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Dynamics of low anisotropy morphologies in directional solidification

B. Utter* and E. Bodenschatz†

Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14853
~Received 10 June 2002; published 20 November 2002!

We report experimental results on quasi-two-dimensional diffusion limited growth in directionally solidified
succinonitrile with small amounts of poly~ethylene oxide!, acetone, or camphor as a solute. Seaweed growth,
or dense branching morphology, is selected by growing grains close to the$111% plane, where the in-plane
surface tension is nearly isotropic. The observed growth morphologies are very sensitive to small anisotropies
in surface tension caused by misorientations from the$111% plane. Different seaweed morphologies are found,
including the degenerate, the stabilized, and the strongly tilted seaweeds. The degenerate seaweeds show a
limited fractal scaling range and, with increased undercooling, suggests a transition from ‘‘fractal’’ to ‘‘com-
pact’’ seaweed. Strongly tilted seaweeds demonstrate a significant twofold anisotropy. In addition, seaweed-
dendrite transitions are observed in low anisotropy growth.

DOI: 10.1103/PhysRevE.66.051604 PACS number~s!: 68.70.1w, 81.30.Fb, 47.20.Hw
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I. INTRODUCTION

It is well known that surface tension anisotropy plays
crucial role in the formation of cells and dendrites in solid
fication microstructures@1#. Early on, for isotropic growth,
theory found@2# that the speed and tip radius of cellul
growth were nonunique, while experiment showed clear
lection @3#. The breakthrough to this puzzle came when
was shown that a small amount of anisotropy acts as a
gular perturbation destroying the nonuniqueness of the
lected tip@1#.

Cells and dendrites have been studied extensively, bu
study of nearly isotropic growth in solidification has receiv
less attention. Without anisotropy the growth is characteri
by frequent random tip splitting, leading to a disordered p
tern. This situation has been coined seaweed growth@4# or
dense branching morphology@5#. Similar patterns are ob
served in other growth systems that lack anisotropy, m
notably viscous fingering~Hele-Shaw flow! @6,7#, but also in
systems such as growth of bacterial colonies@8,9#, elec-
trodeposition@7,10#, annealing of magnetic films@11#, and
drying water films@12#. In fact, in viscous fingering experi
ments, it was found that introducing anisotropy can stabi
the tips and induce dendrites@13#.

In this paper we report experimental results on wea
anisotropic growth in directionally solidified succinonitri
~SCN! with small amounts of poly~ethylene oxide!, acetone,
or camphor as a solute. As described in Sec. II, the qu
two-dimensional~2D! sample is oriented close to the$111%
plane leading to a nearly isotropic surface tension. Weak
viations from the$111% orientation are found to introduc
anisotropies and profoundly affect the tip dynamics of
solidification front. These deviations are expected for exp
mental solidification studies using model alloys, since p
cise control of sample orientation is not currently possib
Different types of seaweeds are observed, depending on
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weak anisotropy: degenerate seaweeds that can lead to
nating tip splitting @14#, stabilized seaweeds, and strong
tilted seaweeds which reveal a large twofold anisotropy.

In addition, we explore the existence of fractal growth
degenerate seaweeds at low speeds and find that seawe
directional solidification do not appear to be fractal ove
significant range of length scales. We also report results
transitions between seaweed and dendrite growth.

Anisotropy in solidification originates from the capillar
length, which is proportional to the surface stiffness

g̃~ n̂!5g~ n̂!1
]2g~ n̂!

]a2
, ~1!

whereg is the surface tension anda is the angle between th
normal to the interfacen̂ and the pulling direction@15#.

The origin of the surface tension anisotropy is the und
lying crystalline structure of the growing solid. Growth
preferred along the crystalline axes and, when confined
two dimensions, a seed grain will typically grow outward
a four-armed ‘‘snowflake.’’ In directional solidification, in
which growth is forced along a particular direction, the arm
or dendrites are tilted in a direction between the crystall
axis and the imposed temperature gradient.

The effective in-plane anisotropy depends not only on
crystal itself, but also on the orientation of the crystal w
respect to the growth direction. When grown in the$111%
plane, the surface tension is nearly isotropic, leading to s
weed growth@15#.

Mathematically, the surface tension can be represente
three dimensions as

g~ n̂!5g0@11e0~n1
41n2

41n3
4!#, ~2!

whereg0 is the isotropic part of the surface tension ande0 is
the degree of anisotropy@15#. The anisotropy has been me
sured ase050.0055 in SCN@16#. n1 , n2, and n3 are the
components of a unit vectorn̂ that parametrizes the functio
in three dimensions.g(n̂) is the magnitude of the surfac
tension for a surface oriented so that its normal is alongn̂.

y,
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B. UTTER AND E. BODENSCHATZ PHYSICAL REVIEW E66, 051604 ~2002!
This approximation of the actual surface tension looks so
what like a rounded cube in three dimensions for succino
trile and has the expected sixfold symmetry for a cubic cr
tal in three dimensions.

In directional solidification, the sample is constrained
grow within a particular plane, so the possible growth s
faces have orientationsn̂ perpendicular to the interface an
lying in the plane of the sample. Constrainingn̂ to lie in a
plane is equivalent to taking a particular slice through t
3D surface tension plot. Changing the orientation of the cr
tal changes the shape and magnitude ofg(n̂) andg̃(n̂) in the
sample plane@17#.

Figure 1 shows examples of these 2D slices in the$100%
plane and the$111% plane. In these cases, the surface stiffn
~gray! has the same symmetry as the surface tension~black!.
They are 90 ° out of phase and the fingers tend to g
towards maximum surface tension. If a crystal in this orie
tation was forced to grow upwards, Fig. 1~a! would produce
stable dendrites with sidebranches at approximately r
angles. We could also rotate the sample~and hence the sur
face tension plot! in the plane to produce tilted dendrite
Without the anisotropy of surface tension, Fig. 1~b!, the tip is
unstable and the growth lacks the apparent orientation
served in traditional growth morphologies.

Figures 2~a! and 2~b! show experimental pictures of solid
oriented approximately as shown in Figs. 1~a! and 1~b!, re-
spectively. Seaweed structures@Fig. 2~b!# are very disordered
compared to more familiar arrays of dendrites@Fig. 2~a!#.

FIG. 1. Using Eqs.~1! and ~2!, the surface stiffness~gray, g0

52, e050.1) and the anisotropic part of the surface tension@black,

g(n̂)2g0, with g051 ande052.75] are shown for the~a! $100%
and~b! $111% planes. There is significant fourfold anisotropy in th
$100% plane while growth in the$111% plane is isotropic. Note, the
parametersg0 ande0 are chosen to emphasize the anisotropy in
surface tension.

FIG. 2. ~a! A dendrite and~b! seaweed structure which diffe
only in crystalline orientation. The white line indicates the sol
liquid interface. The solid grows upwards into the undercoo
melt. The thermal gradient~18 K/cm!, concentration~0.25% SCN-
PEO!, and growth velocity (2.71mm/s) are identical in both pic-
tures.
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Note that Figs. 2~a! and 2~b! show different seed crystals o
the same sample grown under the same growth conditi
illustrating that it is the crystalline orientation that causes
observed difference.

Although there have been a couple of thorough exp
mental investigations of the seaweed morphology in dir
tional solidification@15,17#, very little work has been done
on the tip dynamics and the effect of the small misorien
tions from the$111% plane that are present in any experime
tal study.

Previous experiments and simulations on the seaw
morphology have focused on the magnitude of the anis
ropy, stability of dendrites, and the orientation of anisotro
crystals. In particular, Akamatsu and co-workers have p
formed directional solidification experiments, studying t
effect of surface tension anisotropy and grain orientation
morphology@15,17#. Ihle and Müller-Krumbhaar have used
numerical simulations to study seaweeds@4#, including the
seaweed-dendrite transition with increasing anisotropy.
tempts to vary the anisotropy in simulations@4# and experi-
ments @18,19# showed that tip splitting growth was foun
when noise was increased.

Breneret al.propose a morphology diagram involving th
degree of anisotropy and the undercooling@20#. In this dia-
gram, they distinguish between seaweed structures at
anisotropy and dendritic structures at high anisotropy a
between fractal growth at low undercooling and comp
growth at large undercooling. They theorize that the frac
structure forms because tip splitting occurs randomly wh
the strength of the thermal noise is large enough to dest
lize the tip @20,21#.

Honjo et al. claimed the first DLA-like crystal growth us
ing NH4Cl crystals radially grown from solution and found
fractal dimensionD f51.671 with about one order of magn
tude in length scales@18#. Ihle and Müller-Krumbhaar have
used numerical simulations to study seaweed morphol
and findD f51.7060.03@4#. Müller-Krumbhaaret al. recon-
firmed these results, 1.66<D f<1.73, for a seaweed growt
at low undercooling@22#. The results of Honjoet al. were
performed for seaweeds at a particular undercooling
therefore do not test Brener’s predictions of a transition
compact growth with increased undercooling. Ihle a
Müller-Krumbhaar used three undercoolings and found
fractal dimension to be approximately constant. Their scal
range is not more than 1 decade and simulations are
formed at zero imposed anisotropy, which we are not able
obtain experimentally. Simulations by Sasikumar a
Sreenivasan show an increase in fractal dimension from
to 2 with increased undercooling@23#. Our results suggest a
transition from fractal to compact growth, but we find th
there is no significant range of length scales to conclude
existence of fractal scaling.

At higher anisotropies, the noise is no longer able to
stabilize the tip, but might still be important in inducing sid
branching. Dynamic studies of the seaweed morpholo
might offer more information about the role of noise in s
lidification.

No systematic study has been concerned with the dyn
ics of the tip splitting events or the effect of misorientatio
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DYNAMICS OF LOW ANISOTROPY MORPHOLOGIES IN . . . PHYSICAL REVIEW E66, 051604 ~2002!
from the $111% plane. This seems particularly important
dense branching morphology as slight misorientations lea
finite anisotropies to the nominally isotropic case. In co
trast, slight variations on an anisotropic growth such as
in Fig. 1~a! would likely be weak. We discuss the implica
tions of these misorientations below.

Low anisotropy systems can be very instructive in und
standing the transition from seaweeds to dendrites. T
might be particularly important for situations where comp
ing anisotropies nearly balance, such as cases where th
netic anisotropy favors a different direction than the surfa
tension anisotropy@24,25#.

This paper is organized as follows: In Sec. II we descr
the experimental apparatus and techniques. In Sec. III A,
characterize three different types of seaweed growth wh
result from small anisotropies. In Sec. III B, we study t
fractal dimension of the degenerate seaweed. In Sec. III C
study seaweed-dendrite transitions for low anisotro
growth. We conclude in Sec. IV.

II. EXPERIMENTAL METHODS

The experiment is performed with a traditional direction
solidification apparatus@26# in which a thin sample@13 cm
31.5 cm3(5 –60) mm] is pulled through a linear tempera
ture gradient at a constant pulling velocity as shown in F
3. After an initial transient, the average speed of the sol
fication front is equal to the pulling speed, set by a line
stepping motor with 4 nm step size.

The cell consists of two glass plates glued together
filled with the sample. The glass plates are cleaned in sta
using detergent, acetone, methanol, an acid solution@sulfuric
acid and NoChromix~Godax Laboratories, Inc.!#, and dis-
tilled water. The glue used is the epoxy Torr-Seal~Varian
Vacuum Products!. The nominal cell depth is set by a Myla
~DuPont! spacer which can be obtained in a wide range
thicknesses with good uniformity.

In each set of runs, the temperature gradient is mainta
at a fixed value between 3 and 50 K/cm with a stability
62 mK possible on each side. The temperatures of the
and cold sides are above and below the equilibrium mel
temperature of'58 °C so that the solid-liquid interface re
mains within the gap between the temperature contro
blocks. In the most recent design, circular samples are u

FIG. 3. Directional solidification schematic. A quasi-2D samp
is pulled through a linear temperature gradient. The growing in
face is stationary in the lab frame and is observed through a mi
scope.
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to allow the cell to be rotated within the sample plane b
tween runs. This allows for some control over sample ori
tation.

The sample used is an alloy of SCN and a small amo
of added solute. The solutes used in the present study
either 0.25% poly~ethylene oxide! ~PEO! @27#, 1.5% acetone
~ACE!, or 1.3% camphor~CAM!. The diffusivities D and
partition coefficientsk are listed in Table I with the solute
concentrationsC and sample thicknessesd used for these
results. The SCN is purified by sublimation and the samp
are mixed, degassed, and vacuum filled under an inert at
sphere to avoid possible contamination. The melting te
perature of the purified material is 58.0560.03 °C which
corresponds to a purity of 99.98%@28#. Further details on
sample preparation and cell construction will be presen
elsewhere@29#.

The liquid-solid interface is observed with phase contr
or Hoffman modulation contrast microscopy. Sequences
images are recorded using a charge-coupled device ca
with a framegrabber or time lapse video. Particularly w
phase contrast images, such as those in Fig. 2, the inter
can then be easily extracted for further analysis.

To initiate growth, the sample is melted completely a
quenched, seeding a number of grains. One grain with
desired orientation is selected and all others are melted
so that the chosen grain can grow and fill the width of t
cell. This is most easily accomplished in SCN-PEO samp
since the attached dye group on the poly~ethylene oxide! @27#
allows us to melt off undesirable grains by locally heati
with an argon laser beam. The selected grain can then
maintained, so that runs of different growth speeds can
performed at the same crystalline orientation.

It is important to start with a single grain since dendrit
grow at lower undercooling and typically overtake seawe
during solidification. It is common after a run to have a fe
subgrains indicating that neigboring lobes can shift sligh
with respect to each other@15#. We do not observe any varia
tion in growth morphology after the initial transient due
the formation of these subgrains.

Before each run, the sample is kept stationary (V50) for
a sufficient time to equilibrate the impurity concentration
the liquid and create a flat interface. The equilibration time
typically 10–60 min, with longer times necessary at sm

r-
o-

TABLE I. Properties of samples used in this study. Succino
trile ~SCN! alloys with acetone~ACE!, camphor~CAM! and poly-
~ethylene oxide! ~PEO! as solutes. DiffusivityD and partition coef-
ficient k are given. Solute concentrationC and sample thicknessd
used in these results are also listed.

SCN-ACE SCN-CAM SCN-PEO

D(mm2/s) 1270a 300b 80
k 0.1a 0.33c 0.01
C (weight %) 1.5% 1.3% 0.25%
d(mm) 20 22 60

aReference@30#.
bReference@31#.
cReference@32#.
4-3
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B. UTTER AND E. BODENSCHATZ PHYSICAL REVIEW E66, 051604 ~2002!
temperature gradients and after slow runs where segreg
is significant. This allows accurate measurement of the in
instability wavelength of the flat interfacel f , which results
from the Mullins-Sekerka instability@33#.

Finding an appropriate grain is an experimental challen
as the random seeding process gives only a 1/1600 chan
orienting the grain within 1° of the$111% plane@34#. It has
already been noted that seaweeds exist only within 5° of
$111% orientation@15#. This 5° limit likely depends on the
alloy and concentration used, which appear to affect the
gree of anisotropy in our observations. However, assum
that limit of seaweed stability, there is a probability of 1/6
to seed seaweed growth but only 1 in 25 seaweeds wil
within 1° of the $111% plane. That is, experimental seawe
growths typically involve a significant misorientation fro
the$111% plane. The consequences of this will be emphasi
below.

III. RESULTS

A. Seaweed morphologies

Although low anisotropy solidification produces comp
cated meandering patterns compared to dendrites, we
noticeable regularity due to the imposed growth direct
and small anisotropies.

There does appear to be a typical spacing between
large seaweed cells@17#, as seen in Fig. 4. This spacing
comparable to that for dendrites grown at the same co
tions ~e.g., as in Fig. 2!, but is unstable and continuous
changes over time. There is frequent tip splitting and co
petition between lobes which are occasionally created or
behind. The splitting events also occur at different places
the tip and create arms of varying lengths. These factors
to the characteristic meandering and random appearanc
the seaweed.

Given that it is unlikely to randomly seed a seaweed gr
within 1° of the $111% plane as mentioned above, we mu
ask how growth is affected by small misorientations from
$111% plane. Figure 5 shows a few possible surface tens
profiles for grains misoriented 5° from the$111% plane to-
wards the$100% or $110% orientation and with in-plane rota
tions. Not only is the surface tension anisotropic, it is a

FIG. 4. Seaweed growth in 0.25% SCN-PEO atV
56.74mm/s. The growth is composed of seaweed cells, five
which are seen here.
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not generally fourfold symmetric as usually assumed
simulations and theory. Since the grains in Fig. 5 are clos
$111%, the growth will berelatively isotropic and should form
seaweeds. However, the dynamics of the seaweed will
pend on the slight anisotropy.

This effect may be particularly relevant because a sli
anisotropy on a nominally isotropic case will break the sy
metry and induce a sense of orientation. Slight misorien
tions from a strongly anisotropic case like the$100% orienta-
tion will induce only small changes on the existing profi
and will not be significant.

In particular, if we force a crystal oriented as Fig. 5~a! to
grow upwards, there will be a small degeneracy@35#. Growth
towards the surface tension maxima is preferred and a
will tend to grow outwards in both directions leading to
marked increase in radius or flattening of the tip. We call t
the degenerate seaweed as there is a small amount of de
eracy which is revealed in the dynamics. Forcing a crys
oriented as in Fig. 5~b! to grow upwards, the seaweed no
grows along a preferred direction and the tip will be som
what more stable than the isotropic seaweed. This is the
bilized seaweed. Figure 5~c! shows the same crystal in Fig
5~b! rotated within the plane. As we show below, in this ca
upward growth can lead to seaweeds tilted beyond 45 °
consequence of the twofold symmetry.

Figure 6 shows a few examples with orientations simi
to those shown in Fig. 5. In each case, the same samp
used, but each image corresponds to grains of different c
talline orientation. They are all seaweeds because the t
unstable to splitting, but there is a clear qualitative differen
in their structure. We describe these further below.

1. Degenerate seaweed, alternating tip splitting

One of the most striking types of seaweeds is the deg
erate seaweed seen in Figs. 2~b! and 6~a!. At first glance,
they appear similar to other seaweeds, except that the t
observed to alternately split on the left and right sid
@14,36#. That is, when the tip splits, one of the two new lob
will grow forward as the other falls behind. If the lobe to
wards the left survives, when the tip splits next, there
roughly an 85% chance that the lobe on the right will s
vive.

We have characterized this state in detail@14#, including a
model that captures the observed scaling behavior. The
splitting frequencyf, the wavelength of the tip instabilityl t ,

f

FIG. 5. Anisotropic part of surface tension in planes oriented
from the $111% orientation using the same parameters as in Fig
~a! Close to the$655% plane and~b! near$665% orientation. Note
that specifying the plane does not select the orientation with res
to the growth direction~given by the arrow!. ~c! is a specific orien-
tation found by rotating~b! in the sample plane.
4-4
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DYNAMICS OF LOW ANISOTROPY MORPHOLOGIES IN . . . PHYSICAL REVIEW E66, 051604 ~2002!
and the pulling speedV are related asf }V3/2, l t}V21/2, and
f }l t /V. The observed frequency exponent of 3/2 is iden
cal to what is expected for the sidebranching frequency
dendrites@37,38#. The relevant results will be summarize
briefly to contrast with other types of seaweeds and to c
relate the previous observations with the surface tens
plots shown above:~a! tip splitting can regularly alternate
~b! the instability wavelength of tip splitting is linearly re
lated to the instability wavelength of the planar interface, a
~c! alternating tip splitting is correlated with a strong flatte
ing of the tip and a particular crystallographic orientation

To gain additional insight, the curvature is measured
each point on an arc centered on the tip. Plotting curva
versus the position along the arc and stacking the plots f
successive times, we created curvature-time~CT! plots, as
shown in Fig. 7. The arclengths is centered on the tip, which
is defined as the furthest point along the growth directi
The gray-scale intensity corresponds to the absolute valu
the curvature. This plot shows the evolution of the curvatu
in the region of the tip over time. The center of the p
always corresponds to the tip. Each splitting event is rep
sented by a double line because a deep groove and an
tional tip are created, both of which have high curvature a
convect down the side of the seaweed.

The alternating tip splitting can be very regular as seen
Fig. 7. There, it is clear that the curvatures at the tip oscilla
reflecting the alternating flattening and splitting of the t
We emphasize that the periodicity seen in Fig. 7 is a refl
tion of the changing shape of the tip and not an artifact of
tip moving from side to side since the tip position changes
a relatively small amount. This is striking because in a re
tively isotropic system with a noise dominated instabil
such as tip splitting, one expects to find random and up
dictable behavior. Although there could be a nonlinear fe
back mechanism that leads to an instability such as vo
shedding in fluid flows, simulations of isotropic solidificatio
have not revealed such a cycle. Although rare, this stat
not unique, as we have observed it in three different sam

FIG. 6. Three kinds of seaweed growths observed in an S
ACE sample at a temperature gradient of 20 K/cm.~a! A degener-
ate, or alternating tip splitting, mode atV58.96mm/s, ~b! a stabi-
lized seaweed atV58.96mm/s, and ~c! a strongly tilted seaweed
~tilted beyond 45°) atV543.6mm/s, which reveals a twofold
rather than fourfold symmetry.
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and it appears to be the quasiperiodicity pointed out in F
20 of Ref.@15#.

Measurements of the tip instability wavelengthl t versus
the instability of the initially flat frontl f demonstrated an
approximately linear relationship. This indicates that to
first approximation, the instability wavelength of tip splittin
arises from the more familiar instability of the flat interfac
The precise relationships for two particular degener
seaweed grains show thatl t is in fact smaller than
l f (l t'0.8l f) @14#. The tip will become unstable at th
smallest instability wavelength, since the tip is initially at
size that is too small to support an instability and grows. T
is, l t is essentially probing the small wavelength branch
this dynamic stability curve. The evolving tip is more com
plicated than the initial planar instability which is itself mo
complicated than the steady state linear theory of Mull
and Sekerka@33#. Despite this, we find within experimenta
errors that all of these lengths scale in the same way al
}V20.5.

The observed flattening of the tip is precisely what w
might expect if the crystal was oriented as in Fig. 5~a!. To
verify that this is the case, we performed a run at a v
small temperature gradient so that the growth would
dominated by any crystalline anisotropy rather than the
posed temperature gradient. With a reduced temperature
dient, the resulting growth is closer to that of free grow
Figure 8 shows a space-time~ST! plot from the run~see Ref.
@15#, for example!. It was created by taking the pixels from
fixed distance behind the interface from each image

-

FIG. 7. Curvature-time plot for 0.25% SCN-PEO. A represen
tion of the curvatures along the interface near the tip. To the le
a tip region with a segment indicated in white. Above it, the ab
lute curvatures along this segment are plotted in gray scale. St
ing sequences of these lines in time for subsequent pictures g
the curvature-time plot on the right, where the center line alw
corresponds to the tip. Time increases upwards~total time 28.6
min!. The width is 300mm and the growth velocity is 2.03mm/s.
White corresponds to high curvatures~radius of curvature less tha
'10 mm) and black to zero curvature. The dashed line indica
the position of the tip that is shown.
4-5
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B. UTTER AND E. BODENSCHATZ PHYSICAL REVIEW E66, 051604 ~2002!
stacking them sequentially in time~similar to the CT plot!.
The distance behind the interface in this figure is'12l f .
The plot is essentially a chart recording of the growth in
absence of further coarsening. It is clear that the gro
locks into two particular directions, consistent with the s
face tension profile shown on the right.

A state qualitatively similar to this alternating tip splittin
is observed in viscous fingering experiments, but is due to
additional perturbation, such as the presence of a bu
trapped at the tip@39#. Park and Homsy also see a ne
periodic splitting in Hele-Shaw experiments, although th
is no sequence long enough to be sure@40#. Alternating tip
splitting can also be observed in simulations when comp
ing anisotropies balance@25# @see Fig. 3~c!#. This might re-
sult from a slight degeneracy in a relatively isotropic surfa
tension profile as we believe these results show.

At low speeds, the seaweed cells become more stable
lead to a deviation from the observedf }V1.5 scaling. Also,
the slight asymmetry in the anisotropy is revealed and sp
ting events to one side dominated the splits to the other
higher speeds, the structures become smaller and grow
more three dimensional, making it difficult to extract th
interface and follow the tip.

2. Stabilized seaweed

Figure 6~b! shows the stabilized seaweed. Note that it
the same sample as the degenerate seaweed in Fig.~a!
growing at identical conditions except for the orientation
the crystal. Unlike the degenerate seaweed, the tip is
generally splitting towards alternate sides. In fact, the h
zontal branches~for example, on the rightmost tip! are true
sidebranches which develop below the tip, and the tip sp
ting is much less frequent.

In Fig. 9, tip curvature is plotted versus time for typic
examples of the degenerate and stabilized seaweed. Th
dius of curvature of the tip is determined as a function
time where the tip is again defined as the furthest point al

FIG. 8. Space-time plot for 0.25% SCN-PEO degener
sample. Time increases upwards. The growth velocity is 2.71mm/s
and temperature gradient is~a! 18 K/cm and~b! 3 K/cm. The ap-
proximate orientation of the grain is represented by the surf
tension plot on the right. This is the same grain as Fig. 2~b!.
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the growth direction. The curvatures in each case are norm
ized by the average for the run. It is clear that the stand
deviation is smaller for the stabilized seaweed, which c
firms that the tip exhibits less variation in curvature, sugge
ing that this might be an example of the situation shown
Fig. 5~b!. In contrast, the degenerate seaweed displ
prominent oscillations in curvature reflecting the continu
splitting and flattening of the tip.

Using a lower pulling speed, the unstable seaweed gro
undergoes a transition to dendrites, shown in Fig. 10. T
resulting growth seen in Fig. 10~a! shows one of an array o
dendrites with stable tips, indicating an anisotropy along
growth direction consistent with the stabilized seaweed. N
that this is not simply an artifact of the temperature gradi
constraining the growth, although that might contribute
the stability of the dendrites. At corresponding low veloc
ties, the degenerate state described above appears cellul
remains unstable to splitting.

This effect does not appear to be caused by kinetic ani
ropy, which generally refers to an increase in anisotropy w
increasing velocity. In fact, this is the opposite effect. Qua
tatively, this could be interpreted as the same behavior fo
in simulations in which competing anisotropies balan
„@41# see Fig. 2 in which decreasing undercooling@~b! to ~a!#
leads to more ordered growth… @42#, but we do not believe
anisotropies in different directions exist in the present exp
ment. We also observe this grain to appear seaweedlike u
V586 mm/s, so there does not appear to be another an
tropic state that dominates at large growth speed. With thi
mind and given the evidence in Fig. 9, we conclude t
there is a small anisotropy along the growth direction.

e

e

FIG. 9. Curvature of the tipr for a ~a! degenerate seaweed (V
52.71mm /s, G518 K/cm) and a ~b! stabilized seaweed (V
54.5 mm /s, G518 K/cm). In each case, the curvatures are
vided by the mean for the run̂r&. The standard deviation for the
stabilized seaweed~0.30! is smaller than that for the degenera
seaweed~0.41! reflecting the increased stability of the tip.

FIG. 10. Tip stabilized seaweed at~A! V54.5 mm/s and~b! V
58.96mm/s. Both images are 1.5% SCN-ACE withG
520 K/cm.
4-6
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It is interesting to note that fractal dendrites described
Breneret al. appear very similar~ @21# see Fig. 5!. In fractal
dendrites, although a central stem of the dendrite is still
finable, large noise or low anisotropy leads to occasiona
splitting.

3. Strongly tilted seaweeds

The degenerate and stabilized seaweeds are, in a s
the two extremes of what surface tension profiles will
seen when misoriented from the$111% plane. Other growths
will be combinations of these behaviors with the addition
freedom to rotate the sample in the plane.

Now considering Fig. 5~c!, the surface tension is not fou
fold symmetric. In other words, the model of surface tens
based on Eqs.~1! and~2! used most often in simulations an
theories,g(a)5g0@11e0 cos(4a)#, is not valid here. The
lack of complete fourfold symmetry has been noted bef
@16,43# but is not typically important for dendrite growth
One consequence is that we can see dendrites growin
angles larger than 45° with respect to the pulling directi
which does not happen under the assumption of fourf
symmetry. If the anisotropy is fourfold symmetric, a dendr
growing ata.45° will have sidebranches at 90°2a,45°
in the other direction which will be favored.

Figure 6~c! is an example of this in which a tip splittin
growth is tilted at'53°, consistent with a surface tensio
anisotropy oriented like in Fig. 5~c!. This picture shows tha
twofold symmetry can be important in seaweed growth
similar observation can be seen in dendrites~@15# see Fig.
25! although no mention is made of the implications of t
large tilt angle.

In Fig. 11 we show the progression of this strongly tilt

FIG. 11. Transition to strongly tilted growth with increasin
growth speed. Images are shown at pulling speeds of~a! 4.5, ~b!
9.0, ~c! 13.4, ~d! 17.8, ~e! 22.1, ~f! 43.6, ~g! 86.4, ~h! 182, and~i!
242 mm/s. The sample is 1.5% SCN-ACE andG540 K/cm. Im-
ages~h! and~i! show a transition from strongly tilted seaweed ba
to growth oriented along the pulling velocity. Although reprodu
ible, the large scale linearity of the temperature gradient is
maintained atV.100 mm/s.
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seaweed with increasing growth speed. At low speeds th
is a slight tilt to the right. As the pulling speed is increase
branches to the left are more apparent until at large eno
speeds they dominate the growth. At much larger speeds
seaweed actually reverts to a slight tilt to the right as see
low speeds. Although this transition was reproducible,
temperature gradient is far from linear at those speeds
we are not able to draw reliable conclusions from these
servations.

The transition is qualitatively different from the cell t
dendrite transition in which cells gradually tilt further to
wards the crystalline axis until the transition to dendrit
@44#. In that case, the cells smoothly tilt further towards t
crystalline axis, while here the tilted arms grow out from t
seaweed with a lifetime that increases with pulling spe
until they become stable.

4. Degenerate-stabilized seaweed transitions

From the above discussion, it should be possible to
serve transitions between different seaweed types with
in-plane rotation of the sample. Figure 12 shows an exam
At low speeds, a stabilized seaweed forms@Fig. 12~a!#.
When rotated by 30°, the growth becomes a degenerate
weed and exhibits alternating tip splitting@Fig. 12~b!#. At
higher growth speeds for the same two orientations, sta
doublons@Fig. 12~c!# become unstable to tip splitting@Fig.
12~d!# with the same sample rotation. At the bottom of F
12, possible surface tension profiles are shown which
rotated by 30° with respect to each other. Doublon grow
will be addressed in a future publication@45#.

t

FIG. 12. Transition between stabilized and degenerate seaw
growth with in-plane rotation of sample. The sample is 0.5% SC
PEO. At a certain sample orientation (a), with ~a! V522 mm/s, the
sample grows as stabilized seaweed and at~c! V565 mm/s dou-
blons form. After rotating the sample by 30°, the growth becom
~b! a degenerate seaweed atV522 mm/s and~d! remains seaweed
at V565 mm/s. Below, possible surface tension profiles are sho
which are rotated by 30° with respect to each other.
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B. Fractal dimension

Since we expect to see a crossover from fractal to co
pact structures with increased pulling speeds for isotro
and low anisotropy growth@20#, we measured the fracta
dimensionD f of our images by using a standard box cou
ing method described in Fig. 13@46#. The lower physical
cutoff of the fractal range is close to the wavelength of
initial instability of the flat interfacel f . The experimental
measurement of this value has been measured at each p
speed and is indicated in the plot@Fig. 13~a!#. D f is measured
as the magnitude of the slope for box sizes s.l f .

Figure 13~b! shows the fractal dimension versus the pu
ing speed for a degenerate seaweed. The circles corres
to fitting over 1 decade on Fig. 13~a! to determineD f . The
triangles correspond to fitting over 0.43 decades, equiva
to one division on a natural log plot, which has been used
some previous results@4#. It is clear that the fractal dimen
sion is sensitive to the range of data taken for the fit,
though the general trend seems to be that the fractal dim
sion increases with pulling speed. This increase from clos
the diffusion limited aggregation value of 1.67 towards
would be consistent with the prediction of Breneret al. of a
noisy transition from fractal to compact growth. In additio
Brener et al. predicted that the transition is discontinuou
When using data from a fit over 1 decade we observe su

FIG. 13. Fractal analysis for degenerate seaweed~0.25% SCN-
PEO!. A box counting method is used in which a grid of spacings
pixels is superimposed on a picture of a dendrite and the numb
boxes containing any part of the interface@N(s)# is counted.~a! A
linear region on a log-log plot indicates a fractal range with
dimension given by the magnitude of the slope. The plot here is
a growth velocity of 1.34mm/s and the experimental initial insta
bility wavelength is included as the lower length scale cutoff for
fractal range.~b! Averaging results from 1000 pictures for eac
point, the fractal dimension versus the pulling speed is plotted.
solid line~circles, 1-decade fit! suggests a discontinuous jump whi
the dashed line~triangles, 0.43-decade fit! suggests a smooth tran
sition.
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discontinuous jump, however, fitting over a shorter reg
does not show such a jump. The fit is taken starting atl f ,
i.e., the fit over 1 decade includes box lengths betweenl f
and 10l f .

At first, Fig. 13~b! looks promising in indicating a transi
tion from fractal to compact growth, but a few importa
issues must be noted. As mentioned, the slope is sensitiv
the range of the fit and, at most, 1 decade in length scales
be used. In other words, these pictures do not exhibit gro
that is clearly fractal over a significant range of length sca
We question whether previous experiments have had
same limitations. At lower speeds, as the seaweed tend
wards less developed cellular growth, the calculated dim
sion actually drops towards 1 rather than levelling out. T
fractal dimension also appears to be most well defined at
tip, as the dimension increases towards 2 when more of
deep groove region is included in the analysis. This could
an artifact of the imposed gradient and may not be an is
in free radial growth where the number of lobes must co
tinually increase.

In summary, our results suggest a transition from frac
to compact growth, but we find that the range of data sp
only 1 decade, making a conclusive interpretation as fra
scaling impossible.

C. Seaweed-dendrite transitions

In low anisotropy growth, it is possible to observe de
dritic growths in patterns that otherwise are seaweed.
example, Fig. 14 shows a snapshot of the alternating
splitting seaweed that is tilted to the right'9° as repre-
sented by the surface tension plot. One of the sidebranche
the seaweed has nucleated a dendritic branch. Assuming
the anisotropy of the crystal is mirror symmetric, the ang
between the dendritic branches would be 43°, which is c
sistent with the value of 40° for similar branches in Fig. 8~b!.
Due to the regularity of the sidebranches these dendrites
different from the usual dendrites which are observed
growth along the crystal’s easy axis. They look very simi
to the tip oscillating growth or symmetric tip splitting sta

of

r

e

FIG. 14. Dendritic growth from a degenerate seaweed. The
proximate orientation of the crystal is inferred to be that represen
by the surface tension plot on the right. The sample is 0.25% S
PEO growing atV54.5 mm/s andG530 K/cm.
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DYNAMICS OF LOW ANISOTROPY MORPHOLOGIES IN . . . PHYSICAL REVIEW E66, 051604 ~2002!
of Honjo et al. @47#. In their results, the tip velocity and
curvature oscillate in time, but these oscillations are not
parent here by visual inspection.

Figure 15 shows the time evolution of the formation
one of these dendritic branches. The arrow highlights
seaweed arm which becomes dendritic. We also observ
Figs. 14~a! and 15~e! that the dendritic branch grows ahea
of the seaweed growth. This is not surprising as it is alre
known that dendrites grow faster than seaweeds under
same conditions. One might guess that the dendritic
could grow ahead of the neighboring seaweed and domi
the growth. Indeed, the seaweed growth in this case is
stable—dendritic branches nucleate at different points al
the interface and take over the pattern. Both seaweeds
dendrites can be understood as two stable states, with
drites being dynamically preferred over seaweeds. The
weeds are typically found to be stable until the first dendr
are formed. An example of the evolution of the seaweed
dendrite transition is shown in Fig. 16. There, an initial se

FIG. 15. The formation of a dendritic growth like that shown
Fig. 14. The arrow indicates the seaweed arm that develops into
dendritic branch. The time between the pictures is 30 s. The sam
is 0.25% SCN-PEO growing atV54.5 mm/s andG530 K/cm.

FIG. 16. Transition from a~a! seaweed morphology to a~f!
dendritic morphology over time. The pictures are separated by
s. The sample is 0.25% SCN-PEO growing atV54.5 mm/s and
G545 K/cm.
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weed is seen to nucleate dendritic branches. In Fig. 16~e!,
after about 20 min of growth, some of the dendrites ha
managed to grow ahead of the seaweeds.

A seaweed cannot generally overtake a dendrite sinc
grows at a larger undercooling. It is possible though wh
the dendrite is angled away from the seaweed. Figure
shows a space-time plot in which a dendritic growth appe
stable for a long time. After a number of failed attempts
seaweed branch nucleates on the left and gradually spr
to the right. It is clear from the ST plot that the seawe
grows out from a branch on the dendritic growth and is n
simply another grain. Figure 17~c! shows the initial forma-
tion of the seaweed grain.

IV. CONCLUSION

In conclusion, we find that misorientations from the$111%
plane lead to different types of seaweed growth~i.e., dense
branching morphology! arising from small surface tensio
anisotropies. Although theoretical and numerical work
seaweeds typically assume an isotropic surface tension
file, we present evidence that the vast majority of experim
tal seaweeds grow with non-negligible anisotropy. In ad
tion, this anisotropy is, in general, not fourfold symmetric

he
le

0

FIG. 17. ~a! Space-time~ST! plot of a dendritic interface tha
undergoes a transition from a~b! dendritic to a~d! seaweed mor-
phology. The discontinuity in the ST plot is due to a translation
the microscope stage along the interface. The sample is 0.
SCN-CAM growing atV513.4mm/s andG522 K/cm.
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B. UTTER AND E. BODENSCHATZ PHYSICAL REVIEW E66, 051604 ~2002!
often assumed in 2D dendrite growth. The growth morpho
gies identified include the degenerate, stabilized,
strongly tilted seaweeds. Observed growth behavior is co
lated with plots of the in-plane surface tension.

The degenerate seaweed arises from a small anisot
oriented at645 ° relative to the growth direction and ca
lead to regular, alternating tip splitting. Decreasing the i
posed temperature gradient reveals the preferred growth
rections. The stabilized seaweed arises from a small an
ropy along the growth direction and leads to an increa
stability of the tip as compared to isotropic growth. The
creased stability is observed as a lack of tip splitting at l
growth speeds and in a time series of the tip curvature.
degenerate and stabilized seaweeds are the two basic typ
misorientation in 2D solidification with the additional free
dom to have in-plane rotations. The strongly tilted grow
can result from a rotation of the stabilized seaweed and h
lights the underlying twofold, rather than fourfold, symm
try.

The fractal dimension was studied as a function of grow
velocity for the degenerate seaweed. Although we obser
general trend supporting the predicted fractal to comp
transition with increasing undercooling, there is not a su
cient range of length scales in directional solidification
-

all
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consider it to be a true fractal. The measured fractal dim
sion is sensitive to the range of length scales fitted, s
cannot be determined if the transition is discontinuous
predicted.

Transitions between seaweed and dendrite growth w
also observed. This occurs because seaweeds are prefer
isotropic cases and oriented growth preferred at large an
ropy, leading to transitions at intermediate anisotropy.

Ultimately, the question is how does surface tension
isotropy select particular growth morphologies? In particu
we ask~i! what can we learn about the crossover between
splitting and sidebranching with small increasing~nonfour-
fold! anisotropies?~ii ! How can we elucidate the role an
identify the relative importance of kinetic anisotropy?~iii !
Are similar morphologies observable in other low anisotro
systems?
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