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Evaluation of Formic Acid and Cyclohexylamine as Additives in Electrodeposition of Zn Coating
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The Zn coatings obtained through electrodeposition are used to protect steel substrates from
corrosion. In general, organic additives are added to the deposition bath in order to improve deposition
characteristics such as corrosion resistance, hardness and deposition efficiency. Despite of the literature
present information about the various organic additives effects on Zn coating properties there is
no analysis of organic compounds with free electron-containing radicals, such as formic acid and
cyclohexylamine. The formic acid has oxygen atoms with free electrons, whereas cyclohexylamine
contains nitrogen with free electrons. Aiming at overcoming this gap, this manuscript presents an
analysis of the effect in addition of formic acid mixture and cyclohexylamine on the deposition flow
efficiency, corrosion resistance, hardness, roughness and micro-structure of Zn coating on carbon
steel AISI 1020. The corrosion resistance evaluation was performed by potentiodynamic polarization
determined by polarization resistance and weight loss tests as well. The analisys of morphology
and electrodeposited microstructures were made by the Scanning Electron Microscopy (SEM) and
Spectrometry X-Ray Diffraction (XRD). The Zn coatings were obtained from chloride deposition
baths at constant pH 5. Results showed that corrosion resistance in the 0.5 mol/L NaCl solution of
Zn coatings increases with the addition of the mixture of the formic acid and / or cyclohexylamine.
Also, the corrosion resistance is higher with mixture than with additives alone. The addition of the
mixture formic acid and cyclohexylamine increases the basal plane presence (0 0 2). However, the
basal plane presence (0 0 2) does not increase when formic acid and cyclohexylamine are added alone
which indicates a synergic effect of formic acid and cyclohexylamine in in the plan promotion (0 0 2).
Also, was observed that an addition of formic acid mixture and cyclohexylamine increases the current
deposition efficiency, decreases the roughness and raises the Zn coating hardness.

Keywords: Electrodeposition, Zinc; Additives, Corrosion, Formic acid, Cyclohexylamine.

1. Introduction

Zn coatings obtained through electrodeposition are often
used as sacrificial coatings for protecting ferrous materials
against corrosion in diverse applications, such as steel sheets
coating used in home appliances, tubes coating and fasteners.
The Zn deposition by electrodeposition presents important
advantages as, for instance, low cost, easy preparation of
substrate surface, good surface finish, enables good adhesion of
paint on its surface'.

The important disadvantage of Zn coating is the low
corrosion resistance in aggressive environments. Among
these environments are those containing chloride ions and the
atmosphere containing industrial pollutants. An alternative to
increase the corrosion resistance of Zn coating and, therefore,
increase its useful life is the addition of organic additives
in the bath deposition.

Organics additives modify characteristics of Zn deposit
because they are adsorbed in deposit®. Initially the additive
is preadsorbed on the metal substrate and is subsequently
adsorbed on the coatings®. Adsorption of additive during
electrodeposition occurs through radicals containing free
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electrons. Among these radicals are atoms of oxygen,
nitrogen and sulfur. Oxygen acts on radicals for adsorption
of'additives such as gelatin, polyethylene glycol (PEG, urea
and Saccharin, nitrogen radicals for adsorption of Stearyl
dimethylbenzyl ammonium chloride [SDBAC] and saccharin,
as NH radicals for adsorption of thiourea*’. Although the
effect of many additives on Zn deposit characteristics has
been analyzed, there are organic compounds with free
electron-containing radicals that have not been analyzed as
additives in Zn electrodeposition. Among these compounds
are formic acid and cyclohexylamine. Formic acid has oxygen
atoms with free electrons, whereas cyclohexylamine contains
nitrogen with free electrons. Therefore, it is possible that
the absorption of these additives occurs in deposit through
these free electrons. Cyclohexylamine is an amine frequently
used as a corrosion inhibitor in petrochemical industry and
there is no information in literature about the effect of this
molecule on electrodeposits.

Besides the molecular structure there are other factors
that make interesting the study of formic acid as additives
in the process of electrodeposition of Zn. Formic acid
(HCOOH) is an organic compound used as a component in
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bath deposition of chromium electrodeposits. In addition to
acting as complexing agent for Cr (IIT)* it was found that
the addition of formic acid in bath deposition increases
corrosion resistance of black chromium deposit and this
effect is attributed to formation of a thin, compact, and
amorphous coating.

In a prior work® it was found that the addition of formic
acid improves corrosion resistance of a Zn-Ni electrodeposition.
However, it was not clear if the deposit was more compact
with addition of formic acid, but it was observed that this
additive promotes formation of Ni,Zn, intermetallic phase,
which support the coating corrosion resistance improvement.
Although in Zn coating does not occur formation of
Ni.Zn,, intermetallic phase it is interesting to investigate if
addition of formic acid affects presence of phases related
to corrosion resistance of this coating.

In this sense, this paper investigate how galvanostatic
deposition efficiency and characteristics of electrodeposited
Zn coating on a steel substrate are affected by addition of
acid formic mixture and cyclohexylamine. Besides this
contribution, we also analyzed the current efficiency, the
effect of these additives on structure, hardness, roughness
and corrosion resistance of zinc coatings.

Experimental Procedure

In this work, the bath used for the electrodeposition
process of Zinc has an acidic characteristic and is formed
by three reagents with degree of purity P.A. The solution is
composed of zinc chloride PA (ZnCl,): substance containing
the zinc ions that will be deposited, potassium chloride PA
(KCL): substance that has the role of raising the conductivity
of the medium, and also boric acid PA (H,BO,): substance that
maintains the pH of the solution close to 5. In addition to these
reagents, the electrodeposition bath also has the additives,
formic acid and cyclohexylamine that would influence the
structure, corrosion resistance and other characteristics
of the tank. The reagents used are all of the brand Synth.
The reagents were added to form the electrodeposition
solution in 1L of distilled water. Each reagent was weighed
in a digital analytical balance, with four decimal places of
the brand ACCULAB model ALC-210.4. Table 1 shows the
amount of additives in each bath.

Table 1. Amount of Formic Acid and Cyclohexylamine.

. . Amount of
Bath Amount((l)ltl'()li;)i)rn ic Acid Cyclohexylamine
(mol/L)
1 0.03 0.0
1 0.07 0.0
1 0.13 0.0
1 0.20 0.0
2 0.0 0.9
2 0.0 1.3
2 0.0 1.5
2 0.0 1.9
3 0.03 0.9
3 0.07 1.3
3 0.13 1.5
3 0.20 1.9
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The parameters used in the galvanostatic deposition were:
room temperature; without agitation; current density 10 mA.cm;
graphite bar used as anode; electrodeposition time 34 min;
5 pum thick coating. The potentiodynamic deposition was
made using an AUTOLAB Potentiostatic&Galvanostatic
model PGSTAT 100 instrument. O carbon steel 1020 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 was evaluated
by the ratio between the zinc electroplated mass and the
theoretical mass®.

The effect of additives on the corrosion resistance of Zn
coating was evaluated through mass loss and electrochemical
tests. The corrosion rate was obtained through mass loss tests
in 0.5 mol/L NaCl solution (pH around 6.7). All values were
obtained in triplicates. Through the electrochemical tests the
polarization resistance (Rp) was obtained in 0.5 mol/L NaCl
solution and potentiodynamic polarization curves in 2.0 mol/L
NaOH. These measures were carried out in an electrochemical
cell using the saturated Calomel - Hg, | Hg,Cl, as the
reference electrode and the graphite counter electrode using
an AUTOLAB potentiostat/galvanostat model PGSTAT 100,
controlled by NOVA 1.11 software, using a scanning speed
of I0 mV /s.

The surface morphology at of the electrodeposits was
obtained using a JEOL JSM — 6610LV scanning electron
microscope (SEM). Roughness of the deposits was analyzed
by Mitutoyo, SJ410 series. The hardness measurements were
carried out in a microdurometer Model Shimazdu - HMV
Series, with displacement + 12.5mm (0 to 25mm) for both
axes (X and Y), movement speed of up to 2 mm / s and
accuracy in positioning between 0,02 - 10 mm. The coating
crystal phase structure was analyzed by X-ray diffraction
(XRD) using a SHIMADZU XRD-6000 model instrument
equipped with a Cu-Ko radiation source (40 kV and 40 mA).

3.1 Results

Effect of additive on the corrosion resistance

To studies the effect of the addition of the mixture of acid
formic and cyclohexylamine on corrosion resistance of Zn
coating were analyzed deposits obtained through deposition
baths containing different concentrations of formic acid and
cyclohexylamine. The pH of these deposition baths was
maintained at 5, which corresponds to the pH of the bath in
the absence of the additives studied.

Initially was analyzed the effects of formic acid addition
(baths 1) and the effect of cyclohexylamine addition (baths 2)
on the corrosion resistance of Zn deposit. The Zn deposits
analyzed were obtained from baths deposition with same
pH, 5. The pH of deposition baths content formic acid was
adjusted by potassium hydroxide addition (baths 1), and
the pH of baths deposition content cyclohexylamine was
adjusted by sulfonyl acid addition (baths 2) in comparation.

This effect of addition formic acid and/or cyclohexylamine
on corrosion resistance of coatings was analyzed by mass
loss measurements, potentiodynamic polarization curves and
polarization resistance (Rp), obtained from potentiodynamic
polarization curves.
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Figures 1 and 2 show the results of corrosion rate from
mass loss test, corresponding an acid formic addition and
cyclohexylamine addition, respectively. These figures also
show the corrosion rates of coatings obtained from mixture
of formic acid and cyclohexylamine addition (baths 3) and
the corrosion rates of coating obtained in the absence of
these additives.

Table 2 and 3 show the effect of addition of formic acid
(baths 1) and the effect of addition of cyclohexylamine
(baths 2) on polarization resistance, Rp, respectively.
These table also show the Rp of coatings obtained from
the mixture of formic acid and cyclohexylamine addition
(baths 3) and the Rp of coating obtained in the absence of
these additives. The Rp values are related to the resistance of
the electrodeposit to dissolution. Higher Rp values indicate
enhanced corrosion resistance.

The results showed in Table 2 and 3 are consistent with
obtained results from loss mass measurement and show that
the addition of acid formic and cyclohexylamine increase
corrosion resistance of Zn coating and this effect is larger
with increasing these additive concentrations. The corrosion
resistance of Zn coating is higher for a content of formic
acid of 0.2 mol/L and for a content of cyclohexylamine
of 1.9 mL. The addition of formic acid concentration
above 0.2 mol/L and of cyclohexylamine concentration
above 1.9 mL results in a non-adherent electrodeposit on
the substrate. The results obtained by mass loss and Rp
show that the effect of formic acid addition on the increased
corrosion resistance of Zn coating is higher than that caused
by cyclohexylamine addition.

The presented results on Figures 1 and 2 and
Tables 2 and 3 show the corresponding corrosion rate obtained
by, respectively, mass loss measurements and polarization
resistance of Zn coating obtained from bath deposition
containing a mixture of different amounts of formic acid
and cyclohexylamine. They showed that the effect of formic
acid addition on increased corrosion resistance of Zn coating
is higher than that caused by cyclohexylamine addition.

The results also show that the addition of mixture of
formic acid and cyclohexylamine causes an increase in
corrosion resistance of Zn coating higher than that caused
by isolated addition of each of these additives, indicating
presence of a synergistic effect between formic acid and
cyclohexylamine. The increase in corrosion resistance is higher
with the concentration of formic acid and cyclohexylamine
concentration.

3.2 Potentiodynamic Polarization

Initially, potentiodynamic polarization curves of Zn
coatings were obtained in 0.5 mol/L NaCl solution. In these
curves, it was reported that the current density increases
continuously with increase of potential in anodic direction
indicating, therefore, absence of Zn deposits passivation in
this solution, shown in Figure 3.

In a previous work’ the passive region was detected in
Zn deposits polarized in NaOH solution. Figure 3 shows the
potentiodynamic polarization curves obtained in 2.0 mol/L
solution of NaOH of Zn deposits obtained in absence and
presence of formic acid mixture and cyclohexylamine contend
different concentrations of these additives. These curves
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Figure 1. Corrosion rate obtained by mass loss measurement in
NaCl 0.5 mol/L of Zn deposit obtained in absence and presence of
different concentrations of formic acid.
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Figure 2. Corrosion rate obtained by mass loss measurement in
NaCl 0.5 mol/L of Zn deposit obtained in absence and presence of
different concentrations of cyclohexylamine.

Table 2. Polarization resistance values in NaCl 0.5 mol/L solution of
Zn deposit obtained in absence and presence of different concentrations
of formic acid. In baths 1: Formic Acid and Potassium Hydroxide
and in baths 3: Mixture of Formic Acid and Cyclohexylamine.

Am‘z'lﬁ‘(:l;’lf)‘“‘d RP: Baths 1 (Q)  RP: Baths 3 (Q)
0 78.92 78.92
0.03 108.57 111.325
0.07 165.32 161.385
0.13 188.39 22378
0.20 228 266.73

Table 3. Polarization resistance values in NaCl 0.5 mol/L solution of
Zn deposit obtained in absence and presence of different concentrations
of cyclohexylamine. In bath 2: Sulfonyl acid and Cyclohexylamine
and in bath 3: Mixture of Formic Acid and Cyclohexylamine.

Amount of
Cyclohexylamine = RP: Baths 2 (Q2) RP: Baths 3 (Q)
(mol/L)

0 78.92 78.92

0.9 85.26 111.325

1.3 99.37 161.385

1.5 103.76 223.78

1.9 118 266.73

indicate the occurrence of three distinct processes on zinc
coating surface: active dissolution (region I), passivation
(region IT) and transpassivation (region III).

In region I initially occur the deposit active dissolution
indicated by increase of current density with elevation of
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Figure 3. Potentiodynamic polarization curves of Zn coatings in 2.0 mol/L NaOH solution.

potential in anodic direction occurs. This increase in current
density occurs until the peak (pl) from which a passive
film is formed resulting in inhibition of dissolution and in
consequent decrease of current density which remains stable
over a large range of potential and is called a passive region.
Inregion 111 is observed that current density and consequently
the dissolution process again increases due to the rupture
of passive film. This region is known as transpassive and
the potential from which a significant increase in current
density occurs is known as the potential for transpassivation.

The current density corresponding to p1 peak is known
as the active / passive transition current density, ia/p, and
is related to the amount of corrosion product required to
form the passive film. Table 4 shows the values of ia/p
and Ea/p (potential corresponding to pl peak). This table
shows that ia/p increase with the addition of acid formic
and cyclohexylamine which indicates that in the presence
of these additives a greater amount of corrosion product is
required to form the passive film, and in relation to Ea/p
the results indicate that there is no clear trend between this
parameter and the composition of the coatings analyzed.

Alower current density in passive region (region I) 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 3,
the addition of mixture of formic acid and cyclohexylamine,
except the addition of 0.03mol/L of formic acid and 0.9 mL
of cyclohexylamine, increases the current density in passive
region in potentials greater than -0.3V vs. Hg202, however
does not affect the potential transpassivation. Therefore, the
addition of does not have an effect clear on the protective
performance of passive films of Zn coatings.

3.3 Morphology and topography

The effect of addition of additives on the morphology
and topography of the Zn deposit was analyzed by scanning
electron microscopy and by roughness, respectively. The Zn
deposits were obtained from bath deposition with the same pH,

Table 4. Current density i " and potential E, data at active / passive
transition peak.

Amount of Amount of E_(V)vs.
Formic Acid Cyclohexylamine ia/p (A/em?) a/ﬁg o
(mol/L) (mol/L) 272
0 0 0.0112 -1.24
0.03 0.9 0.0159 -1.1
0.07 1.3 0.0215 -1.22
0.13 1.5 0.0220 -1.2
0.20 1.9 0.0248 -1.12

(around 5). Figure 4 shows the SEM micrographs of coating
obtained in the presence formic acid (0.2 mol/L of formic
acid adjusted by potassium hydroxide addition), and in the
presence cyclohexylamine (1.9 mol/L of cyclohexylamine
adjusted by sulfonyl acid).

The SEM micrographs in Figure 4 show that the
addition of additives has an effect on the morphology of
zinc coating. These micrographs indicate that the addition of
cyclohexylamine results in the formation of a more compact
coating, however it is not clear how the addition of formic
acid affects the level of compaction of the coating.

Figure 5 shows SEM micrographs of coatings obtained
in absence and presence of mixture of formic acid and
cyclohexylamine with different concentrations of these additives.

That addition of mixture of formic acid and cyclohexylamine
alters the morphology of coating both with respect to the
coating obtained in absence of additives and with respect
to the coatings obtained in presence of each of these added
additives alone. The micrographs in Figure 6 show that it
is not clear how the addition of different concentrations of
formic acid mixture and cyclohexylamine affects the level
of coatings compaction.

3.4 Effect on roughness and hardness of Zn coating

In order to analyze the effect of the addition of formic
acid mixture and cyclohexylamine on level of Zn coating
compaction, roughness measurements of coatings were
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a) b)

Figure 4. SEM of zinc electroplated steel AISI 1020. Micrograph of Zn coating obtained from an electrodeposition bath 2 (5-a), containing
0.2 mol/L of formic acid adjusted by potassium hydroxide addition and bath 3 (5-b) containing 1.9 mol/L of cyclohexylamine adjusted
by sulfonyl acid.

qu wm:mnf'ssss 50 A0 g e I 50 g ¥500 B
LAMUME'+ IE ) WFBA, pmﬁ- Y Al 08 mem; A 5 DA 06 Feb 2017y,

SET 20KV WOTEm m X500 s
AMAZ | “LAMUME — IF,'UFBA DODDEEéh 2017 ¢ &

SEI IDW WD13mm, 55!}‘50 i, IG ﬂ"
AM 14 TLAMUME —<IF / UFBA ~-000 Dﬁkb 21z

e)

Figure 5. SEM micrographs of coatings (500x). Containing 0.0 mol/L Formic Acid and 0.0 mol/L Cyclohexylamine (6-a), 0.03 mol/L
Formic Acid and 0.9 mol/L Cyclohexylamine (6-b), 0.07 mol/L Formic Acid and 1.3 mol/L Cyclohexylamine (6-c), 0.13 mol/L Formic
Acid and 1.5 mol/L Cyclohexylamine (6-d), 0.2 mol/L Formic Acid and 1.9 mol/L Cyclohexylamine (6-¢).
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Figure 6. Diffractograms of Zn coatings obtained by deposition baths at pH 5 in electrodeposition bath 1 (5- a), containing 0.2 mol/L of
formic acid adjusted by potassium hydroxide addition and bath 2 (5-b) containing 1.9 mol/L of cyclohexylamine adjusted by sulfonyl acid.

Table 5. Roughness values of Zn coatings and Hardness with the addition of the mixture of the acid formic and cyclohexylamine.

Specimens Roughness/ pm Hardness (Kgf/mm?)
Coating free additive 1.75 +/-0.065 60.55+/-3.10
Coating (0.03 mol/ L Formic Acid and 0.9 mol/L Cyclohexylamine) 1.14 +/-0.065 73.71+/-3.2
Coating (0.07 mol/L Formic Acid and 1.3 mol/L Cyclohexylamine) 0.53 +/-0.060 75.70+/-2.0
Coating (0.13 mol/L Formic Acid and 1.5 mol/L Cyclohexylamine) 0.49 +/-0.060 79.69+/-3.10
Coating (0.2 mol/L Formic Acid and 1.9 mol/L Cyclohexylamine) 0.39 +/-0.048 124.37+/-4.0

obtained. In Table 5 are listed the roughness values of Zn
coatings in absence and presence of different concentrations
of mixture of formic acid and cyclohexylamine. These values
show that the addition of this mixture decreases roughness
of Zn deposit indicating presence of these additive results in
a more compact deposit® and that this effect is higher with
increasing concentration of the additives.

The increase in the level of Zn coating compaction caused
by addition of mixture of formic acid and cyclohexylamine is
consistent with the results showing the increase in corrosion
resistance of Zn coating caused by addition of this mixture,
since the coating roughness reduction implies a decrease in
the coating contact area with the corrosive environment thus
favoring the corrosion resistance.

To analyze the effect of mixture of formic acid and
cyclohexylamine addition on grain refining and hardness of Zn
deposits microhardness was measured in baths obtained from
bath deposition with pH 5 and content different concentrations
of these additives. These results are reported in Table 5 and
show that hardness of Zn coating increases with addition
of cyclohexylamine formic acid and this effect is more
significant with increasing concentration of these additives.

The increase of hardness with addition of formic acid
mixture and cyclohexylamine reported in Table 5 is probably
related to decrease of grain size of coating, which increases
the grain boundary area by volume. Grain boundaries hinder
the propagation of dislocations through a material and
thus the decrease in grain size hinders the propagation of
discordances which results in increase of material hardness.
Therefore, the results obtained through hardness test indicate
that addition of formic acid mixture and cyclohexylamine
resulted in a decrease in grain size.

The increase in hardness of Zn coating with addition
of mixture of formic acid and cyclohexylamine in bath
deposition indicates that the presence of these additives
tends to increase resistance to wear by deposit abrasion.
This effect will be verified in future work through specific
abrasion wear evaluation tests; however, the results indicate
that combined effect of formic acid and cyclohexylamine
on increase of mechanical fatigue strength of Zn coating
is promising.

3.5 Crystallographic orientation

Figure 6 shows the X-ray diffractograms of Zn deposits
obtained by deposition baths at pH 5. (6-a), in presence
of 0.2 mol/L of formic acid, (7-b) and in the presence
of 1.9 mol/L of cyclohexylamine.

Figure 7 show diffractograms obtained for deposits
prepared in bath deposition content a mixture of formic
acid and cyclohexylamine with different concentrations of
these additive.

It is observed in Figures 6 and 7, that diffractograms
peaks are formed by thin peaks, which indicates presence of
crystalline structure. The presence of carbon in electrodeposit
can promote formation of an amorphous structure.
The amorphous structure can exhibit a higher corrosion
resistance in comparison with crystalline structure’. However,
the X-ray diffraction patterns show that despite carbon
contained in formic acid and cyclohexylamine the addition
of these additive maintained the coating crystal structure.

To determine the effect of additives addition on
crystallographic orientation of electrodeposit, texture
co-efficient (RTC, %) was calculated for each of diffraction
pattern peaks. The corresponding R7C values are shown as
a bar diagram in Figure 8 and 9.
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Figure 7. Diffractograms of Zn coatings obtained by deposition baths at pH 5 in absence and presence of different concentrations
of the mixture of formic acid and cyclohexylamine. In (8-a) Free additive. In (8-b) Coating 0.03 mol/ L Formic Acid and 0.9 mol/L
Cyclohexylamine). In (8-c) 0.07 mol/L Formic Acid and 1.3 mol/L Cyclohexylamine. In (8-d) 0.13 mol/L Formic Acid and 1.5 mol/L
Cyclohexylamine. In (8-¢) 0.2 mol/L Formic Acid and 1.9 mol/L Cyclohexylamine.
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Figure 8. Percentage of RTC as a function of crystallographic planes
of Zn coating obtained in the absence of additive, of coating obtained
in the presence of 0.2 mol/L of formic acid and of coating obtained
in the presence of 1.9 mol/L of cyclohexylamine.
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Figure 9. Percentage of RTC as a function of crystallographic
planes of Zn coatings obtained in the absence and presence of the
mixture of formic acid and cyclohexylamine containing various
concentrations of these additives.
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Figure 10. Potentiodynamic deposition curves obtained in absence and presence of formic acid mixture and cyclohexylamine with

different concentrations.

Table 6. Effect of adittion of mixture of acid formic and ciclohexylamine in the deposition bath on the current efficiency (CE) of the Zn

coating.
Lo Cyclohexylamine . .
Formic acid (mol/L) % E Max % E Min % E Media
(mol/L)

0 0.0 86.6 85.13 85.86
0.03 0.9 87.92 86.52 87.45
0.07 1.3 89.31 87.92 88.85
0.13 1.5 90.71 87.92 89.31
0.2 1.9 90.71 89.31 90.24

It was observed in Figure 10 that RTC values of basal
plane (0 0 2) increases while RTC values of pyramidal
(1 0 1) and prismatic planes (1 0 0) decreases in coatings
obtained from deposition baths containing mixture of formic
acid and cyclohexylamine. This effect is more intense with
increase of these additives concentration. However, the
Figure 8 shows that the RTC values of basal plane (0 0 2)
does not increase when formic acid and cyclohexylamine
are added alone. This figure also shows that RTC values of
pyramidal plane (1 0 1) decreases with addition of formic acid
but increases with addition of cyclohexylamine. In relation
to effect of additives addition on RTC values of pyramidal
planes (1 0 2), the Figure 9 indicates that there is no clear
trend in this regard.

3.6 Zn electrodeposition current efficiency

Table 6 shows the addiction effect of mixture of acid
formic and cyclohexylamine in deposition bath on current
efficiency (CE) of Zn galvanostatic electrodeposition.
The pH of deposition bath was maintained 5 to analyze the
addiction effect of additives on current efficiency regardless
of pH. The results in Table 6 show that addition of mixture
of formic acid and cyclohexylamine increases the CE in
comparison with absence of additives and CE increases
with concentration of these additives.

To know the influence of formic and cyclohexylamine
mixture on Zn deposition process, curves of potentiodynamic
polarization were obtained in different deposition baths.

3.7 Potentiodynamic deposition

Figure 10 shown potentiodynamic deposition curves
obtained in absence and presence of formic acid mixture
and cyclohexylamine with different concentrations.
The test was carried out with control of potential starting
the scan around 0.8 Vvs. SCE. with inversion of potential
towards anode region in -1.3 Vvs. SCE., ending the scan
in -0.8 Vvs. SCE.

The curves in Figure 10 show the occurrence of two
cathode peaks (C1 and C1) in curves corresponding to Zn
deposits obtained in absence and presence of the additives
mixture containing 0.03 mol/L of formic acid and 0.9 mol/L
of cyclohexylamine. The three peaks (C2, C2" and C2"") in
curves corresponding to coatings obtained in presence of
mixture of these additives with higher concentrations. These
peaks correspond to Zn deposition and the presence of several
peaks indicates that deposition occurs in several steps.

It is also seen from Figure 10 that the potential at which
Zn deposition begins is significantly altered with addition of
mixture with concentrations of formic acid and cyclohexylamine
from 0.07 mol/L and 1.3 mol/L respectively. In the absence
of additives and in presence of mixture containing 0.03 mol/L
of formic acid and 0.9 mol/L of cyclohexylamine, the Zn
deposition starts at potential of -1.10 Vvs. SCE. whereas in
presence of additives with higher concentrations the deposition
starts from of a potential around - 0.8 Vvs. SCE. Therefore,
this behavior indicates that the Zn deposition reaction



Evaluation of Formic Acid and Cyclohexylamine as Additives in Electrodeposition of Zn Coating 9

(Zn + 2 + 2e — Zn) is significantly influenced by addition
of this mixture.

In relation to anodic region is observed through
Figure 10 the presence of a single peak, which corresponds
to dissolution of Zn deposit. This behavior indicates that
dissolution process of Zn deposit occurs in a single step
independent of addition of the additive mixture.

Discussion

The crystallographic orientations of zinc polycrystalline
grains might have effect on corrosion rates. In plans with
highest packing density the activation energy required to
dissolve the deposit is higher because the atoms have a
higher number of nearest neighbors available for binding'’.
The packing density of zinc crystallographic planes increases
in following order (4 0 0) < (h k 0) < (0 0 ))! The basal
plane (0 0 2) orientation exhibit a high packing density
compared with other planes present in electrodeposit and
higher percentage of this basal plane contribute for enhanced
corrosion resistances of Zn coating?.

Therefore, the increase of basal plane (0 0 2) orientation
and decrease of prismatic planes (1 0 0) orientation with
addition of mixture of formic acid and cyclohexylamine
contributes to elevation of Zn coating corrosion resistance.
The increase in Zn coating corrosion resistance with the
increase of formic acid and cyclohexylamine concentrations
in bath deposition can be attributed to elevation of RTC
values of (0 0 2) plans. However, in coatings obtained from
bath deposition containing each of these additives alone,
the increase of RTC values of (0 0 2) planes do not occur,
which explains lower corrosion resistance of these coatings.

It is proposed' that the basal plane (0 0 2), which
has the lowest energy of formation, is developed at low
overpotential (potential near equilibrium), and the lower
packed planes and, therefore, with higher energy formation
are developed in the high overpotentials. Therefore, RTC
values increasement of basal plane (0 0 2) may be attributed
to the decrease of overpotential for zinc deposition caused
by addition of formic acid mixture and cyclohexylamine.
This behavior is consistent with curves referring to the
potenciodynamic deposition reported in Figure 10. This figure
shows that with addition of higher concentrations of formic
acid mixture and cyclohexylamine the Zn deposition starts
at a less cathodic potential in relation to obtained deposit
in absence or presence of a low content of these additives
(0.03 mol/L formic acid and 0.9 mol/L cyclohexylamine).

It is found? that the addition of organic additives such as
polyvinyl alcohol (PVA) raises Zn coating corrosion resistance
and this effect is attributed to increased presence of basal
plane (0 0 2) caused by this additive. However, piperone
addition in a bath containing PVA, although decreasing the
intensity of basal plane (0 0 2) raises Zn deposit corrosion
resistance?. Therefore, this behavior shows that other effects
such as a lower surface roughness may prevail over the plane
texture. Similar behavior is found in present work, since
addition of formic acid alone or only cyclohexylamine raises
the Zn coating corrosion resistance but does not increase
the intensity of basal plane (0 0 2), including the addition of
cyclohexylamine only decreases the intensity of this plan.

Additive effect on grain refining is related to the effect
on nucleation rate and grain growth. It has been proposed
that higher cathode overpotential increases free energy to
form new nuclei which results in a higher nucleation rate
and consequently in higher grain refine®. This behavior
was found' with the addition in chlorite-plate solution of
mixtures of polyacrylamide and thiourea polyacrylamide
and in sulfate-plate solution with the mixture of thiourea
and benzalacetone'®. On the other hand, as previously seen,
addition of mixture of formic acid and cyclohexylamine
support the formation in the Zn deposit of the plane (0 0 2),
which tends to occur in a smaller cathodic overpotential, as
observed in Figure 3. The occurrence of Zn coating grain
refining caused by addition of organic additives without
causing overpotential cathode also was found® with addition
of saccharin and also with addition of sodium lauryl sulfate,
which causes grain refining without altering the overpotential
cathode. This apparent contradiction may be explained by
the fact that the decrease in grain size caused by addition
of additives does not occur only because of nucleation
rate elevation and may also occur due to inhibition of the
grains growth. It is possible that the addition of mixture of
formic acid and cyclohexylamine causes inhibition of Zn
grains growth without altering the nucleation rate. Additive
additives can be adsorbed on Zn growth sites® causing the
inhibition of Zn normal lateral growth. It is also possible
that additives on cathode act as a physical barrier to Zn
ions movement by reducing mobility of these ions and thus
inhibiting grain growth'>'6.

It has been proposed that grain refinement of Zn coating
raises protective capacity of ZnO passive film thus increasing
Zn coating corrosion resistance in enviroment which this
passive film is formed. This behavior was found'” with
addition of organic additives CTAB (cetyltrimethyl ammonium
bromide) + VV (veratraldehyde) in Zn coatings and is
attributed to increase in the nucleation rate of ZnO due to
grain refining. These Zn coatings were obtained by pulse
reverse current (PRC) which results in a high grain refine.
However, results reported in Figure 3 show that the addition
of formic acid mixture and cyclohexylamine does not increase
protective performance of ZnO passive films. It is possible
that the refining of grains caused by addition of mixture and
cyclohylamine was not sufficient to increase the number of
active nucleation sites of ZnO on coating surface at sufficient
intensity to accelerate formation of passive ZnO film.

The change caused by the addition of formic acid and
also by the addition of cyclohexylamine in morphology and
corrosion resistance indicates that the adsorption of these
additives occurred in Zn coating. Probably the adsorption
of formic acid occurred through free electrons present in
oxygen and the adsorption of cyclohexylamine through
free electrons of N. Considering that radical adsorption with
more electrons interacts more intensively with substrate or
zinc coating? it is possible that the adsorption of formic acid
having an oxygen radical containing 4 free electrons is more
intense than that of cyclohexylamine with the NH2 radical
containing 2 free electrons. Therefore, it is possible that the
more intense adsorption of formic acid is related to higher
Zn coatings corrosion resistance containing this additive in
relation to coatings containing cyclohexylamine.
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As previously seen (1. Introduction)

The effect of organic additives in current efficiency CE
of Zn deposition is generally related to the effect of additive
on conductivity of electrolyte, hydrogen release reaction, and
potential in which the deposition takes place'®?!. As previously
reported, the deposition was obtained from a deposition bath
with a pH of 5, with no significant effect of adding additives
in deposition bath conductivity. It is found'® that the addition
of gelatin in a ZnCl acid bath raises current efficiency of Zn
coatings. This effect is attributed to the fact that this additive
promotes the plane presence (1 1 0) that presents a smaller
amount of defects, which act as active sites for adsorption of
hydrogen. Therefore, the reduction of defects decreases the
intensity of hydrogen evolution reaction, which favors the
increase of current efficiency. It is possible that the addition
of formic acid mixture and cyclohexlamine has a similar
effect to that of gelatin in CE elevation, since addition of
this mixture promotes the plane formation (0 0 2) which is
more compact and therefore has fewer defects? inhibiting
hdrogen evolution.

It is also possible that the addition of mixture of formic
acid and cyclohexylamine has caused the displacement of
Zn nucleation potential to a cathodic overpotential range in
which the deposition efficiency is maximal, thus increasing
deposition efficiency. This possibility is supported by
curves referring to potentiodynamic deposition Figure 10,
which shows that the addition of formic acid mixture and
cyclohexylamine with concentrations from 0.07 mol/L
and 1.3 mol/L, respectively, changes the potential from which
Zn deposition occurs. The non-occurrence of difference in
the deposition potential of mixtures with higher additive
concentration indicates that the effect of these additives
on deposition efficiency is not only based on deposition
potential but also depends on another effect, such as the
additives effect on plane formation (0 0 2).

Conclusion

It was found that corrosion resistance in 0.5 mol/L NaCl
solution of Zn coatings obtained from chloride-containing
deposition baths at constant pH 5 increases with addition
of formic acid and / or cyclohexylamine. The corrosion
resistance was greatest in Zn coating obtained in presence of
mixture of formic acid and cyclohexylamine in comparison
with coatings obtained from baths containing each of these
additives.

The corrosion resistance of the Zn coating increases with
concentration of additives in mixture and is higher for a mixture
of 0.2 mol/L formic acid and 1.9 mol/L cyclohexylamine.
The addition of mixture with a higher concentration of
additives results in a non-adherent coating to the substrate.

X-ray diffraction shows that the addition of formic acid
mixture and cyclohexylamine increases the basal plane
presence (0 0 2) which is more compact compared to other
planes, thus favoring Zn coating corrosion resistance. This
effect is more intense with increase of concentration of these
additives. However, the basal plane presence (0 0 2) does
not increase when formic acid and cyclohexylamine are
added alone. Therefore, this behavior indicates a synergic

Materials Research

effect of formic acid and cyclohexylamine in promoting
the plan (0 0 2).

The microhardness and roughness measurements indicate
that the addition of mixture of formic acid and cyclohexylamine
in deposition bath results in a harder and more compact
Zn coating, which favors the coating corrosion resistance.

In relation to the efficiency of deposition it was found that
the addition of mixture of formic acid and cyclohexylamine
increases the deposition current efficiency in comparison
with the absence of additives and that effect increases with
concentration of these additives.
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