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Preface

This book contains the Proceedings of the 5th International Tribology Symposium of
IFToMM, the International Federation for the Promotion of Mechanism and Machine
Science, ITS-IFToMM 2024, held from May 6th to 8th, 2024, in Salerno, Italy, jointly
with the 9th AIT (Italian Tribology Association) Workshop “Tribology and Industry”
(May 8th–9th, 2024).

The 5th ITS-IFToMM follows the 1st edition held in Beijing, China, in 2008, the
2nd one held in Rio de Janeiro, Brazil, in 2010, the 3rd one held in Luleå, Sweden, in
2013, and the 4th one held in Jeju, Korea, in 2017. It is the first in presence Conference
organized by the Technical Committee for Tribology of IFToMMafter the COVID years.

The aim of ITS-IFToMM 2024 has been to provide the opportunity for scientists,
engineers, and students from all over the world, both from academia and industry, to
come together and exchange the latest information on a wide range of topics relevant to
tribology.

This book collects 48 peer-reviewed papers on the major themes of tribology and
other related fields such as friction, wear, lubrication, lubricants, biotribology, triboma-
terials, solid lubricants, surface engineering, tribotesting, modeling in tribology, contact
mechanics, micro/nanotribology, tribology in power generating systems, metal working
tribology, tribology in road transport and tribology in medicine. The Proceedings are
divided into six chapters, essentially reflecting the technical sessions of the Symposium:
friction corrosion and wear, coatings, bearings, optimization of mechanical systems,
contact mechanics and viscoelasticity, bio/green tribology.

We would like to express our sincere gratitude to everyone who contributed to the
success of the Symposium, particularly all the authors for their interesting scientific
contributions, the reviewers for their useful feedback, all the members of the Scientific
and Organizing Committees for their valuable work, and all people of Springer for their
efficient support in publishing this book.

Enrico Ciulli
Alessandro Ruggiero
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Experimental Wear Analysis on Mechanical
Seals for Concrete Mixers

Silvia Logozzo and Maria Cristina Valigi(B)

Università degli Studi di Perugia, Via G. Duranti, Perugia, Italy
mariacristina.valigi@unipg.it

Abstract. The paper presents an experimental wear analysis of a mechanical face
seal for twin-shaft concrete mixers. The studied mechanical seals are lubricated
through a timed pump which delivers grease progressively and distributes the
required amount of lubricant to each seal evenly. Seals aim at preventing the leak-
age of the dough from the tank of the concrete mixer through the gaps between the
fixed and rotating parts. To prevent the dough from spilling out, the flow is con-
trasted by adding lubricating grease. The seals, after a certain period of operation,
exhibit significant wear progress due to an interlayer of concrete/inert material.
The experimental wear analysis is carried out with the aid of 3D scanners and from
the observation of the results, three different phases are defined during thematerial
removal, considering different wear behaviors. Results are also compared to wear
volumes from gravimetric tests. Therefore, this paper lays the groundwork for a
future model of the wear behaviour of mechanical face seals in twin-shaft concrete
mixers and for proposing solutions to limit and control the wear phenomena.

Keywords: Green Tribology ·Mechanical Face Seal ·Wear · 3D Scanners ·
Concrete Mixers

1 Introduction

Mechanical seals are employed in various industrial applications such asmachinery con-
struction, production of equipment, land or sea transportation, rotating axles, agricultural
machinery, mining machinery, etc. They are indispensable components for the proper
functioning of the machines in which they are installed as they have the function of
preventing fluid leakages [1–6]. The knowledge of the wear behavior of seals’ interfaces
is particularly important to improve their design enhancing their useful life and meeting
the increasingly required sustainable development goals (SDG) [7]. In fact, wear assess-
ment is a topic of significant importance in green tribology and can be extremely helpful
to obtain and determine all the information needed to effectively re-design components
and detect damages in machinery, components, infrastructure, etc. [8].

In this paper the wear of a mechanical face seal for a twin-shaft concrete mixer is
studied. The concrete mixer where the seal is mounted was already described in [9, 10].
These kinds of seals must have a long service life to ensure maximum isolation and
reliability as many other components [11, 12].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
E. Ciulli and A. Ruggiero (Eds.): ITS-IFToMM 2024, MMS 160, pp. 3–12, 2024.
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The purpose of the studied mechanical face seal is to prevent the slurry from leaking
out of the tank through the gaps between the fixed and rotating parts. The lubricating
action of the grease creates a film of grease at the interface between the two mating
surfaces, keeping the two rings in mediated contact. In the studied concrete mixer, a
timed pump delivers lubricant progressively and cyclically at the seal’s interface, so that
there is a phase of full lubrication and a phase of boundary lubrication.

In this work, the wear of the seal that occurs during the boundary lubrication phase
is evaluated using a 3D scanner and applying one of the methods described in [13] and
in particular the technique used for the mixing blades in [14]. Results are also compared
to wear volumes from gravimetric tests.

3D scanners can be advantageously employed for a variety of applications such as
inspections [15, 16], evaluations of contact [17], biomechanical applications [18, 19] and
wear assessments in all the sectors [20]. In the first part of the paper, the studied seals
and concrete mixers are described with attention to how the lubrication is delivered. In
the second part, the experimental results obtained for the worn seal with the use of a 3D
scanner and related methods are presented and discussed.

The analysis of results allowed the identification of three different wear phases
occurring during the lifetime of the studied seal distinguishing three different wear
behaviors.

2 Mechanical Face Seals in Twin Shaft Concrete Mixers

2.1 Description of the Mechanical Face Seals

The studied mechanical face seal is a component of a twin shaft concrete mixer that has
four identical mechanical face seals, two for each shaft.

The purpose of these seals is to prevent or limit the leakage of dough from the tank
avoiding damage to the shaft bearings and planetary gears. The mechanical face seals
have threemain components: themetallic ring, the plastic ringmade of polyester, and the
coupling ring. The coupling ring has the function of guaranteeing the contact between
the mating faces of the two rings. It keeps the plastic ring fixed while a sliding motion
occurs with the rotating metal ring connected to the mixer shaft.

Figure 1 shows the seal assembly where the ring made in polyester is represented in
green color. The metal ring is produced by turning a mechanical tube made of steel (Fe
510) and it has an external and internal diameter of 170mm and 123mm respectively and
a slope of the upper face equal to 25°. It is fixed to the shaft of the mixer using a shrink
disk, that is inserted into the conical cavity inside the ring. The shrink disc forces the ring
to rotate continuouslywith the shaft. A carbonitriding surface treatment [21] is applied to
the tapered face of the ring where sliding occurs to enhance wear and friction resistance.
This treatment employs a material thickness that is less than 1 mm, and a subsequent
grinding process decreases the surface roughness of the face, reducing friction. The
plastic ring ismade of polyester, amaterial suitable for applications requiringmechanical
and chemical resistance. It is particularly suitable for parts subjected towear and abrasion
[22]. It has an external diameter of 205 mm, an inner diameter of 131 mm and 10 mm
thickness. This ring is fixed to the shaft support through four holes on its surface, through
which the anchoring screws of the coupling ring pass.
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Fig. 1. The analyzed mechanical face seals: in green the ring made in polyester.

When the screws are tightened, the plastic ring is forced against the tapered surface
of the metal ring and is forced to deform, as represented in Fig. 2.

Two channels are created on the surface of the plastic ring in contact with the metal
ring which allow the penetration of the grease throughout the contact area between
the two faces. The lubricant is forced by the pump with the necessary overpressure
to allow the lubricant penetration at the seal’s interface. The pump works in on-off
cycles of two minutes. The on-off phases prevent a big amount of grease from the seals
from contaminating the processed concrete. By reducing the grease pumping time, the
concrete’s final quality is preserved, but this causes abrasive wear of the seals during the
periods when the pump is turned off due to lack of lubrication and penetration of the
mixture into the interface.

Fig. 2. Section of the mounted seal: in green the ring made in polyester.

2.2 Worn Mechanical Face Seal

Figure 3 shows the worn surfaces of the two rings of the seal at the end of its life: the
worn metal ring (on left) and the worn plastic ring (on right). One can observe that
wear is predominant on the metal ring and that on the plastic ring contact surface (the
inner portion) there is a concave area due to a permanent deformation of the plastic
material imprinted by the truncated conical surface of the metal ring. Noticeable marks
are present on the ring’s central surface, caused by the degradation of the polyester due
to contact with contaminants. The contamination is most likely due to concrete deposits
in the seal’s grooves.
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Fig. 3. The worn rings of the mechanical face seal.

3 Experimental Evaluations

3.1 3D Model of the Worn Metal Ring

Digitalwear evaluationmethods are included in the typical techniques of digital tribology
and are performed by 3D digital instruments and software such as 3D optical non-
contact scanners or high-precision contact digitizers combined with post-processing and
inspection software. Figure 4 shows the 3D scanner used to digitize the entire surface of
the component which is a 3D laser scanner mounted on an articulated arm and combined
with a CMM (Contact Measuring Machine) probe.

Considering that the wear of the plastic ring is negligible compared to that of the
metal ring, the experimental and wear analysis was conducted on the metal ring.

Fig. 4. The 3D scanner mounted on arm.

The scanning of thewornmetal ringwas performed bymoving the 3D scanner around
the object and obtaining the real time digital model in a workspace with the absolute
coordinates provided by the arm. A point cloud was obtained, which was converted
into a polygonal surface (mesh) during the post-processing. Therefore, geometries and
measures of the features of interest were obtained and the component was digitally
reconstructed as shown in Fig. 5.
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Fig. 5. 3D digital model of the worn metal ring obtained by 3D scanning.

3.2 Digital Wear Evaluation Method

Recently, digital wear evaluationmethods have received increasing attention, both due to
new digital technical knowledge [22–25] and to the ease of application compared to other
methods. The digital wear evaluation method used in this paper implied the comparison
between the model from the 3D scanning procedure and a reference CAD (Computer
Aided Design) model representing the new, unworn component. This comparison was
performed by aligning the two models based on the unworn surfaces and evaluating a
quantitative 3Dwearmap displaying the distribution of wear over the entire component’s
surface.Moreover,with thismethod to evaluate 3Dwear progress, all thewear parameters
can be measured obtaining further information about wear depths, volumes of worn
material and wear rates.

As a result, cross-sections of the aligned worn and unworn ring were taken at various
radial planes on the 3D model to establish the average wear profile and displaying the
worn area. Figure 6 shows the final worn profile in green and the unworn profile in black.

Fig. 6. Unworn profile (black) and final worn profile (green) of metal ring.

3.3 Analysis

From the results analysis, it results that the wear phenomenon arises in three main
different phases:

– Phase I: Wear occurs by maintaining conformal contact that allows for regular
functioning of the seal during the phase in which the lubricant generates the fluid
film.
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– Phase II:Wear is due to the reduction in pressure and the consequent penetration of
concrete between the two rings.

– Phase III: This is a destructive and final phase that leaves the seal unable to work
properly.

Phase I. During the first phase, the seal works properly. The removal of material from
the metal ring is mainly due to the friction between the two tapered faces of the rings
when the grease pump is switched off. Figure 7 shows the section of the wear volume
during the first phase. During this phase a certain amount of processed concrete particles
starts accumulating inside the seal, as Fig. 8 shows.

Fig. 7. Section of wear volume during the first phase.

Fig. 8. Concrete particles accumulation zones inside the seal.

Phase II. This is the phase in which most of the material is removed (Fig. 9). It can
be observed how the surface contact decreases and at the end of this phase, a “support
tooth” is formed in the outermost part. At this stage, the wear is due to the reduction
in pressure from the coupling rings and the consequent penetration of concrete material
between the two rings. As the plastic ring is not supported by the metal ring (because it
is being worn), a rotation occurs and at the end of this phase, the plastic ring is flat. At
this point, the third phase begins.

Phase III. This is a destructive phase that completes the obtained worn profile (Fig. 10).
The seal is completely damaged and is no longer able to avoid the inlet of concrete
particles at the rings interface. The high hardness of the concrete conglomerates, together
with the high motor torque generate a serious decay. At this stage there is the risk that the
concrete impurities could pass through the sealing zone reaching and damaging other
organs of the machinery, such as shaft bearings.
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Fig. 9. Section of wear volume during the second phase.

Fig. 10. Section of wear volume during the third phase.

For the wear volume calculation corresponding to the three phases the worn profile
was simplified generating an approximated regular curve fitting with the real curve.

The aggregates used into the various concrete recipes are classified by the regulation
UNI EN 12620:2008 which establishes that the determination of the granulometry must
be done by sifting. Aggregates are classified into thin or thick based on themaximum and
minimum dimension of the grains, respectively D and d. In particular, thin aggregates
can have particles with dimensions lesser than 1 mm and can accumulate inside small
gaps at the seal’s interface scratching the surfaces during the rotation. These particles
have a high hardness and contribute to increasing the wear progress. The wear analysis
was also completed by gravimetric tests on the new and completely worn metal ring to
determine the wear volumes to compare with the results of the 3D wear analysis.

3.4 Results

Wear volumes related to the three detected wear phases were determined and compared
to the volume of the worn material obtained by the gravimetric test on the metal ring and
considering the density of 7.87 g/cm3 and the volume of the unworn metal ring equal
to 385616 mm3. Table 1 shows the wear results of the three detected phases in terms of
loss of material in terms of volume and wear rates. Table 2 reports the comparison of
results obtained by 3D scanning and gravimetric methods.

Results of Table 1 corresponding to the three phases agree with the hypotheses that
during the first phase, the seal can still work properly and that there is not a catastrophic
removal of material. Then the wear rate due to the second phase demonstrates that there
is a penetration of the slurry particles inside the mating surfaces which causes a rapid
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decay of the surfaces and conducts to phase three, where a lower wear rate corresponds
to the catastrophic brake of the metallic ring.

Table 1. Wear volumes and rates from the 3D scanning experiments.

Wear Contribution Wear Volume [mm3] Wear Rate [%]

Phase I 23860 6.19

Phase II 41774 10.83

Phase III 14614 3.79

Table 2. Comparison of gravimetric and digital data.

Wear Contribution Wear Volume [mm3] Wear Rate [%]

Gravimetric test 80051 20.76

3D digitization test 80248 20.81

Fig. 11. 3D wear map of the metal ring.

The mitigation of wear, especially in the last two phases, can be obtained by limiting
the inlet of solid particles into the sealing interface and this can be achieved for instance
by controlling the pressure inside the sealing chamber. Furthermore, results reported in
Table 2 show that the percentage error between the gravimetric and 3D digitization tests
is 0.24% and therefore that the proposed method is suitable for studying wear in these
conditions and with respect to the gravimetric method it allows to detect the 3D wear
distribution over the metal ring surface as represented in Fig. 11. This wear map shows
the wear depth with respect to the base plane of the metal ring. One can observe that the
wear distribution is circumferentially quite uniform. Dark blue spots on the wear map
correspond to nine screw holes which intersect the final worn surface.
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4 Conclusions and Future Developments

In this paper, the wear behaviour of amechanical face seal for twin-shaft concrete mixers
was analysed by 3D digitization instruments and methods. Specifically, a metrology-
grade 3D laser scanner was employed to reconstruct the 3D digital model of the worn
metal ring of the seal which results as the most worn component. In addition, 3D post-
processing and aligning methods allowed to display the worn profile and the 3D wear
map of the component. Based on the analysis of the wear profiles, three different wear
phases were defined resulting in three different wear volumes and behaviour. Resultant
wear volumes and rates were also compared with results from gravimetric tests finding
an average error of 0.24%. Results of this paper lay the groundwork for a future model of
the wear behaviour of mechanical face seals in twin-shaft concrete mixers. Furthermore,
the analysis of the wear causes and behaviours will be useful to propose solutions to
limit and control the wear phenomena. For instance, a solution based on a pressurized
sealing chamber is going to be investigated to allow a continuous operation of the pump
avoiding the input of grease into the tank. In addition, the application of a sensor that
discriminates the switch between the three detected wear phases is going to be evaluated.
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Abstract. The ta-C coating, characterized by a high fraction of sp3 hybridized
structure, was considered as a potential protective film for preventing bearing steel
corrosion in acidic environments due to its chemical inertness. In this study, it was
suggested that incorporating nitrogen into the ta-C coating could increase fracture
toughness, ultimately enhancing corrosion resistance and frictional performance
in nitric acid solutions. As the nitric acid solution’s concentration increased to
pH1, the surface of the ta-C coating exhibited a significant increase in cracks
and pitting. Raman spectroscopy revealed the incorporation of nitrogen resulted
in an increased sp2 structure, enhancing electronic conductivity, and inversely
reducing the corrosion resistance of the ta-C coating in the acid solution. SEM
observation unveiled the corrosion process, involving small pitting, crack propa-
gation, and delamination. Ultimately, the rough surface corroded by pH1 HNO3
solution resulted in a higher friction coefficient of 0.083 (with Si3N4 ball as the
counterpart), indicating the compromised efficacy of the ta-C coating under pH1
conditions.

Keywords: acid solution · corrosion resistance · friction · nitrogen-dopant · ta-C
coating

1 Introduction

In the automotive industry, emissions from vehicle exhaust, especially the release of
particulate matter, are widely recognized as a significant contributor to air pollution
[1–3]. Globally, most countries have enacted emission regulations to reduce vehicle
exhaust emissions and address environmental pollution [4, 5]. One effective approach
to reducing nitrogen oxides (NOx) emissions from diesel engines is through exhaust gas
recirculation (EGR), which involves reducing the oxygen in the cylinder, consequently
lowering the combustion temperature [6–8].

Increasing the EGR rate has a positive impact on reducing NOx emissions; however,
it also has a negative effect by increasing particulate matter and other pollutant compo-
nents. Diesel combustion generates corrosive gases like sulfur and nitrogen, along with
carbonaceous particles that contribute to valve wear [9–12]. During the EGR process,
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these corrosive gases enter the engine’s intake and exhaust systems, as well as EGR
pipelines, where they condense and form highly corrosive media such as sulfuric acid
and nitric acid. This significantly weakens the reliability of the EGR system and leads
to corrosion damage in internal engine components.

Simultaneously, nitric acid (HNO3) plays a crucial role as a chemical raw material
in the production, storage, and transportation processes of various stainless-steel com-
ponents, including valves, bearings, and blades [13, 14]. These components frequently
encounter challenges from interactions with acidic corrosive media and undergo fric-
tional wear, posing reliability and safety hazards during service. Therefore, the devel-
opment of surface protection methods for key components exposed to acidic corrosive
media is essential. These methods should meet the requirements of acid resistance while
also delivering excellent anti-friction and wear-resistant properties.

In practical working conditions, ta-C coatings (tetrahedral amorphous carbon) [15–
22] are exposed to various corrosive media, including bodily fluids in the biomedical
field, seawater in marine and offshore applications, cutting fluids in the machining field,
and more. The presence of corrosive media accelerates the failure of thin films and
can lead to severe damage to protective coatings. DLC itself is insulated and exhibits
good chemical inertness and stability, making it resistant to corrosion. [23] However,
corrosion damage to DLC coating primarily arises from defects, pinholes, significant
compositional inhomogeneity, or localized stress concentration [24–27].

Through literature reviews, it is noted that the development and improvement of
DLC coating on corrosion resistance can be carried out based on the aspects mentioned
beforehand. Consequently, there is rarely research that investigates both the corrosion
resistance and the frictional behavior of ta-C in aqueous HNO3 solutions. Therefore, this
study aims to clarify the corrosion mechanism and its influence on the friction perfor-
mance in HNO3 solutions. Additionally, the doping effect of nitrogen on the corrosion
resistance of ta-C coating will be figured out.

2 Materials and Methods

2.1 Specimen Preparation

The ta-C films investigated in this research were deposited by the ion beam assisted-
filtered arc deposition (IBA-FAD) equipment, as illustrated in Fig. 1. The hybrid film
deposition system allows the simultaneous deposition of carbon film (employed by T-
shaped filtered cathodic vacuum arc deposition, VACS-110H purchased from Onward
Giken Co., Ltd.) and other elements (Ti interlayer in the research, employed by unbal-
anced magnetron sputtering). In addition, the nitrogen element was introduced with the
form of ion beam irradiation, using the GG12 ion gun from ADL Co., Ltd. A mirror fin-
ished SUJ2 disk (ISO B1 Bearing Steel, �22.5 mm, thickness 4 mm, surface roughness
Ra below 0.01 μm, HRC60 or higher) was utilized as the substrate. The SUJ2 substrate
was ultrasonically cleaned with benzene and acetone for 15 min each, to remove the
contaminants on the surface. The chamber was initially vacuumed to ~ 0.004 Pa, and
the working pressure fluctuated near 0.02 Pa during the deposition process.

Thedepositionwas conducted in three processes: (1) pre-arc to clean the carbon target
and pipe duct. (2) plasma etching performed by ion-gun, (3) Ti interlayer deposited
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by magnetron sputtering, and (4) ta-C and ta-CNx deposition. In details, Ar plasma
was carried out to etch the oxidants and contamination on the surface of SUJ2 disk,
introducing the argon gas with the flow rate of 16 sccm and setting the discharge voltage
to 1.8 kV. Titanium coating was used as an intermediate layer to prevent delamination
because the incompatibility with thermal expansion between DLC coatings and steels
can result in inadequate adhesion, as well as increase internal stresses between thin
coating and substrate. Argon gas (flow rate of 25 sccm) ionized by glow discharge was
forced to collide with the Ti target and Sputteringwas carried out for 15minwith a power
output of 600 W; and the thickness of Ti-interlayer was 500 nm. The deposition of ta-C
coating was carried out with the 80 A of arc discharge current, − 100 V of substate
bias voltage; as well as 4 rpm of the rotation speed of substrate stage. In addition, the
nitrogen gas (flow rate of 20 sccm) was introduced using the ion gun with the discharge
voltage of 1.0 kV.

Fig. 1. Schematic diagram of the IBA-FAD hybrid deposition system

2.2 Friction Test in the HNO3 Solution

The tribological properties of ta-C film in HNO3 solution were investigated using a
ball-on-disk friction tester, as shown in Fig. 2. The Si3N4 ball (diameter = 8 mm) was
used as the counterpart against ta-C, and the samples were cleaned with acetone in
an ultrasonic bath for 15 min. The ta-C disk was rotated with the sliding velocity of
38 mm/s, and the total sliding time lasted for 60 min; the normal load was 4.9 N by
vertically applying deadweight to the specimen. The nitric acid solution with various
pH value of 1, 2 and 3 was respectively added into the tub prior to the friction test, and
the experiment was conducted at a room temperature of 23 °C, with a humidity level of
20%. Each experiment was conducted three times to ensure the credibility.
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Fig. 2. Schematic diagram of the ball-on-disk friction tester

2.3 Electrochemical Test

Electrochemical testing involves measuring the electrochemical reactions occurring at
the interface between an electrode and an electrolyte solution, offering valuable insights
into corrosion resistance. In this study, the electrochemical corrosion performance of ta-C
samples was assessed using the Hokuto Potentiostat electrochemical workstation, which
comprises the Potentiostat and a function generator. The Potentiostat was used to control
and measure electrochemical reactions, while the function generator generated a linear
potential sweep signal for studying oxidation-reduction reactions on the electrodes. In
addition, each electrochemical test was conducted three times.

In the Potentiostat’s three-electrode system, as shown in Fig. 3, a saturated KCl
silver/silver chloride (Ag/AgCl) electrode served as the reference electrode (the standard
potential of +0.197 V), providing a known electrochemical potential against which the
potential of the working electrode was measured. The counter electrode was a platinum
electrode, completing the electrical circuit in the electrochemical cell, with the sample
itself serving as the working electrode.

The working electrode, made of PTFE material, had an exposed area of 1.12 cm2 to
the electrolyte, regulated by an O-ring seal, housing the ta-C coating disk. Nitric acid
solution was employed as the electrolyte.

2.4 Coating Characteristics

The nano-hardness and elastic modulus were evaluated considering the thickness using
a Nano-indenter (Elionix ENT-1100a, Japan). The film thickness, surface morphol-
ogy and wear track of the ta-C disk were observed using a confocal laser scan-
ning microscopy (Olympus OLS5100, Japan) and a Field Emission Scanning Electron
Microscopy (FESEM; Hitachi High-Technologies, SU8230, Japan), equipped with an
energy-dispersive X-ray spectroscopy (EDS). The SEM observation was carried out
at an acceleration voltage of 15 kV with the working distance of 15.0 mm. A laser
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Fig. 3. Schematic diagram of a) potentiostat and b) working electrode in the electrochemical
workstation, here copper wire was used to connect the disk and potentiostat.

Raman spectroscopy (RENISHAW inVia Reflex, England) was employed to identify
the structural transition of ta-C coating with a 532-nm laser and 1800 lines/mm grating.

3 Results and Discussions

3.1 Surface Characterization of ta-C Coating

The original surface properties of ta-C and ta-CNx coating were shown as listed in
Table 1. The ta-C coatings were prepared with thickness of 400 nm, with doping nitrogen
element into ta-C coating, the thickness and roughnesswere hardly changed,whereas, the
hardness, as well as Young’s modulus were decreased. Immersed in the HNO3 solution,
the surface of ta-C coating was gradually corroded with increasing the concentration,
where the poles and defects dramatically increased in the pH1 solution; as demonstrated
in Fig. 4. Subsequently, the average roughness was also increased from 0.008 to 1.60μm
when the concentration of HNO3 solution increased from pH2 to pH1.

Table 1. Surface characterization for original ta-C coating

Thickness,
nm

Hardness,
GPa

Young’s modulus, Gpa Roughness Ra,
μm

ta-C 412 31.3 237.8 0.008

ta-CNx 421 12.1 174.3 0.007

3.2 Electrochemical Tests of ta-C Coatings w/o Nitrogen Dopant in HNO3
Solution

In the immersion test, the challenge of delamination is intricately linked to the fracture
toughness of thin films. In this investigation, the incorporation of nitrogen elements
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Fig. 4. Surface morphology of ta-C coating, immersed in a) no-solution, b) pH3, c) pH2 and d)
pH1 of HNO3 solution, the poles and defects became more while increasing the concentration of
HNO3 solution.

into the ta-C coating was proposed to bolster its fracture toughness, thereby achiev-
ing a corrosion-resistant ta-C coating. The extracted values from the examination of
polarization curves for ta-C and ta-CNx, along with their respective corrosion poten-
tial and corrosion current density, are detailed in Table 2. In a pH3 HNO3 solution, the
corrosion current density (Icorr) for ta-C and ta-CNx was 9.09 and 40.22μA/cm2, respec-
tively. Contrasted with ta-C, ta-CNx exhibits a lower corrosion potential, signifying that
the corrosion reaction takes place at a lower potential, making it more susceptible to
corrosion.

Furthermore, ta-CNx displays a higher corrosion current density than ta-C, indicating
a greater flow of electric current through themetal surface per unit area. This comparison
of both corrosion potential and corrosion current density leads to the conclusion that the
corrosion resistance of ta-CNx is inferior to that of ta-C.

Raman spectroscopy was employed to determine the carbon structure transition.
The ID/IG ratio of ta-C was 0.15, and the ID/IG ratio of ta-CNx was 1.06, indicating an
increase in sp2 structure with nitrogen doping. The π-electron cloud in the sp2 structure
enhances electron mobility, making it more conductive, which in turn leads to lower
corrosion resistance (Fig. 5).

Fig. 5. Polarization curves of ta-C & ta-CNx coatings in (a) pH3 and (b) pH2 HNO3 solution
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Table 2. Corrosion potential and corrosion current density of ta-C and ta-CNx coating

Ecorr (V) Icorr(μA/cm2)

ta-C(pH2) −0.36 110.41

ta-CNx(pH2) −0.39 195.10

ta-C(pH3) −0.29 9.09

ta-CNx(pH3) −0.32 40.22

3.3 Corrosion Performance and Its Mechanism of ta-C Coating in HNO3
Solution of pH1

The high concentration of nitric acid solution exacerbated corrosion. Systematic scan-
ning electron microscopy (SEM) observations on the ta-C coating immersed in the pH1
solution enabled us to identify various types of damagemorphology, thereby understand-
ing the corrosion performance of the ta-C coating. As shown in Fig. 6, the corrosion
process can be speculated to involve the following three steps: (1) crack initiation, (2)
crack propagation, and (3) peeling & pitting. Corrosion initiates with the formation of
small pitting, allowing aggressive ions to penetrate into the substrate, which can be
proved based the corrosion product around the small pitting. At this stage, corrosion
gradually expanded to the interlayer and subsequently till the substrate with the form of
small pitting, while cracks are simultaneously initiated.

In the second stage, due to the substantial residual internal stress of ta-C coating,
cracks propagate, and the pitting area increases as well. During this process, ions became
easier to reach the substrate through both pitting and cracks, leading to a significant rise
in the corrosion rate. Moreover, residual stress plays a crucial role in ta-C coatings as it
significantly affects the stability of these films on substrates.

In the third stage, as the reactive interface layerwas gradually dissolved, the advance-
ment of the interface crack front leads to the buckling of the ta-C coating. This buckling
phenomenon occurswhen the elastic energy storedwithin the coating surpasses themate-
rial’s fracture toughness, resulting in the coating’s fracture [48]. Simultaneously, due to
corrosion, there is no adhesive force between the substrate and ta-C. As a consequence,
a crater is formed, leaving behind remnants of the broken coating.

Fig. 6. Crack initiation, crack propagation, peeling andpitting behaviors of ta-C coatings inHNO3
solution of pH1


