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Highlights

What are the main findings?

e The DLC/a-Si:H coating on C90300 bronze yielded a 97% initial corrosion
protection efficiency.

e  The coated bronze showed polarization resistance up to 122 times higher than the
bare alloy.

e  Mott-Schottky analysis suggested distinct semiconducting contributions within the
DLC/a-5i:H system.

e  Reduced cathodic activity may involve physical barrier effects and restricted interfacial
electron transfer.

e DLC stabilizes friction, but wear resistance is limited due to delamination mechanisms.

What are the implications of the main findings?

e  The DLC film acts as a robust physical barrier in aggressive chloride-rich environments.

e  The coating suppresses cathodic electrochemical activity, potentially through combined
barrier effects and restricted interfacial electron transfer.

e Both anodic dissolution and cathodic reaction rates on the bronze surface are
largely reduced.

Abstract

This study investigates the corrosion protection of amorphous hydrogenated diamond-like
carbon (DLC) films over C90300 bronze alloy (Cu-Sn-Zn) in chloride-rich environments. To
overcome poor adhesion between copper and carbon, we used an amorphous hydrogenated
silicon (a-Si:H) interlayer via modified pulsed DC PECVD. Raman spectroscopy and spec-
troscopic ellipsometry characterized the DLC layer, revealing a thickness of approximately
177 nm and an estimated hydrogen content of 35.2 at%. Electrochemical evaluation in a
3.5% NaCl solution over 30 days showed that the DLC coating provides a strong barrier
effect, achieving an initial protection efficiency of 97% and polarization resistance (Rp) up
to 122 times higher than the bare alloy. Cathodic polarization measurements demonstrated
reduced cathodic current densities for the DLC-coated bronze, consistent with suppression
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of oxygen reduction under aerated conditions. Mott-Schottky analysis suggested that
the electronic properties of the multilayer coating may contribute to restricted interfacial
electron transfer, in addition to its physical barrier effect. Tribological tests indicated that
the DLC coating reduced and stabilized the coefficient of friction (~0.50), although the
coated system exhibited more extensive wear-track damage, potentially involving coating
rupture, material transfer, and third-body abrasion. These findings demonstrate the poten-
tial of DLC coatings to enhance the corrosion resistance of bronze, although the progressive
decrease in electrochemical protection during prolonged immersion highlights the need for
further optimization of coating durability.

Keywords: DLC coatings; bronze; corrosion protection; oxygen reduction reaction;
electrochemical impedance; Mott-Schottky

1. Introduction

High-tin bronzes, such as C90300, have special properties, including high corrosion
resistance in chlorides and low friction, and therefore have a wide range of applications,
such as electrical wiring, heat exchange, coinage, weapon production, statues, and orna-
ments [1,2]. This versatility stems from their high ductility, hardness, low melting point,
high corrosion resistance, and non-magnetic properties [1-3]. Copper-tin alloys, commonly
known as bronze, can also contain zinc (Zn), lead (Pb), and phosphorus (P) [2,4-8]. Bronze
alloy composition matters because different elements impart different characteristics, such
as metal and patina color, alloy value, and casting method [8]. For example, Tin (Sn)
increases hardness; 4%-10% tin increases wear resistance and hardness, while Pb improves
pourability [7]. Copper alloys with 4%—-8% tin produce bronzes that are not only highly
corrosion-resistant but also aesthetically appealing, making them particularly valuable in
cultural heritage [8-10].

Bronze alloys are widely used in tribological systems because they combine low
friction coefficients with high wear resistance, especially in sliding contacts under severe
mechanical conditions. Their tribological performance depends on alloy composition and
microstructure: graphite or lead phases reduce friction by promoting lubricating transfer
films, while Sn and Ni improve hardness, strength, and wear resistance [11,12]. In Cu-
Sn bronze coatings, balancing hardness and toughness minimizes counterface wear and
reduces the risk of coating delamination, making bronze particularly suitable for friction
pairs such as bearings, pistons, and hydraulic pump components [13].

When exposed to the natural environment, metallic substrates gradually degrade,
forming layers of corrosion products with distinct compositions and structures [14]. In
bronze-based artifacts, these corrosion products are known as patina [15,16]. Natural
patinas typically form on artifacts exposed to the atmosphere, water, seawater, or soil for
extended periods [17]. Pollution (smoke, particulate matter, acid rain), bird excrement,
other living organisms, thermal shock, and vandalism can also significantly contribute to
the degradation of bronze structures [9]. Patina chemical compositions are diverse, but
they generally consist of copper oxides (cuprite—Cu,O ruby red; tenorite—CuO black),
carbonates (malachite—Cup,CO3(OH), green), hydroxychlorides and chlorides (atacamite
and paratacamite—Cuy(OH)3Cl dark green, nantokite—CuCl green), sulfates and sul-
fides (brochantite—Cu4SO4(OH)s emerald green or black, antlerite—Cu3(SO4)(OH)4 green,
chalcocite—Cu,S gray) [9,13,14]. However, certain conditions can destabilize the patina,
accelerating bronze corrosion and degradation, and causing irreversible damage [16-20].
The interaction between copper, chloride, moisture, and oxygen in the air drives a cyclic
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degradation process known as bronze disease [10,14,20]. The corrosion products are mostly
basic copper chlorides, which are powdery, voluminous, and prone to crumbling on the
surface. These corrosion products can disfigure the object, and light exposure can accelerate
the process [16,20]. Chloride ions react with copper to form nantokite (CuCl) on the metal
surface. When nantokite contacts moisture and oxygen, it reacts to form the bulky, porous,
powdery atacamite (or paratacamite—Cuy(OH)3Cl). This reaction causes surface cracks
due to volume changes, allowing chlorides and water to penetrate the corrosion-product
layer and eventually reach the metal surface [21].

Researchers have extensively studied dealloying in binary model alloys. The Er-
lebacher model [22] describes how selective dissolution of the less noble species, along
with concurrent surface diffusion of the remaining species, leads to a bicontinuous porous
structure. However, bronze corrosion is more complex because two or more less noble
elements may dissolve simultaneously or sequentially.

Selective dissolution of less noble elements, such as Zn and Sn, may lead to Cu enrich-
ment at the alloy surface [23-25]. Under aerated conditions, Cu-rich regions can support
the oxygen reduction reaction (ORR), potentially increasing local cathodic activity and in-
fluencing corrosion kinetics [26]. Moreover, the selective removal of alloying elements may
generate voids and a porous, sponge-like structure [22], increasing the electrochemically
accessible surface area and potentially facilitating cathodic reactions.

Song and Tegus [24] investigated the corrosion behavior of bronze alloys in chloride
media and found that in Cu-Sn bronzes, the Cu-rich « phase is preferentially attacked.
In contrast, the Sn-rich § phase forms a protective SnO; layer that improves corrosion
resistance. Chloride ions promote selective dissolution of copper, destabilize passive films,
and form CuCl and Cu,O, ultimately accelerating localized dealloying.

Zhang et al. [25] examined bronze corrosion in atmospheric environments relevant
to cultural heritage, emphasizing that ancient Cu-Sn-Pb bronzes develop complex cor-
rosion layers composed of protective oxides (CupO, Cup(OH),CO3, SnO;) and harmful
chlorides such as Cuy(OH)3Cl. The microstructural heterogeneity of these alloys, combined
with environmental fluctuations in humidity and chloride exposure, drives selective and
intergranular corrosion.

High Zn contents significantly increase copper alloys’ susceptibility to selective disso-
lution. As Sharifi and Ranjbar [23] show, brasses with more than 15 wt.% Zn, especially
dual-phase o + {3 alloys, are highly prone to dezincification because Zn leaches preferen-
tially, leaving a porous Cu-rich matrix. This process accelerates in chloride-rich, oxygenated
environments, where the protective Cu,O film breaks down and cuprous chlorides form,
enhancing localized attack. Tin additions, by contrast, may mitigate dezincification by
promoting passivation and stabilizing the oxide layer, though their effect depends on
alloy microstructure and environmental aggressiveness. Overall, corrosion and dealloying
in Cu-based alloys such as brasses and bronzes are governed by the complex interplay
between alloy composition, phase structure, and environmental factors that determine the
kinetics of selective dissolution and the evolution of localized corrosion damage.

To enhance corrosion resistance, protective films can be applied to metals to serve as a
barrier between the substrate and the aggressive environment. In this context, applying
a diamond-like carbon (DLC) film is particularly advantageous because it resists both
mechanical wear and corrosion [27] without altering heat transfer across the interfaces.

DLC is a metastable class of carbon-based materials formed by amorphous carbon with
significant fractions of sp®>-sp® and sp?-sp? carbon (C-C, C=C) bonds and hydrogenated
carbons (C-H) [28,29]. This material is a semiconductor and exhibits high mechanical
hardness, chemical inertness, optical transparency, a low coefficient of friction, and bio-
compatibility [14,27-30]. Its properties depend on the film’s chemical composition, the
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sp>/sp? bond ratio, and hydrogen content [31,32]. The deposition technique, precursor gas,
and incorporation of metals or nanoparticles affect DLC films’ chemical composition and
mechanical properties [27].

Regarding anti-corrosion performance, DLC and amorphous carbon improve corrosion
protection in chloride [29] and even in the human body environment, improving cell
adhesion and supporting their use in coated dental implants [33]. DLC films, with or
without modifications (multilayered or doped), over AISI 4340 steel also improve corrosion
resistance in chloride media [27,34].

Due to a low density of chemical bonds at the DLC-metal surface interface and very
high total compressive stress on these coatings, DLC often has relatively low adhesion
to the metallic substrate [30]. The low affinity between Cu and C challenges carbon film
deposition. However, silicon forms sufficiently strong carbide bonds and exhibits high
mutual diffusion with copper; together with high C diffusion in silicon, an a-Si:H interlayer
provides an interaction between Cu (principal alloy element of bronze) and C from DLC,
reducing the residual stress in DLC films and improving adhesion [27].

This research project aims to deposit DLC coatings on C90300 bronze substrates
to enhance corrosion resistance without compromising bronze’s tribological properties.
The project also seeks to evaluate how DLC influences key electrochemical processes,
particularly the kinetics of the cathodic reaction and oxygen reduction on bronze surfaces.
By understanding how DLC films affect these reactions and the coating’s overall protective
behavior, the study aims to establish DLC-coated bronze as a high-performance material
for demanding operating conditions.

2. Materials and Methods

Bronze C90300 samples provided by Ferramentas Gerais Comércio e Importacao
de Ferramentas e Maquinas LTDA (Porto Alegre, Brazil), with nominal composition of
86 wt% Cu, 9 wt% Sn, and 5 wt% Zn, were cut into @ = 1 cm discs, sanded with SiC
sandpapers of 200 to 2000 #, and finally mirror-polished using 0.05 um alumina polishing
suspension. After polishing, the alloy disks were cleaned with acetone and isopropyl
alcohol. Researchers grew amorphous hydrogenated silicon (a-Si:H) interlayers using a
modified pulsed-DC PECVD system [27]. Researchers at the Instituto Nacional de Pesquisas
Espaciais (INPE) in Brazil developed this modified deposition technique and used it to
deposit both a-Si:H and DLC. The coating process used Ar and Ar + Hj plasmas to remove
surface impurities, Ar + SiHy plasma to deposit the a-Si:H layer, and Ar + acetylene plasma
to deposit DLC. Table 1 summarizes the deposition conditions.

Table 1. Experimental conditions used in the deposition of a-Si:H and DLC.

Duration/s Applied Voltage/V  Pressure/10—° bar
1800 -600 3.2 Cleaning Ar
3600 -800 47 Ar+Hp
180 -1200 32 Ar + SiHy
60 -800 3.7 Ar + SiHy + CoHp
1500 -800 35 Ar + CH,

The thickness of the DLC film was measured by Ellipsometry using SOPRA GES-5E
equipment (Japan). Spectroscopic data were acquired over 500-700 nm by fitting the o and
[ parameters with the analyzer fixed at 45°. The angle of incidence was set to 75.11°.

Electrochemical experiments were performed in a three-electrode cell using an AUTO-
LAB apparatus model p AUTOLAB/FRA 2 for EIS; an Autolab PGSTAT302N was used for
linear sweep voltammetry and EIS for Mott-Schottky measurements (Metrohm Autolab,
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Utrecht, The Netherlands). The bronze C90300 discs with an exposed window of 0.78 cm?
were used as the working electrode in a 3.5% NaCl solution (~0.6 mol L1). A platinum
gauze and a saturated calomel electrode (SCE) were used as auxiliary and reference elec-
trodes, respectively. Electrochemical experiments, including cathodic and anodic linear
sweep voltammetry, were initiated 1 h after open-circuit potential stabilization. EIS was
performed at open-circuit potential, over the frequency range of 100 kHz to 10 mHz, with
10 points per decade and an ac voltage amplitude of 10 mV. To assess the time-stability of
the DLC film on bronze, EIS experiments were performed at different immersion times
up to 30 days. We fitted the impedance data using Nova 2.0 software (Metrohm Autolab,
Utrecht, The Netherlands).

Electrochemical impedance spectroscopy for Mott-Schottky measurements was ob-
tained in a 0.01 mol L~! NayB4O7 and 0.0125 mol L~! H3BOjy solution at 25 °C using a
standard three-electrode cell under anaerobic conditions. Results are reported with respect
to the standard hydrogen electrode (SHE). The frequency range of the space-charge layer
was determined from impedance spectra measurements at the potentials E of —500, —250,
0, +250, and +500 mV (SHE). Mott-Schottky plots were obtained in the potential range of
—400 to 400 mV (SHE) at 1 and 100 Hz, which were inferred from the applied potential
E dependence of the real part of the capacitance C’, as described in the literature [35].
To avoid electron-hole injection into the electrode due to the O, reduction reaction, the
cell was purged with high-purity N, for 2 h before the electrochemical measurements.
Local ionic current density maps (i maps) of DLC-coated C90300 bronze were acquired
in 0.01 mol L~! NaCl solution using an Applicable Electronics SVET system operating
under OCP conditions. The scanning microelectrode was made of Pt/Ir wire, with a tip
diameter of 10 pm, vibrating with an amplitude of +5 um scanned at 50 um from the
sample surface. An area of 0.559 x 0.330 mm was scanned. Measurements were performed
at room temperature. The acquired signals were processed using Aset 2.0 software to
generate local ionic current density maps. A diluted NaCl solution was selected to reduce
electrolyte conductivity, thereby increasing the potential gradients associated with local
ionic currents. SVET measurements were performed exclusively on DLC-coated bronze to
investigate localized electrochemical activity, whereas comparisons with uncoated bronze
were conducted using polarization and EIS measurements.

The samples were characterized using a Tescan VEGA3 scanning electron microscope
(SEM - TESCAN, Brno, Czech Republic) equipped with an Oxford X-ACT energy-dispersive
spectrometer (EDS- Oxford Instruments NanoAnalysis, High Wycombe, UK) and a field-
emission gun scanning electron microscope (SEM-FEG - Carl Zeiss Microscopy GmbH,
Jena, Germany) Zeiss Auriga.

Raman spectroscopy was performed to characterize the DLC film using an argon laser
at 514 nm. The equipment used was an RLabRam HR Evolution Raman Spectrometer
(Horiba Scientific France SAS, Villeneuve-d’Ascq, France), and the obtained spectra were
analyzed using the software Fityk 1.3.1.

Reciprocating tribological tests were performed using a UMT tribometer (Bruker Nano,
Santa Barbara, CA, USA) under dry sliding conditions. A 10 mm diameter SAE 52100
chrome steel ball was used as the counterbody. The tests used a 5 mm stroke length,
0.28 Hz frequency, and a 10 N normal load for 30 min. In load-step experiments, the
normal load was increased from 0 N to 10 N after 30 s. The coefficient of friction (COF) was
continuously recorded throughout the test. Bruker Contour GT-K optical interferometer
(Bruker Nano, Inc., Tucson, AZ, USA) was used to acquire images of the surface topography.
The tribological experiments were carried out at the Surface Phenomena Laboratory (LES),
part of the Polytechnic School of the University of Sao Paulo. All experiments were
performed at least in triplicate to ensure reproducibility.
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3. Results and Discussion

3.1. DLC Characterizations
3.1.1. Ellipsometry

Spectroscopic ellipsometry measurements were carried out at an incidence angle of
75.11°, with the analyzer fixed at 45°, and the data were fitted to the o« and 3 parameters.
The spectral regression range extended from 0.50 to 0.70 um, using a microspot aperture set
to 0. The fit was evaluated using the standard deviation (o = 7.47 x 10~*) and the coefficient
of determination (R? = 0.9769), indicating excellent agreement between the experimental
and calculated data. The measured refractive index of the DLC film set was 1.702 & 0.0775;
the analysis revealed a thickness of approximately 176.634 & 0.785 nm. The measured film
thickness of approximately 177 nm indicates a well-defined, uniform coating within the
analyzed region, suggesting reasonable deposition control. The refractive index n decreases
slightly with increasing wavelength, from 1.784 at 500 nm to 1.598 at 700 nm, a behavior
typical of dielectric or semiconducting materials exhibiting normal dispersion.

3.1.2. Raman Spectroscopy

Figure 1 shows a typical Raman spectrum for DLC films deposited on bronze C90300
with an amorphous hydrogenated silicon interlayer (a-Si:H), hereafter referred to as
C90300/a-Si:H/DLC. The spectrum shows a single, asymmetric peak between 1000 and
1700 cm ™!, which was deconvoluted and fitted with the Fityk code using two Gaussian
functions. The D-band, centered around 1350 cm ™!, relates to aromatic ring deformations
in disordered graphite phases, and the G-band, centered around 1550 cm !, relates to
sp?-hybridization stretching in carbon chains and rings.

1 L 1 I /]

1100
1000 i
900 i
800 i
700 i

600 —

500

Intensity/ a.u.

400 +

300

200

100

0 . , . . . . S—_
500 1000 1500 2000

Raman shift/ cm™
Figure 1. Raman spectrum of the DLC coating deposited on C90300 bronze with an a-Si:H interlayer,

showing the characteristic D and G bands of amorphous carbon.

The degree of hydrogenation of the DLC film can be determined as the atomic per-
centage of hydrogen H at% by Equation (1) [34]:

Hlat%)] = 21.7 + 16.6l0g (I(mG)> (1)

where I(G) and I(D) are the G and D peak intensities and m is the slope of the spectrum
between 1000 and 1800 cm ™. The I(D)/I(G) ratio of 0.499 and the broad G-band full width
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at half maximum (FWHM) of approximately 130 cm~! are consistent with a disordered
amorphous carbon network containing sp?>-bonded carbon clusters. Based on the empirical
Raman relationship described in Equation (1) [34], the hydrogen content was estimated to
be 35.2 at%. This value, together with the observed spectral characteristics, is consistent
with the formation of a hydrogenated amorphous carbon (a-C) film. However, because the
hydrogen content was inferred indirectly from an empirical relationship, the estimate is
subject to uncertainties related to the carbon network structure and measurement conditions
and should not be interpreted as a direct determination of hydrogen concentration. Besides
the DLC characteristic bands, the Raman spectrum in Figure 1 shows at wave numbers
below 1000 cm ™!, two bands related to the a-Si:H interlayer: The first can be assigned to
the amorphous silicon structure, and the second one to the silicon-hydrogen bonds.

3.1.3. Film Morphology SEM-EDS

Top-surface SEM images of polished bronze C90300 before (Figure 2) and after DLC
deposition (Figure 3) confirm that the samples showed no signs of exfoliation before
the immersion test and had smooth surfaces. The corresponding EDS images show no
significant surface segregation of Sn, as reported for CuySn and CugSn [31]. In fact, Cu
and Sn were well distributed at the surface, consistent with the formation of a Cu/Sn solid
solution [3].

Figure 3 shows the surface morphology of the deposited DLC film, revealing a rel-
atively homogeneous coating characterized by small surface features and dispersed mi-
crostructural irregularities typical of amorphous carbon layers. Multiple regions were
selected for EDX analysis, indicated by the labeled spectra boxes, allowing assessment of
the film’s elemental composition. The EDX results confirm that the surface is predomi-
nantly carbon (58.4 at%), consistent with a DLC coating, with significant silicon (25.5 at%)
likely originating from the deposition process or interlayer. Smaller amounts of copper
(13.8 at%) and traces of tin and oxygen suggest partial substrate contribution and/or
surface contamination.

SEM HV: 10.0 kV WD: 14.92 mm | VEGA3 TESCAN|
View fleld: 1.11 mm Det: SE 200 ym
SEM MAG: 250 x  Date(m/dly): 03/13/19 LAS - INPE

SEM HV: 10.0 kV WD: 14.92 mm | VEGA3 TESCAN|

View field: 277 ym Det: SE 50 ym
SEM MAG: 1.00 kx  Date(m/dly): 03/13/19 LAS - INPE

Figure 2. Cont.
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Element at% o
Cu 13.8 0.2
Si 25.5 0.2
G 58.4 0.3
Sn 0.4 0.2
O 1.9 0.1

100um

Figure 3. SEM images of the DLC film and surface EDX.

3.2. Electrochemical Experiments
3.2.1. Open Circuit Potential Measurements

Open circuit potential (OCP) measurements were carried out over 30 days in 3.5%
NaCl aqueous solution to obtain initial electrochemical activity information that occurred at
the electrode/solution interface. Both the electrolyte and concentration were chosen based
on previous studies about chloride corrosion of bronze or copper [5,22,36-39]. Figure 4
shows the OCP evolution for two electrodes, bronze C90300 with and without DLC film.
For bronze C90300, the OCP values agree with those reported. Throughout the period
evaluated, regardless of DLC film presence, the initial OCP values were more negative and
shifted toward less negative values until stabilization. The initial increase may relate to
passive film formation on the bronze surface [5]. Over time, further passive-film growth
stabilized the OCP. The OCP values for bronze coated with DLC are less negative than
those for uncoated bronze C90300. This finding indicates that the C90300/a-Si:H/DLC
coating protected the bronze alloy in a chloride environment for 30 days [40].

= - Bronze
® Bronze-DLC
60 T ' T T i T
. {
. l | .
B [ ]
°
40 4 -
m } L]
= .
(2] .
= " . . .
= 20 4 -
LuO
0 - _
L]
T T ¥ T T
0 10 20 30

Time/ days

Figure 4. Open-circuit potential time curves for uncoated C90300 (M) and C90300/a-Si:H/DLC (e) in
3.5% NaCl aqueous solution.

https://doi.org/10.3390/coatings16111306


https://doi.org/10.3390/coatings16111306

Coatings 2026, 16, 1306

10 of 27

3.2.2. Linear Sweep Voltammetry

Polarization curves after 1 h of immersion in an aqueous 3.5% NaCl solution are
shown in a semilogarithmic diagram of overpotential relative to the corrosion potential
(IT= Eapplied — Ecorr) versus current density j (Figure 5). Anode polarization corresponds
to copper oxidation and, for the bare alloy, is controlled by diffusion of soluble copper
chlorides and copper electrodissolution, resulting in a monotonic increase in current. For
the C90300/a-5i:H/DLC system, the maximum current occurred at 2 V, with lower anodic
current densities and a shallower slope. This polarization confirms that the DLC coating
increased bronze corrosion resistance. Comparing both systems shows differences in the
cathodic and anodic curves, with a greater effect in the anodic branch.

T o T L T L T
13 ——C90300 3
R e C90300 +DLC| ]
s :
3 3
q ] :
g 0.01 5 / 3
< ]
E |

— X0y 1
1x 10-4—§ 4
1x1075 1 3
1 i T m T W T T T 4 T o T =

-800  —400 0 400 800 1200 1600

1/ mV

Figure 5. Polarization curves (1jl vs. II) for (-) uncoated C90300 and (---) C90300/a-Si:H/DLC
immersed in a 3.5% NaCl aqueous solution after 1 h.

The corrosion current densities were estimated from the potentiodynamic polarization
curves using Tafel extrapolation. This approach assumes that sufficiently linear potential—
log (current density) regions can be identified and that the selected branches are predomi-
nantly governed by activation-controlled electrochemical kinetics. However, polarization of
copper-based alloys in chloride-containing electrolytes may involve oxide-film formation,
mass transport, and other processes that can introduce deviations from ideal Tafel behav-
ior. Consequently, the corrosion current densities obtained by extrapolation should be
interpreted as approximate values. Figure 6 presents an enlarged view of the polarization
curves near the corrosion potential to illustrate the regions considered for analysis.

From these potentiodynamic polarization curves, we determined the corrosion current
density (icorr) by extrapolating the linear regions of the anodic and cathodic branches
near the corrosion potential (Ecorr). The Tafel analysis yielded cathodic (c) and anodic
(Ba) slopes of 75.8 and 49.1 mV dec ™! for uncoated C90300 bronze, respectively, whereas
the DLC-coated sample exhibited values of 120.0 and 44.1 mV dec™!. The extrapolated
corrosion potentials (Ecorr) were —0.2349 V and —0.2090 V, respectively. The uncoated
bronze (C90300) exhibited an icorr of approximately 1 x 1072 mA cm 2. Meanwhile,
the DLC-coated sample showed a significantly lower value of about 3 x 10~ mA cm 2,
indicating a reduced corrosion rate due to the protective effect of the carbon coating. The
anodic and cathodic Tafel slopes remained within the expected range for mixed-control
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corrosion processes, suggesting that the DLC layer primarily acts as a physical barrier,
reducing both the anodic metal dissolution and the cathodic reduction reactions at the
interface. An initial protection efficiency (1) of approximately 97% was estimated from the
extrapolated corrosion current densities using Equation (2):

N = 100% (]'corrMe“tﬂl - jcoerLC) (2)
JcorrMetal

== = = g T 2 A v T L
14 [—— C90300 5
{ |- C90300 + DLC :
0-1 _:' _E
9 5 :
€  0.014 .
- 3 ;
< ] ]
£ ] ]
= 11022 .
1x 1074 1 v
| | :
1x107°- : 4
3 T T " 5 " .

L T S L ’
-100 -80 -60 -40 -20 O 20 40 60 8 100
I1/ mv

Figure 6. |j| vs. I for (-) bronze C90300 uncoated and (---) coated Eqorr £100 mV.

The high initial protection efficiency calculated for the DLC-coated sample is consis-
tent with its distinct electrochemical behavior in both anodic and cathodic polarization
regions compared with the uncoated substrate. The lower anodic current densities indicate
reduced metal dissolution, consistent with the physical barrier effect of the DLC coating.
Similarly, the decrease in cathodic current density demonstrates suppression of cathodic
electrochemical activity, which is likely associated predominantly with oxygen reduction
under the investigated aerated conditions. This reduction may result from decreased expo-
sure of electrochemically active sites, restricted electrolyte access, and possible limitations in
electron transfer through the coating. However, the relative contributions of these mechanisms
cannot be independently established from the polarization measurements alone.

3.2.3. Electrochemical Impedance Spectroscopy

To evaluate the time behavior of a DLC film on bronze C90300, we performed EIS mea-
surements at different immersion times up to 30 days in a 3.5% NaCl aqueous solution. The
first impedance measurement was taken after 1 h of OCP stabilization at room temperature.
The impedance data were collected at 1 hand 1, 3, 7, 14, 21, 28, and 30 days. Figure 7 shows
the Nyquist plots, and Figure 8 shows the Bode plots for the EIS experimental response
and the fitting model obtained by equivalent electrical circuits.

Nyquist plots show a flattened semi-circular shape with capacitive loops across the
entire frequency domain for both systems, bronze uncovered and covered with DLC.
Such diagrams, with a flattened semi-circular shape, are characteristic of porous layers
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and can be related to adsorption pseudo-capacitance [41]. The capacitive loop diameter
in the DLC-coated system is larger in every measurement, confirming the anticorrosive
protection provided by the DLC film. On the other hand, the capacitive loop diameter for
DLC-coated bronze decreased with time, going from | Z |19y g, ~ 130 kQO.cm? in the first
measurement to | Z | 1om tz ~ 10 kOQ.cm? after 30 days of immersion, while the capacitive

loop for uncoated bronze increased, from | Z|1gm gz ~ 3 kQ.cm? in the first measurement
to 1 Z 1 10m tz ~ 8 kQ.cm? after 30 days of immersion. For the C90300/a-Si:H/DLC system,
the decrease in the phase angle (—6°) indicates degradation of the DLC film, while the
increase in —0° for uncoated bronze indicates the formation of corrosion products that act

as a protective coating, increasing impedance. Despite this, over 30 days, the bronze-DLC

film Nyquist and Bode phase-angle plot values were higher than those for uncoated bronze.
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Figure 7. Nyquist impedance plots for uncoated C90300 (a) and C90300/a-Si:H/DLC (b), immersed
in a 3.5% NaCl aqueous solution, along with the simulated curves (solid lines).
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Figure 8. Bode impedance plots for uncoated C90300 (dark square) and C90300/a-Si:H/DLC (red
triangle), immersed in a 3.5% NaCl aqueous solution for different days of immersion (a) 1 h, (b) 1 day,
(c) 3 days, (d) 7 days, (e) 14 days, (f) 21 days, (g) 28 days, and (h) 30 days.

The impedance data for uncoated bronze up to day 3 showed a single flattened capaci-
tive loop whose diameter increased with immersion time, associated with one relaxation
constant, as confirmed by both the Nyquist and Bode plots (see Figures 7 and 8). In the
lower-frequency region, a clear Warburg response, represented by a linear slope close to
45°, indicates diffusion-controlled processes. This diffusional process seems to be masked
over time, as shown by the frequency at which the linear profile starts: 0.2 Hz after 1 h and
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0.05 Hz after 7 days. After immersion of uncoated bronze for 14 to 30 days, there is just
one flattened capacitive loop in the Nyquist plot. In the phase angle Bode plot, this can be
associated with two relaxation constants.

Nyquist plots for DLC-coated bronze show a flattened semi-circular shape, a charac-
teristic feature of porous layers or surface roughness. Compared with uncoated bronze, the
impedance data differ markedly, with | Z 1oy, g, ~ 140 kQ.cm? for C90300/a-Si:H/DLC
and | Z | 1gm 11z ~ 7 kQ.cm? for uncoated bronze after up to 3 days of immersion. These
values support DLC’s potential to protect bronze against corrosion. For immersion times
of 7 days or more, the Nyquist plot profile of bronze-DLC decreased, indicating reduced
protective efficacy.

For the Bode plots (Figure 8), the total impedance differs considerably between bronze
and bronze-DLC in the first measurement. The difference between the two systems de-
creased over time, resulting in a slight difference in total impedance after 30 days. This
was related to DLC degradation and corrosion product formation and stabilization for
bronze-DLC and uncoated bronze, respectively [2,15].

Overall, the DLC-coated bronze exhibited substantially improved initial corrosion
resistance, as evidenced by its considerably higher low-frequency impedance compared
with the uncoated alloy. However, the progressive decrease in impedance during immer-
sion, from approximately 130 kQ)-cm? initially to 10 kQ)-cm? after 30 days, indicates partial
deterioration of the coating’s protective properties. In contrast, the impedance of uncoated
bronze increased from approximately 3 to 8 kQ-cm? during the same period, consistent with
the formation of corrosion products. Consequently, although the DLC coating maintained a
protective effect throughout the investigation, its relative advantage over uncoated bronze
diminished substantially after prolonged exposure to the chloride-containing environment.

Following the usual interpretation of the Randles electrical equivalent circuit model,
the equivalent electrical circuit consists of a single parallel R-Q circuit. Capacitive loops in
a Nyquist plot can be associated with the double-layer capacitance, from which the R-Q
circuit can be associated with one relaxation constant [41,42]. As the loops in the Nyquist
plots are depressed semicircles, it is preferred to use the constant phase elements (CPEs),
represented by the terms Q and 7, instead of capacitance (C), to correct the effects of surface
roughness and other inhomogeneities or variations in the composition and properties of
the surface. The CPE impedance is defined as [2,16]:

Zcpg = [Q(iw)"] 3)

where Q (O~ '.em™2.s") is the CPE, i (i* = —1) is the imaginary unit, w (rad s~ 1) is the
angular frequency, and the exponent n represents the frequency-dispersion feature of the
impedance data (—1 < n < 1). The n parameter is a dispersion coefficient associated with
uneven current distribution at the electrode surface, resulting in a flattened Nyquist plot
due to surface roughness, porous-layer formation, and variations in surface properties or
structure [16]. The values of pseudo-capacitances C (F.cm~2) associated with each CPE
were calculated by the equation:
1-n (%)

c= (R'™Q) 4)
where R and Q were taken from the values of the corresponding time constants.

The fitted responses obtained using the equivalent electrical circuit models are super-
imposed on the experimental Nyquist and Bode plots in Figures 7 and 8. The relative errors
reported for the individual fitted circuit parameters were below 10%, while the constant
phase element (CPE) exponent (1) ranged from 0.53 to 0.905, indicating deviations from
ideal capacitive behavior [2]. The simulated responses reproduce the main features of the

https://doi.org/10.3390/coatings16111306


https://doi.org/10.3390/coatings16111306

Coatings 2026, 16, 1306 15 of 27

experimental impedance spectra. However, the overall quality of the fitting should be
evaluated using quantitative goodness-of-fit statistics, such as reduced chi-square (x?) and
residual errors, rather than visual agreement alone. Furthermore, agreement between ex-
perimental and simulated spectra does not necessarily establish the uniqueness or physical
validity of the proposed equivalent circuit models.

Tables 2 and 3 show the simulation results and the circuits for bronze alloy without and
with DLC film (Figures 9 and 10), respectively. These simulations used the fitted data from
the earlier Nyquist and Bode plots. Figures 9 and 10 show the equivalent circuits simulated
for uncoated C90300, bronze alloy without DLC, and C90300/a-5Si:H/DLC, respectively.

Table 2. Parameter values calculated for corrosion of uncoated bronze C90300 by non-linear regression
of the impedance data using the equivalent electrical circuits in Figure 9.

Circuit Rp n c2 R2 Rw n C1 R1 Re Time
Qcm? 2 uFem—2 Qcm? Qcm? 1 uFem—2 Qcm? Qcm?
(A) 982.5 381.1 0.88 53.6 982.5 3.83 1h
(A) 2777.6 441.38 0.79 90.78 2777.6 6.91 1d
(A) 3475.2 581.81 0.79 128.44 3475.2 7.62 3d
(A) 6086.4 297.67 0.76 371.88 6086.4 4.84 7d
(B) 12,325 0.73 3200 4325 0.7 263.16 8000 2.88 14d
©) 9057.7 0.74 512 9050 0.79 26.32 7.7 4.63 21d
©) 11,537 0.78 764 11,525 0.86 19 12.33 4.03 28d
© 10,737 0.78 828 10,725 0.86 18.92 12.18 3.3 30d
Table 3. Parameter values calculated for corrosion of bronze C90300 with a DLC film by non-linear
regression of the impedance data using the equivalent electrical circuits from Figure 10.
R C R C R R
. . P 2 2 1 1 e .
Circuit Qcm? 2 puFem—2 Qcm? a puFem—2 Qcm? Qcm? Time
(A) 1.20 x 10° 0.905 5.109 119,680 0.732 1.166 716.8 17.024 1h
(A) 1.50 x 10° 0.817 9.766 149,760 0.695 1.969 376.96 16.512 1d
(A) 1.46 x 10° 0.817 17.344 145,920 0.704 1.373 140.16 14.912 3d
(A) 1.08 x 10° 0.814 38.906 107,520 0.763 1.6875 172.16 11.328 7d
(B) 3.88 x 10* 0.643 72.656 38,528 0.878 2.902 231.04 4.506 14d
(B) 2.14 x 10* 0.586 77.4 21,248 0.861 3.651 152.96 10.816 21d
(B) 1.73 x 10* 0.53 428.125 17,280 0.897 5.75 27.2 7.232 28d
(B) 1.66 x 10* 0.543 584.375 16,576 0.902 5.97 22.72 9.472 30d
(A) (©)
Ri Ri R
Re ® ® Re ® ® ® ®
. ® ® ® ®
® ‘ ® ® ® ® ®
Q1,01 Qi m Q. m

1<
Qi m

Figure 9. Equivalent electrical circuits used for computer fitting of the experimental results obtained
for uncoated bronze C90300: (A) equivalent circuit until 7 days; (B) equivalent circuit for 14 days;
(C) equivalent circuit from 21 until 30 days.
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Q.

Figure 10. Equivalent electrical circuits used for computer fitting of the experimental results obtained
for C90300/a-Si:H/DLC: (A) equivalent circuit until 7 days; (B) equivalent circuit from 14 until 30 days.

The physical meaning of each circuit element can be interpreted as follows: Re is
the electrolyte resistance between WE and RE; usually, double-layer capacitance and
charge transfer are expressed by Ry and Cy; to describe charge transfer processes at
the electrode/electrolyte interface; the low-frequency elements Rp and Cy are associated
with oxidation-reduction processes at the electrode surface, involving surface corrosion
products [2,16,29,33,43,44]. When redox reactions take place at a metallic surface, the
polarization resistance Ry, is better correlated with corrosion resistance than Ry, where R,
is the sum of all faradaic processes and, in this work, can be defined as [2]:

Rp ~ Rl + R2 (5)

For uncoated bronze, the polarization resistance Ry, increased up to the 14th day, after
which it remained approximately stable. This behavior was related to the development of a
corrosion-product film layer that acted as a barrier, increasing total impedance, slowing
charge transfer, and reducing the corrosion rate [44]. Otherwise, the increase in corrosion
product formation overlapped with the diffusion process over time. Until day 7, R;
was associated with charge-transfer resistance, and its increase correlated with corrosion
product formation. After 14 days, the Nyquist plot presents a flattened arc, and the Bode
plot shows two time constants. The increase in C; (pseudo-capacitance related to CPE and
double-layer capacitance) can be attributed to the formation of a porous, irregular corrosion
layer. Impedance data can be related to the redox processes that involve the formation of
surface corrosion products by the following reactions [2]:

Cu = Cu(l)ads + e~ (6)

Cu(l)ads — Cu(ll) + e~ (7)

Copper ions may precipitate as CupO or CuCl or stay in solution as [CuCl,]~ and
[CuCl3]%~ ions [15]. In a humidified atmosphere, CuCl and [CuCl,]™ can oxidize to form
Cuy(OH);ClL:

3CuCl + 3/40, + 3/2H,0 — CU2(OH)3C1 + CuCl, (8)

3[CuCl,] +3/40, + 3/2H,0 — Cuy(OH)3Cl + CuCl, + 3C1~ 9)

Tin promotes CuCl and Cuy(OH)3Cl production by redox reactions with copper chlo-
rides. Chloride-rich environments produce soluble Sn(II) species and those ions (Sn?* chlo-
rides; SnCl, and [SnCl3] ) are strong reducing agents. Consequently, Cu?* ions (CuCl, and
[CuCl3]™) can be reduced ([CuCl,]~ /[CuCl;3]>~ and/or CuCl), oxidizing tin to SnO, [15].

SnCl, + 2 CuCl, — SnCly + 2CuCl (10)

[SnCl3]~ + 2[CuCl3]~ — SnCly + 2[CuCl,]~ + Cl~ (11)
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SnCly + 2 H,O — SnO, + 4 HC1 (12)

The formation of high local acidity, due to hydrolysis of copper chlorides and the
reaction in Equation (11), can increase Cu ion solubility [15]. In addition, Sn can react with
CuCl; to form SnCl; and CuCl. CuCl can be oxidized once more, in the presence of water
and oxygen, producing Cuy(OH)3CL

Sn +2CuCl, — SnCl, + 2CuCl (13)

R; increased between 14 and 21 days, then remained nearly stable until 30 days, when
C; showed high values. These changes may reflect corrosion product growth on the surface,
increasing resistance to faradaic processes. In contrast, higher capacitance values were
associated with the formation of conductive species (such as SnO;) [15,45].

Between 21 and 30 days, R; values were small compared with earlier times and close
to the electrolyte resistance. This behavior is evident in the high-frequency (HF) Nyquist
diagram, indicating finite pores in the electrode. Herndndez et al. proposed an impedance
model for finite pores based on data from studies of pure copper corrosion [40]. Macdonald
described the impedance response in Nyquist plots for finite pores, evaluating not only the
values but also the shape of the capacitive loop in the HF region [46]. This model explains
the low R1 values and confirms the formation of a porous corrosion product. In contrast,
the stable R; values from 21 to 30 days indicate a relatively stable corrosion product layer
on uncoated bronze.

For DLC-coated bronze, Bode plots show two frequency maxima up to 14 days and a
flattened arc with a maximum at later measurement times. For this reason, two R-Q circuits
were associated with this system. For measurements up to 7 days, we simulated the R-Q
pairs in series; for longer times, we simulated them in parallel, with each R-Q product
associated with a time constant.

Our findings show that R; and R, decreased with time (Table 3), indicating DLC
degradation. R; at 30 days was just 14% of R, after 1 h of immersion. Thus, the DLC
film acts as a corrosion barrier, and its protective efficacy decreases over time in NaCl
medium [47]. The decrease in resistance results from DLC detachment from the bronze
surface and chemical changes in DLC composition due to its metastable nature [29,47].
CPE-associated pseudo-capacitance values can corroborate this degradation over time.

The progressive degradation of the DLC coating’s protective properties is accompa-
nied by changes in the effective capacitances and CPE exponents obtained from impedance
fitting. Both effective capacitances increased overall with immersion time. This behavior
may reflect electrolyte penetration, an increased electrochemically accessible area, and addi-
tional interfacial and faradaic contributions to the impedance response. The CPE exponents
exhibited different trends: n; generally increased from 0.732 to 0.902, suggesting a more
ideal capacitive response for the first contribution, whereas n, decreased from 0.905 to 0.543,
indicating a progressively more dispersive response for the second contribution. These
changes suggest that different relaxation processes evolve differently during immersion.
However, because the equivalent circuit topology changes after 7 days, interpret each fitted
element across the entire immersion period with caution. Together with the decrease in
polarization resistance, the evolution of the effective capacitances and CPE exponents is
consistent with progressive deterioration of the coating’s protective performance when
immersed in chloride electrolyte.

However, all resistance values are higher and the CPE values are lower for DLC-coated
bronze, indicating that DLC provides corrosion resistance for up to 30 days for the tested
bronze alloy. Figure 11 shows the time evolution of Ry,. For uncoated bronze, R;, increased
to a maximum at 14 days and remained almost constant through the end of the experiment
(30 days). Bronze coated with DLC showed better corrosion resistance than the bare alloy,
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with Rp(DLC) = 122.5 x RP(alloy) after 1 h. At 30 days, the DLC-coated system showed the
lowest RP value, but the coated alloy’s polarization resistance was still higher than that of
the bare alloy (Rp(DLC) = 1.6 x Rp(alloy)).

T 5 T g T § T L T % T L T
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120,000 A -
100,000 <

80,000 -
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Figure 11. Time evolution of polarization resistance (Rp) for uncoated C90300 (black squares) and
C90300/a-Si:H/DLC (red triangles) immersed in a 3.5% NaCl aqueous solution for different days
of immersion.

3.2.4. Mott-Schottky Analysis

To investigate DLC-induced inhibition of the cathodic reaction, Mott-Schottky analysis
was used to assess the electronic properties of the passive layer and its influence on charge-
transfer processes. Since DLC can exhibit semiconducting behavior with limited electronic
conductivity, it tends to act as a poor cathode, restricting the kinetics of reduction reactions
such as oxygen reduction. Therefore, correlating the Mott-Schottky parameters with the
electrochemical results can provide valuable insight into how the DLC layer’s electronic
structure contributes to its protective effect against corrosion.

Figure 12 shows the graph of 1/C? versus potential, which is related to a typical n-p
type junction according to the response of Mott-Schottky analysis. The data indicate the
presence of two distinct domains (p-type and n-type), forming an internal heterojunction
(p-n), which is common in multilayer coatings, as in this case, and in systems with complex
oxides, which Cu,O/SnO, can form.

The general expression above was considered.

12 kpT
C7 = JeeoN [E Ep (qﬂ 14

C = specific capacitance;

q = elementary charge;

¢ = dielectric constant of the material;

€9 = vacuum permittivity;

N = charge donor and/or acceptor densities;

The term (kgT/q) is very small and can be neglected.

Figure 12 presents the Mott-Schottky response (1/C? versus applied potential) of
the DLC-coated bronze. The presence of regions with different slopes suggests distinct
apparent semiconducting contributions within the multilayer system. Such behavior may
be influenced by the electronic properties of the DLC coating, the a-Si interlayer, and
native oxides, including Cu,O and SnO,. However, these observations do not indepen-
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dently establish the formation of a physical p—n heterojunction, since interfacial states,
surface inhomogeneities, and frequency-dependent capacitance may also contribute to the
measured response. In the present system, the a-Si interlayer and DLC film may further
influence this behavior through their disordered amorphous structures and associated elec-
tronic defect states. These defects can introduce localized states that affect charge-carrier
transport and trapping. The estimated acceptor-to-donor density ratio (N,/Np ~ 17;
Na/Np = mp/my; m is the angular coefficient) should therefore be regarded as an appar-
ent parameter derived from the Mott-Schottky model rather than definitive evidence of a
physical p—n heterojunction.

: . " : , i :
12
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Figure 12. 1/C? versus applied potential (V) for bronze electrode coated by DLC immersed in
0.01 mol L~! NayB4O; and 0.0125 mol L~! H3BO, solution at 25 °C with applied potential up to
—500, —250, 0, +250, and +500 mV (vs. SHE) at 100 Hz (squares represent the experimental data and
lines represent linear fits to selected potential regions, highlighting the negative and positive slopes
of the capacitance response).

The electronic structure of intrinsic hydrogenated amorphous silicon (a-Si:H) is gov-
erned by disorder-induced localized states and band-tail distributions, with the Fermi
level typically positioned near the middle of the band gap [48]. The electrical behavior
of a-Si:H therefore depends strongly on defects, hydrogen passivation, and doping con-
ditions rather than on intrinsic p- or n-type character. Charge transport in amorphous
semiconductors is described as a disorder-mediated process involving localized and par-
tially mobile states [49]. Therefore, the p-n semiconducting response observed in the
present DLC/a-Si:H/metallic system likely reflects interfacial effects, defect states, and the
electronic contributions of the DLC and metallic phases rather than intrinsic a-Si:H alone.

These distinct semiconducting contributions may generate interfacial potential bar-
riers that hinder electron transport toward the coating—electrolyte interface, potentially
contributing to the observed reduction in cathodic oxygen reduction kinetics. Nevertheless,
the relative contributions of electronic effects and physical barrier properties cannot be
conclusively distinguished from the present measurements. Overall, the Mott-Schottky
response suggests the presence of distinct semiconducting contributions within the coated
system. However, additional electronic characterization would be required to establish the
nature, location, and magnitude of the proposed heterojunction.

The cathodic polarization curves in Figure 13 show that the DLC-coated bronze ex-
hibits substantially lower cathodic current densities than the uncoated C90300 alloy over
the investigated potential range. This observation demonstrates a reduction in cathodic
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electrochemical activity, consistent with suppression of oxygen reduction under aerated
conditions. The Mott-Schottky results suggest that the electronic properties of the mul-
tilayer coating may contribute to this behavior by limiting interfacial electron-transfer
processes. Nevertheless, the reduced cathodic currents may also arise from the physical
barrier effect of the DLC film, including decreased accessibility of electrochemically active
sites. Therefore, the present results support a combined protective mechanism involving
physical blocking and possible electronic contributions, although their individual effects
cannot be quantitatively distinguished. Figure 14 presents the Mott-Schottky response
(1/C2 versus applied potential) of the DLC-coated bronze in a different frequency and
agrees with previous interpretation.
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Figure 13. Cathodic polarization curves of (-) bronze C90300 bronze and (--) C90300 bronze coated
with DLC in aerated solution. The DLC system shows a significant reduction in cathodic current
density, indicating inhibition of reduction reactions and the coating’s semiconducting behavior.
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Figure 14. 1/C? versus applied potential (V) for bronze electrode coated by DLC immersed in 0.01
mol L~1 Na,B,Oy and 0.0125 mol L~ H3BO, solution at 25 °C with applied potential up to —500,
—250, 0, +250, and +500 mV (vs SHE) at 1 Hz (squares represent the experimental data and lines
represent linear fits to selected potential regions, highlighting the negative and positive slopes of the
capacitance response).
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3.2.5. Scanning Vibrating Electrode Technique

The SVET map (Figure 15) provides a spatially resolved visualization of the electro-
chemical processes occurring on the bronze surface, allowing the identification of localized
anodic and cathodic sites that drive corrosion. A more diluted NaCl solution (0.01 mol L™1)
was used to reduce the electrolyte conductivity, thereby increasing the potential gradients
generated by local ionic currents and, consequently, improving their detection by SVET. On
a DLC-coated surface, the SVET maps generally show significantly lower current densities
and a much more uniform distribution of electrochemical activity. This reflects the DLC
layer’s effectiveness as a physical and electrochemical barrier that suppresses localized
corrosion and stabilizes the surface.

520Y

W

30 350X

Figure 15. Scanning vibrating electrode technique (SVET) map showing the spatial distribution of local
ionic current densities at the surface of DLC-coated C90300 bronze in 0.01 mol L~! NaCl solution.

These SVET observations align with previous results showing that DLC substantially
decreases the oxygen reduction reaction and, consequently, the overall cathodic current on
the bronze surface. By slowing the cathodic kinetics, the DLC coating reduces the driving
force for corrosion, complementing its role as a barrier to anodic dissolution. Together,
the SVET and polarization, electrochemical impedance, and Mott-Schottky analysis data
provide strong evidence that the C90300/a-Si:H/DLC system mitigates both anodic and
cathodic contributions to corrosion, resulting in a more stable and corrosion-resistant
bronze surface suitable even for aggressive environments, including maritime applications.

Although we did not perform SVET mapping on uncoated bronze, we established a
comparison between coated and uncoated samples independently through polarization and
EIS measurements. Consequently, the SVET results are interpreted solely in terms of the
DLC-coated system’s local electrochemical behavior, without implying a direct quantitative
comparison of local current densities between the two surfaces.

3.2.6. Tribological Test

Tribological behavior reveals a pronounced running-in stage followed by a steady-state
regime for both materials. Figure 16 shows the coefficient of friction (COF) behavior for both
uncoated bronze and DLC-coated bronze. The DLC-coated sample exhibits a lower and
more stable COF (~0.50) than the bronze substrate (~0.60-0.65), confirming its lubricating
effect. Initially, COF increases due to contact-surface asperities and then stabilizes [50].
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Thus, the coating does not degrade the bronze’s frictional performance, which is already
valued for its relatively low coefficient of friction in engineering applications.
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Figure 16. Coefficient of friction as a function of time for the uncoated C90300 Bronze (in black) and
the DLC film (in red).

However, this reduction in friction did not reduce wear volume. Profilometric analysis
(Figures 17 and 18) revealed a clear transition in wear behavior and distinct morpholog-
ical differences between the two surfaces. The uncoated bronze (Figure 17) showed a
relatively narrow, smooth wear track with limited material displacement. Its maximum
measured depth was approximately 0.36 um, with a cross-sectional area of 66.31 pm?. This
corresponds to an estimated wear volume of 3.32 x 10~* mm? and a specific wear rate of
6.58 x 107® mm? N~! m~!, indicative of mild adhesive wear with slight plastic deformation.
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Figure 17. Morphological characteristics and 2D /3D roughness profiles of bronze after the sliding test.

In contrast, the DLC-coated sample (Figure 18) presented a significantly wider, deeper,
and more morphologically complex track. The profile showed a maximum depression
of ~0.84 um and an integrated cross-sectional area of 328.1 um?. Using the same geo-
metric approach, the estimated wear volume was 1.64 x 1073 mm?3 (specific wear rate:
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3.25 x 107> mm® N~! m~1), about five times higher than that of the uncoated bronze. This
increased severity is supported by the higher post-test surface roughness of the DLC wear
track (Sa = 0.5847 pm and Sq = 0.8944 um) compared to the bronze (Sa = 0.1398 pm and
Sq = 0.2655 pm).

x=o7m B
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o
M 7=1137m| 8

1 ym Length = 1677 ym Pt=2.306 ym Scale = 4.000 ym

0 24
154
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Figure 18. Morphological characteristics and 2D/3D roughness profiles of DLC after the sliding test.

The surface morphology reveals distinct wear behavior between the uncoated bronze
and the DLC-coated sample. The uncoated bronze exhibits a relatively narrow and smooth
wear track, with limited material displacement, consistent with mild adhesive wear and
plastic deformation. In contrast, the DLC-coated surface presents a wider and more ir-
regular wear track, characterized by pronounced depressions and material accumulation
along the edges. These features suggest localized coating damage, possible rupture or
detachment of the DLC film, and the generation of wear debris during sliding. Limited in-
terfacial adhesion between DLC coatings and metallic substrates may contribute to coating
detachment and debris generation [51]; however, adhesion failure cannot be conclusively
established without independent adhesion measurements or cross-sectional characteriza-
tion. The maximum wear-track depth (~0.84 um) exceeds the measured DLC film thickness
(~0.177 um), suggesting that deformation or material removal may extend beyond the DLC
layer into the underlying interlayer and/or bronze substrate. Nevertheless, the measured
profile depth alone does not establish the extent of actual substrate wear, since plastic
deformation, material displacement, and accumulated debris may also influence the ob-

served topography. Figure 19 shows the contact regions of the steel counterbodies after the
tribological tests.

SEI 20kV WD10mm SS54

Figure 19. SEM/SE images of the ball after the tribological tests on bronze (left) and DLC
coating (right).
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The SEM images of the steel counterbody after the tribological tests (Figure 19) reveal
adhered material in the contact region, indicating material transfer during sliding. This
transferred material may originate from detached DLC fragments, the underlying substrate,
or mechanically displaced wear products. The accumulation of transferred material and
wear debris can contribute to the formation of a third-body layer between the contacting
surfaces, potentially promoting abrasive interactions and further coating damage. Previous
studies have associated DLC wear behavior with structural characteristics involving sp3-
bonded carbon and graphitic regions, which may influence delamination and material
transfer processes [52]. However, the present observations do not conclusively establish the
origin or composition of the transferred material. Additional compositional analysis of the
adhered material and wear debris would be required to distinguish DLC fragments from
substrate-derived or counterbody-derived material. Therefore, the observed morphology
supports the involvement of material transfer and possible third-body abrasion, while
interfacial adhesion failure remains a plausible, but unconfirmed, contributor to the wear
process [51,52].

Overall, although the DLC coating reduced and stabilized the coefficient of friction
under the investigated conditions, it did not improve the apparent wear resistance of the
coated system. The larger wear-track dimensions and greater surface irregularity suggest
more extensive mechanical damage than observed for uncoated bronze. These observa-
tions are consistent with wear mechanisms involving coating rupture, possible localized
delamination, material transfer, and third-body abrasion, as discussed in the literature [51].
However, the estimated wear volume should be interpreted cautiously because the hetero-
geneous wear-track topography includes depressions, displaced material, and regions of
positive height. Consequently, the apparent wear volume calculated from two-dimensional
profiles cannot be attributed exclusively to DLC removal or substrate wear. A more accu-
rate determination of material loss would require three-dimensional volumetric analysis
relative to the original surface, together with characterization of the wear-track composition
and coating integrity. These findings indicate that further optimization of coating adhesion
and mechanical durability is necessary to improve tribological performance.

4. Conclusions

The deposition of a diamond-like carbon (DLC) coating using an amorphous hydro-
genated silicon (a-Si:H) interlayer substantially improved the initial corrosion resistance of
C90300 bronze in a chloride-containing environment. Electrochemical polarization mea-
surements indicated an initial protection efficiency of approximately 97%, while impedance
spectroscopy revealed polarization resistance values up to 122 times higher than those of
uncoated bronze. The electrochemical results demonstrated a reduction in both anodic and
cathodic activity, consistent with the protective barrier effect of the coating. Mott-Schottky
analysis suggested the presence of distinct semiconducting contributions within the multi-
layer system, potentially influencing interfacial electron-transfer processes. However, the
precise electronic mechanism responsible for the inhibition of cathodic reactions requires
further investigation. Although the DLC-coated bronze maintained higher electrochemical
resistance than the uncoated alloy throughout the 30-day immersion period, its protective
performance progressively decreased, indicating partial deterioration of the coating under
prolonged chloride exposure. Tribological measurements showed that the DLC coating
improved frictional stability but did not enhance wear resistance under the investigated
conditions. Surface characterization indicated coating damage, material transfer, and possi-
ble delamination, highlighting limitations associated with mechanical durability. Overall,
the findings demonstrate the potential of DLC/a-Si:H coatings to improve the corrosion
resistance of bronze components. Nevertheless, further optimization of coating adhesion,
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long-term electrochemical stability, and wear resistance is required before their suitability
for demanding applications, including maritime environments, can be established.
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