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Abstract

Atmospheric plasma spraying (APS) represents a critical solution for enhancing the dura-
bility of agricultural components, such as harrow discs, which are subjected to synergistic
wear and corrosion during soil cultivation. This study presents experimental results evalu-
ating the electrochemical corrosion behavior and thermal shock resistance of discs coated
via atmospheric plasma thermal spraying. Both metallic and ceramic materials, in pow-
der form, from established manufacturers were used to produce the coatings, and the
three types of coatings (two metallic and one ceramic) have the following chemical com-
positions and trade names: W,C/WC12Co (Metco71NS), Cr,03-45i0,-3TiO (Metco136F)
and C025.5Cr10.5Ni7.5W0.5C (Metco45C-NS). The coatings were analyzed using elec-
tron microscopy to evaluate the surfaces following corrosion testing. The ceramic coat-
ing based on the CryO3-45i0,-3TiO demonstrated the highest protective efficiency by
increasing the charge transfer resistance from 307 (}/cm? to 2213 Q/cm? for the ceramic
coating. It provided a superior physical barrier, reducing the corrosion current density
from 0.140 mA /cm? for unprotected substrate to 0.004 mA /cm?, representing an improve-
ment of nearly two orders of magnitude. These findings demonstrate that implementing
CryO03-4510,-3TiO ceramic systems can significantly extend the operational lifespan of
soil-engaging components, providing a cost-effective strategy for reducing maintenance
intervals and material loss in aggressive agricultural environments.
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and can result in prolonged downtime [1-3]. The selection of low-carbon steel as the
substrate material reflects the industrial standard for harrow disc manufacturing, where
boron-alloyed steels and heat-treated carbon steel are predominantly used for their impact
toughness. However, the service life of these components is governed by a complex
hierarchy of degradation factors. While mechanical wear (abrasion) in high-silica soils is
numerically the dominant cause of material loss, electrochemical corrosion acts as a critical
synergistic catalyst. Corrosion pits and selective binder leaching (particularly in cermets)
create localized stress concentrators and weaken the coating-substrate interface, leading to
delamination and exfoliation.

An alternative solution is atmospheric plasma spraying (APS), a well-established
method of depositing wear- and corrosion-resistant ceramic and metallic coatings thanks
to its high deposition rate and versatile powders and parameters. The process involves
propelling powders (partially or fully molten particles) into a plasma jet at temperatures
exceeding 10,000 °C. The particles then impact the substrate, forming dense layers that
adhere firmly to the base material. APS coatings improve mechanical adhesion and resis-
tance to multiple stresses, as well as corrosion resistance. This makes them suitable for use
in aggressive environments, such as on agricultural plough discs, which are subjected to
extreme conditions during soil cultivation [4-6].

Electrochemical corrosion is a major form of degradation for components exposed to
moist soil and is accelerated by fluctuations in pH and mineral salts. Recent studies show
that APS coatings containing nickel, chromium or ceramic compounds can significantly
reduce corrosion rates due to surface passivation; however, defects such as pores can initiate
pitting corrosion. In an agricultural context, these coatings can extend the service life of
machine components by 2-3 times compared to unprotected substrates. The literature
highlights the advantages of APS deposition technology over similar methods, such as
HVOF for certain applications due to its low porosity and resistance to electrochemical
corrosion. However, few studies address specific agricultural applications such as harrow
discs, where the combination of corrosion and thermal shock is critical for maximising
service life [7-9].

In this study, three types of powders (metallic and ceramic) were used for thermal
coatings and layer characterization. These powders have the following chemical composi-
tions and trade names: W,C/WC-12Co (Metco 71NS, abrasion-resistant metallic powder),
Cry03-4510,-3TiO (Metco 136F, ceramic powder with thermal protection properties), and
C025.5Cr10.5Ni7.5W0.5C (Metco 45C-NS, powder with high anti-corrosion properties).
These powders form hard layers exceeding 1000 HV with high resistance to corrosion
and thermal shock, thereby improving performance under combined wear and corrosion
conditions during soil processing. Thermal shocks occur during equipment operation
due to rapid temperature changes (e.g., contact with hot soil or sudden cooling), gener-
ating residual stresses and microcracks. APS ceramic coatings, such as those based on
Cr,03, demonstrate superior resistance due to low thermal conductivity and improved
toughness through alloying with TiO,. Several studies indicate that the dense structures
obtained via APS reduce delamination under thermal cycling, unlike those produced by
other conventional methods [10-12].

Atmospheric plasma spraying (APS) coatings have been widely investigated for
their ability to enhance wear and corrosion resistance in aggressive environments, with
numerous studies demonstrating their effectiveness in reducing material degradation
through the formation of dense lamellar structures and chemically stable surface layers.
In the context of agricultural applications, existing research has predominantly focused
on abrasive wear mechanisms, tribological behaviour, and field performance of coated
components under soil interaction conditions [13,14]. In parallel, corrosion studies on
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thermal spray coatings have largely been conducted under controlled laboratory conditions,
typically without considering prior thermal or mechanical degradation of the coating
system [15].

However, real operating conditions for soil-engaging tools involve complex and cou-
pled degradation mechanisms, including not only abrasion and corrosion but also transient
thermal loading, generated by frictional heating, dry soil interaction, or accidental exposure
to elevated temperatures followed by rapid cooling. Despite the recognized sensitivity
of APS coatings to thermal stresses—due to their lamellar structure, residual stresses,
and inherent porosity—the influence of thermal shock on subsequent electrochemical be-
haviour and corrosion resistance remains insufficiently addressed in the literature [16].
While Atmospheric Plasma Spraying (APS) is established in aerospace, its application
for enhancing agricultural harrow discs against synergistic soil abrasion and corrosion
remains under-explored. This study fills this gap by providing a mechanistic comparison
between three types of coatings. Utilizing EIS to decode interfacial kinetics, the work
identifies the ‘near-ideal dielectric barrier” of Cr,O3-45i0,-3TiO system and deciphers the
selective binder leaching in cermets. Ultimately, this research establishes a quantitative
framework for developing high-performance, corrosion-resistant coatings optimized for
extreme soil-cultivation environments.

Current studies rarely investigate how rapid heating—cooling cycles modify coating
integrity, microcrack formation, or interlamellar cohesion, and how these changes affect
electrolyte penetration and corrosion kinetics. Consequently, there is a lack of system-
atic data linking thermal shock-induced microstructural damage with electrochemical
performance degradation.

The present study addresses this gap by providing an integrated evaluation of APS
coatings subjected to severe thermal shock conditions, followed by detailed electrochemical
characterization. By comparing corrosion behaviour before and after thermal cycling, this
work offers new insights into the stability of protective mechanisms in realistic service
conditions, where thermal, mechanical, and chemical factors act simultaneously.

This paper presents experimental results evaluating the electrochemical corrosion and
thermal shock resistance of APS coatings deposited on agricultural plough discs using three
types of coating. The microstructural properties of the coating surfaces were characterised
using scanning electron microscopy (SEM/EDS), providing new data for optimising the
performance of agricultural machinery used for soil preparation.

2. Materials and Methods

The experimental study was conducted on a low-carbon steel substrate and evaluated
in both its uncoated (initial) state and after the deposition of three distinct thermal spray
coatings (Samples 1, 2 and 3) using specific Metco powders. Coated samples were obtained
with three different compositions, as follows: (i) Sample 1—Metco 71NS, (ii) Sample 2—Metco
136F, and (iii) Sample 3—Metco 45C-NS (Co 25.5Cr 10.5Ni 7.5W 0.5C). The detailed chemical
compositions and physical characteristics of the three investigated coatings are summarized
in Table 1.

Thermal plasma spray coatings were applied to the experimental samples using the
SPRAYWIZARD-9MCE system (Sulzer Metco, Westbury, NY, USA). To ensure optimal
adhesion of the coating to the substrate, the samples were sandblasted and degreased prior
to coating. The deposition system comprises several related pieces of equipment [13] such
as gas dispensers (for Ar, He, Ny and Hj) and powder dispensers, which form the plasma
jet and transport the powder (the raw material) to the deposition gun. It also includes
a rotating table, which allows the sample to rotate relative to the movement of the gun
during deposition. Figure 1 schematically illustrates the work stages, starting with the
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formation of thermal deposits and sample preparation, through to the experimental tests to
determine corrosion behavior, thermal shock tests, and microstructural analysis.

Table 1. Main characteristics and nominal compositions of the thermal spray powders.

Coating Trade Name Nominal Particle Size Kev Properties/Characteristics
Designation (Metco) Composition Range (um) y Frop
High hardness
Sample 1 Metco 71INS W,C/WC 12Co —90 + 53 Superior abrasive
wear resistance.
. . Abrasion Protection,
Sample 2 Metco 136F Cry03 4Si0, 4TiO5 —63+5

Impact Resistance
Solid Particle Erosion
Co 25.5Cr 10.5Ni o5 445 Protection, Dimensional

7.5W 0.5C Restoration,
Abrasion Protection

Sample 3 Metco 45C-NS

Deposition and
microstructural
analysis of

coatings

Figure 1. Schematic diagram of the deposition process and experimental analysis procedures.

Microstructural property analyses were performed using a Thermo Fisher FEG Quattro
C 2024 scanning electron microscope (SEM/EDS), manufactured in the Brno, Czech Re-
public. The samples were prepared for analysis by being cut using a Metacut 302 machine
(Metkon, Bursa, Turkey) and embedded in resin using a Metkon Eco-Press 52 machine
(Metkon, Bursa, Turkey).

All electrochemical investigations were performed in a standard three-electrode con-
figuration using an OrigaStat potentiostat/galvanostat (manufactured by OrigaLys Elec-
troChem SAS, Rhone, France) controlled by OrigaMaster 5 software, to evaluate the anti-
corrosive performance of the deposited layers relative to the reference steel substrate. The
samples served as the working electrode and were mounted to expose a constant active
surface area of 0.6 cm? to the corrosive environment represented by a 0.9% NaCl solution.
The reference potential was monitored using a saturated calomel electrode (SCE) and the
electrical circuit was closed using a platinum counter electrode [17]. The experimental
protocol began with the open-circuit potential (OCP) being monitored for 30 min—the time
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required for thermodynamic equilibrium to be reached at the layer-electrolyte interface.
Once stabilised, electrochemical impedance spectroscopy (EIS) analysis was performed by
applying a low-amplitude sinusoidal signal (10 mV) within a frequency range of 100 kHz to
10 mHz. For potentiodynamic polarisation, the scan was performed from —250 mV vs. OCP
to +250 mV vs. OCP at a scan rate of 1 mV/s. The resulting data were processed using Tafel
extrapolation, enabling the corrosion current density (icor) and the specific degradation
rate for each coating system to be determined in comparison to the initial steel specimen.
To investigate the kinetics of corrosion processes and the susceptibility of materials to
localised degradation phenomena, cyclic linear polarisation tests were performed [18]. The
potential scan was carried out at a constant rate of 5 mV/s, starting from the cathodic
region and advancing towards positive anodic values. This was followed by a reversal
of the scan direction. The impedance data were modelled using ZView software v. 3.22
and the EIS spectra were interpreted based on equivalent electrical circuits adapted to the
complexity of the layer interface. To ensure reproducibility and validation of the results, all
electrochemical tests were performed three times at a constant temperature of 25 °C.

The thermal shock tests were conducted at the PROMES-CNRS facility in Font-Romeu,
France, utilizing a high-flux solar furnace. The experimental configuration consists of
the following key components: For solar collection and concentration a primary heliostat
(tracking mirror system) collects solar radiation and reflects it toward a 2 m diameter
solar concentrator. This system is designed to achieve extremely high temperatures within
seconds, simulating severe thermal shock conditions. The samples (steel base with ceramic
coatings) were mounted on a specialized metal support. To protect the structural integrity of
the fixture, the support was continuously water-cooled. The motion control was realized by
putting the entire assembly on a mobile trolley. This allowed for the rapid introduction and
extraction of samples into the solar focal point, enabling precise control over the heating
cycles and maintenance periods. Two cooling regimes were implemented to evaluate
different thermal gradients: natural air cooling and forced cooling using compressed air.
Temperature variations were recorded in real-time using a Graphtec data logger (Graphtec
Corporation, Yokohama, Japan) connected to two thermocouples, one under the metallic
substrate and the other on the ceramic surface capturing the rapid heating and cooling
phases. To ensure the protection of human resources, all tests followed established safety
laws, with the specific goal of neutralizing hazards that could have arisen during the
experimental phases [19].

3. Results

Previous investigations on similar APS coatings applied to agricultural harrow discs
indicate that the deposited layers exhibit a characteristic lamellar microstructure, typical
for plasma-sprayed materials, with thicknesses ranging between approximately 220 and
320 um depending on the coating composition. Specifically, ceramic CryO3-5i0,-TiO;
coatings present thickness values of about 220-260 pm, while carbide (WC/W,C—Co)
and Co-based alloy coatings reach slightly higher values of 280-320 pm and 250-290 um,
respectively [14]. Microstructural analysis further reveals relatively low porosity levels,
generally below 5% for ceramic and Co-based coatings, indicating dense and well-adhered
layers, whereas carbide coatings tend to exhibit locally increased porosity and microcrack
density, particularly at carbide-binder interfaces. This structural heterogeneity is consistent
with the intrinsic nature of APS deposition, where rapid solidification of molten particles
leads to splat-based morphology and interlamellar boundaries [14]. Although detailed
roughness values are not always explicitly quantified, the literature consistently describes
APS coatings as having relatively high surface roughness due to partially melted particles
and splat stacking, which contributes to mechanical interlocking but may also facilitate
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electrolyte penetration in more porous systems. These microstructural features play a
critical role in determining both corrosion resistance and thermomechanical stability under
service conditions.

3.1. Electrochemical Characterization

The results obtained through potentiodynamic polarization, Figure 2a,b provide an
initial quantitative insight into corrosion kinetics, highlighting the clear contrast between
unprotected steel substrates and advanced coating systems. The Tafel curves, Figure 2a,
recorded for the four samples indicate a significant shift in corrosion potential (Ecorr)
towards more noble (more positive) values for the coated samples [15,20]. This suggests a
reduction in anodic activity at the metal-electrolyte interface.
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Figure 2. Electrochemical results in 0.9% NaCl for the initial substrate and S1-S3 coatings:
(a) potentiodynamic polarisation (Tafel) and (b) cyclic polarisation curves.

Analysis of the open-circuit corrosion potential (E(I = 0)) reveals a change in the
thermodynamic state of the surfaces when protective coatings are applied. For the control
sample (Initial), the strongly negative value of —906 mV indicates intense chemical activity
and the steel’s high natural tendency to oxidize in the test environment. This value
represents the reference state of the vulnerable substrate, where the absence of a barrier
leads to immediate corrosion.

Analysis of the electrochemical parameters, Table 2, represented by the corrosion
current density (jeorr) and corrosion rate (Veorr), confirms the effectiveness of the protective
coatings in inhibiting steel degradation. While the control sample exhibits a high corrosion
rate of 1.61 mm /year, corresponding to a current of 0.14 mA /cm?, the application of Metco
coating solutions systematically reduces these indicators, demonstrating their ability to act
as physical and electrochemical barriers. The most significant change occurs in Sample 2
(Metco 136F), where the corrosion current density decreases by two orders of magnitude
to a minimum value of 0.0045 mA /cm?. This reduction in reaction kinetics results in a
corrosion rate of just 0.054 mm/year, providing protection compared to the initial substrate.
This exceptional resistance of the CryO3-45i0,-3TiO oxide layer can be attributed to the
high structural density and chemical inertness of the ceramic phases [20]. These effectively
block the penetration of chloride ions towards the steel interface, thereby limiting the
formation of anodic areas.
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Table 2. The electrochemical parameters obtained from Tafel extrapolation for the Initial and S1-S3
samples in 0.9% NaCl solution.

Ed=0) jcorr RP Vcorr

Sample (mV) (mA/cm?) (ohm/cm?) (mm/year)
Initial —906 0.140 119.51 1.61
Samplel —453 0.091 257.89 1.05
Sample 2 —737 0.004 2810 0.054
Sample 3 —570 0.103 248.14 1.19

For the steel control sample, the corrosion current density (jeorr) exhibits the highest
values, reflecting an increased susceptibility to anodic dissolution in the presence of chloride
ions. In contrast, analysis of the anodic and cathodic branches of Sample 1 (Metco 71NS)
reveals the influence of the cobalt binder phase on the corrosion process. Although the
carbide matrix (W,C/WC) acts as a robust physical barrier, corrosion kinetics are controlled
by diffusion of corrosive species through microporosities inherent in the structure. Sample 2
(Metco 136F) exhibited the most stable behaviour, where the ceramic nature of the Cr,O3-
45i0,-3TiO layer induced superior resistance. The polarization curve for Sample 2 exhibits
an extended passivation region, indicating that the oxide layer limits electron flow and
inhibits the formation of unstable corrosion products. Meanwhile, Sample 3 (Metco 45C-NS)
exhibits a smoother anodic Tafel slope than the reference steel, suggesting that the presence
of chromium and nickel in the cobalt-based alloy promotes the formation of a self-healing
protective film that reduces the corrosion rate by blocking active sites. By comparison,
samples 1 and 3 provide moderate protection, with corrosion rates of 1.05 mm/year and
1.195 mm/year, respectively.

The electrochemical behaviour and barrier properties of the deposited layers were then
investigated using electrochemical impedance spectroscopy (EIS) [21,22]. The resulting
Nyquist and Bode plots are shown in Figure 3. The graphical representation of complex
impedance (Figure 3a) reveals differences by an order of magnitude in the corrosion
mechanisms of the four samples. All spectra are characterized by the presence of a single
capacitive arc (impedance loop) in the high- and mid-frequency ranges, which suggests that
the corrosion process is predominantly controlled by a single charge-transfer mechanism at
the interface. The impedance spectra were modelled using the equivalent electrical circuit,
Figure 3c, which allowed the contributions of each layer to the overall corrosion process to
be identified. The resulting values, Table 3, confirm a systematic improvement in protective
performance for all deposited systems, although there are notable variations due to the
specific chemistry of the Metco powders.

Although Samples 1 and 3 exhibit a slight increase in impedance compared to the
control sample, their arcs remain confined to the low-value range (below 1000 Q/cm? on the
real axis Zr). This behaviour suggests that, while the Co alloy layers offer some protection,
the electrolyte still manages to penetrate their structure, probably via the network of
micropores or the metallic binder phase [23]. This limits the system’s overall resistance.
The graph is defined by the capacitive arc of Sample 2, which increases considerably to
values in excess of 2500 Q)/cm?. This significant increase in the diameter of the semicircle
is an indication of exceptional corrosion resistance. The arc’s failure to close on the real axis
demonstrates that the ceramic coating (Metco 136F) functions as an almost ideal barrier,
creating a dense dielectric that decouples the substrate from the corrosive environment.

https:/ /doi.org/10.3390/app16083703


https://doi.org/10.3390/app16083703

Appl. Sci. 2026, 16, 3703

8 of 21

< ISnei\t::::Jle 1 vvj"
am] | 7 Somoe2
Ng 1500 v’ Y @ B
E . v § 1000 g
% 1000 v v - g
500 vvvv i
0-/ T T T T T 10 oy oy v A
0 500 1000 1500 2000 2500 3000 oot 1 e 100 1000 10000 100000
Zr(ohm/cmz) 03.16.2026,
(@) (b)
|_. Q
{Constant Prase E‘EE;!;::’
()
Figure 3. EIS spectra in 0.9% NaCl: (a) Nyquist and (b) Bode plots for the initial substrate and S1-53
coatings, (c) equivalent electrical circuit model R(Q(R(CR))).
Table 3. Electrochemical impedance spectroscopy (EIS) parameters obtained by fitting the experimen-
tal data with the R(Q(R(CR))) equivalent electrical circuit for the initial substrate and Metco-coated
samples in aerated 0.9% NaCl solution.
CPE R
R C R
S 1 S por dl ct
ampre Q/cm? Q n Q/cm? F/cm? Q/cm?
Ss™/cm
Initial 31 0.0006698 0.83 83 1.607 x 10~4 307
Sample 1 50 0.001327 0.54 240 1.967 x 1075 1328
Sample 2 42 0.0002558 0.64 415 2.939 x 107° 2213
Sample 3 59 0.00089295 0.58 229 5.7 x 107> 881

The values for Rs show minimal variation between 31 Q)/cm? (Initial) and 59 ()/cm?
(Sample 3). This is mainly due to the conductivity of the electrolyte (0.9% NaCl) and
the cell geometry being the primary factors in determining this parameter. Regarding
Constant Phase Element (CPE), the parameter Q reflects the magnitude of the CPE, and
the exponent n reflects the integrity and homogeneity of the surface. Sample 2 exhibits the
lowest value of Q (0.558 x 104 Ss"/cm?), indicating a denser and less permeable layer. The
exponent n decreases from 0.83 (base steel) to values ranging from 0.54 to 0.64 for the Metco
coatings. This decrease is a typical signature of the thermal spraying process, indicating
high structural heterogeneity and pronounced microscopic roughness. Rpor measures the
layer’s resistance to electrolyte penetration through the pores and defects in the structure.
An increase is observed from 83 Q)/cm? (initial) to 415 OO/ cm? for Sample 2. The maximum
value observed for the ceramic system (CryO3-45i0,-3TiO) indicates that it offers the most
effective physical barrier, thereby limiting chloride ion pathways to the substrate. Sample 1
and Sample 3 exhibit intermediate values of 240 and 229 )/ cm?, respectively, indicating
a more permeable structure characteristic of metallic deposits, where secondary phases
can create microchannels at the particle boundaries. It is well known that a decrease in
Cgq1 suggests either an increase in the thickness of the protective film or a reduction in the
area of the surface exposed to corrosion. Samples 1,2 and 3 (with values of 1.967 x 10~5;
2.939 x 1075;5.7 x 1075, respectively) exhibit values that are an order of magnitude lower
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than those of the original steel. This decrease in capacitance indicates that the metal surface
is effectively shielded by a robust dielectric barrier, which minimises charge accumulation
at the interface. Charge transfer resistance (Rct) is the defining parameter for corrosion rate.
With an Rct of 2213 Q)/cm?, Sample 2 is the most effective, showing an increase compared
to the reference steel with an Rct of 307 ()/cm?. This validates the chemical superiority
of the oxide system, which inhibits redox reactions at the interface much more effectively
than metallic systems manage to do. Sample 1 (1328 Q/cm?) offers superior protection
to Sample 3 (881 ()/cm?), suggesting that the tungsten carbide mixture (W,C/WC) is
more stable in a saline environment than the complex cobalt-chromium-nickel alloy in
Sample 3 [24].

3.2. Microstructural and Chemical Characterization

Figure 4 shows the surface morphologies of the initial substrate and the three Metco-
coated samples, as determined by SEM analysis after corrosion exposure in a 0.9% NaCl
solution. In the initial sample, the surface is completely affected by corrosion (see Figure 4a).
A granular, porous layer of corrosion products with a typical iron oxide and hydroxide
appearance, based on comparative morphological studies [25]. Most notably, a network of
deep microcracks traverses the surface, indicating the natural oxide layer has become struc-
turally unstable. This morphology is characteristic of uniform and aggressive corrosion. In
the absence of any protective barrier, the electrolyte is able to attack the metal substrate
directly. These deep cracks act as microchannels, accelerating the diffusion of chloride ions
into the steel. This phenomenon is directly correlated with the minimum charge transfer
resistance (Ret = 307 Q-cm?) obtained through EIS.

The surface of the ceramic layer appears to be intact, dense and homogeneous (see
Figure 4c). There are no indications of corrosion products or microcracks on the surface.
An isolated agglomerate can be observed, which is likely a secondary phase intrinsic to
the spraying process. There are no signs of corrosion attack. This micrograph confirms
the status of the oxide system (Cr,O3-5i0,-TiO3) as a barrier. The fact that the surface
has remained intact validates the hypothesis of the ceramic’s superior chemical inertness
and the high compactness of the layer. In samples 1 and 3, the surface is rough, with
a clearly defined granular texture. Although there is no significant destruction of the
reference steel, a large number of micro-pits (microscopic pitting) and a fine accumulation
of particulate corrosion products are observed [26]. The hard carbide particles appear
prominent, while the spaces between them appear deepened. This morphology is a classic
example of selective binder leaching. The metallic cobalt, which holds the carbides together,
has been anodically dissolved, leaving the carbide structure unprotected.

Figure 5 shows the characteristic energy dispersive spectroscopy (EDS) spectra of
the elements identified on the surface of the samples following corrosion resistance tests,
highlighting the differences caused by the nature of the coatings. In the case of the initial S4
sample, without a coating (Figure 5a), the spectrum is dominated by iron, accompanied by
a low oxygen content (~7.7 at.%), which indicates limited formation of corrosion products
and the absence of an effective protective layer. For sample S1 (Figure 5b), coated with
Metco 7INS (W,C/WC-12Co), a significant increase in oxygen intensity (~53 at.%) is
observed, along with the pronounced presence of W and Co, suggesting marked surface
oxidation and the exposure of phases characteristic of the coating, without the formation of
a compact protective layer. In the case of sample S2 (Figure 4c), coated with Metco 136F
(CrpO3—45i0,-4Ti03), the spectrum indicates a moderate oxygen content (228 at.%) and the
presence of chromium, an element essential for passivation, which confirms the formation
of a stable and adherent oxide layer responsible for the superior corrosion behavior.
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Figure 4. SEM analysis of surface before and after corrosion resistance tests: (a) Initial sample,
(b) Sample 1, (c) Sample 2, (d) Sample 3.
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Figure 5. Energy spectrum of the elements identified on the surface (a) initial sample, (b) sample S1,
(c) sample S2 and (d) sample S3.

For sample S3 (Figure 5d), coated with Metco 45C-NS (Co-Cr-Ni-W), a high oxygen
content (/248 at.%) is again observed, along with signals corresponding to the alloying
elements, indicating an advanced oxidation process and less effective protection compared
to S2. Overall, the spectral analysis confirms that corrosion performance is determined by
the coating’s ability to form a stable passive layer, with the chromium oxide-based coating
(P2) being the most effective. Table 4 highlights the influence of coating composition on
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the degree of surface oxidation following corrosion testing. Sample S1, coated with Metco
71INS (W,C/WC-12Co), exhibits a very high oxygen content (53.1 at.%), indicating signifi-
cant oxidation, while the presence of W and Co confirms the preservation of the coating-
specific phases on the surface. Sample S2, coated with Metco 136F (Cr,O3-45i0,—4TiO3),
exhibits the lowest degree of oxidation among the coated samples and the best electrochem-
ical behavior, which can be attributed to the protective role of the chromium oxide-rich
ceramic layer. In the case of sample S3, coated with Metco 45C-NS (Co-25.5Cr-10.5Ni-
7.5W), the high oxygen content (48.0 at.%) indicates an advanced oxidation process, even
though the presence of Cr and Ni suggests a certain tendency toward passivation. In com-
parison, the initial P4 sample, dominated by Fe, remains the most vulnerable to corrosion
attack. Overall, the results confirm that the Metco 136F coating provides the most effective
corrosion protection.

Table 4. Chemical composition on the surfaces of the samples after corrosion resistance test.

Elemene  Initial Init I]f:‘r‘: I];‘r‘rt S S1  Err Err S2  S2  Err Err S3 S3  Err  Err
At% W% o ST A% Wit At% W% At% W% At% W% At% Wi% At% Wi%
0 77 23 01 00 531 120 05 01 283 105 02 01 480 196 03 0.
Na 00 00 — — 09 03 0l 00 36 19 01 00 17 10 01 00
Si 03 02 00 00
cl 26 17 00 00 16 08 01 00 09 08 00 00 15 13 00 00
Ti 01 02 00 00
Cr 26 31 00 00 201 267 01 01
Mn 16 17 01 01
Fe 881 943 02 02 33 26 01 01 642 83 02 02 27 38 01 01
Co 127 106 01 01 198 296 01 02
Ni 34 51 01 01
w 284 737 02 06 28 129 01 04

St dev. (from five determinations): O: £0.75; Na: £0.05; Si: £0.05; Cl: £0.05; Ti: £0.05; Cr: £0.12; Mn: +0.9;
Fe: +0.3; Co: +0.15; Ni: 0.1 and W: £0.1.

Figure 6 shows the spatial distributions of the elements on the surface of the samples
following the corrosion resistance tests, providing information on the uniformity and the
degradation mechanism. In the case of the initial 54 sample, the distribution of iron is
predominant and relatively uniform, while oxygen appears localized, confirming limited
and uneven surface oxidation. This distribution indicates the absence of a continuous
protective layer. For sample S1, the distributions reveal a significant and uneven accumu-
lation of oxygen, associated with regions rich in W and Co. This heterogeneity suggests
the formation of discontinuous corrosion products and the presence of active zones where
corrosion is more intense.

In the case of sample S2, the elemental distributions are much more uniform, particu-
larly for oxygen and chromium. This correlation indicates the formation of a continuous,
compact, and adherent oxide layer, characteristic of effective passivation. The uniform
distribution of this layer explains the high corrosion resistance observed electrochemically.
For sample P3, the distributions show an uneven distribution of oxygen, correlated with
areas where alloying elements (Co, Cr, Ni, and W) are concentrated. This distribution
suggests a localized corrosion mechanism and limited effectiveness of the formed passive
layer. In conclusion, the analysis of the elemental distributions confirms that corrosion
resistance is closely linked to the coating’s ability to generate a uniform and protective
oxide layer, a condition optimally met by the Metco 136F coating (Sample 2).
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Figure 6. Elemental distributions of the elements identified on the surfaces of the samples after
corrosion resistance tests: (a) initial, (b) S1, (¢) S2 and (d) S3.

3.3. Thermal Shock Characterization

Analysis of the experimental data for the four samples highlights the setup’s high
capability to generate steep temperature gradients and maintain the target temperature.
The temperature of 800 °C was reached and maintained with high precision; all samples
reached and exceeded the 800 °C threshold during the heating cycles, Figure 7. For example,
Sample 1 reached temperatures of approximately 860-870 °C, while Sample 2 recorded
peaks of over 890 °C. The holding period at the plateau temperature (approx. 800 °C) was
10 s, in accordance with the described methodology. The data show that the solar flux was
kept constant during this interval before the sample was removed for cooling. Based on the
heating and cooling rates (metal + ceramic layer assembly) from the analysis of the data files,
the following thermal dynamics can be observed: heating rate: the system demonstrated
an extremely rapid heating rate. The samples were heated from residual temperatures
(e.g., 100-200 °C) to over 800 °C in approximately 10-15 s, which corresponds to an average
heating rate of over 50-60 °C/s, characteristic of solar thermal shock conditions.
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Figure 7. Temperature variation on the surface (black line) and under the sample (red line) for
(a) initial sample, (b) S1, (c) S2 and (d) S3.

4. Discussion

The application of Metco coatings results in a visible noble shift in the surface potential,
with all Ecorr values shifting towards more positive regions. A notable feature is observed
in Sample 1 (Metco 71NS), which exhibits the most noble potential at —453 mV. This positive
shift of over 450 mV relative to the original steel suggests that the tungsten carbide matrix
fundamentally alters the interface, significantly reducing the thermodynamic affinity for
corrosion reactions. While Sample 3 (Metco 45C-NS) follows a similar trend, exhibiting a
potential of —570 mV, the behaviour of Sample 2 (Metco 136F) is the most interesting from
an electrochemical standpoint. Although Sample 2 exhibits an Ecorr of —737 mV—Iless
‘noble’ than Samples 1 and 3—this must be correlated with the low corrosion current
density (jcorr = 0.0045 mA /cm?). This apparent discrepancy is typical of dense ceramic
layers: while the potential is not the highest, the stability of the CryO3-5i0;-TiO3 film
creates a kinetic barrier [27,28]. The nearly two-order-of-magnitude reduction in current
density compared to the bare steel aligns with the ‘stepwise” barrier protection mechanism
proposed by Zhong et al. (2026) [27], where the synergistic addition of TiO; and SiO,
effectively seals the inter-lamellar porosity. While these values are an improvement on the
Initial sample, their performance is limited by their metallic or cermet nature. In the case of
Sample 1 (Metco 71NS), the cobalt phase present between the tungsten carbide particles can
generate galvanic couples on a microscopic scale, promoting the localised dissolution of
the binder [29,30]. At the same time, the R;, value (polarisation resistance), as confirmed in
Table 2, supports this hierarchy: Sample 2 exhibits the highest resistance (2 810 ohm-cm?),
indicating maximum resistance to charge transfer. This is in contrast to the reference steel,
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which has a value of only 119.51 ohm-cm?. Regarding changes in the anodic and cathodic
slopes, it can be seen that Metco coatings influence both branches of the electrochemical
process. This suggests that the coatings act as mixed-type inhibitors, reducing both the
rate of anodic metal dissolution and the rate of the cathodic reduction reaction (typically,
oxygen reduction in aqueous media) [31].

Although it does not exhibit the highest potential, the green curve is positioned
furthest to the left on the graph. The anodic slope of this sample is noticeably more
abrupt than that of the control sample. This indicates that the ceramic layer (Metco 136F)
covers the surface and substantially increases the activation energy required for metal
ions to leave the lattice, thereby blocking the active surfaces. The clearly defined linear
regions of the slopes for the coated samples suggest that, at this initial stage, the corrosion
process is controlled by charge transfer at the interface rather than diffusion. However,
the significant difference in performance between the initial curve and the other three
samples highlights the effectiveness of the thermal spraying process in creating a controlled
porous structure that is capable of isolating the substrate from the aggressive environment.
The electrochemical response recorded by cyclic voltammetry establishes a link between
impedance parameters and the observed surface degradation patterns. As can be seen
in Figure 2b, the initial sample exhibits a higher current density than the coated samples.
For the coated samples, the nearly linear profile with negligible hysteresis quantifies the
transition from an active dissolution regime to a state of nearly ideal dielectric barrier.
For Sample 2 ceramic coating, the anodic slope is minimal, effectively isolating the steel
substrate from chloride-induced infiltration. In contrast, the high current densities recorded
for Sample 1 reflect the “selective leaching of the binder” mechanism; the electrochemical
consumption of the cobalt matrix increases the electrochemically active area, thereby
compromising the long-term integrity of the cermet. For Sample 3, the delayed onset of
current confirms the presence of an unstable passivation layer that does not match the level
of robust physical barrier provided by the ceramic matrix.

Electrochemical impedance spectroscopy (EIS) analysis was performed to understand
the complex mechanisms at the layer-electrolyte interface. This provided a more detailed
insight into the barrier properties. The Nyquist plots obtained for the four experimental
samples reveal the presence of capacitive arcs whose diameter varies significantly depend-
ing on the deposited material’s nature. For the control sample (Initial), the impedance
semicircle is small, which is correlated with low charge transfer resistance (Rct), confirming
the vulnerability of steel in a saline environment. In contrast, the impedance spectra for the
coated samples indicate considerable expansion of the capacitive arc diameter, suggesting
robust resistance to ionic flow. Sample 2 (Metco 136F) is clearly distinguished by a greater
impedance arc, reflecting a polarization resistance value that exceeds that of the initial
substrate by orders of magnitude. This trend is also confirmed by the Bode plots, in which
the impedance modulus (Z) of the ceramic layer remains highest in the low-frequency
range, indicating structural integrity capable of limiting electrolyte diffusion through the
layer’s pores. The Bode plots confirm the previously established hierarchy of anticorrosive
performance and highlight the major structural differences between the four systems stud-
ied. In the impedance modulus plot (Z vs. frequency), the value obtained at low frequencies
(0.01 Hz) is considered a direct indicator of the system’s overall corrosion resistance. For
the initial sample, the low-frequency impedance is minimal (approximately 300 ()/cm?), re-
flecting an active, unprotected surface. By contrast, Sample 2 exhibits the highest | Z1| value,
reaching almost 10* 0/cm?, which indicates a dielectric barrier that limits ionic transfer
between the electrolyte and the substrate. Phase angle analysis provides information on the
quality of the protective coating. Sample 2 exhibits the widest and longest-lasting “plateau’
in phase angle, reaching a maximum value of almost 70° over a broad frequency range. This
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curve shape is typical of dense layers with pronounced capacitive properties, indicating
that the ceramic coating (Metco 136F) behaves like an almost ideal capacitor with minimal
porosity to prevent solution penetration. In the initial sample, although a phase peak is
exhibited at medium frequencies, it is very narrow. This indicates a rapid relaxation of
the electrochemical processes at the interface, which is characteristic of an active corrosion
process. In the initial sample, although a phase peak is exhibited at medium frequencies, it
is very narrow. This indicates a rapid rate of change in the electrochemical processes at the
interface, which is characteristic of an active corrosion process. Samples 1 and 3 exhibit
much lower phase angles (between 20 and 30), indicating behavior that is more resistive
than capacitive. The low phase angle values at medium frequencies suggest the presence
of structural defects or open porosity in the Co alloy layers, allowing the electrolyte to
interact more easily with the metallic phases in the deposit. According to Moghanian et al.
(2025) [29], such low phase angle values in the medium-frequency range are characteristic
of coatings with interconnected porosity or micro-structural defects, which facilitate the
rapid infiltration of Cl ions. This resistive shift suggests that the electrolyte has effectively
bypassed the physical barrier, interacting directly with the metallic phases (Co binder in
Sample 1 and the Co-Cr matrix in Sample 3). Similarly, Yu et al. (2024) [30] highlighted
that in Cobalt-based alloys, the presence of heterogeneous grain boundaries can act as
preferential paths for localized corrosion, a phenomenon that aligns with the phase angle
depression observed in our EIS spectra.

The combined analysis of electrochemical and microstructural results allows the
identification of a coherent degradation—protection mechanism for the investigated coat-
ing systems. The corrosion resistance of the coatings is primarily governed by their mi-
crostructural characteristics, particularly porosity, phase distribution and interlamellar
cohesion, which directly influence electrolyte penetration and charge transfer processes.
In the case of Sample 2 (Cr,O3-5i0,-TiO,), the dense ceramic structure with low poros-
ity acts as an effective physical barrier, significantly limiting ionic transport toward the
substrate, in correlation with values recently reported for similar Cr,Oz-based protective
systems. For instance, Mercier et al. (2025) [28] observed that even advanced Cr,Oj3 thin
layers achieved through Atomic Layer Deposition exhibited lower impedance values in
saline environments, highlighting the effectiveness of the APS-deposited ceramic matrix in
this study.

Sample 2, CrpO3-5i0,-TiO,, exhibits an inert ceramic barrier behaviour, which is the
determining factor in its corrosion mechanism; see Figure 8. As the constituent oxides
(Cr 03, 5i0,, TiO,) are already in their maximum oxidation states, the coating matrix
is thermodynamically stable in a saline environment. This inherent chemical inertness
prevents the matrix from participating directly in redox reactions within the investigated
potential range. Consequently, the protection mechanism is purely physical and dielectric.
Corrosion is localised exclusively at the base of inevitable microscopic pores (coating
defects), where the electrolyte comes into contact with the steel substrate. However, the
corrosion rate is limited by the impedance of the ceramic layer, which stops both ionic
and electronic transport at the interface. This behaviour is confirmed by the high charge
transfer resistance (Rct) and low capacitance values obtained from EIS analysis, indicating
a reduced electrochemically active area. At the same time, the thermal profiles reveal the
development of a pronounced temperature gradient across the coating—substrate system,
suggesting reduced thermal diffusivity and an enhanced ability to attenuate thermal flux.
This dual effect—blocking both ionic diffusion and thermal transfer—contributes to the
stability of the coating under combined thermal and corrosive loading conditions.
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Figure 8. Corrosion mechanism of Sample 2 (Cr,O3-SiO,-TiO,).

By contrast, Sample 1 (WC/W,C—Co) exhibits a heterogeneous microstructure in
which the metallic cobalt binder forms preferential pathways for electrolyte penetration.
Under corrosive conditions, this leads to selective binder dissolution, increasing the effec-
tive surface area exposed to electrochemical reactions. Although the carbide phase provides
mechanical protection, the presence of interconnected microporosity reduces the barrier
efficiency, as reflected by intermediate impedance values. From a thermal perspective, the
reduced temperature gradient compared to the ceramic system suggests higher thermal
conductivity, facilitating heat transfer towards the substrate and potentially enhancing ther-
mally induced stresses at the interface. Similarly, Sample 3 (Co—Cr—Ni-based alloy) relies
on passivation mechanisms rather than purely physical barrier effects. While chromium
and nickel contribute to the formation of protective oxide films, the electrochemical results
indicate that these layers are less stable and more susceptible to localised breakdown. The
degradation of Sample 1 via selective binder leaching is consistent with the findings of
Moghanian et al. (2025) [29]. Their research on optimized HVOF tungsten carbide coatings
similarly identified the cobalt matrix as the primary electrochemical weakness; however,
the higher corrosion rates observed in our APS-deposited cermet suggest that the increased
micro-porosity inherent to the plasma spray process accelerates electrolyte infiltration. This
correlation between increased jcorr and SEM-documented pitting confirms that without
the thermodynamic stability of a ceramic matrix, metallic binders remain susceptible to
aggressive chloride attack, regardless of the hardness of the reinforced carbide phase.
The thermal response of this coating shows behaviour intermediate between metallic and
ceramic systems, with limited capacity to buffer thermal gradients, which may further
contribute to the instability of the passive layer under cyclic thermal loading.

Overall, the results demonstrate that optimal performance under combined thermal
shock and corrosion conditions is achieved by coatings that simultaneously minimise
porosity, limit electrolyte access, and reduce thermal diffusivity, thereby ensuring both
chemical and thermomechanical stability.

Analysis of the cooling rate for air cooling (natural cooling) shows a gradual decrease
in temperature immediately after removal from the solar focus. In the first 5 s after the flow
ceases, the temperature typically drops by approximately 300-400 °C (e.g., from 850 °C to
500 °C). In the case of forced cooling in cycles where compressed air was applied, the cooling
rate is much steeper, ensuring the rapid temperature drop required to test the adhesion of
the ceramic layer under sudden contraction [32]. A comparative analysis of the thermal
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profiles presented in Figure 7 reveals distinct differences in the temperature evolution
between the uncoated substrate and the coated systems. In the case of the initial sample
(Figure 7a), the temperature curves recorded at the surface and within the substrate exhibit
a relatively close overlap throughout the heating and cooling stages, indicating efficient
heat transfer and the absence of any thermal gradient buffering. This behaviour reflects
the direct exposure of the metallic substrate to the thermal flux, resulting in rapid heat
penetration and a more uniform temperature distribution across the sample thickness. In
contrast, the coated samples (Figure 7b-d) display a more pronounced separation between
the surface and subsurface temperature curves, particularly during transient heating and
cooling stages. This divergence suggests the development of a temperature gradient
across the coating—substrate system, associated with the reduced thermal diffusivity of
the deposited layers. The effect is most evident in the ceramic coating (Sample 2), where
the delay between surface heating and substrate response is more significant, indicating
enhanced thermal insulation capacity [33].

Additionally, the coated systems exhibit a smoother temperature transition at the sub-
strate level, with attenuated fluctuations compared to the uncoated sample. This behaviour
implies that the coatings act not only as thermal barriers but also as stabilizing layers that
mitigate abrupt thermal variations transmitted to the substrate. Such damping of thermal
gradients is essential for reducing thermally induced stresses at the interface, thereby
contributing to improved structural integrity under cyclic thermal loading conditions [34].
In conclusion, based on visual inspection following testing at 800 °C, no delamination,
macroscopic cracks, or damage to the ceramic coatings (Metco 71NS, Metco 136F, Metco
45C-NS) was observed. This suggests good thermomechanical compatibility between the
steel substrate and the deposited layers, despite the high rates of temperature variation [35].

Despite the relevant insights provided by this study, several limitations should be
acknowledged. First, the corrosion behaviour was evaluated in a simplified laboratory
environment (0.9% NaCl solution), which does not fully replicate the complex chemical
composition of natural soils, where multiple ionic species and pH variations may influence
degradation mechanisms. Second, the thermal shock tests were conducted under controlled
single-cycle conditions, without considering long-term cyclic loading, which may lead to
cumulative damage such as fatigue-induced microcracking or progressive delamination.

In addition, although microstructural observations after corrosion testing confirm the
integrity of the coatings, a detailed quantitative analysis of defect evolution (e.g., crack
density, porosity variation after thermal shock) was not performed. Furthermore, the study
focuses primarily on corrosion and thermal behaviour, without addressing tribological
performance, which is a critical factor for agricultural applications.

Future work should therefore consider multi-cycle thermal shock testing, combined
corrosion-wear experiments, and more detailed quantitative microstructural characteri-
zation in order to provide a comprehensive assessment of coating durability under real
service conditions.

5. Conclusions

This study provides a systematic evaluation of the anticorrosive performance of
various thermally sprayed Metco coatings on carbon steel in a 0.9% NaCl environment.
The experimental findings led to the following conclusions:

e  Electrochemical efficiency: The ceramic coating (Sample 2) provided the greatest level
of protection. It exhibited a significant shift in corrosion potential (Ecorr) towards
more noble values, reducing the corrosion rate by almost two orders of magnitude
compared to the bare substrate.
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e Interfacial stability: EIS modelling revealed that, whereas Samples 1 and 3 rely on
sacrificial or passive mechanisms, Sample 2 acts as a near-ideal dielectric barrier.
The high R (ct) values (2213 Q-cm?) and low double-layer capacitance (C) confirm a
significant reduction in the electrochemically active area at the substrate base.

e  Microstructural degradation: Post-corrosion SEM analysis revealed a shift from severe
uniform oxidation of the steel substrate to selective binder leaching in the Co-based
coatings. In contrast, the Cr,O3-based ceramic matrix remained structurally intact,
proving its superior chemical inertness against chloride ion attack.

e Industrial applicability: The combination of physical barrier effects and interfacial
resistance makes the CryO3-4510,-3TiO system the optimal solution for the long-term
protection of structural steel in aggressive saline environments.
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