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Abstract

The effect of thiourea, urea and guanidin on zinc deposits obtained from chloride baths under continuous current
conditions are described and discussed. The corrosion behaviour of the deposits was investigated in an aerated 3.5%
NaCl solution; anodic polarization curves, polarization resistance (R,) measurements and weight-loss studies were
performed. The corrosion resistance of zinc deposits improved in the presence of urea. The deposit morphology was
analyzed using Scanning Electron Microscopy (SEM) and X-Ray Diffraction (XRD) was used to determine the
preferred crystallographic orientations of the deposits. The preferred crystallographic orientations of zinc deposits
(112) do not change in the presence of urea and guanidin except for an increase in the peak intensity of the (112)
plane. In the presence of thiourea, zinc deposits crystallise in two textures; (100) and (110). The influence of each
additive and the difference between additives on the zinc deposits are also discussed.

1. Introduction

Zinc deposits are essentially used to protect steel against
corrosion [1]. The potential of zinc deposits is more
negative (—1050 mV/SCE) than that of steel (=650 mV/
SCE) under the same conditions (3.5% NaCl solution).
Thus, zinc deposits behave as sacrificial anodes and offer
cathodic protection. It is well known that additives
which are often organic compounds are added to
improve zinc deposit properties. Organic compounds
containing oxygen, sulphur and nitrogen are among the
most widely used as corrosion inhibitors of zinc in
electroplating [2-10]. These compounds can adsorb on
the zinc surface with an impact on deposit properties
and the electroplating process. The incorporation of
sulphur has several effects such as lowering corrosion
resistance, as reported in the case of bright nickel
electrodeposits [11]. However, no study has been
reported (to our knowledge) on the additives with the
same structure (with only one atom difference) by
comparison of their effects on electroplated zinc. The
sulphur atom in thiourea is replaced by the oxygen atom
in urea and by the NH5 /CI~ group in guanidin
(Schemel). The use of these additives allows us to
compare the effect of sulphur, nitrogen and oxygen on
the corrosion behaviour, morphology and preferred
orientations of the deposits. In this study the deposits

were obtained at room temperature using continuous
current without stirring.

2. Experimental

Zinc samples were prepared by electrodeposition on the
DC 01 panel steel from chloride baths at room temper-
ature and without stirring (Table 1). The electrolytes
were prepared using milli-Q water. The thickness of
electrodeposits was 13 + 1 um and the deposits arca was
(2 ecm x 2 cm). Prior to each electrodeposition, the
tested steels were degreased in sodium hydroxide solu-
tion (40 g L™'; 64.5 °C), then mechanically cleaned with
emery paper (1000) and etched with hydrochloric acid
solution (pH = 0.5) for two minutes and rinsed with
distilled water.

A scanning electron microscope (JSM-5600) was used
to analyze the morphology of the deposits obtained
under various conditions. The preferred orientations of
the deposits were determined by an XRD using a D8
advance Bruker (with Bragg—Bretano configuration)
with Cu-Ka radiation (A = 1.54 A). The 20 range of
30° to 100° was recorded at a rate of 0.02° s™'. The
texture coefficients (7.) of the zinc deposits were
calculated from the X-ray data using the Bruker
program.
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Scheme 1. Structures of additives, (a) thiourea, (b) urea, (c) guanidin.

Table 1. Plating bath composition for zinc electrodeposition

Solution compositions

65 g L™' ZnCl, + 200 g L™" KCI + 20 g L' H3BOj5 (basic solution)
basic solution + 13 x 107> mol L™" urea

basic solution + 13 x 107 mol L™ guanidin

basic solution + 13 x 107 mol L™ thiourea

The thickness of the deposits was determined by a
high Performance energy dispersive X-ray fluorescence
measuring instrument (EDXRF) using a Fischerscope
X-Ray XDAL.

Anodic polarization was carried out in 3.5% NaCl
solution. A three-electrode cell was used. The working
electrode (WE) was masked with lacquer to expose a
1 x 1 cm? area. Platinum wire was used as the counter
electrode (CE) with a saturated calomel electrode (SCE)
as a reference electrode.

The WE was kept in the 3.5% NaCl electrolyte for
40 min to establish the potential. The WE was then
polarized from the open circuit potential (OCP) against
SCE to 200 mV at a scan rate of 30 mV min".

The polarization resistance (R,) was measured on
eight days during immersion. For each plating bath, 28
samples of zinc deposits were weighed (m;), the index i
refers to the zinc deposit samples. The WE was masked
with lacquer to expose a 1.5 x 1.5 cm? area. A three-
electrode cell was also used.

The linear polarization resistance experiments were
performed using a scan rate of 0.1 mV s™' in order to
determine the values of R, on different days. These
experiments were carried out by scanning the potential
from =7 to +3 = 0.5 mV (vs. Ecorr).

The average value of the polarization resistance (R,)
measurements was determined from the slope of the
current-potential line in the range of =2 mV about the
corrosion potential [12].

(8.

According to Rochaix [13]:

RT
I’lFRP

Icorr = (2)
i.e. the higher the polarization resistance the better the
corrosion resistance.

In order to study the weight-loss, after polarization
resistance measurements were taken for all zinc deposits;
four samples were removed, dried and weighed (m’) each

ﬂ vl
c C

™ NH; NH2/ ™~ NH,
(b) (c)

day from the second day to the eighth day. The weight-
loss (Am) was calculated as Am = (m; — m]) and after
being removed and weighed, the four samples were not
used again.

3. Results and discussion
3.1. Morphology and texture of zinc deposits

The zinc electrocrystallization process is very sensitive to
bath composition, so it was of interest to determine the
texture of all the investigated Zn deposits. The preferred
orientations of the deposits were determined using
Muresan’s method [14-17] calculating the texture coef-
ficient (7,) with the equation:

Ikl X Io(hki)
Telhkl) = =gy > Io(ohkl)

where I(hkl) is the peak intensity of the zinc electrode-
posits and X7, is the sum of the intensities of the
independent peaks. The index 0 refers to the intensities
for the standard zinc powder sample. The preferred
crystallographic orientation is indicated by a T, value
larger than unity. The diffractograms are shown in
Figure 1 and texture coefficients are given in Table 2.
From the data in Table 2, it is clear that in the absence
of additives, 46.5% of zinc sample crystallites were
oriented parallel to the pyramidal (112) plane and
18.1% were parallel to the prismatic (110) plane. The
pyramidal (112) is the preferred crystallographic orien-
tation for zinc deposits in the absence of additives. Filho
et al. [18] have reported that at a high current density,
the diffracted intensities of the (002)z,, (105)z, and
(104),, crystallographic planes decrease and the dif-
fracted intensities of the (101)z, and (112)z, crystallo-
graphic planes increase. The diffracted intensities of
(100)z, and (110)z, are the only crystallographic planes
which appeared at high current density. The obtained
(112) crystallographic orientation of zinc deposits in the
absence of additives at / = 4 A dm™? is in agreement
with the literature. In the presence of urea, 57.6% of
zinc deposits crystallize along the (112) plane and 49.5%
of the deposits show the same trend in the presence of
guanidin. In the presence of thiourea, zinc deposits
crystallize into two textures (100) at 31.6% and (110) at
28.0%.

As the additives are added to the solution, they are
adsorbed on the electrode, which affects the reduction
of metal ions and modifies the crystallographic

% 100 (3)
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Fig. 1. X-ray diffractograms of electrodeposited zinc (a) without additive, (b) with guanidin, (c) with thiourea, (d) with urea.

Table 2. Texture coefficients (7,) of Zn deposits

Plane (hkl) T. (hkl) (%) for electrodeposit systems

Basic solution Urea Guanidin Thiourea
002 0.7 0.41 1.3 1.45
100 0.8 0.9 1.2 31.61
101 1.5 1.8 2.8 8.04
102 9.1 8.85 11.5 3
103 10 9.68 14.9 1.93
110 18.1 19.69 16.3 27.83
004 0 0 0 1.85
112 46.5 57.57 49.5 6.6
200 0 0 0 1.93
201 1.5 1.1 2.4 11.34
104 11.8 0 0 4.42

orientations of the deposits. Thus, a voltammetric study
was carried out to complete the investigation of the
additive effects. Figure 2 shows the j versus E curves
obtained for the Zn(II) solution in the presence and
absence of additives at a scan rate of 50 mV min~'. For
comparison, linear voltammograms obtained in the
same conditions without Zn(II) in the solution are
presented in Figure 3. The presence of additives shifts
the potential toward more negative values.

In a more negative potential region (Figure 2), the
reduction of Zn(II) ions occurs. The mechanism of
Zn(I1) ion reduction from a chloride bath was proposed
by Trejo et al. [19, 20] and supported by Rojas et al. [21,
22]. They have reported that the chloride ions (CI")

establish a complex with zinc ions and this complex is
reduced to zinc as follows:

[ZnCL)* +2¢ — Zn+4CI (4)

The potential at which the reduction occurs can be
calculated from the following equation:

EZnCli*/Zn =—1.01 +0.12pC/ — 0.03pZn

(5)

As expected, the additives affect the zinc electrode-
position process (Figure 2). The negative shift of
potential at J = 4 A dm? increases in the following
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Fig. 2. Cathodic polarization curves obtained on panel steel from
plating bath without stirring.
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Fig. 3. Cathodic polarization curves obtained on panel steel from
plating bath without Zn(II) ions and without stirring.

order: guanidin, urea and thiourea. An increase in the
metal deposition potential has been observed in the
presence of additives [23-26]. This result is usually
interpreted in terms of partial coverage of the electrode
surface by the additive. This blocks the active sites,
decreasing the nucleation rate and affecting the nucle-
ation mechanism [27]. In addition, adsorption of the
additive molecules on the growing zinc deposit can
occur, blocking the electrocrystallization process, as
observed by Gomes et al. who studied surfactant effects
on zinc electrodeposits [28]. Consequently, metallic
deposits obtained in the presence of additives have a
smaller grain size. The inhibition depends on the
structure, size of the additives and the specific interac-
tions between the additive and the substrate as well as
the additive and the deposit. Reents et al. [29] studied
the influence of thiourea on silver deposition and
reported that thiourea adsorbs onto the substrate and
deposit through the sulphur atom.

Considering the structure of thiourea and urea,
thiourea adsorbs onto the zinc deposits through the
sulphur atom and urea adsorbs through the oxygen
atom. The same effect of thiourea and urea on the
potential shift is expected. The difference observed, can
be attributed to the fact that the sulphur atom in
thiourea has more clectrons than the oxygen atom in
urea; thiourea is more disposed to interact with the
substrate or the zinc deposits. The nitrogen atom in
guanidin does not possess free electrons, thus there is no
interaction between guanidin molecules and the sub-
strate or the zinc deposits.

The difference in the crystallographic orientations
between thiourea (100) and (110) and guanidin (112) or
urea (112) is attributable to the sulphur atom. The
oxygen atom (urea) and nitrogen atom (guanidin)
produced zinc deposits with the same crystallographic
orientations (112).

Some structural differences between the investigated
zinc deposits can also be detected from morphological
studies. Figure 4 shows the SEM micrographs of zinc

deposits. All electrodeposits appear sufficiently well
distributed, compact and continuous. The use of gua-
nidin does not refine the grain size of the deposits,
whereas zinc deposits with smaller grain size are
obtained in the presence of thioureca compared to those
obtained in the absence of additives.

3.2. Corrosion behaviour

Several studies concerning the corrosion behaviour of
zinc in NaCl solutions have been carried out, where the
corrosion of zinc proceeds via two partial reactions.
(1) The cathodic reaction is the reduction of oxygen
and leads to a pH increase [30]

Osg) +2H0 + 4e~ — 40H (6)

(i) The anodic reaction involves the dissolution of
zinc and leads to weight loss [31, 32]

Zn — Zn*t 4+ 2e” (7)

The anodic polarization of pure zinc was conducted to
better understand the corrosion behaviour of deposits in
3.5% NaCl solution. A typical anodic polarization curve
for pure zinc is shown in Figure 5. This curve has two
regions. The first consists of active dissolution (from
Ecorr to point a) of zinc and zinc dissolution continues
with increasing potential until zinc hydroxy-chloride
(ZHC) forms and covers the surface (point a). Many
authors have reported that ZHC forms on the surface of
the zinc deposits during exposure to NaCl solution [30,
31, 33]. Zhang [34] has reported that the ZHC layer
formed in NaCl solution at pH < 7 (acidic media) is
porous. With this observation, the ZHC layer can be
classified as a pseudo-passive layer [35]. From point a,
the pseudo-passive layer (ZHC) forms on the zinc
surface and the zinc dissolution continues, but the rate
decreases [36].

When metal passivation occurs, the current density
drops, as the potential increases [13]. Although there is
in increase in potential, shown in Figure 5, the current
density does not drop. Geary et al. [32] have also
observed the same behaviour of pure zinc in a 0.5 mol
dm™ NaCl solution. It is evident that in an acidic NaCl
solution a passive layer does not form, but it forms a
zinc hydroxy-chloride, which is a pseudo-passive layer.
When the whole sample surface is covered by this layer
the rate of zinc dissolution decreases.

The anodic polarization curves shown in Figure 6 do
not exhibit Tafel behaviour. In the presence of thiourea
the zinc deposit curve is near to a free zinc curve.
Although a finer grain size is obtained in the presence of
thiourea, as well as a different crystallographic orienta-
tion, the use of thiourea does not improve the corrosion
resistance of zinc deposits. Kumar et al. [37] also used
thiourea from chloride media. They reported the non-
improvement of corrosion resistance of the zinc deposits
in the presence of thiourea. The corrosion behaviour of
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Fig. 4. SEM micrographs of zinc deposits (a) zinc without additive, (b) zinc with guanidin, (c) zinc with thiourea, (d) zinc with urea.

metallic coatings is dependent on the texture, morphol-
ogy and chemical composition of the deposits [38].
Sulphur is incorporated into the deposits in the presence
of thiourea [39]. It is well known that the presence of a
sulphur atom in the deposits decreases the corrosion
resistance, as reported for bright nickel electrodeposits
[11]. In contrast, in the presence of thiourea, the deposits
have a finer grain size. The finer grain size of the zinc
coatings improves the corrosion resistance [39]. In spite
of the thiourea effects on morphology and texture,
thiourea does it not.

The anodic polarization curves of zinc deposits
obtained in the presence of guanidin are also close to
those of free zinc. The use of this additive does not
improve the corrosion resistance. The morphology and
texture of the deposits obtained in the presence of

-2
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Fig. 5. Polarization curve for pure zinc in 3.5% NaCl solution.

guanidin are also similar to those in the absence of
additives. Thus, the corrosion behaviour of zinc deposits
obtained in the presence of guanidin is the same as that
obtained in the absence of additives.

The anodic polarization curves of zinc deposits
obtained in the presence of urea are under those
obtained in the absence of additives. The corrosion
resistance is improved by adding urea to the bath. The
deposit texture in the presence of urea is the same as that
obtained in the absence of additives, while the intensity
of the (112) plane is increased in the presence of urea.
When a metal is exposed to a corrosive environment the
corrosion rate of each grain varies due to the difference
in the binding energy of atoms between the crystallo-
graphic planes [38]. In the presence of urea, the peak

2
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10° —A—urea
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Fig. 6. Anodic polarization curves for Zn deposits in a 3.5% NaCl
solution: with and without additive.
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Fig. 7. Polarization resistance curves of zinc deposits: with and
without additive.

intensity of the (112) crystallographic plane increases.
The increase in texture intensity can improve the
corrosion resistance of the coatings as observed by Park
et al. from the (001) plane [38]. From the cathodic
polarization data (Figure 2), in the presence of urea, the
zinc deposits have a slightly finer grain size.

In order to confirm the anodic polarization results,
other corrosion tests were carried out (polarization
resistance and weight-loss studies). Figure 7 shows the
polarization resistance (R,) curves and Figure 8 shows
the weight-loss curves. The polarization resistance
remains constant during the eight days of exposure to
the NaCl solution. No difference is observed between
the zinc deposits obtained in the presence of thiourea,
guanidin and the zinc deposits obtained in the absence
of additives, while in the presence of urea, the R, curve
is higher than that of free zinc. The corrosion resistance
of zinc deposits is improved in the presence of urea. The
R, results are in agreement with those obtained by the
anodic polarization method. The polarization resistance
measurements were carried out in parallel with the

3.5
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Fig. 8. Weigh-loss curves of zinc deposits: without additive, with
guanidin, with thiourea, with urea.

weight-loss ones. Figure 8 shows the weight-loss curves
of deposits obtained in the presence and absence of
additives. A lower weight-loss rate is observed with the
deposits obtained in the presence of urea.

All these curves confirm the improvement in corrosion
resistance of the deposits in the presence of urea and the
non-improvement of the corrosion behaviour in the
presence of thiourea or guanidin.

4. Conclusion

In this study, zinc deposits with a finer grain size were
obtained in the presence of thiourea, while guanidin had
no significant effect on the morphology compared to
that obtained in the absence of additives. The crystal-
lographic orientation of the zinc deposits changes from
(112) in the absence of additives to a pseudo texture
(100) and (110) in the presence of thiourea. Guanidin
and urea have the same crystallographic orientation
with the deposits obtained in the absence of additives,
but in the presence of these additives, the peak intensity
of the (112) plane increases. The use of thiourea or
guanidin does not improve the corrosion resistance of
the deposits while an improvement in corrosion resis-
tance was observed with urea.

The difference in the effects between thiourea, urea
and guanidin is attributable to the molecular structures
of the additives.
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