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Similarity law for the tilt angle of dendrites in directional solidification
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We report on an experimental and numerical study of tilted dendrites observed in thin-film directional
solidification of a CB;s—8 mol % GClg alloy for an arbitrary orientation of the crystal with respect to the plane
of the sample and the pulling direction. The drift velocity, or, equivalently, the tilt angle: (defined as
tana=Vy/V, whereV is the pulling velocity of the dendrites is an increasing function\6fand the dendritic
spacing\. We show thatr scales like the Riet numberP=\V/D (D is diffusion coefficient in the liquid
In the limit of largeP values P£>7), « tends to a constant, crystallographically determined value. We show
that thea versusP master curve is insensitive to the temperature gradient as logsgaot too close to the
cellular-threshold velocity. The tilt dynamics of dendrites in directional solidification is thus essentially deter-
mined by the interactions between neighboring dendrites within the approximately periodic pattern. We also
show that the shape of the master curve only slightly depends on the value of the interfacial anisotropy, as long
as it is not too small[S1063-651X97)14310-Q

PACS numbses): 68.70+w, 81.10.Aj, 64.70.Dv, 81.30.Fb

I. INTRODUCTION that the normal of the solid-liquid interface remains parallel
to the plane of the sample. The pattern is only sensitive to the
The most frequently encountered growth morphology ofstrength and form of the anisotropy of the crystal within this
nonfaceted crystal@iffusion-controlled growthis the den-  plane[4]. In directional solidification, the orientation of the
drite [1—4]. In free growth, i.e., the growth of a crystal from crystal must be specified not only with respect to the sample
a unique solid germ in a uniformly cooled melt, dendritesplane, but also with respect to the axis of the temperature
grow isolated from each other. The dendritic shape is then gradient, which is also the imposed average grolethpull-
“needle crystal” with a parabolic tip affected on its sides by ing) axis. Letz be the pulling axis and the axis normal to
a secondary branching. At given undercooling, the dendritez and parallel to the plane of the sample. kebe the direc-
tip radius of curvaturep and the tip velocity are uniquely tion of the minimum ofr or 8 within the sample plane and
selected by the anisotropy of the surface stiffnegs] or the  «ag the angle betweem andc. Except for axially oriented
kinetic coefficients [2]. The dendrites moreover grow par- crystals—i.e., the particular case wherd180 axis of the
allel to symmetry axes of the crystal corresponding to thelcubic) crystal, or its projection onto the sample plane, is
directions of the minimums of or 8. For cubic crystal$3], parallel toz— « is nonzero. The dendritic pattern then drifts
these directions generally at#00 axes. In directional so- at a constant velocity, along the fron{Fig. 1) [4,6—7]. The
lidification [4], the melt is solidified at constant velocityin it angle « of the dendrites, defined by tan=Vy/V, is of
an externally imposed, unidirectional temperature gradientsame sign as but smallén absolute valuethan . Con-
In thin samples, the growth pattern is then essentially peritrary to free-growth dendrites, directional-solidification den-
odic. At sufficiently high values ol above the cellular- drites generally grow along a direction that is not that of the
threshold velocity/, [5], one observes regular arrays of den- minimum of = or S.
drites. Within such patterns, each dendrite interacts with its In this paper, we focus on the gquantitative dependence of
neighbors via the diffusion field in the liquidinite-size ef-  « on the various relevant parameters, namely, the tempera-
fects, the strength of this interaction being obviously a de-ture gradienG, the pulling velocityV, the dendritic spacing
creasing function of the inter-dendritic spacing N\, and the orientation of the crystal. To this purpose, we
In thin samples, the growth pattern strongly depends omperformed directional solidification experiments  of
the orientation of the crystal with respect to the solidificationCBr,-C,Clg alloys at a fixed concentratio@..,=8 mol %.
setup. The reason for this is that the system practically beWe also carried out numerical calculatiofmesolution of the
haves in a two-dimension&2D) way, as shown in Ref4]. equations of the minimal model of diffusion-controlled
This means that, in spite of the fact that the solid-liquidgrowth in two dimensions in a channel with periodic bound-
interface necessarily forms a meniscus, it can be considereaty condition$ with the help of a dynamic code adapted
from that used in Ref4]. A priori, the difference betweemn
and ay can be expected to depend on both the interactions
*Present address: Laboratoire de Specitam@hysique, Univer-  between neighboring dendrites and the strength of the tem-
site Joseph FouriefGrenoble ), Boite Postale 87, 38402 St. Martin  perature gradient. We indeed observe that the tilt angle of the
d’Heres Cedex, France. dendrites is an increasing function 9f (as already shown
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FIG. 1. Tilted-dendrite patterns in directional
solidification of a CB§—8 mol % GClg alloy for
three  different  pulling  velocities: (@)

" 9.94umst (b) 13.5ums ™ (c) 23.9ums ™.
f 4 / Y 4 z axis: pulling axis;a: tilt angle of the dendrite;
' 4 ap: angle between the axis and thec axis (see
- L text).
by

experimentally by Trivedet al. [6] and Oswaldet al. [7]in  well completed within about 5 times the diffusion tine

the pivalic acid—ethanol systgrand also ofA. The depen- =D/V?, and the long-lasting recoil of the front previously
dence ofa on X\, which has never been quantitatively dem-recorded in the most contaminated samples was not ob-
onstrated before, is not a surprise in view of the precedingerved. Second, no gas bubbles were observed to preexist in
remarks. More unexpectedly, we find that, for pulling veloci- the liquid or nucleate in the course of solidification riflwsv

ties sufficiently higher thaW ., « is practically a function of residual-gas concentratipn

only one variable, namely, the spacingckRe number, de- We used thin(~12 um thick), “funnel-shaped” samples
fined asP=\/l4, wherel4=D/V is the diffusion lengtD [4] in order to select largé~8 mm wide single crystals.

is the diffusion coefficient of the solute in the liquidrhis ~ However, the selection procedure of the single crystal is per-
means that the tilt angle of dendrites is determined by finiteformed without any quantitative knowledge of the anisotropy
size effects, independently of the value®f These results and ay. X-ray analysis for the determination of the crystal
are found both experimentally and numerically. In addition,orientation cannot be used because a solid-solid transition
numerical calculations show that, at given« scales almost undergone by the CBiC,Cl; alloy at about 43 °C induces a
linearly with «q for «q values up to~25°. We also inves- polygonization of the initial single crystal. We did not use
tigated numerically the dependence @fon the strength of the “faceted-bubble” method explained in R¢#l] in order

the interfacial anisotropy. to avoid plastic deformations of the crystal when a bubble is
being entrapped by the soljd1].
Il. EXPERIMENTAL AND NUMERICAL METHODS Each solidification run was performed by increasivig

through discrete velocity jumps within a range of

For the directional solidification experiments, the concen-4—31um stie, 1.4/ to 11V . After eachV jump, we
tration of GClg in the CBp-C,Cls alloy was fixed to 8 waited a time much longer thah(or D/V,V, for a velocity
mol %. The alloy was made with zone-refined and outgasseflimp from V; to V,) [10]. It can be seen in Fig. 1, which
materials. The temperature gradient was set@e 110  shows three tilted-dendrite fronts observed in the same single
+10 Kem ™. The calculated value of the cellular-threshold crystal at three different velocities, that is not uniform
velocity Vs in the constitutional supercooling approximation
is ~2.5um s 1. We recall thatv,=DG/AT,, whereAT, TABLE I. Physical constants of the CBE,Clg alloy. The val-
=m(K~1—1)C,, is the thermal gapm the slope of the li- ues ofm, K, D, andd, (symbols: see textare known within
quidus, anK the partition coefficientsee Table)I[5]. Ex- ~ =20% [9]. The melting temperatur&, of pure CBy is known
perimentally, we measured the actual value of the cellulag=0.3 °C. The determination g8, [14] is explained in Sec. II.
threshold V&P'=2.2+0.4ums™*. The fact thatVe® is . - p 5 5 5
smaller thanV stems from the presence of a small amount, ™ i 0 0
of residual impurities in the alloy8,9]. Two facts evidence (°©)  (Kimol %) (cnPs™)  (um)  (Kspm™)
that residual impurities do not markedly perturb our experi-g2 5 0.8 075 X10°% 0054 4.46¢10°3
ments. First, the initial solute-redistribution transigh®] is
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along a given front. These smoot modulations are ob- 850 ‘ ; ; .
served to persist over very long times-§) and, except
when\ gradients are too steep, they travel rigidly with the 750 ¢
pattern, which shows that is not selected and phase diffu-

sion is ineffective. The&. modulations are thus history depen- g 650 ¢
dent and remain essentially unchanged since the initial insta—% 550 |
bility of the front. This is true even wheW jumps are

applied, provided that the amplitude of the jumps remains 450 ©
moderate(i.e., such that no cell termination, or tip splitting,

or tail instability occur; in practice, this is always fulfilled by 350 ‘ ‘ ‘ . L \ ;
increasingV by a factor less than)2As a consequence, the 100 200 300 400 500 600 700 800 900 1000
mean value of the dendritic spacing and the width of Xhe X (um)

distribution does not change much wh¥ns varied. There _ ) o ) o
are, nevertheless, some changes that are due to the fact thﬁtF'G' 2. Tilted dendrites obtained in a numerical calculation in a
the drifting pattern is continually generated at a source poin ar_‘”e' with periodic bo%ndary conditions ff thoe d|re_ct|ona.l solidi-
(the edge of the sample opposite to the drift direction, in thelCatlon of a C_BE_S m°|d/°_CZC|§_a”€y (a(l)_'tlsh?' V=6Vesi A
case of Fig. 1 the left-hand edgand that the value ok =155.2um; P=3.44 anda=35%; channel width: 4.
delivered by this source depends ¥n This means that the
patterns that we have studied were never perfectly stead
We took care to measuke only in quasisteady situationa.

measurements were done by recording Spatiotemporal diggis jies i the plane of the sample, and decrease as the
g;aarlrl];n?tv Zr tlr?ir:g(grgeﬁnn(;r?)fﬂ:ﬁg t\/(\alﬂc;[lltran ?rﬁgnf[r(otmslrgggzs off-plane misorientation of this axis increases. The value

' - o =4.46<10 * Ksum™ [14], and the valuese,=0.12
sponds to about 25-40 cells or dendrites, according to th’80 K [14] k

mean value o).

Numerical calculations were performed in two dimen-
sions in a channel with periodic boundary conditipA§ as
mentioned above. We included a linear interfacial kinetic
into the Gibbs-Thomson equation, which reads

averaged over all orientations. On the other hand, for sym-
Ynetry reasonsg, ande. have the same, strong dependence
on the crystal orientation. They are maximum whe{i@0

&nd £.=0.06 in a(100 plane were determined so as to fit
the shape of axial dendrites observed for a crystal orientation
such that 4100] axis is nearly parallel to theaxis[12]. The
value of the other physical constants used in the calculations,
Swhich have been independently determined in a previous
study[8], are reported in Table I. In the present study, the
concentration was fixed to 8 mol % and the temperature gra-
U=1—dx— 'B_U (1) dient to G=80Kcm ' (V,=1.85ums*). Most of our

AT, calculations have been performed fog=30°. In Fig. 2 is

. . shown a simulation of an array of four tilted dendrites cal-
whereu;=(C—C.)/AC, is the reduced concentration at the . jated with @o=45° and \=155.2um at V=6V, (P

interface(ACo=ATo/m is the concentration gapx the cur- _ 3 44 ande=35°). The calculation is made in a channel of
vature of the interfaced the capillary length, and the  rgjatively large widthw=4\ to ensure that the extended,
velocity of the interface. Botld and 8 are assumed to de- giationary pattern is intrinsically stable. For thig value,
pend on the orientation of the crystal. The inclusion of anngiaple patterns are observed in the absence of kinetic an-
anisotropic kinetic coefficient was motivated by our previoUsisotropy. It can be seen in Fig. 2 that the successive images
observation[4] that the tip region of the dendrites in f the interdendritic liquid grooves overlap. This entails that
CBr,-C,Cls alloys atV>V, exhibits a pronounced angular he angle of the grooves with the axis is slightly higher
shape and a weak-amplitude sidebranching. A detailed nypan . Finally, experiments as well as calculations show that

merical study of the shape of the dendrites as a functigB of ¢ shape of tilted dendrites is asymmetric with respect to the
and its anisotropy, which will be reported elsewhii], led it 4xis. The point of maximum curvature is neither the point

us to the conclusion that, as suggested by Classeh[13],  f |ower undercooling nor the point at which the normal to

the kinetic anisotropy even dominates the capillary one in thene jnterface is parallel to the tilt axis. The detailed study of
dendritic-selection mechanism in our system. We took the[he shape of tilted dendrites is in progress and will be re-

following formulas ford and g: ported elsewhere.
d(6)=dy[1-&.c0S4 6— ap)], 2) lll. RESULTS
B(6)=B4[1—¢gc0S4 60— ap)], 3 The values ofe measured during the same three experi-

mental runs as in Fig. 1 are plotted in Fig. 3 as a function of
These functional forms are appropriate for crystal orientax. The reading errors are much smaller than the scatter of the
tions such that 4100] axis nearly lies within the sample data points, which is mainly due to the fact that the patterns
plane. In this case, the axis practically coincides with the are not strictly stationarysee above Figure 3 primarily
projection of the[100] axis onto the sample plane. The co- shows that, at fixed/, @ markedly increases wheR in-
efficients 81, d;, &, ande. (but not @y) depend on the creases. In addition, it confirms that, at fixed« increases
off-plane misorientation of theL00] axis[4]. Quantitatively, whenV increase$5,6]. Figure 4 shows the dependenceaof
the dependence g8, and d; on the crystal orientation is on the spacing Réet numberP for two different crystals
negligible. We took them equal to their valugg andd,  (crystal 1 is the same crystal as in Figs. 1 andFr each
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FIG. 3. « as a function of\ measured a¥=9.94um s * (N),
V=135ums ! (@), andV=23.9um s * () in the same crystal
as in Fig. 1.
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FIG. 5. « as a function ofP calculated numerically¢y=30°)
for A=55.9um (O), A=79um (O), and A\=162.8um (A) at
various velocities. The point calculated Bt=5 and foray=17°
(V) and the numerical results obtained by Okada and $a@p(H)

crystal, the data points fall onto a single, well-defined curve@so fora,=17° are rescaled by a factor 1.7éee text

This similarity-law behavior is confirmed by the numerical

calculations reported in Fig. &ee also Table ]I We calcu-
lated three sets of data points feg=30° for three values of
\, namely, 55.9, 79.0, and 162/8n, which fall within the
experimentally observed range. The value\bfvas varied
between 1.¥ and 14/, so thatP varied between 0.5 and

method for estimatingr,, which simply consists of extrapo-
lating the measured values efto high values oP. One has,
however, to take care of the fact that thesersusP curves
only saturate for relatively higP values. In the case of the
curve calculated fory=30° (Fig. 5), the difference between

7. The three numerical sets of data coincide within numericakr and a is ~6° at P=5, and still~2° at P=7. On the
errors (+0.3°) for P ranging from about 0.9 to 7. The slight other hand, we calculated that, fag=17°, «=15.9+2° at

discrepancy between the two pointsRt 0.6 will be com-
mented on in the next section.
In our experiments, the value af, is not known indepen-

P=5, which seems to indicate that the versusP curve
approaches its asymptotic value more rapidlyagsis de-
creased.

dently of the growth pattern. We thus cannot directly com- This last result signals that the shape of theersusP
pare the numerical data to the experimental ones. Howevegurve varies according to the value @f. On the one hand,
our experimental and numerical results show that, at Figh we show in Fig. 4 that it is possible to fit the whaleversus
values,a tends towards a constant value, which depends o curve calculated foray=30°, multiplied by a factor
the crystal orientation. The calculations moreover show that1.15, to the experimental data of crystal 2, which, as esti-
this limit value is equalor, at least, extremely closéo «. mated above, corresponds to a valuagf which is not very
From Fig. 4, it can be seen that this limit value is roughly different from 30°. On the other hand, the same procedure
equal to 40° for crystal 1 and 32° for crystal @he applied to crystal 1 gave unsatisfactory results, indicating
experimental error being about2°). This yields thus a that the shape of tha versusP curve changes significantly
from ay~30° to ayg=40°. This can be understood by study-

50 ing the dependence af on a at a fixed value oP. Figure
i ] 6 shows that, foP =2.93 andx, ranging between 0 and 47°
. crystal 1 ]
40 - 0 .
crystal 2 | TABLE Il. « as a function ofP for different values of\ (nu-
% 30 [ T ] merical resultsand ay=30°; see text for symbols.
(]
L:/ 20 g 1 « (deg
P A=55.9um A=79.0um A=956um \=162.8um
10 [ ] 0.49725 4.4
i 0.585 6.8 6.2
ol ‘ ‘ o ‘ ‘ 0.73125 8.7
0 1 ) 3 4 5 6 7 8 0.8775 11.0 10.9
P 1.17 14.1 14.1
1.4625 16.4 16.5
FIG. 4. a as a function o (see text measured experimentally 2.0475 19.8 19.9 19.8
for two crystals of different orientations. Crystald) corresponds ~ 2.91 234
to the same crystal as in Figs. 1 and 3. The thin line is a guide foR2.925 231 23.4
the eyes and corresponds to numerical points calculatedxfor 5 26.7 27.2 27.4
=30° (see Fig. 5 and Table )lirescaled so that it fits the experi- 7 28.1 28.6

mental points of crystal 20).
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FIG. 7. Dependence o& on g, for P=2.925 anday=30°

FIG. 6. a as a function ofxg for P=2.925 \=55.9um) (NU- 1 \merical results The ratios, /s, =2 is kept constant. The line is
merical results The line joining the data points is only a guide for only a guide for the eye.

the eye. Dotted line: straight line passing through the first two data

points. graph between the: versusP curves obtained experimen-
tally and numerically, which assumed implicitly thaf 00|

(see also Table I)|] the dependence af on ay is roughly  axis nearly lies within the sample plane, is thus justified.

linear for 0<@y=25°. Within this range of values atg, From Fig. 7, one deduces that the above fitting procedure

the « versusP curves corresponding to different values of applied to crystal 2 delivers a value atq (1.15<30

ag can be rescaled so that they fit each other, the scaling34.5°) is accurate within=15%, which remains of the

factor being then exactly equal toddy. In other words, the same order of magnitude as the experimental uncertainty.

al ag versusP curve can be used as a master curve, and the

knowledge ofa for any value ofP is sufficient to knowag. IV. DISCUSSION

For ag higher than 259as in the case of crystals 1 angl 2

the variations ofa with P and «y cease to obey this addi-

tional similarity law.

The growth dynamics in directional solidificati@npriori
depends on the relative values of the characteristic lengths

Finally, in the experiments, not onlgy, but alsoegy, la, [1:=ATo/G (thermal lengthl, do, and A (a “kinetic

varies from one crystal orientation to another. We studiedengt.h’.’ Ko=Dpo/AT, can also. be defined from the kinetic
numerically the sensitivity of to &, (¢, /e.=2 being kept coefficient 8, [14]). Moreover, it generally suffices to con-
constant at a givenP value of 2.925 and;O=30° (Fig. 7: sider three reduced parameters, constructed from these four

see also Table I)/ It can be seen that increases whes, ~ characteristic lengths, and which ali¢ the spacing Retet

increases, this dependence being particularly strong when "UMPerP, (i) the parametep=1,/14=V/V,s, and(iii) the
is small (sk<0.06)p. However, it r?n?st be not}éd thatg,J inl?[his parametedy/I (or, ratherko/l;). As mentioned above, the

low-anisotropy range, calculations have shown thay/ asd first parameter ) measures the interactions between neigh-

\ are increased, the pattern becomes sensitive to instabilitié)stor('jnggendr:f_esdv"”t‘hthe dlffus;on field. tSlnce, in the prtehsent
that are clearly a precursor of the formation of doublons an@udy: & 1S TiXed, the second parame Q) measures the
the “seaweed pattern[4]. These instabilities were not ob- influence of the temperature gradient. Contraryttandld "
served during the solidification of crystals 1 and 2. Our ex-he lengthsd, andk, are not observable directly. Knowing

periments thus clearly correspond to the “high”-anisotropy &t €xcept for very dilute alloygwhich is not the case
range (0.06¢), within which the variations ofx with &, here, the 4rat|osd30/_lt and ko/!t_are extremely_smamn the
are small. The direct comparison made in the preceding pard@"9€ 10°~10"") is not sufficient to decide if these quan-

tities are relevant or not for the determination of the tilt angle
. . of the dendrites. However, ak, andk, set the scale for the

TABLE Ill. o as a function ofaq (numerical resultsfor P i, radiusp of the dendrites, it can be assumed that the in-

=2.93(see text fluence ofdy/I, andko/l, can be neglected as long as the

a (deg o (deg
8 6.47 TABLE IV. « as a function ofe, (numerical resultsfor P
15 121 =2.93(see text Note thate,/e.=2 is kept constant.
24 18.7
30 23.1 o « (deg
38 27.5 0.02 9.6
43 29.6 0.03 15.4
45 29.7 0.06 19.7
46 28.95 0.09 21.35

a7 28.7 0.12 23.1
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ratio p/l; is small, which is the case here. (M1,=0.36) and a single value oty (17°) for a system
Our results show that, in directional solidification, the de-without kinetic effects, thus with a purely capillary anisot-
viation of the dendritic-growth axis from the preferred ropy e.=0.1 (the material parameters were those of a Ni-Cr
growth axisc, i.e., the difference betweananday, is only ~ stee). For P ranging between 1 and 5, their points, simply
a function ofP. This means thak— «y is insensitive to the rescaled by 30/171.76 (Fig. 5), superimpose onto our nu-
value of G. We obtained additional evidence of this property merical data within+1°. At high P values, thex versusP
by calculating @ at a given value of P=2.925 { curve calculated by Okada and Saito tends towarglsnore
=55.94m) for two values ofG (40 and 160 K cm?) dif- rapidly than our curve calculated far,=30°. On the other

fering from each other by a factor 4. These calculations gavdand, our data point calculated fep=17° andP=5 falls
the same value ofw=22.6° within numerical errors Wellin the continuity of Okada and Saito’s ones. In addition,

(£0.3°). This also explains the quantitative agreement bet_r}ese fattﬁthorstalso ffur;jfan approx[matsht/ Imearodepctiar;(éfnce
tween the numerical and the experimental results, althougff & WITh @o at constant™ior a, ranging between © an
17]. Once again, the deviations between the various sets of

they correspond to two different values Gf .
On the other hand, the assertion that, to a very good aFgata calculated for different values af, can be apparently

proximation, P is the unique relevant parameter for the de_explalned by the slight dependence of the shape ofdthe

pendence ofr onV and\ ceases certainly to be valid fof vgrs_usP curve on the value quq. It seems.thus ‘h?t’ at [east

values just abové/, i.e., whenu is close to 1. The theory within Fhe Igrge-amsotropy limit, the scaling M.W'th P. S

shows that the valij’e Qi,at the threshold ) is zero for a essentially independent of the nature of the anisotropic inter-
C

purely capillary anisotropy. In the presence of a kinetic an—flaoﬁ\'la; dpi:’IO?f?ert)(;(esnudrtfﬁi((:fsgelgstli%?’] xegﬁzgfiscr:qal Kinetjcin-
isotropy[15], a. is a constant that does not scalexa¥., )

where)\ . is the critical wavelength of the cellular instability ma-g?efgﬂf\lllﬁi’r ;’;:Z tri]l?\;i (Ijeeg]fotrillfézjatje:né?iﬁes)gztgr}ﬁic(-)f a
[5] (note that, in our experiments\,~101um and V. 9

1 i - tion of the spacing Reet number in directional solidifica-
~2.8ums -, so that the corresponding éet number is .. Thi . ially i " h
~0.6). Thus, forV very close oV, a, as well as other tion. This master curve is essentially insensitive to the tem-
mor. Holo iclal variables. depends ;'ot o’nl Rnbut also on perature gradient and its shape is essentially due to finite-size
EF>)< erir?]entall we in,dee%l noted that )\/Nhgris close 1o effects within the periodic pattern. The only significant influ-
M EXP e : T ence of the unidirectional temperature gradient on the growth
1, thea data points no longer superimpose in theersusP

. . o _ pattern is thus to make it approximately periodic. It would
répresentation. This sensitivity af to the temperature gra- -y, o pe interesting to examine if, as it apparently follows
dient close toV, also clearly appears in our numerical cal-

culations for less tham~3V., i.e.. u<3 (it is the origin of from our study, tilted dendrites with the sarRedependence

the slight discrepancy visible between the two points ob of @ would also be observed in free growth under periodic
tained atP=0.6 in Fig. 5. This shows that the shallow-cell ‘boundary condition§18]. In this case, this would mean that

. hich ds 1o this | locit . the dynamics and the selection mechanism of tilted but also
rc_ag|r|net,hw Ic _COfFeSpE_’" hStho :: otvv-ée ocity rangie, ;S Pr€%f axial dendrited19] in directional solidification obey the
cisely the regime in which the €etiects of are important. same rules as free-growth dendrites in a channel with peri-

When u tends towards infinity, i.e., whew, and thusP,

indefinitely increase at fixeN, « tends towardsy, since the odic boundary condition§20]
boundary conditions are becoming equivalent to these of free
growth. That increasing at fixedV leads to the same result
is more surprising, sincg remains constant and is not nec-
essarily large. Nevertheless, we found numerically that, at We gratefully acknowledge G. Faivre and A. Karma for
constant (P=5), when\ is changed by a factor of rom  very fruitful discussions. Thanks are also due to H. Savary
55.9 to 162.8um; u then varies from 8 to 25 « remains and A.-M. Pougnet, of the Centre National d’Etudes des
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