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Abstract

The final sealing possesses a proven beneficial effect on the protective properties of anodic oxide
films on aluminum. In this sense, the present research is devoted to the evaluation of the impact
of this procedure on the barrier ability of combined Zn/Ce oxide layers deposited on low carbon
steel samples. For this purpose, four samples were submitted to galvanic zinc deposition, followed
by spontaneous formation of cerium oxide primer layer (CeOPL). Afterwards, two of the samples
underwent thermal sealing in boiling water in order to enhance their barrier ability. Its evaluation
was performed by two electrochemical methods: electrochemical impedance spectroscopy (EIS)
and potentiodynamic scanning (PDS) after 24 hours of exposure to a diluted model corrosive
medium (MCM). Other instrumental methods were used in order to describe the effect of this final
procedure on the color characteristics and hydrophobicity of the films. The results were collected
from multiple tests, followed by statistical data treatment. In addition, the surfaces of the
obtained films were submitted to direct observation by scanning electron microscopy (SEM),
coupled with energy dispersion X-ray (EDX). Their composition was determined by means of X-ray
Photoelectron Spectroscopy (XPS). The acquired data have revealed a detrimental effect of the
final sealing in boiling water. It was expressed by the loss of the barrier properties of the Zn/CeOPL
films, combined with additional decolorization and hydrophilization. Finally, the mechanism of this
detrimental effect was determined by further SEM, EDX and XPS analyses.

Keywords
Zn-galvanization; cerium oxide primer layers (CeOPL); thermal sealing; barrier properties;

surface analysis

Introduction

Unlike high-performance steels, the low-carbon ones are exceptionally susceptible to uniform
corrosion even under moderate conditions. Furthermore, it is well known that the corrosion
products of iron (i.e., red rust) do not form dense layers, enabling continuous access of corrosive
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species to the metallic surface beneath them. Hence, low-carbon steel corrodes until the complete
destruction of the respective iron-based works/products. For this reason, the corrosion protection
of these materials is indispensable.

On the one hand, galvanic zinc plating is a classical approach for processing low-carbon steel. It
provides reliable corrosion protection of the steel substrates [1,2] and a suitable base for the
deposition of other types of protective layers [3-5]. Besides, the optimization of the electrodepo-
sition of Zn-based layers still remains a topic of intensive research [6,7]. In this sense, the main
approaches for this optimization are through enhancement of the electrolyte composition [8-10] or
by applying different electrodeposition regimes [11-13].

On the other hand, the successful formation of cerium conversion coatings on steel substrates was
reported recently through both spontaneous [14-16] and electrochemical [17] deposition methods.
Furthermore, this type of coatings is also proposed for further enhancement of zinc-phosphate finish-
ing of steel [18]. Another recent trend is the formation of combined Ce/Ni [19] or Ce/V [20] conversion
coatings on steel and magnesium alloys, revealing the versatility of this class of coatings and the
possibilities to be combined with other elements and to be deposited on other metals and alloys.

Following these trends, the present brief research aims to assess and compare the basic physical
characteristics of the obtained Zn/CeOPL double-layer coatings with and without additional thermal
sealing in boiling water. Besides, the color-related features and wettability data were acquired after
multiple measurements in order to be submitted to statistical data treatment. In addition, the
mechanism of the impact of the final thermal treatment procedure was analyzed by detailed
topological and compositional analyses.

Experimental

Electrochemical film deposition

The electrodeposition of the zinc coatings was performed on low-carbon steel plates (dimensions
30x30x1 mm) in a glass electrolytic cell with a volume of 300 ml. The applied current density was
2 Adm?, the pH was adjusted to 5 and the temperature was held in the range 20-25 °C. Metallurgical
Zn was used for the anode. The electrolyte for the Zn film deposition was composed of two inorganic
substances: ZnS04.7H20 (175 g dm3) and (NH4)2S04 (25 g dm™3) with two organic additives: a mixture
of polyethylene glycol and benzoic acid (40 g dm3) and benzalacetone, dissolved in ethanol
(10 g dm3). This electrolyte was prepared following the optimal results reported in [21].

The further cerium oxide primer layers were formed by electroless deposition, again following
the optimal compositions reported in previous works [22,23]. A mixture of (NH4).Ce(NOs)sand CeCls
(both with a concentration of 0.025 mol dm3) with the addition of 10 ml dm3 30 % H,0, as
deposition activator was used for the spontaneous formation of the cerium conversion coatings.
The duration of this process was 15 min, at 50+ 1 °C.

All the described procedures were performed on four samples, two of which were subjected to
additional treatment in boiling distilled water for another 15 min. This approach has enabled to
obtain two types of Zn/CeOPL coating primers: (i) two reference samples, without additional
treatments, denoted as Ref; and Ref; and (ii) two thermally sealed specimens, marked as TS; and
TS,, respectively.

Electrochemical assessments

The electrochemical measurements were performed after 24-hour exposure to a 0.01 M Nacl
solution, at room temperature, using a standard three-electrode flat corrosion test cell, according
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to 1SO 16773-2:2016, with a volume of 100 ml. This rather low concentration of NaCl in the model
corrosive medium allows for distinguishing the differences among the acquired data from the
respective samples. These assessments were performed by means of electrochemical impedance
spectroscopy (EIS) and potentiodynamic scanning (PDS). The EIS spectra were acquired in 50 data
points, distributed in the frequency range from 10 kHz to 0.01 Hz by applying an excitation signal of
10 mV, according to the open circuit potential (OCP). The respective OCP value was determined
immediately prior to the acquisition of each spectrum.

The PDS curves were acquired in the potential range from -50 to +500 mV with respect to the
reference electrode, with a potential sweep of 10 mV s™. This relatively high sweep rate allows for
acquiring a rather wide range of PDS curves (total width of 550 mV) for quite a short time (55 s) of
polarization.

These electrochemical measurements were performed with an Autolab PG-Stat30, equipped
with a FRA2 frequency response analyzer (Metrohm, Netherlands). All measurements were
performed against a Ag/AgCl/3M KCI reference electrodepositioned 10 mm above the horizontal
corrosion test areas (1 cm?). The electrochemical cells were completed with a cylindrical Pt-mesh,
serving as a counter-electrode mounted around the reference electrode.

Color characteristics

The color characteristics of all samples were measured by operating a Lovibond RT100
tintometer. Three independent measurements were performed on different points on the surface
of each sample. The objective was to determine the data repeatability acquired from one and the
same sample surface in order to detect any color variation.

Contact angle measurements

The respective contact angles were measured using a “Theta Lite” high-precision optical device,
a product of Biolin Scientific (UK), coupled with specialized “One attention” software (Finland). The
constant volume of the drops was ensured using a “Gastight 1001” precise screw syringe, a product
of Hamilton Co. (USA). The measurements were performed on three different points on the sample
surfaces, similar to those in the previous section.

Statistical data treatment procedures

The electrochemical measurements were performed on two samples from each type. The EIS
spectra were submitted to Kramers/Kroenig test (known as K/K test procedure), in order to
determine the correspondence between the actual acquired EIS spectra from the samples and these
of the used Model Equivalent Circuit (MEC). The test procedure is based on the presentation of each
data point (n) of the corresponding EIS spectrum as a response of the respective RC circuit. The
equivalent circuit for the execution of the K/K test is illustrated in Figure 1.

1 2 3 n

N i I A e

Figure 1. Equivalent circuit for K/K test procedure, where in the present case n = 50 [24], R denotes the
resistance of the electrolyte

The acquired values from the K/K test procedure are listed in Table 1, together with the deter-
mined MEC component values.
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The PDS curves were submitted to Tafel slope analyses. Next, the differences in the data acquired
from every two samples were submitted to a simplified method, used in a previous work [25], based
on Eq. (1):

MY, + MV, MV, —MV,

2
where AV is the average value; MV, is the higher measured value, whereas MV, is the lower
measured value, respectively.

The data for characterization of the color characteristics and wettability of the investigated
surfaces were acquired from three measurements for each sample. This approach allowed to obtain
a total of 6 values for each parameter. The color characteristics were quantified according to CIE
(L*a*b*)-system, developed by International Commission on lllumination (abbreviated CIE) in
1976 [26]. There, the parameter L* (luminosity) varies from 0 to 100 and accounts for the color
brightness. The other vector parameters, a* and b*, vary from -128 to 127, showing the transition
from yellow to blue and red to green, respectively. The acquired values of these color parameters
were submitted to statistical data treatment, performed in 7 consecutive steps, described in the
algorithm used in [27] and illustrated in Figure 2.

( STATISTICAL DATA TREATMENT )

MEASURED VALUES OF “n”
NUMBER MEASUREMENTS

AV = (1)

1. SORTING THE MEASURED VALUES IN ASCENDING ORDER
MVi< MV;<...... < MV,1< MV,

2. DEFINITION OF THE RESULT DEVIATION AMPLITUDE
RDA = MV, — MV;

3. EXECUTION OF Q-TEST PROCEDURES
Q= MV MV, Q= Mo MVo.
" RDA o

4. AVERAGE VALUE DETERMINATION
= MVi+ MVo+........ + MVp.1+ MV,

¥

5. DEFINITION OF THE STANDARD DEVIATION

1= MVs - MVay

MVay

6. s, DATA SUMMATION

_ (51 s2%...% Sp.1 + 55)?

28y =\f——————~
n-1

7. DEFINITION OF THE CONFIDENTIAL RANGE CONSTRAINS
i an t{fu selected Pr-1)

AY=
in’
FINAL RESULT
MV % AY

Figure 2. Algorithm for statistical data treatment
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This algorithm was applied for six measurements (n = 6) for each group (i.e., three measurements
on two samples) and the value of the Student criterion was selected to be t = 5.959 [24], at proba-
bility P = 0.1 %.

The obtained values for the contact angles were also submitted to this statistical analysis in order
to determine the impact of the thermal treatment on the surface properties of the Zn/CeOPL films,
as well as their uniformity (from the respective standard deviations).

Topological and compositional analysis of the surface

This analysis was performed by means of three instrumental methods: (i) scanning electron
microscopy (Tescan, SEM/FIB Lyra | XMU), (ii) energy dispersive X-Ray map analysis (Quantax 200 X-
ray spectrometer, Brueker) and (iii) X-ray photoelectron spectroscopy (VG Escalab Il). The latter uses
AlKa radiation with an energy of 1486.6 eV, with a chamber pressure of 1.33x10”7 Pa. The C1s line of
adventitious carbon at 284.6 eV was used as an internal standard to calibrate the binding energies.
The photoelectron spectra were corrected by subtracting a Shirley-type background and were
guantified using the peak area and Scofield’s photo-ionization cross-section. The accuracy of the
binding energy (BE) measurements was + 0.2 eV.

Results and discussion

Electrochemical assessment

The EIS spectra, shown in Figure 3, undoubtedly reveal the detrimental effect of the treatment
of the already deposited Zn/CeOPL films in boiling water. Indeed, the Bode plots show that the
|Z| / (f) dependence acquired for the reference samples lies above the thermally treated ones. The
same trend is observable for the -phase shift / (f) diagrams. It does not reach -90°, revealing that
the electric double layers formed between the sample surfaces and the liquid MCM are strongly
irregular and do not form perfect capacitance. The phase shift of the reference samples is almost
twice as higher (reaching about 60°) as this of the thermally treated (at around 30°).

Consequently, the final treatment by boiling water leads to deterioration of the obtained
Zn/CeOPL films. The deterioration of the Zn/CeOPL layer is even more obvious when comparing the
respective Nyquist plots. There, the semi-circles of the reference samples are quite larger than those
of the thermally treated ones. Indeed, the value of the real part Z’ of Ref1 and Ref, reaches 45 and
35 kQ cm?, whereas the semi-circles of TS1 and TSz do not reach even 10 kQ cm?.

Ref, * Ref, o (@) (b) - 60
| | TS, » TS, o ]
40 Ref, e Ref, o| 7] 50
N CPEea L0t TS, T8 °f lgp 3
£ 30 Rwcwm € g 17 3
© Rt o g
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) (<]
()
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Frequency, Hz

Figure 3. EIS spectra in Nyquist (a) and Bode (b) plots of the investigated samples (symbols denote
experimental data, while lines - the respective fitted spectra)
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The spectra, shown in Figure 3, were submitted to further analysis by means of fitting to a suitable
Model Equivalent Circuit (MEC). It was composed of three elements, which correspond to the
resistance of the model corrosive medium (Rmcwm), the constant phase element of the interface
between the sample surface and the medium (CPE.ql) and the charge transfer resistance (Rct). This
MEC consists of a simple Randles cell, which perfectly reveals the actual behavior of conducting
layers exposed to an electrolyte [28]. The acquired numerical data are summarized in Table 1.

Table 1. Numerical data acquired by fitting of the obtained EIS spectra to the MEC, illustrated in the inset of

Figure 3
Sample Rvem/ Q cm? CPEeai / s"Qtecm™210°® n R/ kQ cm?
Ref; 636.00 £ 10.78 28.13+0.78 0.76 £0.01 50.10+1.51
Ref; 670.00 £ 14.70 29.17 £ 1.07 0.75+0.01 39.60+1.41
TS: 687.00 £ 6.44 159.30+4.05 0.78 £ 0.01 6.30+0.13
TS 687.00 £ 6.44 214.40 £ 4.37 0.78 £ 0.01 3.41+£0.05

The values of Rmem are noticeably similar for all samples. Their somewhat high values are a
consequence of the relatively low NaCl concentration of the MCM. The constant phase element of
the electric double layer (CPEeql) is by an entire order of magnitude higher for the samples submitted
to final thermal sealing in boiling water. This fact reveals deterioration of the capacitive reactance
caused by the thermal treatment. Consequently, the boiling water causes partial leaching of the
cerium oxides/hydroxides formed on the surface of the Zn/CeOPL coating. This suggestion is con-
firmed by the Rt values, which for the thermally treated specimens are also lower by an entire order
of magnitude than those of the reference samples. Hence, the average R value for the reference
samples is about 44.85 kQ cm?, whereas, for the thermally sealed ones, it reaches 4.86 kQ cm?. The
lower Rt values, in this case, are an indication of the loss of insulating properties of the Ce-oxides
and hydroxides, which compose the CeOPL layer, probably due to its partial leaching.

Each EIS spectrum acquisition was followed by performing a potentiodynamic scan (PDS), the
obtained curves are presented in Figure 4.

10*

24 h/0.01 M NaCl

—— Thermal sealing
Reference

Current density, A cm?
=
&

10-9 . 1 . 1 " 1 " 1 " 1 L 1 "
10 09 -08 -07 -06 -05 -04

Potential, V vs. Ag/AgCI

Figure 4. PDS curves acquired from the investigated specimens after 24 hours of exposure to 0.01 M NaCl
model corrosive medium

Figure 4 shows that the PDS curves of the reference samples lie below those of the samples,
treated in boiling water. Besides, an overlapping of the anodic branches is observed for the refe-
rence samples, unlike the thermally sealed ones. This fact reveals that probably the treatment for
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15 minutes in boiling water results in the partial removal of Ce-compounds from the Zn/CeOPL films.
These inferences are confirmed by the results of the Tafel slope analysis, summarized in Table 2.

Table 2. Numerical results acquired from the Tafel slope analysis of the PDS curves recorded after 24 hours of
exposure to the model corrosive medium

Parameter Sample
REfl Refz TS: TS,
Polarization resistance, kQ cm? 49.18 39.09 6.31 3.67
Average value 44.16 +5.05 4.99+1.32
Corrosion potential, mV -878 -895 -903 -932
Average value -886.50 £ 8.50 -917.50 £ 14.50

Indeed, the data in Table 2 show that the analysis of respective PDS curves confirms the results
of the EIS spectra. The values of the polarization resistance of the investigated samples are almost
equal to the charge transfer resistance (Rp = Rct). The average values of the corrosion potential,
calculated from Eq. 1, are close to -900 mV. The simultaneous appearance of distinguishable Rp
values for the respective sample groups and the relatively similar corrosion potentials was the
reason for determining the effect of the final thermal sealing on other physical properties of the
obtained Zn/CeOPL films.

Color characteristics and wettability

The color parameters presented in Table 3 reveal that the Zn/CeOPL coatings do not suffer any
drastic changes in brightness (L*) and in the red/green vector (a*).

Only weak brightening (from L*,, = 75.95 + 0.01 of the references to L*,, = 78.56 + 0.01 for the
thermally treated samples) was observed as a result of the probable partial detachment of the
yellow cerium oxide/hydroxide deposits provoked by the formation of water vapor bubbles in the
boiling water. As a result, uncovered white areas of the electrodeposited Zn layer appear, resulting
in the observed brightening.

Table 3. Color characteristics of the investigated surfaces

Sample Measurement number L* a* b*
1 76.72 -0.33 54.86
Ref: 2 76.86 -1.61 54.10
3 75.32 -0.29 53.65
1 74.20 -2.39 55.77
Ref, 2 76.26 -2.54 52.09
3 76.33 -1.57 52.78
Average value 75.95+0.01 -1.455 £ 0.006 53.875 £ 0.006
1 75.23 -6.03 -2.48
TS: 2 80.73 -7.39 -2.00
3 75.88 -6.45 -1.54
1 79.05 -7.25 -5.08
TS; 2 83.62 -6.93 -0.21
3 76.86 -5.67 -0.28
Average value 78.56 £ 0.01 -6.62 £0.01 -1.92 £0.09

The values of a* tend to zero for both types of samples. This means that there are no traces of
red-rust, despite the definitely acidic properties of the Ce-containing deposition solutions evinced
in previous works [29] and confirmed by other authors [30]. The insignificant transition of the
red/green color vector (from a*,g=-1.455 + 0.006 for the references to a*ag=-6.62 + 0.01 for the
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thermally treated ones) is most probably due to the appearance of spots of FeOH; caused by the
boiling water, as this compound is green in color.

However, a sharp decay of the values of the yellow/blue vector (from b*,, = 53.875 + 0.006 to
about b*;5 = -1.92 £ 0.09) shows a transition from yellow to gray. Indeed, the gold-like look
described by other authors, as well [31,32], has disappeared due to the thermal treatment. Similar
observations have been reported with respect to the post-treatment of a cerium conversion coating
on AA2024-T3 by boiling in dilute NH4H,PO4 solution [33].

Since the Zn/CeOPL films are intended for initial layers of multilayered coating systems, such as
the proposed in [34,35], their surface properties are of key importance for the adhesion of the
subsequent intermediate and finishing layers. In this sense, systematic measurements of the contact
angle were performed in order to define whether the elaborated Zn/CeOPL films are more suitable
for hydrophilic or for hydrophobic coating layers. This additional analysis is rather important in order
to avoid potential blistering or delamination across the Zn/CeOPL coating primer and the further
organic, inorganic, or hybrid coating layers.

Figure 5 represents the results of the systematic drop tests performed on the investigated
samples. The images clearly show that the reference samples (Refi1 and Ref;) possess relatively
hydrophobic properties, whereas the thermally treated ones (TS1 and TS;) are hydrophilic.

REFERENCE SAMPLE 1 drop 1 drop 2 drop 3

= 0 _O

REFERENCE SAMPLE 2 drop 1 drop 2 drop 3

— A _&

THERMALLY TREATED grop 4
SAMPLE 1

drop 2 drop 3

THERMALLY TREATED grop 1

drop 2 drop 3
SAMPLE 2

Figure 5. Profiles of the interfaces between the
surfaces of the investigated samples and
— — _ distilled water drops after 10 s of contact
The obtained results, shown in Figure 5, were further submitted to statistical analysis, following
the seven-step procedure illustrated in Figure 2. The results show that the reference samples
possess almost hydrophobic properties, with the average wetting angle 6. tending to 90°, whereas

the value of 6. of the thermally sealed ones is below 40°. All results, including the raw data (the
measured values) and these from the statistical treatment, are presented in Table 4.

The surprising detrimental effect of the final thermal treatment has imposed the need to analyze
the cause of its occurrence. In this sense, it was of interest to determine the deterioration
mechanism by performing additional topological and compositional analyses, which are interpreted
in the next paragraph.
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Table 4. Data on the wetting angle of the investigated samples

Sample Measurement number Left angle, °© Right angle, °

1 75.07 62.95
Ref; 2 88.94 91.09
3 83.13 88.84
1 81.52 86.09
Ref, 2 92.83 90.34
3 73.05 78.55

Average value Qae=(82.70+0.01)°
1 38.52 46.34
TS: 2 51.79 63.26
3 37.73 35.04
1 28.07 30.28
TS, 2 36.05 35.64
3 25.78 28.28

Average value O.¢=(38.07 £0.01)°

Surface topological and compositional analysis

This analysis was performed by scanning electron microscopy (SEM) combined with energy
dispersion X-ray (EDX) spectroscopy.

Both the SEM images and the EDX maps reveal that the uniform Zn/CeOPL films undergo cracking
due to the submission to the final sealing procedure, as shown in Figure 6.

B 5
-
.
N A
- -

Figure 6. Low- and high-resolution SEM images and EDX maps of Zn/CeOPL coating primer before (a) and
after (b) the additional sealing

There are several possible reasons that could cause the cracking of the Zn/CeOPL films during the
final sealing in boiling water. For instance, the difference in the thermal expansion coefficients of the
steel substrate, the primary Zn layer and the Ce-oxide/hydroxide coating result in tension stress across
the interfaces between the layers. These stresses appear at the beginning of the thermal sealing, as
well as after this process when the sample undergoes re-cooling. During these stages, the temperature
of the sample changes in the range between 20 and 100 °C. In addition, the cracks that have already
appeared expand due to water uptake and also due to the formation of water vapor inside them.
Hence, the already penetrated water forms vapor bubbles, exfoliating parts of the Zn/CeOPL layer.
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The additional cross-sectional SEM images in Figure 7 reveal that the film deterioration proceeds
mainly at the interface between the Cerium oxide/hydroxide layer and the galvanic Zn sublayer.

Fe substrate W/ e H

a 16um | ;

Figure 7. Cross-sectional SEM images of Zn/CeOPL layers before (a) and after (b) the thermal sealing

As it can be seen from the figure, the electroplated Zn layer is much thicker (being about 12 um)
than the CeOPL upper layer (approximately 1 um). Consequently, the difference between the thick-
nesses of these layers is an additional reason for the preferential deterioration exactly at the inter-
face between these layers. Besides, as a rule of thumb, metals like the Fe substrate and the Zn
galvanic layer possess rather higher thermal expansion coefficients compared to the Ce-oxide/hy-
droxide upper layer, since its composition resembles this of CeO, based glasses and ceramics.
Further, comparing positions (a) and (b) of Figure 7, it becomes clear that in the former case, the
coating is composed of two distinguishable layers, whereas in the latter case, the thermal sealing
causes obvious deterioration.

Another probable reason is the change in the chemical composition of the layer due to the
hydration of both Ce-oxides and metallic Zn underneath. This results in swelling of the film and
further increase of mechanical stresses in its structure.

Both phenomena, film cracking and hydration, result in changes in the physical properties
described in the previous sections. Indeed, the cracks facilitate water uptake of the thermally
treated (TS1and TS;) layers, making them more hydrophilic compared to the reference samples (Ref1
and Ref,). Of course, this effect is further enhanced by the hydrated surface obtained during the
final sealing. Besides, the loss of yellow tonality results from the partial leaching of the
Ce-oxide/hydroxides from the Zn/CeOPL films because of water penetration and bubble formation
during the film treatment in boiling water.

The potential impact of these probable film deterioration factors was further analyzed by X-ray
photoelectron spectroscopy. Specimens of both types were submitted to XPS analysis in order to
elucidate the deterioration mechanism caused by the final thermal treatment procedure. The
elemental compositions of the reference and thermally treated samples in atomic percentages are
presented in Table 5.

Table 5. Element composition of Zn/CeOPL coating primers before and after the final thermal sealing

established by XPS
Content, at.% Content, %*
Sample C o] Zn Ce (total) Ce¥ Ce*
Reference 45.1 37.4 3.5 14.0 11.5 88.5
Thermally sealed 30.9 48.0 17.9 3.2 23.8 76.2

*Both contents are calculated as a part of the total Ce-content
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The data in Table 5 undoubtedly reveal that the thermal sealing causes depletion of Ce with
simultaneous Zn enrichment. Indeed, the concentration of cerium decreases by more than four
times, while the concentration of Zn increases by almost 6 times. Both phenomena reveal the
separation of CeOPL proposed in the previous paragraph, which reveals areas of the surface of the
galvanic Zn layer. Based on the data in this table, it could be inferred that 12.3 at.% of Ce(IV) oxides
and hydroxides undergo a reduction with respect to Ce(lll) compounds. This result is acquired by
calculation of the integrated peak area at 916.7 eV, following the equation of Pardo et al. [36]. This
peak for both samples is illustrated in Figure 8a (third peak marked as Ce** at 916.7 eV). Ce3d core
photoelectron spectra in Figure 8a are characterized by a complex structure due to the hybridization
of the cerium ions with the ligands of oxygen orbitals and partial occupation of the 4f valence orbital.
As a result, a spin-orbital splitting appears in the doublet peaks, whereupon each doublet has an
additional structure, owing to the effect of the final state [37]. The decrease in the intensities of the
Ce peaks confirms the decrease in the total Ce content.

(@) Ce3d| |® O1s

Thermal sealing ce0 . OH

Ce” ce" ce*

Thermal sealing
N—\/“A/ : _/(l\

531.2

Zn0 530.3

Reference 5292 | OH

880 890 900 910 920 526 528 530 532 534 536
Binding energy, eV Binding energy, eV
Figure 8. Ce3d characteristic peaks for ceria (a) and deconvolution of the characteristic peaks of O1s (b)

Figure 8b shows the deconvolution performed on the O1s spectra of both types of samples. The
O1s core electron spectrum of the reference sample is divided into four peaks. The first peak, situated
at 529.2 eV is characteristic of the presence of oxygen ions bonded with Ce [38]. The second one, at
530.3 eV, could be ascribed to the occurrence of oxygen atoms coordinated with Zn atoms in the ZnO
lattice [39]. The third (at 531.2 eV) and fourth (at 532.8 eV) peaks in Figure 8b are related to the
presence of hydroxide ions and both physically adsorbed and crystal hydrate water [40], respectively.

In the case of the thermally sealed coating primer, the occurrence of chemically bonded oxygen
(Ce-O and Zn-0) appears. The peaks for ZnO (at 530.5 eV) are much more intensive with respect to
those of the reference sample. At the same time, the Ce-O peak (528.9 eV) decreases after the thermal
sealing. Hence, obviously, parts of the CeOPL upper layer undergo detachment, uncovering areas
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covered by the inner galvanic Zn layer. The quantity of the OH™-groups at 531.8 eV also decreases, as
a result of the thermal treatment. Surprisingly, the peak characteristic for adsorbed water disappears.
This is possible due to the high temperature of the sample during its withdrawal from the boiling water
and its cooling to room temperature is accompanied by intensive water evaporation.

The Zn2p core photoelectron spectra are shown in Figure 9a. The Zn2p peak is positioned at
1021.4 eV, and its spin-orbital splitting is 23.1 eV. In the case of the thermally treated samples, a weak
shift of the Zn2p peaks appears towards higher binding energies. Here, the value of the calculated
modified Auger parameter is 2010.0 eV for the reference sample, compared to 2010.3 eV, calculated
for the thermally treated specimen. Following Al-Gaashani et al. [41], it could be inferred that these
characteristic peaks reveal the conversion of the Zn-galvanic layer to ZnO during the formation of
Zn/CeOPL.

(b) Zn2 (c)
@ n<p ‘ ZnLMM
: Zn2p Thermal sealing e § 9872
1021.6
‘ 1020.5
11044.5 1022.7
Thermal sealing
J Thermal sealing
’ ; Reference
A=23.1 1988.6
_ ‘ 1021.3
2p,, 2p,, 1020.1 1022.5
Reference ! A Reference
1010 10.20 10‘30 10.40 10.50 1016 1020 1024 980 985 990 995
Bibding energy, eV Binding energy, eV Kinetic energy, eV

Figure 9. Zn2p core electron spectra of the reference and the thermally sealed samples (a), deconvolution of
the characteristic peaks for Zn2p (b) and Auger ZnLMM spectra (c)

The peaks of Zn2ps;2 spectra in Figure 9b are relatively wide and asymmetric, showing the coexis-
tence of various Zn-compounds. For this reason, the Zn2ps;; spectrum presented in Fig 9b was
deconvoluted, which led to the detection of three individual peaks at 1020.1 - 1020.5 eV, 1021.3 -
1021.6 eV and 1022.5-1022.7 eV, respectively. The low binding energy of the first peak shows weak
bonds between Zn ions and other positively charged particles, such as Ce**/Ce3* or carbon [42],
whereas the other two peaks are typical for ZnO and Zn(OH),. The percentage ratios of these peaks
to the total Zn-content for the reference sample are as follows: 15 % for the peak at 1020.1 eV, 59 %
forthe one at 1021.3 eV and 26 % for the third at 1022.5 eV. For the thermally treated sample, these
percentages are 21, 61 and 18 %, respectively. Consequently, some quantities of metallic Zn in the
Zn/CeOPL layer undergo oxidation during the thermal treatment. This conclusion is further
confirmed by the pattern of the Auger peaks (Figure 9b).

The comparison of the Cls spectra for the reference and the thermally sealed samples in Figure
10 reveals the appearance of an additional peak at 283.5 eV. This peak suggests the appearance of
carbide compounds [43,44] due to the additional thermal treatment. The other three peaks,
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positioned at 284.5 eV, 285.3 - 285.8 eV and 285.5 eV are characteristic of the occurrence of a
variety of (C—C), (C—OH) or (C—0—C) bonded carbons and even (C=0) bonds [45].

Thermal sealing C1s

280 282 284 286 288 290
Binding energy, eV
Figure 10. C1s spectra of the investigated samples

The occurrence of a considerable amount of carbon originates from the used organic additives
described in the experimental part.

Finally, no Fe2p spectrum was detected even at passing energy of 50 (i.e., with a more sensitive
analysis). This fact indicates that the inner Zn layer continues to efficiently protect the low carbon
steel, even after the partial destruction of the upper CeOPL layer during the thermal treatment.
After collecting all assessment data, a conceptual model was created, illustrated in Figure 11.

bp hp 4] 25
o s o S8 TS

water vapors

K

Figure 11. Schematic illustration of the deterioration processes caused by the thermal treatment of the
Zn/CeOPL coating primer: 1) low carbon steel substrate; 2) inner galvanic Zn layer; 3) CeOPL outer layer;
4) boiling water; 5) ambient air and 6) corrosion products of the Zn-galvanic layer
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The immersing of the Zn/CeOPL coated samples into boiling water causes tensile stresses
(indicated with the letter F in Figure 11) due to the dilatation of the metallic substrate and the
galvanic layer. These stresses appear as a consequence of the difference in the thermal expansion
coefficients of the respective layers (Figure 11a). Probably, the reduction of Ce(IV) oxides and
hydroxides to the respective Ce(lll) compounds also contributes to the CeOPL cracking, causing
defects in its structure. Afterwards, the entrapment of boiling water through the resulting ruptures
in the CeOPL leads to partial dissolution of the organic compounds (see the experimental section)
and localized corrosion on the surface of the Zn layer. Besides, water vapor bubbles appear on the
boundaries between the galvanic Zn layer and the subsequent CeOPL. The growing vapor bubbles
and the expansion of the ZnO and Zn(OH); corrosion products result in further enhancement of the
mechanical stress inside the CeOPL cracks. As a result, these ruptures convert to centers of CeOPL
delamination (Figure 11b). Similar undercoating wedge effects, which favor corrosion, are observed
and explained in detail by other authors [46-48], as well. Besides, re-deposition of Zn-corrosion
products occurs on the intact areas surrounding the delaminated areas. This re-deposition is favored
by the outward hydrodynamic fluxes promoted by the boiling water bubbles.

Coincidently, direct detachment of CeOPL fragments is also possible among the adjacent cracks,
again enhanced by the bubbling of the boiling water (Figure 11c) inside these cracks. Finally, the
areas of the Zn layer, uncovered by the CeOPL detachment, become centers of Zn-corrosion
(Figure 11d). Here, it should be appointed that the Zn oxidation (corrosion) could be further
enhanced by the reduction of Ce(IV) compounds to Ce(lll) ones. It should also be noted that the
present conceptual model excludes any direct CeOPL dissolution effects due to the extremely low
solubility of the Ce(lIl)/Ce(IV) oxides and hydroxides, established by Aramaky [49] and confirmed by
the model, proposed by Scholes et al. [50].

After the withdrawal of the thermally treated samples from the boiling water, the high
temperature results in intensive evaporation of water from their surface. This accelerated drying
probably has an additional contribution to the resulting Zn/CeOPL deterioration.

Finally, the proposed conceptual model completely explains the changes in the contents of all
the elements shown in Table 5.

Conclusions

Systematic comparative research of the impact of the final thermal sealing is performed on
Zn/CeOPL coating primers deposited on low carbon steel substrates. These combined coating
primers were formed by deposition of galvanic Zn film, followed by the formation of cerium oxide
primer layer (CeOPL).

The results from the electrochemical tests performed by means of EIS and PDS in a dilute model
corrosive medium have shown obvious deterioration of the barrier ability of the thermally sealed
layers. The detrimental effect of this final procedure was registered by the sharp change of the EIS
spectra and confirmed by their further analysis using a suitable model equivalent circuit.
Furthermore, the potentiodynamic curves have revealed a sharp drop in the polarization resistance
by an entire order of magnitude due to the thermal sealing.

The comparative statistical analysis of the data acquired for the physical properties (color
characteristics and wettability) of the investigated samples has shown an obvious loss of the gold-
like look and hydrophobicity of the Zn/CeOPL films after the thermal sealing.
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The topological and compositional analyses (via SEM and EDX) have undoubtedly revealed the
appearance of cracks and ruptures in the Zn/CeOPL films, combined with partial exfoliation of the
formed Ce-oxides and hydroxides.

The research activities were completed by detailed XPS analysis in order to describe the
alteration of the contents of all elements composing the combined Zn/CeOPL coating primer. The
results have shown depletion of the Ce content, accompanied by partial reduction of Ce(IV) to Ce(lll)
compounds. An increase in Zn content was registered due to uncovering of areas of the galvanic Zn
layer caused by CeOPL cracking, delamination and detachment. These phenomena are followed by
partial superficial Zn corrosion. No traces of Fe were found, evincing that the Zn-Ce-O deterioration
proceeds on the interface between the Zn galvanic layer and the finishing CeOPL.

The combination of all used analytical methods has enabled to determine the mechanism of the
detrimental effect of the final sealing on the barrier properties and the physical characteristics of
the obtained Zn-Ce-O coating primers. It was established that severe cracking appears due to
mechanical tensions in the film structure and is combined with an alteration of its chemical
composition.

Summarizing all the obtained results, a brief conceptual model was created and even illustrated
for explication of all the Zn-Ce-0O coating primer deterioration processes. It reveals that the interface
between the galvanic Zn layer and the spontaneously deposited CeOPL is rather susceptible to Zn-
Ce-0 coating deterioration. Consequently, additional treatments of the already formed Zn layers are
necessary prior to the subsequent CeOPL deposition.
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