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The interactions between oxalic acid and zinc substrates have been studied through the deposition of zinc ox-
zinc alate coating by immersion. The corrosion behaviour of zinc was investigated by surface observation and
electrochemical impedance spectroscopy (EIS). Better protective properties were observed for samples treated
with 10~ M oxalic acid compared to other concentrations and the enrichment of corrosion product by Na was
observed. The electrochemical results reveal that the oxalate coating increases corrosion protection in corrosive
medium. It is proposed that the zinc oxalate coating formed act as a basis for anchoring zinc corrosion products

forming simonkolleite improving corrosion resistance.

1. Introduction

One promising class of organic conversion coatings is formed from
solutions of (or employ in some manner) carboxylic acids, dicarboxylic
acids and salts of these acids. Carboxylic acids are also used as inhibitor
solutions and in some cases to promote adhesion when combined with
other kinds of materials [1-4]. Even though various investigations have
been conducted on the adsorption of carboxylic molecules on metals, a
description of the adsorption reaction mechanism and different mole-
cular structures formed is rarely provided. Some studies have shown
that the adsorption of oxalic acid (oxalic acid groups), interfacial
bonding and the monolayer formed is dependent on the metal em-
ployed [5-8]. The important feature of an oxalate is its ability to bind
strongly (covalent bond) to many metals, showing different interfacial
bonding configurations and improving corrosion protection. Different
transition metal-oxalate interfacial ligand coordination arrangements
have been synthesized through control of the organic structure or metal
functionalisation [9,10]. If improved corrosion protection of the coat-
ings is to be developed, it is therefore important to understand the
various parameters which control the oxalate deposition. A simplified
description proposed to represent the action of oxalate ions in aqueous
media is presented in Egs. (1)-(3) [11,12]:

* Corresponding author.

H,C,04—H"' + HC,0,~ — 2H" + C,0,% ¢
Zn° + 2H" - Zn?" + H, @)
Zl'lz+ + C20427 — ZHC204 (3)

However, the deposition of organic molecules is a complex process
and depends on the substrate, the treatment solution and the interac-
tions between the organic molecules. The understanding of these in-
teractions would enable the selection of the right molecules for the
system which gives the desired properties of the specific carboxyl acid
groups or the functionalization of other compounds with these groups
[13-15]. Hefny, et al. and some patents have shown zinc passivated
after immersion in oxalate media, the dependence between passivation
and concentration and zinc oxalate coating mixed with zinc corrosion
products [16-18]. The work presented in this paper is part of a wider
research programme undertaken to understand the formation me-
chanism of transition metal oxy-salts. The development of an under-
standing of the best deposition parameters in the formation of the zinc
oxalate coating is essential for building organic coatings with desired
architecture. The aim of this work is to investigate different con-
centrations of oxalic acid solutions for the formation of oxalate with a
protective effect for the zinc substrate, characterizing this coating be-
fore and after exposure to corrosive medium and to propose a
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mechanism to explain the corrosion process in sodium chloride
medium. Among the many techniques used to study the adsorption of
molecules on metal substrates, X-ray photoelectron spectroscopy (XPS)
and time-of-flight secondary ion mass spectrometry (ToF-SIMS) have
been successfully used to obtain information of the different surface
chemical interactions [19,20]. In this work, the chemical composition
and bonding of the surface layers formed on zinc following immersion
in an oxalic acid solution of different concentrations was examined by
XPS. The surface morphology and elemental composition of the surface
layers after and prior to corrosion were also examined using scanning
electron microscopy (FEG/SEM), energy dispersive X-ray (EDX) ana-
lysis, X-ray diffraction (XRD) and focused ion beam-scanning electron
microscopy (FIB/SEM). The corrosion behaviour of the coatings was
evaluated by electrochemical impedance spectroscopy (EIS).

2. Experimental procedure
2.1. Methodology

The salt spray results were used as a way of selecting samples with
potential in corrosion protection. Initial results showed better corrosion
protection property to samples prepared from oxalic acid conversion
solutions with 10™' M. The maximum concentration of oxalic acid
conversion solution studied was 1 M and therefore the interval between
these two concentrations was also studied (3 x 107'M, 6 x 10™ ! M
and 9 x 10~ ! M). However, the best corrosion protection result was
always presented by the samples obtained from 10™' M oxalic acid
confirmed by EIS and salt spray test. That concentration was considered
as ideal to the formation of zinc oxalate layer on zinc substrate with
best protective corrosion property. The suppression of these results,
referent to samples 3 X 107'M, 6 x 10"'M and 9 x 10°'M, was
adopted to make the work linear and simplified.

2.2. Substrate

Pure zinc coupons (99.99%) sized 2cm X 2cm X 0.2 cm were used
as substrates for the treatment with oxalic acid. The zinc surfaces were
ultrasonic cleaned in ketone, ethanol and water for 5min, rinsed in
deionized water and dried under a hot air stream for 5s. After drying,
the samples were exposed to air for 2 min to cool down and then im-
mersed in the oxalic acid solutions under mechanical agitation.

2.3. Exposure to oxalic acid

The zinc coupons were exposed in oxalic acid solutions of different
concentrations. The concentration and pH of the used solutions are
shown in Table 1.

Cleaned samples were immersed in these solutions (100 ml per
sample) at 25°C = 2°C, under mechanical agitation, for 5min, then
rinsed in deionized water and dried at 90 °C for 15 min.

Table 1
Concentration and pH of the investigated
oxalic acid solutions.

[H2C204]1 M pH
1073 2.89
1072 2.40
107! 1.33

3x107! 1.13

6x107! 1.01

9x 1071 0.94

1 0.89
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2.4. Surface characterisation

Following immersion in the oxalic acid solution, the samples surface
morphology and chemical composition were investigated by SEM-EDX.
Those analyses were performed using a Jeol JSM-7100F microscope,
employing a Schottky field emission gun, operated at an incident vol-
tage of 15keV. A Thermo Scientific UltraDry Energy Dispersive
Spectrometer (EDX) detector with a NORAN System 7 X-ray
Microanalysis System were used to record the elemental maps. The zinc
samples after immersing in oxalic acid and dried were scratched with a
knife-edge and immediately placed in the electron microscope to obtain
chemical maps (EDS). This procedure was adopted to minimize the
presence of contaminants by handling and environment exposure.

Glancing incidence angle X-Ray diffraction (XRD) was performed on
a PANalytical X’Pert Pro instrument in the diffraction angle range (26)
10°-70°, with CuKa radiation source and 1° as incident angle. XPS
analysis was carried out on a Thermo Scientific Theta Probe employing
a monochromated Al Ka source, operated at 15keV and 20 mA and
using a 400 um spot size. For all spectra, a 0.2 eV step size was em-
ployed. XPS survey spectra were acquired at a pass energy of 100 eV
and core level (Cls, Ols, Zn2p, Nals, Cl2p) narrow scans recorded
using a pass energy of 50 eV. A low-energy electron flood gun was used
for charge compensation. Quantitative chemical compositions were
calculated from the high-resolution core level spectra, following the
removal of a nonlinear Smart background and use of instrument mod-
ified sensitivity factors. To investigate changes in chemical composition
as a function of depth through the oxalate coating, XPS depth profiles
were undertaken. Sputtering was performed using 3.0 keV Ar ™ ions and
a beam current of 1 pA with a raster size of 3mm X 3 mm to minimize
effects of charging at the insulating films, a low-energy electron gun
was used for charge neutralization. Concentration calculation was done
using single-element standard sensitivity factors and assuming a
homogeneous mixture of the elements in the analysis region.

ToF-SIMS analysis was performed on a TOF.SIMS 5 system from
ION-TOF GmbH (Muenster, Germany) using a 25 keV Biz™ ion beam
operated in the high current bunched mode delivering 0.3 pA, pulsed at
10kHz and rastered over regions of 100 x 100 um? Three different
regions were analysed for each sample and positive ions spectrum were
acquired for 60 s each. All the data were recorded within the static SIMS
limit of 10'®ions/cm?/analysis. The spectra were calibrated using a
unique calibration peak list containing characteristic zinc oxide peaks
[21,22]. The isotopic distributions of fragments provided enough cali-
bration points to achieve precise peak assignments.

FIB analysis was carried out using an FEI Nova 600 NanoLab Dual
Beam FIB system, which is comprised of rastered gallium ion beam and
a high-resolution field emission scanning electron microscope. The fo-
cused Ga* ion beam was operated at an energy of 5-30 keV and probe
current of 1 pA-20nA. The Ga* ion beam resolution is 7 nm when
employing at 1 pA beam current and 30 keV accelerating voltage. The
beam spot size and resolution vary with the ion beam current. Electron
optics consists of a high-resolution field emission SEM column. The
acceleration voltage can be adjusted continuously from 0.2 to 30 kV
and the beam current increased up to 20 nA in 21 steps. The stage was
tilted at an angle of to 38° to the incident electron beam. During the
writing process the stage is stationary, and only the beam scans the
sample surface. The ion beam is focused on the sample surface with a
normal incident angle.

2.4.1. XPS peak fitting

C 1 s peak fitting was carried out with the C 1s peak assignments for
different components as following: peak I (285.0eV =+ 0.1eV), ad-
ventitious carbon (C—C/C—H); peak II (285.7 = 0.1eV), B carbon
(—C—COOx); peak III (286.8eV + 0.1eV), carbon in carbonyl
(—C—0); peak IV (289.0eV * 0.1eV), carbon in carboxyl (—O—C=
0-); and peak V (290.1eV * 0.1eV), carbonate groups and/or ad-
sorbed CO and CO, (C=0) [23-25]. Curve fitting of the O 1 s spectra
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Fig. 1. SEM images of zinc surfaces: (a) Zinc surface untreated; and after immersion for 5 min in oxalic acid solutions with (b) 1073M; (¢) 1072M; (d) 1 M; (e)
107 'M and (f) 10~ ' M (with different magnification).

yielded the following peaks: peak I (530.5 = 0.1 eV), oxide; peak II
(532.1 = 0.1eV) hydroxide; peak III (533.1 = 0.1eV) carboxyl
groups, carbon dioxide and/or adsorbed water [24,25]. For Zn 2p3/2
peaks, the curve fits gave the following three peaks: peak I
(1021.2 + 1.6eV) metallic zinc, peak II (1022.1 *= 1.6 eV) zinc oxide
and peak III (1023.9 + 1.6 eV) zinc hydroxide and/or carbonate. Other
authors report the difficulty in differentiating the various chemical
states for the zinc peak (Zn 2p3/2). More reliable peak assignments can
be obtained when the Zn 2p peaks are considered together with the Zn
Auger L3MysMys peak to yield the Auger parameter. Zn L3MysMys
Auger peak fitting was made using four peaks with the following ki-
netics energies: peak I (987.7 = 2.3eV), peak II (989.9 = 2.3eV),
peak II1 (992.6 + 2.3eV) and peak IV (996.1-998.5 eV). Peaks I and II
correspond to zinc oxide and peaks III and IV to metallic zinc [26,27].
Depth profiles were obtained at different levels; with each level
corresponding to 150 s etch. That is, 150 s of argon ion sputtering.
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2.5. Electrochemical measurements

The experimental set up consisted of a three-electrode in a horizontal
cell arrangement with an Ag/AgCl, KCl saturated electrode and a platinum
wire used as the reference and counter electrodes, respectively. The
working area of the electrode (zinc samples with the various surface
treatments tested) exposed to the electrolyte corresponded to 1cm? The
electrolyte used in the corrosion tests was sodium chloride solution
(200 ml) with concentration 10~ M, quiescent, aerated and at (22 * 3)
°C. The electrochemical behaviour of the surfaces tested was monitored by
electrochemical impedance spectroscopy (EIS) measurements carried out
in the frequency range from 100 kHz to 10 MHz, with a signal amplitude
perturbation of 10 mV, and data acquisition rate of 10 points per decade.
EIS data was acquired in the potentiostatic mode at the open circuit po-
tential (OCP), using a BioLogic SP200 potentiostat controlled by EC-Lab
V23.10 software. The EIS tests were performed after the stabilization of
the open potential circuit (3h). The results were adjusted according to
equivalent electric circuits using the software Zview version 3.1
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Fig. 2. SEM/EDX elemental maps of the zinc surface after immersion in 10~ 1 M oxalic acid solution for 5 min. (a) regions 1, 3 preserved and 2 scratched with a knife-

edge; (b) carbon; (c) zinc and (d) oxygen.

2.6. Salt spray test

ASTM B117 salt spray tests (ASTM B117, 2016) were performed in
an accelerated corrosion chamber, which provides a corrosive con-
trolled environment in the form of a 5% m/v NaCl solution. Prediction
of performance in natural environments was rarely correlated with salt
spray results when used as isolated data [28]. However, this is one of
the most accepted assays by industries in the evaluation of surface
corrosion resistance. The reproducibility of the results is highly de-
pendent on the type of samples tested and the selected evaluation cri-
teria, as well as the control of the operational variables. In a test pro-
gram, sufficient replicates should be included to establish the
variability of the results. The salt spray test was used as a preliminary
evaluation method to select treatment with better corrosion protection
compared to zinc substrate. The tests were performed in triplicate with
border samples protected by plastic tape, to prevent edge corrosion,
according to standard ABNT NBR 11003, samples dimensions with
waterproof adhesive tape (9.5cm X 4.5cm X 0.01 cm) and without
tape (10cm X 5.0cm X 0.01 cm).

3. Results and discussion
3.1. Before exposure to 10-1 M NaCl solution (corrosion test)

3.1.1. Morphology

SEM micrographs of the zinc surfaces, untreated and after treatment
in oxalic acid solutions with concentrations of 10" 3M, 10"2M, 1M
and10~ ' M are shown, respectively in Fig. 1 (a—f).

Morphology and microstructure of the zinc oxalate is composed of
mainly prismatic particles with approximately 1 um size range, which is

16

a similar morphology to the one described by Sinha et al. [29]. Coolant
cold rolling of the zinc sheets results in the formation of grooves in the
surface, as shown in Fig. 1(a). These grooves were still visible on the
surfaces treated in 107>M and 102 M oxalic acid solutions, meaning
that these concentrations were not effective in coating deposition. For
the coating deposited from the 1 M oxalic acid solution, theses grooves
are barely visible and for the 10™! M oxalic acid solution, no grooves can
be seen. This observation suggests that the deposited coating thickness
increases with oxalic acid concentration up to 10 M, where the defect
coverage is maximum. In the case of the 1 M concentration, there is the
formation of a coating, but the lines of the zinc substrate are still visible.
Moreover, it has been observed presence of small pits on the surface
indicating surface attack in low concentration of oxalic acid and in the
maximum oxalic acid concentration used (10™3M, 10"2M and 1 M)
without effective coating deposition. The results suggest that there is a
competition between zinc dissolution in the acid medium and the de-
position of zinc oxalate ion that is dependent on the oxalate and hy-
drogen ions concentration at the zinc surface. The surface of a sample
exposed to the 10! M oxalic acid solution was scratched with a knife-
edge and immediately analysed revealing the underlying Zn substrate.
The EDX elemental maps of carbon, zinc and oxygen were recorded on
the scratched area and surrounding regions (Fig. 2).

Fig. 2a shows that the grains are uniformly distributed and give rise
to a porous coating. In addition, the scratch removed the coating, ex-
posing the underlying substrate. High carbon and oxygen concentra-
tions were observed in regions 1 and 3, (Fig. 2b and d) where the
coating is intact, suggesting the formation of an oxalate coating. The
underlying zinc substrate is clearly visible in region 2 (Fig. 2c¢). Al-
though scratched has been made and the sample immediately inserted
into the microscope it is possible to observe contaminant carbon in the
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Fig. 3. XRD diffractograms obtained from (a) the untreated zinc surface (b) from the zinc surface after immersion in 10~ M oxalic acid solution for 5 min.

defect region. The discrepancy between the carbon signals in defect and
intact areas illustrates the difference between the oxalate coating and
the contaminated region.
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Fig. 4. XPS survey spectra from: (a) untreated zinc; zinc samples treated in
oxalic acid solutions at concentrations of: (b) 1073 M; (¢) 1072M; (d) 10~ ' M
and (e) 1 M, respectively.
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3.1.2. Chemical and structural characterization

3.1.2.1. XRD. The XRD diffractograms for the zinc samples untreated
and treated by immersion in oxalic acid solution 10~ ' M for 5 min are
shown in Fig. 3.

Peaks from the underlying Zn (A) are present in both samples dif-
fractograms. Peaks of hydrated zinc oxalate (ZnC,04.2H,0) at 18.5°,
22.6° and 30.2° (*) are observed on the treated surface, confirming the
deposition of a crystalline zinc oxalate layer on the zinc surface by
immersion in the 10~ M oxalic acid solution. The peak widths indicate
crystallization of the coating formed, however, the peaks of ZnO and Zn
(OH), which could be expected from zinc substrate were not observed.

3.1.2.2. XPS. Fig. 4 shows the XPS survey spectra for untreated zinc
and the zinc samples treated in oxalic acid solutions with increasing
concentration.

In the survey spectra, three main observations can be made for the
samples treated at the two highest oxalic acid concentrations (and
untreated zinc) compared to that for the two lowest: (i) the Zn/O peak
intensity ratio is much lower; (ii) the C 1s peak has a much lower in-
tensity; (iii) the background signal associated with the Zn 2p and Zn
LMM peaks is decreased. The high-resolution scan data for Zn 2p, C 1s,
O 1s and Zn LMM peaks are presented in Fig. 5.

The C 1s peaks for the untreated and treated samples in solutions
1073M and 10~2 M show a very similar peak shape with the main
component being clearly the C—C/C—H peak at 285.0 eV. Hence, at
these low oxalic acid concentrations, zinc oxalate formation is not fa-
voured. Exposure to higher oxalic acid concentrations (10™'M and
1 M) resulted in carbon peaks of very different shapes, with the main
peak now appearing at a binding energy of 289.4 eV. This peak can be
divided into two components, (289 eV) carbon in carboxyl (—O—C=
O—) ascribed to zinc oxalate and/or in carbonate groups adsorbed CO
and CO, (C=O0) and (290.1 eV) carbon. A peak at this binding energy is
often reported as showing evidence of bonding between carboxylic
groups and various metal surfaces such as iron, magnesium, aluminium
and zinc [30-34]. These results show that immersion in solutions of
oxalic acid of lower concentration (10"3M and 10~ 2M) promote the
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Fig. 5. Overlay of XPS high resolution spectra and peak positions for: (a) carbon (C 1s); (b) oxygen (O 1s); (c) zinc (Zn 2p3/2) and (d) zinc auger (Zn L3M4sNys).

attack of the surface with the formation of carbonate and the higher
concentrations (1M and 10~ ! M) allow the deposition of zinc oxalate
(see Fig. 1).

Analogous to the C 1s peak, the O 1s peak shows a very similar
behaviour between the untreated samples and the samples treated in
oxalic acid solution with 10"3>M and 10~ >M, there being two strong
peaks at binding energies of 530.2 eV and around 532.0 eV. For samples
treated in solutions of 107'M or 1M oxalic acid, only the peak at
532.0 eV is observed and it corresponds to ZnO [32-34]. The peak at
532.0 eV can be either ascribed to Zn(OH), for the untreated zinc and
samples treated in oxalic acid solutions with 10 ~*M and 10~ ?M, or to
zinc oxalate for zinc samples exposed to solutions with 10~ > M or 1 M
of oxalic acid.

The XPS Zn 2p3,, spectra for untreated zinc samples and samples
treated in 10 73M or 102 M solutions show a peak at 1021.5 eV, cor-
responding to Zn/ZnO. The peak has a shoulder at higher binding en-
ergies, associated with the presence of Zn(OH), and/or ZnCOs, in
agreement with the O 1s spectrum. However, the surfaces treated in
more concentrated solutions (10 "' M and 1 M), present only a single
component, which can be ascribed to zinc oxalate.

18

The Zn Auger LMM peak revealed the presence of three peaks for
samples untreated and treated in 10~ 3M and 10~ 2 M solutions. These
peaks are related to metallic zinc and were not detected for the samples
treated in the 107'M and 1M solutions. This is due to the thicker
coatings formed in the more concentrated solutions and these results
agree with the morphology results. The binding energies and quantified
concentrations associated with the C, O and Zn peaks are presented in
Table 2.

3.1.2.3. ToF-SIMS. Two main positive ion fragments were considered
in order to track the possible binding modes of COOH or COO— groups
to metal oxides. The fragment C,05Zn™ for monodentate or bidentate
chelating and C,0,Zn?* for bidentate bridging. The molecular ion
[M—OH]™* for the oxalic acid and a zinc carbonate fragment, CO,Zn ",
were also selected. The structures of the fragments and their respective
deviations from exact masses after peak assignment are present in
Table 3. Fig. 6 shows the high-resolution view of the selected peaks. All
spectra were binned down to 100,000 channels and submitted to a
moving average smoothing function.

One could consider using daughter fragments of the ones shown in
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Table 2

XPS peak binding energies and elemental concentrations observed for the un-
treated zinc and zinc immersed in oxalic acid solutions of varying concentra-
tion.

Treatment XPS peak  BE (eV) Elemental concentration (at.
%)
Zinc untreated Cls 285.0 46.50
O1s 532.0 32.50
Zn 2p3/2 1021.5 21.00
Zinc in 103 M Oxalic Cls 285.0  63.60
acid
O1ls 532.2 24.10
Zn 2p3/2 1021.3 12.30
Zinc in 102 M Oxalic Cls 285.0 68.60
acid
O1ls 532.2 20.80
Zn 2p3/2 1021.4 10.60
Zinc in 10! M Oxalic Cls 289.4 47.40
acid
O1s 532.0 46.50
Zn 2p3/2 1022.8 6.10
Zinc in 1 M Oxalic acid Cls 289.4 46.60
O1s 532.0  48.40
Zn 2p3/2 1022.8 5.00

Table 3 (mainly fragments containing one carbon atom) as their peak
intensities are much higher and therefore easier to identify in the mass
spectra. However, the choice of the former instead of the fragments
containing two carbon atoms would create a series of ambiguities, since
further fragmentation of the peaks considered leads to the structures in-
common. Fig. 7 shows the intensities of the selected peaks (normalised

x10

normalised counts

60.94 60.96 60.98 61
m/z

61.02 61.04 61.06

%10

normalised counts
S ()]

N

135.8 135.85 135.9 135.95 136 136.05 136.1 136.15
m/z
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by total counts of the peak list) in function of treatment concentration.

It can be observed that for lower concentrations of oxalic acid
treatment, there is relative predominance of zinc carbonate (green
line). As the concentration of oxalic acid increases to 10~ 'M, the
mono/bidentate become the predominant binding modes (red line). For
the highest concentrations, the bidentate bridging becomes pre-
dominant together with mono/bidentate (black and red lines). The
decrease of the oxalic acid [M-OH]™* ion intensity (blue line) indicates
that higher concentrations favour the intended carboxylate-oxide
bonds.

Fig. 7 shows only relative areas and it is important to mention that
the signals of the considered peaks are extremely low (approximately
1% of the Zn + peak) and could only be detected because ToF-SIMS is
an extremely sensitive technique. These results combined with the XRD
and XPS results, shown sequentially, allowed to characterize the
coating formed as zinc oxalate and will be designated as such in the
next sessions.

3.2. Corrosion test

3.2.1. Salt spray test

Salt spray tests were previously used to select treatments with
higher corrosion resistance. Sequentially the selection of zinc oxalate
107'M and 1 M as more protective treatments and cleaned zinc sam-
ples, zinc oxalate 10~ ! and zinc oxalate 1 M, were analysed by salt
spray test as condition of comparison. The results of the salt spray tests
for these samples exposed up to 172 h are shown in Fig. 8.

The effect of the treatment in 10 ™' M and 1 M oxalic acid solution
resulting in surfaces with less amount of corrosion products is indicated
up to 24 h, but for 72 h of the corrosion protection effect of the coating
formed is only indicated for treatment 10~ ! M oxalic acid. For this test

%10
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= ]
[e]
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R
©
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=
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Fig. 6. ToF-SIMS selected peaks for the different treatment concentrations.
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Table 3
ToF-SIMS fragments, structures and their respective deviations from exact
masses after peak assignment.

Assignment Exact mass Deviation Structure
(w) (ppm)
[M-OH] ~ Carboxylic acid 60.99 1.4 _0
z
oél\ou
CO,Zn* Zinc carbonate 107.91 98 2
o
|
In
C,03;Zn* Monodentate bidentate 135.91 -61.2 oy,
chelanting Cx\
o0
2h
C,05Zn>* Bidentate bridging 215.84 —68.9 20
7
A
Zh., 2n

period, the quantity of products is higher for the sample treated in
solution with 1 M oxalic acid than the untreated surface (Zn). This
behaviour is confirmed for 120 h of exposure to the salt spray test and,
only after 172 h of the test, bulky corrosion products were observed on
the treated surface with 10~ M oxalic acid. This result evidences the
higher protection efficiency to oxalate coating formed from oxalic acid
solution 10~ M in relation to samples prepared from 1 M.

3.2.2. Electrochemical characterization (EIS)

The evolution of the electrochemical behavior at the surface of the
untreated zinc and zinc with the oxalate coating formed in the oxalic
acid solution was monitored by electrochemical impedance spectro-
scopy (EIS) as a function of time in open circuit potential (ocp). The aim
was to compare the effect of the oxalate coating on the corrosion re-
sistance of the zinc surface. The EIS results Nyquist and Bode diagrams
for both types of zinc surface, untreated and treated (107t M), are
presented in Fig. 9 for periods of exposure corresponding to 4 h, 1 day,
3 days, 5 days and 7 days in 10~' M NaCl solution.

The results corresponding to 4 h of exposure show a time constant
corresponding to frequencies of around 10Hz likely due to charge
transfer processes and charging of the double layer at the zinc surface
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and underneath the pores in the oxalate layer. Lower impedances were
related to the surface treatead in 10~ M oxalic acid. A small tail is
indicated at lower frequencies likely due to the formation of corrosion
products on the surface. This hypothesis is supported by the results
obtained at 1 day and 3 days of test for the untreated zinc surface. The
deposition of corrosion products on the surface is also indicated by a
shoulder at higher frequencies for the zinc untreated surface. For 1 day
of exposure, the indication of another time constant at low frequencies
associated to corrosion processes at the metallic substrate is seen on the
Nyquist diagram. The phase angle around 22° could be due to a diffu-
sion controled corrosion process through the porous corrosion products
deposited on the zinc surface.

The electrochemical behavior of the Zn treated surface at low fre-
quencies for periods of immersion test until 3 days show distinct
characteristics from the untreated zinc. For the first type of samples,
only a time constant is evident from the diagrams indicative of charge
transfer processes coupled to charging of the double layer. Seemingly
the oxalate layer obtained in the 10! M oxalic acid solution does not
have a barrier effect to the access of electrolyte. On the other hand, the
air formed zinc oxide seems to offer protection to the corrosive attack
from the solution. It must be mentioned that the zinc oxide film is re-
moved from the zinc surface during treatment in the oxalic acid solu-
tion before the formation of zinc oxalate coating.

In fact, during the treatment there is a competition between the
corrosive attack of the zinc oxide surface and the precipitation of zinc
oxalate. However, it is interesting to note that for 5 days of exposure the
impedances associated to the treated surface were much superior to
that of the untreated one. This result shows that between 3 days and 7
days of exposure there was a large increase in the impedance of the
treated surface whereas that of the untreated one decreased. This could
be explained by the activation of localized sites at the untreated zinc. In
fact, intense localized corrosion was seen at the untreated zinc surface,
whereas an uniform and generalized attack was found at the surface of
the treated ones, as shown in Fig. 8.

The Bode diagrams corresponding to 5 days and 7 days of immer-
sion test are very similar. Both show a shoulder at frequencies around
10 Hz and a peak at 1 Hz indicating a stable surface after the increasing
removal of the oxalate coating. In addition, it is necessary consider that
attack by corrosive medium changed part of the zinc oxalate coating to
sodium oxalate and sodium carbonate, more protective.
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0.25 - ] C cf
0.20 - . \\ /C e
° 0 0 0 0
o I ||
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Fig. 7. ToF-SIMS selected peak intensities in function of treatment concentration (For interpretation of the references to colour in the text, the reader is referred to the

web version of this article).
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Fig. 8. Surface of untreated zinc (Zn) and zinc oxalate 10~'M and 1 M after several exposure times (up to 172h) in the salt spray test (ASTM B117).

To quantify and better understand the changes in the impedance presented in Fig. 9 were fitted using a typical circuit electric equivalent
plots for zinc samples untreated and with oxalate coating, the results (CEE) to zinc untreated (a) and oxalate coating (10~ ! M). The circuit
were adjusted by circuit electric equivalent [35,36]. The results includes two-time constants up to 7 days of immersion into chloride
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Fig. 9. EIS results for untreated zinc (Zn) and treated (5 min of immersion in 10~

3 days; (d) 5 days and (e) 7 days.

solution and Warburg element to zinc untreated, as shown in Fig. 10.
In the equivalent circuit of Fig. 10, the resistive terms Ryq, Ret (R1)
and Rg (R,) account for the electrolyte, intermediate layer and inter-
facial resistance, respectively. The element CPE; is related to the
properties of the protective layer, and the element CPE, is related to the
double layer capacity. The o values represent values of a typical

(©)

1 M oxalic acid) and then exposed to 10~ 1 M NacCl solution for (a) 4 h; (b) 1 day; (c)

resistance (a = 0), a Warburg element W; (a = 0.5), an ideal capacitor
(o = 1) and an idutor (a = —1) [37-39]. The accquired values to fit-
ting procedures showed errors inferior to 10%, presented on Table 4.
Nyquist plot in Fig. 9 showed three apparent capacitive arcs after all
times of exposure for zinc untreated. After 4h exposure, the Nyquist
plot exhibited Warburg impedance in the low frequency region, which
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Fig. 10. Circuit electric equivalent obtained after exposure to 10~ ' M NaCl solution up to 168 to (a) zinc untreated and (b) zinc oxalate 107 'M.

revealed that a diffusion-controlled corrosion process occurred on the
zinc surface. The frequency response of this electric circuit depend on
the mutual weight between charge transfer resistance (R;) and re-
sistance to oxygen diffusion (Zw). In the case of the studied Rct < Zw
for all analyzed times [39].

This diffusion process could be attributed to the formation of in-
soluble corrosion products, which blocked the mass transfer process of
the corrosion reactions. For the Fig. 9a, the angular value of the line
which corresponded to the Warburg impedance in the low frequency
region of the Nyquist plot was lower than 5/4 after 4 h of exposition.

The value of resistance solution (Ry,)) decreases up to 5 days, during
longer corrosion assigning the increase in zinc ion concentration to the
zinc solubilisation process. However, after 7 days resistance becomes
highest showing a decrease of ionic species in a solution. The passive
zinc layer on the electrode surface is thin and the dissolution of cor-
rosion products and transport of species are depressed after 5 days of
exposure to chloride solution.

The low values presented by CPE; after immersion times of 4h, 1
day and 3 days are typical of porous films. After 5 days, the highest
value is noticed, indicating the formation of poorly soluble corrosion
products and possibly forming a layer consisting of these products. This
argument is supported by values of the al constant. The value asso-
ciated with 3 days is typical of diffusional processes, showing that the
zinc corrosion products have dissolved. After the dissolution of zinc
corrosion products, new products with lower solubility were formed.
The zinc corrosion mechanism undergoes a significant change after this
period of immersion in chloride solution.

Generally, corrosion resistance decreases to a minimum value after
a few hours of immersion due to the disruption of the air layer formed
on the zinc oxide film. Subsequently, the corrosion resistance increases
slowly at first day of immersion with corrosion products formation. The
oxide passive film is broken and, from the third day, the electrolyte
solution penetrates it and starts the formation of new corrosion pro-
ducts. Finally, it remains almost stable after 5 days due to the accu-
mulation of corrosion products that can still difficult corrosion even
more. The corrosion products are mainly composed of ZnO, Zn(OH),
and Zns(OH)gCl, [37-39]. The obtained values from electrochemical
fitting procedures had errors inferior to 10%, the fitting values to zinc
oxalate coating are shown in Table 5.

The equivalent circuit for the coatings showed its basic structure
and the adjusted values showed changes in the regularity of the struc-
ture with increase of immersion time. The resistance of the solution
(Rgo)) decreased with the increase of oxidation time, which can be re-
lated to the state change of the surface coating (such as porosity or the
actual surface area). Corrosion products increased with the oxidation
time and the surface became homogeneous in terms of defects dis-
tribution, with lower number of micro-interstices. Therefore, the
roughness of the surface and the actual surface area of the coatings
probably decreased by increasing oxidation time leading to a reduction
of the solution resistance.

CPE, reflects the dielectric behaviour of the interface between
electrolyte and coating making it an ideal capacitor C for n = 1. The
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ideal capacitor is described as C = C°. A, where C° is normalized ca-
pacitance and A is the coating exposed area [38,40]. Decreasing the
values of CPE; with the oxidation time showed that A was reduced,
which is consistent with the change of the coating morphology ob-
served which will be presented in Section 3. These changes were as-
sociated with formation of simonkolleite limiting the supply of oxygen
to the zinc substrate,. As the oxidation time was increased, the values of
CPE, increased and n values shifted further from 1, the spreading effect
to CPE; was enhanced, and the capacitive interface was weakened.

The electric charge transfer resistance (R,) relates to the Faraday
current to the electrode process. The smaller the value of R, the better
is the interface transfer rates. For the zinc oxalate coating, charges not
only transfer between the solution and the coating, but travel
throughout the coating layer, so that the R value may reflect the
ability of transferring the charges of the coating and the compactness of
the coating. The R value increases as the oxidation time increased,
showing that the coating also improves the density with increasing
time.

The inner layer of the coating was more compact and less porous,
which means that the diffusion resistance of the reagents can be mainly
attributed to the inner layer, and thus CPE, is defined as CPE inner
layer, which reflects the variable nature of the inner layer structure.
This decrease in CPE,, results from a decrease in local dielectric constant
and/or an increase in the thickness of the double layer, suggesting that
corrosion products are formed and absorbed at the zinc interface. The
reduction in values of CPE, can be ascribed to an increase in the double
electric layer thickness due to the adsorption on the electrode surface.

The increasing of R; indicates that there is a development of a
compact protective film on the electrode surface by the corrosion pro-
ducts formed, thereby enhancing the corrosion resistance of the
coating. The increasing of R, indicates that the charge transfers reac-
tions occurring in the protective film were strongly restricted by the
formed corrosion products such as simonkolleite. This reflects that the
surface structure is improved and the coating becomes more resistant to
the chloride attack, consequently leading to a decrease in corrosion
rate. The sum of the resistance values of the coating and the charge
transfer resistance of the electric double layer (R; + R,) is a way to
measure the protective effect as a function of immersion time in
chloride solution [40,41], as shown in Fig. 11.

The zinc corrosion resistance increased with the addition of a zinc
oxalate coating. The immersion process in oxalic acid solution led to the
formation of zinc oxalate conversion coating in conjunction with zinc
corrosion products in advanced stage due to acidity of solution. In the
initial immersion time (up to 3 days) in sodium chloride solution, the
resistance values (R; + R,) were quite similar. The low solubility pro-
ducts are anchored at the coating providing a significant increase in
corrosion protection.

The electrochemical results obtained after stabilization of the OCP
(4 h), with the absence of capacitive loop at high frequencies, show that
electrolyte penetration and surface attack occurs relatively quickly
(times less than 4 h). To better understand the corrosion mechanism,
morphologic and surface characterization analyses (FEG/EDX, XRD,
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Fig. 11. EIS results (R; + Ry) as function of immersion time in corrosive so-
lution for Zinc untreated (Zn) and treated by immersion in oxalic acid solution
(Zn+ 10~ M oxalic acid).

XPS and FIB) were performed after exposure to corrosion medium with
lower times (10 min; 30 min and 60 min) and times that show according
to the results of EIS be markedly important (3 days, 5 days and 7 days).

3.3. After exposure to of 10”1 M NaCl solution (corrosion test)

3.3.1. Chemical and structural characterization
3.3.1.1. SEM. Fig. 12 shows SEM images of zinc oxalate for (a)
uncorroded and after various periods of exposure to 10~'M NaCl
solution, specifically (b) 10 min; (c) 30 min and (d) 60 min.

From the first moments of contact with the corrosive solution, the
porosity of the oxalate layer allows the infiltration of sodium chloride

Corrosion Science 137 (2018) 13-32

solution and formation of the first zinc corrosion products, which ap-
parently grow from the substrate towards the surface through the ox-
alate coating. Sequentially, the first hour of immersion in corrosive
solution exposure to long periods of time allows the observation of
significant changes in surface morphology. These changes are shown in
Fig. 13, with SEM images of zinc surface treated in 10! M oxalic acid
after various periods of exposure to 10~ M NaCl solution, specifically
(a) 4h; (b) 3 days (c) 5 days and (d) 7 days.

SEM images for treated samples reveal significant changes in the
surface morphology with time of immersion, suggesting an increase of
dissolution of the deposited oxalate coating on the corrosive medium
(10~'M NaCl) and resulting in a smoother and more regular surface
(Fig. 13a-d). It is proposed that intense attack at the metallic zinc
substrate underneath the porosities of the coating results in increasing
removal of the coating and the local pH increase leads to zinc hydroxide
dissolution and consequently zincate ions formation. Exposure of the
treated samples to the corrosive solution resulted in uniform attack of
the surface. On the other hand, zinc untreated samples exposed to the
same corrosive solution showed intense localized attack after few days
of immersion. Therefore, it can be concluded that the oxalate coating
prevented localized corrosion by distributing the corrosion currents
throughout the surface but the local conditions underneath the coating
resulted in its increasing attack. Results of EDX analysis obtained at the
surface of zinc treated in 10~ ' M of oxalic acid solution after exposure
for 3, 5 and 7 days in 10 ~! M NaCl solution are summarized in Table 6.

It was also possible to observe that electrolytic solution components,
sodium and chloride ions promote surface attack and form detectable
compounds only after 5 days of exposure.

3.3.1.2. XRD. Fig. 14 shows XRD diffractograms for (a) zinc untreated
surface after 7 days exposure to chloride solution, (b) zinc surface
treated in 10~ M oxalic acid solution after 5 days and (c) after 7 days

(c)

(d)

Fig. 12. Zinc oxalate coating micrographs for (a) uncorroded sample, and after exposure to corrosive solution (NaCl 10~ ' M) for (b) 10 min; (c) 30 min and (d)

60 min.
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Fig. 13. SEM images of zinc surface treated in 10~ ! M oxalic acid exposed to 10~ ! M NaCl solution for (a) 4 hours (b) 3 days, (c) 5 days and (d) 7 days.

Table 6

EDX results showing the atomic concentrations at the surface zinc coupons
treated by immersion in 10! M of oxalic acid after exposure to chloride so-
lutions for 3 days, 5 days and 7 days.

Time (days) CK OK Zn L Na K ClK
3 38.25 46.53 15.22 - -

5 30.78 27.64 32.59 5.81 3.18
7 23.12 30.13 28.14 12.16 6.45

of exposure to chloride solution.

XRD results show that, in all samples, Zn® phase (I) is present, re-
lated to the metallic zinc substrate. Zinc oxide (II) was also observed in
samples untreated and oxalate coating after 7 days of corrosion, related
to the attack of the corrosive solution for long periods of time. Zinc
hydroxide (III) was found on oxalate coating after 7 days of corrosion.
Zinc hydroxide chloride hydrated or simonkolleite (Zns(OH)gCl,H,0)
(IV) is a zinc corrosion product responsible for reducing the rate of
corrosion, which is considered an anticorrosive layer. As observed in
the initial times of immersion in corrosive medium, the penetration of
the electrolyte is fast and promotes at equivalent times, formation of
(Zns(OH)gClyH,0) in samples treated after 5 and 7 days. These results
corroborate with the electrochemical results where the highest im-
pedance values are associated with corrosion product known to cause
zinc protection. The difference in impedance values of the treated
sample with oxalate coating after 3, 5 and 7 days may be associated
with the amount of product (Zns(OH)gCl,-H,0) formed and in this case
the treatment with oxalic acid at specific concentration is pointed as an
agent accelerator to (Zns(OH)gClyH,0) not formed in an equivalent
corrosion time to zinc untreated.

3.3.1.3. XPS. XPS high resolution scans for C 1s, O 1s, Zn 2p, Zn LMM
and Na 1s peaks for the zinc oxalate samples 10~ M after immersion in
NaCl solution 10™! M are presented in Fig. 15. The peaks were
quantified and the results are shown in Table 7.
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The results for the C 1s peak prior to and after corrosion are qua-
litatively similar. XPS results show two main components, 285.0 eV and
289.4 eV, associated respectively with aliphatic carbon (C—C/C—H),
and carbon of carboxyl group (—COOH) and/or carbonate (—CO0527).
Due to the absence of aliphatic carbon in the oxalate structure, the peak
observed at 285.0 eV is considered contamination and its intensity de-
creases with exposure time to chloride solution.

The XPS analyses probe only a few nanometers in depth and the
presence of chlorine observed by XRD and not observed in the results of
XPS is an argument for simonkolleite formation exclusively at the in-
terface zinc/zinc oxalate.

Prior to exposure to corrosive solution, the samples presented small
amounts of aliphatic carbon (see Fig. 5a). After the first few days of
exposure, there is an increase of the peak at 285.0 eV, showing that the
surface is not stable, and corrosion products have been formed. After 5
days of exposure to NaCl solution, the peak at 285.0 eV decreases due to
the formation of more stable corrosion products. Such increase in sta-
bility is due to high levels of oxidation, observed in the O 1s peak,
which evolves from oxide through hydroxide to carbonate over days of
exposure.

The XPS spectra of the Zn 2ps,» peaks of the zinc oxalate 10~ M
samples after 4h and 1 day exposure time to corrosive solution are
shown in Fig. 15¢, which contain a single peak located at 1021.3 eV.
This single peak was symmetric, ruling out the existence of Zn in
multiple chemical states. The Zn 2p3,, peak positions closely matched
the standard value of ZnO, indicating that the Zn atoms were in the 2*
oxidation state [27,34].

The same behaviour is observed for the Zn 2p peaks, which starts as
metallic zinc (1021.2 eV) and evolves to ZnCO3/Zn(OH), (1023.9 eV).
The peaks between 1018 eV to 1020 eV are reported as impurities and
can be linked to sodium compounds formed by corrosion.

The reactions leading to the corrosion products identified on the
surface are indicated in Egs. (4)- (6). Local pH increase at the cathodic
sites reacts with the corrosion products and forms zincate ions (Eq. (7))
solubilizing the corrosion product. In chloride medium, eventually
chloride ions migrate to anodic sites and simonkolleite is formed (Eq. 8)
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Fig. 14. XRD diffractograms of zinc surface (a) without surface treatment and exposed for 7 days to 10~ M NaCl solution; (b) treated in 10~ M oxalic acid and

exposed for 5 days and (c) 7 days to chloride solution.

[41-44]. This occurred for the untreated sample exposed to the corro-
sive solution but was not evident for the treated ones after 7 days of
exposure, with only slight indication seen in the XPS spectra.

0, + 2H,0 + 4e~ — 40Hgq @
Zn® - Zn?* + 2e” (5)
Zn** + 20H~ — Zn(OH), (6)
Zn(OH), + 20H~ — Zn(OH),* )
5Zn(OH), + 2C1~ + H,0 — 5Zng(OH)Cl, + 20H ™ )

The presence of zinc carbonate was also detected by XPS after 5
days and 7 days of exposure to NaCl solution. The formation of these
products depends on the dissolution of atmospheric carbon dioxide into
the corrosion solution electrolyte, as shown in Egs. (9) and (10)
[41,42,44].

CO; (aq) + 20H~ (aq) = CO3> (aq) + H,0 9)

CO, (aq) + CO32~ + H,0 — 2HCO5-(aq) (10)

The Na 1s peak was fitted in three components at ~1071.0 eV,
~1071.2eV and 1072.2 eV corresponding respectively to sodium ox-
alate (NayC,0,4), sodium bicarbonate (NaHCO3) and sodium carbonate
(Na,yCOs). The reaction at cathodic areas between sodium ions (Na™)
and carbonate ions forms hydroxide carbonate and sodium carbonate
(Egs. (11) and (12)) [45,46].

Na*t + HCO;~ — NaHCO; (11)

Na® + NaHCO;3; — Na,CO3 + H* (12)

According to the XPS results, a layer containing sodium carbonate/
bicarbonate and sodium oxalate is formed after 5 days and 7 days of
exposure to sodium chloride solution. The zinc and oxygen ratio show
that the surfaces of zinc oxalate were enriched with oxygen when ex-
posed to air and humidity. Once the oxalate layer was exposed to
corrosive solution, sodium chloride is the activation of the surface and
the values of the ratio zinc and oxygen (Zn/O) on the surface are in-
creased. The longer period of exposure allowed the formation of zinc
hydroxide and simonkolleite. Excess oxygen can be explained by the
presence of other carbonates, such as sodium carbonate on the surface
of the sample.
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Table 7
XPS peak binding energies and elemental concentrations observed for the zinc
oxalate sample after immersion in NaCl solution 10 ™" M.

TIME (h) XPS peak BE(eV) Elemental concentration (at.%)
4 Cls 285.0 12.91
Ols 530.2 45.35
Zn 2p;,» 1021.2 41.73
24 Cls 285.0 13.77
Ols 530.28 44.46
Zn 2ps)» 1021.3 41.47
72 Cls 285.0 19.09
Ols 531.6 50.18
Zn 2p3,» 1021.7 30.73
120 Cls 289.4 19.68
Ols 531.0 44.16
Zn 2ps,» 1022.8 12.52
Nals 1071.0 23.63
168 Cls 289.5 18.3
Ols 531.6 44.71
Zn 2p3/> 1021.9 9.23
Nals 1071.2 27.76

The nature of the inhibitive effect of a zinc oxalate coating con-
taining carbonate and/or zinc oxide is not completely clear. The pas-
sivity of the zinc oxalate coating is mainly due to the presence of cor-
rosion products that limit the transport of chloride ions. This may occur
due to larger charge density that improves the retention of the carbo-
nate or by the repulsion of chloride ions by the negatively charged
surface film. The different behaviour of zinc under zinc oxalate coating
in NaCl electrolyte seems to be related to differences in the ion-ex-
change properties of the outer layer. In this case, small amounts of
defect size resulted in a slower drying rate and a more restricted dif-
fusion of oxygen into the pores as observed in SEM images (Fig. 13).
Consequently, the oxygen reduction was slower, which favoured the
formation of simonkolleite in function of immersion time in sodium
chloride solution. At this point in the work it was possible to verify that
some questions should be answered, such as: Does the formation of
corrosion products occur along the oxalate layer? In this process, is the
oxalate layer consumed? How is the distribution of the elements of the
electrolytic solution in the oxalate layer? These questions were an-
swered by the acquisition of XPS depth profiles for oxalate samples
prior to exposure to corrosive sodium chloride solution and after ex-
posure for different times from 10 min to 7 days, as shown in Fig. 16
and also by the acquisition of FIB/SEM images, present in Fig. 17.

The organic coating is represented by the carbon profile (carboxyl
peak at 289 eV). It can be observed that the coating is thicker for the
less corroded samples and becomes much thinner for the most corroded
sample (7 days). This shows that the oxalate coating is consumed
throughout the corrosion process. The presence of oxygen after the
disappearance of carbon for all samples, confirms that the organic
coating is in fact adsorbed onto an oxide layer.

Regarding the signals for the ions present in the electrolyte (Na™
and Cl ™), sodium is observed for all samples and at all sputter levels,
including the oxide-metal interface. Chlorine, on the other hand, is only
observed after 60 min corrosion time and much more intense for the
sample corroded for 7 days, which agrees to the XRD results that
showed the pattern for simonkolleite (5Zns(OH)gCly). At the last pro-
files sputter levels (250), the higher O/Zn ratio for the sample corroded
for 7 days shows that the corrosion products layer formed is thicker
than in the samples with less corrosion time.

The XPS depth profiling results show that, prior to corrosion
(Fig. 16a), oxalate layer is bonded to the zinc oxide due to the dis-
appearance of the carbon signal at the 150 sputter levels where the O/
Zn ratio is 1:1. The increase of the exposure time to sodium chloride
solution promotes the gradual consumption of the oxalate layer,
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however, even after seven days of corrosion, there is still an oxalate
layer. It is important to note that the carbon peaks observed along the
sputter levels in all depth profiles are related to the carboxylic group
(289 eV), with the peak referring to contaminant and aliphatic carbon
(285 eV) removed after the first sputter levels.

Sodium has easy penetration through the oxalate layer and reaches
the interface Zinc/oxalate coating after 10 min of immersion and re-
mains throughout the immersion time in a corrosive solution of sodium
chloride. As can be observed after 7 days of corrosion where the amount
of this element is higher than the amount of chloride. shows a slower
penetration, compared to sodium, after one hour (Fig. 16d) it is possible
to observe the first signs of chloride. In the following times of corrosion,
the chloride signal is followed by noise and should be better understood
in the future. However, it is possible to observe that after seven days of
corrosion the chlorine signal is more intense in the final etch sputter
levels, an argument for the presence chloride in the form of si-
monkolleite as described in the results of XRD (Fig. 14c).

The use of the same etch parameters allowed a comparison between
the different XPS depth profiles as a function of the corrosion time.
From the profile for the zinc signal, which reaches high concentrations
and represents metallic zinc for the substrate, it can be stated that, after
seven days of corrosion, the layer is practically homogeneous with re-
spect to its constituents and that these products are more stable and
difficult to be removed by the argon ions.

3.3.1.4. Focused ion beam. Fig. 17 shows FIB images obtained for
oxalate zinc layers before and after different corrosion and zinc times
after 7 days of corrosion. It is possible to observe that the zinc oxalate
layer (10~ ! M), prior to corrosion, is porous and has uniform thickness
(Fig. 17a).

The attack of the oxalate layer by sodium chloride makes the
coating more porous and thicker by the third day. However, after the
third day the coating becomes thinner, more compact and the porosity
decreases from the fifth to the seventh day of corrosion. These results
are in agreement with the XPS depth profiles (Fig. 16) where it was
observed a layer more stable and difficult to be removed by the argon
ions.

After 30 min of exposure, the corrosive attack of the zinc oxalate
layer that led to the formation of pores in the crystallites can be seen in
Fig. 17b. The first layer in which the zinc surface was attacked, contains
both zinc and zinc oxide. Although not particularly apparent from this
image, there is a second crystalline layer that shows a significant
fraction of pores and voids. Thus, FIB results indicate a double layer of
oxides. Neufeld et al. [43] observed that the level of porosity in zinc
oxide decreases with time and, because of the accumulation of thicker
and more compact oxide areas, it can change from anode to cathode.
Thus, a detailed knowledge of the thickness, porosity and oxide com-
position is essential for understanding the corrosion process and then
for designing possible interventions to limit this process.

3.4. Corrosion mechanism

The morphological and chemical results before and after the cor-
rosion enabled better understanding of the mechanism of zinc oxalate
coating formation, which can be described by a mechanism of corrosion
that suggests the formation of. simonkolleite during the corrosion of the
10! M oxalate coating after 5 days of immersion on corrosive
mediumSuch proposed corrosion mechanism is shown in the schematics
of Fig. 18.

The coating model proposed is a porous layer where the attack
occurs in pores and drives the hydroxyl ions to neighbour regions to
anodic sites, causing break-up of the oxalate coating and forming car-
bonate ions plus hydroxyl ions. Those ions react with zinc oxalate,
forming zinc ions complexes such as simonkolleite.
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zinc corroded for 7 days.
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Fig. 18. Schematic of the corrosion process of a zinc oxalate layer exposed to sodium chloride.

4. Conclusions concentration 10~ M and consequently pH 1.75.
For samples observed as more protective, the composition is pre-
This work described the formation of a passive zinc oxalate coating dominantly zinc oxalate. The interaction of the carboxylate groups in
containing a mix of zinc corrosion products formed in oxalate media. this case was predominantly of the monodentate type and, although
The optimum ratio between pH to dissolution of zinc and concentration these samples were more protective, this effect was not associated with
of oxalate ion to deposition of zinc oxalate were found for the solution corrosion protection due to the presence of other modes such as bridge
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bidentate, carbonates and oxalic acid fragments.

The zinc oxalate coatings showed effective protection against cor-
rosion and this is mainly due to the formation of simonkolleite from the
base of the pores until their completion. It was proposed that zinc
corrosion products block pores and forming a barrier protection for the
higher exposure times to chloride solution.

Consumption of zinc oxalate layer occurs and the products formed
also represent a form of corrosion protection. The consumption of the
oxalate layer in the electrolytic solution and the enrichment of the
corrosion product by Na with corrosion time were observed and an
experiment to investigate such effect is aimed as future work. The effect
of zinc corrosion products by consumption of the conversion coating
justifies the treatment of immersion of zinc in oxalic acid solution under
the ideal conditions identified in this study.
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