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Electrochemical deposition with a forced fluid flow inducing a transition from dendrites
to disordered ramified morphologies
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Centripetal convection is imposed in a radial quasi-two-dimensional cell during the electrochemical depo-
sition of zinc. At low flow rates the side branches of the dendrites are shortened. Beyond a flow rate threshold
a transition is observed, leading to disordered ramified morphologies with fractal properties comparable to
diffusion-limited aggregation. In this second regime, shadowgraphs show that the inhomogeneous region
surrounding the deposit is narrower with a larger flow rate; in addition, the length scale of metal compactness
is greatly increasedby several tens of micrometersAn interpretation in terms of migrative transport is
proposed that would explain the morphological similarities with the patterns commonly produced by the
association of Laplacian growth and unstable tips.

PACS numbgs): 81.10.Aj, 81.15.Lm, 68.7G-w, 82.45+z

[. INTRODUCTION studying the role of additional contributions to diffusive
transport, e.g., migration and convection, in the pattern for-

_ _ _ mation.
Electrodeposits obtained from aqueous solutions of a

metal salt, under nonequilibrium conditions, offer a rich va-
riety of patterns. In a first approximation these patterns can ) )
be split into three classgd—7]. First there exist dentritic Several experiments have demonstrated the existence of
crystal patterns, which show a straight main direction giverfocal electrically driven convection near certain growing de-
by the growth of a stable tip, with side branches forming aposits[20,21]. This convection occurs in regions of the cell
fixed angle with this direction, where the value of the anglelocated near the deposit, where the space charge is not neg-
depends on the growth regime. The second class is that difible. Convection due to gravity also has been reported
disordered patterns, which do not show straight directions of22,23. It occurs in large portions of the cell as soon as the
growth, the tips undergoing repeated splittings. Some ofalt concentration is sufficient to allow a large density differ-
these patterns have well-established fractal propelrfigs, ence between the bulk and the depleted regions.

and resemble the clusters produced by the diffusion-limited A few experiments with controlled convection in the con-
aggregation (DLA) computer simulation of Witten and text of the study of morphology selection of large electrode-
Sander[8,9]. The third group consists of dense patterns thaposits have been published. Jorhé, and Yee have found

are also characterized by unstable tips, but with the remarkhat a convection of the electrolyte, applied against the den-
able dlﬁerenceg t_hat there are a stable overall outline and gjie tips, reduces the roughnd&d]. With a convection field
homogeneous filling of space. making an angle with the electrical field, Laura-Taned al.

Though the various observed structures are all ramifiedy 5,6 ghserved that the growing direction is bent toward the

the ramification processes are different. During dendrite for'convection direction[25,26]; at small length scales the

mation, the side branches grow in definite directions, eacrl)

branching process correspondir!g to a well-defined .CryStarBending also is observed in some computer simulations in-
angle. In contrast, fractal deposits are not characterized olving a “convection effect” making an angle with the dif-
any particular crystal angle, although there is evidence for fusive transporf26—29

g;rtambprobz;blI|tyf(il\|;tr|but|on fc_)r each scrt[%%ng? angle be- In this paper we describe several experiments that differ
een ffa'.‘g Ies ortwo sqtccetgswer?en%ra SThis prbgs- t }rom those quoted above. First, our field geometries are both
ence of widely varying situations has become a subject o adial, so the angle between the convection and electrical

active discussion. The role of microscopic anisotropy ha?ields was kept small; second, we explored a larger range of
been dgmonstratekB,lO] and the interplay of d_n‘ferent IN"" convection speeds. At large length scales the deposits thus
volved fields has been noté¢til], but the mechanism of mor- obtained reveal different morphologies

phology determination remains an open question. This sub-
ject also is of concern in other fields like crystallization
[12,13, fluid fingering[14—17 erosion[18], and, also, biol-
ogy [1,19], where similar patterns are obtained. Meakin [30] introduced a simple convection effect
Electrodeposition of a metal with fast kineti¢se., not  through a bias in the DLA algorithrtanisotropy in the mo-
limiting the growth process constitutes a paradigm for tion of the aggregating particuleand found a morphology

A. Theoretical stakes

B. Convection and the morphology selection problem

C. Predictions by computer simulation
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transition from DLA to dense patterns. Nagat@Bil] ex- 10
tended this work to circular geometry. He obtained the same
transition with centripetal convection, and a transition to
one-dimensional patterns with centrifugal convection. He
concluded that centripetal and centrifugal flows respectively
increase and decrease the fractal dimension.

We are not aware of electrodepositions reported in the 1 el9 2 \
literature that can be compared with these results. Our ex-
periments concern the radial geometry, but our initial mor-
phology is a dendrite, not the DLA. Nevertheless, with a
centripetal flow we obtained a transition leading to a denser
pattern(larger fractal dimension since the rectilinear den-
drite is changed into a deposit of the DLA type. S 3

D. Summary of the experimental results e -8 — 16
and their possible interpretation

Starting from experimental conditions leading to the den-
drite morphology, we apply a centripetal flow of electrolyte
(aqueous solution of zinc sulfatéAt low flow rates there is
a first regime where the dendritic shape is preserved, but
with shorter side branches. At larger flow rates there is a —]
second regime where the dendrite is replaced with a disor-
dered deposit looking like the DLA clusters grown with an
increased surface tensid®,32. We wonder whether the
geometrical characteristics of the second regime can be ex-
plained by the usual model for DLA growth, i.e., the model
that assumes that a pure “Laplacian” transpdriterface
speed controlled by a Laplace equajioassociated with
fluctuations destabilizing the growing tips, leads to fractal FIG. 1. Cell, pumping, and image systeni§} pump; (2) tube

aggregate$1,8,9,33. allowing the creation of a radial flow inside the céhe tube con-
tains an inner wire connected to the genenat@) medical needle
II. EXPERIMENT (¢=0.4 mm) serving as cathodé4) Plexiglas disk ¢=30 mm); (5)
ZnSQ, solution whose level is kept steady during the pumping pro-
A. Device and observation without forced convection cess;(6) glass plate(7) Zn anode surrounding the dist8) spacers

All the experiments reported in this paper were conductedthicknesse=145 um); (9) CCD camera. Additional device for
in circular geometry with M zinc sulfate agueous solution. Shadowgraphst10) point source;(11) lens; (12) diffusing screen.
The experimental device is drawn in Fig. 1. A Plexiglas disk The parallel Ilght rays going throug.h the solution layer reveal, when
(15-mm radiusand a glass plate form a sandwich containing™fracted. the inhomogeneous regions.

a solution layer of thicknese=145 um, constrained by Harvard pump(type 44, with regular syringes, in order to

three peripheral spacers. The anode is a zinc wire ring SUEntrol the flow rate valueQ): then the speedv() averaged

rounding the disk. The central cathode is a properly cu - : - )
medical needle of 40Q«m external diameter. A plastic tube, Eg{gg t::g;:'i"g?;;%’ ata given radiusrg, can be calcu

together with an inner electric wire, are set at the upper en
of this needle. A voltage of 3.50 V is applied between the
two electrodes. Direct views are obtained from a charge-
coupled device(CCD) camera, as well as shadowgraphs, At every run the pump was activated several minutes
when a light source giving a parallel bedtans with point  prior to the polarization of the cell.
source at focal pointand a diffusing screen are inserted. The deposit shape is changed in a manner depending on

The experimental condition&ell geometry, voltage, ini- the chosen flow rate. At low valud®.1 ml/h, for example
tial concentration were chosen to provide dendritic mor- the dendrite shape is still present but the difference in growth
phologies, like the one presented in Figa)2 not too far off  rate between the main and the side directions is amplified.
from the conditions for the disordered aggregates in the morFigure 3a) shows an example. The persistency of a large and
phology diagrani2,3]. During such electrochemical deposi- well defined inhomogeneous zone encompassing the deposit
tion the concentration field has a complex structureis confirmed by the shape of the bright line in the shadow-
[22,34,3%: the quasihomogeneous bulk is separated from thgraph of Fig. 8b). At higher values of), above 0.5 ml/h, the
deposit by a zone of large gradient showing up on interferodeposits no longer present a stable growth direction and look
grams or shadowgraphEig. 2(b)]. like the disordered patterns. Figure@dand 5a) show two

The basic idea is to reduce large scale inhomogeneity bgxamples for, respectively, 2 and 5 ml/h. With such forced
means of a radial flow of the solution. This is achieved byconvections, the inhomogeneous zone loses its regular struc-
withdrawing the cell solution through the needle. We used dure and is confined in the vicinity of the depoldfigs. 4b)

B. Results with centripetal convection
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(@) (®)

. b
FIG. 2. (a) Dendritic electrodeposit grown from aqueous solu- @ ®)

tion of zinc sulfate, without _forced _quid _flov_v. Concentration 1 FIG. 4. (a) Electrodeposit grown under the same conditions as in
mol/l. Voltage 3.50 V. The cell is described in Fig. 1. The upper tuberjg 5 pyt with a centripetal forced fluid flow; the flow rate is 2
of Fig. 1 gives an image in the lower part of Figa@ but of N0/ The shape is very different from that in Fig. 2 and resembles
importance for image digitizingb) Shadowgraph of the same de- p A clusters grown with diffusing particles. Same magnification as
posit taken during the growth process. The parallel light 18g® iy Fig. 2. (b) Shadowgraph of the same deposit taken during the
Fig. 1 are bent when going through solution regions presenting owth process. The bright lines lack the regular structure observed

concentration gradient. Thus, one can distinguish two kinds of re;, Figs. 2b) and 3b), and they progressively disappear when the
gions: (i) the quasihomogeneous bulk,) bright lines encompass- o rate is increased.
ing the deposit area, indicating gradient zoifg® solution being
depleted in the inner region
IIl. THEORETICAL DISCUSSION

and §b)]. The branches become thicKeompare the micro- A. Tip destabilization

graphs of Figs. @) and &b)], in such a way that the deposits Numerous workg1,17,37—4] have shown that the tip

ressemble DLA clusters grown with large capillary length S " .
[9,32]. When the branches become thick enough the deposifc’stab'“ty is controlled by the competition between the micro-

are robust and can be recovered undamaged scopic anisotropywhich furnishes preferential growth direc-

The crossover in the growth dynamics can be quantitagﬁgz) ;Sn%f ﬂdui:::éggﬁnsuroi; V,?hr'eousro\?v?ﬁlgfvggﬁzri:::o&]e
tively exhibited through a study of the growth rate and of the r stgl anisotropy is .sufficie?\t to mgaintain a stable tip only if
dgposited Mass. During each electrodeposition, when thg r{;’ﬁg curvature r%ius is small, of the order of micr%me%/ers
dius was changing from 1 to 7 mm, the electric current |n-£42 44, as in Fig. 6a) Othe}wise two surface elements
tensity and the time were recorded, in order to compute the ;% “>. A ; ’ .

: ; th appreciable orientation differendsurface energy dif-

average speed Of. t.he fastest tip as well as the depo_sned ma (§fencgpare too distant to sustain anc{anisotropy effge)c/:t With
The plot of velocities as a function of the flow rateig. 7) :

clearly displays two regimes, with a crossover value of abou?ufﬂ(.:Ient forced convection the large curvature radiesis .
0.5 ml/h. The plot of massedig. 7) presents a step at the of micrometers, Fig. )] moves the system away from this

condition and the tip stability becomes unlikely. Further-

same value, but less spectacularly. more, additional fluctuations associated with the forced flow

From digitized images, a common box countifig has di 'b f the flow d h ing d X
been performed to determine a fractal dimension. The depoé- 'St;”b ancfe ot.t N fct)xv ﬂue to tt € gdrowwt\_g Iepl)osn,t)etc.t
its exhibiting a good linear fittindof fractal naturg¢ have thE (Ta unction ot the flow rate and particuiarly active &
dimensions contained between 1.64 and 1Fi§. 8). These Igh values.
values are close to 1.71, the fractal dimension of DLA clus- _ .
ters[36]. B. Geometrical properties

For a ramified deposit one can evaluate a characteristic
length, which plays the role of a capillary length. Below this
scale compact domains are found, and above this scale rami-
fied structures are noted. For well developed deposits ob-
tained in the second regime, this length is at least of several
tens of micrometerfFig. 6(b), for examplé. At larger scales
of observation the extension of inhomogeneous regions in
the electrolyte is less significant. The building of the ramified
structure can be shown to be mainly controlled by the elec-
trical field. Indeed, each flux of the charged specidsis

(a) o (b) .
}i= _CiUiZiFV¢_ DiVCi+CiV,
FIG. 3. (a) Dendritic electrodeposit grown under the same con-
ditions as in Fig. 2, but with a centripetal forced fluid flow; the flow . . ) ) o
rate is 0.1 ml/h. The side branches are shorter than in Fig. 2. Sami®here the index stands either for cations or aniortsis the

magnification as in Fig. 2(b) Shadowgraph of the same deposit local concentrationz the charge number of one iof, the
taken during the growth process. The bright lines still indicate aFaraday constant) the mobility, ¢ the electric potentialD
well defined and large inhomogeneous zone reflecting the dendritthe diffusivity, andv the convection speed vector. The elec-
symmetry. tric current density is
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FIG. 5. (a) Electrodeposit grown under the same conditions as in
Fig. 2, but with a centripetal forced fluid flow; the flow rate is 5
ml/h. (b) Shadowgraph of the same deposit taken during the growth
process. The inhomogeneo(dark) zones are confined in the de-
posit vicinity. Some bright lines coming from the outer perimeter

indicate current lines of more concentrated solution; they must cor- FIG. 7. Growth rates and deposited masses for different flow
rgspond to instabilities in the electrodissolution process at the peyteg imposed inside the cell. Each growth rate is the velocity of the
ripheral anode. fastest tip averaged over its motion from 1- to 7-mm radius. Each
mass is calculated from the electric current during the same period.
. . For each flow rate, the mean values for growth rate and mass were
1= 2 (ziFji) calculated. The smooth fitting of the velocity distribution exhibits
two distinct parts(i) rapidly decreasing between 0 and 0.5 m{ih,
uasisteady low valusstill with a slow decreasebeyond 0.5 ml/h.
-2 (CuizF)V o= 2 (ZFD)Vei+ 2 (zFc)v. '?'he mass gurve exhi(kfits a step at the same ?:ros)slover (eatend
0.5 ml/h. Some experimental data are superposed when plotted.
At the length scales of interest, the last two terms vanish . )
since both the concentration gradients and the space charge Ji=2cFje;

2(zFc;) are negligible. Thus the convection does not eX-nance the growth rate, is also proportional tq, , and so
plicitly appear, and the current is Ohmic. Moreover the con- roportional to the normal electrical field-V ), . Also in
servation of the deposing element gives a relation betwee, e quasielectroneutrality approximatior saltisfies the
the cations flu§ ., , normal to the interface, and the interface Laplace equation. Finally, with the potential assumed con-

speedv : stant at each electrode surface, the set of equations for the
i Laplacian growtt 1] is obtained. If this interpretation is cor-

Jer = (Csolig™ Csurdv 1~ (Csolid)V 1 rect, one has a new experiment showing that DLA patterns

are obtained, provided the tips are unstable and the interface

wherecsond_ (concentration_ inside the cathodec, (c_ation speed directly depends on a Laplacian figlcB,9,33.
concentration next to the interfgc@ he normal electric cur-

rentj, through the interface is due to the sole reacting spe- IV. CONCLUSION
cies, so

Flow rate (ml/h)

We have shown that for the radial cell geometry, with
conditions of voltage and concentration ordinarily giving

D
2.00
1.80 A .
1.7 4 ~
1 % 2 N
1.60 -
(b)
1.40
FIG. 6. (a) Micrograph of electrodeposit grown under the same
conditions as in Fig. 2no forced flow. Observations at larger 120 -
magnifications show tips with short curvature radiofthe order of
a micrometex. The deposit still presents a ramified structure at that 1,09 , flow rate
length scale.(b) Micrograph of electrodeposit grown under the 1 10 (ml/h)

same conditions as in Fig. Blow rate 5 ml/h. The deposit is

smooth at short length scales and ramified at large length scales, the FIG. 8. Fractal dimensions of deposits grown with centripetal
crossover value now being larger than the i (and even larger forced flow. The method is the box counting applied to the digitized
for larger growth durations The tips are rounded and do not images of the deposits. Some runs presenting moderate linear fitting
present correlation with crystal axis. Same magnification as in Fighave been excluded. The obtained values should be compared with
6(a). the dimension of DLA cluster§l.71).
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dendrites, one can obtain deposits resembling the DLA clus- The computer simulations of Nagatd®il] exhibit larger

ters if one imposes a sufficient centripetal convection of théractal dimensions when there is a centripetal convection ef-
electrolyte. Furthermore the transition to DLA clusters ap-fect. Although the present experiments are qualitatively con-

pears only after exceeding a threshold in the flow rate valuessistent with this result, we think that the usual algorithms are

In these conditions, a large part of the electrolyte is found thot relevant to electrodeposition. Indeed, in this case the
be quasihomogeneous, with the exception in the vicinity ofransport is described by the current density, which, because
the growing interface. The length scale of metal compactnesss the electroneutrality condition, does not contain convec-

is found much larger than in the usual electrodeposition exgon terms. The convection acts through the concentration

periments performed in quasi-two—fjimension-al pells. . {)arameteroﬁ), which is present in its diffusive and migrative
We have also shown that, besides the tip instability, a erms (besides the current density expressionis deter-

length scales .Iarger than the compactness scgle, the transpifi,eq by the whole set of equations relevant to a cell sub-
may be considered as close to pure migration, and so th

growth equations are formally similar to those of DLA J%cted to convection Furthermore the difficult problem of

Concerning the existence of two different regimes welransition between stable and unstable tips should be in-
cluded in some way.

wonder if it can be studied through some stability analysis T K onlv f d ial q
performed in the electrodeposition cont¢46—49; for ex- he present work only focused on a special case, an
ample, Chen and Jorr@6] have obtained two regimes for studies of other growth conditions including controlled con-
the evolution of the amplification factor when an increasingV€ctions could contribute to more general understanding of

convection is taken into account. convection effects.
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