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Abstract—The morphological transitions of shallow cells near the onset of Mullins-Sekerka
instability during the thin-film directional solidification of a succinonitrile/acetone alloy have
been simulated quantitatively by means of phase field modeling for the first time. Long
time/length scale experiments at a constant pulling speed were performed for the purpose of
comparison. The simulation results show good agreement with classic theories in the planar and
A A/2 cellular bifurcation regions, where A, is the critical wavelength. At a higher pulling
speed, ¥, an anti-trapping current was introduced to maintain the local equilibrium. and the
region for ¥’A*~constant was found. Finally, multiplets appeared when 1 was closc to A/4. In
the experiments, due to slow solute accumulation in the molten zone, morphological transitions
were also revealed. Some interesting nonlinear phenomena, such as tip splitting, coarsening,
pinch-off, and asymmetric cells, were also confirmed through both simulations and experiments.
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INTRODUCTION

The morphological transition that occurs during
thin-film alloy solidification near the onset of insta-
bility is one of the most important research topics re-
lated to pattern formation in materials science and
physics. The planar interface becomes unstable at a
certain critical value of the control parameter, which
is either the pulling speed (V) or the temperature gra-
dient ((), as described by the classical Mullins-
Sekerka (MS) theory (Mullins and Sekerka, 1964).
This morphological instability occurs because the
constitutional supercooling overcomes the stabilizing

effects of the thermal gradient and interfacial tension.

As observed in experiments, once instability starts,
shallow cellular structures begin to grow followed by
the growth of deep cells and then dendrites as the
speed increases and thermal gradients decrease.
Among the above transitions, shallow cells have very
rich nonlinear dynamics. However, despite many
theoretical (Mullins and Sekerka, 1964; Warren and
Langer, 1993), experimental (Eshelman and Trivedi,
1987; Eshelman et al., 1988; Kurowski and Trivedi,
1989) and computational (Ungar and Brown, 1984;
Tsiveriotis and Brown, 1993; Lee ef al., 1992) stud-
ies in this topic, the long-time scale morphological
transitions of shallow cells are still not clearly under-
stood. In addition, the mutual dependence between
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the wavelength and the pulling speed after the criti-
cal point is not clear.

For a given thermal gradient, the critical wave-
length (A.) and pulling speed (V,) can be predicted
by the MS theory (Mullins and Sekerka, 1964).
However, because of the narrow range of the control
parameters for shallow cells, in addition to a long
molten zone (on the order of D;/V, where D, is the
solute diffusivity) and high purity sample, precise
control of the pulling speed is required for shallow-
cell observation (Lee ef al., 1992). As shown by the
theoretical analysis of Warren and Langer (WL)
(1993), the interface position takes a very long time
(on order of D,,/sz, where & is the segregation coef-
ficient) to reach a steady state. Near the onset of in-
stability, the solidification speed is small, so the time
scale for morphological dynamics becomes ex-
tremely large. Therefore, detailed experiments on
shallow cellular transitions with a time scale of up to
several D,‘/sz have not yet been reported. Lee et al.
(1992) made the first attempt to use a large-scale
thin-film solidification system, but shallow cellular
wavelengths and morphological evolution as a func-
tion of the pulling speed and time were not addressed
experimentally.

The front-tracking modeling with bifurcation
analysis performed by Brown’s group (Ungar and
Brown, 1984; Tsiveriotis and Brown, 1993; Lee et
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al., 1992) provided the first insights into the morpho-
logical transition of shallow cells. They showed that
the shallow cellular transition is a mode selection
that occurs through the bifurcation of A. — A./2
—> /4 (Lee et al., 1992). The accompanying local
time-periodic amplitude oscillation has also been il-
lustrated (Tsiveriotis and Brown, 1993). However,
Eshelman er al. (1988) showed experimentally that
VA* is approximately a constant, which differs from
the findings of Brown’s group; the amplitude varia-
tion at the primary bifurcation is subcritical (Eshel-
man and Trivedi, 1987). In addition, because the
front-tracking technique requires grid deformation
and local mapping, it is much more difficult to simu-
late problems that involve interface merging or sepa-
ration, such as tip splitting, coarsening, and pinching
off (Kurowski e al., 1989). Hence, large-scale simu-
lation of global morphological dynamics is still very
challenging.

The phase field model has emerged as a power-
ful tool for simulating solidification problems with
complex morphological evolution (Lan et al., 2002,
2004; Ahmad er al., 1998; Boettinger and Warren,
1999; Bi and Sekerka, 2002; Provatas et al., 1999).
However, quantitative simulation of alloy solidifica-
tion is not trivial. An extremely small interface
thickness (in order of 0.1 um) is required for ther-
modynamic consistency, while a large domain
(>1000 pum) is needed to accommodate the solute
boundary layer and characteristic wavelength. Be-
cause of the restriction on the interface thickness, the
time scales in the previous phase field modeling
studies (Ahmad er al., 1998; Boettinger and Warren,
1999; Bi and Sekerka, 2002) on directional solidifi-
cation were small, on the order of a few microsec-
onds, even when an adaptive mesh refinement (AMR)
scheme was employed (Provatas et al., 1999; Lan et
al., 2002). These factors make comparisons between
simulations and experiments extremely difficult. In
addition, at higher speeds, solute trapping (Ahmad et
al., 1998; Aziz and Kaplan, 1988) can be induced
due to the diffusive interface of the phase field, and
the value of the “effective segregation coefficient”
k. deviates from the equilibrium value (k) dramati-
cally with increasing speed (Ahmad et al.,, 1998).
Fortunately, Karma (2001) has proposed an “anti-
trapping current” (ATC) to suppress this kinetic ef-
fect. Recently, Lan and Shih (2004) applied it to the
WBM model (Warren and Boettinger, 1995) and
simulated quantitatively binary alloy dendritic
growth in a forced flow.

In this study, we present some interesting re-
sults for shallow cellular transitions and dynamics
studied through quantitative phase field modeling
and long-time scale thin-film solidification experi-
ments on a succinonitrile (SCN)/acetone alloy. To
reduce the computational load, the solute concentra-

tion used in the simulations was set at 0.01 mol%,
which is much lower than that employed in the ex-
periments (0.151 mol%). As a result, the time for
dynamic evolution was significantly reduced. In ad-
dition, phase field parameters and thermodynamic
properties were selected to maintain the local equi-
librium (k=0.1, m= -222 K/mol frac.), and the con-
cept of ATC was adopted to achieve higher pulling
speeds. To observe long-time scale phenomena up to
several D;/kV” in the experiments, growth cell was
designed to be sufficiently large, and the pulling
speed was controlled precisely with a micro-stepping
motor. With a constant pulling speed, the solute ac-
cumulated slowly along the interface, and so as the
bulk melt concentration (cp), due to the finite molten
zone length. Consequently, detailed morphological
planar-to-cellular transitions could be produced
without changing the pulling speed. Although the
acetone concentration was quite different between
the simulations and experiments, the results showed
that the overall morphological transitions were very
alike. Both quantitative phase field simulations and
long-time scale experiments were carried out at a
constant pulling speed for the first time. In the next
section, the adaptive phase field model and the ex-
perimental system will be described briefly. Then re-
sult and a discussion are presented which will be fol-
lowed by conclusions.

ADAPTIVE PHASE FIELD SIMULATION AND
EXPERIMENTAL SYSTEM

The phase field simulations performed here
were based on the WBM model (Warren and Boet-
tinger, 1995), while the anti-trapping current (ATC)
proposed by Karma (2001) was also considered in
calculations involving high growth speeds. In our
previous study (Lan and Shih, 2004), we used this
model to perform quantitative simulations of den-
dritic growth, and the effects of the interface thick-
ness were investigated. This ATC term introduced
for the WBM model in Lan and Shih (2004) was not
derived as rigorously as was the one in Karma
(2001). However, with tuning of the ATC coefficient,
the calculated results with a thicker interface were
consistent with the results obtained with a much
thinner interface. Consistent local supercoolings and
grow speeds with classical solutions could also be
obtained. Nevertheless, this model still has a weak
point. Because the solutal boundary layer was very
thin due to the high tip velocity of the dendrite in our
precious report (Lan and Shih, 2004), the solutal pro-
file in front of the dendrite tip was found not to be
realistic. This could be a concern when using this
ATC term. Fortunately, for shallow cellular growth,
due to the much lower growth speed and, thus, much
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thicker solutal boundary layer (as compared with the
interface thickness) with this ATC correction, a cor-
rect solute profile can still be obtained; in addition,
the ATC correction is also of course small. Although
the use of this ATC should not be a great concern,
we prefer to stick with the traditional WBM model

as much as possible if the solute trapping is not large.

[n this study, the ATC correction was used only
when the pulling speed was higher than 200 pm/s.
Even without ATC compensation, in the worse case
encountered here, the effective segregation coeffi-
cient (~0.14) was still not very different from the
equilibrium value (0.1). At high speeds, the ATC
term considered here, though not the best choice,

was found to be useful for improving the simulations.

The calculated results were consistent with those ob-
tained using a smaller interface thickness.

To present the governing equations in dimen-
sionless form, the variables are rescaled here, and the
equations are recast in a moving frame with a con-
stant pulling speed, V. The concentration (atomic
fraction), ¢, is rescaled by the far field concentration,
¢o, to obtain ¢". The coordinates x and Y are rescaled
by the interface thickness, &, to obtain x and y re-
spectively, and time ¢ is scaled by &°/D; to ¢ . The
phase filed variable ¢ is set to be 1 in the liquid, 0
in the solid, and 0.5 at the interface. The steady so-
lidification speed V is rescaled by D;/8to V. Then,
the governing equations can be represented in di-
mensionless form as
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The physical properties of pure SCN and acetone can
be applied to form an ideal alloy solution assumed in
the WBM model. The only exception is the latent
heat of acetone. It is modified (9.651X10" J/m’) to
fit the measured segregation coefficient £ (0.1) and
the llqurdus slope m (=222 K/(mol fraction)). In
addition, M o€ D and S" are the dimensionless
mobility, the parameter related to the interfacial en-
ergy, the diffusivity, and the entropy of the alloy,
accounting for the mixing rule for the melt and solid.
Also, S’ and Sy are the normalized entropies of A4
(solvent) and B (solute), respectively. The definitions
of these phase field parameters can be found else-

where (Lan and Shih, 2004; Warren and Boettinger,
1995). The anisotropic function, 7, in Eq. (1) is de-
fined for four-fold symmetry as

n=1+ycosdp, (3)

where yis the intensity of the anisotropy (0.04 is
used) and S =tan"'[(G¢/dy)/(B4/ox)] is the angle
between the local interface position and the pulling
orientation. The interface thickness, &, is chosen to
be 0.2 um to minimize solute trapping and balance
the computational load.

The only difference between our approach and
the original WBM model (Warren and Boettinger,
1995) is the anti-trapping current j; in the concen-
tration equation, which was proposed by Karma
(2001). In the moving frame, j,, can be defined as
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In the present simulations, the ATC coefficient
a=1/42 to make sure that k, is always smaller
than 0.14. A detailed discussion of this ATC term in
the WBM model can be found elsewhere (Lan and
Shih, 2004).
The simulations were performed for SCN with
0.01 mol% acetone at a thermal gradient of 100
K/cm. A computational domain of 200 um(W) X
300 pm(H) was considered (see Fig. 1(a)), while the
frozen temperature approximation (FTA) with a con-
stant thermal gradient, G, was adopted by neglecting
the latent heat as a working assumption. The system
can be regarded as a domain having continuous feed-
ing from the top, flowing out from the bottom, as
sketched on Fig. 1 (a). On both sides of the domain,
the symmetry (no flux) condition is used
(8g/ex" =0,0c /ox" =0). At the top boundary, the
concentration is specified (¢ =1) while at the lower
boundary the exit condition is used, ie,
ac"/&y" =0. To solve these equations, an adaptive
finite volume method (Lan et al., 2002) was used.
During calculation, the mesh was adaptively refined
and coarsened along the interface and high concen-
tration-gradient regions, while the minimum grid
size Ax was kept at 0.785. The maximum number of
finite volumes was about 50,000, depending on the
complexity of the morphology, and all the calcula-
tions were performed on a personal computer (Pen-
tium-4 2G CPU with 512 Mbytes of DDR RAM).
For the experiments, a thin-film directional so-
lidification system was designed for the purpose of
long-time scale morphological observation. This sys-
tem is similar to the one reported by Lee et al. (1992)
and is depicted in Fig. 1(b). The growth cell was
formed between two Pyrex glass plates (6.6><100X
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Fig. 1. (a) Schematic of the computational domain for phase field modeling of directional solidification in a moving frame, V; (b)
schematic of the long-time scale thin-film directional solidification system.

520 mm’). The gap of the cell was controlled by a 70
um-thickness Teflon gasket at the edges. A copper
heating unit and a cooling unit were then used, and
the detailed temperature distribution near the inter-
face was measured with a K-type thermocouple. The
hair-thin thermocouple was placed between the glass
plates, translating from the hot to cold zones for
temperature recording. An SCN/acetone solution was
injected into the cell. To prepare the solution, an ul-
tra-pure SCN sample was purified by means of vac-
uum distillation for ten times and with 4-pass zone
refining for more than 60 runs before the acetone
was injected; the zone-refining speed was kept at
lcm/h. Furthermore, before the growth was observed,
the sample was repeatedly melted and quenched
(more than ten times) until the growth direction [100]
was parallel to that of heat flow (y direction). Then,
the system was stopped and settled for two days for
solute mixing before observations were made. Be-
cause of the long growth cell, the growth time of up
to several D;/kV” could be reached. In this study, an
SCN sample with 0.151 mol% acetone and a thermal
gradient of 23.5 K/cm were used. The pulling speed
was kept at | um/s, the growth time was more than
36 h (~10 DL/sz), and the total translation distance
was about 13 cm. In addition, the concentration
(0.151 mol%) was doubly checked based on the MS
theory (Mullins and Sekerka, 1964).

RESULTS AND DISCUSSION
Planar interface

According to the MS theory (Mullins and Se-
kerka, 1964), under a known thermal gradient, the
planar interface becomes unstable and wrinkled at a
wavelength 4 when the pulling speed is larger than
some critical value. In the present simulations
(¢6=0.01 mol% and G=100 K/cm), the lowest critical
speed, V., was 72.6 um/s, which corresponds to a
critical wavelength, 4., of 68.4 um. Therefore, be-
fore the morphological study was conducted, the
planar interface needed to be examined first to check

331.3

2 PFMresults
— k=0.1; m=-222 K/frac.
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¢ (mol %)

Fig. 2. Comparison of the calculated solid and liquid
concentrations based on phase field simulation results
for planar solidification at I'=30 pum/s with the dilute
SCN/Acetone phase diagram (£=0.1: m= =222 K/mol

frac.).

the thermodynamic consistency and phase field pa-
rameters. At a pulling speed of 50 pm/s, a planar in-
terface was indeed obtained under the given initial
conditions (liquid concentration c,‘*:], solid concen-
tration C_\'*:O.l, and interface temperature 7=
331.2108 K). Because of the low speed compared
with the interface diffusion rate (on the order of D;/9,
~0.5 em/s), ATC was found to not be necessary. As
solidification proceeded, the interface moved back
and solute was rejected from the interface, but the in-
terface remained planar. During the simulation, both
solid and liquid concentrations were also recorded to
check the phase equilibrium. As shown in Fig. 2, the
kinetic effect induced by-the diffuse interface was
small and the effective segregation coefficient, k.4
(=cs/c;=0.106), was very close to the equilibrium
value (0.1). In addition, the steady-state liquid con-
centration profile in front of the interface, which is
an exponential-decay function, agreed very well with
the exact one.

The calculated diffusion distance and interface
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Fig. 3. (a) Calculated characteristic diffusion length /; (b)
interface position z, obtained through phase field
simulation (symbols) and from the WL theory (solid
line); V=50 nm/s.

position were further compared with the analytical
solution proposed by Warren and Langer (WL)
(1993). They derived a set of coupled ordinary dif-
ferential equations for the dynamic interface position
and solute boundary layer thickness to improve the
MS theory. Losert et al. (1998) also verified their re-
sults experimentally. In our simulations, the results
also showed excellent agreement with the WL theory
as illustrated in Figs. 3(a) and 3(b), where /. is the
characteristic diffusion length and z; is the interface
position. From Fig. 3(b), it is clear that the interface
position needed to be at least 2 DL/kV2 (10.2 s) to
approach a steady state. In other words, for an ex-
periment with a pulling speed of V~1 um/s, a steady
interface morphology requires several hours to de-
velop. To avoid the solute accumulation effect in the
bulk melt, a much lower solute concentration and
large molten zone are necessary. Based on this quan-
titative comparison, we were confident that we could
get reliable results at higher pulling speeds, as long
as k. was close enough to k.

Ac—Ad2 cellular transitions

As the pulling speed was increased to 90 pm/s,
the interface remained planar even up to 10 Dy/kV’
(15.68 s). However, when the speed was further in-
creased to 100 pum/s, as shown in Fig. 4, the interface
became unstable after 5D /kV* (6.3 s). A bump ap-
peared and then propagated like a wave along the in-
terface. A fully developed morphology required an

9.606s W(V\/

9.008 s \/\W

7.874s ____\/\/\/\——_

7.244s

6.299 s

5.669s

t=0

——— 200pm  —|

Fig. 4. Phase field simulation of the morphological
development of shallow cells from planar to 4.2
structures at a speed of =100 pm/s.

additional SD,/kVZ, and the steady wavelength was
about 33.3 wm, which is a typical A/2 mode
(4=68.4 pm). The overall development of the shal-
low cells shown in Fig. 4 is quite similar to that ob-
served in previous experiments (Trivedi and Som-
boonsuk, 1985).

The speed was further increased stepwise up to
160 pm/s and then backwards to 75 um/s to check
the evolution of the morphological wavelength and
amplitude (the distance from the top to the groove of
a cell). For all of the speeds considered here, again
the time needed to reach a steady state was about 5
D, /kV?. The average amplitude (4) has been meas-
ured and summarized elsewhere (Lan et al., 2004).
The A. mode could only be obtained by reducing the
pulling speed, and there was a sudden increase in the
cell depth when the speed was changed from 85 (a
A2 mode) to 80 pm/s (a A, mode). The planar inter-
face was obtained again when the speed was reduced
to 75 um/s, which gave a rather good prediction of
V., as compared with the one predicted by the linear
stability theory (72.6 pm/s). Furthermore, it is inter-
esting that the amplitude variation is time-periodic,
as pointed out by Tsiveriotis and Brown (1993) This
local nonlinear behavior at V=140 um/s has also
been described elsewhere (Lan er al., 2004; Lan,
2004). As observed by Kurowski et al. (1989) ex-
perimentally, the bottom package of the solute was
pinched off when the maximum amplitude was
reached, and the pinch-off frequency depended on
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Fig. 5. Experimental observation of 4,/2 sallow cells.

the pulling speed. Again, solute trapping was found
not to be obvious until the speed reached 160 pm/s.
The maximum effective segregation coefficient here
was still less than 0.12, so the ATC term was not in-
cluded in this region.

Interestingly, shallow cells with a A./2 (1.=510
pm) were also observed in our experiments after four
hours (about D,/sz) from a planar interface, as
shown in Fig. 5. However, because of the extremely
narrow region of such shallow cells, this mode was
sustained for only about 1 h before turning into cells
having a smaller wavelength through tip splitting.
The change of the far-field concentration during this
one-hour evolution time was believed to be small
(<0.5%). Indeed, as predicted by the MS loop, the
window needed to get the 4/2 mode was very small
(Lan et al., 2004). Therefore, even with a very long
molten zone, choosing a precise pulling speed to get
the A./2 mode is not easy. Using a constant pulling
speed with a long molten zone seems to be a good
approach for observing the detailed morphological
change from a planar interface to a A./2 shallow cel-
lular mode. The A, mode can be observed by reduc-
ing the pulling speed to a value close to V.. However,
we have not been able to find this mode so far by us-
ing the present setup. .

Region for VA? ~ constant

The bifurcation analysis performed by Tsiveri-
otis and Brown (1993) indicated that the A./4 branch
appears right after the 4./2 mode, which is similar to
the transition of A.— A./2. However, some wave-
lengths between 4./2 and 1./4 were observed experi-
mentally (Eshelman et al., 1988), where VA was ap-
proximately a constant. To observe the morphologi-
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Fig. 6. (a) Variation of simulated wavelengths with pulling
speeds between A./2 and A/4; FFA® is approximately a
constant; (b) experimental observation of some
shallow cclls having wavelengths between A4./2 and
A4

cal transition in detail, simulations at higher speeds
and experiments with longer times were further con-
ducted here.

Cells with shorter wavelengths were obtained
in simulations as the speed was increased from 160
to 180 wm/s, and it was found that clear global tip
splitting, coarsening, and pinching oft occurred dur-
ing the transition. The long-time nonlinear morpho-
logical transition and amplitude variation have been
discussed in detail elsewhere (Lan er al., 2004).
However, when we further increased the speed step-
wise to 750 um/s, we observed a rapid increase of k.
due to solute trapping. Henge, the ATC term was in-
troduced to suppress this trapping phenomena. As
mentioned previously, this current keeps the simu-
lated partition from increasing with the velocity, thus
making the calculation more quantitative. Even
without ATC, the simulated results were acceptable.
The amount of ATC correction used here improved
the simulation. Wavelengths at different pulling
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Fig. 7. Comparison of simulated multiplets at ¥=1000 pm/s
with observed ones.

speeds were calculated and are plotted in Fig., 6(a),
where some steady-state morphologies were also il-
lustrated. Interestingly, the linear correlation gives
VA~constant, where some wavelength deviations
may be caused by the finite domain width used here
and discussed by Bi and Sekerka (2002).

In our experiments, shallow cells having
shorter wavelengths between A./2 (255 um) and A./4
(128 um) were also obtained. As shown in Fig. 6(b),
five sample morphologies with average wavelengths
of 206, 194, 184, 171, and 160 pum were captured,
and the sustained time of these wavelengths was
much longer (about 15 h) than that in the 4./2 mode.
Therefore, this mode should be observed more easily,
even in experiments with a much shorter length/time
scale (Eshelman et al., 1988; Eshelman, and Trivedi,
1987; Kurowski et al., 1989; Trivedi and Somboon-
suk, 1985). In short, the results of both phase field
simulations and experiments indicate that the shal-
low cellular transition after the A./2 mode is not a
mode bifurcation, and that VA ~constant seems to be
a good description of the transition.

Multiplets

Jamgotchian et al. (1993) first discovered an ar-
ray of doublets, which are believed to represent a
branch of cellular solutions. They pointed out that
the speed range of doublets is very narrow, and dou-
blets usually appear when shallow cells are trans-
forming into deep cells. Kopczynski et al. (1997)
further proposed other multiplets solutions, such as
triplets and quadruplets, numerically; a front tracking
method using the boundary integral was employed.
In their analysis, the multiplets are unique branches
that may not coexist, and they are transitional states
from shallow to long cellular morphologies.

We also observed these multiplets at = 1000
um/s in our simulations and at /= 24 h in our experi-
ments. However, these branches appeared together,
as shown in Fig. 7, in which doublet, triplet, and

—— 200um —>

Fig. 8. Morphological transition following a step change of
the pulling speed from 750 to 1000 pm/s.

O@J s
100 min.

R

l—— 45um

——

e— 400 pm -~—»

Fig. 9. Simulated (left) (V=750 pm/s) and observed (right)
evolution of asymmetric shallow cells.



318 J. Chin. Inst. Chem. Engrs., Vol. 36, No. 4, 2005

10000 F
¥ Muttipl

1000 L . éMultlpets
i~ -
~ B ,
€ - Vi’~constant
N o
N i

. e tor/2
“F 2888008808 "
10 et Lo

1 10 100 1000
A (um)

Fig. 10. Comparison of simulated wavelengths and speeds
with the classic MS loop. Some observed shallow
cells at AJ/2. VA*~constant. and multiplets are
illustrated.

quadruplet cells are highlighted for the sake of com-
parison. As shown, a large group of multiplets was
also obtained experimentally. The complete transi-
tion from smaller-wavelength cells to multiplets is
interesting, but had not previously been reported
based on simulation or experimental results. The
simulated morphological evolution caused by the
change of speed from 750 um/s to 1000 um/s is
illustrated in Fig. 8. As shown, the wavelength
(~A/4) remains about the same, and the multiplets
emerge over with time. The wavelength remains the
same up to V=1500 pm/s. In our experiment, the
wavelength variation was similar to the simulated
one shown in Fig. 7 (on average, A=175 um was ob-
tained), and it became longer, which indicates that
the long-cell region was approaching (Eshelman et
al., 1988). In other words, V.Ai’~constant no longer
held in this region. We also observed asymmetric
cells similar to the ones reported by Rappel (1993).
As shown in Fig. 9, this time-periodic local nonlinear
behavior describes competitive growth between two
cells; both simulation (left) and experimental (right)
results are illustrated. Asymmetric cells may occur
between two groups of multiplets, and the swing fre-
quency is found to be a function of the pulling speed.

CONCLUSION

The whole morphological transition of shallow
cells near the onset of instability for thin-film solidi-
fication of an SCN/acetone alloy has been illustrated
for the first time based on the results of both quanti-
tative phase field simulations and long-time scale
experiments. The achieved phase field modeling

shows good agreement with both the MS and WL
theories for planar solidification. In addition, an anti-
trapping current is introduced to improve the local
partition at higher speeds. Long-time scale experi-
ments at a constant speed near V, indeed provide a
means of observing the overall shallow cellular dy-
namics. To summarize the obtained results, the
wavelength variations with the classic MS loop are
plotted in Fig. 10. Both simulation and experimental
results indicate four individual regions in the plot.
With increasing pulling speed, transitions from pla-
nar to A.<>A./2 bifurcation, Vlz~constant, and then
multiplet regions clearly result. In addition, during
the transitions, global and local nonlinear dynamics,
such as tip splitting, coarsening, pinching off, and
swing asymmetric cells, are observed. Although the
simulation and experimental results are in good
qualitative agreement, simulating an alloy with a
concentration comparable to those in the existing ex-
periments is difficult because of the very long simu-
lation time. Therefore, for one-to-one comparison to
be possible, in addition to huge computing power, a
quantitative phase field model that allows for the use
of a thick interface is required.
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NOMENCLATURE

anti-trapping coefficient

atomic fraction

diffusivity, m’/s

weighting function

domain height, pm

anti-trapping current flux, mol/m’s
slope of liquidus line, K/(mol fraction)
mobility, Km’/(Js)

segregation coefficient

volumetric entropy, J/(Km’)

time, s

temperature, K

domain width, pm

coordinate, pm

coordinate, pm

pulling velocity, pm/s

‘:%kgﬂﬂcﬂkggax.mwbmb

Greek symbols

£ angle, rad
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interface thickness, um
interfacial energy, J/m’
phase field variable
anisotropic intensity
anisotropic function
wavelength, um

IR MY

Subscripts

far field
solvent

solute

critical value
effective value
interface
liquid

solid

oo ©

S

U~

Superscript

*

dimensionless variables
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