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Dynamical polygonization below the cellular-bifurcation threshold
in thin-sample directional solidification
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We show that a polygonization of the cryst@rmation of grain subboundariesakes place during the
growth in thin-sample directional solidification of a transparent nonfaceted alloy at solidification rates lower
than the cellular-bifurcation threshold. We give experimental evidence that this phenomenon is due to a
dynamical coupling between the lattice defects intersecting the growth front and the diffusive modes of
instability of the front. We present a theoretical model of this process in two-dimensional systems.
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[. INTRODUCTION nomenon, which, as we shall show, involves a rearrangement
of the dislocations in the solid during solidification %t
In directional solidification, i.e., when solidification is <V,. This phenomenon, which was previously notétut
performed at an imposed ratéunder an externally applied not studied, consists of the repeated appearance of small
unidirectional thermal gradier@, the growth front of a non- grooves along the front. We study it here in detail in thin
faceted dilute alloy undergoes a morphological transition at &aamples of the alloy CB+C,Clg, which, at low concentra-
threshold valuev, of V: the front is planarparallel to the tions, solidifies into a fcc plastic crystal. Our purpose is two-
isotherm$ at V<<V., and exhibits a periodically modulated fold: first, we wish to illustrate the fact that relatively fine
(“cellular” ) shape atv>V,.! The physical factors at play rearrangements of lattice defects can be easily, although in-
are the solute concentration gradient ahead of the front, thdirectly, observed using an optical microscope; second, we
applied thermal gradient, and the solid-liquid surface tensiontry to utilize this fact to cast light upon the above-mentioned
The first exerts a destabilizing effect on the front, whereaphenomenon, and thereby upon the elementary mechanisms
the others tend to restabilize it. The exact nature of the tranthrough which deformations of the front associated with
sition (a bifurcation between different branches of stationarychanges in the solute concentration field can be coupled with
states of the systemwas clarified by the linear theory of rearrangements of dislocations in the solid.
Mullins and Sekerk3, and subsequent weakly nonlinear  In recent years, the potential of the TDS method has been
analysis’ Experiments performed by the method of thin- greatly increased by the use of powerful data processing
sample directional solidificatioffDS) of transparent alloys, techniques. Nowadays, this method allows one to follow a
in which the growth front was observed in real time with anseveral-millimeter-wide portion of a front over a several-
optical microscope, were specifically dedicated to the checkhour-long solidification time with a spatial sensitivity limit of
ing of these theories, and fully confirmed their validfty. less than 1um and a temporal resolution of 0.04 s. This
However, some phenomena connected with the cellulatechnical progress played a decisive part in a recent clarifi-
transition remain unclear, for instance, the interplay betweeration of old pending questions, such as the influence of
deformations of the growth front and crystal defects. Theinterfacial anisotropy on the stability of cellular/dendritic
particular case of a high-angle grain boundé®B) running  pattern$®>*3and the nature of the morphological instabilities
perpendicular to the front was studied in some détabut  of lamellar eutectics* The application of the TDS method
little is known about the coupling of dislocations and grainthat we present here relies on the following simple idea. The
subboundariegSB’s) with the movements of the froit. statement that the solidification front is planar wheéa 'V,
Some insight into this question was recently provided byis true only if the solid is perfect. Any local accumulation of
Grangeet al® These authors visualized simultaneously thedefects in the solid near the front increases the local free
dislocations in the solid and the growth front during a direc-energy of the solid, lowers the solid-liquid equilibrium tem-
tional solidification of metallic alloys using x-ray topogra- perature, and hence creates a depression of the solidification
phy. They observed, among other things, that the crystalont, which is potentially observable with an optical micro-
contained a relatively homogeneous dislocation networkscope. A well-known example is that of the grooves created
which grew with the solid during solidification at<V,, by high-angle grain boundaries intersecting the ffont.
and underwent rearrangements in response to the deform@ihese GB grooves are sevegain deep, generally. It is pos-
tions of the front wherV was switched to a value larger than sible to observe much smaller deformations of the front. It
V.. Phenomena of this type are very likely to occur in all will be seen that grooves no deeper than about/hg at-
nonfaceted systems, especially, in the transparent organtached to subboundaries of disorientation angles smaller than
“analogs of metals,” such as CBrand succinonitrile, that about 0.2°, can easily be vizualized.
are commonly utilized in TDS experimerits® The phenomenon that we study here can be briefly de-
In this paper, we present an experimental study of a phescribed as follows. A portion of a front, which was perfectly

0163-1829/2002/66)/05410210)/$20.00 66 054102-1 ©2002 The American Physical Society



BOTTIN-ROUSSEAU, AKAMATSU, AND FAIVRE PHYSICAL REVIEW B66, 054102 (2002

a)

na

b), —]
'cso“”m' VXY \C Y Y Y Y \W

FIG. 1. Three snapshots of the same portion of a solidification front. Undoped GB+110 K cni 2. In this, and the following figures,
the solidification direction is upwarda) At rest (V=0) prior to solidification. The deep GB groove appearing in this snapshot is in the
process of migrating rightward as a result of the grain coarsening process occurring in thébsdhfier a 30-min solidification av
=6.5ums ! . Note the five shallow grooves that have appeared during solidification. The preexisting GB is still visible on the right-hand
side of the photographc) After aV jump to 20ums ! . The first and the third intercell grooves from the left are without SB’s.

flat before the onset of directional solidificatipRig. 1(a)], ness. The difference between the actual sample thickness and
exhibits a number of small grooves after a certain time ofthis nominal value does not exceed a fam. The observa-
solidification atV substantially lower than/, [Fig. 1(b)].  tions show that the effects of this error may be quite signifi-
The existence of a cugpisible at a larger magnificatiorat  cant in (nominally) 6-um thick samples, but are generally
the bottom of these grooves, and the fact that they do najegligible in 12- and 5Qwm-thick ones. In this study, we
disappear when the solidification is stopped, indicate thapreferentially use 12:m-thick samples for reasons which
they are attached to SB's. It is shown below that these SB'ill be explained later.
are the result of a “dynamical polygonization,” i.e., a rear-  The alloys are prepared by mixing zone refined chemi-
rangement of the dislocation network occurring duringcals, but nevertheless contain a non-negligible amount of re-
growth! Polygonization is commonly observed in ductile sigual impurities. Two values @ (44 and 110 K cm?) and
crystals at high temperature, but the puzzling fact here is thafarious values of the molar fractior®, of C,Clg are used,
it occurs with a certain regularity during the whole duration but dynamica| po]ygonizaﬁon turns out to be qua|itative|y
of the solidification runs. Although the SB grooves are subindependent of.,, andG. The uncertainty or6 is of about
ject to a complicated dynamics, as will be seen, their average 1094, AtG=44 K cm !, the measured values vt range
spacing remains fixed at a value of the order of magnitude ofiom about 8ums ! in undoped CBy samples(due to re-
100 um. This value, which is comparable to the spacing ofgjqyal impuritie to 0.8 ums ™ * for C..=8%.
the large-amplitude cells appearingvat V. [Fig. 1(c)], sug- The samples are filled by capillarity above the melting
gests that dynamical polygonization is a morphological i”'point of pure CBj (T,;~92.5°C), cooled down to room
this view, but also shows that the details of the process degjfferent temperatures, and maintained at rést., atV
pend on the samp_le thickness, and several other geometrii.:o) during a certain time before the onset of the pulling.
and crystallographic factors. o . Their coldest end remains in the solid state, and serves as
The existence of a dynamical polygonization beldwis  gojigification seed. This seed is a polycrystal, as revealed by
of some importance concerning the ceIIuIar_b|furpat|on itselfthe presence of deep GB grooves at the solid-liquid interface,
When, after some time of pulling <V, Vis switched t0  anq is subject to a grain coarsening procédsfe started the
a value larger thalv;, either directly or after a stop of the pylling after about 20 min at rest, at a moment when the
solidification, the intercell grooves appear preferentially ONgrain size(i.e., the spacing of the GB grooJesas of about
the site of the shallow SB grooves createdvatV.. Dy- 500 um. Between the GB grooves, the front was flat within
namical polygonization is thus responsible for a preselectioryperimental uncertaintisee Fig. 1a)], any preexisting SB
of the intercell spacing. Furthermore, the existence of a SByaving been eliminated by the lateral migrations of the GB's
intersecting the front near the bottom of an intercell grooveduring grain coarsening.
modifies the shape of the grooMeig. 1(c)]. The perturbation The stationary planar-front regime Wt V, is reached at
of the cellular pattern that this causes is generally, but nofhe end of an initial “solute redistribution” transiefit,dur-
always, weak. For instance, it has been reported that, wheRg which the front recoilgin the reference frame of the
the cellular pattern is close to the “doublet” bifurcatith, laboratory over the distancé,,=AT,/G (thermal length,
the presence of SB's attached to the intercell grooves plays ghere AT, is the difference between the temperature of the
major role in the selection of the pattefh. liquidus and that of the solidus &= C... During this tran-
sient, the actual growth raté/ of the front progressively
increases from zero t&¥. Similarly, W decreases progres-
sively fromV to zero during the “final” transient following
Details about the used TDS setup and the material corthe arrest of the solidification. The characteristic timgof
stants of the CBFC,Cly alloy were given these transients is equalV?, whereD (~500 um?s 1) is
elsewheré?131819The samples are made of two parallel the diffusion coefficient of gClg in liquid CBr,.
glass plates separated by two thin plastic strips. The useful At V>V., Mullins-Sekerka cells form during the initial
space is 9 mm wide, 60 mm long and 6, 12 or/& thick.  transient. For reasons which we need not to give here, their
We take the thickness of the foils from which the plasticactual spacing is generally significantly smaller than the the-
strips are cut up as the nominal value of the sample thickeretical value\ ; of the critical spacing? To a good approxi-

Il. EXPERIMENTAL METHODS
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FIG. 2. Binarized profile of a solid-liquid interface after a 20-min stay at @st=1%. G=44 K cm *. GB: high-angle grain boundary;
SB: subboundaries; T: trough due to a smooth modulation of the dislocation density. The grooves have been truncated by the binarization
procedure so that their apparent depth is smaller than their real one.

mation, the latter is given by\(/27)3=2d,I%/K, where angle of the interface at the junctiohgg the depth of the
d,=a,/AT, is the capillary lengtha,=yT,,/L, (v is the groove, andygg the surface tension of the boundary; these
solid-liquid surface tension, arlg, is the latent heat per unit quantities are related to each otherfyg/y=2 sinagg and
volume is the Gibbs-Thomson capillary coefficieit,is the  hgg=2dsin(egy/2), whered,,= v2a,/G is the meniscus
partition coefficient. In CByC,Cly, K~0.75 and a, length. In the case of SB’s, these relations read
~0.086 umK.
During solidification, the growth front is continually ob- asg~ ysg2y~2hgg!/dp,. 1)
served with an optical microscope. The images are trans-
ferred to a tape recorder, and digitized for further analysis. Furthermore, SB’s fulfill the conditioysg<2y and GB’s
Image processing was made with the public-domain NIH-the conditionygg=27y nearT,,. The latter condition, which
Image software. Figure 2 shows the binarized profile of aye shall regard as a definition of the GB’s valid ndgy,
front that has been maintained at rest for a certain time aftefmeans, roughly speaking, that GB’s are wetted by the liquid.
a solidification run aV<V.. In this and the following fig- Consequently, all GB’s have the same groove depth
ures, thez axis is parallel to the growth direction, and tke while SB’s have groove depths smaller thdp. Further-
axis to the isotherms. Theaxis is normal to the plane of the more, the capillary anisotropy of the GB’s is small, like that
sample. In Fig. 2, the profile has been stretched along the of the solid-liquid interface, whereas that of the SB’s is gen-
axis by a factor of 20. Three types of distortions due toerally strong. Consequently, in equilibrium, GB’s cut the
crystal defects can be seen, namely, a deep groove due to@nt at a right angle, whereas SB’s may intersect it at an
GB, two shallower grooves of different depths due to twoangle substantially different from 90°.
SB’s of different surface tensions, and a rounded trough e have observed these distinctive features of the GB and
which is certainly due to a pronounced, but smooth maxi-SB grooves in our system. In this section, we focus on the
mum in the dislocation density, as will be seen below. Theshape of the grooves themselves, which does not depend on
trough is clearly visible although it is only about O/8n  the capillary anisotropy of the grain boundaries. The pinning
deep. angles and depths of the grooves were determined by fitting
the theoretical formula for a semi-infinite meniscus onto the
ll. EXPERIMENTAL RESULTS well-resolved part of the profiles. For the deepest grooves,
we foundd,,,=6.3+0.4 um for G=44 Kcm 2, correspond-
ing to y=8.7+1 mNm !, in good agreement with previous
The equilibrium shape of the GB grooves has been studmeasurement$. For the SB’s, the measured values hafg
ied in a number of transparent and metallic nonfaceted sysanged from 0.3um tod,,. Incidentally, we have considered
tems with the aim of determining the solid-liquid surface the possibility that the grooves created during growth, or, at
tension?>2*The principle of the method is as followdThe least, some of them, be due to tiny dust particles floating in
profile (x) of a groove obeys the Gibbs-Thomson equationthe liquid?® In fact, we observe, occasionally, small troughs
relating the temperature, the solute concentration, and thdue to particles of a size of Am or so, which are pushed
curvature of the front. When the concentration is uniform,along by the front during a certain time before being en-
the Gibbs-Thomson equation is entirely similar to the equagulfed by the solid, but these troughs are rounded, and more-
tion of a meniscus in a gravitation field. This equation isover nonstationary because of the incessant motions of the
solved with the boundary condition that the slagh@dx of  particle in the liquid. More decisively, they disappear in a
the front at the junction with the GB is fixed by Young's few seconds when the pulling is stopped. Thus no confusion
equilibrium condition betwen the surface tensions. In thebetween a groove due to a SB and a trough due to a particle
presence of capillary anisotropy, i.e., when the surface tenrseems possible.
sions depend on the orientations of the interfaces, Herring’s The order of magnitude of the surface tension of a sub-
version of the latter condition must be used. When the capboundary is given as a function of the disorientation angle
illary anisotropy of the solid-liquid interface is negligible, 6sg by the well-known Read-Shockley formula, which reads
which is the case in nonfaceted systems, the following for-
mulas are obtained: latgg=tan (dZ/dx) be the pinning Y= Ymbsp!/ 0l L —LN(Osp/ 6) ], (2

A. Shape of GB and SB grooves
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tension anisotropy of the SB, should also be noted. A drift of
the GB groove is also apparent, but it is due to the above-
mentioned grain coarsening occurring in the solid, and is of
no importance here.

In other experiments, the solidification was intentionally
stopped at different stages of the process. It was observed
that, when the solidification is stopped a few seconds after
the appearance of a depression, a complete recovery of the
planarity of the front is observed, whereas a stable rounded
trough remains at the front when the solidification is stopped
a short time before the expected appearance of a(thisps

0 50 100 150 the origin of the trough T in Fig.)2 This indicates the nature
X (um) of the considered process: a depression exists before any
) S __ significant rearrangement of the dislocations has taken place;

FIG._ 3. Proflle§ of a solidification front nff\r a GB at the indi- this depression deepens, and becomes a well-localized
cated times. Pulling was started at 2.4%1s ~ at t=10s. The . . L
successive profiles have been shifted downwards by arbitrary quaﬁ["“?h as d'.s'ofa“ons accumulate. in it, The procgss ends by
tities. C. = 1%. G=44 K cm L., the _nucl_eatlon o_f a SB at the point where _the d|slqcat|pn
density is the highest—probably when this density first

where y,, and 6,, are semiempirical material constaAts reaches some threshold value. We also note that108 s
fcc crystals,d,, is close to 30° andb/y, which is closely —and\~105um in the experiment of Fig. 3. Thus the char-
connected to the ratio of the energy of cohesion to the laterfcteristic quantities and| of the process are comparable to
heat of melting, is of about 58.Using these estimates, we those of the diffusive dynamics of the front.
found Asg~0.2° forhgg=0.3 um. The corresponding value Figure 4 shows a spatiotemporal diagram obtained by su-
of the pinning angle isxsg~4°. To a good approximation, perposing binarized low-magnification snapshots taken at
the function of# on the right-hand side of Eq2) can be regular time interval$t and shifted along the growth axis by
replaced by a linear function over a wide interval aroundthe lengthVét. Such a diagram displays the history of a
0.2°. If the actual value dBgb/y in our system turned out to portion of the front in the reference frame attached to the
be, say, twice as largesmal) as the above estimate, the solid. In Fig. 4, the rectilinear portions of the front have been
estimated value obsg for hsg=0.3 um would be divided erased in order to make the trajectories of the SB and GB
(multiplied) by 2. grooves appear more clearly. Several upwdrimps were
The order of magnitude of the inter-dislocation spacing inapplied during this particular run. The last value \6fwas
a SB is ofb/ fsg. In CBr,, b=3(110~0.63 nm. Thus a SB |arger tharl/, . It can be seen that, 3<V,, the trajectories
with a groove depth of, say, 08m corresponds to about 50 of the SB’s form a river pattern. The SB’s never appear by
dislocations piled up in the thickness of a AB-thick  pairs, as they would if they were due to the nucleation of
sample. The dislocation density, corresponding to a peri- disoriented crystals. Three categories of events are observed:

z (um)

odic array of SB's of spacing, is given by creations of SB’s at some distance of preexisting GB’s or
SB’s, mergings of two SB’s, and abrupt changes in the lateral

Ny~ @_ 3) drift velocity of the SB’s that are apparently not connected

bl, with mergings of SB’s. We have not detected any significant

difference between patterns formed in different grains, nor
ny global trend concerning the disorientation of the created
B's. In a few cases, the merging of a certain number of
_dynamically created SB’s eventually gave rise to a GB, but

In our casel,>50 um andhgg~1 um. Thus the disloca-
tion density contained in the dynamically created SB’s at
given pulling time is at most of 8 10° cm™ 2. A dislocation

density of this order of magnitude is usually found in as—_-. I X
grown crystals, and most probably exists already in the see&h's was probably a matter of statistical fluctuation.

Whether or not this suffices to feed the observed polygoniza- J}hfgentra! faltl:t reveztalzdslg’ the tspathttemfpor?hl d|agre:ms
tion process will be discussed later. is that dynamically create s act as sites for the creation

of further SB’s in the same way as preexisting GB’s do. The
mechanism through which polygonization propagates along
the front is thus obvious. It strongly suggests that the planar

Figure 3 shows the shape of the interface at differenfront is actually linearly unstable against dynamical
stages of the process of creation of a SB in the vicinity of gpolygonization. A further indication of this is given by the
preexisting GB in a 12sm-thick sample. It is seen that a sets of three or more equidistant grooves, which appear in
smooth depression appears at a relatively large distancethe profiles of the front when the lateral drift of the SB’s is
~80 um from the GB groove, and grows progressively not very fast(see Figs. 2 and 5 near=450 um). These
deeper until it suddenly transforms into a cusp-shapedonfigurations are similar t@lthough much less ample than
groove, indicating that a SB has been created in the solidhose that transitorily appear near the GB groovesVat
This occurs at the time=150 s from the onset of solidifi- slightly larger thanV. when Mullins-Sekerka cells begin to
cation. A lateral drift of the SB groove, due to the surfaceform along an unstable planar frotit.

B. Process of formation of the SB’s
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FIG. 4. Trajectories of the SB and GB
grooves during a run performed at several differ-
ent values olV. C.,.=8%. G=110 Kcm *. Tick

/ marks on the left-hand side indicate change¥.of
The successive values Wfare 1.8, 2.15, 2.8, and
3.8 ums ! . The last value oV is aboveV,.
Arrows: preexisting GB’s. Top: nonprocessed
snapshot of the frorthe vertical scale is equal to
the horizontal ong

| _iwom l L)

Quantitatively, the local features of the river pattern doplates increases with increasing sample thickness. In
not vary with time at fixed/. They are also practically inde- 12-um-thick samples, most of them are perpendicular to the
pendent ofV, except wherV approache¥.. It can be seen glass plates, as revealed by the fact that they leave behind a
in Figure 4 that the characteristic quantitiegdistance be- single dark line in the solidFigs. 6 and Y.

tween creation sites and preexisting grooweed 7 (lifetime Figure 6 shows a snapshot of a drifting SB groove super-
of segments of the front longer thah)Zept the same order imposed onto its spatiotemporal diagram. The dark line be-
of magnitude untiV was switched to a value larger th¥q. hind the groove coincides with its trajectory, indicating that
The sudden decreaseldaind r which was then observed will the SB remained immobile in the solid during solidification.
be considered later. It did not change orientation when the pulling was stopped.

The complete immobility of the SB’s in the solid is also

illustrated in Fig. 7, where the SB’s obviously have out-of-
_ ) ) o equilibrium shapes. Thus the observed drift of the SB
The orientation of the SB’s in the solid is revealed by tWOgrooves is only due to the tilt of the SB planes with respect

faint dark lines running along their intersections with theg the growth axis, which is itself due to the capillary anisot-
solid-glass interface%. These lines are due to shallow liquid

channels, which appear during solidification and subsist a
certain time after the stopping of the pulling. We have ob-
served that, contrary to GB’s, SB’s are often tilted with re-
spect to both the growth axis and the glass plates. The pro-
portion of SB’s which are tilted with respect to the glass

C. Lateral drift of the SB grooves

—_\77 T
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— N ——— 25um
pasa

L i _——ﬁr
| | | TN
0 500 1000 1500
X (um) FIG. 6. Spatiotemporal diagram of a front near a SB groove.
V=3.44ums ! C,=1%.G=110 Kcm . The time interval be-
FIG. 5. Profile of the same front as in Fig. 3 at rest after atween the snapshots is of 44 s. Top: nonbinarized snapshot of the
10-min pulling at 2.15ums™* . front.

z (um)
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FIG. 7. SB’s left behind in the solid after the stopping of a
pulling at 20ums ! . Undoped CBy. G=44 K cm 1. Tick mark:
position of the growth front when the pulling was stopped.

z (um)

ropy of the SB’s, as explained in Sec. Il A. This implies that
the drift velocity Vy,is; of the groove and the tilt anglé of
the plane are related by the equatidgis; =V tang.

The low mobility of the SB’s in the solid also implies that
the observed SB planes only are materializations of the tra-
jectories of the junction lines. In other words, these trajecto-
ries are determined by the sole condition that the Young- g
Herring law is fulfilled at the junctions during growth, |§
whether the SB'’s left behind in the solid fulfill the equilib- al — Zum
rium (Wulff's) condition in the solid or not. We have calcu-
lated the stationary profile and tilt anglgs; of a weakly

FIG. 8. Collision of a SB groove with a rounded trough. Below:
spatiotemporal diagram. Above: binarized snapshots taken at the

anisotropic SB groove as a function ¥fin the linear(or i - . .
S - . . times indicated by the tick marks on the left-hand side of the spa-
small pinning anglesapproximation formerly used by Cori iotemporal diagramy = 1.85 ums-1. C=8%. G=110 K cnt %,

ell and Sekerka. This calculation is not reproduced here. We
find that, roughly speakingp.; is practically independent of

V (and thus equals the Young-Herring equilibrium value athite long-range disorientation of the crystal lattice, so that its
resh whenV is lower than a certain value close Y@, and incorporation into the SB changes the nature of the latter.
decreases rapidly with increasingabove this value. This Most of the irregularities in the trajectories of the SB’s are
result is in qualitative agreement with the observations, atikely to be due to similar processes, although the reverse
illustrated in Fig. 7. This figure shows the trajectories of SB’sprocess(a SB losing some of its dislocations also con-
during the final transient of a run performedat V.. Itcan  ceivable.

be seen that the tilt angle of the trajectories, which is practi- These remarks raise a guestion about the origin of the
cally equal to zero during the pulling, took a finite value atdislocations feeding the polygonization process. As men-
the beginning the transient, and then kept this value until thgioned, the total number of dislocations involved in the pro-
front came to rest. This may be explained on the basis of thgegs is not large, and could well already be contained in the
above calculation by assuming that, during the final trangggq. However, spatiotemporal diagrams show that a region
sient, i.e.,.during the decrease of the grc_)wth WtEom V1o ¢ he crystal, which has been swept by SR GB's) sev-
zero, the instantaneous values of the tilt angles of the SB'@ral times, still contains a sufficient density of dislocations
were equal, or were close iy W(1)]. for SB’s to be created. This persistent dislocation density is

This conclusion Vg4,is; is fixed by the anisotropy ofsg) . . s .
implies that the drift velocity of a SB cannot change Withoutggrr;eer lﬁ:kbneor\ll:lr:]d ;é;izgizmgg ?’%:?riaaﬁle;?e;égge:ﬁg? by

the nature of the SB’s, i.e., the orientation of the adjacent . 2 g S . .
grains, changing. This in turn cannot occur without a mergpartlcle either floating in the liquid or sticked on the glass

ing of the considered SB and another SB. However, abrup?lates’ might be involved in these mechanisms, but this is not
changes oNg,1;, which are not connected with collisions §upported by our observations. Thermal stresses, if they were
between SB's, are often observed in the spatiotemporal did™Portant, would presumably cause a noticeable plastic de-
grams(Fig. 4). A closer examination of the experiments from formation of the solid at some distance behind the ff8nt.
which the spatiotemporal diagrams originate provides a soSigns of the large increase in the dislocation density that
lution to this apparent contradiction. Figure 8 shows the prosuch a deformation, if any, would cause, should appear dur-
file of a front near a SB, which is in the process of changingng directional remelting of the sampl&sbut we observed

its growth direction. The SB groove is in fact colliding with none. In fact, the directional-remelting spatiotemporal dia-
a rounded trough, which is too shallow to appear in the spagrams revealed exactly the same SB patterns as the anteced-
tiotemporal diagram. Most probably, this trough is due to aent directional-solidification diagrams did. Thus, without sur-
group of dislocations equivalent to a SB, i.e., carrying a fi-prise, our study leaves the question of the multiplication of
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FIG. 9. Solidification fronts after a long time of pulling in three samples of different thicknesses. Sample thi¢gn@ssn, (b) 12 um,
and(c) 50 um. In (c), the dynamically created SB grooves are indicated with arrows. Two of them are hardly visible because they correspond
to SB’s that are strongly tilted with respect to the glass plates2.8 ums 1. C=8%. G=110 Kcn *.

the dislocations during growth open. Fortunately, this is un-origin of this effect, we are reduced to conjectures. It might
important as regards the qualitative nature of the polygonizabe due to the fact that the dislocations actually accumulate

tion process. near the walls of the container, more precisely, at the inter-
sections of the thalwegs of the troughs with the walls of the

D. Three-dimensional effects. container. The x-ray topography observations by Grange

Influence of the sample thickness et al.® showing that the dislocations always emerge from the

solid at points located relatively far behind the foremost
point of the front, lend support to this view. The creation of
a SB would then involve a propagation from a nucleation site
focated near a glass plate, and would be more difficult in
thick, than in thin samples.
al The large increase of the number of visible SB’s in the
(nominally) 6-um-thick samples cannot be explained by the
. o . above two effects. In fact, the average spacing of the GB's is
\ﬁgngf tﬁ; Igg:ﬁ;r?::egtns dbtﬁﬁzu%errrl:slzlgqgr?igt;c; m;;léhglearly smaller tham\. in these samples, while the above
A . ; ; .~ effects can only result in a spacing larger than this value, if
direction. There is evidence that, in our system, the IIqUIdthe conclusions of Sec. IlIB are correct. The theoretical

wets the glass plates completely, i.e., that the pinning angl . . :
of the front at the glass plates is of 90°. Thus the front formsﬁwdel explained below suggests a solution to this apparent

- f characteristic widit.. alond the iunction inconsistency. According to this model, ¥V, the ob-
0 grooves ot characteristic m aiong the junctio served distribution of SB’s should reflect the structure of the

line with the glass plate_s. This explains that the ppt'mu”%oredominant external perturbations. The observed difference
value of the sample thickness for the observation of g, gg spacing between 12- and gm-thick samples could
quasi-2D _dynamlcs '512954,526 order of_magmtude a2 thus originate from the fact that the predominant perturbation
(~12 pm in our casg In much thicker samples the is the Coriell-Sekerka deformation associated to GBise

?Xﬂ?g‘r'?ng; ttheS Sfr:epge'g Lmr;nz't?g:y %%n'\g@”: (Ia?ferztuc:n elow) in the former case, and the irregularities of the glass
! It1S pertu y 9 IScu ’ lates in the latter case, but this is not proven. Further studies

by the “noise” due to the irregularities of 'the glass plates. Itin samples of very small, accurately controlled thicknesses
should be noted that some processes involve only Iengtr\ﬁ - ; ;

; ill be necessary to clarify this point.
smaller thand,,, and occur at whatever sample thickness.
This is the case of the above-mentioned liquid channels run-

ning along the junction lines of the SB’s with the glass

plates. Coriell and Sekerka showed theoretically that the first

Figure 9 shows typical front profiles observed in samplegyy|iins-Sekerka cells appearing near the GB grooves when
of different thicknesses solidified in otherwise similar condi-

tions. It is seen that the average number of visible SB’s de- R l

Up to this point, we have implicitly assumed that the dy-
namics of our system was purely two dimensiofzd), i.e.,
that everything in the system, especially, the shape of th
front, was uniform in the direction normal to the glass plates
In the remainder of this section, we consider processes th
obviously violate this condition. It should be noted first that
the growth front is actually nonplanar §t<V. even in the

IV. A TWO-DIMENSIONAL MODEL

creases with increasing sample thickness. The proportion of
SB’s that are tilted with respect to the glass plates, and are
therefore difficult to detect in the micrographs, increases
with increasing sample thickness, as already mentioned. This
effect is certainly partly responsible for the apparently
smaller density of SB’s in 5@m-thick samples than in
12-um-thick samples. Another important effect is connected
with the 3D character of the SB nucleation process. The
characteristic length of this process inside the sdlithgp)

is microscopic, but it is associated with the creation of liquid
channels along the glass plates, which is observable with an G 10. Oscillations preceding the nucleation of a SB. Right:
optical microscope. Figure 10 shows that the nucleation of @patiotemporal diagram. Left: snapshots of the front at the times
SB is often preceded by an oscillation, indicating that theindicated by the tick marks. The width of the field of view is of 140
configuration existing at the bottom of the rounded troughs isum. The duration of the recording is of 8.3\=2.15ums *. C
metastable against SB nucleation. Concerning the physicat8%. G=110 Kcni 2.

t
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V is switched to a value larger than, result from the am-  regions corresponding to the minima) [i.e., it will lead
plification of a long-range deformation of the front existing to a regular polygonization arr@ybut this is not included in
already atvV<V,.° This deformation is the response of the the mathematical model.

ideal (dislocation-fre¢ system to the presence of a GB  We need three independent equations at the solid-liquid
groove. The long-range tail of the deformation has the forminterface for the three unknown functions. Two equations—
of a damped sinusoid, the wavelength of which dependg on namely, the mass conservation and the Gibbs-Thomson
(it increases frond,, to A whenV increases from 0 t&%/;), = equations—are provided by the standard model. A third

but is comparable ta. whenV is larger than about O\f.. equation must impose that the ESB’s draw nearer to the
The amplitude of the sinusoid also increased/ascreases, minima of {(x) during growth. In fact, this condition is im-
but remains very small untV reaches/,. plicitly contained in our model since the equilibrium condi-

We suppose that the smooth depression of the front agions at the junctions impose that SB’s grow perpendicular to
pearing during the early stages of the process of creation dhe local orientation of the front. A similar rule, called
SB’s (Fig. 3) is the first mimimum of the Coriell-Sekerka Cahn’s hypothesis, has been conjectured long ago for the
damped sinusoid attached to the nearby GB or SB groovénterphase boundaries in lamellar eutectic growth, and it is
This assumption is quite compatible with the observed valwell known that it leads to an accumulation of the defects in
ues ofl andr, and is supported by the fact that this depres-the troughs of the front: The equation that expresses this
sion relaxes completely when the solidification is stopped. Irconstraint read$
order to explain the subsequent amplification of the depres-
sion, it obviously suffices to assume that the dislocations of al ¢
the solid are subject to a dynamical constraint, which drives EHovﬁ:O' ®)
them toward the bottom of whatever depression exists along
the front. These assumptions can be put in the form of a 2Dt should also be noted that ESB’s of pinning angiesand
continuous model. In this model, individual dislocations arespacingl impose an average curvatured ! to the front.
replaced by “elementary” SB’S(ESB’s) of an arbitrarily = Thus the coupling between the lattice defects and the front
small disorientatione, oriented perpendicular to the glass appears in the form of an additional termyT¢(x)=
plates and the growth frorthe anisotropy of the surface —2ag,a.l ~1(x) on the right-hand side of the Gibbs-Thomson
tension is neglectedand immobile in the solid. The distri- equation.
bution of the ESB’s is described by a continuous density The thus-defined model is basically similar to the continu-
| ~1(x,t). The other assumptions of the model are those thabus Langer-Cahn model of lamellar eutectits®*In the lat-
are usually made in the study of diffusive growtio diffu-  ter model, we recall, the defects responsible for the curvature
sion in the solid, infinitely fast interfacial kinetics, no anisot- termAT, are the boundaries separating the two solid phases.
ropy of y, no convection in the liquid, linear temperature It was shown long ago that, if this term is acting alone, and
distribution imposed from the outsigderhe aim is to perform  if Cahn’s hypothesis is valid, the front is unstable against any
a linear stability analysis of the planar stationary states ofong-wavelength perturbatioflong meaning much larger
this model. We shall content ourselves with an outline of thethan 1).3! The mechanism of this instability is as follows.
calculation? Suppose that, for some reason, a trough appears along the

The unknown functions are three in number: the concenfront. Cahn’s hypothesis implies that the defects will accu-
tration field C(x,z,t) in the liquid, the profileZ(x,t) of the  mulate into this trough. The curvature term will thus become
interface, and(x,t). In the stationary states, the front is at a larger inside the trough, i.e., the trough will deepen, which
fixed position¢,, the ESB spacing has a uniform vallyg will in turn accelerate the accumulation of the defects into
and the concentration field is given b@.(x,z)=(K~! the trough. In the case of lamellar eutectiag], is counter-
—1)C..exd —(z—&)lpt1+C.., wherelp=D/V. The infini- acted by a solutal term, which stabilizes the front above a

tesimal perturbation to be added to this state reads certain “minimum-undercooling spacing.” Such a term does
not exist in the present model, so that it is clear, prior to any
SC=C,e dzlkxtot calculation, that the stationary planar state of our model is
unstable for any value o¥. The following calculation per-
SL= (e et, (4 mits to specify the nature of the fastest growing mode, and
the variation of its amplification rate as a function\af
Sl =1,elkx+ot Injecting the perturbed solution into the interface equa-

tions, and linearizing with respect to the perturbative terms,
wherek and w are the wave vector and the amplification one obtains a homogeneous linear systemGpr ¢,, and
coefficient of the perturbation, respectiveBy,, ¢, andl,are |, the secular equation of which gives the following implicit
unknown coefficients, andlp=1/2+ \/1/4+ k| 2D+ Tpw. It equation forw,
is assumed thah>1,, where A =27x/k. The object of the ) _ 5
calculation is to find the stability spectrum(A) at fixed Tpw— [ (1= VeV —dolpk?)(qlp—1+K) —K]
values of the other parameters. The planar front is unstable if _ 2 _ _
there exists a range df in which w(A)>0. It is understood BeDk(alo=1+K)=0. ©
that the growth of the unstable modes will end by the col-where V. =D/ly, is the “constitutional-supercooling”
lapse of the ESB’s into SB’s of a finite disorientation in the threshold velocity: and B.=2a.d,l, * is a dimensionless
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0.5 phological transition described by the model\&t V. (the

0.4 dynamical polygonizationis essentially different from the
—_ 03 cellular transition occurring a¥/.. Dynamical polygoniza-
D tion consists of a rearrangement of a limited number of dis-
‘8’ 0.2 locations ) initially present in the crystal. It stops when

0.1 all the dislocations have collapsed into subgrain boundaries.

0 It is true that the front eventually takes on a “precellular”
o1 aspecfFigs. Xb) and 9, but the amplitude of the “precells,”

which is nothing else than the depth of the SB grooves, is
bounded and essentially independenVdEgs. (1) and(3)].
This polygonized front destabilizes &, giving rise to
FIG. 11. Calculated stability spectra for the indicated values ofMullins-Sekerka cell$:® Above V,, the amplitude of the
n=VIV¢s. The values of the other parameters are given in the textcells is hardly affected by the presence of a polygonization.

The Mullins-Sekerka threshold correspondgute 1.68. Continuous It must also be emphasized that the observed behavior of
lines: with lattice defects §,=4>10"%). Broken lines: without 4 front depends not only on the instability spectrum but also
lattice defects .=0). on the perturbations to which it is submitted. Some poten-

tially important sources of noise in our sampleall effects,

parameter. Note that the arbitrary parametgrand a, ap-  intrinsic fluctuations of the dislocation densityare ill
pear only through their ratio, which is approximately propor-known, which forbids a really quantitative comparison be-
tional to the dislocation densityy. In fact, 8.=2Cngbd, tween models and experiments. However, the following
[see Eq.3)], whereC= 6,/ a, is approximately constant in semiquantitative predictions can be made:
the range of interest. Also note that one obtains the usual (1) ForV<V, a destabilization will only be observed in
Mullins-Sekerka stability equation by setting, to zero in  the regions where an ample external deformatias, for
Eq. (6). instance, a GB grooyds imposed to the front. Because of

Figure 11 shows the stability spectrua(A) calculated  the flatness of the spectrum, this localized deformation will
for various values ol and the indicated values of the pa- fjyst amplify keeping an unchanged shape, and then propa-
rameters. The curves®(A) for an ideal crystal B.=0)  gate along the front.
are shown for comparison. The valuesdy (=0.32 um), (2) for Vo<V<V,, any small perturbation will suffice to
and the other parameters are those of £84Cls for C..  yigger a deformation of the front, which will tend to become

_ _ =1 H
=0.01 andG=110 Kcm ~. For this set of parameters, the 5 nejodic modulation of wavelengthy., whatever its initial
roots of Eq.(6) are real near the critical point as is also theShape

case in the underlying Mulh_ns-S_ekerka modeDnly the The first of these predictions is in agreement with the
largest of}?e roots appears in Fig. 11. T[‘%‘ valye taken foF]umerous well-reproducible  observations made in
B%.(‘;']X. 10 )t)cglrrespo?]dst)tud~ti>< 102 crln I Thlsf_value, 12-um-thick samples aV¥ substantially lower thaV. (Sec.
whic llzpro ab y);nuc ahove fe atf] ua Y(a ue?glln.tour ITA). It may also explain the difference in SB spacing be-
samplesisee abovk was chosen for the sake of clarity. tween 12- and 6xm-thick samples aV <V via the wall

as Iteci(ar;(t:)tzjeebnu:h?ﬁ;ts F;OS'E:\;ﬁtZirvznixglnueeoﬁ cirl]ﬁ;// at effects, as explained in Sec. Il D. The second prediction is in
P ’ q 9 agreement with the rapid appearance of more or less equis-

;VCS' Belcf)w VCS_’ wg;}()j '? aAmogct)tonlc f?”j{'onwwvr\‘/mh paced SB grooves that we observed to occur in response to V
ecreases VOTH’O—Be o for A—0 10 Z€ro TorA—ce. \e jumps from a velocity lower, to a velocity higher thaf,
note that 1, is large compared to the usual duration tlmes(Fig 4

of solidification runs for realistic values @.. On the other
hand, a maximum appears at a finite wavelenytk (where
“fst” stands for “fastest growing modef at V=V_. The
maximum valuew;; of the amplification rate increases with
increasingV. At V. (i.e., at the value oV at which, in the We have brought to light a mechanism coupling the dis-
absence of defects;;; would be infinitely largg gt is of  locations intersecting the solidification front of a nonfaceted
about 1s, thus very small compared to experimental dura-crystal with the long-range diffusive deformations of this
tion times. The reason for this change occuring/atis as  front. This mechanism leads to a regular polygonization of
follows. In the absence of lattice defects, the stability of thethe crystal during directional solidification &<V, in 2D
planar front within the rang¥ . <V<V. is due to capillary  systems. Furthermore, we have shown that the observed lat-
forces, i.e., to the negative term proportionabitpappearing eral drift of the junctions of the dynamically created SB's
in Eq. (6) (note thatqlp>1 in the range ofA of interesi.  with the front can be explained by the surface tension anisot-
The presence of defects that are forced to grow normal to theopy of the SB’s. These two ingredients could serve as a
front introduces a positive capillary term, which destroys thebasis for a 2D model, which, most probably, could explain
usual stabilizing effect of the surface tension. all the observations that we have made in A&+thick
Before comparing these theoretical results with the exsamples. An important experimental fact would however es-
perimental observations, we emphasize again that the mocape such a model, namely, the sensitivity of dynamical

V. CONCLUSION
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polygonization to sample thickness. We have attributed thisiot constrained to be perpendicular to the walls. Conse-
sensitivity to the fact(proven in former studigsthat our  quently, they generally intersect, and merge into the preex-
system is quasi-2D only in a relatively narrow sample thick-isting high-angle grain boundaries. Real-time observations of

ness window around 12m. Since solidification is generally the growth front of thick samples are currently in progress in
performed in samples much thicker than this value, the mosgrder to clarify this question.

interesting question opened by this study is that of the
polygonization dynamics in 3D systems. The only, relatively

obvious, prediction that can be made at present is that dy-
namical polygonization is certainly more complex, less regu-

lar, and globally less effective in thick than in thin samples This research was financially supported by the Centre Na-
because, in thick samples, the dynamically created SB’s argonal d’Etudes Spatiales, France.
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