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Traveling waves, two-phase fingers, and eutectic colonies in thin-sample directional solidification
of a ternary eutectic alloy
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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, CBj-C,Clg. This morphological transition is due to the presence in the melt of traces of chemical
components other than those of the base binary dllopurities. 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 front§Plapp and Karma, Phys. Rev.@0, 6865(1999] shed light on some aspects of the
observed phenomena.

PACS numbd(s): 81.30.Fb, 05.70.Ln

I. INTRODUCTION the presence of impurities with a small solubility in the solid
phaseg11]. Metallurgical studies performed around 1960
The solidification microstructure of directionally solidi- led to the following conclusion, at least impliCiF[\12—13:
fied nonfaceted binary eutectic alloys usually consists of dhe formation of EC’s is an impurity-driven Mullins-Sekerka
regular stacking of lamellae of the two eutectic crystalinstability occurring on a scale much larger than and
phaseq1,2]. This microstructure is the trace left behind in therefore essentially insensitive to the dynamics of the lamel-
the solid by the stationary periodic pattern assumed by th&r pattemn. This conclusion seemed to be supported by the
growth front during solidificatior{3]. The order of magni- fact that, like the usual Mullins-Sekerka bifurcatifit6, 17,
tude of the pattern wavelength, or interlamellar spadinis the transition from planar fronts to EC’s generally occurs at
fixed by the competition between solute diffusion in the ”q_values ofV close to the theoretical constitutional supercool-
uid and capillarity, and is of 1@m for growth velocities in ing YeIOCityVCS of the systenj18]. It was 00‘90' in these old
the ums * range. An example observed in thin-sample di_studles that the lamellar pattern adapts itself to the presence
rectional solidification of the transparent eutectic aIonOf EC's in such a way _that the trajectories of the Iarrlellae
CBr,;-C,Clg is shown in Fig. 1. Necessary conditions for such cnain locally perpendicular to the distorted fradtahn’s

rule[19]), without the consequences of this fact being drawn.
a growth pattern to be observed are that the alloy concentra- The similarity between EC’s and dilute-alloy cells is un-

tion C be sufficiently close to the center of the eutectic pla-4 estionable, but leaves aside the most interesting aspects of
teau, and the solidification rak smaller than a limit value, ihe formation of EC’s namely, those involving the interac-
which is a function ofC and the applied thermal gradie@t  tjon petween this process and the dynamics of the underlying

[1-3]. These conditions define the zone of the parametefamellar pattern. Cahn'’s rule means that the distortions of the
space in which the growth front is lamellar and planar

(planar-growth zone the word “planar” applying not to the 100 ym
front itself, but to its envelope, i.e., its shape smoothed overT
a distance of a few. The growth pattern of Fig. 1 is not
only planar, but also stationary, symmetrical, and bidimen-
sional, or nearly so. This type of pattern is called “basic” in
contradistinction to other types of planar patterns with a
lower symmetry(tilted and oscillatory patterng4—210].

In this paper, we report the results of an experimental
study of the morphological instability called “formation of
eutectic colonies,” which corresponds to the upper bound of F|G. 1. Planar lamellar eutectic front in a basie., stationary
the planar-growth zone whed is close to the eutectic con- symmetrical state. Undoped CBIC,Clg alloy (v=0.02;V
centrationCg of the alloy. This instability consists of the =1.5ums™). « andp are the two terminal solid solutions of the
appearance of large cells—"eutectic coloniesEC’S— alloy. In this photograph, as in all the following ones, the growth
superimposed on the lamellar pattéFig. 2), and is due to direction is upward. Inset: enlarged view of the front.
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studies. A ternary chemical component had to be added in
}// \, 1/ \\ \ {/ 2 order that impurity-induced phenomena appear within the
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,4/\\,/ \\ // ; ’& ,“u\\ study is naphthalene. EC's were only found to form in

‘\\ |, _ _ . .
@ f\ \ ;\\J//A\’\ CBr,;-C,Clg-naphthalene alloys with a molar fraction of

Il \u, ,,,.’3 \ A naphthalene C,,,, larger than about 510 4. Other
N /\ //,\ / \‘, f§, ’//‘\\ ' impurity-induced phenomena, but no standard EC’s, are ob-
VA ’V\ \\.. i 4\\\ N \(I ’///\\\'t/‘ \l/” ﬁ served at lower concentrations of naphthalene. This rela-
tively sharp transition as a function of the impurity concen-
tration is one of the unexpected findings of this study.

The plan of the paper is as follows. Previous results con-
cerning the dynamics of lamellar eutectics, in particular, the
results of the linear stability analysis of ternary eutectics by

front associated with a modulation of the impurity concen-Plapp and Karma, are recalled in Sec. Il. Section IIl is de-
tration field entail modifications of tha distribution. The Voted to experimental methods. In Sec. IV we present pre-
existence of a feedback of the distribution on the front liminary observations about phase diffusion in the absence of
shape follows from the fact that the average temperature ¢i" impurity, serving as a reference for the observations made
the front depends ok (Jackson-Hunt's lay[3]. Because of in the presence of impurity. The results concerning the
this interaction, the formation of EC’s must exhibit a muchmpurity-driven effects are reported in Sec. V. This section
richer dynamics than the formation of dilute-alloy cefisr a includes a comparison of the experimental observations with
detailed experimental study of the latter, see [R2@]). This Plapp and Karma’s theoretical results. A general conclusion
conclusion was recently asserted by Plapp and Karma in cof$ given in Sec. VL.

clusion of a linear stability analysis of the basic lamellar

patterns of ternary eutectics based on Cahn’s hypothesis

[21]. It is experimentally substantiated by this study for the Il. BACKGROUND

first time, to our best knowledge.

The process of formation of EC’s is sensitive to relatively
small changes in the impurity concentration, the deviation of Two essential dynamical features of binary lamellar eu-
the base binary alloy fror€¢, and the initial value ok, as  tectics are the absence of a mechanism of selection of the
will be seen below. A detailed quantitative study of this pro-spacing, and the ineffectiveness of phase diffusion at low
cess would require a more accurate control of these paranitlling velocities. These properties explain the important ex-
eters than is currently achievable. In this paper, we onlyerimental fact that basic patterns never have a uniform
claim to present a clear, semiquantitative characterization dfistribution, but contain smooth, relatively ample spatial
some robust new aspects of the process. Even to this limite@odulations of\ inherited from the early stages of the
aim, the standard experimental methods had to be improve@rowth[9,25]. Let us briefly sum up the present state of our
considerably. In thin-sample directional solidification, we re-knowledge on these subjects.
call, a layer of a transparent model alloy enclosed between The basic patterns of binary lamellar eutectics are stable
two glass plates is placed in an externally imposed unidirecover a finite range i at fixed values of the control param-
tional temperature gradient, and pulled at an imposed veloceters[6—10. The bounds of this range essentially depend on
ity toward the cold side of the gradient. The front—which two variables, namely, the reduced deviation from eutectic
remains immobile, or nearly so, in the laboratory referenceeoncentratiorv=(C—Cg)/(Cz—C,), whereC, andC are
frame—is continuously observed with an optical microscopethe concentrations of the and 8 solid phases bounding the
This method has often been applied to the fundamental studgutectic plateau, respectively, and the reduced spaging
of lamellar eutectic growtt{3,9,10,22—26 The principal =M Ayy Where Ny, (the Jackson-Hunt minimum-
nonstandard aspects of our experimental methods are that w@dercooling spacingis a scaling length proportional to
employ very thin(~10 xm thick) samples, and grow large V™2 At v=0, the basic patterns are stable forranging
(>1 mm) “floating” eutectic grains(see Sec. II¢ This  from about 1 to 2. BelowA~1, they are unstable against
endows the system with three important characteristics—amella termination. Above\ ~2, they undergo a homog-
complete crystallographic homogeneity, a low capillary an-enous bifurcation to a period-preserving oscillatory\ ()
isotropy, and a pronounced two-dimensionakD)  pattern, followed by a secondary bifurcation to a period-
character—without which the dynamics of lamellar eutecticsdoubling oscillatory (2 O) pattern at a slightly higher value
are of a disconcerting complexity. With very thin, large- of A. At slightly off-eutectic concentrationg|~0.04), the
grained samples, it was possible to determine the full 2Doifurcation sequence is reversétie primary bifurcation is
stability diagram of CBj-C,Cls inside the planar-growth the 20O oné. At still higher values ofA and/or v, a tilt
zone experimentally10]. The experimental results were in bifurcation also comes into play.
guantitative agreement with the numerical results obtained The average temperature of a binary lamellar eutectic
for the same systerti.e., bidimensional CBfC,Cls without  front, or, equivalently, the positiod of the envelope along
capillary anisotropy by Karma and Sarkissial6], confirm-  the axis of the thermal gradie(# axis), depend on the value
ing that our samples really have the above characteristicof A. When\ is uniform, the relationship betwegrand\ is
Another feature of the samples used in this study is that thei@pproximately given by the Jackson-Hunt equation, which
residual-gas content was much lower than in most previougeads

’? /, \ A N explored range iV/G. The ternary component used in this

‘\ n /

FIG. 2. Eutectic colonies in a CBIC,Clg-naphthalene alloy
(Crapt=5X107% V=31ums ). At this small value ofx (=4
um), the B lamellae cannot be resolved, and appear as single dark
lines in the image.

A. Binary eutectic alloys
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standard Mullins-Sekerka branch, the mixed branch presents
a broad maximum at a wavelength much longer thabut,
contrary to what occurs in dilute alloys, this branch may be
where the origin is taken at the eutectic temperature, andomplex near the maximum—in other words the critical, or
AT,y (the Jackson-Hunt minimum undercooljrig a scaling  nearly critical, long-wavelength perturbations may be drift-
quantity proportional t&/*?[3]. In the experiments, the spa- ing (or oscillating. Plapp and Karma carried out a detailed
tial distribution of A is generally not uniform, is associated study of the conditions under whidi(k) is real, or, on the
with a nonplanar envelope of the front, and is nonstationarycontrary, complex, in the region of the long-wavelength
The linear stability analysis of a modulated lamellar eutectionaximum. Unfortunately, our experiments cannot cross-
front of average spacing, was performed by Datye and check their predictions in detail. We can only state that, in
Langer[4] under the assumption that Cahn’s rule is obeyedihe conditions of our experiments\ > 1.5, V>V, Q is
This rule states that the motion of each trijunction point isprobably always complex in the rangeskiandV of interest.
submitted to the constraigf” +V{,=0, wheret is the time, Plapp and Karma calculated the critical velocity for the
x is the coordinate parallel to the front, a@tl” is the x  |ong-wavelength mode of ternary eutectics., the velocity
coqrdinate of thenth trijunction point. From this, it is easily V. above which the maximum of the real part@fis posi-
derived that tive), and established that, is given by an approximate
) formula quite similar to the Mullins-Sekerka formula for the
critical velocity of dilute alloys. For the sake of clarity, let us
where\ is considered as a continuous functionxofEqua-  reproduce this well-known formula in the case of a dilute
tions (1) and(2) are the equations governing the spatiotem-binary alloy CBg-naphthalene. The partition coefficient of
poral evolution of the two functions(x,t) and{(x,t). Fol-  naphthalene is denotét,,,, the liquidus slopen,,,,, and
lowing the usual linear-stability analysis procedure, one findshe diffusion coefficient in the liquid ,,pn. The same sym-
that the linear growth coefficierf2 (k) of a small perturba-  bols with a subscripX, will be used in the case of the system
tion of wave vectork obeys a second-order equation. Only CBr,-X, whereX is the residual gas. The thermal gap of the
one of the solutions of this equation is relevant in the condiglloy is AT papi= mnapf(Kn_alph_ 1)Chaph the thermal length
tions of the experiments to be described in Sec. IV, anch-th:ATnaph/Gr and the capillary lengthdy=ao/ATapn
corresponds to a diffusive mode, i.e., a mode such thajherea, is the Gibbs-Thomson capillary coefficient. To a
A(x,t) follows a diffusion equatio=Dpph«x, WhereDp,  good approximation,V, is given by the constitutional-
is the so-called phase diffusion coefficieDt,, reads supercooling  velocity Vee=Dpaplyy  multiplied by a
“capillary-correction factor” denoted %V /V.. The
capillary-correction term i¥/q/Vee= 1.5(2K papiflo/ L) 3. I
most experimentsdy/1;,<<1, and the capillary-correction
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(the Cahn-Datye-Langer equatipmvhere the subscript O re-

fers to the nonperturbed stationary state of uniform spacin%reas
Ng- The most striking aspect of this equation is that the Sigr}each

of Dy, changes at\y=1, which means that the lamellar
pattern grows unstable below this value/afAs mentioned,

lamella termination events, which are probably the ultimate

outcome of such an instability, have indeed been experime
tally observed to occur at, or at least a little belows 1. In
Sec. IV, our interest will not be in this instability, but in the
phase diffusion process that occurs at valued oiticeably
larger than 1. It will be kept in mind that the Cahn-Datye-
Langer is a linearized equation, which is valid only when th
amplitude of the\ gradients are vanishingly small. When
this condition is not fulfilled, Eq(3) can only be utilised to
estimate the order of magnitude of the damping rate ohthe
modulations.

B. Multicomponent eutectic alloys

The results of the Plapp-Karma stability analysis of ter-

nary eutectics can be summed up as follg®%]. The sim-

term is relatively small. However, it must be kept in mind
that do/1y, increases rapidly as the solute concentration de-
es. The system becomes absolutely stable WHEW
es a value close to 1.
In the case of ternary eutectic alloys, Plapp and Karma

showed that\ T,,,,nmust be replaced by an effective thermal
ap AT.¢, which depends on the partition coefficients and
he liquidus slopes of the impurity with respect to the two
eutectic crystal phases. These quantities are not known in our
case, so we shall assume that they are equal to the known
qguantities  pertaining to the dilute CBX and
CBr,-naphthalene systentsee Sec. Il A. The formulas for

s are then the same as in a dilute alloy. In the case of a
ternary dilute alloy CBfnaphthaleneX, the constitutional-
supercooling velocity i8/.s= G/ (AT apy/ Dnaprit ATx /D).
Taking for Cyx the highest value found in our samples (4
x10 %), and G=110Kcm!, we obtain V.~=3/(1+4
X 10°Cpgpn wms . The thus obtained values of.s are
compared with the measured instability threshold velocities
of planar fronts below. It will be seen that the calculated and
the measured quantities are within a factor of 2 or 3 of each

plifying assumptions made in the calculation are the same asther, which is satisfactory given the rough approximations
in Datye and Langer's previous work, i.e., they mostly made in the calculations, and the large experimental uncer-
amount to Cahn’s hypothesis. It is found that the Cahn+tainty. We also note that, according to the above formula, the
Datye-Langer diffusive branch is not significantly modified influence of the highest residual-gas concentration is compa-
by the presence of an impurity as long\ass much smaller rable to that of a molar fraction of 22510 # of naphthalene.
thanV.. However, on approaching.g, this branch mixes This explains the variability of the threshold velocities ob-
with the Mullins-Sekerka branch of the envelope. Like aserved in the low impurity concentration range.
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Concerning the leading-order correction term Vgs, aries, which are therefore permanently surrounded by steep
Plapp and Karma showed thdf must be replaced by an local\ gradients. These gradients may act as sources of trav-
effective valued.; which includes a term which is not of a eling dynamical defects. In particular, eutectic grain bound-
capillary origin, but represents the stabilizing effect of theary \ gradients are permanent sources of traveling waves in
interlamellar diffusion field. In our case, Plapp and Karma'sthe presence of impurities at sufficiently high (see Sec.
formula gives values 0¥/ /V. which are of a few 102 at VC1).

Chapt=5%10"4, but larger than 10" at C i <2.5x 10 *.

This large value ol /Vsis perhaps the origin of the sur- ll. EXPERIMENTAL METHODS

prisingly high instability threshold velocities found in low
impurity concentration samples.

The long-wavelength Mullins-Sekerka-like mode is not The samples are made of two parallel glass plates sepa-
the only mode of instability of the planar lamellar eutectic rated by plastic spacers, delimiting an empty space about 8
fronts. As already stated, in the absence of impurity, thénm wide, 70 mm long, and 1zm thick. The alloys are
lamellar pattern is unstable to various oscillatory or tilt Prepared by mixing zone-refined GBIC,Cls, and naphtha-
modes for certain values of, A, andv. Of these modes, lene. The mixing process is carried out under a low pressure
only the 2.0 one is compatible with Cahn's rule, at least of argon. A fragment of the solidified mixture deposited at

approximately, and was found by Datye and Langer. PIap;?ne end of a _hea_ted empty sample remelts, and fiI_Is the
and Karma showed that the presence of an impurity greatl ample by_ capillarity. The filled _samples are placgd in-an
enhances theXO mode, suggesting that, in some cases, th xternallly |mpo§ed ther_mal gradient, _and pulled W'th a de
destabilization of the planar front may occur through theMOtor Via a micrometric screw. During the pulling, the

2)0 mode rather than the long-wavelength mode ObservagrOWth front is continuously observed with an optical micro-
tions supporting this view are reported below ' scope over the whole width of the selected eutectic grain.

The images are recorded with the help of a CCD camera and
a videotape recorder, and then analyzed with a computer
[28]. In the present study, the value &f is 110 Kcmi'?

Eutectic fronts are composed of crystallographic domainsinless otherwise stated. The scanned rang¥ & 0.9-31
called eutectic grain§27]. The crystal orientation in the ums.
lamellae of the two solid phases is uniform within a eutectic In this study, the concentration of the base binary alloy
grain, and varies from a eutectic grain to another. The capEBr,-C,Clg is Cg to within experimental uncertainty
illary anisotropy of the systeni.e., the orientation depen- (=~=+0.003, unless otherwise mentioned. The above scaling
dence of the surface tensions of thdiquid, g-liquid, and  quantities are \;VY?=14 um®?s™¥2 and AT,V 2
a- interface$ is different in different grains. In a previous =0.033 Kum~2s"? to within about 209426]. Alloys with-
study, a classification of the eutectic grains of our systenput naphthalenéundoped alloys and alloys doped with mo-
according to their capillary anisotropy was establisf@s].  lar fractions of naphthalene of 2810 *, 5x10°4, and
In the so-called locked grains, the direction of growth of the10™2 are used. The samples also contain residual gases,
lamellae is locked onto a preferential orientation, corre-which we admit to consist of a single componéftintro-
sponding, most probably, to a sharp minimum of the surfaceluced during the mixing and filling processes. The partition
tension of thea-g interface. The grains in which no such coefficient (K,~0.02), the liquidus slopgmy~50 K per
locking is observed were called “floating” grains. It was molar fraction), and the liquid-phase diffusion coefficient
shown that, in these grains, the growth dynamics is similar t Dy~300um?s %) of X in CBr, have been determined
that of_ a system without capillary anis_otropy as calculate(%zg]_ C, was found to vary from a sample to another depend-
numerically|6], except for the small capillary-anisotropy ef- j,4"on the care with which the outgasing, mixing, and filling
fectsf to be described shortly. A method of obtaining Iargeprocesses were carried out, but was at most>fla . In
floating grains was applied in this studsee Sec. 1l B the present study;yx was generally markedly lower than this

If no capillary anisotropy at all was present, the system, 65 as shown by the weakness of the impurity-induced

would be symmetrical with respect to teaxis, and th? . effects at highv in most undoped samples. A rough experi-
lamellae would run parallel to this axis when the system is iNmental determination of the partition coefficienk
p

a basic pattern. However, since some capillary anisot.ropy i;0.07), the liquidus slopent,a~300 K per molar frac-
actually present, the mirror symmetry of the system is bro'tion), and the liquid-phase diffusion coefficientd (s

ken in most eutectic grains, and, even in the basic patterns, 300um?s 1) of naphthalene in CBrhas been performed
the lamellae run at a small angfe(the anisotropy-driven tilt by the same methods as in RE29).

angle from thez axis. This angle is a function of the orien-
tation of the grain, and, in a given grain, increasesikas
increases. In the floating grains of GBZ,Clg, the valueg,,

of ¢ at the reference value of the spacing, is generally Considering the great complexity of the dynamics of
less than 2°, bug increases relatively rapidly asincreases lamellar eutectics, it is obviously desirable that the samples
because of the spontaneous tilt bifurcation undergone by thiee as homogeneous as possible. The two main sources of
system at large values af Sinced is different in different nonhomogeneity are the presence of several eutectic grains,
grains, the two patterns on either side of a eutectic graimnd the nonuniform distribution of the initial statésee Sec.
boundary have different values #f Consequently, lamellae [V). In a previous study, a method of obtaining samples con-
are repeatedly terminated, or created at eutectic grain bounthining a single floating eutectic grain was successfully ap-

A. Products and samples

C. Anisotropy effects. Eutectic grains

B. Grain boundary effects



PRE 61 TRAVELING WAVES, TWO-PHASE FINGERS, AND. .. 3761

plied to hypereutectic samplg40]. In brief, this method __100um
consists of preceding the experimental runs by a short pre:
liminary pulling at a very low value o¥ during which the
lateral invasion of the front through which the lamellar pat-
tern is created is controlled. The same method was applied it
this study, but turned out to be less efficient near the eutectic ,
concentration than far from it. We could not grow single- ¥
grain samples, but were nevertheless able to obtain grains ¢ a !
millimetric sizes. - , “1 ]
I

FIG. 3. Lamellar pattern with a strongly nonuniforndistribu-
tion (Cpapr=0; V=4.1ums™; G=0.005Kum™?).

C. V jump method

Basically, the experimental procedure that we follow is
that of upwardV jumps. First, the growth front is put in a

statiopary planar basic state by pulling a I(.)ng.time at a low IV. PRELIMINARY OBSERVATIONS
velocity V4, and then the pulling velocity is suddenly o _ - _
switched to a higher velocity, at which some morphologi- Before considering the effect of impurities on the dynami-

cal instability is expected to occul jumps of moderate Cal properties of lamellar eutectic fronts, we go back over the
amplitude do not change the average spaciiggenerally, dynan_ucs in the absence o_f impurities. The initial baslc_ pat-
and thus change the average reduced spadindy a factor terns(i.e., the pa_tterns optamed ap the end of the prgllmlnary
of YV, /V;. Since the instability threshold of the planar front stage of the pullingcontain a spatial modulation afwith a

. characteristic wavelength of a few tenths\gfand an ampli-
can pnly b? reached t hroggh upwardumps,(A) is always tude practically equal to the width of the basic-state stability
relatively high(>1.5) in this study.

. o range. In previous studies performed\&=1 ums ! and
V jumps are followed by long solute redistribution tran- g P P K

. . L e ) G~10 2K um™?, the distortions of the front associated
sients[30]. During the initial solute redistribution transient, with this nonuniform grown-in\ distribution were not de-

the naphthalene concentration ahead of the front increasg@cted, and phase diffusion was found to be ineffective
from Cpapn t0 the steady-state valunaph/ Knapn: The char- g o5) At the relatively high values of which we are now
acteristic time of the transient i$ap=Dnapr/ (KnapiV?), and  aple to reach without impurity-driven effects thanks to the
the corresponding solidified lengthp=Dnapt/ (KnaptY).  higher purity of our samples, these effects can be measured.
After a V jump fromV, to V,, the concentration ahead of A detailed study is currently in progress. In view of what
the front rises above the steady-state value, and then returfsllows, it is useful to present the following preliminary ob-
to this value with a characteristic tin®,,n/ (KnapnV/1V2) - servation here.
The amplitude of the post-jump concentration overshoot de- Figure 3 shows an undoped sample pulled \at
pends orV,/V;, but may be quite large even for moderate =4.1ums ' under a thermal gradient of about
values ofV,/V; when the partition coefficient of the solute 510 3K um™™. The snapshot was taken a few seconds
is small, which is our case. after the onset of the pulling, when residual-gas efféifts

If no V jump is applied, i.e., if the pulling is entirely any are small. The distortion of the front, although hardly
performed at constar¥ (the short preliminary stage at a visible in _Fig. 3, was easily measurable on the computer
lower V can be neglected as far as solute redistribution i$créen. Figure 4 shows(x) and ¢(x) measured along the
concernell the destabilization of the planar front can only Tont, and the functiorf.,{x) calculated by inserting the
be observed in the course of initial transients at valueg of Measured values of(x) into the Jackson-Hunt equation. It
higher than the instability threshold. The order of magnitude
of the time after which the destabilization is observed is
Thaph- It Will be seen below that the order of magnitude of
the instability thresholds is of Lms ™t in our system. The
corresponding transients are very loftgpically 7,,57~3 h
and =1 cm). Therefore, only very few different values 11
of V could be explored with a given sample, limiting the
accuracy with which instability thresholds could be mea-
sured. The values given below are the lowest valu¥ ait i
which a destabilization was observed, and are probably sub- 9
stantially higher than the corresponding theoretical transition
velocities. 8

On the other hand, large upwaxtjumps can be used to 0 100 200 300 400 500 600
provoke a transitory increase of the impurity concentration at X (pm)
the front, and hence a transient destabilization of the planar g 4. Measured spacing distribution(x) (thick line) and
front. This technique was used in order to establish the metaront shapez(x) (thin line) for Fig. 3. Dotted line: calculated value
stable character of planar fronts at low impurity concentraof £(x). For the latter quantity, the origin is taken at the average
tion. position of the front.

13 T T T T T T T T _2

12 |

A (um)
(urd) ()9
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R tectic colonies of Fig. 2 at time®) t=11.9s,(b) 13.0 s;(c) 14.8 s,
0 10 20 30 40 50 60 70 80 and(d) 18.9 s. A velocity jump from 0.9 to 3km s * was applied
t (s) at timet=0 [bottom of (a)].

FIG. 5. (a) A(x) measured from Fig. 3 at time intervals of 6.1 s. V. IMPURITY-DRIVEN DYNAMICAL PHENOMENA
The last\ plot is the same as in Fig. 4. For clarity, the successive

plots have been shifted along the ordinate axis by an arbitrary quan- A. Overview

tity (1 um). (b) Standard deviatiom, of A(x) as a function of time. We begin with a brief enumeration of our findings, which
will be used to introduce some nonstandard terms. As al-
ready stated, the phenomena observed in the samples with
Chapti=0 or 2.5 10 # are different from those observed in
the samples WitlC ., =5X10"* or 10°3. For the sake of
simplicity, we call these two concentration ranges the “low”
and “high” impurity concentration ranges, respectively.

can be seen that the rati@x)/{.,dX) is constant and of the
order of unity. Figure &) shows a time series of plots
extracted from Fig. 3. The distribution is progressively
damped out without any lateral drift. Figurébd shows the
time evolution of the standard deviatiar, of the \ distri-
bution. An exponential law fitted to the terminal part of

o, (1) gives a damping coefficient of about<70 3s™ 2. o , , ,
Noting that, near the end of the process, the Fourier trans- (1) At high impurity concentration, EC’s always appear

form of the\ distribution is peaked around 25), we have above a VeIO.CitWEC Wh.iCh i§ comparable to the calculatgd
calculated the phase-diffusion damping coefficirai,kz for value ofV, in conformity with the observations reported in

the metallurgical literature.
the mode of wavelength 2’k=25\) [see Eq.(3)]. The . )
value found is of about 10-2sL in relatively good (2) Two unexpected phenomena occur during the tran

. ients prior to the formation of EC’s. The first of them is the
agreement with the measured value. These results strong pearance of traveling wavéEW's), i.e., small-amplitude

suggest that the terminal stage of the damping process |§, wayelength deformations drifting laterally at a finite ve-
essentially due to the Cahn-Datye-Langer phase-diffusiofyity (Fig. 6). Surprisingly, these TW's do not grow in am-
mechanism. Similar observations were made in samples Copjitude in the course of time, and play no essential part in the
taining naphthalene, showing that even relatively large im+ransition to EC’s.

purity concentrations do not qualitatively modify the dynam-  (3) The second new phenomenon is the appearance of
ics of lamellar eutectic fronts at sufficiently low. A more  protruding local structures baptized “two-phase fingers”
extensive comparison with the predictions of the Cahn{Figs. §b) and Gc)]. This turns out to be an essential inter-
Datye-Langer equation based on a larger set of experimentatediate stage of the transition to EC'’s. It occurs after the
data is currently in progress. excitation of a short-wavelength mode of instability of the

High impurity concentration



PRE 61 TRAVELING WAVES, TWO-PHASE FINGERS, AND.. .. 3763

i
| }} A

100

AN
il

A
.

\ul’v- \
( '//‘.\1 \
\

N

M\
P,// \\\\L |llm
\

\'i\\\\\\\ |

//C\\\ (
‘I;-\,\' ”
Nl

Il
N/\\\ i |
| \"!l,/‘“\\\\ W \\m
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along the front, but their damping time is long compared to
FIG. 7. a-B-a two-phase fingers and eutectic colonies in anthe known characteristic times of the system, especially, the
undoped hypoeutectio- —0.14) samplev=4.1ums ™. phase diffusion timésee Sec. V CB At high V, two differ-

. ... ent situations are observed at a sufficiently large distance
lamellar pattern, the nature of which depends on the initial om the eutectic grain boundaries, depending on the effi-
distribution. This mode is sometimes, but not always, theciency of the latter as sources of TW’s, namely, a perfectly
2\ 0 mode. , _ , planar front(Fig. 8), or a dense population of rightward and

(4) Large-amplitude, quasistable two-phase fingers argsfiward TW's (Fig. 11. By “wavy front” we define any
observed to coexist with EC’s at slightly off-eutectic concen-gynamical state in which an essentially planar front is con-

trations(Fig. 7), suggesting that periodic arrays of two—phasetinua”y swept by finite-amplitude TW’s.
fingers may be stationary states of the system.

(5) Once formed, the EC’s are subjected to tip-splitting
and squeezing-off mechanisms, leading to a rough selection
of the average EC size. No steady state is reached on the 1. Transition to eutectic colonies
scale of the individual EC’s after long solidification times,
suggesting that EC patterns are intrinsically unsteady.

B. High impurity concentration

A series of long-duration runs at constavitwere per-
formed in samples WitlC,,,,=5x 10" * and 10°3. In some
of these runs, the front remained planar up to the end of the
run, while in others EC’s appeared in the course of the initial
(6) At low impurity concentration, no spontaneous transi-transient. We obtained 25Vgc.<3.2ums ' at Crapi=
tion to EC’s is observed within the explored rangeMiG 5x10% and 1<Vgc<1.8ums ! at Crapt= 103, where
(Fig. 8). The value ofVgc (if such a velocity still existsis  the lower bounds are the highest valué/odt which no EC's
thus much larger thaW . were observed and the higher bounds are the lowest value of
(7) Above a velocity close t¥, planar fronts are meta- Vv at which EC’s appeared. The calculated value® gffor
stable against the formation of small-amplitudishallow”)  these concentrations are 1 and fu s 2, respectively. The
EC’s (Flg 9) The dynamics of the shallow-EC patterns is order of magnitude Of‘/cs is the same as that MEC! and
characterized by a very large dispersion of the EC size, angoth quantities vary WithCyapn in the same way, as they
rectilinear trajectories of the inter-EC grooves, strongly sugshould. The fact that the values ¢, fall outside the experi-
gesting that the latter are localized entities separated frofmental margin foNgc is not significant since rough approxi-
each other by large portions of metastable planar or wavynations were made in the calculation\bf;.
front. EC patterns formed at=Vg. were observed to disap-
(8) TW's are emitted near the eutectic grain boundarie%,ear whenV was decreased beloWgc. No metastability

above a velocityry, which is also close t&cs (Fig. 10.  range was positively observed. The range of metastability
The TW'’s are progressively damped out as they propagate

Low impurity concentration

100 ym
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FIG. 8. Planar lamellar eutectic front at high velocit FIG. 10. Traveling waves. A grain boundary is located on the

=25x10"% V=31lums ! A=1.9). leftmost side of the figureG,o=2.5<10"% V=13.5ums™).
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ably a nonoscillatory short-wavelength mode. Such modes as
well as the two-phase fingers are incompatible with Cahn’s
rule.

The typical course of the initial transients &=
; 5%x10 4 and V=Vg is illustrated in Fig. 6. Three distinct

; | stages can be noted, corresponding to the successive appear-
HE i ance of TW’s, two-phase fingers, and EC'’s, respectively.
AL Each stage corresponds to a relatively large, sudden increase
1 “ i of the average temperature of the front, suggesting that the
1 | \ bl \\ wavy front, the two-phase fingers, and the EC pattern are all
S | stationary or quasistationary states of the system. The TW’s
\\u Il %] A - appear a short time after the onset of the run, when the im-
4 1 i i purity concentration ahead of the front is still low, and do not
i ’\ iyl Wit ‘ substantially grow in amplitude, nor change their drift veloc-
i ‘ ity afterwards, in agreement with the observations performed
in low impurity concentration samples. The creation of two-
phase fingers occurs when the transient is nearly completed,
and follows a scenario which is not unique, but depends on
the local\ distribution. The formation of EC’s begins with
the occurrence of lamella branching on the sides of the two-
phase fingers. The transient is completed when the EC tips
have reached their steady-state undercooling and the EC
sides have come into contact with their neighbors.

Two different scenarios of creation of two-phase fingers
appear in Fig. 6. In the largest part of the front, the two-
phase fingers arise from the same destabilization process as
2 Process of formation of eutectic colonies in Fig. 12. In a small region of the front, in which the local

. ) value of N\ was particularly large, the XO mode of the
As already statedYgc was probably noticeably higher |5meliar pattern is excited, causing two-phase fingers and

than the instability threshold velocity of the planar front in gg 1o appear at a much shorter time than in the remainder

all t_he ob_s_e_rved cases. In order to gain_ insight into the c_riti-of the front. The 20 mode is thus an efficient, but not a
cal instabilities of the planar front, experimental runs ConS'St'necessary, precursor of the formation of EC's. More impor-

ing of subcriticalV jumps (jumps fromV, to V, with Vi tany the 2.0 mode leads to EC's only via the creation of
<V,<Vgg), provoking a slight transitory overstepping of two-phase fingers.

the threshold were carried out. The result of suc pimp
performed in an undoped sample containing a relatively 3. Two-phase fingers at off-eutectic concentrations
large concentration of residual gas is shown in Fig. 12. Simi-
lar observations were obtained in samples doped with nap

thalene. Figure 12 clearly shows that the destabilization o”E
the planar front rapidly gives rise to two-phase fingers con
sisting of a protrudingB lamella sandwiched between to
strongly deformedx lamellae(* a-B-«a fingers”). Concern-

ing the linear stage of the destabilization process, its sho
duration time, and the complications due to the nonunifor
initial A distribution prevented us from identifying the criti-
cal mode with certainty. It can only be stated that it is prob-

1l

FIG. 12. Transient subsequent t&/gump from 3.1 to 5um s~ * The dynamics of the permanent EC patterns as a function
in an undoped samples&0.09). (a) t=41s,(b) 49 s, andc) 59s.  of V and v has not yet been studied in detail. However, all

i
i

i

FIG. 11. Dense population of traveling waves at high velocity
(V=31ums 1. Undoped sample. The loss of contrast in the gray
regions is due to three-dimensional instabilities.

‘..
13

-v:

between planar fronts and EC patterns is thus nartatv
most a fewum s~ wide) at high impurity concentration, if it
exists at all.

Figure 7 shows quasistabte 8-« fingers coexisting with
C’s in a slightly hypoeutectic sample. The tip undercooling
f the fingers is smaller than that of the EC’s, contrary to
what occurs at=0. Such well-developed- 8-« fingers bear
striking morphological and dynamical similarities with the
symmetry-broken double fingef§doublons”) of the low-
r'.Imisotropy dilute-alloy solidification fron{s81,32. Like the
Matter, they are constituted by two symmetrically disposed
broad fingers of one phase separated by a thin lamella of
another phase, and can change their growth direction without
being destroyedexcept by collision with another objgciAt
still larger deviations fronCg , a- 8-« fingers have been ob-
served to compete with single-phagelendrites.

A type of two-phase finger qualitatively different from the
above a-B-a fingers is predominantly observed in slightly
hypereutectic sampled=ig. 13. The sides of these fingers
are occupied by thg phase, and the tips by sevetalamel-
lae separated from each other Byamellae. The dynamical

U” . ‘ | properties of these f3-a-8 multiplets” are similar to those

100 pm

of the a-B-« fingers. Like the latter, they are reminiscent of
structures observed in thin-sample directional solidification
of dilute alloys[31-35.

4. Long-time dynamics of the eutectic-colony patterns
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FIG. 13. Eutectic colonies ang-a-g multiplets. Cpapi=
5X10 % V=9.9ums?).

the observations converge to show that EC patterns are un-
steady. This is obviously the case at off-eutectic concentra-
tions, as illustrated in Figs. 7 and 13, and also near the eu-
tectic concentration. Figure 14 displays the spatiotemporal
diagram of a near-eutectic EC pattern over a period of time
much longer thanr,,,,. For clarity, only the trajectories of
the inter-EC grooves are represented. It can be seen that
tip-splitting and squeezing-off events are taking place at a
constant average frequency. However, it should be noted that
most of these events concern short-lived grooves. The long- 100
lived grooves are in small numbé+9), and undergo only
rare annihilation or creation events. The observations Show g\ 14, spatiotemporal diagram of an EC pattesame run as
that the short-lived grooves are shallow, while the long-livedi, Fig. 2). only the trajectories of the inter-EC liquid grooves are
ones are deep. This distinction between two types of grooveshown.

is further illustrated in Fig. 15, which shows the average EC

spacing measured at different valuesvoin a given sample. been noted previously, to our best knowledge. That such a
Two largely different average values of the EC spacing ardliscrepancy arises is not a complete surprise, however, since

obtained depending on whether the shallow grooves ardll the modes incompatible with Cahn’s rule are eliminated
taken into account, or not. from Plapp and Karma's calculation.

Unsteady “seaweed” and shallow-cell patterns are ob- On the other hand, the transition from planar frontto EC'’s
served in thin-sample directional solidification of dilute al- iS clearly not a continuous one. It is mediated by at least two

loys when the anisotropy of the interfacial properties is low 120 e
[31-36. Thus the unsteadiness of the EC patterns is not an r
exceptional phenomenon. At off-eutectic concentrations, it 100 [ ]
certainly has to do with the peculiar dynamical properties of E ]
the two-phase fingers and multiplets, but this is less clear at g 80 ]
near-eutectic concentrations. 2 1
so 60 ]
g R
5. Comparison with theory L:; 40 L . N
Broadly speaking, the above observations are compatible [
with Plapp and Karma'’s theoretical results. We observe that 20 A ]
the planar front is unstable above a velocity of the same 0
order of magnitude a¥., and that both long-wavelength 0 20 40 60 80 100
drifting modes and short-wavelength modes are involved in V (um/s)

the destabilization process. The latter actually play a largely

predominant part, a possibility which was not rejected by FiG. 15. Average EC spacing as a function\bfneasured tak-
Plapp and Karma. The only apparent discrepancy concerngg account of deep liquid grooves onlgpen symbols; error bars:
the nature of the critical mode. We find that this mode is noiminimum and maximum measured valyesr both deep and shal-

the 220 mode, but a nonoscillatory mode which had notlow grooves(filled symbol3. Cpap=5X 10",
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phenomena, namely, the formation of two-phase fingers, and 2 e 10
the occurrence of lamella branching. The intermediate tran- : 1
sition from planar front to two-phase fingers is perhaps con-
tinuous, i.e., it may correspond to a bifurcation of the system.
In this case, the onset of the above-mentioned nonoscillatory
mode would correspond to thiappe) bifurcation threshold.
The existence of an alternative way of reaching the two-
phase finger branch via thea® mode pleads for a subcriti-
cal character of this bifurcation. This is not proven, however.
It should also be noted that lamella branching results from i
3D processes which are not yet fully understood, but are Y- J) S A A A N W '
certain to depend on the sample thickness, and the wetting 0 100 200 300 400 500 600
conditions at the glass platg8,10]. It is therefore conceiv- X (um)

able that lamella branching would occur earlier in samples  FG. 16. Spacing distribution () (thick line) and front profile
thicker than ours, or in another alloy than GELCls, and  ¢(x) (thin line) of the growth front of Fig. 10.

would hide the other stages of the process.

Y

(wr)

mum explored velocity, i.e., at leasVg. This was tested by

C. Low impurity concentration applying upwaradV jumps to wavy fronts. Low amplitud¥
jumps had no effect. Strongé&f jumps resulted in the ap-
pearance of shallow EC patterns, i.e., patterns in which the

At Cpapi=2.5X 10" * as well as in samples without naph- depth of the inter-EC grooves was only of a fawFig. 9).
thalene(but with residual impurities TW’s are observed to  These shallow EC patterns spontaneously disappeared below
appear near eutectic grain boundaries above a certain velog-value ofV comparable withvVr,, . The whole range iV
ity Vrw. The emitted TW's are not isolated, but are part ofghoveVr,, can thus be considered as a metastability range
more or less continuous wave traifBig. 10. Given that  petween planar, or wavy fronts and shallow EC'’s.
long-wavelength perturbations are continually generated in
the vicinity of eutectic grain boundarié¢see Sec. 11 BB the 2. Wavy fronts and Cahn’s rule
obvious meaning of this observation is that long-wavelength
perturbations spontaneously drift wh&t=V,. Some eu-
tectic grain boundaries are much more efficient than other

as sources of TW's. This Is connected with the frequency o amella tilt angle¢ as the angle between the trajectory of the

the lamella tefmination, or branching evgnts Qccurring at t.h?amellae and the normal to the envelope of the front. Cahn’s
boundary, which depends on the misorientation of the adjafule states thaty=0. In fact, the lamella tilt angle is gener-

cent grains. Incidentally, the outer bogndarles of 'ghe Samplea”y different from zero even when the spacing is uniform
i.e., the lines of contact of the alloy with the plastic spacers

: i isotro
also are active sources of TW's. and the front perfectly planar because of capillary an py

Within experimental uncertainty, the transition is abrupt(See Sec. 1IBR Furthermore, this .“homogeneous” il
X ’ . angle generally is an increasing function)oflt is thus natu-

(no TW's are observed beloWy,). The value of the drift ral to recast Cahn's rule as
angley=tan *W/V, whereW is the drift velocity, is finite at
Vrw and remains essentially constant\asncreases. How- H(X)= brond N (X)], (4)
ever, it must be kept in mind th&ty,, is certainly larger than
the actual transition velocity, so that the dependencg @  where ¢,,{\) is the lamella tilt angle of a homogeneous
V in the vicinity of the transition is unknown. The observed pattern of spacing.. This equation means that the lamellar
values ofy range from about 25° to 30°. pattern is locally the same as it would be if the spacing was

Substantially different values of the transition velocity uniform and the front was normal to the gradient. The two
were found in different samples with the same nominal conquestions to be considered are: Is Ed) verified in the
centration of naphthalene. This large dispersion is not enexperiment? Does the nonzero term on the right-hand side of
tirely attributable to the small number of values ¥fex-  Eq. (4) make a difference as concerns the dynamics of the
plored in each sample. It is mostly due to the fact taf,  TwW’s?
increases very rapidly as the impurity concentration goes to  The\(x) and{(x) plots measured along the front of Fig.
zero, and is therefore very sensitive to the unwanted variat0 are displayed in Fig. 16. The azimuthal anglarsgles
tions of Cyx from a sample to another. In some well outgasedwith respect taz) of the trajectories of the lamella@) and
undoped samples, no TW's were observed at ¥ngxcept the normal to the envelope of the frai) are plotted in Fig.
during post-jump transients, showing thét,, was higher 17. The plot of¢ as a function of\ obtained by eliminating
than 31ums *. On the other hand, the lowest value\6f,  the variable x between\(x) and ¢(x)=6(x)— 7(x) is
found in the samples WithC,,p=2.5X 10°% was of 5 shown in Fig. 18. A second-order polynomial fitted to the
ums L. This value is comparable to the calculated value ofdata of Fig. 18 is similar to the previously fourg(\)
V. for this concentration of naphthalene, ar@dy= curves [9,37]. Similar results were obtained with other
4x 104, samples, allowing us to conclude that wavy fronts obey the

The planar fronts remain robust against the formation ofgeneralized form of Cahn’s rule represented by E4).
structures of larger amplitude than the TW's up to the maxi-within experimental uncertainty. Other observatignet re-

1. Transition to wavy fronts

In the presence of TW's, the tilting of the lamellae and the
distortion of the front are sufficiently large for the validity of
ahn’s rule to be directly studied. We define the local
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to the envelopé7) of the growth front of Fig. 10.

FIG. 19. \ plots measured at time intervals of 3.95 s represented
produced have shown that noticeable deviations from thisin the reference frame drifting at the velocly=6 ums . Same
equation are observed in the presence of larggadients. run as in Fig. 10. Each plot has been shifted upwards with respect to

Within a given grain, no marked difference is observedthe preceding one by 0.6m.

between the propertigdrift velocity, A profile) of rightward

and leftward TW’s. The specific effect of capillary anisot- phase diffusion damping rate would be of about 3. sThe

ropy is to break the right-left symmetry, as shows up in theplateau signals the existence of a permanent background of

tilt of the lamellae. Since no such symmetry breaking is ob{ow amplitude waves, the detailed structure of which is not

served in the properties of the TW’s, we conclude that theesolved.

influence of a small capillary anisotropy—thus of the term  The reproducible features of the isolated TWkift ve-

®nom(\) In EQ. (4)—on the dynamics of the wavy fronts is |ocity, \ profile, and slow damping rateaise the question of

negligible. the possible existence of solitary waves. The observed TW’s

are clearly not solitary waves, but are perhaps close to a

3. Isolated traveling waves solitary wave at the moment of their creation. In any case,

h they are certain to be strongly nonlinear objects, as shown by

Figure 19 shows a time series)plots measured throu
g b g the complex evolution of the profiles of the wave trains.

the wave train of Fig. 10. Thi plots are represented in the
reference frame attached to the wawve~(24°). The ampli- _ )
tudes of the secondary maxima decrease much more rapidly 4. Dense populations of traveling waves

than that of the principal maximum, so that only an isolated The TW's are a boundary condition dependent phenom-
TW finally survives. This isolated wave has an asymmetricenon. This is clearly illustrated in Fig. 8, which shows the
profile with a width of about 1&\). Such a profile is a central part of a large grain free of TW's at a highin a
reproducible feature of the isolated TW's, as will be shownsample doped with naphthalene. In smaller grains, however,

shortly. Near the end of the recording, the standard deviatiofhe front is generally continually swept by rightward and
of the A distribution decreases with a damping rate of about

0.02 s'L. This rate is low compared to the phase diffusion
damping rate calculated for the characteristic wavelength of
16 (\) (=0.4 s'b.

Figure 20 shows an isolated TW emitted a mechanism to
be described belowsee Fig. 28)], and Fig. 21 the corre-
spondingA plots. The\ profile of this wave is quite similar
to the one appearing in Fig. 19. The standard deviation of the
\ distribution first decreases with a damping rate of about
0.05 s, and then reaches a plateau. The corresponding

10 T T T
| C g et
s5) . v {;.':g“.. i
= AN
r=s - . 3 .

. e L]
0L S 1 1 1

100 ym
FIG. 18. Lamella tilt anglep= 60— 7 vs spacingk. Symbols:
experimental values from Figs. 16 and 17. Broken line: second FIG. 20. Isolated traveling waveV=31lums . Cp=
order polynomial fit\ ;,=4.0um. 2.5x10°4.
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FIG. 21.\ plots measured at time intervals of 1.05 s represented a) 1 b)'J
in the reference frame drifting &V=19.5um s *. Same run as in
Fig. 20. The data points of one of the plots are shown to illustrate FIG. 22. Two different examples of TW crossingsme run as
the smoothing procedure. Each plot has been shifted upwards with Fig. 20. Each image is 11am wide.

respect to the preceding one byuin. . _ .
P P 9 is a defect containing a lamella sink and two lamella sources

operating at the same average frequefsoythat the average
number of lamellae remains constarnd bound together by
the Cahn distortion of the front. Symmetrical, stationary
inter-EC grooves as well as asymmetrical, traveling ones are

bserved. The traveling velocity of the latter does not seem
be unique, which obviously implies that the pattern as a
ole is unsteady.

leftward wave trains originating from the two boundaries.
The resulting pattern resemblé@sut is not really standing

waves(Fig. 11). In fact, the interactions between TW’s are
highly nonlinear. This is illustrated in Fig. 22, which shows
two different interaction processes between TW’s observe
during the same experimental run. The corresponding timg\lh

series ofh plots are displayed in Fig. 23. In one cd$ég. Shallow inter-EC grooves are active sources of TW’s

23@)], two TW's of slightly different amplitudes meet. The (Fig. 9. The tips of the shallow EC’s are therefore perma-

_amplitudes a_nd the trajectories of the TW's are changed Olurr'1ently occupied by a particularly dense population of TW's.

® his sometimes results in the creation of a new groove at the
tip of an EC. The detailed mechanism of these rare, non-
standard tip-splitting events has not been elucidated. It can
only be stated that lamella termination and lamella branching
events are not rare in wavy fronts, but are most generally
healed up by the emission or absorption of a T8¢e Fig.
23(b)], and are therefore not the only cause of the occurrence
‘of tip splitting events.

The same nonelucidated mechanism may give rise to a
process of nucleation and invasion of wavy fronts by shallow
EC'’s starting from eutectic grain boundaries. In this process,
a first inter-EC groove is created at some distance of a eu-

A typical feature of the shallow EC patterns is the exis-tectic grain boundary by the emitted TW's, a second
tence of extremely wide long-lived EC'€ig. 9. These inter-EC groove is created by the TW’s emitted by the first
large EC’s do not seem subjected to tip splitting in the usuainter-EC groove, and so on. This process was actually ob-
sense of the ternithe front profile shows no detectable served in a few experimental runs, and was extremely slow.
trough near the center of the EQ'sSThis suggests that one
should consider the shallow inter-EC grooves as localized
entities, and the tip of the wide EC’s as portions of an ex- The observed TW’s share many important features with
tended metastable wavy front. Thus considered, each groovhe critical long-wavelength modes found by Plapp and

damped down. In the other cad&ig. 23b)], a low-
amplitude leftward TW is strongly amplified through the
crossing with a large-amplitude rightward TW. The amplifi-
cation mechanism involves an oscillatory mode of instability
of the lamellar pattern and a lamella branching event. Simila
short-frequency oscillations are observed in Figlaz3This
type of oscillation was not observed previously, and is prob
ably a 3D mode of instability occurring whex is much
smaller than the sample thickness, thus at high

5. Shallow eutectic colonies

6. Comparison with theory

: ——r—r .ﬁ...,ﬁ...f.... : e
N e HIPY) Sos e e
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. F~— - - M"_'r\t;v‘\'wv\. . . .
E' 5?\’*_%1::::1 ] essasassr N\ 0 iy FIG. 23. Time series ok plots for Fig. 22a)
s O q = : (a) and Fig. 22b) (b). Time interval: 0.54 s. Up-
F e e : i _ .
< 1 o N S, 0 T~ ward shift: 1 um. Dotted lines: frames of Figs.
e ] F—— e ——— 22(a) and 22Zb). Filled circle: lamella branching.
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Karma: the TW’s obey Cahn'’s rule, appear at valued/of in order to take into account the tilt of the lamellae due to
comparable td/.s, and have the same order of magnitude ofcapillary anisotropy and spontaneous symmetry breaking. A
their characteristic width and drift velocity as the calculatedconsequence of Cahn's rule recently asserted by Plapp and
long-wavelength modes. Moreover, as already staigd), Karma is that long-wavelength distortions of the front drift
as calculated by Plapp and Karma, is probably complex idaterally above a certain velocity when the interlamellar
the conditions in which the TW’s are observed. Thus thespacing is sufficiently large. We have observed traveling
basic mechanism responsible for the drift of the TW’s mostwaves, which, although highly nonlinear, are most probably
probably is the one pointed out by these authors, namely, theéue to this effect.

interaction between the distortions of the envelope and those However, the main contribution of this study probably
of the lamellar pattern embodied in Cahn’s rule. The fact thatonsists of a series of unexpected facts, the most important
the TWs are only emitted by strong external perturbationspf which are the following: the transition to EC’s is not
and fade out progressively afterward, shows that the experisontinuous, but mediated by a first transition to a new type of

mentally measured transition veloci¥,y, is not the critical

dynamical structure called two-phase finger, similar to the

velocity for the Plapp-Karma long-wavelength mode, but adoublon and multiplet observed in directionally solidified

lower velocity, below which the imaginary part 6f is zero,
and above which it is nonzero.

low-anisotropy dilute alloys; the transition to EC's disap-
pears relatively abruptly as the impurity concentration de-

On the other hand, several aspects of the observatioreases; at low impurity concentration, strongly metastable
remain unexplained, in particular, the fact that the TW’s dowavy fronts(i.e., planar front swept by traveling wavyesre
not amplify even at velocities much higher thdn,, . As far ~ observed over a large range in velocity above a certain
as we can see, the only theoretical clue to this spectaculdhreshold value. Further studies are in progress concerning,
stabilization of the planar front is the rapid rise of the effec-in particular, the properties of the two-phase fingers at
tive capillary correction term as the impurity concentrationslightly off-eutectic concentrations.
decreases from 5 to 2510 * (see Sec. I B
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