturé) 356.0 356.0
m, liquidus slope ofa phase(K/wt %) -0.5 —1.48
Mg liquidus slope of3 phase(K/wt %) 0.5 2.16
Ce eutectic compositioriwt %) 8.4 8.4
c? solubility limit of « phase(wt %) 5.08 5.08
c solubility limit of B phase(wt %) 16.18 16.18
fo volume fraction ofa phase(—) 0.676 0.676
fg volume fraction of3 phase(—) 0.324 0.324
r, Gibbs-Thomson coefficient af phase(mK) 1.5x10°7 0.8x10° 7
I Gibbs-Thomson coefficient g8 phase(mK) 1.5x10°7 1.14x10°7
D, solute diffusion coefficient in liquid (Ats) 1.0<10°° 1.24x10°°

8Reference 32.

lae have a negative curvature in the middle, leading to (ii) The solute field during eutectic solidification is prima-
branching by the nucleation of phagein the concave re- rily controlled by diffusion in liquid, and no considerations
gions and the growth of newly nucleat@dcrystals, thereby of diffusion in solid and convective mass transfer are taken
reducing lamellar spacing to recover stable growth. Theanto account.

present model takes into account this mechanism about As the eutectic solidification proceeds, a solidified
lamellar spacing reduction, which involves the nucleationa-phase cell rejects the solute atoms to its neighboring liquid
and the growth of phasg in the solute enriched pockets cells, i.e., AC=C,—C,q. Conversely, a solidifie¢gB-phase
associated with the concave regions of théamellae. A3 cell will absorb the solute atoms from its neighboring liquid
nucleus is introduced in front of the lamellae when the cells, i.e.,AC=C,—Cg. Diffusion within the liquid region
following two conditions are satisfied simultaneouslyy =~ was simulated by the finite-volume method. The governing
The liquidle interface mean curvature is negative, i.e.,equation for solute redistribution in liquid is given by
K,(t,)<0. (ii) The departure of concentration from the eu-

tectic composition is larger than 1.8, i.eAC=C;—C¢ ¢ ¢
>1.8. Thus, the branching qf Ia_mellag is. generated and the ’9_C':Dl,VZCIJF(CI_CQO)&JF(CI_CL%O)& s
cooperative growth of eutectics is maintained. dt dat

@)

B. Interface mean curvature

The mean curvature of an interface cell at titgavith a ~ Wheret is time andD, is the solute diffusion coefficient in
solid fraction off(t,) can be calculated using a counting- iquid. C,o, Cpo, fs ., andfs ; are the solubility limits and
cell method? as follows: the solid fractions of phases and 3, respectively. The sec-

ond and third terms on the right-hand side of Ef).indicate

— 1
Ki:_

Aal

, (6)

Cn+1

fs<tn)+j§1 fs,im)

whereAa=Ax=Ay is the cell sizef;(j) is the solid frac-
tion of phasé of the neighboring cells, and is the number

of neighboring cells around this interface cell. In the present
simulationn is equal to 8, which indicates the number of
neighboring cells of the first layer. The values of the curva-
ture calculated by Eq6) vary from 1Aa to O for convex
interfaces and from 0 te- 1/Aa for concave interfaces. If an
interface liquid cell is neighbored by both and 8 solid
phases, the mean curvatures with respect to phasew 3,

K, andKg, should be calculated respectively. A A
Eutectic lamellar spacing, A

Undercooling, AT

unstable IT

|
|
|
| |
unstableI | stable |

C. Solute redistribution
_ o _ . FIG. 1. A schematic plot of the relationship between average
The assumptions for solute redistribution during eutectiGnterface undercooling and eutectic lamellar spacing at a constant
solidification are as follows: growth velocity, indicating the regions of stable and unstable lamel-
(i) The solidifieda and B8 phases preserve the equilibrium Jar spacing, as predicted by the JH mod@Ef. 10 (AT=K;\V
composition, i.e.L.— a(C,o) + B(Cpo) - +K,/N).
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FIG. 2. The simulated lamellar eutectic microstructures with a growth velocity oftinf and various initial lamellar spacing® A
=15um, (b) A=25 um, (c) A\=38 um, and(d) A\=55 um.

(b)

the solute gain and loss resulting from the generation of eu- The relationship between lamellar spacing and interface
tectic solid fractions at the solid/liquid interface, respec-undercooling at a fixed growth rate, as predicted by B}.
tively. is illustrated schematically in Fig. 1. Figure 1 also indicates
An explicit difference scheme was applied for calculatingthat a finite band of stable eutectic lamellar spacings exists
the solute diffusion, and the zero-flux boundary conditionsior a given growth velocity. This basic idea of eutectic sta-
were used for the cells located on the boundary of the calcujlity has been extensively examined by a number of experi-
lation domain. The physical properties used in the presenfyental studies. The results show that in directional solidifi-

calculation are listed in Table I. cation of regular eutectic alloys, the system will select the
lamellar spacing giving a minimum undercooling at the in-
IIl. RESULTS AND DISCUSSION terface, which is denoted hy,, in Fig. 14

The present model was applied to simulate the eutectic
growth morphology using a model eutectic alloy. As shown
in Table I, the model alloy has the same eutectic temperature,

The dominant variables of eutectic solidification are theeutectic composition, and solubility limits of both phases
undercoolingAT, the growth velocityV, and the lamellar and 3 as those of the transparent organic £BE,Clg eu-
spacingh.?® Jackson and Hufft (JH) developed an analyti- tectic alloy. However, other physical properties are assumed
cal model to relate eutectic lamellar spacing with growth rateo be identical, i.e.m, = — mg andl’,,=T 5. The stability of
in the directional solidification of regular eutectic alloys. Ac- the eutectic front will thus not be biased by the differences in
cording to their model, eutectic lamellar spacing is given as gne physical properties of phasesand 8. The calculation

A. Selection of eutectic lamellar spacing at a fixed
growth velocity

function of undercooling and growth rate as follows: domain consists of 300380 cells with a cell size of
0.5 um. Figure 2 indicates the simulated eutectic micro-
AT=KAV+Ky/\, (8 structures at a fixed growth velocity of 1:&m/s with vari-

ous initial lamellar spacinga =15 um, 25 um, 38um,
whereK,; andK, are the constants for a given alloy system.and 55um. The white color represents phasand the black

FIG. 3. The effect of diffusion
on the stable lamellar spacin@)
D,;=5.0<10"° m?/s, (b) D,=1.0
x10"° m?/s, and (c) D,;=0.22
x107° m?/s.

(a) (b) ()
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10+ alliquid interface. At an initial lamellar spacing ok

=55 um, which is larger than the maximum stable lamellar
81 spacing denoted as),, eutectic growth becomes unstable
. followed by nucleation and growth of phageat the center

of phasea, leading to a decrease of original lamellae as
shown in Fig. 2d). The simulation results in Fig. 2 also
exhibit that when the lamellar spacing As<\,,, the pre-
dominant factor responsible for eutectic instability is the cur-
vature effect, whereas the unstable growth of region Il is
primarily caused by solute insufficient diffusion. When a

Normalized diffusion coefficient (D /D, )
A

01 lamellar spacing\ is equal to the optimum lamellar spacing
oo 05 0 . o oS AN \m at a certain gromh velocity, the effepts of d_|ffu5|on and
, _ curvature balance. Figure 2 provides visual evidence of the
Normalized stable growth spacing (i /)

selection of lamellar spacing predicted by the analytical
FIG. 4. The relationship between normalized solute diffusioandGIS and experimental qbservatlons. e
coefficient and normalized stable growth spacingrmalized fac- In Orde,r to further exam'ne the,eﬁeCt_ of solute d|f_fu5|on
tors: Dj=1.0< 10~° m2/s and\ ;o= 30 um). on euteptlc Iamellar.spa_cmg, a ;lmulatlop was carried out
with various solute diffusion coefficients. Figure 3 represents
phaseB. The gray color ahead of the solid/liquid interface the effect of solute d'ﬁl{SQ'O”ZO” the stable eutectic |2ame||ar
represents the nonequilibrium solute field in the liquid: theSPacing:(@ D;=5.0x10"" m?/s, (b) D;=1.0<10"" m7/s,
darker the color, the higher the solute concentration. It can bgnd (6) D;=0.22<10° m?/s. It is obvious that a decrease
noted from Fig. 2 that there exists a region of solute-enriched the diffusion coefficient will lead to an increase of solute
liquid ahead of phase due to the rejection of solute at the departure from the eutectic composition,C=|C; —Cg],
alliquid interface, and a region of solute-depleted liquid@head of the solid/liquid interface. According to @), an
ahead of phasg. As eutectic growth proceeds, some lamel-increase ofAC regults in an increase of the solute diffusion
lae are eliminated in the case af=15um. When ag e_ffect. The eute(_:tlc s_:table lamellar spacing thus be_:com_es
lamella is eliminated, the adjacemtamellae join together to  finer as shown in Figs. (8 through 3c). The relationship
form a singlea lamellar, which generally reduces its thick- P&€tween normalized diffusion coefficients and normalized
ness in relation to the thickness of the adjoinjigamellae ~ Stable lamellar spacing is shown in Fig. 4, exhibiting a mo-
in order to maintain the ratio of the volume fraction of tlse  NOtONOUS increase of eutectic stable lamellar spacing with
and 8 phases at a constant value. These termination even@?'“te diffusion coefficient. The ca!culatlon gondltlons of
lead to an increase in the lamellar spacing as shown in Fig:19S- 3 and 4, such as the calculation domain and the cell
2(a), which belongs to the unstable region | in Fig. 1. WhenSiZ&: aré the same as those of Fig. 2.
the eutectic lamellar spacing is 26m, the lamellae organize _ _
themselves into a nearly uniform array as shown in Fif),2 B. Eutectic oscillatory growth
and hence this lamellar spacing can be considered as  Eutectic oscillatory instabilities have also been commonly
=\,,. As the lamellar spacing becomes larger thanas observed experimentally in eutectic grovithin order to
shown in Fig. 2c), the insufficient solute diffusion yields a predict the eutectic oscillatory growth mode, the calculation
large accumulation of solute in front of lamellae, develop- domain was divided into 440420 cells with a cell size of
ing solute enriched concave hollows at the center of th®.05um. The interface thermal undercooling was set to be

a 8 &

(a) (b) (c)

FIG. 5. The interaction between solute redistribution and volume fraction adjustrf@nt=0.1s, \,/A>f,, E,>CE, (b) t
=0.13 s,\,/A<f,, C;<Cg, and(c) t=0.16 s,\,/A>f,, C;>C¢.
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i

FIG. 6. The simulated lamellar eutectic microstructures with an increase of growth vel@ity=10 um/s, (b) v =20 um/s, (¢c) v
=28 um/s, and(d) v=235 um/s.

(d)

1.4 K. Figure 5 indicates the simulated evolution of eutecticCBr,— C,Cls alloy with various growth velocitiesv
oscillatory morphology. It is observed from Figidthat at =10 xm/s, 20um/s, 28um/s, and 35um/s. It is to be
t=0.1s, the volume fraction of phaseis larger than the noted that there is a strong interaction between solute redis-
equilibrium volume fraction of phase, i.e., A\,/A>f,,  tripution and eutectic phase transformation. The eutectic
leading to the average liquid concentration in front of thejameliar spacing and the interface shape are controlled by the
§ol|dthU|d interface higher than the eutectic composmon,imposed growth rate. With a low growth velocity of
i.e., C;>Cg. According to Eq.(2), the departure of the av- =10 um/s, two solid phases advance in a steady-state fash-
erage solid/liquid interface composition froBx, AC=C, ion and form a periodic structure of lamellae with a rela-
—Cg, is proportional to the growth undercooling. Becausetively large lamellar spacing, as shown in Figa)s When the
the liquidus slopes of phases and g are given asn,<0  growth velocity increases, the solute supersaturation in front
andmgz>0, AC>0 will result in that the driving force for of lamellae increases, resulting in the development of a deep
the growth of 8 lamellae is larger than that af lamellae,  depression in front of lamellae, followed by the nucleation
which automatically adjusts the volume fraction by increas—of g crystals in these concave regions in the center ofathe
ing the B lamellar width and decreasing the one. There-  |amellae and the subsequent growth of the newly nuclegted
fore, att=0.13 s, an inverse situation takes place, i.e.phase. This will eventually stabilize the eutectic growth with
N, /N<f,andC;<Cg as shown in Fig. @). This will result  a finer lamellar spacing, as shown in Fig&)ahrough &d).
in an increase of the volume fraction of phaseand a de- Conversely, Fig. 7 illustrates the changes in eutectic lamellar
crease of phas@. At t=0.16 s, the same situation as Fig. spacing and interface morphology caused by the decrease in
5(a) occurs as shown in Fig.(§. This kind of timely peri- growth velocity v=40 um/s, 30um/s, 25um/s, and
odic motions of the interface yields the eutectic oscillatoryl5 um/s. It can be noted that with a growth velocity of
microstructures. Accordingly, the appearance of the oscilla=40 um/s, eutectic growth with a fine lamellar spacing ex-
tory morphology can be explained physically by consideringhibits a uniform periodic array as shown in Figar As
the destabilizing effect of the solute field ahead of the solidgrowth velocity decreases, eutectic instability, which is
liguid interface. The phenomena shown in Fig. 5 are consiscaused by the curvature effect, provokes the volume fraction
tent with the experimental observations and the simulatiomdjustment due to the annihilation of lamellae through com-
results of a phase field model and a boundary integrapetitive overgrowth by their neighbors, as shown in Fidp).7
technique®>2®Moreover, Fig. 5 provides clearer evidence for In the case of Fig. (£), eutectic growth can be stable, but
a strong interaction between solute redistribution in liquidthere is a concave/liquid interface with enriched solute due
and volume fraction adjustment, which is the dominantto a slight insufficient solute diffusion. With a further de-
mechanism controlling eutectic oscillatory growth. crease in growth velocity, the new spacing becomes stable
with respect to solute diffusion and the curvature effect, and
eutectic growth can be adjusted, as shown in Fig).7

The effect of growth velocity on steady-state eutectic

In order to investigate the effect of growth velocity on lamellar spacing was also simulated and compared with the
lamellar spacing selection in directional solidification, aexperimental observations found in the literattifeigure 8
simulation by the MCA model was carried out in a calcula-indicates the typical steady state eutectic microstructures of
tion domain consisting of 400520 cells with a cell size of CBr,—8.4wt%GClg directionally solidified at a tempera-
0.1 um. Different interface thermal undercoolings were im-ture gradient of 3.6 K/mm with various growth velocities
posed to control eutectic growth velocity. Figure 6 shows thed.2 um/s, 0.5um/s, and 1.Qum/s. The figures in the left
simulated eutectic microstructures of a transparent organicolumn indicate the simulated eutectic microstructures and

C. The effect of growth velocity on lamellar spacing selection
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00000 .22

(d)

(a) (b) ©

FIG. 7. The simulated lamellar eutectic microstructures with a decrease of growth velatity=40 um/s, (b) v=30 um/s, (¢c) v
=25 um/s, and(d) v=15 um/s.

—

the ones in the right the experimental resfilhe calcula- lution of the regular nonfaceted/nonfaceted lamellar eutectics
tion domain consists of 450180 cells with a cell size of using a model eutectic alloy and a transparent LCBr
2 um. It can be seen that the solid-liquid interface remains— C,Clg eutectic alloy. The mechanisms of cooperative and
planar for these three velocities. However, the lamellar spaccompetitive growth of two eutectic solid phases from a
ing decreases with an increase in growth velocity. Figure &ingle liquid phase are incorporated into the numerical algo-
also shows that the simulated regular eutectic microstrucrithm. The present model permits the prediction of arbitrarily
tures are in good agreement with the experimental re$ults. complex eutectic growth modes, and the predicted eutectic
It is to be noted that the present MCA model has an eximnicrostructures effectively represent a wide range of realistic
cellent computational efficiency. The computational time foreutectic growth phenomena, such as eutectic oscillatory
the simulations in the present study was aboutlD h on a growth and the selection of eutectic lamellar spacing. The

Pentium Il PC of 1000 MHz. simulation results show that at a fixed growth velocity, there
exists a stable growth lamellar spacing, which might be
IV. CONCLUSION an optimum value with respect to the consideration of solute

diffusion and curvature balance. When the initial lamellar
A modified cellular automatoffiMCA) model has been spacing is smaller than the stable lamellar spacing, the eu-
developed and applied to investigate the microstructure evaectic lamellae adjust themselves to a new spacing by the

Simulation

FIG. 8. The simulated and ex-
perimental (Ref. 4 steady-state
eutectic growth morphology of a
directionally  solidified CBy
—8.4wt%GClg eutectic alloy
with various growth velocities(a)
v=0.2um/s, (b) v=0.5umls,
and(c) v=1.0 um/s.
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elimination of lamellae. Conversely, when the initial lamellar and volume fraction adjustments. The simulated steady-state
spacing is larger than the stable lamellar spacing, solute ricbutectic microstructures with various growth velocities are in

pockets appear at the center of taiquid interface because

good agreement with the experimental results found in the

of insufficient solute diffusion. At some larger initial lamellar literature.
spacing, unstable eutectic growth takes place, provoking the

volume fraction adjustment by the branchingofamellae.
The stable growth lamellar spacing,, which depends on
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