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Abstract The electrodeposition of zinc from sulphate-
tartrate baths on a vitreous carbon electrode has been
studied. The influence of the tartrate ion on the
reduction kinetics of Zn(II) metal ion, and on the
mechanism of the electrodeposition process, has been
investigated using potentiodynamic and potentiostatic
electrochemical techniques and scanning electron
microscopy. The voltammetric analysis has shown
that the presence of tartrate species in the sulphate
bath shifts the reduction potential of Zn(II) to more
positive values. A set of equilibria have been pro-
posed to represent the electrochemical process and
the influence of pH. From the analysis of the chro-
noamperometric transients and the SEM images, an
instantaneous nucleation with 2D growth at the initial
stages has been proposed, and a nucleus density of
the order of 10’ cm™ has been calculated from both
techniques. In order to elucidate the correct mecha-
nism of the electrodeposition process the results
obtained from chronoamperometric transients must
be corroborated by those of direct observation using
microscopic techniques.
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1 Introduction

Zinc continues to be an essential metal from a tech-
nological and industrial point of view because it is an
important component in coatings and batteries.
Deposits of zinc on metals, especially on steel, are
extensively used to improve corrosion resistance.
Zinc electrodeposition from acid baths has been
commercially practised for long time, mainly from acid
chloride baths [1], but recently new studies from acid
sulphate solutions have been carried out in order to
obtain further insight into the dependence of the
nucleation process on the electrochemical operating
conditions. Although the acid sulphate bath is a known
solution for zinc electrodeposition [2-4], few studies
have reported the influence of complexing agents and
of slightly acid pH on the nucleation process and on the
deposit morphology. Thus, Raeissi et al. [5, 6] have
recently studied the nucleation of electrodeposited zinc
on steel in sulphate solutions at different pH values.
Alvarez et al. [7] have described the nucleation and
growth of zinc on HOPG in sulphate solutions in the
presence of gelatine. These studies have reported the
dependence of the texture and morphology of zinc
electrodeposits on the nucleation and growth mecha-
nisms and the influence of additives. Silva and Lins [§]
have also studied the crystallographic texture and
morphology of an electrodeposited zinc layer, varying
the current density and the electrolyte flow velocity.
In this work the electrodeposition of Zn from sul-
phate-tartrate baths on a vitreous carbon electrode is
studied mainly focusing on the influence of tartrate
anions on the reduction kinetics of Zn(II) metal
ions and on the mechanism of the electrodeposition
process using potentiodynamic and potentiostatic
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electrochemical  techniques.  Scanning electron
microscopy is used to observe the characteristics of the
electrodeposits. Tartrate ion has been chosen because
it is a complexing agent for the Zn(II) ion and the use
of tartrate ion as organic additive in the electrode-
position of different metals and alloys has been
reported [9-11].

2 Experimental

The electrochemical measurements were performed in
a conventional three-electrode cell using a microcom-
puter-controlled AUTOLAB PSTAT 20 potentiostat/
galvanostat from Eco Chemie. The chemicals used
were 7ZnSO47H,0, tartaric acid (C4HgOs) and
Na,SO,, all of analytical grade. All solutions were
freshly prepared with water that had been twice dis-
tilled and then treated with a Millipore Milli Q system.
The baths contained 1 M Na,SO, as the supporting
electrolyte and 0.12 M tartaric acid, as the chelating
agent, the Zn(II) concentration was 0.01 M or 0.02 M
and the pH was adjusted to 4 or 5 using NaOH. Before
and during the experiments, which were performed at
room temperature, the solutions were de-aerated with
argon.

Voltammetric experiments were carried out at
50 mV s, scanning in the negative direction. Only
one cycle was run in each voltammetric experiment.
Anodic stripping analysis was performed immediately
after potentiostatic deposition without removing
the electrode from the solution, at a scan rate of
50 mV s\

Vitreous carbon was used as the working electrode.
The vitreous carbon electrode of 0.0314 cm” area
(Metrohm), was polished to a mirror finish before each
experiment using alumina of different grades (first 3.75
and finally 1.85 ym), and cleaned ultrasonically for
2 min in water. The counter electrode was a platinum
spiral. The reference electrode was an Ag/AgCl/NaCl
(1 M) electrode mounted in a Luggin capillary con-
taining Na,SO, solution at the same concentration as
in the bath. All potentials refer to this electrode. The
morphology of the tin deposits was examined using a
Jeol Cambridge L-120 scanning electron microscope.

3 Results
3.1 Voltammetric experiments

The electrochemical response of Zn(II) electrodepos-
ition in a sulphate-tartrate bath depends on the values
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of total tartrate anion bulk concentration, c;, total
metallic ion Zn(II) bulk concentration, cz,, and pH, as
shown in Figs. 1A-C.

Figure 1A compares the electrochemical behaviour
of Zn(Il) electrodeposition at pH =4 in a sulphate
bath (curve a) and in two sulphate-tartrate baths
(curves b and c). The concentration of sulphate, cso4,
was fixed in the three baths, and baths (b) and (c) had
the same concentration of tartrate ligand, ¢y but dif-
ferent Zn(II) ion concentration, cz,. In the presence of
tartrate, the electrodeposition process starts at around
—-1.230 V, at more positive potentials than in the ab-
sence of tartrate (—1.325 V). Curve (b) shows a broad
reduction peak, instead of the more well defined single
peak around -1.460 V in curve (a). This broad peak
corresponds to two peaks, curve (c), with a first
reduction peak I, around -1.380 V and a second
reduction peak II, around -1.580 V. In the reversed
anodic scan, all three curves show a narrow oxidation
peak around -1.050 V.

Figure 1B shows that an increase in pH from 4 to 5,
at constant cgo4, cr. and cz,, produces a decrease in the
intensity of the reduction peak but not in the oxidation
peak. When the cathodic potential limit is —1.300 V,
the characteristic nucleation loop of an electrodepos-
ition process is obtained both at pH = 4 and at pH =5
(Fig. 1C).

A control cyclic voltammetric experiment was made
with a blank solution containing the supporting elec-
trolyte and the chelating agent (tartaric acid) in order
to test its electrochemical response. On a vitreous
carbon electrode (Fig. 1D, curve a), the blank solution
did not show any electrochemical response in the po-
tential interval between 0 and —1.800 V, when the bulk
hydrogen ion reduction starts. When the control
experiment was repeated on a freshly prepared Zn
working electrode (obtained by depositing Zn on the
vitreous carbon electrode from a tartrate-sulphate
bath), the blank solution exhibited a reduction wave
(Fig. 1D, curve b), with a peak potential around
—1.465 V, very close to the previously assigned peak I,
(Fig. 1D, curve c).

The efficiency of the electrodeposition process was
calculated as stripping/deposition charge ratios (see
Table 1), obtained from different deposition/anodic
voltammetric stripping experiments (Fig. 2). On one
hand, the presence of tartrate ions in the bath
decreases the efficiency of the process at pH = 4, but
does not have a significant effect at pH = 5. On the
other hand, at pH = 4 the efficiency of electrodepos-
ition decreases when the potential is made more
negative than -1.250 V. or when the c;/cz, ratio
increases.
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Fig. 1 (A) Cyclic voltammograms of a vitreous carbon electrode
in a 0.01 M ZnSO4 + 1 M Na,SO, solution at pH =4 (solid
curve a), 0.01 M ZnSOy4 + 1M Na,SO,4 + 0.12 M C4HOg solu-
tion at pH =4 (dotted curve b) and 0.02M ZnSO, + 1M
Na,SO4 + 0.12 M C4H4Og solution at pH = 4 (dashed curve c).
Arrows indicate scan direction. In all cases v = 50 mV s'. (B)
Cyclic voltammograms of a vitreous carbon electrode at
v=50mVs' in a 0.0l M ZnSO,+ 1M Na,SO, + 0.12 M
C4HgOg solution and pH = 4 (solid curve a) and pH = 5 (dotted
curve b). Cathodic potential limit = —1.8 V. Arrow indicates scan
direction. (C) Cyclic voltammograms of a vitreous carbon

Table 1 Calculated efficiencies for different experimental con-
ditions in deposition/anodic stripping experiments (tq: deposition
time, E4: deposition potential)

c/M Cczn/M PH ty/s Eq/V Efficiency/%
0 0.01 4 30 -1.340 75
5 10 -1.300 80
0.12 0.01 4 40 -1.250 56
-1400 30
5 40 -1250 81
-1400 77
0.12 0.02 4 40 -1250 62
-1.400 40

3.2 Chronoamperometric and SEM results

Chronoamperometric curves were recorded at several
potentials and in various solutions. Fig. 3 shows these
curves for one of the studied solutions. In order to

. 0.4
-08 -06 -04 -02 00

electrode at v=50mV s in a 0.0l M ZnSO4 + 1 M Na,.
SO, + 0.12 M C4H4Og solution at pH =4 (solid curve a) and
pH =5 (dotted curve b). Cathodic potential limit=-1.3 V.
Arrow indicates scan direction. (D) Cyclic voltammograms of a
vitreous carbon electrode at v=50mV s in a 1 M Na,.
SO, + 0.12 M C4H4Og solution at pH = 4 (dotted curve a) and
0.01 M ZnSO4 + 1M Na,SO4 + 0.12 M C4HgO¢ solution at
pH =4 (dashed curve c). Cyclic voltammogram of a zinc
electrode at v =50 mV s in a 1 M Na,SO, + 0.12 M C4H(O¢
solution at pH = 4 (solid curve b). Arrow indicates scan direction

elucidate the possible mechanism of the electrodepos-
ition process, several analyses were carried out. The
log i versus log t plots are linear, with slopes close to 1,
for the initial part of the chronoamperometric curves.
Figure 4 shows this behaviour for one of the studied
systems, but the same is observed for the others. This
slope value corresponds to instantaneous nucleation
(IN) with 2D growth, according to Eq. 1 applicable at
the initial transient [12, 13],
i=Kt K=2nzFMhSNK*/p (1)
where M is the atomic weight of zinc and p is the
solid density, S is the electrode area, F is the Faraday
constant, z is the charge of the ion, N is the nucleus
density, h is the thickness of the layer and k is a rate
constant. This mechanism is also confirmed by the non
dimensional plots of (i,) versus (#t,) in Fig.5,
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Fig. 2 Anodic stripping voltammograms of zinc deposits
obtained after 40 s at -1.250 V (A) and at -1.400 V (B) on a
vitreous carbon electrode in a: 0.01 M ZnSO4 + 1 M Na,SOy4
solution at pH =4 (solid curve a), 0.0l M ZnSO, + 1M
Na,SO,4 + 0.12 M C4HOg solution at pH = 4 (dotted curve b)
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Fig. 3 Chronoamperometric  transients for a 001 M
ZnSO4 + 1M NaySO4 + 012 M C4HgO¢ solution at pH = 4.
Curves at E = -1325 mV (1), 1350 mV (2), -1375 mV (3) and
-1425 mV (4)
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Fig. 4. Logarithmic analysis, log i vs log t, for the chronoamp-
erometric curves for a 0.01 M ZnSO,4 + 1M Na,SO4 + 0.12 M
C4HgOg solution at pH = 4, E = -1325 mV (1), -1350 mV (2), -
1375 mV (3), -1425 mV (4), -1450 mV (5)
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and 0.02 M ZnSO4 + 1 M Na,SO,4 + 0.12 M C4H¢Og solution at
pH = 4 (dashed curve c). The deposited charges in Figure A are:
(a) 0.55 mC; (b) 0.57 mC; (c) 2.35 mC. The deposited charges in
Figure B are: (a) 2.36 mC; (b) 1.55 mC; (c) 3.94 mC. In all cases
v=50mV s’

according to Eq 2a and 2b for instantaneous or
progressive nucleation in 2D processes [13], respec-
tively. In Eq 2a and 2b, i, and ¢, are the current
and the time at the maximum in the chronoampero-
metric curves.

i t -7
IN - 2D —_=— -0.5 U 2
im Im exp( 1%1 > ( a)
. 2 3 3
i t 2 Pt
PN-2D —=(— -~z m 2b
im (Im> eXp( 3 8 ) (2b)

Figure 5 shows a good coincidence in the initial
transient between the experimental curves and the
theoretical curve for an IN 2D process. The theoretical
expression for t,, for an IN 2D growth process [13] is:

1 M\?
by = —— with B=n|—) Nk* 2¢
V2B (P) (20)

where k, a rate constant, is equal to the product of the
electrochemical rate constant k° and the concentration
¢, k = k°c. In our case, M = 6537 g mol™, p=7.14 g
em™>, ¢=1%x10" or 2x10°molcm™, and
k® =6 x 107 cm s™' [14]. Substituting these values in
Eq 2c together with the experimental values of t,, the
values of N, the nucleus density, reported in Table 2
are obtained.

The electrodeposition mechanism was also tested
separately using SEM images. Figure 6 shows SEM
micrographs of an electrodeposit obtained at
-1300 mV from solution C (see Table 2), and the
corresponding non-dimensional analysis of the i-t
transient is curve (2) in Fig 5C. Agreement with the
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Fig. 5 Non dimensional analysis (i/iy,) vs (t/ty,) of the chrono-
amperometric curves, (A) 001M ZnSO4+ IM Na,
SO4 + 0.12 M C4HOg solution at pH = 4, E = -1350 mV (1), -
1375 mV (2), -1425 mV (3). (B) 0.01 M ZnSO, + 1 M Na,.
SO, + 0.12 M C4HOg solution at pH = 5, E = 1300 mV (1), -
1375 mV (2), -1425 mV (3). (C) 0.02M ZnSO, + 1 M Na,.
SO, + 0.12 M C4HgOg solution at pH = 4, E = -1275 mV (1), -
1300 mV (2), -1325 mV (3)

Table 2 Calculated nucleus density according to an IN 2D

process

-E/mV Solution A? Solution B Solution C°
N 107'%cm™ N 107'%cm™ N 107'%cm™

1,275 0.20

1,300 0.54 0.65

1,325 0.18 0.65 1.0

1,350 0.53 1.6

1,375 0.99 2.8 3.7

1,425 1.8 9.5

2 Solution A: 0.01 M ZnSO, + 1 M Na,SO, + 0.12 M C,HO,
atpH =14

b Solution B: 0.01 M ZnSO, + 1M Na,SO, + 0.12 M C,H,Os, at
pH=5

¢ Solution C: 0.02 M ZnSO,4 + 1 M Na,SO, + 0.12 M C,H¢Oq,
atpH =14

initial part of the theoretical curve is total. The SEM
images show a high density of crystallites, with a nearly
flat hexagonal morphology. The calculated crystallite
density is of 5.2 x 10° cm™. This value agrees very well
with the N value of 6.5 x 10° cm™ obtained from the
chronoamperometric analysis considering an IN 2D
process. On the other hand, the SEM micrographs
show crystals of uniform size, as expected for instan-
taneous nucleation. The crystals show an average lin-
ear size of 140 nm.

4 Discussion and conclusions

The electrodeposition process of zinc in sulphate-tar-
trate baths takes place in a system containing a large
number of components in solution (ligand anions, free
metal ions and metal complexes) which can be de-
scribed as a multiligand system. In such systems, the
shape of the voltammetric response depends on the
voltammetric lability of metal complexes [15-17] even
working with an excess of bulk ligand concentration in
solution.

Tartrate anion and sulphate anions are complexing
ligands of Zn(II). The stability constants are
log K; =3.09, log f5, =4.98 for the tartrate anion,
logK} = 1.22 for the hydrogen tartrate anion and log
K] = 2.30 for the sulphate anion [18]. Figure 7A shows
the distribution of Zn-tartrate and Zn-sulphate com-
plexes and Fig. 7B the distribution of tartrate species
as a function of pH. At pH values <3 ZnSOy, is the
predominating species in solution; at pH values be-
tween 3 and 5 the complexes ZnSO,, ZnL and ZnL3™
coexist in solution, and at pH > 5 the ZnL3~ complex
becomes the predominant species. The hydrogen tar-
trate anion, HL", is the predominant species at pH = 4
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Fig. 6 (A) SEM micrograph
obtained for a 0.02 M
ZnSO, + 1 M

Nast4 +0.12 M C4H606
solution at pH = 4, without
agitation, —1300 mV and 40 s.
Deposited charge density of
0.17 C em™. (B) A zoom of
A. Dimension bars are at the
bottom of micrographs

whereas at pH = 5 it is the tartrate anion, L*>~. From
these equilibria, the electrochemical process can be
represented by the following scheme 1:

©) _—

@ .
ZnSo, < S042_ v oz + L ZnL + 7 e ZnL.

“HQHH D) SHO+H G “H g O)
HSO, + HL HL (A)
SHOHH @) SHgHH @)
2e HL HL
o)
Zn

Scheme 1

In this scheme, as is usual, it is assumed that only the
Zn** is the electroactive species in solution. The
possible contribution of the ZnHL* complex to the
electrodeposition process has been neglected because
its concentration is negligible with respect to the other
Zn(IT) complex species (Fig. 7A).

Contrasting the scheme 1 with the voltammogram
curves in Figs. 1A-D, we associate the reduction wave
I; to a reduction process via the dissociation of com-
plexes ZnL3™ and ZnL~ (equilibria (1) and (2)), be-
cause in the presence of tartrate species in solution the
electrodeposition process starts at more positive
potentials (see Fig. 1C) than in its absence. The loops
present in Fig. 1C show that at the first stages of the Zn
electrodeposition process (potential limit not very
negative), the current is the same at pH =4 as at
pH = 5. But, when the potential limit is made more
negative, Fig. 1B, the current at pH = 4 is higher than
at pH = 5. We associate the increase in current with
hydrogen evolution which competes with the reduction
of Zn(II). The blank solution control experiment on a
freshly prepared Zn electrode gives a reduction peak
around -1.465 V (Fig. 1D, curve b), which is not ob-
tained on vitreous carbon (Fig. 1D, curve a). We
associate this peak with the reduction of H" ions
transported to the reaction layer by the hydrogenated
tartrate ion (also by the tartaric acid depending on the
pH). The discharge of H' ions from hydrogenated
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tartrate species takes place only when a Zn metallic
layer has been deposited on the vitreous carbon elec-
trode, and then the peak labelled I, in Figs. 1A and D,
curves c, corresponds to this cathodic process. The
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Fig. 7 (A) Concentration of Zn(II)-sulphate and Zn(II)-tartrate
complexes vs pH, for a total sodium sulphate concentration of
1 M, a total bulk acid tartaric concentration of 0.12 M and a total
bulk Zn(IT) concentration of 0.02 M. (B) Concentration distri-
bution of tartrate species vs pH, for a 0.12M total bulk
concentration of tartaric acid
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discharge of H' ions from protonated organic ligand
species on metallic electrodeposited layers has been
described previously [19-21]. The reduction peak II, is
correlated with the reduction of the total bulk Zn(II)
ion also via the dissociation of ZnSO,4 complex (equi-
librium (6)).

Scheme 1 also explains the calculated efficiency
values. Low efficiencies are associated with hydrogen
evolution, as explained previously. Hydrogen evolu-
tion increases when hydrogenated tartrate species are
present in solution, because H" ions are transported
to the reaction layer by H,L and HL™ (equilibria (3)
and (4)) in order to maintain the equilibrium of
formation of Zn(II) at the electrode surface. For this
reason the efficiency increases with pH, i.e., when the
concentration of H,L. and HL™ species in solution
decreases.

Mechanisms proposed to explain electrodeposition
processes depend on the experimental conditions;
that is, concentration of electroactive species,
potential, electrode material and preparation, pH,
bath composition (additives, ligands,...). 3D growth
processes are the most reported, but under certain
experimental conditions, 2D growth processes have
also been observed and sometimes transitions from
one to another have been reported. For instance,
Miranda-Hernandez and Gonzalez [22] reported the
transition from a 3D process to a 2D for higher
overpotentials in the case of silver electrodeposition
in ammonium medium, and they attributed it to the
growth of Ag on a previous deposited silver thin
film.

Analysis of the i-t transients (Figs. 4, 5) indicates
that in our case an IN 2D process occurs in the
initial stage of the electrodeposition process. Never-
theless, to assure this, and due to the fact that the
occurrence of a 3D process in electrodeposition has
been widely reported in the literature, a non
dimensional analysis accounting for a 3D growth
process has also been carried out. This analysis is
made according to equations (3) [23-25] and is
shown in Fig. 8. The experimental curves lie in be-
tween those corresponding to instantaneous nucle-
ation (IN) and progressive nucleation (PN), but
curve (2) in Fig. 8 is closer to progressive nucleation,
even though it does not fit the theoretical curve
perfectly, especially at the very beginning of the
transient. Taking into consideration curve (2), the
term AN, where A is the nucleation rate and N is
the nucleus density, can be calculated using Eq. 4,
where the parameters have the same meaning as in
equation Eq. 1.

(isi )

t/t

m

Fig. 8 Non dimensional analysis (i/ix,)* vs (t/ty,) of the chrono-
amperometric curves, for a 0.02M ZnSO,+ 1M Na,
SO, + 0.12 M C4HgOg solution at pH = 4, E = 1275 mV (1), -
1300 mV (2), 1325 mV (3)

N 2 2
IN-3D (li> :1.95442[7'"{1—exp {—1.2564 <ti)} }

(3a)
i\? t NS
PN-3D <T> —~1.2254"0 1—exp —2.3367<t—>
(3b)
_ p \V2 5 2F?
AN = 0.2898 (—8n M) Pt (4)

The value obtained for AN is 6 x 10* cm™2 s, at
-1,300 mV. Considering that the usual range of values
for A reported in the literature for Zn electrodepos-
ition [7] is between 1 and 100 s at moderate over-
potentials, or for other metals [22, 26-28], between 1
and 150 s7!, a value of N in the range between 10° and
10’ cm™ is obtained. This value differs from that ob-
tained by us from SEM images, 5 x 10° cm™, by at
least two orders of magnitude. On the other hand, the
uniformity in the crystal size observed by SEM (Fig. 6)
does not indicate a progressive nucleation event.
Consequently, the occurrence of an IN 2D process in
the initial part of the transient for the electrodeposit-
ion of zinc in sulphate-tartrate solutions seems justi-
fied.

The disagreement between the values of N ob-
tained from the chronoamperometric analysis using
3D electrodeposition models and those observed by
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SEM, STM or AFM has been pointed out by other
authors [27-29]. Brylev et al. [28] reported a 3D
process with nucleation changing from progressive to
instantaneous at more negative potentials, but the
values of nucleus density obtained with the i-t analysis
disagree with those obtained from SEM by two orders
of magnitude. Gloaguen et al. [29] have also found,
using STM, particle densities exceeding 10' cm™,
which are several orders of magnitude higher than
those obtained from the analysis of i-t transients.
Langerock and Heerman [27] have also found nucleus
densities in the range 10°-10'° cm™ using AFM, at
least three orders of magnitude higher than those
obtained by fitting i-t transients. Lu and Zangari [30]
also reported very high values for N (10°-10'° cm™
observed by AFM. Thus, it seems more reasonable
that the proposal of a nucleation-growth model for an
experimental system from the analysis of i-t transients
must be corroborated by the microscopic observation
of the deposits.

As has been observed previously, different experi-
mental conditions can lead to different mechanisms.
Alvarez and Salinas [7], studying the influence of gel-
atine in the nucleation and growth of zinc, reported IN
3D growth in the absence of gelatine but an interme-
diate behaviour between IN and PN in its presence.
Unfortunately these authors did not report the non-
dimensional analysis for a 2D process in the initial
stages, in order to discuss the applicability of this kind
of mechanism in the presence of gelatine. As observed
in our study, in the initial stages, a better fit to a 2D
process can result. We have also observed that an IN
2D process occurs in the electrodeposition of tin in the
presence of gluconate [31] under certain conditions at
intermediate overpotentials.

On the other hand, as has been observed in the
analysis of the current transients, the experimental
curves separate from the theoretical ones at longer
times, after the maximum t,, (Fig. 5). This indicates
that a change in the growth process occurs during
electrodeposition, and that transition to a 3D growth
may takes place, as also revealed by Fig. 8. Due to the
previous history of the process, a complete fit to nei-
ther of the pure IN or PN 3D mechanisms should ap-
ply. After the maximum, overlap of diffusion zones
takes place and, at high nucleus densities, the crystal
growth rate in the perpendicular direction to the sur-
face increases relative to the parallel directions.
Assuming total surface coverage, the electrodeposited
charge gives a thickness e of 81 nm for the deposit of
Fig. 6. This value agrees with the thickness of 79 nm
calculated from the value of N (5.2 x 10° cm™) and the
linear crystal size value / of 140 nm measured in Fig. 6.
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The fact that the ratio e/l = 0.14/0.08 is only slightly
bigger than 1 is a consequence of the high nucleus
density and the occurrence of overlap. Furthermore,
the Zn electrodeposits obtained in the presence of
tartrate were uniform, shiny and showed fine and reg-
ular crystals, and consequently present the character-
istics for a good coating.

As a final conclusion, the mismatch between nucleus
densities observed by microscopic techniques and
those obtained from 3D models applied to i-t transients
need further investigation especially in the initial
stages (t/t,, < 1), where the possibility of 2D contri-
butions are more likely.
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