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Abstract: Diamond-like carbon (DLC) film has gained widespread popularity as a versatile and
important solid lubricant material in the field of tribology. Among various types of DLC films,
hydrogen-rich DLC (a-C:H) film as a high-performance material has greatly enhanced anti-friction
and anti-wear. However, despite its remarkable capabilities, the surface chemical properties and
tribological performance of a-C:H film are significantly influenced by the surrounding environment,
in special atmospheric conditions. Its super-slip mechanism involves the participation of hydrogen
atoms, which can weaken the normal electron number of the outermost layer of a-C:H film. What is
more, it is essential to investigate tribofilms in a vacuum or inert gas environment to ascertain the
appropriate tribological properties of a-C:H film, which helps in mitigating oxidation effects. When
non-doped DLC films are subjected to friction in a dry nitrogen or argon environment, they create
sp3-C-rich transfer films on the contact surface, resulting in macroscopic super-slip effects. This paper
aims to introduce and discuss the diverse nanostructures of in situ tribofilms in a-C:H film, focusing
on the working environment, and explore the prospective application directions of a-C:H film.

Keywords: diamond-like carbon film; tribofilm; two-dimensional materials; lubrication mechanism

1. Introduction

Diamond-like carbon (DLC) is a synthetic material that has garnered significant
attention due to its unique properties, making it an excellent coating material for various
mechanical devices. As a widely engineered and industrial application, DLC film has
already been utilized in engines and bearings resulting in a friction coefficient lower
than 0.01 (a superlubricity state [1,2]). Superlubricity helps reduce friction and wear,
thereby extending the life of materials. The superlubricity of DLC is due to the formation
of a highly ordered tribofilm with a thickness of only a few nanometers. This highly
ordered structure reduces the friction between surfaces, resulting in superlubricity. The
growing focus on superlubric DLC has caught the attention of many. Besides its excellent
tribological performance, carbon thin film also possesses low surface energy, which has
been explored in diversified superlubricity pathways. Super-low friction and wear are
common characteristics of DLC films, which exhibit significant tribological behaviors
and negligible energy consumption during rubbing. As a representative of amorphous
carbon (a-C) films in relevant tribological fields [3–6], DLC film has bonding structures and
properties resembling both diamond (sp3-C phase) and graphite (sp2-C phase), as shown in
Figure 1. Among various types of DLC films, hydrogen-rich DLC (a-C:H) films have been
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Lubricants 2024, 12, 40

successfully designed to achieve ultra-low (friction coefficient < 0.1) or even super-low
(friction coefficient < 0.01) friction in dry inert atmospheres like dry nitrogen atmospheres.
This is mainly attributed to the buildup of a nanostructured graphitic tribofilm (a thin film
that forms on the surface of an induced-friction transfer substance, reducing its abrasion)
and the associated surface passivation from –H or –OH free groups along the sliding
interface [7–9]. This kind of induced-friction transfer substance is called a tribofilm, which
does not have any hardness and cannot be tested independently. Essentially, a tribofilm is a
substance generated through physical action or a chemical reaction induced by shear force
during the friction process. The tribological performances are obtained by characterizing
the contact structure and friction coefficient of the friction pair that carries the transfer film.
However, when friction occurs in the atmosphere, the structure of the a-C:H film surface is
easily destroyed due to O and moisture-induced strong tribochemical reactions [10–12],
leading to the failed protection of materials or key mechanical moving parts. The tribofilm
generated by the DLC coating possesses a distinct nanoscopic structure, smaller than a
micrometer. The superlubricating property of DLC can be ascribed to the aforementioned
nanoscopic structure of the tribofilm. The tribofilm generated by DLC exhibits a highly
organized arrangement and is only a few nanometers thick. Therefore, it is crucial to
comprehensively investigate the nanostructures of in situ tribofilms on the contacts for
broadened environments.

 

Figure 1. HRTEM images showing the atomic microstructures of DLC film.

In the past decade, low-dimensional (2D) materials and zero-dimensional (0D) ma-
terials have been extensively studied as efficient alternatives for surface modification, to
exploit novel superlubricity systems. Graphene, 2D titanium carbide (Ti3C2, one type
of MXenes), graphene quantum dots (GQDs), and nanodiamonds, owing to their special
atomic-scale structure, are gradually being utilized in fundamental applied research [13–17].
In general, the combination of DLC films and low-dimensional materials has become the
core of modified solid lubrication films. The major characterizations of in situ tribofilm
nanostructures are high-resolution transmission electron microscopy (HRTEM), the focused
ion beam–scanning electron microscopy dual-beam system (SEM-FIB), and dual-aberration-
corrected scanning transmission electron microscopy and electron energy-loss microscopy
(STEM-EELS) [15,18–21]. These characterization methods have already been utilized in
the interfacial structure and surface morphology of materials for basic research and me-
chanical engineering applications. In a few research groups aspiring to investigate the
nanostructures of in situ tribofilms, our group has carried out a large amount of work
based on the structures and characterizations of macro-lubrication. Due to the drawbacks
of DLC films, their surface properties need to be modified or matched with proper tribo-
couples to meet the increasingly stringent requirements of superlubricity in complicated
working conditions. In previous experiments [15,16,22], we found that nanocoating, which
is utilized as a highly effective solid lubricant, accelerated the formation of the tribofilm
as a protective surface layer, especially in a dry nitrogen atmosphere. In addition, the
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selection of friction counterparts has a significant impact on tribological performances and
in situ tribofilm structures in mechanical engineering [19,23–28]. Mechanical performances
such as hardness and elastic modulus exert the most pivotal influence on the tribological
behaviors of the tribo-couples. Commonly, among the counterpart materials, steel [29,30]
and ceramic [26,31] are the most frequently used tribo-couples through intensive adhesive
or abrasive interactions between sliding surfaces. DLC-based steel or silicon nitride sliding
against the same type of film material substrate (namely a self-mated system) has the supe-
riority to establish the superlubricity state (friction coefficient namely μ < 0.01). During the
sliding process, the contact surfaces of the counterfaces are usually covered by forming an
in situ tribofilm to reduce friction and wear [9]. The nanostructures of in situ tribofilms are
governed by tribophysics and tribochemistry on the interfacial contacts. Weak interactions
along the sliding interface are accordingly realized by low-shear-strength lubrication phases
such as the sp2-C phase or the highly passivated contact surfaces induced by van der Waals
forces such as the sp3-C phase [6].

It is crucial to choose the appropriate friction counterparts to optimize the overall
performance and efficiency of mechanical systems. The selection process involves con-
sidering various factors such as material compatibility, load capacity, and environmental
conditions [23,25]. The design of tribo-couples also plays a crucial role in reducing wear
and increasing the lifespan of moving components. The geometry, surface roughness, and
lubrication strategies are carefully evaluated and implemented to minimize friction and
enhance tribological performances. For instance, steels [29,30] and ceramics [31,32] are the
most commonly used substrates among the counterpart materials. Generally, the mechani-
cal properties, such as hardness and elastic modulus, have the most significant influence on
the tribological behaviors of tribo-couples. Additionally, friction and wear are also greatly
affected by the surface morphologies and bonding chemistry of the counterpairs [24,33].
To improve the sliding accommodation to the working conditions, the surfaces of mechani-
cal components are typically coated with a layer of solid film or lubricated with various
lubricants [34]. With breakthroughs in technological methods and algorithm innovations,
there have been significant advancements in the study of DLC friction behavior, specifically
the microstructure of transfer films. These approaches have provided valuable insights
into the interactions, conformational changes, and dynamic processes between molecules
within transfer films, shedding light on their formation mechanisms, stability, and function-
ality [35,36]. Simulating the interactions between molecules in transfer films allows for the
investigation of changes in parameters such as binding forces, bond lengths, and angles,
thereby exploring the mechanisms behind transfer film formation. Furthermore, molecular
dynamics (MD) can simulate the movement of molecules within transfer films, including
torsion, rotation, and displacement, providing insights into conformational changes and
dynamic processes.

To date, there has been a lack of comprehensive summaries regarding the nanos-
tructures of in situ tribofilms that induce superlubricity for DLC films. Therefore, this
paper aims to introduce and discuss the diverse nanostructures of in situ tribofilms that
induce superlubricity for DLC films. The influencing factors of superlubricating tribofilm
nanostructures are also considered, with a focus on the working environment atmosphere
(such as atmospheric, dry inert, harsh, and humid environments), which is supplemented
with computational simulation techniques. Furthermore, the lubrication mechanisms of
obtained tribofilms based on various working conditions are summarized at the end of
the paper. This paper provides perspectives on the nanostructures of in situ tribofilms
that induce superlubricity, particularly in the field of surface engineering. Our goal is to
establish a system that provides useful guidance for understanding and analyzing the
nanostructures of in situ tribofilms for DLC films and solid lubrication films. Meanwhile,
we hope that interested researchers will offer valuable suggestions for characterizations
and the analysis of nanostructures of in situ tribofilms.
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2. Atmospheric Environment

2.1. Nanostructure of Transfer Film

Atmospheric conditions at room temperature are commonly used operating environ-
ments for aircraft, cars, high-speed trains, ships, and other vehicles. In such environments,
it is crucial to investigate the structure of the super-slippery surface of a-C to guide the
improvement of surface lubrication for large critical motion mechanisms operating in
atmospheric conditions at room temperature. In the atmospheric environment, the lowest
μ of hydrogen-free DLC is 0.016, as shown in Table 1. The reason for the low μ is that under
strong shear, there is unstable sp3-C bond break and bond length and direction change,
causing adjacent atoms to rearrange carbon bonds along the shear direction to reduce lattice
strain energy. Ultimately, transfer materials containing discontinuous graphite nanocrys-
talline (cluster clusters) are formed on the contact surface, and much complete amorphous
carbon is generated along the direction of maximum shear stress [37]. After hydrogen
doping, the μ of DLC can be further reduced to 0.005, resulting in a super-slippery state, as
shown in Figure 2. The mechanism behind this effect is that the participation of hydrogen
weakens the normal electron number of the outermost layer of the a-C:H film’s electric
dipole. Due to the lower van der Waals force, the terminal hydrogen bonds randomly
distribute and passivate the outermost electrons, further weakening the induced electric
dipole moment and obtaining a lower polarization rate. Finally, a transfer film composed of
curved multilayer graphene strips or onion-shaped carbon nanoparticles is formed in situ
on the sliding contact surface, effectively reducing the μ and wear rate [27,38,39]. When
other elements, such as Cr, are doped into amorphous carbon film, excluding hydrogen, it
is found that the μ increases. This is because Cr is a hard metallic element that enhances
the hardness of the contact surface, resulting in the structure of the transfer film being
mainly composed of sp2-C and Cr [40]. Other carbon-based amorphous films, such as
onion-like carbon (OLC) and hydrogenated fullerene-like carbon (FL-C:H), also exhibit
extremely low μ. The μ of OLC can reach 0.01, and the wear rate is also extremely low
at 6.41 × 10−18 mm3/Nm. Onion-like carbon can slide as a nanoscale “rolling bearing”
during the friction process, providing an amorphous contact interface between the friction
contact surface and the OLC film. In situ this generates an interface transfer film combining
onion-like carbon and graphitized carbon, thereby achieving ultra-low friction–wear, and
greatly reducing energy loss [41]. The μ of FL-C:H film is also less than 0.02, and a transfer
film is generated in situ on the friction-sliding surface induced by friction. The composition
of the transfer film is composed of pentagonal and heptagonal carbon rings and hexagonal
graphene rings caused by the thermal and strain effects of repeated friction. These polygo-
nal ring-shaped carbon structures form a stable fullerene-like structure, thereby achieving
ultra-low friction and wear of FL-C:H in the atmospheric environment.

Table 1. Tribological data of DLC film under different working conditions.

Environment Sample Stable μ Wear Rate (mm3/Nm) Reference

Atmosphere a-C 0.016 [37]
a-C:H 0.005 [27,38,39]
a-C:Cr [40]
OLC 0.01 6.41 × 10−18 [41]

FL-C:H <0.02 [41]

Dry inert a-C:H 0.001~0.003 4.6 × 10−10 [42]
GLC 0.005 [43]
FLC 0.009 [43]

B4C/a-C 0.035 [44]
TaC/a-C 0.002 8.80 × 10−10 [45]

GQDs/a-C:H 0.01 [15,16]

Combustible gas-H2 a-C:H 0.0001 [46,47]
–CH4 a-C:H 0.0093 8.0 × 10−8 [48–50]

Ultra-high vacuum a-C:H 0.003–0.02 4.6 × 10−10 [51,52]

Moisture GO/a-C:H:Si 0.002 [53]
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Figure 2. Experimental demonstration of the superlubricity regime for a-C:H film under 1, 10, and
15 cm/s linear velocity (air environment, room temperature, 2.89 GPa contact pressure) Rprinted
with permission from Ref. [38]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

In addition to regulating the composition ratio of C, H, and F in DLC and the hybrid
structure of C, excellent lubrication effects can also be achieved by coating the surface
with a coating. By coating graphene or modified MXenes on the polymer-like carbon
(PLC) surface, it is found that the μ is less than 0.1, and the wear rate is at the level of
10−8 mm3/Nm. The structure of the transfer film is mainly composed of low molecular
weight polyacrylic acid forming a more ordered sp2-C phase. Additionally, the surface-
active groups of MXenes participate in the formation of multilayer lubricating transfer
films [16,54].

2.2. Effects on Surface Structure

Through the study of the structure of transfer films, it can be observed that the
air environment has a significant impact on the termination groups of the DLC surface,
especially a-C:H film. Firstly, oxygen in the air reacts with the hydrogen atoms on the
surface of a-C:H film, resulting in the formation of oxide surfaces. This will change the
physicochemical characteristics of the a-C:H surface, such as the surface energy and friction
coefficient. Additionally, oxide surfaces can reduce the hydrophobicity of a-C:H, reducing
its lubricating performances [55,56]. Therefore, in applications where high lubrication
requirements or key friction performance are needed, oxygen in the air may cause a
decrease in the surface performances of a-C:H film. Secondly, in addition to oxygen, there
may be other pollutants in the air, such as moisture and organic compounds [57,58]. These
pollutants can interact with the surface of a-C:H film through adsorption or reaction. For
example, moisture can cause hydrolysis reactions on the surface of a-C:H film, leading to
the detachment of hydrogen atoms from the surface and a decrease in the hydrogen content
of the DLC surface [59–61]. This will affect the hardness and conductivity of DLC films.
For instance, organic pollutants may form adsorption layers on the surface of a-C:H film,
affecting its optical transparency and optical performance [62,63]. To address these issues,
measures can be taken to reduce the impact of the air environment on the surface terminal
groups of a-C:H film. For example, special surface treatment methods, such as surface
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modification or coating, can be used to protect the surface terminal groups of a-C:H film
and maintain its effective lubricating properties when subjected to friction in the air [64].

3. Dry Inert Environment

3.1. Nanostructure of Transfer Film

The room temperature atmospheric environment is currently the most variable service
condition environment, including unstable humidity, temperature, and oxygen content.
Therefore, by controlling the variables and singling out the service environment, studying
the ultra-smooth transfer film structure and lubrication mechanism of amorphous carbon
films is beneficial. Among the commonly used methods for controlling service conditions,
dry inert environments (such as dry nitrogen and dry argon) are the easiest to implement
and operate in the laboratory. The advantage of dry inert gas environments is that they
do not react with the upper and lower friction pairs. Their surface coatings remain intact
during the friction process, thereby they do not affect the composition of the ultra-smooth
transfer film structure.

Several studies by researchers [1,65,66] have found that under dry nitrogen conditions,
silicon wafers coated with high-hydrogen DLC (namely 40at.%H-DLC, which is made
from 25% methane and 75% hydrogen) films have extremely low μ. During the running-in
period, the μ is 0.15 [67]. During the stable period, the μ is 0.001~0.003, and the wear rate
is 4.6 × 10−10 mm3/Nm, as shown in Table 1. The transfer film structure on the surface
is mainly composed of amorphous carbon layers. The most directly contacted surface
contains a large amount of released hydrogen elements and hydrogenated sp3-C, which
passivate the surface chemically and increase the local density, as shown in Figure 3 [42].
This passivated surface cannot form strong chemical bonds and covalent σ bonds (which
can lead to high adhesion/friction) on the sliding interface. The variation results in the
enhanced hydrophobicity of the film and reduced possibility of frictional adhesion by
reducing the number of carbon dangling bonds, thus achieving ultra-low friction and
wear. The friction-induced hydrogenated amorphous carbon layer is crucial to the wear of
diamond films. In addition to hydrogenated DLC, graphite-like carbon (GLC) and fullerene-
like carbon (FLC) DLC also exhibit ultra-smooth effects. Wang’s study [43] found that steel
balls and plates coated with GLC or FLC on the surface (i.e., self-mated friction pairs) have
extremely low μ during wear. The self-mated GLC has a μ of 0.005 and forms some ordered
graphene layer structures on the sliding interface. These layered structures are formed by
GLC through adaptive sliding-direction hybridization and rearrangement along the sliding
direction, resulting in a larger and more ordered graphene structure in the transfer film on
the surface. The self-mated FLC has a slightly higher μ of 0.009. The reason for this is that
the spherical nanoparticles with a graphite shell formed on the sliding interface of FLC
reduce the contact area. FLC forms spherical nanoparticles with a graphite shell through
hybridization and rearrangement from the surface to the center of the particles but partially
resists the rearrangement of its graphene layer. Compared with GLC, FLC exhibits a lower
degree of hybridization under low and high loads and can only achieve ultra-low friction
at higher loads (>0.77 GPa). Different initial structures of sp2-C films are transformed into
different friction products through different hybridization pathways and achieve ultra-low
friction through different friction reduction pathways such as reducing the contact area or
interlayer sliding. In other words, the structural characteristics of sp2-C films determine
the transformation pathway in advance, thus producing a friction reduction mechanism in
macroscopic contact.
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Figure 3. HRTEM cross-section images from a-C:H wear track and sapphire hemisphere contact
region. (a) Wear track center. (b) Edge of the wear track. (c) Cross-section HRTEM micrograph of the
sapphire hemisphere. (d) The transfer film on the sapphire surface. Rprinted with permission from
Ref. [42]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.2. Effects on Surface Structure

The μ of amorphous carbon films is between 0.015 and 0.15 [68,69]. In addition to pure
amorphous carbon films, doped amorphous carbon films also exhibit excellent tribological
properties. Borides are effective graphite catalysts that can accelerate the graphitization
process of different carbon materials. The μ of B4C/a-C films doped with boron carbide
(B4C) during wear with steel balls is μ ≈ 0.035. The reason for this is that under the action
of shear force, B4C forms a compact and ordered graphite-like carbonaceous tribolayer on
the sliding interface of the upper and lower friction pairs, ultimately leading to the low
friction and wear of B4C/a-C films [44]. In addition, introducing atomically dispersed gold
(Au) atoms into the nanocomposite structure of tantalum carbide (TaC)/amorphous carbon
(a-C) achieves a μ of 0.002 and a wear rate of 8.80 × 10−10 mm3/Nm [45]. In the initial stage
of running-in, high shear forces strip TaC nanoparticles, causing them to roll and merge
into larger TaC nanoparticles to reduce surface energy. Meanwhile, under the assistance
of shear forces and nano-Au atoms, a-C is graphitized in situ, generating graphite-like
carbon (GLC) flakes that wrap TaC particles in the shear layer to form TaC/GLC nanocoils.
Finally, a multicontact configuration and non-conforming contact are achieved by obtaining
a robust macroscopic ultra-smooth state. Recently, low-dimensional materials such as
GQDs, MXenes, and graphene have been preliminarily applied in research on surface
engineering. These low-dimensional materials have excellent layered nanostructures,
which are beneficial for causing interfacial sliding and accelerating effective lubrication
during the frictional process. The sliding counterparts contain transfer layers, namely in
situ tribofilms, which act as protective shielding to weaken friction and wear. Through
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comprehensive analysis of the interfacial structures of in situ tribofilms, it has been found
that the in situ tribofilms always contain some sp2-C phase such as nanoflakes. For instance,
this is distinctly different from the as-formed nanostructured tribofilm on the contact
counterfaces. Studies have shown that the contact surface of the upper counterfacing ball
was covered by 2D-layered carbon and graphitic lubricants induced via the structural
transformation of GQDs during the whole sliding [15,16]. Meanwhile, the tribofilm of the
disk wear track was composed of a silica-like SiOx boundary layer and a multicomponent
mixed layer induced by tribochemistry. Compared to the self-mated DLC system, the
structural boundary enriched with SiOx compounds was not formed at the bottom region
of the tribofilm for the bare steel system; however, the disk wear track was covered by a
thicker tribofilm containing plenty of degraded GQDs. This inferred that the formation of
a nanostructured sliding interface was the key to realizing superlubricity.

Dry nitrogen gas does not contain oxygen. Hence, the inert atmosphere does not
react with the hydrogen atoms of the contact surface, avoiding the formation of oxide
surfaces. The inert connection helps maintain the hydrophilicity of a-C:H and reduces the
adsorption or reaction of other pollutants, such as organic compounds. This helps maintain
the physical and chemical properties of the DLC surface, thereby maintaining its lubricity
and wear resistance.

4. Harsh Environment

4.1. Combustible Gas Environment
4.1.1. Nanostructure of Transfer Film

Combustible gas environments, such as hydrogen and methane, are also complex
service environments. The main concern is to ensure the safety of the friction pair, including
the moving mechanism, during the movement process, while also ensuring the safety of
personnel. From 1960 to 2000, fuel cells developed rapidly as an important tool for hydrogen
utilization. The application practice in aerospace, power generation, and transportation
fields fully proves the feasibility of hydrogen as a secondary energy source. The upstream
link of hydrogen energy is hydrogen production, mainly including industrial by-product
hydrogen, fossil fuel hydrogen production, and renewable energy hydrogen production.
The midstream link is hydrogen storage, transportation, and refueling, mainly including
low-temperature liquid, high-pressure gas, and solid-state hydrogen storage. Refueling
stations are important infrastructure for hydrogen refueling. The downstream link is the
fuel cell and application link, and the current main application areas are various fuel-cell
vehicles. Therefore, achieving the stable and safe operation of the moving mechanism in a
hydrogen environment is imperative. DLC, as a stable and inert film, can maintain great
physical and chemical stability in hydrogen.

In a hydrogen environment, the μ of DLC is extremely low, reaching 0.0001, as shown
in Figure 4. Its super-slip transfer film is composed of hydrocarbons generated by the
polymerization of hydrogen and ethanol vapor during the friction process [46,47]. By
controlling the surface tribochemistry in a hydrogen environment, DLC films can induce
the formation of hydrogen-rich transfer materials on the contact surface, achieving a super-
slip state. Methane, as a clean energy source, is one of the pillars of global energy. However,
damage to moving parts operating in methane can put pressure on social security and
economic development. Hydrogen-rich DLC films are believed to protect moving parts
operating in natural gas, mainly composed of methane. At a pressure of 10 kPa, the steady-
state μ is 0.0093, and the wear rate is 8.0 × 10−8 mm3/mN [48–50], as shown in Table 1.
The transfer film is composed of a graphitized structure in the central region of the contact
interface. Meanwhile, by dissociating methane molecules into hydrogen and methane
groups, and combining them with carbon dangling bonds, the smoothness of the sliding
interface is increased. Through the chemical termination and graphitization process of the
sliding interface (the re-hybridization process from sp3-C to sp2-C), the tribofilm induces a
weak interaction between the friction interfaces to achieve low friction and wear.
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Figure 4. Friction coefficient trace. Rprinted with permission from Ref. [46]. Copyright 2017,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

4.1.2. Effects on Surface Structure

In a combustible gas environment, the termination groups on the a-C:H surface
may be susceptible to erosion and reaction by gas molecules. For a-C:H film, the bond
between hydrogen and carbon atoms is very strong, giving it high chemical stability.
However, there may be unique reaction mechanisms in combustible gases that can lead
to the decomposition or alteration of the termination groups on the a-C:H surface. The
specific reaction mechanisms are as follows:

Firstly, gas molecule adsorption, where molecules in combustible gases can adsorb
onto the terminal groups on the a-C:H surface. This adsorption can result in structural
changes or the formation of new chemical bonds in the terminal groups. Secondly, gas
molecule reaction, where molecules in combustible gases can chemically react with the
terminal groups on the film surface [70]. This reaction can lead to the breaking, alter-
ation, or formation of new chemical bonds in the terminal groups. Thirdly, gas molecule
erosion, where molecules in combustible gases can physically or chemically erode the
a-C:H surface [71]. This erosion can cause damage or detachment of the a-C:H film and
even the matrix, thereby affecting its lubricity, wear resistance, and other physical and
chemical properties.

4.2. Ultra-High Vacuum Environment
4.2.1. Nanostructure of Transfer Film

With the development of vacuum acquisition technology, vacuum applications are
increasingly expanding into various aspects of industry and scientific research. Vacuum
applications refer to the use of the physical environment of rarefied gases to complete
specific tasks. The energy transfer in outer space outside the atmosphere is similar to
that in an ultra-high vacuum. Therefore, an ultra-high vacuum can be used for space
simulation. Under ultra-high vacuum conditions, the time for the formation of a single
molecular layer is long (in hours), which can be used to study surface properties. Before
being contaminated by gas, vacuum conditions take advantage of a sufficiently long time
for the formation of a contact surface.

Atomic-scale friction behavior mainly depends on chemical reactions and interactions
on the friction interface. Friction experiments with DLC in an ultra-high vacuum can
reveal interface reactions and atomic-scale wear mechanisms. The results show that the μ

of a-C:H is <0.02. Under the action of a frictional force, the hydrogen concentration and
methane gas emission in the transfer film structure are high, and this interface emission
induces DLC atomic-level chemical wear. With the increase in hydrogen concentration
in a-C:H, chemical wear and mechanical wear increase and decrease, respectively. Total
wear shows a concave hydrogen concentration dependence, with an optimal hydrogen
concentration of about 20% [51,52]. Injecting low-temperature nitrogen into the ultra-high
vacuum environment, DLC’s μ can be further reduced to 0.003, with the wear rate of almost
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zero (4.6 × 10−10 mm3/Nm), as shown in Table 1. A graphitized structure was also found
in its transfer film structure, and a local friction-induced increase in the content of sp2-C
bonds (Figure 5), thereby achieving ultra-low friction and wear of the hard carbon film.
Among a-C:H films against various ceramic-based balls, the significant reason for the failure
in superlubricity is attributed to the van der Waals force [72]. The weak interface adhesion
between the Al2O3/a-C:H interfaces helps to maintain a stable tribofilm on the surface of
the friction ball and forms a smooth graphitized surface on the wear track, resulting in
long-lasting superlubrication. The strong adhesion between the ZrO2 ball, Si3N4 ball, and
SiC ball and the contact interface of a-C:H film causes serious damage to the surface of the
friction ball, making the superlubrication fail.

 

Figure 5. Time evolution of the number of interfacial C-C bonds. Rprinted with permission from
Ref. [52]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

4.2.2. Effects on Surface Structure

On one hand, one possible change that may occur in an ultra-high vacuum environ-
ment is that the dissociative hydrogen ions may dissociate from termination groups on
the surface and react with ions or molecules in the surrounding air, thereby affecting the
properties of the a-C:H film. On the other hand, in an ultra-high vacuum environment, due
to the absence of gases or impurities, the termination groups on the surface of the a-C:H
film may undergo rearrangement, altering the structure and properties of the a-C:H film.

5. Humid Environment

5.1. Nanostructure of Transfer Film

A water vapor environment is a common environment faced by humid areas near the
equator, and DLC does not have low friction and wear characteristics in high-humidity
environments. Therefore, lubricating oil needs to be added to achieve lubrication in high-
humidity environments [73–78]. Therefore, achieving ultra-low friction and reducing the
wear of DLC in high-humidity environments is a problem that needs to be solved. By
using ceramic-based balls (such as Al2O3 and Si3N4 [78]), an altered tip showed a notably
low adhesion on the original a-C:H film. It was additionally discovered that the rubbing
factor of the a-C:H/Al2O3 duo steadily declined as the oxygen level on the surface of the
a-C:H substrate decreased. This occurrence can be elucidated by a shift in the connective
surface from an oxygen ending with potent hydrogen bond connections to a hydrogen
ending with feeble van der Waals interactions. By using graphene oxide (GO) nanosheets
as additives, the lubrication of silicon-doped DLC (a-C:H: Si) films was achieved, and
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the μ reached 0.002. On the sliding contact surface of the upper and lower friction pairs,
it was found that the surfaces of both were covered by a layer of silicon gel induced by
frictional chemistry. At the same time, through the physical adsorption between the upper
and lower friction pairs of the friction surface, touched GO nanosheets were transferred
from the Si3N4/a-C:H: Si interface to the GO/GO shear interface. This further reduces
the shear stress and achieves macroscopic super-slip on a synergistic basis of GO and
a-C:H: Si, as shown in Figure 6 [53]. This is similar to the friction of diamonds in humid
environments. In high-humidity environments, the μ of nanodiamonds is ≤0.05, and
the wear rate is in the order of 10−10 mm3/(Nm), as shown in Table 1. The passivation
mechanism of dangling bonds on the contact surface depends on the fracture of bonds
in the slip process (such as contact stress, sliding rate, and temperature settings). The
passivation equilibrium is induced by dissociative adsorption of relative humidity, which
is the re-hybridization process of graphitized carbon (sp3 → sp2). The structure of the
interface transfer film is mainly diamond nanoparticles embedded in the amorphous carbon
layer. The collision between nanodiamond particles causes friction and the amorphization
of chemically induced carbon in the contact area, and then breaks in the uneven contact
point, resulting in nanodiamond particles adhering to the amorphous carbon phase [68,79].

 

Figure 6. The cross-sectional structure of the tribofilm on the Si3N4 surface and a-C:H: Si film
after a friction test. (a,b) The tribofilm formed on the Si3N4 surface and a-C:H: Si film, respectively.
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(c) Elemental distributions along the cross-sectional profile in (a). (d) Elemental distributions along
the cross-sectional profile in (b). (e,f) Enlarged views of the tribofilms (area: A and B) formed on the
Si3N4 surface and a-C:H: Si film, respectively. Rprinted with permission from Ref. [53]. Copyright
2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

5.2. Effects on Surface Structure

In a humid environment, similar to the air environment, there is a high concentration of
oxygen, water vapor, and organic compounds, which can cause some physical and chemical
changes on the surface of DLC. Firstly, the interaction between water molecules and the
hydrogenous surface may result in moisture absorption [80,81], leading to an increase
in friction and subsequently an increase in the friction coefficient. Secondly, the positive
terminal groups on the surface of a-C:H film are prone to react with water molecules and
oxygen in a humid environment, forming hydroxyl groups [82,83]. Unlike the original
hydrogenated groups, hydroxyl groups introduce new functional groups, thereby altering
the chemical reactivity of the DLC surface and reducing its hydrophobicity. Thirdly, water
molecules in a humid environment may form microscopic droplets with passivating groups
on the surface [84,85]. These droplets can create an uneven liquid layer on the surface of
a-C:H film, increasing the lubrication.

6. Lubrication Mechanism

6.1. Computational Simulation of the Formation of the Transfer Film

Computational simulation is an emerging research method. With the breakthrough of
technology and algorithm innovation, the accuracy of the simulation calculation is increas-
ing, resulting in accurate predictions of the structural properties of materials, avoiding
material waste caused by experimental research, and saving costs. For the study of the
microstructure and properties of DLC, there are mainly three types of research methods:
density functional theory (DFT) simulation based on quantum mechanics, first-principles
calculation based on classical mechanics, and MD simulation based on classical mechanics.
Some good progress has been made among these methods. MD is a set of molecular
simulation methods that mainly rely on Newtonian mechanics to simulate the motion of
molecular systems, extract samples from systems composed of different states of molec-
ular systems, and calculate the integral configuration of the system. MD can be used to
calculate the thermodynamic properties and other macroscopic properties of the system
based on the results of the integral configuration. MD studies atoms or groups of atoms,
and the system size is relatively large compared to DFT calculations. The bond length
and bond angle between molecules are determined by the force field, making it difficult to
carry out detailed research. MD is mostly used for large molecular systems and is often
used in conjunction with DFT calculations when studying microproperties, mainly for
the construction of DLC models. Through the MD modeling of DLC films, it has been
found that the super-slip properties of DLC, that is, surface passivation, mainly depend
on two factors [86]: the degree of carbon hybridization and hydrogen content, and the test
environment conditions.

For non-hydrogenated DLC, such as a-C or Ta-C films, the molecular modeling design
of the friction process simulates interface sliding between graphene-like layers by adjusting
the steady-state velocity. This aims to explain the formation of graphitized and carbon-rich
transfer layers in the transfer film, as shown in Figure 7 [87–89]. The results show that the
formation of well-separated graphene-like interface layers on the interface can be observed
when the interlayer spacing is large. The interlayer bond fracture is reduced, and the final
bond disappears. That is, triggered by plasticity between adjacent amorphous carbons, the
sp3 to sp2 transition of the carbon phase occurs, greatly increasing the content of sp2-C
at the interface and forming a soft amorphous carbon friction transfer layer. Finally, the
friction result is super-slip (μ ≤ 0.01), that is, a sliding interface with almost no friction and
wear. These results are also consistent with the results of super-slip experiments.
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Figure 7. Constant height asperity collision simulation of (a) a-C and (b) a-C:H under a load pressure
of 1.0 GPa. Rprinted with permission from Ref. [90]. Copyright 2017, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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Compared with non-hydrogenated DLC films, the addition of hydrogen in hydro-
genated DLC films leads to a significant reduction in unsaturated carbon bonds at the film
interface. These unsaturated carbon atoms serve as contact points for the formation of C-C
covalent bonds between the friction pair surface and the a-C:H film [4,90–93]. The adhesive
force between these contact points can increase the friction force during sliding. As the
sliding time increases, the steric hindrance effect of hydrogen molecules generated can
remove the load on the substrate and inhibit the formation of C-C bonds. At the same time,
surface hydrogen atoms play a key role in promoting the cleavage of C-C bonds during
the sliding process of a-C:H films. As C-C covalent bonds form and break, the number of
unsaturated carbon atoms (including sp3- and sp2-hybridized carbon atoms) decreases,
inducing the formation of a transfer film. When covalent bonds break, the friction effect
weakens, and the local temperature of the interface increases, leading to the formation
of a passivation layer. Compared with DLC films without H or F, a higher sp3-C content
can cause the DLC film to produce smaller deformation during sliding, thereby reducing
the contact area and adhesion [92,93]. In addition, there are a large number of hydrogen
or fluorine atoms doped in the DLC film, which form covalent bonds with unsaturated
carbon atoms. Non-bonded interactions result in a lower μ for a-C:H or a-C:F than for
a-C. The anti-bonding effect exists in the friction interface of a-C:F and the repulsive force
between the interface atoms is strong. However, a-C:H has weak van der Waals forces on
the interface, resulting in a higher μ (0.13) for a-C:H than for an a-C:F end DLC model
(μ = 0.07). Therefore, the number of unsaturated C-C bonds on the sliding interface is
reduced, resulting in a lower adhesive force and a lower steady-state value of interface
friction force.

When the tribo-couples are changed, the tribology behavior of a-C:H film changes
accordingly, as shown in Figure 8. Mechanical action should also play an important role in
the superlubricity of a-C:H films in a vacuum [94–96]. Compared with Al2O3 balls, ZrO2,
Si3N4, and SiC balls have stronger adhesion to the diamond surface. Weak interfacial adhe-
sion contributes to the stable superlubricity of the a-C:H surface (such as the Al2O3/a-C:H
interface) under vacuum conditions. However, excessive interfacial adhesion [97–99] can
lead to the wear of a-C:H film or the friction pair (such as the ZrO2/a-C:H, Si3N4/a-C:H,
and SiC/a-C:H interfaces), both of which shorten the lifespan of superlubricity. The inter-
facial adhesion between the SiC/a-C:H interfaces is weaker than that of the Si3N4/a-C:H
interfaces, but the hardness and contact stress of SiC balls are higher, resulting in more
severe wear of the a-C:H film and thus reducing the durability of superlubricity.

By surface doping a-C films with materials such as diamond or methanol, a super-slip
model was established, and the simulated friction force was approximately zero [100,101].
Through calculation, it was found that an ultra-thin graphene-like friction layer was formed
on the friction interface, and the specific formation reason was shear localization rather than
uniform deformation. The main manifestation is the redirection (orientation angle < 10◦)
and phase transition (sp2-C ratio > 90%) of C-C covalent bonds that occur preferentially
in the friction contact area (graphene-like friction layer) and structural ordering. As the
graphene-like sheets gradually aggregate and layer in the friction layer, under the induction
of normal stress, the graphene-like sheets transition from adhesive sliding to continuous
sliding with ultra-low friction characteristics. This ultimately leads to shear weakening and
achieves ultra-low friction. The proposed shear localization mechanism helps to reveal the
mechanism of superlubrication.
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Figure 8. Atomic structures: (a) ZrO2(001)/diamond(001), (b) Al2O3(010)/diamond(001), (c) Si3N4(110)/
diamond(001), (d) SiC(110)/diamond(001), (e) ZrO2(101)/diamond(110), (f) Al2O3(10–2)/diamond(110),
(g) Si3N4(1–30)/diamond(110), (h) SiC(1–20)/diamond(110). The calculated works of separation
(Wsep) with J/m2 in units are marked upon each structure. Rprinted with permission from Ref. [72].
Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

6.2. Material Composition of Tribo-Couples

The appropriate material composition of a-C films plays a crucial role in determining
their comprehensive performances. When used as a tribo-couple material, a-C films offer
excellent anti-friction and -wear, leading to improved performances and the extended
lifespan of a-C films [102,103]. Additionally, their good adhesion to substrates contributes
to reduced friction and wear. When selecting counterparts for a mechanical system, one
must prioritize their ability to adhere to the substrate, such as metal and ceramic [104–108].
This consideration is vital as it directly impacts on the lubrication properties. The adhesion
between the friction pair and the substrate ensures stability and durability, which can
avoid slipping or even detachment that would result in system failure. One of the primary
factors that affects the tribological performances of a-C film-based counterpairs is the film
thickness [109–112]. Thicker films are generally associated with higher wear resistance and
improved surface hardness to enhance the durability of the frictional system. However,
excessive film thickness may lead to increased friction and hinder the smooth sliding
motion. Another crucial aspect that affects the tribological performances is the deposition
technique (such as plasma-enhanced chemical vapor deposition (PECVD)) used to fabricate
the a-C films [40,113–120]. For instance, PECVD films tend to have a higher sp3/sp2
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carbon ratio, which enhances their hardness and wear resistance. On the other hand,
sputtered films exhibit a more amorphous structure, leading to lower friction coefficients.
In addition, proper mating materials can help optimize the tribological properties [121–126].
For example, surface materials with low surface roughness can further reduce friction and
wear with excellent chemical compatibility. The key to achieving desired tribological
performances depends on the suitable thickness of the a-C film, deposition technique, and
counterface materials. By considering these factors, researchers can enhance the lubrication
performances of a-C film-based systems, enabling their widespread application across
various industries.

6.3. Comparative Summary of the Formation of the Transfer Film

The formation of an in situ tribofilm is crucial in achieving ultra-wear resistance and
low friction coefficients. The structure of the tribofilm plays a key role in its effectiveness,
as demonstrated in Figure 9, which summarizes the tribofilms formed under various
conditions. These tribofilms exhibit unique formations that enhance their mechanical
performance and provide protection against wear and tear. In addition, the presence of
certain elements in the environmental conditions or lubricants used can influence the
composition and structure of the tribofilms, leading to even greater improvements in wear
resistance and friction reduction. Overall, the careful management and optimization of
in situ tribofilm formation have the potential to greatly benefit a wide range of industrial
applications by providing long-lasting and effective protection against wear and tear.

 

Figure 9. Lubrication mechanism diagram of DLC under different service conditions.

(a) Atmospheric environment

Under strong shear, unstable sp3 carbon bonds in a-C break, and their length and
direction change, causing adjacent atoms to rearrange along the shear direction to form
stable sp2 carbon bonds and reduce lattice strain energy. Eventually, discontinuous graphite-
like nanocrystalline (nanoclusters) transfer materials are formed on the frictional contact
surface, and complete graphite-like amorphous carbon is generated along the direction of
maximum shear stress. The super-slip mechanism involves the participation of hydrogen
atoms, which can weaken the normal electron number of the outermost layer of a-C:H
film. Due to lower van der Waals forces, hydrogen end bonds will randomly distribute
and cause the outermost electrons to be passivated, further weakening the induced dipole
moment and obtaining a lower polarization rate. Finally, a transfer film composed of curved
multilayer graphene strips or special structured carbon (such as onion-like or multi-ring) is
formed in situ on the frictional sliding contact surface.
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(b) Dry inert environment

When non-doped amorphous carbon films that contain elements other than carbon,
hydrogen, and oxygen are subjected to friction in a dry nitrogen or argon environment,
they create graphitized transfer films on the contact surface, which are rich in sp3-C. These
transfer films possess chemically inert passivation surfaces, producing macroscopic super-
slip effects. However, when the films are doped with other elements, their transfer film
structures not only contain graphitized structures but also exhibit new nanostructures due
to friction-induced processes. These newly formed structures may exist as nanocoils and
can further enhance the friction-reducing properties of the films. Adding these elements
greatly enhances the films’ super-slip effects, providing optimal conditions for various
industrial and mechanical applications.

(c) Harsh environment
(c-i) Under the combustible gas environment

Controlling the target material during the preparation process and controlling the
surface or friction chemistry during friction in a hydrogen environment can induce DLC
films to form hydrogen-rich transfer materials on the contact surface, achieving a super-
slip state. Methane molecules are dissociated into hydrogen and methane groups, which
combine with carbon dangling bonds. Through the chemical termination effect of the
sliding interface and the re-hybridization process from sp3-C to sp2-C, the smoothness
of the sliding interface is increased, thereby weak interactions are induced between the
friction interfaces and low friction and wear are achieved.

(c-ii) Under an ultra-high vacuum environment

Maintaining a suitable level of hydrogen can be advantageous in mitigating methane
gas emissions and decreasing atomic-level chemical wear in the transfer film. Additionally,
the transfer film structure reveals the presence of graphitized structures, and friction-
induced augmentation of the sp2 bond content in certain locations has a positive effect on
the ultra-low friction and wear of hard carbon films.

(d) Humid environment

In increasingly humid environments, the application of DLC can undergo a transfor-
mative process, resulting in a combination of surface coatings and DLC that reduces the
effects of abrasion and attrition. This unique feature is achieved by these two elements
collaborating, working together to form a protective layer on the surface. The interface
transfer membrane responsible for this process is created by combining unspecified carbon
with graphitized carbon, which undergoes re-hybridization. The result is a layer that is
resistant to wear and tear, providing enhanced durability to the material’s surface. This
attribute is particularly useful in applications where exposure to moisture and other ele-
ments can lead to corrosion and degradation, making this type of surface treatment ideal
for use in a wide range of settings.

7. Conclusions and Perspectives

In the presence of oxygen, the DLC film’s surface can oxidize, leading to alterations
in its chemical properties and a decline in lubrication performance. However, when in a
vacuum or inert gas environments, the DLC film surface experiences a minimal reaction
with its surroundings, resulting in outstanding lubrication performance. Alternatively,
hydrogen or methane gas can cause gas molecules to dissociate and combine with the
carbon dangling bonds on the DLC surface. This process facilitates strong lubrication using
chemical termination and graphitization at the sliding interface. Controlling the target
material during the preparation process and the surface or friction chemistry during friction
in a hydrogen environment can induce a-C:H film to form hydrogen-rich transfer materials
on the contact surface, achieving a super-slip state. Methane molecules are dissociated
into hydrogen and methane groups, which combine with carbon dangling bonds. Through
the chemical termination effect of the sliding interface and the re-hybridization process
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from sp3-C to sp2-C, the smoothness of the sliding interface is increased, thereby weak
interactions are induced between the friction interfaces and low friction and wear are
achieved. For the tribological properties of a-C films, the composition of the material plays
a crucial role. The introduction of elements such as silicon can enhance the hardness and
anti-wear properties of a-C films, making them perform well in harsh environments such
as high temperatures and high pressure. The introduction of oxygen, fluorine, and other
elements can improve the adhesion and corrosion resistance of a-C film and improve its
tribological properties in a specific environment. In addition to the addition of elements,
the tribological properties of a-C films can also be affected by adjusting the preparation
process (such as deposition temperature, deposition rate, and adding metal elements).

Overall, significant advancements have been made with superlubricating a-C film
in terms of low friction coefficient and wear resistance. However, several areas require
further improvement. Firstly, the preparation technology of superlubricating a-C film
needs to be simplified and made more efficient. The current methods, such as PECVD
and ion-beam deposition, are complex and costly. Developing simpler and more cost-
effective preparation methods would enhance production efficiency and reduce costs.
Secondly, the performance stability of superlubricating a-C film needs to be enhanced.
While it exhibits excellent wear resistance, its performance may be compromised under
harsh conditions like a combustible gas environment. Further research is necessary to
improve the stability of the film, ensuring it maintains its excellent performance under
various working conditions. Additionally, the application range of superlubricating a-C
film should be expanded. Currently, it is primarily utilized in high-end fields like aerospace
and electronic equipment. The correspondingly mature products have been applied in high-
load-bearing wear-resistant fasteners and self-lubricating bushing in aircrafts. However,
applications in other fields are limited in the depositing device and service conditions.
Exploring and developing the potential applications of super-slippery carbon film in other
industries would broaden its usage and increase its market demand. Although research
on the tribofilm of a-C:H film has achieved certain results, there are still some challenges
and issues for large-scale utilization. Firstly, enhancing the adhesion of a-C:H films is
essential to prevent detachment and ensure their long-term effectiveness. By improving the
sp2/sp3 ratio or doping of soft metal elements, a-C:H films can offer durable and reliable
industrial manufacturing, where friction and wear are prominent concerns. Secondly, the
production cost of a-C:H film is high, and the preparation process is complex, which limits
the reliability of renewable energy technologies. By combining the coating technique with
the deposition technique to enhance the tribological properties, a-C:H film can minimize
energy losses and prolong the lifespan of critical parts upon high-load capacity and high
wear resistance. Additionally, in the biomedical field, a-C:H film can offer innovative
solutions in prosthetics and medical devices. Its low friction characteristics can improve
the efficiency and functionality of joint replacements and implants, as it reduces the risk of
adverse reactions and enhances patient safety. Overall, with further research, optimization,
and cost reduction, a-C:H film holds tremendous potential to revolutionize a wide range of
industries in industrial manufacturing, as well as biomedical fields.
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Abstract: In this study, novel surface engineering strategies to improve the wear performance of
AISI 4340 were investigated. The strategies were as follows: (i) NiP deposition on a previously
nitrided steel substrate, followed by NiP interdiffusion heat treatment at either 400 ◦C or 610 ◦C
(referred to as duplex treatment); (ii) the deposition of AlCrN PVD coating on NiP layers on a
previously nitrided steel substrate (referred to as triplex treatment). Prior to the deposition of
AlCrN, the NiP was subjected to the interdiffusion heat treatment at either 400 ◦C or 610 ◦C. These
strategies were compared with the performance of the AlCrN coating directly applied on nitrided
steel. To characterize the microstructural features of each layer, X-ray diffraction (XRD) and scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS) analysis were
conducted. We also carried out mechanical and tribological behavior assessments. The tribological
tests were carried out using a ball-on-disc tribometer under a constant load of 20 N and a tangential
speed of 25 cm/s; cemented carbide spheres with a diameter of 6 mm were the counterpart body.
The friction coefficient was continuously monitored throughout the tests. The results reveal that
the wear mechanism for the AlCrN coating is predominantly oxidative. The most wear-resistant
surface architecture was the one comprising AlCrN over the NiP layer subjected to interdiffusion
heat treatment at either 400 ◦C or 610 ◦C.

Keywords: AlCrN/NiP tribological behavior; AlCrN/NiP mechanical properties; duplex treatment;
triplex treatment; electroless nickel

1. Introduction

Offshore oil exploration in the pre-salt region of the Brazilian continental platform,
which can reach depths of 2000 to 5000 m, requires equipment with exceptional mechanical
and corrosion properties. To withstand the demanding conditions of pre-salt oil exploration,
various strategies are employed, including the use of corrosion-resistant alloys (CRA) such
as Inconel 625 and super-duplex stainless steel, as well as the application of protective
coatings, for instance, the application of carbon steel cladded with Inconel 625 [1,2].

Ni-based coatings, particularly those containing phosphorous, are widely used in
oil exploration equipment. The NiP coating, obtained through an acid–aqueous solution
containing nickel sulfate and sodium hypophosphite, grows on the metal surface via an
autocatalytic reaction, resulting in a uniform thickness on the steel surface [3,4]. In the oil
exploration industry, a minimum P content of around 8% and a Ni-P thickness exceeding
75 μm are required to provide effective cathodic protection to the steel surface. However,
as-deposited coatings with a high P content exhibit an amorphous structure with low
mechanical properties [3,5].
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To improve the mechanical and tribological performance of the NiP coating, an interdif-
fusion post-heat treatment (IPHT) is commonly employed. The IPHT creates a metallurgical
bond between the NiP deposit and the steel substrate, leading to the crystallization of
the amorphous structure and the precipitation of the Ni3P phase, thereby enhancing the
coating’s properties [5–11]. However, when the IPHT is conducted at the recommended
temperature of 610 ◦C for an extended period (up to 10 h), a softening of the low-alloy steel
substrate occurs due to the tempering temperature being lower (around 370 ◦C) than the
IPHT temperature [12]. Consequently, the steel substrate loses the ability to sustain the
load, which could cause the failure of the NiP coating.

To address this issue, previous studies have proposed matching the IPHT and tem-
pering temperature at 600 ◦C, along with a shorter duration of 2 to 4 h [13]. This approach
has been shown to enable the NiP-coated AISI/SAE 4140 steel to meet the mechanical
requirements of ASTM 320 L7, which specifies alloy steel and stainless-steel bolting for low-
temperature service. Additionally, plasma nitriding of the quenched/tempered substrate
before NiP deposition, followed by IPHT at 400 ◦C or 610 ◦C, has been investigated [12].
This approach has been shown to enable the NiP-coated AISI/SAE 4140 steel to meet the
mechanical requirements of ASTM 320 L7, which specifies alloy steel and stainless-steel
bolting for low-temperature service. The results demonstrated that nitriding effectively
prevents substrate softening, regardless of the IPHT temperature, with the nitriding effect
being more prominent at 400 ◦C.

In contrast, physical vapor deposition (PVD) coatings, such as those deposited by
cathodic arc evaporation (CAE) [14–16], sputtering, balanced magnetron sputtering (BMS),
unbalanced magnetron sputtering (UBMS), and high-power impulse magnetron sputtering
(HiPIMS) [17,18], among others, are rarely used in highly corrosion-aggressive environ-
ments such as the conditions found in offshore oil exploration. Direct application of PVD
coatings on carbon or low-alloy steels presents limitations, including a low thickness (often
less than 5 μm) that increases the risk of a coating system failure and epitaxial growth, which
allows corrosion media to permeate into the coating and reach the steel substrate [17,19].
Droplets, especially in CAE-deposited coatings, often result in a localized absence of the
coating material, promoting severe corrosion when exposed to corrosive media [20,21].
However, certain PVD coatings, such as TiAlN, AlTiN, AlCrN, and TiSiN/AlCrN, exhibit
high hardness (up to 35 GPa), offering excellent wear and fatigue resistance. These coatings
demonstrate enhanced performance when deposited on a nitrided substrate [22–25].

This study aims to investigate the tribological behavior of an AlCrN PVD coating
on the NiP deposit on plasma-nitrided AISI/SAE 4340 steel specimens (Triplex). AlCrN
is a PVD coating known for its high hardness and favorable tribological properties. The
mechanical and tribological performance of NiP coatings, subjected to two different IPHT
temperatures (400 ◦C and 610 ◦C) in the duplex architecture, are initially explored. Sub-
sequently, in the triplex architecture, the impact of IPHT on the ability of the NiP deposit
to provide mechanical support for the AlCrN coating and enhance its wear resistance
is investigated.

2. Experimental Procedures

This study aims to investigate the tribological performance of the AlCrN on the NiP
coating system with 5 different layer architectures. The experimental setup involved the
following steps:

• Preparation of specimens: Several 5 mm disc specimens were obtained by cutting a
25 mm diameter AISI/SAE 4340 bar. These specimens served as the base material for
the coating system investigation.

• Heat treatment: The steel specimens underwent heat treatment processes, including
quenching and tempering (Q/T). This treatment optimized the mechanical properties
of the specimens to ensure consistent and reliable results.
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• Plasma nitriding: After the Q/T process, the quenched and tempered samples were
subjected to plasma nitriding.

Figure 1 illustrates the 5 different layer architectures investigated in this project. Each
architecture represents a specific combination of coatings and heat treatments:

• Duplex architecture 1 (AlCrN on nitrided steel): In this architecture, an approximately
3-micrometer-thick AlCrN coating was directly deposited onto the nitrided steel
specimens. This architecture aimed to evaluate the tribological performance of the
AlCrN coating on a nitrided substrate.

• Duplex architecture 2 and 3 (NiP on nitrided steel): In the second and third architec-
tures, a 30-micrometer-thick NiP coating was deposited onto the nitrided substrates.
Subsequently, interdiffusion post-heat treatment (IPHT) was performed at 400 ◦C or
610 ◦C. These architectures aimed to assess the effect of the IPHT temperature on the
mechanical and tribological properties of the NiP coating.

• Triplex architecture 4 and 5 (AlCrN on NiP on nitrided steel): In the fourth and fifth
architectures, an AlCrN coating was deposited using the cathodic arc evaporation
(CAE) technique onto the NiP-coated substrates, which had undergone IPHT at 400 ◦C
or 610 ◦C. These architectures aimed to investigate the influence of the IPHT on the
ability of the NiP deposit to provide mechanical support for the AlCrN coating and
enhance its wear resistance.

2.1. Steel Heat Treatment and Nitriding

The AISI/SAE 4340 steel disc specimens were subjected to a controlled heat treatment.
The specimens were heated to 870 ◦C and held at this temperature for 1 h, followed by
quenching in oil. Subsequently, the quenched specimens underwent tempering at 370 ◦C
for 2 h. The resulting average hardness was approximately 45 HRC. Following this, the
samples were cleaned and prepared metallographically to obtain a polished surface.

After the heat treatment, the steel specimens were submitted to plasma nitriding.
The nitriding process was conducted in an in-house chamber. The nitriding environment
consisted of 75% N2 and 25% H2, working pressure of 2 Torr, at 470 ◦C for 6 h. The average
hardness of the hardened layer was 8.6 GPa, with a thickness around 300 μm. The surface
of the nitrided specimens was prepared using 1200-grit sandpaper.

2.2. Electroless Nickel Deposition Process and AlCrN Coating

The electroless nickel (NiP) deposition process was carried out by immersing the
nitrided steel specimens in an aqueous solution, with the following composition: 34 g/L of
nickel sulfate, 35 g/L of sodium hypophosphite, 35 g/L malic acid, 10 g/L acid succinic,
5% v/v of ammonia hydroxide, and 1 ppm of thiourea. The nitrided specimens were
kept for 2 h in the solution, with the solution temperature maintained at 90 ◦C and the
pH controlled within a range of 4.5 to 5.5. The surface-to-solution volume ratio for the
specimens was 0.67 dm2/L. This process resulted in an average NiP layer thickness of
20 μm, with a phosphorous content exceeding 10%. Subsequently, the NiP-coated samples
were prepared using 1200-grit sandpaper.

The PVD coating applied on both nitrided and NiP-coated specimens was an AlCrN
system deposited by the CAE/PVD method, according to the Alcrona-PRO® process at the
Oerlikon Balzers facility (SJ Pinhais, Brazil). The AlCrN coating contains approximately
26 wt.% nitrogen, 38 wt.% aluminum, and 38 wt.% chromium.
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Figure 1. The duplex architectures: The AlCrN/nitrided steel, NiP IPHT at 400 ◦C/nitrided steel,
NiP IPHT at 610 ◦C/nitrided steel. The triplex architectures: AlCrN/NiP IPHT at 400 ◦C/nitrided
steel, AlCrN/NiP IPHT at 610 ◦C/nitrided steel architectures.

2.3. Characterization Techniques
2.3.1. Microstructural Characterization

The phase identification of the phases in the coating layers was obtained using X-ray
diffraction (XRD) with a Shimadzu XRD-7000 instrument (Shimadzu—Kyoto, Japan),
employing CuKα radiation (λ = 1.54 nm), with Grazing Incidence Angle geometry (GIXRD).
We used a thin-film setting at either 1◦ or 2◦ incidence angle, scan speed of 0.5◦/min and
0.02◦ step, with a 2θ scan range from 20◦ to 80◦. The diffracted peaks were indexed using
the match function in the software and the ICDD PDF2+ database.

Microstructural analysis (morphology and thickness) of the coatings was carried out by
inspecting the specimens’ cross-section in a scanning electron microscope (Tescan—Vega3
SEM—Brno, Czech Republic).

2.3.2. Hardness and Elastic Modulus Determination

The determination of hardness (H) and reduced elastic modulus (E) was carried out
by performing instrumented indentation tests normal to the outer layer of each architecture
with a Berkovich tip, using a Dynamic Ultra Micro Hardness Tester Shimadzu DUH-211S
(Shimadzu—Kyoto, Japan). During the indentation tests, a load of 50 mN was applied and
held for 15 s at the maximum load. At least 10 indentations were made for each surface
architecture. Hardness and reduced Young’s modulus (E) values were extracted from
load–displacement curves, using the Oliver and Pharr method.

2.3.3. Adhesion Tests

Adhesion was measured through scratch tests conducted on the surface of the coated
specimens. These tests were performed under a scratch tester (Revestest, Anton-Paar,
Corcelles, Switzerland), with a gradual application of force ranging from 1 N to 75 N with
an HRC indenter, for a distance of 3 mm and at a speed of 6 mm/min. Subsequently, the
failure modes were identified, and critical loads were assigned in accordance with the
ASTM C 1624-5 standard [26].
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2.3.4. Tribological Tests

The tribological tests were carried out using a ball-on-disc configuration in a universal
tribometer (Revestest, Anton-Paar, Corcelles, Switzerland), according to the ASTM G99-17
Standard [27]. The tribological counterpart was a 6 mm cemented carbide ball. Sliding
distances of 250, 500, and 1000 m, a speed of 25 cm/s, and a load of 20 N were employed
for these tests. The coefficient of friction (CoF) was continuously recorded during the tests.
Following the tests, the cross-sectional area of the wear track was measured using an optical
profiler (Taylor-Robson CCI Lite—Leiscester, England). The volume loss was determined
by multiplying the cross-section area by the wear track’s perimeter. Additionally, the wear
mechanisms on the tracks were examined by SEM/EDS (Tescan, Vega3). The wear rate
(WR) was calculated using the following equation:

WR =
V

F ∗ L
(1)

where V (mm3) is the total volumetric wear, F (N) is the normal load, and L (m) is the
sliding distance.

3. Results and Discussion

The Ra roughness values for all five surface architectures are presented in Table 1.
The lowest roughness is for the duplex reference specimen, where the AlCrN coating was
deposited onto a nitrided steel substrate. For polished plasma-nitrided steel surfaces, the
roughness can be as low as 0.05 Ra. However, the CAE/PVD deposition process increases
the roughness of the specimens due to the presence of droplets, which are large amounts of
the deposited material that evaporate from the target and subsequently condense on the
specimen’s surface [20,21].

Table 1. Average roughness (Ra) for the 5 surface conditions.

Architecture of Coatings Roughness, Ra (μm)

AlCrN-NiP400-Nitrided Steel 0.19 ± 0.01

AlCrN-NiP610-Nitrided Steel 0.21 ± 0.04

NiP400-Nitrided Steel 0.23 ± 0.07

NiP610-Nitrided Steel 0.31 ± 0.03

AlCrN-Nitrided Steel 0.15 ± 0.02

In cases where NiP was deposited on the nitrided surface, the roughness measured
around 0.23 Ra and 0.31 Ra for the IPHT performed at 400 ◦C and 610 ◦C, respectively.
The higher roughness of the NiP coatings is attributed to the surface topography that
results from the NiP deposition process, which exhibits a cauliflower-like texture [28–30].
Furthermore, when the IPHT is performed at 610 ◦C, the Ni3P coalesces, giving lower
hardness than the NIP IPHT at 400 ◦C. Consequently, the IPHT specimens at 610 ◦C
plastically deform, resulting in higher surface hardness, e.g., 0.31 Ra, than the specimens
heat-treated at 400 ◦C, e.g., 0.23 Ra. However, when the AlCrN is deposited over the IPHT
substrates at 400 ◦C or 610 ◦C, the surface roughness decreases and, practically, evens out.

The XRD patterns in Figure 2 depict the phases present in the five different architec-
tural configurations. In the nitrided case, the ε-Fe2,3N phases were observed. The NiP layer
on the nitrided substrates exhibits similar phases, regardless of the post-heat treatment
temperatures: Ni3P and Ni phases. However, the NiO phase is only present in the NiP
deposit subjected to IPHT at 610 ◦C. Notably, in Figure 3b, it can be observed that Ni3P is
an incoherent precipitate when the NiP deposit is IPHT at 610 ◦C. Conversely, the Ni3P
is not visible in Figure 3a, but its presence is confirmed by the XRD pattern in Figure 2,
suggesting coherent precipitation.
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Figure 2. XRD of the nitrided steel plus XRD of the five architectures.

 

 

Figure 3. Cross-section of the (a) AlCrN/NiP IPHT at 400 ◦C/nitrided steel and (b) AlCrN/NiP
IPHT at 610 ◦C/nitrided architectures.

The XRD pattern in Figure 2 shows AlCrN peaks as AlN and CrN, both of which have
an FCC crystal structure. Al and Cr interchange within this structure. The triplex archi-
tectures exhibit XRD diffraction patterns for both the AlCrN and NiP layers. Figure 3a,b
illustrate the cross-sections of the two triplex architectures. The thickness of AlCrN is 5 μm
and 3 μm for NiP IPHT at 400 ◦C and 610 ◦C, respectively. In contrast, the NiP thickness

29



Lubricants 2024, 12, 181

is 18 μm and 20 μm for NiP IPHT at 400 ◦C and 610 ◦C, respectively. Furthermore, the
interdiffusion layer, formed during IPHT at 610 ◦C, is approximately 5 μm thick and is
not detectable in the coated system when the IPHT is performed at 400 ◦C, as shown in
Figure 3a.

Table 2 displays the hardness (H), reduced elastic modulus (E), and H/E ratio for
the five architectures, along with the hardness of the nitrided case. In the nitrided case,
the values for H and E are 6.62 and 262 GPa, respectively. These values align with recent
findings for nitrided cases where the outer layer is ε-Fe2,3N, as indicated by the XRD
diffraction pattern in Figure 2 [2,31]. The NiP IPHT at 610 ◦C shows H and E values of
11 and 206 GPa, respectively. The implementation of IPHT at this temperature results in four
main effects: (i) the formation of an interdiffusion layer with a thickness of approximately
5 μm (Figure 3b); (ii) crystallization of the NiP coating; (iii) incoherent precipitation of
Ni3P (Figure 3b); (iv) formation of NiO due to the exposition of the coating to a rich
air environment [6,32,33] (see XRD diffraction pattern in Figure 2). The first two effects
contribute to an increase in the hardness of the NiP coating compared to the amorphous
arrangements of P and Ni species. On the other hand, when the IPHT is conducted at
400 ◦C, the interdiffusion layer has a submicron thickness. The Ni3P precipitates coherently,
resulting in higher mechanical properties, i.e., 14.67 and 227 GPa for H and E, respectively,
compared to the NiP IPHT at 610 ◦C [32]. For the AlCrN on the nitrided steel substrate, the
H and E values are 35.4 and 353 GPa, respectively. Typical H and E values for the AlCrN
system range between 28 and 35 GPa and from 250 to 300 GPa, respectively, depending
on the coating stoichiometry, deposition parameters, and other factors [19,34]. The H
and E of the AlCrN coating on NiP IPHT at 400 ◦C are 34.88 and 348 GPa, respectively,
while for AlCrN on the NiP IPHT at 610 ◦C are 30.79 and 338 GPa, respectively. The
hardness and reduced elastic modulus are higher for the NiP IPHT at 400 ◦C due to the
coherent precipitation of Ni3P, consequently providing a higher load-bearing capacity for
the AlCrN coating.

Table 2. Average values of H, E, and H/E ratio for the five architectures.

Layer Architecture H (GPa) E (GPa) H/E

Nitrided Steel 6.62 ± 0.31 262 ± 5 0.025 ± 0.0012

NiP 400/Nitrided Steel 14.67 ± 1.26 227 ± 9 0.064 ± 0.003

NiP 610/Nitrided Steel 11.00 ± 3.74 206 ± 27 0.053 ± 0.016

AlCrN/Nitrided Steel 35.50 ± 4.80 353 ± 38 0.100 ± 0.013

AlCrN/NiP 400/Nitrided Steel 34.88 ± 4.13 348 ± 29 0.099 ± 0.0038

AlCrN/NiP 610/Nitrided Steel 30.79 ± 3.79 338 ± 41 0.091 ± 0.0074

Figure 4 illustrates the scratch grooves for the five different architectures, with Table 3
detailing the failure modes and corresponding critical loads of the scratch tests. Specifically,
Figure 4a,b display the scratch groove characteristics for NiP interdiffusion post-heat
treated (IPHT) at 400 ◦C and 610 ◦C, respectively. Notably, both the NiP IPHT at 400 ◦C
and 610 ◦C exhibit no delamination of the coating in the scratch grooves. This absence of
delamination is attributed to two factors: (i) the NiP coating thickness is approximately
20 μm, and (ii) the NiP coating undergoes plastic deformation, rendering the standard
adhesion principles applied to ceramic coatings on steel, such as nitrides, inapplicable to
the NiP deposit. The scratch tests conducted in the NiP system evaluate the coating’s ability
to withstand stress generated by the HRC diamond stylus moving across the specimen
surface. For instance, in the case of NiP IPHT at 400 ◦C, stress accommodation at the test’s
onset results in the formation of arc tensile cracks (Lc1 = 3 N), occurring just after the
HRC stylus has passed due to strain release. Subsequently, chevron tensile cracks form
(Lc2 = 14 N), followed by wedging spallation (Lc3 = 33.5 N).
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Figure 4. Aspect of the scratch groove: (a) NiP IPHT at 400 ◦C/nitrided Steel (b) NiP IPHT at
610 ◦C/nitrided steel, (c) AlCrN/nitrided steel (d) AlCrN/NiP IPHT at 400 ◦C/nitrided steel and
(e) AlCrN/NiP IPHT at 610 ◦C/nitrided steel.
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Table 3. Scratch test critical loads and failure modes of the five architectures.

Architecture Lc1 (N) Failure Mode Lc2 (N) Failure Mode Lc3 (N) Failure Mode

NiP IPHT 400 ◦C 3.0 arc tensile cracks 14.0 chevron tensile cracks 33.5 wedging spallation

NiP IPHT 610 ◦C 1.0 lateral cracks 10.0 chevron tensile cracks 28.0 wedging spallation

AlCrN/Nitrided Steel 22.5 conformal cracks 46.0 recovery spallation 63.0 buckling spallation

AlCrN/NiP 400 ◦C
Nitrided Steel 22.0 lateral cracks 32.5 chevron tensile cracks 51.0 gross spallation

AlCrN/NiP 610 ◦C
Nitrided Steel 25.0 lateral cracks 35.0 chevron tensile cracks 51.0 gross spallation

Conversely, NiP IPHT at 610 ◦C displays lateral cracks at the scratch groove’s begin-
ning (Lc1 = 1 N), succeeded by more substantial chevron tensile cracks (Lc2 = 10 N). This
could be attributed to the interaction of the HRC stylus with the microstructure consisting
of a Ni matrix with incoherent Ni3P particles, providing an easy path for crack propagation.
Finally, wedging spallation is also observed (Lc3 = 28 N). In Figure 4c, the scratch groove
of AlCrN on the nitrided substrate reveals common failure modes for hard coatings over
nitrided substrates. Conformal cracks emerge at 22.5 N (Lc1), followed by recovery spalla-
tion at 46 N (Lc2) and buckling spallation at 63 N (Lc3). The nitrided substrate enhances
the adhesion of PVD coatings [35]. Finally, Figure 4d,e depict the scratch grooves for the
two triplex architectures. These architectures exhibit failure modes, including lateral cracks,
chevron tensile cracks, and gross spallation (Lc3) at a critical load of 51 N, indicating poor
adhesion of AlCrN on the NiP layer, irrespective of the IPHT temperature. The root cause
of this poor adhesion lies in the plastic deformation of the NiP deposit due to the presence
of Ni in the microstructure, as depicted in Figure 2.

The coefficient of friction behavior, as a function of sliding distance for all architectures,
is depicted in Figure 5. The friction coefficient behavior of the duplex structure and AlCrN
on nitrided steel exhibits a notable increase, reaching its maximum between 100 and 130 m,
indicative of the running-in stage associated with the removal of AlCrN droplets. This
phenomenon is common in coatings deposited by cathodic arc evaporation (CAE/PVD).
Subsequently, the coefficient of friction stabilizes at a steady-state condition of around 0.53,
observed at a sliding distance of approximately 300 m. The primary wear mechanism is
oxidative because chromium, aluminum, and oxygen signals overlap, according to energy-
dispersive spectroscopy (EDS), not shown here, suggesting the formation of chromium–
aluminum oxides (refer to Figure 6c). The wear rate (Figure 7) remains constant throughout
the sliding distance.

Figure 5. Friction coefficient behavior of the five architectures.
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Figure 6. Aspect of the wear tracks: (a) NiP IPHT at 400 ◦C/nitrided steel; (b) NiP IPHT at
610 ◦C/nitrided steel; (c) AlCrN/nitrided steel; (d) AlCrN/NiP IPHT at 400 ◦C/nitrided steel;
and (e) AlCrN/NiP IPHT at 610 ◦C/nitrided steel architectures.

For the NiP IPHT at 400 ◦C, the coefficient of friction behavior reveals a plateau at 0.34,
associated with the removal of the cauliflower layer. The outer cauliflower layer exhibits
poor adhesion to the NiP deposit, easily sheared from the specimen surface. Following this

33



Lubricants 2024, 12, 181

initial phase, an increase in the coefficient of friction is observed, likely attributed to the
work hardening of the NiP deposit and the formation of NiO (according to EDS results)
due to the sliding contact, as depicted in Figure 6a. The wear rate (Figure 7) is not constant;
it increases with sliding distance, reaching its maximum value at 500 m, coinciding with
the removal of the cauliflower layer. Subsequently, the formation of NiO and the work
hardening contribute to a decrease in the wear rate, observed at 1000 m of sliding.

Figure 7. Wear rate with the sliding distance of the five architectures.

On the contrary, when the NiP deposit undergoes interdiffusion post-heat treatment
(IPHT) at 610 ◦C, a shift in the friction coefficient behavior is observed compared to NiP
IPHT at 400 ◦C (Figure 5). The friction coefficient exhibits an unstable pattern, potentially
attributed to the presence of the NiO layer (according to EDS results) formed due to expo-
sure to the elevated temperature of 610 ◦C and the concurrent removal and redeposition
of NiP. The reported thickness of the NiO layer formed during the interdiffusion heat
treatment ranges between 0.5 and 1 μm [13]. Plow lines, indicative of a two-body wear
mechanism, are observed in Figure 6b. The wear rate in Figure 7 follows a similar trend
observed for NiP IPHT at 400 ◦C.

Comparing the friction coefficient of AlCrN over NiP IPHT at 400 ◦C in Figure 5 with
AlCrN directly over the nitrided substrate in Figure 6a reveals that AlCrN over NiP IPHT
at 400 ◦C exhibits a lower friction coefficient. The steady-state coefficient of friction (COF)
is 0.47 when AlCrN is over NiP IPHT at 400 ◦C, while the COF is 0.53 when AlCrN is over
a nitrided steel substrate. Another distinction between the two substrates is the absence of
an increase in COF during the initial sliding meters when AlCrN is over NiP substrates.

A clear difference in the friction coefficient is evident between AlCrN over NiP IPHT at
400 ◦C and 610 ◦C (Figure 5). Moreover, the steady-state friction coefficient for AlCrN over
NiP IPHT at 610 ◦C is approximately 0.6 higher than AlCrN over NiP at 400 ◦C (i.e., 0.47).
The primary wear mechanism is oxidative because chromium, aluminum, and oxygen
signals overlap, according to EDS, consistent with the behavior observed when AlCrN is
over nitrided steel, as indicated in Figure 6d,e, respectively. The wear rate for AlCrN over
NiP IPHT at 400 ◦C or 610 ◦C (Figure 7) is practically identical, and the wear rate remains
constant throughout the sliding distance.

The H/E ratio, a widely used predictor of wear performance, is presented in Table 2
for all five architectures, along with the H/E for the nitrided case [36]. One can realize a
sound correlation between the wear rate of the duplex architectures and their H/E ratio.
For instance, the H/E ratios of the NiP IPHT at 400 ◦C, NiP IPHT at 610 ◦C, and AlCrN
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over nitrided are 0.064, 0.053, and 0.1, respectively. Examining the wear rates (Figure 7), it
becomes evident that the AlCrN over the nitrided substrate exhibits the lowest wear rate,
while the wear rate is highest for the NiP IPHT at 610 ◦C. On the other hand, the triplex
architecture shows an H/E ratio of around 0.09, regardless of the NiP microstructure, and,
interestingly, the wear rates for both architectures are comparable.

4. Conclusions

The tribological behavior of duplex and triplex architectures was meticulously inves-
tigated. The duplex configuration, whether it was AlCrN or NiP coatings on a nitrided
steel substrate, and the triplex architecture, where AlCrN was deposited on the NiP-coated
surface in the previously nitrided steel substrate, were thoroughly examined. In both
duplex and triplex architectures, the NiP underwent interdiffusion post-heat treatment at
either 400 ◦C or 610 ◦C. The following conclusions can be drawn:

The interdiffusion post-heat treatment (IPHT) played a pivotal role in the mechanical
behavior of the duplex and triplex architectures, particularly in the NiP deposits. The
microstructure resulting from the IPHT at 400 ◦C comprised Ni and coherent Ni3P, while
the IPHT at 610 ◦C led to a microstructure consisting of Ni, NiO, and incoherent Ni3P. This
significant difference in microstructure resulted in higher H and E for the NiP IPHT at
400 ◦C. Comparatively, AlCrN over a nitrided substate showed H and E higher than AlCrN
over the NiP deposit.

One of the key findings of this research was the poor adhesion of the AlCrN over the
NiP deposit, a significant observation, regardless of the IPHT temperature. The adhesion
of AlCrN on the NiP deposit showed gross spallation, indicating poor adhesion.

The coefficient of friction of the AlCrN over a nitrided steel surface showed an initial
increase during the early stages of sliding. This was attributed to the presence of droplets
on the coated surface, which act as frictional hotspots. Once these droplets were removed,
the COF decreased and reached a steady state, stabilizing at approximately 0.53. The lowest
COF was observed when AlCrN was over NiP IPHT at 400 ◦C, indicating the superior
tribological performance of this architecture. The wear mechanism remained oxidative,
regardless of the NiP IPHT temperature. The wear rate of AlCrN over NiP IPHT at 400 ◦C
was the lowest, while NiP over the nitrided steel substrate exhibited the highest wear rate.
The formation of NiO due to sliding contact contributed to increased wear resistance in the
NiP deposit. Notably, a strong correlation was observed between the H/E ratio and the
wear rates in both the duplex and triplex architectures, highlighting the importance of this
ratio in predicting the wear behavior of the coatings.
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Abstract: The aim of this work is to verify the applicability of thermography as a non-destructive
technique to quantify the wear performance of several high-entropy alloy coatings. Thermal profiles
obtained from passive and active thermography were analyzed and the results were correlated with
the classical tribological approaches defined in standards. HEA coatings made of several chemical
compositions (AlxCoCrCuFeNi and MnCoCrCuFeNi) and realized by using different cold spray
temperatures (650 ◦C, 750 ◦C, and 850 ◦C) were tested in a pin-on-disk configuration, with a dedicated
pin developed for the wear tests. Then, the wear performances of each sample were analyzed with
the hardness and wear parameter results. The thermal profiles of passive and active thermography
allowed a complete characterization of the wear resistance and performance analysis of the coatings
analyzed. The results are also compared with those presented in the literature.

Keywords: cold spray (CS); high-entropy alloy (HEA); non-destructive technique (NDT); active
thermography (AT); passive thermography (TP); pulsed technique; tribometer; wear characterization

1. Introduction

The remarkable mechanical properties, fatigue resistance, and ability to withstand
high temperatures of traditional materials such as nickel, cobalt, and titanium-based alloys
are widely applied in high-temperature scenarios, such as aeroengines, gas turbines, and
the nuclear industry.

However, these materials may fail prematurely under extreme environmental con-
ditions due to their insufficient resistance to friction and wear [1–6]. It is estimated that
maintenance and replacement expenses as a result of this wear and tear can amount to
approximately 1–2% of the GDP of industrialized nations.

In order to improve engineering components’ performance, dependability, and longevity,
it is imperative to develop materials which are mechanically strong and exhibit superior
wear resistance.

Previous research has suggested that materials possessing favorable mechanical quali-
ties, such as high hardness, elastic modulus, and fracture toughness, can lead to improved
tribological performance in various applications [7,8]. High-entropy alloys (HEAs), a re-
cent advancement in alloy development, have garnered considerable interest due to their
potential properties [9–13].

HEAs are alloys comprising five or more primary elements in equimolar or near-
equimolar ratios [9,11,14]. These alloys can exhibit outstanding characteristics which
surpass those of traditional alloys, including superior strength and hardness, notable resis-
tance to wear, exceptional resilience under high-temperature conditions, robust structural
stability, and excellent resistance to corrosion and oxidation [15].
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The tribological characteristics of HEAs are of large significance in industrial appli-
cations, leading to extensive research into their friction and wear performances under
various conditions. For example, studies have investigated the adhesive wear behavior of
AlxCoCrCuFeNi HEAs under atmospheric conditions [16]. These findings have revealed
that higher aluminum concentrations are associated with increased hardness, resulting in
significantly enhanced wear resistance [17]. Wu and colleagues [16] examined the adhesive
wear characteristics of AlxCoCrCuFeNi high-entropy alloys and found that at aluminum
fractions of 0.05 and 1.0 molar ratios, the predominant wear mechanism was delamination
wear. However, increasing the aluminum content to a 2.0 molar ratio shifted the wear
mechanism to predominantly oxidative wear. Similarly, Hsu et al. [18] analyzed the effect
on sliding wear resistance of adding iron to AlCoCrFeXMo0.5Ni. They noted a reduction in
wear rate with increasing iron content, attributed to heightened oxidation and sigma phase
formation [19].

The coating quality plays a significant role in determining the mechanical properties
and wear resistance of coated contacts [20,21]. It is possible to investigate the characteri-
zation of coatings using a variety of methodologies depending on the type, composition,
and thickness of the coating and its substrate. A destructive technique can be used to
directly characterize materials. To estimate mechanical properties and superficial quali-
ties, measurements of hardness and roughness are widely used. In recent decades, active
thermography (AT) techniques have become increasingly popular due to their non-contact
nature and the ability to cover a wide area. Thermography has been used in many research
fields related to coatings over the years, both in passive and active configurations, with the
aim of investigating mechanical properties or coating quality. Using passive thermography
(PT), it has been possible to assess the quality and performance of several plasma sprayed
coatings on the contact fatigue life [21,22]. In these papers, the temperature of the contact
point was chosen as the optimal infrared signal since it is only the preheating that is associ-
ated with the failure of the coating. The authors of [21,23] and [21,24] discuss interesting
topics related to AT, such as microscopic cracks and coating adhesions. Accordingly, [23]
highlighted how thermal maps generated by vibrothermography stimulated by ultrasound
can be used to detect microcracks.

The purpose of this research is to investigate the feasibility of using AT techniques to
characterize the wear performance of HEA coatings as an innovative process. A variety of
HEA coatings (AlxCoCrCuFeNi and MnCoCrCuFeNi) deposited at different cold spray
temperatures (650 ◦C, 750 ◦C, and 850 ◦C) were analyzed. The wear performance of HEA
coatings using a pin-on-disk configuration and using PT and AT was analyzed. Thermal
profiles were analyzed and correlated with classical tribological approaches as defined
by standards.

2. Materials and Methods

Samples adopted in this study are made of a substrate and an HEA coating deposited
with a cold spray technique. In particular, the substrate utilized for each sample is mag-
nesium, while the HEA coating is generated with several HEA chemical composition and
cold spray deposition temperatures. Figure 1 shows the tested samples and also a scheme
of the coating geometry over the substrate, while in Table 1 the geometrical, chemical, and
process parameters are summarized.

A detailed characterization of the hardness and roughness of the same coatings tested
in this work was performed in [15] by the same authors.

Wear tests were performed by using a tribometer with a setup close to a classical
pin-on-disk configuration. A dedicated device similar to a pin was designed with the aim
to ensure the clamping of tested samples and to guarantee the visibility of the contact
surfaces during PT acquisitions. Concerning the counterpart utilized during the wear tests,
disks were made of quenched 100Cr6 steel with a grinding surface. A hardness of 850 HV
with a roughness of 0.05 (Ra) was obtained for all counterparts.
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Figure 1. Tested samples (left side) and geometrical shape (right side).

Table 1. Process parameters and geometrical dimensions.

Sample
Chemical

Composition

Nominal Chemical Composition
in Atomic Percentage (at%)

Cold Spray
Temp.
[◦C]

Geometrical
Dimensions [mm]

Al Co Cr Cu Fe Ni a b h

1
Al0.1CoCrCuFeNi

1.96 19.6 19.6 19.6 19.6 19.6 650 10.09 9.39 0.313

2 1.96 19.6 19.6 19.6 19.6 19.6 750 10.01 9.43 0.776

3

Al0.2CoCrCuFeNi

3.85 19.2 19.2 19.2 19.2 19.2 650 10.11 9.42 0.507

4 3.85 19.2 19.2 19.2 19.2 19.2 750 10.73 10.01 0.613

5 3.85 19.2 19.2 19.2 19.2 19.2 850 10.72 10.01 0.627

6
Al0.5CoCrCuFeNi

9.10 18.2 18.2 18.2 18.2 18.2 650 11.27 10.01 0.497

7 9.10 18.2 18.2 18.2 18.2 18.2 750 11.19 9.97 0.553

8

MnCoCrCuFeNi

16.7 16.7 16.7 16.7 16.7 16.7 650 10.09 9.17 0.386

9 16.7 16.7 16.7 16.7 16.7 16.7 750 10.59 9.21 0.604

10 16.7 16.7 16.7 16.7 16.7 16.7 850 11.73 9.23 0.632

Figure 2 illustrates the designed pin with the corresponding 3D CAD geometry
and also the experimental setup utilized during the wear tests. Wear testing parame-
ters are illustrated in Table 2 and the tests were performed with a unidirectional rotation in
ambient conditions.

Figure 2. Designed pin and experimental setup during wear tests.
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Table 2. Wear testing parameters.

Wear Testing Parameters

Rotational speed [rpm] 250

Normal load [N] 10

Sliding length [m] 200

Linear speed [mm/s] 235.6

The wear volume computation for the tested samples was realized by using a digital
microscope with a resolution of 0.01 μm. The mean value of the surface profile was
generated by considering 60 lines equally spaced over the 3D surface of the sample. This
procedure was carried out before and after the wear test acquiring the surface of the
sample by using the 3D Stitching function available in the digital microscope. This way,
the wear area (ΔArea) is computed as the difference between surface profiles before and
after the wear test conditions. The corresponding wear volume (ΔVolume) was obtained
by multiplying the ΔArea with the length of the sample. Figure 3 shows, as an example
for Sample 5, the ΔArea comparison (left side) and the coating surfaces (right side) before
and after the wear test. The same results for each sample are shown in Supplementary
Materials.

Figure 3. Area (left side) and 3D optical microscope comparison (right side) for Sample 5.

The mass reduction in the HEA samples, generated by the wear process, was also
evaluated by means of a balance with a resolution of 0.0001 g. The coating was properly
cleaned after the wear test to avoid debris during the mass measurement.

The wear characterization was obtained by using the well-known parameters such
as the wear rate, the Archard’s coefficient, and the wear resistance [25,26]. The specific
wear rate parameter is very useful for comparing experimental results obtained in case
of different wear testing conditions [27]. More in detail, the formula is illustrated in
Equation (1):

Ws =
V

FN L
(1)

where Ws is the specific wear rate in [mm3/Nm], V is the wear volume in [mm3], FN is
the normal load in [N], and L is the sliding distance in [mm]. The wear resistance WR is
its reciprocal. In the literature [28,29], the wear resistance is related to the hardness of the
sample. This way, the comparison between the wear resistance and the structure of the
coating, which is related to the production process, can be investigated. The Archard’s
coefficient allows evaluation of the wear resistance of coating during tests. This parameter
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considers both tested materials and wear testing conditions, and can be computed as in
Equation (2):

k =
V·HV
FN ·L (2)

where k is the dimensionless Archard’s coefficient and HV is the less hard material in [MPa].
The wear characterization with AT and PT was realized with thermal profiles extracted

from thermograms. The PT approach was used to compare the temperature increment gen-
erated during the wear test with the corresponding coefficient of friction (COF) measured
with the tribometer. For what concerns the AT approach, it was investigated to evaluate
its feasibility as non-destructive technique for the wear volume estimation by comparing
the thermal responses of the same ROI from the thermograms obtained before and after
the wear damage. Thermography analyses were performed by means of two different
thermal cameras.

Figures 4 and 5 show experimental setups during PT and AT. An example of the
thermogram during PT is illustrated on the right side of Figure 4. In particular, an IR
Thermal camera (NETD 0.08 ◦C) was utilized to acquire thermal profiles and the reference
specimen was allowed to control the environmental temperature during the test. Thermal
profiles were extracted with a cursor located in the contact point between the disk and
the tested sample. The absolute temperature was directly used for the analysis since no
relevant environmental temperature variations were observed during the wear tests.

Figure 4. Passive thermography experimental setup.

Figure 5. Active thermography equipment and experimental setup.

AT response was acquired by means of another IR thermal camera with a sensitivity
lower than 20 mK and a 3–5 μm spectral range. The heating source was a laser beam
with a maximum power of 50 W. The reflection mode configuration was adopted, and
samples were located 440 mm distance from the thermal camera. The maximum frame rate
acquisition was selected, corresponding to 785.67 Hz. Environmental conditions (room
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temperature and humidity) were monitored during each test, while the corresponding
reflected temperature was estimated according to the standard [30]. The pulsed technique
was utilized and an energy contribution made of a pulse period of 250 ms and a laser
power of 30 Watt were utilized for each sample. The diameter of the laser spot was
6 mm and the laser power distribution over the spot had a Gaussian distribution. Then, a
region of interest (ROI) with 4288 pixels was chosen to extract thermal profiles in radiance
unit measurements. Thanks to the same superficial aspect of each sample, radiance was
adopted instead of temperature to avoid emissivity problems related to its computation.
Four replications were performed and then the corresponding mean value was computed.

The substrate zone was chosen as the heated zone since it remained undamaged before
and after wear tests. As a matter of fact, the samples were tested by AT before and after
the wear tests with the aim to characterize wear behavior by means of a non-destructive
technique. The same testing conditions were adopted for both parts of the analysis (before
and after wear tests).

This way, PT was used for online thermal characterization in conjunction with COF
measurements, while AT was adopted for the wear damage characterization. In the specific
case of PT, thermal responses obtained from the thermogram were adopted directly for
the analysis. On the other hand, a dedicated data procedure was developed for the AT
technique. More in detail, the samples were at first tested with the pulsed technique (before-
wear condition), then the wear damage at the tribometer was realized and, subsequently,
the samples were tested again with pulsed AT (after-wear condition). Four replications
were conducted of each measurement and absolute radiance profiles were extracted from
the target laser ROI.

Then, the relative radiance profile was computed for each replication as the difference
between the absolute radiance profile and the environmental radiance. The environmental
radiance was directly estimated from thermal responses, and it corresponds to the radiance
value before the heating profile. Then, the corresponding mean value of the four replications
was computed, obtaining the averaged relative radiance profile. The wear characterization
was analyzed by following two different approaches.

The first considers all tested samples while, in the second case, the wear characteriza-
tion is classified on the basis of the chemical composition of the coating.

For what concerns the first approach, once the averaged relative radiance profiles
for both the before-wear and after-wear conditions are evaluated, the normalization with
respect to each maximum value is generated. Figure 6 shows, as an example for samples 2
(left side) and 7 (right side), the normalized relative radiance profiles for the before-wear
and after-wear conditions. This way, the wear damage in terms of thickness decrease,
which means a volume reduction, is emphasized on both the heating and cooling phases of
the thermal profiles.

The difference between the thermal area (ΔAThermal) parameters was chosen to quan-
tify this difference since it is easy to calculate and to correlate with respect to a wear volume
reduction. More in detail, the ΔAThermal computation with respect to a certain time is
illustrated in Equation (3).

ΔAThermal =
∫ t f

t0

Rawdt −
∫ t f

t0

Rbwdt (3)

In particular, t0 corresponds to the initial time, t f corresponds to the final time, Raw is
the normalized relative radiance for the after-wear test condition, and Rbw is the normalized
relative radiance for the before-wear test condition. The final time, t f , considered in this
study is 10 s and it was properly chosen with the aim of measuring for a long time the
differences between the before-wear and after-wear conditions during the cooling phase.

A second approach was also proposed, and it is based on the chemical composition of
the coating. In this case, the wear characterization is performed by using the bare cooling
phase obtained from the thermal response. Also in this case, the difference between the
area of the cooling phases (ΔACooling) was utilized as the thermal parameter.
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Figure 6. Normalized relative radiance profiles for samples 2 and 7.

3. Results and Discussion

In this section, results regarding the wear tests and the thermography characterization
are illustrated and commented on.

The wear tests results are shown in Figure 7 and in Table 3. In particular, variations in
terms of volume (ΔVolume) and area (ΔArea) were calculated as the difference between the
corresponding before-wear and after-wear conditions. Volume and area were calculated
as illustrated in the Section 2 (see Figure 3). In particular, Figure 7 illustrates the ΔVolume
and ΔArea comparison on the left side, while the corresponding abraded mass is shown
on the right side. From the analysis in Figure 7, a similar trend can be observed for both
wear test results, except in the case of samples 6 and 7. As illustrated in Supplementary
Materials, samples 6 and 7 show a similar ΔVolume and ΔArea, but in sample 6, an imprecise
deposition of the coating can be appreciated. Probably, this non-uniform coating deposition
affects the results of the removed mass.

Figure 7. Measured ΔVolume (column) and ΔArea (line) (a) and abraded mass (b) for different
samples.
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Table 3. Wear tests result.

Sample

Area [μm2] Volume [μm3]
Mass

Variation [g]Before Wear Test
(×106)

After Wear Test
(×106)

ΔArea
(×106)

Before Wear Test
(×1010)

After Wear Test
(×1010)

ΔVolume
(×1010)

1 1.85 1.63 0.22 1.86 1.65 0.21 0.0130

2 4.06 3.48 0.58 4.07 3.48 0.59 0.0527

3 3.41 3.17 0.24 3.45 3.21 0.24 0.0167

4 3.55 3.14 0.41 3.55 3.14 0.41 0.0440

5 3.15 2.74 0.41 3.37 2.94 0.43 0.0436

6 3.58 3.39 0.19 3.58 3.39 0.19 0.0290

7 3.77 3.59 0.18 3.75 3.58 0.17 0.0375

8 2.46 2.40 0.06 2.25 2.20 0.05 0.0057

9 3.32 3.29 0.03 3.06 3.03 0.03 0.0042

10 3.89 3.74 0.15 3.59 3.45 0.14 0.0242

Wear parameters (the wear rate, the Archard’s coefficient, and the wear resistance)
were calculated according to Equations (1) and (2); the results are illustrated in Table 4. More
in detail, the left side of Figure 8 compares both the wear rate and the Archard’s coefficient
of each sample. Moreover, the wear resistances were correlated with the corresponding
hardness and the results are illustrated on the right side of Figure 8. In Figure 8a it can
be observed that with increasing process temperature the wear rate and the Archard’s
coefficient increase for Al samples, while for Mn samples an oscillating trend is obtained.
The only difference is observed in samples 6 and 7 (Al0.5 samples) which show a behavior
similar to the Mn samples.

In Figure 8b the HV and the wear resistance show a coherent behavior for all samples
and, in particular, for Mn samples it can be observed that there is a process temperature
which optimizes the parameters, corresponding to 750 ◦C. This optimal temperature is not
obtained for the Al samples where the investigated parameters increase with increasing
process temperature. In particular, for the Al0.5 samples the increment of wear rate with
process temperature is not so evident. According to [31], Al and Mn are usually added to
improve strength, hardness, high temperature wear, fatigue resistance, corrosion resistance,
etc. Al is especially added to improve the wear resistance of the CoCrCuFeNi HEA.

Table 4. Wear parameters.

Sample
Wear Rate

[mm3/(Nm)]
(×10−3)

Archard’s Wear Coefficient
[-]

(×10−3)

Wear Resistance
[Nm/mm3]

1 1.08 2.39 929.92

2 2.93 6.36 341.78

3 1.23 2.77 811.13

4 2.04 4.80 489.00

5 2.17 5.29 461.57

6 0.97 3.03 1032.16

7 0.85 2.66 1171.12

8 0.27 0.72 3645.47

9 0.14 0.43 7169.52

10 0.67 1.58 1484.68
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Figure 8. Wear rate (column) and Archard’s coefficient (line) (a); wear resistance vs. hardness (b).

According to Archard’s wear law, there is an inverse relation between microhardness
and wear volume in a tribological test. This relation is confirmed for coatings, abrasive
coatings [32], and for HEA coatings. In Figure 8 it can be observed that, for the investigated
HEA coatings, the wear behavior increases with the average microhardness, thanks to
better microstructural characteristics. The adhesive wear resistance is related to the wear
coefficient. In fact, materials with high wear resistance require high energy to be removed
by means of wear processes. In Table 4, the small wear coefficient is related to higher wear
resistance. In the same Table 4, it can be observed that the wear coefficient decreases when
the aluminum percent increases. If observing the relation between the aluminum content
and wear coefficient, increasing the aluminum content five times results in a seven-times
decrement in wear coefficient. For what concerns the relation between the wear coefficient
and microhardness, according to [33], the wear coefficient of AlxCoCrCuFeNi HEA alloys
is related to their hardness in transition from the FCC phase to BCC phase. In fact, in [33],
it is reported that, generally, the wear resistance of materials is proportional to their Vickers
hardness. The BCC phase is harder than the FCC phase and, as such, the wear resistance
increases with increasing volume in the BCC phase, as can be observed in Al0.5 HEA.

SEM images at the end of the wear tests, for each sample and the 100Cr6 disks, were
also analyzed.

Figure 9 shows, as an example for samples 1 and 2, the abraded aspect of the coating
surface, while in Figure 10 the superficial aspect of two 100Cr6 disks are illustrated. The
same results for each sample are shown in the Supplementary Materials (Figure S4). For
what concerns the SEM observation, obvious differences in wear surface morphology are
seen as a function of aluminum content. With increasing aluminum content, the surface
roughness and the degree of deformation decrease (compare these with Figures 8 and
S2). In Figure S4, the SEM worn surfaces are reported. All of them show groove and
plastic deformation along the wear grooves. A similar result is reported in [16] where the
typical delamination wear mechanism of ductile materials is shown. According to [16],
a higher aluminum content, as in samples 3, 4, 5, 6, and 7 compared to samples 1 and 2,
gives a smoother worn surface. In the same paper [16], the oxidative wear is shown to be
more effective for a higher content of Al. Samples 6 and 7 show coherently a higher wear
resistance since the hard BCC phase resists to plastic deformation and the oxidized layer
prevents delamination.
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Figure 9. SEM images for samples 1 and 2.

Figure 10. SEM images for 100Cr6 disks.

Moreover, the sliding wear behavior and mechanisms can be also analyzed. More
in detail, observing Figure S2, samples 8 and 9, similar to what was found in [34], both
the abrasive and adhesive wear mechanisms are observed in tribological tests between
AlCrCuFeNi2 and Si3N4. The shape of the grooves confirms this result, according to [34].
Similar to [17], wear particles can be observed along the sliding direction, as for example
in Figure S2, samples 6, 8, 9, and 10, allowing the “three body abrasion” to take place. In
Figure 9, sample 2, and in Figure S2, samples 4 and 5, a change in mechanism, according
to [17], that is from abrasive to delamination and plastic deformation involving oxidation,
is pointed out. This result is confirmed by the heating trend of samples during the wear
tests (see Figure 11, sample 2, and Figure S3) and confirmed by the friction coefficients.
For all specimens and tests, as one surface is curved, with increasing sliding distance the
contact surface increases, and the phenomenon is larger for higher applied loads. With
increasing sliding distance micro-scaled and material removal cutting can be observed, as
in Figure S2. This phenomenon is also reported in [35]. The increase in applied load can
increase the localized coating detachment, as reported in the literature.

Furthermore, for an HEA coating, wear cracks can also initiate and propagate in the
coating surface and, therefore, the amount of wear debris can accordingly increase. The lo-
calized coating removal/detachment also can occur for higher wear loads due to the further
propagation of surface cracks. These findings are in accordance with other investigations
on the wear behavior of HEA coatings with a dual-phase BCC + FCC structure.
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Figure 11. Coefficients of friction and temperature profiles.

Results obtained from the PT characterization are now presented. In particular,
Figure 11 shows the COFs and thermal profiles, as an example for samples 1 and 2, for
all the sliding lengths. The same results are shown for each sample in the Supplementary
Materials (Figure S5). Moreover, a comparison between the corresponding maximum tem-
perature increment and the mean value of the COF for each test is illustrated in Figure 12.
On the basis of the results obtained, it can be emphasized that both the chemical compo-
sition and the shape of the coating influence heat propagation during tribological tests,
making a direct comparison between the maximum temperature rise and the wear perfor-
mance of the coatings impossible. Furthermore, the sliding distance and rotation speed,
appropriately tuned for wear analysis, do not allow an appreciable temperature increment
and do not keep it stable for a large part of the sliding distance. The COF curves show a
typical trend: an initial rapid increase in COF to a peak value and then a gradual decrease
to a steady value. In Figure S5, the COFs of all samples show this behavior. The initial peak
value is justified by the curved surfaces of the samples that are then gradually abraded and
become flat contact surfaces in the following part of the COF curve. The friction curves of
the Al0.5CoCrCuFeNi HEA alloy show a peak value of COF of about 0.65 and a steady value
of about 0.48 (Figures 11 and S5). The Al0.5CoCrCuFeNi HEA alloy exhibits a relatively
large fluctuation in COF which can be caused by many phenomena. According to [16], the
main ones are the periodic localized fracture of the coating surface and the accumulation
of debris on the wear surface which is periodically eliminated. From the analysis of these
results, it can be pointed out that in the COFs in Figures 11, 12 and S5, these phenomena
are evident and moreover the relation of COF and temperature increment due to friction
phenomena, plastic deformation, oxidation, and subsequent decrement in adhesive forces
are reported. The conditions of the tribological test influence the generation of metal debris.
As also illustrated in [36], the heat flow generated during the test increases with increasing
loads and speed. These test conditions generate a higher contact surface temperature
with a higher heat of friction. As a result, a faster oxidation film rate is generated. The
temperature reached during the tribological tests also influences the adhesive forces. In
fact, adhesive forces tend to decrease when the temperature of the contact interface reaches
a critical value and, consequently, an overall temperature increment occurs. In addition, an
increase in COF is observed and the wear rate also increases rapidly in accordance with the
increase in temperature reached during tribological tests. It is important to note that the
wear resistance is proportional to the hardness, as illustrated in Table 4. This behavior is
also described in [17].
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Figure 12. Coefficients of friction (mean value) and maximum temperature increments.

Results regarding the AT characterization are illustrated in Table 5, and Figures 13
and 14. The normalized relative radiance profiles for the before-wear and after-wear
conditions, for each sample, are reported in the Supplementary Materials (Figure S6).
Thermal area computations, according to Equation (3), are illustrated in Table 5, also with
the corresponding before-wear and after-wear areas. From the analysis of Table 5, it can
be observed that sample 10 generates a negative value of ΔAThermal . This result can be
assumed as 0 as it falls into the uncertainty of the measurement accuracy of the thermal
measurement. In particular, the IR camera discriminates 0.08 ◦C. As illustrated in Figure S6
(see sample 10), the before-wear condition follows an opposite trend with respect to the
other tested specimens. For what concerns sample 7, the ΔAcooling is also negative and the
same assumption is made.

Table 5. Thermal area results.

Sample
Before-Wear Area

[s]
After-Wear Area

[s]
ΔAThermal

[s]
ΔAcooling

[s]

1 6.8080 6.9005 0.0925 0.0803

2 6.1009 6.5512 0.4503 0.4391

3 6.2781 6.4349 0.1568 0.1491

4 6.1092 6.2669 0.1577 0.1435

5 6.1268 6.2640 0.1372 0.0643

6 5.9957 6.1140 0.1183 0.117

7 6.2956 6.3206 0.0250 −0.0015

8 6.5883 6.5902 0.0019 0.2304

9 6.1339 6.3408 0.2069 0.23

10 6.1516 6.1018 −0.0498 −0.0368

Figure 13 compares the AT results with the classical tribological analysis results; that
is, the linear regression models between ΔAThermal and the corresponding wear volume
results (ΔVolume and abraded mass) are illustrated. The R2 results are lower than 0.8
thus indicating a low linear correlation between the selected parameters if all the samples
are analyzed together. In Figure 14, the same parameters are grouped related to each
HEA coating composition. Again, no apparent relation between composition, process
temperature, and wear testing temperature increment is observed. Nevertheless, it can be
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observed that for almost all samples the thermal cooling transition shows a positive change
before and after wear test. This can be related to a change in surface composition, structure,
and roughness.

Figure 13. ΔVolume (orange) and abraded mass (green) vs. ΔAThermal

Figure 14. ΔVolume (a) and abraded mass (b) vs. ΔACooling

In the Supplementary Material section, the initial and final sample profiles are reported
before and after the tribological tests. For all samples, the orientation of the profiles with
respect to the center of rotation of the disk is preserved. It can be observed that a sort of
anisotropic wear process took place thus possibly justifying this irregular behavior.

4. Conclusions

The following conclusions can be drawn from the presented results:

* The coating after the wear test shows microcracks and wear debris indicating HEA
coating resistance to sliding stress.
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* The HEA coatings show a mixed wear mechanism, both abrasive and adhesive. The
temperature reached during the tests affects the adhesive forces and the COF.

* Passive thermography (PT) appears to be able to follow the transition between abra-
sive and adhesive wear processes where plastic deformation phenomena take place
and can therefore be a useful tool for defining the type of friction as well as for
estimating the COF.

* Active thermography (AT), however, to measure the abraded volume requires more in-
depth studies and still remains a useful tool for distinguishing the different materials
subjected to abrasive phenomena.

Furthermore, the two methods of data analysis provided acceptable and comparable
results. To improve the accuracy of the method it is important to control the geometry of
the sample.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/lubricants12060222/s1, Figure S1. Wear area comparison (left
side) and coating surfaces (right side). Figure S2. Wear area comparison (left side) and coating
surfaces (right side). Figure S3. Wear area comparison (left side) and coating surfaces (right side).
Figure S4. SEM images for tested samples. Figure S5. Coefficient of frictions and thermal profiles.
Figure S6. Normalized relative radiance profiles for the before-wear and after-wear conditions.
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Abstract: The 7A04 Al alloy is a commonly used lightweight metal material; however, its low
wear resistance limits its application. In this study, the wear resistance of this alloy was improved
by preparing micro-arc oxidation (MAO) coatings, MAO/MoS2 composite coatings, and hard-
anodized (HA) coatings on its surface. The friction and wear behaviors of these three coatings
with diamond-like coated (DLC) rings under oil lubrication conditions were investigated using a
ring–block friction tester. The wear rates of the coatings on the block surfaces were determined
using laser confocal microscopy, and the wear trajectories of the coatings were examined using
scanning electron microscopy. The results indicated that, among the three coatings, the MAO/MoS2

coating had the lowest coefficient of friction of 0.059, whereas the HA coating had the lowest wear
rate of 1.47 × 10−6 mm/Nm. The MAO/MoS2 coatings exhibited excellent antifriction properties
compared to the other coatings, whereas the HA coatings exhibited excellent anti-wear properties.
The porous structure of the MAO coatings stored lubricant and replenished the lubrication film
under oil lubrication. Meanwhile, the introduced MoS2 enhanced the densification of the coating and
functioned as a solid lubricant. The HA coating exhibited good wear resistance owing to the dense
structure of the amorphous-phase aluminum oxide. The mechanisms of abrasive and adhesive wear
of the coatings under oil lubrication conditions and the optimization of the tribological properties
by the solid–liquid synergistic lubrication effect were investigated. This study provides an effective
method for the surface modification of Al alloys with potential applications in the aerospace and
automotive industries.

Keywords: 7A04 Al alloy; wear resistance; surface strengthening; wear mechanism; ceramic coating;
micro-arc oxidation (MAO)

1. Introduction

The 7A04 Al alloy is an important structural material in the aerospace [1] and auto-
motive industries [2] owing to its low density, high specific strength [3], good ductility [4],
and machinability [5]. However, it suffers from low hardness and poor wear resistance,
which limit its application. To improve the wear resistance of Al alloys, a series of sur-
face treatment techniques, such as ion implantation [6], laser treatment [7], and chemical
conversion treatment [8], have been widely adopted in recent years. Although these tech-
nologies have made some progress, they fail to simultaneously provide the advantages of
green environmental protection, low pretreatment requirements, simple processing, low
environmental pollution, and excellent comprehensive performance of the film layer [9,10].
Therefore, in recent years, micro-arc oxidation (MAO), MAO/MoS2, and hard-anodized
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(HA) coatings have attracted attention as advanced surface treatment technologies. These
ceramic coatings are generated in situ on the surfaces of Al alloys to enhance the wear and
corrosion resistance of the alloys, compensate for the insufficient film–base bonding force
of the traditional technology, and optimize the wear resistance of Al alloys.

Hard anodizing is an electrochemical surface treatment technique that is usually
performed in an acidic electrolyte such as sulfuric acid. A thick and uniform aluminum
oxide film is generated on the surface of an Al alloy substrate by applying a high voltage and
low current density [11]. Although this technique can significantly enhance the hardness of
a material, the limited heat resistance of the HA film may lead to cracking or peeling in
high-temperature environments, limiting its use in high-temperature applications [12]. In
addition, the use of acidic electrolytes can cause environmental pollution.

MAO is a surface-strengthening technique for the in situ formation of a ceramic
oxide film on the surfaces of workpieces made of metals such as Al, Ti, and Mg and their
alloys [13]. By applying a voltage to the workpiece, an electrochemical reaction with the
electrolyte solution is stimulated, resulting in a micro-arc discharge that produces a film
with high densities and good mechanical properties. Conventional MAO coatings typically
exhibit irregular undulations and cracks, resulting in uneven hardness of the coating
surface, which affects its friction properties [14]. However, increasing the lubricity of MAO
coatings, which can reduce friction, is possible. MoS2, as one of the many-layered solid
lubricant materials, is particularly suitable for severe working conditions owing to its high
chemical stability, low coefficient of friction (CoF), and high load-bearing capacity [15,16].
The porous nature of the MAO coating provides dispersion space for MoS2 to form an
effective lubrication film during friction, reducing the CoF. The metal-based self-lubricating
composite ceramic layer prepared according to this principle contains uniformly dispersed,
phase-stable, and strongly bonded lubricating phases both internally and on the surface,
and its friction-reducing effect has been confirmed in various application scenarios. Lv
et al. [17] synthesized a MAO/MoS2 composite lubrication layer via a hydrothermal
reaction on the surface of the MAO coating and investigated the MoS2 lubrication layer,
which had high purity and a unique micro-spherical structure. Comparison of the friction
performance of MAO/MoS2 and MAO coatings under different loads involving ball-on-
disk wear revealed that the lower CoF of the MAO/MoS2 composite coatings was due to the
self-lubricating properties of MoS2 particles in conjunction with the formation of MoO3 by
the wear process. Chen et al. [18] prepared MAO composite coatings by adding graphene
particles to the MAO electrolyte of the 6064 Al alloy and found that the addition of graphene
particles changed the breakdown voltage, promoted the MAO reaction, and increased the
thickness of the MAO coatings, which increased the coating hardness. Currently, most
ceramic surface coating lubrication tests employ the ball-on-disk wear method, which,
despite its popularity, is more susceptible to external factors such as temperature and load
variations compared to line contact under point contact conditions [19–23]. Line contact is
prevalent in mechanical systems, including sliding guides, cam followers, and cylinder and
piston systems. Although ring–block wear tests have been utilized to simulate these real-
world conditions, there is a lack of comprehensive understanding regarding the lubrication
effectiveness of coatings and their mechanisms in line contact scenarios, which restricts
the broader application of ceramic surface coatings in industry. In this context, MAO
composite coating technology predominantly enhances the hardness and wear resistance
of coatings by incorporating hard particles like SiC and Cr2O3 [24]. However, there is a
scarcity of research focused on enhancing the wear resistance of MAO through the addition
of lubricating elements. As the demand for electric vehicles grows, it becomes increasingly
important to optimize the wear resistance and lubricity of MAO coatings to mitigate
wear on critical components, prolong their service life, and decrease energy consumption,
thereby fostering the sustainable development of the automotive industry.

In this study, the friction and wear behaviors of a friction pair consisting of the 7A04 Al
alloy, a MAO/MoS2 composite coating, a MAO-coated block specimen, and a diamond-like
carbon (DLC) ring were investigated. Scanning electron microscopy (SEM) and energy-
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dispersive X-ray spectroscopy (EDS) were used to analyze the wear surface and elemental
changes in the block specimens. Additionally, Raman spectroscopy was used to analyze
the wear surface and friction wear mechanism.

2. Specimen Preparation and Testing

2.1. Coating Preparation

A block specimen of the 7A04 Al alloy, which nominal composition is presented in
Table 1, was employed in the experiment. After wire cutting a rectangular block of the
size 19 mm × 12 mm × 12 mm, the specimen was sanded using 200#–1200# grit paper,
rinsed with deionized water, ultrasonically cleaned in an acetone solution for 15 min at
room temperature, and blown dry with cold air.

Table 1. Chemical composition of the 7A04 Al alloy (wt.%).

Element Zn Mg Cu Cr Si Mn Al

Content 5–7 1.8–2.8 1.4–2 0.1–0.25 0.4 0.2–0.6 Balance

2.1.1. Micro-Arc Oxidation MAO

Prior to the MAO, the samples were treated with a NaOH and Na3PO4 pretreatment
solution at 70–80 ◦C for 3–5 min. A basic alkaline electrolyte consisting of 10 g/L Na2SiO3,
5 g/L NaOH, and an appropriate amount of deionized water was used, and 4 g/L MoS2
particles (grain size of 50 nm) were added to the basic electrolytes of the MAO/MoS2
specimens. The added nanoparticles were prone to agglomeration; to prevent this, 4 g/L
hydroxypropyl cellulose (HMC) was added to the base electrolyte and then ultrasoni-
cally stirred until it was uniformly suspended in the electrolyte. An asymmetric bipolar
multifunctional alternating current pulse power supply was used, and the preparation
parameters were set as follows: positive voltage, 460 V; positive frequency, 500 Hz; negative
voltage, 60 V; duty cycle, 20%; oxidation time, 90 min; and current density, 3 A/dm2. A
constant current method was used to perform a MAO treatment on the surface of the Al
alloy, and a cooling system was used to keep the temperature of the electrolyte below 45 ◦C.
The electrolyte was then mixed via ultrasonic stirring until it was uniformly suspended in
the electrolyte. During the MAO treatment, the sample was selected as the anode, and the
electrolyzer was selected as the cathode. Following the treatment, the sample was rinsed
with deionized water, blown dry with cold air, and placed in a sealed bag for subsequent
testing and analysis. The detailed composition and parameters of the MAO electrolyte are
presented in Table 2.

Table 2. Electrolyte composition and process parameters for the MAO process.

Component Value

Positive voltage (V) 460
Negative voltage (V) 60

Positive frequency (Hz) 500
Duty cycle (%) 20

pH 12.3
Oxidation time (min) 90

Current density (A/dm2) 3
Depositing temperature ≤45 ◦C

MAO Electrolyte 10 g/L Na2SiO3, 5 g/L NaOH, 4 g/L HMC
MAO/MoS2 Electrolyte 10 g/L Na2SiO3, 5 g/L NaOH, 4 g/L MoS2, 4 g/L HMC

2.1.2. Hard Anodizing—HA

HA coatings were performed in a properly prepared double-walled glass container. A
direct current power supply with a constant current was used, with a current density of
2 A/dm2. An aluminum block was used as the anode for the power supply, and stainless
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steel served as the cathode material. Ultrasonic stirring was employed to cool the electrolyte.
The detailed composition and parameters of the HA electrolyte are presented in Table 3.

Table 3. Electrolyte composition and process parameters for the HA process.

Component Value

Voltage (V) 120
Frequency (Hz) 500

pH 1.2
Current density (A/dm2) 2

Oxidation time (min) 40
Depositing temperature 5 ◦C

HA Electrolyte 15% sulfuric acid

The ring specimens were made of 25Cr3Mo3NiNbZr mold steel and had an inner
diameter of 42 mm, an outer diameter of 50 mm, and a width of 13 mm. The nominal
composition of the material is presented in Table 4. The surface coating comprised DLC
prepared using ionomer-enhanced chemical vapor deposition (PECVD), and the ring
specimens were prepared using the same parameters. The chemical composition data in
Tables 1 and 2 were provided by the material manufacturers.

Table 4. 25Cr3Mo3NiNbZr chemical composition (wt.%).

Element C Si Mn Cr Mo Ni Nb Zr Fe

Content 0.28 <0.1 0.18 3.03 2.94 0.55 0.14 0.012 Balance

2.2. Microstructural Characterization

Field-emission SEM (JSM-IT800, JEOL Corporation, Tokyo, Japan) was used to ex-
amine the coating and cross-sectional morphologies of the specimen surfaces before and
after wear. Elemental distribution analyses of the coating surface and wear marks were
performed using EDS. The porosity of the coating surface under SEM was determined
using ImageJ v1.54f software; three measurements were taken for each surface and av-
eraged. The crystal structure was characterized using an X-ray diffractometer (Brux-D8,
Bruker AXS, Karlsruhe, Germany) with Cu-Ka radiation at 40 kV and 40 mA. Cu was
used as the target material, and the scanning range was 20◦–80◦, with a scanning speed of
6◦/min. Hardness tests were performed using a microhardness tester (HVT-1000, Huayin
Testing Instrument Factory, Laizhou City, China). This instrument was used to measure the
microhardness of the surface at a certain depth with a load of 50 g and a loading time of 15
s. Owing to the surface roughness of the MAO film, the hardness test was performed after
the surface of the sample was polished, the hardness of the structure of the uniform place
of the 5-point hardness was tested, the mean value of the data points and the standard de-
viation of the data group was calculated, and a graph was made. A scratch tester (RST-300,
Revetest, Peseux, Switzerland) was used to determine the coating and substrate bonding
strength using Rockwell C-type diamond contacts (cone angle of 120◦ and contact radius
of R = 200 μm). In the test, a diamond contact was applied to the coating surface under
normal loads increasing from 0 to 100 N with a loading rate of 20 N/min and a scratch
length of 5 mm. The critical loads were determined via specific damage observations and
acoustic emission signal change analyses. The surface Raman spectra (InVia, Renishaw,
London, UK) were examined using a confocal laser Raman spectrometer (LabRAM HR
Evolution, laser wavelength of 532 nm).

2.3. Tribological Properties

A high-speed ring–block testing machine (MRH-3) was used under oil lubrication
conditions at 25 ◦C with a normal load of 300 N, rotational speed of 200 rpm, rotation
time of 20 min, and ring radius of 25 mm. The experiment was performed using the same
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substrate with three different coated block specimens. The ring was fabricated using the
same process (DLC-coated 25Cr3Mo3NiNbZr mold steel). The blocks and rings were kept
to maintain a smooth surface before the experiment, and lubricating oil was subsequently
brushed onto their surfaces. A block-on-ring friction diagram is shown in Figure 1. At the
end of the experiment, the blocks and rings were ultrasonically cleaned with anhydrous
ethanol for 10 min and dried in an electric blast drying oven at 60 ◦C for 0.5 h. The worn-out
specimens were then removed and weighed five times. Laser confocal microscopy (LCM)
(0LS5100, Rui Ke System Integration Co., Ltd., Beijing, China) was used to measure the
surface roughness of the coating and to model and analyze the wear surface topography.
The wear rate was calculated via three-dimensional (3D) topographic modeling. Here,
five cross-sections at equal distances from the abrasion mark trajectory were selected, the
average cross-sectional area was calculated, and the average cross-sectional area multiplied
by the length of the abrasion mark was used as the abrasion mark volume V. The abrasion
rate was calculated using the following equation:

Wear rate =
V

Fn × S

(
mm3/Nm

)
, (1)

where V represents the wear volume (mm3), Fn represents the normal load (N), and S
represents the total friction distance (m).

Figure 1. Friction diagram of block-on-ring.

3. Results and Discussion

3.1. Analysis of Microscopic Morphology Before Wear

Figure 2 presents the micromorphology of the surfaces of the MAO, MAO/MoS2, and
HA coatings on the 7A04 Al alloy before wear (backscattered electron (BSE) diagram). As
shown in Figure 2a, the MAO coating surface mainly consisted of cracks, micropores, and
raised cellular structures. Figure 2b indicated that, for the MAO/MoS2 coating surface,
cellular projections were the main features. The surface contained a few cracks, and the
irregular cellular projections contained micropores. The formation of these micropores is
related to the generation of gases from the molten oxide eruption and the generation of dis-
charge channels. Comparing the microscopic morphologies of the MAO and MAO/MoS2
coatings revealed that fewer cracks and micropores existed in the MAO/MoS2 coatings.
Additionally, the surface porosity of the MAO coatings was 10.221%, whereas that of
the MAO/MoS2 coating was 5.638%, as measured using ImageJ. The main reason for
the large difference in surface porosity between the coatings is that the addition of MoS2
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nanoparticles increased the conductivity of the electrolyte, resulting in a more molten
matrix ejected from the pores and oxidation. The micropores and cracks generated during
the growth process were adsorbed on the coating pores and sealed with the diffusion and
electrophoretic deposition of MoS2 nanoparticles, which increased the surface density [25].
The surface of the HA coating (Figure 2c) exhibited small pits and a few holes and cracks
on the surface, and the surface oxide film was less porous. The HA coating had the lowest
porosity of 2.773%, as measured using ImageJ. Figure 2d shows the coating base material
(7A04 Al alloy). A few cracks were observed on the surface. These cracks were due to
the low plasticity of the 7A04 Al alloy, which led to the accumulation of internal residual
stresses during processing. Table 5 presents the results of elemental analysis using the
micromorphology energy spectra of the coatings shown in Figure 1. The ceramic coating
was mainly composed of Al and O, the MAO coating surface contained Si and P, and a
small amount of MoS2 in the MAO/MoS2 coating was deposited on the coating surface.
The MAO coating surface has a high Si content, because the amorphous SiO2 formed in
the electrolyte cannot be dissolved in the electrolyte; thus, it was deposited on the coating
surface as the coating grew [26].

Figure 2. SEM image (500×) of the microscopic morphology of the coating surface: (a) MAO coating,
(b) MAO/MoS2 coating, (c) HA coating, and (d) 7A04 aluminum alloy.

Table 5. SEM images of the coated surfaces corresponding to elemental scans of (a) MAO coating
(b) MAO/MoS2 coating, and (c) HA coating.

Element Content, wt.%

a b c

O 44.15 44.87 54.21
Al 32.08 32.16 40.21
P 2.03 2.39 -
Si 15.96 17.85 -
S - 0.43 5.13

Mo - 0.22 -
Others 4.62 2.08 0.53

Figure 3 presents cross-sectional views of the MAO, MAO/MoS2, and HA coatings
and the corresponding elemental line sweeps. The measured average thicknesses of the
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MAO, MAO/MoS2, and HA coatings were 60 ± 2.52 μm, 60 ± 3.79 μm, and 30 ± 1.12 μm,
respectively. After polishing of the cross-section, as shown in Figure 3a,b for MAO and
MAO/MoS2, respectively, the undulation of the coating interfaces and surface contour lines
were clearly observed, indicating that the coating grew inward and outward simultaneously
and that the inward growth could increase the bonding force between the coating and the
substrate [27]. In Figure 3b, the MAO/MoS2 cross-section is denser, thicker, and has fewer
cracks than MAO. The reason for the denser and thicker coating was related to the addition
of MoS2 to increase the discharge voltage and deposition [28]. The cross-sectional line
sweeps of MAO and MAO/MoS2 presented in Figure 3(a1) and Figure 3(b1), respectively,
show a consistent rise and fall in the O and Al contents, respectively. The Si content
gradually decreased from the outside to the inside, whereas the P content exhibited the
opposite distribution, a phenomenon that was closely related to the pretreatment of the
samples. Pretreatment with the phosphate electrolyte promoted the rapid formation of
a dense ceramic film on the substrate surface. This step had an important influence on
the initial formation stage of the coating, enhanced the bonding of the film layer with
the substrate, and improved the densification of the coating. As shown in Figure 3c,
the HA cross-section had a small number of holes and cracks, with no obvious cracks
at the interface, and the contour line of the coating surface had a small undulation. As
indicated by the three cross-sections, these coatings bonded well with the substrate. Table 6
summarizes the characteristics of the three coatings.

Figure 3. Cross-sectional morphology of the coatings and the corresponding elemental line sweeps:
(a) MAO coating, (b) MAO/MoS2 coating, and (c) HA coating. (a1–c1 represents the corresponding
element line).
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Table 6. Characteristic properties of the three coatings.

Sample Thickness/μm Porosity/%

MAO 60 ± 2.52 10.221
MAO/MoS2 60 ± 3.79 5.638

HA 30 ± 1.12 2.773

The phase structure of the elements in the coating was analyzed, and the results are
presented in Figure 4. As shown, the three coatings can be detected in the high-intensity
Al peaks, indicating that the high-intensity X-rays passed through the thick coating into
the substrate. The diffraction peak shapes of the HA coating and the 7A04 Al alloy can
only be observed in the Al peaks, indicating that the hard anodization of the oxide film
layer after the generation of Al2O3 resulted in an amorphous phase. For the MAO and
MAO/MoS2 coatings, the common phases of α-Al2O3 and γ-Al2O3 were detected, of
which the main phase was γ-Al2O3. The X-ray diffraction (XRD) pattern of the MAO/MoS2
coatings exhibited an additional α-Al2O3 peak and a mullite peak. This formation was
due to the gradual isolation of the initially formed dense layer from the electrolyte as
the oxidation time increased, which reduced the cooling rate. The internal γ-Al2O3 was
gradually converted into α-Al2O3 under the effect of arc heat [29]. Meanwhile, the growth
of MAO coatings in the silicate electrolyte was mainly manifested by the deposition of SiO2,
which was accompanied by the mild oxidation of the Al substrate. With an increase in the
voltage, the generated Al2O3 and SiO2 layers gradually melted and sintered, forming a
mullite structure. For the samples coated with MAO/MoS2, the MoS2 peaks were located
at 40◦ and 59◦, confirming that the MoS2 particles participated in the MAO reaction and
were successfully doped into the coating.

Figure 4. XRD plots of MAO, MAO/MoS2, HA, and 7A04 aluminum alloys.

3.2. Mechanical Properties of the Coatings

Figure 5 shows the microhardness of the MAO, MAO/MoS2, and HA coatings and the
substrate. The hardness of the Al alloy was significantly increased after the formation of
coatings on the surface. The hardness of the MAO coating was 483.7 HV, which was lower
than that of the added MAO/MoS2 coating. The average hardness of the MAO/MoS2
coating was three times that of the 7A04 Al alloy. The HA coating had the highest average
hardness, which was 4.1 times that of the substrate. The average hardness of the 7A04 Al
alloy was the lowest (167.8 HV). The hardness of the coatings was affected by the phase
composition and microstructure. The XRD results indicated that the MAO/MoS2 coatings
had a mullite phase and more α-Al2O3 phase, and the cross-sectional plots indicated that
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the MAO/MoS2 coatings had a larger average thickness, which increased the average
hardness of the coatings [30,31].

 
Figure 5. Hardness diagrams of MAO, MAO/MoS2, HA, and 7A04 substrates.

The RST-300 instrument was used to determine the bond strength between the ce-
ramic coatings and substrate. Figure 6a–d present the acoustic emission signal versus
friction curves of the MAO, MAO/MoS2, and HA coatings and the corresponding scratch
morphologies. Owing to the ceramic particles in the MAO and HA coating layers and
the influence of the surface quality, the testing process generated interfering signals that
affected the accuracy of the critical loads [19,32]. Therefore, acoustic signals and friction
curves were used in conjunction with scratch morphology maps (BSE images) to determine
the critical load of the bonds (Lc2). In the plots of the acoustic emission signals and friction
profiles in Figure 6a–c, the friction profile of the MAO coating varied slowly, while the
friction profile of the HA coating varied more rapidly. In Figure 6a,b, the MAO coating
exhibited a few small peaks up to 70 N and started to exhibit significant peaks only above
70 N. Figure 6c shows a distinct peak corresponding to the HA coating acoustic signal at
25 N. To determine the exact Lc2 value, the scratch morphology was examined using SEM.
Figure 6d shows that the scratches are mainly divided into two parts: the grey ceramic
layer in the first half of the abrasion mark and the silver substrate in the second half. In
Figure 6d, the HA coating exhibited scratches in the grey–silver junction (2.3 mm; that is,
a pro-bonding force of approximately 43 N). The acoustic signal at approximately 30 N
appeared as an interfering signal that may be caused by the stripping of the membrane
layer. The results indicate that the synthesis can be performed when the HA coating
Lc2 is 43 N. The acoustic signal bursts of the MAO and MAO/MoS2 coating film layer
failure matched the interface junction of the scratch micrograph in Figure 6d; thus, it was
determined that the Lc2 values of the MAO and MAO/MoS2 coatings were 73 and 78 N,
respectively. Observation of the edges of the scratched tracks did not reveal large-scale
flaking. The resulting debris was scattered within the abrasion marks, and the coatings all
exhibited good bonding strength.
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Figure 6. (a–c) Acoustic emission and friction profiles of MAO, MAO/MoS2 and HA. (d) Scanning
electron micrographs (BSE images) of the scratch trajectory (a1–c1 represents the corresponding
BSE images).

3.3. Tribological Properties of the Coatings

The CoF versus sliding time curves for the MAO, MAO/MoS2, and HA coatings and
the 7A04 substrate under an applied load of 300 N are presented in Figure 7. As shown
in Figure 7a, the initial CoF of the MAO coating was approximately 0.14. The CoF then
decreased rapidly to 0.9, increased again, and gradually stabilized between 0.07 and 0.08 in
400 s. The fluctuation in the CoF between 50 and 200 s may have been due to the presence
of large abrasive particles between the contact surfaces during the wear process. As the
wear process proceeded, these abrasive particles were continuously extruded under a
high contact pressure to form small particles that could eventually be stably embedded
and stored between the contact surfaces. This dynamic change led to a corresponding
fluctuation in the CoF. In Figure 7b, the MAO/MoS2 and MAO coatings exhibited similar
CoF change trends. The CoF at the beginning of the wear was approximately 0.13. After a
relatively short period of time, to enter the stable wear stage, from the friction coefficient
graphs, it could be observed in the wear periods of 20 and 100 s around the CoF fluctuation,
which might be related to the abrasive particles, and then the stable wear stage was entered,
and the CoF stabilized at approximately 0.5–0.6. Compared to the MAO coating, the
addition of MoS2 significantly reduced the wear time and resulted in a lower CoF in the
stabilization stage, suggesting that the MoS2 deposited on the MAO coating played a
self-lubricating role. As indicated by Figure 7c, the CoF of the HA coating was 0.23 at the
early stage of wear, and it stabilized at 0.12 after a short period of time and returned to
0.12 after a short fluctuation of approximately 700 s until the end of wear. Owing to the
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localized areas of the HA coating with bumps (e.g., Figure 7c), the oil film failed to cover
the contact surface at the early stage of wear, resulting in a higher CoF at this stage. After
the surface bumps were worn out, the surface morphology gradually became smooth, and
the CoF stabilized. Figure 7d shows that the initial CoF of the Al alloy substrate was 0.15
and that the CoF decreased continuously until the end of wear.

Figure 7. (a–d) The coefficient of friction versus time for MAO coating, MAO/MoS2 coating, HA
coating, and 7A04 substrate.

The wear rates and average CoFs of the MAO, MAO/MoS2, and HA coatings and
7A04 substrate after wear are presented in Figure 8. In Figure 8a, the 7A04 substrate
exhibited the highest wear rate, indicating that the coating had a protective effect on the
substrate. The wear rate of MAO/MoS2 was 13.73 × 10−6 mm3/Nm lower than that
of MAO (17.28 × 10−6 mm3/Nm) owing to the self-lubricating effect of MoS2. The HA
coating exhibited the lowest wear rate. Notably, it also had the highest hardness and
highest CoF owing to the generation of amorphous-phase aluminum oxide, which was
relatively dense and had few cracks, thus exhibiting better wear resistance. The above
experimental phenomena indicated that all the stabilized CoFs of the 7A04 Al alloy treated
with MAO were low. Figure 8b shows that the average CoFs of the MAO, MAO/MoS2,
and HA coatings and the 7A04 substrate were 0.077, 0.059, 0.124, and 0.069, respectively.
Owing to the porous nature of the MAO coating, the lubricant could be stored so that a
stable oil film could be formed on the contact surface to protect the surface. The lowest CoF
for the MAO/MoS2 coating suggested that the MoS2 slowed the increase in the roughness
of the coating surface and formed a more stable oil film on the contact surface, resulting in
a lower CoF, which reduced the wear rate [33,34].
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Figure 8. (a) Wear rate plot. (b) Average coefficient of friction plot for MAO coating, MAO/MoS2

coating, HA coating, and 7A04 substrate after wear.

Figure 9a–d show the 3D morphology of the abrasion marks of the MAO, MAO/MoS2,
and HA coatings and the 7A04 substrate and the corresponding cross-sectional curves
(Figure 9(a1–d1)). To examine the CoF changes during the break-in period, the surface and
substrate roughness of the three coatings were measured using LCM, yielding the following
results: MAO, 4.67 μm; MAO/MoS2, 7.27 μm; HA, 2.06 μm; and 7A04 Al alloy, 0.977 μm.
As shown, the widths of the abrasion marks of the MAO and MAO/MoS2 coatings were
divided into 4845.8 and 4252.5 μm, the HA coating had the narrowest abrasion mark
(2004.4 μm), and the 7A04 substrate had the widest abrasion mark (4845.8 μm). In the cross-
sectional diagrams (Figure 9(a1–d1)), the abrasion depth of the MAO coating was 95 μm,
the abrasion depth of the MAO/MoS2 coating was smaller (88 μm), and the HA coating
had the smallest abrasion depth (18 μm). The maximum depth of the abrasion marks on the
7A04 substrate was 168 μm. The results indicated that all the coatings played a protective
role with regards to the abrasion of the 7A04 substrate, and the wear resistance of the 7A04
Al alloy was increased. The HA coating exhibited the highest abrasion resistance, which
was correlated with its surface roughness and densification.

3.4. Wear Surface Morphology Analysis

To investigate the wear mechanism of the coating, SEM characterization and the
corresponding elemental analysis of the micromorphology of the abraded surface were
performed, as shown in Figure 10. Figure 10a presents the grooves and black flaky bonded
lumps on the wear scar surface. In Figure 10b, there were inconspicuous grooves and
numerous black flaky bonding blocks on the surface of the abrasion marks, with localized
coating detachment and obvious grooves on the substrate surface. Figure 10c shows the
abrasion scar surface with evident grooves and a few black bonding blocks. Figure 10d
shows the wear scar surface with obvious grooves, flaking, and cracks. In the EDS diagrams
of the wear, the black bonding masses on the wear scar surfaces corresponded to the
element C, which came from the DLC coating on the dyad. From the O elemental spectra,
obvious parallel grooves were observed between the HA coating and the substrate. The
grooves on all the wear marks were parallel to the sliding direction, indicating that no
uneven load distribution existed during the wear process. According to the aforementioned
characterization results for the wear marks, the main wear mechanism of all the specimens
was a combination of abrasive and adhesive wears.
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Figure 9. Three-dimensional morphology of the three coatings and the 7A04 substrate (a–d)
and the corresponding cross-section curves (a1–d1): (a,a1) MAO, (b,b1) MAO/MoS2, (c,c1) HA,
and (d,d1) 7A04 substrate.

The wear morphology was further analyzed, and a comparison revealed that fewer
grooves existed on the surface of the MAO coating, indicating that, in the early stage of
ring wear, the MAO coating had a high roughness, direct contact between the friction
partners occurred, and the actual contact involved a localized protrusion of the coating
in contact with the opposing ring. Under a high load and cyclic shear stress, the hard
debris wrapped around the coating was adsorbed on the surface of the coating with high
hardness, which constituted three-body abrasive wear. When hard debris moved on the
surface or inside the transfer film, it caused plastic deformation of the coating surface as it
rolled. When the wear was further aggravated, the hard abrasive particles slid and cut the
coating, resulting in deep furrows on the surface of the abrasion marks of the coating. As
shown in Figure 10b, the surface of the abrasion marks had more transfer film and fewer
abrasion marks, and the surface roughness of the MAO coating increased with the addition
of MoS2. Owing to its uneven surface properties, the contact area between the localized
protrusions of the coating and the dyad was reduced during the initial stage of friction,
significantly increasing the pressure at the contact point. This uneven microscopic contact
surface led to the conversion of mechanical energy into thermal energy at the contact
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point, which increased the temperature of the contact area. The increased pressure and
temperature of the contact surface may intensify the graphitization process on the DLC
coating surface, increasing the tendency for adhesive wear to occur during the wear process.
Jin et al. [35] also reported that severe adhesive wear occurred on the grinding balls with
MAO/DLC coatings. Its surface energy spectrum indicated the presence of S, suggesting
that MoS2 played a lubricating role in the friction process and that forming a protective
lubricating film with the dyadic parts under the action of shear force was easy, which
played a lubricating role. This was reflected in the minimum CoF throughout the friction
process (e.g., Figure 7b), and the surface of the wear marks had fewer grooves. Additionally,
localized coating flaking was observed (Figure 10b). This may be due to microdefects in the
MAO coating, which were prone to form crack sources under high loads. During the sliding
test, these crack sources expanded, and spalling occurred under periodically applied high
loads. In Figure 10c,d, the abrasion patterns were mainly plow grooves parallel to the
sliding direction and a small amount of transfer film. The debris generated during the
abrasion process acted on the contact surface to form the main abrasion patterns. A small
amount of C was detected via EDS, as shown in Figure 10c, indicating that the stable wear
phase accounted for a major part of the wear process.

 
Figure 10. SEM images at the coating wear marks and their elemental scans of (a) MAO coating,
(b) MAO/MoS2 coating, (c) HA coating, and (d) 7A04 substrate.

Raman spectroscopy was performed on the wear marks to further analyze the influ-
ence of the friction process. Figure 11 shows the Raman spectra of the MAO-, MAO/MoS2-,
and HA-coated wear mark areas. A Gaussian function was fitted to the range of 400–2000
cm−1 to obtain the D peak associated with the graphite phase near 1360 cm−1 and the G
peak associated with the sp2 C–C bond near 1580 cm−1. The variation in the ID/IG value
can be used to analyze the effect of the transformation of DLC into a graphite structure
during sliding in the friction process [36]. As shown in Figure 11d, the maximum ID/IG
value was 1.08 for the MAO/MoS2 coating. This indicated an increase in the transforma-
tion of the DLC ring surface in contact with the MAO/MoS2 coating into the graphite
structure. With an increase in the degree of graphitization, more C-based transfer films
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were generated, and the generated C-based transfer film entered the oil film and was stored
together with the MoS2 particles, which provided anti-friction and anti-wear effects.

Figure 11. Raman spectra at the wear marks after the friction test: (a) MAO, (b) MAO/MoS2, (c) HA,
and (d) ID/IG.

MAO coatings can form thick oil films during wear owing to their inherent porosity.
These oil films not only enhance the lubrication effect but also significantly improve the
ability to capture exfoliated C-based transfer films [35]. In particular, larger flake transfer
films are more easily captured and carried by oil films because of their larger surface areas
and lower surface energies. As the wear process continues, the oil film decreases, making
it difficult for large flake films to exit the system with the lubricant. Consequently, more
C-based transfer films are observed to adhere to the wear surfaces of the MAO coatings,
particularly the MAO/MoS2 composite coating [37].

4. Conclusions

In this study, MAO, MAO/MoS2, and HA coatings were prepared on the surface of
the 7A04 Al alloy. The microstructures of the three coatings, as well as their tribological
properties and wear mechanisms under oil lubrication conditions with DLC ring–block
wear, were investigated. The following conclusions were drawn.

(1) The surface of the 7A04 Al alloy was effectively modified by the MAO, MAO/MoS2,
and HA treatments, which significantly improved its hardness and wear resistance.

(2) Among the coatings tested, the MAO/MoS2 coating exhibited the lowest CoF,
with superior anti-friction performance, owing to the self-lubricating properties of MoS2.
Meanwhile, the HA coating exhibited superior wear resistance owing to the dense structure
of the amorphous-phase aluminum oxide.

(3) Under oil lubrication conditions, the main wear mechanisms of the MAO and
MAO/MoS2 coatings were abrasive and adhesive wear, whereas the wear mechanisms
of the HA coatings and 7A04 Al alloy were dominated by abrasive wear, accompanied
by slight adhesive wear. The surface micropores of MAO coatings store oil, which can
replenish the lubricating film of the liquid and impede the movement of wear particles.
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In addition, the MoS2 particles and the solid lubrication provided by the graphitized
layer work together to achieve a synergistic solid–liquid lubrication effect with the liquid
lubrication film, optimizing the tribological properties.
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Abstract: Though AlTiN coating has been intensively studied, there is still a need to develop AlTiN
coating to meet the growing demand of industrial machining. One effective way to improve the per-
formance of AlTiN coating is by adding alloying elements. In this study, AlTiN and AlTiMo coatings
were deposited using multi-arc ion plating to investigate the influence of molybdenum addition on
the structure, mechanical properties, and cutting performance of AlTiN coatings. Spherical droplets
formed on the surfaces of both coatings, with the AlTiMoN coating exhibiting more surface defects
than the AlTiN coating. The grazing incidence X-ray diffraction results revealed the formation of an
(Al,Ti)N phase formed in the AlTiN and AlTiMoN coatings. Molybdenum doping in the AlTiMoN
coating slightly reduced the grain size. Both coatings exhibited excellent adhesion to the substrate.
The hardness (H), elastic moduli (E), H/E, and H3/E2 ratios of the AlTiMoN coating were higher than
those of the AlTiN coating. The improvement in the mechanical properties was attributed to grain
refinement and solution strengthening. Molybdenum doping improved the tribological properties
and cutting performance of the AlTiN coatings, which was ascribed to the formation of MoO3 as
a solid lubricant. These results show a path to increase the performance of AlTiN coating through
molybdenum addition and provide ideas for the application of AlTiMoN coatings for cutting tools.

Keywords: AlTiN and AlTiMoN coatings; mechanical properties; tribological properties; cutting
performance

1. Introduction

Metal nitride coatings have been widely used as hard protective coatings in various
industries, especially in machining and forming processes. Among them, TiN coatings
were developed as the first generation of metal nitride coatings for protecting various tool
materials. However, TiN coatings have been gradually replaced because of their limited
mechanical and tribological properties [1]. Furthermore, TiN coatings are unstable and
rapidly oxidize above 500 ◦C [2].

Combining TiN coatings with Al significantly improves the hardness, wear resistance,
thermal stability, and oxidation resistance of AlTiN coatings [3]. The improved hardness
of AlTiN coatings is attributed to an increase in the internal strain of the lattice owing to
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the substitution of Ti atoms with Al atoms [1]. AlTiN coatings exhibit hardnesses of up
to 30 GPa [4]. AlTiN coatings exhibit more effective wear and oxidation resistance than
TiN coatings because an Al2O3 top layer is formed during friction, which prevents further
oxidation and reduces the coefficient of friction (COF) [5]. AlTiN coatings remain stable
in the single-phase cubic structure at 800 ◦C/1 h with only a 250-nanometer-thick surface
layer oxidation [6], indicating that the coating has high thermal stability and is suitable for
high-speed cutting operations.

AlTiN wear-resistant coatings exhibit serious disadvantages, namely a high COF
exceeding 0.7 at room and high temperatures [7]. High COF increases the tool temperature
and accelerates the wear process during cutting. The mechanical and tribological properties
and cutting performance of AlTiN coatings must be further improved. The development of
AlTiN coatings via the addition of alloying elements has gained extensive attention [8,9].

Molybdenum is a promising alloying element for AlTiN coatings because its introduc-
tion improves the mechanical performance, tribological properties, and oxidation resistance
of AlTiN coatings [10–14]. In particular, the inclusion of Mo in AlTiN coatings results in
the formation of a MoO3 phase during friction. MoO3, known as the Magnéli phase, is
regarded as a solid–lubricant oxide [15]. MoO3 is composed of layers bonded by van der
Waals forces that easily deform under shearing force, effectively reducing the COF [16–18].
These coatings have attracted extensive attention owing to their excellent comprehensive
properties. Tavares investigated the influence of the N2 flow, Ar partial pressure, and
bias voltage on the structure, mechanical properties, and thermal stability of multilay-
ered AlTiMoN coatings [19–24]. Thereafter, several studies have been conducted on the
effect of the deposition parameters (bias voltage [17,25], N2 pressure [17,25], and rotation
speed [18,26–28]) on the structure and properties (smoothness, hardness, fracture tough-
ness, wear behavior, and tribological properties) of AlTiMoN coatings. Several studies
investigated the influence of the Mo content on the microstructure, wettability, mechanical
performance, corrosion resistance, thermal stability, and tribological properties of the AlTi-
MoN coating system. However, few studies have focused on the cutting performance of
AlTiMoN coatings [10,12,13,16,29–34]. AlTiN-based hard coatings are often used as protec-
tive coatings on cutting tools; therefore, it is necessary to study the cutting performance of
AlTiMoN coatings.

AlTiN and AlTiMoN coatings were prepared in this study using multi-arc ion plat-
ing, and the effect of Mo addition on the structure, mechanical properties, and cutting
performance of the AlTiN coatings was investigated. This study aimed to develop an AlTi-
MoN coating for cutting tools and provide ideas for the application of AlTiMoN coatings
prepared using multi-arc ion plating in machining and forming applications.

2. Materials and Methods

AlTiN and AlTiMoN coatings were deposited on two different substrates, namely
YG8 cemented carbide sheets (16 mm × 16 mm × 4.5 mm) and YT15 carbide blades. The
coatings prepared on the carbide sheets were used for structural characterization and
mechanical performance testing, while the coatings prepared on the carbide blades were
employed for evaluating the cutting performance. The substrates were ultrasonically
cleaned before use. Ultrasonic cleaning was first performed in an acetone solution at 45 ◦C
for 20 min, followed by ultrasonic cleaning in anhydrous ethanol at 45 ◦C for 20 min.

The coatings were deposited using a multi-arc ion plating apparatus (SP-0806ASI, Bei-
jing Powertech Technology Co., Ltd., Beijing, China). Three Φ100 mm × 30 mm cylindrical
targets, namely Ti, Al67Ti33, and Al60Ti30Mo10 targets, with 99% purity were employed.

Before deposition, the temperature and pressure of the vacuum chamber were set
to 400 ◦C and 9 × 10−3 Pa, respectively. The substrate and sample holder rotations were
initiated, and the rotation speeds were set to 2 and 6 rpm, respectively. Argon (50 sccm)
was injected into the cavity, and the substrate was etched using Ti plasma for 5 min to
eliminate pollutants. The bias voltage, arc current, frequency, and pulse width of the etching
process were −800 V, 60 A, 20 KHz, and 10 μs, respectively. After etching, a Ti interlayer
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was deposited at a bias voltage, arc current, frequency, and pulse width of −400 V, 60 A,
10 KHz, and 40 μs, respectively. The Ti layer deposition time was set to 30 min. Finally,
AlTiN and AlTiMoN coatings were deposited at a bias voltage, arc current, frequency, and
pulse width of −150 V, 60 A, 75 KHz, and 10 μs, respectively. The N2/Ar gas flow rates
for the AlTiN and AlTiMoN coatings were 320/20 and 200/20 sccm, respectively. Both
coatings were deposited for 180 min.

The hardness (H) and elastic moduli (E) of the AlTiN and AlTiMoN coatings were
evaluated using a nano-indenter (Nano Test Vantage, Micro Materials, Wrexham, UK). The
international standard ISO 14577 was adopted [35]. The hardness evaluations were per-
formed using a Berkovich diamond indenter with a maximum indentation load of 30 mN.
The loading, peak load holding, and unloading times were 30 s, 60 s, and 30 s, respectively.
The Oliver–Phar method was adopted to calculate the hardness and elastic moduli of the
coatings [36]. Poisson’s ratios of the indenter and coatings were 0.07 and 0.18, respectively.
Ten indentations were performed on each sample to reduce measurement errors.

The friction and wear behaviors were tested using a reciprocating friction and wear
testing machine (MFT-5000, Rtec Instruments, San Jose, CA, USA). The standard ASTM
G137 was adopted [37]. Friction testing was conducted at 25 ◦C for 60 min at a relative
humidity of approximately 60%. The tribotest was performed using a 6-milimeter-diameter
Si3N4 ball. The applied load, sliding distance of a single stroke, and test frequency were
10 N, 5 mm, and 2 Hz, respectively. Two samples were used in the tribological test in order
to reduce experimental error. After the tribotests, white-light interferometry (Lambda, Rtec
Instruments, San Jose, CA, USA) was used to observe the wear. The wear rate (W) was
calculated according to Ref. [38]:

W = V / (F · L) (1)

where V (mm3) is the wear volume of the coating, F (N) is the applied load, and L (m) is
the sliding distance. V was obtained by analyzing the wear tracks using MountainsMap
Imaging Topography 9 software. Two wear tracks were selected to calculate the respective
wear rates, and the average value was taken as the wear rate.

The coating adhesion was qualitatively investigated using Rockwell-C indentation
according to the JB/T 11442-2013 [39]. The Rockwell-C indentation tests employed a load
of 588 N (60 kgf) and a diamond cone indenter with an angle of 120◦. Optical microscopy
(ZEISS AXIO Scope.A1, Oberkochen, Germany) was used to obtain indentation images
after the Rockwell-C indentation tests.

A Computer Numerical Control machine tool (CK6140S, Zhejiang Kaida Machine
Tool Co., Ltd., Zhuji, China) was used for the cutting experiment according to the GB/T
16461-2016 [40]. The workpiece material was a No. 45 steel round rod with a diameter of
50 mm. The cutting parameters have a remarkable influence on cutting quality and surface
finish, and the assignment of cutting parameters should be considered comprehensively.
According to the recommendations of cutting tool manufacturer, existing industry practice,
and research references, the common ranges of the cutting speed, cutting depth, and feed
rate for steel are 40–250 m/min, 0.2–0.5 mm, and 0.1–0.3 mm/r. Therefore, within the
range of the above process parameters, the cutting speed, cutting depth, and feed rate in
this study were set at 80 m/min, 0.5 mm, and 0.25 mm/r, respectively. A dynamometer
(9257 B) and thermal imager (A655SC) were employed to analyze the cutting force and
cutting temperature, respectively.

Scanning electron microscopy (SEM; S4800, Hitachi, Tokyo, Japan) was used to exam-
ine the surface and cross-sectional morphologies of the coatings. The coating composition
was analyzed using energy-dispersive X-ray spectroscopy (EDS). Three different regions
were selected for EDS analysis, and the average value of the result was taken as the element
component. The phase structures of the AlTiN and AlTiMoN coatings were characterized
using grazing incidence X-ray diffraction (GIXRD, D8 Advance, Bruker, Saarbruecken, Ger-
many) with Cu-Ka radiation (40 kV, 100 mA) in a grazing mode (0.1◦). The scanning range,
step size, and scanning speed of the GIXRD analyses were 20◦~80◦, 0.02◦, and 0.03◦/s,
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respectively. The crystallite sizes of the AlTiN and AlTiMoN coatings were calculated using
the Scherrer formula (Equation (2)) [10]:

D = kλ / (β · θ) (2)

where k is the shape factor (k = 0.94), λ is the X-ray wavelength (λCu = 0.154 nm), β is the
full width–half maximum, and θ is the Bragg angle.

3. Result and Discussion

3.1. Structural Characterization of the AlTiN and AlTiMoN Coatings

Figure 1 shows the surface and cross-sectional morphologies of the AlTiN and AlTi-
MoN coatings. As shown in Figure 1, spherical droplets [41] formed on the surfaces of
both coatings. Figure 1a,b show that the number of droplets on the surface of the AlTiMoN
coating was significantly higher than that on the surface of the AlTiN coating. Additionally,
the droplets on the AlTiMoN-coated surface were coarse. These results indicate that the
AlTiMoN coating had more surface defects than the AlTiN coating. This can be attributed
to two factors. First, the thermal conductivity of Mo is higher than that of Ti (a higher
thermal conductivity coefficient implies that the cooling of microdroplets is faster, which
indicates that the probability of solidification of Mo droplets before contacting the surface
is higher than that of Ti droplets [41]). Additionally, Mo has a higher melting point than Al
and Ti; therefore, Mo is more difficult to ionize during deposition. Research suggests that,
owing to fast evaporation during cathode ion plating, the un-ionized atoms of the target
material reach the substrate surface and form droplet particles [26].

Figure 1. Scanning electron microscopy (SEM) images of the surface and cross-sectional morphologies
of the (a,c) AlTiN and (b,d) AlTiMoN coatings.

Table 1 lists the elemental compositions of the AlTiN and AlTiMoN coatings deter-
mined using EDS; the Al, Ti, and N contents in the AlTiMoN coating, as compared with
those in the AlTiN coating, were slightly reduced, and the Mo was 5.1%.

Table 1. Elemental composition of the AlTiN and AlTiMoN coatings (at.%).

Al Ti Mo N

AlTiN 27.4 ± 0.9 15.8 ± 0.7 — 56.8 ± 1.5

AlTiMoN 24.9 ± 1.0 14.2 ± 0.9 5.1 ± 0.6 55.8 ± 1.2
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Figure 1c,d show that both coatings consisted of two layers, namely, an outer AlTiN
or AlTiMoN layer and an inner Ti layer. The thicknesses of the AlTiN and AlTiMoN
coatings were 3.41 and 2.75 μm, respectively. The thickness of the thicker AlTiN coating
was expected owing to the higher total pressure in the chamber during the AlTiN coating
deposition process. The probability of ions colliding with gas atoms increases with an
increasing total pressure in the chamber; thus, the ion mobility, impinging energy, and
resputtering efficiency decrease, increasing the deposition rate [42]. Both the AlTiN and
AlTiMoN coatings exhibited typical columnar structures arranged perpendicular to the
substrate. Belgroune reported that Mo addition of up to 16% in AlTiN coatings densified
the coatings without the formation of a columnar structure and that the coating structure
changed from zone II to zone T based on the Anders’s structural zone model [30]. In
this study, approximately 5.1% Mo was added to the coating, indicating that the low Mo
addition used in this study cannot change the coating structure.

Figure 2 shows the GIXRD patterns of the AlTiN and AlTiMoN coatings. A diffraction
peak was detected in both coatings at a 2θ of approximately 40◦, which corresponds to the
Ti layer in both coatings. Figure 2 also shows diffraction peaks of the substrate (mainly
tungsten carbide). The remaining peaks were attributed to metallic nitrides, which were
the main phase components. The peak positions of the (Al,Ti)N phase in the AlTiN coating
were located at 37.1◦, 43.3◦, 63.0◦, and 75.8◦, which correspond to the (111), (200), (220), and
(311) planes, respectively. The GIXRD pattern of the AlTiN coating shows that the (Al,Ti)N
phase has a face-centered cubic (fcc) B1-NaCl structure. Compared to the standard TiN
diffraction peaks, the peak positions of the (Al,Ti)N phase shifted by a small angle, which
indicates that part of the Ti in the cubic TiN lattice was replaced by Al with a smaller atomic
radius. This result was similar to the XRD results reported in Ref. [28]. The formation of
the (Al,Ti)N phase was also observed in the AlTiMoN coating. The peaks of the (Al,Ti)N
phase were located at 37.1◦, 43.2◦, 62.7◦, and 75.4◦, corresponding to the (111), (200), (220),
and (311) planes, respectively. The addition of Mo to the AlTiMoN coating shifted the peak
positions of the (Al,Ti)N phase to lower angles (Figure 2b), owing to the substitution of Mo
atoms [12,30]. No peaks corresponding to pure metallic Mo were observed, which may
be related to the low content of pure metallic Mo in the AlTiMoN coating. The diffraction
angles of the corresponding peaks of the (Al,Ti)N and Mo2N phases were close to each
other, and it is difficult to distinguish from the GIXRD results whether the Mo2N phase
exists. The Mo2N phase was found in the AlTiMoN coating with 8% Mo addition in some
studies [17,25,34]. XPS may be needed to further determine whether the MoN2 phase exists
in the AlTiMoN coating with a 5% Mo addition in this study.

Figure 2. Grazing incidence X-ray diffraction (GIXRD) patterns of the AlTiN and AlTiMoN coatings.
(a) is the GIXRD pattern of the two coatings for phase analysis, (b) is the GIXRD pattern of the two
coatings after overlapping, which is used to compare the peak positions of the (Al,Ti)N phase.
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Based on the Debye–Scherrer equation, the peaks of (Al,Ti)N (111), (200), (222), and
(311) were selected, and the average grain sizes of the AlTiN and AlTiMoN coatings were
calculated using GIXRD data analysis. The grain sizes of the AlTiN and AlTiMoN coatings
were approximately 14 and 11 nm, respectively. Thus, the addition of Mo slightly reduced
grain size, which is consistent with previously reported results [10,30]. Gao reported that
the addition of 8% Mo reduced the grain size of AlTiN coatings from 30 to 28 nm [10].
Belgroune reported that the addition of 4% Mo to an AlTiN coating reduced the grain size
of the coating from 58 to 55 nm [30].

3.2. Mechanical Properties of the AlTiN and AlTiMoN Coatings

The adhesion properties of the AlTiN and AlTiMoN coatings on the cemented carbide
substrate were evaluated using Rockwell-C indentation. Figure 3 shows images of the
indentations after the indentation tests. Only a few tiny cracks are visible around the
indentation, as shown by the red arrow in Figure 3. No indication of spallation was
observed. Radial cracking without chipping indicates that both coatings exhibited excellent
adhesion (HF1 level) and that Mo did not significantly influence the adhesion properties
of the AlTiN coatings. This may be because of the favorable effect of the deposited Ti
interlayer on improving the adhesion properties between the coating and the substrate.
The Ti interlayer can reduce the difference in the physical and mechanical properties
between the nitride coating and substrate; therefore, the stress gradient at the interface is
lowered [12]. Both coatings exhibited excellent adhesion to the substrate.

Figure 3. Optical micrographs of the (a) AlTiN and (b) AlTiMoN coatings after the Rockwell-C
indentation tests. Red arrows indicate cracks.

Table 2 lists the H and E of the AlTiN and AlTiMoN coatings. The H and E of the
AlTiN coating were 26 and 318 GPa, respectively. The H and E of the AlTiMoN coating
increased to 30 and 341 GPa, respectively. The addition of Mo clearly increased the H and
E values of the AlTiN coating. Furthermore, the AlTiMoN coating exhibited higher H/E
and H3/E2 ratios.

Table 2. H and E of the AlTiN and AlTiMoN coatings.

Coating Hardness (GPa) Elastic Moduli (GPa) H/E H3/E2

AlTiN 26 ± 2 318 ± 9 0.082 0.174

AlTiMoN 30 ± 3 341 ± 12 0.088 0.232

The AlTiMoN coating exhibited a higher hardness than the AlTiN coating because
(1) the grain size of the AlTiMoN coating is finer than that of the AlTiN coating; thus, the
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increase in hardness is related to grain refinement strengthening [30]; (2) the increased
hardness is related to the increased solution-strengthening effect from the substitution of Ti
atoms with Mo atoms [10,12].

The increase in the elastic modulus of the coating owing to the Mo addition can
be attributed to the substitution of Mo atoms. The Ti atoms are replaced by Mo atoms,
resulting in a smaller lattice. Smaller interatomic spaces result in greater binding forces,
which facilitates improvements in the elastic modulus [43].

The values of H/E and H3/E2 indicate the wear resistance of coatings and can be used
to predict their tribological behavior [44,45]. The H/E and H3/E2 ratios of the AlTiMoN
coating with added Mo were higher than those of the AlTiN coating, which should result
in better wear resistance and tribological behavior.

3.3. Tribological Properties of the AlTiN and AlTiMoN Coatings

Figure 4 shows the COFs of the AlTiN and AlTiMoN coatings under 10 N with a sliding
duration of 3600 s, as well as the COF of the substrate. As shown in Figure 4, the COF of
the substrate is stable and low at approximately 0.45. The COF of the AlTiMoN coating is
stable and exhibits a progressively increasing trend. The COF of the AlTiMoN coating is
approximately 0.60. The COF of the AlTiN coating exhibits two distinct stages, that is, it
first increased and then decreased, and then finally stabilized. The first stage of the curve
lasts for approximately 430 s, during which the COF is approximately 0.85. Subsequently,
the COF decreases rapidly and then fluctuates at approximately 0.45. Notably, the second
stage of the COF curve is similar to that of the substrate, which suggests the COF reduced
from 0.85 to 0.45 because the AlTiN coating was abraded. Therefore, the COF of 0.85 is
the COF of the AlTiN coating during the first stage, and the COF of 0.45 is the COF of the
substrate during the second stage. The COF of the AlTiMoN coating is lower than that of
the AlTiN coating.

Figure 4. Coefficient of friction dynamics of the AlTiN and AlTiMoN coatings.
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Figure 5 shows the SEM topographies of the wear tracks on the AlTiN and AlTiMoN
coatings. The metal substrate is exposed in Figure 5a, indicating that the AlTiN coating was
completely abraded. In contrast, the AlTiMoN coating in Figure 5b does not exhibit peeling.
The worn surface of the AlTiMoN coating is smooth and clean, except for small holes
observed on the wear track. Table 3 lists the elemental compositions of the wear tracks
on the AlTiN and AlTiMoN coatings. Tungsten and Co, originating from the cemented
carbide substrate, appeared in the wear track of the AlTiN coating, indicating that the
AlTiN coating was completely abraded. However, no W or Co was found in the wear track
of the AlTiMoN coating, indicating that the AlTiMoN coating was not completely abraded,
which is consistent with the SEM observations shown in Figure 5.

Figure 5. SEM topography of the wear tracks of the (a) AlTiN and (b) AlTiMoN coatings.

Table 3. Elemental composition of the wear tracks of the AlTiN and AlTiMoN coatings (at.%).

Al Ti Mo N W C Co

AlTiN — — — — 36.1 ± 0.8 61.3 ± 1.3 2.6 ± 0.7

AlTiMoN 23.1 ± 0.6 14.8 ± 0.5 5.1 ± 0.5 57.0 ± 1.2 — — —

Figure 6 shows the wear rates of the AlTiN (5.24 × 10−6 mm3/(N·m)) and AlTiMoN
coatings (1.67 × 10−6 mm3/(N·m)). The wear rate of the AlTiMoN coating is lower than
that of the AlTiN coating. The results indicate that the addition of Mo increased the wear
resistance of the AlTiN coating.

The heat generated by sliding friction can sufficiently increase the temperature of the
contact surface for oxidation to occur. TiO2 and Al2O3 phases were formed in the wear
track during dry friction of the AlTiN coating. These phases have low ionic potentials,
and the cations between them can strongly interact to form strong ionic or covalent bonds,
making them difficult to shear [46]. Accordingly, the formation of an oxide layer or wear
debris patches of such oxides does not provide any lubricious effect, resulting in a high
COF [44]. Additionally, the TiO2 and Al2O3 oxidation phases are hard and act as abrasive
particles during the wear tests, causing abrasive wear [10]. Leyland and Tsui reported that
lower H/E and H3/E2 values indicate diminished wear resistance [44,45]. Thus, the AlTiN

77



Lubricants 2024, 12, 429

coating failed due to abrasion during sliding, which caused the coating to delaminate,
thereby exposing the substrate. The coating failed owing to the low H/E and H3/E2 values
and high COF.

Figure 6. Wear rates of the wear tracks on the AlTiN and AlTiMoN coatings. The width and depth
profiles of the wear tracks on both coatings are also shown.

Molybdenum doping enhanced the tribological properties and wear resistance of the
AlTiN coatings. The COF decreased from 0.85 (AlTiN coating) to 0.60 (AlTiMoN coating),
and the wear rate of the AlTiMoN coating was reduced to one-third of that of the AlTiN
coating. In addition to the TiO2 and Al2O3 phases, the MoO3 phases were also formed on
the wear track of the AlTiMoN coating during dry friction. The layered structure of MoO3
is bonded by weak van der Waals forces; therefore, MoO3 is easily sheared layer by layer.
Soft and non-abrasive MoO3 can be used as a solid lubricant to reduce the friction between
friction pairs. The wear resistance improvement of the AlTiMoN coating is also attributed
to the beneficial contribution of the MoO3 phases, which exhibit self-lubricating properties
and facilitate the sliding processes. Moreover, the improved wear resistance of the AlTiMoN
coating is related to its higher H/E and H3/E2 ratios [10–13,16–18,26,28–32,47].

3.4. Cutting Performance of the AlTiN and AlTiMoN Coatings

Figure 7 shows a schematic diagram illustrating the cutting force direction of the
cutting tool. The cutting forces can be divided into three directions, namely, the Fx (feed
force) direction is opposite to the direction of feed movement, the Fy (tangential force)
direction is horizontally outward, and the Fz (radial thrust force) direction is vertically
downward. Figure 8 shows the cutting forces on the AlTiN- and AlTiMoN-coated tools
measured using a force meter during cutting. Figure 8 clearly shows that the cutting force
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in the Fz direction is more stable than that in the other two directions for both coatings.
Specifically, the average cutting forces on the AlTiMoN-coated tool were Fx = 197.4 N,
Fy = 302.4 N, and Fz = 195.4 N. The average cutting forces on the AlTiN-coated tool were
Fx = 239.2 N, Fy = 345.7 N, and Fz = 233.8 N. The experimental results showed that the
forces on the AlTiMoN-coated tool in all three directions were smaller than those on the
AlTiN-coated tool, indicating that the addition of Mo resulted in the AlTiN-coated tool
exhibiting lower cutting forces.

Figure 7. Schematic diagram illustrating the cutting force directions of the cutting tool.

Figure 8. Cutting forces on (a) the AlTiN- and (b) AlTiMoN-coated tools.

The cutting temperatures of the AlTiMoN- and AlTiN-coated tools during the cutting
process were measured using an A655sc thermal imager. Table 4 shows that the highest
cutting temperatures of the AlTiMoN- and AlTiN-coated tools were 577 and 611 ◦C, respec-
tively. Additionally, the average temperatures of the AlTiMoN- and AlTiN-coated tools
at which cutting was stable were approximately 560 and 596 ◦C, respectively. Therefore,
the highest cutting temperature of the AlTiMoN-coated tool was 34 ◦C lower than that of
the AlTiN-coated tool, and the average cutting temperature at which cutting was stable
was 36 ◦C lower than that of the AlTiN-coated tool. Therefore, it can be concluded that
the AlTiMoN coating was more effective than the AlTiN coating in reducing the cutting
temperature of cutting tools during the cutting process.
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Table 4. Cutting temperatures of the AlTiN- and AlTiMoN-coated tools.

Highest Temperature During
Cutting (◦C)

Average Temperature at Which
Cutting Is Stable (◦C)

AlTiN 611 596

AlTiMoN 577 560

Cutting tools produce unavoidable heat during the cutting process. Therefore, cutting
heat is the primary reason for the increase in the cutting temperature. A high cutting
temperature oxidizes or even causes the coating on the tool surface to fail, which directly
impacts the machining accuracy and surface quality of the workpiece.

TiO2 and Al2O3 phases formed during the cutting process of the AlTiN coating. The
formation of the TiO2 and Al2O3 phases by a possible reaction during the cutting process
may be as follows:

2TiN + 2O2 = 2TiO2 + N2 (3)

2AlN + 3/2O2 = Al2O3 + N2 (4)

These oxides have low ionic potentials, and the cations between them can strongly
interact to form strong ionic or covalent bonds. As a result, these oxides are not easily
deformed under shearing force and do not have any lubricating effect [46]. What is worse,
the TiO2 and Al2O3 oxides are hard and act as abrasive particles, which are detrimental to
the cutting process. Owing to the above reasons, the cutting force and temperature of the
AlTiN-coated tools were high during the cutting process.

The oxidation temperature of Mo nitride films is approximately 350–400 ◦C [12],
and the melting point for the lubricious oxide MoO3 is 795 ◦C [48]. Consequently, the
solid–lubricant MoO3 phase formed during the cutting process of the AlTiMoN coating,
though the TiO2 and Al2O3 phases were also formed. The formation of the MoO3 phase by
tribo-chemical reaction during the cutting process may be as follows [30]:

Mo2N + 2O2 = 2MoO2 + 1/2N2 (5)

MoO2 + 1/2O2 = MoO3 (6)

or
Mo + 3/2O2 = MoO3 (7)

MoO3 phase is a solid-lubricant oxide, which is composed of layers bonded by van
der Waals forces that easily deform under shearing force. The existence of the soft and
non-abrasive MoO3 phase minimized friction between the tool and chip interfaces, thereby
reducing the cutting force and heat generated during machining. Xing [49] and Li [50]
found that the formation of a lubricating phase with a low shear strength between the
tool and chip interfaces contributes to the improvement of the cutting performance. Low
cutting forces and temperatures result in low wear and a long tool life.

In summary, Mo addition improves the mechanical performance, tribological proper-
ties, wear resistance, and cutting performance of AlTiN coatings. This study shows a path
to increase the performance of AlTiN coating through molybdenum addition and provides
ideas for the application of AlTiMoN coatings for cutting tools.

4. Conclusions

AlTiN and AlTiMo coatings were deposited in this study using multi-arc ion plating.
The influence of Mo addition on the structure, mechanical properties, and cutting perfor-
mance of the AlTiN coating was investigated. The main conclusions drawn from this study
are as follows:

1. Spherical droplets formed on the surfaces of both coatings, with the AlTiMoN coating
exhibiting more surface defects than the AlTiN coating. The GIXRD results for the
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AlTiN and AlTiMoN coatings showed that an (Al,Ti)N phase was formed. Doping of
the AlTiMoN coating with Mo slightly reduced the grain size.

2. Both coatings exhibited excellent adhesion to the substrate. The hardness, elastic
modulus, and H/E and H3/E2 ratios of the AlTiMoN coating were higher than those
of the AlTiN coating. The improvement in the mechanical properties can be attributed
to grain refinement and solution strengthening.

3. The tribological properties and cutting performance of the AlTiN coating improved with
the Mo doping, which can be attributed to the formation of MoO3 as a solid lubricant.

The presented research focuses the Mo addition on the structure, mechanical proper-
ties, and cutting performance of the AlTiN coating. However, the effect of Mo composition
on the structure and properties of the AlTiMoN coating is not involved, especially on the
cutting performance. This is what our next research will focus on. In the field of advanced
coating technologies for cutting tools, the cutting performance and tool life of coated tools
can be further improved by using nano-layer and nano-composite coating. Future research
can be focused on depositing nanolayered and nanocomposite AlTiMoN coatings to further
improve the performance of AlTiMoN coatings for machining applications.
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Abstract: 2D MoS2 with narrow lateral size and thickness distributions was introduced to promote
the anti-friction and anti-wear properties of the bentonite grease (BG) in a state of boundary lubri-
cation. Optical microscopy (OM), and 3D optical profilers (3D OP), Raman spectrometry (Raman),
scanning electron microscope, energy dispersion spectrum (SEM-EDS), and X-ray photoelectron
spectroscopy (XPS) were applied to characterize the wear surface of the GCr15 bearing steel/GCr15
bearing steel contact. It is found that the average friction coefficient (AFC), wear scar diameter
(WSD), surface roughness and average wear scar depth of BG + 1.2 wt.% 2D MoS2 were effectively
reduced by approximately 22.15%, 23.14%, 55.15%, and 21.1%, respectilvely, compared with BG
under the working condition of 392N, 75 ◦C, 1 h, and 1200 rpm. Raman, EDS and XPS results jointly
demonstrated that a stable adsorbed film and a robust tribochemical film composed of Fe2O3, FeSO4,
Fe2(SO4)3, FeSO3, FeS, FeO and MoO3, which further contributes to the enhancement of lubrication
performance.

Keywords: bentonite grease; lubricating performance; friction modifiers additives; 2D MoS2

1. Introduction

Friction exists extensively in nature and industry, which is confirmed to be the main
cause of energy consumption and equipment life shortening. Utilizing lubricants properly
can not only effectively reduce the energy required to operate machinery and equipment,
but also prolong the life of machinery and equipment, which can minimize the necessity for
energy-intensive maintenance and repair [1]. Lubricants act as a barrier, preventing direct
contact between surfaces in relative mutual motion, and reduce both the frictional force and
wear. Modern lubricants are normally divided into liquid (the most important), gaseous
and solid lubricants based on their physical state. In general terms, a lubricating grease is
defined as a kind of lubricating fluid thickened to a solid or semi-fluid product by means of
a thickener, which are particularly suitable for applications where a continuous oil supply
is not feasible or frequent lubrication is impractical. A lubricating grease is formulated from
a base oil, a thickener and various performance-improving additives [2]. Although the
thickener accounts for a comparatively small proportion in a grease, which does regulate
the foundamental properties of grease, such as the dropping point, consistency, water
resistant and thermal stability. There are many different types of thickeners [3], which can
be classified into two major types soap (lithium soap, sodium soap, aluminum soap, barium
soap, calcium soap, lithium complex soap, complex sodium soap, complex aluminum soap,
complex barium soap, complex calcium soap, etc.) and non-soap (polyurea, organophilic
bentonite, modified attapulgite, fumed silica, fluoropolymers solid hydrocarbons, etc.),
however, lithium soap is the most common thickener of greases due to their superior
performance and ease of manufacturing over comparable technologies. Currently, the
future of lithium greases is at a crossroads due to the unprecedented growth in electric
vehicles (EVs), which results in a sharp increase in the price of lithium.
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Bentonite grease (BG) is a type of clay thickened grease, which can be a potential re-
placement for lithium greases due to its significant advantages, such as temperature change
resistance, great wear and tear protection, exceptional water tolerance, good mechanical
or shear stability, and impressive adhesiveness [4]. Friction modifiers (FM) additives are
components added to lubricans that help prevent metal-to-metal contact when loads are
extremely high, which work chemically with the metal surfaces to form protective films
that shield them from scuffing, welding, and wear [5]. Traditional FM additives containing
S, P, and Cl elements have been used to enhance the lubricating performance of lubricants,
for example, chlorinated paraffin [6], sulfurized isobutylene [7], tricresyl phosphate [8],
amine phosphate [9], zinc dialkyl dithiophosphate [10] and thiophosphate amine salt [11].
However, traditional FM additives are environmentally unfriendly and are harmful to
humans [12], for example, chlorine-containing additives have been prohibited by many
countries due to their toxicity and corrosive problems and sulfur can result in sulfur pollu-
tion to the environment, whereas phosphorus can lead to eutrophication of water bodies.
Due to the characteristics of outstanding high specific surface area, nanometer dimension
effect, and unique physical and chemical properties [13,14], two-dimensional (2D) mate-
rials have been comprehensively investigated in the field of FM additives, for instance,
graphene [15], black phosphorus (BP) [16], hexagonal boron nitride [17], transition metal
dichalcogenides (TMDs) [18], two-dimensional molybdenum carbide (MXene) [19], layered
double hydroxides (LDHs) [20] and covalent–organic frameworks (COFs). Top-down
exfoliation is suitable for scale industrial production. The as-prepared 2D materials have
wide distributions in lateral size and thickness, which is a dilemma for some applications
requiring controlled nanosheet sizes: 2D material-assembled thin films [21–24], active site
exposure of 2D material catalysts [25–27], functionalization of 2D material sheets [28–31] as
well as the field-induced alignment order of 2D material liquid crystals. As indeed suitable
candidates for traditional FM additives, achieving homodisperse in both lateral size and
thickness of 2D materials, which is of great importance to maximize the potential of their
extreme pressure and lubrication performance in lubricants.

In the present article, lubrication-enhanced mechanisms of bentonite grease using 2D
MoS2 with narrow lateral size and thickness distributions were systematically investigated
by a four-ball tribometer. Optical microscopy (OM) and 3D optical profilers (3D OP) meth-
ods were adopted to characterize the worn surface. The composition and microstructure of
the physical adsorption film and tribo-chemical film were analyzed by Raman spectrometry
(Raman), scanning electron microscope (SEM), energy dispersion spectrum (EDS), and X-
ray photoelectron spectroscopy (XPS). The lubrication-enhanced mechanisms of bentonite
grease using 2D MoS2 with narrow lat-eral size and thickness distributions was discussed.

2. Materials and Methods

2.1. Materials

As reported in our previous paper [26], 2D MoS2 had been prepared by the ultrasound-
assisted liquid-phase exfoliation method and the atomic force microscopy (AFM) study
revealed a mean thickness of 22 nm, as shown in Figure 1. 150BS base oil (Typical character-
istics showed in Table 1) was commercially obtained from the PetroChina Karamay Petro-
chemical Company (Karamay, China). The commercial surface-modified organo-bentonite
modified by HTMAB was purchased from ZheJiang AnJi Tianlong OrganicBentonite Co.,
Ltd. (Huzhou, China). GCr15 bearing steel balls made of GCr15 bearing steel with a diame-
ter of 12.7 mm and an HRC59-61 were obtained from the SINOPEC Research Institute of
Petroleum Processing Co., Ltd. (Beijing, China).
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Table 1. Typical physico-chemical properties of the 150BS base oil.

Test Description Result Method

Kinematic viscosity (mm2/s) (40 ◦C) 490.7 ASTM D445
Kinematic viscosity (mm2/s) (100 ◦C) 31.75 ASTM D445

Viscosity Index 95 ASTM D2270
Appearance Clear to bright Visual

Colour (ASTM) (Quantitative) L2.0 ASTM D1500
Density (kg/m3) (15 ◦C) 0.9012 ASTM D4052
Density (kg/m3) (30 ◦C) 0.8917 ASTM D4052
Refractive index (20 ◦C) 1.46 ASTM D1218

Pour point (◦C) −6 ASTM D5950
Flash point (◦C) (PMcc) 316 ASTM D92

Specific Gravity (60/60 ◦F) 0.9017 ASTM D4052
Total acid number (mgKOH/g) 0.01 ASTM D664

Cartxon residue (micro method) (wt.%) 0.41 ASTM D4530
Sulphur content (wt.%) 0.536 ASTM D4294
Water content (vol.%) Nill ASTM D95

  

Figure 1. AFM images (a) of 2D MoS2 with the corresponding height profiles (b).

2.2. Preparation and Characterization of Bentonite Grease with 2D MoS2

The bentonite greases were prepared in accordance with the literature [3]. Firstly, the
150BS base oil was poured into the vessel and next stirred. Secondly, organo-bentone was
added to the 150BS base oil little by little, being stirred vigorously. When the 150BS base
oil and the organo-bentonite had been well dispersed, acetone, at approximately 50 wt.% of
the entire quantity of the thickener, was introduced to guarantee that the organo-bentone
can be thoroughly dispersed throughout the 150BS base oil. After continuous stirring for
30 min, acetone was removed from the mixture via heating for 30 min at 80 ◦C. The 2D
MoS2 of specified mass (0, 0.3, 0.6, 0.9, 1.2, 1.5, 1.8 and 2.1 wt.%) were put into the mixture.
Thirdly, when the mixture was cooled naturally to room temperature and then the mixture was
ground three times using a three-roll mill to gain the samples, which were labeled as BG (BG-0),
BG + 0.3 wt.% 2D MoS2 (BG-0.3), BG + 0.6 wt.% 2D MoS2 (BG-0.6) , BG + 0.9 wt.% 2D MoS2
(BG-0.9), BG + 1.2 wt.% 2D MoS2 (BG-1.2) , BG + 1.5 wt.% 2D MoS2 (BG-1.5), 2D MoS2
BG + 1.8 wt.% 2D MoS2 (BG-1.8) and BG + 2.1 wt.% 2D MoS2 (BG-2.1) for short, respectively.
Schedule of all prepared grease samples are illustrated in Figure 2.

The consistency, thermal stability, colloid stability, evaporation loss and corrosive
properties of the propared grease samples were evaluated on the basis of the GB/T 269,
GB/T 3498, NB/SH/T 0324, GB/T 7325 and GB/T 7326 standards, respectively.
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Figure 2. Schedule of preparation of bentonite grease containing 2D MoS2.

2.3. Tribology Tests and Analysis

The lubrication performance of eight grease samples is carried out via the four-ball
tester using the SH/T 0204, which is similar to the ASTM D2266. The tribometer is
displayed schematically in Figure 3, and a series of friction tests were conducted under
atmospheric conditions with a relative humidity (RH) of about 75%–80%.

 

Figure 3. The schematic diagram of four-ball tribometer. (a) Four-ball tribometer, (b) Oil cup,
(c) Four-sphere point contact model.

The friction coefficient (COF) was automatically measured and recorded in real time by
the computer and the wear scar diameter (WSD) of the three fixed steel balls were scanned
by optical microscope. To ensure the repeatability and accuracy of the data, friction tests
were performed three times under the identical experimental conditions, and the average
value was calculated. The parameters of the tested GCr15 steel balls are shown in Table 2.
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Table 2. Experimental conditions and basic properties of the steel balls utilized.

Parameter BG-0 BG-0.3 BG-0.6 BG-0.9 BG-1.2 BG-1.5 BG-1.8 BG-2.1

Speed 1200 rpm
Load 392 N

Temerature 75 ◦C
Test Duration 60 min
Component Elastic modulus (MPa) Poisson ratio Diameter Rockwell harness (HR) Surface roughness (Ra)

GCr15 2.085 × 105 0.3 12.7 mm 60 ± 1 0.256 μm

For spherical contact, the contact pressure can be estimated according to the Hertzian
point contact theory [32]:

qmax =
3p

2πa2 (1)

a = (
3
4
× pR′

E∗ )

1
3

(2)

w = 3pcos θ
(

cos θ =
√

6/3
)

(3)

1
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1
Rabove

+
1

Rbelow
(4)
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above
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+
1 − v2

below
Ebelow

)

−1

(5)

Herein, qmax is the maximum contact pressure between the four GCr15 steel balls, p is
the effective load, a is the Hertzian contact radius, E* is the equivalent Young’s modulus,
R’ is the comprehensive radius, w is the total load (392N), Rabove is the radius of the
rotating upper ball, Rbelow are the radii of the lower three stationary balls, vabove and Eabove
are Poisson’s ratio and Young’s modulus of the rotating upper ball, vbelow and Ebelow are
Poisson’s ratio and Young’s modulus of the lower three stationary balls, respectively.

The λ was estimated on the basis of the Dowson and Hamrock minimum film
thickness formula [33]:

hmin = 3.63
G0.49U0.68R′

W0.073

(
1 − 0.61e−0.68k

)
(6)

λ =
hmin√
σ2

1 + σ2
2

(7)

where, hmin was the minimum oil film thickness, G = αE′, U = η0u/E′R′, W = p/E′R′2,
k = 1.03(Ry/Rx)0.64 = 1.03 were dimensionless material parameter, dimensionless speed
parameter, dimensionless load parameter, ellipticity parameter, respectively. α and η0 were
the viscosity-pressure coefficient and the dynamic viscosity, respectively. u (0.461 m/s)
was the relative sliding velocity of the two friction pairs, k was the ellipticity parameter,
E′ = 2E* was the effective modulus of elasticity, σ1 (2.1 μm) and σ2 (2.1 μm) were the
surface roughness of the worn area of the upper rotating ball and the lower stationary ball,
respectively. Calculated from the formula, the maximum contact pressure was 2.34 GPa
and the lambda ratio is 0.45 for these test conditions, which indicating that the contact area
was firmly in a state of boundary lubrication under the four-ball tribometer.

After testing, the morphology of the worn surface was observed using a JEOL JSM-
6610LV scanning electron microscope (JEOL, Tokyo, Japan) and a 3D optical profilers
(Sensofar, Terrassa, Spain), and the elemental distribution and composition of the worn
surface was identified and quantified using an Oxford X-Max 20 mm2 energy dispersive
X-ray spectrometer (Oxford Instruments, Oxford, UK). The Raman spectra of worn surfaces
were measured using Raman spectrometry (LabRAM HR Evolution, HORIBA, Longjumeau,
France) with a laser wavelength of 532 nm. For the sake of exploring the elemental
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composition and chemical state of the films on the worn surfaces, X-ray photoelectron
spectroscopy (XPS) tests were performed using an ESCALAB 250Xi X-ray photoelectron
spectrometer (Bruker, Karlsruhe, Germany) to probe the deposition of the ternary films.

3. Results and Discussion

3.1. Physico-Chemical Properties

The consistency, thermal stability, colloid stability, evaporation loss and corrosive
properties of the BG containing 2D MoS2 are presented in Table 3. As the addition of 2D
MoS2 in BG was increased, the thermal stability, colloid stability and evaporation loss
values increased first, then decreased and increased in the end. The 2D MoS2 introduced
to BG could effectively enhance the holding performance of bentonite grease structural
networks for base oil owing to its high adsorption property. The consistency of samples
increased after adding 2D MoS2, which means that 2D MoS2 has an has a considerable
thickening effect on the BG due to its big specific surface area and excellent dispersity.
Additionally, 2D MoS2 is proved to be uninfluential on the corrosion of BG.

Table 3. Effect of 2D MoS2 on penetration, dropping point, oil separation, evaporation loss and
copper corrosion of BG.

Parameter BG-0 BG-0.3 BG-0.6 BG-0.9 BG-1.2 BG-1.5 BG-1.8 BG-2.1 Method

Penetration/0.1 mm 285 244 261 292 297 301 306 310 GB/T 269
Dropping point 278 292 290 285 286 287 287 291 GB/T 3498
Oil separation 0.93 0.54 1.46 1.22 0.92 0.91 1.42 1.64 NB/SH/T 0324

Evaporation loss 0.20 0.41 0.47 0.40 0.39 0.43 0.45 0.52 SH/T 0661
Copper corrosion 1a 1a 1a 1a 1a 1a 1a 1a GB 7326

3.2. Friction and Wear Performance

Figure 4a shows the curves of the COF variation with time of BG with different mass
fraction of 2D MoS2. Figure 4b displays the AFC and WSD variations with 2D MoS2.
As shown in Figure 4a, the tendency of COF among different samples can be distinctly
discovered that the three periods turned up during the friction process. At the initial stage
of test, COF value rised sharply indicating that there is severe friction, because of the
inevitable surface wear occuring during the running-in process, which leads to pollution
of the grease by the wear debris. The COF value has been changed to be more mild after
continuing for around 300 s. When 1.2 wt.% 2D MoS2 is introduced, COF is obvious
lower than that of BG-0. Figure 4b reveals that AFC initially decreases and subsequently
increases with the introduction of 2D MoS2, implying that an appropriate addition of these
nanosheets to BG can provide a certain anti-friction effect. Among them, the AFC and
WSD of BG-1.2 are the smallest, reducing by 22.15%, 23.14%, respectively, which exhibits
the best performance. When the addition amount is less than 1.2 wt.%, 2D MoS2 easily
penetrate and distribute evenly between the friction pairs, while the anti-friction effect
is not as effective as BG-1.2 due to their insufficient quantity. On the other hand, when
the addition is more than 1.2 wt.%, high specific surface area and strong surface energy
of 2D MoS2 leads to irreversible accumulation and agglomeration into abrasive particles,
exacerbating wear on these particles and weakening their friction-reducing effect.

For purpose of further distinctly comparing the anti-wear properties of BG with
different concentrations of 2D MoS2, the 3D OP is used in Figure 5. In comparison with
the surface roughness of wear surface lubricated by BG-0, the wear surface lubricated by
BG-1.2 seems to have the smaller surface roughness of about 2.097 μm, reducing by 55.15%,
as displayed in Figure 5a,b. After a testing time of 1 h, the worn surface lubricated by
BG-0 are seriously worn and show considerable deep furrows and rough scratches along
the sliding direction. Meanwhile, the surface roughness and the average wear depth was
remarkably reduced (21.1%) after the introduction of layered structure 2D MoS2 into the
BG, which is consistent with the change in WSD, as illustrated in Figure 5c,d. Due to the
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their small size and sheet shape, the 2D MoS2 in BG can lightly permeate into the friction
surfaces and fill the gaps on surfaces to decrease surface roughness and generate a physical
absorption film in the central worn surface ,which can avoid severe wear of the uneven
peak of the steel balls as much as possible, resulting in promising anti-wear properties on
account of the sliding effect between the two sliding surfaces by reason of the shear stress.
This requires to be further testified by a Raman characterization.

  

Figure 4. The COF-Time curve (a), AFC and WSD (b) of BG with different concentrations of 2D MoS2

(1200 rpm, 392 N, 60 min, 75 ◦C).

  

  

Figure 5. The 3D surface profiles and average wear depth of worn surfaces under the lubrication of
BG-0 (a,c) and BG-1.2 (b,d), respectively.

3.3. Worn Surface Analysis

In order to detect the physical absorption film of 2D MoS2 on the worn surface, Raman
spectroscopy was utilized to anatomize the worn surfaces on the GCr15 bearing steel balls
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after the tribotest. The generation of 2D MoS2 on the wear surface confirmed by the Raman
results. The Raman spectra were recorded at the as prepared 2D MoS2 additive, worn
surface lubricated by BG-0 and BG-1.2, respectively, as shown in Figure 6. The notable fact
is that the representative peaks at about 380 and 404 cm−1 for the worn surface lubricated
by BG-1.2, which are E1

2g and A1g modes were observed. The presence of the as prepared
2D MoS2 additive on the worn surface verified by the appearance of similar patterns
located at the same frequency as in the Raman spectra of the 2D MoS2 additive itself. It
demonstrates that 2D MoS2 in BG can smoothly slide with oil into the point contact of the
steel balls to avoid impetuous collision of the coarse peak of the steel balls. However, the
physical absorption film may fracture due to the harsh working conditions. At the same
time, a new film with superior mechanical properties could stand up to the scuffing and
prevent the steel ball surfaces from severe crashes, which will be further investigated.

 
Figure 6. Raman spectra of 2D MoS2, wear surface on the GCr15 bearing steel ball under the
lubrication of BG-1.2, BG-0.

In order to elucidate the lubrication effect of 2D MoS2 on the surface of the GCr15
bearing steel ball and preliminarily evaluate the appearance of the tribo-chemical film, the
EDS and element mapping analyses on the wear surface lubricated by BG-0 and BG-1.2
were measured and the corresponding results are displayed in Figures 7 and 8, respectively.
The deep grooves and large pits can ba observed on the wear surface under the lubrication
of BG-0, as illustrated in Figure 7. Five main elements were measured on the worn surface,
i.e., C, O, Al, Si, and Fe. The detected Fe elements were primarily from the GCr15 bearing
steel. However, the detected C, O, Al, Si elements originated from the 150BS base oil and
organo-bentone, respectively.

After adding the 2D MoS2 into BG-0, the pits and grooves on the worn surface
lubricated by BG-1.2 were more smoother and smaller, as shown in Figure 8. For example,
the mapping illustrated the generation of C, O, Al, Si, Fe, Mo, S, and the like. Even if the
proportions of Mo and S elements account for 0.14% and 0.10% owing to the deficient
concentration required for the detection limits for EDS, which given evidence of the 2D
MoS2 do work during the friction process and 2D MoS2 made a large contribution to
the significant improvement of lubricantion performance. Compared with worn surface
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lubricated by BG-0, two new elements Mo and S occured on the wear surface. It could be
readily acquired that the Mo and S elements were enriched in the area of contact between
the worn surface and GCr15 matrix, which was in accord with to the distribution of Hertz
contact stress. Furthermore, the oxidation of the GCr15 bearing steel ball surfaces was
visibly cut down in the middle area, where the thickness of the lubrication film was the
least. It was shown that the fierce frictional process continually updated sliding GCr15 ball
surfaces in the central area, which were hard to completely participate in the tribochemical
reaction. In the mean time, the 2D MoS2 as additives could play a role in avoiding direct
crash of asperities during the friction period. Hence, a comparatively thorough tribofilm,
abundant in Mo and S elements, which were mainly generated on the aregion of the GCr15
bearing steel ball surfaces with comparatively low contact stress.

  

  

  

Figure 7. Cont.
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Figure 7. SEM images and C, O, Al, Si and Fe distribution of worn surface lubricated by BG-0.

  

  

Figure 8. Cont.
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Figure 8. SEM images and C, O, Al, Si, Fe, Mo and S distribution of worn surface lubricated
by BG-1.2.

For the sake of exploring the detailed chemical tribo-film formation mechanisms on
the steel ball lubricated by BG-0 and BG-1.2, the chemical components on the worn surfaces
were detected. The C 1s of 284.8 eV was utilized to calibrate the whole high-resolution
XPS photoelectron spectra and subsequently the Gaussian–Lorentzian fitting was used to
separate the peaks. Figure 9 presents the XPS survey of worn surface with BG-0 lubrication
and showed the patterns of C 1s, O 1s, Si 2p, Al 2p, Fe 2p. As illustrated in Figure 9b,
the greatest characteristic peak at 284.80 eV attributes to the C-C bond, the middle charac-
teristic peak at 286.00 eV belongs to the C-O bond, and the smallest characteristic peak at
288.99 eV corresponds to the C=O bond, which originates from the organic matter in 150BS
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base oil or tribo-chemical film formed by the BG-0 during friction test [34]. As displayed
in Figure 9c, the peak of 530.43 eV corresponds to metal oxides, and the characteristic peak near
533.38 eV belongs to the C–O bond [35]. Meanwhile, the peak of 102.29 eV (Figure 9d) and
74.14 eV (Figure 9e) both to refer to the Aluminosilicate which proves that the prepared
bentonite grease is relatively stable, and the internal structural skeleton has not been signif-
icantly damaged. The peaks located at 711.37.6 and 725.63 eV (Figure 9d) ascribed to the
Fe2p1/2 and Fe2p3/2 of –Fe(III)-O- of Fe2O3, and there were also two characteristic peaks at
714.14 eV and 728.11 eV on the worn surface of steel ball ascribed to the Fe2p1/2 and Fe2p3/2
of –Fe(II)-O- of FeO [36], respectively, indicating that a stable and robust tribo-film generated
on the wear surface.

  

  

  

Figure 9. XPS spectra of worn surface with BG-0 lubrication, (a) survey, (b) C 1s fine spectrum,
(c) O 1s fine spectrum, (d) Si 2p fine spectrum, (e) Al 2p fine spectrum, (f) Fe 2p fine spectrum.
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Figure 10 dispalys the XPS survey of wear surface with BG-0 lubrication and the spectra
of C 1s, O 1s, Si 2p, Al 2p, Fe 2p, Mo 3d and S 2p are at around 284.8 eV, 531.84 eV, 102.08 eV,
56.08 eV, 712.08 eV, 233.08 eV and 168.51 eV, respectively, as shown in Figure 10a. Similar to
BG-0, the three characteristic peak at 284.80 eV, 286.00 eV and 288.93 eV belong to the C-C
bond, the C-O bond and the C=O bond, respectively, as illustrated in Figure 10b. As shown
in Figure 10c, the peaks of O1s spectra at 530.33 eV, 531.84 eVand 533.38 eV could be attributed
to the metal oxides, the C-O bond and sulfate. Fe elements participate in the metal oxidation
reaction. In addition, the spectral peak of 533.38eV is FeSO4, which can be reflected by the
increase of the peak of Fe2p3/2 of Fe(II) near 712.47eV in Figure 10f and the appearance of
168.51 eV and 169.66 eV of SO42− spectral peaks in Figure 10h. Figure 10g is Mo 3d spectrum
of worn surface. The peak at 288.97 eV and 232.02 eV ascribe to the Mo4+ in MoS2 [37],
which indicates the occurrence of 2D MoS2 on the worn surface. The peaks located at nearby
232.80 and 235.98 eV correspond to Mo 3d 3/2 and Mo 3d 5/2, respectively, indicating that
the the formation of the possible oxidative product molybdenum trioxide (MoO3) in the
tribo-chemical film [38]. Figure 10h is the S 2p spectra of wear surface. The characteristic
peaks at 161.78 and 162.93 eV belong to S2− in MoS2 and FeS [39]. The characteristic peak
vicinity 168.51 and 169.66 eV belong to S6+, which confirms that there is not only Fe oxide,
but also ferrous sulfate (FeSO4) or ferric sulfate (Fe2(SO4)3) on the worn surface of the steel
ball. In other words, S is oxidized during the friction test. However, the existence of weak
peaks of 165.57 eV and 166.72 eV refering to SO3

2− shows that the oxidation reaction on the
worn surface of the steel ball is incomplete, and also indirectly confirms the existence of the
intermediate FeSO3. In Figure 10e, apart from the peak of aluminosilicate, a distinct peak at
99.22 eV is observed, indicating the presence of monatomic silicon. This can be ascribed to the
layered structure of montmorillonite crystal within bentonite grease, which provides ample
space for Mo elements from 2D MoS2 to insert and form chemical bonds, leading to reduction
of silicon element in the aluminosilicate. Conversely, no additional peaks are observed in
the spectrum of Al 2p (Figure 10e) except for its aluminosilicate peak at 74.30 eV, suggesting
that aluminum element does not participate in tribological reactions on the wear surface of
GCr15 bearing steel ball. According to the above analysis, a stable adsorption film and a
robust tribochemical film composed of Fe2O3, FeSO4, Fe2(SO4)3, FeSO3, FeS, FeO and MoO3
generated on the wear urface during frictional test, which account for the enhancement of
lubricantion performance.

  

Figure 10. Cont.
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Figure 10. XPS spectra of worn surface with BG-1.2 lubrication, (a) survey, (b) C 1s fine spectrum,
(c) O 1s fine spectrum, (d) Si 2p fine spectrum, (e) Al 2p fine spectrum, (f) Fe 2p fine spectrum,
(g) Mo 3d fine spectrum, (h) S 2p fine spectrum.

3.4. Lubrication Mechanism of 2D MoS2

Based on the above, the schematic illustration of sliding process of GCr15 bearing
steel/GCr15 bearing steel friction couples in bentonite grease with 2D MoS2 has been
shown in Figure 11. During the early stages of friction test, 2D MoS2 can readily penetrate
between the sliding friction couples and fill the gaps or adsorb to the worn surface owing
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to the advantages of the nanometer-sized effect. At the moment, the actual contact region
between GCr15 bearing steel balls is much less than the cleavage strength of interatomic
covalent bond (S-Mo-S) in 2D MoS2 sheets is adequately more than actual contact pressure,
exceeding 30 GPa [40], which indicates that 2D MoS2 could bear extremely high Hertz
contact pressure between asperities and alleviate the abrasion phenomenon, promoting the
anti-wear and friction-reducing performance, which confirmed by Raman analysis.As the
sliding proceeds, the lubrication state in the contact area changing to boundary lubrication is
inevitable, leading to the physical adsorption film would rupture. However, the heat, plastic
distortion and defects generated on the wear surface provided a suitable condition for the
formation of subsequent tribo-chemical reactions, resulting in a new and stable tribofilm
with superior mechanical properties could withstand plastic deformation and protect
GCr15 bearing steel ball surface from serious abrasion. The above-mentioned tribo-film
mainly composes of Fe2O3, FeSO4, Fe2(SO4)3,FeSO3, FeS, FeO, and MoO3 confirmed by XPS
analysis. Therefore, 2D MoS2 were more easily adsorbed on the GCr15 bearing steel/GCr15
bearing steel surfaces to generate a stable adsorption film and a robust tribochemical film
composed of Fe2O3, FeSO4, Fe2(SO4)3,FeSO3, FeS, FeO, and MoO3, which is typically more
ductile than the GCr15 bearing steel substrate and protect the GCr15 bearing steel/GCr15
bearing steel substrate from severe wear by avoiding direct metal-to-metal contact.

 

Figure 11. Schematic diagram of the lubricating mechanisms under BG with 2D MoS2.

4. Conclusions

In summary, 2D MoS2 with narrow lateral size and thickness distributions was intro-
duced to enhance the friction-reducing and anti-wear performance of the bentonite grease.
The relevant tribological mechanisms were illustrated.

a The 2D MoS2 as lubricating additives utilized in the bentonite grease have signifi-
cant effects on its penetration, dropping point, oil separation, evaporation, copper
corrosion and friction-reducing and antiwear properties.

b The COF, WSD, surface roughness and wear scar depth of BG + 1.2 wt.% 2D MoS2
were effectively reduced by approximately 22.15%, 23.14%, 55.15%, and 82.64%,
respectilvely, in comparison with that of BG. In addition, the contact region was firmly
in a state of boundary lubrication under the four-ball tribometer according to the
calculation of the Dowson and Hamrock minimum film thickness formula.
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c Raman, EDS and XPS results collectively showed that a stable adsorption film and
a robust tribochemical composed of Fe2O3, FeSO4, Fe2(SO4)3,FeSO3, FeS, FeO, and
MoO3, which is typically more ductile than the GCr15 bearing steel substrate and
protect the GCr15 bearing steel/GCr15 bearing steel substrate from severe wear by
avoiding direct metal-to-metal contact.
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Abstract: A FeCrMoNiCuBSiC metallic glass coating was designed and then deposited by
the high-velocity oxygen fuel (HVOF) spraying technique. X-ray diffraction, a scanning
electron microscope, and a microhardness tester were applied to characterize the phase,
microstructure, and mechanical properties of the coating. The amorphous phase was
the main phase in the coating, and crystal phases were almost undetectable in the XRD
results. The coating had a dense structure (the porosity was 1.47 ± 0.32%) and high Vickers
microhardness (848 ± 22 HV0.3). The wear behavior of the coatings sliding against WC-Co
was studied with a pin-on-disc wear test system and was compared with that of 316L
stainless steel. The coating improved the wear resistance of the steel by around 7–9 times
at different sliding speeds. As the sliding speed was increased, the wear loss rate of the
steel obviously increased, yet the loss rate of the coating decreased first and then increased.
This happened because the contact flash temperature induced by friction increases with the
sliding speed, which results in oxidative behavior and crystallization events in the coating.
The dominating wear mechanism of the coating is fatigue wear combined with oxidative
wear.

Keywords: metallic glass coating; HVOF spray; sliding speed; crystallization; wear mechanism

1. Introduction

Recently, much effort has been focused on fabricating metallic glasses because of their
notable properties, such as soft magnetism [1], superconductivity [2], low thermal con-
ductivity [3], ultrahigh hardness and strength [4,5], satisfactory corrosion [6–8], and wear
resistance [9,10]. Metallic glasses are new metallic materials that combine the characteristics
of glass, metal, and liquid and exhibit prospects for many engineering applications. Unfor-
tunately, however, they require a high cooling rate, so the metallic glasses size is seriously
restricted, which limits their application [11,12]. In an effort to overcome this problem,
spray coating has been used to deposit metallic glasses with unrestricted size in two dimen-
sions. These metallic glass coatings are an efficient way to improve surface performance.

Owing to their distinct properties along with low cost, Fe-based metallic glass coatings
have attracted substantial interest. Thermal deposition techniques like arc spraying [13,14],
air plasma spraying [15,16], detonation spraying [17,18], cold spraying [19,20], and high-
velocity oxygen fuel spraying [21–23] have attracted attention for preparing Fe-based
metallic glass coatings. For example, Zhang et al. [24] developed a group of Fe-Si-B-
Nb-Mo-Cr metallic glass coatings by arc spraying and their results revealed that the
thermal stability of these coatings increased with the increase in Mo and Cr. Fe-based
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amorphous/nanocrystalline coatings were prepared by Kumar et al. [25] using a plasma
spraying technique, and they found that the plasma power played a significant role in
determining the morphology, phase, and wear resistance of the coating. Cui et al. [26]
deposited Fe-based metallic glass coatings using a detonation spraying technique, it was
reported that the corrosion behavior and mechanism of the coating were changed by the
oxygen–fuel ratio. Ziemian et al. [27] fabricated Fe-based amorphous coatings with better
corrosion and wear properties through the optimization of the cold spray parameters.
Sadeghi et al. [28] prepared Fe-based metallic glass coatings by HVAF and HVOF spraying
techniques, and the effect of spray techniques was discussed.

In a variety of thermal deposition techniques, HVOF spraying is prominent for its
high flame velocity (~1500 m/s) and low flame temperature (~3000 ◦C) [29,30]. Due
to these characteristics, the powder is easily accelerated and deposited on a substrate
with high kinetic energy and cooling rate in the procedure of HVOF spraying. This
leads to a dense structure and slight oxidation of the coatings. Therefore, the HVOF
spraying technique should be capable of preparing coatings with good properties and
non-crystalline structures.

Wear happens in many different engineering components. Preparing protective coat-
ings on the surface of engineering parts is a productive way to enhance their wear resistance.
In this study, an FeCrMoNiCuBSiC amorphous coating was designed and deposited on
a 316L stainless-steel substrate using the HVOF spraying technique. The microstructure,
phase, and microhardness of the coating were evaluated exhaustively. The effect of sliding
speeds (0.06, 0.09, and 0.12 m/s) on the wear behavior and mechanism of the coatings was
also studied and compared with that of the 316L stainless-steel substrate.

2. Materials and Methods

2.1. Specimen Preparation

A rectangular 316L stainless-steel plate (400 × 200 × 10 mm3, provided by Baosteel
Co., Ltd., Shanghai, China) was used as a substrate. The substrate was sand blasted with
white alumina grit before spraying to guarantee good adhesion. Gas-atomized Fe-based
powder (20.0 Cr, 15.0 Mo, 5.0 Ni, 2.5 Cu, 4.5 B, 1.875 Si, and 0.625 C, in wt.%) was prepared
as a feedstock. For the spraying experiments, a JP-8000 HVOF spraying system (Praxair,
Danbury, CT, USA) was used. The carrier gas was nitrogen, and the spraying distance was
380 mm. The samples for tests were sprayed with 0.43 L/min of kerosene flow, 10.86 L/min
of carrier gas flow, 869.75 L/min of oxygen flow, 280 mm/s of gun transverse velocity, and
8 g/min of powder feeding rate.

2.2. Specimen Characterization

The specimens for characterization were cut into cubes with sides of 10 mm using
a wire-cut electrical discharge machine. Afterward, the cross-section and surface of the
sprayed coatings were ground with abrasive papers, polished with alumina sand to give a
uniform finish, and then washed with acetone and alcohol before characterization. Phase
identification of the coating was executed with the aid of an X-ray diffractometer (XRD;
Bruker D8 Advance) by Cu Kα irradiation (λ = 1.5406 Å). The step size and scanning speed
were fixed at 0.02◦ and 2◦/min, respectively.

A scanning electron microscope (SEM; Hitachi-3400N, Hitachi, Tokyo, Japan) and
an energy-dispersive X-ray spectroscope (EDX, Hitachi, Tokyo, Japan) were used for
the analysis of microstructures and elements of the coating. According to the grayscale
threshold method, the coating porosity was measured at a magnification of 500× by
DT-2000 image analysis software. A Vickers microhardness tester (HXD-1000 TM/LCD,
Shanghai Optical Instrument Co., Ltd., Shanghai, China) was utilized to gauge the cross-
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sectional microhardness of the coatings. The holding time and load were 15 s and 300 g,
respectively. In order to guarantee the credibility of the results, each hardness value was
averaged from 10 measurements.

2.3. Wear Tests

A sliding wear test under dry friction was implemented using a commercial wear test-
ing machine (MPW 110, Neoplus Inc., Daejeon, Korea) in the air at an ambient temperature.
Figure 1 shows the sketch map of a pin-on-disc model used in this study. The pin, with
a diameter of 5 mm, was made of tungsten carbide-cobalt (94 WC, 6 Co, in wt.%), which
exhibits extremely high hardness (1534 ± 19 HV). The disc was cut from the steel plate,
with dimensions of ϕ30 × 10 mm3 (Figure 1b). To facilitate the observation of the wear
mechanism, the coating surface of the specimens should be polished to a mirror finish and
cleaned using ultrasound.

Figure 1. (a) Pin-on-disc wear testing machine; (b) illustration of a WC-Co pin rotating on the surface
of the coating.

The wear tests were conducted by rotating the pin against the disc at a radius of
11.5 mm under an applied load of 20 N. The rotation speeds were set to 50, 75, and
100 r/min, corresponding to sliding speeds of 0.06, 0.09, and 0.12 m/s, respectively.
Throughout the wear tests, interruptions were made every hour to measure the mass
loss of the specimens. At the end of the 4 h testing period, the wear scar profiles and corre-
sponding wear volumes were measured by a surface testing machine (Mitutoyo SV-3100,
Mitutoyo, Kanagawa, Japan). Five wear scar profiles were investigated on each surface to
ensure good repeatability. The wear volumes (mm3) of the coatings were estimated by this
equation: V = 2πrS, where r is the track radius of the wear test and S is the cross-sectional
area of the wear scar profile. Each experimental condition was conducted at least twice
to ensure the reliability of the results. Worn morphologies were then depicted by SEM
equipped with EDX to understand their wear mechanism.

3. Results and Discussion

3.1. Characterization of the Coating

The XRD curves of the powder and deposited coating are presented in Figure 2. As
shown in the XRD pattern of the powder, some crystals could be found in the feedstock
powder, including α-Fe(Cr), Cr2B, and (Cr, Fe)7C3. However, only a single broad peak in
the 2θ range of 40–50◦ could be found from the XRD spectrum of the coating, which implies
that the coating is almost entirely amorphous. This phenomenon could be ascribed to the
higher cooling rate of the HVOF spraying process than in the gas-atomizing technique [31].
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In addition, no obvious oxidation phenomenon could be found within the resolution of the
XRD test, which is beneficial for the properties of the coating.

 
Figure 2. XRD curves of the powder and deposited coating.

Cross-sectional micrographs of the coating are shown in Figure 3. Figure 3a declared
that the coating adheres well to the substrate. The coating contains pores and micro-cracks
that are generated in association with the release of gases (such as O2, CO2, or residual
moisture adsorbed on the powder surface) and volume shrinkage during the cooling
process of droplets [32]. The calculated porosity of the coating was 1.47 ± 0.32%.

 

Figure 3. SEM morphologies of cross-section of the Fe-based metallic glass coating: (a) low magnifi-
cation; (b) high magnification.

The EDX results shown in Figure 3a reveal that the bright silver area in the coating
(point B) contains oxygen. That is to say, oxide inclusions exist in the amorphous matrix.
The presence of oxides could be explained by external oxides or the unavoidable particle
oxidation in the atmosphere during thermal spraying [33]. The enlarged image in Figure 3b
shows the existence of flattened inter-splats, which are caused by the welding of parti-
cles [34]. Partially melted and unmelted particles in the coating increase the formation of
defects such as pores and inter-splats.

3.2. Microhardness of the Coating

Hardness is a valued indicator in quantifying many material properties, including
the estimated endurance limit, strength, and wear performance [35]. Hence, the Vickers
microhardness of the Fe-based metallic glass coating was measured in different zones.
Figure 4 presents the microhardness values at various distances from the coating/substrate
interface. Benefitting from the compact structure, the Fe-based coating exhibits a homoge-
nous microhardness of approximately 848 ± 22 HV0.3, which is considerably higher than
that of the substrate. Moreover, it is noted that the closer the steel is to the coating/substrate
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interface, the higher the microhardness is. A theory has been previously postulated for
this phenomenon [36]. In the process of sandblasting and spraying, the impact of sand or
molten powder generates residual compressive stress on the surface of the substrate, thus
generating the effect of work hardening on the substrate.

 

Figure 4. Microhardness–distance profile of the Fe-based metallic glass coating.

3.3. Dry Sliding Wear Behavior

The tribological properties and mechanisms of a material are subject to various factors,
such as temperature, sliding speed, and applied pressure. In this work, wear tests were
conducted at sliding speeds of 0.06, 0.09, and 0.12 m/s to investigate the influence of
sliding speed on the tribological performance of the coating. The variation curves of the
friction coefficient for the coating and steel with sliding times at different sliding speeds
are demonstrated in Figure 5. The average friction coefficients of the coating at sliding
speeds of 0.06, 0.09, and 0.12 m/s are 0.688, 0.710, and 0.701, respectively, while those of
the steel are 0.699, 0.691, and 0.692, respectively. Figure 5a shows that the curves of the
coatings all contain a running-in stage and a steady-state stage. In the running-in stage,
the friction coefficient of the coatings increased rapidly and reached a steady state after
about 150 s at sliding speeds of 0.06 and 0.09 m/s; for a sliding speed of 0.12 m/s, the
steady state was reached after approximately 600 s (as shown in the inset of Figure 5a),
with fluctuations within a small range thereafter. This is because, in the early stage of wear,
significant microscopic unevenness exists between the coating and the WC-Co pin. As
sliding progresses, the protrusions are worn down, leading to an increase in the contact
area and friction coefficient. After the running-in stage, the wear process stabilizes [37].
Interestingly, the running-in stage is hard to identify in the friction coefficient curves of
the steel, as shown in Figure 5b. In other words, its wear behavior reached a steady state
quickly. This happened because its structure is more uniform than that of the coating. In
addition, it is implied that the friction coefficient of the steel remained nearly constant in
the steady-state stage, but the friction coefficient of the coating still fluctuated within a
small range. Except for the inhomogeneity of their phase and microstructure, a drop and
rise in the friction coefficient of the coating are also related to the formation and destruction
of the transfer layers on the contact surface [38].
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Figure 5. COF vs. sliding time of the Fe-based coating (a) and 316L stainless steel (b).

Figure 6 reveals the wear tracks of the Fe-based metallic glass coating and the reference
steel. All the specimens exhibit continuous and homogenous wear tracks, and the wear
tracks of the steel are much wider and deeper than that of the metallic glass coating. This
indicates that the 316L stainless steel exhibits poor wear resistance compared to the coating
under the same conditions, which is related to the higher hardness of the coating. In
addition, in Figure 6a–c, it is obvious that the wear scar width of the coating reduces as the
sliding speed accelerates to 0.09 m/s and increases when the sliding speed keeps increasing
to 0.12 m/s. However, for the steel, the wear scar width keeps increasing with the sliding
speeds (as seen in Figure 6d–f).

 
Figure 6. Macroscopic images of the Fe-based coating (a–c) and 316L stainless steel (d–f) after 4 h
wear test at different sliding speeds: (a,d) 0.06 m/s; (b,e) 0.09 m/s; (c,f) 0.12 m/s.

The wear scar profiles of the coating and steel at different sliding speeds were mea-
sured, as shown in Figure 7. The influence of sliding speeds on the coating is significantly
lighter in comparison to 316L stainless steel, particularly for the width of the wear scar. As
shown in the wear scar profiles, it is clear that for the steel, the depth and width of the wear
scar increase distinctly as the sliding speed increases. When the sliding speed is 0.06 m/s,
the wear volume loss of the steel was calculated to be 10.103 mm3. As the sliding speed
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increased to 0.09 and 0.12 m/s, the wear volume losses of the steel increased to 13.652 mm3

and 17.791 mm3, respectively. However, the effect of sliding speeds on the wear scar profiles
of the coating does not follow this trend. In Figure 7a, the wear volume loss of the coating
decreases from 1.956 mm3 to 1.425 mm3 as the sliding speed accelerates from 0.06 m/s
to 0.09 m/s and then increases to 2.060 mm3 as the sliding speed accelerates to 0.12 m/s.
The enhanced wear resistance of the coating at 0.09 m/s can primarily be attributed to the
oxidation process and the increased hardness resulting from the nano-crystallization of the
amorphous coating.

 

Figure 7. Surface profiles across the wear scars of the Fe-based coating (a), 316L stainless steel (b),
and their comparison (c).

In order to compare the wear volume losses between the coating and steel intuitively,
their respective wear scar profiles are presented together in Figure 7c. It is evident that the
coating exhibits significantly less volume loss than the steel under the same conditions.
After 4 h of wear, the volume loss of the steel is about 7~9 times greater than that of the
coating at the same sliding speed. Furthermore, unlike the coating, a noticeable material
accumulation phenomenon was observed on the worn surface of 316L stainless steel, as
shown in Figure 7b. This phenomenon occurred because the steel experienced relatively
severe wear, generating more wear debris that accumulated at the edges of the wear scar.
The distinct wear scar profiles of the coating and the steel indicate differences in their
wear mechanisms.

The wear mass loss rates of the coating and steel were compared under different
sliding speeds, as presented in Figure 8. Evidently, it can be found the wear mass loss rates
of 316L stainless steel were much greater than that of the coating (Figure 8a). The mass
loss rates of the coating and steel under different sliding speeds after being worn for 4 h
are illustrated in Figure 8b. As the sliding speed increased, the mass loss rate of the steel
obviously increased. However, the mass loss rate of the coating decreased first and then
increased. This result is consistent with the analysis of the wear scars.
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Figure 8. Mass loss rates of the Fe-based coating and 316L stainless steel during the wear test (a) and
after 4 h wear test (b).

3.4. Worn Morphologies

Figure 9 presents the worn morphologies of the coatings under various sliding speeds.
All the coatings exhibited similar worn morphologies. In the wear tracks, it is clear that
delamination is present on the worn surfaces of the coatings (Figure 9a,c,e). In the worn
morphology of each coating, faults resulting from detachment can be observed at different
depths and positions. Among all the coatings, the coating worn at 0.09 m/s exhibited
the weakest delamination. At higher magnification (Figure 9b,d,f), noticeable cracks
can be observed on the worn surface of the coating, which are typical characteristics of
fatigue wear.

Oxidation is another phenomenon that can be observed on the worn surfaces of these
coatings. The EDX results of points A and B in Figure 9c are shown in Table 1. Compared
to the original content of the coating, the alloying element (Fe, Mo, and Cr) content of the
worn surface was reduced, while the oxide content of the worn surface (point B) was much
higher than that of the original surface (point A). This implies the occurrence of oxidative
wear in the coating during the wear process.

Table 1. EDX results of the worn surface of the Fe-based coating (at.%).

Element C O Si Mo Cr Fe Co Ni Cu

Point A 11.64 0.40 5.63 5.82 18.86 46.44 0.42 6.03 4.76
Point B 14.91 24.68 3.78 3.73 12.62 32.74 0.32 3.62 3.59

The worn morphologies of 316L steel were radically different from those of the coatings.
The worn morphologies of the steel were consistent across different sliding speeds, so
the worn surface morphology at a sliding speed of 0.09 m/s was selected as a typical
example. As exhibited in Figure 10, the wear scar width of the steel at 0.09 m/s was 2166
μm, approximately twice that of the coating (1116 μm) at the same sliding speed. The
worn morphology of the steel is more severe compared to that of the coating. As shown
in Figure 10a, as a result of the comparatively low hardness and serious wear of the steel,
a large amount of wear debris was generated and accumulated at the edge of the wear
scar [39]. This is consistent with the results from the wear scar profiles. The cracks, smashed
regions, and plate-like structures in Figure 10b are regular characteristics of adhesive wear.
This mechanism is very common for Fe-based materials/stainless steel pairs [40].
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Figure 9. SEM micrographs of the wear scars of the Fe-based coatings at sliding speeds of 0.06 m/s
(a,b), 0.09 m/s (c,d), and 0.12 m/s (e,f), (a,c,e): low magnification; (b,d,f): high magnification).

 

Figure 10. SEM micrographs of 316L stainless steel at sliding speed of 0.09 m/s: (a) low magnification;
(b) high magnification.

Starting off, the WC-Co pin and the steel are in direct contact in the form of two-
body wear. As the wear process progresses, the generated wear debris is preferentially
transferred from the steel to the surface of WC-Co because of the lower hardness of steel
and the strong adhesion of Co with Ni and Cr in 316L stainless steel [41]. Hence, with the
addition of wear debris, the wear mechanism was changed to three-body wear. In this
process, the wear particles wedge in the steel surface and form abrasive grooves parallel to
the sliding direction of the WC-Co pin (Figure 10a). In summary, the wear mechanism of
316L stainless steel is a combination of abrasion, adhesion, and serious plastic deformation.
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3.5. Wear Mechanism of the Coating

The wear mechanisms of the coating and steel are quite different. The corresponding
wear mechanism of the coating is illustrated in Figure 11. As previously mentioned, due to
the high flame velocity of the HVOF spraying technique, the powder can be accelerated to
high speed, so the coatings usually have a dense structure and do not easily crack or peel.
In addition, the deposited Fe-based metallic glass coating in this study has a high hardness,
which also leads to its strong resistance to local deformation and inhibits the cracking and
detachment of the coating. However, as thermally sprayed coatings, pores, and cracks can
undoubtedly be found in the Fe-based coating. Therefore, these defects will propagate in
preference under the effect of pressure and shear force, thus leading to larger cracks. As the
wear process progresses, the cracks further expand. Eventually, these cracks spread over
the entire coating surface and resulted in delamination and flaked lamellae. The pits on the
wear scars also imply the existence of delamination wear on the coating surface. This type
of wear mechanism is considered fatigue wear.

 

Figure 11. Illustrations of the wear mechanism of the coating.

Oxidative wear is another wear mechanism of the Fe-based metallic glass coating.
Under the effect of frictional heat, the coating is prone to oxidation, forming oxide layers
(Figure 9f). The previous experimental results (Figures 7 and 8) show that the sliding speed
has an obvious influence on the wear loss rate of the coating. This is because, in the process
of frictional sliding, the high temperature caused by friction will result in the oxidation and
crystallization of the coating. Liu’s model can be used to estimate the flash temperature Tf

(◦C) between the friction pair and the coating [42]:

Tf =
μv

√
πFN Py

4(k1 + k2)

where μ is the friction coefficient, v is the sliding speed, FN is the normal load, Py is the
nanoindentation hardness of the coating, and k1 and k2 are the thermal conductivities
of the coating and friction pair, respectively. It can be seen that the flash temperature is
proportional to the sliding speed. For Fe-based amorphous coatings, due to their laminar
microstructure and porosity, the thermal conductivity is generally poor, leading to higher
flash temperatures during the wear process. The flash temperature can typically reach
several hundred or even over a thousand degrees Celsius [43,44], which exceeds the crys-
tallization temperature of Fe-based amorphous coatings, thereby causing surface oxidation
and crystallization of the coating.

To be more specific, upon increasing the sliding speed from 0.06 m/s to 0.09 m/s, the
contact flash temperature rises, resulting in the formation of thicker and more oxide layers
on the wear scar surface. As shown in Figure 9a,c,e, there are many disconnected oxide
layers distributed on the worn surface of the coating. When the oxide layers increase to a
certain thickness, it will be easy to be broken under the action of shear force. The oxide
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layers will successively undergo the course of formation, break, and peeling in the process
of frictional sliding. Compared to the sliding speed of 0.06 m/s, there is more oxidized
debris on the coating surface at the sliding speed of 0.09 m/s, which reduces metal-to-metal
contact. Although the hardness of the oxidized debris is higher, its presence generally
reduces the wear rate. On the other hand, when the sliding speed reaches 0.09 m/s, the
higher flash temperature results in more serious crystallization in the coating, leading to
the formation of more nano-scale crystalline phases. It is generally accepted that a proper
amount and size of crystals in an amorphous matrix can improve the hardness [45]. Thus,
the coating worn at 0.09 m/s shows a slight decrease in the wear rate compared to that at
0.06 m/s.

Compared with the sliding speed of 0.09 m/s, the wear loss rate of the coating
increased when increasing the sliding speed to 0.12 m/s. This happened because the
shear force improves even though severe oxidation and crystallization are generated at
0.12 m/s. The higher shear force leads to more severe delamination of the coating. In
addition, it is generally accepted that excessive crystallization behavior may decrease the
hardness of amorphous/crystalline composites. This is because when the grains of the
second phase in composite materials are larger, the composite materials usually exhibit
lower hardness, resulting in poorer wear resistance. In summary, the wear behavior of the
Fe-based metallic glass coating is affected by the joint action of crack propagation, oxidation,
and crystallization. The wear mechanism of the coating is fatigue wear combined with
oxidative wear.

4. Conclusions

In this study, a detailed investigation was conducted on the phases, microstructures,
and tribological properties of FeCrMoNiCuBSiC coating prepared by an HVOF spraying
technique. The effect of the sliding speeds on the tribological performance of the coating
was investigated and compared with that of 316L stainless steel. The following major
conclusions were drawn from this study:

• The amorphous phase was the major phase of the coating. The thickness of the coating
was around 370 μm. The coating exhibited a low porosity of 1.47 ± 0.32% and a high
hardness of 848 ± 22 HV0.3.

• Under dry sliding wear conditions, the coating exhibited much better resistance
properties than that of the stainless steel. Compared with the steel, the wear volume
loss rate of the coating at the same sliding speed was 7–9 times lower.

• As a consequence of the oxidation and crystallization behavior in the coating during
the wear process, the wear resistance of the coating increased first and then decreased
with the increase in sliding speed. The main wear mechanism of the coating was
fatigue wear combined with oxidative wear.
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Abstract: The aim of this investigation was to examine how CeO2 powder influences the
performance of WC + Ni60 composite powder. Various cladding layers of WC + Ni60,
incorporating differing mass fractions of CeO2, were created on the surface of Q235 steel
utilizing laser cladding technology. To analyze the microscopic structure of the resulting
cladding layer, scanning electron microscopy was employed. Additionally, the abrasion and
corrosion resistance properties were assessed through experimentation with a pin-and-disc
friction and wear tester and an electrochemical workstation, respectively. The results of the
study showed that when the mass fraction of CeO2 was 1%, the grain on the surface of the
coating was refined, the carbide formation was reduced, and the uniformity of the cladding
layer was the best. In terms of corrosion resistance, the coating with 1% CeO2 had a self-
corrosion potential of 0.07 V and a self-corrosion current density of 1.82 × 10−5 A·cm−2,
showing the best corrosion resistance, and the coating self-corrosion potential was higher
than that of the coating and substrate without CeO2. In terms of abrasion resistance,
coatings with 1% CeO2 had a lower coefficient of friction (0.47) and a smaller wear rate
0.034 mm3, and the wear amount was only 23.5% of that of coatings without CeO2, resulting
in the best wear resistance. In conclusion, coatings containing 1% CeO2 exhibit the minimal
coefficient of friction and the lowest wear rates, while simultaneously providing optimal
corrosion resistance.

Keywords: laser cladding; CeO2; wear; corrosion resistance

1. Introduction

Bare starling harvesters have been working in seawater and shoal environments for a
long time; the working conditions are harsh, and the sand casting device, made of Q235,
is prone to wear and is subject to corrosion from seawater, which leads to the failure of
the parts and the need for the frequent replacement of parts. This not only reduces the
working efficiency, but also increases the cost of use. Therefore, improving the abrasion
and corrosion resistance of Q235 steel landing gear and extending its service life has
become essential.

Laser cladding technology represents a sophisticated approach to surface modification,
employing a high-energy-density laser beam to simultaneously melt both the substrate
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and the coating material [1]. This process facilitates rapid solidification, resulting in a
surface coating characterized by minimal dilution and a strong metallurgical bond with
the underlying material. Such attributes significantly enhance the surface properties of the
substrate. By integrating innovative materials and optimizing laser parameters, researchers
have continued to expand the applicability of laser cladding across various industries,
thereby advancing the field of surface engineering and contributing to the development of
more resilient components. Wu, T. et al. [2] used laser cladding technology to prepare two
types of coatings on 60Si2Mn spring steel. They examined a cladding configuration that
consists of a singular Fe/WC layer, alongside another variant featuring a Ni60 transition
layer incorporated with the Fe/WC cladding. The study found that the Ni60 transition
layer reduced porosity and cracks, promoting columnar crystal growth. Both coatings
consisted of dendritic and eutectic structures, with snowflake-like equiaxed crystals at the
top and middle of the Fe/WC coating, and columnar crystals at the bottom. The diffusion
of Ni elements decreased microhardness and increased the friction coefficient.

Husen Yang et al. [3] created a composite coating consisting of 60% Ni60 and 60%
tungsten carbide (WC) on a base of 316 L stainless steel. They used a technique called laser-
directed energy deposition to apply the coating. The aim of their work was to understand
how different levels of laser power would change the way the coating’s microscopic
structure formed and its overall mechanical qualities. They also looked at how the coating’s
chemical composition, its internal structure, its hardness, and its ability to resist wear and
friction were all connected. The research revealed that the amount of energy delivered by
the laser, as measured by its power, played a key role in how much energy was absorbed
by the material. This energy level determined how much of the Ni60 phase around the
WC particles would melt and how well the reinforcing particles would bond with the
substrate or the existing coating. As the laser power was increased from 800 W to 1400 W,
the coating became more compact, and its surface hardness increased at first before it
started to decrease. At the same time, the friction that the coating experienced decreased,
with the least wear occurring at a laser power setting of 1200 W. These results emphasize
that the laser power is a crucial factor in adjusting the microstructure and enhancing the
properties of the coatings produced through laser deposition.

In a study by Xu et al. [4], two nickel-based composite coatings were synthesized
on TC4 titanium alloy substrates via laser cladding techniques. These coatings were
formulated as Ni60-Ti-Cu-xB4C and Ni60-Ti-Cu-B4C-xCeO2. Notably, the inclusion of 8
wt.% B4C in the coating composition resulted in a maximum hardness of 1078 HV, which is
3.37 times greater than the hardness of the TC4 base material. Furthermore, the friction
coefficient was reduced by 24.7%, and the wear rate was a mere 2.7% of that observed
for the TC4 substrate. Similarly, when the CeO2 content was increased to 3 wt.%, the
coating hardness increased to an average of 1105 HV, which is 3.45 times higher than the
TC4 substrate’s hardness. This enhancement in hardness was accompanied by a further
decrease in the friction coefficient of 33.7% and a wear rate that was just 1.8% of the TC4
material’s rate. These findings highlight the potential of laser cladding to produce coatings
with superior mechanical properties for titanium alloys.

In a collaborative effort led by Xue, K. et al. [5], a Ni25 alloy was utilized to create a
transition layer on the compromised surface of H13 tool steel through the application of
laser cladding. Following this, an Fe104 alloy was applied to form a reinforcing layer. The
researchers conducted a comprehensive analysis to examine how the Ni25 transition layer
influenced the phase composition, the internal structure, the hardness at a microscopic
level, and the wear characteristics of the Fe104 layer. The results showed that the Ni25
transition layer could improve the comprehensive performance of the Fe104 layer, but
could also lead to a decline in some mechanical properties.
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In research conducted by Yang et al. [6], the investigators incorporated differing
concentrations of ceria dioxide (CeO2) into the composition of an AlCoCrFeNi2.1 alloy
powder. Subsequently, they applied this alloyed powder to fabricate coatings on the H13
steel substrate via the laser cladding method. The investigation revealed that the inclusion
of 3% CeO2 within the alloy yielded multiple advantageous outcomes. Initially, this
addition was found to significantly decrease the prevalence of cracks, pores, and inclusions,
which are detrimental imperfections capable of compromising the structural integrity of
coatings. Furthermore, the presence of CeO2 stimulated the growth of a finer grain structure
within the coatings, a characteristic that contributes to the material’s increased strength and
robustness. Moreover, the integration of CeO2 resulted in a more consistent microstructure
and a higher hardness for the surface coatings. These enhancements not only augmented
the coating’s resistance to wear but also substantially improved its resistance to corrosion,
thereby rendering the composite coating more resilient and appropriate for environments
demanding robustness against both wear and corrosive agents.

Based on existing research findings, various aspects have been explored regarding the
combination of Fe/WC overlay layers and Ni60 transition layers, Ni60/60% WC composite
coatings, and nickel-based composite coatings containing B4C and CeO2. Among these, WC
has the effect of improving hardness [7], while Ni60 can impact the bonding performance
between the coating and substrate [8–10]. CeO2 has also been shown to have a significant
influence on the coating hardness and friction coefficient in previous studies. However,
there is relatively limited research on the simultaneous combination of CeO2, WC, and Ni60
in overlay layers. Conducting research on CeO2 + WC + Ni60 overlay layers, by combining
these three components, holds the promise of enhancing the coating’s mechanical attributes,
including its hardness and resistance to frictional wear, thus augmenting its performance
in engineering contexts.

2. Experimental Materials, Methods, and Equipment

2.1. Materials

This experiment chooses Q235 steel as the base material, which has a general hardness
between HB 100 and 150; at a relatively low hardness, it is easy to carry out a variety
of mechanical processing techniques. The wear resistance is general; in some cases that
require high wear resistance, it may be necessary to take measures such as surface treatment
to improve its wear resistance. Due to its good mechanical properties and economy, it
is widely used in construction and manufacturing industries. To improve the wear and
corrosion resistance of Q235 steel, a surface coating consisting of Ni60, WC, and CeO2 is
employed, as detailed in Table 1. The Ni60 alloy, known for its superior properties, serves
as the primary coating material, thereby significantly enhancing the material’s overall
performance and extending its service life.

Table 1. The proportions of Ni60, WC and CeO2 (mass fraction, %).

Ni60 WC CeO2

75 25 0
74 25 1
73 25 2

According to the SEM results, the quality fraction of the elements in Ni60 is shown in
Table 2, and their microscopic morphology is mostly spherical, as shown in Figure 1a. This
morphology helps the coating to form a uniform coating layer on the substrate surface, thus
enhancing the adhesion and wear resistance of the coating. The size distribution of powder
also has important effects on the formation of the coating and its properties. The Ni60
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(Tsuengyue Metal Materials Co., Santai, Sichuan, China) powder is shown in Figure 1b; the
maximum particle size is 133.43 μm, the minimum particle size is 45.89 μm, the average
particle size is 85.14 μm, and the powder size meets the normal distribution. This property
indicates that the particle size distribution of the chosen powder is appropriate for the
coating procedure. Such a distribution enhances both the mobility and filling capabilities,
ultimately facilitating the more cohesive and uniform application of the coating.

Table 2. Ni60 powder and Q235 chemical composition (mass fraction, %).

Element C Cr B Mn Si Fe P S Ni

Ni60 0.8–1.2 14–16 3–3.5 - 3.5–4.0 14–15 0.02 0.02 Bal
Q235 0.22 - - 0.3–0.7 0.35 Bal 0.045 0.05 -

 

Figure 1. Morphology and particle size distribution of mixed powder. (a) Ni60 material morphology,
(b) Ni60 material size, (c) WC material morphology, (d) WC material size.

The coating contains WC (Tsuengyue Metal Materials Co., Santai, Sichuan, China),
as shown in Figure 1c, which is a hard material that significantly improves the hardness
and wear resistance of the coating. The particle size coincidence analysis of WC is shown
in Figure 1d; the standard deviation is 15.65, the maximum particle size is 156.96 μm, the
minimum particle size is 24.16 μm, the average particle size is 77.86 μm, and the powder
size conforms to the normal distribution. This particle size characteristic makes it possible
to strengthen the coating, and the strength and toughness of the coating can be effectively
enhanced through reasonable particle size selection.

2.2. Equipment and Methods

Laser cladding: In this experimental process, the laser cladding test was carried
out by using the XL-F2000T laser (Guangzhou Xingrhenium Laser Technology Co., Ltd.,
Guangzhou, China) as the experimental facility, with the power parameter set at 1200 W,
the scanning rate set at 800 mm/min, and the defocusing amount constant set at 3 mm.
CeO2, WC, and Ni60 powders were selected for the experiments and mixed according
to specific ratios, and then pre-packed onto the Q235 steel plate substrate, with the thick-
ness of the powder precisely controlled to 1 mm; then, the multi-pass cladding process
was implemented.
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Scanning electron microscopy: Following the polishing and treatment of the experi-
mental specimens, their surface morphology was analyzed and recorded using a Czech
MIRA3 scanning electron microscope (SEM) (Brno, Czech Republic). This investigation
focused on understanding the interactions between the matrix and the reinforcing phases
while also characterizing the microstructural attributes of the coating. Additionally, the
elemental distribution within the coating was assessed using an energy-dispersive spec-
trometer (EDS), allowing for both qualitative and quantitative evaluations.

The phase composition of the coatings was assessed through the use of a Shimadzu
XRD-6100 X-ray diffractometer (Shimadzu, Tokyo, Japan). This analysis involved a diffrac-
tion scanning range that spanned from 10 to 90 degrees, with a meticulous scanning step
of 0.04 degrees and a scanning speed of 6◦ per minute. By employing this method, we
ensured a comprehensive examination of the coatings’ structural characteristics, thereby
facilitating a clearer understanding of their properties and potential applications.

Friction and wear: To investigate the abrasion resistance of the coatings, the cross-
sectional abrasion resistance of the coated samples was assessed utilizing the SFT-2M
friction and wear testing apparatus manufactured by CKH Technology Development Co.
(Zhongkehua Science and Technology Development Co., Ltd., Lanzhou, China). The
dimensions of the friction and wear test specimen were 15 mm by 15 mm, with GCr15 steel
serving as the material for the friction vice. The parameters for the wear test included a
loading force of 60 N, a duration of 30 min, an operational speed of 200 revolutions per
minute, a rotational radius of 2.5 mm, and a scanning length of 3 mm.

The characterization of electrochemical workstations: In this study, the CS Studio
electrochemical workstation was employed to evaluate the corrosion resistance properties
of the tested samples. Given that seawater predominantly consists of a high concentration
of sodium chloride (NaCl), along with trace amounts of other salts, the corrosive medium
was configured as an aqueous solution of NaCl with a mass fraction of 0.035 to mimic
the corrosive seawater environment. This was done to prevent the inclusion of additional
contaminants that could introduce variability into the assessment of corrosion factors. The
experimental setup included a pre-test electrode system, which utilized a three-electrode
electrochemical cell. The coated sample served as the working electrode, while the platinum
sheet and the saturated calomel electrode (SCE) were designated as the auxiliary and
reference electrodes, respectively. The scanning rate was adjusted to 0.5 mV per second,
and the sampling frequency was set at 1 hertz. Polarization curves were derived from
the analysis of the experimental data, and the corrosion potentials and currents for each
sample were determined from these curves, thereby enabling an evaluation of the materials’
corrosion resistance.

3. Results and Analysis

3.1. Coating Morphology

Figure 2 clearly indicates that there are no significant pores or cracks present. This
feature is crucial for the performance of the coating, as the presence of pores and cracks often
greatly weakens the mechanical properties, corrosion resistance, and other key performance
indicators of coatings.

In the fusion-coated coating without CeO2 addition, a high number of WC particles
can be clearly recognized. As shown in Figure 2a, there are 15 white particles. These WC
particles are responsible for enhancing the hardness and wear resistance of the coating
system [11,12], and contribute to the strengthening of the overall performance of the
coating. After the introduction of CeO2, the microstructure of the coatings underwent a
significant evolution. Specifically, the CeO2-added coating exhibits a clearly recognizable
white bright band in the area of the fusion mark. At the same time, the number of WC
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particles decreases compared to the coating without CeO2. The number of white particles
decreases to 11 in Figure 2b, and further decreases to 9 in Figure 2c. This phenomenon is
most likely attributed to the substantial interference and remodeling of the solidification
process and the microstructure formation mechanism of the coatings with CeO2. During the
solidification process, CeO2 may affect the temperature distribution, elemental diffusion
behavior and crystal growth kinetics of the molten pool, which may alter the dissolution of
WC particles and ultimately lead to a reduction in the number of WC particles [13], which
is a special microstructural feature; this microstructural transformation may be further
associated with a change in the macroscopic properties of the coating [14], which is worthy
of in-depth investigation and analysis.

 

Figure 2. Interface morphology with different amounts of CeO2. (a) Topography of the cross-section
without CeO2 and (b) 1% CeO2. (c) Cross-sectional morphology of 2% CeO2. (d) Enlarged view at
the weld line without CeO2 addition. (e) Enlarged view at the 1% CeO2 weld line. (f) Enlarged view
at the 2% CeO2 weld line.

When CeO2 is added, the width of the white bright band at the fusion mark increases,
in which case the diffusion and fusion between the cladding material and the substrate
are more significant, which positively affects the bond strength. During this process, Ce
elements may react with Fe, Cr, Ni and other elements in Ni60 alloys and form intermetallic
compounds. The formation and distribution of these intermetallic compounds at the fusion
marks can effectively strengthen the bonding strength between the cladding layer and the
substrate [11]. At the same time, the introduction of CeO2 may lead to the formation of
more rare-earth compound phases. These rare-earth compound phases are enriched or
diffusely distributed at the fusion marks, and their presence has a significant impact on the
diffusion and fusion mechanism between the cladding material and the substrate [12], thus
changing the bonding characteristics and overall performance of the cladding layer and
the substrate at the microstructural level.

Figure 2b,e correspond to a coating with 1% CeO2. In both images, the bright white
band at the weld mark is the widest and most distinct. This indicates that the microstructure
of the coating has undergone a special microstructural change during the welding process
with the addition of CeO2. This variation may be related to the effects of CeO2 on the
solidification kinetics, crystallization behavior, and elemental diffusion of the coating.
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Figure 2c,f show the topography of the 2% CeO2 coating and an enlarged view near the
weld scar. As is evident, the weld line appears as white and wavy. This unique morphology
may be due to a combination of specific thermal stresses, hydrodynamic effects, and
chemical reactions during the welding process at this CeO2 addition. Further study of the
formation mechanism of this wavy weld line is of great significance for understanding the
effect of CeO2 on coating properties and for optimizing the preparation process of coatings.

3.2. Phase Analysis

Through the analysis of XRD patterns (Figure 3), it was found that the effect of CeO2

additives in the laser cladding Ni60 + WC powder system was determined by precise
X-ray diffraction (XRD) analysis, which performed a detailed phase characterization of
the coatings without and with different proportions of CeO2. The experiment showed
that the presence of r-(Fe, Ni) solid solution, carbide M23C6, and FeNi3 phases was mainly
detected in the reference coating without CeO2 [13]. However, when CeO2 was introduced
into the cladding system as an additive, it not only maintained the basal phase mentioned
above, but also significantly induced the formation of a new phase, CeNi, which directly
confirmed the chemical activity of CeO2 during the cladding process and its effect on the
phase composition [14].

 

Figure 3. XRD diffraction spectrum analysis. (a) Diffraction patterns of fused cladding layers with
different contents of CeO2. (b) The main diffraction peak magnification shows a different amount
of CeO2.

By further analyzing the XRD pattern, it can be observed that in Figure 3b, with
the addition of CeO2, there is a subtle but identifiable shift in the position of specific
diffraction peaks. This is typically attributed to changes in lattice parameters, possibly due
to the formation of new phases or the influence of CeO2 on the existing phase structure.
The intensity of the 1% CeO2 diffraction peak decreased, indicating that the grain in the
coating was refined [15]. The intensity of the diffraction peak at 2% CeO2 is significantly
enhanced compared to the coating without CeO2, with a significant increase in the carbide
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concentration. CeO2, as a rare-earth oxide with excellent catalytic performance, may
promote the chemical reaction between WC powder and the Ni60 matrix through multiple
paths, including, but not limited to, reducing the activation energy of the chemical reaction,
so as to overcome the energy barrier, so that the reaction that does not occur easily at
high temperatures can be carried out smoothly, thereby promoting the formation and
accumulation of carbide phases. The addition of CeO2 also significantly improves the
fluidity and nucleation dynamics of the melt pool [16]. Its unique physical properties,
such as reducing the surface tension and critical nucleation resistance of liquid metal,
effectively promote the uniform mixing and full reaction of various chemical components
in the molten pool, and create more favorable conditions for the formation of carbides. At
the same time, CeO2 may also act as a nucleating agent [17], promoting grain refinement
and increasing the number of grain boundaries and phase boundaries; these interfaces
serve as preferred sites for carbide nucleation and growth, further improving the efficiency
and quantity of carbide formation.

As the CeO2 content increased to 2%, the chemical reaction path and equilibrium state
in the molten pool changed, resulting in more WC powder participating in the carbide
formation reaction. In addition, CeO2 may undergo complex chemical reactions with other
molten pool elements to form new compounds or interphases, which further promote the
stabilization and growth of the carbide phase, which is manifested as a significant increase
in the intensity of the corresponding diffraction peaks [18].

3.3. Coated SEM and Energy Spectrum Analysis

In the laser cladding Ni60 + WC composite powder system, the effect of CeO2 on the
microstructure and chemical composition of the cladding layer was systematically studied
by introducing CeO2 as an additive and increasing its content from 1% to 2%; the following
detailed observation and analysis results were obtained.

Figure 4a demonstrates the results of the energy spectral analysis of Spectrum A in
the microscopic region (Table 3), at the middle position of the fused cladding layer without
added CeO2, where the mass percentage of W element is as high as 26.43%, and the atomic
ratio of carbon (C) is 10.88%. These data combinations show the aggregation of WC phases,
possibly due to the lack of an efficient refinement or dispersion mechanism. The analysis
of Ni in Spectrum B revealed a mass percentage of 58.59%, indicating that Ni is the main
component in this region.

 
Figure 4. Coating EDS scan points with different CeO2 contents. (a) EDS scanning points without
added CeO2. (b) EDS scanning points with 1% CeO2 content. (c) EDS scanning points with 2%
CeO2 content.
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Table 3. Distribution of the main elements of EDS scan points.

Element B C Si Ce Cr Fe Ni W

Spectrum A Weight % 0.54 2.12 0.41 - 10.78 18.07 41.11 26.43
Atomic % 3.09 10.88 0.89 - 12.8 19.98 43.24 8.88

Spectrum B Weight % 1.74 1.11 0.77 0.74 5.29 24.93 58.59 6.83
Atomic % 8.61 4.94 1.46 0.28 5.45 23.88 53.39 1.99

Spectrum C Weight % 1.33 3.27 0.64 0.55 14.22 15.79 34.12 30.09
Atomic % 7.16 15.78 1.32 0.23 15.87 16.41 33.73 9.5

Spectrum D Weight % 3.05 1.82 0.25 0.47 11.63 21.4 47 14.37
Atomic % 14.62 7.84 0.46 0.17 11.57 19.84 41.44 4.05

Spectrum E Weight % 0.39 2.26 0.4 0.55 14.12 11.41 30.5 40.37
Atomic % 2.45 12.94 0.98 0.27 18.63 14.02 35.64 15.07

Spectrum F Weight % 0.87 1.56 0.44 0.49 11.85 19.78 43.76 21.26
Atomic % 4.8 7.75 0.93 0.21 13.64 21.18 44.58 6.91

Figure 4b and Table 3 shows that the atomic ratios of Cr, Fe, and Ni are 15.87%, 16.41%,
and 33.73%, respectively, while the atomic ratios of carbon (C) increase to 15.78%, respec-
tively. Notably, the atomic ratios of these elements are close to the stoichiometric ratios
(23:6) of the M23C6 (M stands for Ni, Fe, Cr) complex carbides, thus strongly supporting
the conclusion that dendritic tissues are identified as M23C6 complex carbides [19]. The
mass percentage of Ni and the mass percentage of Fe in Spectrum D are 47%, and the
mass percentage of Fe is 21.4%; the supersaturated solid solution with C, W, Cr and other
elements is solidly dissolved [20,21].

In addition, the discovery of boron (B) in Spectrum D with a mass percentage of 3.05%
and an atomic ratio of 14.62% confirms the presence of borides, which may be due to
impurities in the original powder or the formation of by-products during the reaction.

The changes in the microstructure when the CeO2 content is increased to 2% are shown
in Figure 4c. The energy spectrum analysis of Spectrum E showed that the mass ratio of W
increased significantly to 40.37%, while the atomic ratio reached 15.07% and the atomic
ratio of carbon (C) was 12.94%. At this time, the atomic ratio of W to C approached 1:1, and
the aggregation of the WC phase appeared, which may be related to the effect of CeO2 on
the growth kinetics of the WC phase at a high concentration. The analysis of Spectrum
F for Ni showed that its mass percentage was 43.76%, and when adding 2% CeO2, r-(Ni)
supersaturated solid solution became the dominant phase state in this region, which may
be related to the stabilizing effect of CeO2 on the Ni matrix phase and its ability to promote
the formation of solid solutions.

Figure 5a shows a scanning electron microscope (SEM) image of the cladding layer
without CeO2, and after a careful microstructural analysis, small holes in the cladding
layer can be observed. The formation of these holes is most likely due to the failure of
the internally generated CO2 gas to escape in time during the rapid cooling of the melt
pool, leaving these defects in the solidified coating [22]. Further observation shows that
the coating is mainly composed of irregularly shaped blocks and secondary dendrites, and
these structural characteristics indicate that the distribution of the strengthening phase in
the coating is uneven, which may adversely affect the overall performance of the coating.
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Figure 5. Microstructure with different CeO2 contents. (a) 2000-fold microstructure without added
CeO2. (b) 2000-fold microstructure containing 1% CeO2. (c) 2000-fold microstructure containing
2% CeO2.

When 1% CeO2 is added to the feedstock, the microstructure of the cladding layer
changes significantly, as shown in Figure 5b. At this time, the cladding layer is mainly com-
posed of reticulated and needle-like structures, the grain size is significantly reduced, which
can make the microstructure size more uniform, and the refinement effect is significant; the
grain size can be determined by the XRD diagram shown in Figure 3a [23]. The reason for
this change is that trace amounts of active Ce ions play a key role in the melt pool. They
are easily adsorbed onto the surface of the crystal nucleus, forming a barrier layer, which
effectively hinders the further growth of the grain and allows the tissue to be refined [24].
At the same time, the addition of Ce ions also reduces the supercooling phenomenon of the
components in the solidification process, reduces the degree of segregation between the
components, and weakens the directionality of dendrite growth, which makes the structure
of the cladding layer more uniform.

Figure 5c shows the SEM image of the coating when 2% CeO2 is added to the composite
feedstock. At this time, the cladding layer is mainly composed of equiaxed crystals and
rods, and the number of small blocks increases. This phenomenon indicates that with the
increase in the amount of CeO2 added, the ability of rare earth elements to promote the
fluidity of liquid metals gradually emerges. The addition of rare-earth elements can reduce
the melting point and surface tension of liquid metal, thereby improving the fluidity of
liquid metal. This increased fluidity facilitates the chemical reaction, which facilitates the
generation of more compounds [25]. However, it is also important to note that excess REEs
may lead to more lumps in the coating, which may have an impact on the mechanical
properties and corrosion resistance of the coating. Therefore, when preparing the cladding
layer, it is necessary to reasonably control the addition of rare-earth elements to obtain the
best coating performance.

3.4. Friction and Wear Analysis

Figure 6a–c show the data for the coefficient of friction of the coating. Figure 6a shows
that the coefficient of friction of the cladding coating surface fluctuates within the range of
0.50 to 0.53 without the addition of CeO2.

When 1% CeO2 is added, the coefficient of friction stabilizes at around 0.47. With the
addition of 2% CeO2, the coefficient of friction fluctuates between 0.52 and 0.67. Through
a comparative analysis of the coefficient of friction under different addition ratios, it can
be clearly seen that the coefficient of friction of the cladding surface with 1% CeO2 is the
smallest. Figure 6b shows the friction and wear topography. A closer comparison shows
that the mixed-powder coating with 1% CeO2 performs best in terms of wear and wears
the least. Figure 6c shows a wear of 0.146 mm3 on the cladding coating surface without the
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addition of CeO2. When 1% CeO2 is added, the amount of wear is significantly reduced to
0.034 mm3, which is 0.112 mm3 less than the amount of coating wear without CeO2. With
the addition of 2% CeO2, the amount of wear is 0.039 mm3. It can be seen that adding the
right amount of CeO2 can effectively reduce the amount of wear on the cladding coating
surface, and that the best results are achieved at a 1% addition ratio. This phenomenon
may be due to the addition of CeO2, which alters the microstructure and mechanical
properties of the coating [26], thereby improving the wear and friction resistance of the
coating. Further research could explore the mechanism of the influence of CeO2 on coating
performance and the mechanism of coating performance change under different addition
ratios, so as to provide a theoretical basis and technical support for optimizing the coating
design and improving the coating performance.

Figure 6. Friction and wear. (a) Coefficient of friction of each coating surface. (b) Wear profile.
(c) Amount of wear.

Without the addition of CeO2, as shown in Figure 7a, a furrow topography with a
width of 760 μm is presented. This furrow topography is one of the typical features of
abrasive wear. Abrasive wear is usually caused by hard particles or hard protrusions
cutting and scratching the surface of the material during friction. In this case, it is the
detached particles produced by the friction pair itself during the friction process that act as
an abrasive. From a microscopic point of view, these abrasives are constantly cutting the
surface of the material under the action of relative motion, resulting in a pronounced furrow.
At the same time, the electron microscope image with a local magnification of 2000 times,
as shown in Figure 7d, shows the presence of friction debris, which further confirms that it
is mainly abrasive wear. These chips may be formed by the continuous shedding of the
material under the cutting action of the abrasive. The degree of abrasive wear is usually
closely related to factors such as the hardness, shape, and size of the abrasive, as well as
the relative movement speed of the friction pair.

The abrasion topography for when 1% CeO2 is added is shown in Figure 7b. The
width of the abrasion mark is approximately 620 μm, which is reduced compared to that
without the addition of CeO2. Very little debris can be seen at this point, and there are
obvious sticking marks and strains on the worn surface, indicating that it may be mainly
adhesive wear. Adhesive wear is caused by the instantaneous high temperature generated
at the contact point under the action of high pressure and the temperature generated when
the two contact surfaces move relative to each other, which softens or melts the surface
of the material, resulting in the adhesion of the material on the contact surface. In the
subsequent relative motion, the adhesive point is sheared, resulting in adhesive wear. This
is because fine grains can increase the strength and hardness of the material, but they can
also change the surface properties of the material. After grain refinement, the surface of
the material is more uniform and the contact area increases, which makes it easier to form
adhesive points during friction. Reducing the coefficient of surface friction in CeO2 also has
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an effect on the adhesive wear. A decrease in the coefficient of surface friction means that
during relative motion, the frictional force decreases. A lower coefficient of friction may
result in a smoother relative motion between the contact surfaces, increasing the likelihood
of adhesion [27]. When there is less friction between two surfaces, they are more likely to
come into close contact, forming sticking points.

 

Figure 7. Scanning electron microscope (SEM) image after wear. (a) Post-wear morphology of
fused cladding layer with CeO2 mass fraction 0. (b) Post-wear morphology of fused cladding layer
with CeO2 mass fraction 1. (c) Fused cladding layer with CeO2 mass fraction of 2 after abrasion.
(d) Localized magnification of the furrows after abrasion of the fused cladding layer with a CeO2

mass fraction of 0 by a factor of 2000. (e) Localized magnification of the furrows after the abrasion of
the fused cladding layer with a CeO2 mass fraction of 1 by a factor of 2000. (f) Localized magnification
of the furrows after the abrasion of the fused cladding layer with a CeO2 mass fraction of 2 by a factor
of 2000.

The topography after wear for when 2% CeO2 is added is shown in Figure 7c, with a
width of about 721 μm in the wear scar groove. A partial enlargement of Figure 7f shows
streamlined marks, the appearance of debris, and strain on the wear surface, suggesting
possible mixed wear. There are multiple wear mechanisms operating at the same time
during friction. In this case, it may be a combination of abrasive wear, adhesive wear, and
other wear mechanisms [28–30]. The appearance of chips can be a sign of abrasive wear,
while the phenomenon of strain is related to adhesive wear. The case of mixed wear is
complex and requires a combination of factors.

3.5. Corrosion Resistance Analysis

The polarization curves in Figure 8 show that the corrosion resistance of the cladding
layer is better than that of the base material (Q235). Combined with the values in Table 4, it
is clear that the self-corrosion potential of the substrate is −0.78 V, the self-corrosion cur-
rent density is 5.81 × 10−4 A·cm−2, the self-corrosion potential of the mixed-powder
cladding coating without CeO2 is −0.67 V, and the self-corrosion current density is
2.87 × 10−5 A·cm−2; the current density is significantly lower because the high tem-
perature causes the WC and Ni60 powders to melt and mix rapidly. This is followed by
rapid cooling and solidification during the laser cladding process. This rapid thermal
cycling process contributes to the formation of a dense coating structure, reducing defects
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such as porosity and cracks [31,32]. Porosity and cracks are often channels for the intrusion
of corrosive media, and reducing them can effectively prevent the penetration of corrosive
media, thereby improving the corrosion resistance of coatings [33]. The dense structure also
improves the physical barrier of the coating, making it more difficult for corrosive media to
reach the base material, further enhancing the corrosion resistance. Ni60 is a nickel-based
alloy powder containing a high content of nickel, chromium and other elements. Nickel
and chromium are able to form dense oxide films, such as nickel–chromium oxides, which
have good stability and corrosion resistance.

Figure 8. Polarization curves of cladding layers with different mass fractions of CeO2.

Table 4. Corrosion test results of samples in 3.5% NaCl solution.

Sample Base Metal 0 1 2

Ecorr/V −0.78 −0.67 0.07 0.01
Icorr/(A·cm−2) 5.81 × 10−4 2.87 × 10−5 1.82 × 10−5 8.01 × 10−5

The coating with 1% CeO2 + WC + Ni60 mixed-powder laser fusion has a self-corrosion
potential of 0.07 V and a self-corrosion current density of 1.82 × 10−5 A·cm−2, which is
greater than the coating without added CeO2; the current density is less than that of the
coating without added CeO2, which refines the grains, and the grain refinement makes the
size of each grain become smaller, which reduces the microcells. The electrode potential
difference reduces the corrosion current and improves the corrosion resistance of the
material [34]. CeO2 promotes the alloying elements in Ni60 in the molten pool to improve
the strength and hardness of the coating through mechanisms such as solid solution
strengthening and precipitation strengthening, and enhances the corrosion resistance of the
coating. Chromium improves the oxidation and pitting resistance of the coating, and nickel
improves the reduction and stress corrosion resistance of the coating [35]. The generation
of a high percentage of solid solution improves the corrosion resistance.
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The self-corrosion potential of the coating with 1% CeO2 + WC + Ni60 mixed-powder
laser cladding is 0.07 V, the self-corrosion current density is 1.82 × 10−5 A·cm−2, the
self-corrosion potential is greater than that of the coating without CeO2, and the current
density is less than that of the coating without CeO2, which refines the grains; the number
of grain boundaries can be increased by the refined grains. Grain boundaries are often
high in energy and chemical activity, which can hinder the propagation of corrosion [34].
When corrosion occurs at grain boundaries, the path of corrosion becomes more tortuous
due to the increase in the number of grain boundaries, which prolongs the time needed
for the corrosive medium to reach the substrate and improves the corrosion resistance of
the coating. CeO2 promotes the alloying elements in Ni60 in the molten pool to improve
the strength and hardness of the coating through mechanisms such as solution strength-
ening [12] and precipitation strengthening, and enhances the corrosion resistance of the
coating. Chromium can improve the oxidation and pitting resistance of coatings, and
nickel can improve the reducing and stress corrosion resistance of coatings [35]. A large
proportion of solid solution is generated, which improves the corrosion resistance.

The self-corrosion potential of the coating with 2% CeO2 mixed-powder laser fusion is
0.01 V, and the self-corrosion current density is 8.01 × 10−5 A·cm−2 greater than that of
the 1% CeO2 fusion coating layer, whose self-corrosion density is 1.82 × 10−5 A·cm−2. It
can be seen in Figure 5 that the overall number of carbides in the 1% CeO2 fusion layer
is less than that in the 2% CeO2 fusion coating layer, which is due to the greater number
of carbides generated; the large number of carbides generated increases the possibility
of intergranular corrosion [36] and carbide generation, which increases the possibility
of intergranular corrosion [36]. The intergranular region tends to have high chemical
activity due to its different chemical composition and intragranular structure. When
carbides are present in large quantities at grain boundaries, the chemical stability at grain
boundaries decreases and they are more susceptible to attack by corrosive media. Corrosive
media preferentially erode at grain boundaries, leading to the occurrence of intergranular
corrosion, which reduces the overall corrosion resistance of the coating. Elements such as
nickel and chromium in Ni60 often form a dense oxide film, such as nickel–chromium oxide,
which plays a vital role in improving the corrosion resistance of the coating. However, when
chromium is combined with carbon, it can lead to the uneven distribution of chromium,
which in turn adversely affects the corrosion resistance of the coating. On the one hand,
chromium plays a key role in the formation of oxide films. The dense oxide film can
effectively block the intrusion of corrosive media and provide good protection for the
coating [37]. When chromium is evenly distributed, the oxide film is formed more stably
and continuously, and its protective effect can be better exerted.

On the other hand, when chromium is combined with carbon, carbides are formed [38].
The presence of these carbides may disrupt the microstructure of the coating, resulting
in a decrease in the density of the coating [12]. At the same time, due to the formation
of carbides, part of the chromium is consumed, so that the distribution of chromium in
the coating becomes uneven. At the same time, due to the formation of carbides, part of
the chromium is consumed, so that the distribution of chromium in the coating becomes
uneven. In areas with a low chromium content, the formation of an oxide film is inhibited,
which reduces the corrosion resistance of the coating [39].

4. Conclusions

1. The coating with 1% CeO2 has a lower coefficient of friction (0.47) and a lower amount
of wear (0.034), which is 0.112 mm3 less than the coating without CeO2, showing the
best wear resistance. A decrease in the coefficient of friction means that during the
friction process, the friction between the coating surfaces decreases.
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2. The coating with 1% CeO2 has a self-corrosion potential of 0.07 V and a self-corrosion
current density of 1.82 × 10−5 A·cm−2, showing the best corrosion resistance. The
self-corrosion current density is significantly reduced, indicating that the corrosion
resistance of the coating has been enhanced. In summary, coatings with 1% CeO2

exhibit significant advantages in terms of grain refinement, abrasion resistance, and
corrosion resistance. This provides an important reference for the development of
high-performance coating materials.
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Abstract: This study focuses on addressing the pressing challenge of reusing plastic in
an eco-friendly manner. This research aimed to produce synthetic grease through an
environmentally friendly pyrolysis technique, utilizing 69% predegraded low-density
polyethylene (LDPE) combined with visible-light-working TiO2 thin film, protein-coated
TiO2 NPs, and Lactobacillus plantarum bacteria in a batch reactor. The optimized conditions
of temperature (500 ◦C) and heating time (2 h) resulted in the creation of 166 gm of
partially degraded polyethylene grease 2 (PDPLG2) with National Lubricating Grease
Institute (NLGI 2) grade consistency. PDPLG2 grease exhibits a wide-range dropping
point of 280 ◦C and effectively maintains lubrication under high friction and stress loads,
thereby preventing wear. Thermal analysis using TG and DSC validated the grease’s
stability up to 280 ◦C, with minimal degradation beyond this point. Taguchi analysis using
substance, sliding speed, and load as factors identified the ideal process parameters as
aluminum, 1500 rpm, and 150 N, respectively. The present study revealed that sliding
speed has the greatest impact, contributing 31.74% to the coefficient of friction (COF) and
11.28% to wear, followed by material and load. Comparative tribological analysis with
commercially available grease (NLGI2) demonstrated that PDPLG2 grease outperforms
NLGI2 grease. Overall, this innovative eco-friendly approach presents PDPLG2 as a
promising alternative lubricant with improved anti-wear and friction properties, while also
contributing significantly to plastic waste reduction.

Keywords: tribology; friction; wear; sputtering; pyrolysis-derived synthetic grease;
thin films

1. Introduction

In the modern era, engineering is increasingly focused on the development of green
technologies that can harness renewable energies and promote sustainable fuel processes.
These initiatives have gained global recognition and are driving legislative actions to
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safeguard the environment and mitigate carbon emissions. Although polymer manufac-
turing consumes a relatively small percentage of petroleum, ranging from 4% to 8% [1],
the management of plastic solid waste (PSW) remains a pressing concern due to its po-
tential environmental impact. Issues such as landscape degradation, contamination of
environmental sinks, microplastic accumulation, and the reduction in valuable landfill
space necessitate effective PSW management [2–5].

In response to the challenge of PSW, two primary approaches have emerged for
its valorization: thermo-chemical conversion (TCC) and energy-generating processes [6].
TCC encompasses diverse techniques capable of converting plastic waste into valuable
products, such as combustion gases, energy, monomers, and solid carbon black, while
also minimizing carbon footprint and environmental impact. This approach enhances
sustainability and presents favorable opportunities for the petroleum-refining industry [7].

The global reliance on plastics in everyday life has led to a staggering production
volume of approximately 359 million tons in 2018, with an annual growth rate projected
at 5% [8]. Among the TCC methods, pyrolysis has proven to be particularly effective in
converting various polymers, including low-density polyethylene (LDPE), high-density
polyethylene (HDPE), polypropylene (PP), and linear low-density polyethylene (LLDPE),
into valuable fuels like petrol and diesel [9]. This clean and sustainable fuel generation
approach is adaptable to market dynamics, influenced by fluctuating crude oil prices [2].
Moreover, TCC has shown significant success in transforming polyolefin polymers into
value-added products, such as waxes and solid char, further promoting circularity and
resource management [10–13].

Pyrolysis, a prominent short-term thermal waste-processing technique within TCC,
involves treating feedstock at temperatures ranging from 350 to 900 ◦C under an inert gas
medium, such as nitrogen, helium, or argon, in a closed environment without oxygen and
at a high pressure [6]. The pyrolysis process yields liquid, solid, and gaseous fractions with
high energy values, making it an efficient and cost-effective method for converting waste
into valuable energy sources [14–17].

Various reactor and experimental designs have been explored for the pyrolysis of plas-
tics, including conical spouted beds, fixed beds, molten salts, and fluidized beds [1,18,19].
Fixed-bed reactors, widely used for analytical classification of pyrolysis products, offer
advantages in terms of convenience, construction, large-scale cost-effectiveness, ease of
maintenance, and the accurate representation of slow pyrolysis kinetics [2,3,20]. These
reactors have shown potential for producing fuel, light gases, and lubricants from 70%
degraded polyethylene feedstock [9,18,21].

While researchers have explored pyrolysis wax and its potential as an acceptable com-
modity due to its high concentration of hydrocarbons and suitability for use in petroleum
refineries, concerns related to the increased emission of SOX, NOx, and other toxic gases
remain to be addressed. This study aimed to contribute to the understanding of pyrolysis
wax production from partially degraded real-life PSW rescued from an active landfill, with
a focus on reducing toxic gas emissions, an aspect which has not been extensively covered
in previous research. The waxes were characterized through physiochemical testing as per
NLGI standard (National Lubricating Grease Institute) to determine their fundamental
properties and, importantly, their fuel-range constituents.

In conclusion, pyrolysis offers a zero-waste (ensuring that 70% yield refers to usable
grease, while byproducts are repurposed) and cost-effective process with numerous po-
tential applications, making it a promising technology within the concept of circularity
for converting and recycling plastic waste. This study’s exploration of synthetic grease
production from rescued PSW seeks to advance the green and sustainable management of
plastic waste and contribute to a cleaner and greener future.
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2. Materials and Methods

Sample Collection and Preparation

According to our pervious study [22], the photo-biodegradation of LDPE (30 microns)
was performed in the presence of visible light for 21 days in ambient air. A light source
and LDPE were located 5 cm away from each other. Furthermore, 50 watts visible lamps
(wavelength range of 400–700 nm) were applied as a light source for photocatalytic activity.
Each LDPE strip was weighed at regular periods. For the photo-biodegradation of the
LDPE bag, visible-spectrum-working TiO2 thin film, Lactobacillus plantarum MT477833
bacterial cell (106 cell/mL), and titania nanoparticles (10 mg) in the presence of NaOH (1M)
as an alkaline agent were used. In continuation of our previous study, predegraded LDPE
(69% degraded LDPE) was cleaned, dried, and then used for thermal pyrolysis.

Pyrolysis Experiments

Pyrolysis testing was conducted using an elevated horizontal tube furnace (Agni
Electrical, MNF: Induction Furnace, Ahmedabad, Gujarat, India) equipped with connecting
pipes to facilitate the transfer of necessary gases and products into and out of the reactor.
This setup allowed for precise control over the operating parameters. To separate non-
condensing and condensing gaseous products, an outgoing pipe was connected to a
condensing flask maintained at 4 ◦C. The temperature within the reactor was monitored
using a thermocouple mounted inside, and external regulation was achieved through a PID
controller. Each pyrolysis reaction involved loading 50 g of partly degraded low-density
polyethylene (LDPE) samples into a semi-batch reactor. The reactions were carried out
for 2 h at 500 ◦C. To ensure the production of a higher-grade plastic, namely low-density
polyethylene (LDPE), which is both cost-effective and environmentally beneficial without
the release of hazardous oxides (e.g., CO2, CO), camphor was introduced into the process.
By adding camphor (100 gm for 1 Kg LDPE) to the mixture during heating, it interacted
with the reaction to consume oxides and prevent their release. The remaining camphor
in the mixture eventually formed the grease. Further heating of the combination resulted
in a semi-liquid compound, which solidified into grease upon cooling. This method
proved to be far more cost-effective compared to industrial approaches and could be
accomplished using easily available materials [23]. The thermal pyrolysis setup available at
the Department of Physics, Sardar Patel University, is depicted in Figure 1. This innovative
technique holds promise as a sustainable and accessible means to produce high-quality
grease while minimizing harmful emissions.

 

Figure 1. The thermal pyrolysis setup.
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Physiochemical Testing Grease Consistency

All physiochemical properties were analyzed at the J. K. Analytical Laboratory &
Research Center, Ahmedabad, Gujarat, India.

Grease Consistency

Grease hardness, also known as shear strength, was determined by ASTM D217,
where a cone penetrometer measured the depth of penetration into a grease sample under
specified conditions at 25 ◦C for 5 s. Softer grease resulted in deeper penetration, and the
relative hardness was denoted by an NLGI consistency number ranging from 000 to 6.
Higher NLGI numbers represented harder grease [24]. Table 1 illustrates the NLGI grease
categories and their corresponding consistencies.

Table 1. Lubricating Grease Institute (NLGI) grease category based on consistency.

NLGI Number
ASTM Worked Penetration 0.1 mm

(3.28 × 10−4 ft)
at 25 ◦C (77 ◦F)

Consistency

000 445–475 Semi-fluid
00 400–430 Semi-fluid
0 355–385 Very soft
1 310–340 Soft
2 265–295 Common grease
3 Semi-hard Semi-hard
4 175–205 Hard
5 130–160 Very hard
6 85–115 Solid

Dropping Point

The dropping point of grease refers to the temperature at which the grease transitions
from a semi-solid state to a liquid state under specific test conditions. It represents the
upper temperature limit at which the grease retains its structural integrity and can be
effectively used in various applications. The test procedure, as per ASTM D 2265, involved
placing a sample of the grease inside a cone-shaped cup, with a thermometer inserted
without touching the grease [25]. This assembly was then immersed in a hot oil bath, which
included a heat-resistant glass tube. The temperature at which the oil dropped through
the cup’s opening to the bottom of the test tube was measured and recorded. A higher
dropping point temperature indicated that the grease provided greater protection and
stability [26].

Four-Ball Testing

According to the ASTM-DIN 51350 standard procedure for extreme pressure, tribolog-
ical testing for the synthesized grease PDPLG 2 was performed on a four-ball tester. The
stress was delivered from a vertically downward direction in the four-ball tester. The rpm
of the top ball rotated continuously. The temperature-controlled device kept the assembly’s
temperature at the required level. The EP test was conducted according to ASTM D 2596 to
measure the load-carrying capability of the grease and its relative ability to prevent wear
under applied loads. The load was increased stepwise in every run with a new set of balls,
until seizure. The final seizure load involved the four balls becoming welded to each other,
indicating the level of load-carrying ability of the applied grease [26]. The summary of the
test parameters for the WP and EP tests is listed in Table 2.
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Table 2. Test parameters for four-ball test.

Parameter EP (ASTM DIN 51350-02)

Ball specimen Steel balls, diameter 12.7 mm, Ra = 0.04 microns, HRC 65

Rotating speed 1450 rpm

Temperature Ambient

Duration 60 ± 1 min

Load Incremental load starting from 2000 N

Test duration 60 min

Thermal Characterization

To address reviewer comments, TG and DSC analyses were conducted to assess the
thermal stability of PDPLG2 grease.

Tribological Properties of Partially Degraded Polyethylene Grease (PDPLG 2)

The tribological properties of partially degraded polyethylene grease (PDPLG 2) were
measured using a pin-on-disk tribometer (Ducom Instruments Pvt. Ltd. at CHARUSAT,
Gujarat, India, Changa) to confirm the compatibility of the PDPLG 2 and commercially
available lithium-based NLGI 2 grease. The tribological tests were carried out as per
ASTM G99 guidelines. Spherical pins of various materials such as aluminum (Al, φ10 mm,
54 HRC), brass (Br, φ10 mm, 62 HRC), and mild steel (Ms, φ10 mm, 67 HRC) were
examined against a disk made of hardened ground steel (EN-32, hardness 72 HRC, the
surface roughness Ra = 0.07 μm). The composition of the mild-steel pin (%W) was 0.06%
aluminum, 0.25% copper, 0.15% carbon (C), 0.35% silicon (Si), and 0.03% sulfur (S). The
brass pin consisted of 99.90% Br and 0.005% Zn. The aluminum pin was made of aluminum
98.71%, copper 0.05%, magnesium 0.45%, and silicon 0.33%. The average roughness (Ra)
values of the aluminum, brass, and MS pins were 0.71, 0.40, and 0.95 μm, respectively [27].
The tests were conducted with varying sliding velocities (1000, 1500, and 2000 rpm) with
a track diameter of 80 mm and varying normal loads (100, 150, and 200 N). All the tests
were performed on the same disk. In the current study, the effect of applied load on the
wet-sliding wear of aluminum, brass, and MS pins against a hardened ground-steel disk
at various sliding speeds was studied. The friction and wear tests were performed three
times for 5 min each, and the average of three readings was taken as the result.

3. Results and Discussion

Physiochemical Properties of Partially Degraded Polyethylene Grease

The physicochemical properties of the selected greases are depicted in Table 3. It can
be observed that the physiochemical behavior is qualitatively comparable between PDPLG
2 and NLGI 2 grease.

Grease PDPLG 2 and NIGL 2 have a similar appearance: gray and red brown color
and in the form of viscous liquid. The fine, gray color might be due to the addition of dye
coloring in LDPE. Regarding the grease consistency determined by unworked penetration,
the PDPLG 2 grease had a semi-liquid structure with NLGI 2 grade, due to the cone
penetrometer sinking to 268 tenths of a millimeter. Highly viscous base oil can form a thick
lubrication layer between contact surfaces, promoting friction and wear reduction. The
dropping point is the temperature at which the grease liquefies down to the liquid state,
losing the desired consistency or rigidity. It is depended on the type of thickener used [28]
and also indicates the grease’s stability at a high temperature. In general, the dropping
point indicates that the grease is operating at an optimal temperature. The dropping
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point typically has to be at least 50 ◦C higher than the operational temperature. In our
experiment, we observed that the dropping point of the PDPLG 2 grease remained stable
up to a temperature of about 210 ◦C before the base oil dropped to the bottom of test tube,
whereas the dropping point for commercially available NIGL2 grease was about >180 ◦C.
Tribological testing was conducted using the four-ball test method. The extreme pressure
performance of the synthesized PDPLG 2 was determined according to ASTM-DIN 51350.
The weld load was calculated for synthesized PDPLG 2 and compared with commercially
available NLGI 2 grease. The extreme pressure performance of the PDPLG 2 exhibited
enhanced results compared to commercially available NLGI 2 grease. The percentage
increase in the weld load PDPLG 2 was 7968%. Hence, PDPLG 2 can be a good lubricant
replacement for industry and automobile parts to address environmental concerns.

Table 3. Physiochemical properties of PDPLG 2 and NLGI 2 greases.

Sr. No.
Physiochemical

Properties
Test Method PDPLG 2 NLGI 2

1 Appearance - Smooth and
buttery

Smooth and
buttery

2 Color Gray Red brown

3 Structure Viscous liquid Viscous liquid

4 NLGI grade ASTMD 217 2 2

5 Workedpenetration
at25 ◦C, 0.1 mm DINISO2137 268 265–295

6 Four-ball test DIN5130pt.4N >7968 >7125

7 Dropping point (◦C) ASTMD 2265 280 >180

8 Viscosity@100 ◦C (cst) ASTMD 446 14.8 11.0

9 Working temperature
range (◦C) - −25 to 210 −30 to 120

TG Analysis of Grease

The thermogravimetric analysis (TG) of the grease sample (Figure 2) revealed that
an initial weight loss of approximately 2% occurred between 25 ◦C and 120 ◦C due to
the evaporation of moisture and volatile components. A gradual weight loss of around
8% was observed from 120 ◦C to 280 ◦C, indicating the thermal degradation of minor
organic additives. A major decomposition phase occurred between 280 ◦C and 450 ◦C,
with a significant weight loss of approximately 40% attributed to the breakdown of organic
thickeners and base oil components. Beyond 450 ◦C, around 50% of the initial weight
remained as residue, suggesting the presence of inorganic fillers or ash components. These
results demonstrated that the grease exhibited excellent thermal stability up to its specified
working temperature range of 25 ◦C to 210 ◦C, with minimal weight loss below 120 ◦C
indicating low moisture and volatile content. The significant weight reduction beyond
280 ◦C aligned with the dropping point of 280 ◦C, where the major decomposition of organic
components occurred. The residue content of approximately 50% beyond 450 ◦C suggested
the presence of inorganic components or ash, contributing to the grease’s performance in
high-temperature applications. The high stability before complete decomposition indicates
that this grease is well-suited for industrial applications requiring thermal resistance and
operational stability up to 210 ◦C.
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Figure 2. TG curve of grease.

The physicochemical properties of grease play a crucial role in its thermal behavior.
The high dropping point (280 ◦C) suggested good thermal resistance before the start of
significant degradation. The viscosity at 100 ◦C (14.8 cSt) indicated moderate fluidity under
high-temperature conditions, which aligned with the gradual weight loss observed in the
TG curve. The four-ball test value (>7968 N) signified a strong tribological performance,
ensuring mechanical stability even at elevated temperatures. The NLGI grade 2 and smooth,
buttery texture contributed to its excellent lubricating properties.

Overall, the TG results demonstrate that the grease exhibited significant thermal
stability up to 300 ◦C, making it suitable for applications within its working temperature
range of 25 ◦C to 210 ◦C. The degradation pattern provided insights into the temperature
limits for its optimal performance in high-temperature environments.

The differential scanning calorimetry (DSC) analysis of the grease sample provided
critical insights into its thermal behavior, demonstrating its stability and performance
across various temperature ranges. DSC was performed on the grease sample to evaluate
its thermal transitions, including its glass transition, crystallization, and melting behaviors.
The DSC curve below illustrates these thermal events, which are critical for understanding
the material’s thermal stability and application performance (Figure 3).

Figure 3. DSC curve of the grease sample.
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The first significant transition, observed at approximately 50 ◦C, corresponds to the
glass transition, where a minor endothermic shift indicates the softening of the polymeric
structure. This transition is essential for ensuring that the grease maintains its lubricating
properties even at low temperatures, preventing brittleness and maintaining flexibility. The
second transition occurs around 180 ◦C, marked by an exothermic peak, suggesting the par-
tial crystallization of additives or stabilizers. This crystallization process contributes to the
mechanical stability of the grease, reinforcing its ability to withstand high-shear conditions
without compromising performance. The most pronounced transition can be identified
around 280 ◦C, where a strong endothermic peak indicates the melting or decomposition
of the base oil and thickener. This finding aligns with the previously reported dropping
point of 280 ◦C, confirming that the grease remains thermally stable up to this temperature
before undergoing structural breakdown. Additionally, the correlation with TG analysis,
which shows significant weight loss starting at 280 ◦C, further validates the fact that both
techniques highlight the decomposition of organic thickeners and base oil components,
while the residual content beyond 450 ◦C suggests the presence of inorganic stabilizers.

The practical implications of these findings underscore the grease’s suitability for
high-performance applications requiring excellent thermal stability. The ability to retain
lubricating properties below 280 ◦C makes it ideal for demanding environments such as
automotive, industrial machinery, and aerospace lubrication, where thermal resistance is
a critical factor. The minimal impact of glass transition ensures that the grease remains
operational even in sub-zero temperatures, enhancing its versatility for extreme weather
conditions. Furthermore, the presence of crystallization at 180 ◦C suggests that additives
play a crucial role in maintaining thermal stability, preventing premature degradation.
These results confirm that the grease’s formulation is well-optimized for high-temperature
applications, balancing mechanical stability, lubricity, and resistance to thermal breakdown.
The strong agreement between the DSC and TG findings reinforces the reliability of the
material for prolonged use in extreme conditions, ensuring efficiency and durability in
practical applications.

Tribological Properties of Partially Degraded Polyethylene Grease (PDPLG 2)

The tribological properties of partially degraded polyethylene grease (PDPLG 2) were
measured using a pin-on-disk tribometer to confirm the compatibility of the PDPLG 2 and
commercially available lithium-based NSGL 2 greases. Tribological tests were carried out
on a tribometer as per ASTM G99 guidelines (Ducom Instruments Pvt. Ltd. at CHARUSAT,
Gujarat, India, Changa). To measure the tribological properties of the samples, pins made
of different materials were prepared under wet conditions. To perform the test under wet
condition, grease was applied on a sliding disk with laboratory tissue. The tribological
properties were investigated on a pin-on-disk tribological tester by varying the load,
pin material, and sliding speed. A tribological test was conducted as per Taguchi’s L9
orthogonal array design on the flat disk surface with the vertical orientation of the pin. A
fractional factorial experimental design consisting of three factors, with each one having
three levels, was prepared to study the effects of process parameters on the coefficient of
friction and the wear rate. The factors expected to have a significant influence over the
outputs of the process were the material, sliding speed, and load. The test combinations, as
per Taguchi’s design, had three levels of variations, as shown in Table 4.
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Table 4. The process parameters and their levels.

Factors Material Sliding Speed Load

L
e

v
e

ls

Al 1000 100

Br 1500 150

MS 2000 200

The results obtained for the coefficient of friction and wear rate as per Taguchi’s exper-
imental setup design are shown in Figures 4 and 5, respectively. There was a significant
reduction observed in the coefficient of friction and wear rate of PDPLG 2 grease in compar-
ison with NLGI 2 grease. The maximum percentage reductions in the coefficient of friction
and wear rate using pins made of aluminum, brass, and mild steel were 16.5%, 19.23%,
and 22.34% and 34.64%, 39.72%, and 30.82%, respectively, compared to NLGI 2 grease. The
graphical representation of the outcomes in terms of the coefficient of friction and wear
rate is shown in Figures 4 and 5, respectively. From the graphs, it can be clearly observed
that, as the sliding speed and load increased from 500 to 2000 rpm and 100 to 200 N,
respectively, with any material of the pins, the coefficient of friction and wear rate both
decreased remarkably in both grease cases, PDPLG 2 and NLGI 2. However, compared
to NLGI 2, PDPLG 2 had far better results in all combinations. These reductions occurred
at different sliding speeds and loads due to variations in thermal conductivity, material
hardness, and lubrication efficiency. At higher speeds and optimal loads, better lubrication
film formation and reduced metal-to-metal contact contributed to these improvements,
minimizing heat generation and wear mechanisms. The superior anti-wear and lower
coefficient of friction (COF) of PDPLG2 compared to NLGI 2 could be attributed to its
advanced formulation, which likely included specialized additives which enhanced lubri-
cation film strength and stability under varying load and speed conditions. Key factors
influencing the improved lubrication properties included the presence of nanoparticles,
which provided better load-bearing capacity, improved thermal stability, and enhanced
tribological behavior by reducing surface roughness and minimizing direct metal-to-metal
contact. This resulted in more efficient wear protection and friction reduction compared to
traditional greases like NLGI 2. Thus, the present work could help in formulating partially
degraded polyethylene grease (PDPLG 2) as a new lubricant with better anti-wear and
friction properties.

Signal-to-Noise Ratio of Coefficient of Friction and Wear

Smaller values of COF and wear rate are better criteria for operation. The plot of the
S/N ratio was obtained using Minitab (https://www.minitab.com/en-us/). From the
main plot for the S/N ratio shown in Figures 6 and 7, we can observe that the pin made
of aluminum material with a sliding speed of 1500 rpm and a load of 150 N resulted in
minimum values for the coefficient of friction and wear rate.
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Figure 4. COF for different samples: (a) aluminum, (b) brass, and (c) mild steel.

 

Figure 5. Wear rate for different samples: (a) aluminum, (b) brass, and (c) mild steel.
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Figure 6. Plot of SN ratios for the coefficient of friction.

 

Figure 7. Plot of SN ratios for wear.

Analysis of Variance (ANOVA)

ANOVA was used to examine the effect of factors such as material, sliding speed, and
applied load on tribological performance variables such as the coefficient of friction and
the wear rate. This analysis was performed using a significance level and a confidence
level of 5% and 95%, respectively [29,30]. In general, a term having a p-value of less than
0.05 was considered to have a significant effect. The analysis was designed to correlate the
impact of various factors such as pin material, sliding speed, and load on the coefficient of
friction and the wear rate. The percentage contribution of each of the process parameter
to the total sum of the squared deviation was used to evaluate the importance of process
parameter changes on the performance characteristics. From the sum of the squares, the
data contribution of each parameter was computed using Equation (1):

% P =
SSJ

SST
(1)

where SSJ is the sum of squares of a particular factor, and SST is the total sum of squares.
This analysis was useful for obtaining the percentage contribution of each factor, showing
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how the factors were individually affecting the outcomes. Tables 5 and 6 show the results
of the ANOVA analysis for sliding wear and the coefficient of friction, respectively.

Table 5. ANOVA for the coefficient of friction.

Source DF Adj SS Adj MS F-Value p-Value % P

Material 2 0.003950 0.001975 7.23 0.121 29.60

Sliding Speed 2 0.008666 0.004333 15.87 0.059 65.00

Load 2 0.000186 0.000093 0.34 0.746 1.39

Error 2 0.000546 0.000273 - - 4.10

Total 8 0.013348 - - - 100

Table 6. ANOVA for the wear.

Source DF Adj SS Adj MS F-Value p-Value % P

Material 2 93.57 46.79 2.64 0.275 29.13

Sliding Speed 2 200.27 100.13 5.64 0.151 62.34

Load 2 35.97 17.98 1.01 0.497 11.21

Error 2 2.23 1.11 - - 1.32

Total 8 321.04 - - - 100

As shown in Tables 5 and 6, sliding speed was the most influencing parameter on the
coefficient of friction and wear, followed by the pin material and the load.

Confirmation Experiment

Using the Taguchi method, the optimal values for the process parameters were alu-
minum as the material, 1500 rpm as the sliding speed, and 150 N as the load. To confirm
these results obtained using the Taguchi method, confirmation experiments were carried
out. The results obtained for the COF and the wear rate showed reduced valued compared
to the predicted values, validating this research work. Table 7 depicts the comparison
between the predicted wear rate and coefficient of friction values with the actual values
experimentally obtained using optimal parameters.

Table 7. Comparison between the predicted and actual response.

Predicted
Optimum

Actual
Optimum

Predicted
Optimum

Actual
Optimum

Wear rate 37.50 37.02 COF 0.215 0.204

Error - 1.28% Error - 0.94

Analysis on The Worn Surface of Metal Pins

After subjecting the metal pins to wear testing in the presence of synthetic grease
PGPL2, Figure 8 illustrates a discernibly smooth wear pattern on both brass and mild-
steel surfaces, highlighting the lubricant’s remarkable efficacy in mitigating wear. The
observed smoothness is attributed to PGPL2’s ability to infiltrate the surface layers of the
metal matrix and form a protective boundary film, effectively reducing direct abrasive
contact between the sliding surfaces. This film formation minimizes the extent of material
removal and surface damage, preserving the structural integrity of the components during
prolonged operation.

141



Lubricants 2025, 13, 92

 

Figure 8. SEM morphologies of wear scars lubricated by synthetic lubricant PDPLG2.

Beyond its wear-reduction capabilities, PGPL2 plays a crucial role in lowering friction
between metal surfaces, further contributing to the preservation of surface quality. Its
exceptional load-carrying capacity enhances the metal pins’ ability to withstand applied
forces during tribological interactions, thereby prolonging the operational lifespan of the
components. The lubricant’s protective effects extend to improving surface characteristics,
making the worn surfaces smoother and more refined compared to untreated conditions.

The analysis of SEM images of the worn surfaces of aluminum, brass, and mild steel
pins at 20 kV magnification (1000×) revealed distinct wear patterns for each material,
underscoring the influence of their mechanical properties. Aluminum, being relatively soft
and ductile, exhibited clear signs of abrasive wear characterized by fine parallel grooves
across the worn surface. These grooves indicated material removal under sliding conditions,
reflecting the aluminum’s susceptibility to deformation due to its lower hardness compared
to brass and mild steel.

In contrast, the brass pin displayed smoother wear tracks with less-severe grooving,
suggesting the combined action of mild abrasive and adhesive wear mechanisms. The
reduced severity of wear on brass surfaces could be attributed to their superior hardness
and resistance to surface deformation compared to aluminum. Brass’s ability to form
a stable oxide layer may have also contributed to reducing wear by acting as a natural
protective barrier during tribological interactions.

Mild steel, despite its greater resistance to deformation, demonstrated deeper and
wider grooves on the worn surface, indicative of more severe abrasive wear. This wear
pattern likely resulted from the material’s tendency to develop microfractures under high
stress, leading to localized material removal. The observed wear behavior highlighted
the inherent differences in hardness and toughness between mild steel and the other
tested materials.

These findings align with the established mechanical properties of the tested materials
and further underscore PGPL2’s ability to refine and rejuvenate worn metal surfaces.
The lubricant’s compatibility with the metal substrate allows it to exert beneficial effects,
enhancing surface quality, mitigating wear, and ensuring better long-term performance of
the components.
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In summary, synthetic grease PGPL2 emerges as a multifaceted solution in the realm
of metal lubrication. Its infiltration capabilities, coupled with its proficiency in reducing
wear and friction, augmenting the load-bearing capacity, and elevating the surface quality,
collectively make it a commendable choice for enhancing the performance and longevity of
metal components.

4. Conclusions

• This study successfully demonstrated the production of synthetic grease, PDPLG-2,
from partially degraded low-density polyethylene (LDPE) waste using a thermal
pyrolysis process.

• PDPLG-2 grease exhibited superior anti-wear and friction-reducing properties com-
pared to commercially available NLGI-2 grease.

• It achieved a high dropping point of 280 ◦C, ensuring better thermal stability and
operational performance.

• Taguchi analysis and ANOVA identified optimal process parameters, including mate-
rial (aluminum), sliding speed (1500 rpm), and load (150 N).

• Confirmation experiments validated these findings, reinforcing the suitability of
PDPLG-2 for lubrication under varying load conditions.

• The innovative use of degraded plastic waste contributes to sustainable waste man-
agement and helps mitigate environmental pollution.

• The method is cost-effective compared to conventional grease production techniques,
leveraging readily available materials.

• PDPLG-2 grease showed up to a 22.34% reduction in the coefficient of friction and a
39.72% reduction in wear rate compared to NLGI-2 grease.

• Smooth wear patterns on brass and mild-steel surfaces indicated its capability to
reduce abrasive contact and enhance surface quality.

• The thermal stability of PDPLG-2 was confirmed through TG and DSC analyses,
highlighting its resilience up to nearly 300 ◦C without significant degradation.

• Minimal moisture and volatile content further contributed to its operational efficiency.
• The findings suggest PDPLG-2 as a strong candidate for applications in automo-

tive, aerospace, and industrial machinery sectors requiring thermal resistance and
operational stability.

• Further research is recommended to explore the large-scale degradation of plastics
using eco-friendly materials and biotechnological approaches.

• Collaborative studies focusing on environmental compatibility and long-term lubri-
cant performance would further enhance its applicability.

• This comprehensive approach underscores PDPLG-2’s potential to revolutionize lubri-
cation technology while promoting sustainability and innovation.
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Abstract: CoCrFeNiMn high-entropy alloy (HEA) composite coatings with 0, 10, and
20 wt% TiC are synthesized through laser cladding technology, and their corrosion and
wear resistance are systematically investigated. The X-ray diffraction (XRD) results show
that with the addition of TiC, the phases of TiC and M23C6 are introduced, and lattice
distortion occurs simultaneously (accompanied by the broadening and leftward shift
of the main Face-Centered Cubic (FCC) peak). Scanning electron microscopy (SEM)
reveals that the incompletely melted TiC particles in the coating (S2) are uniformly
distributed in the matrix with 20 wt% TiC, while in the coating (S1) with 10 wt%
TiC, due to gravitational sedimentation and decomposition during laser processing, the
distribution of the reinforcing phase is insufficient. When rubbed against Si3N4, with the
addition of TiC, S2 exhibits the lowest friction coefficient of 0.699 and wear volume of
0.0398 mm3. The corrosion resistance of S2 is more prominent in the simulated seawater
(3.5 wt% NaCl). S2 shows the best corrosion resistance: it has the largest self-corrosion
voltage (−0.425 V vs. SCE), the lowest self-corrosion current density (1.119 × 10−7 A/cm2),
and exhibits stable passivation behavior with a wide passivation region. Electrochemical
impedance spectroscopy (EIS) confirms that its passivation film is denser. This study
shows that the addition of 20 wt% TiC optimizes the microstructural homogeneity and
synergistically enhances the mechanical strengthening and electrochemical stability of the
coating, providing a new strategy for the making of HEA-based layers in harsh wear-
corrosion coupling environments.

Keywords: CoCrFeNiMn high-entropy alloys; TiC powders; laser cladding; ceramics

1. Introduction

High-entropy alloys (HEAs), with their unique multi-principal element composition
design, have become a kind of revolutionary material in the field of surface modification,
demonstrating significant advantages in mechanical properties, thermal stability, toughness,
and corrosion resistance [1–3]. Laser cladding (LC), as an excellent coating preparation
technology, can be used to prepare HEA coatings with a uniform surface with few defects.
Compared with traditional methods, LC has the merits of a small heat-affected zone and
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high processing efficiency [4]. However, some inherent problems, such as insufficient
hardness in certain HEA systems (e.g., CrMnFeCoNi), limit their application in harsh
industrial environments, and there is an urgent need to further improve their performance
through innovative strategies [5,6].

Introducing ceramic particles such as TiC into the HEA matrix can effectively combine
the ductility and corrosion resistance of HEA with the relatively large micro-hardness
and wear resistance of certain ceramics. Due to its excellent thermal stability, compati-
bility with HEA substrate, and outstanding mechanical properties, TiC is widely used as
a reinforcing phase. Studies have shown that the addition of TiC significantly improves
the micro-hardness (fine-grain strengthening) and wear-corrosion resistance (dispersion
strengthening and solid solution effects) of the composite coating [7–9]. Its hardness is
second only to that of diamond, and its melting point is much higher than that of the 3D
transition metal HEA. During the LC process, TiC particles remain unmelted while the
HEA powder is completely melted, effectively improving the performance of the composite
coating [10]. Zhao et al. [11] discovered that the wear resistance of the AlCoCrFeNi coating
reinforced with TiC and Mo was increased by 5.77 times. Zhang et al. [12] found that
the TiC-modified HEA coating had better tolerance for pitting corrosion. Shang et al. [13]
prepared a nanoscale TiC-reinforced [Cr-Fe4Co4Ni4]Cr3 HEA composite coating by LC.
It was observed that the nanoscale TiC particles were widely distributed in the inter-
dendritic regions of the Face-Centered Cubic (FCC) matrix, significantly improving the
microhardness, wear resistance, and corrosion resistance of the composite coating [14,15].
Wilson et al. [16] used TiC particles as a reinforcing phase in the Inconel 690 coating and
found that with the increase in the TiC mass fraction, the microhardness of the coating
increased notably. Yu et al. [17] fabricated TiC particles through in situ reaction and
Mo-reinforced AlCoCrFeNiMox(TiC)2–x. They found that the high-temperature oxidation
resistance and common-temperature corrosion resistance of the obtained coating first in-
creased and then decreased with the increase in x. Using laser surface alloying (LSA),
Wu et al. [18] prepared the HEA composite coating using FeCoCrAlNiTi combined with
x%TiC (x = 10 and 30). They discovered that the HEA composite coating with x = 30 had
the lowest wear rate and the highest wear resistance. Instead of LSA, Liu et al. [19] adopted
the LC method to prepare a TiC-reinforced AlCoCrFeNiTix HEA coating on the AlS11045
steel, and the results showed that the obtained coating exhibited the best wear resistance.
Jiang et al. [20] also used the LC method and made an Inconel625 + 5 wt% nanoscale
TiC composite powder coating. They found that the microhardness and elastic modulus
of the coating were 336 GPa and 190.91 GPa, respectively. Compared with those of the
substrate, the microhardness and elastic modulus of the coating increased by 10.33% and
12.39%, respectively.

Despite the progress made above, the existing research mainly focuses on the effects of
the TiC content and process parameters, and research on key factors such as the uniformity
of the distribution of ceramic particles and the homogenization of the microstructure is still
insufficient. It is noted that the uneven distribution of TiC particles caused by gravitational
sedimentation or laser decomposition may lead to problems such as local stress concen-
tration, early detachment of the reinforcing phase, and a decrease in corrosion resistance.
In addition, the interaction mechanism between the TiC reinforcing phase and the electro-
chemical behavior of the HEA coating is still unclear, especially in harsh environments with
wear-corrosion coupling. Clarifying these issues is crucial for optimizing the synergistic
effect of the TiC-HEA composite system and expanding its industrial applications.

In our paper, CoCrFeNiMn HEA-based coatings with different TiC mass fractions were
fabricated by LC. The effects of TiC addition on the evolution of the phase composition,
microstructural homogeneity, and wear and corrosion resistance were systematically inves-
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tigated. The aim is to clarify the balancing effect of the distribution characteristics of TiC on
mechanical strengthening and electrochemical stability, and to provide a basis for the design
of high-performance HEA coatings suitable for wear-corrosion coupling environments.

2. Experimental Procedures

In the experiment, Q235B with dimensions of 100 mm × 50 mm × 2 mm was selected
as the substrate. Its surface was rust-removed with abrasive sandpaper and degreased with
ethanol. Figure 1 is the SEM images of TiC (200 meshes) and CoCrFeNiMn (140–270 meshes)
powders. Table 1 presents the chemical compositions of the CoCrFeNiMn HEA and Q235B.

 

Figure 1. SEM morphologies of different powders. (a) CoCrFeNiMn; (b) TiC.

Table 1. Chemical composition of primitive materials.

Material
Chemical Composition (Mass. %)

C Si Mn Fe Cr Ni Co

Q235B 0.17 0.16 0.38 Bal. - - -
CoCrFeNiMn 0.025 - 19.36 19.76 18.71 20.81 21.24

An electronic balance was used to weigh the CoCrFeNiMn HEA and TiC powders with
different contents. These powders were mechanically mixed in a ball mill at a rotational
speed of 200 rpm for 3 h, and then dried in a desiccator for 24 h until dry. The pre-placed
powder method was adopted. The preset powder is prepared with a 2 mm standard mold.

Processing was carried out using the XL-F2000W fiber continuous laser processing
system, which is manufactured by Shenzhen Han’s Photonics Technology Co., Ltd., Shen-
zhen, China. The processing parameters were arranged as follows: laser power of 1200 W,
defocusing amount of +5 mm, scanning speed of 700 mm/min, cladding length of 40 mm,
12 passes, 1.2 mm interval between each pass, and Ar shielding gas. The gas was first
ventilated for 20 min and then kept flowing until the end of the experiment. The schematic
diagram of the laser processing system is shown in Figure 2. Table 2 illustrates the naming
method of samples.

The three samples were precisely trimmed to a cuboidal shape with dimensions of
10 mm × 10 mm × 2 mm. Subsequently, these trimmed samples were carefully embedded
in a mold by means of a cold-mounting solution. A field-emission SEM (FEI, QUANT 250,
Eindhoven) equipped with an energy-dispersive spectrometer (EDS, Noran System 7,
Thermo Fisher Scientific, Waltham, MA, USA) was used to analyze the microstructure
and elemental distribution. An X-ray diffractometer (Model: XRD-6100, Manufacturer:
Shimadzu Corporation, Kyoto, Japan) was employed to measure the peak position and
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angle of the crystal. The diffraction angle ranged from 10◦ to 100◦ with a scanning speed of
4◦/min. Based on experience and test results, we require an angle ranging from 10◦ to 90◦.

Figure 2. Schematic of the laser cladding process system.

Table 2. Names of coatings with various powder mass fractions.

Name of Coatings Mass Fractions/(Mass.%)

S0 CoCrFeNiMn
S1 CoCrFeNiMn + 10 wt% TiC
S2 CoCrFeNiMn + 20 wt% TiC

A pin-disc-type friction wear tester, Model SFT—2M, manufactured by Lanzhou
Zhongkehua Science and Technology Development Co., Ltd. in Lanzhou, China, and
equipped with a displacement sensor, was utilized to determine the coefficient of friction
(COF) and wear volume. The indenter is a Si3N4 steel ball with a diameter of 5 mm, the
experimental load is 30 N, the rotational radius is 2 mm, the test duration is 60 min, and
the rotational velocity is 200 rpm.

Electrochemical tests were conducted by the three-electrode method on the samples
using an electrochemical workstation (CS350M, Corrtest, Wuhan, China) in a 3.5 wt% NaCl
solution to analyze their corrosion resistance.

The open circuit potential (OCP) of the samples was measured for 3600 s. Subsequently,
EIS was performed on the samples at a frequency range of 10−1–105 Hz. Finally, the
potentiodynamic polarization curves were required in the scanning range of −0.5 V–1.5 V
(vs. OCP), with a scanning rate set at 0.01 V/s.

3. Results and Analysis

3.1. Metallographic Analysis

Figure 3a shows the phase constitutions of the S0, S1, and S2 coatings. One can see
that the pure CoCrFeNiMn HEA without the addition of TiC is composed of a single FCC
phase. As we know, the basic phase of CoCrFeNiMn HEA is FCC [21–23]. After adding TiC,
the main peak of the coating is composed of the FCC phase, indicating that the addition
of TiC does not cause a phase change in the main peak of the CoCrFeNiMn coating. First,
one can observe the S1 sample. After adding 10% TiC, no new peaks appear in the coating.
The main reason may be that the amount of additional TiC is too small [24]. The denser
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TiC moves to the bottom due to the influence of gravity, and thus there is less TiC at the
top. In addition, the small amount of TiC may decompose due to the action of the laser, so
there is less TiC in the coating, resulting in no obvious change in the XRD pattern. When
the amount of additional TiC reaches 20%, the TiC and the M23C6 begin to appear. This
indicates that part of the TiC remains unmelted in the coating. Part of the TiC melts and
decomposes, and the decomposed C atoms form metal carbides. The M23C6 phase has a
relatively high hardness. When it is dispersed in the alloy in the form of fine particles, it
can play a role of dispersion strengthening, hindering the movement of dislocations, thus
improving the hardness and strength of the alloy.

Figure 3. (a) XRD pattern of the sample; (b–d) enlarged spectrum of the position of the main peak
in XRD.

Based on Bragg’s law (nλ = 2dsinθ), when there is an increase in the lattice spacing,
the main peak position shifts leftward [25,26]. During the LC cooling process, a large
amount of residual tensile stress is likely to be generated, which will lead to an increase
in the lattice spacing and cause the position of the main peak to shift to the left [27]. In
addition, the atomic radius of TiC particles is relatively large, which can easily cause lattice
distortion of the matrix [28]. Therefore, as the amount of additional TiC increases, the
position of the main peak gradually shifts to the left. The microstress caused by lattice
distortion does not have a certain direction and magnitude, which will lead to irregular
changes in the interplanar spacing and ultimately cause the main peak to broaden [27].
From the comparison of the main peaks in Figure 3b–d, it is not difficult to find that the
peak intensity of the XRD diffraction peak is weakened, and the width is increased, which
is direct proof of the existence of microstress in the coating.

3.2. Microscopic Morphology

Figure 4 demonstrates the morphology of the samples, where all morphological
transitions in different regions can be observed. The cooling rate of LC is very large.
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According to the constitutional supercooling criterion [29,30], the temperature gradient (G)
and the solidification rate (R) have an important influence on the crystal growth of the
coating. In the micro-molten pool, planar grains are formed, and simultaneously, cellular
grains are formed in the middle part of the HEA coating. These laterally grown grains
weaken the heat diffusion, thus reducing the G/R ratio. With the consumption of the
heat, the surface layer of the molten pool begins to solidify, and the original grains become
unstable and are turned into small columnar crystals, which is clearly shown in Figure 4a.
Finally, the coating enters the solidification stage, and argon cooling on the surface is
involved, which accelerates the solidification speed of the molten pool. The latent heat
of crystallization of the liquid metal can be obtained from both the lower substrate and
the upper cold argon, resulting in the smallest G/R ratio. The crystals are formed without
directionality and become more fragmented, and the crystal size is smaller, which is clearly
shown in Figure 4b. It is worth noting that there is only a small amount of TiC present in
the middle and top regions of the coating with 10% TiC addition, as shown in Figure 4c,d.
This also explains why no TiC phase was found in the XRD results. After the TiC addition
amount reaches 20%, there are more slightly melted TiC particles in the top and middle
regions of the coating, as seen in Figure 4e,f. The presence of more TiC hard phases in the
top and middle regions of the S2 coating will improve the wear resistance of the coating.

 

Figure 4. Cross-sectional SEM images of different samples. (a,b) S0 sample; (c,d) S1 sample;
(e,f) S2 sample.
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3.3. Wear Resistance

Figure 5a,b show the COF curves of the CoCrFeNiMn-(TiC)x HEA composite coatings
when rubbed against Si3N4 steel balls. The COF first fluctuates significantly and then tends
to be stable. It is generally believed that this effect is based on two factors: one is surface
wearing, and the other is indenter sinking [31]. It can be seen that before the addition of
TiC, the COF of the CoCrFeNiMn coating clearly fluctuates. After adding TiC, the COF
of the coating begins to decrease and tends to be stable. When the amount of added TiC
reaches 20%, the COF of the coating drops to its lowest at 0.699. By observing the wear
profile of each coating in Figure 5c,d, it can be found that after adding TiC, the volume of
the wear profile of the coating first increases and then decreases. Among them, the wear
profile of sample S2 is the smallest, and the wear volume is 0.0398 mm3.

Figure 5. (a) COF; (b) average COF; (c) two-dimensional wear patterns; (d) wear volume.

Combined with the COF coating results, it can be determined that sample S2 has the
best wear resistance. The increase in the wear volume of sample S1 can be attributed to
the fact that the small amount of hard phases leads to the lack of stress concentration in
the coating during the wear process. During the wear process, a small amount of TiC hard
phases accumulate in the middle and lower regions of the coating, causing the top of the
coating to be worn away first. Subsequently, after the steel ball contacts the TiC hard phases
in the middle and lower parts, it will wear away the hard phases from the surface of the
coating and wear the coating together with the steel ball, resulting in an increase in the wear
volume. The distribution of TiC in the middle and lower parts of the coating is also the
main reason for the fluctuation of the COF of sample S1 at about 22 min. The main reason
for the decrease in the wear volume of sample S2 is the increase in the TiC hard phases in
the coating. There are more and more evenly distributed TiC hard phases in the middle
part of the coating of sample S2 compared with sample S1. When the wear reaches the
middle area of the coating, the stress imposed by the steel ball spreads uniformly among
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the TiC hard phases, reducing the wear loss of the coating. The decrease in the COF of
sample S2 at 22 min indicates that the wear has reached the distribution area of TiC.

Figure 6 shows the SEM images of the wear tracks of the worn samples S0, S1, and S2.
The low-magnification images on the top allow us to observe the complete wear profiles,
while the images below are locally magnified high-magnification ones, enabling us to
clearly see the details of the wear. These samples exhibit both abrasive wear and adhesive
wear. As can be seen from Figure 6a, the wear of sample S0 is extremely severe, with deep
furrows existing and some wear debris emerging simultaneously. In terms of the nature
of the wear, this can be attributed to abrasive wear. The furrows of S1 and S2 are much
shallower, and an adhesive layer appears at the same time, indicating that the addition
of TiC can reduce abrasive wear while adhesive wear occurs. In addition, after adding
TiC particles, the wear profiles of the coatings are significantly narrowed, as shown in
Figure 6b,c. Among them, the wear profile of sample S2 is the narrowest and shallowest,
and the delamination of the adhesive layer is quite obvious. This is consistent with the
result shown in Figure 6c. It is worth noting that there is no TiC present in the wear profile
of sample S1, which indicates that during the wear process, TiC is detached due to wear,
aggravating the wear situation. However, TiC is distributed within the wear profile of
sample S2, which reduces the stress concentration and enhances the wear properties of the
coating. This is in line with the above analysis.

 

Figure 6. The wear morphologies of the samples at high and low magnifications. (a) S0 sample;
(b) S1 sample; (c) S2 sample.

3.4. Corrosion Resistance

An OCP test for 3600 s was carried out on the samples that had been immersed in a 3.5%
NaCl solution for 3 h to determine whether the samples formed a stable passivation film.
Figure 7a presents the open-circuit potential curves of all the coatings. It can be observed
that the open-circuit potential curves of the S0 and S2 coatings remained stable from the
initial stage, which means that after 3 h of immersion treatment, one can successfully
obtain stable passivation films. In contrast, the open-circuit potential curve of the S1
coating continued to decline. This indicates that samples S0 and S2 obtain more protective
passivation films than sample S1. Among them, the test results of the open-circuit potential
show that the S2 coating exhibits a higher open-circuit voltage, indicating its better steady-
state response characteristics and stronger passivation tendency. It is capable of producing
a passivation film that is more protective and stable, which effectively decreases the
susceptibility to corrosion and decelerates the rate of the corrosion reaction [32,33]. In the
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10 wt% TiC coating (S1), due to gravitational sedimentation and laser decomposition, the
reinforcing phases, such as TiC, are unevenly distributed. This uneven distribution will
lead to differences in composition and structure at different parts of the coating surface. As
a result, in a corrosive environment, the reaction activities of various parts of the coating
surface are different, making it easy to form local corrosion cells, accelerating the corrosion
process, and further affecting the formation and stability of the passive film, thus resulting
in poor passivation behavior.

(a) (b) 

Figure 7. (a) Open circuit potential curves of HEA coatings; (b) Tafel polarization plots of
HEA coatings.

Figure 7b shows the Tafel polarization curves of all the coatings. The anodic passi-
vation region is a key indicator for evaluating the stability of the passivation film [34]. A
wider and more stable passivation region means that there is a stable passivation film in
the corrosion environment of the coating, indicating that these coatings have excellent cor-
rosion resistance. In the anodic region, all three coatings enter the passivation region. This
phenomenon indicates that it is possible for oxides and hydroxides to form on the surfaces
of these three coatings, and then a passivation film is generated [33]. In the passivation
region, with the increase in the voltage, the corrosion current of the S1 and S2 coatings
remains almost unchanged, which indicates that the surfaces of these coatings are in a
stable passivation state. In contrast, the corrosion current of the S0 coating keeps rising in
the passivation region, which indicates that its passivation state is less stable compared
with the other two coatings. In addition, the S2 coating has the lowest passivation cur-
rent density and a larger passivation region, highlighting its strong surface passivation
ability [35].

The self-corrosion potential (Ecorr) and self-corrosion current density (Icorr) obtained
by the Tafel extrapolation method are significant parameters in assessing the corrosion
resistance of the coating, with the outcomes depicted in Table 3. Ecorr is a concept within
thermodynamics, signifying the probability of corrosion occurring, and the Icorr is a cor-
rosion kinetic parameter, clearly reflecting the corrosion rate [36]. The S2 coating has the
largest Ecorr and the smallest Icorr, followed by the S0 coating. The S1 coating has the
smallest Ecorr and the largest Icorr. This indicates that, from the perspective of the thermody-
namic and kinetic parameters of corrosion, the S2 coating has the best corrosion resistance,
the S0 coating comes second, and the S1 coating has the worst corrosion resistance.
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Table 3. Electrochemical parameters derived from Tafel curves.

Sample

Parameter Ecorr

(V)
Icorr

(A/cm2)

S0 −0.428 2.669 × 10−6

S1 −0.968 2.920 × 10−5

S2 −0.425 1.119 × 10−7

In order to more thoroughly explore the performance of the surface passivation films
of the three coatings (S0, S1, and S2), as well as their kinetic characteristics during the
corrosion process, EIS tests are carried out on all these samples. The Nyquist diagram is
presented in Figure 8a. Scrutiny of this figure reveals that all the samples exhibit a nearly
identical sunken capacitive semi-circular shape. This shape generally implies the existence
of a charge transfer mechanism on the non-uniform surface, thus fully confirming the
presence of the passivation film.

 
Figure 8. EIS spectra for samples. (a) Nyquist diagram; (b,c) Bode diagram.

By analyzing the situation in the high-frequency region in depth, it can be found that
the radii of the capacitive arcs have the following order: the radius of the capacitive arc of
the S2 coating is larger than that of the S0 coating, and the S0 coating is larger than the S1
coating. The larger the radius of the capacitive loop, the higher the charge transfer resistance
of the coating, the less likely the electron transfer is, the weaker the electrical conductivity
is, the higher the impedance is, and correspondingly, the stronger the corrosion resistance
is. Therefore, it can be concluded that among these three samples, the S2 coating has the
best corrosion resistance, while the S1 coating has the worst corrosion resistance.

Figure 8b,c show the Bode diagrams of the three coatings. In the low-frequency region,
the value of the impedance modulus can reflect the situation of the charge transfer resistance.
Consequently, the overall corrosion resistance of the coating is able to be evaluated in an
intuitive manner through the parameter of |Z|0.01Hz. Through analysis, it can be known
that the order of the values of |Z|0.01Hz is S2 coating > S0 coating > S1 coating, and this
order is consistent with the change trend of the radius of the capacitive arc in the Nyquist
plot. Meanwhile, in the low-frequency region, the phase angle of S2 is also the largest. The
increase in both the |Z|0.01Hz value and the phase angle further confirms that a thicker
and denser passivation film has been formed in the S2 coating. Therefore, the protective
performance of this coating has been significantly improved.

Above all, adding a small amount of TiC is not conducive to the improvement of the
corrosion resistance of the CoCrFeNiMn coating. However, when the amount of TiC added
reaches 20%, the corrosion resistance of the CoCrFeNiMn coating can be greatly improved.
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4. Conclusions

In this work, CoCrFeNiMn high-entropy alloy-based composite coatings with diverse
TiC contents (0, 10, 20 wt%) were successfully prepared using LC technology, and the syner-
gistic regulation mechanism of TiC addition on the wear properties and corrosion resistance
of the coatings was revealed. Experiments show that the 20 wt% TiC composite coating (S2)
exhibits comprehensive performance advantages due to the uniformly distributed TiC hard
phases, optimized stress dispersion ability, and stable passivation behavior. The cardinal
research inferences are presented as follows:

(1) In the coating (S2) with 20 wt% TiC addition, the TiC and M23C6 phases are uniformly
distributed in the high-entropy alloy matrix, and lattice distortion occurs in the
coating (broadening and leftward shift of the XRD peaks). In contrast, in the 10 wt%
TiC coating (S1), due to gravitational sedimentation and laser decomposition, the
reinforcing phase is locally enriched and unevenly distributed.

(2) The S2 coating has the lowest coefficient of friction and wear volume because the
uniformly distributed hard phases can disperse the stress. However, in the S1 coating,
due to the detachment of TiC and stress concentration, the wear is aggravated.

(3) In a 3.5% NaCl solution, compared with samples S0 and S1, sample S2 showed the
most outstanding corrosion resistance because of the protective effect of the dense
passivation film.
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Abstract: H13 steel, a widely used material in hot work tooling, faces premature failure due
to insufficient hardness and wear resistance. To address this limitation, Mo2FeB2 cermet
coatings were fabricated on H13 alloy steel via plasma spray welding, and subsequently
quenched at 850 ◦C, 1000 ◦C, and 1150 ◦C. The effects of the quenching temperature on the
microstructure and wear resistance were investigated using optical microscopy (OM) for
cross-sectional morphology, scanning electron microscopy (SEM) for microstructural and
wear surface analyses, energy-dispersive spectroscopy (EDS) for elemental composition
analysis, and X-ray diffraction (XRD) for phase identification. The coating primarily con-
sisted of α-Fe, Mo2FeB2, (Mo,Fe,Cr)3B2, and Fe23(B,C)6 phases. Increasing the temperature
to 1150 ◦C increased the Mo2FeB2 hard phase and elevated microhardness by 32.04% (from
827 HV0.5 to 1092 HV0.5). Wear resistance improved by 46.38% (mass loss reduced from
6.9 mg to 3.7 mg). The main wear mechanism was identified as abrasive wear due to the
spalling of hard phase particles. These results demonstrate that optimizing quenching tem-
perature enhances the hardness and wear resistance in Mo2FeB2 coatings, offering a viable
strategy to extend H13 steel service life in high-temperature industrial applications.

Keywords: plasma spray welding; Mo2FeB2; quenching temperature; microstructure;
wear resistance

1. Introduction

With the rapid development of the molding industry, mold materials have advanced
significantly [1]. Among these, H13 steel has emerged as one of the most widely used
materials due to its strong carbide-forming elements (Cr, Mo, and V), excellent tough-
ness [2], high hardenability [3], and resistance to heat softening [4]. These properties make
it suitable for applications such as non-ferrous metal die casting, hot extrusion, hot forging,
and plastic molding [2,5]. However, H13 steel often fails to meet the demands of harsh
working conditions due to its softness (~202–241 HV) [6]; limited wear resistance; and
vulnerability to thermal fatigue [5], erosion, and stress corrosion [2].

Many large-scale engineering components operate in harsh environments involving
water vapor, liquids, and solid particles, which leads to severe corrosion and wear, ul-
timately resulting in premature failure. The surface remanufacturing techniques offer
an effective solution by restoring and enhancing the performance of damaged or worn
regions. To extend H13’s service life, various surface modification techniques have been
explored. Meng et al. [7] studied the mechanical properties of TiC-reinforced H13 steel
fabricated via bionic laser treatment. The results showed that with an increasing TiC frac-
tion, the microstructure of the laser alloying zone was refined, and the microhardness was
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improved to 1156 HV when the TiC fraction was 70%. However, tensile strength and wear
resistance initially increased before declining at higher TiC fractions. Narvan et al. [8] in-
vestigated the feasibility of fabricating defect-free functionally graded bi-materials (FGMs)
by incorporating vanadium carbide (VC) into H13 tool steel to enhance wear resistance.
They found that the microhardness values of 1, 3 and 5 wt% VC were 700, 785, and 840 HV,
respectively. The nanoindentation maximum penetration depth decreased to 515, 489,
and 470 nm, respectively. Ref. [9] investigated the microhardness, wear properties, and
microstructure of Fe-based coatings containing various WC contents deposited on H13 die
steel via laser cladding. The results demonstrated that the coating microhardness increased
with higher WC particle mass fractions. The average COFs of the coatings with 0%, 3%, 6%,
and 9% were 0.349, 0.342, 0.336, and 0.313, respectively. The wear rates were 4.3326, 3.9476,
3.3240, and 2.7194 × 10−6 mm3·N−1·m−1, respectively.

Among the surface modification methods, plasma spray welding offers distinct ad-
vantages: a fine heat-affected zone, strong metallurgical bonding at the coating–substrate
interface, minimal porosity, and high coating thickness [10,11]. In this work, plasma
spray welding was employed to deposit in situ Mo2FeB2-based cermet coatings on H13
steel, followed by quenching at varying temperatures to further enhance the performance.
Compared to alternatives like Mo2NiB2 [12,13] and WCoB [14,15], Mo2FeB2-based cer-
mets are cost-effective, while retaining hardness, chemical stability, and wear resistance,
making them suitable for tools, cladding materials, and industrial components [16–18].
However, prior research on Mo2FeB2 cermets has primarily focused on sintering [19,20] or
non-heat-treated cladding [21], leaving their post-deposition heat treatment underexplored.

Quenching is a rapid heat and mass transfer process where a high-temperature surface
is rapidly cooled by a fluid below its boiling point [22,23]. Appropriate heat treatment not
only defines the coating’s microstructure, relieving residual stresses, promoting crystalliza-
tion, and enhancing mechanical properties, but can also alter its phase composition and
morphology [24–26].

In this study, coatings containing Mo2FeB2 hard phase were deposited on H13 tool
steel by plasma spray welding, and then quenched at various temperatures. The effects
of the quenching temperature on the coating morphology, phase composition (XRD),
microhardness, microstructure, and wear resistance were systematically investigated. The
primary objective is to demonstrate that the combined use of plasma spray welding and
optimized quenching can substantially improve the hardness and wear resistance of H13
steel, thereby extending its service life and reducing the overall tooling costs. By depositing
a Mo2FeB2 coating on the material surface, the limitations of metallic materials in terms
of insufficient hardness and poor wear resistance can be effectively addressed. At the
same time, the brittleness of ceramic materials and the interfacial incompatibility between
ceramics and metallic substrates can be mitigated.

2. Materials and Methods

2.1. Materials

An H13 alloy steel substrate (50 × 30 × 10 mm3) was used in this study, with its
elemental composition provided by the manufacturer shown in Table 1. Prior to the ex-
periments, the H13 substrates were prepared by polishing the surface to a roughness of
Ra < 1.0 μm, followed by ultrasonic cleaning in alcohol for 20 min. The cleaned substrates
were then preheated in a heat treatment furnace at 300 ◦C for 10 min to remove resid-
ual moisture. Plasma spray welding powder consisted of Mo (3–5 μm), FeB (8–10 μm,
19.7 wt.% B), carbonyl Fe (2–3 μm), Cr (5–8 μm), Ni (1–5 μm), and SiC (1–2 μm) powders
(chemical composition provided by the manufacturer shown in Table 2). Before deposition,
the powders were premixed and ball-milled using a QM-1SP4 planetary ball milling ma-
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chine. Milling was performed with cemented carbide vials and balls (10 mm diameter) at a
ball-to-powder weight ratio of 5:1. The mill ran at 300 rpm for 24 h, with absolute ethanol
added as a process control agent. After milling, the powder was dried at 200 ◦C for 2 h in
a drying oven.

Table 1. Elemental composition (wt.%) of H13 alloy steel.

C Si Mn Cr Mo V P S Fe

0.35~0.40 1.13~1.20 0.40~0.50 4.50~4.80 1.30~1.50 0.80~1.00 ≤0.03 ≤0.03 Rest

Table 2. Elemental composition (wt.%) of plasma spray welding powder.

Mo FeB Cr SiC Ni Fe

18~25 10~15 5~8 0.3~0.6 1~1.5 Rest

2.2. Experimental Procedure

Plasma spray welding was performed using a DPT100 welding gun, 400A plasma
current, and an MDS-3 powder feeder (United Coatings Technologies Co., Ltd., Beijing,
China). Detailed process parameters are summarized in Table 3.

Table 3. Process parameters of plasma spray welding.

Nozzle
Height (mm)

Voltage
(V)

Non-Transferred
Arc (A)

Transferred
Arc (A)

Plasma Ar Gas
Flow (L/min)

Powder Ar Gas
Flow (L/min)

Powder Feeding
(g/min)

Surfacing Speed
(mm/min)

10 30 11 90 1.0 4 10 80

After spray welding, the samples were heat-treated in an SX-4-10 furnace at a rate
≤ 400 ◦C/h, followed by a 30 min hold. The samples were categorized based on heat
treatment: C0 (no heat treatment), C1 (heated to 850 ◦C), C2 (heated to 1000 ◦C), and
C3 (heated to 1150 ◦C). Quenching temperatures of 850 ◦C, 1000 ◦C, and 1150 ◦C were
selected based on the high-temperature characteristics of the primary hard phase Mo2FeB2.
These elevated temperatures were chosen to promote the re-nucleation and refinement of
new Mo2FeB2 particles during the heat treatment process. Samples C1, C2, and C3 were
quenched in mineral oil after reaching their target temperatures. For characterization, all
the samples were cut to 10 mm × 10 mm × 5 mm, ground, and polished. The polished
surfaces were then etched for 20 s in a solution containing K3[Fe(CN)6], NaOH, and H2O
(volume ratio 1:1:10), followed by ultrasonic cleaning in alcohol.

2.3. Characterization

The cross-sectional microstructure of the coatings was examined using a ZEISS Axio
Plan 2 optical microscope (OM) (Zeiss, Shanghai, China). Phase composition analysis
was performed via X-ray diffraction (XRD) (PANalytical, Almelo, The Netherlands) on
an X’Pert Pro MPD system with Cu Kα radiation (λ = 0.15418 nm) operated at 40 kV and
20 mA. Scans were conducted over a 2θ range of 10–90◦ with a step size of 0.05◦ and a dwell
time of 10 s per step. Wear morphology and microstructure were characterized using a
field-emission scanning electron microscope (FE-SEM, Nova 400 Nano, FEI, Hillsboro,
OR, USA) equipped with an energy-dispersive X-ray spectroscopy (EDS) (INCA IE 350
PentaFETX-3, Oxford, UK) system for elemental analysis. Microhardness was measured
on polished cross-sections using an HX-500 microhardness tester (Laizhou Yutong Test
Instrument Co. Ltd., Laizhou, Shandong, China) under 500 g force load applied for 10 s. To
ensure the accurate characterization of the transition region, microhardness measurements
were conducted more densely near the interface, specifically at 50 μm intervals above
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and below the fusion line. Wear resistance was evaluated under dry sliding conditions
with a UMT-TriboLab tribometer (Bruker, Billerica, MA, USA). A Si3N4 ball (cemented
carbide, 2200 HV0.5) served as the counterface. The tests were run at a normal load of
100 N, a reciprocating frequency of 5 Hz, and a total duration of 1 h. For each condition,
the average coefficient of friction and mass loss were determined from three replicate tests;
mass loss was measured with an electronic balance.

3. Results and Discussion

3.1. Coating Morphology

Figure 1 shows the cross-sectional microstructure of the coating, where the thickness
of the coating is approximately 575 μm. In Figure 1a, a large number of hard phase particles
(black) are embedded in the binder phase (white). Some regions show the noticeable
agglomeration of these hard phase particles. This agglomeration is attributed to the
short duration of the plasma spray welding process, which limited the time available
for the formation of a liquid molten pool and resulted in a rapid solidification rate. As
a consequence, the hard phase particles were distributed unevenly within the binder; the
middle region of the coating exhibited more pronounced agglomeration, whereas such
clustering was almost absent in the fusion zone between the coating and the substrate. In
the fusion zone, the high-energy thermal cycle extended the high-temperature duration
near the molten pool, allowing for the hard phase particles sufficient time to react and
diffuse, thereby reducing the tendency for agglomeration.

 
Figure 1. The cross-section of the coating. (a) The OM morphology of the bonding zone; (b) the OM
morphology of the coating; (c) the SEM morphology of the bonding zone; (d) an EDS line scan in the
marked area of (c).

Figure 1b reveals that the coating is composed of three distinct phases: a binder phase,
a hard phase, and a eutectic structure. Interfacial bonding between the coating and the
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substrate is further examined in Figure 1c, which demonstrates a strong metallurgical bond
with no visible defects, such as pores, inclusions, and cracks.

The EDS line scan result in Figure 1c is shown in Figure 1d, indicating significant
changes in the contents of Mo, Fe, and Cr from the substrate to the coating. Notably, there is
considerable fluctuation in the Mo and Fe concentrations on both sides of the interface. This
variation is attributed to the interdiffusion of elements during the high-energy welding
process, with Mo from the coating diffusing into the substrate and Fe from the substrate
diffusing into the coating. Overall, the Mo and Cr contents are considerably lower in the
substrate compared to the coating, while the Fe content is higher in the substrate. These
EDS results confirm the existence of strong metallurgical bonding between the coating and
the substrate.

3.2. XRD Analysis

Figure 2 shows the XRD patterns of the coatings subjected to different quenching tem-
peratures. The C0 coating consists of α-Fe, Mo2FeB2, (Mo,Fe,Cr)3B2, and Fe23(C,B)6. After
high-temperature quenching (C2: 1000 ◦C; C3: 1150 ◦C), the Fe23(C,B)6 phase disappears,
while the diffraction peak intensities of Mo2FeB2 and (Mo,Fe,Cr)3B2 increase significantly.
This indicates that elevated temperatures (≥1000 ◦C) promote the dissolution of Fe23(C,B)6

and enhance the formation of Mo2FeB2 and (Mo,Fe,Cr)3B2.

 
Figure 2. XRD patterns of boride coating with different quenching temperatures.

During the formation of the Mo2FeB2 hard phase, a portion of the Cr atoms replaces
the Mo or Fe atoms [21], leading to the formation of (Mo,Fe,Cr)3B2. This substitution
induces lattice distortion in the Mo2FeB2 crystals, which is beneficial for enhancing the
coating’s hardness [21]. In addition, the presence of the α-Fe binder phase effectively
improves the plasticity of the coating. The eutectic structure consists of (α-Fe + Fe23(B,C)6).
During the rapid cooling of the molten pool, grain boundaries serve as channels for rapid
atomic diffusion, promoting the segregation of impurity atoms. Elements such as C and B
diffuse and precipitate along these boundaries, forming Fe23(B,C)6, which then reacts with
α-Fe to produce the eutectic structure.
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3.3. Microstructure

Figure 3 shows the SEM morphologies of the hard phases in the coatings subjected
to different quenching temperatures. The in situ Mo2FeB2 and (Mo,Fe,Cr)3B2 hard phases
retained similar morphologies across all the samples, though their volume fraction in-
creased with higher quenching temperatures. As the quench temperature rose, finer white
hard phase particles gradually appeared within the coating. The average grain size of the
coatings was measured using Image-Pro Plus, and the values are approximately 18.78 μm,
9.88 μm, 9.70 μm, and 9.48 μm for C0, C1, C2, and C3, respectively. In contrast, the binder
phase and the reticulated eutectic network undergo pronounced morphological changes,
in agreement with the XRD findings (Figure 2). To examine these transformations more
closely, Figure 4 and Table 4 summarize the EDS point analyses of representative regions.

In the C0 coating, reticulated eutectic structures (point 2) were observed. At 850 ◦C
(C1), these structures break up, yielding elongated or rod-like boride phases (point 4). Fur-
ther increasing the temperature to 1000 ◦C (C2) and 1150 ◦C (C3) promoted the formation of
fine hard phase particles (points 6 and 8) within the binder. EDS analysis (Table 4) revealed
a Mo/Fe/Cr atomic ratio of ~(5–5.5):3:1, confirming the hard phases as Mo2FeB2 and
(Mo,Fe,Cr)3B2. The disappearance of the eutectic structure at high quench temperatures
(1000 ◦C and 1150 ◦C) indicates that Mo from the binder reacts with B from the eutectic
structure to form new boride particles, which then grow into granular or spherical shapes.
With increasing temperature, these particles coarsen and become more evenly distributed.

 
Figure 3. SEM morphologies of hard phases in coating at different quenching temperatures (a) C0;
(b) C1; (c) C2; and (d) C3.
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Figure 4. SEM morphologies of binder phases in coatings at different quenching temperatures (a) C0;
(b) C1; (c) C2; and (d) C3.

Table 4. EDS analysis results of marked points in Figure 4.

Point
Weight% Atomic%

Mo Fe Cr Ni Si Mo Fe Cr Ni Si

1 1.13 41.03 1.97 3.10 1.51 0.96 83.10 3.87 5.97 6.10
2 13.00 7.64 2.57 0.78 0.27 39.30 39.67 14.35 3.88 2.80
3 1.41 57.20 2.28 4.01 1.94 1.19 83.24 3.92 5.56 6.08
4 24.93 32.26 3.05 1.67 1.01 26.97 59.91 6.09 2.94 4.09
5 - 52.01 1.69 3.87 3.41 - 80.88 2.83 5.73 10.56
6 38.95 15.34 5.65 - - 51.43 34.81 13.76 - -
7 - 53.68 2.04 4.01 2.56 - 82.57 3.73 5.87 7.83
8 41.47 14.68 5.42 - - 54.07 32.88 13.05 - -
9 - 45.92 7.95 - - - 84.32 15.68 - -
10 - 46.61 7.34 - - - 85.53 14.47 - -

The EDS points in the binder phase (points 1, 3, 5, and 7) represent Fe along with Cr,
Ni, and Si, elements known to stabilize ferrite and provide solid-solution strengthening.
In C1, the binder composition is similar to C0, indicating limited diffusion at 850 ◦C. In
C2 and C3, however, Mo originally dissolved in the binder reacts fully to form additional
Mo2FeB2, while Cr incorporates into Mo2FeB2 lattices to form (Mo,Fe,Cr)3B2 [19]. Notably,
the darker binder regions (points 9 and 10) appear in C2 and C3, composed exclusively
of Fe and Cr. At quench temperatures ≥ 1000 ◦C, Ni and Si (which do not participate in
Mo2FeB2 formation) were excluded from the reaction front. Rapid quenching trapped these
elements in a depleted area, leaving localized Fe-Cr binder domains upon cooling.
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3.4. Microhardness

Figure 5 shows the microhardness distributions of the coatings quenched at different
temperatures. The microhardness values across each coating were relatively uniform, with
no significant fluctuations. The average microhardness values of samples C0, C1, C2, and
C3 were 827 HV0.5, 905 HV0.5, 1061 HV0.5, and 1092 HV0.5, respectively. Compared with C0,
the microhardness of C1, C2, and C3 increased by 9.43%, 28.29%, and 32.04%, respectively.

 
Figure 5. Microhardness distribution at different quenching temperatures.

The observed hardness enhancement is closely related to the microstructural evolution
during quenching. After high-temperature quenching (C2 and C3), the reticulated eutectic
structure disappeared, and the coating had sufficient thermal energy and time to undergo
in situ phase transformations. This promoted the formation of a larger quantity of Mo2FeB2

hard phase particles. These boride particles significantly contributed to increased hardness.
Therefore, it can be inferred that both the disappearance of the eutectic structure and the
generation of hard phase particles have a strong influence on the coating’s microhardness.

3.5. Wear Resistance

Figure 6 shows the variation in the coefficient of friction (COF) of the coatings at
different quenching temperatures. The COF curves of C0 and C1 exhibit significant fluctua-
tions as wear time increased, indicating poor wear resistance. This can be attributed to the
rapid heating and cooling cycles inherent in plasma spray welding, which result in uneven
residual stress distribution within the coating. For the C0 sample, which did not undergo
any heat treatment, residual stress was not relieved. This led to stress concentrations and
the formation of microcracks during the wear process, thereby causing large fluctuations in
the COF. In addition, due to the relatively low microhardness of the C0 coating compared
to the friction counterpart, substantial wear debris was generated, further accelerating
wear and increasing the COF over time. For the C1 sample, although heat-treated at 850 ◦C
with 30 min of holding time followed by quenching in mineral oil (a medium with good
cooling efficiency), residual stress was only partially released [27]. The resulting decrease
in lattice distortion contributed to a slight reduction in the COF compared with that of C0.
However, because 850 ◦C was insufficient to fully relieve internal stresses, some fluctuation
in the COF curve still remains.
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Figure 6. Variation in coefficient of friction of coatings at different quenching temperatures.

In contrast, after high-temperature quenching (C2 and C3), the COF curves showed
a much flatter trend with increasing wear time, indicating improved wear stability. The
enhanced wear resistance at higher quenching temperatures was associated with the
progressive disappearance of eutectic structures (as seen in Figure 4) and the increased
formation of Mo2FeB2 hard phase particles. These microstructural changes strengthened
the coating and reduced its wear rate. Furthermore, residual stress was more effectively
relieved at higher quenching temperatures, contributing to the coating’s enhanced wear
performance. Overall, the C3 coating demonstrated the best wear resistance, as evidenced
by the most stable COF curve during the wear process.

Figure 7 shows the variation in the average COF and mass loss of the coatings at
different quenching temperatures. The average COF decreased progressively from C0 to
C3. The wear mass loss data represent the average values obtained from three repeated
measurements to ensure reliability. The mass losses of samples C0, C1, C2, and C3 were
6.9 mg, 5.7 mg, 4.0 mg, and 3.7 mg, respectively. Under similar wear test conditions, the
wear mass losses of C1, C2, and C3 decreased by 17.4%, 42.03%, and 46.38% compared with
that of C0. Greater mass loss indicates poorer wear resistance [28–30].

Figure 7. Variation in average COF and mass loss of coatings at different quenching temperatures.
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These results indicate that increasing the quenching temperature significantly im-
proved the wear resistance of the coatings. The improvements are attributed to the disap-
pearance of eutectic structures, the increased formation of Mo2FeB2 hard phase particles,
and the strengthening of the binder phase.

Figure 8 shows the wear morphologies of the coatings at different quenching tempera-
tures. In Figure 8a, the wear surface of the C0 coating exhibits deep, “granular” spalling pits
(point I), along with shallower, “flaky”, peeling pits (point II), which are associated with
the fracture and detachment of eutectic structures. After quenching at 850 ◦C (Figure 8b),
the number of spalling pits slightly decreased, and some evolved into elongated or short
bone-shaped pits (point III). These morphological changes suggest that the eutectic struc-
ture plays a critical role in determining the coating’s wear resistance. At higher quenching
temperatures (C2 and C3), the number of spalling pits decreased significantly. In Figure 8c,
for the C2 coating, only a few spalling pits and some black oxides (point IV) can be ob-
served. The C3 coating in Figure 8d exhibits the fewest spalling features, indicating an
excellent wear performance.

 

Figure 8. Wear morphologies of coating at different quenching temperatures (a) C0; (b) C1; (c) C2;
and (d) C3.

In plasma spray-welded coatings, the Mo2FeB2 hard phase particles and the eutectic
structures possess higher hardness than the α-Fe binder phase, creating a distinct hardness
contrast within the microstructure. While the binder phase provides mechanical support, it
is more susceptible to wear and tends to generate abrasive debris. During wear, Mo2FeB2

hard phases may protrude above the worn surface, and under the shear stress of the Si3N4

counter body, these bulging particles can become detached, forming deeper spalling pits.
Additionally, the eutectic structure, being brittle due to boron carbide components, is easily
fractured and peeled off during wear. However, because boron carbide exhibits hardness
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and thermal stability, it does not adhere to the Si3N4 ball. Instead, the fractured boron
carbide and Mo2FeB2 particles are gradually removed from the surface by reciprocating
motion, without forming pronounced grooves or plowing tracks.

On the one hand, the disappearance of eutectic structures and the increased formation
of Mo2FeB2 hard phases after high-temperature quenching significantly enhance wear
resistance. The binder phase in the C2 and C3 coatings primarily consists of Fe and Cr and
lacks high-temperature-resistant elements such as Ni or Si. As a result, the binder phase
is prone to oxidation during wear, leading to the formation of an oxide layer on the worn
surface. This oxide layer, gradually formed and distributed by the reciprocating Si3N4

friction pair, acts as a lubricant [31], thereby improving wear resistance [32]. Once this oxide
layer is completely worn off, broader plowing marks may appear, leveling the worn surface
and causing the limited spalling of the hard phases. On the other hand, the increased and
evenly distributed Mo2FeB2 hard phases in quenched coatings contribute to dispersion
strengthening and serve as an anti-wear skeleton. These hard phases mitigate the plowing
action of wear debris and abrasives, reduce the fracture of hard phase particles, and protect
the worn surface, thereby further enhancing the wear resistance of the coating [21]. In
summary, the primary wear mechanism of the coating is abrasive wear resulting from the
detachment of hard phase particles.

4. Conclusions

This study aimed to enhance the hardness and wear resistance of H13 alloy steel
by fabricating Mo2FeB2-based ternary boride coatings through plasma spray welding,
followed by quenching at different temperatures. The coating was successfully prepared
with a defect-free surface without pores, inclusions, and cracks and a good metallurgical
bond with the H13 alloy steel substrate. The main phases in the coating were identified as
α-Fe, Mo2FeB2, (Mo,Fe,Cr)3B2, and Fe23(B,C)6.

The morphology of the Mo2FeB2 hard phase particles remained relatively unchanged
across different quenching temperatures. However, high-temperature quenching (1000 ◦C
and 1150 ◦C) led to the formation of more Mo2FeB2 particles and the gradual disappearance
of the reticulated eutectic structure. Both the eutectic structure and the Mo2FeB2 hard phase
were the key factors influencing the microhardness and wear resistance of the coating.

Microhardness increased progressively with quenching temperature, reaching 1092 HV0.5

at 1150 ◦C (32% higher than that of the as-sprayed coating). Concurrently, the average
coefficient of friction (COF) and wear mass loss decreased by 46.4%, demonstrating superior
wear resistance in the quenched coatings.

The wear mechanism was primarily abrasive wear caused by the detachment of
Mo2FeB2 hard phase particles from the coating. The overall wear resistance was signifi-
cantly enhanced due to the hardness of the Mo2FeB2 phase, the increased strength of the
binder phase, and the lubricating effect of oxides formed from the binder during wear.
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Abstract: Hot work die steel is an alloy steel with good high-temperature performance,
which is widely used in mechanical manufacturing, aerospace, and other fields. During the
working process of hot working mold steel, it is subjected to high temperature, wear, and
other effects, which can lead to a decrease in the surface hardness of the mold, accelerate
surface damage, shorten the service life, and reduce the quality of the workpiece. In order
to improve the wear resistance of the mold, this paper conducts two surface treatments,
chrome plating and nitriding, on the surface of hot work mold steel, and compares the high-
temperature wear behavior of the materials after the two surface treatments. The results
indicate that the hot work die steel obtained higher surface hardness and wear resistance
after nitriding surface modification. After nitriding treatment, the surface of hot work die
steel contains ε phase (Fe2–3N), which improves its surface hardness and wear resistance,
thus exhibiting better surface hardness and wear resistance than the chrome-plated sample.
In this study, the high-temperature wear behavior of hot work die steel after two kinds of
surface strengthening treatments was deeply discussed, and the high-temperature wear
mechanism of steel after surface strengthening was revealed. It provides a theoretical
basis and experimental basis for the surface modification of hot working die steel, and also
provides new ideas and methods for improving the service life and workpiece quality of hot
working die steel in industrial production. In this study, the advantages and disadvantages
of high-temperature wear resistance of hot working die steel after chromium plating and
nitriding were systematically compared for the first time, which provided a scientific basis
for the selection of surface strengthening technology of hot working die steel and had
important academic value and practical application significance.

Keywords: hot work die steel; surface treatment; nitriding; chrome plating; high-temperature
wear mechanism

1. Introduction

In modern industrial production, the surface properties of materials play a decisive
role in their service life and reliability, especially under severe operating conditions such
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as high temperatures and high loads. In high-temperature working environments, the
surface hardness of the mold decreases [1] and the elevated temperatures during operation
can accelerate wear [2–4], thereby shortening its service life. To enhance the hardness and
wear resistance of molds, surface strengthening treatments are commonly employed [5–8],
which can effectively extend the service life of the molds [9,10]. Commonly used sur-
face modification techniques for hot work die steel currently include thermal spraying,
chemical heat treatment, electroplating deposition, laser surface modification, magnetron
sputtering, etc. Among them, surface chromium plating and nitriding treatment are surface
strengthening treatment methods used more in the industrial field. It is of great practical
significance and representativeness to choose these two surface modification technologies
for comparative study. At the same time, it provides a reference for the application of
industrial manufacturing.

Nitriding is a chemical heat treatment process. It involves diffusing nitrogen atoms
into the surface of a component at high temperatures to form a high-nitrogen surface
layer. The surface of nitrided components exhibits high hardness, wear resistance, fatigue
strength, hot hardness, and anti-scuffing properties [11–13]. Chen [14] carried out plasma
nitriding on Ti6Al4V alloy, which enhanced the tribological properties and prolonged
the service life of the substrate. These improvements in mechanical and tribological
properties effectively reduce wear compared to materials that are not nitrided [15,16].
Ze [17] compared aluminum-modified plasma nitriding with conventional plasma nitriding
and found that the wear resistance was doubled after aluminum-modified plasma nitriding.
Chromium plating is an electrochemical process. It involves depositing a layer of chromium
on the material surface, which not only enhances surface hardness and wear resistance
but also improves its high-temperature resistance and oxidation resistance. The chromium
plating layer, with its excellent wear and corrosion resistance, is most widely used in
the manufacturing, automotive, and aerospace industries [18–22]. König [23] studied
how atmospheric conditions influence the wear behavior between cast iron and chromium-
plated steel under high-temperature conditions reaching 800 ◦C. Below 200 ◦C, the adhesion
of cast iron to the chromium-plated layer results in high wear and friction. Between 200 ◦C
and 400 ◦C, wear and friction slightly decrease due to the oxidation and agglomeration
of debris. Above 400 ◦C, a wear-resistant glaze layer primarily composed of Fe2O3 forms.
At 700 ◦C, the sheet exhibits slight wear. Wang [24] investigated the failure mechanisms
of electroplated chromium layers using repetitive scratch tests under sub-critical loads.
The proportion of micro-cutting increased with the increase in load and number of cycles.
Compared with progressive scratch tests, repetitive scratch tests under sub-critical loads
can more comprehensively evaluate failure under different loads and provide a clearer
understanding of the failure formation process of the coating.

Although a large number of researchers have paid attention to the effect of chromium
plating and nitriding on the wear resistance of materials, most of the research focuses on
the performance analysis at room temperature, and there are relatively few comparative
studies at high temperature. There is a lack of systematic comparative analysis of these
two surface modification technologies in terms of high-temperature wear performance
and wear mechanism in the existing literature. In this study, for the first time, two kinds
of surface treatment methods, chromium deposition and nitriding, were carried out on
the same matrix material Cr-Mo-V hot working die steel. The wear properties and wear
mechanism of the two coatings at room temperature and high temperature were compared
and studied, which provided theoretical and data support for production practice.

173



Lubricants 2025, 13, 313

2. Sample Preparation and Testing

2.1. Coating Preparation

The base material is 2Cr3Mo3VA mold steel. The detailed chemical composition can
be found in Table 1. These compositional data were supplied by the material supplier. Prior
to surface treatment, the base material was subjected to heat treatment. Normalization: the
base material, hot-work die steel, was heated to 960 ◦C, held at this temperature for 3 h, and
then cooled in air. Quenching: the hot-work die steel was heated to 1040 ◦C, held at this
temperature for 1 h, and then quenched in oil. Tempering: the steel was tempered at 580 ◦C
for 4 h, followed by a second tempering at 620 ◦C for 4 h to achieve optimal mechanical
properties. The heat treatment process is illustrated in Figure 1. The material was cut
into disc-shaped specimens with the dimensions shown in Figure 2 using an electrical
discharge machining (EDM) wire cutter. The specimens were then ground with 200# to
1200# sandpaper, rinsed with deionized water, ultrasonically cleaned in an acetone solution
at room temperature for 15 min, and subsequently dried with cold air.

Table 1. Chemical composition of the experimental steel (mass fraction, %).

Steel C Si Mn Cr Mo V P S Fe

2Cr3Mo3VA 0.22 0.50 0.25 2.79 2.80 0.15 <0.015 <0.015 Bal.

Figure 1. Heat treatment process flowchart of 2Cr3Mo3VA steel.

Figure 2. Wire Electrical Discharge Machining (WEDM) diagram of the specimen.
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2.1.1. Surface Treatments

Cut the heat-treated sample into the size shown in Figure 2, and then proceed with surface
chrome plating treatment. The preparation process parameters for electroplated chromium are
as follows: CrO3 concentration of 250 g/L, H2SO4 concentration of 2.5 g/L, current density of
20 A/dm2, and temperature of 60 ◦C. For another set of samples, the heat-treated specimens
were subjected to nitriding surface treatment. The nitriding process is as follows: First, the
samples were cleaned. Then, they were preheated at a constant temperature of 350 ◦C for
40 min. Subsequently, the samples were nitrided for 2 h in a nitriding salt bath (consisting of
base salt and adjusting salt) at 500 ◦C in a box resistance furnace under nitrogen protection.
Next, the samples were oxidized for 40 min in an oxidizing salt bath at 380 ◦C. Finally, the
samples were cleaned, dried, and then immersed in oil.

2.1.2. Microstructural and Property Characterization of Chromium Plating/Nitriding

The surface coating and cross-sectional morphology of the samples before and after
wear were examined using a field-emission scanning electron microscope (JSM-IT800, JEOL,
Tokyo, Japan). Elemental distribution analysis of the coating surface and wear tracks was
performed using Energy Dispersive Spectroscopy (EDS) techniques. The crystal structure
was characterized using an X-ray diffractometer (Bruker D8, Bruker, Billerica, MA, USA)
with Cu-Kα radiation at 40 kV and 40 mA. The X-ray diffractometer was operated with a
Cu target, a scanning range of 20◦ to 90◦, and a scanning speed of 6◦/min. Microhardness
tests were conducted using a microhardness tester (HVT-1000, HYDAC, Sulzbach/Saar,
Germany). This instrument is used to measure surface microhardness at a certain depth,
with a load of 50 g and a dwell time of 15 s. After polishing the surface of the samples,
microhardness tests were performed at five uniformly distributed points on the structure,
and the average value of the data points and the standard deviation of the data set were
calculated. The wear track’s cross-sectional hardness was evaluated via nanoindentation
(Keysight G200, Keysight, Santa Rosa, CA, USA).

2.1.3. Tribological Properties

Wear tests were conducted using the MFT-5000 high-temperature friction and wear
tester (Rtec-Instruments, San Jose, CA, USA). The tribological evaluations employed a
ball-on-disk setup, utilizing a 9.525 mm diameter Si3N4 ball as the upper specimen. The
specific schematic diagram is shown in Figure 3. The prepared samples were cleaned
with ethanol and then air-dried. The tribological test parameters are as follows: the test
temperatures were room temperature and 700 ◦C, the test load was 50 N, the sliding radius
was 15 mm, the sliding linear velocity was 0.628 m/s, and the total sliding duration was
30 min. The testing rotational speed was 400 rpm. Both the chromium-plated samples and
the nitrided samples were tested for friction and wear at room temperature and at 700 ◦C.
The specific parameters of the above experiments are determined based on the working
conditions in actual industrial production. In the following article, different samples were
numbered and named, as shown in Table 2.

During the tests, automatic heating was achieved using a resistor, and automatic
temperature regulation and control were realized using a thermocouple and a temperature
controller. The friction coefficient was measured using a microcomputer module. The
wear surface morphology was modeled and analyzed using a laser confocal microscope
(LCM) (OLS5100, Evident Scientific, Waltham, MA, USA). The wear rate was calculated
through 3D surface profiling. Five cross-sections at equal distances from the wear track
were selected, and the average cross-sectional area was calculated. The wear track volume
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V was determined by multiplying the average cross-sectional area by the length of the wear
track. The wear rate calculation formula is as follows:

Wear rate =
V

NL

(
mm3/Nm

)
, (1)

In the formula, V represents the wear volume (mm3), N represents the load (N), and L
represents the total sliding distance (m).

 

Figure 3. Test flowchart and ball-on-disc friction diagram.

Table 2. Comparison table of sample number and wear test conditions.

Sample Number Surface Treatment Wear Test Temperature

1-1 Chromium plating Room
1-2 Chromium plating 700 ◦C
2-1 Nitride Room
2-2 Nitride 700 ◦C

3. Results and Discussion

3.1. Microstructure of the Coating

Figure 4 is the cross-sectional morphology of the chromium plating layer. There are
micro-cracks in the cross section of the coating, as shown in the arrow in Figure 4a. From
the cross-sectional morphology of the chromium plating layer in Figure 4b, it can be seen
that the cracks are distributed inside the chromium plating layer and do not extend to
the inside of the substrate. This is due to the weak plastic deformation ability of metal
chromium in the electroplating process. Under the combined action of electrochemical
reaction and stress, the stress release in the chromium plating layer will produce cracks [25].
Although these micro-cracks do not directly penetrate into the matrix, the cracks are easy
to expand and connect under the action of thermal stress and other factors, extending from
the surface to the matrix. Then, the micro-cracks expand horizontally along the interface
between the coating and the substrate, resulting in a large area of peeling off of the coating
and losing the protective effect on the substrate [26].
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Figure 4. SED diagrams of chromium plating coating cross-section: (a) low SED diagram, (b) high
SED diagram.

In Figure 5a,b, it can be clearly seen that the nitriding layer is loose and there are many
veins extending into the matrix. According to relevant research, due to the coarse original
structure and high nitrogen potential, the permeable layer after nitriding will have defects
such as loose compound layer and vein nitride [27]. Compared with the obvious interface
between the chrome plating layer and the substrate, the existence of the nitriding diffusion
layer can buffer the stress [26].

 

Figure 5. Nitriding section SED diagrams: (a) low SED diagram, (b) high SED diagram.

3.2. Friction Coefficient and Wear Rate of the Coating

It can be seen from Figure 6 that the surface hardness of the sample after nitriding is
the highest, and the average hardness is 1087.9 Hv. The surface hardness of the sample after
chromium plating is 975.5 Hv. It can be seen from Figure 7 that the surface hardness of 1-1
and 2-1 samples is almost the same as that of the samples without wear test. This also shows
that the friction and wear experiments at room temperature have little effect on the hardness
of the sample surface. It can be seen from Figure 7 that the surface hardness of the sample
after high-temperature wear is lower than that of the sample after room-temperature wear.
The average hardness of sample 1-2 was 401.0 Hv, while that of sample 2-2 was 566.1 Hv.
This shows that the surface hardness of the two samples decreases with the increase in
temperature. At the same time, it can be seen that the surface hardness of the chromium
plating layer is lower than that of the nitriding layer. It can be seen from the wear rate trend
in Figure 8 that the wear rate of the 2-1 sample is the lowest (10.67 × 10−6 mm3/N·m),
while the wear rate of the 1-2 sample is the highest (42.57 × 10−6 mm3/N·m). The data
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show that the wear rate of the nitrided layer at 700 ◦C is about 38% lower than that of the
chrome-plated layer, and the wear rate of the nitrided layer at room temperature is about
50% lower than that of the chrome-plated layer, indicating that the nitrided layer has better
wear resistance than the chrome-plated layer.

Figure 6. Surface hardness of different samples: no. 1 is the surface hardness of the sample after
chromium plating; no. 2 is the surface hardness of the sample after nitriding.

Figure 7. Surface hardness of different samples after wear.

Figure 8. Wear rates of different specimens.
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Figure 9 is the curve of the friction coefficient of 1-1, 1-2, 2-1, and 2-2 specimens with
the change of sliding time. The sample experienced two stages in the friction process
at different temperatures: running stage and stable stage. When the Si3N4 balls of the
friction pair first came into contact with the surface of the sample, the friction resistance
increased rapidly under the action of the asperities on the surface; that is, the friction
coefficient of the running and stage increased rapidly. In the stable wear stage, the friction
coefficient basically fluctuates in a constant value. The average friction coefficients of 1-1,
1-2, 2-1, and 2-2 samples are 0.6084, 0.4442, 0.7063, and 0.2740, respectively. The data show
that the friction coefficient of the two samples gradually decreases with the increase in
wear temperature. This is due to the softening of the material at high temperatures. It
can be seen from the average friction coefficient of the two samples at different friction
temperatures that the average friction coefficient at 700 ◦C drops sharply, which is due to
the intensification of material surface softening and the formation of a continuous oxide
film on the surface. The results show that the nitriding treatment has a certain friction
drag reduction effect, which is because the nitriding layer with higher hardness effectively
enhances the plastic deformation resistance of the alloy compared with the matrix.

 
Figure 9. Variation of friction coefficient with time (a–d): 1-1 chromium plating sample at room-
temperature wear, 1-2 chromium plating sample at 700 ◦C high-temperature wear, 2-1 nitriding
sample at room-temperature wear, and 2-2 nitriding sample at 700 ◦C high-temperature wear.

In the process of high-temperature wear, friction heat, ambient temperature, and
load will cause plastic deformation, dynamic recovery, and recrystallization of the sample,
resulting in the change of the performance of the substructure, thus affecting the wear
behavior [28]. Figure 10 shows the hardness distribution of the wear cross section. The cross-
section hardness curve divides the sample into three parts: coating area, coating/substrate
bonding area, and substrate area. It was found that the hardness of the coating was higher
than that of the substrate after wear at room temperature and 700 ◦C. It can be seen from
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Figure 10a,b that the coating hardness of 1-2 and 2-2 samples after wear at high temperature
700 ◦C is lower than that of 1-1 and 2-1 samples after wear at room temperature. This can
be attributed to the increased softening of the sample caused by the increase in temperature.
It can also be seen from Figure 10 that the hardness of the coating/substrate bonding zone
is higher than that of the substrate. The hardness of the matrix is also affected by the
temperature, resulting in a decrease in hardness. This softening of the sample is intensified
due to the increase in temperature, which leads to the delamination and spalling of the
generated oxide layer, resulting in severe oxidative wear and ultimately a decrease in
hardness. This delamination phenomenon may further aggravate the damage degree of
the sample surface.

 
Figure 10. Hardness distribution of the worn cross-section: (a) chromium plating; (b) nitriding.

3.3. Morphology and Compositional Analysis of the Worn Surface

Figure 11a shows the XRD pattern of chromium-plated samples after friction at differ-
ent temperatures for 30 min. It can be seen that the surface phase of the sample is mainly a
Cr-containing phase when the 1-1 sample is worn at room temperature. The phase of Cr
can also be observed in the X-ray diffraction pattern of 1-2 samples at a high temperature
of 700 ◦C. These are mainly the phases of the coating. At the same time, it can be found
that the oxide peak intensity of Cr gradually increases in the XRD pattern of 1-2 samples. It
can be known that the XRD phase has a significant change with the increase in temperature.
It is mainly related to the increase in temperature oxidation. Figure 11b shows the XRD
pattern of the nitrided sample after friction at different temperatures for 30 min. It can be
seen that the nitrided layer on the surface of the 2-1 sample is mainly ε phase (Fe2–3N),
which is also consistent with the results of other scholars [29,30]. In the salt bath nitriding
process, the cyanate ion (CNO−) in the salt bath decomposes to produce active nitrogen
atoms. These active nitrogen atoms gradually aggregate on the surface of the material, and
then diffuse to the lattice gap of the material under the impetus of the nitrogen potential.
With the extension of nitriding time, the content of solid solution nitrogen atoms in the
material increases gradually. Finally, a layer of iron nitride (ε-phase) is formed on the
surface of the material, which has high hardness and wear resistance. In the XRD pattern
of 2-2 samples in Figure 11b, there is not only ε phase (Fe2–3N), but also Fe oxide phase.
The change of the above phase is mainly due to the increase in oxidation caused by the
increase in friction and wear temperature, which makes the oxide of Fe appear.

180



Lubricants 2025, 13, 313

 

Figure 11. XRD patterns of surface phases after wear for two types of specimens: (a) XRD pat-
terns of chromium-plated specimens under room-temperature wear and 700 ◦C high-temperature
wear; (b) XRD patterns of nitrided specimens under room-temperature wear and 700 ◦C high-
temperature wear.

Figures 12 and 13 show the microstructure image and the corresponding element
distribution of the wear scar surface of the chrome-plated sample and the nitrided sample,
respectively. Figure 12a is the wear scar microstructure diagram and element distribution
diagram corresponding to the 1-1 sample. It can be seen from Figure 12a that there are a
large number of flake thin layers, fish scale thin layers, furrows, and scratches. From the
corresponding element distribution map, it can be seen that these flake thin layers and fish
scale thin layers are oxides of Cr. At room temperature, the surface of the chromium plating
layer will undergo oxidation reaction due to flash heat phenomenon, forming a thin layer
of oxide. During the wear process at room temperature, the oxide film is weak and easy to
peel off. The flake thin layer formed granular debris after sliding friction. This wear debris
will cause furrows and scratches on the material when sliding, thereby accelerating the
wear of the material. It can be seen that the wear mechanism of the chromium plating layer
at room temperature is dominated by abrasive wear and accompanied by slight oxidative
wear. Figure 12b is the wear scar microstructure diagram and element distribution diagram
corresponding to the 1-2 sample. It can be observed in Figure 12b that there are spalling
pits, and there are also a large number of flake thin layers, gullies, and scratches. It can be
seen from the corresponding element distribution map that the surface of the wear scar
has been completely covered by the oxide film. Compared with the wear surface at room
temperature, the wear surface after sliding wear at 700 ◦C has wider and deeper gully
traces, and the ploughing traces basically disappear. In addition, the correlation between
the appearance of the gully phenomenon and the wear mechanism is significant. Under
the condition of high-temperature wear, the surface of the sample is continuously worn
and peeled off under the action of high temperature and friction, and gradually forms
a gully-like morphology. The evolution of this microstructure will lead to a significant
increase in surface roughness, thereby reducing the stability of the friction coefficient and
weakening the wear resistance of the material. It can be seen that the wear mechanism of
chrome-plated samples at 700 ◦C is the combined effect of oxidation wear, adhesive wear,
and abrasive wear [31]. Figure 13a is the micro-graph of the wear scar and the element
distribution map corresponding to the 2-1 sample. It can be observed in Figure 13a that
there are some flake thin layers and furrows. From the corresponding element distribution
map, it can be seen that the flake thin layer in the wear scar should be the oxide of Fe. It is
shown that the wear form of the 2-1 sample is mainly adhesive wear at room temperature,
accompanied by slight oxidative wear. Figure 13b is the wear scar microstructure diagram
and element distribution diagram corresponding to the 2-2 sample. It can be seen from
the corresponding element distribution map that the surface of the wear scar has been
completely covered by the oxide film. The wear process generates an oxide film on the
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contact surface, where wear debris becomes thermally compacted and strongly bonded to
the track under elevated temperatures and material softening. This results in the formation
of a smooth, wear-resistant tribolayer that functions as a solid lubricant, effectively lowering
both the coefficient of friction and wear rate [32–34]. The dominant wear mechanisms are
identified as oxidative and abrasive wear.

 

Figure 12. SEM images of wear scar surface and corresponding element distribution map: (a) room-
temperature wear scar map and corresponding element distribution map of chromium-plated 1-1
sample; (b) wear scar diagram and corresponding element distribution diagram of chromium-plated
1-2 samples at 700 ◦C.

Figure 14a–d shows the three-dimensional topography and corresponding cross-
section curves of the wear traces of samples 1-1, 1-2, 2-1, and 2-1 (Figure 14(a1)–(d1)).
It can be seen from Figure 14(a1,b1) that the width and depth of the wear scar of the
chrome-plated sample at high temperature are 1956.93 μm and 82.33 μm, respectively.
The width and depth of the wear scar at room temperature are 2036.73 μm and 52.33 μm,
respectively. The wear depth and wear volume at high temperature are larger than those
at room temperature. This can be attributed to the softening of the sample caused by the
increase in temperature, so that the wear is more serious. This also corresponds to the wear
rate of Figure 8. It can be seen from Figure 14(c1,d1) that the width and depth of the wear
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scar of the nitrided sample at high temperature are 1479.76 μm and 45.35 μm, respectively.
The width and depth of the wear scar at room temperature are 1829.06 μm and 11.13 μm,
respectively. This also shows the same rule as the chrome-plated sample. The results show
that high temperature will soften the material and make the wear resistance worse. The
continuous Fe oxide film formed by the nitriding layer at 700 ◦C has a lubricating effect,
which significantly reduces the friction coefficient and wear rate. However, due to the
micro-crack propagation and softening effect of the chromium plating layer, the oxide
film is easy to peel off, resulting in increased abrasive wear [26]. Thus, the nitrided layer
exhibits better wear resistance under high-temperature wear. The wear resistance of the
nitriding layer at 700 ◦C and room temperature is better than that of the chromium plating
layer.

 

Figure 13. SEM images of wear scar surface and corresponding element distribution map: (a) room
temperature wear scar map and corresponding element distribution map of nitriding 2-1 sample;
(b) wear scar diagram and corresponding element distribution diagram of nitrided 2-2 samples
at 700 ◦C.
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Figure 14. Three-dimensional topography (a–d) and corresponding cross-sectional curves (a1–d1):
(a,a1) 1-1 chrome-plated specimen under room-temperature wear, (b,b1) 1-2 chrome-plated specimen
under 700 ◦C high-temperature wear, (c,c1) 2-1 nitrided specimen under room-temperature wear,
and (d,d1) 2-2 nitrided specimen under 700 ◦C high-temperature wear.
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4. Conclusions

In this study, the chromium plating layer and nitriding treatment were prepared on the
surface of the matrix material 2Cr3Mo3VA hot work die steel. The tribological properties
and wear mechanism of two different surface treatments at room temperature and 700 ◦C
were studied. The following conclusions were obtained:

1. The chromium plating layer and nitriding treatment on the surface of 2Cr3Mo3VA hot
work die steel were effectively modified. The surface hardness and wear resistance of
2Cr3Mo3VA hot work die steel were improved due to the presence of ε phase (Fe2–3N)
in the 2Cr3Mo3VA hot work die steel after nitriding surface treatment. As a result, the
surface hardness of the nitrided layer is better than that of the chrome-plated layer.

2. The surface hardness of the nitrided sample is higher than that of the chrome-plated
sample after room-temperature wear or 700 ◦C high-temperature wear. At the same
time, the wear rate of the nitrided layer at 700 ◦C is about 38% lower than that of the
chromium plating layer, and the wear rate of the nitrided layer at room temperature is
about 50% lower than that of the chromium plating layer, indicating that the nitrided
layer has better wear resistance than the chromium plating layer.

3. The wear mechanism of chromium coating at room temperature is mainly abrasive
wear accompanied by slight oxidation wear. The wear mechanism at 700 ◦C is the
combined effect of oxidation wear, adhesive wear, and abrasive wear. The wear
mechanism of the nitrided layer at room temperature is mainly adhesive wear, accom-
panied by slight oxidative wear. The wear mechanism at 700 ◦C is mainly oxidation
wear and abrasive wear.

4. The research results provide important theoretical and experimental basis for surface
modification of hot work die steel, especially in improving die life and workpiece qual-
ity in high-temperature environment. Future work should focus on further research
on the wear mechanism of the coating under more temperature parameters, and
explore the high-temperature wear mechanism of more different surface modification
technologies, so as to provide a more comprehensive solution for the surface modifi-
cation technology of hot work die and aerospace parts, and promote technological
progress and application expansion in related fields.
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