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In the realm of corrosion protection, Zr-based conversion coatings offer an environmentally friendly, chromate-
free alternative to conventional coating. This study uses advanced X-ray, electron microscopy and electro-
chemical testing techniques to better understand the impact of varying Cu?* ion concentrations on the charac-
teristics of Zr-based coatings on Fe substrates. Our findings demonstrate that within the tested conditions, higher
Cu** additive concentrations at 40 ppm enhance surface characteristics, increasing stability towards anti-
corrosion capability, particularly under NaCl treatment. Conversely, at a lower Cu®* concentration of 20 ppm,
coatings exhibited more significant dissolution of Cu clusters and increased vulnerability to chloride-induced
degradation. X-ray photoelectron spectroscopy and synchrotron X-ray fluorescence (XRF) and X-ray absorp-
tion near edge structure (XANES) spectroscopy analyses revealed Cu** formation in Cu20, while Cu40 retained its
metallic state (Cu®) with a slower reaction rate. Cu20 offers some protection but lacks durability, whereas in
Cu40, lower I oy, and enhance corrosion resistance, making it ideal for protective coatings in salt-water envi-
ronments. This study underscores the importance of balancing Cu®* ions concentration in the coating solution to
optimize performance, highlighting the role of Cu in enhancing both surface properties and long-term stability.

1. Introduction

Our civilization is routinely impacted by corrosion, which degrades
and damages many objects, including automobiles, aircraft, bridges, and
other infrastructure. Based on data from the U.S. Census as of July 1,
2001, the current per capita direct cost of corrosion for citizens of the U.
S. is around $970 per person per year [1]. Steels, Zn-coated (galvanized)
steels, and Al alloys are the primary metals used in the U.S. to produce
goods and facilities in most applications, including industrial infra-
structure [2]. However, corrosion of these metallic parts is of paramount
concern. Researchers have developed various methods to prevent
corrosion, including the application of polymer liners, implementation
of cathodic protection, and use of corrosion inhibitors [3]. Chemical
conversion coatings are recognized as a highly cost-effective technique
for modifying surfaces [4]. Conventional hexavalent chromium (Cr-VI),
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zinc phosphate (Zn3(PO4)2), and trivalent chromium (Cr-III)s are
already available. However, these chromate coatings are highly toxic
and carcinogenic, raising environmental and public health concerns.
Similarly, phosphate (PO3") coatings are responsible for eutrophication
in freshwater [5]. Consequently, researchers have sought to develop
new eco-friendly conversion coatings that can be applied at ambient
temperature while still providing satisfactory protection and cost
savings.

Previous studies have explored eco-friendly coatings and nano-
composites with rare-earth elements like Li and Zr, though few have
shown commercial potential. Recent research focuses on Zr-based
chemical conversion coatings, along with elements like Ce, combined
with Zns(POa)2 post-treatment, showing improved corrosion resistance
performance. However, the process remains time-intensive and is not
ready for widespread industrial use [6,7]. Notably, coatings based on Zr
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have emerged as a superior alternative to traditional options. These
Zr-based coatings are gaining traction in various fields, offering the
possibility of reducing costs related to energy, maintenance, and envi-
ronmental impact. This Zr-based conversion coating is an exciting
alternative as it can provide excellent corrosion protection at a reason-
able price and was first introduced to the automobile industry in 2005
[8]. These coatings are created by submerging a substrate in a chemical
bath, reacting with the metal substrate to coat the surface with a pro-
tective layer [9]. The main goal is to increase the adherence to the
following paint coats that are applied [10]. Hexafluorometallate com-
plexes (such as HyZrFg, NayZrFe, and HyTiFg) inorganic acids are
commonly found in conversion baths, along with additives that control
the mechanism of film formation or adhesion qualities. Hexa-
fluorozirconic acid (H2ZrFe) has been successfully applied on substrates
such as Al alloy, Mg alloy, Zn, and Zn-coated alloys and steels [11-14].
However, hexafluoride carries the impression of giving rise to highly
smooth coating surfaces which have a deteriorating impact on the
cohesion effect of paints [15]. Other surface modification techniques
can give rise to several tangled crystals at the metal top layer, enhancing
the paint bonding strength due to better-interlocking capacity [16,17].
Therefore, combining organic and inorganic additives could be benefi-
cial in enhancing the adhesion of the subsequent paint layer
applications.

Previous research [18,19], has investigated the formation of coatings
and the influence of various inorganic additives, such as Cu, V, and Ce
ions, on different metal substrates. In particular, studies have focused on
the effects of adding Cu* to Zr-based conversion coatings. For example,
Liu et al. explored the role of Polyamidoamine (PAMAM) and Cu addi-
tives in hybrid Zr-based chemical conversion coatings. They identified
an optimal PAMAM concentration of 50 ppm to prevent void formation
and enhance coating adherence. Increasing PAMAM concentrations
reduced the number of Cu clusters without significantly changing their
diameter [19]. Similarly, Adhikari et al. observed that when TecTalis®
coatings were applied to steel, the inclusion of Cu provided better
resistance to delamination, emphasizing the potential of Cu to enhance
the overall performance of Zr-based coatings [5].

Adding cupric ions as inorganic additives can facilitate Cu deposits
on the metal surface [20]. These deposits act as extra cathodic sites for
the reduction process during conversion, accelerating the rise in pH and
boosting the deposition of Zr-hydroxides [20,21]. When used in
appropriate amounts, Cu offers several advantages. For instance, Cu can
enhance the corrosion protection of the coating. In combination with Zr,
Cu forms a passive oxide layer that can protect the underlying metal
substrate from environmental factors, making the coating more resilient.
Additionally, when Cu ions are uniformly distributed, they can create a
vital interface between the substrate and the top layer, improving paint
adhesion and resulting in longer-lasting coatings. However, Cu plays a
dual role in Zr-based conversion coatings, acting as both a beneficial and
a detrimental additive depending on its concentration and deposition
control. Excess Cu in the coating can cause significant problems. It can
lead to large clusters or agglomerates forming on the surface, increasing
surface roughness and non-uniformity. This can impair paint strength,
leading to issues such as peeling or flaking over time. Furthermore, large
Cu clusters reduce the overall durability of the coating, as non-uniform
Cu distribution can create weak points in the coating structure. These
weak points can make the coating more susceptible to damage, short-
ening its lifespan. Another critical issue with excess Cu is its ability to
induce galvanic corrosion [22]. Cu is more electrochemically noble than
many metals, meaning it is less likely to corrode itself but can accelerate
the corrosion of metals like Fe or steel when in contact with an elec-
trolyte (e.g., water). In surroundings with moisture or electrolytes,
excess Cu can cause rapid degradation of the metal substrate. Therefore,
developing Zr-based coating baths that carefully control Cu levels is
essential for optimizing coating performance and longevity.

In addition, these hybrid coatings can be applied on automobile
bodies as a surface pretreatment to prevent degradation as the thick, Zr-
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rich oxide layer acts as a dense barrier, inhibiting electron transfer at the
interface [23]. However, during winter, the most challenging season,
the weather conditions can significantly affect coating conditions and
automobile bodies. To manage winter road maintenance and reduce
pavement slipperiness, chemical materials based on chlorides, such as
NaCl, CaCl,, and their mixtures, are utilized in significant yearly
quantities on roads and streets. These chloride-based salts can lead to the
corrosion of automobiles, roads, and reinforced concrete structures and
the deterioration and deformation of road pavements [24].

In particular, previous research has focused on Zr-based conversion
coatings with Cu?' additives, which showcased how Cu?' enhances
corrosion protection on cold-rolled steel substrates [25]. Studies have
mostly pinpointed the effect of the amount of organic additives in the
solution, its formation mechanism, and its enhancements to improve
coating performance characteristics [26]. This current study delves into
the underexplored effects of varying Cu?* ion concentrations in coating
solutions on the morphology of the coating film and chemical compo-
sition change within the substrate. The aim is to understand how
different Cu** amounts influence the coating, focusing on unraveling the
coating formation mechanism. Additionally, considering the detri-
mental effects of winter conditions, particularly the use of NaCl-based
deicers on coating longevity and vehicle durability, our research eval-
uates coating performance in NaCl environments. The coating samples
were subjected to 3.5wt% NaCl solutions, simulating the application of
road salt during harsh winter conditions. For a detailed analysis, the
coatings were examined using a combination of electron microscopy and
X-ray techniques. This multimodal approach allowed us to understand
the variances in the Cu—PAMAM coatings and the reaction of the
coating with NaCl. Scanning electron microscopy (SEM), focused ion
beam (FIB)-SEM, and high-resolution scanning transmission electron
microscopy (STEM) were utilized to understand the Cu cluster distri-
bution and its size within the coating film. X-ray photoelectron micro-
scopy (XPS) with Ar sputtering depth profiling was used to observe
variations in elemental ratios and chemical composition within the
coating. Moreover, the chemical composition of coatings produced
under various conditions was investigated using X-ray absorption near
edge structure (XANES), and this analysis was further supported by in
situ synchrotron X-ray fluorescence (XRF) microscopy, where the
changes in the X-ray fluorescence signals of chemical elements during
the coating deposition was examined. This research enhances our un-
derstanding of the development of hybrid coating and performance in
salt, which is informed by varying inorganic additive concentrations.
These findings are instrumental in designing advanced surface coatings
tailored to resist winter conditions more effectively.

2. Methods and characterization
2.1. Preparation of thin-film and cold-roll steel substrate

The low-carbon steel (LCS) sheets (1008 CRS) were purchased from
ACT Test Panels. The CRS substrates were cut into 10 x 10 mm? and
polished with SiC papers. Before the coating process, the substrates were
sonicated in isopropanol alcohol (IPA) for 10 min to clean the polishing
residue and any impurities left on the surface. The cleaned substrates
were then dried by compressed air.

The thin-film samples were prepared on cut Si wafer substrates (500
pm, UniversityWafer, Inc., USA) with 10 x 10 mm? in a square at the
Center for Functional Nanomaterials (CFN) at Brookhaven National
Laboratory (BNL). The Si wafer was first cleaned by oxygen plasma for
150 s (Plasmaetch PE-50, 100 watts, 200-350 mtorr). The Fe thin film
was then deposited by electron beam evaporation using Kurt J.Kesker
PVD 75. The 99.995 % high-purity of Fe evaporation material was
adopted. The thin-film deposition process was conducted at a ~5 A/s
rate with a high voltage of 7.8 kV under a vacuum of 1 x 10~ Torr to
grow ~100 nm Fe thin film.
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2.2. Chemical conversion coating solution preparation

The conversion coating solutions were created by combining various
quantities of cu®t (0, 5, 10, 20, and 40 ppm) with a constant quantity of
PAMAM (50 ppm). The sample L.D. is defined as Cu00, Cu05, CulO,
Cu20, and Cu40, corresponding to the Cu?" concentration of the solu-
tion used to prepare the coating. The conversion coating solution is
composed of hexafluorozirconic acid with Cu added as cupric nitrate, Cu
(NOs)2, to keep a Zr content of 50-300 ppm and a PAMAM content of 50
ppm in solution. The pH of all liquids was set to 4.0. Information about
the Zr-based conversion coating solutions has been documented in
earlier publications [18].

2.3. Deposition of chemical conversion coating on the substrate

The pretreatment of the chemical conversion coating process was the
substrate cleaning in an alkaline solution (pH ~ 11.7), Bonderite C-AK
T51 (Henkel Corporation, Madison Heights, MI). The solution, con-
taining potassium hydroxide (KOH), sodium hydroxide (NaOH), sodium
nitrite (NaNOy), and sodium silicate (NasSiO3), was used to clean the
substrate in a 150 ml glassy beaker for 120 s at 48 °C in a water bath and
followed by rinsing in a DI water for 60 s. The as-treated substrates were
then immersed into the hybrid coating solutions for 120 s at 32 °C for the
growth of the coating film. The hybrid coating solution, Bonderite M-NT
1820 with HyZrFg with PAMAM and Cu compound additive, was sup-
ported by Henkel Corporation (Madison Heights, MI). Finally, the
samples were rinsed in DI water for 60 s to wash away the solution
residue and dried with compressed air at an ambient temperature. The
coating formation method is shown in Fig. 1A.

2.4. Characterization of coating film on the surface-SEM, FIB-SEM
STEM, and XPS

Scanning electron microscopy (JEOL 7600F SEM) operating at 5.0
keV accelerating voltage was conducted to characterize the surface
morphology of the coating samples. The SEM images were segmented
using in-house developed Python code to calculate the diameter and the
density of the Cu clusters on the coated samples. A dual-beam scanning

DI water rinse
(1 min)

A) 5mm X 5 mm

Cold rolled steel/
Fe thin film

Sonication in Ethanol
(10 min)

(B)
Sample environment

KB mirrors

XRF detector

free———3

Alkaline cleaning
(48°C, 2 mins)

Applied Surface Science Advances 27 (2025) 100726

electron/focused ion beam microscope (FIB-SEM FEI Helios) was
applied to perform and prepare the cross-sectional image and lift-out
specimen of the coating samples for transmission electron microscopy
(TEM) characterization, respectively. The Pt layer on the top of the
surface coating was deposited as a sacrificial layer for the trimming
process. After multiple steps of thinning the thickness by gallium ion
(Ga™") milling, the lift-out specimen was mounted to the omniprobe lift-
out Mo grids (Ted Pella, Inc.). High-resolution analytical scanning/
transmission electron microscope (S/TEM, FEI Talos F200X) equipped
with high-angle annular dark-field (HAADF) and EDS analysis was
performed to reflect the elemental distribution and the coating profile.
The STEM/EDS analysis was also carried out for the Cul0 and Cu40
coated samples after immersing them in NaCl solution for 24 hrs, and
they were compared with those before treatment with NaCl solution.
The elemental distribution and chemical composition from the surface
inward the inside of the coating was characterized by X-ray photoelec-
tron spectroscopy (XPS) in an ultrahigh-vacuum (UHV) system < 2 x
107 torr equipped with a hemispherical electron energy analyzer
(SPECS PHOIBOS 100) and twine anode X-ray source (SPECSM XR50)
with Al Ka (1486.6 eV) radiation. Argon ion (Arh) sputtering with a 500-
eV kinetic energy was conducted to mill the surface layer by layer with
different sputtering times to observe the elemental atomic ratio and
composition along the various depths. The XPS results, referring to the C
1 s peak at 284.8 eV with Shirley background subtraction, were cali-
brated and fitted using CasaXPS software. All instruments mentioned
above were conducted at the Center of Functional Nanomaterials (CFN)
at Brookhaven National Laboratory (BNL).

2.5. NaCl treatment and in situ synchrotron X-ray fluorescence
microscopy (XRF)

In situ, synchrotron XRF and micro-X-ray absorption near edge
structure spectroscopy (u-XANES) focusing on the Zr, Cu, and Fe K-edge
were conducted with the help of high-resolution X-ray spectroscopy.
This work utilized the submicron resolution capabilities of the syn-
chrotron radiation X-ray (SRX, 5-ID) beamline at the National Syn-
chrotron Light Source II (NSLS-II) located at Brookhaven National
Laboratory (BNL). The X-ray energy used in the experiment was adjusted
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to 19.0 keV to detect fluorescence signals from the various elements- Cu,
Fe, and Zr. For the investigation of a 3.5 wt.% NaCl in situ treatment,
NaCl solution was methodically introduced into the sample, enclosed
within a pouch cell composed of Kapton tape. The NaCl was injected
using a Chemyx syringe pump, which was linked to the cell via an
intricate tubing system. Fig. 1B shows the sample setup for the in situ
synchrotron XRF experiment at the SRX beamline. Fig. 1C shows the
schematic of the sample environment.

XRF elemental mapping was performed before the NaCl treatment to
assess the elemental distribution in the Cu20 and Cu40 samples. The
mapping covered 90 x 90 pm? areas at both the center and corners of the
sample, with a precise step size of 0.25 um. Additionally, smaller ROIs
measuring 20 x 20 pm? were mapped for more detailed comparison and
visualization within the larger regions.

The in situ experiment involved immersing the sample in a NaCl
solution. XRF counts were systematically collected from alternating
smaller regions, each sized at 5 x 2 pm?, at the center and the solution
region. This process aimed to quantify the intensity of various elements
over time at different locations and was repeated 14 times. During the
15th scan, XRF maps from a larger central area of 15 x 15 pm? were
collected to observe changes in morphology over time. The fluorescence
counts for each element from this scan were also plotted to illustrate
their variation. This continuous data collection and measurement cycle
was conducted around the clock, completing 25 cycles on each sample.
The resultant fluorescence counts were plotted as a function of time
using Python codes developed in-house, thereby providing a dynamic
profile of elemental variations and the reaction taking place during the
treatment process.

Post-experiment, additional data was collected from the same loca-
tions where data had been collected before the in situ analysis, the large
90 x 90 pm? regions and the smaller ROIs measuring 20 x 20 pm? at
both the center and corners of the sample, to enable comparison of
morphology before and after treatment.

XANES data were also gathered for both pristine and in situ samples,
before and after the solution injection, at both the corner and center of
the samples. The standard samples for the energy calibration and
reference, such as Cu foil, CuF5, Cu (OH),, CuCl,, CuO, Cus0, ZrO,, and
Fe, were measured in a transmission mode at the same beamline. The
XANES of Cu®" ions in CuCl, solution were also measured at Beamline
for Materials Measurement (BMM, 6-BM), National Synchrotron Light
Source II (NSLS-II) located at Brookhaven National Laboratory (BNL) to
confirm the final state of the Cu after the treatment.

2.6. Electrochemical test

The electrochemical behavior of the base metal and surface com-
posites were studied to understand the corrosion resistance by con-
ducting potentiodynamic polarization (PDP), using the GAMRY
Reference 600+ instrument. A 3.5wt% NaCl solution was used as an
electrolyte. All the testing were performed at room temperature (25 °C)
and static electrolyte conditions. A three-electrode cell setup was used in
a corrosion flask cell for the testing. The test samples were used as the
working electrode (WE), a graphite rod was used as the counter elec-
trode (CE), while the saturated calomel electrode acts as a reference
electrode (RE). All the potentials were measured with respect to the
potential of saturated calomel electrode (SCE), which is 0.242 V vs
standard hydrogen electrode (SHE) potential. An open circuit potential
(OCP) was measured for 25 hrs to condition the sample in the electro-
lytic environment. All the results were analyzed using EClab software.

The PDP test is considered destructive due to changes in surface
chemistry during the experiment. A PDP curve is generated when the
variation in current is monitored with respect to the change in the
voltage applied to an electrochemical system. The plot has two parts: the
cathodic and the anodic polarization curve. The Tafel approximation is
used in the region where the anodic and cathodic polarization curves are
linear. Tafel fit gives corrosion potential (E,,) and corrosion current
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density (Icor) The Eop is the neutral region where the anodic and
cathodic reactions would be in equilibrium. The I, value signifies the
kinetic part of the reaction and provides the corrosion rate in a particular
media.

3. Results and discussion
3.1. Effect of Cu®" ions on the morphology of the coating film

The characteristic surface of the pristine uncoated substrate and the
coated CRS, with increasing concentrations of Cu?t additives in the
coating solution, are shown in Fig. 2A. The size and density of the
clusters have been quantified in Figure S1. Due to the ferromagnetic
nature of the CRS substrate, which interfered with electron microscopy
imaging, Fe thin films were prepared to further investigate the coating
formation mechanism with higher spatial resolution. Fig. 2B shows the
pristine Fe thin film (uncoated) alongside the coated films with varying
Cu* concentrations.

The surface morphology of both CRS and Fe thin film substrates
changes noticeably with increasing Cu®* concentration. At lower con-
centrations of 10 ppm, the coating surfaces on both substrates are
characterized by small, uniformly distributed clusters with no signs of
agglomeration. On Fe thin film, the cluster diameter remains slightly
larger (~0.29 um) compared to CRS (~0.26 um). The cluster density on
CRS is higher, with more clusters evenly spread (~5.56 counts/um?),
while Fe thin film shows a lower count(~1.88 counts/um?), indicating a
denser distribution on CRS. This suggests that the 50 ppm PAMAM
chelating agent effectively controlled the Cu deposition on both sub-
strates, but CRS offers a more uniform and dense cluster distribution.
The high density of amine and amide functional groups in PAMAM al-
lows it to chelate with Cu?* ions, controlling the amount of Cu deposited
in the coating. As the Cu®?" concentration increased the surface
morphology on both substrates changed slightly, with larger clusters
visible on both surfaces. When the Cu?* concentration reaches 20 ppm,
larger clusters of ~0.30 pm size are seen on CRS, while the Fe thin film
(~0.36 um) begins to show more pronounced agglomeration. At 40 ppm
Cu?, the surface morphology is significantly altered on both CRS and Fe
thin film, with bigger size clusters forming and extensive agglomeration
becoming evident. Magnified SEM images of Cu20 and Cu40 are shown
in Figure S2. The surfaces on both substrates become less homogeneous,
and the cluster density decreases significantly (~0.88 counts/um? on
CRS to ~0.55 counts/um? on Fe). The Fe thin film shows more pro-
nounced inhomogeneity and unevenness than CRS, with agglomeration
dominating, as highlighted in the red-circled areas (Fig. 2B). The cluster
count on both substrates is at its lowest, but Fe thin film shows larger
and fewer clusters than CRS. At this point, the 50 ppm PAMAM may no
longer be sufficient to bind the Cu?" ions, leading to uncontrolled Cu
deposition and larger agglomerates on both substrates.

The pristine uncoated CRS substrate exhibits unevenly distributed
surface defects, while the pristine Fe thin film is less rough. Surface XPS
analysis of the pristine Fe thin film confirms the formation of a Fe3O3
layer, consistent with the observed surface texture and similar to the
oxidation patterns typically found in bulk carbon steel substrates
(Figure S3) [27]. The rougher surface of the CRS, as seen in Fig. 2A,
shows more cracks compared to the smoother uncoated Fe thin film in
Fig. 2B. Rough surfaces like CRS provide more defect sites, such as
cracks, grain boundaries, and dislocations, which serve as nucleation
points for Cu?* ion deposition. These defects lower the energy barrier for
nucleation, making it easier for ions to deposit and increasing surface
reactivity. Conversely, smoother surfaces are less receptive to coatings,
as the literature suggests that surfaces with more indentations and
cracks undergo stronger acid reactions, enhancing coating surface
bonding [28]. This explains the better coverage of Cu additives on CRS
than on Fe thin films.

Although the growth rates differ between substrates, Fe thin films are
a good model for analyzing the coating chemistry and internal
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Increasing Cu?* concentration (ppm)

Fig. 2. Surface morphology of different coating samples on CRS and Fe thin film substrates with increasing Cu concentration in the coating solution. (A) CRS
substrate, (B) Fe thin film, and (C) cross-sectional profiles of the pristine Fe thin film and the coated films are indicated by green dashed lines.

microstructure. Fig. 2C shows the cross-section of the uncoated Fe thin
film, which has a uniform thickness of 113 4+ 3 nm. The conversion
coating layer consistently measures ~20 nm in thickness across all
conditions. In the absence of Cu?* (0 ppm), the hybrid coating on the Fe
thin films shows no cluster formation but does exhibit voids (Fig. 2C).
Intense fluoride ions activate and dissolve the surface upon submersion
of the Fe substrate in the solution. These fluoride ions, originating from
HoZrFe, might interact with the Zr oxide layer, permeating the natural
oxide layer on the Fe surface, and resulting in void formation [29].
However, when Cu®" ions are present, its reduction of Cu®" ions to
metallic Cu further facilitates the anodic dissolution of Fe [30],
explaining the more significant void formation observed with 5 ppm Cu.
However, increasing Cu?' concentration can facilitate substrate
passivation by forming protective layers such as CuO or CuyO. This
barrier obstructs fluoride ion access to the oxide layer, mitigating
localized Fe dissolution and reducing void formation. The oxidation of
particles may also occur in the presence of dissolved O or NO [3] ™ ions,
with the role of NO [3] ions extensively investigated in recent research
[31]. The formation of the Cu oxide layer on the coated samples will be
discussed in the following sections.

The size of Cu clusters is also crucial in determining the overall
performance of the coating. At a lower Cu** concentration, smaller Cu
clusters form, providing better surface coverage and uniformity, which
may enhance adhesion. While, larger aggregates increase surface
roughness and non-uniformity, potentially leading to defects such as
cracks or delamination. Therefore, optimizing the Cu®* concentration is
essential to balancing these effects and ensuring adequate corrosion
protection and strong adherence.

3.2. Effect of Cu®>" ions on the chemical distribution of the coating and
internal cluster formation

STEM characterization was performed to examine the effect of
varying Cu?" ion concentrations on the internal microstructure and
chemical distributions within the coated samples. This analysis com-
pares the coating regions with clusters to those without clusters (Fig. 3A-
C) as a function of Cu®>" additive concentration. The results show that
the Cu40 sample contains significantly more Cu in the cluster regions
than Cul0 and Cu20. Zr and Cu are present in the cluster regions, while
the non-cluster regions primarily consist of Zr, with consistently low Cu
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Fig. 3. STEM/EDX analysis of coatings with different amounts of Cu?>* showing the morphology, elemental distribution, and weight ratio profile. (A) Cul0, (B) Cu20;
note the agglomeration of Cu indicated by the white circle, (C) Cu40, and (D) Elemental weight ratio profile on the cluster and non-cluster regions, indicating how Cu

accumulates more in clusters as the concentration increases.
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content across all Cu®* concentrations.

The internal microstructure of the cluster regions reveals Cu-
containing features on the nanometer scale, distributed within a Zr-
rich matrix. This structure aligns with previous studies indicating that
these clusters have a core-like shape composed of Cu and Zr [25]. The Cu
to Zr weight ratio in the cluster and non-cluster region is shown in
Fig. 3D, quantitatively supporting the elemental mapping. Specifically,
as expected, the Cu40 sample has the highest Cu accumulation in the
clusters, with higher Cu®* concentrations in the coating solution. The Cu
to Zr weight ratio increases as Cu concentration rises as shown in
Figure S4, with the cluster regions becoming more Cu-rich. In contrast,
the non-cluster regions maintain a relatively stable Zr-rich composition
regardless of the Cu?* concentration in the coating solution.

The critical insight from this analysis is the effect of Cu accumulation

(A) Cu20
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within the clusters on the properties of the coating. For the Cu20 sample,
a moderate Cu to Zr ratio in the cluster region (0.45:1) suggests a
balanced amount of Cu is deposited. In contrast, the higher Cu to Zr ratio
in the Cu40 sample (1.32:1) leads to the formation of larger Cu aggre-
gates, as seen in the SEM images (Fig. 2). Literature indicates that when
the Cu to Zr weight ratio exceeds 0.7:1, it can form large clusters or
agglomerates, reducing uniformity and negatively impacting over time
[18]. On the other hand, the non-cluster regions exhibit consistently low
Cu to Zr ratios across all samples. This suggests that outside of these
clusters, Cu deposition is well-regulated, with Cu being evenly distrib-
uted in smaller amounts while the rest of the coating remains
Zr-dominant.

(B) Cu40
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Fig. 4. XPS analysis of coated samples at the surface and after 40 min of Ar sputtering. (A) Cu20, (B) Cu40, (C) Cu to Zr weight ratio profile, and (D) CuO to Cu (or

Cu,0) weight ratio analysis at different sputtering times.
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3.3. Evolution of atomic ratio and chemical composition along the depth
direction

The utilization of XPS provided detailed insights into the variations
in chemical composition with different concentrations of Cu. Specif-
ically, the investigation focused on how these variances affect the for-
mation and distribution of Cu compounds throughout the coating layers.
To determine the Cu oxidation states at the surface and in the inner
region, the Cu 2p XPS peaks for Cu20 and Cu40 were deconvoluted.
Fig. 4A-C shows the Cu 2p fitted XPS spectra of Cu20, and Cu40 samples
at the surface and with 40 min of Ar sputtering.

The fitting parameters for Cu 2p3,2 in Cu20 and Cu40 are detailed in
the Table S1. In XPS, more extended Ar sputtering periods progressively
remove surface material, allowing investigation into deeper coating
layers. Figure S5 shows the XPS spectra from Cu20 and Cu40 samples
sputtered for 20 mins. At the surface (0 min sputtering), the Cu 2p,,,
peak for both Cu20 and Cu40 is identified at 933.3 + 0.1 eV, accom-
panied by a satellite peak near ~942.0 eV, characteristic of Cu(Il) oxide
(CuO) [32], indicating a higher oxidation state of Cu at the surface. After
40 min of sputtering, however, the peak shifts to 932.5 + 0.1 eV, cor-
responding to Cu(0) or Cu(l). This shift suggests a reduction in the
oxidation state of Cu as the analysis moves deeper into the coating. As
shown in Table S2, the area and % concentration of the Cu(II) compo-
nent are higher at the surface (0 min sputtering) for both samples
compared to after 40 min of sputtering. Conversely, the concentration of
Cu(0) or Cu(l) increases as the XPS analysis progresses towards the
coating-Fe interface. Notably, after 40 mins of sputtering, both samples
exhibit a decrease in the Cu(Il) signal; however, Cu40 appears to retain
more Cu(Il) than Cu20, as indicated by the % concentration column in
Table S2. This observation could imply that the CuO layer in Cu40 is
thicker and is present in a slightly deeper region of the coating than in
Cu20. The comparison between Cu20 and Cu40 indicates that Cu40
retains a stronger CuO signal even after sputtering, suggesting more
pronounced surface oxidation in Cu40.

The concentration of Cu in the coatings did not directly alter their
chemical characteristics. Oxidized Cu species on the surface could arise
from two different plausible processes. The first involves directly
incorporating Cu(Il) ions from the treatment solution. Alternatively,
these oxidized states could result from the subsequent oxidation of
initially deposited elemental Cu(0). During the cathodic reduction in the
coating deposition, Cu* ions gain electrons, converting to metallic Cu(0)
through the reaction: Cu** + 2e- — Cu. These Cu particles could then
undergo oxidation in the presence of dissolved Oz or NOs™ ions. Notably,
recent studies have highlighted the role of nitrate ions in facilitating
such oxidation processes, potentially leading to the formation of CuO
[20,25]. The higher amount of metallic Cu or CuzO in the thin film
compared to the surface suggests a gradient in Oy availability, which
inherently limits the extent of further oxidation within the coating.
Given the complex interplay of chemical and electrochemical reactions
in this system and the variety of Cu species identified, the second
hypothesis—that Cu(0) undergoes oxidation after deposition—appears
more plausible for explaining the predominance of detected Cu(Il).

Furthermore, the Cu to Zr atomic ratio analysis at different sputter-
ing times highlighted another aspect of the chemical behavior of the
coating. Fig. 4C and D show the Cu to Zr and CuO to Cu (or Cuz0) ratios
for Cu20 and Cu40 at various sputtering times, respectively. As sput-
tering time increased, the Cu to Zr ratio also increased from the surface
to the inner regions of the coatings, indicating that Cu species formation
is more dominant in the initial stages of the coating process. This trend
was observed in both Cu20 and Cu40 samples. Additionally, the Cu40
sample, which had a higher concentration of Cu®* ions in the solution,
exhibited a higher Cu to Zr ratio than Cu20, suggesting that more Cu was
deposited on the substrate when a higher concentration of Cu?* ions was
present. The CuO to Cu (or Cuz0) ratio decreased from the surface to the
inner layers, further supporting the reduction in the oxidation state of Cu
as the analysis moved deeper into the coating. This trend is consistent
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with observations in many studies of Cu-based coatings or oxides, where
CuO is typically found on the surface due to its higher stability in the
presence of oxygen, while Cu20 (Cu(I)) and metallic Cu are more com-
mon in the subsurface or bulk regions where Oy penetration is limited
[32-35]. The higher initial CuO to Cu (or Cu20) ratio observed at the
surface in Cu40 indicates that surface passivation is more pronounced
than Cu20.

CuO is well-documented for its corrosion-resistant properties, pri-
marily because it forms a passivation layer that protects the underlying
metal from further oxidation [36]. This suggests that the Cu40 coating
may offer better initial oxidation resistance due to a thicker or more
extensive oxide layer on the surface, which could act as a protective
barrier [37]. The study revealed a layered, where clusters were found to
have a core of metallic Cu surrounded by an oxidized exterior.

3.4. Surface morphology and Cu compositions change of the coating in
NaCl solution

The behavior of Cu and Zr in response to NaCl exposure provides
critical insights into the performance of these conversion coatings under
saline conditions. The influence of NaCl on the internal microstructure
and chemical distribution was characterized by STEM/EDX analysis. In
the CulO sample (Fig. 5A), a notable difference is observed in the
morphology of the coatings before saline and after immersion in NaCl
for 24 h. Before treatment, the clustered regions exhibit a homogeneous
distribution of Cu and Zr. After exposure to NaCl, the selective disso-
lution of Cu becomes evident, leaving behind a predominantly Zr-based
matrix.

The dissolution of Cu from these regions indicates its susceptibility in
chloride-rich environments while Zr remains intact, protecting against
further corrosion. Zr, known for its strong affinity for oxygen, forms a
stable, dense, and impermeable oxide layer (ZrO2) on its surface when
exposed to air or water [38]. Cu is a reactive metal that readily un-
dergoes oxidation in the presence of chloride ions [39]. The decrease in
Cu weight percentage after immersion may indicate the formation of
corrosion products. Additionally, Fe redeposition was observed on the
surface of the coating after treatment. When the Fe substrate interacts
with NaCl, the chloride ions (Cl") play a crucial role due to their
aggressive nature, particularly in penetrating protective oxide layers.
However, in this case, the ZrO: layer remained relatively stable in the
saline environment, preventing Cl- ions from penetrating the protective
barrier. The attack appears to originate from the backside of the sub-
strate, as the Fe thin film was deposited on a Si wafer. Some solution may
have seeped through defects that likely arose during the deposition
process, allowing it to reach the substrate and partially dissolve the Fe
layer. This dissolution suggests that Fe may be oxidized to Fe?* ions at
anodic areas on the metal surface, releasing electrons. Oxygen is
reduced in water at cathodic areas, and these electrons produce hy-
droxide ions. These hydroxide ions combine with Fe* to form Fe(II)
hydroxide, which, with sufficient oxygen, transforms into magnetite, a
more stable corrosion product [40,41]. The resulting Fe oxides can then
travel through the solution and may redeposit onto the surface of the
coating, forming a new layer atop the original coating [42]. This process
is evident in Cul0 and Cu40 samples (Fig. 5B), where Fe redeposition is
visible on the surface post-immersion. Figure S6 further quantifies this
phenomenon, showing that post-immersion, the Cu to Zr weight ratio in
both the clustered and non-clustered regions approaches zero. The sig-
nificant reduction in Cu content across the coating corroborates the EDS
results, which reveal the near-complete dissolution of Cu from the
coating after 24 h in the NaCl solution.

3.5. In situ XRF microscopy and XANES analysis of concentration
evolution of the coating in NaCl solution

In situ, XRF microscopy and XANES studies were conducted to
elucidate further the chemical changes occurring within the coating
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Fig. 5. STEM/EDX analysis of coatings before and after NaCl solution immersion in cluster and non-cluster areas. (A) Cul0, and (B) Cu40.
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Fig. 6. XRF mapping of Cu, Zr, and Fe distribution before and after NaCl immersion in the central and corner regions of the samples. (A) Cu20 sample, and (B) Cu40
sample. The green and orange highlighted areas in (A) and (B) represent specific small ROIs designated SROI 1 and SROI 2 for in-depth analysis. These SROIs are
depicted in Figure S7 and Figure S8A for Cu20 and Figure S9 and Figure S10A for Cu40, respectively, for a comprehensive elemental comparison. Some agglomerated
Cu species are highlighted in white circles in (A). The blue circle in (B) marks the area showing the removal of Cu. The red inset refers to the location where
fluorescence counts were collected from the solution region, with results shown in Figure S11A.
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during NaCl exposure. The Cu20 and Cu40 samples were compared to
gain insights into how varying Cu concentrations influence the protec-
tive efficacy of the coatings against salt-induced corrosion. Fig. 6A
shows the XRF mapping of Cu, Zr, and Fe in the Cu20 sample, high-
lighting differences between the pristine and treated conditions at both
the center and corner of the sample. Qualitatively, Cu clusters were
reduced in the central region after NaCl immersion compared to the
pristine state. This reduction indicates that Cu dissolution occurred,
leading to the formation of ions or corrosion products, redeposited as
agglomerates on the sample, as highlighted by the white circles. The
underlying mechanism for this process will be discussed later in this
section. In contrast, Zr showed no noticeable alterations in its quantity
or structure before and after NaCl treatment.
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However, a modest increase in Fe intensity was observed at the
center of the sample, likely due to the redeposition of Fe compounds
after reacting with NaCl, resulting from an attack on the unprotected
backside of the substrate. These findings are consistent with the results
from the STEM/EDX analysis. For the Cu40 sample shown in Fig. 6B, Cu
counts increased overall in the pristine condition, reflecting the higher
concentration of Cu?* ions in the coating solution than Cu20. After NaCl
treatment, a significant decrease in Cu XRF counts was noted, particu-
larly in the regions highlighted by the blue circle, indicating the loss of
Cu additives. However, unlike in Cu20, no signs of agglomeration were
found in Cu40. Similar to Cu20, Zr showed no changes in Cu40 as well.

The in situ XRF maps in Fig. 7A illustrate the evolution of Cu distri-
bution in the Cu20 sample during NaCl treatment. Each map

(B) ~ 400
350
300
250

200

Fluorescence counts (arb.u

150 T
0 100 200 300 400

Time (minutes)

.
=
N
v
o
o

Fluorescence counts (arb.u)

w
o
o

H
w
o

H
o
o

w
w
o

w
o
o

N
%
o

N
o
o

0 100 200 300 400
Time (minutes)

(F) 1.2
. 0.9
L”:): Center L1- After in situ
> Center L2- After in situ
§ 06 Corner L1- After in situ
= ] —— Corner L2- After in situ
E - === Cu foil
o
z

0.3+

0.0 ; . .

8970 9000 9030
Energy(eV)

Fig. 7. In situ monitoring of the Cu and its morphological changes in 3.5 wt.% NaCl for 500 mins using XRF microscopy and XANES. (A) and (C) In situ XRF maps for
Cu20 and Cu40 samples, respectively, showing the morphological changes of Cu. White circles indicate notable aggregations of Cu, (B) and (D) Corresponding time
evolution graphs displaying the total XRF fluorescence counts of Cu as a function of time for each XRF map in (A) and (C), respectively; each data point, labeled a - x,
corresponds directly to the respective subpanels in (A) and (C). (E) XANES of Cu20 at center, and (F) XANES of Cu 40 at center and corner locations.
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corresponds to a specific time point in the evolution profile shown in
Fig. 7B, which tracks Cu counts over time. The green inset in Figure S8A
indicates where the in situ XRF maps for all elements were collected,
while the white inset marks the sample region where fluorescence
counts were gathered, with results detailed in Figure S11B. An overview
of the in situ XRF mapping location is provided in Figure S8B.

Initially, Cu counts were low, but as time progressed, the counts and
the size of Cu clusters increased (see maps "a’ and ’i’ in Fig. 7A). These
clusters, highlighted with white circles, later decreased both count and
size (compare maps ’s’ and ’'x’). This behavior suggests a dynamic
process where Cu was initially dissolved into the solution and rede-
posited at the center. The cyclical pattern of Cu concentration observed
supports a recurring mechanism of dissolution and redeposition. This is
further corroborated by the evolution of Cu counts in the solution and
sample regions, as shown in Figure S11A and B. Initially, the Cu con-
centration in the solution region was higher, decreasing around 100 min
before rising again. Conversely, in the sample region (Figure S11B), Cu
concentrations were low initially but increased after 100 min, indicating
redeposition onto the sample surface. This cyclical variation in Cu dis-
tribution strongly suggests a repeated dissolution-redeposition mecha-
nism: Chloride ions can cause significant corrosion in Cu because they
tend to create an unstable layer of Cu(I) chloride (CuCl) and form soluble
complexes such as Cu(Il) chloride (CuCly) and Cu(I) chloride (cucl3H)
[43]. Cu undergoes a dissolution-precipitation process, forming Cu(II)
chloride (CuClz) [44]. In chlorinated environments, the typical reaction
that occurs on the surface of Cu is the reduction of oxygen, which is the
cathodic processes described by reactionl (R1). This typically results in
a slight elevation in the pH of the solution. On the anodic side, the
oxidation of metallic Cu to Cu(I) occurs, as shown in R2 [45]. The Cu(I)
ions then combine with chloride ions to form an unstable and insoluble
layer of CuCl, as represented by the R3. This Cu chloride complex is
short-lived and has limited solubility in water. It quickly transitions into
a soluble Cu chloride complex, acting as a corrosive agent on the Cu
surface. The instability of this layer results in its transformation into a
soluble complex [CuClz] -, as described by R4. These soluble complexes
do not remain on the surface; instead, due to their higher concentration
at the surface relative to the bulk solution, they diffuse away into the
solution. The soluble CuCl [2]~ can further oxidize into Cu(II) ions via
R5, perpetuating the ongoing dissolution of Cu. This mechanism likely
explains the cyclic process observed in the Cu deposition and removal.

O, + 2H,0 + 4e >40H RD
Cu—Cu' +e” (R2)
Cu't + Cl” = CuClinsouple (R3)
CuClinsotupie + CI”—[CuCly ] .- R
[CuCL] = CU>" +2C1 + e (R5)

The in situ XRF maps of Cu evolution for Cu40 are shown in Fig. 7C.
Compared to Cu20, Cu40 exhibited less variation in Cu distribution over
time, with no significant morphological changes observed. Although a
decrease in Cu was noted over time, as indicated by the time evolution
plot in Fig. 7D, a similar cyclic trend of removal and redeposition may
also occur in the Cu40 sample. However, due to the higher initial con-
centration of Cu in the Cu40, these changes likely take longer to become
apparent, suggesting a slower reaction rate in Cu40 than in Cu20.

XANES analysis was performed, with the Cu K-edge spectra for the
Cu20 sample shown in Fig. 7E. The initial state of the pristine Cu20
sample indicated a metallic state of Cu, with the XANES spectrum
matching that of Cu foil. After 500 min of NaCl exposure, XANES spectra
were collected from two locations (L1, L2) in the center of the sample, as
marked in Figure S12. Post-treatment analysis revealed changes in the
Cu state at the center, prompting further investigation to determine if
these changes were due to the formation of Cu compounds such as CuFz,
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Cu(OH)2, CuClz, or Cu?** ions. All the Cu standards are shown in
Figure S13. The spectra obtained resembled those of Cu** ions, as
depicted in Fig. 7E, which can be explained by the earlier reaction
mechanisms (R5). It was concluded that Cu transitioned from the
metallic state (0) to the +2 oxidation state following NaCl exposure. In
contrast, the XANES spectra for Cu40, shown in Fig. 7F, exhibited no
changes in Cu compounds at either the center or corner locations. The
post-treatment state remained metallic at both positions, further sup-
porting the slower reaction rate in Cu40, which was also evident in the in
situ XRF maps. The specific locations where the XANES data were
collected after treatment are indicated in Figure S12.

The in situ XRF map tracking Zr evolution in the Cu20 sample is
presented in Fig. 8A, with the corresponding counts versus time plot
shown in Fig. 8B.

The XRF maps confirm the stability of Zr, as no changes in its
morphology were detected throughout the NaCl immersion. The in-
crease in the Zr signal over time is likely due to the dissolution and
diffusion of Cu into the solution, allowing a more significant amount of
the X-ray beam to penetrate the Zr-containing coating near the sub-
strate. Furthermore, as Cu attenuates less Zr XRF signal, more Zr signal
reaches the detector. For the Cu40 sample, the in situ XRF maps are
depicted in Fig. 8C, and the associated time evolution is displayed in
Fig. 8D. Both the Cu20 and Cu40 samples showed that Zr remained
highly stable, with no evident morphological shifts following
immersion.

The XANES spectra for Zr at the center of the Cu20 sample (Fig. 8E)
align with the ZrO: standard, confirming that the chemical composition
of the coating is ZrOz. This finding is supported by the XPS Zr 3d core
level spectrum, presented in Figure S14, which includes a fitting of
doublets. The binding energy for the Zr 3d5/2 electron was measured at
~182.7 eV, aligning with the values expected for ZrO,. Consistent with
previous findings, ZrO2 remained unchanged after NaCl exposure in the
Cu40 sample, as illustrated in Fig. 8F, further confirming the stability of
Zr compounds under these conditions.

Fig. 9A presents the in situ XRF analysis of Fe within the Cu20 sample
over time, with the corresponding Fe fluorescence counts plotted in
Fig. 9B. This quantitative data suggests an increase of the Fe signal at the
center of the sample, indicating either the exposure of a Fe-rich substrate
or the redeposition of Fe compounds on the surface as corrosion prod-
ucts. An XANES analysis was conducted to verify these observations.

Following the in situ treatment, XANES analysis of the Cu20 sample
center revealed that Fe remained metallic, consistent with the Fe foil
standard (Fig. 9E). This suggests that the Fe in these regions did not
undergo oxidation and was effectively protected by the ZrO: layer.
However, at the corners of the sample, the formation of Fe-0s was
observed. This indicates that corrosion was likely initiated from the
unprotected backside of the Fe substrate, where exposure to the saline
environment allowed for oxidation over time. The resulting Fe:z0s,
formed as a corrosion product, may have migrated through the solution
and deposited onto the surface. Similarly, the Cu40 sample (Fig. 9F)
exhibited a non-uniform distribution of Fe across the sample. Both the
corner and center locations displayed heterogeneity, with a mixture of
Fe and Fe:0s in different areas. This non-uniformity can be attributed to
the backside attack mechanism discussed for Cu20, where Fez0s forms
and migrates to the surface. At the same time, the Fe directly beneath the
ZrO: layer remains protected in its metallic state.

3.6. Electrochemical analysis of Cu20 and Cu40

To further elucidate the electrochemical stability and corrosion
resistance of Cu-incorporated Zr-based conversion coatings, PDP mea-
surements were conducted on Cu20, and Cu40 samples (Fig. 10). The
PDP curves provide further insight into the corrosion mechanisms of
Cu20 and Cu40 coatings. The corrosion potential (E,) and corrosion
current density (I.,) from PDP results serve as critical indicators of the
thermodynamic stability and kinetic corrosion rates, respectively, and
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Fig. 8. In situ monitoring of the Zr and its morphological changes in 3.5 wt% NaCl for 500 min using XRF microscopy and XANES. (A) and (C) In situ XRF maps for
Cu20 and Cu40 samples, respectively, showing the morphological changes of Zr, (B) and (D) Corresponding time evolution graphs displaying the total XRF fluo-
rescence counts of Zr as a function of time for each XRF map in (A) and (C), respectively; each data point, labeled a - x, corresponds directly to the respective
subpanels in (A) and (C), (E) XANES of Cu20 at the center, and (F) XANES of Cu 40 at the center and corner location.

were obtained from the PDP results using Tafel plots (Table S3). The
Cu20 exhibited the most negative E, value, signifying its high sus-
ceptibility to corrosion in chloride-rich environments. Furthermore, its
I.orr value was higher than that of the Cu40, confirming an accelerated
corrosion rate. In contrast, Cu40 coatings exhibited a shift towards a
more positive E.,, indicating enhanced thermodynamic stability and
resistance to electrochemical dissolution. Cu40 displayed the highest
Eorr and the lowest I o

The electrochemical differences between Cu20 and Cu40 coatings
also correlate with the dissolution-redeposition mechanisms observed
via in situ XRF and XANES studies. The higher I, in Cu20 indicates a
faster dissolution rate of Cu clusters, leading to a dynamic process where
Cu species dissolve into the electrolyte and partially redeposit. This is
corroborated by in situ XRF, which revealed periodic fluctuations in Cu
concentration over time, suggesting a continuous cycle of Cu dissolution
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and redeposition. Conversely, Cu40 demonstrated a more stable Cu
distribution, with no significant redeposition cycles observed, indicating
that Cu clusters in Cu40 remain more chemically stable and less prone to
dissolution.

While Cu20 provides some level of corrosion protection, its suscep-
tibility to faster Cu dissolution limits its long-term durability. In
contrast, Cu40, with lower I.,, and stable Cu oxide formation, offers
enhanced corrosion resistance in chloride-rich conditions. Future
studies could be further conducted with electrochemical processes and
kinetic factors influencing the Cu behaviors, coupled with the syn-
chrotron analysis.

The surface morphology of the NaCl-treated samples was charac-
terized by SEM analysis, as shown in Figure S15. In Figure S15A, the
Cu20 sample exhibited the presence of cracks, along with white flake-
like reaction products deposited on the surface, indicating the
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Fig. 9. In situ monitoring of the Fe and its morphological changes in 3.5 wt.% NacCl for 500 min using XRF microscopy and XANES. (A) and (C) In situ XRF maps for
Cu20 and Cu40 samples, respectively, showing the morphological changes of Fe, (B) and (D) Corresponding time evolution graphs displaying the total XRF fluo-
rescence counts of Fe as a function of time for each XRF map in (A) and (C), respectively; each data point, labeled a - x, corresponds directly to the respective
subpanels in (A) and (C), (E) XANES of Cu20 both at the center and corner, and (F) XANES of Cu 40 at the center and corner location.

disintegration of the Cu clusters. These findings are consistent with the
XREF results, which demonstrated changes in the Cu clusters. In contrast,
the surface morphology of the Cu40 sample, depicted in Figure S15B,
showed less damage to the clusters and a smaller amount of corrosion
products deposited on the surface. This observation suggests that the
Cu40 sample exhibits more excellent stability in the NaCl environment.
The increased stability observed in Cu40 can be attributed to the higher
Cu content, which appears to prolong the time required for reactions to
occur in the saline environment.

3.7. Formation mechanism ZrOg -based conversion coatings along with
Cu?* additive and its behavior in the saline environment

The proposed formation mechanism for hybrid Zr-based conversion
coatings on Fe substrates with varying Cu** concentrations emphasizes
the interaction between Cu?* ions and PAMAM dendrimers. During the
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conversion process, the Fe substrate is immersed in a fluoride-containing
solution, activating the surface by dissolving the existing metal oxide.
This increases the pH at the interface, facilitating the deposition of ZrO-
on the surface through the reaction: - ZrFZ + 40H™ — Zr05-2H,0 +
6F . PAMAM, with its numerous functional amine groups, binds effec-
tively with Cu®** ions, forming stable coordination complexes [46] as
illustrated in Fig. 11. The complexation involves [Cu(H20)e]** tran-
sitioning into a coordination bond with the nitrogen atoms in PAMAM.
The number of Cu* ions encapsulated is proportional to the amine
groups in the dendrimer. As the PAMAM concentration increases in the
solution, more Cu® ions are encapsulated, improving the control over
Cu deposition. This leads to more stable Cu-dendrimer complexes,
enhancing the corrosion resistance of the material and coating stability.
After complexation, any unbound Cu?* ions undergo rapid reduction at
the cathode, forming larger Cu® clusters: Cu® clusters (Cu*+2e >Cu?).
These Cu® clusters, upon exposure to air, develop a protective oxide
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Fig. 10. Potentiodynamic polarization curves collected on Cu20 and Cu40.

layer while maintaining Cu® in the inner shell, as evident from Fig. 4.
Upon treating the conversion coatings with NaCl, the ZrO: layer remains
intact, acting as a chemical and physical barrier that resists chloride ion
penetration, thereby protecting the Fe substrate from corrosion. The
stability of ZrOq against chloride ions is attributed to its dense and
tightly packed atomic structure, which prevents ions like Cl- from
penetrating or reacting. Unlike reactive metals, ZrO2 does not form
soluble complexes with Cl- due to its low reactivity and high bond en-
ergy, remaining stable under typical NaCl conditions: ZrO,+Cl —No
reaction [47]. At lower Cu** concentrations, Cu oxidizes to Cu® to Cu®,
likely through a dissolution-precipitation cycle of diffusible CuCla:
Ccu®+2Cl-—CuCl [2]- where the surface Cu° is converted to Cu?*.
Cu* ions and PAMAM play essential yet distinct roles in forming
hybrid Zr-based conversion coatings. PAMAM controls the growth and
deposition of Cu clusters by binding to Cu** ions, ensuring uniform Cu
distribution and preventing agglomeration. Cu®* plays a crucial role in
the formation of the hybrid conversion coating by influencing the
deposition kinetics, morphology, and chemical reactions during the
process. It enhances surface characteristics by forming protective oxide
layers (CuO) without significantly affecting the overall coating thick-
ness. When complexed with PAMAM, Cu?** undergoes reduced cathodic
reactions, which mitigates Fe substrate dissolution and limits the for-
mation of voids beneath the oxide layer. Additionally, Cu®* impacts the
precipitation of ZrO: by altering the pH and regulating the free Cu** ions
in the solution, ultimately enhancing the uniformity of the coating. This

ZrfF6, + 40H' — Zr0,2H,0 + 6F~

C *+2¢-— Cu

3
Fe substrate

Fig. 11. Schematic illustration of the coating formation with Cu**
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balance between surface modification and bulk growth highlights the
complementary roles of PAMAM and Cu? in optimizing the perfor-
mance of the coating.

4. Conclusion

This study demonstrates how organic and inorganic additives influ-
ence Zr-based conversion coatings, particularly the role of Cu®** con-
centration in modifying coating morphology, adhesion, and corrosion
resistance. Increasing [Cu?*] from 20 to 40 ppm in the treatment solution
led to larger cluster diameters and reduced cluster density, with signif-
icant agglomeration at higher concentrations due to the limited
complexation ability of the 50 ppm PAMAM chelating agent. While Cu®*
altered the surface chemistry, it had minimal impact on overall coating
thickness under these deposition conditions. Cu20 provided a balance
between adhesion and corrosion protection, while Cu40 resulted in
excessive Cu agglomeration, potentially affecting adhesion. XPS and
STEM/EDX analyses revealed a stratified Cu cluster structure, with an
outer CuO layer and a metallic Cu core, which selectively dissolved in
NaCl, leaving the Zr oxide layer intact to protect the Fe substrate. XRF
and XANES further confirmed that Cu?®* plays a key role in corrosion
behavior, with Cu20 forming corrosion byproducts, while Cu40 retained
more metallic Cu, exhibiting a slower reaction rate. The study highlights
the trade-offs between adhesion, surface uniformity, and corrosion
resistance, emphasizing the importance of optimizing Cu®** concentra-
tion to enhance coating performance. By fine-tuning the relative ratio of
Cu additives, the hybrid Zr-based conversion coating benefits from both
organic and inorganic additives, offering improved surface properties.
This method requires no additional energy, high costs, or complex post-
treatments, making it an environmentally friendly, water-based alter-
native to traditional chromate-based corrosion inhibitors.

Supporting Information

The diameter of the clusters function of Cu?>* concentration (5, 10,
20, and 40 ppm) based on the SEM images of the samples on both the Fe
thin film and CRS substrate. XPS of pristine Fe thin film at the surface.
Fitting parameters for Cu 2p3,2 XPS in Cu20 and Cu40. XPS fitting pa-
rameters for the different components of the Cu 2p3/2 peak in Cu20 and
Cu40. XPS of the coated surface with 20 min Ar sputtering time.
Elemental distribution after NaCl treatment for 24 hrs. in the cluster and
the non-cluster region for Cul0 and Cu40 samples. XRF of SROI1 for
Cu20 sample. XRF mapping of SROI2 in Cu20 sample. XRF SROI1 of
Cu40 shows Cu, Zr, and Fe distribution on the coated sample at pristine
and treated conditions at the center location. XRF mapping of SROI2 in
Cu40 sample. Time evolution plots of Cu20 sample for Cu. Locations
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where Cu, Zr, and Fe XANES were collected for the two different loca-
tions for Cu20 (center) and Cu40 (center and corner). Cu standards. Zr
3d XPS peak of samples (A) Cu20, and (B) Cu40 shows the presence of
ZrO,. SEM images showing the surface morphology of the samples after
3.5 wt% NaCl treatment. Eq. (R1)-(R5)
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