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Abstract

An aqueous hybrid inorganic/organic sol-gel solution composed of tetraethylorthosilicate (TEQS),
methyltriethoxysilane (MTES) and (3-glycidyloxypropyl)trimethoxysilane (GPTMS) was applied on
ZnFe (14 wt.% Fe) electrodeposited on steel as a sacrificial layer. Two precursor contents were
studied: 10 (SG10) and 30 % (SG30). First, the morphology and thickness of the films were assessed
by Scanning Electron Microscopy (SEM) observations. They revealed the presence of micro-cracks
in the films without alkaline surface preparation due to the pyramidal shape of the ZnFe deposit.
Then, the corrosion resistance of the systems was determined by Electrochemical Impedance
Spectroscopy (EIS) and Neutral Salt Spray (NSS) test. All results indicated an improvement in the
corrosion resistance thanks to the presence of the SG films. However, the protection provided by
the SG10 film did not permit to durably protect the ZnFe deposit. The combination of surface
preparation and a SG30 film provided promising protection to the ZnFe deposit with an increase
of the low-frequency modulus and a delay in corrosion product appearance during the NSS test.

Keywords
Electrochemical impedance spectroscopy; zinc alloys; agueous based solution

Introduction

Zn-Ni (12-14 wt.% Ni) electrodeposits are commonly used as sacrificial coatings to protect steel
from corrosion [1,2]. However, researchers tend to focus on eco-friendlier alternatives because of
the toxicity of nickel salts [3]. Zn-Fe electrodeposits could be potential candidates for the
replacement of Zn-Ni ones [4-10]. Nevertheless, it is essential to improve the corrosion resistance
of Zn-Fe deposits in order to achieve the same performance as Zn-Ni coatings. Sol-gel (SG) films, and
particularly hybrid inorganic/organic ones, have been used for years to limit the corrosion of metallic
systems. This solution was extensively studied for Zn coatings, but less information can be found
regarding Zn alloys and particularly Zn-Fe ones.
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Su et al. [11] compared the effect of an inorganic (TEOS) and a hybrid inorganic/organic (TEOS +
GPTMS) SG films deposited on galvanized steel. They studied the influence of SG films on the
corrosion resistance and the paint adhesion of the systems. SEM observations indicated that both
SG films follow the morphology of the substrate (which was skin-passed). However, micro-cracks
were observed for the inorganic SG film. The absence of cracks for the hybrid SG film was attributed
to the presence of GPTMS. The Neutral salt spray (NSS) test revealed a delay in the appearance of
corrosion products thanks to the presence of SG films with better performance for the hybrid SG
film. Corrosion products were first observed on the micro-cracks, explaining the better results
obtained for the hybrid SG film. Electrochemical tests were also performed, indicating a decrease in
the corrosion current density thanks to SG films (from 6.00 pA cm™ for galvanized steel to 3.8 pA
cm? for inorganic film and 0.12 pA cm? for the hybrid film). Electrochemical impedance
spectroscopy (EIS) measurements were performed in 0.1 M NaCl, and an electrical equivalent circuit
(EEC) was used to represent the behaviour of the system. This EEC was composed of the electrolyte
resistance; the SG film was represented by the pore resistance (Rpore) and the coating CPE (Qcoating)
and the charge transfer at the interface was represented by the charge transfer resistance (Rc) and
the double layer CPE (Qa). All results indicated an improvement of the corrosion resistance by using
the hybrid SG film with an increase in the charge transfer and the pore resistances. Other authors
obtained similar conclusions with inorganic or hybrid SG films, combined or not with corrosion
inhibitors, on zinc [12—14], electrodeposited zinc [15], or galvanized steel [11,16—25]. Regarding zinc
alloys, Dos Santos [26] studied the influence of bis[3-(triethoxysilyl)propyl] tetrasulfide (BTESPTS) or
1,2-bis(triethoxysilyl) ethane (BTSE) + BTESPTS SG films combined with Ce or La conversion layers,
on the corrosion resistance of electrodeposited Zn-Fe (2 wt.%). EIS measurements in 0.05 M NacCl
indicated an increase of the low-frequency modulus for the systems combining SG and corrosion
inhibitors and systems with only conversion layers.

SG can be prepared using alcohols since most precursors are non-miscible with water. However,
it is possible to obtain aqueous SG. Fedel et al. [16,17,20,27,28] published several studies with this
kind of SG applied on galvanized steel in order to optimize the system (curing parameters, the
addition of clay, etc). The matrix consisted of a mixture of TEOS, MTES and GPTMS. They used acidic
catalysis with hydrochloric acid and 10 % in precursors. C. Motte [29] studied the impact of an
aqueous SG film composed of 10 % TEQOS, MTES and GPTMS on the corrosion resistance of
galvanized steel. She also incorporated clay (modified or not by cerium) in her work. A. Nicolay [30]
studied the influence of the precursors ratio (10, 20 and 30 %) and applied SG films on stainless
steel. In this study, an aqueous SG was chosen to avoid using volatile solvents to obtain an eco-
friendlier system. The aim of this study is to determine the corrosion resistance improvement
brought by SG films deposited on ZnFe coated steel.

Experimental

The substrate consisted of ZnFe (14 wt.% Fe) coated ST37 steel. A 15 um ZnFe deposit was
obtained by electrodeposition from an alkaline additive-free bath composed of 6.6 M of potassium
hydroxide (Alfa Aesar), 0.3 M of zinc oxide (VWR Chemicals) and 0.075 M of ferrous gluconate (Alfa
Aesar) [4,31] maintained at 25 °C. The pulsed current was used with the following parameters: ton 4
ms, torf 16 ms and j, 125 mA cm? [31]. The roughness R, of the bare electrodeposited ZnFe coating
was measured with a NanoJura optical profiler. A R, value of 1.3 £ 0.2 um was obtained.

Sol-gel solutions were obtained by mixing demineralized water and three precursors: TEOS (VWR
Chemicals), MTES (Alfa Aesar) and GPTMS (Aldrich). Two solutions containing 10 wt.% (SG10) or

668 (ec) T



C. Arrighi et al. J. Electrochem. Sci. Eng. 12(4) (2022) 667-683

30 % in precursors (SG30) were prepared. The composition of each matrix is given in Table 1.
Pluronic123 (P123, Aldrich) was added (0.03 wt.%) to improve the wettability of the solution on
ZnFe deposits. The pH of the solution was adjusted at 3.5-4 with acetic acid (VWR Chemicals).

Table 1. Composition and dry extract of the two SG

Content, wt.%

SG10 SG30
Demineralized water 90 70
TEOS 33 10
MTES 33 10
GPTMS 33 10
Dry extract 47+0.1 14.0+£0.6

The viscosity of SG solutions was determined with Anton Paar MCR 302 equipment. Shear stress
(7) in the function of the shear rate (y) graphs were recorded at 25 °C with a shear rate varying from
0 to 1000 s* for a scan duration of 10 minutes. All SG solutions showed a Newtonian behaviour, and
their viscosity was indicated by the slope of the graph t = f(y). After 24 h of stirring, the viscosities
of SG10 and SG30 solutions were respectively 1.39 mPa s and 3.00 + 0.03 mPas.

Surface preparation was used in some cases, consisting of an immersion of the samples for 30 s
in a 10 g L' alkaline commercial Gardoclean® solution maintained at 50 °C. Samples were then
rinsed with demineralized water and dried. SG films were deposited on ZnFe coated steel by dip-
coating with a KSV Nima 2 equipment. The withdrawal rate was 500 mm min-. Systems were then
cured at 180 °C for 1 h in a ThermoScientific oven. These curing parameters were optimized by A.
Nicolay in previous work [30].

The contact angle between a demineralized water droplet and the different systems (bare ZnFe
and ZnFe + SG) was measured to determine the effect of the sol-gel film on the hydrophobicity of
the sacrificial layer. The test was performed with a Kruss DSA 10-MK2 equipment with a droplet
volume of 1 pL.

The corrosion resistance of the systems was assessed by electrochemical measurements (Solartron
Analytical ModulLab) and by Neutral Salt Spray (NSS, Q-FOG SSP600) test. Regarding electrochemical
tests, a three-electrode system was used. The reference electrode was a Saturated Calomel Electrode
(SCE), the counter-electrode was a platinum grid, and the working electrode was the substrate (1 cm?
exposed). A flat cell containing 300 mL of 0.1 M NaCl (VWR Chemicals) was used. The pH of the
electrolyte was adjusted at pH 7 with a NaOH solution in order to perform experiments with the same
initial pH. The Open Circuit Potential (OCP) of samples was measured and EIS was performed every 6
h until 3 days and then every 12 h until 7 days of immersion. EIS was done with an rms amplitude
voltage of 10 mV in the frequency range 10° — 102 Hz. Bare ZnFe and ZnFe + SG10 (with and without
Gardoclean®) were immersed for 3 days, while ZnFe + SG30 (with and without Gardoclean®) were
immersed for 7 days. Experiments were reproduced to obtain two consistent results.

Bare ZnFe and ZnFe + SG were exposed to the NSS test following ISO 9227 standard. 3M tape was
used to mask one side of the samples and their edges. A 7 cm? area was exposed. Three samples of
each condition were placed in a Q-FOG SSP600 climatic chamber maintained at 35 °C and exposed
to a 50 g L't NaCl solution. Pictures of the samples were taken after 1, 2, 3, 7 and 14 days of exposure.

The coverage of SG films on ZnFe deposits was assessed by SEM observations on the surface and
the cross-sections (obtained by cryofracture) of the samples. A Hitachi SU8020 equipment was used.
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SEM observations were also coupled with EDX measurements to analyse corrosion products formed
on the surface of the samples, in terms of morphology and composition.

This study focuses only on ZnFe deposits since zinc and/or galvanized steel have already been
studied with this kind of SG film with promising results.

Results and discussion

Characterization of the coated systems

Table 1 presents the SEM observations of the surface and the cross-section of ZnFe deposits with
SG10 and SG30 films, with and without Gardoclean® surface preparation. The surface of the ZnFe
electrodeposit was covered with all SG films and ZnFe pyramids could still be observed. However, in
the absence of Gardoclean® surface preparation (Figures 1(a) and (b)), some cracks were visible at
the bottom of the pyramids, indicating that the SG films could not accommodate the morphology
of the ZnFe deposit. When a Gardoclean® surface preparation is performed before the application
of SG films (Figures 1(c) and (d)), an improvement was observed with the absence of cracks. SG30
film seemed thicker than SG10 one, especially in the valleys of the ZnFe deposit. This would be
consistent with their difference in terms of viscosity. Indeed, the thickness of the SG film can be
calculated by the Landau-Levich relation (1).

SG10 SG30

Without
Gardoclean®
Surface

With Gardoclean®

=
Qo
=
Q
Q
T
22y
7]
o
=
O

Figure 1. SEM micrographs of ZnFe deposits with SG10 (without (a) and with Gardoclean® (c and e)) and
SG30 (without (b) and with Gardoclean® (d and f)) films. Surface (a, b, c and d) and cross-section (e and f)
observations
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h=0.94 (1)
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where h is the thickness of the film, n is the solution viscosity, w is the withdrawal rate, n is the
surface tension and pg is the gravity parameter. This relation indicates that for the same withdrawal
rate, the higher the sol viscosity, the higher the film thickness. This was confirmed by the observation
of the cross-section of the samples (Figures 1(e) and (f)). Thickness heterogeneities are observed,
particularly between the top (about 1 um or less) and the bottom of the pyramids (between 2 and
6 um for SG30). However, the thickness of the film is higher for SG30 (reaching 6 um).

A decrease in the hydrophily of the ZnFe deposit was observed with the presence of both SG10
and SG30 films. Indeed, the contact angle between the droplet and the ZnFe deposit could not be
measured since the droplet immediately spread on the surface of the sample. Thus, the contact
angle was assimilated to 0°. However, in the presence of the SG films, this value was superior to 60°
depending on the systems, as shown in Table 2. Fedel et al. [28] obtained similar values (between
61 and 67°) with an SG film containing 10 % in precursors. Two hypotheses can explain the
modification of the hydrophilic behaviour of the systems. First, SG films are composed of GPTMS
and MTES. Each of them presents an organic group. Methyl group in MTES could decrease the
hydrophilic aspect of the system. Moreover, higher contact angle values were obtained for SG10
films, which could be due to the surface morphology. SEM micrographs (Figure 1) revealed that both
SG10 and SG30 films follow the pyramidal shape of the ZnFe deposit. However, fewer pyramid peaks
are visible in the case of SG30 film due to the levelling effect of the film. According to the literature,
a hydrophobic behaviour can be obtained with a nanostructured morphology [32,33]. Although
ZnFe deposits are not nanostructured, the presence of more pyramid peaks for ZnFe + SG10 systems
could decrease their hydrophilic behaviour.

Table 2. Contact angles measured for the different coated systems, with and without Gardoclean®

Contact angle, °

Without Gardoclean® With Gardoclean®
SG10 72.2+0.1 76.9+0.3
SG30 62.6+0.5 66.2+0.4

Electrochemical characterization

The OCP was measured during the whole electrochemical experiments. After 3 days of
immersion, the OCP value of bare ZnFe was about -0.92 V vs. SCE. The OCP value was stable during
the first 3 days of immersion for almost all systems. A shift of the OCP value was observed in the
presence of SG films: +0.05 V for ZnFe + Gardoclean® + SG10 and +0.13 and +0.09 V for ZnFe + SG30
without and with Gardoclean®, respectively. These shifts indicate a good covering of the SG films.
Because of the similarities in behaviour between ZnFe + SG10 with and without Gardoclean®, only
ZnFe + Gardoclean® + SG10 will be considered for the rest of the study. Whereas both ZnFe + SG30
and ZnFe + Gardoclean® + SG30 will be considered.

Corrosion resistance of bare ZnFe

The Bode diagrams obtained during EIS measurements of ZnFe in 0.1 M NaCl are presented in
Figure 2. An increase of the low-frequency modulus (Figure 2(a)) until 48 h of immersion is observed
(from about 1370 Q cm? after 6 h until about 4370 Q cm? after 48 h). Then, the low-frequency
modulus decreased, reaching about 2700 Q cm? after 72 h of immersion. These observations,
associated with the shift of the time constant towards lower frequencies on the Bode diagram
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(Figure 2(b)), would indicate the formation of corrosion products, which was confirmed by the visual
observations after the test (Figure 2(c)). Indeed, the surface of the samples is covered with
white/bluish products, which could supposedly form a thin oxide layer.
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Figure 2. Evolution of bare ZnFe Bode diagrams in the function of time in 0.1 M NaCl: (a) Modulus diagram
and (b) Phase diagram. (c) Visual aspect of the samples after 3 days of immersion in 0.1 M NaCl. The
exposed surface is 1 cm? (d) Electrical equivalent circuit used to represent the system

This electrochemical behaviour can be represented by an electrical equivalent circuit (EEC)
(Figure 2(d)) where Re is the electrolyte resistance and Qznre and Rznre are associated with the charge
transfer at the interface with ZnFe deposit. Data obtained from the EEC (Rel, Rznre, Qznre, N, Which is
the CPE parameter and x?) are gathered in Table 3. The use of a CPE [34-36] instead of a capacitance
describes a non-ideal capacitive behaviour, considering the irregularities of the system (roughness,
porosity, adsorption, etc.). The impedance of a CPE Zcpe is given by relation (2):

1
Q(jw)’
where Q and n are the CPE parameters. It is possible to calculate the capacitance of a film or a charge
transfer with Brug’s relation (3) [36].

-(1-n)
Ceff = Ql/” (Re_l + Rt_1 ) " (3)

ZCPE(a)) =

(2)

where Cef if the effective capacitance, Q is the CPE value, R. is the electrolyte resistance (called Re
in this work), Rt is the global resistance and n is the CPE exponent. In our case, R:>>R., consequently,
the following relation can be used (4).

-(1-n)
Ci=Q""R, " (4)

For bare ZnFe, the charge transfer resistance R: corresponds to Rznre (Table 3). This value
increases until 2 days of immersion (from 1 kQ cm? to about 6 kQ cm?), associated with an increase
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in the capacitive aspect of the system (an increase of n). Corrosion products could have a barrier
effect, thus limiting dissolved oxygen from reaching the surface. After 3 days of immersion, a
decrease of Rznre is Observed until 3 kQ c¢cm?, indicating a rupture of the protecting effect. This
could be due to the formation of pulverulent products leading to a loss of adhesion. Moreover,
localized corrosion could take place in “less protected” areas. Finally, chloride ions could
contribute to the degradation of the protective film formed on ZnFe coating, although they are
needed to form some corrosion products (particularly simonkolleite).

Table 3. Data obtained from the EEC model for the immersion of bare ZnFe in 0.1 M NaCl

Re/ Q cm? Rznfe / kQ cm? Qznre / UF cm2 5™t n X2 103
6h 108 1.22 809 0.68 2.83
12 h 113 1.53 908 0.68 2.11
1d 117 2.04 862 0.76 4.54
2d 121 5.96 838 0.85 3.60
3d 109 3.26 928 0.82 3.77

Influence of the presence of an SG film

Three different systems were investigated: ZnFe + Gardoclean® + SG10 and ZnFe (+ Gardoclean®)
+ SG30. The Bode diagrams obtained during EIS measurements of the systems in 0.1 M NaCl, the
visual aspects of the samples after the tests and the EEC used to represent the systems are
presented in Figure 3.

Corrosion resistance of ZnFe + Gardoclean® + SG10

The Bode diagrams obtained during EIS measurements of ZnFe + Gardoclean® + SG10in 0.1 M NacCl
are presented in Figures 3(a) and (b). There is a decrease of the low-frequency modulus after 12 hours
of immersion, indicating a loss of barrier properties. On the phase diagram (Figure 3(b)), two time
constants were observed until 12 hours of immersion: the high-frequency range associated with the
SG film time constant and the middle frequency range associated with the SG/ZnFe interface. After
one day of immersion, only one time constant is visible, which is larger than previously and probably
corresponds to the gathering of the two time constants. After 2 days of immersion, this time constant
is finer and is shifted towards lower frequencies, in the same range as the time constant observed for
bare ZnFe after 6 hours of immersion (Figure 2(b)). This shift was also observed for bare ZnFe and was
attributed to the formation of corrosion products/oxide layer. At the end of the experiment, the
presence of the time constant associated with the SG film can only be supposed.

An EEC with two CPE (Figure 3(h)) was used to represent this system and values are gathered in
Table 4. This EEC consists of the electrolyte resistance Rg, the SG film characterized by Rsg and Qsg.
Rz and Q; are associated with the oxide layer formed at the interface between the ZnFe deposit and
the SG coating in certain circumstances. In this configuration, the charge transfer resistance R: would
be characterized by R,. Csg and C; (Tables 4, 5 and 6) correspond to the values obtained from Eq. 4
and are effective capacitances. The different resistances Re, Rsg and R», the effective capacitances
Csc and G, the CPE parameters n and y? are gathered in Tables 4, 5 and 6 depending on the system.
The contribution of the SG film (about 2 kQ cm? after 6 hours of immersion) is largely inferior to the
one of the interfacial oxide layer (about 30 kQ cm? after 6 h of immersion). These values are
consistent with the literature [16,17].

Rsc strongly decreases during the first hours of immersion, which is commonly observed in the
literature [16,17,19,37,38]. Moreover, the capacitance of this film increases with the immersion
time, which could be explained by a water uptake or the break of Si-O-Si bindings.
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Figure 3. Evolution of different systems Bode diagrams in function of time in 0.1 M NaCl: (a and b) ZnFe +
Gardoclean® + SG10; (c and d) ZnFe + SG30 and (e and f) ZnFe + Gardoclean® + SG30. (g) Visual aspect of
the different systems after 3 days (ZnFe + Gardoclean® + SG10) or 7 days (ZnFe (+ Gardoclean®) + SG30) of
immersion in 0.1 M NaCl. The exposed surface is 1 cm? (h) EEC used to represent these systems
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A decrease in the oxide layer resistance is also observed and could be attributed to an increase
in the exposed surface due to the degradation of the SG film. After 2 days of immersion, Csg and G,
capacitances are quite high and reach 100 and 25 pF cm™. Consequently, a charge transfer
phenomenon can be supposed leading to the formation of corrosion products. This hypothesis can
be confirmed by the presence of corrosion products on the surface of the sample after 3 days of
immersion (Figure 3(g)). These images confirm the improvement in terms of corrosion resistance
thanks to the SG film with the presence of intact areas. Corrosion products do not form a
homogeneous layer. Indeed, some white/orange points are visible on the surface. The formation of
these corrosion products could be explained by the micro-cracks observed in Figure 1(a), allowing
the electrolyte to reach the ZnFe deposit.

Table 4. Data obtained from the EEC model for the immersion of ZnFe + Gardoclean® + SG10 in 0.1 M NaCl

Ra/Qcm?  Rsg/kQcm?  Csg/puF cm? n R,/ kQcm? C,/uFcm? n x?10°

6h 115 2.54 0.66 0.82 31.81 / 0.56 1.26
12 h 116 2.20 0.72 0.81 32.03 / 0.56 0.63
1d 113 0.75 1.28 0.75 5.07 / 0.58 0.57
2d 114 0.09 2.85 0.87 6.19 6.3 0.65 0.89
3d 110 0.12 108 0.8 5.76 28.8 0.8 2.98

Corrosion resistance of ZnFe + SG30

The Bode diagrams obtained during EIS measurements of ZnFe + SG30 in 0.1 M NaCl until 4 days
of immersion are presented in Figures 3(c) and (d). Without Gardoclean® surface preparation, the
time constant associated with the SG film strongly decreases during the first hours of immersion,
which is consistent with the decrease of the low-frequency modulus. The time constant associated
with the ZnFe/SG film interface becomes more intense and is shifted towards lower frequencies.
These observations are consistent with the ones obtained for bare ZnFe and ZnFe + Gardoclean® +
SG10 and probably indicate the degradation of the SG film and the formation of corrosion products.

This system can be represented by the same EEC as the one used for the system ZnFe +
Gardoclean® + SG10. Data obtained from the EEC modelling are gathered in Table 5.

Table 5. Data obtained from the EEC model for the immersion of ZnFe + SG30 in 0.1 M NaCl

Ra/Qcm? Rss/kQecm? Css/uFecm?  n R./kQcm? G/ puFcm? n x2 103

6h 104 2.08 5.49.10° 0.75 55.57 - 0.53 0.42
12 h 101 2.00 5.17.10° 0.74 55.63 - 0.55 0.73
1d 105 5.25 - 0.52 17.72 3.77 0.73 0.66
2d 125 0.51 8.45.10*" 0.62 13.92 - 0.59 0.1
3d 113 0.21 - 0.59 11.12 111 0.81 0.21
4d 109 0.28 1.67 0.60 8.92 6.59 0.66 0.16
5d 110 0.18 2.33 0.65 12.01 10.4 0.67 0.19
6d 107 0.12 4.02 0.69 9.75 29.8 0.74 0.69
7d 103 0.13 2.62 0.67 10.17 25.6 0.72 0.69

Rsc values obtained after 6 h of immersion are in the same range as the one obtained previously
for ZnFe + Gardoclean® + SG10 (about 2 kQ cm?). A sharp decrease in this value is observed until 2 days
of immersion when it becomes inferior to 1 kQ cm?2. The medium/low-frequency time constant was
first associated with the interfacial oxide layer (with resistance like the one obtained for ZnFe +
Gardoclean® + SG10) and a few uF cm™ capacitances. However, the effective capacitance C; increases
from 3 days of immersion, reaching values superior to 10 uF cm. Consequently, this time constant
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was attributed to a charge transfer phenomenon, which could be confirmed by the presence of
corrosion products on the surface of the samples (Figure 3(g)). These white/orange corrosion products
are spread on most of the surface. Areas with bluish products are also observed and are quite similar
to bare ZnFe samples after 3 days of immersion. Finally, areas without corrosion products are
detected. SEM observations (Figure 1(b)) highlighted the presence of cracks in the SG films. These
cracks could allow the electrolyte to reach the ZnFe deposit, leading to the formation of corrosion
products.

Corrosion resistance of ZnFe + Gardoclean® + SG30

The Bode diagrams of ZnFe + Gardoclean® + SG30 are presented in Figures 3(e) and (f). When a
Gardoclean® surface preparation is used before the application of the SG film, the time constant
associated with the SG film varies essentially during the first day of immersion. This constant slightly
decreases while the one associated with the ZnFe/SG film interface increases and is shifted towards
lower frequencies. For the first time, the SG film time constant is still observed after 7 days of
immersion, indicating the better performance of this system. Finally, the low-frequency modulus is
higher than the one obtained for the same system without Gardoclean® and it remains stable during
the whole test, indicating the better stability of this system.

The EEC (Figure 3(h)) was used to represent the ZnFe + Gardoclean® + SG30 during the 7 days of
immersion and data obtained from the modelling are gathered in Table 6. There is a decrease in Rsg
during the first days of immersion (from about 7 kQ cm? after 6 h to about 3 kQ cm? after 3 days).
After 3 days of immersion, this value remains stable. The value obtained after 6 h of immersion is quite
higher than the ones obtained for other systems, indicating a great improvement. The effecttive
capacitance Csg values are lower than the ones obtained for ZnFe + SG30 (Table 5), indicating two
things. First, the corrosion protection provided by this system is better than ZnFe + SG30. Then, the
SG film is thicker thanks to the Gardoclean® treatment. Indeed, the capacitance value is inversely
proportional to the thickness of the film. The surface preparation could favour the formation of
hydroxyl groups on the surface of the ZnFe coating, thus improving the adhesion of the SG film.
Moreover, an increase in the Csg values is observed with the immersion time, which is consistent with
results obtained for other systems.

Table 6. Data obtained from the EEC model for the immersion of ZnFe + Gardoclean® + SG30 in 0.1 M NaCl

Ra/Qcm?  Rsg/ kQ cm? Css / nFcm?2 n R,/ kQcm? G/ pFcm? n  x*10°
6 h 111 6.92 15.3 0.83 241.12 / 0.55 1.25
12 h 112 6.11 1..8 0.82 323.69 / 0.58 1.27
1d 104 3.74 17.9 0.81 365.55 0.61 0.63 1.6
2d 100 2.99 18.7 0.79 538.64 1.11 0.66 2.69
3d 98 2.68 20.6 0.79 946.97 1.11 0.66 2.76
4d 100 3.10 21.8 0.78 1142.30 0.97 0.66 2.56
5d 100 3.15 24.0 0.77 1486.60 0.91 0.66 241
6d 96 2.49 28.7 0.76 976.87 1.13 0.67 2.19
7d 95 2.40 33.5 0.75 832.02 1.25 0.68 2.25

Regarding corrosion resistance, the contribution of the SG film is largely inferior to the one of the
interfacial oxide layer. Indeed, its resistance is superior to 240 kQ cm? compared to about 7 kQ cm?
for the SG film. The effective capacitance C; of this layer is about 1 uF cm™ during the whole test,
indicating the absence of charge transfer. In this case, the oxide layer resistance R, increases during
the first days of immersion. This could be explained by an electrolyte infiltration reaching the oxide
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layer and/or ZnFe deposit. The formation of oxides could reinforce the existing oxide layer and seal
micro-defects in the SG film. This hypothesis could illustrate, on the one hand, the increase of the
oxide layer resistance and, on the other hand, the stabilization of the SG film resistance.

After 7 days of immersion, the surface of the samples is quite intact, showing that the combination
of Gardoclean® treatment and SG30 film considerably limits the degradation of ZnFe electrodeposit.

SEM observations after 7 days of immersion are presented in Figure 4 for the ZnFe + Gardoclean®
+SG30 configuration. The SG film is observed on the whole exposed area. Moreover, ZnFe pyramids
(red circles in Figure 4) are still visible under the SG film. A micro-crack (orange rectangle) is detected
and could permit the infiltration of electrolytes and the formation of corrosion products. Indeed,
some corrosion products are present on the SEM micrograph. However, they were not distinguished
by the naked eye.

Figure 4. SEM micrograph of a ZnFe + Gardoclean® + SG30 after 7 days of immersion in 0.1 M NaCl. The red
circles indicate the presence of ZnFe pyramids. The orange rectangle highlights the presence of cracks in the
SG film

Comparison of the different systems

The evolution of the low-frequency modulus of bare ZnFe, ZnFe + Gardoclean® + SG10 and ZnFe
+ SG30 (with and without Gardoclean® surface preparation) is presented in Figure 5. Several areas
were drawn, corresponding to different behaviours.

The area | is associated with bare ZnFe. The low-frequency modulus increases until 2 days of
immersion and then decreases until 3 days. The increase of the low-frequency modulus was
attributed to the formation of corrosion products, while the decrease was explained by a loss of the
protective aspect provided by these corrosion products.

Area |l corresponds to the systems ZnFe + Gardoclean® + SG10 and ZnFe + SG30. During the first
12 hours of immersion, a great increase of the low-frequency modulus is observed, in comparison
with bare ZnFe, indicating the barrier properties of the SG films. In this area, the low-frequency
modulus rapidly decreases during the first 24 hours of immersion and then remains stable until
3 days of immersion. This evolution shows a loss of barrier properties associated with the SG film.
Although the low-frequency modulus is superior to the one of bare ZnFe, the presence of corrosion
products on the surface of the samples highlights the lack of corrosion resistance.
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Bare ZnFe
---- ZnFe + Gardoclean + SG10
——2ZnFe + SG30

---- ZnFe + Gardoclean + SG30

Figure 5. Evolution of the low-frequency modulus in the function of the immersion time in 0.1 M NaCl for
bare ZnFe, ZnFe + Gardoclean® + SG10 and ZnFe + SG30 with and without Gardoclean®

Finally, the evolution of ZnFe + Gardoclean® + SG30 is shown in area lll. An increase of two
decades in terms of low-frequency modulus is noted after 6 hours of immersion, in comparison with
bare ZnFe. Moreover, this value remains quite constant until 3 days of immersion, indicating the
good corrosion protection provided by this system.

Salt spray test

The evolution of bare ZnFe, ZnFe + Gardoclean® + SG10 and ZnFe + SG30 with and without Gardo-
clean® surface preparation after several days of neutral salt spray test is presented in Figure 6. Usually,
two times are determined during Zn coated steel exposed to salt spray test: the time before white
rust appearance, the time before red rust appearance. However, in the case of ZnFe coatings, the
appearance of red rust is not associated with the corrosion of the steel substrate. Indeed, the
degradation of the ZnFe deposit leads to the formation of iron and/or zinc products which are
respectively red and white. Visually, it is impossible to distinguish red corrosion products obtained
from the corrosion of the ZnFe deposit from those obtained from the corrosion of the steel substrate.

Behaviour of bare ZnFe exposed to NSS

Figure 6 shows that corrosion products, mostly white, are formed from the first day of exposure.
These products are supposedly formed due to the dissolution of zinc from the ZnFe deposit. Few
orange areas are visible, but they become more intense after several days of exposure. After 7 days,
iron corrosion products are majoritarian and form a voluminous layer. Some of the corrosion products
fell when samples were dried, indicating their lack of adhesion. SEM observation of samples after
different times of exposure permitted to identify corrosion products. Figure 7 represents SEM micro-
graphs obtained for the different systems after different times of exposure. For bare ZnFe, after 3 and
7 days of exposure (Figure 7(a) and (b) respectively), corrosion products with different morphologies
were observed. Hexagonal crystals could be associated with zinc corrosion products. Among them,
simonkolleite (Zns(OH)sCl,.H20) presents hexagonal crystals [39,40].
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3 days 7 days 14 days

/nFe +
Gardoclean®

ZnFe +
Gardoclean® +
SG10

ZnFe + SG30

ZnFe +
Gardoclean® +
SG30

Figure 6. Evolution of the visual aspect of bare ZnFe, ZnFe + Gardoclean® + SG10 and ZnFe + SG30 with and
without Gardoclean®, after different days of exposure in the NSS test
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Figure 7. SEM micrographs of the different systems after exposure to NSS test: (a and b) Bare ZnFe after 3
and 7 days of exposure, respectively; (c and d) ZnFe + Gardoclean® + SG10 after 14 days of exposure and (e
and f) ZnFe + Gardoclean® + SG30 after 7 days of exposure
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Behaviour of ZnFe + Gardoclean® + SG10 exposed to NSS

The surface of ZnFe + Gardoclean® + SG10 is covered in corrosion products after only 1 day of
exposure (Figure 6). Corrosion products are mostly white, but some orange areas are observed and
become more present when exposure time increases. This result is consistent with the Bode diagram
evolution (Figures 3(a) and (b)). Indeed, it showed a large decrease in the SG film resistance (Rsg)
during the first 12 hours of immersion in 0.1 M NaCl. Moreover, SEM micrographs (Figure 1) revealed
the presence of cracks in the SG deposit associated with small thicknesses (<1 um) locally. However,
the corrosion products layer seems less thick than on bare ZnFe. Moreover, the system seemed quite
stable until 3 days of exposure with few evolutions from day 1 to day 3, indicating that the SG film
slows down the formation of corrosion products. After 7 days of exposure, the benefits of the SG films
are perfectly visible since the corrosion products layer is far more important on bare ZnFe. Figures 7(c)
and (d) show the surface of the ZnFe + Gardoclean® + SG10 system after 14 days of exposure, observed
by SEM. Hexagonal crystals are observed with different thicknesses. Figure 7(c) highlights the presence
of pyramidal grains associated with the ZnFe coating. An EDX mapping of this Figure 7(c) is presented
in Figure 8, where area 1 corresponds to hexagonal crystals while area 2 is associated with pyramidal
grains. The EDX mapping confirmed that area 2 was still protected with the presence of Si and the
detection of Fe. However, area 1 is rich in O and Cl and Fe and Si are almost not detected. These results
could indicate a degradation of the SG film and thus the corrosion of the ZnFe deposit, leading to the
formation of corrosion products. Finally, the formation of simonkolleite could be supposed due to the
hexagonal shape of the crystals and the presence of Cl.

|Grey| ' 2o 0] 7 o I —

Figure 8. EDX mapping ZnFe + Gardoclean® + SG10 after 14 days of exposure (Figure 7 (c))
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Behaviour of ZnFe + SG30 with and without Gardoclean®

Figure 6 reveals an improvement in the corrosion resistance with the ZnFe + SG30 systems.
Indeed, few corrosion products are observed on the surface of the samples until 3 days of exposure.
After 14 days of exposure, most of the surface is covered by orange corrosion products. However,
the SG film considerably limits the formation of corrosion products since samples are less corroded
after 14 days of exposure than bare ZnFe after 1 day of exposure. Contrary to EIS results, no
improvement due to Gardoclean® treatment was observed, which could be explained by the aggres-
siveness of the test. The SEM observations of the surface of ZnFe + Gardoclean® + SG30 after 7 days
of immersion are presented in Figures 7(e) and (f). Figure 7(e) reveals the presence of hexagonal
crystals that go through the SG film, which presents some cracks (indicated by red arrows). Figure
7(f) shows an area entirely covered with corrosion products, mainly hexagonal crystals. Similar
products were observed for ZnFe + Gardoclean® + SG10.

Conclusions

An aqueous SG film composed of TEOS, MTES and GPTMS was deposited on ZnFe coated steel. Due
to the pyramidal shape of the ZnFe electrodeposit, cracks were observed in the SG films. However,
the use of an alkaline surface preparation permitted to limit this phenomenon. Thickness hetero-
geneities were also observed due to this pyramidal shape. Electrochemical tests highlighted an impro-
vement of the corrosion resistance of ZnFe deposit thanks to the SG films, with an increase of the low-
frequency modulus. But this effect lasted only for the system ZnFe + Gardoclean® + SG30 showing a
higher precursor content, which remained stable during 7 days of immersion in 0.1 M NaCl. The same
conclusions were obtained with an NSS test, showing that the systems ZnFe (+ Gardoclean®) + SG30
are the most promising solution, with the absence of corrosion products until 3 days of exposure.
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