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Abstract

An additive-free gluconate based alkaline electrolyte was used to study the electrodeposition
of Zn and Zn-Fe coatings. Cyclic voltammetry was performed to define the accurate
deposition parameters and to identify the reactions taking place. Electrodeposition was
performed using direct and pulse currents. Electrodeposits were characterized in terms of
morphology, microstructure, mechanical and corrosion properties. Homogeneous Zn and Zn-
Fe 7 wt% Fe were obtained, composed of hexagonal and blunted pyramidal grains
respectively. Pulse current deposition was carried out to improve the morphology and to
reduce the impact of hydrogen evolution reaction. Deposition parameters such as on-time/ off-
time/ peak current density (ton/toft/jp) Were investigated. The average current density jm seems
to control the composition of Zn-Fe electrodeposits. High iron contents were obtained at low
current densities and the iron content abruptly decreased when the current density increased
for both direct and pulse currents electrodeposition. Incorporation of iron led to an increase of
the micro-hardness of the coating. Scratch tests were performed in order to evaluate the
damage of the coatings, and the coating adhesion could be assessed. Polarization curves in 3.5

wt.% NaCl after one hour of immersion at the open circuit potential did not show any change
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of corrosion potential between Zn and Zn-Fe 7 wt.% Fe deposits. This potential was shifted to
a more positive value for Zn-Fe 14 wt.% Fe, which points out this coating as the best choice
to reduce the galvanic corrosion between the steel substrate and the Zn-Fe deposit. These
results were linked to the microstructure of the deposits and perhaps to the presence of I'i-

FesZno1 phase for Zn-Fe 14 wt.% Fe.
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1. Introduction

Electrodeposited cadmium coatings have been widely used for many years as
sacrificial coatings for steel substrates in the industry. However, due to the toxicity of
cadmium, European regulations have tried to limit their use encouraging the development of
alternative solutions [1]. Electrodeposited zinc-based coatings were investigated at the
beginning of the 90’s. Several works have shown that alloying zinc with an iron-group metal
(Ni, Co or Fe) improves their corrosion resistance by reducing the potential difference
compared with steel substrate [2,3]. Among them, Zn-Ni electrodeposited coatings with 12 to
14 wt.% of Ni were particularly investigated because of their improved performance [4-6].
Recent concerns about the toxicity of nickel and cobalt salts have encouraged studies to

propose more eco-friendly alternatives, such as Zn-Fe coatings.

Several electrolytes were proposed in the literature to obtain Zn-Fe deposits: acidic or
alkaline formulations, with sulphate [7-15], chloride [16-20] or both salts [21-24]. Few
studies were based on the use of zincate baths [25-29], which have shown to be more efficient
in terms of throwing power. Additives are often used to improve the properties of the coatings
(covering, brightness). Such a diversity of electrolytic baths allows to obtain Zn-Fe deposits
whose iron composition varies from 0 to about 100 wt.% but the literature is mainly devoted

on low iron contents.

Zn-Fe deposition is often reported as anomalous [7,17,19,28,30]. In such case, zinc
which is the less noble metal will be preferentially deposited. This kind of deposition mode
has also been reported for Zn-Ni and Zn-Co systems [30-32]. Although only few assumptions
were proposed yet to explain this phenomenon, it seems that a transition between anomalous
and normal codeposition can be observed in the same electrolytic bath with the variation of
the applied current density [28,30,33,34]. Due to the anomalous codeposition mechanism,

many studies deal with alloys containing less than 10 wt.% of iron [15,17,18,21,23,25-27].



Recently, the use of simple pulse plating (SPP) has been investigated to improve the
morphology and performance of electrodeposits. Many advantages can be attributed to the use
of pulse current (PC): decrease of the grain size [17,21,26,35-39], porosity rate reduction
[17,35] and better homogeneity [17,36]. Reverse pulse plating (RPP) can be used to reduce
the roughness of deposits and also to change the composition of the coatings [21,26,35,37,38].
Concerning the electrodeposited Zn-Fe deposits, very few studies are dealing with the impact
of pulse plating on the characteristics and/or properties of the coatings [17,21,26,40]. The
variation of the electric parameters (such as duty cycle, pulse peak current density and
frequency) permits to modify the iron content up to 1.5 wt. % in acidic baths [17] or less than
1 wt.% in alkaline baths [21,26]. Ge et al. [40] reach a maximum iron content value of 6-7.4
wt.% and they underline that pulse current permits to modify the texture and phase
composition of Zn-Fe coatings deposited from an alkaline bath. Finally, pulse plating (like
SPP or RPP) has never been studied in the case of high iron amount in Zn-Fe systems and it
could be an interesting way to improve the morphology and corrosion properties of these

sacrificial coatings.

According to the equilibrium diagram [41], the solubility limit of iron in the HCP n-
Zn phase is very low, lower than 0.03 wt.%. Different phases can be obtained according to the
Fe content:(-FeZni3 (5-6 wt.% Fe), 8-FeZnio (7-11.5 wt.% Fe), I'1-FesZna1 (17-19.5 wt.% Fe),
I'-FesZnio (23.5-28 wt.% Fe) and o-Fe solid solution. Based on the literature, a link can be
established between the structure of electrodeposits obtained in acidic electrolytes and their
iron content [8,9,11,13,16,18,22,23,42,43]. For low iron contents, 7 is the main
crystallographic phase, with small amounts of 6. The amount of n decreases with the increase

of the iron content, associated to the increase of 6 and/or I'i/T.

The presence of some crystallographic phases can be crucial regarding the functional
properties of the coatings. Indeed, the good corrosion resistance of Zn-Ni coatings with 12-14
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wt.% Ni is attributed to the presence of the single y-NisZn2; crystallographic phase [4]. The
same crystallographic phase is present in the Zn-Fe diagram: I'1-FesZn»i. Increasing the iron
content of Zn-Fe deposits up to 15 or 20 wt.% Fe should lead to the presence of such phase,

thus maybe increasing their anti-corrosion properties.

Since Zn-Fe is mainly used as a sacrificial coating, very few information was found
regarding its mechanical properties [9-11]. They all concluded that the addition of iron
increased the hardness of the coating, from 56 HV for pure zinc to 203 HV for Zn-Fe 14 wt.%
Fe, leading to a loss of ductility. Panagopoulos et al. [10] conducted sliding wear behaviour
tests on zinc-based electrodeposits. The main wear mechanism was found to be plastic
deformation for coatings containing up to 6 wt.% of iron. When the iron content increased to

14 wt.%, this mechanism became less intense.

During the 90’s, authors claimed that only a small amount of iron or cobalt was
required to improve the corrosion resistance of zinc electrodeposits and that higher iron
contents could lead to a performance decrease due to the presence of brittle zinc-iron phases.
Authors mentioned a significant improvement of corrosion properties with such low iron
contents, compared with zinc [3,44]. Recently, the impact of higher iron contents (up to about
30 wt.%) on the corrosion resistance of Zn-Fe electrodeposits was investigated. Regarding the
impact of the iron content, contradictory results were obtained, probably due to differences in
metallurgical states of the Zn-Fe coatings deposited from acidic or alkaline baths with or
without additives. Lan et al. [29] and Park et al. [12] noticed an ennoblement of the corrosion
potential with the increase of the iron content while Nayana et al. [13] observed a reverse
tendency. On the other hand, Bhat et al. [45] highlighted an increase followed by a decrease
of the corrosion potential with the increase of the iron content (from 2.1 to 6.8 wt.% Fe).

Furthermore, no clear influence of the iron content was observed on the corrosion current



density. The comprehension of the corrosion resistance of high iron content Zn-Fe coatings is

still unclear, and it requires to be correlated with the metallurgical structure and defects.

This study aims at understanding the relationship between the metallurgical state of
the Zn-Fe deposits (composition, structure) and their corrosion resistance. An additive-free
alkaline electrolyte was used in order to avoid the incorporation of organic pollutants. Zn and
Zn-Fe coatings with several iron contents (max 20 wt.%) were deposited by modifying the
electrolyte composition and the deposition parameters. The objective was to obtain deposits
with different microstructures, and particularly to define whether it was possible to obtain a
single-phase I'1-Zn-Fe coating in order to evaluate its corrosion behaviour. Since the impact
of pulse current has scarcely been investigated for alloys containing more than 5 wt.% Fe, the
influence of pulse parameters was assessed in terms of morphology, microstructure, and iron
content. Pulse current deposition was used to obtain the accurate morphology with the fewer
defects in order to avoid additives in the electrolyte. Many studies focused on the corrosion
resistance of rather low iron content deposits in relation with the structure and morphology.
But very few of them investigated the mechanical behaviour of Zn-Fe films. However, all
these parameters have scarcely been correlated, particularly using pulse current.
Consequently, this study will focus on the influence of the electrical parameters (current
density and pulse conditions) on the iron content, the morphology and the microstructure of

Zn-Fe coatings in relation with their electrochemical and mechanical properties.

2. Experimental

All electrolytes were prepared by dissolving chemical grade reagents in ultrapure water. An
additive-free electrolyte proposed by Lan et al. was used [29]. This electrolyte is composed of
potassium hydroxide (KOH, from Sigma Aldrich), zinc oxide (ZnO, from Merck) and ferrous
gluconate (C12H2FeO14.2H20, from Sigma Aldrich). The electrolyte pH was superior to 14

due to the high amount of potassium hydroxide. Such alkalinity is required to solubilize zinc
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oxide and to provide zincate ions. The use of ferrous gluconate avoids the addition of other
complexing agents. Four different electrolytes were prepared as presented in table I, in order

to understand the role of each component and its impact regarding electrochemical reactions.

A conventional three-electrode cell composed of a Pt-coated titanium counter electrode, a
Saturated Calomel Electrode (SCE) as the reference electrode inserted in a Luggin capillary
filled with saturated KCI (from VWR Chemicals) solution, and finally the working electrode
composed of AISI 4337 steel or pure copper. A 500 mL double jacket cell equipped with a
cryostat was used to control the temperature of the bath at 25+1°C. The electrolyte was

magnetically stirred at 350 rpm.

Two substrates were used: 99.5% copper (@ 15 mm) and AISI 4337 steel barrel (@ 20 mm).

The composition of the steel is presented in table II.

Metallic substrates were cut into 2 mm thick samples and enrobed in epoxy resin (Presi
Mecaprex). They were then ground with silicon carbide until 4000 grade and rinsed with

ultrapure water and in absolute ethanol in an ultrasonic bath.

Voltammograms and deposits were obtained with a VSP Biologic potentiostat equipped with
a 4 A booster. Cyclic voltammetry was performed in the different electrolytes between -1
V/SCE and -2 V/SCE at 20 mV/s. This technique allows to determine the optimal deposition
parameters and to identify the cathodic and anodic reactions that occur versus the electrolyte

composition.

Deposition times were adjusted in order to obtain a 15 um thick deposit. After deposition, the
samples were rinsed with ultra-pure water and dried. The weight of the samples was measured
before and after deposition to calculate the cathodic current efficiency (CCE) using the

following equation:



CCE = 222 100 (1)
Wth

Wexp 18 the experimental coating weight measured after deposition and w, is the theoretical

coating weight deduced from the Faraday’s law considering the iron alloy composition:

; -3
wen = 20— (22 My + 22 My, @

F NFe Nzn

where j is the applied current density, S is the sample surface, t is the deposition time, F is the
Faraday constant (96485 C/mol), xx is the atomic ratio of the element x in the alloy, ny is the
number of exchanged electrons during the reduction reaction, and M is the molar mass of the

element x.

Coatings were first deposited using potentiostatic methods to evaluate the relationship
between the deposition potential and the iron content. Galvanostatic deposition method was
then used to control the thickness of the deposits. The influence of deposition parameters was
investigated using direct current (DC) and pulse current (PC) methods. Several parameters
must be taken into account for PC experiments: the on-time (ton), the peak current density (jp),
the off-time (tofr), the average current density (jm), the duty cycle (y) and the frequency (f).

[35]
The average current density can be calculated with the following formula:

jp-ton
t0n+t0ff

= Jp-¥ 3)

Jm =

The characterization of the deposits was carried out following a multi-scale approach. The
chemical composition was determined by p X-Ray Fluorescence (u XRF) using a Bruker M4
Tornado with a Rhodium source operating at 35 kV and 160 pA under a pressure of 20 mbar
for the deposits on copper substrates. Energy Dispersive Spectroscopy (EDS) was performed

on the deposits applied on steel substrates on 3.4 mm? areas. The surface morphology of the



films was observed with a Field Emission Gun Environmental Scanning Electron Microscope
(FEG ESEM) Philipps Quanta 200 at 20 kV. Secondary Electron (SE) images were displayed
to highlight the topography of the alloys. The cross-section of the samples was also analysed
by SEM after two different sample preparations. For the first one, the coated samples were cut
through a Struers Secotom precision cutting machine equipped with a diamond cut-off wheel.
The obtained cross-sections were then ground using silicon carbide paper until 4000 grade,
and a final diamond paste polishing was performed with ethanol to avoid the degradation of
the zinc-based coating. The second method consisted of cryogenic fractures in liquid nitrogen

of a pre-notched coated sample.

The polished cross-sections were used to evaluate the thickness heterogeneities and to
measure more accurately the coating thickness while the cryofractures give more information
on the morphology and the growth mechanism of the deposits. Finally, the crystallographic
phases of the coatings were determined using X-Ray Diffraction (XRD) thanks to a Bruker
AXS D8-Advanced device. Diffractograms were registered from 33 to 100° with Cu-Ka

radiation (A = 0.15406 nm) with a step size of 0.01°.

A micro-indentation instrument (Anton Paar MCT?® STEP 4) equipped with a diamond
Vickers indenter was used to evaluate the mechanical properties of the coatings. In order to
minimize the substrate effect and to ensure the reliability of the data, the normal load was
optimized in order to limit the penetration depth to approximately 2 um [46]. Five micro-
indentations were made on each coating with a constant load of 10 g. The normal load was
applied by a progressive charging of 200 mN/min during 30 s and a constant load for 5 s. The
obtained stamps were examined by means of an optical microscope in order to estimate the

average diagonal magnitude. Microhardness calculations were carried out according to [47]:

H = 1854.2 )

d?



where: H is the microhardness, P is the applied mechanical load (g), and d is the average

diagonal magnitude (um) of the indention stamp.

Scratch test was used to evaluate the adhesion of the coating to the substrate. Even if the
scratch test does not directly give information about the adhesion of the coating, test
parameters and coating thicknesses were quite similar, permitting a comparison of the
adhesion of the different coatings. The experiments were performed thanks to an Anton Paar
MCT?® STEP 4 equipment with an indenter corresponding to a Rockwell sphero-conical
diamond tip with 90° angle and 50 um radius. The indenter speed was fixed at V = § mm/min
on 4 mm length tracks and measurements were performed at room temperature and repeated
at least four times, with a distance of 1 mm between each scratch. Vertical loading mode was
used and a linearly increasing load F, from 0.01 N up to 5 N was applied on the total track
length. In order to compare and characterize the adhesion of the electrodeposited coatings
onto steel substrate, the coating thickness was fixed at around 10 um for the micro-

indentations and scratch tests.

For the corrosion resistance assessment, a conventional three-electrode cell was used,
composed of a Pt grid as the counter electrode, a Saturated Calomel Electrode (SCE) as the
reference electrode inserted in a Luggin capillary filled with saturated KCIl solution, and
finally the working electrode composed of steel, Zn or Zn-Fe coated steel. The exposed
surface was delimited to 1 cm? with the use of Lacomit varnish. A 500 mL double jacket cell
equipped with a cryostat was used to control the temperature of the bath at 25+1°C. The
electrolyte was magnetically stirred at 250 rpm. Tests were carried out in aerated 3.5 wt.%
NaCl (from VWR Chemicals) solution adjusted to pH 7 with 0.01 M NaOH (from Sigma
Aldrich) solution. A Solartron Modulab potentiostat was used to carry out corrosion tests that

consisted in two steps: one hour of immersion at the Open Circuit Potential (OCP) followed
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by a Linear Sweep Voltammetry from -0.15 V/OCP to 0.2 V/OCP at a scanning rate of 0.2

mV/s. Otherwise, the experiment stopped when the current density reached 7.10* A/cm?2.
3. Results and discussion
3.1 Electrochemical behaviour of the electrode in the deposition bath

Figure 1 displays the cyclic voltammograms obtained on copper substrate in baths 1, 2 and 3
described in table I. The variation of the bath composition is helpful for the study of the

electrochemical reactions occurring at the metal/electrolyte interface during the polarization.

Figure 1 (a) presents the comparison of the cyclic voltammograms obtained on copper
substrates in baths 1 and 2. Bath 1 is composed of potassium hydroxide, so during the
cathodic polarization, it is obvious that only two reduction reactions could be observed. The
first one is associated to a large plateau representing the reduction of dioxygen. The second
one becomes noticeable for potentials more negative than -1.6 V/SCE. The increase of current
density is due to the water reduction, causing the dihydrogen evolution on the working
electrode. This reaction also produces hydroxide ions OH’, according to the following

reaction in alkaline medium:
2H,0+2e” > Hz(g)+ 20H™

The potential associated to this reaction can be calculated from the Nernst equation.
Assuming the activity coefficient of OH ions to be equal 1, the equilibrium potential would
be close to -1.12 V/SCE. An overpotential of about 0.48 V can be associated to this reaction.
The overpotential of Hydrogen Evolution Reaction (HER) depends on different parameters
such as the electrolyte composition and pH, the bath temperature and the nature of the cathode

[48].
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In bath 2, where zinc oxide is added, the reduction reaction of dioxygen is also observed at the
beginning of the cathodic polarization. The current density began to decrease at -1.58 V/SCE.
This reduction peak was associated to the formation of a Zn film. Since we used a zincate

electrolyte, the reduction reaction that took place on the substrate is:
Zn03~ + 2e” + 2H,0 > Zngy + 40H"

The potential associated to the reduction of zincate ions was calculated with the formula
proposed by Nakano et al. [28]. We assumed the activity coefficients of OH™ and ZnO»* ions
to be equal 1. Because of the consumption of two moles of OH™ to form one mol of ZnO,*
from solid ZnO particles, the activities of OH™ and ZnO>* could respectively be approximated
to 6 and 0.3. Consequently, the calculated equilibrium potential is -1.56 V/SCE, which is in

very good agreement with the experimental value deduced from the voltammogram.

During the deposition process, the region in contact with the electrode surface is depleted in
metallic ions. Diffusion phenomenon replenishes the vicinity of the electrode in metallic
species. The voltammogram presents a limiting current density at 60 mA/cm? due to diffusion
limitation. Consequently, it was decided to limit the applied current density in DC mode to 50
mA/cm? for Zn deposits in order to avoid the formation of dendritic deposits. Finally, the
presence of zinc on the electrode shifted the HER towards a more negative potential (-1.9
V/SCE) due to a higher overpotential of HER on Zn than on copper. In this electrolyte, the
equilibrium potential associated to HER is -1.12 V/SCE, so there is an overpotential of 0.78

V.

In the anodic part (j > 0), the oxidation of the Zn coating deposited during the cathodic
potential sweep begins at -1.57 V/SCE that is close to the equilibrium potential of the

zincate/zinc couple. The complete dissolution of the film is observed.
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When ferrous gluconate is added into the electrolytic bath, two reduction processes are
observed respectively at around -1.45 V/SCE and -1.62 V/SCE (Figure 1 (b)). It seems that
the latter one perfectly matches with the zincate reduction peak previously described for the
bath 2 and should correspond to the formation of a quite zinc rich phase. Thus, the reduction
peak observed at -1.45 V/SCE is attributed to the formation of iron rich phases. For high
cathodic potential at around -1.8 V/SCE, a large increase of the current density is associated
to HER that occurs on zinc-iron phases. The presence of iron in the deposit decreases the
overpotential associated to the HER from 0.79 V to 0.69 V and increases the associated
current density. The diffusional limiting current density is slightly lower, with a value of 40
mA/cm? that reduces the range of applied current densities for the electrodeposition of Zn-Fe
coatings in DC mode. Regarding the HER, figure 1 reveals the influence of the nature of the
substrate on the overpotential values for the rise of the current density: copper favours more

this reaction than zinc-iron which promotes it more than zinc.

During the reverse potential sweep, the oxidation of the Zn-Fe coatings occurs at a more
positive potential, at around -1.43 V/SCE. due to the iron incorporation. The area of the
dissolution peak is smaller, suggesting that less metallic ions were reduced during the
cathodic sweep, which is consistent with the increase of the water reduction kinetics. It was
also noticed that the current density did not return to zero at the end of the experiment,
suggesting the presence of iron rich phases that should be dissolved at higher anodic potential.
This point was confirmed by the presence of a metallic layer still visible on the copper
substrate at the end of the experiment. Some authors have attributed the anodic peak to the
dissolution of Zn from the n phase [7,18]. Consequently, the remaining metallic layer would

be composed of iron rich and/or Zn from other phases.

In order to confirm the cathodic reactions occurring at the surface of the copper substrate,

potentiostatic experiments were carried out at different potential values: -1.45, -1.57 and -1.62
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V/SCE for 5 min. p-XRF analyses were performed in order to evaluate the composition of the
coatings. The coatings obtained at -1.45, -1.57 and -1.62 V/SCE are respectively composed of
82, 24 and 15 wt.% of iron, highlighting a decrease of the iron content with the deposition
potential. Consequently, as expected, the first reduction peak is mainly attributed to the
formation of iron rich phases and the second one to the formation of zinc rich phases.
However, it seems that the reduction of zinc starts at a potential nobler than -1.57 V/SCE in
the Zn-Fe electrolyte. Such underpotential deposition (UPD) of zinc has already been
mentioned in the literature by Nakano et al. for zincate Zn-Fe [28], Zn-Ni [33] and Zn-Co

[34] systems.

3.2 Formation of Zn and Zn-Fe deposits by DC mode

As mentioned in the experimental section, all the coatings were deposited in a galvanostatic
mode to obtain 15 um thick deposits. A preliminary study performed on copper substrates
was carried out in bath 3 in order to identify the limiting conditions and to determine the
accurate deposition parameters. pu-XRF measurements were performed to evaluate the

composition of the Zn based coatings.

As expected from the voltammetric study, the deposit obtained at 10 mA/cm? was mainly
composed of iron (about 90 wt.%). An increase of the current density (25 mA/cm?) led to a
large decrease of the iron content (14 wt. %). But a further increase of the current density in
the range of 40-60 mA/cm? resulted in dendritic deposits, which is consistent with the limiting
current density highlighted by the cyclic voltammogram. Since 14 wt.% Fe was in the range

of our objective, it was decided to perform the galvanostatic deposits at 25 mA/cm?2.

Two coatings were deposited by DC on steel substrates: zinc coating (Zn) from electrolyte 2
and zinc-iron coating with 14 wt.% Fe (ZnFel4) from electrolyte 3. For these coatings, no

major impurity was detected by EDS and the amount of oxygen was inferior to 1 wt.%. The
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CCE was between 80 and 90% for Zn and superior to 90% for ZnFel4. The morphology of
these deposits will first be presented, and the microstructure of the coatings will be discussed

later.

Figure 2 presents surface SEM observations of the Zn-based electrodeposited coatings.
Electrodeposited Zn coating presents a homogeneous morphology with the presence of few
aggregates that are spread all over the surface as presented in figure 2 (a). EDS analyses on
these aggregates did not show any composition differences (such as the oxygen content) with
the other parts of the deposit. High magnification views reveal that the zinc coating is
composed of typical packets of hexagonal platelets with various orientations as described in a

previous work [49].

When iron is incorporated into the zinc deposit, the formation of numerous pores can be
observed on the surface of ZnFel4 in figure 2 (b). The presence of these pores is probably due
to the water reduction and the hydrogen evolution that is promoted by the iron incorporation.
The pores are randomly distributed on the whole surface of the electrode with diameters
varying from 15 to 73 pm. High magnification views reveal that the Zn-Fe coating presents a
pyramidal morphology with faceted surfaces and larger crystallites compared to pure zinc

coating.

Figure 3 presents the SEM cross section of the Zn-Fe coatings. Surface roughness is quite
high due to the coarse Zn-Fe grains and the average thickness is close to 15 um. The pores
could lead to local reduction of the thickness of the coating and in some case to the absence of
coating as showed in SEM analysis of ZnFel4 cross-section. The pore diameters measured on
cross-sections (around 36 um) were in good agreement with the ones measured on the SEM

surface images.
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The change from hexagonal to pyramidal grains with the increase of the iron content has
already been reported in the literature [8,14,50]. This evolution is attributed to the

microstructure of the alloys and particularly to the change of crystallographic phases.

The presence of numerous pores on the surface of ZnFel4 that could reduce the anticorrosion

properties, led to consider the use of pulse current to improve the coating morphology.

3.3 Improvement of the coating morphology: PC deposition

Pulse current was applied on steel substrates in order to improve the morphology of ZnFel4
coating by using the bath 3. First, the influence of the pulse parameters was investigated with
electrodeposits performed at the same average current density jm as for ZnFel4, ie. 25
mA/cm?. For all the PC deposits, the CCE was superior to 90% and the amount of oxygen

detected by EDS was inferior to 1.5 wt.%.

The use of PC deposition contributes to the replenishment of the diffusion layer, so it is
possible to apply higher cathodic current densities during the on-time compared to DC
deposition. Different conditions were investigated, as listed in table III. The influence of two
couples of parameters was investigated: ton/jp and tott/jp. Indeed, the adjustment of j, was

necessary with the change of ton Or toff to maintain a constant value of jm.

It can be noticed that for all deposits elaborated with j, = 25 mA/cm?, the iron content was in
the same range that the one obtained by DC (14.9 + 1.1 wt.% Fe). Despite the large variation
of jp, ton and toff parameters, no significant change in the composition was observed. This
observation can be used to discuss the evolution of the deposits considering pulse parameters
exclusively and to exclude the contribution of a change of the iron content. Despite the
variations of pulse parameters such as ton, toff and jp, the iron contents are quite similar to those
detected in DC mode for the same values of jm. This suggests that the current density jm

mainly controls the iron contents in the Zn-Fe alloys [39, 51]. Similar observations were
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reported by Pagotto et al. [39] for Zn-Ni coatings deposited by DC and PC modes at the same

average current density of 50 mA/cm?.

3.3.1 Reduction of the pores number

Previous results showed the presence of numerous pores on the surface of ZnFel4. The use of
PC and particularly the modification of torf should favour the desorption of hydrogen on the
cathode surface and the replenishment of the diffusion layer, thus should limit the number of
pores. Figure 4 displays low magnification SEM images for different pulse conditions. The
first evidence is the evolution of the pore density on the coating surface when deposition

parameters are changed.

When ton decreased, the number of pores increased. As explained previously, j, increased as
ton decreased, leading to more negative deposition potentials (table III). In part 3.1, the cyclic
voltammograms highlighted an increase of the HER with decreasing the cathodic potentials.
Since these deposits were obtained at the same tofr, namely 16 ms, it can be supposed that for
the highest jp, this value was not sufficient to permit the desorption of the hydrogen adatoms

produced during the deposition pulse.

Figure 4 shows, that for the same ton value of 4 ms, the pores number first decreases and then
increases as tofr and jp increase. As previously mentioned, it can be expected that the longer
the off-time, the lesser the number of pores. However, an increase of the off-time was also
associated to higher pulse current density j, and more negative deposition potentials. Thus,
longer off-times induce more hydrogen produced and so the presence of a high density of

pores.

These two opposite effects are quite visible on SEM images (figure 4). First, 8 ms of off-time

was too short to avoid the formation of pores in comparison with DC coating. When toff
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increased to 16 ms, a quite homogeneous surface with very few pores was obtained, but a
further increase of torr at 24 ms, coupled to the highest value of the cathodic current density

leads to an increase of the number of pores.

These results showed that PC deposition can lead to an improvement of the coatings with a
reduction of the pores number, but an optimized set of parameters ton/toft/jp has to be defined.

In that case, the set 4 ms/16 ms/125 mA/cm? seemed efficient.

3.3.2 Refinement of the microstructure

High magnification SEM images (figure 5) highlight the morphology of the deposits and the

influence of pulse parameters (ton, toff and jp) on the refinement of the microstructure.

The coatings deposited by PC present a pyramidal morphology quite similar to the coating

deposited by DC, probably due to the fact that the iron content is close for all these coatings.

The first observation is that all PC deposits present finer morphologies than the DC one. Such
effect is commonly observed in the literature [17,21,26,35-39]. The nucleation rate
determines the number of nuclei formed. It is related to the overpotential with the following

equation: [35]

Vv = Kl e Inl

Where K is proportionality constant, K> is the amount of energy needed for nucleation and n

is the overpotential.

The refinement of the microstructure is mainly visible between ZnFel4 and ZnFejp75, which
have a difference of 70 mV regarding deposition potentials (table III). However, no difference

is measured between ZnFejp75 and ZnFejpl25 even though ZnFejpl25 has a deposition
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potential 80 mV lower than ZnFejp75 (table III). This observation suggests that the
overpotential differences may not be enough due to the contrary effects of toff (coalescence)
and of ton/jp (refinement) [52]. Consequently, a compromise must be found to obtain the

accurate morphology.

In PC, the pulse current density (jp) is higher than in DC. Consequently, the nucleation rate
increases because of the increase of the cathodic overpotential, resulting in a finer
morphology for PC coatings. However, the change of tosi/jp or ton/jp did not have the same
impact regarding the nucleation rate. According to Chandrasekar et al. [35], the obtention of
fine-grained coatings depends on the one hand on the cathodic reaction occurring during on-
times and on the other hand on off-times that encourage the re-nucleation due to the

desorption of impurities in the double layer.

In this study, no clear difference in terms of grain size was observed with the change of toff/jp,
which can be explained by the occurrence of different phenomena with antagonist effects on

grain size as previously explained.

Figure 5 clearly shows that the morphology became finer when ton decreased (and jp
increased) at the same toff value of 16 ms. As previously explained, the deposition potential
decreased with the increase of j, (table III). In this case, it can be supposed that the
overpotential differences were high enough (150 mV between ZnFel4 and ZnFejp125, 160
mV between ZnFejp125 and ZnFejp225 and 1340 mV between ZnFejp225 and ZnFejp1025)
to lead to a refinement of the microstructure among PC coatings. Pagotto et al. [39] have also
observed finer grains with the decrease of ton, with constant toff in the case of Zn-Ni coatings.
In their case, the pulse current density was constant (assuming that the deposition potential

was also constant), and the average current density decreased with ton.
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It can be concluded from these observations that the use of PC can lead to finer grains.
However, this refinement cannot be only explained by overpotential differences. It seems that

among PC deposits, some parameters are more influent than others, particularly ton/jp.

Even though finer grains can present advantages in terms of properties (hardness, corrosion),
the ton/torr couple chosen was 4 ms/16 ms, since it was the best to reduce the impact of

hydrogen evolution.

3-4 Comparison DC/optimized PC

The use of the optimized conditions in PC (ton/tofr: 4 ms/16 ms) reduces the pores number and
refines the microstructure as highlighted by surface SEM images. The analysis of the cross-
sections of DC (ZnFel4) and PC (ZnFejp125) deposits confirmed these features. Figure 6
presents the SEM-BSE images of polished cross-sections of Zn-Fe coatings obtained by DC

(ZnFel4) and by optimized PC (ZnFejp125).

DC and PC coatings had similar mean thicknesses (17.3 £ 2.6 yum and 16.6 + 1.2 um
respectively). Because of the coarse pyramidal grains, the thickness of DC coating varied
from 9.7 to 24.0 um while it was in a range from 14.9 to 20.6 um for PC coating thanks to
finer grains, thus reducing the roughness of the deposit. These results confirmed the
conclusions of the surface observations: the use of PC leads to a more homogeneous surface
with a finer morphology, resulting in smaller pyramidal grains which reduced the standard
deviation of the thickness. Since the coatings had similar iron contents, the improvements

could be attributed to the use of PC.

Cryogenic fracture was also performed to analyse the cross-section of ZnFejp125. The SEM

cross-section is presented in figure 7.

The cross-section reveals a columnar morphology of the deposit with a growth direction

perpendicular to the substrate. Regarding the width of the columns, it increased from the
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substrate (eg 1.8 um) to the surface (eg 5.9 um). When reaching the surface, the pyramidal
shape of the grains is clearly visible, in agreement with the morphology observed on top-view
images (figure 7). This image also reveals the boundaries between the columns. Most columns
are quite closed, particularly near the substrate, which provides the dense aspect of this inner
layer. Even though the deposit is quite compact, few columns are less connected, especially
near the surface. Since the structure of the deposit is denser near the substrate, it could
provide a good barrier against corrosion. The cryofracture highlighted some important
characteristics that were erased by the mechanical grinding on polished cross-section. Indeed,
the structure of the cross-section can provide some hints regarding the anticorrosion

properties.

3-5 Reduction of the iron content

The previous results showed that the current density seems to control the iron content.
Nevertheless, in direct mode, dendritic deposits are obtained when current density is increased
to reduce the iron content. Consequently, in order to evaluate the influence of the iron content
on the anti-corrosion performance of Zn-Fe alloys, tests were carried out to obtain Zn-Fe
deposits with an iron content inferior to 10 wt.%. Two ways were investigated: the use of PC

with a variation of jm and the modification of the electrolyte associated to DC.

3.5.1 Modification of jm associated to PC

First, it was decided to use the bath 3 associated to PC to obtain deposits with lower iron
content. As showed previously, pulse parameters such as ton, tofr and jp, had no effect on the
composition of alloys. Thus, a study was performed at constant ton (4 ms) and torr (16 ms).
These values were chosen to obtain the optimized properties of the coating. J, was adapted to
vary jm from 15 to 40 mA/cm?, as listed in table IV and figure 8 presents the SEM images of

the surface of these deposits at low (x70) and high (x5000) magnifications.
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SEM analysis of the surface of ZnFejm40 underlined the dendritic aspect of the coating.
Although the use of PC permits to apply higher current densities during very short periods,

the jm value cannot exceed the limiting current density in DC mode.

Figure 8 shows a change in the morphology among the deposits: ZnFejm15 presents nodular
grains while all other deposits are composed of pyramidal grains. The nodular morphology
was mentioned for alloys with high iron contents [50]. When jn increased, the morphology
changed to pyramidal, which is the one observed in our case for deposits containing about 14
wt.% Fe. Thus, the evolution of the morphology suggests a decrease of the iron content with
jm.

This hypothesis was confirmed by EDS measurements: the iron content decreased with jm but
it remained quite constant for deposits obtained above 25 mA/cm2. At low jm, an iron-rich
deposit was obtained (about 70 wt.%) which is consistent with the observed nodular
morphology. The analysis of ZnFejm15 also indicated higher amount of oxygen compared to
other coatings (about 5.5 wt.%). Other deposits contained less than 20 wt.% Fe, which
explains their pyramidal grains. ZnFejm20 and ZnFejm?22 had higher iron contents compared
to ZnFejm?25 and ZnFejm30. They also presented finer morphologies. As explained in the part
3.3.2, ton and j, seem to be the most influent parameters in terms of refinement of the
microstructure. However, the on time was the same for all PC deposits and deposits with the
highest j, (ZnFejm25 and ZnFejm30) did not present the finest morphologies. Consequently,
the refinement of the microstructure of ZnFejm20 and ZnFejm22 could be attributed to the
higher iron content or to a different amount of impurities incorporated compared to ZnFejm?25

and ZnFejm30.

SEM images also highlighted a decrease of the pores number when jn increased, but no
increase of the CCE was observed. Once again, j, increased with jn and the deposition

potential became more negative. Such potentials were usually attributed to the formation of
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more hydrogen, which was not the case here. Previous results showed that the presence of
iron increased the HER. It could be supposed that the decrease of the number of pores with
increasing jm was due to the decrease of the iron content. Such change in hydrogen evolution
has been noticed by Nakano et al. [33,34] with the increase of current density. They attributed

this phenomenon to the anomalous character of the codeposition.

Figure 9 is the graph wt.% Fe = f(j) which compares the evolution of the iron content with the
applied current density in DC and with jm in PC. The first evidence is that the same tendency
is observed for DC and PC depositions: the iron content is very high at low current densities
and it abruptly decreases when the current density increases. Then the iron content remains
quite constant over the range 20-30 mA/cm? and very close to the composition reference line
(CRL). It is in good agreement with a shift from normal codeposition (where the iron content
in the alloy is superior to the one in the electrolyte) to anomalous codeposition (where the iron
content in the alloy is inferior to the one in the electrolyte). Such evolution has been
mentioned in the literature for Zn-Fe zincate and sulfate systems by Nakano et al. [28] and for
Zn-Fe acidic chloride system by Jensen et al. [53]. Brenner [30] has also presented this
transition for Zn-Ni and Zn-Fe systems, showing that this kind of transition is not always
observed depending on the temperature or the composition of the electrolyte. This graph also
confirms that in PC, the composition of the alloys seems to be ruled by jm, but since the
change of jm did not permit to reach iron contents inferior to 10 wt.%, the composition of the

electrolyte was changed.

3.5.2 Modification of the electrolyte composition

In this new electrolyte (bath 4), the iron content was decreased, and the zinc content was
increased, as shown in table I in order to increase the Zn/Fe ratio of the coating. Three current
densities were tested: 25, 20 and 15 mA/cm?2. The last one was chosen to obtain the accurate

iron content for the study. Figure 10 presents the SEM images of a deposit obtained at 15
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mA/cm? in DC. The iron content measured by EDS was about 7 wt.% and the oxygen content
was inferior to 1 wt.%, as for most of previous coatings. The CCE calculated was still
superior to 90%. The coating presented a homogeneous surface with very few small cavities,
due to hydrogen evolution. The reduction of the number of pores could be attributed to the
smaller iron content compared to ZnFel4. The alloy was composed of blunted pyramidal

grains. No improvement with PC deposition was needed for this deposit.

3.6 Microstructure

The crystallographic phases of the three optimized deposits (Zn, ZnFe7 and ZnFejp125) were
determined by XRD. Figure 11 presents the diffractograms of these coatings. Zn deposit was
composed of mn-Zn phase (h.c.p). Only the most intense peaks were indexed. The
diffractogram did not show any preferential orientation for this phase, which is consistent

with the random distribution of hexagonal platelets highlighted by SEM observations.

According to the equilibrium diagram, ZnFe7 and ZnFejp125 should be respectively
constituted of {-FeZni3 and 6-FeZnio phases and d-FeZnio and I'1-FesZnyi phases. However,
electrodeposits often tend to be composed of metastable phases [31]. For ZnFe7, most peaks
were attributed to 1 and 6 phases which is consistent with previous works [9,11,28]. Indeed, n
and/or & were detected for Zn-Fe deposits with the same iron content, with a predominance of
n. Even though ( is present in the equilibrium diagram, it has scarcely been detected for zinc-

iron electrodeposits [22,27,40].

Previous works highlighted the presence of n and/or & and/or I'1 phases for coatings with
about 14 wt.% Fe [8,9,11]. According to Hara et al. [54], 6 was supposed to be the main phase
in such electrodeposit. Moreover, authors have noted the formation of I'-FesZnio (b.c.c) and
I'1-FesZna (f.c.c) phases when the amount of iron in the alloy increases. Kondo et al. [8] have

attributed the formation of pyramidal grains to the presence of these two cubic phases. Thus,
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the pyramidal shape of ZnFejp125 associated to the XRD observations suggests that I'y is the

main phase in this deposit.

Table V summarizes the differences between the expected crystallographic phases according
to the equilibrium diagram and to the literature in comparison with the detected
crystallographic phases, for ZnFe7 and ZnFejp125. The presence of the solid solution 1 at
such iron contents (about 7 and 14 wt.%) is not in agreement with the equilibrium diagram but
it has been widely mentioned in the literature [8,9,11,13,16,27,28,42,43]. Indeed, authors have
noticed an enlargement of the stability range of terminal solid solutions (such as m) for
electrodeposited coatings [31]. These results confirmed the fact that electrodeposited zinc-iron
coatings have metastable structures. The disparities in terms of microstructure are well known
and are explained by several factors. The identification of Zn-Fe crystallographic phases is
complicated since some of them can coexist in the alloy. Moreover, the structure of the

deposits is greatly dependent on the electrolyte and on the deposition conditions.

The functional properties of three deposits (Zn, ZnFe7 and ZnFejp125) are now evaluated to

determine the influence of the iron content and the phase composition.

3.7 Micro-indentation and scratch-tests

The micro-hardness values calculated from equation (4) are gathered in table V1. The applied
load was adjusted in order to minimize the substrate influence on the hardness values and to
limit the penetration depth [46]. The steel substrate is received in an annealed state
corresponding to a ferrite-perlitic structure, which is consistent with the micro-hardness value
around 332 HVy1. The electrodeposited zinc coating presents a very low micro-hardness
value of 53 HVyoi. This value is consistent with those reported in the literature for pure

electroplated zinc coatings [55,56]. Incorporation of iron markedly increases the micro-
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hardness of zinc-based coatings. Rashmi et al. [57] also reported an increase for Zn-Fe
coatings (2-5 wt.%) deposited from an acidic bath, with values ranging from 120 up to 180
HYV according to the deposition process. Panagopoulos et al. [11] noticed the same tendency
regarding micro-hardness (from 56 HV for Zn to 203 HV for 14 wt.% Fe Zn-Fe). ZnFe7
coating (7 wt.% Fe) has an average micro-hardness of 258 HVo01, whereas ZnFejp125 (14
wt.% Fe) does not present an important additional hardness increase, reaching an average
value of 292 HV 1. The electrodeposited ZnFe7 is composed of a mixture of pure N-Zn and
0-ZnFejo phases whereas ZnFejp125 seems to be mainly composed of the I"-ZnsFe»; phase.
Inui et al. [58] have studied the mechanical properties of the Zn-Fe intermetallic phases
through a compression test performed on specimens obtained by FIB from galvanized
coatings. They noticed a micro-hardness increase with iron incorporation, but they reported
plastic deformation on {-FeZni3, &-FeZnio and I' phases whereas I"-ZnsFe>; phase was brittle.
The hardness values of & and I'| phases were reported at around 380 and superior to 500 HV
respectively. The presence of & phase in the dual-phase electrodeposited ZnFe7 coating could
explain the hardness increase compared to that of pure zinc. According to XRD analysis,
ZnFejp125 is only composed of "1 phase. However, the hardness of the coating is inferior to
the values reported for this crystallographic phase. ZnFejpl25 cross-section (figure)
highlighted the columnar growth of the coating. Nanopores could appear during the formation
and the growth of the columns. The presence of these nanopores at the junction of the
columns could explain the unexpected low hardness of ZnFejp125 compared to that of '

phase.

Scratch test is not very used for assessing adhesion of soft coatings. However, the
examination of the tracks or of the residual depth [59] permits to determine critical loads
corresponding to the different damages of the coatings. Figure 12 presents the optical

observations of the tracks after the scratch test on the different zinc-based coatings. The
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scratch behaviours of both pure zinc and ZnFe7 coatings are quite similar. These coatings
present important plastic deformations without formation of cracks during the test.

Pure zinc coating (53 HVo.01) presents a very important plastic deformation that limits the tip
penetration and the plastic deformation of the substrate. It is not possible to determine the
critical load that may correspond to the wiping of the coating inside the track. It means that
the use of a larger force is required to remove completely the coating from the scratch tracks.
It is reported that such critical load is around 9.7 N for a 10 um thick zinc coated steel or 38.5
N for a 5 um pure zinc layer obtained by PVD [60,61]. The present study highlighted a
residual penetration of the indenter at the highest load (5 N) of approximately 10 um for the
zinc coating, corresponding to the thickness of the layer.

The scratch behaviour is quite similar between pure zinc and ZnFe7 (7 wt.% Fe) coatings,
perhaps in relation with the predominance of NnN-Zn rich phase. Even if the micro-hardness
value is close to 257 HVo,1, the ZnFe7 coating presents the same aptitude to limit the tip
penetration due to plastic deformation. Effectively, the residual indenter penetration is also
quite similar to that of pure zinc, with a maximum around 10 pm. But, contrary to pure zinc,
chipping is observed for a critical load of 3.5 N (figure 12) corresponding to a cohesive failure
in the coating due to the high plastic deformation.

ZnFejp125 (14 wt.% Fe) presents a quite different behaviour, even though its hardness is not
so different from ZnFe7. Chipping is detected for a lower critical load of 1.5 N, due to the fact
that plastic deformation is less important. Winiarski [62] observed three critical loads during
the scratch-test of a ternary electrodeposited Zn-Fe-Mo coating, and the first one corresponds
to the cohesive cracks in the coating for values ranging from 1.5 to 2.2 N. The indenter
penetration of approximately 40 um is noticed for the coating with 14 wt.% Fe.

A brittle behaviour is noticed with the formation of local cracks and spallation. At a normal

load of about 4 N, the tip reaches the substrate. The steel substrate underwent a plastic
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deformation and material raised at the edges of the scratches which explains the high residual

penetration values observed for the latest coating.

The comparison of the tracks in figure 12 permits to conclude that pure zinc and low iron
content zinc alloy present good adhesion onto the steel substrate. The high plastic deformation
of these coatings limits the depth penetration of the tip and the coatings are not removed from
the steel substrate. Regarding 14 wt.% Fe coatings, the more brittle behaviour leads to high
abrasion and scribes away the film, resulting in a clear scratch and visible substrate. This
brittle behaviour is probably linked to microstructural evolution and particularly to the

presence of ['1. So, the adhesion strength seems to be reduced for the high iron amount.

3.8 Corrosion of the optimized coatings

The polarization curves after 1h of immersion in 3.5 wt.% NaCl solution of the steel substrate
and the Zn-based coatings are presented in figure 13. All coatings have corrosion potentials
less noble than the one of steel, highlighting their sacrificial behaviour. The objective of
adding iron to zinc coatings is to shift their corrosion potential towards the one of steel, thus
limiting the galvanic coupling between them. Table VII presents the corrosion potentials
(Ecorr) and current densities (jeorr) Of the different samples. As expected, the corrosion potential
of ZnFejp125 is between the one of Zn and the one of steel. However, no significant change
of corrosion potential was observed between Zn and ZnFe7 coatings. It seems that there is a
threshold value of the iron content: below this value there is no effect of iron on the corrosion
potential of the coating. This hypothesis could be explained by the microstructure of the
deposits. As shown in part 3.6, n and & were detected for ZnFe7. A high amount of 1 phase in
ZnFe7 could explain the fact that it has the same corrosion potential as Zn, showing the

correlation between the metallurgical features and the functional properties of the coating.
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There is a slight decrease of the corrosion current density when iron is added to zinc coating,

but no difference is noted between ZnFe7 and ZnFejp125.

Consequently, ZnFejp125 seems the most promising solution in terms of corrosion resistance
because of the increase of its corrosion potential, which may be related to the presence of only

I'1 phase.

4. Conclusion

Zn and Zn-Fe alloys with 7 and 14 wt.% Fe were obtained with an additive-free electrolyte
composed of potassium hydroxide, zinc oxide and ferrous gluconate. Homogeneous Zn and
Zn-Fe 7 wt.% Fe were obtained by direct current plating. However, a further increase of the
iron content in the coating up to 14 wt.% favored the HER, leading to the presence of many
pores due to hydrogen formation. Instead of adding additives in the electrolyte, pulse current
mode was used to reduce the impact of HER. The impact of pulse parameters on the
metallurgical features of a high iron content deposit (14 wt.%) was investigated. The
modification of ton, tofr and jp played a marked role only on the morphology of the deposits, by
reducing the number of pores and forming finer grains, thus reducing the roughness of the
coating. The modification of jm was found to control the iron content of electrodeposits.
However, the same tendency and values were observed for DC and PC deposits, without
changing the normal/anomalous codeposition transition that could be observed for Zn-M
systems, where M is an iron-group metal. The determination of crystallographic phases
highlighted the presence of n for Zn, and of n, 6 for ZnFe7, and I'1 for ZnFejp125. Iron
incorporation led to an increase of the coating micro-hardness. The evolution of the
metallurgical state with iron incorporation, particularly in terms of phase composition, also
affected the micro-hardness, justifying the very low difference of hardness between the pure
zinc and 14 wt.% Fe alloy. The high plastic deformation of the low iron content alloy and

pure zinc limited the coating abrasion suggesting a very good adhesion of the coatings. The
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more brittle behaviour of the 14 wt.% Zn-Fe alloy reduced its adhesion strength onto the steel
substrate. Polarization curves in 3.5 wt.% NaCl highlighted the sacrificial behaviour of all
coatings. Adding 7 wt.% of iron to zinc was not enough to increase its corrosion potential.
This observation was associated to the similarities of microstructure between ZnFe7 and Zn.
For the ZnFejpl125, the corrosion potential was significantly increased, and this deposit

seemed promising regarding corrosion resistance.
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Electrolyte [KOH] (mol/L)

[ZnO] (mol/L)

[C12H22Fe014.2H20] (mol/L)

Fe/Zn (molar

ratio)

KOH (bath 1) 6.6 0 0 0

Zn (bath 2) 6.6 0.3 0 0
High iron content (bath 3) 6.6 0.3 0.075 0.25
Low iron content (bath 4) 6.6 0.5 0.0125 0.025

Table I: Composition of the electrolytes used for the study
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Element C S Mo Cr Ni Mn P Si
0.32 - 0.25 - 1.60 - 3.60 - 0.30 - 0.10 -
Wt. % <0.035 <0.035
0.39 0.45 2.00 4.10 0.60 0.40

Table 1I: Composition of the AISI 4337 steel
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Edeposit

Sample t,, (ms) t g (mS) j, (mA/cn??) Jm (MA/cm?) %Fe
(VISCE)

Zn-Fejp75 4 8 75 25 153 172
Zn-Fejp125 4 16 125 25 14.5 -1.80
Zn-Fejpl75 4 24 175 25 15.5 -1.83
Zn-Fejp225 2 16 225 25 15.5 -1.96
Zn- -3.20

0.4 16 1025 25 16.3

Fejp1025

Table III: Elaboration conditions, iron content and deposition potential of PC deposits, with jm 25 mA/cm? at 25°C in bath 3

under magnetic stirring (350 rpm).
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Edeposit

Name ton (MS) tofr (MS) jp (mA/cm?) jm (MA/cm?) %Fe
(VISCE)

Zn-Fejml15 4 16 75 15 72.2 -1.71
Zn-Fejm20 4 16 100 20 18.6 -1.74
Zn-Fejm22 4 16 112.5 22.5 17.8 -1.78
Zn-Fejm25 4 16 125 25 145 -1.8

Zn-Fejm30 4 16 150 30 15.8 -1.85
Zn-Fejm40 4 16 200 40 12.1 -1.89

Table 1V: Elaboration conditions, iron content and deposition potential of PC deposits, with tor 16 ms, ton 4 ms at 25°C in

bath 3 under magnetic stirring (350 rpm).
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Phase composition according to

Deposit Wt.% Fe Equilibrium diagram Literature This study
ZnFe7 7.5 C+9 /o n+9o
ZnFejp125 145 d+T n/&/(T1/ T) I'i

Table V: Comparison of the phase composition of DC ZnFe7 (about 7 wt.% Fe) and optimized PC ZnFejpl25 (about 14
wt. % Fe).

40



Sample 36NiCrMo16

ZnFejp125

Iron content
(wt.%)
Micro-
hardness 332+£8
HVo.o1
Penetration

1.1+0.1
depth (um)

14

292 + 31

1.3+0.1

Table VI: Comparison of micro-hardness and penetration depth measured for steel substrate and optimised zinc-based

electrodeposits.
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Sample Ecorr (V/SCE) Jeorr (MA/cm?)

Steel 0528 60
Zn -1.037 105
ZnFe7 -1.029 76
ZnFejp125 -0.847 73

Table VII: Corrosion potential (Ecorr) and current densities (jeorr) 0f the steel substrate and the optimized Zn-based coatings
(7 wt.% Fe for ZnFe7, 14.5 wt.% Fe for ZnFejp125). Corrosion characteristics obtained during polarization curves after 1h
of OCP in 3.5 wt.% NaCl, pH 7, at 25°C under magnetic stirring (250 rpm).
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Figure 1: Cyclic voltammograms for bath 1 and bath 2 (a), and bath 2 and bath 3 (b) on
copper substrates with a scan rate of 20 mV/s at 25°C under magnetic stirring (350 rpm).

Figure 2: SEM images (SE) of the surface of DC electrodeposits obtained at 25 mA/cm?: Zn
(a, ¢), and ZnFel4 (b, d)

Figure 3: SEM image (BSE) of the cross-section of ZnFe14 with the presence of pores

Figure 4: SEM images (SE) at low magnification (x70) of the surface of PC deposits obtained
at jm 25 mA/cm? on steel substrates, in function of the off-time and the on-time. The pulse
current density is given with the name of each specimen.

Figure 5: SEM images (SE) at high magnification (x5000) of the surface of PC deposits
obtained at jm 25 mA/cm? on steel substrates, in function of the off-time and the on-time. The
pulse current density is given with the name of each specimen.

Figure 6: SEM images (BSE) of polished cross-sections of DC deposit ZnFel4 (a) and PC
deposit ZnFejp125 (b). Both deposits were obtained at 25 mA/cm? (j or jm). Deposition
parameters for PC deposit were ton 4 ms, toff 16 ms and jp 125 mA/cm?2.

Figure 7: SEM images (BSE) of the cross-section obtained by cryogenic fracture for
ZnFejpl25.

Figure 8: SEM images (SE) of PC deposits at low (x70) and high (x5000) magnifications:
ZnFejml15 (a, g), ZnFejm20 (b, h), ZnFejm22 (c, i), ZnFejm25 (d, j), ZnFejm30 (e, k) and
ZnFejm40 (f, 1) with iron contents of 72.2, 18.6, 17.8, 14.5, 15.8 and wt.% respectively. All
deposits were performed at ton 4 ms and toff 16 ms.

Figure 9: Evolution of the iron content in DC and PC deposits in function of the applied
current density (jm in the case of PC). The dash-line represents the compositional reference
line (CRL), which is the iron content in the electrolyte.

Figure 10: SEM images (SE) of the surface of ZnFe7 DC electrodeposit obtained at 15
mA/cm?, with a low iron content (about 7 wt.% Fe) at low (x70) (a) and high (x5000) (b)
magnifications.

Figure 11: Diffractograms of optimized coatings Zn, ZnFe7 (7 wt.% Fe) and ZnFejp125 (14.5
wt.% Fe).

Figure 12: Scratch tracks obtained for optimised coatings deposited on steel substrates: Zn,
ZnFe7 and ZnFejp125.

Figure 13: Polarization curves of steel and optimized coatings Zn, ZnFe7 (7 wt.% Fe) and
ZnFejp125 (14.5 wt.% Fe) obtained in aerated 3.5 wt.% NaCl under magnetic stirring (250
rpm) after one hour at OCP.
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