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Dynamics of low anisotropy morphologies in directional solidification
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We report experimental results on quasi-two-dimensional diffusion limited growth in directionally solidified
succinonitrile with small amounts of pdigthylene oxidg acetone, or camphor as a solute. Seaweed growth,
or dense branching morphology, is selected by growing grains close 1 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{ftil} 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.
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I. INTRODUCTION weak anisotropy: degenerate seaweeds that can lead to alter-
nating tip splitting[14], stabilized seaweeds, and strongly
It is well known that surface tension anisotropy plays atilted seaweeds which reveal a large twofold anisotropy.
crucial role in the formation of cells and dendrites in solidi-  In addition, we explore the existence of fractal growth in
fication microstructure$l]. Early on, for isotropic growth, degenerate seaweeds at low speeds and find that seaweeds in
theory found[2] that the speed and tip radius of cellular directional solidification do not appear to be fractal over a
growth were nonunique, while experiment showed clear sesignificant range of length scales. We also report results on
lection [3]. The breakthrough to this puzzle came when ittransitions between seaweed and dendrite growth.
was shown that a small amount of anisotropy acts as a sin- Anisotropy in solidification originates from the capillary
gular perturbation destroying the nonuniqueness of the sdength, which is proportional to the surface stiffness
lected tip[1]. .
Cells and dendrites have been studied extensively, but the ~ o~ ~ @*y(n)
study of nearly isotropic growth in solidification has received y(n)=y(n)+ 902 @)
less attention. Without anisotropy the growth is characterized
by frequent random tip splitting, leading to a disordered patyherey is the surface tension anglis the angle between the
':jern. TT}'S S't';at'on hashbTen COlg_ed_IseaW?ted gr(ﬁx@thnrb_ normal to the interface and the pulling directiof15].
ense branching morpholodp]. Similar patterns are o The origin of the surface tension anisotropy is the under-

served in other growth systems that lack anisotropy, moag/in . . ; .
. ; : . g crystalline structure of the growing solid. Growth is
notably viscous fingeringHele-Shaw flow[6,7], but also in preferred along the crystalline axes and, when confined to

systems .S.UCh as growth .Of bacterial 09'09[891 elec- two dimensions, a seed grain will typically grow outward as
trodeposition[7,10], annealing of magnetic filmgl1], and a four-armed “snowflake.” In directional solidification, in

drymtg v_\f{ater flflms[clth]r.] I?_fatwt,dm viscous f;ngermg extpebr_ll-_ which growth is forced along a particular direction, the arms
ments, 1t was tound that introducing anisotropy can stabiliz&, . yanqyites are tilted in a direction between the crystalline
the tips and induce dendrit¢$3].

In thi r we report experimental results on weakl axis and the imposed temperature gradient.
. S paper we report experimental results on weakly e eftective in-plane anisotropy depends not only on the
anisotropic growth in directionally solidified succinonitrile

) . crystal itself, but also on the orientation of the crystal with
(SCN) with small amounts of polgethylene oxidg acetone, S :
or camphor as a solute. As described in Sec. I, the quasrespect o the growth direction. When grown in L}

two-dimensional(2D) sample is oriented close to tH&11} t)vlzgg,gtroem;ﬁr{g]ce tension Is nearly isotropic, leading to sea-
plane leading to a nearly isotropic surface tension. Weak de- Mathematically, the surface tension can be represented in

viations f_rom the{111} orientation are fo_und to m_troduce three dimensions as
anisotropies and profoundly affect the tip dynamics of the
solidification front. These deviations are expected for experi-
mental solidification studies using model alloys, since pre-

ci_se control of sample orientation is not currently POSSiblewhereyo is the isotropic part of the surface tension agds
Different types of seaweeds are observed, depending on ﬂ?ﬁe degree of anisotrogyl5]. The anisotropy has been mea-
sured asey=0.0055 in SCN[16]. n;, n,, andns are the

*Present address: Dept. of Physics, Box 90305, Duke University?omponems of a unit vector that parametrizes the function
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y(N)=yo[ 1+ o(ni+n3+n3)], )
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Note that Figs. @) and 2b) show different seed crystals of
the same sample grown under the same growth conditions,
illustrating that it is the crystalline orientation that causes the
observed difference.

Although there have been a couple of thorough experi-
mental investigations of the seaweed morphology in direc-
tional solidification[15,17], very little work has been done

A B on the tip dynamics and the effect of the small misorienta-
tions from the{111} plane that are present in any experimen-
tal study.

Previous experiments and simulations on the seaweed
and(b) {111} planes. There is significant fourfold anisotropy in the morph()logy have fOC‘_Jsed on the m_algnltgde of th_e an'S(_)t'
{100 plane while growth in thé111} plane is isotropic. Note, the OPY; stability of dendrites, and the orientation of anisotropic

parametersy, ande, are chosen to emphasize the anisotropy in theCTyStals. In particular, Akamatsu and co-workers have per-
surface tension. formed directional solidification experiments, studying the

effect of surface tension anisotropy and grain orientation on

This approximation of the actual surface tension looks somemorphology[15,17. Ihle and Muler-Krumbhaar have used
what like a rounded cube in three dimensions for succinonintumerical simulations to study seawedds, including the
trile and has the expected sixfold symmetry for a cubic crysSeaweed-dendrite transition with increasing anisotropy. At-
tal in three dimensions. tempts to vary the anisotropy in simulatio and experi-

In directional solidification, the sample is constrained toments[18,19 showed that tip splitting growth was found
grow within a particular plane, so the possible growth sur-when noise was increased. _ _ _
faces have orientations perpendicular to the interface and _Breneret al. propose a morphology diagram involving the

lying in the plane of the sample. Constrainiﬁgo lie in a degree of anisotropy and the undercool[ag]. In this dia-

gram, they distinguish between seaweed structures at low

plane is equivalent to taking a particular slice through th'sanisotropy and dendritic structures at high anisotropy and

3D surface tension plot. Changing the qrienta'ﬂorl of the CrYShetween fractal growth at low undercooling and compact
tal changes the shape and magnitudg(f) andy(n) inthe  growth at large undercooling. They theorize that the fractal
sample plang17]. structure forms because tip splitting occurs randomly when
Figure 1 shows examples of these 2D slices in{t#0}  the strength of the thermal noise is large enough to destabi-
plane and th¢111} plane. In these cases, the surface stiffnessize the tip[20,21].
(gray) has the same symmetry as the surface tenditack. Honijo et al. claimed the first DLA-like crystal growth us-
They are 90° out of phase and the fingers tend to growng NH,CI crystals radially grown from solution and found a
towards maximum surface tension. If a crystal in this orien-rgctal dimensiorD ;= 1.671 with about one order of magni-
tation was forced to grow upwards, Figalwould produce  tude in length scalekl8]. Ihle and Miuler-Krumbhaar have
stable dendrites with sidebranches at approximately righised numerical simulations to study seaweed morphology
angles. We could also rotate the samf@ed hence the sur- and findD=1.70+0.03[4]. Miiller-Krumbhaaret al.recon-
face tension plotin the plane to produce tilted dendrites. fiymed these results, 1.6D,=<1.73, for a seaweed growth
Without the anisotropy of surface tension, Fighjl the tipis gt jow undercooling22]. The results of Honjeet al. were
unstable and the growth lacks the apparent orientation olyserformed for seaweeds at a particular undercooling and
served in traditional growth morphologies. therefore do not test Brener’s predictions of a transition to
‘Figures 2a) and 2b) show experimental pictures of solids compact growth with increased undercooling. Ihle and
oriented approximately as shown in Figgajland 1b), re-  mijller-Krumbhaar used three undercoolings and found the
spectively. Seaweed structuf€sg. 2(b)] are very disordered  fractal dimension to be approximately constant. Their scaling
compared to more familiar arrays of dendrifésdg. 2a)].  yange is not more than 1 decade and simulations are per-
formed at zero imposed anisotropy, which we are not able to
obtain experimentally. Simulations by Sasikumar and
Sreenivasan show an increase in fractal dimension from 1.6
to 2 with increased undercoolif@3]. Our results suggest a
transition from fractal to compact growth, but we find that
there is no significant range of length scales to conclude the
existence of fractal scaling.

At higher anisotropies, the noise is no longer able to de-
FIG. 2. (a) A dendrite and(b) seaweed structure which differ Stabilize the tip, but might still be important in inducing side-
only in crystalline orientation. The white line indicates the solid- branching. Dynamic studies of the seaweed morphology
liquid interface. The solid grows upwards into the undercooledmight offer more information about the role of noise in so-

melt. The thermal gradienl8 K/cm), concentratior(0.25% SCN- lidification.
PEO, and growth velocity (2.7Jum/s) are identical in both pic- No systematic study has been concerned with the dynam-
tures. ics of the tip splitting events or the effect of misorientations

FIG. 1. Using Egs(1) and (2), the surface stiffnesgray, yo
=2, €,=0.1) and the anisotropic part of the surface teniack,

¥(N) = yo, With y,=1 ande,=2.75] are shown for théa) {100
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TABLE I. Properties of samples used in this study. Succinoni-
trile (SCN) alloys with acetoné ACE), camphor(CAM) and poly-
(ethylene oxidg (PEO) as solutes. DiffusivityD and partition coef-
ficient k are given. Solute concentratiéhand sample thickness
HOT used in these results are also listed.

‘/pulling ‘/growth

-

SCN-ACE SCN-CAM SCN-PEO

D(um?/s) 12707 300° 80
Microscope k 0.12 0.33°¢ 0.01
C (weight %) 1.5% 1.3% 0.25%
FIG. 3. Directional solidification schematic. A quasi-2D sample d(um) 20 22 60

is pulled through a linear temperature gradient. The growing inter-
face is stationary in the lab frame and is observed through a micrmReference[so].

Scope. bReferencd 31].
‘Referencd32].
from the {111} plane. This seems particularly important in
dense branching morphology as slight misorientations lead tg allow the cell to be rotated within the sample plane be-
finite anisotropies to the nominally isotropic case. In con-tween runs. This allows for some control over sample orien-
trast, slight variations on an anisotropic growth such as thaation.
in Fig. 1(a) would likely be weak. We discuss the implica-  The sample used is an alloy of SCN and a small amount
tions of these misorientations below. of added solute. The solutes used in the present study are
Low anisotropy systems can be very instructive in underwijther 0.25% polgethylene oxide (PEO) [27], 1.5% acetone
standing the transition from seaweeds to dendrites. ThisaCE), or 1.3% camphofCAM). The diffusivitiesD and
might be particularly important for situations where compet-partition coefficientsk are listed in Table | with the solute
ing anisotropies nearly balance, such as cases where the lgoncentrationsC and sample thicknessesused for these
netic anisotropy favors a different direction than the surfacgesults. The SCN is purified by sublimation and the samples
tension anisotropy24,29. are mixed, degassed, and vacuum filled under an inert atmo-
This paper is organized as follows: In Sec. Il we describesphere to avoid possible contamination. The melting tem-
the experimental apparatus and techniques. In Sec. Il A, Wgerature of the purified material is 58:68.03°C which
characterize three different types of seaweed growth WhiC'&orresponds to a purity of 99.98928]. Further details on
result from small anisotropies. In Sec. IlIB, we study thesample preparation and cell construction will be presented
fractal dimension of the degenerate seaweed. In Sec. Il C wg|sewherd 29].

study seaweed-dendrite transitions for low anisotropy The liquid-solid interface is observed with phase contrast

growth. We conclude in Sec. IV. or Hoffman modulation contrast microscopy. Sequences of
images are recorded using a charge-coupled device camera
Il. EXPERIMENTAL METHODS with a framegrabber or time lapse video. Particularly with

phase contrast images, such as those in Fig. 2, the interface

The experiment is performed with a traditional directionalcan then be easily extracted for further analysis.
solidification apparatuf26] in which a thin sampl¢ 13 cm To initiate growth, the sample is melted completely and
X 1.5 cmx (5-60) xm] is pulled through a linear tempera- quenched, seeding a number of grains. One grain with the
ture gradient at a constant pulling velocity as shown in Figdesired orientation is selected and all others are melted off,
3. After an initial transient, the average speed of the solidiso that the chosen grain can grow and fill the width of the
fication front is equal to the pulling speed, set by a linearcell. This is most easily accomplished in SCN-PEO samples,
stepping motor with 4 nm step size. since the attached dye group on the fgetiiylene oxidg[27]

The cell consists of two glass plates glued together andllows us to melt off undesirable grains by locally heating
filled with the sample. The glass plates are cleaned in stagesgith an argon laser beam. The selected grain can then be
using detergent, acetone, methanol, an acid sol{ioliuric ~ maintained, so that runs of different growth speeds can be
acid and NoChromiXGodax Laboratories, Ind, and dis- performed at the same crystalline orientation.
tilled water. The glue used is the epoxy Torr-Sédrian It is important to start with a single grain since dendrites
Vacuum Produc)s The nominal cell depth is set by a Mylar grow at lower undercooling and typically overtake seaweeds
(DuPonj spacer which can be obtained in a wide range ofduring solidification. It is common after a run to have a few
thicknesses with good uniformity. subgrains indicating that neigboring lobes can shift slightly

In each set of runs, the temperature gradient is maintainedith respect to each othgt5]. We do not observe any varia-
at a fixed value between 3 and 50 K/cm with a stability oftion in growth morphology after the initial transient due to
+2 mK possible on each side. The temperatures of the hdhe formation of these subgrains.
and cold sides are above and below the equilibrium melting Before each run, the sample is kept stationary=-Q) for
temperature of=58 °C so that the solid-liquid interface re- a sufficient time to equilibrate the impurity concentration in
mains within the gap between the temperature controlledhe liquid and create a flat interface. The equilibration time is
blocks. In the most recent design, circular samples are usagpically 10-60 min, with longer times necessary at small
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100C

FIG. 5. Anisotropic part of surface tension in planes oriented 5°
from the{111} orientation using the same parameters as in Fig. 1.
(@) Close to the{655 plane and(b) near{665 orientation. Note
that specifying the plane does not select the orientation with respect
to the growth directiorigiven by the arrow (c) is a specific orien-
tation found by rotatingb) in the sample plane.

FIG. 4. Seaweed growth in 0.25% SCN-PEO &t
=6.74um/s. The growth is composed of seaweed cells, five ofnot generally fourfold symmetric as usually assumed in
which are seen here. simulations and theory. Since the grains in Fig. 5 are close to

{111}, the growth will berelativelyisotropic and should form

temperature gradients and after slow runs where segregatiggaweeds. However, the dynamics of the seaweed will de-
is significant. This allows accurate measurement of the initiabend on the slight anisotropy.
instability wavelength of the flat interface;, which results This effect may be particularly relevant because a slight
from the Mullins-Sekerka instabilit}33]. anisotropy on a nominally isotropic case will break the sym-

Finding an appropriate grain is an experimental challengemetry and induce a sense of orientation. Slight misorienta-
as the random seeding process gives only a 1/1600 chance @dns from a strongly anisotropic case like ti®0 orienta-
orienting the grain within 1° of th¢111 plane[34]. It has  tion will induce only small changes on the existing profile
already been noted that seaweeds exist only within 5° of thand will not be significant.
{111} orientation[15]. This 5° limit likely depends on the In particular, if we force a crystal oriented as Figajto
alloy and concentration used, which appear to affect the degrow upwards, there will be a small degenerf@y]. Growth
gree of anisotropy in our observations. However, assumingowards the surface tension maxima is preferred and a tip
that limit of seaweed stability, there is a probability of 1/66 will tend to grow outwards in both directions leading to a
to seed seaweed growth but only 1 in 25 seaweeds will benarked increase in radius or flattening of the tip. We call this
within 1° of the {111} plane. That is, experimental seaweedthe degenerate seaweed as there is a small amount of degen-
growths typically involve a significant misorientation from eracy which is revealed in the dynamics. Forcing a crystal
the{111} plane. The consequences of this will be emphasizedriented as in Fig. %) to grow upwards, the seaweed now
below. grows along a preferred direction and the tip will be some-
what more stable than the isotropic seaweed. This is the sta-
bilized seaweed. Figure(® shows the same crystal in Fig.
5(b) rotated within the plane. As we show below, in this case
A. Seaweed morphologies upward growth can lead to seaweeds tilted beyond 45° as a

Although low anisotropy solidification produces compli- consequence of the twofold symmetry. _ .
cated meandering patterns compared to dendrites, we find Figure 6 shows a few examples with orientations similar
noticeable regularity due to the imposed growth direction© those shown in Fig. 5. In each case, the same sample is
and small anisotropies. used, but each image corresponds to grains of different crys-

There does appear to be a typical spacing between tHalline orientati_or_m They are a!l seaweeds b_ecz_:luse_the tip is
large seaweed celld7], as seen in Fig. 4. This spacing is gnstaple to splitting, but the_re is a clear qualitative difference
comparable to that for dendrites grown at the same condil their structure. We describe these further below.
tions (e.g., as in Fig. 2 but is unstable and continuously
changes over time. There is frequent tip splitting and com-
petition between lobes which are occasionally created or fall One of the most striking types of seaweeds is the degen-
behind. The splitting events also occur at different places omrate seaweed seen in Figgbj2and Ga). At first glance,
the tip and create arms of varying lengths. These factors leatthey appear similar to other seaweeds, except that the tip is
to the characteristic meandering and random appearance observed to alternately split on the left and right sides
the seaweed. [14,36]. That is, when the tip splits, one of the two new lobes

Given that it is unlikely to randomly seed a seaweed grairwill grow forward as the other falls behind. If the lobe to-
within 1° of the {111} plane as mentioned above, we mustwards the left survives, when the tip splits next, there is
ask how growth is affected by small misorientations from theroughly an 85% chance that the lobe on the right will sur-
{111} plane. Figure 5 shows a few possible surface tensiowive.
profiles for grains misoriented 5° from tH&11} plane to- We have characterized this state in ddtad], including a
wards the{100 or {110 orientation and with in-plane rota- model that captures the observed scaling behavior. The tip
tions. Not only is the surface tension anisotropic, it is alsosplitting frequencyf, the wavelength of the tip instability, ,

Ill. RESULTS

1. Degenerate seaweed, alternating tip splitting

051604-4



DYNAMICS OF LOW ANISOTROPY MORPHOLOGIES IN . .. PHYSICAL REVIEW E6, 051604 (2002

time = 28.6 minutes

FIG. 6. Three kinds of seaweed growths observed in an SCN-
ACE sample at a temperature gradient of 20 K/¢ay.A degener-
ate, or alternating tip splitting, mode ¥t=8.96 um/s, (b) a stabi-
lized seaweed af=8.96 um/s, and(c) a strongly tilted seaweed
(tilted beyond 45°) atvV=43.6 um/s, which reveals a twofold FIG. 7. Curvature-time plot for 0.25% SCN-PEO. A representa-
rather than fourfold symmetry. tion of the curvatures along the interface near the tip. To the left is

a tip region with a segment indicated in white. Above it, the abso-
and the pulling spee are related as<V3? V™12 and lute curvatures along this segment are plotted in gray scale. Stack-
foe\;/V. The observed frequency exponent of 3/2 is identi-ing sequences of these lines in time for subsequent pictures gives
cal to what is expected for the sidebranching frequency irthe curvature-time plot on the right, where the center line always
dendrites[37,38. The relevant results will be summarized corresponds to the tip. Time increases upwaftal time 28.6
briefly to contrast with other types of seaweeds and to corMin)- The width is 300um and the growth velocity is 2.08m/s.
relate the previous observations with the surface tensiof/Nite corresponds to high curvaturgadius of curvature less than
plots shown abovefa) tip splitting can regularly alternate, ~10 ,um) and bIacI_< to zero curvature. The dashed line indicates
(b) the instability wavelength of tip splitting is linearly re- € Position of the tip that is shown.
lated to the instability wavelength of the planar interface, and
(c) alternating tip splitting is correlated with a strong flatten- and it appears to be the quasiperiodicity pointed out in Fig.
ing of the tip and a particular crystallographic orientation. 20 of Ref.[15].

To gain additional insight, the curvature is measured at Measurements of the tip instability wavelengthversus
each point on an arc centered on the tip. Plotting curvaturéghe instability of the initially flat front\; demonstrated an
versus the position along the arc and stacking the plots frorapproximately linear relationship. This indicates that to a
successive times, we created curvature-tif@d) plots, as first approximation, the instability wavelength of tip splitting
shown in Fig. 7. The arclengthis centered on the tip, which arises from the more familiar instability of the flat interface.
is defined as the furthest point along the growth directionThe precise relationships for two particular degenerate
The gray-scale intensity corresponds to the absolute value saweed grains show that; is in fact smaller than
the curvature. This plot shows the evolution of the curvatures.s (A\;=0.8\;) [14]. The tip will become unstable at the
in the region of the tip over time. The center of the plotsmallest instability wavelength, since the tip is initially at a
always corresponds to the tip. Each splitting event is represize that is too small to support an instability and grows. That
sented by a double line because a deep groove and an addi; \, is essentially probing the small wavelength branch of
tional tip are created, both of which have high curvature andhis dynamic stability curve. The evolving tip is more com-
convect down the side of the seaweed. plicated than the initial planar instability which is itself more

The alternating tip splitting can be very regular as seen ircomplicated than the steady state linear theory of Mullins
Fig. 7. There, it is clear that the curvatures at the tip oscillateand Sekerk&33]. Despite this, we find within experimental
reflecting the alternating flattening and splitting of the tip.errors that all of these lengths scale in the same way as
We emphasize that the periodicity seen in Fig. 7 is a refleceV 22,
tion of the changing shape of the tip and not an artifact of the The observed flattening of the tip is precisely what we
tip moving from side to side since the tip position changes bymight expect if the crystal was oriented as in Figa)5To
a relatively small amount. This is striking because in a relaverify that this is the case, we performed a run at a very
tively isotropic system with a noise dominated instability small temperature gradient so that the growth would be
such as tip splitting, one expects to find random and upredominated by any crystalline anisotropy rather than the im-
dictable behavior. Although there could be a nonlinear feedposed temperature gradient. With a reduced temperature gra-
back mechanism that leads to an instability such as vorteglient, the resulting growth is closer to that of free growth.
shedding in fluid flows, simulations of isotropic solidification Figure 8 shows a space-tiné8T) plot from the run(see Ref.
have not revealed such a cycle. Although rare, this state igl5], for example. It was created by taking the pixels from a
not unigue, as we have observed it in three different samplefixed distance behind the interface from each image and

 S=300p m
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24 SCN-PEO degenerate seaweed ' std. dev. = 0.41_
] 4
8 ¢
E . [soncav sabizedseamess std. dev. = 0.90]
&
S
= 1
]
1)
£ 0 }
0 600 1200
t(s)
FIG. 9. Curvature of the tip for a (a) degenerate seawee¥ (
=2.71lum/s, G=18 K/cm) and a(b) stabilized seaweed\(

=4.5um/s, G=18 K/cm). In each case, the curvatures are di-

FIG. 8. Space-ime plot for 0.25% SCN-PEO degenerateVidEd by the mean for the rufp). The standard deviation for the

sample. Time increases upwards. The growth velocity is Z#ts stabilized seawee(D._30) is s_maller than th_a_t for the (_jegenerate
and temperature gradient {8 18 K/cm and(b) 3 K/cm. The ap- seaweed0.4)) reflecting the increased stability of the tip.
proximate orientation of the grain is represented by the surfacghe growth direction. The curvatures in each case are normal-
tension plot on the right. This is the same grain as Fig).2 ized by the average for the run. It is clear that the standard
deviation is smaller for the stabilized seaweed, which con-
stacking them sequentially in timgimilar to the CT plot ~ firms that the tip exhibits less variation in curvature, suggest-
The distance behind the interface in this figure~id2\;.  ing that this might be an example of the situation shown in
The plot is essentially a chart recording of the growth in theFig. 3b). In contrast, the degenerate seaweed displays
absence of further coarsening. It is clear that the growttProminent oscillations in curvature reflecting the continual
locks into two particular directions, consistent with the sur-sPlitting and flattening of the tip.
face tension profile shown on the right. Using a lower pulling speed, the unstable seaweed growth
A state qualitatively similar to this alternating tip splitting Undergoes a transition to dendrites, shown in Fig. 10. The
is observed in viscous fingering experiments, but is due to afesulting growth seen in Fig. 18 shows one of an array of
additional perturbation, such as the presence of a bubbldendrites with stable tips, indicating an anisotropy along the
trapped at the tif39]. Park and Homsy also see a neardrowth direction consistent with the stabilized seaweed. Note
periodic splitting in Hele-Shaw experiments, although therethat this is not simply an artifact of the temperature gradient
is no sequence long enough to be sp#8]. Alternating tip constraining the growth, although that might contribute to
splitting can also be observed in simulations when competthe stability of the dendrites. At corresponding low veloci-
ing anisotropies baland@5] [see Fig. &)]. This might re- ties, the degenerate state described above appears cellular but
sult from a slight degeneracy in a relatively isotropic surface@mains unstable to splitting.
tension profile as we believe these results show. This effect does not appear to be caused by kinetic anisot-
At low speeds, the seaweed cells become more stable ari@iPy, which generally refers to an increase in anisotropy with
lead to a deviation from the observédV1® scaling. Also, ~ increasing velocity. In fact, this is the opposite effect. Quali-
the slight asymmetry in the anisotropy is revealed and splittatively, this could be interpreted as the same behavior found
ting events to one side dominated the splits to the other. A1 Simulations in which competing anisotropies balance
higher speeds, the structures become smaller and growth {§41] see Fig. 2 in which decreasing undercoolifig to (a)]
more three dimensional, making it difficult to extract the leads to more ordered growtp42], but we do not believe
interface and follow the tip. anisotropies in different directions exist in the present experi-
ment. We also observe this grain to appear seaweedlike up to
V=286 um/s, so there does not appear to be another aniso-
) N __ tropic state that dominates at large growth speed. With this in
Figure @b) shows the stabilized seaweed. Note that it iSmind and given the evidence in Fig. 9, we conclude that

the same sample as the degenerate seaweed in ®&. 6there is a small anisotropy along the growth direction.
growing at identical conditions except for the orientation of

the crystal. Unlike the degenerate seaweed, the tip is not
generally splitting towards alternate sides. In fact, the hori-
zontal branchegfor example, on the rightmost fi@re true
sidebranches which develop below the tip, and the tip split-
ting is much less frequent.

In Fig. 9, tip curvature is plotted versus time for typical
examples of the degenerate and stabilized seaweed. The ra-FIG. 10. Tip stabilized seaweed @) V=4.5 um/s and(b) V
dius of curvature of the tip is determined as a function of=8.96 um/s. Both images are 1.5% SCN-ACE witlG
time where the tip is again defined as the furthest point along-20 K/cm.

2. Stabilized seaweed
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o o +30

22 um/s

V=

65 um/s

V=

FIG. 11. Transition to strongly tilted growth with increasing
growth speed. Images are shown at pulling speed&@)o#.5, (b) FIG. 12. Transition between stabilized and degenerate seaweed
9.0, (c) 13.4,(d) 17.8,(e) 22.1,(f) 43.6,(g) 86.4,(h) 182, and(i) ~ growth with in-plane rotation of sample. The sample is 0.5% SCN-
242 um/s. The sample is 1.5% SCN-ACE a@=40 K/cm. Im-  PEO. At a certain sample orientatioa), with (a) V=22 um/s, the
ages(h) and(i) show a transition from strongly tilted seaweed back sample grows as stabilized seaweed andcpaV =65 um/s dou-
to growth oriented along the pulling velocity. Although reproduc- blons form. After rotating the sample by 30°, the growth becomes
ible, the large scale linearity of the temperature gradient is noth) a degenerate seaweed\at 22 um/s and(d) remains seaweed
maintained al/>100 um/s. at V=65 um/s. Below, possible surface tension profiles are shown

which are rotated by 30° with respect to each other.

It is interesting to note that fractal dendrites described by
Breneret al. appear very simila¢ [21] see Fig. 5. In fractal
dendrites, although a central stem of the dendrite is still de
finable, large noise or low anisotropy leads to occasional ti
splitting.

seaweed with increasing growth speed. At low speeds there
is a slight tilt to the right. As the pulling speed is increased,

Fbranches to the left are more apparent until at large enough
speeds they dominate the growth. At much larger speeds, the
seaweed actually reverts to a slight tilt to the right as seen at
low speeds. Although this transition was reproducible, the

The degenerate and stabilized seaweeds are, in a seng@mperature gradient is far from linear at those speeds and

the two extremes of what surface tension profiles will beye are not able to draw reliable conclusions from these ob-
seen when misoriented from th&l1} plane. Other growths gservations.

will be combinations of these behaviors with the additional The transition is qua"tative|y different from the cell to

freedom to rotate the sample in the plane. dendrite transition in which cells gradually tilt further to-
Now considering Fig. &), the surface tension is not four- \ards the crystalline axis until the transition to dendrites

fold symmetric. In other words, the model of surface tensiorf4]. In that case, the cells smoothly tilt further towards the

based on Eq41) and(2) used most often in simulations and crystalline axis, while here the tilted arms grow out from the

theories, y(a) = yo[ 1+ €9 cos(4)], is not valid here. The seaweed with a lifetime that increases with pulling speed
lack of complete fourfold symmetry has been noted beforgntil they become stable.

[16,43 but is not typically important for dendrite growth.
One consequence is that we can see dendrites growing at
angles larger than 45° with respect to the pulling direction,
which does not happen under the assumption of fourfold From the above discussion, it should be possible to ob-
symmetry. If the anisotropy is fourfold symmetric, a dendriteserve transitions between different seaweed types with an
growing ata>45° will have sidebranches at 99%«<45°  in-plane rotation of the sample. Figure 12 shows an example.
in the other direction which will be favored. At low speeds, a stabilized seaweed forfiég. 12a)].
Figure Gc) is an example of this in which a tip splitting When rotated by 30°, the growth becomes a degenerate sea-
growth is tilted at~53°, consistent with a surface tension weed and exhibits alternating tip splittifgrig. 12b)]. At
anisotropy oriented like in Fig.(6). This picture shows that higher growth speeds for the same two orientations, stable
twofold symmetry can be important in seaweed growth. Adoublons[Fig. 12c)] become unstable to tip splittindrig.
similar observation can be seen in dendritekb] see Fig. 12(d)] with the same sample rotation. At the bottom of Fig.
25) although no mention is made of the implications of thel2, possible surface tension profiles are shown which are
large tilt angle. rotated by 30° with respect to each other. Doublon growth
In Fig. 11 we show the progression of this strongly tilted will be addressed in a future publicatip#5].

3. Strongly tilted seaweeds

4. Degenerate-stabilized seaweed transitions
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box size § (pm)
LLES
-
162 T
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1.7% 4 mee—
A
= : ::- fa - 7
L7z % pa FIG. 14. Dendritic growth from a degenerate seaweed. The ap-
Ly . proximate orientation of the crystal is inferred to be that represented
Let | _p“". F .;.‘:;‘m il by the surface tension plot on the right. The sample is 0.25% SCN-
1.4

5

1

PEO growing atv=4.5 um/s andG=30 K/cm.

Vomds)
. discontinuous jump, however, fitting over a shorter region
FIG. 13. Fractal analysis for degenerate seaw@26% SCN-  qges not show such a jump. The fit is taken starting @t

PEO. A box counting method is used in which a grid of spacng ¢ ' the fit over 1 decade includes box lengths betwegn
pixels is superimposed on a picture of a dendrite and the number Qind 10,

boxes containing any part of the interfgde(s)] is counted.(a) A At first, Fig. 13b) looks promising in indicating a transi-

linear region on a log-log plot indicates a fractal range with the,. .

) A X .. tion from fractal to compact growth, but a few important
dimension given by the magnitude of the slope. The plot here is for th ted. A i d. the sl . itive t
a growth velocity of 1.34um/s and the experimental initial insta- ISSUES must be noted. AS mentioned, he SIope IS SEnSItve 1o

bility wavelength is included as the lower length scale cutoff for thethe range of the fit and, at most, 1 decade in Iength_ S.Cales can

fractal range.(b) Averaging results from 1000 pictures for each be u_sed. In other words, thege pl_ctures do not exhibit growth

point, the fractal dimension versus the pulling speed is plotted. Thihat is clearly fractal over a significant range of length scales.

solid line (circles, 1-decade fisuggests a discontinuous jump while We question whether previous experiments have had the

the dashed lingtriangles, 0.43-decade Jfisuggests a smooth tran- Same limitations. At lower speeds, as the seaweed tends to-

sition. wards less developed cellular growth, the calculated dimen-

sion actually drops towards 1 rather than levelling out. The

fractal dimension also appears to be most well defined at the

. tip, as the dimension increases towards 2 when more of the

Since we expect to see a crossover from fractal to comy, S : . :
o : . . deep groove region is included in the analysis. This could be

pact structures with increased pulling speeds for isotropic tact of the imnosed aradient and mav not be an issue

and low anisotropy growth20], we measured the fractal an artifact o P g Y

. . . . in free radial growth where the number of lobes must con-

dimensionD; of our images by using a standard box count-.. .

ing method described in Fig. 13!6]. The lower physical tinually increase. "

cutoff of the fractal range is élose t6 the wavelength of the In summary, our results S.UQQESt a transition from fractal

initial instability of the flat interfacex;. The experimental to compact growth, .bUt we find th_at t_he range (-)f data spans

: f .only 1 decade, making a conclusive interpretation as fractal

measurement of this value has been measured at each pthega"ng impossible

speed and is indicated in the p[élg. 13a)]. D; is measured '

as the magnitude of the slope for box sizes k; .

Figure 13b) shows the fractal dimension versus the pull-
ing speed for a degenerate seaweed. The circles correspondin low anisotropy growth, it is possible to observe den-
to fitting over 1 decade on Fig. (& to determineD;. The  dritic growths in patterns that otherwise are seaweed. For
triangles correspond to fitting over 0.43 decades, equivalerexample, Fig. 14 shows a snapshot of the alternating tip
to one division on a natural log plot, which has been used irsplitting seaweed that is tilted to the right9° as repre-
some previous resulfgl]. It is clear that the fractal dimen- sented by the surface tension plot. One of the sidebranches of
sion is sensitive to the range of data taken for the fit, althe seaweed has nucleated a dendritic branch. Assuming that
though the general trend seems to be that the fractal dimenhe anisotropy of the crystal is mirror symmetric, the angle
sion increases with pulling speed. This increase from close tbetween the dendritic branches would be 43°, which is con-
the diffusion limited aggregation value of 1.67 towards 2sistent with the value of 40° for similar branches in Fi)8
would be consistent with the prediction of Breredral. of a  Due to the regularity of the sidebranches these dendrites look
noisy transition from fractal to compact growth. In addition, different from the usual dendrites which are observed for
Brener et al. predicted that the transition is discontinuous. growth along the crystal’'s easy axis. They look very similar
When using data from a fit over 1 decade we observe sucht@ the tip oscillating growth or symmetric tip splitting state

B. Fractal dimension

C. Seaweed-dendrite transitions
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FIG. 15. The formation of a dendritic growth like that shown in
Fig. 14. The arrow indicates the seaweed arm that develops into the
dendritic branch. The time between the pictures is 30 s. The sample
is 0.25% SCN-PEO growing at=4.5 um/s andG=30 K/cm.

of Honjo et al. [47]. In their results, the tip velocity and
curvature oscillate in time, but these oscillations are not ap-
parent here by visual inspection.

Figure 15 shows the time evolution of the formation of
one of these dendritic branches. The arrow highlights the
seaweed arm which becomes dendritic. We also observe in
Figs. 14a) and 1%e) that the dendritic branch grows ahead
of the seaweed growth. This is not surprising as it is already
known that dendrites grow faster than seaweeds under the
same conditions. One might guess that the dendritic arm FIG. 17. (&) Space-ime(ST) plot of a dendritic interface that
could grow ahead of the neighboring seaweed and dominafé"dergoes a transition from (&) dendritic to a(d) seaweed mor-
the growth. Indeed, the seaweed growth in this case is n(ﬂholog_y. The discontinuity in the S_T plot is due to a translgtlon of
stable—dendritic branches nucleate at different points along; microscope stage along the interface. The sample is 0.12%
the interface and take over the pattern. Both seaweeds arf\-CAM growing atv=13.4 um/s andG =22 K/cm.
dendrites can be understood as two stable states, with den- ) - )
drites being dynamically preferred over seaweeds. The se¥€€d is seen to nucleate dendritic branches. In Fige)16
weeds are typically found to be stable until the first dendriteftér about 20 min of growth, some of the dendrites have
are formed. An example of the evolution of the seaweed tghanaged to grow ahead of the seaweeds.

dendrite transition is shown in Fig. 16. There, an initial sea- A Séaweed cannot generally overtake a dendrite since it
grows at a larger undercooling. It is possible though when

the dendrite is angled away from the seaweed. Figure 17
shows a space-time plot in which a dendritic growth appears
stable for a long time. After a number of failed attempts, a
seaweed branch nucleates on the left and gradually spreads
to the right. It is clear from the ST plot that the seaweed
grows out from a branch on the dendritic growth and is not
simply another grain. Figure 18) shows the initial forma-

tion of the seaweed grain.

IV. CONCLUSION

In conclusion, we find that misorientations from §id.1}
plane lead to different types of seaweed gro\ith., dense
branching morphologyarising from small surface tension
anisotropies. Although theoretical and numerical work on

FIG. 16. Transition from aa) seaweed morphology to &) seaweeds typically assume an isotropic surface tension pro-
dendritic morphology over time. The pictures are separated by 24file, we present evidence that the vast majority of experimen-
s. The sample is 0.25% SCN-PEO growing\at4.5 um/s and  tal seaweeds grow with non-negligible anisotropy. In addi-
G=45 K/cm. tion, this anisotropy is, in general, not fourfold symmetric as
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often assumed in 2D dendrite growth. The growth morpholoconsider it to be a true fractal. The measured fractal dimen-
gies identified include the degenerate, stabilized, andion is sensitive to the range of length scales fitted, so it
strongly tilted seaweeds. Observed growth behavior is correcannot be determined if the transition is discontinuous as
lated with plots of the in-plane surface tension. predicted.

The degenerate seaweed arises from a small anisotropy Transitions between seaweed and dendrite growth were
oriented at=45° relative to the growth direction and can also observed. This occurs because seaweeds are preferred in
lead to regular, alternating tip splitting. Decreasing the im-isotropic cases and oriented growth preferred at large anisot-
posed temperature gradient reveals the preferred growth dippy, leading to transitions at intermediate anisotropy.
rections. The stabilized seaweed arises from a small anisot- yjtimately, the question is how does surface tension an-
ropy along the growth direction and leads to an increasegsotropy select particular growth morphologies? In particular,
stability of the tip as compared to isotropic growth. The in-\e ask(i) what can we learn about the crossover between tip
creased stability is observed as a lack of tip splitting at lowspjitting and sidebranching with small increasifrpnfour-
growth speeds and in a time series of the tip curvature. They|d) anisotropies?ii) How can we elucidate the role and
degenerate and stabilized seaweeds are the two basic types@ntify the relative importance of kinetic anisotropyi?)

misorientation in 2D solidification with the additional free- Are similar morpho]ogies observable in other low anisotropy
dom to have in-plane rotations. The strongly tilted growthsystems?

can result from a rotation of the stabilized seaweed and high-
lights the underlying twofold, rather than fourfold, symme-
try.

The fractal dimension was studied as a function of growth ACKNOWLEDGMENT
velocity for the degenerate seaweed. Although we observe a This work was supported by the Cornell Center for Ma-
general trend supporting the predicted fractal to compacterials ResearciCCMR), a Materials Research Science and
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