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Abstract

In this work, zinc-iron alloys were obtained by simple electroplating with imposed potential and
from an acid chloride electrolyte in the presence of saccharin and glycerol as additives.

The deposition mechanism of the zinc-iron alloy has been described according to the Scharifker
and Hills model.

The morphology of the obtained alloys was characterized by observations in SEM scanning
electron microscopy; The results show that the imposed potential influences the electroplating
mechanism, thus the morphology and corrosion resistance.
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1. Introduction

Sacrificial zinc coating on steel and other iron substrates is an effective and reliable industry
standard for corrosion protection. The elements that are used successfully for alloying with zinc
are iron, cobalt, nickel and tin. The important functions of alloying elements iron group with

zinc are usually used to preserve the sacrificial properties of zinc[1,2].
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Zn-Fe alloy has attracted considerable attention, especially in the automotive industry because it
combines high corrosion resistance with excellent mechanical performance and good

compatibility with organic coatings.
These alloys replace toxic Cadmium-based coatings.

Acid baths showed a high current efficiency and better recovery rate, but have a low power

launch.

The presence of additives in the bath has influenced the physical and mechanical properties of
the coatings, such as grain size, structure, luminosity, internal stress, pitting and the chemical

composition and corrosion behaviour.

Silva and al [3,4] deposited the Cu—Zn alloy coating on a mild steel substrate of a bath

containing sodium citrate as a complexing agent, and benzotriazole and cysteine as additives.

Nucleation and growth is the most important stage in the metal plating process. The
competition between nucleation and growth determines the particle size of the deposited
metal[5]. The overall appearance and structure of the composite is determined by the shape of

the crystal growth.

The first stage of the formation of a new phase on a different substrate is generally accepted by
the three-dimensional (3D) nucleation and growth process and also by the adsorption reactions
and formation of low dimensionality systems, preferentially localized inhomogeneous surfaces of

substances[6].

In this study, electroplating of Zn-Fe alloys was performed using a chloride acid bath with
saccharin and glycerol as an additive. The influence of the imposed potential saccharin on the
clectrocrystallization process and their early stages of nucleation and growth. Then assess the

morphology and corrosion behaviour of coatings was carried out.
2. Procedure
2.1 Materials, electrolytes and methods

» Zn-Fe alloy electrodeposition was carried out in one cylindrical cell compartment maintained
at 50°C. To prepare the solution, the following salts were used: ZnCl, 0.15 M, FeCl, 0.75 M,
KCl 180g/L, acideborique 25g/L, 0.02 M acide L-ascorbique, brillanteur, 2g/L « Saccharine», 10°
> M « Glycérol».

* The electrochemical measurements were carried out using a potentiostat / galvanostat, brand
voltalab PGZ 301, associated with a volta-master software and equipped with a classical
electrochemical cell with three electrodes: reference electrode (Er) in saturated calomel (SCE),

counter electrode in platinum and a working electrode (Et) in E24 steel. This last one is coated
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in an epoxy resin delimiting a flat working surface of 0.5cm?, successively polished with silicon
carbide (SiC) abrasive papers at different granulometries: 800, 1200, 2400 and 4000.

* The deposition of the Zn—Fe alloys was performed at Imposed potential varying from -1300
to - 1500mV/Ag, AgCl.

* The anode linear dissolution ALSV (anode linear scanning voltametry) has been produced

immediately after the synthesis of the deposits. All coatings are deposited at approximately

same thicknesses. An anode potential sweep at a speed of 20mV/s was then applied from the

value of the abandonment potential of the coating until its complete dissolution.

Dissolution takes place in the same environment used for the production of coatings. When the
coatings are anodically polarized components dissolve at different potentials depending on their

morphology and structure.
Electrochemical measurements were made after 1h of immersion at 323K:

%* The corrosion behaviour of the deposits was studied in a NaCl bath at 30 g/l. This chloride
ion concentration is close to that of seawater, for which Zn-Fe alloys may be exposed.

%* The polarization curves i(E) are drawn at 0.2 mV/s on a range of potential of + 0.25 V/Ag,
AgCl around the abandonment potential, the curves are obtained after one hour of immersion in
a saline environment.

% The impedance measurements of the steel deposits were carried out in potentiostatic mode,
around corrosion potential, after varying immersion times. The frequency range studied from
100KHz to 10 mHz. The sinusoidal disturbance had a low amplitude (5mV).

% The chemical composition and morphology of the electrodeposits were characterized by a

JEOL JSM-54 SIE Laboratory LA. ROCHELLE.
2. 2. Surface analysis

The surface morphology of the Zn-Fe alloys obtained in the absence and presence of saccharin
was studied using a JEOL JSM-54 scanning electron microscope, coupled to an energy dispersive

spectrometer (EDS).
3. Results and discussion
3.1 Influence of the imposed potential on the formation of Zn-Fe alloys.

According to Figure 1, the evolution of the current density over the electroplating time shows

that the maximum appears at — 1300mV/Ag, AgCl.

Zn-Fe electroplating on vitreous carbon follows multiple nucleation (3D) with diffusion-

controlled growth according to the Scharifker-Hills model[2, 7].

The transients were normalized to I?/[?max as a function of t/t max and then compared to the
well-known theory of Sharifker and Hills.
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The curve plots clearly show in figures I11.2 and II1.3 that the Zn-Fe alloy on E24 steel with

potential -1300 mV/Ag, AgCl follows a theoretical response of an instantaneous nucleation the

curve found by tracing the transients I/Im is similar to curve (a) Sharifker and Hills mod.
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Fig.2.Fonction sans dimension I?/Im en fonction de t/tm Electrodéposition du Zn-Fe

différents potenticls imposés.
3. 2. Influence of the imposed potential on the dissolution of Zn-Fe alloys.

ALSV anodic dissolutions of coatings deposited in electrolyte at different potentials (-1300 -1500
mV/Ag.AgCl) are shown respectively in Figure 3.

The shapes of the dissolution curves of coatings deposited from an electrolyte of ZnClI2 0.15 M,
FeClI20.75 M, KCI 180g/L, acide borique 25g/L, 0.02 M acide L-ascorbique, brillanteur, 2g/L «
Saccharine», 10° M « Glycérol». at 50°C are quite similar and these curves correspond to the

dissolution of a single phase (a single step).

In addition, the electrochemical species involved in the dissolution of these coatings (width of the
dissolution peak) are very similar, which means that their cathodic efficiencies are constant

(quantity deposited/ theoretical quantity) [8,9].
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Fig.3. Anode dissolution (ALSV) of synthesized deposits with imposed potential in an
electrolyte:ZnCl2 0.15 M, FeCl20.75 M, KCI 180g/L, boric acid 25g/L, 0.02 M L-
ascorbic acid, 2g/L « Saccharin», 10-3 M « Glycérol».

3.3. Morphological study of deposits

Observations using the SEM scanning electron microscope allowed to characterize the deposits

obtained at different imposed potentials.

Micrographs Fig.4.a and Fig.4.b show the SEM observations of additive deposits in a chloride
bath, a very tormented nodular morphology is obtained at — 1300 mV/Ag,AgCl in the presence

of saccharin and glycerol.

[ 20.0pm
10.9 mm

Fig.4. SEM images of E24 steel in E3, (a) without saccharin, (b) in presence of 0.25g/1

saccharin.

3.4. Study of corrosion behavior

3.4.1 Potentiodynamic polarization analysis
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The deposits made at different potentials and temperature 50°C were immersed in a NaCl bath
and were subjected to a corrosion test in a potentiodynamic test. The evolution of the current
density as a function of the potential is represented, for each sample on Figure.5 These curves
consist of two branches[10,11].: anodic and cathodic. The electrochemical parameters derived

from these curves are given in Table .1.

The corrosion current density (icorr) expressed in mA/cm? and which in fact expresses the

corrosion rate of the Zn-Fe alloy shows that deposits with better corrosion resistance are those

obtained at -1300 and -1400 mV/Ag, AgCl (Table.1).
Fig.5. Potentiodynamic curves of Zn-Fe deposits at different potentials

Table.1: Electrochemical parameters of alloys
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Fig.5. Potentiodynamic curves of Zn-Fe deposits at different potentials

Table.1: Electrochemical parameters of alloys

E (mV/ Ag, AgCl) Ecorr(mV/ Ag, AgCl) icorr (mA/cm?)
-1300 mV/Ag.AgCl -239.204 1.543
-1350 mV/Ag.AgCl -762.108 0.707
-1400 mV/Ag.AgCl -715.453 1.202
-1500 mV/Ag.AgCl -701.934 0.250

3.5. Electrochemical impedance spectroscopy measurements (EIS)
The electrochemical impedance spectra obtained in NaCl 30g/L are represented by Figure 6,

which shows the impedance response during the immersion time for various imposed potentials.
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The specific parameters obtained by adjustment and calculated using the "EC-lab express demo”

Software have enabled the following equivalent circuit to be defined (Fig.6.).

The impedance readings obtained for the Zn-Fe electrolyte and with deposition potential -1300
mV/Ag, AgCl are larger, reflecting a better corrosion resistance compared to those obtained for

other coatings, This confirms the results obtained previously[12-15].
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Fig. 6. Nyquist diagrams of Zn-Fe in NaCl 30g/L at different potential imposed at 298 K.

The equivalent electrical circuit (EEC), obtained with the help of a simulation software EC-lab,

is shown in Figure 7.

Rs CPEd|

— T

Fig.7. Equivalent electrical circuit of Zn-Fe in NaCl 30g/Lat different potential [16].
The values of the different parameters, taken from the parametric fit are grouped in Table 2.

Table 2. Electrochemical parameters, obtained by EIS, and of Fe, Zn and Zn-Fe steel

without and with different concentrations of saccharin.

Elements Re Cdl a Rct
(Q.cm?) (uF.cm2).10” (Q.cm?)
Fe 2.07 0.22 0.70 776
Fe+ 0.25g/1 saccharin 1.31 0.82 0.69 68.95
1482
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Zn 1.47 0.86 0.69 123
Zn+ 0.25g/l saccharin | 1.48 0.84 0.76 51.24
Zn-Fe 1.07 0.15 0.80 291
Zn-Fe+0.25g N 1.87 0.11 0.88 1033
saccharin

The values of these parameters show that: the charge transfer resistance Rct increases up to 1033
Q.cm?, this is attributed to the formation of a protective film at the metal/solution interface,
[17]; the decrease in Cdl values up to 0.11. 10” pF.cm’® may result from the increase in the
thickness of the film formed on the metal surface which may be due to the adsorption of the
saccharin molecules at the metal/solution interface or the decrease in the local dielectric constant
[18].

4. Surface Analysis

Figure.8. shows the micrographs of the surface of the Zn-Fe alloy, obtained by SEM in E3 in the
absence and presence of 0.25g/l of saccharin and at a current density of 2.5 A.dm-?; without
additive (Fig. 8(a)), a very tormented nodular type morphology is obtained for the deposit made
in the bath; with additive (Fig. 8(b)), it presents a smooth aspect and a considerable refinement
of the morphology of the crystals is observed. These results confirm the adsorption of saccharin

molecules on the surface of the samples[19,20].

Fig.8. SEM images of E24 steel in E3, (a) without saccharin, (b) in presence of 0.25g/1

saccharin.
5. Study of the corrosion products

The X-ray diffractograms of the Zn-Fe alloy recorded on a BRUKER AXS D8 diffractometer are
adjusted by Maud software after a potentiodynamic corrosion test (Fig. 9(a, a') and (b, b"),
allows to identify the different phases.
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Fig.9. X-ray diffractograms of a Zn-Fe alloy (a,b) deposited at 2.5A/dm? ,(a’,b") deposited
at 1.5A/dm’ in a bath without and with saccharine subjected to a potentiodynamic

corrosion test.
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At equal current density, and after subjecting the samples to a potentiodynamic corrosion test, it
appears that only one corrosion product can be observed: a zinc chlorohydroxide of the formula
ZnCl,,4Zn(OH), , denoted ZHC. In the presence of saccharin Fig.9(b), the phases observed for
a non-oxidized deposit are found (pure zinc phase and alloy phase) in addition to the ZHC
phase.

In the absence of saccharin Fig.9(a), the same ZHC phase is observed but we also observe a phase
of the alloy, not present before corrosion . This can be explained by the fact that the X-ray
diffraction analysis before corrosion was performed in symmetrical mode while the one after
corrosion was performed in fixed and grazing incidence[13].We can thus deduce a certain
heterogeneity of the deposit in thickness, the grazing incidence allowing to observe only the

superficial layer of the deposit whereas the symmetry mode allows a more in-depth analysis.

After the long term corrosion test, Fig 9 (a' and b'), only the ZnCl,,4Zn(OH), phase (noted
ZHC) appears in addition to the phases observed under the same conditions before corrosion.

Identical observations can be made for deposits made at a current density of 2.5A.dm™).

Whatever the corrosion test, long term immersion or potentiodynamic, it seems that the phase

has completely disappeared and that the only corrosion product is ZnCl,,4Zn(OH),.

It should be noted, however, that other corrosion products are likely to be present without being
observable by X-ray diffraction. Indeed, this method allows to observe only the compounds

having a crystalline structure, the amorphous compounds are not observable with this technique.

Each sample, after having undergone the various corrosion tests, is analyzed by Raman
spectroscopy. The different spectra obtained are presented below, the identification of the peaks

was carried out according to [19].
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Fig.10. Raman spectra of a Zn-Fe deposit carried out at 1.5 and 2.5 A.dm™ in a bath (a,a’)

without saccharine, (b,b") in the presence of 0.25g/1 saccharine.
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From the Raman spectra, the different corrosion products formed during the long immersion can
be determined. It follows that in the presence of saccharin (Figure 10 (b,b"), three different
corrosion products are obtained: ZnCOj;, ZnO and ZnCl,,4Zn(OH), (denoted ZHC). Without
saccharin, only two corrosion products are present, ZnCOj; and ZnCl,,4Zn(OH), (Figure 10
(a,a"). It seems that ZnCOj and ZnCl,,4Zn(OH), are protective in a saline environment but
that the presence of ZnO induces a better protection considering the results obtained in
potentiodynamics for deposits made in the presence of saccharin. Indeed, these, and in particular
the one obtained for a current density of 2.5A.dm™, have a lower corrosion current density than
the deposits obtained for a bath without saccharin. Deposits made in the presence of saccharin

would thus present a better protection for the substrate.
5. Conclusion

The study of the early stages of electrocrystallization of Zinc- Iron Alloy on E 24 steel was

evaluated by different methods The following insightful conclusions were made;

* Electrodeposition of Zn-Fe on E24 steel follows multiple (3D) nucleation with diffusion-
controlled growth following the Scharifkeret Hills model.In fact at potential -1300 mv/Ag, AgCl
it follows a theoretical response of instantaneous nucleation according to I*/Im transients.

* The shapes of the anodic dissolution curves by ALSV of the coatings deposited at different
potentials (-1300 -1500 mV/Ag.AgCl) from an electrolyte at 50° C are quite similar and these
curves correspond to the dissolution of a single phase (a single step). Moreover, the
clectrochemical species involved in the dissolution of these coatings (width of the dissolution
peak) are very similar, which means that their cathodic efficiencies are fairly constant (quantity
deposited/ theoretical quantity).

* Scanning electron microscope observations of the deposits obtained under stationary
conditions show a nodular type morphology for the deposits made at -1300mV/ Ag, AgClL.

* The corrosion current density (icorr) expressed in mA/cm? and which in fact expresses the
corrosion rate of the Zn-Fe alloy shows that the deposits with better corrosion resistance are
those obtained at -1300 and -1400 mV/Ag, AgCl (0.250 and 0.707 mA/cm?).

* The impedance readings obtained for the Zn-Fe electrolyte and at deposition potential -1300
mV/Ag, AgCl have a larger size, reflecting better corrosion resistance compared to those obtained
for the other coatings, which which confirms the results obtained previously.

* In perspective, a more in-depth study is essential to identify the best electrodeposition
conditions and to define its mechanism.

* Structural and magnetic characterizations are also essential in order to highlight the properties

of the material according to the conditions of elaboration.
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