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In this paper, dendritic growth at the edges of electrogalvanized steel strip has been studied using a specially
designed rotating washer electrode which simulates the fluid dynamic conditions and the current density
distribution at the steel strip edge found in a production line. The effect of electrolyte pH and current
density on dendritic growth in an acidic zinc plating bath (ZnSO4 and H2SO4) was addressed. The tem-
perature was kept constant at 60 �C. Solution pH was adjusted to 1, 2 or 3 using different amounts of
H2SO4. In addition, the influence of temperature on the pH of the solution was determined. The current
density was set at 40 or 60 A/dm2, similar to that used in the industry. Deposits were characterized using
SEM and XRD. The results showed that pH strongly affects dendrites shape, length and texture. Fur-
thermore, the morphology of dendrites at the washer edge and of deposits on the flat portion of the washer
changed considerably as solution pH was increased from 1 to 3. It was found that the morphology of
dendrites at the washer edge stems from the morphology of the deposit on its flat portion, which in turn
determines their shape.
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1. Introduction

Dendritic growth during metal electrodeposition has been
studied by many authors since the middle of the twentieth
century (Ref 1-7). In general, these studies were focused on
theoretical aspects of the phenomenon, which has allowed the
development of theories and models that properly fit the
experimental evidence.

In spite of the relevance of these results, they have been
obtained under static conditions and using very simple
geometries while the study of industrial situations, where the
formation of dendrites gives rise to quality problems, has not
been addressed yet. For example, the occurrence of this type of
zinc crystal growth during the continuous electrogalvanizing of
steel strip in acid medium usually causes defects that translate
into customers� claims or rejections of the product. In these
processes, the design of the production lines is performed so
that the quality of the material obtained in the flat part of the
strip is optimized, while the edges are exposed to high current
densities (j) caused by current distribution issues (Ref 8).

Considering this, a cell especially designed to simulate the
fluid dynamic conditions and the current distribution at the edge
of the steel strip was built. The cell uses a rotating washer

electrode (RWE) as cathode. In previous works (Ref 9-11), this
system was used to study the influence of j, electrolyte
temperature (T), surface finish of the washer edge and its
rotation speed (x) on dendritic growth in an acid zinc plating
bath (ZnSO4 and H2SO4). The results allowed for the
identification of the essential parameters that affect the
formation of zinc dendrites and the design of control strategies
to diminish or avoid their growth.

It is well known that the pH of the electrolyte can affect the
electrogalvanizing process in several ways. For example, for
very low pH values corrosion of the line elements increases,
which in turn produces a rise in the content of impurities in the
bath. Conversely, higher pH values gradually inhibit the
chemical dissolution of zinc ingots commonly used to control
Zn2+ concentration with insoluble anodes technology. More-
over, although acidity of the electrolyte does not modify the
average cathodic efficiency of the plating process (Ref 12), the
hydrogen evolution reaction (HER) can become important,
especially at singularities of the electrode, like the edge of the
strip, due to the high current densities found there. With the aim
of avoiding pH measuring errors, the functionality of pH with
temperature was studied for the ZnSO4 + H2SO4 solution
employed in this work.

Based on the important and frequent problems generated by
dendrite formation in electrogalvanizing industrial lines, it is
surprising that the influence of pH in dendritic growth has not
been evaluated so far. In the present work, the effect of the
electrolyte pH on the generation of dendrites during the
electrodeposition of zinc in acidic medium was studied.
Morphology and texture changes were also evaluated.

2. Experimental

To conduct the experiments, a RWE especially designed to
reproduce the hydrodynamic and current conditions at the steel
strip edge was used (Ref 9-11). Figure 1 shows a schematic
drawing of the experimental set up. SAE 1010 steel washers
were used as substrate (external diameter 40 mm; internal
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diameter 8 mm). The washers were obtained by laser cutting of
steel plates (0.7 mm thickness). They were then mounted on a
steel rod isolated with a Teflon cylinder, leaving an exposed
area of 0.194 dm2. A zinc ring with an inner diameter of
70 mm, obtained by casting from an ingot of pure Zn (99.9%),
was used as anode (0.660 dm2).

The solution used in the present study was prepared by
dissolving ZnSO4�7H2O (Biopack, 99.9%) in double-distilled
water to reach a concentration of 90 g/l of Zn2+. The electrolyte
pH was adjusted at values ranging from 1 to 3 (determined at
60 �C) by addition of H2SO4 (Anedra 98%). In previousworks in
the laboratory, it was found that the electrolyte temperature
induces changes in the pH of the electrolyte that are not
compensated by the pHmeter standard compensation procedure.
In this investigation, we measured the pH at different tempera-
tures (20-60 �C) to determine the temperature coefficient of the

pH of the electrolyte (/¼ @pH
@T ). The pH meter was calibrated

before each pH determination at the corresponding temperature.
Zn deposits were obtained galvanostatically controlling the

current with a FullEnergy HY3020 DC source. The temperature
of the electrolyte was controlled at 60± 0.2 �C with a Frigomix
1495 thermostatic bath. The cathodic j was 40 and 60 A/dm2.
Speed rotation was kept constant at 800 rpm in all the
experiments. This value was adjusted to obtain a tangential
velocity of the fluid at the edge of the RWE equal to the relative
speed between the electrolyte and the steel strip in the
production line (Ref 9, 10).

It has been previously confirmed that the substrate surface
topography plays amajor role in the generation of dendrites under
conditions of fastmoving electrolyte in a similarway as occurs on
the static condition (Ref 9, 10). Given that the laser cutting
process generates a rough edge that is not representative of those
found in the industry, the washers edges were smoothened by a
systematic procedure using 80-grit (G80) sandpaper. A medium
roughness (Ra) of 0.80 lm (Hommel Tester� T1000 roughness
tester) was obtained with this procedure.

Zn deposits were characterized by scanning electron
microscopy (SEM), using a Quanta200� FEI (Tungsten
filament) equipment. X-ray diffraction (XRD) patterns of zinc
dendrites and the deposit on the flat part of the washer were

obtained with a goniometer Philips� 3020 PW 3710 using
CuKa (k = 1.54 Å) radiation and a nickel filter. The detector
was scanned between 10� and 100� using a 0.04� step and a
sampling time of 2 s. The preferential crystallographic orien-
tation was determined through calculation of the texture
coefficient for each crystal plane (TC(hk.l)) using Eq 1.

TC hk:lð Þ ¼
I hk:lð Þ
I0 hk:lð Þ

1

1
n

P I hk:lð Þ
I0 hk:lð Þ

h i ðEq 1Þ

where I(hk.l) and I0(hk.l) are the intensities corresponding to the
planes (hk.l) of sample and standard, respectively (ASTM 4-
831 chart for a sample of zinc powder), and n is the number
of planes in the diffraction pattern. To evaluate the texture of
the dendrites, some of them were detached from the washer,
placed on a glass plate and stuck to the plate with double-
sided sticking tape. As dendrites are parallel to the surface,
their growth direction is parallel to the surface too and their
texture will be that of the planes which do not diffract since
they are perpendicular to the surface.

Hydrogen formation during electrolysis was measured as a
function of pH at j = 40 A/dm2. A 10-ml burette was turned
over the electrolysis cell, and the working electrode was
positioned below in order to capture the H2 generated during
the experiment. The burette was filled with the ZnSO4 solution,
and the charge spent in H2 evolution (QH) was quantified
through the displaced volume of liquid. Cathodic efficiency
(CE%) was calculated as the ratio of the net charge of zinc
deposition on the total charge during electrolysis (QT) (Eq 2).

CE %ð Þ ¼ 1� QH=QT
ðEq 2Þ

All experiments were carried out in triplicate in order to ver-
ify the reproducibility of the results.

3. Results and Discussion

Figure 2 shows the pH value variation with temperature for
three ZnSO4 electrolytes with an initial pH of 1, 2 and 3 (set at

Fig. 1 Schematic drawing of the RWE setup
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20 �C). The same linear dependence was found for the three
solutions, which can be represented by Eq 3:

pH T2ð Þ ¼ pH T1ð Þ þ a T2 � T1ð Þ ðEq 3Þ

where a = 0.01 �C�1 and T1 and T2 are two different temper-
atures. It is important to recall at this point that this depen-
dence between pH and temperature is not the classic
temperature compensation of the glass electrode, but a chemi-
cal modification of the equilibrium in solution. Hence, if pH
adjustment of the electrolyte is carried out at room tempera-

ture (approximately 20 �C) and the zinc electrodeposition is
performed at 60 �C, the working pH value will be higher.
This experimental fact is very important to adjust the chemi-
cal composition of the electrolyte before performing the elec-
trodeposition experiment and has to be considered in
automatic process control algorithms.

Figure 3 shows the morphology of zinc crystals deposited in
the flat part of the electrogalvanized washers at different pH
values. It can be observed that at pH = 1 the zinc crystals
(named ‘‘platelets’’ due to the fact that their thickness is much
lower than their other dimensions) are located with the
hexagons parallel to the surface. This morphology stems from
a nucleation and growth process which promotes a basal
texture, that is, with the planes (00.2) parallel to the surface
(Ref 13-16). TC(hk.l) values shown in Table 1 confirm this
observation, since a value higher than one of this parameter
implies that there is a preferential orientation of that family of
planes parallel to the substrate. At pH = 2, the morphology of
the crystals did not change substantially. However, as shown in
Table 1 a slight increase in the TC(hk.l) of the pyramidal planes
is observed and the platelets are slightly tilted. When the pH
increases up to 3, the hexagonal crystals are located predom-
inantly inclined with respect to the substrate surface at different
angles, presenting a particular morphology where the edges of
the platelets are exposed to the surface (Fig. 3). This morphol-
ogy is known as ridge morphology, and it develops due to the
bunching of the microsteps, giving rise to the characteristic
macrosteps of this morphology (Ref 15, 17). The latter
generates a pyramidal texture (pyramidal planes parallel to
the substrate) as a result of the inclination of the Zn platelets

Fig. 2 pH of the electrolyte vs. temperature, black circle represents
pH = 1, black square represents pH = 2, and black triangle repre-
sents pH = 3

Fig. 3 SEM photographs of the flat part of the disks at different pH values
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(Ref 17). For this reason, the sum of the TC(hk.l) values of all
pyramidal planes was considered to evaluate the effect of the
pH on the texture, that is, (10.1), (10.2), (10.3) and (11.2). The
TC(hk.l) of this family of planes increases with increasing pH
(Table 1). According to some authors, the transition in the type
of nucleation from 3D to 2D that makes the texture and
morphology of the zinc coatings change is due to the formation
of a zinc hydroxide film on the substrate surface (Ref 13-16).
According to these authors, the presence of this compound
blocks 3D nucleation sites, promoting the epitaxial growth
(2D). However, the authors also highlight that this phenomenon
only occurs at low overpotentials, condition under which 3D
nucleation is not energetically favorable in systems where the
depositing metal exhibits affinity with the substrate (Ref 18-
20).

Regarding dendrites, these structures start growing at the
edge of the cathode where the current density is higher. These
types of deposits grow under activation control at singular
points, while the electrode is under mixed or diffusional
control. Under these conditions, the reaction rate on the surface

of the electrode is limited by the mass transfer rate. In general,
this gives rise to coatings that present a globular morphology.
However, over certain potential or j values, the presence of
small protuberances may promote dendritic growth. These
structures are highly regular and crystalline, which is charac-
teristic of an activation-controlled growth.

Dendrites grow maintaining the original morphology of zinc
crystals of the flat part of the washer. This implies that at
pH = 1, where the hexagons are parallel to the surface, in some
singular sites the crystals start to overlap (Fig. 4a) giving rise to
a precursor from which the stem of the dendrites will grow.
Although dendrites mainly propagate in a direction perpendic-
ular to the basal plane (00.2), secondary branches appear and
thrive perpendicular to the main stem (Fig. 4b) forming angles
of 60� between each other. This process causes dendrites to
acquire a 6-pointed star shape. This morphology is even more
discernible when the current density increases (Fig. 5). It is
evident that the aspect and growth of this type of deposits is
governed by the metal crystalline structure.

When pH is increased to 2, the dendrites start nucleating
from crystals that are inclined with respect to the surface
(Fig. 4c). As can be seen in Fig. 4(d), dendrites retain the
growth inclination and the orientation induced by the mor-
phology of the flat part. At a higher pH, this mechanism
becomes more important, the crystals are even more inclined
with respect to the surface (Fig. 4e), and as the dendrites grow,
they start following random crystallographic orientations,
which give dendrites a more globular morphology (Fig. 4f).
This fact may be due to the transition of a 2D nucleation
mechanism to a 3D mechanism, which is usually observed
when coating thickness increases. This behavior has been

Table 1 TC(hk.l) of the flat part of the electrogalvanized
washers

pH TC(00.2)

TC(sum) = TC(10.1) + TC(10.2)

+ TC(10.3) + TC(11.2)

1 3.59 0.13
2 3.50 1.04
3 2.22 3.88

Fig. 4 SEM photograph of zinc-plated washers at 40 A/dm2: (a) pH 1, flat part; (b) pH 1, edge dendrites; (c) pH 2, flat part; (d) pH 2, edge
dendrites; (e) pH 3, flat part; (f) pH 3, edge dendrites
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observed during the formation of Zn deposits on steel (Ref 17)
and corresponds to the Stranski–Krastanov mechanism (Ref 18-
20) for systems where the depositing metal exhibits affinity
with the substrate, but the misfit between the crystal lattices of
both systems is high. This gives rise to strong internal stresses
that are alleviated by switching from an epitaxial growth to 3D
nucleation.

TC(hk.l) of dendrites obtained at different pH values
(Table 2) shows that dendrites have a basal texture for
pH = 1, since (00.2) is the plane with the lowest diffraction
(low TC(hk.l)), in accordance with the morphology of dendrites
shown in Fig. 4(b). On the other hand, as pH increases, the
dendrites become more pyramidal (TC(10.3) of the parallel
oriented dendrites decreases from 2.83 to 1.23). This also
agrees with the morphology of the dendrites observed at
pH = 3 (Fig. 4f).

William–Hall calculations were done, and a significant
dispersion of the data was found. The linear fit of the values
was not adequate. According to this, the ordinate would not
have a real physical meaning and it would not be correct to
calculate the crystal size from those results. It is possible that
the deviation from linearity is caused by a marked texture of the
samples. Peaks corresponding to plane (002) present a much
bigger area than the others. Additionally, the samples present
great anisotropy, characteristic of the crystal domains for the
dendrites, and the calculation method considers isotropic
shapes to obtain a single average diameter in all directions.

Besides, it was observed that the increase in electrolyte pH
promotes the formation and growth of longer dendrites (Fig. 6).
At pH = 1, only short dendrites can be seen, all of which have a
similar size (Fig. 6a). When pH is raised to a value of 2, some
dendrites become longer at singular points of the washer edge
(Fig. 6b), while at pH = 3 all the perimeter of the washer has
long dendrites, giving a haw like aspect to the washer edge

(Fig. 6c). This fact is of key importance in the industrial
process, since the pH control should be of major concern to
avoid the formation of dendrites during the production of
electrogalvanized steel strip. One of the reasons that could
explain this behavior is the higher hydrogen discharge that is
observed at lower pH values as can be seen in Fig. 7. The
discharge generates bubbles favoring mass transport toward the
electrode by agitation, and hence moving the electrode away
from diffusion controlled conditions, necessary for the occur-
rence of this type of deposits (Ref 4). Due to the higher
contribution of hydrogen evolution reaction to the total current,
at the higher current densities found on the strip edge, the
current of Zn deposition will be lower, reducing the possibility
of dendrite formation.

4. Conclusions

A linear relationship between the pH of the electrolyte and
the temperature was found. This allows the calculation of the
pH of ZnSO4 solutions for different process temperatures. Due
to this behavior, it becomes necessary to take in consideration
the temperature of the solution when measuring its pH value.
This is important when automatic process control is considered.
From the results obtained in the present work, we can infer that
if the electrogalvanizing process is carried out at low pH, the
nucleation of hexagonal crystals of Zn is of 3D type, which
generates a morphology with the basal planes parallel to the
surface. At higher pH values, the nucleation mechanism varies,
changing to 2D, which promotes the epitaxial growth and
generates a laminar morphology called ridge, with zinc crystals
inclined with respect to the substrate. As a result, the texture of
the deposit is pyramidal. The type of nucleation and growth of
the crystals are essential in the determination of the morphol-
ogy that the dendrites formed at the disks edges will have: At
low pH, the growth is more homogeneous with a morphology
that reflects the hexagonal structure of the Zn. Conversely,
dendrites that are formed from the inclined crystals (pyramidal)
at higher pH grow by overlapping of crystals randomly
orientated as a result of a transition in the nucleation
mechanism. This generates less directional dendrites with
globular shapes. On the other hand, the pH has a marked
influence on the amount and length of dendrites formed.

Fig. 5 SEM photograph of zinc-plated washers at 60 A/dm2: (a) pH 1, flat part; (b) pH 1, edge dendrites; (c) detail of the dendrite (20000X)

Table 2 TC(hk.l) of dendrites

pH TC(00.2) TC(10.3)

1 0.89 2.83
2 1.04 1.78
3 1.37 1.23
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