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Zinc electrodeposition is an economical process of Zn coating compared to conventional galvanic
process. The galvanizing process is used in various industrial sectors to protect ferrous alloys during
the corrosion process. In buildings, the galvanizing process is widely used to coat mortar protective
screens. The electrodeposition of zinc has a relatively low cost compared to other coating materials for
the same purpose; however, its corrosion resistance is lower than that of most protective deposits. This
study evaluated the effect of adding glycerol to the electrodeposition bath on the corrosion resistance,
deposition efficiency, morphology and microstructure of the zinc electrodeposit in concentrations
ranging from 0.03 to 0.82 M. The electrodeposition was performed on carbon steel AISI 1020 with
a current density of 10 mA.cm™. The electroplating solution composition was 0.10 M ZnCl,, 2.80 M
KCl and 0.32 M H,BO,. Electrodeposition time was 17.56 min, 5 um thick coating, equivalent to the
mass of 7.166E-3 g of zinc on the steel surface. Evaluation of the corrosion resistance was performed
by means of the electrochemical tests of Anodic Voltammetry, Potentiodynamic Polarization and
Electrochemical Impedance Spectroscopy (EIS) as well as Weight Loss tests in NaCl1 0.5 M in 4 (four)
different period of immersion. The morphology and microstructures of electrodeposited were analyzed
using the techniques of Scanning Electron Microscopy (SEM) and Spectrometry X-Ray Diffraction
(XRD). The presence of glycerol in the electrodeposition bath decreased the deposition efficiency;
however, it increased corrosion resistance and promoted the formation of more compact and refined
electrodeposited coatings. Moreover, the results showed that the corrosion rate does not vary linearly

with the addition of glycerol.
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1. Introduction

The process of zinc electrodeposition is widely used in the
corrosion protection of steel, due mainly to its relatively low
cost compared to other coatings. The zinc coating obtained
from electrodeposition has a good surface finish with good
thickness uniformity and furthermore enables good adhesion
of paint on its surface!. Zinc coatings are used in several
applications, such as the coating of steel sheets used in home
appliances, the coating of tubes, point-of-sale equipment
and fasteners. There are several factors that the properties
of zinc coating, such as current densities, temperature, bath
pH and additives.

It has been found? that the gain refinement of zinc deposit
is obtained with increasing current density. However there is an
optimum current density value for the zinc electrodeposition®>.
The increase in current density increases the nucleation rate
of the deposit, which results in a higher current efficiency.
However, above a certain value the increase in current density
causes the deposit deterioration**. More recently it has been
reported that the characteristics of the coating of Zn obtained
by electrodeposition can be improved by the use of pulsed
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electrodeposition which raises the corrosion resistance of the
coating compared to the direct current used in conventional
deposition®®. In a study” on the effect of direct current (DC),
pulsed current (PC) and pulsed reverse current (PRC) on
structure and corrosion resistance of Zn coating was found
that PC and PCR coatings are more compact, thinner, less
porous and more resistant to corrosion compared to DC
coatings and these effects are more significant in PCR coatings.

The electrodeposition through PCR allows the obtaining
of Zn coating with nano grained which results in a coating
with greater resistance to corrosion and with greater hardness
due to high area of grain contours. A higher corrosion
resistance for PRC Zn deposits is attributed to formation of
compact ZnO corrosion product on the surface of PRC Zn
in contrast to porous zinc hydroxy-chloride on the surface of
DC and PC Zn deposits®. The presence of the nano grains in
the Zn coatings PCR allows the formation of the ZnO film
because the formation of this film is a controlled diffusion
process and the diffusion of the ions to form this film occurs
preferentially through the grain boundaries. A high area per
unit of the volume of the grain boundaries with nanometric
dimension therefore allows the formation of this film, which
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does not occur in the polycrystalline coatings obtained
through DC and PC in which the diffusion of the alloying
elements is much smaller®.

It is observed'® that the temperature rise results in
increased current efficiency and lower specific energy
consumption. However above a certain temperature this
behavior is more observed. Moreover at higher temperatures
electrode shortening would become a problem due to nodule
formation'’. The highest current efficiency and lowest specific
energy consumption were achieved between 40 °C and 45 °C
for zinc electrodeposition from acidic sulfate electrolyte!’.
As observed with current density the temperature rise also
causes the reduction in the average crystallite size of the
zinc deposits®. The increase of the current efficiency caused
by the increase of the bath deposition temperature can be
attributed to a higher rate constant of cathodic reactions and
consequently in the lower driving force required to occur
the deposition of the zinc!’.

The effect of pH on the Zn electrodeposition process
is related to the conductivity of bath deposition and with
the hydrogen evolution reaction. As the pH moves toward
lower values, the conductivity of the chemical bath tends
to increase'?. This effect should favor the deposition
reactions of the metal ions, thus causing an increase in the
current efficiency. However, below a certain pH the effect
of hydrogen evolution becomes predominant and current
efficiency decreases!®!'. With the elevation of the hydrogen
ion concentration the rate of hydrogen evolution becomes
greater and consequently the fraction of the deposition
current to be used in the deposition of the zinc decreases,
resulting in the reduction of the current efficiency with the
acidification of the bath deposition.

The pH of bath deposition also affects the quality of the
deposit having been verified'? a deposit burnt at pH lower
than 2.5 while at pH 2.5 a satisfactory bright deposits were
obtained to zinc electrodeposition from sulphate bath content
product of glycyl-glycine and furfural. However, the powdery
deposit was obtained at pH of 4 to zinc electrodeposition
from acetate solution, while a smooth, uniform, and white
deposit was obtained at pH of 5.0"3. These results indicate
that the effect of pH on the characteristics of the zinc deposit
depends on the composition of the deposition bath.

The zinc deposit has a relatively low corrosion resistance
in aggressive environments, such as those containing chloride
and sulfur oxides. Therefore, it is important to use additives in
the electrodeposition bath to improve the corrosion resistance
of the coating. It has been reported that several additives'**,
affect structure and enhance the corrosion resistance of
zinc coatings. Among the additives in the electrodeposition
bath that improve the corrosion resistance of zinc coatings
are ionic liquids, 1-butyl-3-methylimidazolium hydrogen
sulfate (BMIMHSO,)'*"%, polyethyleneglycol (PEG)'®",
gelatin'®!?, urea®, polyvinyl alcohol (PVA) + piperol*', CTBA
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(cetyltrimethyl ammonium bromide)+VV (veratraldehyde)?
and coumarin®.

The effect of the organic additives on the microstructure
of the Zn deposit is related mainly com the formation of a
more compact coating and more refined grains. This behavior
is related to the adsorption of additives on the cathode
surface during electrodeposition; the additives can retard
grain growth and increase the nucleation rate, resulting in
finer grain and compacts deposits'>!7.

The organic additives initially preadsorbed on steel sheets
successively adsorb onto the deposited Zn coating as well**.
The adsorption of additives on the cathode surface during
electrodeposition occurs through free electron containing
radicals. Among these radicals are oxygen, nitrogen, sulfur
and hydrophilic groups (-O-SO,Na). Oxygen atoms act as
radicals for adsorption in several additives such as urea,
gelatin and Polyethylene glycol (PEG). Nitrogen atoms
act as radicals for adsorption of stearyl dimethylbenzyl
ammonium chloride [SDBAC]. Saccharin is adsorb by
oxygen and nitrogen atoms. Hydrophilic groups (-O-SO,Na)
act as radicals for adsorption of sodium lauryl sulfate. S act
as radical for adsorption of thiourea?**.

The intensity with which the organic additive is adsorbed
on substrate or zinc deposit depends of electrons number of
radicals for adsorption and of molecular weight of additive.
A radical for adsorption with more electrons interacts more
intensively with the substrate or the zinc deposits®. An
addive with higher molecular weight tends to have a larger
number of radicals for adsorption and therefore a greater
adsorption capabiliy. The high adsorption capacity of gelatin
is attributed to its high molecular weight**. However, when
the molecular weight of additive is very high, as occurs
in polymers with high molecular weight, the number of
effective radicals decreased because of the embroilment of
the polymer and the increase of the molecular weight does
not favor the additive adsorption. It was found* that when
when the molecular weight of polyethylene glycol (PEG)
is < 1 x 10% almost all the oxygen radicals are utilized for
adsorption to inhibit Zn deposition effectively. However,
when the molecular weight of PEG exceeded 10* the number
of effective radicals decreased because of the embroilment
of the polymer.

The increase of nucleation rate and the retardation of
grain growth caused by additives is related with the increase
of cathode overpotential and with the inhibition of Zn deposit
growth. The higher cathode overpotential increases the free
energy to form new nuclei which results in a higher nucleation
rate®. It is reported®” in chlorite- plate solution that the
mixtures of polyacrylamide and thiourea resulta in the high
cathode overpotential which decrease the grain size of Zn
coting markedly. A similar effect was also found in sulfate-
plate solution with the mixture of thiourea and benzalacetone
which result in formation of nanocrstalline Zn deposit®.
Stearyl dimethylbenzyl ammonium chloride (SDBAC)?,
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polyethylene glycol (PEG), gelatin?* and coumarin® are
other organic additives reported in literature which increase
cathodic polarization and cause grain refining. The degree
of polarization depends on the number of radicals presents
in the additive utilized for adsorption. A smaller number of
these radicals may decrease the degree of polarization of
the additive's.

Generally the organic additives that cause the refining of
grains of the Zn deposit increase of overpotential cathode.
However, it is possible that the additive causes grain refining
without altering the overpotential cathode. This behavior is
found* with the addition of saccharin and also with addition
of sodium lauryl sulfate, which causes grain refining without
altering the overpotential cathode. It is possible that these
additives cause inhibition of the growth of Zn grains without
altering the nucleation rate. Inhibition of the growth of the
Zn deposit grains is related to the absorption of large organic
molecules on the cathode which acts as a physical barrier or
temporary metal complex formation. This effect results in a
low anion surface mobility, which slows grain growth?>!. The
decrease of grains size also is attributed to the suppression
of Zn normal lateral growth due to the presence of organic
additives adsorbed on Zn growth sites?.

The effect of the addition of the organic additives on
the corrosion resistance of the Zn deposit obtained by
electrodeposition is related to the composition, texture,
morphology, and size of the grains. The presence of
close packed crystallographic planes favors the corrosion
resistance of the Zn deposit. These planes has a higher
number of nearest neighbouring atoms for binding and thus
the total energy required for breaking of bond between the
atoms of these planes is higher which favors the elevation
of corrosion resistance®?. The additives that are adsorbed
on the electrode can affect the reduction of metal ions and
therefore change the crystallographic orientations of the Zn
coating. It was found? that the addition of urea increases the
intensity of the (112) plane and this effect has been related
to the improvement of the corrosion resistance caused by
the presence of this additive. The basal plane (002), whose
presence is promoted by the addition of organic additives
such as polyvinyl alcohol (PVA), is more compact than the
pyramidal (101), (112) and prismatic (110), (100) planes.
Therefore, a greater presence of the plane (002) favors the
elevation of the corrosion resistance of the Zn deposit®.
However, it is important to note that other effects such as a
lower surface roughness may prevail over the texture of the
plane. This behaviour occurs with the addition of piperone in
a bath containing PVA, that although decrease the intensity
of the plane (002) can raise the resistance the corrosion of
the Zn deposit™.

The effect of the additive on the morphology is a factor
of great importance in the corrosion resistance of the Zn
deposit, being observed in several situations that this factor
prevails over the effect of the texture of the deposit*’. A

more compact and thus less rough coating caused by the
adsorption of organic additive results in a lower corrosion
rate. This effect occurs due to less contact occurs between
the area of the coating surface and the corrosive medium.

The smaller surface roughness caused by the adsorption
of organic additive on the substrate and the deposit of
Zn may be attributed mainly to the finer grain size of the
coatings**!. It was found® that the effect of grain refining
on the roughness of the Zn deposit prevails over the crystal
orientation effect. Usually the additives that cause the refining
of the grains decrease the roughness of the Zn deposit and
make it smooth. This effect is observed with the addition of
additives such as gelatin®*3 polyethylene glycol (PEG)*34%,
saccharin®, tetrabutylammonium chloride (TBACI)*, and
sodium lauryl sulfate*. However, the additive can cause
the grain to be refined without reducing the roughness. This
behavior was reported* with the addition of ammonium
chloride (SDBAC) and is attributed to the formation of a Zn
deposited nonuniformly with the adsorption of this additive.

The effect of grain refining on the corrosion resistance
of the Zn deposit, besides being generally related to the
roughness of the deposit, may also be related to the passive
film of ZnO. It has been proposed that grain refining increases
the number of active nucleation sites of ZnO on the surface of
the coating, which accelerates the formation of this oxide that
acts as a passive film, thus favoring the corrosion resistance
of the deposit. It is found® that the addition of the organic
additives CTAB (cetyltrimethyl ammonium bromide) +
VV(veratraldehyde) em um solugdo alcalina de NaOH,
accelerate the formation of ZnO passive filme o que inhibits
the further oxidation of zinc deposits. This effect is attributed
to grain refining caused by the addition of these additives,
which increases the nucleation rate of ZnO. Grain refining
may also favor the formation of the passive film by promoting
the diffusional process involved in the formation of this film.
It was found® that in a nanocrystalline zinc coatings due
to high grain refining, the diffusion of elements materials
is much higher than that in polycrystalline materials which
favors the formation of the ZnO film. However, the effect
of grain refining on the passive ZnO film occurs only in a
corrosive environmental which this passive film is formed.
In Zn coating obtained by direct current (DC) and pulsed
current (PC) the ZnO passive film is not formed solution
acid**¢ however, was found* , that in Zn coating obtained
by pulsed reverse current (PRC) the passive film can be
formed in NaCl acid solution.

Change in the composition of the Zn deposit caused by
the organic additive may affect the corrosion resistance of the
deposit. This effect occurs when the sulfur, which decreases
the corrosion resistance of the deposit, is incorporated into
the deposits in the presence of additives containing such
element. It is found® that adding thiourea results in finer
grain size, but does not improve the corrosion resistance of
zinc deposits. This behavior is attributed to the incorporation
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of sulphur in the deposit due to the presence of thiourea
containing that element.

A prior study*’ reported that the addition of glycerol to a
Zn-Ni plating bath results in a higher corrosion resistance of
the coating. In addition, another study?® reported that the best
zinc coating morphology was obtained with 0.52 M glycerol
in the plating bath of the zinc coating electrodeposited onto
a platinum substrate.

Oxygen atoms forming a double bond with carbon act
often as radicals for adsorption of organic additives in the Zn
deposit, as occurs with urea and coumarin. Oxygen has free
electrons that interact with the metallic substrate and with
the Zn deposit being formed, thus allowing the adsorption
of additive. In glycerol, as can be seen from Figure 1, that
shows its molecular structure, carbon atoms form bonds
with hydroxyl groups. The presence of free electrons in the
hydroxyl allows the adsorption of glycerol in the Zn deposit.
Therefore, it becomes interesting to analyze the effect of
glycerol on the corrosion resistance of the Zn deposit. It
is also important to note that glycerol does not introduce
sulfur into the deposit.

HC — OH

Figure 1. Molecular structure of glycerol.

However, the effect of glycerol on the corrosion resistance
of the zinc coating and on the current efficiency deposition
of the zinc coating electrodeposited onto a steel substrate
was not analyzed. Glycerol is a by-product of biodiesel
production that can be obtained by using classical vegetable
or animal oil transesterification. Because only a part of
the glycerol produced by the transesterification process is
commercially utilized, there is a significant excess of this
product. Therefore, it becomes interesting to study new
applications for glycerol in electrodeposition baths.

Materials Research

The purpose of this paper is to determine how the
galvanostatic deposition efficiency and characteristics of the
electrodeposited Zn coating on a steel substrate are affected
by the addition of glycerol to the plating bath by analyzing
the structure, morphology, and corrosion resistance of the
zinc coatings.

2. Experimental

The solution composition and conditions for Zn
eletrodeposition are listed in Table 1.

Table 1. Electrodeposition conditions

ZnCL(M) 0.10
KCI(M) 2.80
Bath Composition
H,BO,(M) 0.32
pH 4.8
Current density 10
(mA.cm?)
Operating Temperature(°C) 25
Conditions Cathode Fe (1x2 cm™)
Anode Graphite bar
Stirrer No stirrer

Solutions were prepared from chemicals of analytical-
grade purity dissolved in water purified with a Millipore
Milli-Q system. Zinc coatings were electrodeposited onto
samples of disc-shaped carbon steel AISI 1020 substrate
embedded in crystal resin, with a geometric area of 2.00
cm? of exposure. Prior to Zn plating, the carbon-steel
surfaces were polished with 200, 400 and 600 SiC emery
paper and then cleaned in alcohol and distilled water. The
electroplating solution composition was 0.10 M ZnCl,, 2.80
MKCland 0.32 M H,BO, and pH of 4.8. Six concentrations
of glycerol were added to the electrodeposition bath (0.03;
0.07; 0.14; 0.27; 0.55 and 0.82 M). The parameters used
in the galvanostatic deposition were: room temperature;
without agitation; current density 10 mA.cm; graphite
bar used as anode; electrodeposition time 17 hour and56
min; 5 um thick coating. The electrochemical curves were
recorded using an AUTOLAB Potentiostatic&Galvanostatic
model PGSTAT 100 instrument. Coated carbon steel were
employed as working electrodes, Hg/Hg,Cl, (saturated
calomel electrode - SCE) and graphite were employed as
reference and auxiliary, respectively.

The galvanostatic deposition efficiency (%FE)* was
evaluated by the ratio between the zinc electroplated mass
and the theoretical mass (equation 1):

(%E) = (m./m.).100 (1)

Where: m_is the measured Zn mass gain, and m_ is the
theoretical mass gain, calculated by equation 2:
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Where: t,is the deposition times (second), T is the total current
passed (amperes), n, is the number of electrons transferred
per atom of metal, C, is the weight fraction (1 to Zn coating),
M, is the atomic mass of that element (g.mol ™), ad F is the
Faraday's constant

Using the Faraday's law the m_is related with the thickness
of the coating by equation 3:

t=m./ dz.,.S 3)

Were t is the film thickness, (5 pm); d,, is the zinc density,
(7.14 g.cm); S'is the electrodeposition surface, (2.01 cm?).

Potentiodynamic deposition test consists of a scan of
the zinc deposition region (cathode region), followed by
scanning of the metal dissolution region (anodic region) at
ascan rate of 10 mV.s™'. In the cathodic direction, the initial
potential of -0.8 V was used, with the potential reverting
to anodic direction at -1.3 V, with the scan ending at the
potential of -0.8 V.

To evaluate corrosion resistance were used methods such
as loss of mass in 0.5 M NaCl solution (pH around 6.7), anodic
voltammetry and linear polarization at a scan rate 10 mV.s™!
in addition to the Electrochemical Impedance Spectroscopy
(EIS) technique. In the mass loss test, the deposits obtained
with different glycerol levels in the electrolytic bath and
without glycerol addition were immersed during different
periods in the corrosive solution 0.5 M NaCl (14 h, 11 h,
8 h, and 5 h). The cleaning of the corrosion product on the
surface of the zinc coating after immersion in a corrosive
solution was made with solution of glycine (aminoacetic
acid - C,H,O,N) 1.36 M at room temperature. The corrosion
rate (CR), expressed in mm per year, was calculated using
the following equation (4):

CR=KW/AT.D @

where K = constant (for CR mm/year, K=8.76 x 10%); W
= mass loss (g); A = exposed area (cm?); T = duration of
exposure (h); D = density (for zinc, D =7.14 g.cm™).

For the EIS plots, the zinc coating was exposed to 0.5 M
NaCl for 3 min and the reading parameters were as follows:
open circuit potential; frequency range 100 KHz-10 mHz
and 10 mV amplitude of the sinusoidal voltage.

The surface morphology at of the electrodeposits were
obtained using a JEOL JSM - 6610LV scanning electron
microscope (SEM). Roughness of the deposits was analysed
by Olympus laser confocal microscope, model LEXT
OLS 4100, with 200X objective lenses. A microindenter
(Future -Tech Corp. model FM-7E) was used to measures
microindentation Vickers film hardness, realized with
load of 0.5 N and time of load of 15 seconds. The coating
crystal phase structure was analyzed by X-ray diffraction
(XRD) using a SHIMADZU XRD-6000 model instrument
equipped with a Cu-Ka radiation source (40 kV and 40 mA).

The angular 20 range used to identify the peaks was between
10-70 degrees. In addition to the identification of the peaks,
compressive stress of the microstructure of electrodeposits
was also calculated. The value of microstrain was estimated
using the Williamson-Hall method*, where the effect of the
tension and particle size on half the width and half the peak
height are additive.

3. Results

3.1 Zn electrodeposition current efficiency

The effect of the presence of glycerol in the electrodeposition
bath on the current efficiency (CE) of the Zn galvanostatic
electrodeposition and on mass of zinc per square meter of the
substrate are shown in Figure 2 and in Table 2 respectively.
The current efficiency is less than 100%, which indicates
that the hydrogen evolution reaction is occurring in parallel
with Zn deposition.

In a previous study?®’, it was determined that the
addition of 0.03 and 0.07 M glycerol increases the current
efficiency (CE) of Zn-Ni electrodeposit when compared with
electrodeposition without glycerol, and the CE decreases
with the addition of higher glycerol content. This increase
of CE is attributed to adsorption of glycerol in the surface of
the steel substrate, which blocks the active sites of evolution
of hydrogen. Therefore, the increase of current efficiency is
due to inhibition of hydrogen evolution. For higher levels
of glycerol, the strongly adsorbed additive layer covers the
cathode surface, which inhibits the zinc deposition.

However, the results in Figure 2 and Table 2 show
that the addition of glycerol, including concentrations of
0.03 and 0.07 M, decreases the current efficiency of zinc
deposition when compared with deposition without glycerol.
It is possible that during the Zn electroplating process, the
glycerol uptake was more intense in comparison with the
Zn-Ni electrodeposition, and the contents of 0.03 to 0.07
M glycerol was sufficient to form a strongly adsorbed layer
that inhibits the zinc electroreduction and consequently
reduces the CE.

Table 3 shows that the addition of glycerol in the zinc
electrodeposition bath causes a slight decrease in its pH
and conductivity. This parameter is related to a possible
increase of the viscosity of the solution and consequently
to the decrease in the dispersed capacity of the electrolyte.
Therefore, it is possible that this effect contributed to the
decrease of EC. This behavior is consistent with the results
of galvanostatic deposition, see in Fig. 2.

Figure 3 shows the effect of different glycerol concentrations
on the Zn potentiodynamic electrodeposition. It is observed
that the peak in the anodic region, la, around -0.94 V,
corresponds to the dissolution of the Zn and the current
density of cathodic peak, Ic, around -1.19 V, corresponding
to electrodeposition of Zn. This curves indicates that the



6 Almeida et al.

H

75

Deposition Efficiency (%)
8
e
-

70

0 0.1 02 03 0.4 05 06 0.7 08
Glycerol Concentration (M)

Figure 2. Effect of the presence of glycerol in the deposition bath
(ZnC10.10M; KC1 2.8 M; H,BO, 0.32M) on the current efficiency
(CE) of the Zn galvanostatic deposition.

current densit of cathodic peak decrease with the addition of
glycerol. However, although this behavior may be consistent
with the results of galvanostatic deposition, shown in Fig. 2,
it is not possible to state that it indicates the inhibition of
the deposition process because the cathodic currents are
constantly affected by the variation of the surface area of
the electrodeposits.

The voltammogram shown in Figure 3 (see figure insert)
corresponds to the potentiodynamic polarization curve obtained
with a Zn-free bath and indicates that even in the absence
of the Zn" cation, a reaction occurs in the cathodic region,
suggesting that the hydrogen evolution reaction, represented
by: 2H" + 2¢ ( H, occurs in parallel with the reduction of
zinc, with beginning and end in the same potentials.

3.2 Evaluation of the physical structure of the Zn
electrodeposits

Figure 4 shows the diffractograms obtained for samples
prepared in the absence and presence of several concentrations
of glycerol. As can be seen the diffractograms peaks are formed
of thin peaks, as in crystalline structures. The presence of
carbon in the electrodeposit can promote the formation of an
amorphous structure. The amorphous structure can exhibit a
higher corrosion resistance in comparison with the crystalline
structure*!. However, the X-ray diffraction patterns show
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Table 3. pH and Conductivity data of the electrolytic baths

Bath Glycerol M pH ig?j;%?:té
A 0 4.80 179.2
B 0.03 4.77 176.6
C 0.07 4.73 175.7
D 0.14 4.66 173.9
E 0.27 4.56 173.3
F 0.55 4.33 173.0
G 0.82 4.29 171.8

that despite the carbon contained in glycerol, the addition of
this additive maintained the crystal structure of the coating.

To determine the effect of glycerol addition on the
crystallographic orientation of the electrodeposit, texture
co-efficient (RTC, %) was calculated for each of the peaks
of'the diffraction pattern. The corresponding RTC values are
shown as a bar diagram (Figure 5). It was observed that the
RTC values of the basal (0 0 2) planes decreased with the
addition of glycerol, while the RTC values of the pyramidal (1
0 1) planes tended to decrease with the addition of glycerol.
The effect of glycerol on the RTC of prismatic (1 0 0) and
pyramidal (1 0 2) planes was not obvious.

From the XRD data, the microstrain was also estimated
in the compression of Zn coating in the absence and in the
presence of glycerol. The corrosion is favored by the presence
of tensile stress on the surface of the metal coating, where
it was observed that the increase in corrosion resistance can
be related to the compression microstrain*?. The microstrain
values for the compression results are shown in Table 4 and
indicate that glycerol did not cause a significant effect on
this parameter.

3.3 Study of morphology and hardness of the Zn
electrodeposits

Figure 6 shows the physical characterization by SEM
of electrodeposited lead films obtained in the absence
(Figure 6A, 6C) and the presence (Figure 6B and 6D) of
glycerol.

Table 2. Mass of zinc coating per square meter of the substrate (g/m?) obtained from bath deposition containing different concentrations

of glycerol.
Bath Glycerol (mol/1) Mass maximum (g/m?) Mass minimum(g/m?) Mass average(g/m?)
A 0,0 32.02 30.52 31.27
B 0.03 31.52 30.01 30.84
C 0.07 29.51 28.52 29.02
D 0.14 29.02 28.02 28.64
E 0.27 29.02 27.51 28.35
F 0.55 28.52 27.02 27.89
G 0.82 26.51 25.51 26.01
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Figure 3. The potentiodynamic polarization curves of 1020 steel substrate immersed in solutions containing different compositions: free,
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glycerol contents

Table 4. The microstrain of the compression of Zn coating in
presence and absence of glycerol

Bath Glycerol M Cogzgiens’sgive
A 0 -0.0027
B 0.03 -0.0020
C 0.07 -0.0025
D 0.14 -0.0019
E 0.27 -0.0027
F 0.55 -0.0022
G 0.82 -0.0027

SEL 20k WD10mm
xS

Figure 6. SEM of zinc electroplated steel AISI 1020. (A) micrograph
of Zn coating obtained from a electrodeposition bath containing no
glycerol at 1000X, (B) containing 0.82 M glycerol at 1000X, (C)
free glycerol at 5000X and (D) containing 0.82 M glycerol at 5000X

The micrographs indicate that glycerol has an effect on
the morphology of zinc. It is observed that in the absence of
glycerol, larger grains formed that were irregular in size and
shape, both on the innermost layer as well as the uppermost
layer. Upon the addition of glycerol, grains of more regular
size and geometry are formed.

Materials Research

The SEM micrographs in Figure 6 show that the addition
of glycerol resulted in a decrease in the grain size and also
in the formation of a more compact coating, and this effect
increases with increasing glycerol concentration. In order to
verify this effect, measurements of hardness and roughness
were made in Zn deposits obtained in the absence and
presence of glycerol.

Table 5 shows the Vickers microhardness measurement
of Zn coatings obtained in the absence and the presence
of 0.82 M glycerol. The results in this table show that the
hardness increases with the presence of the glycerol which
indicates that the addition of glycerol promotes the grains
refining of Zn coating.

Table 5. Microhardness values of Zn coatings

Specimens Microhardness / HV 0.05
Zn free glycerol 51.63+0.89
Zn + 0.82 M glycerol 60.23 £0.57

The roughness values of Zn coatings in the absence and
presence of 0.82 M glycerol are listed in Table 6. These values
show that the addition of glycerol decreases the roughness of
the Zn deposit, indicating that the presence of this additive
results in a more compact deposit®.

Table 6. Roughness values of Zn coatings

Specimens Roughness/pum
Zn free glycerol 1.071 £0.229
Zn + 0.82 M glycerol 0.648 £ 0.080

This effect of glycerol on the Zn coating indicates that
this addictive is potentially adsorbed on the surface of the
cathode during the electrodeposition process, which can
increase the nucleation rate and retard grain growth. These
two situations combined can result in the refining of the
grains. The nucleation rate is the quickness at which the new
grains will arise, that is, the higher the rate, the grains are
closer together and this limits their growth, which results in
the formation of finer and more compact particles, with less
area exposed to the corrosive environment'+?.

3.4 Corrosion resistance evaluation

The effect of glycerol addition to the bath electrodeposition
on the corrosion resistance was analyzed using mass loss
measurements and electrochemical techniques, which
involved obtaining potentiodynamic polarization curves
and impedance spectroscopy measurements.

Figure 7 shows the results of mass loss test from
corrosion rate data for several immersion period in NaCl
0.5 M solution. The corrosion rate values indicated that the
presence of the glycerol in the electrolytic bath increased
the corrosion resistance of Zn in 0.5 M NaCl.
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Figure 7. Behavior of the corrosion rate data as a function of
immersion period for the concentrations of 0.82 M glycerol and
glycerol bath free

According to Figure 7, the corrosion rate is not constantly
varying with immersion period. This behavior indicates that
the corrosion rate is not limited by an interfacial regime,
such as charge transfer*. Therefore, in this situation, the
evaluation of corrosion resistance based on corrosion current
density, icorr, is not appropriate because this parameter
is determined from the ‘Buttler-Volmer’ equation, which
is based on conditions in which the corrosion process is
controlled only by electron transfer*.

To analyze the effect of glycerol addition on the passive film
formation behavior on the coating, potentiodynamic polarization
curves of electrodeposited Zn coatings were obtained in the
absence and in the presence of glycerol. The curves reported
in Figure 8 were obtained using the 2.0 M NaOH solution.
Walking towards the positive potential, the first section (I)
is characterized by the sudden increase in current density
until the passivation peak is reached. In section II it can be
observed that the current density decreases significantly and
remains stable over a large range of potential, in this region
occurs the formation of the passive film which inhibits the
dissolution of Zn. In region III, the passive film formed is
ruptured and the current density increases again, this region
is also known as transpassivation. The passivation process
is characterized by a decrease in the dissolution rate of the
metal, which is indicated by a decrease in current density.

The experimental curves showed that this decrease
occurred, because, if there was no passivation, the increase in
current density would be continuous with the potential, which
did not occur. In a prior work* about zinc electrodeposition,
the presence of the passive region was also detected ina2 M
NaOH solution. In this study it was found that the addition
of certain concentrations of both sorbitol and ZnSO4 in the
Zn deposition bath results in a decrease in the current density
of'the passive region. This behavior indicates, therefore, the
presence of the passive film in the coating of Zn. The open
circuit potential value in 2M of NaOH is 1.043 V vs. SCE.
According to the Pourbaix diagram*’ at this potential and the
pH of the 2M solution of NaOH (14.3) ZnO is formed on
the Zn surface, which is a compact passive film*. However
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Figure 8. Potentiodynamic polarization curves of the zinc deposits
in the absence of glycerol and 0.82 M of glycerol from a 2.00 M
NaOH solution at a scanning speed of 10 mV.s™!

in 0.5 M NaCl solution the passivation of Zn does not occur
with a continuous increase of the current density in the anodic
region. This behavior is observed in Figure 9, which shows
the potentiodynamic polarization curve of the Zn coating in
the 0.5 M NaCl solution.
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Figure 9. Potentiodynamic polarization curves of the zinc deposits
in the absence of glycerol from a 0.5 M NaCl solution at a scanning
speed of 10 mV.s™!

Table 7 shows the effect of glycerol addition on the
ia/p and Ea/p. The ia/p is related to the amount of corrosion
product required to form the passive film, and Ea/p is the
potential from which the passive film inhibits the dissolution
process. The results in Table 6 indicate that these parameters
are not significantly affected by the addition of glycerol in
the deposition bath.

The protective performance of passive films is analyzed by
current density of the passive region (I) and transpassivation
potential, which is the potential at which the current density
increase begins after the passive region. A lower current
density passive region indicates a larger capacity of the
passive film to inhibit the dissolution process, and a higher
potential transpassivation indicates a passive film more
resistant to breakage. As shown in Figure 8, the addition
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Table 7. Current and potential density data at the peak of active /
passive transition

Bath Glycerol M ia/p A.cm? Eap V
A 0 0.0200 -1.18
B 0.03 0.0235 -1.18
C 0.07 0.0222 -1.18
D 0.14 0.0220 -1.14
E 0.27 0.0228 -1.11
F 0.55 0.0200 -1.24
G 0.82 0.0220 -1.18

of glycerol does not have a significant effect on the current
density in the passive region or on the transpassivation
potential. Therefore, the addition of glycerol does not have
an effect on the protective performance of passive films of
Zn coatings.

Figure 10 shows the polarization resistance, Rp, obtained
from potentiodynamic curves, in 0.5 M NaCl of Zn coatings in
the absence and presence of various glycerol concentrations.
In this solution was not found the passive film formation,
which is coherent with the literature®.

The Rp values are obtained from the slope of the
relationship between the potential and the current density
next to corrosion potential in the potentiodynamic curve
and are related to the resistance of the electrodeposit to
dissolution. Higher Rp values indicate enhanced corrosion
resistance. Therefore, the results show that the addition of
glycerol decreases the coating dissolution, thus promoting
the increase of the coating corrosion resistance.

The effect of the addition of glycerol on the corrosion
resistance of the Zn coating was also studied using
electrochemical impedance spectroscopy (EIS). Figure 11
presents Nyquist and Bode curves in 0.5 M NaCl of the Zn
coating in the absence and presence of glycerol (0.27 M
and 0.82 M).

The Nyquist plots, Figure 11 (a) exhibit two semicircles,
which are typical spectra of zinc coatings. According to
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Figure 10. Resistance of polarization, Rp, of Zn electrodeposited
coatings in a 0.5 M NaCl solution is obtained from deposition baths
containing varying amounts of glycerol

the previous studies,*-? the high-frequency loop appears
to result from both charge transfer and a film effect of
corrosion products. The low-frequency capacitive loop can
be attributed to relaxation of mass transport in the solid
phase due to the growth of the corrosion product layers
(porous Zn(OH),/ZnCl,) that coat the metallic surface and the
intervene in the reduction of oxygen. It can also be observed
that the addition of Glycerol increased the diameter of both
capacitive loops and, therefore, reduced dissolution rates of
the Zn coatings in the 0.5 M NaCl solutions.

It should be mentioned that another interpretation of the
EIS diagrams is also possible for Zn coatings: the semicircle
at high frequencies can be ascribed to the Zn(OH),, ZnCl,
porous layer**, In Figure 11b, the difference between the
maximum and minimum values represents the Rp, confirming
the previous results of the curve of the coatings obtained in
the presence of glycerol exhibiting higher values than those
obtained for electrodeposits without this additive.

A qualitative analysis of Nyquist curves shows a larger
diameter of the semicircles for the deposit obtained in the
presence of glycerol indicates its higher corrosion resistance
in the 0.5 M NaCl solutions, indicating increased corrosion
resistance with increasing glycerol concentration.

T
. Free glycerol

. 4 0.03M glycerol (B)
Sa, o, o 0.27 M glycerol

o 0.82 M glycerol

Z(Q)

Frequency (Hz)

Figure 11. EIS analysis of the Zn electrodeposit in 0.5 M NaCl, (A) without and (B) in the presence of glycerol.
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4. Discussion

The electrochemical impedance results are consistent with
the mass loss results and Rp obtained by potentiodynamic
polarization curves and show that the addition of glycerol to
the bath electrodeposition increases the corrosion resistance
of Zn coating in the 0.5 M NaCl solution and this effect is
larger with increasing glycerol concentration.

The corrosion resistance of Zn coating in the 0.5 M NaCl
solution is higher for a content of glycerol of 0.82 M. The
addition of a glycerol concentration above 0.82 M results
in a non-adherent electrodeposit on the substrate. However,
the addition of 0.82 M glycerol significantly decreases
the electrodeposition efficiency (approximately 30%). In
relation to the joint effect in the electrodeposition efficiency
and corrosion resistance of the deposit the addition of 0.27
M glycerol implies in a better behavior, with a decrease of
approximately 10% in the electrodeposition efficiency and
a significant increase in the corrosion resistance.

The increase on the corrosion resistance of the Zn
coating with the addition of glycerol in the electrodeposition
bath is probably related to the effect of this additive on the
morphology and microestrutura of the electrodeposit. As
shown in section 3.4, the addition of glycerol promotes
formation of a more compact coating with more refined
grains. The formation of a more compact electrodeposit
implies a smaller contact area between the electrodeposit
and the corrosive environment by increasing the corrosion
resistance. The increase in glycerol concentration tends to
electrodeposit a more compact coating and therefore produces
a higher corrosion resistance.

The increase of hardness with the addition of the glycerol
reported in Table 5 is probably related to the decrease of the
grain size because a coating with highest grain size have a
larger density of grain boundaries. Grain boundaries hinder
the propagation of dislocations through a material and thus
the decrease in grain size raises the hardness of the material.
Therefore, the results obtained through the hardness test
indicate that the addition of glycerol resulted in a decrease
in the grain size which is consistent with SEM micrographs.
The increase in hardness of the Zn deposit with the addition
of glycerol indicates that the presence of this additive tends
to increase the resistance to wear by abrasion of the deposit,
however this behavior will be verified in a future work.

The effect of glycerol on grain refining of the Zn deposit
can be related to the increase in overpotential cathode caused
by the addition of this additive. Figure 3 shows shift of
potentials (cathodic potentials less negative than the potential
corresponding to the current density of cathodic peak, Ic)
towards the most negative value at J=- 10 mA.cm; (current
density used to prepare the zinc electrodeposits) with the
addition of glycerol. As previously seen, the higher cathode
overpotential increases the free energy to form new nuclei
which results in a higher nucleation rate, thus favoring
grain refining.

In a DC Zn coating, as the coating analyzed in the
present work, in NaCl solution at pH < 7 (acidic media), the
corrosion product formed on the coating surface is a porous
zinc hydroxy-chloride, which due to its high porosity not
acts as passive film*>*. Therefore, to analyze the effect of
glycerol addition on the passive film formation behavior
on the coating were obtained potentiodynamic polarization
curves in a 2M NaOH alkaline solution, in which the passive
ZnO film formation*® occurs.

As seen earlier, the grain refinement accelerates the
formation of ZnO passive film, thus favoring the corrosion
resistance of the deposit. However, despite the results
obtained by SEM and the hardness test indicated that the
addition of glycerol causes grain refining, the results reported
in Table 6 and Figure 8 show that the addition of glycerol
does not have an effect on the protective performance of
passive films of Zn coatings. It is possible that the refining
of grains caused by the addition of glycerol was not sufficient
to increase the number of active nucleation sites of ZnO on
the surface of the coating and / or to promote the diffusional
process involved in the formation of this film at a sufficient
intensity for accelerate the formation of passive ZnO film.
Obtaining Zn coatings by means of pulse reverse current
(PRCQ), as previously seen (Introduction), makes it possible
to obtain coatings with a higher grain refining than those
obtained by direct current (DC) and pulse current (PC) makes
it possible to obtain a passive film of ZnO in acid solution
of NaCl. In a future study, we will investigate how current
density and deposition modes (DC, PC and PRC) influence
the effect of glycerol on structural properties and corrosion
resistance of Zn coating.

The increase of the corrosion resistance with the addition
of glycerol in the electrodeposition bath contradicts the results
reported in Figure 5. These results indicate that the glycerol
addition decreases the presence of basal (0 0 2) planes,
which exhibit a high packing density compared with the
other planes present in the electrodeposit. The (0 0 2) planes,
as observed previously, contribute to increased corrosion
resistance, but their presence decreases with the addition of
glycerol. This apparent contradiction may be attributed to the
fact that the effect of the addition of glycerol in increasing
the compactness of the electrodeposit was predominant in
relation to the effect of reducing the presence of (0 0 2)
planes. Similar behavior reported in the literature indicated
that the addition of 4.0 M veratraldehyde (VV)?? and of 0.4
g.L-'piperonal in addition to 0.9 g.L"! polyvinyl alcohol to
the Zn bath deposition?' decreases the RTC values of the (0
02) planes, although the addition of such additives increases
the corrosion resistance of the Zn coating.

5. Conclusion

The presence of glycerol in the electrodeposition bath
was found to decrease deposition efficiency, and this effect



12 Almeida et al.

was found to be more intense with increasing glycerol
concentration.

The corrosion resistance of the Zn coating in the 0.5
M NacCl solution was found to increase with the glycerol
addition in bath electrodeposition, and this effect was found
to be more intense with increasing glycerol concentration.
The corrosion resistance of the Zn coating in the 0.5 M NaCl
solution is higher for a glycerol content of 0.82 M. The
addition of glycerol concentrations greater than 0.82 M was
found to result in a non-adherent coating to the substrate.

It was found that the corrosion rate does not change
linearly with the glycerol content, which indicates that the
corrosion process is not controlled by charge transfer.

The SEM observation, microhardness and roughness
measurements indicate that the addition of glycerol in
the electrodeposition bath results in grain refinement and
more compact Zn deposits, which promotes the corrosion
resistance of the coating.
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