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Traveling waves, two-phase fingers, and eutectic colonies in thin-sample directional solidification
of a ternary eutectic alloy

Silvère Akamatsu and Gabriel Faivre
Groupe de Physique des Solides, CNRS UMR No. 7588, Universite´s Denis Diderot et Pierre et Marie Curie,

Tour 23, 2 place Jussieu, 75251 Paris Cedex 05, France
~Received 9 September 1999!

We present an experimental investigation of the morphological transition of lamellar eutectic growth fronts
called ‘‘formation of eutectic colonies’’ by the method of thin-sample directional solidification of a transparent
model alloy, CBr4-C2Cl6. This morphological transition is due to the presence in the melt of traces of chemical
components other than those of the base binary alloy~impurities!. In this study, we use naphthalene as an
impurity. The formation of eutectic colonies has generally been viewed as an impurity-driven Mullins-Sekerka
instability of the envelope of the lamellar front. This traditional view neglects the strong interaction existing
between the Mullins-Sekerka process and the dynamics of the lamellar pattern. This investigation brings to
light several original features of the formation of eutectic colonies, in particular, the emission of long-
wavelength traveling waves, and the appearance of dendritelike structures called two-phase fingers, which are
connected with this interaction. We study the part played by these phenomena in the transition to eutectic
colonies as a function of the impurity concentration. Recent theoretical results on the linear stability of ternary
lamellar eutectic fronts@Plapp and Karma, Phys. Rev. E60, 6865~1999!# shed light on some aspects of the
observed phenomena.

PACS number~s!: 81.30.Fb, 05.70.Ln
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I. INTRODUCTION

The solidification microstructure of directionally solid
fied nonfaceted binary eutectic alloys usually consists o
regular stacking of lamellae of the two eutectic crys
phases@1,2#. This microstructure is the trace left behind
the solid by the stationary periodic pattern assumed by
growth front during solidification@3#. The order of magni-
tude of the pattern wavelength, or interlamellar spacingl, is
fixed by the competition between solute diffusion in the l
uid and capillarity, and is of 10mm for growth velocities in
the mm s21 range. An example observed in thin-sample
rectional solidification of the transparent eutectic all
CBr4-C2Cl6 is shown in Fig. 1. Necessary conditions for su
a growth pattern to be observed are that the alloy concen
tion C be sufficiently close to the center of the eutectic p
teau, and the solidification rateV smaller than a limit value,
which is a function ofC and the applied thermal gradientG
@1–3#. These conditions define the zone of the parame
space in which the growth front is lamellar and plan
~planar-growth zone!, the word ‘‘planar’’ applying not to the
front itself, but to its envelope, i.e., its shape smoothed o
a distance of a fewl. The growth pattern of Fig. 1 is no
only planar, but also stationary, symmetrical, and bidim
sional, or nearly so. This type of pattern is called ‘‘basic’’
contradistinction to other types of planar patterns with
lower symmetry~tilted and oscillatory patterns! @4–10#.

In this paper, we report the results of an experimen
study of the morphological instability called ‘‘formation o
eutectic colonies,’’ which corresponds to the upper bound
the planar-growth zone whenC is close to the eutectic con
centrationCE of the alloy. This instability consists of th
appearance of large cells—‘‘eutectic colonies’’~EC’s!—
superimposed on the lamellar pattern~Fig. 2!, and is due to
PRE 611063-651X/2000/61~4!/3757~14!/$15.00
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the presence of impurities with a small solubility in the so
phases@11#. Metallurgical studies performed around 196
led to the following conclusion, at least implicitly@12–15#:
the formation of EC’s is an impurity-driven Mullins-Sekerk
instability occurring on a scale much larger thanl, and
therefore essentially insensitive to the dynamics of the lam
lar pattern. This conclusion seemed to be supported by
fact that, like the usual Mullins-Sekerka bifurcation@16,17#,
the transition from planar fronts to EC’s generally occurs
values ofV close to the theoretical constitutional superco
ing velocityVcs of the system@18#. It was noted in these old
studies that the lamellar pattern adapts itself to the prese
of EC’s in such a way that the trajectories of the lamel
remain locally perpendicular to the distorted front~Cahn’s
rule @19#!, without the consequences of this fact being draw

The similarity between EC’s and dilute-alloy cells is u
questionable, but leaves aside the most interesting aspec
the formation of EC’s, namely, those involving the intera
tion between this process and the dynamics of the underly
lamellar pattern. Cahn’s rule means that the distortions of

FIG. 1. Planar lamellar eutectic front in a basic~i.e., stationary
symmetrical! state. Undoped CBr4-C2Cl6 alloy (y50.02; V
51.5mm s21). a andb are the two terminal solid solutions of th
alloy. In this photograph, as in all the following ones, the grow
direction is upward. Inset: enlarged view of the front.
3757 © 2000 The American Physical Society
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3758 PRE 61SILVÈRE AKAMATSU AND GABRIEL FAIVRE
front associated with a modulation of the impurity conce
tration field entail modifications of thel distribution. The
existence of a feedback of thel distribution on the front
shape follows from the fact that the average temperatur
the front depends onl ~Jackson-Hunt’s law! @3#. Because of
this interaction, the formation of EC’s must exhibit a mu
richer dynamics than the formation of dilute-alloy cells~for a
detailed experimental study of the latter, see Ref.@20#!. This
conclusion was recently asserted by Plapp and Karma in
clusion of a linear stability analysis of the basic lamel
patterns of ternary eutectics based on Cahn’s hypoth
@21#. It is experimentally substantiated by this study for t
first time, to our best knowledge.

The process of formation of EC’s is sensitive to relative
small changes in the impurity concentration, the deviation
the base binary alloy fromCE , and the initial value ofl, as
will be seen below. A detailed quantitative study of this pr
cess would require a more accurate control of these par
eters than is currently achievable. In this paper, we o
claim to present a clear, semiquantitative characterizatio
some robust new aspects of the process. Even to this lim
aim, the standard experimental methods had to be impro
considerably. In thin-sample directional solidification, we
call, a layer of a transparent model alloy enclosed betw
two glass plates is placed in an externally imposed unidir
tional temperature gradient, and pulled at an imposed ve
ity toward the cold side of the gradient. The front—whic
remains immobile, or nearly so, in the laboratory referen
frame—is continuously observed with an optical microsco
This method has often been applied to the fundamental s
of lamellar eutectic growth@3,9,10,22–26#. The principal
nonstandard aspects of our experimental methods are tha
employ very thin~'10 mm thick! samples, and grow larg
~.1 mm! ‘‘floating’’ eutectic grains ~see Sec. II C!. This
endows the system with three important characteristics
complete crystallographic homogeneity, a low capillary a
isotropy, and a pronounced two-dimensional~2D!
character—without which the dynamics of lamellar eutect
are of a disconcerting complexity. With very thin, larg
grained samples, it was possible to determine the full
stability diagram of CBr4-C2Cl6 inside the planar-growth
zone experimentally@10#. The experimental results were i
quantitative agreement with the numerical results obtai
for the same system~i.e., bidimensional CBr4-C2Cl6 without
capillary anisotropy! by Karma and Sarkissian@6#, confirm-
ing that our samples really have the above characteris
Another feature of the samples used in this study is that t
residual-gas content was much lower than in most previ

FIG. 2. Eutectic colonies in a CBr4-C2Cl6-naphthalene alloy
(Cnaph5531024; V531mm s21). At this small value ofl ~'4
mm!, the b lamellae cannot be resolved, and appear as single
lines in the image.
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studies. A ternary chemical component had to be adde
order that impurity-induced phenomena appear within
explored range inV/G. The ternary component used in th
study is naphthalene. EC’s were only found to form
CBr4-C2Cl6-naphthalene alloys with a molar fraction o
naphthalene Cnaph larger than about 531024. Other
impurity-induced phenomena, but no standard EC’s, are
served at lower concentrations of naphthalene. This r
tively sharp transition as a function of the impurity conce
tration is one of the unexpected findings of this study.

The plan of the paper is as follows. Previous results c
cerning the dynamics of lamellar eutectics, in particular,
results of the linear stability analysis of ternary eutectics
Plapp and Karma, are recalled in Sec. II. Section III is d
voted to experimental methods. In Sec. IV we present p
liminary observations about phase diffusion in the absenc
an impurity, serving as a reference for the observations m
in the presence of impurity. The results concerning
impurity-driven effects are reported in Sec. V. This secti
includes a comparison of the experimental observations w
Plapp and Karma’s theoretical results. A general conclus
is given in Sec. VI.

II. BACKGROUND

A. Binary eutectic alloys

Two essential dynamical features of binary lamellar e
tectics are the absence of a mechanism of selection of
spacing, and the ineffectiveness of phase diffusion at
pulling velocities. These properties explain the important
perimental fact that basic patterns never have a uniforml
distribution, but contain smooth, relatively ample spat
modulations ofl inherited from the early stages of th
growth @9,25#. Let us briefly sum up the present state of o
knowledge on these subjects.

The basic patterns of binary lamellar eutectics are sta
over a finite range inl at fixed values of the control param
eters@6–10#. The bounds of this range essentially depend
two variables, namely, the reduced deviation from eute
concentrationy5(C2CE)/(Cb2Ca), whereCa andCb are
the concentrations of thea andb solid phases bounding th
eutectic plateau, respectively, and the reduced spacinL
5l/lJH where lJH ~the Jackson-Hunt minimum
undercooling spacing! is a scaling length proportional to
V21/2. At y50, the basic patterns are stable forL ranging
from about 1 to 2. BelowL'1, they are unstable agains
lamella termination. AboveL'2, they undergo a homog
enous bifurcation to a period-preserving oscillatory (1lO)
pattern, followed by a secondary bifurcation to a perio
doubling oscillatory (2lO) pattern at a slightly higher value
of L. At slightly off-eutectic concentrations (uyu'0.04), the
bifurcation sequence is reversed~the primary bifurcation is
the 2lO one!. At still higher values ofL and/or y, a tilt
bifurcation also comes into play.

The average temperature of a binary lamellar eute
front, or, equivalently, the positionz of the envelope along
the axis of the thermal gradient~z axis!, depend on the value
of l. Whenl is uniform, the relationship betweenz andl is
approximately given by the Jackson-Hunt equation, wh
reads

rk
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z52
DTJH

2G
~L1L21!, ~1!

where the origin is taken at the eutectic temperature,
DTJH ~the Jackson-Hunt minimum undercooling! is a scaling
quantity proportional toV1/2 @3#. In the experiments, the spa
tial distribution of l is generally not uniform, is associate
with a nonplanar envelope of the front, and is nonstationa
The linear stability analysis of a modulated lamellar eutec
front of average spacingl0 was performed by Datye an
Langer@4# under the assumption that Cahn’s rule is obey
This rule states that the motion of each trijunction point
submitted to the constraintj t

(n)1Vzx50, wheret is the time,
x is the coordinate parallel to the front, andj (n) is the x
coordinate of thenth trijunction point. From this, it is easily
derived that

l t1l0Vzxx50, ~2!

wherel is considered as a continuous function ofx. Equa-
tions ~1! and ~2! are the equations governing the spatiote
poral evolution of the two functionsl(x,t) andz(x,t). Fol-
lowing the usual linear-stability analysis procedure, one fin
that the linear growth coefficientV(k) of a small perturba-
tion of wave vectork obeys a second-order equation. On
one of the solutions of this equation is relevant in the con
tions of the experiments to be described in Sec. IV, a
corresponds to a diffusive mode, i.e., a mode such
l(x,t) follows a diffusion equationl t5Dphlxx , whereDph
is the so-called phase diffusion coefficient.Dph reads

Dph5
DTJH0V

2G
~L02L0

21! ~3!

~the Cahn-Datye-Langer equation!, where the subscript 0 re
fers to the nonperturbed stationary state of uniform spac
l0 . The most striking aspect of this equation is that the s
of Dph changes atL051, which means that the lamella
pattern grows unstable below this value ofL. As mentioned,
lamella termination events, which are probably the ultim
outcome of such an instability, have indeed been experim
tally observed to occur at, or at least a little below,L51. In
Sec. IV, our interest will not be in this instability, but in th
phase diffusion process that occurs at values ofL noticeably
larger than 1. It will be kept in mind that the Cahn-Daty
Langer is a linearized equation, which is valid only when t
amplitude of thel gradients are vanishingly small. Whe
this condition is not fulfilled, Eq.~3! can only be utilised to
estimate the order of magnitude of the damping rate of thl
modulations.

B. Multicomponent eutectic alloys

The results of the Plapp-Karma stability analysis of t
nary eutectics can be summed up as follows@21#. The sim-
plifying assumptions made in the calculation are the sam
in Datye and Langer’s previous work, i.e., they mos
amount to Cahn’s hypothesis. It is found that the Ca
Datye-Langer diffusive branch is not significantly modifie
by the presence of an impurity as long asV is much smaller
than Vcs. However, on approachingVcs, this branch mixes
with the Mullins-Sekerka branch of the envelope. Like
d
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standard Mullins-Sekerka branch, the mixed branch pres
a broad maximum at a wavelength much longer thanl, but,
contrary to what occurs in dilute alloys, this branch may
complex near the maximum—in other words the critical,
nearly critical, long-wavelength perturbations may be dr
ing ~or oscillating!. Plapp and Karma carried out a detaile
study of the conditions under whichV(k) is real, or, on the
contrary, complex, in the region of the long-waveleng
maximum. Unfortunately, our experiments cannot cro
check their predictions in detail. We can only state that,
the conditions of our experiments~L.1.5, V.Vcs!, V is
probably always complex in the ranges ink andV of interest.

Plapp and Karma calculated the critical velocity for t
long-wavelength mode of ternary eutectics~i.e., the velocity
Vc above which the maximum of the real part ofV is posi-
tive!, and established thatVc is given by an approximate
formula quite similar to the Mullins-Sekerka formula for th
critical velocity of dilute alloys. For the sake of clarity, let u
reproduce this well-known formula in the case of a dilu
binary alloy CBr4-naphthalene. The partition coefficient o
naphthalene is denotedKnaph, the liquidus slopemnaph, and
the diffusion coefficient in the liquidDnaph. The same sym-
bols with a subscriptX, will be used in the case of the syste
CBr4-X, whereX is the residual gas. The thermal gap of t
alloy is DTnaph5mnaph(Knaph

21 21)Cnaph, the thermal length
1th5DTnaph/G, and the capillary lengthd05a0 /DTnaph
wherea0 is the Gibbs-Thomson capillary coefficient. To
good approximation,Vc is given by the constitutional-
supercooling velocity Vcs5Dnaph1th multiplied by a
‘‘capillary-correction factor’’ denoted 11Vcl /Vcs. The
capillary-correction term isVcl /Vcs51.5(2Knaphd0/1th)

1/3. In
most experiments,d0/1th!1, and the capillary-correction
term is relatively small. However, it must be kept in min
that d0/1th increases rapidly as the solute concentration
creases. The system becomes absolutely stable whenVcl /Vcs
reaches a value close to 1.

In the case of ternary eutectic alloys, Plapp and Kar
showed thatDTnaphmust be replaced by an effective therm
gap DTeff , which depends on the partition coefficients a
the liquidus slopes of the impurity with respect to the tw
eutectic crystal phases. These quantities are not known in
case, so we shall assume that they are equal to the kn
quantities pertaining to the dilute CBr4-X and
CBr4-naphthalene systems~see Sec. III A!. The formulas for
Vcs are then the same as in a dilute alloy. In the case o
ternary dilute alloy CBr4-naphthalene-X, the constitutional-
supercooling velocity isVcs5G/(DTnaph/Dnaph1DTX /DX).
Taking for CX the highest value found in our samples (
31024), and G5110 K cm21, we obtain Vcs.3/(114
3103Cnaph) mm s21. The thus obtained values ofVcs are
compared with the measured instability threshold velocit
of planar fronts below. It will be seen that the calculated a
the measured quantities are within a factor of 2 or 3 of e
other, which is satisfactory given the rough approximatio
made in the calculations, and the large experimental un
tainty. We also note that, according to the above formula,
influence of the highest residual-gas concentration is com
rable to that of a molar fraction of 2.531024 of naphthalene.
This explains the variability of the threshold velocities o
served in the low impurity concentration range.



n
a
he
a’s

-

o
tic
th
tilt
,
st
ap
at
th
he
rv

in

ti
a
-

s
em

he
re
ac
h
s
r t
te
f-
g

em

i
y
ro
rn

-
s

t

a

un

teep
rav-
d-

s in

epa-
ut 8

ure
at
the
an
dc
e
o-
in.

and
uter

loy

ing

ses,

ion

t
d
nd-
g

is
ced
ri-

of
les
s of

ains,

on-
ap-
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Concerning the leading-order correction term toVcs,
Plapp and Karma showed thatd0 must be replaced by a
effective valuedeff which includes a term which is not of
capillary origin, but represents the stabilizing effect of t
interlamellar diffusion field. In our case, Plapp and Karm
formula gives values ofVcl /Vcs which are of a few 1022 at
Cnaph>531024, but larger than 1021 at Cnaph<2.531024.
This large value ofVcl /Vcs is perhaps the origin of the sur
prisingly high instability threshold velocities found in low
impurity concentration samples.

The long-wavelength Mullins-Sekerka-like mode is n
the only mode of instability of the planar lamellar eutec
fronts. As already stated, in the absence of impurity,
lamellar pattern is unstable to various oscillatory or
modes for certain values ofV, L, and y. Of these modes
only the 2lO one is compatible with Cahn’s rule, at lea
approximately, and was found by Datye and Langer. Pl
and Karma showed that the presence of an impurity gre
enhances the 2lO mode, suggesting that, in some cases,
destabilization of the planar front may occur through t
2lO mode rather than the long-wavelength mode. Obse
tions supporting this view are reported below.

C. Anisotropy effects. Eutectic grains

Eutectic fronts are composed of crystallographic doma
called eutectic grains@27#. The crystal orientation in the
lamellae of the two solid phases is uniform within a eutec
grain, and varies from a eutectic grain to another. The c
illary anisotropy of the system~i.e., the orientation depen
dence of the surface tensions of thea-liquid, b-liquid, and
a-b interfaces! is different in different grains. In a previou
study, a classification of the eutectic grains of our syst
according to their capillary anisotropy was established@25#.
In the so-called locked grains, the direction of growth of t
lamellae is locked onto a preferential orientation, cor
sponding, most probably, to a sharp minimum of the surf
tension of thea-b interface. The grains in which no suc
locking is observed were called ‘‘floating’’ grains. It wa
shown that, in these grains, the growth dynamics is simila
that of a system without capillary anisotropy as calcula
numerically@6#, except for the small capillary-anisotropy e
fects to be described shortly. A method of obtaining lar
floating grains was applied in this study~see Sec. III B!.

If no capillary anisotropy at all was present, the syst
would be symmetrical with respect to thez axis, and the
lamellae would run parallel to this axis when the system is
a basic pattern. However, since some capillary anisotrop
actually present, the mirror symmetry of the system is b
ken in most eutectic grains, and, even in the basic patte
the lamellae run at a small anglef ~the anisotropy-driven tilt
angle! from thez axis. This angle is a function of the orien
tation of the grain, and, in a given grain, increases al
increases. In the floating grains of CBr4-C2Cl6, the valuefm
of f at the reference value of the spacinglJH is generally
less than 2°, butf increases relatively rapidly asl increases
because of the spontaneous tilt bifurcation undergone by
system at large values ofl. Sincef is different in different
grains, the two patterns on either side of a eutectic gr
boundary have different values off. Consequently, lamellae
are repeatedly terminated, or created at eutectic grain bo
t
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aries, which are therefore permanently surrounded by s
local l gradients. These gradients may act as sources of t
eling dynamical defects. In particular, eutectic grain boun
ary l gradients are permanent sources of traveling wave
the presence of impurities at sufficiently highV ~see Sec.
V C 1!.

III. EXPERIMENTAL METHODS

A. Products and samples

The samples are made of two parallel glass plates s
rated by plastic spacers, delimiting an empty space abo
mm wide, 70 mm long, and 12mm thick. The alloys are
prepared by mixing zone-refined CBr4, C2Cl6, and naphtha-
lene. The mixing process is carried out under a low press
of argon. A fragment of the solidified mixture deposited
one end of a heated empty sample remelts, and fills
sample by capillarity. The filled samples are placed in
externally imposed thermal gradient, and pulled with a
motor via a micrometric screw. During the pulling, th
growth front is continuously observed with an optical micr
scope over the whole width of the selected eutectic gra
The images are recorded with the help of a CCD camera
a videotape recorder, and then analyzed with a comp
@28#. In the present study, the value ofG is 110 K cm21

unless otherwise stated. The scanned range ofV is 0.9–31
mm s21.

In this study, the concentration of the base binary al
CBr4-C2Cl6 is CE to within experimental uncertainty
~'60.003!, unless otherwise mentioned. The above scal
quantities are lJHV1/2514mm3/2s21/2 and DTJHV21/2

50.033 Kmm21/2s1/2 to within about 20%@26#. Alloys with-
out naphthalene~undoped alloys!, and alloys doped with mo-
lar fractions of naphthalene of 2.531024, 531024, and
1023 are used. The samples also contain residual ga
which we admit to consist of a single componentX, intro-
duced during the mixing and filling processes. The partit
coefficient (KX'0.02), the liquidus slope~mX'50 K per
molar fraction!, and the liquid-phase diffusion coefficien
(DX'300mm2 s21) of X in CBr4 have been determine
@29#. CX was found to vary from a sample to another depe
ing on the care with which the outgasing, mixing, and fillin
processes were carried out, but was at most of 431024. In
the present study,CX was generally markedly lower than th
values, as shown by the weakness of the impurity-indu
effects at highV in most undoped samples. A rough expe
mental determination of the partition coefficient (Knaph
'0.07), the liquidus slope (mnaph'300 K per molar frac-
tion!, and the liquid-phase diffusion coefficient (Dnaph
'300mm2 s21) of naphthalene in CBr4 has been performed
by the same methods as in Ref.@29#.

B. Grain boundary effects

Considering the great complexity of the dynamics
lamellar eutectics, it is obviously desirable that the samp
be as homogeneous as possible. The two main source
nonhomogeneity are the presence of several eutectic gr
and the nonuniforml distribution of the initial state~see Sec.
IV !. In a previous study, a method of obtaining samples c
taining a single floating eutectic grain was successfully
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plied to hypereutectic samples@10#. In brief, this method
consists of preceding the experimental runs by a short
liminary pulling at a very low value ofV during which the
lateral invasion of the front through which the lamellar p
tern is created is controlled. The same method was applie
this study, but turned out to be less efficient near the eute
concentration than far from it. We could not grow singl
grain samples, but were nevertheless able to obtain grain
millimetric sizes.

C. V jump method

Basically, the experimental procedure that we follow
that of upwardV jumps. First, the growth front is put in
stationary planar basic state by pulling a long time at a l
velocity V1 , and then the pulling velocity is sudden
switched to a higher velocityV2 at which some morphologi
cal instability is expected to occur.V jumps of moderate
amplitude do not change the average spacing^l&, generally,
and thus change the average reduced spacing^L& by a factor
of AV2 /V1. Since the instability threshold of the planar fro
can only be reached through upwardV jumps,^L& is always
relatively high~.1.5! in this study.

V jumps are followed by long solute redistribution tra
sients@30#. During the initial solute redistribution transien
the naphthalene concentration ahead of the front incre
from Cnaph to the steady-state valueCnaph/Knaph. The char-
acteristic time of the transient istnaph5Dnaph/(KnaphV

2), and
the corresponding solidified lengthl naph5Dnaph/(KnaphV).
After a V jump from V1 to V2 , the concentration ahead o
the front rises above the steady-state value, and then re
to this value with a characteristic timeDnaph/(KnaphV1V2).
The amplitude of the post-jump concentration overshoot
pends onV2 /V1 , but may be quite large even for modera
values ofV2 /V1 when the partition coefficient of the solut
is small, which is our case.

If no V jump is applied, i.e., if the pulling is entirely
performed at constantV ~the short preliminary stage at
lower V can be neglected as far as solute redistribution
concerned!, the destabilization of the planar front can on
be observed in the course of initial transients at values oV
higher than the instability threshold. The order of magnitu
of the time after which the destabilization is observed
tnaph. It will be seen below that the order of magnitude
the instability thresholds is of 1mm s21 in our system. The
corresponding transients are very long~typically tnaph'3 h
and l naph'1 cm!. Therefore, only very few different value
of V could be explored with a given sample, limiting th
accuracy with which instability thresholds could be me
sured. The values given below are the lowest value ofV at
which a destabilization was observed, and are probably s
stantially higher than the corresponding theoretical transi
velocities.

On the other hand, large upwardV jumps can be used to
provoke a transitory increase of the impurity concentration
the front, and hence a transient destabilization of the pla
front. This technique was used in order to establish the m
stable character of planar fronts at low impurity concent
tion.
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IV. PRELIMINARY OBSERVATIONS

Before considering the effect of impurities on the dynam
cal properties of lamellar eutectic fronts, we go back over
dynamics in the absence of impurities. The initial basic p
terns~i.e., the patterns obtained at the end of the prelimin
stage of the pulling! contain a spatial modulation ofl with a
characteristic wavelength of a few tenths ofl, and an ampli-
tude practically equal to the width of the basic-state stabi
range. In previous studies performed atV'1 mm s21 and
G'1022 K mm21, the distortions of the front associate
with this nonuniform grown-inl distribution were not de-
tected, and phase diffusion was found to be ineffect
@9,25#. At the relatively high values ofV which we are now
able to reach without impurity-driven effects thanks to t
higher purity of our samples, these effects can be measu
A detailed study is currently in progress. In view of wh
follows, it is useful to present the following preliminary ob
servation here.

Figure 3 shows an undoped sample pulled atV
54.1mm s21 under a thermal gradient of abou
531023 K mm21. The snapshot was taken a few secon
after the onset of the pulling, when residual-gas effects~if
any! are small. The distortion of the front, although hard
visible in Fig. 3, was easily measurable on the compu
screen. Figure 4 showsl(x) and z(x) measured along the
front, and the functionzcalc(x) calculated by inserting the
measured values ofl(x) into the Jackson-Hunt equation.

FIG. 3. Lamellar pattern with a strongly nonuniforml distribu-
tion (Cnaph50; V54.1mm s21; G50.005 Kmm21).

FIG. 4. Measured spacing distributionl(x) ~thick line! and
front shapez(x) ~thin line! for Fig. 3. Dotted line: calculated value
of z(x). For the latter quantity, the origin is taken at the avera
position of the front.
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can be seen that the ratioz(x)/zcalc(x) is constant and of the
order of unity. Figure 5~a! shows a time series ofl plots
extracted from Fig. 3. Thel distribution is progressively
damped out without any lateral drift. Figure 5~b! shows the
time evolution of the standard deviationsl of the l distri-
bution. An exponential law fitted to the terminal part
sl(t) gives a damping coefficient of about 731023 s21.
Noting that, near the end of the process, the Fourier tra
form of thel distribution is peaked around 25^l&, we have
calculated the phase-diffusion damping coefficientDphk

2 for
the mode of wavelength 2p/k525̂ l& @see Eq.~3!#. The
value found is of about 231022 s21, in relatively good
agreement with the measured value. These results stro
suggest that the terminal stage of the damping proces
essentially due to the Cahn-Datye-Langer phase-diffus
mechanism. Similar observations were made in samples
taining naphthalene, showing that even relatively large
purity concentrations do not qualitatively modify the dyna
ics of lamellar eutectic fronts at sufficiently lowV. A more
extensive comparison with the predictions of the Ca
Datye-Langer equation based on a larger set of experime
data is currently in progress.

FIG. 5. ~a! l(x) measured from Fig. 3 at time intervals of 6.1
The lastl plot is the same as in Fig. 4. For clarity, the success
plots have been shifted along the ordinate axis by an arbitrary q
tity ~1 mm!. ~b! Standard deviationsl of l(x) as a function of time.
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V. IMPURITY-DRIVEN DYNAMICAL PHENOMENA

A. Overview

We begin with a brief enumeration of our findings, whic
will be used to introduce some nonstandard terms. As
ready stated, the phenomena observed in the samples
Cnaph50 or 2.531024 are different from those observed i
the samples withCnaph5531024 or 1023. For the sake of
simplicity, we call these two concentration ranges the ‘‘low
and ‘‘high’’ impurity concentration ranges, respectively.

High impurity concentration

~1! At high impurity concentration, EC’s always appe
above a velocityVEC which is comparable to the calculate
value ofVcs, in conformity with the observations reported
the metallurgical literature.

~2! Two unexpected phenomena occur during the tr
sients prior to the formation of EC’s. The first of them is th
appearance of traveling waves~TW’s!, i.e., small-amplitude
long-wavelength deformations drifting laterally at a finite v
locity ~Fig. 6!. Surprisingly, these TW’s do not grow in am
plitude in the course of time, and play no essential part in
transition to EC’s.

~3! The second new phenomenon is the appearanc
protruding local structures baptized ‘‘two-phase finger
@Figs. 6~b! and 6~c!#. This turns out to be an essential inte
mediate stage of the transition to EC’s. It occurs after
excitation of a short-wavelength mode of instability of th

e
n-

FIG. 6. Snapshots taken during the transient leading to the
tectic colonies of Fig. 2 at times~a! t511.9 s,~b! 13.0 s;~c! 14.8 s,
and~d! 18.9 s. A velocity jump from 0.9 to 31mm s21 was applied
at time t50 @bottom of ~a!#.
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lamellar pattern, the nature of which depends on the initial
distribution. This mode is sometimes, but not always,
2lO mode.

~4! Large-amplitude, quasistable two-phase fingers
observed to coexist with EC’s at slightly off-eutectic conce
trations~Fig. 7!, suggesting that periodic arrays of two-pha
fingers may be stationary states of the system.

~5! Once formed, the EC’s are subjected to tip-splitti
and squeezing-off mechanisms, leading to a rough selec
of the average EC size. No steady state is reached on
scale of the individual EC’s after long solidification time
suggesting that EC patterns are intrinsically unsteady.

Low impurity concentration

~6! At low impurity concentration, no spontaneous tran
tion to EC’s is observed within the explored range inV/G
~Fig. 8!. The value ofVEC ~if such a velocity still exists! is
thus much larger thanVcs.

~7! Above a velocity close toVcs, planar fronts are meta
stable against the formation of small-amplitude~‘‘shallow’’ !
EC’s ~Fig. 9!. The dynamics of the shallow-EC patterns
characterized by a very large dispersion of the EC size,
rectilinear trajectories of the inter-EC grooves, strongly s
gesting that the latter are localized entities separated f
each other by large portions of metastable planar or w
front.

~8! TW’s are emitted near the eutectic grain boundar
above a velocityVTW , which is also close toVcs ~Fig. 10!.
The TW’s are progressively damped out as they propag

FIG. 7. a-b-a two-phase fingers and eutectic colonies in
undoped hypoeutectic (y.20.14) sample.V54.1mm s21.

FIG. 8. Planar lamellar eutectic front at high velocity (Cnaph

52.531024; V531mm s21; L.1.9).
e

re
-

on
he

-

d
-
m
y

s

te

along the front, but their damping time is long compared
the known characteristic times of the system, especially,
phase diffusion time~see Sec. V C 3!. At high V, two differ-
ent situations are observed at a sufficiently large dista
from the eutectic grain boundaries, depending on the e
ciency of the latter as sources of TW’s, namely, a perfec
planar front~Fig. 8!, or a dense population of rightward an
leftward TW’s ~Fig. 11!. By ‘‘wavy front’’ we define any
dynamical state in which an essentially planar front is co
tinually swept by finite-amplitude TW’s.

B. High impurity concentration

1. Transition to eutectic colonies

A series of long-duration runs at constantV were per-
formed in samples withCnaph5531024 and 1023. In some
of these runs, the front remained planar up to the end of
run, while in others EC’s appeared in the course of the ini
transient. We obtained 2.5,VEC,3.2mm s21 at Cnaph5
531024 and 1,VEC,1.8mm s21 at Cnaph51023, where
the lower bounds are the highest value ofV at which no EC’s
were observed and the higher bounds are the lowest valu
V at which EC’s appeared. The calculated values ofVcs for
these concentrations are 1 and 0.6mm s21, respectively. The
order of magnitude ofVcs is the same as that ofVEC, and
both quantities vary withCnaph in the same way, as the
should. The fact that the values ofVcs fall outside the experi-
mental margin forVEC is not significant since rough approx
mations were made in the calculation ofVcs.

EC patterns formed atV>VEC were observed to disap
pear whenV was decreased belowVEC. No metastability
range was positively observed. The range of metastab

FIG. 9. Shallow eutectic colonies (Cnaph52.531024; V
531mm s21).

FIG. 10. Traveling waves. A grain boundary is located on t
leftmost side of the figure (Cnaph52.531024; V513.5mm s21).
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between planar fronts and EC patterns is thus narrow~at
most a fewmm s21 wide! at high impurity concentration, if it
exists at all.

2. Process of formation of eutectic colonies

As already stated,VEC was probably noticeably highe
than the instability threshold velocity of the planar front
all the observed cases. In order to gain insight into the c
cal instabilities of the planar front, experimental runs cons
ing of subcriticalV jumps ~jumps from V1 to V2 with V1
,V2,VEC!, provoking a slight transitory overstepping o
the threshold were carried out. The result of such aV jump
performed in an undoped sample containing a relativ
large concentration of residual gas is shown in Fig. 12. Si
lar observations were obtained in samples doped with na
thalene. Figure 12 clearly shows that the destabilization
the planar front rapidly gives rise to two-phase fingers c
sisting of a protrudingb lamella sandwiched between t
strongly deformeda lamellae~‘‘ a-b-a fingers’’!. Concern-
ing the linear stage of the destabilization process, its s
duration time, and the complications due to the nonunifo
initial l distribution prevented us from identifying the crit
cal mode with certainty. It can only be stated that it is pro

FIG. 11. Dense population of traveling waves at high veloc
(V531mm s21). Undoped sample. The loss of contrast in the g
regions is due to three-dimensional instabilities.

FIG. 12. Transient subsequent to aV jump from 3.1 to 5mm s21

in an undoped sample (y50.09). ~a! t541 s, ~b! 49 s, and~c! 59 s.
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ably a nonoscillatory short-wavelength mode. Such mode
well as the two-phase fingers are incompatible with Cah
rule.

The typical course of the initial transients atCnaph5
531024 and V>VEC is illustrated in Fig. 6. Three distinc
stages can be noted, corresponding to the successive ap
ance of TW’s, two-phase fingers, and EC’s, respective
Each stage corresponds to a relatively large, sudden incr
of the average temperature of the front, suggesting that
wavy front, the two-phase fingers, and the EC pattern are
stationary or quasistationary states of the system. The T
appear a short time after the onset of the run, when the
purity concentration ahead of the front is still low, and do n
substantially grow in amplitude, nor change their drift velo
ity afterwards, in agreement with the observations perform
in low impurity concentration samples. The creation of tw
phase fingers occurs when the transient is nearly comple
and follows a scenario which is not unique, but depends
the locall distribution. The formation of EC’s begins with
the occurrence of lamella branching on the sides of the t
phase fingers. The transient is completed when the EC
have reached their steady-state undercooling and the
sides have come into contact with their neighbors.

Two different scenarios of creation of two-phase finge
appear in Fig. 6. In the largest part of the front, the tw
phase fingers arise from the same destabilization proces
in Fig. 12. In a small region of the front, in which the loc
value of l was particularly large, the 2lO mode of the
lamellar pattern is excited, causing two-phase fingers
EC’s to appear at a much shorter time than in the remain
of the front. The 2lO mode is thus an efficient, but not
necessary, precursor of the formation of EC’s. More imp
tantly, the 2lO mode leads to EC’s only via the creation
two-phase fingers.

3. Two-phase fingers at off-eutectic concentrations

Figure 7 shows quasistablea-b-a fingers coexisting with
EC’s in a slightly hypoeutectic sample. The tip undercooli
of the fingers is smaller than that of the EC’s, contrary
what occurs aty50. Such well-developeda-b-a fingers bear
striking morphological and dynamical similarities with th
symmetry-broken double fingers~‘‘doublons’’! of the low-
anisotropy dilute-alloy solidification fronts@31,32#. Like the
latter, they are constituted by two symmetrically dispos
broad fingers of one phase separated by a thin lamella
another phase, and can change their growth direction with
being destroyed~except by collision with another object!. At
still larger deviations fromCE ,a-b-a fingers have been ob
served to compete with single-phasea dendrites.

A type of two-phase finger qualitatively different from th
abovea-b-a fingers is predominantly observed in slight
hypereutectic samples~Fig. 13!. The sides of these finger
are occupied by theb phase, and the tips by severala lamel-
lae separated from each other byb lamellae. The dynamica
properties of these ‘‘b-a-b multiplets’’ are similar to those
of the a-b-a fingers. Like the latter, they are reminiscent
structures observed in thin-sample directional solidificat
of dilute alloys@31–35#.

4. Long-time dynamics of the eutectic-colony patterns

The dynamics of the permanent EC patterns as a func
of V and y has not yet been studied in detail. However,

y
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the observations converge to show that EC patterns are
steady. This is obviously the case at off-eutectic concen
tions, as illustrated in Figs. 7 and 13, and also near the
tectic concentration. Figure 14 displays the spatiotemp
diagram of a near-eutectic EC pattern over a period of t
much longer thantnaph. For clarity, only the trajectories o
the inter-EC grooves are represented. It can be seen
tip-splitting and squeezing-off events are taking place a
constant average frequency. However, it should be noted
most of these events concern short-lived grooves. The lo
lived grooves are in small number~'9!, and undergo only
rare annihilation or creation events. The observations sh
that the short-lived grooves are shallow, while the long-liv
ones are deep. This distinction between two types of groo
is further illustrated in Fig. 15, which shows the average
spacing measured at different values ofV in a given sample.
Two largely different average values of the EC spacing
obtained depending on whether the shallow grooves
taken into account, or not.

Unsteady ‘‘seaweed’’ and shallow-cell patterns are o
served in thin-sample directional solidification of dilute a
loys when the anisotropy of the interfacial properties is l
@31–36#. Thus the unsteadiness of the EC patterns is no
exceptional phenomenon. At off-eutectic concentrations
certainly has to do with the peculiar dynamical properties
the two-phase fingers and multiplets, but this is less clea
near-eutectic concentrations.

5. Comparison with theory

Broadly speaking, the above observations are compa
with Plapp and Karma’s theoretical results. We observe
the planar front is unstable above a velocity of the sa
order of magnitude asVcs, and that both long-wavelengt
drifting modes and short-wavelength modes are involved
the destabilization process. The latter actually play a larg
predominant part, a possibility which was not rejected
Plapp and Karma. The only apparent discrepancy conc
the nature of the critical mode. We find that this mode is
the 2lO mode, but a nonoscillatory mode which had n

FIG. 13. Eutectic colonies andb-a-b multiplets. (Cnaph5
531024; V59.9mm s21).
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been noted previously, to our best knowledge. That suc
discrepancy arises is not a complete surprise, however, s
all the modes incompatible with Cahn’s rule are eliminat
from Plapp and Karma’s calculation.

On the other hand, the transition from planar front to EC
is clearly not a continuous one. It is mediated by at least t

FIG. 14. Spatiotemporal diagram of an EC pattern~same run as
in Fig. 2!. Only the trajectories of the inter-EC liquid grooves a
shown.

FIG. 15. Average EC spacing as a function ofV measured tak-
ing account of deep liquid grooves only~open symbols; error bars
minimum and maximum measured values!, or both deep and shal
low grooves~filled symbols!. Cnaph5531024.
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phenomena, namely, the formation of two-phase fingers,
the occurrence of lamella branching. The intermediate tr
sition from planar front to two-phase fingers is perhaps c
tinuous, i.e., it may correspond to a bifurcation of the syste
In this case, the onset of the above-mentioned nonoscilla
mode would correspond to the~upper! bifurcation threshold.
The existence of an alternative way of reaching the tw
phase finger branch via the 2lO mode pleads for a subcriti
cal character of this bifurcation. This is not proven, howev
It should also be noted that lamella branching results fr
3D processes which are not yet fully understood, but
certain to depend on the sample thickness, and the we
conditions at the glass plates@9,10#. It is therefore conceiv-
able that lamella branching would occur earlier in samp
thicker than ours, or in another alloy than CBr4-C2Cl6, and
would hide the other stages of the process.

C. Low impurity concentration

1. Transition to wavy fronts

At Cnaph52.531024 as well as in samples without naph
thalene~but with residual impurities!, TW’s are observed to
appear near eutectic grain boundaries above a certain v
ity VTW . The emitted TW’s are not isolated, but are part
more or less continuous wave trains~Fig. 10!. Given that
long-wavelength perturbations are continually generated
the vicinity of eutectic grain boundaries~see Sec. II B 3!, the
obvious meaning of this observation is that long-wavelen
perturbations spontaneously drift whenV>VTW . Some eu-
tectic grain boundaries are much more efficient than oth
as sources of TW’s. This is connected with the frequency
the lamella termination, or branching events occurring at
boundary, which depends on the misorientation of the a
cent grains. Incidentally, the outer boundaries of the sam
i.e., the lines of contact of the alloy with the plastic space
also are active sources of TW’s.

Within experimental uncertainty, the transition is abru
~no TW’s are observed belowVTW!. The value of the drift
anglec5tan21 W/V, whereW is the drift velocity, is finite at
VTW and remains essentially constant asV increases. How-
ever, it must be kept in mind thatVTW is certainly larger than
the actual transition velocity, so that the dependence ofc on
V in the vicinity of the transition is unknown. The observe
values ofc range from about 25° to 30°.

Substantially different values of the transition veloc
were found in different samples with the same nominal c
centration of naphthalene. This large dispersion is not
tirely attributable to the small number of values ofV ex-
plored in each sample. It is mostly due to the fact thatVTW
increases very rapidly as the impurity concentration goe
zero, and is therefore very sensitive to the unwanted va
tions ofCX from a sample to another. In some well outgas
undoped samples, no TW’s were observed at anyV, except
during post-jump transients, showing thatVTW was higher
than 31mm s21. On the other hand, the lowest value ofVTW
found in the samples withCnaph52.531024 was of 5
mm s21. This value is comparable to the calculated value
Vcs for this concentration of naphthalene, andCX5
431024.

The planar fronts remain robust against the formation
structures of larger amplitude than the TW’s up to the ma
nd
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mum explored velocity, i.e., at least 6Vcs. This was tested by
applying upwardV jumps to wavy fronts. Low amplitudeV
jumps had no effect. StrongerV jumps resulted in the ap
pearance of shallow EC patterns, i.e., patterns in which
depth of the inter-EC grooves was only of a fewl ~Fig. 9!.
These shallow EC patterns spontaneously disappeared b
a value ofV comparable withVTW . The whole range inV
aboveVTW can thus be considered as a metastability ra
between planar, or wavy fronts and shallow EC’s.

2. Wavy fronts and Cahn’s rule

In the presence of TW’s, the tilting of the lamellae and t
distortion of the front are sufficiently large for the validity o
Cahn’s rule to be directly studied. We define the loc
lamella tilt anglef as the angle between the trajectory of t
lamellae and the normal to the envelope of the front. Cah
rule states thatf[0. In fact, the lamella tilt angle is gener
ally different from zero even when the spacing is unifor
and the front perfectly planar because of capillary anisotro
~see Sec. II B 3!. Furthermore, this ‘‘homogeneous’’ til
angle generally is an increasing function ofl. It is thus natu-
ral to recast Cahn’s rule as

f~x!5fhom@l~x!#, ~4!

wherefhom(l) is the lamella tilt angle of a homogeneou
pattern of spacingl. This equation means that the lamell
pattern is locally the same as it would be if the spacing w
uniform and the front was normal to the gradient. The tw
questions to be considered are: Is Eq.~4! verified in the
experiment? Does the nonzero term on the right-hand sid
Eq. ~4! make a difference as concerns the dynamics of
TW’s?

Thel(x) andz(x) plots measured along the front of Fig
10 are displayed in Fig. 16. The azimuthal angles~angles
with respect toz! of the trajectories of the lamellae~u! and
the normal to the envelope of the front~t! are plotted in Fig.
17. The plot off as a function ofl obtained by eliminating
the variable x between l(x) and f(x)5u(x)2t(x) is
shown in Fig. 18. A second-order polynomial fitted to t
data of Fig. 18 is similar to the previously foundfhom(l)
curves @9,37#. Similar results were obtained with othe
samples, allowing us to conclude that wavy fronts obey
generalized form of Cahn’s rule represented by Eq.~4!
within experimental uncertainty. Other observations~not re-

FIG. 16. Spacing distributionl(x) ~thick line! and front profile
z(x) ~thin line! of the growth front of Fig. 10.
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produced! have shown that noticeable deviations from th
equation are observed in the presence of largel gradients.

Within a given grain, no marked difference is observ
between the properties~drift velocity, l profile! of rightward
and leftward TW’s. The specific effect of capillary aniso
ropy is to break the right-left symmetry, as shows up in
tilt of the lamellae. Since no such symmetry breaking is o
served in the properties of the TW’s, we conclude that
influence of a small capillary anisotropy—thus of the te
fhom(l) in Eq. ~4!—on the dynamics of the wavy fronts i
negligible.

3. Isolated traveling waves

Figure 19 shows a time series ofl plots measured throug
the wave train of Fig. 10. Thel plots are represented in th
reference frame attached to the wave (c'24°). The ampli-
tudes of the secondary maxima decrease much more ra
than that of the principal maximum, so that only an isola
TW finally survives. This isolated wave has an asymme
profile with a width of about 16̂ l&. Such a profile is a
reproducible feature of the isolated TW’s, as will be sho
shortly. Near the end of the recording, the standard devia
of the l distribution decreases with a damping rate of ab
0.02 s21. This rate is low compared to the phase diffusi
damping rate calculated for the characteristic wavelength
16 ^l& ~'0.4 s21!.

Figure 20 shows an isolated TW emitted a mechanism
be described below@see Fig. 23~b!#, and Fig. 21 the corre
spondingl plots. Thel profile of this wave is quite similar
to the one appearing in Fig. 19. The standard deviation of
l distribution first decreases with a damping rate of ab
0.05 s21, and then reaches a plateau. The correspond

FIG. 17. Azimuthal angle of the lamellae~u! and of the normal
to the envelope~t! of the growth front of Fig. 10.

FIG. 18. Lamella tilt anglef5u2t vs spacingl. Symbols:
experimental values from Figs. 16 and 17. Broken line: sec
order polynomial fit.lJH54.0mm.
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phase diffusion damping rate would be of about 3 s21. The
plateau signals the existence of a permanent backgroun
low amplitude waves, the detailed structure of which is n
resolved.

The reproducible features of the isolated TW’s~drift ve-
locity, l profile, and slow damping rate! raise the question o
the possible existence of solitary waves. The observed T
are clearly not solitary waves, but are perhaps close t
solitary wave at the moment of their creation. In any ca
they are certain to be strongly nonlinear objects, as shown
the complex evolution of thel profiles of the wave trains.

4. Dense populations of traveling waves

The TW’s are a boundary condition dependent pheno
enon. This is clearly illustrated in Fig. 8, which shows t
central part of a large grain free of TW’s at a highV in a
sample doped with naphthalene. In smaller grains, howe
the front is generally continually swept by rightward an

d

FIG. 19. l plots measured at time intervals of 3.95 s represen
in the reference frame drifting at the velocityW56 mm s21. Same
run as in Fig. 10. Each plot has been shifted upwards with respe
the preceding one by 0.5mm.

FIG. 20. Isolated traveling wave.V531mm s21. Cnaph5
2.531024.
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leftward wave trains originating from the two boundarie
The resulting pattern resembles~but is not really! standing
waves~Fig. 11!. In fact, the interactions between TW’s a
highly nonlinear. This is illustrated in Fig. 22, which show
two different interaction processes between TW’s obser
during the same experimental run. The corresponding t
series ofl plots are displayed in Fig. 23. In one case@Fig.
23~a!#, two TW’s of slightly different amplitudes meet. Th
amplitudes and the trajectories of the TW’s are changed
ing the crossing process, the weakest of the two being fur
damped down. In the other case@Fig. 23~b!#, a low-
amplitude leftward TW is strongly amplified through th
crossing with a large-amplitude rightward TW. The ampli
cation mechanism involves an oscillatory mode of instabi
of the lamellar pattern and a lamella branching event. Sim
short-frequency oscillations are observed in Fig. 23~a!. This
type of oscillation was not observed previously, and is pr
ably a 3D mode of instability occurring whenl is much
smaller than the sample thickness, thus at highV.

5. Shallow eutectic colonies

A typical feature of the shallow EC patterns is the ex
tence of extremely wide long-lived EC’s~Fig. 9!. These
large EC’s do not seem subjected to tip splitting in the us
sense of the term~the front profile shows no detectab
trough near the center of the EC’s!. This suggests that on
should consider the shallow inter-EC grooves as locali
entities, and the tip of the wide EC’s as portions of an e
tended metastable wavy front. Thus considered, each gro

FIG. 21. l plots measured at time intervals of 1.05 s represen
in the reference frame drifting atW519.5mm s21. Same run as in
Fig. 20. The data points of one of the plots are shown to illustr
the smoothing procedure. Each plot has been shifted upwards
respect to the preceding one by 1mm.
.
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is a defect containing a lamella sink and two lamella sour
operating at the same average frequency~so that the average
number of lamellae remains constant!, and bound together by
the Cahn distortion of the front. Symmetrical, stationa
inter-EC grooves as well as asymmetrical, traveling ones
observed. The traveling velocity of the latter does not se
to be unique, which obviously implies that the pattern a
whole is unsteady.

Shallow inter-EC grooves are active sources of TW
~Fig. 9!. The tips of the shallow EC’s are therefore perm
nently occupied by a particularly dense population of TW
This sometimes results in the creation of a new groove at
tip of an EC. The detailed mechanism of these rare, n
standard tip-splitting events has not been elucidated. It
only be stated that lamella termination and lamella branch
events are not rare in wavy fronts, but are most gener
healed up by the emission or absorption of a TW@See Fig.
23~b!#, and are therefore not the only cause of the occurre
of tip splitting events.

The same nonelucidated mechanism may give rise t
process of nucleation and invasion of wavy fronts by shall
EC’s starting from eutectic grain boundaries. In this proce
a first inter-EC groove is created at some distance of a
tectic grain boundary by the emitted TW’s, a seco
inter-EC groove is created by the TW’s emitted by the fi
inter-EC groove, and so on. This process was actually
served in a few experimental runs, and was extremely sl

6. Comparison with theory

The observed TW’s share many important features w
the critical long-wavelength modes found by Plapp a

d

e
ith

FIG. 22. Two different examples of TW crossings~same run as
in Fig. 20!. Each image is 113mm wide.
.

FIG. 23. Time series ofl plots for Fig. 22~a!
~a! and Fig. 22~b! ~b!. Time interval: 0.54 s. Up-
ward shift: 1mm. Dotted lines: frames of Figs
22~a! and 22~b!. Filled circle: lamella branching.
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Karma: the TW’s obey Cahn’s rule, appear at values oV
comparable toVcs, and have the same order of magnitude
their characteristic width and drift velocity as the calculat
long-wavelength modes. Moreover, as already stated,V(k),
as calculated by Plapp and Karma, is probably complex
the conditions in which the TW’s are observed. Thus
basic mechanism responsible for the drift of the TW’s m
probably is the one pointed out by these authors, namely
interaction between the distortions of the envelope and th
of the lamellar pattern embodied in Cahn’s rule. The fact t
the TWs are only emitted by strong external perturbatio
and fade out progressively afterward, shows that the exp
mentally measured transition velocityVTW is not the critical
velocity for the Plapp-Karma long-wavelength mode, bu
lower velocity, below which the imaginary part ofV is zero,
and above which it is nonzero.

On the other hand, several aspects of the observat
remain unexplained, in particular, the fact that the TW’s
not amplify even at velocities much higher thanVTW . As far
as we can see, the only theoretical clue to this spectac
stabilization of the planar front is the rapid rise of the effe
tive capillary correction term as the impurity concentrati
decreases from 5 to 2.531024 ~see Sec. II B!.

VI. CONCLUSION

This study has brought to light the specific features of
transition to eutectic colonies in ternary lamellar eutect
compared to the transition to cells in dilute alloys. The
features stem from the interaction between the dynamic
the lamellar pattern and the large-scale impurity-driven c
lulation process of the front. As far as long-wavelength d
tortions of the front are concerned, this interaction is w
described by Cahn’s rule, which must, however, be amen
ri-
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in order to take into account the tilt of the lamellae due
capillary anisotropy and spontaneous symmetry breaking
consequence of Cahn’s rule recently asserted by Plapp
Karma is that long-wavelength distortions of the front dr
laterally above a certain velocity when the interlamel
spacing is sufficiently large. We have observed travel
waves, which, although highly nonlinear, are most proba
due to this effect.

However, the main contribution of this study probab
consists of a series of unexpected facts, the most impor
of which are the following: the transition to EC’s is no
continuous, but mediated by a first transition to a new type
dynamical structure called two-phase finger, similar to
doublon and multiplet observed in directionally solidifie
low-anisotropy dilute alloys; the transition to EC’s disa
pears relatively abruptly as the impurity concentration d
creases; at low impurity concentration, strongly metasta
wavy fronts~i.e., planar front swept by traveling waves! are
observed over a large range in velocity above a cer
threshold value. Further studies are in progress concern
in particular, the properties of the two-phase fingers
slightly off-eutectic concentrations.
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