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Abstract

The role of the local nanometric thinning in trivalent chromium conversion coating for the
electrochemical stability of buried metal-oxide-model epoxy interface formed on a rough
(arithmetic average roughness parameter R,=5 um) electrodeposited substrate is presented. For
different morphologies and sizes of thinned zones, the buried interface stability was tested in AC-
DC-AC procedure. Local oxide thinning at zones of <0.25 mm? was successfully detected by local
electrochemical impedance mapping (LEIM). LEIM was able to measure in situ the interface
degradation kinetics and distinguish the defects for which the interface underwent severe
degradation from others in both terms of defect size and underpaint reactivity. The evolution of
LEIM maps was in good agreement with the optical observations from 3D image reconstruction
performed ex situ, thus validating quantitative LEIM as a tool for the local degradation
guantification of buried interfaces. Based on the evolution of cathodic charge, LEIM and ex situ
optical microscopy, it was demonstrated that the zone with local thinning of conversion coating
on the rough substrates needs to reach some critical size to affect significantly the underpaint
reactivity. Otherwise, the surface inhomogeneity related to the initial roughness hinders the
effect of the local oxide thinning.

Highlights

e Controlled local oxide thinning on rough (R,=5 um) substrate prior to painting

e Oxide thinning on areas < mm? did not affect the electrochemical response

e Nanometric oxide thinning on areas of ~ mm? and more affected underpaint stability
e Reactivity front advancement from underpaint defect was quantified in situ by LEIM
e LEIM discriminated degradation modes confirmed ex situ by optical microscopy



Keywords: Local electrochemical impedance spectroscopy, conversion coating, buried interfaces,
material degradation
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1. Introduction

Polymer coated metals are among the most used combinations in hybrid materials and
composite materials designed for multiple applications, from structural materials in building,
automotive, aerospace industries [1,2,3] to electronic devices [4] and medical disposals [5]. In
many cases these assemblies arise from the necessity to combine mechanical strength of metallic
substrates with improved life time, offered by protective polymer coatings. The reliability and the
lifetime of these assemblies strongly depend on the stability of the interfaces between the metal
substrates and polymers. To improve the corrosion resistance of the substrate metal and the
polymer adhesion in such assemblies, the metallic surface is often passivated with the formation
of a thin layer of conversion coating (oxide [6], phosphate [7], titanate [8] etc.). The metal-oxide-
polymer interfaces degrade under an interplay of multiple constrains resulting from their
fabrication and service conditions (residual or applied mechanical stresses, presence of pollutants
at the interface or in the atmosphere, humidity, temperature, UV radiation etc.) and are
particularly sensitive to the formation of liquid phase which can lead to polymer permeability,
swelling or blistering, water adsorption at the interface with degradation of the oxide layer or
even corrosion of the underneath metal [9,10,11].

Although multiple accelerated tests have being used in different applications for stability
verification of metal-oxide-polymer systems (continuous salt spray test, cyclic climatic tests (VDA
[12], pressure cooker test (PC test [13]) common in electronic devices, immersion test to reveal
blistering [14,15], etc.), these tests only permit the observation of the initial and final state but
do not allow to survey the system evolution with time. As a result, despite their necessity,
accelerated tests remain long, expensive and insufficient to access degradation mechanisms.
Moreover, they could irreversibly modify these mechanisms. For these reasons, the development
of in situ methods able to understand the evolution of metal-oxide-polymer interfaces during
degradation attracts more and more attention [11,16,17,18,19,20].

In situ chemical analysis of the evolution of buried metal-oxide-polymer interfaces is
usually approached using model systems formed by thin layer deposition [21].

To access the overall (average over the whole sample) stability of painted systems,
electrochemical techniques (open circuit potential (OCP), linear polarization resistance,
electrochemical noise and electrochemical impedance spectroscopy (EIS)) can be applied in situ
to complex systems, including industrial coatings made of thick layers [22,20,23] and offer rapid
guantitative or semi-quantitative evaluation of the system using simple instruments. In particular,
EIS was used to describe the non-homogeneities of painted systems, the distribution of polymer
coating properties [24], to survey degraded areas at metal-oxide-polymer interface [25] and
water uptake in the polymer coating [26,27].

Although the EIS technique allows to describe some heterogeneous processes occurring
during ageing of painted systemes, it can detect the existence of such defects but cannot assign
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them to certain points on the examined surface. The development of local electrochemical
techniques is therefore necessary. Several techniques were previously used to describe local
degradation of polymer coated systems. Scanning Kelvin probe (SKP) detects the differences in
corrosion potential at different locations of the buried interface [28,29,30]. Scanning vibrating
electrode techniques (SVET) measures the local currents, which can be helpful to characterize
defects in coating but cannot overcome the inherent difficulty in measuring currents underneath
high resistance coatings [31,32]. Local electrochemical impedance spectroscopy and mapping
(LEIS and LEIM) [33,34,35,36,37,38] are becoming widespread techniques to study buried
interfaces for the systems in which the polymer does not have initial defects [39,40,41]. SVET and
LEIS measure both the local current density, for the former case, the DC component is measured,
whereas for the later, the AC component at a selected frequency can be obtained. It thus allows
to select which property (charge transfer, capacitance, diffusion, adsorption, etc.) to be
investigated.

Despite the increasing number of works applying LEIS and LEIM for the description of
degradation at metal-oxide-polymer interfaces, very small number of them treat the evolution of
the system in a quantitative way [35,36] and to our knowledge no studies were devoted to the
verification of the analytical limits of LEIS and LEIM for the detection of the active areas under
intact polymer. Moreover, the theoretical limits of LEIS and LEIM techniques are elaborated for
flat substrates, while many industrial substrates are electrodeposited alloys, therefore rough. The
roughness is often described by the arithmetic average roughness parameter, R,, defined as the
arithmetic average value of filtered roughness profile determined from the absolute value of
deviations about the center line within the evaluation length. For instance, R, for the
electrodeposited Zn-based coatings can be in order of 2 to 5 um while the distance between the
tallest peak and the deepest valley can be more than 10 um. Such morphological inhomogeneity
of the substrate can affect distribution of conversion coating, thickness homogeneity of the
polymer coating and electrochemical current distribution above the surface, which should be
detected by LEIS and LEIM techniques. The later can alter the capacity of the techniques to
describe local reactivity.

The understanding of the analytical limits of the LEIS and LEIM techniques to detect and
to quantify the defects at buried metal-oxide-polymer interfaces on rough substrates can be of
high importance for the development of new conversion coatings, which is an emerging
technology because of the European directives prohibiting the use of hexavalent chromium based
conversion coatings [42,43].

The main objective of the present work is to propose a methodology for such an evaluation
for electrodeposited Zn-alloy substrate with a Cr(lll) conversion coating and an epoxy polymer
paint. The proposed approach is based on the interplay of the concepts developed in our previous
works, namely:



N oo o A WON R

O o

10
11
12
13
14
15

1) a quantitative description of the deadhesion (delamination) advancement from a
defect in the polymer coating at metal-polymer interface using LEIM [36]

2) an application of a model epoxy — based coating which allows LEIM measurements
underneath without a preliminary defect formation and helps to mimic the behavior
of buried interface and distinguish conversion coating with and without defects [41]

3) a methodology able to produce a controlled local nanometer thinning of conversion
coating without affecting the roughness of the substrate [44].

The choice of the studied system was made on the basis of the large application Zn-based
metallic coatings used for sacrificial protection of steel [45] and Cr(lll) based conversion coatings
as an alternative for the replacement of hexavalent Cr based coatings [46,47]; whereas epoxy
based polymers are among the most used in packaging applications.

By combining LEIM, EIS and high-resolution 3D optical microscopy, the question about the
minimal size/distribution of the defect in conversion coating which evolution can be detected and
quantified by LEIS/LEIM with the used experimental set up is addressed.
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2. Experimental
2.1. Materials
2.1.1. Substrate

Mild steel with electrodeposited Zn-based metallic coating and Cr(lll)-based conversion
coating, produced as described in [41], was used as the substrate. The coating consisted of
approximately 18 + 2 um thick layer of electrodeposited Zn-14 at. % Ni intermetallic (Zn;1Nis) and
trivalent chromium conversion coating layer of ~30 £ 5 nm thickness. The composition of the
intact conversion layer determined by XPS is presented in Table 1. Six coupons of 3 x 3 cm? were
cut from the central part of each sample to avoid the edge effects possible in electrodeposition
process. The coupons coming from the same plate are considered in the following as the same
batch.

<Table 1>
The values of the arithmetical mean deviation roughness parameter, R, and the difference
between the highest (peak) and the lowest (valley) position on the studied surfaces R, were
measured by a confocal optical microscopy. The measured values of R;=5 + 0.5 um were similar
for all the studied samples. The R; values varied in the range of the tenth of micrometers. These
results are coherent with the expected roughness of electrodeposited Zn-Ni alloys. Prior to the
generation of the model defects and polymer coating, the samples were stored in a desiccator.

2.1.2. Model defects generation procedure, morphology and chemical composition

In order to produce model craters on the surface, sputtering with ions of the conversion
coating was performed using either Glow Discharge Optical Emission Spectroscopy (GD-OES) or
Time of Flight Secondary lon Mass Spectrometry (ToF-SIMS) equipment. The sputtering
parameters were chosen in a way that for both types of generated craters the conversion layer
was thinned but still present all over the crater area and was not chemically modified. The
procedure is described in detail in [44].

Briefly, to determine the erosion duration, four elemental in-depth profiles were performed
in different locations for each batch prior to the generation of the crater in the conversion coating.
XPS demonstrated that Ni is not incorporated in the conversion coating (Table 1, see also [44]).
At the same time Ni is present in the metallic substrate. Thus, Ni signal evolution was used as a
marker in order to define the interface between the metallic substrate and the conversion
coating. The interface was assigned to a point with 50 % of the maximum Ni signal in the profile.
The sputtering time necessary to reach the interface, ts, was thus detected for each batch and the
craters were generated using the sputtering time of 0.8xt;. It was assumed that 80 % of the initial
thickness is eroded in such a procedure (see [44] for details).
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For the crater generation by GD-OES, the argon (Ar) plasma pressure was set at 650 Pa and
the power at 8 W. For the crater generation by ToF-SIMS, an oxygen ion source (O2’) was used at
2 keV acceleration voltage delivering 100 nA of target current over a 30 x 30 um? area; thus,
avoiding Cs™ implantation in the conversion coating. For the same reason, the crater generation
was performed without using the Bi* primary ion gun. In both cases, the chemical composition in
the crater was very close to the composition of the initial conversion layer on the intact samples
(see Table 1 which compares the elemental composition of the conversion coating obtained by
XPS in the intact zone and inside the crater of 4 mm in diameter). Topographic analysis of the
surfaces inside and outside the sputtered areas showed no significant effect of nanometric
conversion coating sputtering on the R, and Rz values (Ra ~ 5 um and Rz ~ 10 um).

The homogeneity of the oxide thickness distribution in the sputtered craters was in detail
characterized using the methodology described in [44]. The thickness variation between different
locations on the same sample was not more than 30 %. Briefly, the local depth profiles were
obtained in multiple locations inside and outside the crater by PHI 710Xi Auger nanoprobe,
equipped with a cylindrical mirror analyzer (CMA) mounted coaxially with respect to the electron
column. The take-off angle of the analyzed Auger electrons was below 30° from the primary
electron beam, which minimized the shadowing effect. As in [44], the results demonstrated
homogeneous erosion inside GD OES craters and shadowing effects existed in the craters formed
by ToF SIMS sputtering. The latter can lead to the “effective” area which is smaller than targeted
zone in case of the defects produced by ToF SIMS.

2.1.3. Types of defects

Six coupons were cut from each batch. Two of them were used as reference samples (without
defect) and on four others four different types of model defects were produced. Two types of the
model defects and their characteristics are illustrated in Fig. 1b and 1c. The samples produced by
GD-OES presented a single cylindrical crater in conversion coating. The crater diameter, d, was 2
or 4 mm. The overall linear dimension D of the defect zone containing a single crater is defined
by the crater diameter, hence is defined here as D=d (see Figs. 1a and 1b). The defect zone
produced by ToF-SIMS is more complex. It consisted of a grid of N x N square craters each of which
has a side d (see Fig. 1c), leading to an inhomogeneous defect zone with a total linear dimension
D (D<1 mm) as sketched in Figure 1c.

<Fig. 1>

3D microscopy images of the formed craters are shown in Fig. 2. Despite the initial roughness
of the substrate and the fact that only the conversion coating layer is damaged [44], the crater is
clearly distinguishable in reflection mode (Fig. 2, photos). As it can be expected from a nanometric
thinning, the profilometry above the sample shows that the surface roughness inside and outside
the crater is the same and corresponds to the roughness of the electrodeposited Zn alloy (Fig. 2,
profiles).
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<Fig. 2>

The targeted as well as the measured by optical microscopy dimensions of the five types of

the samples studied in this work are summarized in Table 2.
<Table 2>

Considering that the initial roughness may vary from one batch to the other, all the
experiments discussed below were repeated on 6 different batches. For consistency reasons, in
the results sections the effect of different types of the defects on the observed electrochemical
behavior and optical appearance are systematically illustrated for the samples produced inside
the same batch. One should however note that for all the batches the observed tendencies in the
electrochemical responses were similar.

2.1.4. Polymer coating

Prior to electrochemical testing, the samples with and without model defect were coated by
the model epoxy polymer developed in [41]. It consisted of DiGlycidyl Ether of Bisphenol-A
prepolymer and TriEthylene TetrAmine hardener (DGEBA-TETA) used in (1:1) ratio. For viscosity
requirements, the preparation was diluted in 3 mL of ethanol (analytical grade) for 4 g of mixture.
Prior the deposition step, the preparation was placed in a hermetic beaker and mixed at 300 rpm
for 20 minutes then left to stand for 15 minutes in order to remove air bubbles. Just before the
coating application, the surface of the substrate was rinsed with absolute ethanol to improve
wettability.

The polymer was deposited by spin coating using a POLOS SP15 spin-coater. Once the sample
was placed and held in the spin-coater, the resin was poured in large excess and spread on the
whole surface, the spin coating was performed twice with a 15 s relaxation time in between with
the following parameters: 3000 RPM rotation speed (achieved by 500 RPM/s linear acceleration)
for 35 s. After the spin-coating step, the samples were cured at 50 + 5 °C for 14-16 h. This
procedure allows controlled coating thickness on a flat substrate at ca. 10 + 1 um to be obtained
[41]. Moreover, the roughness of the substrate in the present work is comparable with the
expected polymer thickness. Taking into account the levelling effect of the paint, one could expect
hence several um variation of the polymer thickness between the surface hills and valleys on the
rough electrodeposited substrate.

The samples were stored in a desiccator between the coating application and the degradation
test. Degradation tests were performed in the following week.
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2.2. Electrochemical setup and degradation procedure

Electrochemical experiments were performed using a Solartron Modulab potentiostat with
the ECS software interface in a home-made electrochemical cell placed in a Faraday cage. The cell
used a silver/silver-chloride (Ag/AgCl) reference electrode (RE), the coated sample (with 2 cm in
diameter exposed zone delimited by an O-ring) as a working electrode (WE) and a platinum wire,
shaped as a circle of 3 cm in diameter centered above the exposed zone, as the counter electrode
(CE). This setup configuration was used to guarantee symmetrical distribution of current lines,
thus minimizing artefact in EIS measurements. All the experiments were performed at room
temperature (25+2°C) in 25 mL of 0.01 M NaCl containing 1 wt. % of phenolphthalein as a pH
indicator.

The degradation procedure was based on our previous work [41]. Briefly, all the coated
samples were firstly immersed for 1 hour to reach a stable value of open circuit potential (OCP).
After the first EIS and LEIM measurement, seven AC-DC-AC cycles were performed. Each cycle,
schematically presented in Fig. 3, consisted of 15 minutes of cathodic polarization at -1.5
V/Ag/AgCl followed by a 15 min immersion (relaxation) at OCP and a remaining period of 30 min
for EIS and LEIM measurements. The total duration of each test was hence 8.5 hours. After the
cycling and before ex situ characterizations, the sample was rinsed with milli-Q water and dried
with compressed air.

<Fig.3>

2.3. Electrochemical impedance

EIS spectra were carried out at the OCP from 100 kHz to 0.1 Hz with 6 points per frequency
decade and 20 mVgums sinewave signal.

For LEIM, the setup used in [40,41] was adopted. The local probe consisted of two Ag wires
(each of 150 um in diameter) sealed in twin-capillaries and separated by 400 um between the
wire centers. AgCl deposit was obtained by five minutes potentiostatic polarization at 0.4
V/Ag/AgCl in 0.5 M NaCl solution. The quality and the stability of the deposit were verified by EIS
measurements of the Ag/AgCl electrodes in 0.01 M NaCl solution after different times between 5
min and 10 h. The electrodes were placed perpendicular to the surface of the sample at a probe
to sample distance of 100 £ 25 um.

A home-made setup using Solartron Modulab software with auxiliary input and a 3-axis
stepper motor-controlled by Sensolytics was used for LEIM data acquisition.

The mapping was made with the potential oscillation of 50 mVgums at a 400 Hz frequency. 6 x
6 mm?, 4,5 x 4,5 mm?, and 3 x 3 mm? maps were acquired by measuring the local impedance on
series of 31 x 31 points spaced by 200 um, 150 um, and 100 um, respectively, depending on the
defect size.

Each mapping was performed in approximately 20 min.

10
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The size evolution of the active zone was estimated from the evolution of the distance between
the extrema of the local impedance gradient mapping [48]. The gradient maps of the local
impedance were calculated and represented with an in-lab developed Python script [36].

2.4. Optical characterization

In situ time lapse microscopy (TLM) using an HD USB microscope with 2 MP CMOS detector
and a 4000 K white LED enlightenment was set up in the electrochemical cell. This allowed to
complete the electrochemical measurement with a monitoring of a possible surface evolution,
the local solution coloration (pink color in phenolphthalein due to the cathodic pH increase) and
the hydrogen evolution.

The objective to surface distance was set to 4 cm for a magnification of x80. The instrumental
acquisition parameters and surface characteristics leaded to an approximately 100 um? pixel size.
A picture was taken every minute during immersion and during cathodic polarization in the AC-
DC-AC test.

Ex situ optical characterization of the samples was performed using a Keyence VHX-5000
microscope equipped with the VH-Z500T objective, allowing magnification from x500 to x5000.
With x500 maghnification, the area of view was of 610 x 457 um? for a 2000 x 1600 pixels? image.
For wider area image acquisition, an image stitching was performed [49]. Thanks to its short depth
of field (< 0.5 um), multiple images with different objective-to-sample distances were taken,
allowing the reconstruction of a 3D image of the surface [50].

The wide area observation of the sample’s surfaces consisted of the stitching of 100 (10 x 10)
3D-composition at 500x magnification over 5.0 x 4.1 mm?. Each 3D-composition was computed
from 50 images over 50 microns in height. High resolution images were obtained by 3D-
composition with 2000x magnification. The height range of the composition was selected in order
to be able to focus on both, the top surface of the polymer coating using grazing light or on the
substrate below the polymer coating

The roughness parameters Rz and R, inside and outside the craters were obtained from the
Keyence VHX-5000 microscope measurements of the height of each focused pixel, which allowed
a topographic measurement of the surface. The height cartography was converted to an 8-bit
grey nuance image. Topography and roughness parameters were extracted and calculated with
the Gwyddion software v2.50 [51].

11
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3. Results
3.1. In situ optical surface evolution during cycling

The Fig. 4 shows the in situ images taken during the cathodic polarization step of the first and
the fourth cycle of the samples with the defects A, B and C with the initial size Dy=3.8, Do=1.8 and
Do=0.8 mm, respectively.

<Fig.4>

The localization of the initial defect in the conversion coating is highlighted in Fig. 4 by the
black circle on the images taken during the first cycle (left column in the figure). The defect A (Do
= 3.8 mm) can be easily identified from the first cycle: a dark circular shape in the center of the
black circle is visible. The defect B (Do = 1.8 mm) can also be detected by its circular shape and the
color which is lighter than the color on the residual surface. On the contrary, the defect C (Do =
0.8 mm) is not visible through the coating at this magnification. Similarly, the presence of the
smallest defect D (not shown) was not visible in optical observations.

After four cathodic polarization cycles (right column in the figure) all samples show some
hydrogen evolution, proof of the cathodic reactivity, revealed by little bubbles dispersed on the
surface of the three samples. However, only for the sample A, the hydrogen evolution is clearly
more pronounced in the vicinity of the defect while it seems to be homogeneously distributed
over all the surface of the samples B and C. The intact sample and the sample D with the smallest
defect are not shown. However, their appearance and evolution during cycling was similar to the
evolution observed for the sample C.

3.2. Open circuit potential evolution and charge under cathodic polarization

After one hour of immersion, all the samples showed a stable open circuit potential (OCP). In
the presence of the defect, the OCP was 30 to 60 mV more cathodic that the OCP of the
undamaged sample (about -0.66+0.02 V vs. Ag/AgCl).

In Fig. 5a the examples of the OCP evolution during the relaxation step after cathodic
polarization for the first, fourth and seventh AC-DC-AC cycles are presented for samples with
millimeter size defects A (Do = 3.8 mm) and B (Do = 1.8 mm) and for the sample with intact
conversion coating. In all cases, after polarization the OCP tends to recover to its original values
but the relaxation time increases with cycling. It should be noted that we were obliged to mix the
electrolyte prior to LEIM measurement due to the formation of hydrogen bubbles on the surface
during cathodic cycle in the case of the big defect. The detachment of bubbles can be responsible
for the OCP instability for the sample A, as shown in Fig. 5a.

<Fig.5>

12



Fig. 5b shows the examples of cathodic current evolution during cathodic polarization for the
first, the fourth and the seventh cycles for the same samples A and B with millimeter size defects
and for the sample with an intact conversion coating. For the intact system, the surface appears
to be initially more active than during the polarization, because the cathodic current slightly
decreases in the first seconds of polarization and reaches a stable value in approximately 100
seconds. Then, the current increases gradually with cycling, indicating either gradual increase of
the overall cathodic reactivity at the interface or the increase of the size of the active areas. The
behavior was similar for the small defect grids C and D of all different batches.

The evolution of the cathodic current at the first, third, fifth and seventh cycles on samples A
(Do = 3.8 mm) and B (Do = 1.8 mm) show a different behavior. During the three first cycles, the
current decreases with polarization time as well but without reaching a stable value. From the 5t
cycle the shape of the current curve of the sample B changes, reflecting no initial current peak
but in contrast less current in the first seconds of polarization and the following current increase
and rapid stabilization. For the sample A there is no change in the shape of the curves even if after
several cycles the initial current peak decreases. From the 5% cycle, the cathodic current achieved
at the end of polarization decreases with cycling for the sample B while it still grows for the sample
A.

One should note that even though the absolute values of the cathodic currents measured in
different batches were slightly different, the tendencies illustrated in Fig. 5 were observed for all
batches.

The evolution of the total cathodic charge accumulated during cathodic polarization with
cycling is presented in Fig. 6a for the samples A, B, Cand D (Do = 3.8, 1.8, 0.8 and 0.3 respectively)
taken from the same batch 1. The increase in the size of the defect results in the higher exchanged
charge, which is consistent with the two order of magnitude increase of the cathodic current in
the presence of the millimeter size defect in conversion coating observed in Fig. 4. For the two
biggest defects generated by GD-OES (Do = 1.8 mm and Do=3.8 mm), a similar behavior is
observed: the total charge increases for the three first cycles, then it stabilizes and then decreases
in the last step (Fig. 6a). The cathodic charge on the sample C (Do = 0.8 mm) continuously
decreases with cycling, reaching 2x1073 C. For the sample D with the smallest defect (Do = 0.3 mm),
the cathodic charge during potentiostatic polarization step continuously increases with cycling,
reaching the same values than the sample C. The values for the reference sample with the intact
conversion coating being very close to the values, obtained for the sample D, the exchanged
charge evolution for the intact sample from the same batch (intact 1) is shown separately in Fig.
6b.

<Fig.6>

Additionally, Fig. 6b illustrates the reproducibility of the exchanged charge measurement
between two different batches of samples. The exchanged cathodic charge varies within a factor
of 3 for the samples without initial defect in conversion coating (intact (1) and intact (2)). The

13
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latter could be attributed to the impact of the local variation of the micrometric substrate
roughness on the polymer thickness. Taking into account this variation for intact samples, the
difference between the intact sample and the sample D with the defect area less than 0.3 mm?
seems to be statistically irrelevant. Similarly, the cathodic reactivity (exchanged charge) of the
sample C after 4-5 cycles can be considered as similar to the cathodic activity of an intact sample.

Fig. 6¢c shows the evolution of the total charge, passed during cathodic polarization step of
the AC/DC cycle, as a function of the estimated surface of the underpaint defect (detailed in 3.4)
for the first, fourth and seventh cycles. As it could be expected, the total charge passed through
the sample with a defect increases with the defect area. However, the relation between the
defect area and the total charge clearly differs from the linear behavior, expected from the
integrated Cottrell equation (known as Anson equation).

3.3. Electrochemical impedance spectroscopy

The electrochemical impedance spectra at OCP of the samples A, B, C, D and | in the Bode
representation (impedance modulus |Z| and phase angle in function of frequency ®) at the first,
fourth and seventh cycles are presented in Fig. 7.

<Fig.7>

All spectra show a similar response involving two time-constants, reflecting two main
contributions, namely the polymer coating in the HF domain (above 10* Hz), and the metal-oxide-
electrolyte interface in the LF domain (below 10% Hz). The polarization cycles show to a gradual
decrease in the modulus of the impedance in the lower frequency domain, which is consistent
with the degradation of the painted system.

After the fourth cycle, the impedance spectra do not vary and show a similar trend whatever
the size of the defect. Such a behavior is ascribed to the small dimension of the surface fraction
of the defect area with respect to the total analyzed surface: 3.3%, 0.8%, 0.06% and 0.01% for
defect A, B, C and D, respectively. Previously, theoretical estimations of the effect of defect sizes
in the polymer coating on the impedance response [52] showed that below approximately 0.01%
fraction area of the defect on the surface, an accurate description becomes difficult.

The capacitance of the interface of the system can be obtained from the extrapolation of the
complex capacitance plot, C*, to infinite frequency using [53]:

(@) = i (1)

jwXx(Z(w)-Re)
where R, is the electrolyte resistance. The interest of this approach is that it does not require
any assumption for a specific model (which could be ambiguous for coated systems) and however
allows data fitting [54]. The method is based on the fact that the constant-phase element
behavior approaches a pure capacitive response at high frequencies. It allows the capacitance of
the interface to be obtained from the extrapolation of the capacitance diagram in the high
frequency domain, which in turn, allows the determination of the coating thickness as shown in
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detail in [53]. Additionally, minute change in the capacitance can be linked either to the solvent
uptake, but also to the evolution of the defect. The estimation of global capacitance only provides
an average value across the polymer layer. It provides a back-of-the-envelope calculation with
the description of the localized effects presented in the following sections.

The capacitances calculated with the Eq. (1) for the systems with and without millimeter size
defects in the conversion layer at different steps of ageing cycling varied between 0.8 and 2.9 nF
cm? (see Fig. 8).

<Fig.8>

Dielectric constant of dry epoxy resins varies in the range 2.5-6, however humidity is known
strongly to increase permeability. Previously, dielectric constants as high as 10 to 15 were
reported for the organic coating immersed in aqueous solutions [53]. Considering epoxy coating
dielectric constant of 10, the capacitance values lead to the epoxy thickness between 3 and 10
um. Such values are indeed possible since the polymer levels the initially rough surface with R, of
5 um and R; of 10 um. It is important to note that the capacitance evolution with cycling shown
in Fig. 8 demonstrates higher variation between the absolute values obtained for different
samples without the defect (filled forms of different shape) than between the samples with and
without defect (filled and open forms of the same shape). This was true even for the samples with
the biggest defect, for which cathodic reactivity was clearly higher than for all other samples. The
latter makes questionable the applicability of capacitance calculation for understanding the
degradation of these systems. For samples with 4 mm defect (shown by open circle and open
square symbols in Fig. 8), the capacitance seemed to increase with cycling by about 2-3 % of its
absolute value. However, for the samples without the defect or with defect smaller than 3.8 mm
in diameter, no clear tendency could be drawn from the results.

Thus, the measured by EIS signal is mainly affected by the initial inhomogeneity of the polymer
coating and cannot really distinguish the contribution of the localized nanometric thinning of
conversion coating at the metal-polymer interface. The local evolution of the defected areas
needs hence to be surveyed by local electrochemical impedance.

3.4. Detection and quantification of the underpaint defects in conversion coating by LEIM

Global EIS measurement presented in Fig. 7 suggests that for frequencies below 1 kHz, in the
region where the second time constant can be seen, one should be sensitive to the electron
charge transfer at the metal/oxide/polymer interface. Therefore, LEIM experiments were
performed at 400 Hz that is a tradeoff value to localize the defects under the paint and to speed
up the time of map acquisition. Additionally, some preliminary experiments at lower
frequencies did not allow the detection of smaller defects.

<Fig.9>

Fig. 9 presents the examples of the local impedance modulus distribution mapped in the

vicinity of the defects on the samples A, B and C produced from the same batch during the first
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(Fig. 9a) and the fourth (Fig. 9b) degradation cycles. The lower the impedance modulus, the
darker the color of the area. During the first degradation cycle, all the samples A, B and C from
different batches showed the presence of a lower impedance area at the location of the
nanometric defects in the conversion coatings. The defect of type D was not detectable, and the
results are not present. The comparison of the maps obtained after the 15t and the 4" cycle shows
that the impedance modulus decreases on the whole scanned surface and the reactivity of the
initially intact surface becomes more heterogeneous. This behavior is characteristic for all the
batches and is observable during the whole cycle procedure. Interestingly, after the 4t cycle only
the millimeter size defects of the samples A and B could be detected by LEIM, while the defects
grid Cis hindered by the increased reactivity of the initially intact interface.

Fig. 10 presents the maps of the local gradient of the impedance calculated from the results
presented in Fig. 9. In our previous work [48], we showed that extremes in Fig. 10 indicate the
border of the electrochemically active regions. The values of the gradient are normalized by the
maximum gradient value of each map to evidence the position of the delamination front by the
same color code in all images. The specific shape of the maximum of the gradient for samples A
and B is attributed to the borders delimiting zones with different electrochemical activity.
Similarly, to the impedance maps (Fig. 9), the defect can be seen on the samples A, B and C after
the first cycle, and only for the samples A and B after four cycles.

<Fig.10>

To extract the defect size, the defects shape was approximated by a circle. The black circle in
dashed line (Fig. 10) illustrates the chosen positions of the local extremum of the gradient. The
diameters of the circles in Fig. 10 correspond to the maximal distance between the extremes of
the gradient of admittance maps in Fig. 9 (calculated with the software described in [48]). As
previously noted, the position of the extremes of the gradient of admittance indicates the
interface between the less active delaminated and more active intact buried interface. So, in the
approximation of the circular defect, the circle diameter corresponds to the linear size of the
electrochemically active zone.

Only for the samples type A and B (Do = 3.8 and 1.8 mm), the defect was well defined through
the ageing procedure (see Fig. 10). For these samples, the evolution of the average linear size of
the defect was estimated from the gradient maps at different steps of AC-DC-AC cycling and the
confidence intervals were obtained for the samples from 3 different batches. Fig.11 represents
the evolution of the average linear size of the underpaint defects and the confidence interval as
a function of the degradation cycle number for the samples of types A and B (Do = 3.8 and 1.8
mm). First, the detected size by the electric signal of the initially active zone for both samples is
different from the size measured by optical microscopy before the degradation procedure.
Sample A has an average active zone of 3.5 mm in diameter instead of the expected 3.8 mm
whereas sample B shows a 2 mm in diameter active zone instead of the expected 1.8 mm. As
detailed in a previous work [36], the LEIM in mainly able to detect underpaint anodic reactivity.
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Hence the possible difference between the size of detected reactivity and the size of the actual
conversion coating thinning can be ascribed to the distribution of cathodic and anodic areas at
the defect.
Additionally, the evolution of the size of the active zone evolves in several steps according to:
1) Initiation: the size of the defect varies
o Increases on sample A with 3.8 mm defect up to cycle 1
o Decreases on sample B with smaller defect up to cycle 3
2) Stabilization: the detected size of the defect is stable.
o From cycle 2 to 4 on sample A with a 3.8 mm defect
o From cycle 3 to 7 on sample B with a 1.8 mm defect
3) In the case of the biggest defect (sample A) after the stability phase, the size of the
detected defect slightly increases, which can be attributed to the degradation of the
metal-polymer interface in the front positions of the initial defect and gradual
delamination of the polymer coating from the active defect. This stage was not achieved
in the case of the smaller defect (sample B), suggesting a re-passivation of the defect
front.
<Fig.11>

3.5. Ex situ optical observations in the vicinity of the defect after cycling

Fig. 12a presents typical optical micrographs in grazing light, recorded around the defects
after the complete degradation procedure for the samples of type A (Do=3.8 mm, gradual
reactivity increases and defect size increases, as detected by LEIM) and B (Do=1.8 mm, reactivity
stabilization and defect size stabilization detected by LEIM). The dashed red line represents an
estimated position of the defect borders. The area inside the defect A looks different from the
outside of the defect: the lighter spots are present which are attributed to blisters reflecting the
grazing light. Conversely, the smaller defect is difficult to detect (sample B) since the surface of
the defect appears lighter than the rest of the sample but no signs of evident degradation of the
system can be noticed.

<Fig.12>

Fig. 12b shows high magnification 3D composition images performed near the center of the
defect on the samples A, B and on the intact sample |. Images revealing the top polymer surface
(on the left) and the substrate under the paint (on the right) are shown. The analysis of the paint
surface in the defect of sample A (Fig. 12b, on top-left)) shows that the polymer is deformed and
rough: the grazing light comes from the right side of the image, thus the inhomogeneity of the
paint surface is visible thanks to the light reflection.

Topographical analysis of the top surface inside the defect, was made by the measurements
of the height of each focused pixel. This analysis revealed a height increase of approximately 15
um in the zone with strong light reflection in comparison to the white zones. The height increase
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of 15 um is 1.5 times bigger than the polymer thickness and 3 times higher than the R, value of
the substrate (5 um). This boosted height of the top surface can be related either to the increase
of the polymer thickness (swelling) or to the detachment of the polymer from the substrate and
increase of the distance between the substrate and the polymer (blistering). Because of the shape
and localization of this protrusion, it is attributed to blistering.

For comparison, 3D composition images of the samples of type B and | (Fig. 12b, on the left,
middle and bottom pictures, respectively) did not reveal the formation of blisters. On these
images, the focus on the paint surface was ensured by the micro scratch performed on the surface
preliminary to the observation and visible by little dark dots. Only the underpaint substrate shows
light reflection, but the paint surface looks flat and smooth.

The images with focus on the underpaint substrate (Fig. 12b, right pictures) demonstrate
another difference between the degradation mode of the sample of type A (active increasing
defect, upper image) and the two others. For the intact sample | and the sample with the defect
of type B, the substrate reflects the typical morphology and the color of the initial Zn alloy with
conversion coating and shows no sign of degradation. For the sample A, specifically in the location
of the blister detailed above, the substrate surface changes the color demonstrating the
appearance of metallic light gray (close to white) areas. Such a color is typical for the Zn-alloy
substrate not treated with conversion coating. It was indeed observed on the substrate prior to
the conversion coating procedure. The presence of close to white zones reflects therefore a local
lack of conversion coating. Interestingly, no traces of corrosion products are visible in the blisters
at least at the time-scale of the experiments.

4. Discussion: LEIM detection of nanometer in-depth defects in conversion
coating with micrometric roughness

Although metal-polymer systems have been extensively studied by multiple groups, to our
knowledge, all the reported local observations of the system degradation were initiated by
damaging the polymer coating or by adding reactivity enhancing agents at the metal-polymer
interface. Even though several works studied the stability of the oxide-polymer interfaces (see
the recent review [55]), to our knowledge no systematic study was focused on the effects of the
local thinning of the conversion oxide layer (without its complete degradation) on the local
stability of the system. The defects in conversion coating were previously studied [19,47,56]
mainly in relation to the coating performance and average evolution of the system but without
considering the local evolution of the defects surrounded by a non-defect matrix. In this work,
controlled local nanometric thinning of the conversion coating was performed prior to the model
epoxy paint application. One of the main objectives of the work was to explore the analytical
capacity of different methods (global impedance, LEIM, cathodic charge, optical inspection) to
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detect and to describe the evolution of these buried nanometer thick defects in conversion
coatings formed on the substrates with micrometric roughness.

First, we evaluated the minimum defect area which can be detected on the four types of
spatial distribution of the thinned zones in conversion coatings, which were produced in a
controlled way prior to painting. For these defects, the area fraction occupied by the defect on
the total reacting surface in the electrochemical cell represents between 3.30 and 0.01 %. Thus,
two main reasons could lead to analytical limitations in their detection: the instrumental
limitations of the used setup and the low contribution of the defect to the electrochemical
response compared to the noise related to the initial inhomogeneity of the interface because of
its micrometric roughness.

The possibility or not to detect four studied types of the defect are summarized in Table 3.

<Table 3>

For the grid of defects with the total damaged zone smaller than 0.09 mm? (sample D), the
presence of this initial defect zone was not evidenced by any of the tested techniques. The
electrochemical response and the degradation mode of the samples with such a defect were
similar to what has been observed for the intact samples (sample 1). Considering the macroscopic
detection techniques (EIS, polarization current, OCP etc.), the impossibility to see the effect could
be explained by a small defect area representing less than 0.1 % of the analyzed surface. However,
the defect size Do is in the same order of magnitude than the scanned area by the local
electrochemical impedance probe (0.3 x 0.3 mm); hence the technique should be able to detect
the influence in the normal contribution of the current during impedance measurement. One
should however note, that a shadowing effect during the ToF SIMS sputtering, discussed in [44],
can result in the fact that the real thinned area is even smaller, which could explain the
impossibility of the detection of so small defect. From the other side, it is reasonable to suppose
that the inhomogeneity introduced by a so small defect is comparable with the initial
inhomogeneity of the system related to the micrometric substrate roughness, which could result
in initial inhomogeneity of the conversion coating and the polymer thickness.

One could also expect that the tip size and the tip to substrate distance can limit the detection
of the defects less than 70 um. The grid of 49 defects with linear size of 70 um, leading to a
damaged zone of about 0.49 mm? area, was however detected before ageing. At the same time,
the local reactivity in the defect was not distinguishable once the initially intact surface started to
degrade, so after 4 or more cathodic polarization cycles. This can be interpreted as either the
influence of the defect becomes negligible compared to the average ageing of the metal-oxide-
polymer interface in the initially intact zones, or that the defect can heal with cathodic
polarization cycling. It is likely that a thinning of the conversion coating to less than 10 nm on only
9 or 49 spots of 0.0049 mm? area each does not significantly influence the stability of the painted
system on the substrate with initial micrometric roughness.
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All the defect zones with the area more than 0.6 mm? (A, B and C) were detected by all the
techniques. Hence, a local thinning of the conversion coating on the areas with mm? size or more
seems to significantly affect the underpaint reactivity and could be detected by electrochemical
methods.

In addition, the treatment of LEIM data allowed to measure in situ the size evolution of the
active zone induced by the nanometric thinning of the conversion coating during the ageing
procedure and distinguish two different degradation behaviors (local defect expansion and local
interface stabilization) which were confirmed by ex situ optical observation.

The coherence between LEIM measurements and optical observations validates the ability of
LEIM to evaluate the kinetics of interface degradation in immersion conditions for initially
undamaged coated systems. Although LEIM had already been used to track quantitatively the
polymer delamination on weakly adherent coatings and model systems with highly resistive
coatings, all the reported quantitative works measured the delamination from an artificially
produced defect in the paint (see for instance [28,36]).

5. Conclusions

For the first time the effect of the nanometer depth thinning in conversion coating on the
stability of buried metal-oxide-polymer interface formed on the substrate with micrometric
roughness was studied. It was demonstrated that electrochemistry is able to detect the initially
present thinning in conversion coating, including the small defects with diameter smaller than 1
mm, which are not optically detectable after the paint application.

The local thinning of the trivalent chromium conversion coating on Zn alloy leads to a localized
initial increase of the activity at buried metal-oxide-polymer interface in the vicinity of the defect.

The local thinning of conversion coating on the rough substrate do not mandatory lead to
enhanced underpaint degradation after painting. In some cases, the surface inhomogeneity
related to the initial roughness hinders the effect of the artificial thinning.

LEIM was able to measure in situ the degradation kinetics and distinguish the defects, for
which the interface suffered severe degradation, from the defects, which reached a certain
stability in both terms of the defect size and underpaint reactivity. The measured ranking of
degradation rates by LEIM was confirmed by ex situ high resolution optical observations and 3D
images reconstruction thus validating quantitative LEIM as a tool for the local degradation
guantification for buried interfaces.
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Tables.

Table 1. Chemical composition of the coating detected by XPS in the intact sample and inside an
artificial crater (defect) of 4 mm diameter

Element at. % in intact coating at. % inside the defect
(3 measurements)
Zn 131 131
0 79 £1 80 +1
Ni Not detected Not detected
Cr 8+1 7+1

Table 2. Different types of defects, produced in conversion coating prior to epoxy polymer
application. Parameters used in the Table are defined in the text and in Fig. 1

Individual crater diameter ) Considered
. Craters arrangement in defect zone
Erosion d/um defect
Sample ) — : :
technique Grid size . dimension
Targeted Measured Inter-crater distance /um
Nx N Do/ mm
I No craters - - - - -
A GD-OES 4000 3800+20 - - 3.8
B GD-OES 2000 1800420 - - 1.8
C ToF-SIMS 30 7045 7x7 =49 0.04 0.8
D ToF-SIMS 30 7045 3x3=9 0.04 0.3

Table 3. Capacity of different techniques to detect and describe local thinning in conversion
layer under 10 um thick epoxy coating for the model systems with different lateral size of the
thinned zone.

Detection . . Size Size
Do ) Detection Detection . )
Defect type cathodic quantification | evolution
/mm TLM LEIM
charge LEIM LEIM
3.8 A, single crater v v v v v
1.8 B, single crater v v v v v
0.8 C, grid of craters N X v v X
0.3 D, grid of craters X X X X X
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Figures captions.

Fig. 1. (a) Cross sectional and (b-c) top view schematics of model systems for the parameters
definition. Linear dimension d and depth 0.8 h, where h is the initial conversion coating
thickness) of an individual defect as well as the grid size N x N and the considered initial linear
defect size (D) are shown

Fig. 2. Examples of 3D-microscopy images and corresponding topographic profiles of surfaces
with defect in conversion coating produced by (a) GD-OES (2 mm crater, sample B) and (b) ToF-
SIMS (grid of 49 craters, sample C). The imaging is made before polymer coating.

Fig. 3. Schematic representation of an ageing electrochemical cycle.

Fig. 4. Time Lapse Microscopy images of samples A, B and C (Do=3.8, 1.8 and 0.8 mm,
respectively) at the beginning of first and fourth degradation cycles.

Fig. 5. Examples of (a) OCP evolution during the relaxation stage and (b) potentiostatic current
evolution during cathodic polarization for different cycles as indicated.

Fig. 6. Total charge, passed during cathodic polarization stage of the degradation cycle, as a
function of the cycle number, for the samples with different initial dimension of the defect zone
Do (as indicated) (a) for the samples from the same batch and (b) compared for two batches.
Figure (c) plots cathodic charge as a function of the area of the damaged zone for the first, the
fourth and the seventh degradation cycles.

Fig. 7. Examples of Bode plots (modulus (a) and phase angles (b)) of different samples, recorded

at different ageing cycles, as indicated.

Fig. 8. Evolution of capacitance C, calculated by eq. 1, as a function of the ageing cycle number
for different samples. The samples from the same batch are indicated by the same symbol.
Open symbols are used for the samples with defect (Do=3.8 mm), circles — for the samples
without defect.

Fig. 9. LEIM maps of the local impedance modulus, |Z| in the vicinity of the defects for samples
A, Band C (Do = 3.8, 1.8 and 0.8 mm, respectively) at first and fourth degradation cycles

Fig. 10. Maps of the gradient of the local impedance modulus, Grad |Z| in the vicinity of the
defects for samples A, B and C (Do=3.8, 1.8 and 0.8 mm, respectively) at the first and fourth
degradation cycles. All the values are normalized by the value of the maximum of gradient
through the map.

Fig. 11. Evolution of the LEIM measured size of the defects with degradation cycling for samples
A (Do = 3.8, black squares) and B (Do=1.8 mm, red dots).

Fig. 12. Optical micrographs showing (a) the general appearance of the defect for samples A
(left) and B (right) after ageing procedure (7 cycles) and (b) high resolution images in the center
of the defect for the samples A, B and | with the focus on the top of the polymer coating (left)
and at metal-polymer interface (right).
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Figure 10.
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Figure 12.
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