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Preface

Laser surface engineering has been an evolving area of research, particularly in the context of

tribology, which focuses on the study of the friction, wear, and lubrication of interacting surfaces

in relative motion. Laser surface engineering techniques, such as laser surface melting, alloying,

and cladding, have been employed to modify the surface properties of materials, thus enhancing

their resistance to wear and friction. Furthermore, researchers have explored the use of lasers to

induce nanostructuring on surfaces, aiming to improve hardness, reduce friction, and enhance wear

resistance at the nanoscale level. On the other hand, laser surface engineering has been applied to

create functionally graded materials, where the composition and properties vary gradually across the

material’s surface, optimizing the performance under specific tribological conditions. In addition,

surface texturing through the use of lasers has gained attention for its potential to control friction and

improve lubrication by creating micro-dimples or patterns on surfaces, and thus affecting the contact

and sliding behavior.

Despite these advancements, there may still be gaps in the knowledge and challenges in

the field of laser surface engineering for tribology. A deeper understanding of the underlying

mechanisms governing the interactions between laser-modified surfaces and tribological conditions is

necessary, including the effects of temperature, microstructure, and material composition. At the same

time, the lack of standardized testing methods and characterization techniques for laser-modified

surfaces poses challenges in comparing the results across different studies and establishing reliable

performance metrics. Moreover, the long-term durability and stability of laser-engineered surfaces

under varying operating conditions require further investigation to ensure practical applicability.

This reprint contains 12 articles and 1 review regarding a wide array of topics in the field of laser

surface engineering for tribology, including preparing methods (additive manufacturing, preheating,

and supersonic assistant laser deposition), post-machining, and surface texturing. Meanwhile, this

reprint pays more attention to the laser surface-modified chemical composition and microstructure.

The wear resistance of laser-clad coatings was significantly improved by alloying, ceramic addition,

or phase transformation in high-entropy alloy, cast iron, steel, and Ti-based, Cu-based, Al-based, and

Ni-based alloys. Finally, the review presented some effective surface modification strategies for the

laser cladding of metal-based alloys, ceramic-reinforced composites, amorphous, and high-entropy

alloys on aluminum alloys.

Laser surface engineering for tribology is a sustainable approach that minimizes resource

consumption and waste generation. For future research, emphasis could be placed on

application-specific optimization, tailoring laser surface engineering approaches for specific

applications, and considering the diverse requirements of different industries, such as automotive,

aerospace, and manufacturing. Meanwhile, it is important to develop comprehensive multiscale

models that integrate the effects of laser processing at the micro and nano levels to predict tribological

performance accurately. In addition, it is advantageous to utilize advanced characterization

techniques, such as in situ microscopy and spectroscopy, in order to better understand the dynamic

changes in laser-modified surfaces during tribological testing. These future research directions can

contribute to the continued evolution of laser surface engineering for tribological applications,

addressing existing challenges and expanding the practical implementation of these techniques.

We aim for this reprint to provide readers with a comprehensive understanding of the latest

state-of-the-art developments in these rapidly evolving research areas, along with an introduction to

some of the most recent techniques developed within this field. We seize this opportunity to express

ix



our gratitude to all the contributors who have actively participated in this reprint. Simultaneously,

we extend our thanks to the reviewers for their dedicated time and efforts in enhancing the quality of

the submitted papers.

Xiulin Ji and Yong Sun

Editors
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1. Introduction

The realm of laser surface engineering has seen continual development, particularly
within the realm of tribology, a field dedicated to the examination of friction, wear, and
lubrication between interacting surfaces in relative motion. Various laser surface engi-
neering techniques, such as laser surface melting [1,2], alloying [3,4], and cladding [5,6],
have been employed to alter material surface properties, enhancing their resistance to wear
and friction [7]. Additionally, researchers have delved into the application of lasers to
induce nanostructuring on surfaces, aiming to elevate hardness, diminish friction, and
augment wear resistance at the nanoscale [8–10]. Concurrently, laser surface engineering
has found utility in crafting functionally graded materials [11,12], wherein composition and
properties gradually shift across the material’s surface, optimizing performance in specific
tribological conditions. Furthermore, laser-induced surface texturing [13,14] has garnered
attention for its potential to regulate friction and enhance lubrication by creating micro-
dimples or patterns on surfaces, thereby influencing contact and sliding behavior. Hence,
laser-induced manufacturing holds vast potential applications in the realm of tribology.
The combination of laser surface engineering and tribology promises to yield outstanding
insights and contributions that illuminate the academic and engineering field.

2. An Overview of the Published Articles

The Special Issue entitled “Laser Surface Engineering for Tribology” includes thirteen
papers, featuring a review and twelve research articles. These contributions delve into
cutting-edge topics, including innovative preparation methods such as additive manu-
facturing, preheating, and supersonic-assisted laser deposition. The coverage extends to
post-machining techniques and surface texturing, providing a comprehensive exploration
of advancements in the field.

Firstly, Zhao et al. (Contribution 1) present a comprehensive review focusing on the
laser cladding of aluminum alloys. They believe that laser cladding technology is a highly
effective strategy for enhancing the surface hardness and wear resistance of aluminum
alloys. This review delves into six distinct types of coatings, namely, Al-based, Ni-based,
Fe-based, ceramic-based, amorphous glass, and high-entropy-alloy coatings. The focus is
particularly on aspects such as microstructure, hardness, wear resistance, and corrosion
resistance. The findings of this work contribute significantly to our understanding of
coating design and manufacturing perspectives for aluminum alloys, offering valuable
insights for future research and development in this domain.

Reinforcement coating is a common method used to improve tribological prop-
erties through laser surface engineering. Ji et al. (Contribution 2) explore laser-clad
AlCr2FeCoNiNbx (x = 0, 0.5, 1.0, 1.5, 2.0) high-entropy-alloy (HEA) coatings on Q345
carbon steel, focusing on the impact of Nb incorporation on reciprocating sliding wear
resistance. The microstructure evolves from a single Face-Centered Cubic (FCC) solid
solution (x = 0) to hypoeutectic and hypereutectic states (x ≥ 1.0), with increasing Laves
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phase and decreasing FCC. Despite a decline in corrosion resistance, wear resistance im-
proves, and friction decreases with Nb addition. Nb0.5 exhibits remarkably low wear rates,
outperforming Nb0 by 3.6 to 7.2 times under different loads. This work demonstrates that
introducing Laves-phase-forming elements for hardness modulation could be an effective
strategy to enhance the wear resistance of HEA coatings. Rajaei et al. (Contribution 3)
discuss the potential of Fe3Al coatings as an eco-friendly alternative to brake disc coat-
ings. A 500 μm Cr–Mo steel buffer layer is applied to the coating on a gray cast-iron
disc to enhance coating quality and prevent hot crack formation. While pin-on-disc tests
reveal a coefficient of friction comparable to that of an uncoated disc, the Fe3Al-coated
disc exhibits a significant reduction in particulate matter (PM) emissions. This reduction
holds particular importance in light of impending international standards, underscoring
the environmental advantages associated with Fe3Al coatings. The experimental results
would be more convincing if standard friction equipment for automobile brake discs was
used. Huang et al. (Contribution 4) suggest a laser-clad Ti5Si3/Ti3Al composite coating
to enhance the wear resistance of titanium alloys. A double-layer presetting method is
employed for the laser cladding using a Ti-63 wt.% Al mixed powder layer and a Si powder
layer. The coating predominantly consists of a Ti5Si3 primary phase and a Ti5Si3/Ti3Al
eutectic structure. The coating’s microhardness is approximately 668 HV, more than 3 times
higher than the matrix’s. Finally, the coating significantly improves the wear resistance
of TA2, and the mass wear rate of the coating is less than 1/5 of that of TA2. Liu et al.
(Contribution 5) discuss the benefits of in situ NbC-reinforced laser cladding Ni45 coatings,
emphasizing their high bond strengths, low dilution rates, small heat-affected zones, and
excellent wear resistance. Unlike previous methods using costly pure niobium powder, the
authors successfully synthesize NbC in situ in Ni45 powder using affordable FeNb65 and
Cr3C2. The laser-clad coating is mainly composed of NbC and Cr23C6 phases and exhibits
a uniform microstructure and outstanding wear resistance. The coating with 25 wt.%
FeNb65 and Cr3C2 demonstrates the highest microhardness at 776.3 HV0.2 and exceptional
wear resistance, surpassing Cr12MoV steel and the Ni45 coating by about 60 and 24 times,
respectively. It provides an attractive strengthening strategy for Ni-based alloys. Zhang
et al. (Contribution 6) notice that the CoCrFeNi high-entropy alloy (HEA) is known for
its impressive mechanical properties but lacks sufficient wear resistance, particularly un-
der high loads. Their study addresses the limited research on adjusting the deformation
mechanism to enhance wear resistance by employing boron doping. The introduction of
boron successfully regulates the deformation mechanism, resulting in a remarkable 35-fold
improvement in wear resistance for the CoCrFeNi HEA. The authors observe the subsurface
microstructure and find a reduction in shear bands and the formation of nanostructured
mixed layers, contributing significantly to the enhanced wear resistance. So, this boron
doping strategy provides an effective way to improve wear resistance in high-entropy
alloys (HEAs).

The post-treatment stage has a strong influence on the mechanical and tribological
properties of laser-clad coatings. Zhang et al. (Contribution 7) investigate the post-heat
treatment of a laser-clad T15 coating on 42CrMo steel. The microstructural uniformity is
enhanced using the author-suggested post-heat treatment in the temperature range of 1100
to 1240 ◦C. Quenching at 1100 ◦C results in a lower wear rate, while tempering increases
it. During high-temperature quenching, carbides at grain boundaries decompose and
integrate into the matrix, while tempering precipitates carbides within the grain. The
authors show that heat treatment significantly increases the content of martensite and alloy
carbide. The cladding layer’s microhardness reaches 910 HV after quenching and 750 HV
after tempering. The wear resistance is enhanced by quenching, although no significant
change in the friction coefficient is observed.

Machining is another kind of post-treatment for laser additively manufactured parts.
Ozaner et al. (Contribution 8) describe the machinability of Inconel 718 (IN718), a widely
used Ni-based superalloy in the aerospace, nuclear, and chemical industries, specifically
focusing on parts produced through laser metal deposition (LMD). As the machinability
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of LMDed IN718 has received little attention, this work comprehensively evaluates its
machinability in both dry and minimum-quantity lubrication (MQL) cutting environments,
considering LMD process variables. The results reveal challenges in machining closer to
the substrate due to hardness variations. MQL significantly improves machining, and
laser power is identified as a crucial parameter. The study provides practical guidelines
for optimizing the machining process and emphasizes the potential economic benefits
of MQL in terms of tool longevity without substantial energy cost increase, supporting
the successful adoption of LMD in the additive–subtractive hybrid manufacturing of
metallic parts.

In recent years, combination with other technologies has been a hot spot in the develop-
ment of laser processing technology. Utilizing supersonic laser deposition (SLD) technology,
Zhang et al. (Contribution 9) explore the fabrication of promising diamond/copper com-
posite coatings for wear-resistance applications. The wettability of Ti-coated diamond
is enhanced through optimal parameters in a salt bath. The diamond’s surface features
nano-spherical titanium carbides, fostering a favorable interface bond with a copper matrix.
A protective transition layer acts as a buffer, preventing diamond breakage within the coat-
ing. SLD prevents graphitization due to its low processing temperature. The collaborative
action of laser and diamond metallization significantly enhances tribological properties,
resulting in a microhardness of approximately 173 HV0.1, surpassing that of cold-sprayed
copper. At a laser power of 1000 W, the diamond/copper composite coating demonstrates
low friction (0.44) and a minimal wear rate (11.85 μm3·N−1·mm−1), underscoring SLD
technology’s substantial potential for creating wear-resistant composite coatings.

Laser power, scanning speed, powder feeding rate, and preheating temperature are
important laser processing parameters. Liu et al. (Contribution 10) notice that laser
cladding faces challenges on copper due to its high thermal conductivity and reflectivity.
The authors explore the impact of preheating temperatures (100, 200, 300, and 400 ◦C) on
laser-clad Ni-based coatings on copper substrates. The microstructures and properties are
analyzed, revealing a uniform distribution of Ni-based alloy powder elements, creating
good metallurgical bonding. The microstructure consists of cellular, dendrite, and plane
crystals, with the main reinforced phases being γ (Fe, Ni), Cr0.09Fe0.7Ni0.21, WC, and Ni3B.
The coating preheated at 200 ◦C exhibits the highest hardness (~942 HV0.5) and superior
wear resistance and corrosion resistance due to reinforced phases and fine crystals.

Recently, laser-assisted surface texturing has attracted the attention of tribology re-
searchers. Phun et al. (Contribution 11) address the challenge of tool wear due to friction in
metal-forming processes and propose a solution through the surface modification of SKH51
tool steel. Using a nanosecond pulse laser with an average power of 25 W, a hexagonal
array of micro-dimples is created on the tool surface, facilitating lubricant retention and
hydraulic pressure during contact. This work investigates the impact of dimple density
and sliding speed on the coefficient of friction through pin-on-disc tests. At a 35% dimple
density, the laser-textured surface exhibits a 12.6% lower friction coefficient (0.087) than the
untextured surface at a sliding speed of 15 cm s−1. Furthermore, the laser-textured surface
shows minimal wear compared to the untextured sample. These findings provide valuable
guidelines for tool and die surface treatment, enhancing friction and wear reduction in
metal-forming processes. Zhang et al. (Contribution 12) employ laser processing technol-
ogy to create micro-textures on 42CrMo steel, enhancing the wear resistance in high-load
conditions, and particularly addressing tooth plate wear in oil drilling wellhead machinery.
Finite element analysis guides the selection of optimal texture shapes and parameters.
Three types of textures (micro-dimples, micro-grooves, and reticular grooves) are applied,
and dry friction experiments reveal improved wear resistance, with micro-dimples outper-
forming the other shapes. Specifically, micro-dimples with certain dimensions reduce wear
by over 80% in ring-block dry friction. Laser hardening enhances surface hardness, and
micro-dimples store abrasive particles, mitigating furrow formation and reducing abrasive
wear on tooth plates.

3



Lubricants 2024, 12, 98

Finally, to resist the tribocorrosion of mild steel in a NaCl-containing solution, Sun
et al. (Contribution 13) propose a γ′-Fe4N nitride layer, which is prepared through plasma
nitriding with about 5 μm thickness. At a cathodic potential of −700 mV, the γ′-Fe4N
layer experiences 37% less total material removal (TMR) compared to untreated mild
steel, demonstrating resistance to mechanical wear. At an open circuit potential, the TMR
is 34% lower, while at an anodic potential of −200 mV, the γ′-Fe4N layer remarkably
reduces the TMR by 87%. This improvement is attributed to the layer’s high hardness,
corrosion resistance, and ability to resist both mechanical wear and corrosion, reducing
wear–corrosion synergism.

3. Conclusions

This Special Issue compiles significant contributions addressing challenges in laser
surface engineering for tribology, suggesting a future research focus on application-specific
optimization. This involves tailoring laser surface engineering approaches to meet the
diverse requirements of various industries, including automotive, aerospace, and man-
ufacturing. Additionally, the utilization of advanced characterization techniques like in
situ microscopy and spectroscopy is advantageous for a deeper understanding of dynamic
changes in laser-modified surfaces during tribological testing. These proposed research
directions aim to further advance laser surface engineering for tribological applications,
tackling current challenges and enhancing the practical implementation of these techniques.
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Abstract: As one of the lightest structural metals, the application breadth of aluminum alloys is,
to some extent, constrained by their relatively low wear resistance and hardness. However, laser
cladding technology, with its low dilution rate, compact structure, excellent coating-to-substrate
bonding, and environmental advantages, can significantly enhance the surface hardness and wear
resistance of aluminum alloys, thus proving to be an effective surface modification strategy. This
review focuses on the topic of surface laser cladding materials for aluminum alloys, detailing the
application background, process, microstructure, hardness, wear resistance, and corrosion resistance
of six types of coatings, namely Al-based, Ni-based, Fe-based, ceramic-based, amorphous glass, and
high-entropy alloys. Each coating type’s characteristics are summarized, providing theoretical refer-
ences for designing and selecting laser cladding coatings for aluminum alloy surfaces. Furthermore,
a prediction and outlook for the future development of laser cladding on the surface of aluminum
alloys is also presented.

Keywords: aluminum alloy; laser cladding; material system; research status

1. Introduction

Aluminum and its alloys are regarded as one of the most pivotal metal materials of
the 21st century [1,2]. Its content in the earth’s crust is as high as 7.73%, ranking third,
following only oxygen and silicon, which makes it the most abundant of the metallic
elements. The tensile strength of pure aluminum (with an aluminum content not less than
99.60%) is 70–130 MPa, its elongation rate is 6–43%, and its hardness is 35 HB [2–9]. An
aluminum alloy is made by adding some other elements to pure aluminum. Thus, its
performance outperforms pure aluminum. Aluminum alloys possess high specific stiffness,
high specific strength, excellent corrosion resistance, and easy processability [10–12]. It
is not only widely used in aerospace, rail transit, shipbuilding, automotive, and military
fields, but its development trend is towards larger sizes, integration, complex shapes, and
high precision, making it the first choice for lightweight design [12–22].

However, the surface of aluminum alloys is soft, lacking high wear and heat resis-
tance [23–25]. This restricts its application in mechanical parts requiring high surface
hardness, wear resistance, and heat resistance [26–28]. Meanwhile, with the rapid develop-
ment of the equipment manufacturing industry, many critical components of mechanical
equipment have failed and been scrapped in harsh and complex environments, causing
tremendous economic losses and a high equipment failure rate. There is an urgent need to
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explore efficient, green, emerging manufacturing technologies to enhance the lifespan of
crucial new parts and remanufacture and repair outdated equipment.

Surface modification technology can be used to improve the surface performance of
these parts. Currently, relatively mature surface modification technologies include thermal
spraying, physical vapor deposition, electroplating, and laser cladding [29–32]. Among
these, the most developed technologies are thermal spraying, physical vapor deposition,
and electroplating. Even though they can effectively improve the surface performance
of aluminum alloys, they all have specific issues. For instance, thermal spraying can
form a thick coating, but inclusions and pores may appear, leading to poor bonding. The
coating produced via physical vapor deposition is thin, and the high-temperature working
environment may cause organizational changes at the bottom of the coating, resulting
in the peeling of the coating [28]. The coating produced via electroplating is not dense
enough, and the electroplating solution causes significant environmental pollution. Laser
cladding technology has emerged with the development of laser and surface modification
technologies [33–38]. By utilizing a laser beam to melt the cladding material and the surface
of the base body and allowing it to solidify to form a cladding layer that metallurgically
bonds with the base body, it can be used for the surface strengthening of new parts and the
remanufacturing and repair of failed parts [39–42].

Laser surface modification technology occupies an advanced position in surface en-
gineering. Its research began in the 1960s, but it was not until the early 1970s that it was
practically applied [37,38,43]. The technique is widely acknowledged for its efficiency,
pollution-free nature, and low material consumption. At its core, it uses lasers as a heat
source to treat the surface of the metallic materials, optimizing their microstructure, phase
structure, and chemical composition to enhance surface properties. Unlike traditional
whole-body heat treatments, the laser only affects the surface, preserving the overall
material properties. Its key features include a high heating speed, high power density, min-
imal heat-affected zones, adaptability to complex parts, energy reduction, cost reduction,
and suitability for automation. The main processes include laser phase transformation
hardening, melting hardening, laser shock hardening, laser alloying, and laser cladding.

Laser phase transformation hardening involves rapidly scanning the workpiece with
a high-energy laser beam, bringing the surface to a phase change point below the melt-
ing point at, a heating rate 104~106 ◦C/s [44,45]. The cooler workpiece substrate then
undergoes rapid self-quenching at a cooling rate of 104~108 ◦C/s, creating the surface
phase transformation hardening. Laser melting hardening uses a laser beam of extremely
high power density to instantly heat a localized metal surface region above its melting
point [46–48]. Then, through the cooling effect of the cold metal substrate, the thin melted
metal surface rapidly solidifies, resulting in a modified surface layer that may or may
not have the same composition as the substrate but possesses different properties. This
technique applies to both ferrous and non-ferrous metals and not only corrects surface
defects like pores, cracks, and impurities but also enhances surface performance.

Furthermore, it can be employed for remelting plasma-sprayed coatings that are
wear-resistant, heat-resistant, and corrosion-resistant, and for remelting laser-clad coatings,
making it highly versatile. Laser shock hardening irradiates the metal workpiece surface
with a short-pulse laser of ultra-high power density, causing the surface material to rapidly
vaporize and generate shockwaves with pressures up to 104 Pa [49–51]. This leads to
a significant toughening deformation on the metal surface, resulting in hardening. The
microscopic structure in the laser shock zone showcases a complex network of tangled dis-
locations, akin to the substructures seen in materials post-explosion or rapid planar shock,
significantly enhancing the material’s surface strength, yield strength, and fatigue life.

Laser alloying melts the substrate metal surface using a high-energy laser while in-
troducing alloying elements [52,53]. This forms a concentrated, uniformly mixed alloy
layer on the substrate surface, giving it resistance to wear, corrosion, and high-temperature
oxidation. Due to the swift nature of laser alloying, solute elements primarily achieve uni-
formity through liquid-state convection. This means that the composition of the laser alloy
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can greatly differ from conventional alloy compositions. Moreover, the process can replace
expensive whole alloy substrates with cheaper base materials, reducing manufacturing
costs and substantially improving production efficiency. Methods like preset material,
synchronous powder feeding, and laser gas alloying are employed during laser alloying.

Laser cladding, a branch of laser surface modification, was first researched in the 1970s,
emerging with the development of high-power lasers. Here, cladding material is added to
the workpiece surface. When exposed to a high-energy laser, both the cladding material
and a thin layer of the substrate metal melt quickly, then rapidly solidify into a cladded
layer, resulting in a modified or coated layer with the desired properties. The power density
distribution for laser cladding ranges between 104 and 10 W/cm2, positioning it between
laser hardening and laser alloying in terms of application. Laser cladding, compared
with traditional surface modification technologies, has many advantages: it applies to a
wide range of material systems; enables rapid heating and swift cooling, leading to the
refinement of the cladding layer composition; has a low dilution rate, and bonds well with
the substrate; has a minimal heat-affected zone on the base material; offers high energy
utilization rate; and is an environmentally friendly process [54,55]. Therefore, the laser
cladding of aluminum alloys has broad development prospects. However, it is not without
its challenges. The equipment and operational costs associated with laser cladding can be
high. The technique also demands precise control over laser parameters; mismanagement
can induce defects like cracking, porosity, or unwanted phase formations.

Additionally, there are potential risks of substrate damage from excessive laser energy,
and the process requires skilled operators for optimal outcomes. Laser cladding has found
extensive applications in sectors like oil and gas, aerospace, and automotives, enhancing
wear and corrosion resistance despite its limitations. It is also invaluable for restoring or
repairing complex or costly components, demonstrating its significance in contemporary
material engineering.

Laser cladding technology integrates laser technology, computer-assisted manufac-
turing, and automated control technology. It is worth noting that aluminum alloys have a
strong reflective effect on laser beams, with their reflectivity mainly inversely proportional
to the wavelength of the laser [38,56]. Aluminum’s interaction with electromagnetic radia-
tion, particularly in the visible and infrared regions, is dictated by its dielectric function
and interband transitions. Aluminum’s high reflectivity arises from its conduction-electron
solid response, governed by its free electrons. Spectrally, aluminum exhibits increased
reflectivity for longer wavelengths, which is clearly evidenced by its response to different
lasers. For instance, for a CO2 laser with a wavelength of 10.6 μm, the laser reflectivity
is as high as 90%. For a Nd: YAG laser with a wavelength of 1.06 μm, the absorption
rate is seven times that of a CO2 laser. Radiation photo-absorbent materials can enhance
absorptivity to address this challenge, especially in more extended wavelength lasers. The
application of laser cladding on aluminum alloys is closely tied to developing a high-quality,
high-power laser.

Laser cladding technology uses the laser beam’s energy to simultaneously melt the
coating powder and the surface of the substrate, forming a well-bonded coating when the
laser beam moves away and the molten pool solidifies quickly. Therefore, laser cladding
technology has the advantages of high processing efficiency, high-quality coating prepara-
tion, and environmental friendliness.

Two types can be distinguished depending on the method of inputting cladding
materials: the pre-placed powder method and the synchronous powder feeding method, as
depicted in Figure 1 [38]. The pre-placed powder method is simple to operate. However,
due to its lower-quality cladding layer, it is not suitable for industrial production. The
synchronous powder feeding method, including synchronous side feeding and coaxial
feeding, provides excellent-quality cladding layers and is conducive to automated control.

8



Lubricants 2023, 11, 482

 
Figure 1. Schematic diagram of laser cladding ((a) is the pre-placed powder method; (b) is the
synchronous powder feeding method) [38].

As shown in Figure 2, the geometric shape of the laser cladding layer typically includes
the height (H), width (D), depth (h), wetting angle (θ), and dilution rate (y) of the cladding
layer. The dilution rate y can be mathematically represented by the formula y = h/(h + H).
Selecting appropriate cladding materials and sensible cladding process parameters is vital
to acquiring a well-formed, high-performance, high-quality cladding layer. The choice of
cladding material will determine the performance of the cladding layer. In contrast, the
cladding process parameters will directly influence the layer’s geometric shape, structure,
and performance. Standard parameters for the laser cladding process include laser power,
scanning speed, spot diameter, overlap rate, degree of dilution, and the quantity of powder
supplied, which is an influential factor in determining the thickness of the coating.

 
Figure 2. Cross-section diagram of the cladding layer.

Currently, the primary material systems for the laser cladding of aluminum alloys
include metal-based alloys, ceramic-reinforced composites, and emerging materials such as
amorphous and high-entropy alloys. These cladding materials typically come in powder,
wire, or sheet form, of which the powder form is the most widely used in industrial
applications. This article mainly compared aluminum alloy laser cladding based on the
cladding material system. It details the process of using powder cladding materials under
different experimental conditions and their forming and organizational performance. It
identifies current issues with applying other component powders in the laser cladding of
aluminum alloy surfaces. Finally, we summarize and forecast the future development of
the laser cladding of aluminum alloys.

2. Metal Based Alloys

In the field of laser cladding technology, research on metal-based coatings for alu-
minum alloy surfaces predominantly focuses on three primary categories: Al-based, Fe-
based, and Ni-based coatings.
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2.1. Al-Based Alloys

Due to its low heat input and high automation, laser cladding technology has been
widely applied in metal repair, especially in restoring Al-based alloys. Many scholars have
reported on this.

Meinert et al. [57] first laser-clad the 4000 series aluminum alloy onto the surface
of 6061 and 7075 aluminum alloys. They found that the tensile strength of the repaired
specimens was 61% and 64% of the original 6061-T6 and 7075-T651 samples, respectively.
Cottam et al. [58] studied the laser cladding of a 7075 aluminum alloy powder on the
surface of a 7075 aluminum alloy. The hardness of the cladding layer they prepared
was about 80% of the matrix. Heat treatment can bolster the hardness of the coating,
yet it concurrently amplifies the residual stress within the coating. Figure 3 is pivotal in
illustrating the sample’s residual stress distribution, a key factor influencing the material’s
performance and durability. To be precise, Figure 3a–c map out the stress distribution in
the substrate, the as-clad coating, and the heat-treated coating, respectively. A nuanced
evaluation reveals that the substrate exhibits the most average residual stress. Importantly,
this figure underscores the transformative effect of the heat treatment: the residual stress in
the coating treatment is approximately double that of the as-clad coating. Such insights
emphasize the critical nature of understanding and controlling residual stresses in various
processing conditions.

Figure 3. The residual stress of (a) substrate; (b) as-clad sample; (c) heat-treated samples [58].

Corbin et al. [59] conducted a study where they applied laser cladding to deposit
6061-T6 aluminum alloy powder onto the surface of a 6061 aluminum alloy substrate.
Figure 4 represents the cladding’s cross-sectional images, with Figure 4a demonstrating
the cladding on the narrow substrate and Figure 4b displaying the coverage on the wide
substrate. It can be found that there are no apparent defects, such as pores and cracks,
in the single coating. They observed the presence of coarse and sparse β’ precipitates in
the cladding layer, resulting in a lower hardness than the substrate. In the heat-affected
zone, fine and abundant β′′ precipitates were maintained, which resulted in hardness
levels similar to the substrate in that region. These studies indicate that in aluminum alloy
repair technology, the performance of the cladding layer is generally lower than that of the
aluminum matrix, and issues such as abrupt changes in hydrogen solubility, alloy element
ablation, poor powder fluidity, and ease of oxidation exist. Therefore, some researchers
have conducted in-depth studies on aluminum alloy repair technology for aspects such as
powder feeding devices, process optimization, and post-welding treatment to improve the
quality of the cladding layer.

Yang et al. [60] used a high-power diode laser to repair ZL205A aluminum alloy
casting defects, which then went through a solution treatment in water at 535 ◦C for 11 h,
followed by artificial aging at 175 ◦C for 5 h; the hardness of the coating was increased to
134 HV. In contrast to Corbin’s research, significant pores were found in the cladding layer.
Figure 5 depicts the cross-sectional morphology of the coating, with Figure 5a showing the
macroscopic interface and Figure 5b highlighting the pore features.
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(a) (b) 

Figure 4. The cross-sectional images of the claddings produced on (a) narrow substrate and (b) wide
substrate [59].

 
Figure 5. Coating morphology with (a) illustrating the cross-sectional view and (b) showing the pore
SEM imaging [60].

Regarding process optimization, Song et al. [61] have conducted research to enhance
the damage tolerance of aircraft skin. Their approach centers on exploring the benefits of
laser cladding aluminum alloy structures for improved crack resistance. They developed
a three-dimensional finite element simulation model, incorporating a double ellipsoid
heat source and the sequentially coupled thermal–mechanical analysis method. Figure 6
depicts the residual stress distribution in cladded samples under varying laser powers.
It was discovered that with increased laser power, the residual compressive stress in the
models was enhanced due to an increase in heat energy input, which broadened the thermal
influence range and intensified the temperature gradient in the heat-affected zone. This
amplified the stress response, particularly in areas where the coating meets the substrate.
Their findings suggest that the laser cladding samples reach peak crack resistance at a laser
power of 1400 W and a laser scanning velocity of 10 mm/s. Remarkably, they discovered
that a sample with a cladding coating length of 50 mm exhibited a fatigue life that was
2.93 times longer than an untreated sample. Moreover, their research points to the superior
crack resistance performance of a linear pattern compared to other patterns, with the
cladding angle of the linear design at “0” resulting in the highest performance. This research
underscores the enhanced fatigue life of samples treated with laser cladding, a benefit
attributed to the induced residual compressive stress from the laser cladding process.

Additionally, they found that modifying the laser parameters, such as increasing the
laser power or reducing the laser scanning velocity, could further extend the fatigue life of
laser-treated samples. The study concludes that various factors, including laser parameters,
laser cladding patterns, and angles, can influence the fatigue life of the samples. Some
researchers also prepared aluminum-based coatings on the surface of aluminum alloys to
improve their surface performance.

11



Lubricants 2023, 11, 482

 

Figure 6. The distribution of residual stress under various laser power levels ((a) shows Path-1,
(b) illustrates Path-2, and (c) represents Path-3 [61]).

Dubourg et al. [62] studied the mechanical properties of Al-Cu alloy coatings laser-
alloyed onto the surface of pure aluminum. The results showed that when the Cu content
was 40%, the hardness of the alloy was the highest, reaching 250 ± 10 HV0.2.

Table 1 presents the key findings for Al-based alloys. In summary, the use of Al-
based alloys to address defects in aluminum alloy components has improved considerably.
Leveraging Al-based materials can result in cost reductions. Nonetheless, challenges persist
when using Al-based alloys as modification coatings. The degree of hardness enhancement
achieved through such coatings is often limited, and while heat treatment might intensify
surface hardness, it concurrently amplifies the residual stress within the coating. Moreover,
even though the integration of ceramic materials can significantly augment hardness,
potential issues related to coating cracking must be considered.

Table 1. Key findings on Al-based alloy coatings.

Authors Coating Material Key Findings

Meinert et al. [57] 4000 series Al Repaired specimens had tensile strengths of 61% and 64% of
their original counterparts.

Cottam et al. [58] 7075 Al
The cladding layer’s hardness was 80% of the matrix. Heat

treatment improved the hardness but also increased residual
stress.

Corbin et al. [59] 6061-T6 Al
Coatings produced were without apparent defects. The
cladding layer had coarser β’ precipitates with reduced

hardness.

Dubourg et al. [62] Al-Cu alloy At 40% Cu content, alloy hardness peaked at 250 ± 10 HV0.2.

2.2. Fe-Based Alloys

Fe-based alloy powders, with excellent wear resistance, low cost, and wide availability,
have been used by some researchers for laser cladding onto the surface of aluminum alloys
to improve surface wear resistance and anti-deformation.

Jeyaprakash et al. [63] used laser cladding technology to prepare a FeCrMoVC (H13 steel)
cladding layer on the surface of an AA6061 aluminum alloy. The coating structure contained
large carbides and martensite, the carbides formed by vanadium and molybdenum signif-
icantly improve the hardness of the coating. Compared with the base material, the wear
resistance of the layer increased by nine times, and the surface roughness of the coating after
wear was reduced by three times. Ye et al. [64] prepared a Fe-Al intermetallic compound
cladding layer on the surface of ZL114A aluminum alloy. The microhardness of the cladding
layer was as high as 614 HV, which is 5 to 6 times higher than the base material. Figure 7
shows the microstructure of the coating transition zone. Figure 7a illustrates the interface
between the melt pool and the matrix, highlighting evident grain refinement in the transition
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zone due to the rapid heating and cooling of the aluminum alloy surface. Figure 7b reveals
the formation of dendritic grains along a specific growth direction at the bottom of the melt
pool. In Figure 7c, these dendritic grains transform into equiaxial grains at the top of the melt
pool. Cracks were found in the bonding zone, as shown in Figure 7d.

 
Figure 7. SEM images of the coating, (a) is the bottom of the transition zone, (b) is the middle of the
transition zone, (c) is the top of the transition zone, and (d) is the macroscopic morphology of the
bonding zone [64].

Tomida et al. [65] used a 2.2 kW continuous-wave CO2 laser to prepare an xWt.%Al/Fe
alloy coating on the surface of an A5052 aluminum alloy, including four Al-Fe mixed
coatings with Al contents ranging from 10 wt.% to 40 wt.%. The results showed that the
microstructure of the cladding layer consisted of α-Al + FeAl3, FeAl3, and Fe2Al5, and the
hardness reached 600–1000 HV. The alloy layers with fine needle-like FeAl3 and Fe2Al5
composite structures also have high hardness at a temperature of 673 K, 300 HV, and
800 HV, respectively. The wear resistance of such a coating is about 4–5 times higher than
that of the aluminum alloy matrix. Mei et al. [66] found that the Fe-based coating prepared
on the surface of an Al-Si alloy contained austenite, Cr7C3, and Cr23C6; α-Al, NiAl3, Fe2Al5,
and FeAl2 were present at the junction; and α-Al and Si were present in the heat-affected
zone. Due to the generation of brittle intermetallic compounds, the coating was prone to
cracking. Carroll et al. [67] performed the laser cladding of Fe powder prefabricated on the
surface of a 319 aluminum alloy. The Al-Fe-Si intermetallic compound formed increased
the hardness of the coating, but there was a significant increase in brittleness.

Table 2 presents the key findings for Fe-based alloys. In summary, using Fe-based alloy
powder in laser cladding offers advantages like notable improvements in the mechanical
properties of aluminum alloys and enhanced wear resistance at a low cost, but it also
poses challenges. Specifically, Fe-based powder coatings on aluminum alloys can form
various Fe-Al phase intermetallic compounds. This results in the frequent generation of
defects such as pores and cracks in the bonding region, in addition to the challenges of
pore formation in the cladding layer, limited enhancement in corrosion resistance, and the
propensity for brittle intermetallic compounds. In response to these issues, future research
may need to optimize cladding processes and alloy components further to improve the
performance and stability of the coating.

2.3. Nickel-Based Alloys

Nickel-based alloys are known for their high hardness, wear resistance, corrosion
resistance, and excellent resistance to high-temperature oxidation. They also have good
wetting properties with aluminum substrates. Several advancements have been made in
the laser cladding of aluminum alloys with nickel-based alloys.
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Table 2. Key findings on Fe-based alloy coatings.

Authors Coating Material Key Findings

Jeyaprakash et al. [63] FeCrMoVC Coating has enhanced wear resistance; reduced surface
roughness after wear.

Ye et al. [64] Fe-Al intermetallic compound Cladding layer has a hardness 5–6× that of the base material;
cracks noted in bonding zone.

Tomida et al. [65] Wt.%Al/Fe alloy (Al content:
10–40 wt.%)

The hardness of 600–1000 HV; wear resistance 4–5× greater
than base matrix.

Mei et al. [66] Fe-based coating Contains multiple intermetallic compounds; prone to cracking
due to brittle intermetallic compounds.

Carroll et al. [67] Fe powder Increased hardness with the Al-Fe-Si compound; significant
increase in brittleness.

Wu et al. [68] applied a self-fluxing nickel-based powder coating to an AlSi7Mg
aluminum alloy surface via laser cladding. They found that different microstructures were
formed in various regions of the coating. The top of the cladding layer consisted of a
substantial amount of block- and network-shaped intermetallic compounds; the middle
part had (Ni, Cr, Fe)xCy intermetallic compounds. At the same time, columnar α-Al
dendrites with a distinct growth direction were prevalent at the bottom. The highest
hardness, reaching 8200 MPa, was recorded in the top and middle parts of the coating.
Adjusting the scanning speed could control the formation of pores and cracks in the coating.

He et al. [69] created a TiB2-reinforced nickel-based composite coating on a 7005 aluminum
alloy. The coating contained NiAl, Ni3Al, Al3Ni2, TiB2, TiB, TiC, CrB, and Cr23C6 phases. Re-
garding the wear properties, a disk-type dry friction wear test was performed. Corundum, with
a hardness of 9 on the Mons’ scale, was the friction coupling, measuring Φ40 mm × 10 mm.
The wear samples were fashioned into 4.5 mm diameter and 10 mm height cylindrical shapes.
The test was executed at a rotating speed of 100 r·min−1, subjected to a load of 20 N for 900 s.
The hardness was 6.7 times that of the substrate, and the mass loss was reduced by up to 32.7%.
As shown in Figure 8, the morphology of the TiB2/Ni-based composite coating revealed that
the powder was not fully melted, resulting in significant pore defects between particles.

Figure 8. SEM of a cross-section of coating, (a) is the macroscopic morphology and (b) is the
microstructure in the middle of the coating [69].

Liang et al. [70] prepared a NiCrBSi cladding layer on an Al-Si alloy surface using
a CO2 laser. The cladding layer contained a large amount of Ni3Al, with the highest
microhardness reaching 1200 HV. In addition, by analyzing the aluminum–nickel eutectic
system composition, they discovered that the solid solution formed by Cr, Si, and B with
Al helped improve the resistance of the aluminum alloy to gas corrosion.

These studies suggest that forming aluminum–nickel intermetallic compounds can
significantly enhance the hardness and wear resistance of coatings. However, the aluminum
alloy substrate’s and nickel-based cladding materials’ physical and chemical properties
differ greatly. As a result, defects such as cracks and pores can quickly form in the cladding
layer. Relevant studies have shown that adding rare earth elements can alleviate this issue.
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Wang et al. [71] added 5% rare earth elements to the Ni60 alloy during laser cladding
on the surface of a 6063 aluminum alloy. They found that adding rare earth elements could
improve the fluidity of the melt pool during the solidification process of the cladding layer
and purify the melt pool. As shown in Figure 9, when only Ni60 alloy powder was used,
many pores and cracks appeared in the cladding layer. After adding a certain amount
of rare earth elements, the defects in the cladding layer, such as pores and cracks, were
noticeably improved. After adding rare earth elements, the cladding layer’s structure was
refined, with no apparent pores or segregation.

 

Figure 9. SEM of a cross-section of coatings, (a) is Ni60, (b) is La2O3 + Ni60, (c) is Y2O3 + Ni60, and
(d) is CeO2 + Ni60 [71].

Zhang et al. [72] prepared a nickel-based cladding layer with a nickel–copper ratio of
4:1 on the surface of a 6061 aluminum alloy. They added a certain proportion of rare earth
CeO2, Si, and Co powders to the cladding powder. The top of the coating was primarily
composed of equiaxed crystals, dendrites, and tiny equiaxed crystals, while the bottom
of the cladding layer was mainly composed of long rod-shaped crystals, dendrites, and
some particles. After adding CeO2, Si, and Co powders into the cladding materials, the
cladding layer’s hardness increased, and the average friction factor decreased, thanks
to the grain refinement of CeO2 and the dispersion strengthening effect of Si and Co in
the coating. Figure 10 portrays the microstructural variances across the top and bottom
regions of Ni-Cu, CeO2/Ni-Cu, Si/Ni-Cu, and Co/Ni-Cu composite coatings. Specifically,
Figure 10a,b demonstrate the microstructure of the top and bottom regions in a 100 wt.%
M coating, wherein the top area is primarily populated by grey rod-like and equiaxed
grains. The bottom zone, conversely, presents a different structure. Figure 10j,k extend
this analysis to the Co/M coating, revealing that the top region predominantly comprises
short dendritic phases. Figure 10d–f illustrate the microstructure when the base metal is
alloyed with 0.9 wt.% of cerium oxide (CeO2), resulting in a composition that is 99.1 wt.%
M and 0.9 wt.% CeO2. This minor addition of CeO2 is intended to investigate the effects of
rare earth oxide inclusion on the microstructure. Figure 10g–i display the coatings where
silicon (Si) has been added at 0.9 wt.%, making up a total composition of 99.1 wt.% M with
the inclusion of silicon. This variation is aimed at understanding the influence of Si on the
microstructural characteristics of the coating. The corresponding XRD results, illustrated in
Figure 10c,l, corroborate these structural characterizations. These findings underscore the
significant microstructural differences between the top and bottom regions across various
composite coatings.

Table 3 presents the key findings for Ni-based alloys. Current domestic and inter-
national research shows that with the use of a laser heat source, the temperature field
distribution of the melt pool is uneven, leading to different structures at the top and bottom
of the cladding layer. Nickel-based alloys, especially when modified with Ni-based materi-
als as the coating, have good compatibility with the aluminum substrate. The intermetallic
compounds formed by Ni and Al not only improve the hardness of the cladding layer but
also significantly increase its brittleness. Introducing rare earth oxides in a Ni-based coating
material can enhance the quality of the formed layers, and this approach has garnered
attention as a method for improving the coating’s formation quality. However, there is a
critical consideration: the melting point of many rare earth oxides surpasses the boiling
point of aluminum alloys. In producing superior coatings, the laser heat input must achieve
a delicate balance—sufficient to melt the added powder thoroughly but without overly
diluting or evaporating the substrate. This challenge narrows the range of acceptable
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process parameters for laser deposition when incorporating high-melting-point rare earth
oxides, increasing the influence of system errors on the coating quality during experimen-
tation. Achieving a uniform microstructure, refined grains, and reasonably controlling the
formation of brittle and hard phases is critical to the laser cladding of nickel-based alloys on
the surface of aluminum alloys. Simultaneously, while the inclusion of rare earth elements
can notably enhance the quality of the formed coatings and diminish their sensitivity to
cracking, the elevated costs and high melting point characteristics associated with these
elements necessitate technological advancements to mitigate these issues when applying
nickel-based coatings in aluminum alloy surface cladding.

 
Figure 10. Characteristic microstructures of cladding coatings across different compositions. (a–c) is
100% wt. M (d–f) is 99.1% wt.%M + 0.9 wt.% CeO2 (g–i) is 99.1% wt.%M + 0.9 wt.% Si (j–l) is 99.1%
wt.%M + 0.9 wt.% Co [72].

Table 3. Key findings on Ni-based alloy coatings.

Authors Coating Material Key Findings

Wu et al. [68] Nickel-based alloy Microstructure variations; peak hardness at 8200 MPa; effect of
speed on defects

He et al. [69] TiB2-reinforced nickel-based
composite

Coating hardness 6.7× substrate; mass loss reduced by 32.7%;
notable pore defects.

Tan et al. [73] Nickel-based alloy Enhanced coating hardness and wear resistance compared to
substrate.
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Table 3. Cont.

Authors Coating Material Key Findings

Liang et al. [70] NiCrBSi Cladding contains Ni3Al with a peak microhardness of
1200 HV.

Wang et al. [71] Ni60 alloy with 5% rare earth
elements

Rare earth elements improved coating structure and
reduced defects.

Zhang et al. [72] Nickel-based (Ni-Cu ratio of 4:1)
with CeO2, Si, and Co

Additives (CeO2, Si, Co) improved coating hardness and
reduced friction.

3. Ceramic-Reinforced Composite Coating

Ceramics, with their high hardness, high melting point, and excellent wear resistance,
are widely acknowledged as suitable materials for laser cladding. Adding ceramic particles
to metal-based laser cladding materials can exploit the non-linear superimposed effects of
their physical properties between the ceramic reinforcement phase and the metal matrix.
Combining the excellent toughness and machinability of the metal matrix with the high
hardness and wear resistance of the ceramic reinforcement phase can enhance the surface
of the base material. In laser cladding on the surface of aluminum alloys, ceramic phases
are commonly used as reinforcement, added to the metal-based composite materials. These
ceramic phases include carbide ceramics, such as WC, SiC, TiC, oxide, nitride, and boride.

Sun et al. [74] via laser cladding, prepared a SiC/Al-12Si composite coating on the
surface of an Al-12Si aluminum alloy substrate. Studies have found that the layer and the
substrate are divided, and the organization of the bonding area is mainly composed of
α-Al dendrites, a small amount of Al-Si eutectic, and a small number of SiC particles. In
contrast to the base material, the hardness of the cladding layer increased by about two
times, reaching approximately 260 HV0.2.

Anandkumar et al. [75] prepared a 12 wt.%TiB2/Al-based composite coating on the
surface of a 7 wt.%Si/Al casting aluminum alloy via laser cladding. To assess the wear
performance of the prepared cladding, microscale abrasive wear tests were conducted
using a ball cratering device. The abrasive medium for these tests was a suspension
containing 35 wt.% SiC particles (with an average diameter of 4.25 μm) in water. The
counter body, which rotates against the sample’s surface during testing, was a 19 mm
diameter sphere made of quenched and tempered AISI 440C tool steel, boasting a hardness
of 800 HV. The tests employed a uniform sliding distance of 150 m and exerted a regular
load of 0.1 N. The cladding layer mainly consisted of α-Al dendrites and α-Al-Si eutectic,
with a micro-hardness of 156 HV0.2, an approximately 1.7 times increase compared to
the base material. Figure 11 illustrates that the microstructure of the deposited material
is highly dependent on the laser processing parameters. A cladding prepared with a
power density of 330 W/m2 and a brief interaction time of 0.08 s—corresponding to a
specific energy of 26 J/m2—exhibits a microstructure primarily composed of SiC particles
dispersed within an aluminum alloy matrix, as shown in Figure 11a. This matrix comprises
primarily α-Al dendrites and an α-Al+Si eutectic, as shown in Figure 11d. The volume
fraction of SiC stands at 28 ± 3%. The TiB2 reinforcement phase in the coating effectively
protected it, enhancing its wear resistance and reducing its sliding friction coefficient to
2.65 × 10−5 mm3/(N·m), approximately 2.4 times lower than the base material.

They [76] also laser clad a mixture of Al-12%Si and TiC ceramic particles on the
surface of Al-7%Si casting aluminum alloy, successfully obtaining a cladding layer with no
apparent defects. The cladding layer mainly contains uniformly distributed TiC particles,
interdendritic α-Al+Si eutectic, dendritic α-Al, and a small amount of Ti3SiC2, indicating
the partial dissolution of TiC particles. The cladding layer’s friction coefficient decreased
2–3 times compared to the base material. Only a small amount of Al and Si were found in
the worn-off material from the base material’s surface, with no TiC particles detected.
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Figure 11. Microscopic illustrations of a coating formulated utilizing a power density of 330 MW/m2

and a contact period of 0.08 s. (a) is a transversal representation of the layer; (b,c) are SiC particles
scattered in the matrix; and (d) is the intricate design of the matrix at a microscopic level [75].

Liu et al. [77] prepared an Al-Si-based composite layer reinforced with SiC particles
on a 4032 aluminum alloy. Chemical copper plating improved the wettability between SiC
and the substrate, while increasing the SiC content within a specific range can reduce the
cladding layer’s wear.

Li et al. [78] prepared a Ti/TiBCN coating on the surface of a 7075 aluminum alloy
using laser cladding. To evaluate the wear resistance of the cladding coatings, tests were
conducted using an MFT-R4000 straight-line-reciprocating dry sliding wear tester at room
temperature without any lubrication. The test parameters were set at a normal load of
5 N, a friction distance of 5 mm, a frequency of 2 Hz, and a sliding duration of 20 min.
The counterpart material for the friction test was GCr15 steel (5 mm in diameter), with
a macro-hardness of HRC65. Figure 12 presents a detailed look at the microstructures
in various zones. Figure 12a,b reveal the microstructure of the coating zone, composed
primarily of equiaxed grains and uniformly dispersed white lath-like crystals. Figure 12c,d
portray the transition zone’s microstructure, notable for its sudden shift from equiaxed
grains to an elongated structure filled with small white particles. Figure 12e,f depict the
heat-affected zone’s microstructure, characterized by a transverse equiaxed crystal structure
resulting from the effects of rapid heating and cooling. The average hardness of the coating
is 519.4 HV0.2, 4.3 times that of the base material; the average friction coefficient of the layer
is 0.208, half that of the base material. Compared with solely Ti powder cladding, adding
a certain proportion of TiBCN ceramics to the cladding material can further enhance the
coating’s wear resistance and corrosion resistance. When the TiBCN content is 15%, the
wear and corrosion opposition reach their best.

He et al. [69] prepared a Ni-based alloy composite coating reinforced with TiB2 ce-
ramic particles on the surface of a 7005 aluminum alloy to enhance the wear resistance
of aluminum alloy friction components. Tribological assessments were conducted using
an HT-500 ball-on-disk tribometer, where specimens slid against a GCr15 ball (U = 4 mm)
under varied loads of 3, 6, 9, and 12 N at a steady speed of 0.5 m·s−1 for 500 m, conducted
at 20 ◦C. The micro-hardness of this ceramic-reinforced composite material cladding layer
is 855.8 HV0.5, 15.4% higher than the Ni-based alloy coating and 6.7 times that of the
aluminum alloy substrate.
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Figure 12. Distinctive cross-sectional microstructures within different zones of the cladding coating
prepared with 15 wt.% TiBCN powder. (a) is the uppermost layer of the cladding coating. (b) is a
magnified snapshot of quadrangle [A] in (a). (c) is the transition zone. (d) is a magnified view of
the quadrangle in (c). (e) is the heat-affected zone. (f) is an enlarged depiction of the quadrangle
in (e) [78].

The poor ductility, small elastic modulus, low thermal conductivity, and high melt-
ing point of ceramic materials can lead to cracks, deformation, and delamination in the
cladding layer. Therefore, research on cladding a single ceramic onto the surface of an
aluminum alloy is relatively scarce, and composite cladding layers of ceramic-reinforced
materials mixed with metal materials are typically prepared. To address the challenges of
laser cladding ceramic materials on aluminum alloys, solutions can be sought from the
perspectives of optimizing process parameters, controlling the composition of cladding
materials, improving powder properties, adding appropriate transition layers, and the in
situ generation of ceramic reinforcement phases.

Regarding the control of the cladding material composition, Riquelme et al. [79] aimed
to address the issue of harmful Al4C3 compound formation during the laser cladding
of a SiCp-reinforced Al-based composite coating on an aluminum alloy surface. They
manipulated the reaction equilibrium of Al4C3 by adding different alloy elements, thereby
preventing the formation of Al4C3. When the Si content was low, needle-shaped Al4C3
appeared in the cladding layer. When the Si content exceeded 40 wt.%, the appearance of
Al4C3 was entirely inhibited, and more SiC particles were observed, significantly improving
the hardness of the cladding layer.

In terms of the improvement of powder properties, Kamaal et al. [80] addressed the
issue of limited cladding efficiency due to the high reflectivity of aluminum alloys and
the difficulty with ceramic material cladding. They studied the impact of powder satellite
technology on the cladding of Al-TiC powder on a 6082-T6 aluminum alloy substrate.
The hardness and wear performance of the specimens were then assessed. The wear
performance of these samples was evaluated using a CETR Universal Micro-Tribometer
3, following the ASTM G133-05 standard [81]. Tests were conducted over 10 min, using a
5 mm displacement amplitude at 1 Hz frequency. An AISI steel ball (grade 440 C, 800 HV,
6 mm diameter) was the counter body under a 5 N load. The top surfaces of the claddings,
post grinding to their center, were the focus of these tests.

In the satellite technology employed in that study, the Al-TiC powder mixture under-
went both dry and wet mixing processes. A binder was sprayed over the mixed powder
to achieve a uniform distribution. Subsequent mixing steps ensured the homogeneous
distribution of the components, breaking down any potential agglomerations or clusters.
After mixing, the satellited powder was dried, evaporating the water content and leaving
behind only a minuscule percentage of the binder. This method aims to obtain a better
homogenized powder feedstock, ensuring the consistent distribution of its components.
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Compared with the directly mixed cladding material, the cladding efficiency and TiC
content in the cladding layer increased by 29% and 113%, respectively, after using satellite
technology. Figure 13 shows the cross-sectional images of the directly mixed powder and
satellite powder cladding layer. As can be seen, the cladding material after using satellite
technology resulted in better formation of the cladding layer, with more TiC content
and a more uniform distribution. The microhardness measurements for blended and
satellited claddings were created at different laser densities. The average microhardness
for the combined class lies between 37.7 and 51.6 HV0.2. Claddings produced at 104
and 122 J/mm2 have similar hardness values. A slight increase in hardness from 104 to
122 J/mm2 is linked to denser structures and an 83% decrease in porosity at the higher
laser density. The average micro-hardness of the cladding layer improved by 60%, and the
wear rate decreased by 64%.

Figure 13. The microhardness measurements of blended and satellited cladding matrices generated
at assorted Eeff values [80].

Table 4 presents the key findings for ceramic-reinforced composites. In general, due to
their inherent high hardness and exceptional wear resistance, ceramics significantly enhance
the cladding layer’s hardness when applied to aluminum alloy surfaces. Introducing
ceramic particles into metal-based laser cladding materials can produce a synergistic
effect between the ceramic reinforcing phase and the metal matrix. This synergy results
in a composite coating that combines high strength with flexibility. Regarding material
selection, various ceramics such as WC, SiC, TiC, and others like oxides, nitrides, and
borides can be used as reinforcing materials, providing a diverse array of choices tailored to
specific applications. For instance, coatings enriched with TiBCN have showcased superior
corrosion resistance. However, ceramic laser cladding on aluminum alloys comes with
its challenges. Given the high hardness and brittleness of ceramics, coating cracking is a
potential risk. Ensuring a strong metallurgical bond between the ceramic phase and the
aluminum alloy substrate is paramount, especially considering the non-metallic nature of
ceramics. Additionally, the microstructure of the ceramic material can be highly influenced
by laser processing parameters, emphasizing the importance of optimal parameter selection
to achieve the desired outcome. Finally, from a financial standpoint, the cost of employing
high-quality ceramics should be taken into account, as it might have implications on the
overall economic feasibility of a project.
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Table 4. Key findings on ceramic-reinforced composite coatings.

Authors Coating Material Key Findings

Sun et al. [74] SiC/Al-12Si composite Doubled the hardness of the cladding layer to
approximately 260 HV0.2.

YANG et al. [77] Al-Si-based composite with SiC Wear resistance of cladding layer increased.

Li et al. [78] Ti/TiBCN Coating’s hardness 4.3 times higher than base material;
reduced friction coefficient.

Kamaal et al. [80] SiC-reinforced Al-based Achieved improved hardness by preventing
Al4C3 formation.

4. Emerging Coatings

Currently, the emerging material coatings studied for laser cladding on the surface of
aluminum alloys primarily include amorphous alloys and high-entropy alloys (HEAs).

4.1. Amorphous Materials

The traditional alloy cladding materials significantly differ from aluminum substrates
in terms of properties, resulting in an increased difficulty with and reduced effectiveness
of laser cladding on aluminum alloys. Table 5 shows the mixing enthalpy, melting point,
and specific gravity of Al elements and some metal cladding materials [81]. It can be seen
that the mixing enthalpy of aluminum elements with other metal elements is relatively
small. The aluminum substrate has a low melting point and high dilution rate, and the
lower-density aluminum elements in the substrate can easily transition to the cladding
layer and form brittle compound phases with features in the cladding layer, increasing
the tendency for cracking in the cladding layer. If the design of cladding materials could
consider the characteristics of rapid heating and cooling in laser cladding and prepare
cladding layers that are less prone to brittle phases, that would be the first new attempt and
exploration in the field of laser cladding in recent years. Currently, the emerging material
coatings studied for laser cladding on the surface of aluminum alloys primarily include
amorphous alloys and high-entropy alloys

Table 5. Thermal properties of typical transition metals: mixing enthalpy, melting point, and specific
weight [81].

Fe Cr Ni Co Cu Al

Mixing Enthalpy with Al
(kJ/mol) −11 −10 −22 −19 −1 -

Melting Point (◦C) 1538 1857 1455 1495 1083 660
Specific Weight 7.89 7.19 8.9 8.9 8.96 2.6

Amorphous alloys, which have long-range disordered and short-range ordered struc-
tures similar to glass, are formed by inhibiting nucleation during the solidification of molten
materials. They lack crystal defects such as vacancies, dislocations, and stacking faults
and therefore possess advantages such as high hardness, wear resistance, and corrosion
resistance. The fast cooling rate of laser cladding makes it possible to apply amorphous
materials to laser cladding [82–86].

Sohrabi et al. [87] prepared Zr-based amorphous cladding layers on an AA2011-
T6 aluminum alloy surface and studied the relationship between the coating crystallization
rate and thermal input. The cladding layers produced under higher laser power yielded
more diffraction peaks than other samples. Reducing the energy density can inhibit crystal
crystallization. For samples with a laser power of 35 W and overlapping distance of
95 μm, the obtained cladding layer appears amorphous under the detection resolution
of XRD tests. The wear resistance of the Zr-based amorphous cladding layer is 20 times
that of the aluminum alloy substrate. Figure 14a displays a SEM examination of the wear
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track for a sample created with optimized parameters, leading to 1% crystallization. This
wear evaluation was conducted under specific test conditions to ensure a comprehensive
understanding of the material’s behavior. Wear tests were conducted on the surface of
the samples, which were polished down to a sandpaper with a 2500 mesh size, using a
reciprocating tribometer in a ball-on-flat configuration. Al2O3 balls with a diameter of
6 mm served as the counterpart. During the test, an applied normal force of 2 N was
maintained at an average speed of 6 mm/s and a 1 Hz frequency. Each trial lasted 30 min,
with a stroke length of 3 mm, culminating in a total sliding distance of 10.8 m. Precautions
were taken to clean the sample surfaces and the counterpart balls in ultrasound baths with
acetone, followed by ethanol, and they were then dried with oil-free compressed air.

 

Figure 14. (a) SEM micrograph of the wear track (b) magnified image of region B in (a), and
(c) magnified image of region C in (a) [87].

Figure 14b,c give detailed views of regions b and c. Wear debris is spotted at Points
1 and 3, while Points 2 and 4 represent the areas with preserved coating. The oxygen at
Points 1 and 3 is likely due to the wear debris interacting with air. The observed wear
patterns and debris suggest a wear mechanism that is a combination of abrasive and
oxidation wear.

The formation of amorphous materials is related to the ratio of material components,
and obtaining high-quality amorphous cladding layers requires preventing segregation
in the coating. Wang et al. [88] used a fiber laser to clad an Al-Ni-Y ternary alloy powder
onto a ZL114 aluminum alloy surface to study its ability to form amorphous coatings on
aluminum alloys via laser cladding. The cladding layer mainly comprised blocky dark
areas and fewer net-like bright areas. The bright regions contained more Ni and Y elements,
while the dark spots contained less Ni and Y. The atomic ratio of elements in the bright
grain boundary areas is close to Al85.8Ni9.1Y5.1, which has the strongest ability to form
amorphous alloys in the Al-Ni-Y system. However, XRD results did not show the apparent
complete reflection of the amorphous alloy, indicating that there are still some difficulties
in preparing amorphous coatings on the aluminum alloy surface via laser cladding under
these experimental conditions. The Ni and Y transition issue in the cladding layer must be
resolved.

Table 6 presents the key findings for amorphous coatings. As a novel coating material,
current research on applying amorphous coatings to aluminum alloy surfaces remains
limited. However, such coatings can significantly enhance the substrate’s corrosion and
wear resistance. Precise control over processing parameters and material composition ratios
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is vital to prevent segregation within the coating. Delving deeper into optimizing these
amorphous coatings’ structures, organization, and performances through laser cladding is
still a topic warranting further investigation.

Table 6. Key findings on amorphous coatings.

Authors Coating Material Key Findings

Sohrabi et al. [87] Zr-based amorphous Coating’s wear resistance is 20× that of the substrate; reduced
energy density inhibits crystallization.

Wang et al. [88] Al-Ni-Y ternary alloy powder Bright regions of the layer contain more Ni and Y; challenges in
achieving fully amorphous coatings.

4.2. High-Entropy Alloys

In traditional metallurgy, one or two elements are usually selected as the main com-
ponents of alloy design, with a small number of other elements added to adjust alloy
properties. Only a tiny fraction of the given material can be changed. This imposes a
significant constraint on the combination of elements, making it challenging to improve
traditional materials or develop new ones. Many application fields are not adequately
catered for, especially where hardness and wear resistance are paramount. Greer’s “Con-
fusion Principle” suggests that an excess of elements would make it difficult for an alloy
to maintain its crystalline state, leaning more towards an amorphous state. Due to this,
traditional alloy design struggles to break free from the shackles of single-element design.
The emergence of HEA, a new material system, breaks this classic alloy design pattern,
opening up a new direction for alloy design in materials science [89–95].

HEAs comprise five or more elements in equal atomic ratios. In recent years, scholars
have expanded the concept of HEA to include 3 or 4, but fewer than 13, primary ele-
ments, with each element’s concentration ranging from 5 at% to 35 at% [96–99]. According
to traditional metallurgy theories, multi-principal element alloys such as HEAs would
generate complex intermetallic compounds (IMCs). However, due to the high configura-
tional entropy of HEAs, simple solid-solution phases become the main phase structures of
HEAs, such as Face-Centered Cubic (FCC), Body-Centered Cubic (BCC), and Hexagonal
Close-Packed (HCP) structures [64,98,100–107]. The difficulty in preparing aluminum alloy
coatings lies in inhibiting the formation of hard and brittle phases caused by substrate
dilution behavior and ensuring excellent coating performance. The four core effects of
high-entropy alloys provide a theoretical basis for solving this problem.

Shon et al. [108] used a two-step thermal spray–laser cladding process to prepare
AlCrFeCoNi HEAs on the surface of a 1100 aluminum alloy in situ, having found that the
high-energy density multi-layer cladding process could reduce defects like coating porosity
and cracking. They discovered that the high-energy density multi-layer cladding process
could significantly minimize defects such as coating porosity and cracking. An essential
factor in this process is the energy density, given by the formula E = P/(v × w), where E
is the energy density (J/mm2), P is the laser power (W), v is the scanning speed (mm/s),
and w is the beam width (mm). This energy density is pivotal as it governs the melting
behavior and the dilution between the coating and substrate. The energy density plays a
crucial role in determining the dilution rate of the coating. When the energy density is high,
the substrate elements are more diffused into the coating, leading to a deviation from the
coating’s initial compositional ratio. Conversely, at lower energy densities, the diffusion
from the substrate is limited, allowing the coating to maintain its original compositional
balance.

Figure 15a represents various samples’ corrosion rates (color) and corrosion potentials
(Ecorr) extracted from potentiodynamic polarization curves. Although the Ecorr values
remain similar across models, there are significant differences in the icorr values. Figure 15b
reveals the extensive pitting corrosion in the untreated Al1100 sample. Figure 15c shows
the corroded surface of the single-layered coating processed at 21 J/mm2. It exhibits sub-
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stantial corrosion, predominantly in pitting and surface cracking. There are also signs of
micro-galvanic corrosion. Figure 15d illustrates the corroded surface of a double-layered
sample processed at 21 J/mm2. Although minor pitting is observed, it is highly localized,
indicating a homogenous composition and microstructure. Figure 15e shows a double-
layered sample processed at 25 J/mm2, which experienced minimal or no pitting corrosion.
This demonstrates the benefits of minimized compositional dilution and uniform dis-
tribution of the high-entropy alloy phase. Different processing conditions affected the
microstructure and subsequent corrosion behavior of the materials. Single-layer samples
at 21 J/mm2 exhibited lower corrosion resistance than double-layered samples due to a
more heterogeneous structure and substantial substrate dilution. This caused an increase
in corrosion rate.

 
Figure 15. The corrosion results for the HEA coatings (a) is a cyclic polarization diagram for the
coatings and Al1100 substrate, (b) is the corroded surface micrographs for untreated Al1100 substrate,
(c) is 21 J/mm2 single HEA layer, (d) is 21 J/mm2 double HEA layer and (e) is 25 J/mm2 double
layer [108].

In contrast, double-layered samples showed improved corrosion resistance, partic-
ularly at a processing intensity of 25 J/mm2, which exhibited minimal or no pitting
corrosion. This was attributed to reduced compositional dilution and a uniform high-
entropy alloy phase. The system benefited from corrosion-resistant elements and a lower
aluminum content.

Siddiqui et al. [109] surface-modified an aluminum substrate with mixed powders of
high-purity Cu, Fe, Ni, and Ti, and the AlxCu0.5FeNiTi HEA coating displayed a mixture of
two FCC solid solutions and disordered BCC, with hardness reaching 18 times that of the
substrate.

Ye et al. [110] laser-clad an AlxFeCoNiCuCr HEA coating on the surface of an alu-
minum alloy. As the Al content increased from 1 to 2, the hardness increased from 390 to
687 HV0.2. Li et al. laser-clad a TixCrFeCoNiCu HEA coating on the surface of an aluminum
alloy. Wear tests were conducted under ambient conditions, utilizing a GCr15 steel ring
with a hardness of 61 HRC as the counter material. This ring measured 50 mm in diameter
and 10 mm in thickness. The test samples had dimensions of 7 × 14 × 10 mm. Under a
98 N load and at 40 r/min, the experiments lasted for 30 min. Subsequently, the wear rate
was determined from the evaluated wear volume. As the Ti content increased, the phase
structure of the TixCrFeCoNiCu coating changed from a single FCC to FCC + B2 phase
and FCC + Laves phase, and the hardness increased from 215 HV0.2 to 585 HV0.2. The
addition of Ti significantly improved the wear resistance of the coating. Ma et al. [111]
added equal moles of Cu and Ti to FeCoNiCr HEA powder to improve the performance
of a 6061 aluminum alloy. The coating had high hardness and wear resistance due to
the synergistic effect of solid solution strengthening, dispersion strengthening, and grain
refinement. Shi et al. [27,112,113] prepared an AlCrFeNiCuCoCu system HEA coating on a
5083 aluminum alloy. The coating consisted of FCC + BCC and Al-rich phases, with higher
hardness and corrosion resistance than the substrate.
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Li et al. [114] explored the use of Al0.8FeCoNiCrCu0.5Six (x ranges from 0 to 0.5) HEAs
as cladding materials. They harnessed the unique high-entropy impact of HEAs to limit the
development of hard, brittle intermetallic compounds, enhancing the coating’s quality and
thereby upgrading the surface attributes of the Al alloy. The wear tests were conducted at
room temperature, using a GCr15 steel ring as the counter material, which has a hardness
of 61 HRC. The steel ring had a diameter of 50 mm and a thickness of 10 mm, while the
wear sample dimensions were 7 × 14 × 10 mm. The tests were performed under a load of
98 N and at a speed of 40 r/min for 30 min. The wear rate of the material was deduced
from the calculated wear volume. These specific testing conditions ensure that the wear
behavior of the HEA claddings is understood within a defined operational environment.

As the Si content increased, the structure of the Al0.8CrFeCoNiCu0.5Six coating shifted
from FCC + BCC1 + BCC2 to a solely BCC1 + BCC2 formation. The hardness of the
Al0.8FeCoNiCrCu0.5Six coating initially rose, then fell as the Si content increased. The
most and least hard coatings were those composed of Al0.8FeCoNiCrCu0.5Si0.4 (592 HV0.2)
and Al0.8FeCoNiCrCu0.5 (412 HV0.2), respectively, representing hardness levels five to
seven times that of the substrate. The Si content influenced the wear resistance of the
coating similarly to its effect on hardness. With different Si contents, the wear rates
ranged from 1.19 × 10−6 mm3/Nm to 8.99 × 10−7 mm3/Nm, constituting only 0.25%
to 0.34% of the substrate’s rate. Figure 16a presents the wear surface of an Al alloy,
which is characterized by severe plastic deformation along the wear direction, elongated
dimples, and a stepped fracture. Figure 16b shows the Si0 coating’s wear surface, displaying
a peeling surface, furrow, and fine abrasive particles. The Si0.2 coating’s wear surface
in Figure 16c shows similar features to the Si0 coating. The wear surfaces of Si0.3 and
Si0.4 coatings in Figure 16d,e, respectively, exhibit a disappearance of the peeling surface
and a predominance of abrasive particles. Among them, the Si0.4 coating presents fewer
abrasive particles and a shallower furrow, suggesting better wear resistance. Finally, in
Figure 16f, the wear surface of the Si0.5 coating is featured, showing the distribution of an
adhesion layer and furrow interval.

 

Figure 16. Wear surface morphology of samples; (a) is 5083 aluminum alloy; (b) is
Al0.8FeCoNiCrCu0.5Si; (c) is Al0.8FeCoNiCrCu0.5Si0.2; (d) is Al0.8FeCoNiCrCu0.5Si0.3; and (e) is
Al0.8FeCoNiCrCu0.5Si0.4; (f) is Al0.8FeCoNiCrCu0.5Si0.5 [114].

Table 7 presents the key findings for HEA coatings. Due to their high mixing en-
tropy, HEAs have high degrees of disorder at room temperature, which increases with
temperature. According to Gibbs’s free energy, the larger the entropy, the smaller the
system’s free energy and the more stable the system. The high mixing entropy of HEAs
significantly reduces their free energy, thereby reducing the trend of order during solidi-
fication, inhibiting the generation of intergranular compounds, promoting the formation
of solid solutions, and resulting in coatings with more stable crystal structures. When
applied to the surface of aluminum alloys, these coatings exhibit excellent mechanical
properties and corrosion resistance. However, the industrial application of high-entropy
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alloys with high melting points and high costs still needs further exploration. However,
given aluminum’s low melting point, current laser cladding HEA coatings on aluminum
alloy surfaces predominantly focus on the FeCoNiCrCu system. The area of immiscible
HEAs is yet to be thoroughly researched, and the feasibility of this particular system in
laser cladding on aluminum alloy surfaces remains to be validated. Further confirmation is
also needed regarding incorporating ceramic reinforcing phases into HEAs. Furthermore,
from an industrial perspective, implementing high-entropy alloys, which often come with
high melting points and costs, still requires more in-depth exploration.

Table 7. Key findings on HEA coatings.

Authors Coating Material Key Findings

Shon et al. [108] AlCrFeCoNi HEA Reduced defects like coating porosity and cracking through
high-energy density multi-layer cladding.

Siddiqui et al. [109] Mixed powders of Cu, Fe, Ni, Ti Hardness reached 18 times that of substrate.

Ye et al. [110] AlxFeCoNiCuCr HEA As Al content increased, hardness increased from 390 to
687 HV0.2.

Ma et al. [111] Al, Cu, Ti in FeCoNiCr HEA Synergistic effect led to high hardness and wear resistance.

Li et al. [114] Al0.8FeCoNiCrCu0.5Six HEAs
Increasing Si content shifted structure; highest hardness

achieved with Al0.8FeCoNiCrCu0.5Si0.4, with wear
resistance being five to seven times the substrate’s.

5. Discussion and Suggestions

In terms of metal-based coatings, aluminum-based coatings have demonstrated their
reparative prowess in laser cladding on aluminum alloy surfaces. For instance, researchers
such as Meinert [57] applied the 4000 series of aluminum alloys to the 6061 and 7075 alu-
minum alloys. Given the ability of laser cladding to target damaged areas with precision
and carry out repairs swiftly, this method circumvents the excessive heating and enlarged
heat-affected zones that traditional repair methods might induce. The thermal property
compatibility between aluminum-based coatings and the base material renders the laser
cladding of aluminum alloy surfaces with aluminum-based coatings an efficient and cost-
effective strategy. Research by scholars like Corbin [59] indicates that heat treatments can
enhance coating hardness. However, this process might also escalate residual stresses
within the coating, amplifying the risks of cracks and other potential defects. Since both
the coating and the base material are aluminum-centric, enhancements in mechanical
properties compared to the original material are relatively limited.

Fe-based coatings have notably augmented the mechanical properties of the substrate.
The FeCrMoVC coating studied by Jeyaprakash et al. [63], and the Fe alloy with Wt.%Al
explored by Tomida et al. [63], showcased remarkable hardness enhancement. Specifically,
in the study by Tomida et al. [63], the alloy achieved a significant boost in hardness values,
ranging from 600–1000 HV, by introducing 10–40 wt.% Al content. However, a common
issue with Fe-based coatings is the formation of cracks. Research by Ye et al. [64] pinpointed
that the cracks appearing at the bond interface between the coating and the base material are
attributed to Fe-Al intermetallic compounds. These cracks are associated with the internal
stresses within these intermetallic compounds and their mismatch with the substrate. The
works of Mei et al. [66] and Carroll et al. [67] further substantiated this viewpoint; the
presence of multiple brittle intermetallic compounds in the coating leads to its susceptibility
to cracking. A solution to the cracking issue might be controlling the composition of these
brittle intermetallic compounds prone to inducing cracks. Moreover, adjusting the coating
fabrication process might also be method aiming to minimize the formation of intermetallic
compounds or alter their morphology and distribution in the coating, thereby optimizing
its performance.
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Nickel-based alloy coatings are the most widely studied in the realm of metal-based
coatings. The TiB2-reinforced nickel-based composite researched by He et al. [69], and the
NiCrBSi alloy explored by Liang et al. [70], exhibited significant hardness enhancements.
The coating developed by He et al. [69] achieved a hardness that was 6.7 times that of the
substrate. At the same time, studies by Tan et al. [73], as well as Wang et al. [71], confirmed
that, compared to the substrate, nickel-based coatings boast superior wear resistance.
Testing wear resistance on aluminum alloy surfaces suggests that nickel-based coatings
can be multi-layered on aluminum alloy surfaces, with the bond strength between the
coating and substrate exceeding that of Fe-based alloys. However, due to the pronounced
physical and chemical differences between the coatings and the substrate, defects such
as cracks and porosities can easily form in the coatings. The incorporation of rare-earth
elements has been shown to alleviate these issues. However, many rare earth oxides have
melting points exceeding the boiling point of aluminum alloys. This implies that during
coating preparation, a balance must be struck between ensuring complete powder melting
and avoiding excessive dilution or evaporation of the substrate. This necessitates precise
control of the laser’s thermal input.

Incorporating ceramics into metal bases can notably enhance the substrate’s hardness
and wear resistance. For instance, in the study by Sun et al. [74], the SiC/Al-12Si compos-
ite led to a doubling of the coating layer’s hardness, reaching approximately 260 HV0.2.
Similarly, the Al-Si-based composite containing SiC researched by Yang et al. [77] also
showcased the augmented wear resistance of the coating. The extremely high melting
points of ceramics pose challenges for their application. In preparing ceramic-inclusive
coatings, there is a need to control the thermal input of the laser precisely.

Research on laser cladding for aluminum alloy surfaces is primarily focused on two
emerging types of coatings: amorphous alloys and high-entropy alloys. Amorphous
alloys, characterized by long-range disorder and short-range order similar to glass, are
formed by suppressing nucleation during the solidification of molten materials. Due to their
absence of crystallographic defects such as vacancies, dislocations, and stacking faults, these
materials theoretically possess superior properties such as high hardness, wear resistance,
and corrosion resistance. Studies by Sohrabi et al. [87] and Wang et al. [88] highlight the
potential of amorphous coatings when laser clad onto aluminum alloy surfaces, significantly
enhancing the substrate’s wear resistance. Future research should focus on reducing or
eliminating segregation in the coating during the laser cladding process to achieve a
uniform and defect-free amorphous layer.

Laser-clad HEA coatings have been proven to enhance aluminum alloy surfaces’ hard-
ness, wear resistance, and corrosion resistance. Researchers like Siddiqui [109], Ye [110], and
Ma et al. [111], through their respective studies, have revealed the advantages of HEAs. By
introducing elements like Al and Si, we can enhance the coating’s performance. However,
HEA research is still in its early stages and lacks a solid theoretical basis. The high-temperature
attributes of laser-clad HEAs are primarily limited to basic properties such as hardness and
resistance to oxidation. Comprehensive studies on their high-temperature behaviors, like
creep and thermal fatigue, are absent. The rapid cooling in the laser cladding of HEAs occurs
under non-equilibrium conditions, and the underlying mechanisms are not well understood.
The industrial applications of laser-clad HEAs are limited, with many process parameters
being experimentally optimized. Future research can aim to develop a design model for
laser-clad HEAs, explore the underlying scientific theories of component design, and expand
on current alloy theories to understand the component–structure–performance interplay
better. Additionally, in-depth studies into these HEAs’ solidification dynamics and complex
structures under non-equilibrium conditions are vital.

Consolidating the research findings above, Table 8 provides an integrated overview of
various coating types, their recommended application environments, expected performance,
and pertinent precautions.
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Table 8. Comparative analysis of coating types, their application recommendations, expected out-
comes, and implementation precautions.

Coating Type
Recommended Application

Environment/Conditions
Expected Performance Precautions

Aluminum-based coating
Component repair sectors;

areas with low surface
performance demands

Hardness and corrosion
resistance are similar to the

base material

Heat treatment can enhance
mechanical properties and
ensure process control to

prevent coating from cracking.

Iron-based coating
Low-cost coating needs;
high surface hardness

domains
High surface hardness

Limited improvement in
corrosion resistance; the
coating has high crack

sensitivity.

Nickel-based coating
Cost-insensitive areas;

high hardness and wear
resistance domains

High surface hardness, wear
resistance, and moderate

corrosion resistance

Add rare earth elements to
reduce cracks; monitor laser

heat closely.

Ceramic-based Coating High hardness and wear
resistance domains

High surface hardness and
wear resistance

Strong crack sensitivity;
complex reaction products.
Process control is essential.

Amorphous alloy Coating Wear-resistant domains;
cost-insensitive areas

Decent hardness and wear
resistance

Emerging coating with limited
research; the practical

application needs verification.

High-Entropy alloy Coating
Cost-insensitive areas; high

hardness, wear, and corrosion
resistance domains

High surface hardness, wear
and corrosion resistance

Coating is expensive. Utilize
the “cocktail effect” of

high-entropy alloys; regulate
Al, Si, Ti, and Cr components

and composition for
performance tuning.

6. Conclusions

The failure and scrapping of mechanical equipment under harsh conditions cause
substantial economic losses to industrial production. Laser cladding technology provides a
rapid and environmentally friendly approach to the surface strengthening and remanufac-
turing of workpieces. It effectively improves the surface properties of aluminum alloys or
serves as a surface repair technology for these alloys. At present, the cladding materials
for aluminum alloy laser cladding research cover metal-based alloys, ceramic-reinforced
composite materials, and some emerging materials, focusing on enhancing the surface
hardness, wear resistance, or corrosion resistance of the aluminum alloy based on the
different characteristics of the materials.

Although significant achievements and developments have been made in research
on laser cladding coatings for aluminum alloy surfaces domestically and abroad in recent
years, many key issues are still worthy of further in-depth study and improvement. Due to
the inherent difficulties in aluminum alloy laser cladding, such as high laser reflectivity,
the ease of forming a high-melting-point oxide film on the aluminum alloy surface during
cladding, the high dilution rate of the cladding layer, deviations in the coating composition
from the designed nominal composition, and the occurrence of cracks, pores, and other
defects, the alloy elements undergo oxidation and burning, leaving aluminum alloy laser
cladding primarily in the experimental stage, unable to be applied on a large scale in actual
industrial production.

To address the problems in aluminum alloy laser cladding, current solutions mainly
focus on the following areas:

(1) Composition design and control of the cladding layer material. Based on traditional
composition design, and considering the process characteristics of laser cladding technology,
cladding powder systems are designed for aluminum alloy laser cladding conditions.
This includes developing emerging cladding layers, adding absorbers to enhance laser
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absorption capacity, adding rare earth elements to improve the flowability of the molten
pool, the in situ generation of ceramic materials, and the research and development of
gradient coatings.

(2) Regulation of laser process parameters and the research and development of other
auxiliary technologies. Reasonable control of laser power, scanning speed, powder feed
rate, and other laser process parameters is required to establish an appropriate aluminum
alloy laser cladding process parameter window. Simultaneously, the introduction of aux-
iliary technologies such as electric fields, magnetic fields, ultrasonic vibrations, and the
combination of laser cladding with laser shock, micro-forging, etc., can effectively im-
prove the distribution of residual stress, suppress the problems of cracks and pores in the
cladding layer, and enhance the fatigue resistance and other comprehensive properties of
the samples.

(3) Pre-treatment and heat treatment of the aluminum alloy surface. The use of
physical or chemical methods to remove the oxide film on the aluminum alloy surface
before cladding, preheating of the substrate, and the possible remelting or annealing of the
coating after cladding, or other methods, can reduce the temperature difference between
the cladding layer material and the aluminum alloy substrate during the laser cladding
process, thereby reducing thermal stress and achieving the aim of lowering the amount of
cracking of the cladding layer.

To address the current challenges in this area, future endeavors could be channeled
into the following areas:

(1) The design of novel cladding material composition and gradient structures: Current
efforts have explored the potential of amorphous alloys and HEAs as coatings. However,
due to the large linear expansion coefficient, high thermal conductivity, and relatively low
elastic modulus of aluminum alloys, there is significant difficulty in matching the thermo-
physical properties of the surface reinforcement layer material to the alloy. To circumvent
the pronounced thermophysical disparities between the coating and the substrate, the
design of cladding layer materials can be approached by achieving a gradient change in the
powder layer composition and in situ generation on the surface. Incorporating emerging
materials, like gradient amorphous coatings and gradient HEA coatings, may pave the way
for coatings that combine high toughness at the interface with the substrate and hardness
at the surface, fulfilling the promise of innovative coatings.

(2) The optimization and control of the interface between reinforcement particles and
the matrix: The rapid cooling and solidification process inherent to laser cladding results in
structural and performance variations at the interface between the particles and the matrix,
as compared to those obtained through comprehensive reaction processes such as sintering
and casting. Given that the interfacial performance significantly influences the composite
coating’s overall attributes, harnessing techniques like process optimization and material
compatibility assessments is imperative to achieve superior interface properties.

(3) The development of advanced laser cladding systems: This entails the creation
of high-powered, short-wavelength lasers to augment the energy density and cladding
efficiency of aluminum alloy laser cladding. Additionally, there is a need to set up a
comprehensive database dedicated to aluminum alloy laser cladding. Such a database
would aim to establish benchmarks and repositories for accurately evaluating cladding
materials, processing parameters, and structural attributes, aligning with the emerging
trends of digitalization and informatization.
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Abstract: Laser clad AlCr2FeCoNiNbx (x = 0, 0.5, 1.0, 1.5, 2.0, with x values in molar ratio) high-
entropy alloy (HEA) coatings were fabricated on Q345 carbon steel. This study delves into the impact
of Nb incorporation on the reciprocating sliding wear resistance of these laser clad coatings against a
Φ6 mm silicon nitride ball. The microstructure of the as-clad AlCr2FeCoNiNbx coatings transformed
from a single Face-Centered Cubic (FCC) solid solution (when x = 0) to the hypoeutectic state (when
x = 0.5) and progressed to the hypereutectic state (when x ≥ 1.0). This evolution was marked by
an increase in the Laves phase and a decrease in FCC. Consequently, the HEA coatings exhibited a
gradually increasing Vickers hardness, reaching a peak at HV 820. Despite a decline in corrosion
resistance, there was a notable enhancement in wear resistance, and the friction of the HEA coating
could be reduced by Nb addition. The phase evolution induced by Nb addition led to a shift in the
predominant wear mechanism from delamination wear to abrasive wear. The wear rate of Nb0.5
was impressively low, at 6.2 × 10−6 mm N−1 m−1 when reciprocating sliding under 20 N in air. In
comparison to Nb0, Nb0.5 showcased 3.6, 7.2, and 6.5 times higher wear resistance at 5 N, 10 N,
and 20 N, respectively. Under all applied loads, Nb1.5 has the lowest wear rate among all HEA
coatings. This substantiates that the subtle introduction of Laves phase-forming elements to modulate
hardness and oxidation ability proves to be an effective strategy for improving the wear resistance of
HEA coatings.

Keywords: wear resistance; laser cladding; microstructure; high-entropy alloy; corrosion; micro-alloying

1. Introduction

Wear is a basic form of component failure, and improving the wear resistance of
materials can improve the service life of components. The industries of metallurgy, mining,
electricity, water conservancy, and agricultural machinery have high requirements for the
wear resistance of mechanical equipment. It is generally believed that the hardness of
materials is closely related to their wear resistance. High-entropy alloys (HEAs), as newly
developed alloys, have exhibited lots of outstanding properties, including high hardness,
good corrosion resistance, high toughness along with high strength, excellent wear resis-
tance, and exceptional oxidation resistance [1–3]. The wear resistance of HEAs and their
coatings is attractive and has been widely investigated [4], since they have great potential
for engineering applications such as turbine blades and heat exchangers [5]. Compared to
traditional alloys, some HEAs have a relatively higher material hardness. HEA with high
hardness is expected to have correspondingly high wear resistance. Previous studies on
the wear resistance of HEA have shown that, compared to traditional alloy materials, HEA
exhibits better wear resistance. For example, the wear resistance of NiCrAlCoMo is higher
than that of AISI1050 steel [6]; the wear resistance of Al2CrFeCoxCuNiTi (x = 0.5, 1, 1.5, and
2) is more than three times that of Q235 steel [7]; the wear resistance of Al3CrFeCoNiCu is
about four times that of bearing steel [8], and so on. Therefore, HEA has potential value as
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a wear-resistant coating material. The in-depth study of the influencing factors on the wear
resistance of HEA has also become one of the current research hotspots in the field of HEA.

The choice of metal elements and their ratio will directly determine the properties
of the HEA itself. The HEA, composed of several transition metals such as Fe, Ni, and
Co, along with several other elements such as Al, Cr, Cu, Mn, Ti, etc., first attracted
research interest. At present, high-entropy alloys mainly composed of FeCoNi have become
the main component series in current HEA research due to their excellent mechanical
properties. For the good corrosion resistance comparable to SS304 stainless steel [9] and
the high compressive strength of up to 3920 MPa [10], Al-Co-Cr-Fe-Ni high entropy alloy
was investigated as a wear-resistant coating. However, the wear resistance of laser clad
AlCr2FeCoNi was not as high as expected.

In addition, due to the excellent corrosion resistance and biocompatibility of IIIB and
IVB group elements such as Ti and Zr, the TiZr series alloy composition has become a
research hotspot for another type of HEA wear-resistant material. Changes in the element
content of HEAs cause phase transitions, which have been noted, especially when adding
those elements with high mixing enthalpy to other elements. For example, adding Mo to
CoCrFeNiMox (x = 0–1.5) leads to the optimum combination of intermetallic compounds
and FCC phases, promoting the optimization of wear resistance [11]. Adding Nb to AlCoCr-
FeNi HEA also resulted in phase evolution and Laves phase formation [12]. With increasing
the Nb content in CoCrFeNi HEA, the yield strength is improved accordingly [13]. Fur-
thermore, the eutectic microstructure was found in CoCrFeNi HEA with Nb addition [14].
Unfortunately, how the addition of Nb affects wear resistance is uncertain. The Nb element
can directly combine with C at high temperatures to form NbC, which has extremely
high hardness. Therefore, adding Nb elements to high-entropy alloys is expected to have
a dispersion-strengthening effect, thereby improving wear resistance. Cheng et al. [10]
prepared CoNiCuFeCr and CoNiCuFeCrNb coatings using the plasma transfer arc melt-
ing method and found that under the same wear test conditions, the addition of Nb can
improve the wear resistance of the coating by about 1.5 times. Guo et al. [15] prepared
AlCrFeMoNbxTiW high-entropy alloy coatings using laser cladding technology and con-
ducted friction and wear experiments at a load of 200 N and a speed of 200 r·min−1. The
results indicate that the average friction coefficient and wear rate of the coating decrease
with the increase in Nb content, and the delamination phenomenon caused by adhesive
wear of the coating disappears, enhancing the anti-adhesive wearability of the coating.
The AlCrFeNi2W0.2Nbx HEA coatings were synthesized on the 304 stainless steel by laser
cladding, and the AlCrFeNi2W0.2Nbx (x = 1.5, 2.0) high-entropy alloy coatings exhibit
an order of magnitude lower wear than 304 stainless steel [16]. Lin et al. [17] prepared
FeCoCrNiAlNbx HEA coatings and found that the friction coefficient and mass loss of the
HEA coating first decreased and then increased with the increase in Nb content, and both
reached their minimum values at x = 0.5. Therefore, the addition of an appropriate amount
of Nb could be an effective way to improve the wear resistance of the HEA coating.

The main preparation methods for HEAs and their coatings include vacuum melting,
powder metallurgy, mechanical alloying, laser cladding, thermal spraying, cold spraying,
magnetron sputtering, plasma-based ion implantation, electrochemical deposition, etc.
Among them, laser cladding is a widely used surface technology, and Ni-based, Fe-based,
and Co-based alloys are commonly used as laser clad coatings to improve the surface
performance of conventional metal parts [18,19]. Compared with arc melting, laser cladding
reduces the economic cost significantly by melting a thin layer of the substrate, which
ensures superior metallurgical properties such as supersaturated solid solutions, fast
heating and cooling rates, and dense microstructure [19–21]. So, fabricating HEA coatings
with laser cladding has a wide potential application in strengthening the protective coating
market. The former research has proved that a suitable amount of intermetallic compound
in the solid solution phases presents a positive effect on the mechanical performance,
although many HEAs are designed to prevent their formation [20,22,23]. Consequently,
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the wear resistance of HEAs may also be strongly influenced by adjusting the phase
transformation with a minor addition.

In current work, laser clad AlCr2FeCoNiNbx (x = 0, 0.5, 1.0, 1.5, and 2.0) HEAs coatings
were manufactured on low carbon steel, and Nb was added to form an intermetallic
compound because it has a very negative mixing entropy with other elements. Although
our former work on the slurry erosion resistance of AlCr2FeCoNiNbx HEA coatings
displayed that the erosion resistance was enhanced by Nb addition [24], the reciprocating
sliding wear of this HEA coating has not been studied. Consequently, for the requirement
of a protective coating of hydraulic cylinder piston rods, the sliding wear resistance of
AlCr2FeCoNiNbx coatings is investigated carefully, as are their microstructure, phase
evolution, hardness, and corrosion resistance.

2. Materials and Methods

Laser clad AlCr2FeCoNiNbx (x = 0, 0.5, 1.0, 1.5, and 2.0) coatings with different x
values in the molar ratio are referred to as Nb0, Nb0.5, Nb1.0, Nb1.5, and Nb2.0, respectively.
The nominal alloy compositions of AlCr2FeNiCoNbx HEA coatings are listed in Table 1.
The pure metal powders with a purity >99.5 wt.% and an average particle size of 53 μm
were mixed by dry ball milling. The ball milling process adopts an ND7-type planetary
(Tencan Powder Technology Co., Ltd., Changsha, China) ball mill, an alumina ball milling
tank (same manufacturer), and alumina ceramic balls (same manufacturer) with a diameter
range of 5–20 mm. The relevant parameters used are frequency 16 Hz (450 r min−1), each
running time of 3 min, the following pausing time of 7 min, and the actual ball milling time
of 20 h. Then, the mixed powders were paved on the substrate with a 4.5 wt% PVC solution.
The thickness of the pre-coating layer is about 0.8 mm. The substrate is low carbon steel
(Q345 with 0.12–0.20 wt.% C, 0.20–0.55 wt.% Si, 1.20–1.60 wt.% Mn, <0.045 wt.% P, and
<0.045 wt.% S), which is cleaned by sandpaper before pre-coating. The pre-coated layer
was dried for 3 h in a vacuum oven. The pulsed laser processing machine (GD-ECYW300,
Shenzhen Gd Laser Technology Co., Ltd., Shenzhen, China) was used for laser cladding.
The specific processing parameters were: spot diameter D = 1 mm, peak power P = 3.5 kW,
pulse frequency F = 19 Hz, pulse width W = 3.0 ms, scanning speed V = 140 mm/min, and
an overlap ratio of 50%. For the following tests, the HEA coating samples were cut to a size
of 10 × 10 × 10 mm.

Table 1. Chemical compositions of AlCr2FeNiCoNbx HEA coating (wt.%).

x Al Cr Fe Ni Co Nb

0.00 8.87 34.16 18.34 19.28 19.35 /
0.50 7.69 29.63 15.91 16.72 16.79 13.26
1.00 6.79 26.17 14.05 14.77 14.83 23.39
1.50 6.08 24.43 12.58 13.22 13.28 30.41
2.00 5.51 21.21 11.39 11.97 12.02 37.90

The phase compositions were analyzed by X-ray diffraction (XRD, Rigaku D/max
2500, Akishima, Japan)-using Cu Kα radiation. The microstructure was observed by a
scanning electron microscope (SEM, FEI Quanta 200, Thermo Fisher Scientific, Waltham,
MA, USA). Through SEM energy dispersive spectrometry (EDS), the chemical compositions
of different microareas were studied. The hardness of HEA coatings was tested by a Vickers
hardness tester (HXD-1000TC, Shanghai Caikang Optical Instrument Co., Ltd., Shanghai,
China) under a loading of 200 g with a holding time of 15 s. Each hardness value was
obtained from the average value of five measurements.

After polishing with 240 to 1200 grit SiC paper, the HEA coating samples obtained
the same average surface roughness (Ra = 0.1 μm). The anodic polarization curves were
performed for the study of corrosion resistance. The measurement starts from −1000 mV
(vs. SCE) to 200 mV (vs. SCE) with a sweep rate of 1 mV·s−1. A platinum wire was applied
as the auxiliary electrode. The working electrode was the HEA coating sample, which was
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covered by epoxy resin except for one side surface (1 cm2). The reference electrode was a
saturated calomel electrode (SCE).

The sliding wear resistance of the laser clad coating samples was characterized by
reciprocating sliding using a tribological testing machine (CFT-I style, Lanzhou Zhongke
Kaihua Technology Development Co., Ltd., Lanzhou, China). The sliding speed was
20 mm·s−1, the sliding stroke was 5 mm, and the total sliding duration was 60 min.
During sliding against a Φ6 mm silicon nitride ball, the Coefficient of Friction (COF) was
continuously recorded. The contact loads were 5 N, 10 N, and 20 N, respectively. After
each test, the surface profiles were detected along the wear track. The average values of
the cross-sectional area obtained from at least 5 positions along the wear track were used
for the calculation of volume loss. The wear rate can be calculated from the following
expression: ω = V/(F × L), where V means the wear volume loss (mm3), F represents the
applied normal load (N), and L is the total distance of sliding (m).

3. Results and Discussion

3.1. Microstructure and Hardness
3.1.1. Microstructure Evolution

As-clad AlCr2FeCoNiNbx (x = 0, 0.5, 1.0, 1.5, and 2.0) HEA coatings were characterized
by XRD. The corresponding XRD patterns are presented in Figure 1. Based on the XRD
pattern of Nb0, it can be seen that it contains a single FCC solid solution phase. The
addition of Nb in the HEA coating Nb0 leads to the emergence of the BCC and Laves
phases. Meanwhile, the main crystal planes of the FCC phase transform from (200) to (111).
By continuously increasing the content of Nb, the diffraction peak intensity of the FCC
phase gradually decreases. When x ≥ 1.0, FCC phase peaks are almost invisible. At the
same time, the diffraction peak intensities of BCC and Laves phases gradually increase with
the increase in Nb. Therefore, Nb addition is beneficial to the phase evolution from FCC
to BCC and the Laves phase. Such phase evolution may greatly enhance the HEA’s wear
resistance [25]. However, further addition of Nb causes a decrease in BCC peak intensity
and an increase in Laves phase peak intensity. So, when x ≥ 1.0, more Nb content favors
the transition from BCC to the Laves phase.

Figure 1. XRD patterns of as-clad AlCr2FeCoNiNbx (x = 0, 0.5, 1.0, 1.5, and 2.0) coatings.

The phase formation of multi-component alloys mainly depends on the competitive
outcomes of mixing enthalpy (ΔHmix), mixing entropy (ΔS), the atom-size difference (ΔR),
valence electron concentration (VEC), and electro-negativity difference (ΔX) [26]. Here,
the Nb element possesses the largest atomic size in the alloying system. Adding Nb will
cause severe lattice distortion, which promotes the transition of FCC to higher-density
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BCC. It results in the FCC being reduced and the BCC phase increasing gradually. On the
other hand, following the Miedema model, the ΔHmix in an alloy system is defined as the
following [27–29]:

ΔHmix =
n

∑
i=1,i �=j

ΩijCiCj, (1)

Ωij = 4ΔHmix
AB , (2)

where n is the number of components in an alloy system, Ci and Cj are the atomic percent-
ages of the ith and jth elements, and ΔHmix is the mixing enthalpy of binary AB alloys,
which can be found in Refs. [30,31]. The calculated values of ΔHmix are −11.00, −14.25,
−16.49, −18.03, and −19.06 kJ/mol, respectively, when x = 0, 0.5, 1.0, 1.5, and 2.0, revealing
that the increase in Nb content leads to the decrease of ΔHmix. It is well known that the
more negative ΔHmix indicates a higher binding energy between atoms. As a result, it
favors the formation of the Laves phase. More Nb addition will lead to the disintegration
of the solid solution, the failure of the high-entropy effect, and the formation of intermetal-
lic compounds. In other words, due to the significant difference between Nb and other
atoms (the very low negative value of ΔHmix), the addition of Nb promotes dense atomic
structure and the formation of the Laves phase. In addition, lattice distortion is common
in high-entropy alloys with multiple principal components. The strong binding between
certain atoms in the lattice may exacerbate lattice distortion and lead to the formation of
relatively loose atomic structures, causing the phase transition from FCC to BCC. Therefore,
for the greater ΔHmix, the addition of Nb promotes the formation of the Laves phase, and
the content of the Laves phase increases with the addition of Nb.

Furthermore, the chemical compositions of the zones pointed out in Figure 2 are
characterized by EDS, as listed in Table 2. As can be seen, all coatings contain a large
amount of Fe content. Meanwhile, Al and Ni content is lower than the nominal composition,
indicating the surface of Q345 steel is melted partially into the HEA coating during laser
melting, resulting in dilution. In addition, Al and Ni may be seriously burned in part
by the high-energy laser beam and discharged in the form of scum eventually. The EDS
(Table 2) analysis indicates that the FCC contains more Fe, Cr, and Ni, which is consistent
with Refs. [13,14]. While the Laves phase and the dendrite are enriched with Nb because of
its largest atomic radius. The degree of the supersaturation increased with the addition of
Nb, resulting in more Nb-rich BCC and Laves phases being formed.

 

Figure 2. Microstructure observations of as-clad HEA coatings: (a) Nb0, (b) Nb0.5, (c) Nb1.0,
(d) Nb1.5, and (e) Nb2.0. The zones marked as “A” and “B” in each subfigure are measured with
EDS, as the results shown in Table 2.
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Table 2. EDS results of as-clad AlCr2FeCoNiNbx (x = 0, 0.5, 1.0, 1.5, and 2.0) HEA coatings (at. %).

x Zone Al Cr Fe Co Ni Nb

0 A 4.91 19.52 51.67 12.68 11.21 /
B 9.02 21.33 45.77 13.95 9.93 /

0.5 A 3.52 14.46 52.75 8.23 9.92 11.11
B 8.20 15.36 55.01 8.73 7.21 5.49

1.0 A 3.10 8.86 56.15 6.23 5.82 19.84
B 6.09 7.96 63.73 5.95 5.73 10.53

1.5 A 2.78 7.78 58.99 4.43 5.19 20.83
B 0.72 6.72 51.78 4.74 5.39 30.65

2.0 A 2.14 8.15 46.74 3.37 2.18 37.41
B 1.11 8.00 61.11 5.59 5.28 18.90

The microstructure of the as-clad HEA alloy coatings with a different Nb content is
presented in Figure 2. The microstructure of Nb0 is relatively simple and exhibits equiaxed
crystal morphology (Figure 2a), suggesting the FCC solid solution structure based on
the XRD results shown in Figure 1a. A typical hypoeutectic structure with numerous
coarse FCC-equiaxed crystals is present in Nb0.5, meaning this HEA alloy belongs to a
eutectic high-entropy alloy (EHEA) [32,33]. The eutectic structure is composed of BCC and
a network of Laves phases. FCC decreases obviously with the Nb addition. Compared to
Nb0 and Nb0.5, Nb1.0 displays a hypereutectic structure, as shown in Figure 2c. The main
phase composition of Nb1.0 is the BCC phase, and the eutectic mixture is composed of
the BCC and Laves phases. With the addition of Nb, the BCC phase increases continually,
becoming a primary phase, as shown in Figure 2d. Meanwhile, the lamellar eutectic
structure decreases. Further adding Nb, the coarse BCC phase occupies the majority of the
space of Nb2.0, as shown in Figure 2e, and the eutectic structure and Laves phase almost
disappear. So, the eutectic point may be located at a chemical composition between Nb0.5
and Nb1.0. The eutectic reaction during solidification may be elucidated as L→FCC + BCC
+ Laves. Similarly, by adding the Nb element, Ma et al. [12] reported that the binary eutectic
point of the AlCoCrFeNbxNi alloy ranges from 0.5 to 0.75, which is slightly different from
the ternary eutectic point found in this work.

3.1.2. Hardness Evolution

Figure 3 exhibits the cross-sectional hardness variation curve in laser clad AlCr2FeCoNiNbx
(x = 0, 0.5, 1.0, 1.5, and 2.0) HEA coatings. Based on the relationship between the hardness
values and the distance from the coating surface, it can be inferred that the thickness of
the HEA coatings is about 200 μm and the Vickers hardness of HEA coatings with Nb
addition is higher than that of Nb0. With the increasing Nb content, the HEA coating’s
hardness gradually increases, reaching a maximum of around HV 820. On the other hand,
the hardness of Nb0.5 increases by about 135% compared to Nb0, while the hardness of
Nb1.0 increases by about 14% compared to Nb0.5. However, the hardness increases in
Nb1.5 compared to Nb1.0 and Nb2.0 compared to Nb1.5 is lower, with values around 9%.
The increasing hardness of HEA coating can be seen as the result of the increase in BCC
and Laves phases. Adding Nb also results in a decrease in the softer FCC content. At the
same time, the lattice distortion of the HEA coating is also strengthened by the addition of
Nb with larger atomic radii, which severely hinders dislocation movement.

3.2. Corrosion Resistance

The corrosion resistance of laser clad AlCr2FeCoNiNbx (x = 0, 0.5, 1.0, 1.5, and 2.0)
HEA coatings was analyzed by their polarization curves detected in a 3.5% NaCl salt
solution, as shown in Figure 4. By using cathode Tafel line extrapolation to intersect with
corrosion potential, relevant data on corrosion potential Ecorr and corrosion current density
Icorr can be obtained, as shown in Table 3. Nb0 has the highest corrosion potential and the
minimum corrosion current, indicating that Nb0 possesses the best corrosion resistance.
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Adding the Nb element causes a negative shift in corrosion potential. Meanwhile, the
corrosion current significantly increases. Compared with other HEAs, Nb0 only has an FCC
phase, which is beneficial for reducing galvanic corrosion between phases. The corrosion
potential of Nb0.5 is higher than that of Nb1.0, Nb1.5, and Nb2.0 because the microstructure
of Nb0.5 is still dominated by FCC and there is no obvious primary cell formed between
phases, resulting in a higher corrosion potential. Due to its most complex multiphase
structure containing BCC, Laves, and a small amount of FCC simultaneously, Nb1.0 has
the most negative Ecorr and the highest icorr, indicating its worst corrosion resistance. As
Nb further increases, the microstructure is simplified to similar BCC and Laves phases,
resulting in similar corrosion potentials and corrosion current density. So, a uniform single
microstructure is beneficial for improving corrosion resistance, and adding Nb is harmful
to corrosion resistance.

Figure 3. Cross-sectional hardness values of as-clad AlCr2FeCoNiNbx (x = 0, 0.5, 1.0, 1.5, and
2.0) coatings.

Figure 4. Polarization curves for as-clad AlCr2FeCoNiNbx HEA coatings in a 3.5% NaCl solution.

Table 3. Polarization parameters for as-clad AlCr2FeCoNiNbx HEA coatings in a 3.5% NaCl solution.

HEA Coatings Nb0 Nb0.5 Nb1.0 Nb1.5 Nb2.0

Ecorr(V) −0.423 −0.520 −0.795 −0.608 −0.602
icorr(μA cm−2) 0.857 2.990 3.293 2.427 2.708

Due to defects such as cracks and pores, the corrosion resistance of the coating is
strongly influenced by both the material and the preparation process. Based on the elec-
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trochemical kinetic parameters estimated from the polarization curves after exposure to
a 3.5 wt.% NaCl solution, a high-velocity oxy-fuel (HVOF)-prepared 316 L stainless steel
coating displays −610 mV corrosion potential and 14.3 μA·cm−2 corrosion current den-
sity [34]. Compared with the HVOF 316L coating, Nb0.5 has a nobler corrosion potential
and a much lower corrosion current density. Therefore, although the addition of Nb has
slightly reduced the corrosion resistance, the HEA coatings studied in this work exhibit
considerable corrosion resistance.

3.3. Sliding Wear Resistance

The effect of Nb addition on the wear resistance of the laser clad AlCr2FeCoNiNbx
HEA coating was characterized by reciprocating sliding wear against a silicon nitride ball.
The detected average Coefficient of Friction (COF) and average wear rate are shown in
Figure 5. Except for Nb1.0, the COFs of the HEA coatings generally decreased with the
increase in applied load. A very low COF of Nb1.0 coating at 5 N is attributed to its long
wear-in stage, which has a COF lower than 0.2. The average COF of Nb1.0 at the stable
stage is around 0.74, which is the lowest COF in all the HEA coatings at 5 N. Consequently,
compared to Nb0, the average COF of Nb1.0 decreased by 22.7%. However, at 10 N or 20 N
loads, the HEA coating Nb1.0 presented the highest COF values, while Nb2.0 possessed
the lowest COFs. So, by adding appropriate Nb content, the friction of the HEA coating
can be regulated or reduced.

Figure 5. Average COFs and average volume loss rates of laser clad AlCr2FeCoNiNbx HEA coatings
after reciprocating sliding wear against silicon nitride balls under 5, 10, and 20 N, respectively.

The average volume loss rates of laser clad AlCr2FeCoNiNbx HEA coatings signif-
icantly decreased after Nb addition. At 5 N load, the average wear rate of Nb0 was
18.7 × 10−6 mm N−1 m−1, and the corresponding value of Nb0.5 was 5.2 × 10−6 mm N−1

m−1, which is about a 72% decrease. At high applied loads, the effect of Nb addition is
more significant on the reduction of wear rate. At 10 N and 20 N, the average wear rate of
Nb0 was 46.8 and 40 × 10−6 mm N−1 m−1, respectively. Accordingly, the corresponding
values of Nb0.5 were 6.5 and 6.2 × 10−6 mm N−1 m−1, respectively. So, Nb addition leads
to a more than 84% wear rate decrease in the laser clad HEA coating at high sliding applied
loads. Because of Nb addition, the hard Laves phase is synthesized in the HEA coating,
leading to an increase in hardness and the ability to resist plastic deformation. However,
more Nb additions did not result in an obvious decrease in wear rate. Nb1.5 presented the
lowest wear rate of all HEA coatings. At 20 N load, Nb0.5, Nb1.0, and Nb1.5 show almost
the same low wear rate. The wear rate in Nb2.0 increased with the applied load, indicating
this HEA coating possesses the characterization of high strength materials. Compared with
the hardness of the HEA coatings (Figure 3) with and without adding Nb, it can be seen
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that the high hardness is the decisive factor for high wear resistance. However, too high a
level of hardness is harmful to wear resistance, especially under high applied loads. Nb1.5
has the lowest wear rate in the applied load range of 5 N to 20 N. So, achieving a strong
and tough combination, with the majority of hard phases and a small amount of dispersed
soft phases, is an effective way to obtain the lowest wear rate.

3.4. Wear Mechanism

To analyze the wear mechanism, the worn surface morphologies of the HEA coatings
were observed, as illustrated in Figure 6. Although the volume loss rate of the HEA coatings
can be connected with their hardness, the reason causing the wear rate of Nb1.0 to be much
higher than others is not clear. As can be seen in Figure 6a, the worn surface of Nb0 is
covered by lots of black tribo-layers, which contain cracks and may be formed from metal
oxides and debris. Meanwhile, there are some deep craters with limited deformation
resistance, indicating delamination is the primary wear mechanism of Nb0.

 

Figure 6. Worn surface morphologies of laser clad AlCr2FeCoNiNbx HEA coatings after reciprocating
sliding wear against a silicon nitride ball under 10 N: (a) Nb0, (b) Nb0.5, (c) Nb1.0, (d) Nb1.5, and
(e) Nb2.0.

As we all know, oxidation of the metal contact surface is inevitable due to the presence
of oxygen and frictional heat when sliding in the atmospheric environment. The worn
surface of Nb0.5 presents large-area oxidation layers, as shown in Figure 6b. However, on
the worn surface of Nb1.0, the oxidation layers are substituted by many abrasive grooves,
as shown in Figure 6c. Oxidation-generated tribo-layer is beneficial to decreasing COF
and wear rate because the tribo-layer can inhibit further oxidation and abrasion. Similarly,
the low friction and wear of VAlTiCrMo1.6 are attributed to the tribo-oxidation-induced
layered oxidic surface [35]. Without the protection of the tribal-layer, Nb1.0 is suffering
serious abrasive wear, which leads to a higher COF and a worse wear rate, as shown
in Figure 5. With more Nb addition, the HEA coatings Nb1.5 and Nb2.0 present many
scratched grooves, as shown in Figure 6d,e, which are shallow when compared with
those on the surface of Nb1.0. However, similar to Nb1.0, Nb1.5, and Nb2.0 have limited
oxidation layers, which indicates that the FCC phase tends to form an oxidation layer. So,
the HEA coating with the Nb addition is mainly controlled by abrasive wear.

4. Conclusions

The microstructure of as-clad AlCr2FeCoNiNbx HEA coatings underwent notable
changes with increasing Nb content, transitioning from a singular FCC structure (Nb0) to
a hypoeutectic microstructure (Nb0.5), and eventually to a hypereutectic configuration.
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The eutectic point, potentially situated between Nb0.5 and Nb1.0, manifested a reaction
expressed as L→BCC + FCC + Laves. Correspondingly, the volume fraction of BCC and
Laves phases increased, paralleled by a rise in hardness. The addition of Nb propelled
the Vickers hardness of the HEA coatings to a peak at HV 820, surpassing that of the
Nb-free HEA coating by more than threefold. Consequently, the corrosion resistance of
the HEA coating declined, while wear resistance exhibited a significant improvement. The
reciprocating sliding wear tests showed that the friction of the HEA coating can be reduced
by adding appropriate Nb content. Achieving a strong and tough combined microstructure
is an effective way to obtain the lowest wear rate. With Nb incorporation, the primary
wear mechanism shifted from delamination wear to abrasive wear. Based on the wear rate
values of Nb0.5, when an Nb element is added, the wear rate of Nb0 can be reduced by
72% at 5 N and by more than 84% at 10 N or 20 N. This underscores that the adjustment
of FCC and BCC contents, coupled with the formation of the Laves phase, significantly
enhances the wear resistance of laser clad HEA coatings through Nb addition.
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Abstract: In this study, the potential of Fe3Al coating material as an environmentally friendly
alternative to coatings containing critical elements for brake discs was investigated. A buffer layer of
Cr–Mo steel (Ferro 55) that was about 500 μm thick was applied on a gray cast iron disc to enhance
the coating quality and prevent the formation of hot cracks during solidification. The microstructural
analysis of the cross-section of the coating showed that the buffer layer diffused into the Fe3Al
coating, forming a combination of Fe3Al, Fe, and Fe3AlC0.5 phases. The tribological properties of the
Fe3Al-coated disc were evaluated using pin-on-disc tests against two different copper-free friction
materials extracted from commercial brake pads. The wear results show a coefficient of friction
comparable to that of an uncoated disc (≈0.55), but with a reduction in particulate matter (PM)
emissions, which decreased from 600 to 476 #/cm3. The last issue is an interesting aspect that is
gaining increasing importance in view of the upcoming international standards.

Keywords: DED; Fe3Al; wear; Friction Coefficient (COF); emissions; brake disc

1. Introduction

Grey cast iron (GCI) has been extensively used in brake rotor applications due to its
advantageous properties, which include outstanding castability, high thermal conductivity,
good damping capability, cost-effectiveness, and adequate wear resistance. In fact, GCI is
widely used as a rotor in brake systems for road vehicles. However, for this application,
GCI still exhibits properties that are liable to be improved, like corrosion resistance and
that it emits airborne particles [1,2].

In particular, the particles generated via the tribo-oxidation of GCI account for a signif-
icant fraction of particles released by braking systems [3] and are indeed the main source
of airborne magnetite (Fe3O4) particles in urban areas [4]. The contribution of particulate
matter emissions from disc brakes to pollution and their potential for emitting toxic com-
ponents are two of the most serious environmental issues today [5]. New materials and
technologies have been developed to address these concerns. For instance, carbon–ceramic
composites have been established as an alternative to traditional brake disc materials since
they display reduced wear rates and PM emission levels [6–8], However, because of the
sophisticated production methods and unique features, these kinds of discs usually come
with a higher price and are used for specific luxury cars. The application of coatings and
disc surface treatments has also been investigated to reduce the wear and PM emissions of
brake discs [2,9–12].

Coating GCI brake discs using direct energy deposition (DED) has proven to be an
effective method, resulting in low-wear brake discs with increased durability and less
particle emission [2,13,14]. As compared to the reference GCI samples [15], laser-cladded
GCI brake discs with a Ni-self fluxing alloy and 60% spheroidized-fused WC exhibit higher
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wear resistance and lower PM concentrations in PoD testing. However, harmful airborne
particles are still released into the environment.

In this regard, intermetallic phase Fe3Al exhibits promising characteristics. Fe3Al
is known for its low environmental impact, as it is composed of abundant non-toxic ele-
ments. Unlike certain coatings containing hazardous elements. like W, Ni, and Co [16–18],
Fe3Al eliminates the concerns associated with the release of harmful airborne particles.
Additionally, Fe3Al exhibits good corrosion resistance, making it an attractive choice for
coating applications and for those applications requiring surface durability. These favorable
qualities, combined with its relatively low cost and availability, place Fe3Al as a desirable al-
ternative to stainless steel and other materials in various industrial sectors [19,20]. Recently,
the possibility of manufacturing Fe3Al coatings on materials with lower corrosion resis-
tance, such as low-alloy steel, has been investigated [21]. Comparing the wear resistance
of iron aluminide alloys to that of other ceramics and metals, Alman et al.’s [22] research
indicated that the resistance of iron aluminides was comparable to that of stainless steel.

Numerous studies have primarily focused on the application of this coating for im-
proving the wear resistance of brake discs [11,12,15], frequently neglecting the critical
environmental considerations associated with the selection of coating materials. Consid-
ering the promising characteristics of Fe3Al and its potential as a coating material, this
study aims to investigate the microstructure and wear resistance of an Fe3Al coating on
GCI prepared via DED. Using Fe3Al powder, we intend to minimize the release of toxic ele-
ments into the environment and have the more general task of developing environmentally
friendly brake systems with an enhanced performance and reduced environmental impact.

2. Materials and Methods

2.1. Materials

Gas-atomized, spherical Fe3Al powder with a D50 of approximately 90 μm was used
as the initial raw material, which was supplied by NANOVAl company, Berlin, Germany.
In Figure 1, the scanning electron microscope (SEM) micrographs of the powder and
optical microscope (OM) cross-sectional view of the coating are shown. Based on the X-ray
diffraction (XRD) analysis conducted on the initial powder (see Figure 2), the only phase
detected was Fe3Al. This is supported by energy dispersive X-ray spectroscopy (EDXS)
investigations, which indicated that the composition of the powder lies inside the Fe3Al
phase range (Fe-13.5 wt.% Al). A buffer layer of the Cr–Mo steel coating material was
considered for improving the coating quality and adhesion. The composition of the buffer
layer material is given in Table 1.

 

Figure 1. (a,c) SEM micrographs of gas-atomized Fe3Al powder. (b,d) OM view of Fe3Al powder
cross-section.
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Figure 2. XRD pattern of the gas-atomized Fe3Al powder.

Table 1. EDXS analysis of the Ferro 55 powder (wt.%).

Fe Cr Mo Mn Si C

Ferro 55 Bal. 7 2.2 1.1 0.3 0.35

2.2. Coating Deposition

For the deposition of the Fe3Al coating, it is necessary to pre-heat the GCI substrate
at temperatures higher than 150 ◦C in order to prevent defects and cracks generating in
the coating structure. The deposition of a buffer layer prior to the deposition of the iron
aluminide coating can provide enough energy for pre-heating the substrate and improving
the bonding of the coating to the substrate. A buffer layer of Ferro 55 composition was
deposited on the GCI disc right before the deposition of Fe3Al coating (Table 2). After the
buffer layer, the Fe3Al coating was deposited at a scanning speed of 1000 mm/min, with a
power of 1000 W and a powder feeding rate of 11 g/min (Figure 3).

An LASERTEC653D hybrid machine (DMGMORIAG, Bielefeld, Germany) with a
2500 W diode laser (=1020 nm) and a Coax14 powder nozzle was used to make for the
deposition of the coatings. The laser had a focal length of 13 mm and a pot diameter of
3 mm with a top hat beam profile. The beam profile was shaped like a top hat.

Table 2. Compositions, from EDXS analyses, of the friction materials used in the pin on disc tests.
Carbon was not considered in the quantification routine.

Elements (wt%) Cu-Free ECOPADS

O 26 ± 1 26 ± 1
Mg 8 ± 1 2.2 ± 0.5
Al 6.1 ± 0.2 1.6 ± 0.5
S 4 ± 1 7 ± 1
Si 3.4 ± 0.6 0.3 ± 0.6
Ca 5.1 ± 0.8 3.2 ± 0.3
Zn 12 ± 1 13.7 ± 0.8
Cr 2.5 ± 0.2 2 ± 0.4
Fe 28 ± 2 21 ± 4
Sn 8.1 ± 0.5 5.2 ± 0.5
Ba - 21 ± 3
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Figure 3. Fe3Al coating with Ferro 55 buffer layer deposited on GCI substrate.

2.3. Wear Test

To assess the coating’s tribological characteristics and to get an insight into the fun-
damental behavior of the coating sliding against the brake pad friction materials, a dry
sliding pin-on-disc (PoD) test was performed. Two friction materials with different compo-
sitions were used to investigate the tribological behavior of the coating system. Cu-free and
ECOPADS [23] friction materials were chosen as the pin materials (cylindrical shape), and
their compositions, as indicated via EDXS analysis, are given in Table 2. For the PoD test,
14,400 m of the total sliding distance, a 2 m/s sliding speed, and 0.6 MPa of applied pressure
were used. The selected PoD test conditions were intended to approximately simulate the
mild wear condition, which is typical for braking systems [1,9,13]. The PoD test was also
carried out on a GCI disc under identical testing conditions in order to provide a better
reference point and an understanding of the coating properties comparatively. To avoid
the initial surface roughness contributing to the final wear results, the same surface initial
roughness Ra was taken into consideration for all the samples (approximately 0.25 μm).

Dry sliding wear tests were conducted using a Biceri PoD tribometer (Biceri, Leeds,
UK) at room temperature following the ASTM G99 standard. Three trials were conducted
for each combination of disc and friction materials. The assessment of wear resistance was
pursued through the measurement of weight loss using a scale with an accuracy of ±0.1 mg.
The height deviations of the pins were measured with a digital caliper, and subsequently,
these data were used to calculate the wear rate.

2.4. Wear and Emission Measurements

The specific wear rate (Ka) was considered to compare how the different friction
materials behaved when they slid against each other. The following formula (Equation (1))
is used to calculate Ka:

Ka = ΔV/(S × Fn) (1)

where ΔV (m3) is the wear volume measured after the wear test, Fn (N) is the applied load,
and S (m) is the sliding distance.

The wear volume of the pin was estimated through the division of its weight reduction
by its apparent density. To determine the wear area of individual discs, three measurements
were conducted along the radial direction of the wear track using a profilometer instrument
(model Hommel Tester T1000) (Hommelwerke GmbH, Villingen-Schwenningen, Germany),
featuring a tip with a curvature radius of 5 μm. The scanning length on the disc was 12 mm
with a scanning speed of 0.15 mm/s. The average wear volume of the discs was calculated
using Equation (2):

ΔVdisc = 2πrA (2)
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where r is the average wear radius, and A is the calculated wear area.
An Optical Particle Sizer (OPS) (TSI Incorporated, Shoreview, MN, USA) was used to

measure the size of the emitted particles. With a sampling rate of 1Hz, the OPS instrument
counts particles between 0.3 m and 10 m in size. As for the PM concentration, the OPS
device can sample between 0 and 3000 particles/cm3.

2.5. Characterization

The cladded layers underwent etching using a Nital solution with a concentration of
2%. The study involved the use of a JEOL IT 300 SEM, (JEOL Ltd., Akishima, Japan) with
an EDXS system (EDXS; Bruker, Billerica, MA, USA) for semi-quantitative composition
analyses to conduct microstructural observations of the coating and the worn surfaces of
the pins and discs. The SEM was operated at an accelerating voltage of 20 kV.

The coated disc underwent XRD analyses in order to assess its phase composition.
Data were collected with an Italstructures IPD3000 diffractometer (XRD, GNR Analytical
Instruments Group, Novara, Italy), which employed a Co Ka radiation source and an
Inel CPS120 detector. The detector was able to simultaneously capture the signal over an
angular span ranging from 5◦ to 120◦.

The microhardness of the coatings was measured using a Future-Tech microhardness
tester (FM-310) (Future-Tech Corporation, Kawasaki, Japan) on a polished cross-sectional
sample. The assessment was conducted from the surface down to the GCI substrate, with a
force load of 300 g and a 10 s indentation duration. The study on hardness was conducted
in a sequential manner, commencing from the surface layer and progressing downwards,
with a series of indentations spaced at regular intervals of 0.15 mm. The objective was
to gain a comprehensive understanding of the variations in hardness across the various
layers.

3. Results and Discussion

3.1. Coating Characterization

Figure 4 depicts a cross-section of the Fe3Al coating (Fe3Al coating with Ferro 55 Buffer
layer), where the buffer layer of F55 was first deposited onto the GCI before the deposition
of the Fe3Al coating. The buffer layer was used to improve the coating quality by decreasing
defects deriving from the interaction of the Fe3Al coating with the GCI substrate during
deposition and solidification.

Figure 4a shows a low-magnification view of the coating cross-section from the top
to the bottom, which shows a defect-free coating microstructure, particularly at the sub-
strate/buffer layer boundary. The microstructure of the Fe3Al coating, as depicted in the
cross-section of the coating near the surface in Figure 4b, reveals the presence of large grains
with smaller needle-like structures dispersed throughout the material. These needle-like
grains, as supported by the EDXS maps in Figure 5, appear to correspond to Fe-Al carbides.
Figure 4c depicts the interface between the top coating and the buffer layer, revealing
the significant diffusion of the buffer layer into the Fe3Al coating, mainly along the grain
boundaries. The outer parts of the coating are affected by diffusion from the substrate to a
lower extent, showing smaller and less numerous needle-like grains.

Figure 5 shows X-ray element distribution maps acquired at the boundary region
between the buffer layer and the Fe3Al coating (magnified area in Figure 4c). This reveals
that the Fe3Al coating contains large carbon-enriched needle-like grains. These grains are
Fe-Al carbides resulting from the diffusion of carbon from the buffer layer. Interestingly,
the grain boundary of the coating has a higher concentration of chromium, confirming that
the main pathway for the diffusion of carbon is the grain boundary region.
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Figure 4. (a) Coating cross-section; (b) microstructure of the cross-section near the coating surface;
(c) coating cross-section boundary between the top coating and F55 buffer layer, with a magnified
view in the inset; and (d) coating cross-section border between the buffer layer and substrate.

 

Figure 5. Color X-ray map of the cross section depicting the boundary between the Fe3Al Coating
and F55 buffer layer (refer to Figure 4c).

Figure 4d shows a high-resolution micrograph of the GCI microstructure near the
interface with the buffer layer. A laser beam melts the F55 powder during deposition, with
the residual heat partially melting the GCI, thus promoting the diffusion of carbon from
the graphite flakes in the GCI. As the melt pool passes away, the rapid solidification of the
GCI near the deposition boundary produces a martensitic structure. On the edge of the
graphite flakes, there are also chilled ledeburite phases.
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Grum and Sturm [24] observed the development of ledeburite shells around graphite
in cast iron during laser surface remelting. They propose that the carbon-saturated iron
surrounding the graphite flakes solidifies near the eutectic point. Because the higher
temperatures in the Heat Affected Zone (HAZ) are near the border, carbon diffusion
promotes the formation of broad regions of ledeburite along the coating–substrate interface.
Figure 4d shows very good metallurgical bonding between the GCI and the buffer layer
and the presence of a martensitic structure in the HAZ.

Figure 6 shows SEM images of the coating microstructure. Needle-like particles can be
seen dispersed throughout the coating matrix. Figure 6a depicts a mixed area, the edge of
which is outlined by a yellow dashed line, where buffer layer components diffused outward
into the surface Fe3Al coating, altering its typical microstructure. Figure 6b shows a higher
magnification view of this mixed area close to the interface with Fe3Al coating, indicating
the difference between the grain size in this mixed area and the usual Fe3Al microstructure
(shown in high magnification in Figure 6c). This picture is confirmed by the analytical data.
Figure 7a,b shows the EDXS results obtained from the pointed areas on the coating matrix
and the needles, respectively (Figure 6), revealing that the elements from the buffer layer,
such as Cr, C, and Si, have dissolved into the Fe3Al coating. Furthermore, by comparing
the intensities of the carbon in the matrix and needles (Figure 7a,b), it can be seen that the
concentration of carbon in the needles is greater than that in the matrix (as was clearly
shown in Figure 5 for the cross-section of this coating). The EDX spectrum in Figure 7c,
referring to the mixed area (point C in Figure 6b), reveals the presence of relatively higher
quantities of Fe and Cr and a smaller amount of Al in the mixed area. These findings
indicate a significant diffusion from the buffer layer, mainly along grain boundaries toward
the coating surface. In the literature, other researchers have demonstrated that Cr additions
to Fe3Al may have positive effects on mechanical properties, namely room temperature
ductility and fracture toughness, which can be both improved significantly by chromium
additions of up to 6% [25–27].

 

Figure 6. SEM of the Fe3Al-coated surface: (a) general view; (b,c) higher-magnification images. The
dotted line depicts a mixed area, in which the Fe3Al is modified by the outer diffusion of elements
from the buffer layer.
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Figure 7. EDXS analysis of the defined areas in Figure 6; (a) matrix area “A”, (b) needle-like grain
“B”, and (c) area “C”.

Figure 8 shows the Vickers hardness profile of the Fe3Al coating. This profile was
collected at the center of the sample away from the edges (i.e., the first and last deposition
tracks). The hardness of the Fe3Al coating is between 310 and 350 HV0.3. However, it rises
sharply in the F55 buffer layer to roughly 650–690 HV0.3, a typical hardness value for an
F55 coating. The hardness of the HAZ also reaches to this range, after passing it through
the GCI substrate, the hardness drops below 300 HV0.3.

The existing phases in the Fe3Al coating were also identified using XRD analysis
(Figure 9). The main detected phases are Fe3Al, Fe3AlC0.5, and Fe. According to the XRD
results, the formation of the Fe3AlC0.5 phase is a further consequence of the reaction of the
matrix with the diffused and dissolved carbon from the bottom layer.
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Figure 8. Hardness profile of the Fe3Al coating from top to down.

 

Figure 9. XRD of the Fe3Al coating on GCI.

The formation of the carbide phase plus the carbon remaining in the solution in the
Fe3Al matrix has a considerable impact on the mechanical properties of iron aluminide
alloys, including improvements in the yield strength, creep resistance, and hydrogen-
induced cracking resistance [28,29]. Furthermore, recent research has demonstrated that
adding carbon to iron aluminides may increase their room-temperature ductility through
the formation of perovskite-based Fe3AlC0.5 precipitates in the matrix [30].

3.2. Wear Test Results

Figure 10 shows the trends in the friction coefficient for the Fe3Al-coated disc, as well
as uncoated GCI as a control sample that was compared with the coating. The GCI/Cu-free
couple took a longer time to reach a steady state friction coefficient (about 3000 s), whereas
the coupling involving the coated disc took place over a relatively short period. The friction
coefficient for the GCI/Cu-free and Fe3Al/ECOPADS sliding couples were approximately
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the same at a steady state (0.54). The friction coefficient for the Fe3Al/Cu-free sliding
couple reached around 0.57.

 

Figure 10. Comparative results for COF of different tribological couplings.

Figure 11 shows the corresponding particulate matter emissions during the pin-on-
disc test. The emissions have the same growing tendency as the COF in the case of
the uncoated disc, i.e., increasing with an increasing COF during the running-in period
before reaching a steady state. Comparing the emissions of different sliding couples, the
Fe3Al/Cu-free couple has considerably fewer emissions (476 #/cm3) than the GCI/Cu-free
couple do (600 #/cm3). The Fe3Al /ECOPADS sliding couple, which takes into account
the wear dependency in the composition of the friction material, has even fewer emissions
(411 #/cm3) than the Fe3Al/Cu-free couple does.

 

Figure 11. Comparative results for the particulate matter emissions of different tribological couplings.

As stated before, the tribological properties of the Fe3Al coating were investigated
in regard to concerns about its wear behavior when sliding against two different friction
materials: Cu-free and ECOPADS. The results are presented in Figure 12, which shows
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the wear of the pin and counterpart disc under diverse sliding circumstances for all the
samples. A comparison of the wear behavior of the coating against Cu-free and ECOPADS
friction materials showed that the Fe3Al/ECOPADS couple has a lower total Ka value
than the Cu-free/coating sliding couple does, indicating the better wear resistance of
the former. When the coated disc slides against the ECOPADS friction material, the Ka
value of the Fe3Al disc was 2.00 × 10−14 m2/N, which was slightly lower than that when
they slid against Cu-free friction material (2.85 × 10−14 m2/N). On the other hand, when
sliding against Cu-free friction materials, the Ka value of GCI was 2.14 × 10−14 m2/N,
which increased to 2.85 × 10−14 m2/N when the GCI was replaced with a coated disc (i.e.,
Fe3Al/Cu-free sliding pair). Further analysis of the worn surface of the pin and disc will
provide an insight into the active mechanisms that caused the observed difference in wear
behavior between the coating against the two different friction materials.

 

Figure 12. Wear rate, Ka, of pin and disc related to the sliding couples.

Figure 13 shows the typical morphologies of the worn surfaces of the pin and related
counterpart discs. In this figure, a compacted secondary plateau can be seen to have formed
aside the iron fibers, acting as primary plateaus, emerging from the worn pin surface, thus
blocking and favoring the compaction of the wear debris. The X-ray maps in Figure 14
show the spatial distribution of the main elements on the worn pin surface, providing
interesting clues regarding the contribution of oxides to the formation and extension of
secondary plateaus on the surface of the pin.

 

Figure 13. SEM analysis of the Fe3Al/Cu free sliding couple after PoD test; (a) worn pin surface and
(b) wear track. The spots of the EDXS analyses are indicated (see Table 3 for relevant results).
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Figure 14. X-ray maps of the Cu-free pin surface for the Fe3Al-coated/Cu-free sliding couple after
the pin-on-disc test.

Table 3. EDXS analysis of the points B1, B2, and B3 marked in Figure 13, which are related to the
composition of the friction layers which formed on the Fe3Al-coated disc and Cu-free pin after the
PoD sliding tests. The carbon concentration was not evaluated.

B1 (wt.%) B2 (wt.%) B3 (wt.%)

O 3 19.3 20.8
Al 11.9 7.9 8.8
Cr 1.0 1.1 0.8
Fe 83.3 57.2 55.9
Mg 0.4 3.9 2.8
Si 0.4 1.5 1.8
Zn - 3.9 3.8
Sn - 2.3 2.4
S - 2.2 2.3

Ca - 0.7 0.6

Figure 13b shows wear tracks on the Fe3Al-coated disc at two different magnifications.
Many grooves can be seen along the sliding direction, indicating the occurrence of abrasion
to some extent on the disc. These surface features are typically produced due to abrasion
with materials with a higher hardness, such as MgO, Al2O3, and other oxides, which
contribute to wear during the PoD test. Additionally, darker gray color patches can be seen
on the wear tracks, where most of the transferred material is located.

Table 3 shows the results of the EDXS investigations in three different spots, as indi-
cated in Figure 13, selected as follows: a point of the wear track where there is no sign of
transferred materials (B1); patches of the transfer layer on the wear track on the disc (B2); a
secondary plateau on the worn pin surface (B3). EDXS analysis confirmed the presence
of all the elements from the friction material and a relatively large amount of Fe and Al
originating from the Fe3Al coating.

The analyses for the Fe3Al/Cu-free mating couple indicate a high content of iron
oxides in the secondary plateaus on the pin surface and transfer layer on the disc. Iron
turned out to be always in association with a relatively large amount of Al, originating
from the coating.
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Figure 15 depicts the etched surface of the coating after the PoD test against the Cu-free
friction material. It was observed that the materials transferred from the pad and coating
onto the wear track. The Fe3AlC0.5 carbide phase (Figures 5 and 9) was also observed on
the etched surface. The microstructure of the coating indicates that plastic deformation
occurred at the surface due to sliding contact with friction materials during the PoD test.

 
Figure 15. The etched surface of the Fe3Al coating after PoD test against the Cu-free friction material.

Figure 16 shows SEM micrographs of the worn pin and wear tracks on its counterpart
Fe3Al disc, offering important insights into the tribological behavior of the system. The
well-compacted secondary plateaus observed on the worn pin surface (Figure 16a) suggest
that the tribo-oxidation mechanism played a role in the wear process. Meanwhile, the
parallel scratches and small amount of transferred material observed on the coated disc
(Figure 16b) indicate that the abrasion mechanism may have been a significant contributor
to wear.

 

Figure 16. SEM analysis of the Fe3Al/ECOPADS sliding couple after PoD test; (a) worn pin surface
and (b) wear track.
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Table 4 provides the EDXS analysis results of the friction layer on the ECOPADS pin
and coated disc, corresponding to the coded points in Figure 16 (E1 and E2, respectively).
The elemental compositions reveal contributions from both the pin and coating materials,
providing further insight into the underlying mechanisms of the tribological behavior of
the system.

Table 4. EDXS analysis of the points (E1 and E2) in Figure 16 related to the friction layer composition
formed on the surface of the sliding couples Fe3Al/ECOPADS. As for the former compositional data,
carbon was not quantified.

E1 (wt.%) E2 (wt.%)

O 22.6 18.7
Al 7.4 8.5
Cr 0.8 0.7
Fe 52.1 51.2
Ba 6.4 7.0
Mg 2.3 2.7
Si 1 1.0
Zn 2.2 3.2
Sn 1.5 2.1
S 3.1 3.7

Ca 0.6 0.8

In both cases, whether Cu-free or ECOPADS friction materials were used, the for-
mation and extension of secondary plateaus on the surface of the pins were observed
(Figures 13a and 16a). These compacted secondary plateaus play a role in providing effi-
cient contact in the interface area, leading to a more consistent and stable friction coefficient.
Furthermore, the extension of secondary plateaus on the pin surface facilitates the smooth
movement of the sliding bodies [31]. The transferred materials on the coated disc surface
also appear to influence the wear behavior [13]. In the case of Cu-free friction materials,
a higher amount of Fe was observed in the secondary plateaus and transferred materials
onto the disc, which is known to be present on the pad and coating (Figures 13, 15 and 16).

According to a study conducted by Olofsson et al. [13], in the recycling of brake discs
using a stainless steel coating, there is a noticeable tendency for materials to transfer onto
the disc during the PoD test. This transfer of materials was found to have an adverse effect
on the friction coefficient and emissions. Additionally, this resulted in a higher weight
loss for both the pin and the disc, which exceeded that of the uncoated GCI disc. For the
Fe3Al coating, the increased Fe content also seemed to enhance adhesive wear by slightly
increasing the coefficient of friction. However, the wear results were comparable to those
of the uncoated GCI disc.

Figure 17 shows SEM micrographs of the worn pin and wear tracks associated with
the GCI/Cu-free sliding couple. Compacted and extended secondary plateaus are observed
behind the iron fibers on the surface of the Cu-free pin (Figure 17a), and minor materials
transferred to the wear track (Figure 17b). In the wear track on the GCI disc, several grooves
running in the sliding direction indicate the abrasive wear mechanism occurring in the GCI
disc. The GCI/Cu-free pairing (Figure 17) has a relatively high amount of Fe oxides on the
secondary plateaus as well as on the transferred materials (see items F1 and F2 in Table 5),
which confirms the contribution of the tribo-oxidation mechanism in the system. This is
consistent with the observed low friction coefficient in this scenario. In the case of the Fe3Al
coating, the Fe content decreases, while the Al content originating from the coating takes
its place.
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Figure 17. SEM analysis of the GCI/Cu free sliding couple after PoD test; (a) worn pin surface and
(b) wear track.

Table 5. EDXS analysis of the points (F1 and F2) in Figure 17 related to the friction layer composition
formed on the surface of the GCI/Cu-free sliding couples. As for the former compositional data,
carbon was not quantified.

F1 (wt.%) F2 (wt.%)

O 28 26.8
Al 1.4 1.3
Cr 0.4 0.6
Fe 61 62.3
Mg 1.7 1.8
Si 1.4 1.4
Zn 2.5 2
Sn 1.4 1.6
S 1.3 1.3

Ca 0.4 0.4
Mn 0.5 0.5

The particles that are released into the PoD chamber can offer valuable insights into
the mechanisms of formation and disruption of the friction layer. Figure 17 presents
the EDXS semi-quantitative chemical analysis of the particles emitted from the Fe3Al
coating/ECOPADS sliding couple and picked up from the inner walls of the PoD chamber.
The full-frame EDXS analysis of the particles (Figure 18a) indicates that their chemical
composition is typical of the transfer layer on the worn track and secondary plateaus
generated on the pin surface (as shown in Table 3). Moreover, the EDXS analysis of a
randomly selected large particle (Figure 18b) that settled inside the chamber revealed high
concentrations of Ba, S, and O. This composition is consistent with barium sulfate, which is
a typical ingredient of the ECOPADS friction material (see Table 2). Regarding the size of
the particles released from the system (Figure 18), larger particulate matter is less harmful to
human health than smaller particles is [32]. This is because larger particles, if still airborne,
tend to be filtered out by the upper part of the respiratory system, whereas smaller particles
can penetrate deeper into the lungs and even enter the bloodstream.
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Figure 18. (a) SEM and EDXS analyses of the particles collected from the PoD enclosure chamber.
(b) EDXS analysis of a typical relatively large particle retrieved inside the enclosure chamber of the
PoD test rig.

4. Conclusions

The comprehensive analysis presented in this study provides important insights that
highlight the application of Fe3Al coating as an environmentally friendly substitute for
coatings containing critical elements for GCI brake discs to mitigate the environmental
concerns associated with brake systems.

The microstructure of the Fe3Al coating reveals the presence of finely dispersed
needle-like Fe3AlC0.5 carbides embedded within the alloy grains. These microstructural
characteristics influence the tribological performance of the coated disc.

The coating/ECOPADS friction material tribological couple exhibits a reduced wear
rate compared to that of the coating/Cu-free sliding couple, underlining better wear
resistance in the former configuration.

While the wear results indicated a coefficient of friction similar to that of an un-
coated disc (approximately 0.55), the coating/Cu-free sliding couple shows substantially
reduced PM emissions compared to those of the GCI/Cu-free pairing, dropping from
600 to 476 #/cm3. Particularly, even further reductions in PM emissions are achieved
with the coating/ECOPADS sliding coupling (411 #/cm3), underlining the advantageous
environmental aspect of the Fe3Al coating.
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Abstract: In order to improve the wear resistance of titanium alloy, a Ti5Si3/Ti3Al composite coating
with improved wear resistance was successfully prepared by laser cladding TA2 titanium alloy using
the double-layer presetting method of Ti-63 wt.% Al mixed powder layer/Si powder layer. The
microstructure, phase composition and wear resistance of the coating were studied using X-ray
diffraction (XRD), scanning electron microscopy (SEM) and pin-disk friction and wear method. The
results show that the coating is mainly composed of the Ti5Si3 primary phase and Ti5Si3/Ti3Al
eutectic structure. The microhardness of the coating is higher than that of the matrix. The average
microhardness of the coating is about 668 HV0.1, which is 3.34 times that of the matrix. The coating
significantly improves the wear resistance of the TA2 matrix, and the mass wear rate is 1/5.79 of
that of the TA2 matrix. The main wear mechanisms of the coating are abrasive wear, adhesive wear
and oxidative wear, whereas the main wear mechanisms of the TA2 matrix are adhesive wear and
oxidative wear.

Keywords: laser cladding; Ti5Si3/Ti3Al composite coatings; wear resistance; TA2 titanium alloy

1. Introduction

Titanium alloy has the advantages of low density, high specific strength and strong
corrosion resistance, and has broad application prospects in aerospace, ocean engineering,
medical devices and other fields. However, the low hardness and poor wear resistance of
titanium alloy significantly restrict its service life under frictional conditions. In order to
overcome the weakness of low hardness and poor wear resistance of titanium alloy, surface
modification technology is widely used to prepare the coating on titanium alloy to improve
the wear resistance of titanium alloy. At present, the commonly used surface modification
technologies include ion implantation [1], plasma spraying [2,3], vapor deposition [4,5],
micro-arc oxidation [6], laser alloying [7], laser cladding [8,9], etc. Among them, laser
cladding is of high significance because of its advantages of metallurgical bonding with the
matrix and adjustable coating thickness.

Based on the literature, it is known that two methods, namely, the powder presetting
method [10–20] and the powder feeding method [7,9,21–24], are mainly used in the laser
surface modification of titanium alloy. Among them, powder presetting methods reported
in the literature all used single pure powder or mixed powder for one-time presetting,
and there are no reports in the literature on the layered presetting method adopted in this
paper. For users who cannot afford a laser cladding powder delivery system but need a
laser cladding multi-component powder system, using the layered preset powder layer
method can reduce the time of pre-mixing powder and improve work efficiency. Therefore,
it is necessary to carry out the feasibility of the layered preset powder layer method. This
is the purpose and significance of this paper. The hardness and wear resistance of the
coating are greatly improved [8–13,15,17–23]. Ti-Al intermetallic compounds [19] and
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Ti5Si3 silicide [25,26] formed by laser surface modification of Al and Si elements have
excellent wear resistance. The wear mechanisms of the coating and substrate are mainly
abrasive wear and adhesive wear, respectively [27]. In addition, Ti5Si3 has a high melting
point, low density, high hardness and good chemical inertness, whereas Ti3Al and TA2
titanium alloy have similar thermal expansion coefficients and melting points. Therefore,
as long as the ratio of Ti5Si3/Ti3Al is appropriate, it is possible to obtain composite coatings
with higher temperature resistance, wear resistance and corrosion resistance than the TA2
titanium alloy.

In this paper, a Ti5Si3/Ti3Al composite coating (which refers to the composite coating
mainly composed of Ti5Si3 and Ti3Al phases with high hardness) was prepared on TA2
titanium alloy by laser cladding based on the layered presetting powder method, and the
microstructure, phase composition and wear resistance of the coating were studied.

2. Materials and Methods

TA2 titanium alloy was selected as the matrix material, and its specific chemical composition
is shown in Table 1. The TA2 titanium alloy with dimensions of 100 mm × 50 mm × 10 mm was
selected as the substrate for laser cladding. The substrate was sanded and ultrasonically
cleaned with ethanol before the powder was preset.

Table 1. Chemical composition of TA2 (wt.%).

Element Fe Si C N H O Ti

Content 0.2 0.1 0.1 0.05 0.015 0.1 Bal.

Al powder, Si powder and Ti powder with purity of 99.0 wt.% were selected as laser
cladding powder materials in this paper. The powder layer was preset as shown in Figure 1.
The thickness of each layer was about 0.4 mm, and the total thickness was about 0.8 mm.
The binder used was 4 wt.% polyvinyl alcohol (PVA) aqueous solution. In order to ensure
the homogeneity of Ti-63 wt.% Al mixed powder, the process of pre-ball milling was
adopted in this paper. The specific parameters of the ball milling were as follows. The
XQM-1.2L planetary ball milling produced by Xi’an Liyou Mechanical Equipment Co., Ltd.,
(Xi’an, China) was used; the weight ratio of the agate ball to powder was 6:1; the rotation
speed of the ball milling was 180 r/min; and the ball milling time was 2 h.

Figure 1. Schematic diagram of presetting powder layer.

Laser cladding was carried out using a Rofin 4 KW fiber laser produced by Rofin Laser
Technology Co., Ltd. (Hamburg, Germany). During the laser cladding, argon gas with a
purity of 99.999% was used as a protective gas to prevent oxygen in the air from entering
the laser molten pool. After several laser cladding parameters were explored, the following
optimized laser cladding parameters were finally adopted: laser power P = 1 KW; laser
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scanning speed V = 10 mm/s; laser spot diameter D = 2 mm; the overlapping rate of the
laser spot f = 35%; Ar gas flow rate Vg = 16 L/min.

After laser cladding, the coating and TA2 substrate were cut into 9 mm × 9 mm × 10 mm
samples using the wire cutting method, which were mainly used for the XRD phase
composition test, SEM microstructure observation, coating microhardness test and wear
resistance test. After wire cutting, all samples were cleaned ultrasonically, dried in a drying
oven and then placed in a drying dish for later use. An HVS-1000A microhardness tester
produced by Laizhou Huayin Test Instrument Co., Ltd., (Laizhou, China) was used to test
the microhardness of the cross-section of the coating. The test parameters were as follows:
a load of 100 g and a loading time of 15 s. Finally, the relationship curve between the
microhardness HV and surface depth h was drawn according to the microhardness values
at different depths.

The wear resistance of the coating and TA2 matrix was tested based on the principle of
pin-disk friction and wear tests. The size of the wear sample was 9 mm × 9 mm × 10 mm. The
wear device model was Ecomet300/Automet300. The parameters of the dry sliding friction
and wear (Figure 2) were as follows: the rotary speed was 200 r/min, the applied load
was 45 N, the dry sliding speed was 0.921 m/s, the dry sliding wear time was 5 min, the
total wear distance was 276.32 m, and the grinding material was 200# SiC sandpaper. The
mass of the samples before and after wear was measured using an SOP Quintix124-1CN
electronic analysis balance, and the morphology of the wear was observed using SEM to
study the wear mechanism of the coating and substrate.

Figure 2. Schematic diagram of dry friction and wear experiment of laser cladding coating.

Phase analysis was performed on the X ‘Pert PRO type X-ray diffractometer produced
by PANalytical B.V. in the Netherlands (Almelo, The Netherlands). The test conditions were
as follows: Cu target, wavelength λ = 0.15406 nm, tube pressure 40 kV, tube flow 40 mA,
and 2θ scanning range of 10◦~90◦. The microstructure of the coating was observed using a
ZEISS ΣIGMA HD scanning electron microscope made by Carl Zeiss (Jena, Germany). The
micromorphology of the worn coating and TA2 matrix was observed using a JSM-7600F
scanning electron microscope produced by JEOL (Akishima, Tokyo). The cross-section
of the laser cladding coating should be inlaid, ground, polished and etched before the
morphology analysis. The composition and proportion of the etching liquid used were
HF:HNO3:H2O = 7:43:50 (volume ratio), and the etching time was 5~10 s.

3. Results

3.1. Microstructure of the Laser Cladding Coating

Figure 3 shows the XRD pattern of the laser cladding coating. It can be seen from the
figure that the laser cladding coating is mainly composed of Ti3Al (JCPDS 00-052-0859)
and Ti5Si3 (JCPDS 03-065-3597). The formation of these two phases is undoubtedly very
favorable for improving the wear resistance of laser cladding coating because the hardness
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of Ti3Al and Ti5Si3 is 5.2 GPa and 11.3 GPa, respectively, both of which are higher than
that of Ti (2 GPa). In the laser cladding process, the preset Si powder layer and Ti-63 wt.%
Al mixed powder layer melts under the laser and reacts in situ with the partially melted
matrix Ti to form Ti5Si3 (5Ti + 3Si = Ti5Si3) and Ti3Al (3Ti + Al = Ti3Al). According to
the calculation results of Zhang [28], the above two reactions in the temperature range
of 300~1500 K, ΔG and ΔH are negative. In terms of thermodynamics, a negative ΔH
indicates that these two reactions are exothermic and a negative ΔG indicates that these
two reactions can occur spontaneously.

Figure 3. XRD pattern of the laser cladding coating.

Figure 4a shows the overall morphology of the cross-section coating. It can be seen
from the figure that the thickness of the laser cladding layer is about 1 mm. There is a
metallurgical bonding between the laser cladding layer and matrix, and no obvious porosity
or cracks appear in the coating. Figure 4b–d show the amplified SEM morphologies of
the different parts in Figure 4a. According to EDS results (Table 2) and XRD calibration
results (Figure 3), it can be determined that the large black block in the coating is the
primary Ti5Si3 phase, and the rest microstructure is a typical Ti3Al-Ti5Si3 eutectic structure.
There are more primary Ti5Si3 near the top and middle of the coating (point 1 in Figure 4b
and point 3 in Figure 4c), whereas the primary Ti5Si3 near the bottom of the coating is
less and even completely becomes Ti3Al-Ti5Si3 eutectic structure (point 5 in Figure 4d).
This type of microstructure is consistent with those reported by Vojtěch et al. [29] and
Wu et al. [30]. Moreover, the components of Al, Si and Ti (see Table 1) also fall within the
range of hypereutectic components of Ti3Al-Ti5Si3 reported in the literature [30–32].

Table 2. EDS results of the cross-section coating at different points.

Different Points Ti (at.%) Al (at.%) Si (at.%) Possible Phases

1 60.79 4.83 34.38 Ti5Si3
2 70.00 19.82 10.18 Ti5Si3/Ti3Al
3 61.23 4.70 34.07 Ti5Si3
4 78.83 12.18 8.99 Ti5Si3/Ti3Al
5 75.06 19.72 5.22 Ti5Si3/Ti3Al

The solidification process is as follows. After a high-power laser is applied to Ti-63
wt.% Al mixed powder layer and Si powder layer, Ti-63 wt.% Al mixed powder, Si powder
and part of the Ti matrix melt after absorbing the laser energy. The three kinds of melts
are mixed under the action of the stirring force of a molten pool. When the high-power
laser leaves, the molten melt in the molten pool begins to solidify. First, the Ti5Si3 phase
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with a high melting point crystallizes, forming the primary Ti5Si3 phase. With a decrease in
temperature, a high-temperature eutectic reaction occurs in the remaining liquid phase [29]:

L → β-Ti(Al,Si) + ε-Ti5(Si,Al)3 (1)

As the temperature continues to decrease, an isomeric transformation occurs in phase
β-Ti(Al,Si) [29]:

β-Ti(Al,Si) → α-Ti(Al,Si) (2)

When the temperature continues to decrease, an ordered reaction occurs in phase
α-Ti(Al,Si) [29]:

α-Ti(Al,Si) → α2-Ti3(Al,Si) (3)

Thus, when the temperature is lowered to room temperature, the resulting structure is
the primary Ti5Si3 phase and α2-Ti3(Al,Si) + ε-Ti5(Si,Al)3 is the eutectic structure.

  
(a) (b) 

  
(c) (d) 

Figure 4. SEM morphology of the cross-section coating: (a) whole; (b) locally amplified at position A
in (a); (c) locally amplified at position B in (a); (d) locally amplified at position C in (a).1, 2, 3, 4 and 5
in figure represent the location points of the EDS test, respectively.

It should be pointed out that in the literature [28], a single-layer presetting method was
adopted to laser cladding Ti, Al and Si mixed powders on Ti-6Al-4V titanium alloy, where
the thickness of the presetting powder was 0.6~0.8mm. The prepared coating was mainly
composed of Ti5Si3, Ti7Al5Si12, Ti3AlC2, Ti3Al, TiAl, TiAl3 and α-Ti, which is much more
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complex than the coating prepared by the double-layer presetting method in this paper.
This may be related to the flow regularity of Ti, Si and Al powders during the laser action.
During the process of laser action, there is a large temperature gradient on the upper and
lower surfaces of the molten pool, thus forming a very steep surface tension. The surface
tension causes a strong convection in the molten pool, and the convection in the molten
pool can produce a strong stirring force so that the liquid metal in the molten pool is mixed
evenly. Convection in the molten pool mainly comes from three aspects. First, convection
in the molten pool comes from the energy distribution of the laser beam. The Gaussian
laser beam used in this experiment can cause severe convection in the molten pool [33].
The second factor is the protective gas blown out in order to prevent the oxidation of the
liquid metal at high temperatures. This high-pressure protective gas can produce a certain
stirring effect and promote the diffusion of the liquid metal. Third, at high temperatures,
the thermal expansion of liquid metal causes a certain density difference in the molten
pool, so buoyancy is generated in the molten pool, and the existence of buoyancy causes
natural convection of the melt [34]. These three factors that make the layer preset powder
can also form a single-layer preset powder structure to reduce the powder mixing time and
improve production efficiency.

3.2. Wear Properties of the Laser Cladding Coating

Figure 5 shows the microhardness distribution of the laser cladding coating. As can be
seen from the figure, the average microhardness of the coating is about 668 HV0.1, which is
3.34 times that of the TA2 matrix (200 HV0.1). Since the microhardness of Ti5Si3 and Ti3Al
is 1500 HV [28] and 530 HV0.2 [35], respectively, the microhardness of the laser cladding
coating is mainly due to the existence of these harder intermetallic compounds (Figure 3)
and fine-grain strengthening due to rapid solidification during laser cladding. Obviously,
an increase in the microhardness of the coating is beneficial to the improvement of the wear
resistance of the coating.

Figure 5. Microhardness distribution of the laser cladding coating.

Figure 6 shows a comparison of the mass wear rates of laser cladding coating and
TA2 matrix under dry friction and wear conditions at room temperature. As can be seen
from the figure, under the conditions of dry friction loading of 45 N and wear distance of
276.32 m, the mass wear rate of the TA2 matrix is 16.22 mg/min, and that of laser cladding
coating is 2.8 mg/min, about 1/5.79 of TA2 matrix. Therefore, the wear resistance of the
laser cladding coating is 5.79 times that of the TA2 matrix; that is, the wear resistance of
the laser cladding coating is obviously better than that of the TA2 matrix. It is known
that the higher the hardness of a material, the better the wear resistance [36]. The average
microhardness of the laser cladding coating is 3.34 times that of the TA2 matrix (Figure 5),
so the wear resistance of the laser cladding coating is better than that of the TA2 matrix.

It should be pointed out that the improvement factor of wear resistance of the laser
cladding coating relative to TA2 matrix is significantly higher than that reported in the
literature [37]. In the literature [37], Ti2SC/TiS composite coating was prepared on TA2
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matrix by laser cladding, and the wear rate of TA2 matrix was 3 times that of the composite
coating, which was less than 5.79 times that of the coating in this paper.

Figure 6. Comparison of mass wear rate between laser cladding coating and TA2 matrix.

Figure 7 shows the SEM morphology of TA2 matrix and laser cladding coating after
dry friction and wear. Table 3 shows the EDS results of the worn TA2 matrix and laser
cladding coating. According to the SEM morphology of the TA2 matrix after wear in
Figure 7a,b, it can be seen that the TA2 matrix after dry friction and wear presents adhesive
wear characteristics of being pressed. At the same time, there are deep and wide pear
grooves, and there are a large number of fine particles in the grooves. The EDS results in
Table 3 show that during dry friction and wear of TA2 matrix, a large number of fine TiO or
TiOx particles are generated due to surface friction heat generation and oxidation. As the
abrasive material is SiC with a microhardness of 3200 HV [28], its microhardness is much
higher than that of the TA2 matrix. Therefore, under the condition of dry friction and wear,
the hard abrasive SiC continuously presses TA2 matrix, causing the surface of the matrix to
be scratched and flattened. At the same time, due to the heat generated by dry friction, the
Ti in TA2 matrix is oxidized into an incomplete valence TiOx [38]. Therefore, the main wear
mechanisms of TA2 matrix are adhesive wear and oxidative wear.

Table 3. EDS results of worn TA2 matrix and coating.

Different Points Ti (at.%) Al (at.%) Si (at.%) O (at.%) Possible Phases

1 91.80 - - 8.20 Ti + TiOx
2 51.11 - - 48.89 TiO
3 100.00 - - - Ti
4 92.11 - - 7.89 Ti + TiOx
5 87.00 - - 13.00 Ti + TiOx
6 43.34 2.52 24.78 29.36 Ti5Si3 + Al2O3 + TiO2
7 64.69 5.27 30.03 - Ti5Si3 + Ti3Al
8 45.00 2.96 22.99 29.08 Ti5Si3 + Al2O3 + TiO2
9 45.54 2.17 29.40 22.88 Ti5Si3 + Al2O3 + TiO2

10 40.92 2.31 24.37 32.39 Ti5Si3 + Al2O3 + TiO2
11 58.58 14.18 4.80 22.43 Ti3Al + TiO2 + SiO2

Figure 7c,d show the SEM morphologies of the laser cladding coating after dry friction
and wear. Combined with the EDS results in Table 3, it can be seen that after dry friction
and wear, furrows of different depths and widths and wear particles of different sizes
appear on the surface of the coating. Due to the heat generated by dry friction, most
oxidation reactions occur and different oxides are generated, but the furrows of all the
coatings are shallow and narrow. The different groove depths and widths of the coating
should be closely related to the surface microhardness of the coating, and the different
sizes of the coating wear particles should be related to the type and volume fraction of the
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intermetallic compounds in the coating. In general, the larger the volume fraction of Ti5Si3
phase with higher microhardness in the coating, the smaller the particles, the more severe
the abrasive wear of the coating, the more spalling wear particles, the shallower the groove,
the lighter the adhesive wear, and the more severe the oxidation wear. However, because
the microhardness of the coating is lower than that of the hard anti-abrasive material SiC,
abrasive wear, adhesive wear and oxidation wear coexist.

In summary, the wear mechanisms of TA2 matrix are mainly adhesive wear and
oxidative wear, whereas the wear mechanisms of coating are abrasive wear, adhesive
wear and oxidative wear that co-exist, which is similar to the results reported in the
literature [27,39,40].

  
(a) (b) 

  
(c) (d) 

Figure 7. SEM morphology of the worn TA2 matrix and laser cladding coating. (a) Whole SEM
morphology of the worn TA2 matrix; (b) local amplified SEM morphology of the worn TA2 matrix
in area A in Figure 6a; (c) whole SEM morphology of the worn coating; (d) local amplified SEM
morphology of the worn coating in area B in Figure 6c. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11 in figure
represent the location points of the EDS test, respectively.
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4. Discussion

4.1. Formation and Flow Characteristics of the Laser Cladding Molten Pool with Double-Layer
Preset Powder Layer

As a relatively economical and new surface modification technology, laser cladding
can significantly improve the surface properties of substrate materials such as wear re-
sistance, corrosion resistance and oxidation resistance. The laser cladding process is a
non-equilibrium, instantaneous and non-uniform physicochemical metallurgical process.
The heat conduction and melt flow in the molten pool determine the microstructure, grain
morphology and defect types of the cladding layer, thus affecting the properties of the
materials and the service life of the parts.

In the case of laser cladding of the double-layer preset powder layer (Figure 1), under
the action of the laser beam, the double-layer preset powder layer absorbs the laser energy
and melts quickly to form a molten pool. When the laser beam leaves the molten pool, it
solidifies quickly. There are three heat transfer modes in this preset laser cladding: heat
radiation from the laser to the powder layer, heat convection between the protective gas
and powder layer, and heat conduction between the powder layers [41]. These three heat
transfer modes lead to complex physical phenomena, such as melting, solidification and
phase transformation during laser cladding. Figure 8 shows a schematic diagram of the
flow behavior of the cross-section molten pool during laser cladding with a double-layer
preset powder layer.

Figure 8. Schematic diagram of flow behavior of cross-section molten pool during laser cladding
with double-layer preset powder layer.

During the laser action, the double-layer preset powder layer and part of the substrate
melt rapidly due to the absorption of laser energy, forming a large and uneven temperature
gradient, resulting in a tension gradient on the surface of the molten pool. Generally,
a symmetrical surface tension gradient is generated on the left and right sides of the
symmetrical line at the center of the molten pool. Due to the influence of surface tension,
the high-temperature melt in the center of the molten pool flows to the surface of the molten
pool. At the same time, under the comprehensive action of buoyancy, gravity and other
factors, the high-temperature melt flows to both sides along the surface near the center
point of the interface. The closer the area is to the edge, the more intense the melt flow
and the higher the velocity. Due to the continuity of movement, the low-temperature melt
reaching the edge of the molten pool flows along the solid–liquid boundary towards the
bottom of the molten pool, and then converges and rises in the middle area of the molten
pool, forming the left and right circulating flows of the molten pool (see blue arrows in
Figure 8), respectively.

In particular, the change in the surface temperature of the laser molten pool causes
a change in the surface tension gradient of the fluid and induces the flow of the surface
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fluid from the region of low surface tension to the region of high surface tension. This
Marangoni flow is the main driving force for mass transmission in the molten pool [42]:

γ = γ0 + σ(T − T0)

where: γ0 is the surface tension at the reference temperature T0; σ is the surface tension
coefficient.

Moreover, in the process of laser cladding, in addition to the influence of laser cladding
process parameters on the temperature field and velocity field of the molten pool, the
surface tension coefficient of the material also has an impact on the temperature field and
velocity field of the molten pool [43]. When the surface tension coefficient of the material
is less than 0, the melt in the molten pool flows from the laser center to the edge of the
molten pool. When the material surface tension coefficient is greater than 0, the melt in the
molten pool flows from the edge of the molten pool to the laser center, but the peak velocity
of both fluid flows appears at the edge of the molten pool surface. The surface tension
coefficients of Ti, Si and Al powders used in this paper are −0.16 mN/m, −0.25 mN/m and
−0.25 mN/m [44], respectively, which are all negative values, so the flow of the molten
pool belongs to the former.

In particular, in the stable zone of the laser cladding layer, the molten pool tends to
be stable as the heat input reaches a dynamic equilibrium with the heat lost due to heat
transfer. Moreover, under the action of Marangoni flow, the molten double-layer preset
powder layer and part of the substrate are mixed and stirred in the molten pool to promote
the homogenization of the alloying elements in the molten pool.

In conclusion, under the action of Marangoni flow, Al, Si and Ti alloying elements
in the molten pool can be evenly mixed to obtain the effect of laser cladding of a single
preset powder layer, and then obtain the laser cladding layer microstructure with basically
a uniform composition to ensure the performance and service life of the coating.

4.2. Formation Mechanism of Different Phases in the Coating

In the laser cladding double-layer preset powder layer, once the molten pool is formed,
the melted Ti-63 wt.% Al powder layer, the melted Si powder layer and the partially
melted TA2 matrix mix with each other under the action of Marongoni flow stirring force.
According to the isothermal section diagram of the Ti-Al-Si ternary system at 1000 ◦C [45],
Ti-Al intermetallic compounds and Ti-Si ceramic reinforced phases can be formed by
different in situ reactions of Ti, Al and Si powders in different proportions. In addition,
according to the Ti-Al binary phase diagram [46], there are mainly TiAl3, TiAl2, TiAl and
Ti3Al among Ti-Al intermetallic compounds. The melting point of Ti3Al is 1600 ◦C, which
is higher than that of TiAl2 (1425 ◦C), TiAl (1465 ◦C) and TiAl3 (1340 ◦C). According to the
Ti-Si binary phase diagram [46], TiSi2, TiSi, Ti5Si4, Ti5Si3, Ti3Si and other compounds can
be generated when Ti reacts with Si. The melting point of Ti5Si3 is 2130 ◦C, which is the
highest melting point of Ti-Si compounds. In addition, according to the calculation results
of Zhu [47], the enthalpy changes in ΔH and Gibbs free energy ΔG of Ti5Si3 are the lowest
among Ti-Si compounds, so Ti5Si3 is the easiest to obtain by solidification first when the
composition is appropriate. Si has a low solubility in the Ti-Al phase, and Ti5Si3 has a high
melting point, so Ti5Si3 is the easiest to form in the laser cladding process [48]. Therefore,
in this paper, a preset powder scheme was designed according to the location range of the
Ti5Si3 + Ti3Al phase generated in the literature [45], which was finally verified; that is, only
the Ti5Si3 and Ti3Al phases were generated in the coating.

4.3. Wear Mechanism of the Coating and TA2 Matrix

As we all know, friction and wear is an extremely complex process. Compared with
lubricating friction, dry friction without lubricating medium results in a more intense
friction process, more severe wear, and shorter effective working life of friction pairs. The
wear amount is a basic parameter that reflects the wear resistance of the material. The
smaller the wear amount per unit time, the better the wear resistance. Wear resistance
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refers to the ability of the material itself to resist wear damage, and it is usually expressed
by the amount of wear. There is a negative correlation between the wear amount and wear
resistance; that is, the smaller the wear amount, the better the wear resistance.

The mathematical model of material wear can quantitatively describe the wear process
and calculate the normal working life of the friction pairs to better grasp the essence of
the wear problem, reduce and control the wear degree, and improve the reliability of the
friction pair. In 1953, Archard [49], a professor at the University of Leicester, proposed a
computational model for adhesive wear. Archard’s wear calculation formula is as follows:

Q = k × (NL)/H

where, Q is the amount of adhesive wear on the contact surface; K is the coefficient of
adhesive wear, representing the probability of an abrasive particle generated by mutual
friction between a pair of micro-convex bodies; N is the normal pressure; H is the hardness
of the soft surface materials; L is the relative sliding distance.

Archard’s adhesive wear theory describes the general rules of material wear. The
wear amount is proportional to the displacement and positive pressure and inversely
proportional to the hardness of the softer materials. It connects the wear with the material
properties, which makes it convenient to calculate the wear amount. It can be seen that
hardness is an important index to evaluate material properties. In general, the higher the
hardness, the better the wear resistance of the material.

Specifically in this paper, on the one hand, it can be seen from Figure 5 that the
microhardness of the laser cladding coating is higher than that of the TA2 matrix. Therefore,
under the same conditions, the wear resistance of the laser cladding coating is better than
that of the TA2 matrix (Figure 6).

On the other hand, the wear resistance of materials depends not only on the hardness
of the materials but also on the hardness of the abrasives. The microhardness of Ti5Si3,
Ti3Al, TA2 and SiC are 1500HV [28], 530HV0.2 [35], 200HV0.1 (Figure 5) and 3700HV [28],
respectively. Therefore, when the applied load is 45N, it is inevitable that the wear mecha-
nism of the TA2/SiC friction pairs is different from the coating (Ti5Si3 + Ti3Al)/SiC friction
pairs. That is, although the two groups of friction pairs cause oxidative wear due to the
heat generated by dry friction and wear (as evidenced by the appearance of the O element
in Table 3) and the hardness difference of the TA2/SiC friction pairs is larger, TA2 is prone
to plastic deformation and adhesive wear, whereas the hardness difference of the coating
(Ti5Si3 + Ti3Al)/SiC friction pairs is relatively small. Ti5Si3 (Ti3Al) is prone to brittle fracture
and abrasive wear; however because the hardness of Ti5Si3 (Ti3Al) is lower than that of
SiC, adhesive wear also occurs. In conclusion, the TA2/SiC friction pairs mainly exhibit
adhesive wear and oxidative wear, whereas the coating(Ti5Si3 + Ti3Al)/SiC friction pairs
mainly exhibit abrasive wear, adhesive wear and oxidative wear.

5. Conclusions

(1) The wear-resistant Ti5Si3/Ti3Al composite coatings were successfully prepared on
TA2 titanium alloy by laser cladding using the double layer preset method of Ti-63
wt.% Al mixed powder layer/Si powder layer.

(2) The coating is mainly composed of coarse primary Ti5Si3 phase and fine Ti5Si3/Ti3Al
eutectic structure, with more Ti5Si3 on the top layer and in the middle of the coating
and more Ti5Si3/Ti3Al eutectic on the bottom.

(3) The mass wear rate of the laser cladding coating is 1/5.79 of that of the TA2 matrix.
The wear mechanisms of the coatings are mainly abrasive wear, adhesive wear and
oxidative wear, whereas the wear mechanisms of the TA2 matrix are adhesive wear
and oxidative wear.

(4) The effect of laser cladding of the double preset powder layer is similar to that of the
single preset powder layer because of the strong stirring effect of the Marongoni flow
in the molten pool.

74



Lubricants 2023, 11, 213

Author Contributions: Investigation—K.H. and W.H.; writing—original draft preparation, W.H.;
writing—review and editing, K.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Open Project Program (No. 2022-KF-19) of the State
Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University
of Technology.

Data Availability Statement: The data of this study are available from the corresponding author
upon reasonable request.

Acknowledgments: The authors are grateful to the Analytical and Testing Center of Huazhong
University of Science and Technology.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Budzynski, P.; Kaminski, M.; Surowiec, Z.; Turek, M.; Wiertel, M. Effect of carbon ion implantation and xenon ion irradiation on
the tribological properties of titanium and Ti6Al4V Alloy. Acta Phy. Pol. A 2022, 142, 713–722. [CrossRef]

2. Zhao, L.D.; Lugscheider, E. Reactive plasma spraying of TiAl6V4 alloy. Wear 2002, 253, 1214–1218. [CrossRef]
3. Srinivasan, R.; Kamaraj, M.; Rajeev, D.; Ravi, S.; Senthilkumar, N. Plasma spray coating of aluminum-silicon-MWCNT blends on

titanium grade 5 alloy substrate for enhanced wear and corrosion resistance. Silicon 2022, 14, 8629–8641. [CrossRef]
4. Koshuro, V.; Fomina, M.; Zakharevich, A.; Fomin, A. Superhard Ta-O-N coatings produced on titanium using induction physical

vapor deposition. Ceram. Int. 2022, 48, 19467–19483. [CrossRef]
5. Hussein, M.A.; Adesina, A.Y.; Kumar, A.M.; Sorour, A.A.; Ankah, N.; Al-Aqeeli, N. Mechanical, in-vitro corrosion, and tribological

characteristics of TiN coating produced by cathodic arc physical vapor deposition on Ti20Nb13Zr alloy for biomedical applications.
Thin Solid Film. 2020, 709, 138183. [CrossRef]

6. Chen, X.W.; Ren, P.; Zhang, D.F.; Hu, J.; Wu, C.; Liao, D.D. Corrosion and wear properties of h-BN-modified TC4 titanium alloy
micro-arc oxide coatings. Surf. Innov. 2022, 11, 49–59. [CrossRef]

7. Majumdar, J.D.; Weisheit, A.; Mordike, B.L.; Manna, I. Laser surface alloying of Ti with Si, Al and Si+Al for an improved oxidation
resistance. Mater. Sci. Eng. A 1999, 266, 123–134. [CrossRef]

8. Wang, Z.; Li, J.N.; Zhang, Z.; Li, J.M.; Su, M.L. Microstructure and wear resistance of Cu/La2O3 modified laser clad composites.
Laser. Eng. 2019, 44, 33–39.

9. Ali, S.R.A.S.; Hussein, A.H.A.; Nofal, A.; Elnaby, S.I.H.; Elgazzar, H. A contribution to laser cladding of Ti-6Al-4V titanium alloy.
Metall. Res. Technol. 2019, 116, 634.

10. Tian, Y.; Zhang, Z.; Li, J.N.; Huo, Y.S.; Su, M.L. Surface modification of TA7 titanium alloy with laser clad La2O3 amorphous
coatings. Laser. Eng. 2019, 44, 331–339.

11. Li, X.D.; Liu, S.S.; Wang, J.W.; Yu, M.X.; Tang, H.B. Effect of different ZrN addition on microstructure and wear properties of
titanium based coatings by laser cladding technique. Coatings 2019, 9, 261. [CrossRef]

12. Sui, X.M.; Lu, J.; Zhang, X.; Sun, L.; Zhang, W.P. Microstructure and properties of TiC-reinforced Ti2Ni/Ti5Si3 eutectic-based laser
cladding composite coating. J. Therm. Spray Technol. 2020, 29, 1838–1846. [CrossRef]

13. Chen, C.N.; Su, M. Study on microstructure and abrasive resistance of laser cladding TiN surface alloyed TC9. J. Beijing Univ.
Aeronaut. Astronaut. 1998, 24, 253–255.

14. Xiang, K.; Chen, L.Y.; Chai, L.J.; Guo, N.; Wang, H. Microstructural characteristics and properties of CoCrFeNiNbx high-entropy
alloy coatings on pure titanium substrate by pulsed laser cladding. Appl. Surf. Sci. 2020, 517, 146214. [CrossRef]

15. Wu, H.; Liang, L.X.; Lan, X.D.; Yin, Y.; Song, M.; Li, R.D.; Liu, Y.; Yang, H.O.; Liu, L.; Cai, A.H.; et al. Tribological and biological
behaviors of laser cladded Ti-based metallic glass composite coatings. Appl. Surf. Sci. 2020, 507, 145104. [CrossRef]

16. Chai, L.J.; Wang, C.; Xiang, K.; Wang, Y.Y.; Wang, T.; Ma, Y.L. Phase constitution, microstructure and properties of pulsed
laser-clad ternary CrNiTi medium-entropy alloy coating on pure titanium. Surf. Coat. Technol. 2020, 402, 126503. [CrossRef]

17. Ke, J.; Liu, X.B.; Liang, J.; Liang, L.; Luo, Y.S. Microstructure and fretting wear of laser cladding self-lubricating anti-wear
composite coatings on TA2 alloy after aging treatment. Opt. Laser Technol. 2019, 119, 105599. [CrossRef]

18. Guo, C.; Ma, M.L.; Chen, F.; Wei, B.L. Microstructure and space tribological properties of NiCrBSi/Ag composite coating prepared
by laser cladding. Surf. Technol. 2019, 48, 177–184.

19. Guo, C.; Zhou, J.S.; Zhao, J.R.; Wang, L.Q.; Yu, Y.J.; Chen, J.M.; Zhou, H.D. Improvement of the oxidation and wear resistance of
pure Ti by laser-cladding Ti3Al coating at elevated temperature. Tribol. Lett. 2011, 42, 151–159. [CrossRef]

20. Zhai, Y.J.; Liu, X.B.; Qiao, S.J.; Wang, M.D.; Lu, X.L.; Wang, Y.G.; Chen, Y.; Ying, L.X. Characteristics of laser clad α-
Ti/TiC+(Ti,W)C1-x/Ti2SC+TiS composite coatings on TA2 titanium alloy. Opt. Laser Technol. 2017, 89, 97–107. [CrossRef]

21. Liu, Y.N.; Yang, L.J.; Yang, X.J.; Zhang, T.G.; Sun, R.L. Optimization of microstructure and properties of composite coatings by
laser cladding on titanium alloy. Ceram. Int. 2021, 47, 2230–2243. [CrossRef]

22. An, Q.; Qi, W.J.; Zuo, X.G. Microstructure and wear resistance of in-situ TiC reinforced Ti-based coating by laser cladding on
TA15 titanium alloy surface. J. Mater. Eng. 2022, 50, 139–146.

75



Lubricants 2023, 11, 213

23. Ye, Z.Y.; Li, J.N.; Liu, L.Q.; Ma, F.K.; Zhao, B.; Wang, X.L. Microstructure and wear performance enhancement of carbon nanotubes
reinforced composite coatings fabricated by laser cladding on titanium alloy. Opt. Laser Technol. 2021, 139, 106957. [CrossRef]

24. Maliutina, I.N.; Si-Mohand, H.; Sijobert, J.; Lazurenkoa, D.V.; Bataev, I.A. Structure and oxidation behavior of γ-TiAl coating
produced by laser cladding on titanium alloy. Surf. Coat. Technol. 2017, 319, 136–144. [CrossRef]

25. Weng, F.; Yu, H.J.; Liu, J.L.; Chen, C.Z.; Dai, J.J.; Zhao, Z.H. Microstructure and wear property of the Ti5Si3/TiC reinforced
Co-based coatings fabricated by laser cladding on Ti-6Al-4V. Opt. Laser Technol. 2017, 92, 156–162. [CrossRef]

26. Jiang, P.; Zhang, J.J.; Yu, L.G.; Wang, H.M. Wear-resistant Ti5Si3/TiC composite coatings made by laser surface alloying. Rare
Metal Mater. Eng. 2000, 29, 269–272.

27. Guo, C.; Zhou, J.S.; Chen, J.M.; Zhao, J.R.; Yu, Y.J.; Zhou, H.D. Improvement of the oxidation and wear resistance of pure Ti by
laser cladding at elevated temperature. Surf. Coat. Technol. 2010, 205, 2142–2151. [CrossRef]

28. Zhang, H.X. Investigation on Microstructure and Wear Resistance of Ti-Al-Si Ceramic Composite Coatings on Titanium Alloys by
Laser Cladding. Ph.D. Thesis, Shandong University, Jinan, China, 2016.
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Abstract: In situ NbC-reinforced laser cladding Ni45 coatings have the advantages of high bond
strengths, low dilution rates, small heat-affected zones and good wear resistance and have broad
application prospects in the field of surface strengthening and repair of workpieces such as automotive
molds and engine turbines. Previous studies have mostly used pure niobium powder for in situ
synthesis to prepare Ni-based NbC coatings with a high production cost. In this paper, NbC was
successfully synthesized in situ in Ni45 powder using inexpensive FeNb65 and Cr3C2. The prepared
coating has a uniform microstructure and excellent wear resistance, and the reinforced phases are
mainly NbC and Cr23C6. Coating 4# with 25 wt.% FeNb65 + Cr3C2 has the highest microhardness of
776.3HV0.2, about 1.45 times that of the Ni45 coating, and its wear resistance is 36.36 min/mg, about
60.6 times that of the Cr12MoV steel base material and about 23.76 times that of the Ni45 coating.

Keywords: laser cladding; in situ NbC-reinforced nickel-based coating; microstructure; microhardness;
wear resistance

1. Introduction

Laser cladding has the advantages of a low dilution rate and a fast cooling rate [1–4].
It may be used to strengthen material surfaces or to repair the surface of damaged ma-
terials and has very broad application prospects [5–7]. Metal-based composite coatings
are high-quality coatings prepared by mixing self-soluble alloy powders with hard-phase
powders by laser cladding [8–10]. They have the advantages of high bond strengths, small
heat-affected zones, high microhardnesses, and good wear resistance. Nickel-based NbC
composite coatings are widely used in the surface strengthening and repair of automotive
molds, engine turbines, and combustion turbine blades due to their high microhardness
and good wear resistance [11–15].

According to the formation method of hard ceramic phases within the coatings, coating
preparation methods can be categorized into the direct addition method and the in situ
synthesis method. The direct addition method is convenient and fast, but the hard ceramic
phase is less compatible with the substrate. The in situ synthesis method is the main
method of coating preparation, as the hard ceramic phase is uniformly distributed and well
combined with the substrate. Several scholars have tried to add a NbC hard ceramic phase
to coatings by in situ synthesis. Initially, graphite and pure niobium powder were used to
synthesize NbC in situ [16,17]. However, due to the large difference in density between
graphite and metal powder, graphite tends to float on the surface of the mixed powder
when the powder is mixed, resulting in large differences in the organization of different
regions of the coating. In addition, graphite has a low ignition point and can be easily
burned during laser cladding, thus seriously affecting the stability of the composition in
the coating. To solve this problem, the teams of Chang Baohua at Tsinghua University and
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Tianbiao Yu at Northeastern University tried to replace graphite with B4C to provide a
sufficient amount of carbon for the formation of hard ceramic phases in the coatings [18,19].
Fu Hanguang’s team at Beijing University of Technology tried to replace graphite with
Cr3C2 in an in situ synthesis reaction [20]. While solving the problem of graphite burnout,
the added Cr elements can also form hard ceramic phases such as Cr23C6 and Cr7C3 to
further increase the microhardness of the coating. In previous studies of NiCrBSi-NbC
composite coatings, the Nb element was mostly provided in the coating by adding pure
niobium powder. However, due to the high price of pure niobium powder and its high
melting point of 2468 ◦C, it is not feasible to apply it in practical production. In this paper,
we try to use FeNb65 (melting point 1570–1650 ◦C), which is inexpensive and has a low
melting point, to replace pure niobium powder. A NiCrBSi-NbC coating with excellent
wear resistance and a low price was prepared by in situ synthesis of NbC with Cr3C2. The
microstructure and wear resistance were also tested and analyzed, expecting to provide
a reference for the application of in situ NbC-reinforced laser melting of nickel-based
composite coatings.

2. Experiment

2.1. Materials

The laser cladding experiment was carried out on Cr12MoV die steel with dimensions
of 12 mm × 60 mm × 100 mm. Before the test, the upper surface of the Cr12MoV steel
substrate was polished with an angle grinder to remove rust. Subsequently, cotton dipped
in acetone was used to wipe off the grease on the surface of the substrate as well as any
residual debris from the grinding process. The laser cladding material was Ni45 powder
produced by Beikuang New Material Technology Co., Ltd., Beijing, China., which is a
standard spherical powder in the particle size range of 45~105 μm. The specific composition
of Cr12MoV steel and Ni45 powder is shown in Table 1. The materials used for the in
situ synthesis of NbC were 45~105 μm FeNb65 and Cr3C2, both of which were purchased
from Xing Rongyuan Technology Co., Ltd., Beijing, China. The theoretical mass fraction
of Nb in FeNb65 is 65 wt.%, and the actual mass share is 64.76 wt.%. The atomic ratio of
Cr to C in Cr3C2 is 3:2, and the mass fractions of Cr and C are 86.7% and 13.3%. The SEM
morphology photographs of FeNb65 and Cr3C2 are shown in Figure 1. Initially, FeNb65
and Cr3C2 were mixed according to a 1:1 molar ratio of Nb to C. Subsequently, a mixed
powder of FeNb65 and the Cr3C2 and Ni45 powder was placed into a ball mill and mixed
well according to different ratios. The prepared powders were put into a drying oven at a
constant temperature of 80 ◦C for 2 h and set aside. The coating number and composition
design are shown in Table 2.

Table 1. Composition of Cr12MoV and Ni45 (wt.%).

Ni Cr B Si Fe C Mn P V Mo S Cu

Cr12MoV 0.12 12.30 - 0.27 Bal. 1.44 0.21 0.02 0.27 0.55 0.01 0.13
Ni45 Bal. 10.02 1.89 3.05 5.30 0.33 - - - - - -

Figure 1. Morphology of Cr3C2 (a) and FeNb65 (b) powders selected for the in situ synthesis of NbC.
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Table 2. Coating numbers and composition (wt.%).

Ni45 FeNb65 + Cr3C2

1# 100 0
2# 85 15
3# 80 20
4# 75 25

2.2. Laser Parameters

A YLS-6000-S2 fiber laser made by IPG of Oxford, MA, USA. was used for the test,
with a maximum output power of 6000 W. The laser system generates a continuous laser
with a wavelength of 1070 nm and transmits it through the fiber to the cladding head,
where it acts on the substrate in a square spot of 5 mm × 5 mm. The melting head was
driven by a six-axis linkage robot from ABB. In addition, an intra-optical coaxial powder
feeder was connected to the cladding head to transport the powder. High-purity argon gas
(99.99% purity) at 15 L/min was fed into the laser cladding process to avoid oxidation of
the melt pool. A schematic diagram of laser cladding is shown in Figure 2. The process
parameters of laser cladding were as follows: laser power, 2100 w; powder feeding rate,
15 g/min; scanning speed, 4 mm/s; and lap rate, 32%.

Figure 2. A diagram of the laser cladding experimental setup.

2.3. Microstructure Observation

Metallographic specimens were cut from a single coating in the direction perpendicular
to the coating and mechanically ground in a grinding and polishing machine with 240 mesh,
400 mesh, 1000 mesh, 1500 mesh, 2000 mesh and 3000 mesh SiC sandpaper in that order. It
was subsequently polished with a diamond polishing paste with a particle size of W2.5.
The finished specimens were etched with aqua regia (HNO3:HCl = 1:3) for 22 s. The
microstructure of the coatings was observed using a scanning electron microscope (ZEISS
Gemini SEM 300 in Germany) and elemental analysis was performed with an additional
energy spectrum probe (EDS). A 19 mm × 12 mm × 12 mm specimen was cut from the
coating, and the phase composition of the coating was analyzed using a Cu-Kα radiation
X-ray diffractometer (BRUKER D8 Advance in Germany) after mechanical grinding with
240 and 400 mesh SiC sandpaper in turn. The specific parameters were as follows: tube
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voltage, 40 kV; tube current, 40 mA; scanning speed, 8◦/min; scanning range, 20~90◦
coupled continuous scanning; and step size, 0.02◦.

2.4. Microhardness and Wear Resistance

To ensure the accuracy of the microhardness test, the specimens were mechanically
ground on a grinding and polishing machine with SiC sandpaper of 240, 400, 1000, 1500,
2000 and 3000 mesh in that order. The prepared specimens were measured using a mi-
crohardness tester (MICRO-MET-5103 in Germany) with an indenter load of 1.96 N and
a loading time of 10 s. Five locations were selected at 250 μm intervals starting from the
upper part of the coating and the average value was taken as the microhardness at that
location after removing the best value.

To ensure the testing accuracy of coating wear resistance, specimens of 19 mm × 12 mm ×
12 mm were mechanically ground using 240 mesh and 400 mesh SiC sandpaper in turn.
The prepared specimens were subjected to a friction wear test using a high-speed ring block
friction wear tester (Jnstart MRH-3W in China). According to GB/T 3960-1983, the test load
was 196 N, the wear time was 2 h, the speed as 200 r/min, the hardness of the grinding
ring was 60 HRC and the material was GCr15 steel. The specimens were ultrasonically
cleaned with anhydrous ethanol before and after the frictional wear test, and the weight
was recorded by weighing them several times on a balance with an accuracy of 0.1 mg. The
wear weight loss of the specimens was determined and the wear resistance of the coating
was calculated. The surface morphology and roughness of the worn specimens were
observed with a laser confocal microscope (OLS40-CB in Japan) and a scanning electron
microscope.

3. Results and Discussion

3.1. Microstructure Analysis

The coatings with different compositions were analyzed by an X-ray diffractometer
and the results are shown in Figure 3. By comparing the standard diffraction cards and
using Jade 6 analysis software, it can be seen that the possible phases of coating 1# are γ-Ni,
Cr23C6, Cr7C3 and CrB. Coatings 2#, 3# and 4# are probably γ-Ni, Cr23C6, CrB and NbC.
With the increase in NbC content, the intensity of the three NbC diffraction peaks at 35◦,
41◦ and 58◦ increases significantly. The results show that it is feasible to synthesize a NbC
hard ceramic phase using ferric niobium and Cr3C2 for nickel-based coatings.

 
Figure 3. XRD patterns of nickel-based composite coatings with different compositions.
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The microstructure photos in Figure 4 show that a large number of bright white phases
are distributed inside coatings 2#, 3# and 4#, which is the typical morphology of the NbC
phase. This result confirms that the in situ synthesis reaction of Cr3C2 and FeNb65 to
generate NbC hard ceramic phases is feasible. Moreover, due to the similar density of NbC
and Ni matrices, there is no obvious concentration gradient in each phase in the coating and
NbC is uniformly distributed in the coating. In addition, the presence of long gray stripes,
black block phases and gray irregularly shaped phases in the coating can be observed in
the four sets of images.

 

Figure 4. Microstructures of the coating at low magnification under SEM: (a) 1#; (b) 2#; (c) 3#; (d) 4#.

To further analyze the morphology of the phases within the coating, the microstructure
morphology of the coating was observed at a higher magnification. The results are shown
in Figure 5. Coatings 2# and 3# have irregular polygonal blocks of the NbC hard ceramic
phase, while in coating 4#, the morphology of NbC is mostly regular quadrilateral and
cross shaped. This is caused by the difference in the Nb content in the melt pool. When the
amount of Nb in the melt pool is comparatively low, the nucleation and growth of NbC is
limited. As the NbC content increases, the octahedral structure of NbC grows along the
[100] direction, forming polygonal or cross-shaped structures with regular edges [9]. In
addition, long black phases cross-arranged in clusters were observed in coatings 2# and 3#.
In contrast, in specimen 4#, these black clustered phases disappeared and were replaced by
black block phases. The long gray stripe phase became thicker and its color was clearly
visible in BSE mode, presumably due to the solid solution of some elements of the cluster
phase within the long gray stripe phase. The composition of the various phases needs to be
further analyzed.

To further determine the types of each phase and the distribution of elements, the
mapping of coatings 2#, 3# and 4# was performed using EDS in combination with SEM. As
shown in Figures 6 and 7, the matrices of coatings 2# and 3# are mainly Ni as well as a solid
solution of Fe and Cr, which is known to be γ-Ni solid solution from XRD analysis. This is
due to the rapid diffusion of Fe, Cr and Si from the melt pool into the high temperature
austenite phase and solid solution strengthening under the irradiation of the laser beam.
The main elements of the gray elongated phase are Cr and C, which are known as Cr23C6
from XRD analysis. The bright white bulk phase is mainly composed of Nb and C, which
can be identified as NbC in combination with XRD analysis. In addition, a B solid solution
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can also be seen in the NbC phase, forming a Nb(C, B) solid solution [21]. The main
elements of the black cluster-like phase are Cr and B. Combined with the XRD analysis,
it is identified as a CrB phase. As shown in Figure 8, the black cluster-like phase largely
disappeared in the coating 4#. It is presumed that with the increase in the amount of added
FeNb65, a large number of Nb(C, B) hard ceramic phases are formed, which occupy the
majority of B. Therefore, with the increase in NbC content, the CrB phase in the coating
gradually disappears and the content of Cr23C6 gradually increases.

Figure 5. Microstructures of the coating at high power under SEM: (a) 1#; (b) 2#; (c) 3#; (d) 4#.

 
Figure 6. SEM—element distribution mapping of coating 2#.
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Figure 7. SEM—element distribution mapping of coating 3#.

 
Figure 8. SEM—element distribution mapping of coating 4#.

3.2. Microhardness Analysis

Microhardness is an important indicator of the mechanical properties of coatings,
and the microhardness of the coating was tested at different depths along the direction
perpendicular to the coating. The microhardness of the four groups of coatings at differ-
ent depths and the average microhardness of the surface layer (3250 μm) are shown in
Figure 9a,b, respectively. As shown in Figure 9a, the microhardness curves of the coatings
show the same trend, with a relatively uniform microhardness in the superficial region.
The heat-affected zone has a higher microhardness than the substrate due to it experiencing
faster thermal cycling. As shown in Figure 9b, the microhardness of coating 1# is the lowest
at about 535.3 HV0.2. The microhardnesses of coatings 2#, 3# and 4# increase sequentially,
and the microhardness of coating 4# is the highest at 776.33 HV0.2, 45% higher compared
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to coating 1#. The enhancement of the coating hardness is mainly due to two reasons:
One is the in situ synthesis of NbC with a hardness up to 2458.2 HV through ferro-niobium
and Cr3C2, which effectively improves the microhardness of the coating. The second
is the formation of Cr23C6 in the coating by the excess addition of Cr3C2, which also
leads to a great improvement in the microhardness of the coating [22,23]. The relationship
between the microhardness of the coating and the wear resistance is generally positively
correlated, and the wear resistance of the coating can be effectively improved by enhancing
the microhardness of the coating.

Figure 9. Microhardness of the coatings: (a) microhardness at different depths; (b) average microhardness.

3.3. Wear Resistance Analysis

To study the wear resistance of the coating, the specimens were analyzed for wear
resistance using a high-speed ring block friction wear tester. The wear loss and wear
resistance of the coating after 2 h at 196 N are shown in Figure 10a. The wear loss of
the base material Cr12MoV steel was as high as 201.5 mg, while the wear losses of the
remaining four groups of coatings were 78.8 mg, 10.8 mg, 4.8 mg and 3.3 mg, respectively.
The wear resistance of the coatings was characterized by the inverse of the average wear
weight loss per unit time, and the wear resistances of the substrate and the four groups of
coatings were 0.6 min/mg, 1.53 min/mg, 11.11 min/mg, 25 min/mg and 36.36 min/mg,
respectively. The wear resistance of the Ni45 coating 1# increased by 155% compared to
the substrate. The wear resistances of coatings 2#, 3# and 4# further improved due to the
generation of high-hardness NbC and Cr23C6 phases. Among them, coating 4# showed
the best wear resistance, which was increased by 606% compared to the base material.
Figure 10b illustrates the friction coefficients of the four coatings during frictional wear. The
friction coefficients of the coatings with the addition of a hard ceramic phase all decrease,
but the friction coefficient of coating #2 fluctuates more, which may be due to the exfoliation
of the hard phase with a larger particle size during the wear process. The improvement in
the surface wear resistance of Cr12MoV steel is more significant compared with previous
strengthening methods. Additionally, there are a wealth of very promising applications
due to the reduced economic cost of surface strengthening of the material [24–26].

In order to analyze the wear morphology of the coating, the wear surface of the
coating was observed using a laser confocal microscope. Three-dimensional images were
constructed according to the wear depth, and the wear morphology and wear parameters of
the coating surface are shown in Figure 11 and Table 3, respectively. Combining Figure 11
with Table 3, we can easily see that the width and depth of the wear marks and the
cross-sectional area of coating 1# are the highest among the four groups of coatings. As the
content of NbC increases, the width and depth of the abrasion marks and the cross-sectional
area decrease significantly. Compared with coating 1#, the width and depth of wear marks
and cross-sectional area of coating 4# decreased by 47.1%, 44.7% and 21.1%, respectively,
and the wear resistance of the coating improved remarkably.
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Figure 10. Wear characteristics of coatings: (a) wear weight loss and wear resistance; (b) friction coefficients.

Figure 11. Three-dimensional diagram of the wear pattern on the surface of coatings (a) 1#; (b) 2#;
(c) 3#; (d) 4#.

Table 3. Width, depth and cross-sectional area of the wear profile of coating surfaces.

1# 2# 3# 4#

Width (μm) 6489.0 4033.1 3061.8 3059.3
Depth (μm) 26.5 22.6 21.4 11.9
Area (μm2) 86,122.0 45,636.6 32,808.3 18,129.1

Figure 12 shows the wear morphology under a scanning electron microscope after
frictional wear tests for the different compositions of coatings. From Figure 12a, it can be
seen that there are plow grooves, a large amount of debris and a compaction layer on the
surface of coating 1#, and the whole surface of the coating exhibits a wavy undulation.
This is primarily because the hard ceramic phase of the coating flakes off during the wear
of the coating and friction. During the relative movement of coating and grinding, ring
scratches of different depths are left on the surface of the coating. Subsequently, some of
the debris collects near the spalling pits and forms a compacted layer under a load of 196 N
and tangential friction. In addition, because the Ni45 coating is relatively soft, the hard
ceramic phase was more deeply pressed, forming wave-type undulations on the coating
surface. Taken together, the wear mechanism of coating 1#’s surface is severe abrasive wear
and intense adhesive wear. From Figure 12b, it can be seen that uniform plow grooves and
debris also exist on the wear surface of coating 2#. The presence of hard ceramic phases
can be observed in the grooves, and with the protection of these hard ceramic phases, the
coating avoids further wear. Figure 12c,d shows that the wear mechanisms of coatings
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3# and 4# are similar, with the coating surface uniformly distributed with grooves and
a small amount of debris. It can be observed that more hard ceramic phases are formed
inside the coating, which enhances the hardness of the coating and reduces the depth of
the grooves. The wear mechanism of the coatings of these two samples is mainly abrasive
wear. The width of the grooves on the surface of the four groups of coatings was measured,
and the average widths were 26.0 μm, 18.0 μm, 15.0 μm and 14.5 μm, respectively. This
measurement confirms that the formation of a hard ceramic phase improves the wear
resistance of the coatings.

Figure 12. Morphology of the worn surface of coating (a) 1#; (b) 2#; (c) 3#; (d) 4#.

The wear weight loss of coatings 1# and 2# is high, and the exfoliated hard ceramic
phase with the abraded debris is compacted under the extrusion of the grinding ring. It
has been speculated that these compacted layers have some protective effect on the coating,
thus improving the wear resistance of the coating [27–30]. To analyze the effect of these
compacted layers on the wear resistance of the coating, the friction wear test was adjusted.
The specific operation was to fix a ball of cotton in the inner cavity of the friction and
wear tester, so that it was in close contact with the grinding ring. Thus, abrasive debris
is removed from the surface of the grinding ring over time during the wear process to
avoid the formation of a compacted layer. Before and after the test, the specimens were
weighed using a balance with an accuracy of 0.1 mg, and the wear morphology of the
coating was observed by scanning electron microscopy. By measuring the wear weight
loss of the coating after modification of the high-speed ring block friction wear tester and
observing the wear morphology of the coating, the effect of the compacted layer on the
coating surface was studied. A schematic diagram of the modification of the experimental
setup is shown in Figure 13. The specimen was rerun on the modified machine for a wear
test with a test load of 196 N and a wear time of 2 h.

The wear morphology of the coating surface after the modification of the frictional
wear experimental machine is shown in Figure 14. It can be seen that the addition of cotton
on the grinding ring could effectively remove the debris on the surface of the coating, and
the depth of the grooves on each coating surface was significantly reduced.
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Figure 13. Schematic diagram of the adjusted friction and wear experimental setup.

 

Figure 14. The wear morphology of the coating surface after adding cotton: (a) 1#; (b) 2#; (c) 3#; (d) 4#.

A comparison of the wear weight loss of the coatings before and after modification
of the high-speed friction and wear tester is shown in the Figure 15. For coatings #1 and
#2, which have a higher wear weight loss, the weight of wear increases. This is due to the
removal of abrasive debris from the grinding ring, reducing the area of the compacted layer
on the coating surface and thus reducing the protection of the coating surface. The decrease
in the wear weight loss for coatings 3# and 4#, where abrasive wear dominates, is due to
the removal of larger hard ceramic phase particles, which flake from the coating surface to
avoid more wear on the coating surface from large hard ceramic phase particles.
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Figure 15. Comparison of wear weight loss of coatings before and after modification of the friction
and wear tester.

4. Conclusions

In this study, laser-clad NbC-reinforced nickel-based composite coatings were suc-
cessfully prepared using a mixture of Ni45, FeNb65 and Cr3C2 powders. The changes in
microstructure, microhardness and wear resistance of the coatings were investigated in
detail. The results show the significant potential of the coatings to be applied in the field of
surface strengthening and repair. The findings of the study are summarized as follows:

1. NbC was synthesized in situ from FeNb65 and Cr3C2, and elements such as Fe,
Cr and Si diffused into the high temperature austenite phase to form a γ-Ni solid
solution phase.

2. With the increase in NbC content, the microhardness of the coating increases. The
microhardness of coating 4# reached 776.3 HV0.2, a 45% increase in microhardness
compared to coating 1#. This is attributed to the uniform distribution of the NbC
phase and Cr23C6 in the coating.

3. The wear resistance of the coatings increased significantly with the increase in NbC
content. Coating 4# with 25 wt.% FeNb65 + Cr3C2 showed the best wear resistance
of 36.36 min/mg, an improvement of 606.0% in abrasion resistance compared to the
base material and 227.6% compared to coating 1#.

4. The compacted layer formed by abrasive extrusion protects the coating surface when
subjected to wear, reducing the wear of the coating.
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Abstract: CoCrFeNi high-entropy alloy (HEA) exhibits excellent mechanical properties but relatively
poor wear resistance. In particular, when the load reaches a certain level and the deformation
mechanism of the CoCrFeNi HEA changes, the formation of shear bands leads to a significant
increase in wear rate. Although numerous studies have been conducted on alloying strategies to
improve the wear resistance of alloys, there is still limited research on the influence of deformation
mechanism adjustment on wear resistance. Therefore, in order to fill this research gap, this study
aims to use boron doping to regulate the deformation mechanism and successfully improve the wear
resistance of CoCrFeNi HEA by 35 times. By observing the subsurface microstructure, the mechanism
behind the significant improvement in wear resistance was further revealed. The results indicate that
the reduction of shear bands and the formation of nanostructured mixed layers significantly improve
wear resistance. The proposed strategy of boron doping to change the deformation mechanism
and improve wear resistance is expected to provide new enlightenment for the development of
wear-resistant HEAs.

Keywords: boron doping; deformation mechanism; high-entropy alloys; nanostructured mixing
layer; wear resistance

1. Introduction

High-entropy alloys (HEAs) with multiple principal elements have unique properties
that traditional alloys cannot achieve [1,2]. For example, face-centered cubic (FCC) HEAs
maintain high ductility and fracture toughness at cryogenic temperatures [3]. However,
these single-phase FCC HEAs generally have low strength and poor wear resistance [4–8].
As the load increases, the wear of the material becomes increasingly severe [9,10]. Therefore,
improving the wear resistance of materials is highly essential. Many studies have tuned
the composition and microstructure of FCC HEAs to overcome these shortcomings and
improve wear resistance. Wu et al. found that the addition of Al could promote the
formation of the body-centered cubic (BCC) phase and increase hardness, thereby greatly
improving the wear resistance of the AlxCoCrCuFeNi HEA [11]. Joseph et al. added Al
to the CoCrFeNi HEA, and the formation of alumina and BCC phases also significantly
improved wear resistance [12]. Many other studies found that the preparation of self-
lubricating CoCrFeNi HEA could also considerably improve wear resistance. For instance,
excellent wear resistance was obtained by adding solid lubricant graphite (MoS, Ag, and Cu)
to the CoCrFeNi HEA [13–15].
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In addition, preparing coatings is also an effective way to enhance the wear resistance
of HEAs, and boriding is one of the most popular surface treatment methods for improving
the surface performance of HEAs. Boriding is also defined as boronizing. Boronizing
is a thermochemical surface treatment method that involves the transfer of active boron
released from boron-producing substances onto the alloy surface through thermal diffusion
between 800 and 1050 ◦C, with a holding time ranging from 30 min to 10 h [16]. During the
thermal diffusion process, the active boron atoms diffuse into the interstitial positions in the
lattice of the alloy, resulting in the formation of a metal boride layer on the workpiece [17].
Hou et al. prepared a boronized layer on the surface of Al0.25CoCrFeNi HEA using the
solid-boronizing method. The Vickers hardness of the boronized sample surface is close
to 1136 HV, which is 6.0 times higher than that in the unboronized condition. The wear
resistance of the boronized Al0.25CoCrFeNi HEA was improved by 12 times compared to
the unboronized alloy [18]. Wu et al. improved the tribological properties of single-phase
FCC Al0.1CoCrFeNi HEAs by the pack-boronizing method. The surface-borided layer
mainly consists of (Co, Fe)B, CrB, and NiB hard phases, which increase the surface hardness
and reduce the wear rate [19].

Generally, the wear resistance of FCC HEAs is improved by alloying, which brings
limitations to the design of wear-resistant HEAs. The deformation mechanism inevitably
changes during friction and wear [20,21]. The effect of deformation on wear resistance
has always been ignored. As a result, methods of adjusting the deformation mechanism
to improve wear resistance, which may significantly affect FCC HEAs, have rarely been
explored. According to a previous study, doping boron could effectively adjust the defor-
mation mechanism of CoCrFeNi HEA [22]. Based on this, the HEAs doped with boron
can provide solutions for industrial applications where the equipment deteriorates due
to abrasive wear [23,24]. Therefore, exploring the deformation mechanism of materials
with boron doping in the wear process may help establish the relationship between the
deformation mechanism and wear resistance, thus overcoming the limitation of the wear
resistance of FCC HEAs. Surface wear during sliding friction is a complex phenomenon
involving many wear mechanisms [25,26]. The current research on friction and wear of
HEAs mainly focuses on the wear mechanism from the perspective of surface topography
analysis [27]. In fact, the basic factor determining the wear mechanism is the deformation
and fragmentation of the subsurface layer, which change the structure and properties
of this layer, thus determining the final wear resistance [28,29]. Consequently, the wear
mechanism that affects wear resistance in the wear process remains to be further studied,
especially under high loads.

The wear performance of HEAs is closely related to their microstructure, and most of
them are based on composition control to improve wear resistance. However, a method to
improve the wear resistance by adjusting the deformation mechanism of the alloy has not
been proposed. In this study, boron doping was used to change the deformation mechanism
of CoCrFeNi HEA for the first time to achieve high wear resistance. The mechanism that
causes high wear resistance was revealed. The research results might provide a theoretical
basis for the design and development of high-wear-resistant HEAs in the future.

2. Experimental Procedures

CoCrFeNi and CoCrFeNiB0.3 HEAs were prepared using the arc melting method in a
vacuum arc melting furnace equipped with a water-cooled copper crucible. Before melting,
the raw materials were placed in a water-cooled copper crucible from low to high melting
point, and then the furnace chamber was closed. The furnace chamber was vacuumed
to below 3 × 10−3 Pa, then reverse charged with protective high-purity argon to 0.05 Pa
before starting the melting process. During smelting, titanium ingots need to be melted
first to absorb residual oxygen in the furnace chamber, and then the alloy needs to be
melted. In order to ensure the melting of all raw materials and obtain an alloy with uniform
composition, all alloy samples need to be repeatedly melted 5 times, and the sample needs
to be flipped once for each melting. Each smelting time is 2 min, and the smelting current
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is about 300 A. Electron probe microanalysis (JXA-8530F PLUS) and TEM (JSM-F200) were
used to observe the microstructures of CoCrFeNi and CoCrFeNiB0.3 HEAs. The samples
were cut into two parallel sides by the electric spark cutting method, and then they were
polished with 80 #, 240 #, 400 #, 800 #, 1000 #, 1500 #, and 2000 # sandpapers, and the
surface was cleaned with alcohol to ensure the smoothness and cleanliness of the surface.
The hardness test was performed using the Vickers hardness tester model (MH-60) with
loads of 1 kg and a duration of 15 s. Seven measurements for each ingot were performed
to calculate the average data and ensure accuracy. The disc surfaces were ground with
4000-mesh grit papers before the wear tests.

The discs (10 mm diameter and 3 mm thick) taken from the ingot were used for wear
tests. Ball-on-disc wear tests were performed using a WTM-2E controlled atmosphere
at room temperature with loads of 2 N, 5 N, and 8 N for 1 h, and a sliding velocity of
0.188 m/s. The friction ball is a Si3N4 ceramic ball with a diameter of 6 mm. To ensure
the accuracy of the wear tests, at least three samples were tested in the same condition.
After the tests, the wear rate of all disc samples was measured by the volume loss method
before ultrasonic cleaning with ethanol. The surface profile of the wear trajectory was
obtained using a QLS4000 confocal laser scanning microscope to quantify the volume loss
and calculate the wear rate W using the following equation:

W =
V

L × P

where V is the wear volume loss (mm3), L is the sliding wear distance (m), and P is the
applied normal load (N). Three independent wear tests were carried out for each test
condition, and the average wear rate and standard deviation were obtained.

Thin foils of CoCrFeNi and CoCrFeNiB0.3 HEAs were prepared using a focused ion
beam system (Helios G4 UX) for TEM observations. Firstly, the bulk sample was polished,
which can be slightly corroded. It was placed under an electron microscope for observation
to find the ideal position. By cutting the sample with an ion beam, a sheet of the same
size was obtained and then welded to a copper column. Finally, the standard FIB program
was used to further polish the sheet thickness to the nanometer level, usually less than
100 nm, and then a low-voltage electron beam was used to clean the surface of the sheet,
and finally the sample was obtained. The sampling position was on the wear scar, and the
directions normal to the sliding surface, along the sliding direction, and perpendicular to
the sliding direction in the sliding plane were defined as ND and SD, respectively. The
ND–SD cross-section under the sliding surface of the alloys was analyzed using TEM,
high-resolution TEM (HRTEM), and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM).

3. Results and Discussion

3.1. Microstructure and Wear Properties

Figure 1a,b shows the microstructure of CoCrFeNiB0.3 HEA. According to previ-
ous studies, the microstructure of CoCrFeNi HEA was only a single FCC phase. After
adding boron, a large number of precipitates appeared in the CoCrFeNiB0.3 HEA [30].
As shown in the corresponding selected area electron diffraction (SAED) pattern in the
inset, the matrix was still in the FCC phase, and the precipitate was Cr2B [31]. Figure 1c
shows the Vickers hardness (HV) of CoCrFeNi and CoCrFeNiB0.3 HEAs. The HV of
CoCrFeNiB0.3 HEA was significantly higher than that of CoCrFeNi HEA, mainly because
of the formation of Cr2B precipitates. Figure 1d,e shows the 3D profiles of the worn
surfaces of CoCrFeNi and CoCrFeNiB0.3 HEAs under different loads. The wear scar
depth increased with the increase in loads. Under the same load, the wear scar depth
of CoCrFeNi HEA was significantly larger than that of CoCrFeNiB0.3 HEA. The results
indicated that Cr2B was formed after adding boron, the hardness of the alloy increased,
and the resistance of the matrix against deformation improved, resulting in higher wear
resistance [23]. Figure 1f shows the wear rates of CoCrFeNi and CoCrFeNiB0.3 HEAs
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under different loads. For the CoCrFeNi HEA, the wear rate under 2 N, 5 N, and 8 N loads
was 2.6 × 10−5, 2.9 × 10−5, and 3.57 × 10−4 mm3/(N·m), respectively. On the contrary,
for the CoCrFeNiB0.3 HEA, the wear rate under 2 N, 5 N, and 8 N loads was 8.3 × 10−6,
8.6 × 10−5, and 8.9 × 10−5 mm3/(N·m), respectively. Generally, the wear rate increased
with the load. The wear rate of CoCrFeNiB0.3 HEA was lower than that of CoCrFeNi HEA,
indicating that the wear resistance of CoCrFeNiB0.3 HEA was better. The wear rate of
CoCrFeNi HEA was two to three times that of CoCrFeNiB0.3 HEA under 2 N and 5 N
loads, while the wear rate of CoCrFeNi HEA was 35 times that of CoCrFeNiB0.3 HEA
under the 8 N load. Obviously, the increase in wear resistance under low-load conditions
could be attributed to the higher hardness. However, under higher loads, the significantly
improved wear resistance of CoCrFeNiB0.3 HEA indicated an impact on some other factors
besides the increase in hardness. Therefore, wear scars and subsurface structures were
observed to further investigate the underlying mechanism.

 

Figure 1. (a) Backscattered electron images of CoCrFeNiB0.3 HEA; (b) bright-field images of CoCr-
FeNiB0.3 HEA with SAED pattern; (c) Vickers hardness of CoCrFeNi and CoCrFeNiB0.3 HEAs; (d) 3D
profiles of the worn surfaces of CoCrFeNi HEA under different loads; (e) 3D profiles of the worn
surfaces of CoCrFeNiB0.3 HEA under different loads; (f) wear rates of CoCrFeNi and CoCrFeNiB0.3
HEAs under different loads.

3.2. Worn Morphology

Figure 2 shows the wear scars of CoCrFeNi HEA under different loads. As shown in
Figure 2a,c,e, the width of the wear scar increased with the load. The wear behavior was
typical of abrasive wear [13]. A large number of grooves appeared on the worn surfaces,
which were caused by the hard, rough surface sliding across the softer surfaces, as shown
in Figure 2b,d,f. Moreover, the number and depth of grooves increased with the increase in
load, indicating an increase in the wear rate of the alloy.

Figure 3 shows the wear scar of CoCrFeNiB0.3 HEA under different loads. As shown
in Figure 3a,c,e, the width of the wear scar increased with the increase in load [32]. Delami-
nation features appeared on the worn surfaces of the alloy, demonstrating that the addition
of boron transformed the wear behavior of CoCrFeNi HEA from abrasive wear to cracking
and delamination. The width of the wear scar of CoCrFeNiB0.3 HEA decreased clearly,
and the worn surfaces were smoother compared with CoCrFeNi HEA, indicating that the
wear resistance of CoCrFeNiB0.3 HEA was better than that of CoCrFeNi HEA. Under the
2 N load, almost no plastic deformation occurred, and small grooves appeared on the worn
surface. Although some grooves were observed on worn surfaces under 5 N and 8 N loads,
they were not obvious.
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Figure 2. Wear scars of CoCrFeNi HEA with the corresponding enlarged image under different loads:
(a) and (b) 2 N; (c) and (d) 5 N; (e) and (f) 8 N.

 

Figure 3. Wear scars of CoCrFeNiB0.3 HEA with the corresponding enlarged image under different
loads: (a,b) 2 N; (c,d) 5 N; (e,f) 8 N.
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3.3. Worn Subsurface Structure

The worn subsurface structures of the alloys were further analyzed to reveal the
origin of the large difference in wear rates between CoCrFeNi and CoCrFeNiB0.3 HEAs
under the 8 N load. Figure 4 shows the sliding wear-induced ND–SD cross-sectional
subsurface structure of the CoCrFeNi HEA under the 8 N load. The subsurface layer
consisted of oxide, equiaxed nanocrystalline, nanolaminated, and deformation layers,
which was consistent with previous studies [14]. Additionally, previous research results
showed that the formation of shear bands was the main reason for the sharp increase in the
wear rate under higher loads [33]. A large number of shear bands were also formed in the
nanocrystalline layer of CoCrFeNi HEA, as shown in Figure 4b, which should be mainly
caused by severe damage from deformation twins under higher loads. This indicated that
localized deformation occurred in the form of shear bands during stress concentration.
Nucleation and growth of cracks often occurred in the shear bands, which directly led to
high wear rates.

 

Figure 4. Sliding wear-induced ND–SD cross-sectional subsurface structure of the CoCrFeNi HEA
under the 8 N load: (a) bright-field image and (b) enlarged image of the nanocrystalline layer.

Figure 5 shows the sliding wear-induced ND–SD cross-sectional subsurface structure
of the CoCrFeNiB0.3 HEA under the 2 N load. The subsurface layer consisting of oxide,
equiaxed nanocrystalline, nanolaminated, and deformation layers was formed in the
CoCrFeNiB0.3 HEA. The average thickness of the nanocrystalline layer was 0.5 μm. As
shown in Figure 5b and the inset, the grain size was 50 nm. The nanocrystalline layer
was followed by a nanolaminated layer with a thickness of 1 μm and a grain size of
~50 to 200 nm, which was elongated along the sliding direction. The remaining part was
the deformation layer, where the deformation twins were formed, as shown in Figure 5d.

Figure 6 shows the sliding wear-induced ND–SD cross-sectional subsurface structure
of the CoCrFeNiB0.3 HEA under the 5 N load. The composition of the subsurface structure
under the 5 N load was the same as that under the 2 N load. The increase in load had an
obvious influence on the thickness of the subsurface structure. Beneath the oxide layer
was the nanocrystalline layer with an average thickness of 0.5 μm. As shown in Figure 6b
and the inset, the grain size was ~50 nm. The nanocrystalline layer was followed by a
nanolaminated layer, with a thickness of 1 μm and a grain size of ~200 to 300 nm, which
was elongated along the sliding direction. The remaining part was the deformation layer
with the deformation twins, as shown in Figure 6d.
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Figure 5. Sliding wear-induced ND–SD cross-sectional subsurface structure of the CoCrFeNiB0.3
HEA under the 2 N load: (a) bright-field TEM (BFTEM) image and (b–d) high-magnification images
of selected regions in (a).

 

Figure 6. Sliding wear-induced ND–SD cross-sectional subsurface structure of the CoCrFeNiB0.3 HEA
under the 5 N load. (a) BFTEM image and (b–d) high-magnification images of selected regions in (a).

Figure 7 shows the sliding wear-induced ND–SD cross-sectional subsurface structure
of the CoCrFeNiB0.3 HEA under the 8 N load. The subsurface structure was different from
those under 2 N and 5 N loads. Meanwhile, the subsurface structure of CoCrFeNiB0.3 HEA
was obviously different from that of CoCrFeNi HEA under the 8 N load (Figure 3). The
topmost region of the subsurface structure was observed to be streamlined. The grains in
CoCrFeNiB0.3 HEA were finer, about 10–20 nm, compared with those in CoCrFeNi HEA,
as shown in Figure 7b, indicating that boron doping could contribute to grain refinement.
However, the microstructure should be a mixed region composed of boride and matrix,
referred to as the nanostructured mixing layer [34]. Next, beneath the nanostructured
mixing layer was the nanolaminated layer, with a thickness of 2 μm. The grains in the
nanolaminated layer were markedly elongated, with an average diameter of 50–100 nm,
and the elongated direction was parallel to the sliding direction, as shown in Figure 7c. As
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boride was a hard and brittle phase and its deformation was inconsistent with the matrix
during the deformation process, the stress trended to accumulate at the interface between
the precipitates and the matrix, resulting in the fracture of the precipitates [35,36]. The
layer beneath was the deformation layer, whose deformation direction was parallel to the
sliding direction. The dislocation cells were found in the nanolaminated and deformation
layers, and the density was much higher than that of CoCrFeNi HEA. Correspondingly,
the number of nanoscale deformation twins was significantly reduced. This was mainly
due to the change in the deformation mechanism caused by boron doping. According
to previous studies, the formation of borides in FCC HEAs could significantly increase
the stacking fault energy (SFE), thereby promoting the movement of dislocations and
suppressing the formation of deformation twins [37–39]. Moreover, the dominant motion
mode of dislocation changed from plane slip to wave slip.

Figure 7. Sliding wear-induced ND–SD cross-sectional subsurface structure of the CoCrFeNiB0.3 HEA
under the 8 N load. (a) Bright-field image and (b–d) high-magnification BFTEM image corresponding
to the selected region in (a).

Figure 8a The gray part in the nanostructured mixing layer was Cr2B and streamlined
along the sliding direction. According to the SAED pattern in Figure 8b, the matrix of the
nanostructured mixing layer was still in the FCC phase. During the process of friction and
wear, Cr2B was fragmented and its size significantly reduced. With the crushing of Cr2B,
a crack area appeared in the subsurface layer, and its strength was lower than that of the
surrounding materials, which led to a huge shear instability, resulting in a turbulent plastic
flow in the subsurface layer [40]. Venkataraman et al. found that for Al alloy, besides the
shear instability caused by loads, the reinforcing particles were also a necessary condition
for the formation of the nanostructured mixing layer. Therefore, the combination of shear
instability and the hard formation of Cr2B resulted in a nanostructured mixing layer [34,41].
Moreover, the hardness of this nanostructured mixing layer was significantly higher than
that of the matrix, which obviously improved the wear resistance of the material [41].

Besides the formation of the nanostructured mixing layer, the change in the defor-
mation mechanism was another important reason for the significant improvement in
wear resistance. Compared with the CoCrFeNi HEA, no shear bands were found in the
nanostructured mixing layer of the CoCrFeNiB0.3 HEA, indicating that adding boron could
effectively suppress the formation of shear bands. The results showed that low SFE strongly
promoted the formation of shear bands [42–44]. It was consistent with the experimental re-
sults that the density of the shear band increased with the decrease in SFE. The relationship
between SFE and the stacking fault (SF) width could be expressed as follows [45]:

γ =
G

→
b1·

→
b2

2πd
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where G is the shear modulus, γ is the SFE, b1 and b2 are Burgers vectors of two partial
dislocations, and d is the width of the stacking fault (SF). As shown in Figure 9, the SF
width of CoCrFeNi and CoCrFeNiB0.3 HEAs was 4.3 and 1.7 nm, respectively. According
to the formula, the SF width was inversely proportional to the SFE. Therefore, the SFE of
CoCrFeNi HEA was significantly lower than that of CoCrFeNiB0.3 HEA. The addition of
boron to the CoCrFeNi HEA led to the formation of boride, which increased the SFE, thereby
suppressing the formation of shear bands and significantly improving wear resistance [22].
The aforementioned conclusion was related to the microscopic size, and the same conclusion
was also obtained for the macroscopic size, indicating that it was universal. The evolution of
microstructure was found to be closely related to the influence of the SFE. More importantly,
the influence mechanism of the SFE on the formation of shear bands not only provided an
excellent opportunity to deeply understand the deformation mechanism of FCC HEAs but
also expanded the application range of interstitial elements. This finding had promising
application prospects in preparing HEAs with excellent wear resistance.

Figure 8. (a) HAADF image of the CoCrFeNiB0.3 HEA in the nanostructured mixing layer; (b) corre-
sponding SAED pattern of the selected area in (a).

 

Figure 9. HRTEM image and the corresponding inverse fast Fourier transform (IFFT) image with Burg-
ers circuits surrounding the entire stacking fault (SF): (a,c) CoCrFeNi HEA; (b,d) CoCrFeNiB0.3 HEA.
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4. Conclusions

In this study, wear experiments using CoCrFeNi and CoCrFeNiB0.3 HEAs were
conducted under different loads. The wear resistance of CoCrFeNi HEA was significantly
improved by changing the deformation mechanism via boron doping. The mechanism for
enhancing wear resistance was systematically investigated using TEM. The results indicated
that the formation of a nanostructured mixing layer under higher loads had a positive effect
in terms of improving wear resistance. The following conclusions were obtained through
the systematic study of the wear properties of CoCrFeNi and CoCrFeNiB0.3 HEAs:

1. The wear formation of CoCrFeNi HEA mixed with boron changed from abrasive wear
to delamination wear.

2. The shear instability caused by the fragmentation of precipitation and the joint action
of hard particles led to the formation of a nanostructured mixing layer.

3. The formation of a hard phase made only a small contribution to the improvement
in wear resistance, whereas the formation of a nanostructured mixing layer and the
reduction in the shear band were key to the substantial improvement in the wear
resistance of materials.

4. By adding interstitial elements to change the deformation mechanism and improve wear
resistance, this study may provide a new strategy for the design of wear-resistant HEAs.
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Abstract: The uniformity of microstructure and wear properties exist in the T15 coating for the laser
cladding on 42CrMo steel. It can be improved by a post-heat treatment process. Temperature ranges
from 1100 to 1240 ◦C were applied on the cladding layer to investigate the effect of the heat treatment
on the wear resistance and hardness gradient. The post-heat treatment can efficiently improve the
inhomogeneity of microstructure. The lower wear rate is obtained after the quenching process at
1100 ◦C, and the wear rate is increased though the tempering process. The carbides at the grain
boundary are decomposed and integrated into the matrix during the high temperature quenching
process. The carbides are precipitated and dispersed in the grain during the tempering process. The
content of martensite and alloy carbide is significantly increased through the heat treatment process.
The microhardness of the cladding layer is 910 HV after quenching and 750 HV after tempering.
The wear mechanism of the cladding layer is mainly abrasive wear and fatigue wear. The crack and
falling off from cladding layers are significantly reduced for the quenching–tempering process.

Keywords: laser cladding; heat treatment; inhomogeneity; T15; wear resistance

1. Introduction

42CrMo steel was widely used in the manufacturing of driving gear rings for tracked
vehicles. Due to the high load and poor working conditions, the higher hardness and
strong wear resistance was required for the part’s surface [1]. As an advanced coating
preparation and surface modification technology, laser cladding provided an effective
solution for the multifunctional coating with higher hardness and better wear resistance
for the common alloy steel [2]. The fine grain structure, small heat affected zone and matrix
deformation could be achieved by using a laser cladding process [3]. The life and surface
properties were promoted by the laser cladding process with relatively small consumption
of high-performance materials [4–7].

The wear rate could be decreased remarkably by cladding different materials with high
strength and wear resistance [8–10]. The surface wear resistance was 2.4 times the original
42CrMo steel by applying the NiCrBSi/Mo composite coating for the roller [11]. The
weight loss of NiCr-TiC composite cladding layer is 1/3 of the stainless steel substrate [12].
As a high-speed steel, T15 is applied broadly in cutting tools, stamping dies and other
manufacturing fields, because of its high strength, high hardness and excellent wear
resistance [13–15].

As defects formed in the coating layer during the laser cladding process, the optimiza-
tion of process parameters and material alloy composition was the key study point [16].
The average grain size and porosity of the cladding layer are reduced by ultrasonic-assisted
vibration [17]. The cracking phenomenon of T-800 coating improved laser cladding assisted
with pre-heat [18]. The Ni60 laser cladding layer with refined grains and no crack can be
obtained by applying CeO2 and Y2O3 [19].
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The distribution of alloying elements was inhomogeneous in the coating under the
rapid heating and cooling rate [20,21]. The inhomogeneity distribution of alloy composition
and microstructure had great influence on the coating hardness and wear resistance [22–26].

The microstructures of the heat-affected zone (HAZ) and properties of the cladding
layer could be improved by the post-heat treatment [27]. The phase proportion of FeCoCr-
NiAlx laser-cladding laser layer could be controlled by using auxiliary heat treatment,
resulting in the effective improvement for the mechanical properties [28].

In this paper, the inhomogeneity of T15 coating on 42CrMo steel was studied and
the post-heat treatment was put forward to improve the microstructure uniformity and
tribological properties of the cladding layer. The microstructure, phase, hardness and
tribological properties were analyzed for the original and heat-treated coatings. The wear
mechanisms of the coatings were also investigated.

2. Experimental Methods

42CrMo steel was used as the substrate with the dimension of 100 × 100 × 10 mm.
Before the laser cladding experiment, the oxide layer and oil stain on the surface should be
removed. T15 powder with the particle size of 50~80 μm was selected as the coating matrix
powder, as shown in Figure 1. The powder was heated in a vacuum drying box at 90 ◦C
for 2 h. The chemical compositions were obtained by a direct-reading spectrometer for
42CrMo and by ICP-OES for the T15 powder, and the testing results are shown in Table 1.

 

Figure 1. Micromorphology of T15 powder.

Table 1. Chemical composition of 42CrMo and T15 powder (wt. %).

C Co Cr Mo Mn Si W V Fe

42CrMo 0.42 . . . 0.99 0.19 0.63 0.21 . . . . . . Bal.
T15 1.6 5.4 4.5 . . . 0.45 0.48 11.7 4.7 Bal.

The laser cladding experimental equipment was a Disk laser (TruDisk 4002, Trumpf,
Ditzingen, Germany) and a KUKA robot system (KR60-3, KUKA, Augsburg, Germany).
Argon gas was used as the powder carrier and protective gas to prevent the melt pool from
oxidizing. The protective gas flow was 20 L/min [29]. T15 cladding layer thickness was
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about 1 mm. The process parameters of laser cladding are shown in the Table 2. After
cladding, the coatings were cut into small specimens with size 10 × 10 × 10 mm by wire
cutting for heat treatment and further analysis.

Table 2. Laser cladding process parameters.

Order
Power

(W)
Powder Feeding

Voltage (V)
Scanning Speed

(mm/s)
Overlap Rate

1 2000 50 7 30%
2 2300 40 6 40%
3 2300 50 8 40%
4 2300 60 9 40%
5 2300 70 6 40%

The cladding samples were heated by muffle furnace (FB, IRM, Lilienthal, Germany).
The cladding layer was quenched at 1100 ◦C, 1190 ◦C and 1240 ◦C, respectively, to study
its effect on the microstructure uniformity and wear resistance of the cladding layer. The
process parameters of heat treatment were shown Figure 2.

Figure 2. Heat treatment process curve of cladding layer.

The hardness of samples was tested by the Vickers hardness tester (HVS-1000A,
Huayin, Laizhou, China). The test load was 300 g and the loading time was 15 s. Twenty
points with an interval of 0.1 mm were measured continuously, and the average value of
three times was taken as the hardness value of this point.

The dry sliding wear properties at room temperature were tested by a CFT-I friction
and wear testing system (CFT-I, Zhongke Kaihua, Lanzhou, China). The test configuration
is schematically illustrated in Figure 3. The grinding ball was YG6 with a hardness of
93 HRC and a diameter of 6 mm. The wear mark is located in the middle of the non-
overlapping area. The test conditions are shown in Table 3.

Table 3. Details of the wear test conditions.

Load (N) Speed (r/min)
Test

Duration (min)
Sliding

Distance (m)
Reciprocating
Length (mm)

50 100 120 120 5

The wear volume (V) was measured by the contour scanning instrument. The wear
volumes were calculated by using the equation: where V was the volume loss (mm3),
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L is the experimental load (N) and S is total test distance (m). The test configuration is
schematically illustrated in Figure 4.

Figure 3. Schematic diagram of the wear test.

 

(a) (b) 

Figure 4. Schematic diagram of the wear mark: (a) sample wear scar, (b) wear mark section. (l is the
length of wear scar, w is the width of wear scar, h is the depth of wear scar, s is the cross sectional area
of wear scar, R is the Grinding ball radius).

From the calculated wear volume, the wear rates were evaluated using the following
Equation (1) [30].

W =
V

L × S
(1)

The microstructures and morphology of the wear trace were characterized by the
scanning electron microscope (SEM, ZEISS, Sigma500, Oberkochen, Germany) equipped
with energy dispersive spectroscopy (EDS) analysis system. The phase of the coating was
identified by X-ray diffraction (XRD, Empyrean, Panaco, Almelo, Holland).

3. Results and Discussion

3.1. Microstructures and Hardness

After grinding, polishing and corrosion, there were obvious “black-and-white” areas
on the surface of all cladding layers. The macro morphology of sample 1 was shown in
Figure 5a. The “black-and-white” areas were marked as position 1 and 2, respectively. It
can be found from Figure 5b that there was a large hardness gradient on the coating surface.
Figure 5c,d showed microstructure of the T15 coating at positions 1 and 2. The coating was
mainly composed of the equiaxed crystal and alloy carbides. The average size of grain size
at position 2 was about 3.8 μm, which was much smaller than at position 1 with about 7 μm.
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The network alloy carbides were situated on the grain boundary, because alloy elements
were excluded to the grain boundary in the process of forming equiaxed crystals [31]. The
number of stress corrosion cracks at position 1 were more than position 2, which were
formed at the combined action of large residual tensile stress and acid corrosive agent [32].

 
(a) (b) 

(c) (d) 

Figure 5. Surface macro morphology, microstructure and hardness of cladding layer: (a) macro
morphology, (b) hardness gradient, (c) position 1, (d) position 2.

Figure 6 shows the surface scanning results of EDS at positions 1 and 2, respectively.
Element segregation existed in both “black-and-white” areas of the cladding layer. A large
number of W, V and Cr elements were enriched at the grain boundary [33], because these
alloy elements with larger atomic radius were difficult to be a solid soluble with iron
element [31]. However, the Co element was companied with the Fe element distributed
in the inner grain. The lattice structure, atomic radius and electronic structure of the Co
element may be similar to that of the Fe element in the matrix [34].
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(a) 

 
(b) 

Figure 6. The EDS mapping results of T15 coating at different areas: (a) position 1, (b) position 2.

3.2. SEM Morphology after Quenching

A multi-channel transverse lap model was constructed, as shown in Figure 7. A
heat-affected zone (HAZ) was only formed on the 42CrMo matrix during the first cladding
surface. In subsequent cladding, the number of HAZ was changed because of the remelting
zone (RZ). One HAZ was located on the arc surface of the prior cladding layer and the
other was located on the 42CrMo substrate. Combined with the macro morphology of the
coating, it was speculated that the black area was cladding zone (CZ) and the white bright
zone was the HAZ of the arc surface of the front cladding layer.

Figure 7. Schematic diagram of multi-channel transverse overlapping.
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Figure 8 shows the surface macro morphology of sample 1 after different quenching
temperatures. The “black-and-white” area of the coatings surface and cross-section was
eliminated after quenching. The structural uniformity of the coating was improved because
the alloy carbides and elements were melted into the matrix and uniformly precipitated
again at high temperature quenching [35].

  
(a) (b) 

  
(c) (d) 

 

 

 
 

 

 

 

 

  

 

 

Figure 8. Surface macro morphology of cladding layer at different quenching temperatures: (a) origi-
nal coating, (b) 1100 ◦C, (c) 1190 ◦C, (d) 1240 ◦C.

According to the wear rate of sample 1 at different quenching temperatures (shown
in Table 4), it can be clearly seen that the wear resistance of the coating can be further
improved after quenching at 1100 ◦C. Therefore, the following focused on the changes
of microstructure, hardness and tribological performance of cladding layers at 1100 ◦C
quenching.

Table 4. Average wear rate of coatings at different heat treatment processes.

Heat Treatment Process Average Wear Rate (×10−6 mm3·N−1·m−1)

Original coating 0.73
Quenched (1100 ◦C) 0.54
Quenched (1190 ◦C) 1.2
Quenched (1240 ◦C) 1.34
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For the quenched coating (1100 ◦C), there was no significant difference in microstruc-
ture at scanning electron microscope. The surface microstructure of the cladding layer was
shown as in Figure 9a. During the process of high temperature quenching, the network
alloy carbides were gradually dissolved on the grain boundary of the cladding layer. A
large number of fine carbides gradually integrated into the matrix. Some unmelted particles
may be VC because of their high melting point [36].

×

 
(a) (b) 

Figure 9. The microstructure of the cladding layer after heat treatment: (a) quenched, (b) quenched-tempered.

After quenching, there were a lot of residual stress, retained austenite and brittle phases
in the cladding layer. Tempering was immediately carried out to avoid cracks. Figure 9b
shows the microstructure of the quenched cladding layer after tempering treatment. A
large number of carbides in the grains of the cladding layer were uniformly distributed on
the matrix, which were mainly spherical and very small in size.

As shown in Figure 10a,b, the Fe, W, Cr, and Co alloying elements were uniformly
distributed except for the V element after post-heat treatment, which was consistent with
the above guess of class V carbides.

Figure 11 shows the XRD patterns of the original and heat-treated T15 cladding layer.
The phases of original CZ and HAZ could not be measured, respectively, due to the large
diameter of diffraction spot. Therefore, the phases of two different regions were not
distinguished. The phases compositions of the coatings after heat treatment were similar
to those of the original coating, which mainly consisted of martensite, austenite, MC and
M6C carbide. The percentage of alloy carbide increased obviously after the quenching and
tempering process, for the reason of the secondary precipitation of carbide during heat
treatment. Compared with the original cladding layer, the martensite diffraction peak of
heat-treated cladding shifted to the right and changed from double-peak to single-peak,
which indicated that the martensite structure had been changed by the heat treatment.

As seen from Figure 12, the hardness gradient of the cladding layer could significantly
be eliminated after heat treatment. The cladding layer increased to 910 HV after quenching.
This is because a large amount of martensite was formed in the cladding layer. After
quenching–tempering, the hardness reduced to 750 HV, because of the decomposition of
martensite or without good secondary hardening.

3.3. Wear Rate and Friction Coefficient

As seen from Figure 13, the cladding layer had experienced running in period and
stable period during the wear process. The friction coefficients increased rapidly during
the running-in period, which was accompanied with increased wear rate of T15 coatings.
The friction coefficient tended to be stable from rising, falling and rising. The friction
coefficients of the coatings varied from 0.5 to 0.8.
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(a) 

 
(b) 

Figure 10. EDS area scanning results of the cladding layer after heat treatment: (a) quenched,
(b) quenched–tempered.

Figure 11. XRD patterns of the T15 coating.

For original CZ, HAZ, quenched and quenched and tempered cladding layers, the
average friction coefficients were 0.7, 0.71, 0.76 and 0.68, respectively, as shown in Figure 14.
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Post-heat treatment had no significant effect on the friction coefficient, because it was a
comprehensive characteristic coefficient affected by many factors. The small friction coeffi-
cient of tempered samples did not mean that its wear rate was small [37]. The average wear
rate of original CZ (7.3 × 10−7 mm3 × N−1 × m−1) was nearly twice that of HAZ. After the
quenching and quenching–tempering process, the microstructures and hardness gradient
of the cladding layer was uniform. The wear rate was 5.6 × 10−7 mm3 × N−1 × m−1 and
8.5 × 10−7 mm3 × N−1 × m−1 respectively.

 
Figure 12. Surface microhardness of cladding layer.

 
Figure 13. Friction coefficient of cladding layer.

Figure 15 showed the wear trace morphology of different cladding layers. As shown
in Figure 15a, there were a large number of fatigue cracks, spalling and furrows on the
wear surface of original CZ for large residual stress and brittle phases. It indicated that
the main wear mechanism was fatigue failure and abrasive wear [38]. Under the cyclic
alternating load, microcracks appeared on surface, and then the residual stress promoted
the propagation of microcracks into macrocracks [39]. After quenching and quenching–
tempering, the wear mark surface of the sample was relatively smooth. This was due to
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the hardness improving and the residual stress reducing, avoiding the initiation and rapid
propagation of microcracks [40]. In addition, the number of fatigue cracks and the fatigue
shedding phenomenon was significantly reduced, as shown in Figure 15b,c. The results
showed that the wear mechanism was still mainly slight-abrasive wear and fatigue wear.

Figure 14. Average wear rate and friction coefficient of cladding layers.

  
(a) (b) 

 

 

(c)  

Figure 15. The SEM wear trace morphology of cladding layer: (a) original CZ, (b) quenched,
(c) quenched–tempered.

Compared with quenched and tempered samples, there were many fatigue cracks
in the wear marks of quenched samples, because there were a lot of brittle martensite
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and residual stress on the surface. The plasticity and strength of tempered coating was
improved for a lot of dispersed carbides. Due to the low surface hardness of the tempered
sample, deep furrows were formed under the action of hard wear debris.

As seen from Figure 16, the average friction coefficient of coatings with different param-
eters hovered around 0.7. For different coatings, the standard deviation of the average wear
rate was 0.21 mm3 × N−1 × m−1. After quenching (1100 ◦C) and quenching–tempering
(1100 ◦C–540 ◦C), it was reduced to 0.07 and 0.09 mm3 × N−1 × m−1, respectively. Ac-
cording to the wear data of the above coating with different parameters, the experimental
accuracy was verified by the same post-heat treatment process.

Figure 16. Average wear rate and friction coefficient of coatings with different parameters.

4. Conclusions

There were obvious “black-and-white” areas (cladding zone and heat-affected zone)
on the surface of the T15 cladding layer. The average size of equiaxed grains was finer.
The microhardness was about 200 HV higher in the CZ than HAZ. The average wear rate
of original CZ and HAZ was 7.3 × 10−7 mm3·N−1·m−1 and 4.3 × 10−7 mm3·N−1·m−1.
The alloy compounds were distributed in the grain boundaries for both regions. The
microstructure uniformity and hardness gradient of the surface was eliminated by the
post-heat treatment. The alloy elements except for V were dissolved into grains during the
quenching process.

The microhardness of cladding layers was 910 HV after quenching and 750 HV after
tempering. Post-heat treatment had no significant effect on the friction coefficient. After
quenching and quenching–tempering, the wear rate of sample 1 was 5.6 × 10−7 mm3·N−1·m−1

and 8.5 × 10−7 mm3·N−1·m−1, respectively. The wear mechanism of the cladding layer was
mainly abrasive wear and fatigue wear. The quenching residual stress could be eliminated
by the subsequent tempering process.

For the cladding layers with different cladding process parameters, the average friction
coefficient of coatings hovered around 0.7. In addition, the standard deviation of wear rate
was decreased after post-heat treatment.
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Abstract: Inconel 718 (IN718), a Ni-based superalloy, is immensely popular in the aerospace, nuclear,
and chemical industries. In these industrial fields, IN718 parts fabricated using conventional and
additive manufacturing routes require subsequent machining to meet the dimensional accuracy
and surface quality requirements of practical applications. The machining of IN718 has been a
prominent research topic for conventionally cast, wrought, and forged parts. However, very little
attention has been given to the machinability of IN718 additively manufactured using laser metal
deposition (LMD). This lack of research can lead to numerous issues derived from the assumption
that the machining behavior corresponds to conventionally fabricated parts. To address this, our
study comprehensively assesses the machinability of LMDed IN718 in dry and minimum quantity
lubrication (MQL) cutting environments. Our main goal is to understand how LMD process variables
and the cutting environment affect cutting forces, tool wear, surface quality, and energy consumption
when working with LMDed IN718 walls. To achieve this, we deposited IN718 on SS309L substrates
while varying the following LMD process parameters: laser power, powder feed rate, and scanning
speed. The results unveil that machining the deposited wall closer to the substrate is significantly
more difficult than away from the substrate, owing to the variance in hardness along the build
direction. MQL greatly improves machining across all processing parameters regardless of the
machining location along the build direction. Laser power is identified as the most influential
parameter, along with the recommendation for a specific combination of power feed rate and scanning
speed, providing practical guidelines for optimizing the machining process. While MQL positively
impacts machinability, hourly energy consumption remains comparable to dry cutting. This work
offers practical guidance for improving the machinability of LMDed IN718 walls and the successful
adoption of LMD and the additive–subtractive machining chain. The outcomes of this work provide
a significant and critical understanding of location-dependent machinability that can help develop
targeted approaches to overcome machining difficulties associated with specific areas of the LMDed
structure. The finding that MQL significantly improves machining across all processing parameters,
particularly in the challenging bottom region, offers practical guidance for selecting optimal cutting
conditions. The potential economic benefits of MQL in terms of tool longevity without a substantial
increase in energy costs is also highlighted, which has implications for incorporating MQL in several
advanced manufacturing processes.

Keywords: Inconel 718; laser metal deposition (LMD); additive manufacturing; machinability;
minimum quantity lubrication (MQL); tool wear; cutting forces; energy consumption

Lubricants 2023, 11, 523. https://doi.org/10.3390/lubricants11120523 https://www.mdpi.com/journal/lubricants117



Lubricants 2023, 11, 523

1. Introduction

The utilization of laser metal deposition (LMD), a variant of the directed energy de-
position (DED)-based additive manufacturing (AM), holds widespread potential for the
manufacture, remanufacture, and repair of critical high-value-added components [1], and
the fabrication of wear- and corrosion-resistant coatings [2]. Owing to the flexibilities and
benefits like high power density, production and geometric freedom, stability, controllabil-
ity, low thermal input (i.e., small heat-affected zone), strong metallurgical bonding, less
post-deposition deformation, ability to process difficult-to-machine materials (e.g., Ti alloys,
Ni-based superalloys), and low buy-to-fly ratio (~1.5:1) [3], LMD has anchored its position
as a competitive and highly versatile AM technology [4]. The LMD process, due to its
highly localized deposition nature, allows for the addition of the right material at the right
place for components with different degrees of geometrical complexity [5]. The process
can produce parts with almost 100% density and reliable metallurgical properties that
meet the requirement for direct usage, thus enabling the preceding use of costly forming
dies and tooling [6]. Despite the multiple technological advantages, the surface quality
and dimensional accuracy of the parts fabricated via LMD do not meet the geometrical
and mechanical requirements of practical applications [7], thereby necessitating a sub-
sequent post-processing or finishing step. AM using LMD typically produces surfaces
with an average roughness of ≥10 μm [7], whereas most mechanical systems in critical
applications require much smoother surfaces [8]. Although laser-based surface finishing ap-
proaches like laser re-melting [7] and laser polishing [9] exist, the achievable improvement
in surface roughness more often than not satisfies the stringent requirements of interna-
tional standards. Thus, part fabrication using LMD almost always requires a successive
end-machining process.

LMD-based AM is being rapidly adapted for fabricating and repairing high-performance
alloys [10]. Among several of these alloys, Ni-based superalloy Inconel 718 (IN718), ubiqui-
tous in industrial gas turbines, jet engine components (turbine blades, disks, shafts, stators,
and casing), nuclear power plant components, supporting structures, and pressure vessels
in aerospace and oil and gas sectors [11], has received extensive attention. While the AM
of IN718 parts with the LMD technique is ever-increasing, challenges pertaining to its
machinability remain unresolved, leading to the significant usage of resources and costs in
terms of tool wear, material waste, and lead time [12]. Thus, even though the LMD process
is often deemed vastly productive, the productivity of LMD for IN718 remains a critical
factor that merits further investigation.

IN718, despite its exceptional properties, is among the most difficult-to-machine
materials [13]. Due to the high concentration of alloying elements, IN718 resists plastic
deformation during machining, leading to rapid strain hardening [8]. Under such situations,
the machining of IN718 often leads to the formation of undesirable residual stresses and
dimensional inaccuracy. In addition, the poor thermal conductivity of IN718 results in a
rapid temperature rise of the machined surface, leading to degraded surface quality and
occasional burns [14]. Machinability of IN718 fabricated by conventional and DED AM
routes has been evaluated and compared in limited studies in recent years. Bagherzadeh
et al. [15] reported that IN718 deposited via selective laser melting and DED parts is easy
to machine compared to the wrought alloy, especially for machining with lubrication.
However, in the case of dry machining, a larger cutting force was reported for laser-clad
IN718 compared to the wrought parts, owing to differences in grain geometries [16]. The
machinability of DED IN718 parts improves with high-temperature machining (400 ◦C) of
the fabricated parts, leading to higher surface quality and significantly lower tool wear than
room-temperature machining [17]. The machining aspects of IN718/SS316L functionally
graded material (FGM) fabricated by laser DED AM were recently evaluated by Li et al. [18]
and Zhang et al. [19]. In both studies, the machining of the sections in the FGM containing
more IN718 than SS316L led to higher cutting forces and the generation of more cutting heat,
owing to the higher hardness and strength of the IN718. New techniques like cryogenic
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cooling with liquid nitrogen have been effective in significantly reducing the cutting forces
and tool wear during the machining of LMDed IN718 [20].

Although significant technical knowledge is available to tackle the challenges associ-
ated with machining conventionally cast, wrought, and forged IN718 parts, there is a dearth
of scientific research and practical know-how of the intricacies of machining LMDed IN718.
The absence or lack thereof of such studies can lead to multifold problems derived from
the basic assumption that the machining behavior corresponds to that of conventionally
fabricated parts. Development of a fundamental understanding of how AM affects the
machining operation is rather critical, as the properties (mechanical, chemical, etc.) of AM
parts [21], and in particular, those fabricated by LMD [22], are strikingly different from
conventionally manufactured parts. Considering the increased push for LMD integration
in industries, it is crucial to highlight that machining an LMDed difficult-to-machine ma-
terial like IN718 implies additional challenges, reflected in the final surface quality and
dimensional accuracy, and thus, it is vital to understand the LMD process effect on the
machinability aspects of IN718. Pereira et al. [23] evaluated the cutting forces and surface
roughness for LMDed IN718 preforms. The research highlighted considerably improved
surface finish with down milling and significantly higher cutting forces while machining
in the zone near the substrate (i.e., build platform). The reason for differences along the
build direction was attributed to the LMD process-generated rigidity and residual stress;
however, it was not scientifically explored. A proper understanding of this behavior is
significant as it can guide tooling and machining parameter selection. The effect of post-
deposition heat treatment on the machining of LMD parts has been another area of recent
focus. Studies conducted by both Careri et al. [24] and Calleja et al. [25] revealed that
the machining heat-treated LMDed IN718 parts led to higher surface roughness values
and significant tool wear, implying the employment of heat treatments downstream of the
machining operations. The study of the chip morphology for the machining of LMDed
IN718 has also been a subject of interest. Unlike the continuous chip formation in the
forged [8] and cast [26] parts, machining the LMDed IN718 surface leads to irregular lamel-
lar chip formation. These differences arise from the anisotropy in material properties in AM,
particularly with the growth of coarse grains along the build-up direction. The irregular
chip formation was reflected in the steep fluctuations in measured cutting forces. Zhou
et al. [27] optimized the laser parameters for LDED of alloy GH4169 (an alloy equivalent of
IN718 developed in China); however, the objective of the work was to evaluate the effect
of interrupted machining passes in between deposition passes on the phase formation,
element segregation, and performance of the GH4169 alloy.

Central to the seamless implementation of the LMD AM in industries is the minimiza-
tion of the post-deposition machining requirements. The present investigation is motivated
by the critical review of the literature, wherein it is evident that although preliminary
work focusing on the machining of LMDed IN718 is available, the previous studies do not
elucidate the fundamentals governing the interplay between the process and the ensuing
machinability of the fabricated part for variation in LMD processing parameters. Moreover,
existing studies on the machining of LMDed IN718 do not address the influence of the
cutting environment on the machinability aspects. In this work, the term “cutting environ-
ment” pertains to the cooling and lubrication applied in the cutting zone, encompassing
both dry machining, where no cutting fluids are used, and minimum quantity lubrication
machining (MQL), where the controlled application of cutting fluid is applied. In the MQL
approach, a very small amount of cutting fluid is mixed with a carrier gas such as air, CO2,
N2, etc. The cutting fluid makes a layer on the cutting surface and favorably impacts the
cooling and lubrication phenomenon, as explained later in Section 2. The MQL is proven to
be useful in the machining of difficult-to-cut materials [14].

The purpose of this study is to address the critical research gaps with practical impli-
cations by incorporating a comprehensive assessment of the machinability of IN718 over
a wide-ranging set of LMD processing parameters and considering two different types
of machining environments, i.e., dry and minimum quantity lubrication (MQL). Recent
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work by Gupta et al. [28] has proven the efficacy of machining (turning) 2205 duplex steel
under MQL. The implementation of the MQL, a sustainable machining approach, led
to significant improvement in surface quality and lowering of the tool wear and energy
consumption. Our main goal is to understand how LMD process variables and the cutting
environment affect cutting forces, surface quality, surface temperatures, tool wear, and
energy consumption when working with LMDed IN718 walls. For the mentioned goal,
IN718 is deposited on cold-rolled SS309L substrates with varying LMD process parameters,
including laser power, powder feed rate, and scanning speed, and the effect of variation
in these parameters on the machinability is examined. The machinability and its varia-
tion (if any) along the build direction are correlated with hardness distribution, the most
significant LMD process parameters(s) are identified, the effect of process parameters on
machining under both dry and MQL environments is critically analyzed, followed by the
identification of suitable process parameter-cutting environment combination for the ease
of machining. The rest of this paper is organized as follows: Section 2 presents the details
about the materials and experimental procedure; Section 3 provides a detailed discussion of
the obtained results; and finally, Section 4 draws conclusions from this study and provides
future research directions.

2. Materials and Methods

The experimental workflow in this study is divided into two stages, i.e., material de-
position and post-deposition machining. A flowchart of the experimental plan is provided
in Figure 1, with elaborate details provided in Sections 2.1 and 2.2.

 

Figure 1. Flowchart depicting the experimental workflow.

2.1. Material Deposition

IN718 powder with an average diameter of 30 μm is deposited on SS309L substrates
with a disk laser with a wavelength of 1030 nm and a beam diameter of 2 mm. The choice of
stainless steel (SS) as the substrate material arises from the fact that the fabrication of sound
metallurgical IN718-SS AM joints has been repeatedly demonstrated in the literature [29].
In addition, the use of steel as the substrate instead of IN718 acts as a cost reduction means
in the AM chain and is thus of industrial interest. During the deposition, combinations of
laser power, scanning speed, and powder feed rate are used at five levels, as presented in
Table 1. Multi-pass, multi-layer deposition is carried out to reach the desired part thickness
per the deposition scheme in Figure 2a. A total of 6 passes with a hatch distance of 1 mm
are employed for each layer. The total number of layers varied depending on the individual
layer height, directly related to the operating process parameters. The substrate’s initial
temperature was equivalent to the standard room temperature during the deposition. The
final dimensions of the wall geometry of IN178 and the substrate dimensions are depicted
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in Figure 2b. For post-deposition, samples approximately 10 mm wide from the left and
right edges of the main material are cut for hardness mapping, as depicted in Figure 2c.
Standard metallographic procedures are employed for grinding, polishing, and etching
the samples. A low-force Vickers hardness test (HV0.2) based on EN ISO 6507-1 standard
with a 0.2 kgf load and dwell time of 15 s is performed on the deposited parts using a
ZwickRoell-make DuraScan Microhardness tester. Detailed information on the hardness
test is provided in Section 3.

Table 1. LMD process parameters.

Sample Laser Power (W) Powder Feed Rate (g/min) Scanning Speed (m/min) Number of Layers *

1 600 10 0.6 56
2 700 10 0.6 52
3 800 10 0.6 52
4 900 10 0.6 52
5 1000 10 0.6 40
6 800 4 0.6 80
7 800 7 0.6 56
8 800 10 0.6 52
9 800 13 0.6 32
10 800 16 0.6 32
11 800 10 0.2 14
12 800 10 0.4 25
13 800 10 0.6 52
14 800 10 0.8 68
15 800 10 1.0 94

* The number of layers represents the layers achieved to attain the fixed sample height, as shown in Figure 2b.

 

Figure 2. (a) Deposition scheme for LMD; (b) geometry and dimensions of the SS 309L substrate and
deposited IN718 wall; and (c) the location and dimensions of samples for machining and hardness
measurement (Schematics not drawn to scale).

2.2. Post-Deposition Machining

The experimental setup utilized for the machinability evaluation is presented in
Figure 3. A 3-axis Frontier MCV-866 CNC vertical milling machine with a maximum
spindle speed of 10,000 rpm is used. While machining, the cutting forces are recorded
with a Kistler 9272 dynamometer at a sampling frequency of 20 kHz. The collected force
data provide the radial/axial forces and the resultant forces. To accurately identify chatter
and peak states in cutting forces, the machining tests are performed using a single insert
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at an entering angle of 90◦. PVD-coated AOMT123608PEER-M VP15TF cutting inserts
with a nose radius of 0.8 mm are used for the machinability evaluation experiments.
The insert is mounted on a standard BBT 40 tool holder with a diameter of 16 mm, and
each machining test is carried out using a fresh edge. The optimized milling parameters
provided in Table 2 are utilized for the machining study under dry and MQL cutting
environments. The MQL technique presents an environmentally friendly alternative for
machining operations, involving the supply of a minimal amount of oil to the cutting zone
in the form of an emulsion with a carrier gas, typically air. This oil + air emulsion spreads
across the tool–chip interface, enhancing heat transfer by influencing the heat transfer
coefficient. Additionally, it significantly reduces friction at the interface in a discernible
manner, allowing for the friction coefficient to be expressed in terms of the machining
parameters [30]. Consequently, MQL has proven to be particularly advantageous in the
machining of difficult-to-machine materials such as titanium and nickel alloys.

 

Figure 3. Experimental setup for machinability evaluation experiments.

Table 2. Machining parameters.

Machining Parameter Value

Cutting speed, Vc (m/min) 50
Feed per tooth, fz (mm/tooth) 0.1

Depth of cut, ap (mm) 0.8
Cutting width, ae (mm) 10

The post-deposition machining parameters are determined based on two factors.
Firstly, several pilot experiments are conducted to reach suitable values, and secondly,
catalog data provided by the cutting tool manufacturer are utilized to narrow down the
parameter selection process. During machining, the collected force data provide the active
forces (radial Fy/axial Fx) and the passive forces (Fz). Since the depth of the cut value is
constant, the effect of the passive force is negligible [31,32]; therefore, the resultant force
was calculated with radial and axial forces. This study compares the maximum resulting
forces during cutting in all cutting conditions, as shown in the representative force-time
plot in Figure 4a. During the machining process, the temperature of the machined surfaces
is measured using an MI3 pyrometer and a Testo 872 thermal camera. Before the actual
experiments, the pyrometer and the thermal camera were calibrated. The deposited IN718
wall is heated using an open-torch flame, and the temperatures during cooling are recorded
using thermocouples connected to a data acquisition unit. Simultaneously, the temperature
measurements are also conducted using the pyrometer and the thermal camera, and their
emissivity factors are adjusted until the temperatures measured by the pyrometer and the
thermal camera match the temperature read from the thermocouple. The temperature of

122



Lubricants 2023, 11, 523

the cutting zones is measured while the positions of the pyrometer and the thermal camera
are fixed. The temperature data analysis was performed using the IR Soft software. After
each cutting operation, as seen in Figure 4b, the maximum temperature of the cutting zone
during machining was detected using IR Soft. For the MQL, a biodegradable cutting oil
called Viscol Viscut is employed. This cutting oil has a kinematic viscosity of 37–40 cSt at
40 ◦C and a density of 0.88 g/cm3 at 15 ◦C, with a flash point exceeding 240 ◦C. The oil is
used with a Werte STN40 lubrication system to facilitate lubrication and air cooling at the
machining interface. It is directly applied to the cutting area to ensure effective lubrication.
The MQL nozzle is precisely positioned 15 mm from the cutting point, maintaining a 20◦
angle relative to the machine’s X–Y plane.

 

Figure 4. (a) Representative resultant force–time plot for machining of sample deposited at the laser
power, powder feed rate, and scanning speed of 800 Watt, 4 g/min and 0.6 m/min, respectively,
(b) Representation of the maximum temperature measurement during machining. (Note: The commas
in the (b) are used for decimal signs).

The flow rate of the oil is set at 10 mL/min. The milling parameters are kept constant
to observe the effect of the cutting environment on the machined cutting forces, tool
wear, surface quality, and energy consumption in the machining of LMD-fabricated IN718
workpieces. The energy consumption of the machine is recorded using a Fluke 435 power
quality and energy analyzer. The milling of IN718 walls is conducted in two regions,
i.e., the top and bottom, as represented in Figure 2c. The top region is machined first,
followed by machining of the bottom region using the same tool. There is an interruption
between the machining of the top and bottom regions. The distinction between the top and
bottom regions is critical, as the bottom region is related to the initial deposition layers,
whereas the top region, where the final layers are deposited, may be subject to very different
thermo-mechanical process conditions, geometric distortions, and resulting mechanical
properties. The front and back surfaces of the IN718 wall are machined under dry and
MQL environments, respectively. Post machining, the roughness of the machined surface
is evaluated using a contact-based Mitutoyo surftest SJ-210 tester. Surface roughness
measurements of machined surfaces are conducted in alignment with both the machining
and deposition directions at three locations on each part. Optical microscopy was used to
analyze the cutting insert wear.

3. Results and Discussion

3.1. Surface Appearance

The LMDed IN718 wall has an irregular surface resulting from the presence of un-
melted powder particles that stick to the side surfaces of the walls, as seen in Figure 5. The
degree of unmelted powder particles sticking to the surface is directly related to the size
of the molten pool, which in turn is influenced by the laser power. Due to the shape of
the heat source, i.e., the laser beam, the energy density in the middle of the molten pool
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is greater than that near the edge. The high-energy-density region corresponds to higher
temperatures, whereas toward the edge, there is a gradual decrease in temperature due to
depleting energy density. As a consequence, there is a higher probability that the incoming
powder particles remain unmelted at the edges and get stuck to the deposited surface. With
a smaller melt pool, the number of powder particles that remain unmelted is expected to
be greater. The laser power dictates the melt pool size, i.e., larger melt pools at higher laser
power. The interplay of laser power and the ensuing melt pool size decides the quality and
appearance of the as-deposited LMDed wall surfaces, verified by the results presented in
Figure 5a–c.

 

Figure 5. As-deposited IN718 walls at different laser powers.

As a consequence of the unmelted powder particles sticking to the surface of the
deposited part, the targeted part thickness of 6 mm of the IN718 wall is not achieved.
Evaluating the machinability with highly irregular surfaces, as in this case, is a precursor to
erroneous results. In particular, variable forces are obtained since the depth of the cut value
cannot be fixed due to the high surface roughness. For this reason, prior to the machinability
evaluation, the LMDed wall surfaces are pre-machined to remove the unmelted powder
particles and generate a flat surface, as per the procedure described in Appendix A.

3.2. Build Direction Hardness Variation

It is well established in the literature that in LMD, the laser energy density primarily
affects the thermal history and determines deposition features like microstructural mor-
phology and size. During the deposition of the initial layers in LMD, the G/R ratio (where
G is the temperature gradient and R is the solidification growth rate) is fairly large, whereas
along the build direction, the ratio has a gradual decrease [1]. This variation is reflected in
the anisotropy of the mechanical properties, in particular, the hardness distribution. A het-
erogeneous hardness distribution along the build direction leads to non-uniformity in the
mechanical properties, which can specifically have a significant effect on the machinability
of the deposited part.

To examine the variation in hardness (if any) in the LMDed IN718 walls, hardness
mapping was conducted both perpendicular (Figure 6) and parallel (Figure 7) to the build
direction of the parts up to the top of the part. The hardness measurements conducted
parallel to the build direction also evaluated the effect of the laser power. Figure 6 depicts
the through-thickness hardness values (i.e., perpendicular to the build direction) of the
LMDed IN718 wall deposited at a laser power of 1000 Watt, powder feed rate of 10 g/min,
and scanning speed of 0.6 m/min, as a representative case. For each region, indentation is
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conducted in two lines, each containing around 50 to 54 indents, depending on the sample
thickness at the location. The measurements conducted in three different regions of the
sample, i.e., top, middle, and bottom, provide sufficient evidence that the hardness in the
top region, i.e., IN718 deposited at a considerable distance from the substrate, had the
lowest values. In contrast, the bottom and middle regions had much higher hardness. This
observation was consistent for all the investigated samples. The average hardness values
recorded in the top, middle, and bottom regions are 256.32 ± 10.06 HV, 294.38 ± 9.11 HV,
and 285.78 ± 14.53 HV, respectively. The results presented in Figure 6 suggest that although
there is considerable variation in hardness along the build direction, the through-thickness
hardness remains within a narrow band (variation ≤ 5%), irrespective of the location along
the build direction.

  

Figure 6. (a) Hardness measurement perpendicular to the build direction in different regions of the
LMDed IN718 wall, and (b) the actual sample depicting the location of the indents.

Figure 7. (a) Effect of laser power on hardness along the build direction for LMDed IN718 wall, and
(b) the actual sample depicting the location of the indents.

The hardness mapping presented in Figure 6 highlights the hardness heterogeneity
along the build direction. The higher hardness of the deposited IN718 wall near the bottom
and middle regions compared to the top region is similar to previously obtained results
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in the works of Tian et al. [33], Stevens et al. [34], and Li et al. [35]. Similar to previous
investigations [33–35], an increment in the hardness in the build direction is observed in
the first few layers, followed by a plateau and subsequently a decrease in the hardness in
the upper layers, i.e., away from the substrate, the hardness drops (Figure 7). This hardness
pattern is however distinct and is contrary to the observed hardness patterns in steels [36].
For steels, like this study, the initial layers exhibit higher hardness due to rapid cooling,
followed by a decrease in hardness due to delayed cooling and annealing by the successive
layers. The upper layers of AMed steels demonstrate an increase in hardness as the upper
layers do not undergo annealing cycles.

The different regions along the build direction experience different thermal cycles, and
these slight changes in thermal cycles influence microstructure heterogeneity. The observed
hardness heterogeneity in this work can be attributed to the differences in the precipitation
of the strengthening phase. Due to the high cooling rate of the LMD process, the γ′′
strengthening phase in IN718 is not expected to form initially during rapid solidification
but rather develop due to the subsequent heating cycles during multi-layer deposition.
The lower hardness of the top region may be due to a decrease in the γ′′ strengthening
phase. Moreover, the build part experiences discrepancy in elemental segregation. Near the
middle region, where the highest average hardness is recorded, the cooling rate is lower.
This provides an opportunity for more Nb segregation, causing enhanced γ′′ precipitation
during multiple thermal gyrations. The closer to the top, the lower heat accumulation and
less thermal cycling limit the segregation.

In LMD, the laser power dictates the thermal history, heat accumulation, and ensuing
changes in microstructure and mechanical properties. For a constant scanning speed, the
heat input varies with the laser power according to the relation in Equation (1):

Heat input (HI) = P/V (1)

where P is the laser power (Watt) and V is the scanning speed (m/min). The melt pool
widens for higher laser powers, resulting in a lower thermal gradient and, consequently,
a slower cooling rate than the parts fabricated with a lower laser power [2]. At lower
laser powers, the heat accumulation in the deposited material is very low, which allows
for a faster cooling rate and the formation of smaller grain sizes. Thus, based on the
literature [37] and general convention, in LMD, a higher hardness is expected for parts
fabricated at lower laser powers. However, as depicted in Figure 7, the LMDed IN718 walls
in this work displayed higher hardness at higher laser powers, in contrast to results in
the literature. This observation is crucial as it leads to the understanding of the primary
factor that controls the hardness-laser power relationship. Based on the results presented
in Figure 7, it can be conclusively stated that precipitation phenomena dominate over the
grain size effect in controlling the influence of laser power on hardness in LMD of IN718.
For the lowest laser power of 600 W, a higher cooling rate and lower heat accumulation
limit the formation of the γ′′ strengthening phase. On the other hand, at a higher laser
power of 1000 W, slower cooling and significant heat accumulation promote the formation
of the γ′′ strengthening phase. It is important to note that a further increase in laser power
can lead to significantly high heat input and heat accumulation, leading to Nb dissolving
into the matrix and, consequently lower hardness, as observed in the literature on a very
high laser power of 1700 W [37].

A sharp increase in hardness values (~250 to 290 HV) is observed at a distance of
approximately 2.5 mm from the interface (y = 0) for all the deposited walls (Figure 7).
Subsequently, an overall increasing trend in hardness, albeit uneven, is observed up to
around 15 mm. The variation in the hardness values between 2.5 mm and 15 mm is
approximately 5.98%, 7.74%, 8.34%, 9.58%, and 14.57% for samples fabricated at laser
powers of 600, 700, 800, 900, and 1000 Watts, respectively. Notably, the hardness values
in the region near the substrate (0–10 mm), i.e., the bottom region, are generally higher
than those in the top region (10–20 mm) of the IN718 wall, as demonstrated previously in
Figure 6.
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3.3. Machinability Evaluation
3.3.1. Effect of Build Direction Anisotropy and Cutting Environment

To unveil the effect of build direction property anisotropy on machinability, the cutting
forces, machined surface roughness, and machining-generated surface temperatures are
evaluated. The hardness results presented in Figure 7 suggest that the top region of the
AM IN718 is softer, whereas both the middle and bottom regions have almost similar
hardness. Following this observation, the machinability evaluation was conducted for
the top and bottom regions. To further evaluate the effect of the cutting environment,
machining is conducted under dry and MQL environments. Box–whisker plots presented
in Figure 8a–c depict the variation in resultant cutting forces, surface roughness, and
maximum temperature, respectively, over the entire range of experimental conditions.
Several critical observations can be derived from Figure 8. Firstly, there is a considerable
impact of machining location on the cutting forces and surface quality. The machining
of the bottom region generates significantly higher cutting forces, surface roughness, and
temperatures than when the top region is machined. This result correlates with the hardness
results, as the bottom region exhibits much higher hardness than the top region. Secondly,
while the force, roughness, and temperature values have a much larger variation for
the bottom region across different samples, the variation is minimal in the top region.
Thirdly, the employment of MQL considerably eases the machining of the IN718 wall,
particularly in the bottom region. This is reflected in Figure 8a–c, with lower recorded
cutting forces, surface roughness, and temperatures when machining is conducted under
an MQL environment. The employment of MQL had the most positive influence on the
surface temperature.

 

Figure 8. Comparison of machining aspects in the top and bottom regions under dry and MQL cutting
environments (a) Resultant cutting force, (b) surface roughness, and (c) maximum temperature.

Dry cutting of the bottom region produced the highest cutting forces, surface rough-
ness, and temperatures across all processing conditions. Notably, in dry cutting, the
machined surface roughness in the bottom region exhibited an Ra higher than that of the
machined surface in the top region due to the increased cutting forces. For dry cutting,
the mean surface roughness value in the bottom region is 1.4 times that of the top region,
whereas the maximum surface roughness in the bottom region is 2.4 times that of the top
region. Application of the MQL cutting environment reduces the cutting forces up to 20%
in the bottom region compared to the dry machining. This is because the applied lubricant
forms a thin film (protective layer) between the tool and workpiece, thereby reducing
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friction and shear stress and facilitating smoother cutting. The cooling effect also helps
dissipate heat, preventing excessive temperature rise and reducing the forces exerted on
the cutting tool. In addition, the application of MQL alleviates the variability in cutting
forces throughout the part (top to bottom regions) despite variations in hardness, as seen
in Figure 8a. The reduced variability of cutting forces across the build direction reduces
the chances of force jumps and helps prolong cutting tool life. However, the employment
of MQL does not significantly alter the machinability in the top region. In particular, the
cutting forces remain comparable with those of dry cutting. This observation is vital as it
suggests that for LMD of IN718, machining of the part closer to the substrate, i.e., in the
initial layers of deposition, has a much stronger impact on the overall machinability of
the fabricated part. Based on this outcome, the results presented hereafter focus on the
machining aspects of the bottom region.

3.3.2. Process Parameter–Cutting Environment Interplay

Figure 9a–c presents the variation in cutting forces and surface roughness with changes
in LMD process parameters, viz., laser power, powder feed rate, and scanning speed,
respectively. The variation is evaluated for machining of the bottom region of the LMDed
IN718 walls in both dry and MQL cutting environments. With an increase in laser power,
a simultaneous increase in cutting forces is observed for dry cutting (Figure 9a). The
correlation between increased forces with laser power can be attributed to the rise in
hardness values with laser power, as depicted in Figure 7. However, with the use of
MQL the cutting forces remain constant despite an increase in laser power. Despite an
increase in cutting forces with laser power for dry cutting, the surface roughness values
remain relatively constant with an increase in laser power. The exceptionally high surface
roughness value at a lower laser power of 600 W is a result of chatter. The chatter is
attributable to the highly irregular as-deposited surface produced at a laser power of
600 W (see Figure 5a). Irrespective of the cutting environment, the machining of surfaces
deposited at low laser power (600 W) triggers chatter. However, further studies are needed
to examine the technical reasons behind this phenomenon in detail. Under the dry cutting
environment, an increase in the scanning speed resulted in a slight decrease in cutting
forces (Figure 9c).

At the same time, a more significant reduction was observed with an increase in
the powder feed rate (Figure 9b). The slight decrease in the cutting forces achieved by
increasing the scanning speed had a remarkably positive effect on surface quality, allowing
for a substantial reduction in surface roughness. Similarly, lower forces at a higher powder
feed rate improved the surface quality as expected, indicating that surface quality is
enhanced at a higher powder feed rate and scanning speed. It is, however, crucial to note
that this observed improvement is a mid-value of laser power (800 W). Both powder feed
rate and scanning speed determine the quantity of the powder delivered to the molten
pool and the Intensity of the laser energy absorbed by the powder in unit time. These
two parameters dominate the height and width of the deposited layers and, thereby, the
surface irregularity. It is, however, very important to keep these values under a certain
limit as beyond threshold values, the laser irradiation energy is not enough to entirely melt
the powder and form a stable molten pool [38]. With MOL, both the power feed rate and
scanning speed had little to no effect on both the cutting forces and surface roughness.
There is, however, a jump in the cutting forces when the powder feed rate is increased from
8 to 10 m/min and the scanning speed is increased from 0.4 to 0.6 m/min, both at a constant
laser power of 800 W. Under MQL, a significant improvement in terms of surface roughness
is observed at the highest powder feed rate of 16 g/min (scanning speed 0.6 m/min). In
LMD, the increased interaction of the powder feed and laser beam has the most beneficial
effect on the deposited surface quality. These two parameters control the catchment, i.e.,
the ratio of powder feed rate and scanning speed in LMD. At a higher powder feed rate,
the amount of catchment is high, and the interaction between powder and laser beam
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increases [39], which consequently leads to a surface with improved quality and inherently
eases the machining.

 

Figure 9. Effect of (a) laser power, (b) powder feed rate, and (c) scanning speed on the resultant
cutting forces and surface roughness for machining of the bottom region of the IN718 wall under dry
and MQL cutting environments.

The employment of cutting fluid during machining may lead to numerous health
risks and environmental effects. Complete elimination of cutting fluids through dry ma-
chining is challenging for difficult-to-machine IN718 alloy as observed from the results in
Figures 8 and 9. MQL is a suitable alternative to both dry and wet machining (i.e., flood
cooling) as it not only lowers the consumption of cutting fluids, thereby reducing the
occupational health hazards on the shop floor [40], without making any compromise on
the surface quality of the machined surface (refer to Figures 8 and 9). MQL is not only an
environmentally friendly machining process [41] but also economical as it significantly cuts
down on the cutting fluid usage, as well as MQL can be easily implemented with limited
changes to the existing machinery.

3.3.3. Tool Wear

Tool wear is a critical failure mechanism that not only influences the quality of the final
product, but also the overall sustainability of the process in terms of energy consumption
and manufacturing costs. Defining and mitigating tool wear is crucial for the success of
the additive–subtractive manufacturing (ASM) process chain. In this work, the different
wear modes occurring on the cutting inserts in the machining experiments were analyzed.
The examination of tool wear is first conducted after the machining of the top region before
proceeding to the bottom region of the deposited IN718 walls. However, as no significant
tool wear is observed during the machining of the top region, the final measurement of
tool wear is carried out after the machining of the bottom region. During machinability
evaluation experiments, it was observed that some tools broke during the cutting process,
either in the middle of the cut or during the exit from the part. The breakage of cutting
inserts can be directly attributed to the vibration-induced chatter that causes a sudden
and significant change in the load acting on the insert. Images of the cutting inserts that
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broke during the machining experiments are depicted in Figure 10. At the lowest laser
power of 600 W, a significant portion of the cutting insert broke, indicative of a high degree
of chatter, which is also reflected in high surface roughness in Figure 9a. The abrasion
resulting from the contact between the tool and the machined surface leads to chipping
and catastrophic failure.

 

Figure 10. Images of the cutting tools that broke at the edges (shown in red boxes) during machin-
ing experiments.

Figures 11–13 compare the tool wear, i.e., the tool life for machining of LMDed IN718
wall with variation in laser power, powder feed rate, and scanning speed, respectively,
under both dry and MQL cutting environments. Representative images of the cutting
tools with different tool wear modes are also presented in Figures 11–13. Similar to the
observed increase in cutting forces and surface roughness with an increase of laser power,
the tool wear also increases when laser power is increased from 600 to 1000 W (Figure 11).
Although the application of MQL reduces the overall tool wear compared to dry cutting,
the tool wear still increases at higher laser powers. The steep increase in tool wear at a laser
power of 900 W under MQL is caused by two simultaneous wear phenomena, i.e., coating
delamination and edge chipping, as represented in Figure 11a1. At a similar laser power,
the tool under dry cutting has slightly higher tool wear and the presence of microchipping
at the cutting edge, as seen in Figure 11a2. The contrasting behavior of tool wear with
change in cutting environment at the highest laser power of 1000 W can be accounted for by
the difference in wear modes. At the highest laser power of 1000 W, there is a sharp increase
in the hardness of the deposited IN718, as shown in Figure 7. In dry cutting, due to the
absence of sufficient cooling combined with the steep increase in hardness for the sample
at 1000 W, the cutting insert is subjected to thermal cracking, as evident from Figure 11a4
where significant edge chipping is observed. The deleterious effect of increased hardness
(at a laser power of 1000 W) on tool wear is alleviated in MQL due to effective cooling,
the same being evident in (Figure 11a3), where no visible defect is observed in the cutting
tool. This is also in accordance with the observed reduction in cutting forces and surface
roughness for machining of the LMDed IN718 wall (fabricated at a laser power of 1000 W)
under MQL (see Figure 9a). The chipping could be due to the detachment of fragments of
the cutting insert edge, initiated by the adhesive wear mechanism [24]. A detailed study of
the underlying wear mechanisms is the subject of future work. It can be stated that despite
the increase in hardness with higher laser powers, the use of MQL enables the production
of surfaces with higher quality and lower cutting forces. The lower cutting forces lead to a
decrease in the cutting temperature (see Figure 8) and contribute to the tool wear reduction.

Figure 12 presents the variation in the tool wear with changes in the powder feed rate.
Unlike the decrease in cutting forces and surface roughness with an increase in powder feed
rate, the tool wear does not follow a particular trend. For powder feed rate, until 7 g/min,
the tool wear remains constant for both dry and MQL, with dry cutting registering higher
wear. A comparison of the wear modes in dry and MQL environments at a powder feed
rate of 7 g/min is presented in Figure 12a1,a2, respectively. While MQL machining resulted
in a tool with no visible defects (Figure 12a1), the dry cutting resulted in microchipping
(Figure 12a2) and correspondingly higher wear. With an increase of powder feed rate to
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10 g/min, the tool wear increased in dry cutting, which does not correspond to the decrease
in cutting force and roughness observed previously. Although further experiments are
required to elucidate the exact reason, the post-machining analysis of the tool reveals
edge chipping (Figure 12a4), which can contribute to the observed jump in the wear. The
inspection of the tool used for machining the IN718 wall fabricated at the same powder
feed rate (10 g/min) under MQL reveals no defects (Figure 12a3), explaining the lower
wear as compared to the dry cutting. Above the powder feed rate of 10 g/min, the tool
wear reduces, which possibly is a result of the increase in the powder catchment and its
positive effect on surface quality, as explained in the preceding section.

 

Figure 11. Variation in tool wear with change in laser power. Representative images (a1–a4) depict
different tool wear modes corresponding to the process conditions highlighted in the graph.

 

Figure 12. Variation in tool wear with a change in powder feed rate. Representative images depicting
different tool wear modes are also presented. Representative images (a1–a4) depict different tool
wear modes corresponding to the process conditions highlighted in the graph.

 

Figure 13. Variation in tool wear with a change in scanning speed. Representative images depicting
different tool wear modes are also presented. Representative images (a1,a2) depict different tool wear
modes corresponding to the process conditions highlighted in the graph.
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The scanning speed works in collusion with the powder feed rate in determining the
surface quality of the as-deposited part, which in turn controls the tool wear. For a constant
powder feed rate, the powder catchment starts decreasing beyond a certain scanning speed.
In other words, the laser irradiation that is responsible for creating the melt pool may not
be enough, leading to the uncompleted melting of powder particles and, consequently,
an irregular surface. Machining of an irregular surface is expected to produce higher tool
wear, as seen in Figure 13. The trend is prominent with MQL machining up to a scanning
speed of 0.8 m/min. Representative images of tools post-machining of IN718 walls at the
highest scanning speed of 1 m/min under MQL and dry environment are presented in
Figure 13a1,a2. The almost double-reported wear in dry cutting is discernable from the
tool wear modes, with the tool under MQL displaying no defects, whereas the tool used
in dry cutting produced chipping at the cutting edge. Considering the observations, it is
recommended to use a combination of a higher powder feed rate and a lower scanning
speed with MQL to reduce the tool wear and ease the machining of IN718 walls.

One of the primary reasons for the reduced machining performance of IN718 alloy is
the tool wear [14], and hence, an adequate understanding of the tool wear is critical from
the industrial perspective. Due to the low thermal conductivity of IN718, the majority
of the machining-generated heat is transferred to the cutting tool, leading to high tool
tip temperatures and excessive tool wear [42]. In this work, the application of MQL for
machining of LMDed IN718 walls reduced the surface temperatures (Figure 8c), leading
to lower tool wear (Figures 11–13) compared to dry machining. However, as tool wear
is a complex interplay of several mechanisms (abrasive, adhesion, diffusion, oxidation,
debonding), the influence of MQL on tool wear is not as significant compared to cutting
forces and surface quality. Although under MQL machining, the tool wear remained lower
compared to dry machining, the variability in tool wear with changes in LMD parameters
remains, and in many cases, the tool wear in dry and MQL environments are comparable
(Figures 11–13). Nevertheless, further optimization of the MQL machining for LMDed
IN718 will greatly benefit the industrial applications, as reduced tool wear consequently
brings down the cost and waste during the production chain.

3.3.4. Energy Consumption

The energy consumption during machining is influenced by several factors, including
the workpiece and tool materials, cutting conditions, and the cutting fluids or lubricants
used [43]. Evaluating the effects of the cutting environment on energy consumption is
essential for achieving a sustainable and high-quality ASM process chain. The analysis
presented in Figure 14 aims to help understand the energy requirements for machining
different regions of LMDed IN718 walls under dry and MQL cutting environments. It is
quite clear from Figure 14 that the energy consumption while machining the top region
of the IN718 wall remains significantly lower than the bottom region, irrespective of the
cutting environment. This observation is valid across the entire range of experimental
process parameters. While MQL positively impacts machinability in terms of reduced
cutting forces, surface roughness, surface temperature, and tool wear, particularly in
the bottom region, the use of MQL setup does not adversely affect the hourly energy
consumption. From Figure 14, it is apparent that the hourly energy consumption remains
comparable to dry cutting even while machining the bottom region. Moreover, MQL
machining consumes lower energy while machining the bottom region of the IN718 walls
fabricated at the highest laser powers of 900 and 1000 W. This is critical as higher laser
powers not only increase the hardness of the part, but also lead to higher cutting forces
(Figure 9) and tool wear (Figure 11). The steep energy consumption observed for MQL
machining for walls fabricated at laser power 600 W correlates with the chatter phenomena,
which also resulted in higher surface roughness and catastrophic failure of the tool, as
discussed earlier in Sections 3.3.2 and 3.3.3, respectively. These outcomes hold paramount
significance for the ASM process chain. The potential economic benefits of MQL machining
in terms of tool longevity (refer to Section 3.3.3) without a substantial increase in energy
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costs are significant, with positive implications for incorporating MQL in LMD and several
other advanced AM and conventional manufacturing processes.

 

Figure 14. Comparative analysis of hourly energy consumption under different cutting environments
for the machining of (a) the top region and (b) the bottom region.

4. Conclusions and Future Directions

In this work, a comprehensive assessment of the machinability of laser metal de-
posited (LMDed) IN718 walls in dry and minimum quantity lubrication (MQL) cutting
environments was performed. An understanding of the interplay of LMD process variables
(laser power, powder feed rate, and scanning speed) and the cutting environment and its
effect on the machining aspects, including cutting forces, tool wear, surface quality, and
energy consumption, was developed. Based on the obtained results, the study reached the
following major conclusions:

1. The machinability of the LMDed IN718 wall is location-dependent owing to the
build direction hardness heterogeneity. The bottom region of the IN718 wall, i.e.,
the initially deposited layers, with considerably higher hardness than the top region,
makes machining of the deposited wall closer to the substrate notably more difficult
than away from the substrate.

2. Machining of the bottom region leads to substantially higher cutting forces, surface
roughness, and temperatures compared to the top region. In addition, while in the
bottom region, the variation in these aspects across the entire LMD processing range
is large, the variation is minimal in the top region.

3. The machinability of LMDed IN718 walls under a dry-cutting environment is inferior
compared to MQL machining along the entire build direction. MQL greatly improves
machining across all processing parameters regardless of the machining location;
however, the effect is more pronounced in the bottom region.

4. While MQL positively impacts machinability and reduces tool wear to a great extent,
the hourly energy consumption remains comparable to dry cutting. This finding
holds significance for the ASM process chain, as the negligible increase in hourly
energy consumption can largely compensate for the cost of the MQL setup and
other accessories.

5. Laser power is identified as the parameter that most influences the processing per-
formance. The variation in powder feed rate and scanning speed has little-to-no
effect on the cutting force, whereas the increase in laser power significantly increases
the cutting forces. Higher laser powers are detrimental, as they contribute to higher
hardness and lead to higher surface roughness. In comparison, a combination of a
higher power feed rate and lower scanning speed is essential for ease of machining.

AM using LMD is a potential route for successfully fabricating several multi-material
combinations. Although this investigation provides applicable solutions for post-processing,
the fabricated IN718 parts, challenges such as chatter and adhesive behavior affecting tool
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wear and surface quality must also be addressed. Research should be directed toward
optimizing the post-processing with a larger view of improved efficiency and sustainability.
Even though the LMD AM of IN718 looks promising, challenges like low manufacturing
speed and build volumes hinder its growth. However, these challenges can be outweighed
by the inherent ability of the LMD process to form intricate shapes with high design flex-
ibility, reshape existing objects, and the potential for repair applications that can lead to
tremendous savings in terms of material, cost, and lead time.
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Nomenclature

Abbreviations:
LMD Laser metal deposition
DED Directed energy deposition
AM Additive manufacturing
MQL Minimum quantity lubrication
SS Stainless steel
LDED Laser-directed energy deposition
ASM Additive–subtractive manufacturing
LMDed Laser metal deposited
FGM Functionally graded material
Symbols:
Vc Cutting speed (m/min)
fz Feed per tooth (mm/tooth)
ap Depth of cut (mm)
ae Cutting width (mm)
G Temperature gradient
R Solidification growth rate
HI Heat input (J/m)
P Laser power (Watt)
V Scanning speed (m/min)

Appendix A

For the removal of the unmelted powder particles and generating a flat surface for
the machinability evaluation, all the as-deposited parts are scanned using a structural light
scanner (ATOS Compact Scan, GOM Metrology). As shown in Figure A1a, with the 3D data
of the scanned samples, the depth of the cut values is determined by finding the deviations.
The pre-treatment, i.e., initial machining, ensured that the unmelted powder was removed
without changing the effective width of the test piece. The initial machining to remove the
unmelted powder particles is conducted with Mitsubishi AOMT123608PEER-M VP15TF
grade PVD-coated carbide cutting inserts. As depicted in Figure A1b, the as-deposited
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irregular surfaces (with unmelted powder particles) are processed and made ready for the
subsequent machinability evaluation study.

 

Figure A1. (a) Three-dimensional-scanned surface for the determination of the machining depth
of cut; and (b) representative sample showing surfaces before and after the removal of unmelted
powder particles.
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Abstract: Diamond/copper composite coating is promising for wear-resistant applications, owing
to the extreme hardness of the diamond reinforcement. Ti-coated diamond/copper composite
coatings with various laser powers were successfully fabricated employing the novel manufacturing
technology of supersonic laser deposition (SLD). Ti-coated diamond, which was able to enhance
the wettability between diamond and copper, was prepared at the optimal parameters via salt bath.
Nano-spherical titanium carbides were uniformly distributed on the diamond’s surface to generate a
favorable interface bonding with a copper matrix though mechanical interlocking and metallurgical
bonding during impact. Furthermore, the results showed that the transition layer acted as a buffer,
preventing the breakage of the diamond in the coating. SLD can prevent the graphitization of
the diamonds in the coating due to its low processing temperature. The coordination of laser and
diamond metallization significantly improved the tribological properties of the diamond/copper
composite coatings with the SLD technique. The microhardness of the diamond/copper composite
coating at a laser power of 1000 W reached about 172.58 HV0.1, which was clearly harder than that
of the cold sprayed copper. The wear test illustrated that the diamond/copper composite coating
at a laser power of 1000 W exhibited a low friction coefficient of 0.44 and a minimal wear rate of
11.85 μm3·N−1·mm−1. SLD technology shows great potential in the field of preparing wear-resistant
hard reinforced phase composite coatings.

Keywords: supersonic laser deposition; Ti-coated diamond; diamond/copper composite coating;
wear-resistant

1. Introduction

Copper and its alloys have been widely employed in the sectors of power electronics,
energy, machinery, and transportation owing to its easy processing, corrosion-resistant,
and electrical and thermal conductivity properties [1,2]. Due to their notoriously inferior
wear resistance, copper components always undergo severe wear and erosion during daily
service, which significantly shortens their service life [3]. On the contrary, the inherent ultra-
hardness, large bulk modulus, and outstanding tribological properties of diamond enables
it to be a superior wear-resistant material [4]. However, industrially produced diamond has
limited crystal size and is challenging to machine due to its intrinsic properties. Therefore,
understanding how to make full use of the advantages of diamond in industrial production
has become a hot research topic.

The increased mechanical performances of diamond/copper composite indicate the
remarkable improvements of the composite, which can acquire the benefits of both dia-
mond and copper [5,6]. The ductility of the copper matrix provides the machinability of
the composite, while the diamond-reinforced phase improves the wear resistance of the
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composite [7]. However, the poor wettability between diamond and copper causes the
composite interface to have obvious defects, which seriously affect the performance of the
composite [8]. Therefore, the diamond will spall in friction wear due to poor bonding. To
overcome the drawback of poor interfacial bonding, construction of transition layers by
chemical reactions use elements such as B [9], Cr [10], Ti [11], and W [12] to enhance the
bonding between the reinforcing phase and the matrix through the wettability between
carbide and copper. Carbide transition layers can effectively avoid diamond flaking in
frictional wear and thus take full advantage of diamond wear resistance.

Currently, diamond/copper composites are mainly produced through powder metal-
lurgy and metal infiltration. Powder metallurgy usually fabricates composites via pressur-
ized sintering of copper and diamond mixed powder, such as spark plasma sintering [13],
vacuum hot pressing [14], and high-temperature high-pressure process [15]. The sintering
temperature of powder metallurgy is below the melting point of copper, which means that
the diamond and copper powder is still linked in the form of particles with poor interface
bonding. Moreover, the diamond floats during the sintering process due to its relatively
low density, which leads to the uneven distribution of the two phases in the composite. On
the contrary, the infiltration method [16–18] is employed to fabricate composites by melting
copper at a high temperature and then infiltrating it into the preforms of diamond under
pressure or no pressure conditions. The principle is mainly to cause the molten copper
to enter the interstices between the diamonds using the capillary effect. The drawbacks
are that the diamond is prone to ablation at temperatures of over 1000 ◦C, the need to
provide an oxygen-free atmosphere to safeguard the composite from oxidation, and the
high temperature and pressure leading to huge costs. In order to prepare diamond/copper
composites with superior properties, there is an urgent need to develop a high-quality and
efficient manufacturing technology that avoids the drawbacks of existing technologies.

Supersonic laser deposition (SLD) is a promising addition to manufacturing and
surface modification technology [19]. During the spraying process, micron-sized powder
is accelerated to 300–1400 m/s using high pressure gas through a de-Laval nozzle under
laser irradiation and achieves deposition via severe plastic deformation through kinetic
energy and heat energy [20]. Metals [21,22], composites [23], and even ceramics [24] have
been successfully fabricated via SLD with favorable performance. SLD is dominated
by kinetic energy and supplemented by thermal energy, which avoids oxidation defects,
thermal residual stress, and thermal damage caused by the high-temperature preparation
of composites. Furthermore, SLD can be applied to rapidly prepare various structures,
coatings on any surface, and efficiently repair damaged parts [25]. As a brittle and hard
material, diamond has a high critical deposition rate in commercial cold spraying, which
is prone to internal fracture and cannot be effectively plastically deformed to achieve
deposition. By constructing a buffer layer on the surface of diamond and introducing laser
thermal softening via SLD, diamond composites can be deposited. Previous studies have
rarely focused on the manufacturing and the wear resistance of core-shell diamond/copper
composite coatings.

In this paper, diamond is coated with Ti via salt bath to bridge the large gap of
acoustic impedance and enhance the bonding between the diamond and copper. The
novel SLD additive manufacturing process is applied to prepare machinable Ti-coated
diamond/copper composite with excellent wear-resistant performance. The composition,
microstructure, and tribological characteristics of the diamond/copper composite coatings
were thoroughly investigated after preparation at various laser power. The purpose of
this paper is to improve the wettability between diamond and copper by diamond surface
modification, while introducing laser to enhance interfacial bonding. It ensures that the
diamond can play an excellent wear resistance role in the diamond/copper composite
coating without flaking.
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2. Materials and Methods

2.1. Composite Fabrication

The feedstock for SLD included irregular copper powder (Zhongke Yanuo Technology
Co., Ltd., Beijing, China) ranging from 15 to 53 μm in size and irregular diamond powder
(Zhongyuan Superhard Co., Ltd., Tuocheng, Henan, China) ranging from 35 to 42 μm in
size after commercially available spherical Ti ranging from 15 to 48 μm in size plating via
salt bath. Figure 1 shows the morphology of the original powder. Ti-coated diamonds are
prepared using the salt bath method at 900 ◦C for 1 h to build a uniform density of carbide
transition layer.

 
Figure 1. Morphology of the (a) copper, (b) diamond, and (c) Ti used in this study.

The Ti-coated diamond/copper composite coatings were fabricated onto the copper
substrate using an in-house SLD system. The system was mainly composed of a six-axis
mechanical arm, powder feeder, high pressure nitrogen station, water cooling system, gas
heating device, and laser system (LDF6000-100 VGP, Laserline, Koblenz, Germany) [7].
The schematic of the fabrication via SLD is shown in Figure 2. The spraying nozzle had a
total length of 278.0 mm with a throat diameter of 2.8 mm and an exit diameter of 6.0 mm.
The produced coatings and SLD parameters are presented in Table 1. The copper and
50 vol% Ti-coated diamond powder were mechanically mixed before spraying. Through
previous preparatory experiments, we observed that the composite coating suffered from
poor interfacial bonding at a laser power of about 500 W, while the interfacial bonding was
favorable at 1000 W. Too high a laser power leads to problems of diamond graphitization
and local thermal stress concentration. Therefore, 0 W, 500 W, 1000 W, 1500 W were
chosen as experimental parameters to study the effect of laser power and its different
effects on the composite coatings. For facilitating the following discussion, each composite
coating was marked using an abbreviation. The abbreviation ‘C’ means the as-deposited
composite coating, while ‘0’, ‘500’, ‘1000’, and ‘1500′ indicate the laser power used to
produce the composite coating. The laser and the spray gun were fixed on the mechanical
arm and moved with the same traversal speed. All composite coatings were prepared at
a stand-off distance of 30.0 mm and 3.0 MPa nitrogen pressure with a traversal speed of
10 mm·s−1. The speed of the powder feeder was set to 2 RPM. The diamond particles
were estimated 435–563 m·s−1 at a powder-heating temperature of 500 ◦C [20]. The Ti-
coated diamond/copper composite coatings were fabricated onto the sand-blasted copper
substrate using 24 μm corundum.

Table 1. Abbreviations of the prepared coatings and the SLD conditions.

Annotation Laser Power [W] Temperature [◦C]

C0 0 500
C500 500 500
C1000 1000 500
C1500 1500 500
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Figure 2. Schematic of the fabrication of the Ti-coated diamond/copper composite coatings via SLD.

2.2. Material Characterizations

The X-ray diffractometer (D8 Advance, Bruker, Billerica, MA, USA) was employed to
investigate the phase composition of the samples using SLD with the copper (λ = 1.542 Å)
source at a current of 40 mA, a voltage of 40 kV, and scan step of 0.02◦. In order to
prevent the metallographic procedure from damaging the morphology of the diamond in
the coating, the fracture morphology of the coating was investigated. Scanning electron
microscopy (SEM, EVO 18, Carl Zeiss, Stuttgart, Germany) was employed to analyze the
morphology of the samples, and the elemental composition was determined using affiliated
energy-dispersive spectroscopy (EDS, Nano X-flash Detector 5010, Bruker).

2.3. Wear Test

The Vickers hardness tester (HMV-2, SHIMADZU, Kyoto, Japan) was used to test the
microhardness of the samples with a load of 0.98 N for 15 s. A small amount of ultra-high
hardness was caused by the indentation on the diamond. The hardness of the samples
was determined by averaging 10 hardness values in order to be accurate. A ball-on-disc
tribometer (HT-600, Lanzhou Institute of Chemical Physics, Lanzhou, China) was employed
to measure the tribological properties of the samples at room temperature. The samples
were polished with a 2.5 μm metallographic polishing agent before the test to ensure the
accuracy of the wear test. A silicon nitride ball with a diameter of 5 mm was used as a
counter-grinding part to contact the fixed sample on the disc. The disk rotated at a speed of
350 r·min−1 under a load of 5N. The wear mechanism was investigated using SEM, EDS,
and LSCM. The wear rate was obtained by calculating the volume of wear per unit length
under unit load. The mean COF (μ), wear radius (r), and wear cross-sectional area (S) of
each specimen was measured. The wear volume (V) was calculated as follows:

V = 2·π·r·S (1)

3. Results and Discussion

3.1. Composition and Morphology of Metallized Diamond

Figure 3 exhibits the surface morphology of the diamond after Ti plating via salt bath.
Compared with the original diamond in Figure 1b, it is obvious that almost all the diamonds
were coated with a shell as seen in Figure 3a. The surface of the shells with significantly
improved roughness was undulating and had a granular bulge, which contributed to the
subsequent SLD coating preparation. In order to better observe the effect of metallized
diamond via salt bath, the edge of an uncoated diamond is shown in Figure 3b. It was
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observed that the thickness of the transition layer closely combined with diamond was
only 2–3 μm, which was thinner than the 6 μm copper-nickel layer of the diamond [26].
This was mainly due to the chemical reaction between Ti and carbon on the surface of the
diamond to generate chemical bonding, which would protect the diamond and improve
the wettability with copper in coating preparation using SLD. The titanium element reacted
with the diamond in the molten salt through the following equations [7]:

Ti4+ + Ti → 2Ti2+ (2)

2TiCl2 + C (diamond) → TiC + TiCl4 (3)

 
Figure 3. SEM images of (a) the Ti-coated diamond powder and (b) the cross-section of typical
Ti-coated diamond.

The molten salt provided a flow atmosphere at a high temperature, which caused the
diamond surface to react completely.

The XRD diffractions of diamond before and after salt bath plating are shown in
Figure 4. Although the diamonds were almost completely coated as shown in Figure 3,
the diamond’s characteristic peaks were still detected from the diffraction of the Ti-coated
diamond, so it can be concluded that the layer was thin. The characteristic peaks of TiC
indicate that TiC successfully coated the surface of the diamond [27]. The characteristic
peaks of Ti clearly showed that metal titanium also existed on the diamond’s surface. The
many miscellaneous peaks were mostly different types of titanium carbide, indicating that
the transition layer presented gradient carbide changes.

Figure 4. XRD profiles of the diamond powder before and after Ti coating.
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3.2. Composites Prepared via SLD with Different Laser Power

The XRD spectra of Ti-coated diamond/copper composite coatings at various laser
powers are depicted in Figure 5. Due to the relatively small content of diamond, the
characteristic peaks of copper were mainly detected. When the laser power was high, the
diamond deposition efficiency was improved, as can be seen in the dashed frame, which
confirmed the positive effect of laser power. A small number of the characteristic peaks
of diamond and titanium carbide were observed. No graphite peaks appeared at 26.5◦,
indicating that the diamond phase in the composite maintained its original properties with
SLD [28].

Figure 5. XRD patterns (a) and their partially enlarged detail (b) of the Ti-coated diamond/copper
composites at various laser power.

The SEM images of the fracture cross-section of the Ti-coated diamond/copper com-
posite coatings fabricated via SLD at various laser powers are shown in Figure 6. The
deposition efficiency of diamond was significantly improved as the laser power increased.
The pits left by the diamond shedding after the fracture were formed due to poor inter-
face bonding under cold spraying without laser irradiation, as can be seen in Figure 6a.
However, it was observed that the transition layer on the surface of the diamond peeled
off in Figure 6b, which was due to the breakage of the transition layer during impact at a
low laser power. As the laser power reached 1000 W, the diamond with high deposition
efficiency retained most of the transition layer to protect the brittle diamonds. This was
due to the better particle softening and copper plastic deformation capability of the laser
and the resultant lower particle critical impact velocity. Due to the softening effect of laser
irradiation on particles, the phenomenon of diamond breakage or rebound was reduced,
and the deposition efficiency was improved [20]. As the laser power reached 1500 W,
excessive thermal stress leads to a large number of tiny pores at the particle interface during
cooling, which affected the performance of the composite coating.

The magnified SEM images of Ti-coated diamond/copper composite coatings at
various laser powers are exhibited in Figure 7. As seen in Figure 7a, without the laser
irradiation, the cracks in the diamond and the pores at the edge were obvious in the coating,
which lead to the spalling of the diamond. At the laser power of 500 W, as shown in
Figure 7b, a small number of cracks could still be seen in the coating, but the interfacial
bonding was greatly improved compared to the coating without laser addition. When the
laser power was 1000 W, the cracks at the interface no longer appeared (as in Figure 7c) due
to the softening of the interface using laser energy. The shell of the Ti-coated diamond was
deformed during the impact process, which reduced the brittle fracture of the diamond
and may have produced the interpenetration of interface elements due to its wettability
with the copper matrix. However, when the plastic flow of the copper matrix was large
with a high laser power (in Figure 7d), the mutual impact between diamonds resulted in
cracks during the deposition process.
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Figure 6. SEM images of the Ti-coated diamond/copper composite coatings at various laser power:
(a)—C0, (b)—C500, (c)—C1000, (d)—C1500.

 

Figure 7. The magnified SEM images of the Ti-coated diamond/copper composite coatings at various
laser powers: (a)—C0, (b)—C500, (c)—C1000, (d)—C1500.

To study the element distribution at the interface between diamond and copper, the
typical characteristics of Ti-coated diamond in C1000 is analyzed in Figure 8. The titanium
element around the diamond can be clearly observed, which was connected to the copper
element. A line scan at the interface showed a 0.5 μm overlap between copper and titanium,
and a 0.8 μm overlap between titanium and carbon. The transition layer of the diamond was
infiltrated with copper elements under the action of the laser, which proved the excellent
combination of diamond in the composite. In the SLD process, the deposition mechanism
of core-shell diamond particles was mainly a cushioning protection mechanism for the shell
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structure under the high speed impact. Without laser irradiation, the cracks on the surface
of the diamond and the broken transition layer can be seen in Figure 7a after deposition.
The sample prepared at a lower laser power due to work hardening was not able to avoid
the peeling of the titanium carbide or even the fracture of the diamond. However, too high
a laser power resulted in the same appearance due to the impact between diamonds. The
high-speed impact diamond particles were deposited by the buffer of the transition layer to
protect the diamond. Additionally, the transition layer and the copper element penetrated
each other to achieve an effective combination at an optimal laser power.

  
Figure 8. EDS mapping and line scanning at the interface of the Ti-coated diamond for C1000.

3.3. Wear-Resistant Property

The microhardness of the Ti-coated diamond/copper composite coatings at various
laser powers is shown in Figure 9. The substrate hardness of the composite was 93 HV0.1.
Clearly, the microhardness of all the laser-irradiated samples was harder than that of the
cold sprayed copper due to the hammer effect of the diamond and the softening effect
of laser irradiation [29]. In addition, although the diamond content in the composites
enhanced with the increase of laser power, the hardness increased first and then decreased.
Laser irradiation played different roles at various laser powers—with a low laser power,
the microhardness was mainly caused by the hammer effect of the diamond and the work
hardening caused by the plastic deformation of the copper. The maximal hardness reached
172.58 ± 4.05 HV0.1 at 500 W. Laser irradiation may have caused tempering, resulting in
a reduction of hardness [30]. As the laser power increased, the composite material was
tempered and the grains at the interface were re-crystallized, which refined the grains and
lead to the release of residual stresses, thus reducing the hardness. The diamond content
no longer played a major role, and the microhardness decreased to 128.70 ± 8.72 HV0.1 at
1500 W.

Figure 10 displays the friction curves of C0, C500, C1000, and C1500 at the load of 5 N for
60 min. The average friction coefficients of C0, C500, C1000, and C1500 were 0.65, 0.49, 0.44,
and 0.39, respectively. The friction coefficients of all samples rose swiftly in the early stage
of sliding friction and became stable with small fluctuations after 5 min, except for C0. C0
abruptly fluctuated up and down for 10 min, owing to the friction instability caused by
the peeling of the diamond in the composite without the laser. C0 had the highest friction
coefficient due to the poorly bonded particles with small plastic deformation, which lead to
abrasive wear. The friction coefficients of C500, C1000, and C1500 decreased with the increase
of laser power. Due to the thermal stress concentration in the local area at 1500 W laser
power, the stress released in friction lead to microcracks, which enhanced the lubrication
effect of the copper in the unit contact area.
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Figure 9. Microhardness of Ti-coated diamond/copper composite coatings at various laser powers.

 
Figure 10. Evolution of the instantaneous friction coefficient at various laser powers.

An LSCM examination was conducted on the surface of the samples to evaluate surface
wear. As shown in Figure 11, the roughness change of the worn track in the radial direction
are illustrated. The surface roughness of C500 (Ra: 9.935 μm), C1000 (Ra: 6.438 μm), and C1500
(Ra: 8.403 μm) was smaller than that of C0 (Ra: 16.770 μm). By comparing the roughness,
the C1000 exhibited a smoother worn surface than that of the others, with a maximum
between peak and valley of 12.875 μm. The wear rates of the diamond/copper composite
coatings after the wear experiment are shown Table 2. The C1000 composite coating with a
wear rate of 11.85 μm3·N−1·mm−1 exhibited better wear resistance performance than that
of the C0, C500, and C1000 due to their much higher diamond content.
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Figure 11. LSCM images of the composite coatings after the ball-on-disk test: (a)—C0, (b)—C500,
(c)—C1000, (d)—C1500.

Table 2. Wear rates (μm3·N−1·mm−1) of the composite coatings after the ball-on-disk test.

Sample C0 C500 C1000 C1500

Wear rate 44.59 14.81 11.85 15.89

In the wear experiment, the diamond in the coating was continuously compacted with
time under the action of load. The wear mechanism of the diamond/copper composites
was studied by observing the surface of the samples after the wear experiments, shown in
Figure 12. The uniformly distributed diamond particles were observed in the four samples
after the wear test, indicating that the diamond/copper composite prepared using SLD
had promising wear resistance potential. With the increase in wear time, the diamond was
embedded in the copper matrix under the protection of the transition layer, which had
excellent interface bonding, and thus protected the wear of the composite coating. Due to
the low hardness of the copper matrix, the copper gradually adhered to the periphery of
the diamond under the action of the hard grinding part with the increase in wear time. Due
to the lack of a laser, the poor interface bonding of particles of C0 resulted in large spalling
during friction, as seen in Figure 12a. After the introduction of the laser, the surface peeling
of C500 was reduced, but it still did not fully play the role of a diamond. As shown in
Figure 12c, due to the high content of diamond in C1000, the interaction of diamond particles
in wear lead to partial spalling and aggregation under the action of the grinding part. Some
pits and grooves appeared in the worn surface. The wear track of C1000 showed island
adhesion and spalling with a high diamond content, which possessed the best friction and
wear properties. Further increasing the laser power leaded to a downtrend in the hardness
of the coating, which resulted in large-scale adhesive wear, as seen in Figure 12d. The
lamellar structure was prone to flaking, resulting in a high wear rate.
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Figure 12. SEM images of the composite coatings after the ball-on-disk test: (a)—C0, (b)—C500,
(c)—C1000, (d)—C1500.

The element distribution on the surface after wear was analyzed by observing C1000
with EDS energy spectrum, as shown in Figure 13. The main elements of the worn surface
were Cu, O, and C. As the sliding proceeded, the copper chips converged in the local
area, while the other part of the copper was oxidized at a high temperature after forming
adhesive wear. As the wear time increased, the oxide layer appeared to begin fatigue
spalling. The diamond was still evenly distributed throughout the matrix. The presence of
the diamond provided a wear-resistant frame for the composite coating, which provided
an effective obstacle to the matrix during the wear process and prevented the rapid wear of
the matrix.

 

Figure 13. EDS mapping of the composite coating for C1000 after the ball-on-disk test.
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The wear mechanisms of the diamond/copper composites prepared via SLD mainly
included adhesion, oxidation, and ploughing [31]. The relatively low hardness and high
ductility of the copper matrix caused the coating to be mainly adhesive wear. During the
sliding process, the rough surface in the initial stage caused the copper matrix to wear
continuously. As the diamond began to play a role, it protected the copper matrix from
continuous wear and formed plough wear. With the increase in time, the area outside the
furrow formed an oxidation lubrication grinding at a high temperature. From Figure 12c, it
is evident that a large amount of diamond hindered the plastic deformation of the copper.
The element of the transition layer of the Ti-coated diamond and the copper element
continuously infiltrated each other during cyclic wear, as shown in Figure 14. Under the
hindrance of the diamond, the copper chips were observed to be ground into nano-scale,
which helped to improve the wear resistance of the composite coating [32]. The transition
layer on the surface of the diamond was worn, but the diamond was still tightly embedded
in the matrix and tightly bonded. The element distribution diagram also revealed that
the diamond had a strong combination with the copper matrix through the metallized
transition layer after friction and the wear test.

 

Figure 14. EDS mapping of Ti-coated diamond for C1000 after wear.

4. Conclusions

In summary, Ti-coated diamond/copper composite coatings were fabricated employ-
ing solid-state SLD technology using metalized diamond and copper composite powder as
feedstock. The SLD technology used a high energy laser beam to heat the deposited powder
and substrate simultaneously during the cold spray process. It softened the powder and
the matrix, improving the plastic deformation ability and promoting the deposition effi-
ciency, compactness, and interfacial bonding strength of the coating. Through experimental
characterization and analysis, we drew the following conclusions:

(1) The Ti-coated diamond improved the bonding with the copper matrix and played an
important role in friction and wear, showing great potential as feedstock for SLD.

(2) The synergistic effect of laser irradiation and diamond metallization was able to
improve the interfacial bonding to ensure that the diamond did not peel off. The
interfacial bonding of the Ti-coated diamond/copper composite coating prepared at a
laser power of 1000 W was the best without cracks at the interface.

(3) The Ti-coated diamond/copper composite coatings fabricated using SLD had superior
wear-resistant properties, and the coating with higher diamond content had better
wear resistance. The microhardness of the Ti-coated diamond/copper composite
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coating at a laser power of 1000 W reached about 172.58 HV0.1, which exhibited the
lowest friction coefficient of 0.44 and the minimal wear rate of 11.85 μm3·N−1·mm−1.

(4) The adhesive wear and oxidation wear were the main wear mechanisms with a small
amount of ploughing wear. The oxidation of the copper provided lubrication and
improved the wear resistance property.
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Abstract: Laser cladding is a new technology to fabricate a coating on the surface of a metal substrate.
The properties on copper substrates are usually not very good due to the high thermal conductivity
and reflectivity. The appropriate preheating temperature is helpful to fabricate coatings with good
quality and properties, especially for copper substrates. In order to investigate the effect of different
preheating temperatures, four coatings with different preheating temperatures (100, 200, 300 and
400 ◦C) were fabricated via a laser on a copper substrate. The microstructures and properties of
four coatings were investigated using SEM, XRD, EDS, a Vickers microhardness meter, a wear
tester and an electrochemical workstation. The results show that the elements from Ni-based alloy
powder were uniformly distributed among the binding region, which obtained a good metallurgical
bonding. The microstructure was mainly composited of cellular, dendrite and plane crystals, and
the main reinforced phases were γ (Fe, Ni), Cr0.09Fe0.7Ni0.21, WC and Ni3B. The values of average
microhardness of the four coatings were 614.3, 941.6, 668.1 and 663.1 HV0.5, respectively. The wear
rates of the four coatings were 9.7, 4.9, 12.5 and 13.3 × 10−5 mm3·N−1·m−1, respectively, which were
less than that of the copper substrate (4.3 × 10−3 mm3·N−1·m−1). The decrease in wear rate was due
to the existence of the reinforced phases, such as WC, Ni3B, M7C3 (M=Fe, Cr) and Cr0.09Fe0.7Ni0.21.
The fine crystals in the coating preheated at 200 ◦C also improved the wear resistance. Additionally,
the minimum values of corrosion current density were 3.26 × 10−5, 2.34 × 10−7, 4.02 × 10−6 and
4.21 × 10−6 mA·mm−2, respectively. It can be seen that the coating preheated at 200 ◦C had higher
microhardness, lower wear rates and better corrosion resistance due to the existence of reinforced
phases and fine and uniform crystals.
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1. Introduction

Copper alloys are widely used in the manufacture of condenser tubes for ocean platforms
due to their good corrosion resistance [1–3]. However, corrosion failure often occurs during
long-term service, which reduces the service life of the condenser tube [4]. In order to
improve the corrosion resistance of condenser tubes, some surface modification technologies
are used to fabricate coatings, such as electroplating and thermal spraying [5–7].

In recent decades, laser cladding has been widely used to fabricate coatings due to
its advantages of high efficiency and low cost [8–12]. As a coating material, a single metal
powder or alloy powder plays an indispensable role in laser cladding technology [13,14].
During the process of laser cladding, some self-fluxing powders, such as Fe-based, Ni-
based and Co-based ones and high-entropy alloys, are widely used [15–20]. Of these,
Ni-based powder is the most widely used during the process of laser cladding because
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of its good wear resistance, good corrosion resistance and moderate price [21]. Many
researchers have prepared coatings on the surface of copper alloys via laser cladding
technology. Bysakh et al. [22] used a CO2 laser to obtain a cladding layer of a Cu-Fe-Al-Si
alloy on the surface of a copper alloy; however, this coating had some defects. Li et al. [23]
prepared a Ni60 alloy coating on the surface of aluminum bronze via supersonic flame
spraying and then performed laser remelting at a laser power of 3.2 kW with a CO2
laser. Although a cladding layer with good metallurgical bonding to the substrate was
obtained, bubbles still appeared due to the molten pool disturbance. There are many factors
affecting the quality of laser cladding, including the laser power, scanning speed, powder
feeding rate and preheating temperature [24–27]. In addition, the preheating temperature
is one of the key factors of laser cladding that has been studied by many scholars [28–31].
Although the preheating temperatures of different substrates have been studied, there are
few studies about the preheating temperature of copper substrate. Because of the higher
thermal conductivity and reflectivity of copper substrate, the selection of the preheating
temperature is particularly important to fabricate a good coating using a laser.

In this paper, four different preheating temperatures (100, 200, 300 and 400 ◦C) were
selected to fabricate a coating on a copper substrate. The macroscopic morphology and
dilution rate were studied. The phases, microstructure, elemental distribution and proper-
ties of the four coatings were investigated using SEM, XRD, EDS, a Vickers microhardness
meter, a wear tester and an electrochemical workstation. Meanwhile, the microstructure
evolution of the four coatings is discussed.

2. Experimental Conditions

2.1. Materials

Copper alloy is used as the substrate; its size is 50 × 30 × 10 mm and its composition is
shown in Table 1. Ni-based alloy powder is used as the cladding material; its composition
is shown in Table 2. The mass fractions of the Fe, Cr and WC elements are 12.0%, 12.0%
and 5.0%, respectively. There are small amounts of the C, B and Si elements.

Table 1. Chemical composition of the copper alloy (wt.%).

Zn Al Mn Fe Cu

29.0 6.3 3.2 1.4 60.1

Table 2. Chemical composition of the Ni-based alloy powder (wt.%).

Fe C B Si Cr WC Ni

12 1 2.5 1.5 12 5 Bal.

Figure 1 is an SEM micrograph of the Ni-based alloy powder. It can be seen that
the shape of most particles is nearly spherical and the surface is smooth. There are a few
irregular particles with the shapes resembling a block or strip. Additionally, some particles
with small sizes have tended to gather together.

Figure 1. SEM micrograph of the Ni-based alloy powder.
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2.2. Methods

The device was a CO2 laser with a continuous mode and the parameters are as follows:
laser power 1.4 kW, laser beam diameter 3.0 mm, scanning speed 2 mm/s and overlapping
ratio 30%. The substrate preheating temperatures were 100, 200, 300 and 400 ◦C, respectively.
After laser cladding, the coatings were cut into 10 × 10 × 10 mm samples. After the samples
were buffed and polished, a ferric chloride solution was used to etch the cladding coating
for 10 s. Then, the samples were observed using optical microscopy and scanning election
microscopy (TESCAN MIRA). At the same time, the element distribution was analyzed
via EDS. The phases were detected by X-ray diffraction (TD-3500). The microhardness was
tested using a Vickers microhardness meter with a load of 50 gf at 15 s. The microhardness
was measured from the top of the Ni-based coating to the copper substrate and each point
was repeated five times at the same height. The friction and wear properties were tested
using a reciprocating fatigue friction and wear tester (MGW-02) with a tip force of 10 N
and a friction frequency 2 Hz. An experiment testing the electrochemical corrosion was
also carried out to investigate the corrosion resistance of cladding coatings. A 3.5% NaCl
solution was used as the electrolyte in a CHI600E electrochemical workstation.

3. Results

3.1. Macroscopic Morphology and Dilution Rate

Figure 2 shows the macroscopic morphology of coatings preheated at four tempera-
tures (100, 200, 300 and 400 ◦C). The four coatings can be successively fabricated on copper
substrate but there are some pores and cracks on the surface.

 
Figure 2. Macroscopic morphology of coatings preheated at four temperatures. (a) 100 ◦C; (b) 200 ◦C;
(c) 300 ◦C; (d) 400 ◦C.

The dilution rate is an important index to judge the performance of a coating. A low
dilution rate is helpful to improve the coating’s properties. The molten pool depth and
height of the coating are two parameters to measure dilution rate, as shown in Figure 3.
The dilution rate can be calculated using Equation (1).

η =
Depth

Depth + Height
× 100% (1)

 

Figure 3. Schematic diagram of the molten pool and coating.
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In Equation (1), η is the dilution rate, Depth is the average depth of the coating’s molten
pool, and Height is the average height of the coating.

Table 3 shows the height, molten pool depth and dilution rate of the four coatings with
different preheating temperatures (100, 200, 300 and 400 ◦C). At the four different preheating
temperatures, the coatings’ heights are 0.27, 0.48, 0.39 and 0.27 mm, respectively. The
depths of the molten pool are 0.1, 0.12, 0.16 and 0.18 mm, respectively. With the increasing
preheating temperature, the coatings’ heights first increase and then decrease. However,
the depths of the molten pool increase gradually along with the increase in the preheating
temperature. The main reason for this is that higher preheating temperatures make the
substrate easier to melt and so it forms a molten pool with higher temperatures, which
increases the depths of the molten pool. At the four different preheating temperatures, the
dilution rates were 27%, 20%, 29% and 40%, respectively. The coating with a preheating
temperature of 200 ◦C has the lowest dilution rate (20%), which suggests that it can maintain
the properties of the coating and reduce the mixing of elements between the substrate
and coating.

Table 3. Heights, molten pool depths and dilution rates of the four coatings.

Preheating Tem. (◦C) 100 200 300 400

Height (mm) 0.27 0.48 0.39 0.27
Depth (mm) 0.1 0.12 0.16 0.18

Dilution rate (%) 27 20 29 40

3.2. Phases

The X-ray diffraction patterns of the coatings preheated at four different temperatures
(100, 200, 300 and 400 ◦C) are shown in Figure 4. When the preheating temperature was
100 ◦C, the main phases are γ (Fe, Ni), WC, W2C, Ni3B, and M7C3 (M=Fe, Cr). When
the preheating temperature was 200 ◦C, the higher preheating temperature increases the
heat of the molten pool and prolongs the solidification time of the molten pool. Elements
such as Ni, Cr and Fe have enough time to form a reinforced phase. Therefore, a new
phase, Cr0.09Fe0.7Ni0.21, appears. When the preheating temperatures are 300 and 400 ◦C, the
amount of some elements decreases gradually due to the higher temperature of molten pool,
which results in the decrease in WC, W2C and boride. At the same time, a large number of
substrate elements enter into the coating and form Cu0.64Zn0.36 and Ni2W4C phases.

 
Figure 4. XRD patterns of coatings preheated at four preheating temperatures (100, 200, 300 and
400 ◦C).
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3.3. Microstructure

Figure 5 depicts the microstructures of coatings preheated at four temperatures (100,
200, 300 and 400 ◦C). Figure 5(a1,b1,c1,d1) shows the microstructure of the coatings’ top
regions. When the preheating temperature was 100 ◦C, there are a large number of equiaxed
crystals. When the preheating temperatures were 200, 300 or 400 ◦C, some cellular crystals
appear in the top regions. In addition, the coating preheated at 200 ◦C has fine cellular
crystals. As shown in Figure 5(a2,b2,c2,d2), the microstructure of the middle position is
mainly a dendrite structure. In addition, when the preheating temperature was 200 ◦C, the
dendrite crystals are fine and uniform. With the increase in preheating temperature, the
secondary dendrites grow gradually on the primary dendrites, as shown in Figure 5(c2).
When the preheating temperature was 400 ◦C, the dendrite crystals become larger. At the
bottom of the four coatings, when the preheating temperature was 100 ◦C, some small
holes appear in the bonding region, as shown in Figure 5(a3), which decreases the binding
strength between the coating and the substrate. With the increase in preheating temperature,
the holes gradually disappear, as shown in Figure 5(b3,c3,d3).

Figure 5. SEM micrographs of four coatings that were preheated at 100 (a1–a3), 200 (b1–b3),
300 (c1–c3) and 400 ◦C (d1–d3).

Table 4 shows the percentage of element atoms at the P1–P4 points in the four coatings
with different preheating temperatures (100, 200, 300 and 400 ◦C). According to the percent-
age of element atoms at the P1 point, there are large amounts of Fe and Ni in the coating
with the preheating temperature of 100 ◦C that form the supersaturated solid solution of
the γ (Fe, Ni) phase. Some C atoms form WC and W2C and others form the Fe7C3 phase.
Compared with the P1 point, the percentage of element atoms at the P2 point shows that
the content of Cr increases, which becomes Cr7C3 phase. At the same time, there are a few
borides. The percentage of element atoms at the P3 and P4 points indicates that a large
number of Cu and Zn elements appear at P3 and P4, which is mainly the Cu0.64Zn0.36 phase.
With the increase in preheating temperature, more and more elements from the substrate
enter into the molten pool. This is consistent with the results of Figure 4.

Table 4. Percentage of element atoms at the P1–P4 points in the coatings.

Point
Atomic Concentration %

Ni Fe C W B Cu Zn Cr

P1 25.4 29.6 23.8 9.4 4.5 7.2 - 0.1
P2 39.7 11.6 35.4 5.4 2.8 1.7 - 3.4
P3 31.1 15.2 20.9 3.3 - 16.8 8.8 3.9
P4 25.5 15.4 9.8 5.4 - 23.7 18.6 1.6
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Figure 6 depicts the SEM micrograph and EDS element line scanning results for the
four coatings with different preheating temperatures (100, 200, 300 and 400 ◦C). From the
substrate to the coating, the copper element decreases gradually, whereas the Ni element
increases gradually. In the diffusion zone, Cu and Ni dissolve each other and form good
metallurgical bonding. At the same time, the width of the diffusion zone increases with
the increase in preheating temperature. When the preheating temperature was 200 ◦C,
the coating has the least amount of Cu. More of the Cu element appears in the diffusion
zone, which also decreases the relative amount of the Ni element. The other elements in
the substrate and coating, such as Fe, Al and Cr, also enter into the diffusion zone. When
the preheating temperature is higher, more of the Cu element enters into the coating, as
shown in Figure 6c,d.

 

Figure 6. SEM micrograph and EDS line scan results for the four coatings with different preheating
temperatures (100, 200, 300 and 400 ◦C). (a) 100 ◦C; (b) 200 ◦C; (c) 300 ◦C; (d) 400 ◦C.

3.4. Microhardness

Figure 7 shows the microhardnesses of the four coatings’ cross sections. The maxi-
mum microhardness values of four the coatings are 680.7, 1069.3, 815.2 and 760.9 HV0.5,
respectively. The values for the average microhardness are 614.3, 941.6, 668.1 and 663.1
HV0.5, respectively. As a whole, the microhardness in the strengthening layer is stable
and the fluctuation is not very large. At the binding region, the microhardness decreases
quickly. When the preheating temperature was 200 ◦C, the coating has the highest average
microhardness (941.6 HV0.5), which is caused by the reinforced phases M7C3, WC, Ni3B and
Cr0.09Fe0.7Ni0.21 and the fine crystals in the top region. However, when the preheating tem-
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perature was 300 ◦C, some new phases, Cu0.64Zn0.36 and Ni2W4C, appear due to entrance
of Cu and Zn elements from copper substrate, which decreases the coating’s microhardness.

Figure 7. Microhardness of the four coatings’ cross sections.

3.5. Wear Resistance

The friction coefficients of four coatings with different preheating temperatures (100,
200, 300 and 400 ◦C) are shown in Figure 8. The coating that had a preheating temperature of
200 ◦C has the smallest friction coefficient (around 0.1), which only has a small fluctuation,
whereas the coating that had a preheating temperature 400 ◦C has the largest friction
coefficient (around 0.3) and fluctuation. The friction coefficients of the coatings preheated
at 100 and 300 ◦C fluctuate around 0.2 and also have large fluctuations. From the above
analysis, the smallest friction coefficient (around 0.1) in the 200 ◦C preheated coating may
be due to its lower surface roughness and fine crystals.

Figure 8. Friction coefficients of coatings preheated at four preheating temperatures (100, 200, 300
and 400 ◦C).
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Figure 9 shows the wear rates of coatings preheated at different temperatures (100, 200,
300 and 400 ◦C). The wear rates of coatings preheated at 100, 200, 300 and 400 ◦C are 9.7, 4.9,
12.5 and 13.3 × 10−5 mm3·N−1·m−1, respectively. The wear rate of the coating preheated
at 200 ◦C is the lowest, only about one-third of the wear rate of the coating preheated
at 400 ◦C. The wear rate of copper substrate is 4.3 × 10−3 mm3·N−1·m−1. Compared
with the substrate, the wear resistance of the four coatings has an obvious improvement
due to the existence of the reinforced phases, such as WC, Ni3B, M7C3 (M=Fe, Cr) and
Cr0.09Fe0.7Ni0.21. Additionally, when the preheating temperature was 200 ◦C, the coating
has more fine crystals in the top region.

Figure 9. Wear rates of coatings preheated at four preheating temperatures (100, 200, 300 and 400 ◦C).

Figure 10 depicts the morphology of the friction and wear of coatings preheated at
different temperatures (100, 200, 300 and 400 ◦C). It can be seen that the coating that had a
preheating temperature 200 ◦C has the smallest depth and width of grinding crack. More
M7C3, WC, W2C and borides improve the coating hardness and reinforced phase content.
Meanwhile, the fine and uniform crystals are also helpful to enhance the wear resistance,
which forms abrasive wear and makes the wear volume decrease.

Figure 10. Morphology of friction and wear of coatings preheated at four preheating temperatures
(100, 200, 300 and 400 ◦C). (a) 100 ◦C; (b) 200 ◦C; (c) 300 ◦C; (d) 400 ◦C.

3.6. Corrosion Resistance

Figure 11 shows the polarization curves of coatings preheated at four temperatures
(100, 200, 300 and 400 ◦C). The polarization curves of the four coatings present a similar
trend and show the certain passivation behavior. When the preheating temperatures were
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100, 200, 300 and 400 ◦C, the free corrosion potentials are −0.708, −0.690, −0.893 and
−0.817 V, respectively. The minimum values of corrosion current density are 3.26 × 10−5,
2.34 × 10−7, 4.02 × 10−6 and 4.21 × 10−6 mA·mm−2, respectively. Moreover, the corrosion
current density of the copper substrate is 1.14 × 10−6 mA·mm−2, which is less than that of
the coatings preheated at 100, 300 or 400 ◦C and more than that of the coating preheated at
200 ◦C. Therefore, the coating preheated at 200 ◦C has the lowest corrosion current density
(2.34 × 10−7 mA·mm−2), which indicates that the coating has the best corrosion resistance
due to a large amount of Cr7C3. This phase improves the corrosion resistance. Although
the coatings with preheating temperatures of 300 and 400 ◦C have a Cr7C3 phase, a lot of
Cu and Zn elements diffuse into the coating and reduce the corrosion resistance.

Figure 11. Polarization curves of coatings preheated at four preheating temperatures (100, 200, 300
and 400 ◦C).

4. Discussion

Ni-based alloy coatings with different preheating temperatures (100, 200, 300 and
400 ◦C) were fabricated on copper substrate. Due to the difference in preheating temper-
ature, the microstructure, quality and properties of the coatings are different. Therefore,
the phases, microstructure, microhardness, wear resistance and corrosion resistance were
investigated. The microhardnesses of the coatings were 614.3, 941.6, 668.1 and 663.1 HV0.5
under preheating at temperatures of 100, 200, 300 and 400 ◦C, respectively. The average
hardness is highest at the preheating temperature of 200 ◦C, which is caused by the re-
inforcing phases such as M7C3, WC, Ni3B and Cr0.09Fe0.7Ni0.21 and the diffusion of fine
grains and fewer Cu and Zn elements in the top region. The wear rates of the four coatings
were 9.7, 225, 4.9, 12.5 and 13.3 × 10−5 mm3·N−1·m−1, respectively. The 200 ◦C preheated
coating has the lowest wear rate, which is due to the correct preheating temperature to
produce finer and more uniform crystals in the top area of the coating. In the electro-
chemical test, the coating preheated at 200 ◦C has the lowest corrosion current density
(2.34 × 10−7 mA·mm−2), which is due to the fact that the coating is less affected by the
diffusion of Cu and Zn elements and the presence of a large amount of Cr7C3 in the coating,
resulting in the best corrosion resistance.

4.1. Effect of Preheating Temperature on Pore and Crack

During the laser cladding process, if the gas in molten pool does not escape in time,
some pores will appear in the coating. The existence of pores will reduce the mechanical and
corrosion resistance of a coating. According to the Stocks equation [32], the gas overflow in
the molten pool is mainly related to the viscosity of the liquid metal. With an increase in
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temperature, the viscosity of the liquid metal decreases and the gas can more easily escape
from the molten pool. Figure 12 shows the schematic diagram of gas overflow in the molten
pool during the laser cladding process. At lower preheating temperature, the viscosity
is larger, which makes it difficult for the gas to escape and results in some pores being
left in the coating, as shown in Figure 12a. This is in accordance with the result shown in
Figure 5(a3). In contrast, if the preheating temperature is higher, the gas can more easily
escape, as shown in Figure 12b,c. Therefore, no pores appeared in the cladding coating
when the preheating temperatures were 200, 300 and 400 ◦C.

Figure 12. Diagram of the gas overflow in the molten pool during laser cladding. (a) lower preheating
temperature; (b) higher preheating temperature; (c) the highest preheating temperature.

When the preheating temperature was 400 ◦C, there were some cracks at the bottom
of the cladding coating, as shown in Figure 13. Higher preheating temperatures increase
the heat accumulation in the molten pool, which brings larger thermal stress and shrinkage
between the different phases. When the thermal stress is higher than the tensile strength
of the cladding coating during the cooling of the molten pool, cracks may appear in some
places, such as the crack in Figure 13.

Figure 13. Crack at the bottom of the coating preheated at 400 ◦C.

4.2. Effect of Preheating Temperature on Microstructure

The microstructure evolution under four preheating temperatures is shown in Figure 14.
When the preheating temperature is 100 ◦C, a large number of equiaxed crystals form in the
top part of cladding coating, which do not grow due to the lower preheating temperature.
With the decrease in preheating temperature, the crystals begin to grow as dendrite crystals
in the middle of the cladding coating. When the preheating temperature is 200 ◦C, because
of the increase in preheating temperature, the higher temperature promotes crystals to
grow as fine cellular crystals in the top of the coating. When the preheating temperatures
are 300 and 400 ◦C, although the microstructure of top regions is also cellular, the number
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of cellular crystals is more than that of the coating preheating at 200 ◦C. Because of the
larger cooling rate and mutual inhibition, the cellular crystals are smaller. In the middle
regions, a large amount of heat accumulates in the molten pool and the secondary dendrites
grow on the basis of the primary dendrites. However, when the preheating temperature is
400 ◦C, the higher preheating temperature causes more substrate elements into the liquid
molten pool and appear in the Cu0.64Zn0.36 phase, which destroys the growth of the primary
dendrites and secondary dendrites.

Figure 14. Microstructure evolution of four preheating temperatures. (a) 100 ◦C; (b) 200 ◦C; (c) 300 ◦C;
(d) 400 ◦C.

5. Conclusions

(1) Four Ni-based alloy coatings with different preheating temperatures were success-
fully fabricated on the copper substrate. When the preheating temperature is 100 ◦C, there
are some pores at the bottom of coating. When the preheating temperature is 400 ◦C, the
effect of thermal stress is too great and a few cracks appear. At the four different preheating
temperatures, the dilution rates were 27%, 20%, 29% and 40%, respectively. The coating
with a preheating temperature of 200 ◦C has the lowest dilution rate (20%), which can
maintain the property of the coating and reduces the mix of elements between the substrate
and coating.

(2) When the preheating temperature is 100 ◦C, the main phases are γ (Fe, Ni), WC,
W2C, Ni3B and M7C3 (M=Fe, Cr). When the preheating temperature is 200 ◦C, a new phase
Cr0.09Fe0.7Ni0.21 appears. When the preheating temperatures are 300 and 400 ◦C, a large
number of substrate elements enter into the coating and form Cu0.64Zn0.36 and Ni2W4C
phases. The microstructure of the cladding coating is mainly composed of cellular, dendrite
and planar crystals. The coating preheated at 200 ◦C has fine and uniform crystals.

(3) At the four different preheating temperatures, the values of average microhard-
ness for the four coatings are 614.3, 941.6, 668.1 and 663.1 HV0.5, respectively. When the
preheating temperature is 200 ◦C, it has the maximum average microhardness, which is
caused by the reinforced phases M7C3, WC, Ni3B and Cr0.09Fe0.7Ni0.21 and the fine crystals
in the top region. However, when the preheating temperature is 300 ◦C, some new phases
(Cu0.64Zn0.36 and Ni2W4C) appear due to the entrance of Cu and Zn elements from the
copper substrate, which decreases the coating’s microhardness.

(4) The friction coefficients of the four coatings are about 0.2, 0.1, 0.2 and 0.3, re-
spectively. The coating with a preheating temperature of 200 ◦C has the smallest friction
coefficient (around 0.1), which also has a small fluctuation, whereas the coating with a
preheating temperature of 400 ◦C has the largest friction coefficient (around 0.3) and fluctu-
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ation. The wear rates of the coatings preheated at 100, 200, 300 and 400 ◦C are 9.7, 4.9, 12.5
and 13.3 × 10−5 mm3·N−1·m−1, respectively. The wear rate of the coating preheated at
200 ◦C is the lowest due to the existence of the reinforced phases and fine crystals.

(5) When the preheating temperature is 100, 200, 300 and 400 ◦C, the corrosion po-
tentials are −0.708, −0.690, −0.893 and −0.817 V, respectively. Moreover, the minimum
values for the corrosion current density are 3.26 × 10−5, 2.34 × 10−7, 4.02 × 10−6 and
4.21 × 10−6 mA·mm−2, respectively. The coating with a preheating temperature of 200 ◦C
has the maximum corrosion potential (−0.69 V) and the lowest corrosion current density
(2.34 × 10−7 mA·mm−2), which represents the best corrosion resistance. This is due to
the high amount of Cr7C3 in the coating with a preheating temperature of 200 ◦C and the
diffusion of a smaller amount of Cu and Zn elements into the coating.
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Abstract: Friction involved in metal-forming processes typically leads to the wear of tool and die
surfaces, and in turn shortens the tool’s service life. A thriving need for reducing surface friction
requires the tool surface to be modified. This paper presents the surface modification of SKH51
tool steel, on which the hexagonal array of micro-dimples is fabricated by a nanosecond pulse laser.
Using the average laser power of 25 W can create decent dimples for trapping lubricant and enabling
hydraulic pressure at the surfaces in contact. The effect of dimple density and sliding speed on the
coefficient of friction was examined in this study through the pin-on-disc test, in which a stainless steel
pin was applied against the tool steel disc with a constant load. The laser-textured tool steel surface
with a dimple density of 35% had a friction coefficient of 0.087, which was lower than that of the
untextured surface by 12.6% when using a sliding speed of 15 cm/s. In addition to friction reduction,
there was no substantial wear found on the laser-textured surface compared to the untextured sample.
The findings of this study can be a processing guideline and benefit the treatment of tool and die
surfaces for friction and wear reduction in metal-forming and related processes.

Keywords: laser; dimple; tribology; friction; surface; SKH51

1. Introduction

The friction and wear of metal-forming tools are significant factors affecting the surface
quality of the formed parts and tool life in metal-forming processes [1]. Coating the tool
surface with low-friction coatings and/or elevating lubrication effectiveness are vital in
reducing friction and wear in the processes [2–4]. The roughness of tool surfaces is also
a key parameter that influences the kinetic friction force between the surfaces in contact.
Sigvant et al. [5] noted that the decrease in tool surface roughness substantially decreases
the coefficient of friction. In addition to these approaches, micro-scale surface texturing has
recently become a method for enhancing lubrication and reducing friction in tribological
pairs [6–8]. The surface texturing can be achieved by using electrochemical machining [9,10],
electrical-discharge micromachining [11], and laser-texturing processes [12–15]. Among
these techniques, laser is the most preferred as it offers a high material removal rate, high
texturing resolution, and fully automated processing with good reliability. Two texturing
structures, i.e., micro-groove and micro-dimple, are normally fabricated on the tool surface
to help reduce friction. The different sizes and geometries of the texturing structures have
been found to cause different tribological properties [16]. Therefore, this area of interest is
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still open and requires in-depth investigations to further reveal the underlying mechanisms
and influences of the texturing parameters on friction and wear improvement.

Micro- or submicro-features are created on the tool surface through the vaporization
mechanism induced by the laser surface texturing process. The influence of laser-textured
surfaces and speed-load parameters on the transition from a boundary to a hydrodynamic
lubrication regime was studied by Kovalchenko et al. [17]. Laser surface texturing extends
the range of speed-load parameters for hydrodynamic lubrication and lowers the friction
coefficient of surfaces in contact. At greater speeds, higher loads, and with higher viscosity
oil, the advantages of laser-textured surfaces are more noticeable. Thrust bearings, journal
bearings, and mechanical seals are examples of friction pairs where surface texturing
can substantially improve their tribological characteristics [18–20]. The textured surface
containing micro-dimples has the ability to generate micro-hydrodynamic pressure, retain
and distribute lubricant [21], increase lubricant thickness [22], reduce contact area, and
capture wear debris [23]. This directly extends the tool’s service life in addition to the
friction force reduction.

Abe et al. [24] employed TiCN-based cermet dies with micro-dimples to enhance wear
resistance during stainless steel cup ironing. The dimples enable lubricant flow and reduce
friction through liquid transfer at the die–cup interface. The influence of surface texturing
on friction reduction in a silicon nitride ceramic tool was clarified by Wakuda et al. [25].
Their results show that micro-dimple size and dimple density have a significant impact
on tribological behaviors. However, dimple shape has less influence on the change in
friction coefficient. The study suggests a dimple diameter of around 100 μm with a dimple
density ranging from 5 to 20% to provide a significant reduction in friction. Daodon and
Saetang [12] applied a laser texturing process to reduce the surface friction of a cold-work
steel tool sliding against an advanced high-strength steel. The laser-textured surface with
a dimple density of 5.6% has a lower coefficient of friction compared to the untextured
surface. In addition, the wettability of the textured surface still remains unaffected, so
the lubricant can wet the surface and effectively facilitate friction reduction. Schneider
et al. [26] studied the influence of dimple aspect ratio, dimple density, and arrangements
on friction in mixed lubrication. The lowest friction is obtained when using 10% dimple
density and 0.1 aspect ratio associated with a hexagonal arrangement of dimples on the
work surface. Abe et al. [27] demonstrated that laser-textured dies can enhance seizure
resistance in aluminum alloy sheet and stainless steel cup ironing. The micro-dimples
arranged in a grid array increase the load-carrying capacity of the lubricant and improve
the ironing limits. According to many past studies, the dimple diameter and aspect ratio
of about 100 μm [12,25,28–32] and 0.1 [26,30,32], respectively, are usually suggested to be
fabricated on the tool surface for improving its tribological properties. However, there have
been few discussions on the effect of dimple density on friction reduction. In addition,
most of the past studies examined the tribological performance of textured surfaces with a
dimple density less than 20%. An increase in dimple density greater than this value can
be of a high potential for further decreasing the coefficient of friction. This issue needs to
be elaborated to provide a better understanding of the relationship between the dimple
density and friction improvement.

This paper aims to investigate the effect of dimple density on the friction coefficient.
Due to the high pulse energy, low photon cost, and localized ablation with a small heat-
affected zone offered by nanosecond pulse lasers, this type of laser was employed in this
study to texture micro-dimples with different dimple densities on SKH51 tool steel surface.
This tool steel is a common grade for tools and dies used in metal-forming processes.
AISI304 stainless steel representing a workpiece material in the forming processes pressed
against the textured tool steel surface in a pin-on-disc test for determining the coefficient
of friction of the two surfaces in contact. The findings of this study will further unveil the
tribological performance of micro-dimpled textured surfaces and provide a guideline for
friction reduction in metal forming as well as cutting processes.
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2. Materials and Methods

2.1. Micro-Dimple Fabrication

A nanosecond pulse laser (IPG YLP-1-100, IPG Laser GmbH & Co. KG, Burbach,
Germany) emitting a wavelength of 1064 nm and a constant pulse duration of 100 ns was
applied in this study to create micro-dimples on the surface of SKH51 tool steel. The
hardness of the metal was 64 HRC. To achieve this, the steel was heat treated in a vacuum
heat treatment furnace, first preheated to temperatures of 850 and 1050 ◦C for holding
times of 60 and 30 min, respectively, heated to a hardening temperature of 1220 ◦C for
a short period of 15 min and then quenched in nitrogen gas at a pressure of 280 kPa.
The workpieces were subsequently tempered at 560 ◦C for 90 min and cooled to room
temperature under a nitrogen atmosphere at a pressure of 80 kPa. The thermophysical
properties and chemical composition of the tool steel are listed in Table 1. The distribution
of laser beam profile was Gaussian with the beam quality factor (M2) of 1.65. The collimated
laser beam was focused by an f-theta lens having a focal length of 100 mm. The laser beam
irradiated on the top surface of workpiece at the off-focused position where the beam
diameter at 1/e2 (db) of 100 μm was attained as shown in Figure 1a. This beam diameter
was expected to produce a dimple diameter of about 100 μm, which is recommended
by previous studies [12,25,28–32] as a proper size of dimple for trapping lubricant and
enabling the hydraulic pressure at the contact surface to reduce the friction. The laser
pulse repetition rate (f ) and irradiation time (t) for each dimple ablation were kept constant
at 100 kHz and 0.1 s, respectively. According to past literature, a suitable aspect ratio
of micro-dimples is about 0.1 [26,30,32], so the expected depth of the dimple having the
diameter of 100 μm is 10 μm. Thereby, the determination of average laser power (P) for
achieving this dimple depth was performed in this study through a set of experiments.
After a number of trial tests, the average laser power ranging from 10 to 50 W was able to
provide a micro-dimple on the tool steel surface without the excessive melting of workpiece
and substantial formation of recast structures around the laser-ablated dimple. The laser
parameters used in the fabrication of micro-dimples are summarized in Table 2.

After the laser ablation, the workpiece surface was ground by emery papers with
grit numbers of 500, 800, 1000, 1500, 2000, and 2500 to remove bulges of recast structures
depositing at and around the dimple edge. The diameter and depth of dimples obtained
under the different laser power were measured by a 3D laser confocal microscope (Olympus
OLS5000, Olympus Corp., Tokyo, Japan). The laser power that caused the dimple aspect
ratio of about 0.1 was then selected and applied in the surface texturing of tool steel for
friction test. The micro-dimples were arranged in the hexagonal pattern as shown in
Figure 1b. This pattern has been proven by past studies to help the reduction of surface
friction [26,33]. The dimples were evenly spaced according to the hexagonal pattern. The
closer the distance between the adjacent dimples is employed, the higher the dimple density
is obtained. The dimple density (ρd) is calculated by using:

ρd =
π

2
√

3

(
d
pd

)2
(1)

L =
pd

2 tan 30◦ (2)

where d, pd, and L are the diameter of dimple, horizontal and vertical distances between
the adjacent dimples, respectively. In this study, four levels of dimple density, i.e., 5%,
15%, 25%, and 35%, were made on the tool steel surface whose coefficient of friction was
subsequently quantified by a tribometer. The micrograph of laser-textured surfaces with the
different levels of dimple density taken by an optical microscope is presented in Figure 1c–f.
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Table 1. Thermophysical properties and chemical composition of SKH51 tool steel.

Thermophysical Properties Value

Density, ρ (kg/m3) 8138
Specific heat capacity, cp (kJ/kg ◦C) 0.46

Melting temperature, Tm (◦C) 1430
Vaporization temperature, Tv (◦C) 2861
Thermal conductivity, k (W/m ◦C) 24

Chemical composition (wt%)

C Si Mn P S Cr Mo W V

0.80–0.88 0.45 0.40 0.030 0.030 3.80–4.50 4.70–5.20 5.90–6.70 1.70–2.10

 

(a) (b) 

φ d
pd

L

 
(c) (d) 

 
(e) (f) 

Figure 1. Schematic of (a) experimental setup and (b) the hexagonal array of micro-dimples; (c) 5%
dimple density; (d) 15% dimple density; (e) 25% dimple density; (f) 35% dimple density.
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Table 2. Laser parameters used for fabricating micro-dimples.

Parameter Value

Laser wavelength (nm) 1064
Average laser power, P (W) 10, 15, 20, 25, 30, 35, 40, 45 and 50

Laser pulse repetition rate, f (kHz) 100
Irradiation time, t (s) 0.1

Laser beam diameter at 1/e2, db (μm) 100

2.2. Measurement of Friction

The pin-on-disc test was carried out in this study to determine the friction coefficient
of the untextured and laser-textured SKH51 tool steel surfaces by using a tribometer. The
tool steel was assigned to be the disc having the diameter and thickness of 41 mm and
4 mm, respectively. AISI304 stainless steel with the hardness of 15 HRC was applied as the
flat-ended pin, on which the diameter of the flatten area of 3 mm and the average surface
roughness (Ra) of 0.04 μm were prepared. The surface of tool steel disc possessing the
dimple density of 0% (untextured surface), 5%, 15%, 25%, and 35% were tested under a
normal load of 10 N against the 304 stainless steel pin as shown in Figure 2. Before the
test, the laser-textured surfaces were ground by emery papers with grit numbers of 500,
800, 1000, 1500, 2000, and 2500 to remove the recast depositing around the dimples. The
Ra of the final surface after the 2500-grit polishing was about 0.04 μm. The samples were
cleaned by acetone for 10 min in an ultrasonic cleaner and then dried. The stainless steel
pin was fixed in a stationary position, while the disc was rotated at a constant speed. Two
sliding speeds, i.e., 5 and 15 cm/s, were conducted in the test of each sample. The sliding
speed was changed by adjusting the sliding radius. By selecting sliding radii of 5 mm and
15 mm, consistent sliding velocities of 5 cm/s and 15 cm/s were achieved, respectively. This
setting allowed the test to maintain a stable rotational speed, thereby ensuring that only the
linear speed at the contact point varied. This approach was chosen to minimize potential
variations in temperature that could arise from changing the rotational frequency, and
the sliding distance was 500 m. The pin-on-disc test was performed at room temperature
of 25 ◦C and lubricated by Castrol Iloform TDN81 (BP–Castrol (Thailand) Ltd., Bangkok,
Thailand), whose kinematic viscosity at 40 ◦C is 157–180 cSt.

φ

Figure 2. Rotating SKH51 tool steel disc and a 304 stainless steel pin employed in the pin-on-disc test.

3. Results and Discussion

3.1. Effects of Laser Power on the Diameter and Depth of Micro-Dimples

In this study, a micro-dimple was created by irradiating a laser beam for 0.1 s duration
on the surface of SKH51 tool steel. The nine levels of average laser power ranging from
10 to 50 W were employed in the experiments, and the dimple dimensions were measured
accordingly. Figure 3 presents the 3D morphology of micro-dimples fabricated by using the
different laser powers, and the cross-sectional profile of the dimples is shown in Figure 4a.
The increase in the laser power apparently increased the dimple size. The maximum depth
of the dimples was located at its center where the laser intensity was highest. In addition to
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the enlarging of the dimples, the recast structures and heat-affected zone were found inside
the dimple and around its edge as shown in Figure 4b. Furthermore, although this study
did not specifically evaluate the composition and microstructural changes, our previous
research noted that increased laser power caused a reduction in hardness near the edge
of the pocket. Such a variation in hardness may be indicative of microstructural changes
resulting from retempering [12]. The deposition of recast at the edge of the dimples was
a result of molten flow induced by the recoil pressure and Marangoni effect. The molten
metal was forced to flow and/or eject out of the laser-irradiated region and then solidified
at the dimple edge. This thereby led to the protrusion of dimple rim due to the recast
deposition. Although the most recast was able to be removed by the surface polishing
prior to the dimple measurements, some still remained around the dimple edge. The total
removal of recast protruding from the metal surface is possible by increasing the polishing
time. However, some dimples are subjected to over polishing which makes them too
shallow or even disappeared. A trade-off between the recast removal and maintaining the
dimple depth as well as the existence of the dimple array was made in the surface polishing
step, in which a small number of recasts with a protrusion height of a few microns were
allowed to remain on the metal surface. The amount of recasts was found to increase with
the laser power applied in the ablation. This also affected the surface polishing time and
effort involved in the recast removal.

  
(a) (b) 

  
(c) (d) 

Figure 3. Morphology of micro-dimples produced by using the average laser power of: (a) 15 W;
(b) 25 W; (c) 35 W; (d) 45 W.

The diameter, depth, and aspect ratio of micro-dimples caused by the different laser
powers are presented in Figure 5a–c. The dimple diameter was about 80 μm when using
the laser power of 10 W, and it linearly increased with the laser power. The relationship
between laser power and dimple depth was also linear until the laser power reached 40 W.
The depth sharply increased with a large deviation when the laser powers of 45 and 50 W
were applied. Using higher laser power typically promotes a thicker molten layer where its
high flow velocity and high recoil pressure substantially push a large portion of molten
material out of the dimple. This thereby results in a deeper dimple with more recasts
depositing at its edge. Since the behavior of the molten layer becomes more dynamic under
higher laser power, a high deviation of dimple depth can thus be expected. According to
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the results, the transition from the static to the dynamic regimes of laser ablation occurred
at the average laser power of 40 W. In the static regime, the dimple depth can be predicted
by a heat conduction model associated with the conservation of energy. The temperature
field induced by the irradiation of a Gaussian laser beam with the average power P and
spot radius ωb is expressed as:

T(r, z) =
(1 − R)P

2πkz
exp

(
−2r2

ω2
b

)
+ To (3)

where R, k, r, z, and To are the reflectivity (0.7) and thermal conductivity of the metal, the
radius and depth of the temperature field, and room temperature, respectively. When
considering the vaporization temperature of the metal (Tv) to be the ablation point, the
dimple depth (z) is predicted by using:

z(r) =
(1 − R)P

2πk(Tv − To)
exp

(
−2r2

ω2
b

)
(4)

  
(a) (b) 

P

Figure 4. (a) Profile of micro-dimples caused by different laser powers; (b) Micrograph of micro-
dimple fabricated by 25 W laser power.

The predicted dimple depth subjected to the vaporization point is also plotted in
Figure 5b. The prediction provided a good agreement with the measured depth under
the static regime, in which the applied laser power was less than 40 W. A comparison
between the measured and predicted profile of micro-dimples caused by the laser power
of 25 W is also shown in Figure 5d. Since the dimple formation is more induced by the
outward flow of the molten layer due to the recoil pressure and thermocapillary effect in
the dynamic regime of ablation (P > 40 W), the melting point of the metal (Tm), which is able
to indicate the depth of the molten layer, can be applied in Equation (4) to approximate the
dimple depth. The predicted depth regarding the melting point is also shown in Figure 5b.
The prediction was found to be in line with the dimple depth caused by the 45 and 50 W
laser powers.

According to the suggested dimple dimensions [25,26], the diameter and aspect ratio
of micro-dimples should be about 100 μm and 0.1, respectively, to introduce the effective
reduction of surface friction. Among the laser ablation conditions performed in this study,
the average laser power of 25 W was selected since it was able to provide the desired
dimple dimensions with fewer recast structures, good repeatability, and a small deviation
of dimples across the textured area. This processing condition was further applied to
texture the hexagonal array of micro-dimples on the SKH51 tool steel surface for the friction
test using the pin-on-disc method.
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Figure 5. Effects of laser power on the (a) diameter, (b) depth, and (c) aspect ratio of micro-dimples;
(d) measured and predicted profiles of micro-dimples when using 25 W laser power.

3.2. Effects of Micro-Dimple Density on the Friction and Wear of SKH51 Tool Steel Surfaces

Five levels of dimple density including the untextured surface and two levels of sliding
speed were carried out in the pin-on-disc test. The plots of the friction coefficient reading
from the tribometer against the sliding distance under the test speed of 5 and 15 cm/s are
presented in Figure 6a,b. The friction coefficients of all surfaces exhibited a sharp increase
at the initial stage, followed by a subsequent decline. This phenomenon is attributed to
the initial roughness of the fresh friction pair that is high during the initial running-in
period. The coefficient of friction obtained at the sliding speed of 5 cm/s showed more
fluctuation than at the other speed. This is owing to the unstable friction force at the contact
surface [34], where the adhesion between the two metals likely occurs and interrupts. This
situation is due to the transition between boundary lubrication and mixed lubrication
regimes. At lower speeds, the contact time between the surfaces increases, causing more
intimate contact and adhesive interactions between the tool steel and stainless steel surfaces.
This thereby results in stick–slip behavior and increased friction fluctuations [34,35]. In
addition, the coefficient of friction taken at 5 cm/s sliding speed was higher than that at
15 cm/s by 8.3% on average regardless of the percentage of dimple density used. The
high surface friction at slow sliding speed is caused by a diminished degree of separation
facilitated by the lubricant. The lubrication is typically under a mixed condition consisting
of both hydrodynamic and boundary lubrication regimes [36]. The relative motion between
the two surfaces is minimal when using slow sliding speed, and the balance between
the two lubrication regimes is altered. The lubrication tends to be dominated by the
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boundary lubrication regime, where a direct contact between asperities on the surfaces
becomes more prominent and the lubricant is unable to separate the surfaces effectively.
The micro-dimples, which are designed to retain lubricant and reduce direct metal-to-metal
contact, are therefore ineffective for the surfaces in contact under the boundary lubrication
condition. This finding also corresponds to the study of Vilhena et al. [37], noting that
the friction tends to be high and to fluctuate when a low sliding speed is applied. On the
other hand, as the sliding speed increases, the shear forces acting on the lubricant become
stronger. This induces a better distribution of lubricant within the micro-dimples, thus
promoting the mixed lubrication condition. The hydrodynamic effect involved in the mixed
lubrication contributes to the separation of the surfaces in contact to a greater extent. This
substantially leads to friction reduction [17,38,39]. Mizuno and Okamoto [40] explored
the influence of lubricant properties and sliding velocity on lubrication. Employing a
surface with micro-dimples to capture lubricant proves advantageous for friction reduction
during a metal-forming process. The boundary film thickness can also be enhanced by
maximizing the lubricant entrapment within the interface in addition to the use of high-
viscosity lubricants.

 
(a) (b) 

 
(c) 

Figure 6. Friction coefficient of the sample surfaces having the different dimple densities and tested
at the sliding speed of (a) 5 and (b) 15 cm/s, and (c) the average coefficient of friction of each test.

The average coefficient of friction of each sample is shown in Figure 6c, indicating a
decreasing trend with the increased dimple density for both tested sliding speeds. The
friction coefficient of the untextured surface (0% dimple density) subjected to the sliding
speed of 5 and 15 cm/s was 0.107 and 0.099. The lowest coefficient of friction obtained at
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both sliding speeds was 0.096 and 0.087 when the 35% dimple density was used. This is
equivalent to the reduction of 10.5% and 12.6%, respectively. With the aid of regression
analysis, the decreasing rate of the friction coefficient against the dimple density at the slid-
ing speed of 5 and 15 cm/s was about 0.0003 and 0.0002. This implies that the contribution
of the dimple density to friction reduction is about the same rate for both sliding speeds
tested in this study.

Comparing the friction coefficient of the laser-textured surface to that of the untextured
surface, it was observed that the friction values of all textured surfaces, except for those with
a dimple density of 5% tested at a sliding speed of 5 cm/s, were significantly lower than
those of the untextured surface. The decreased friction coefficient induced by the increase
in dimple density is caused by micro-hydrodynamic lubrication [41,42]. This lubricating
mechanism is apparent when the lubricant is entrapped, pressurized, and extracted from
the micro-dimples. The presence of an asymmetric hydrodynamic pressure distribution
or wedging effect above the dimples provides load-carrying forces [43], which facilitate
the interface separation [37,43]. The wedging effect occurs when the pressure distribution
in the lubricant film generates positive hydrodynamic pressure in the convergent part of
the micro-dimples and negative hydrodynamic pressure in the divergent part as shown
in Figure 7. This leads to a situation in which the magnitude of the positive pressure is
greater than that of the negative pressure and thus results in a net positive pressure within
the micro-dimple unit. The positive pressure offers an extra carrying force, which helps
increase the load-carrying capacity of the friction pair. The numerical simulation performed
by Abe et al. [27] also reveals the change in pressure distribution of lubricant flow on
the dimpled surface. A higher dimple density or shorter flat portion length between the
adjacent dimples likely leads to an adequate supply of lubricants into the interface, thus
enhancing the micro-hydrodynamic lubrication. Our finding also corresponds to the studies
of Shimizu et al. [22], Liu et al. [36], and Brizmer et al. [44], noting that a shorter length
of the flat portion or a higher dimple density promotes more lubricant transfer between
the adjacent dimples. This, in turn, increases the load-carrying capacity and reduces the
coefficient of friction accordingly.

Figure 7. Schematic diagram of pressure distribution along the middle plane of micro-dimples.
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Following the pin-on-disc test using the tribometer at the sliding speed of 5 and
15 cm/s, the wear scars on the sliding track were macroscopically observed for the textured
and untextured surfaces as illustrated in Figure 8. The observed difference in surface color
in Figure 8a compared to the other images could be attributed to factors such as oxidation.
It should be noted that any surface oxidation in Figure 8a might affect the reported frictional
properties when compared with the other pictures. Although the AISI304 stainless steel
pin is softer than the SKH51 tool steel disc, its surface is naturally covered by a passive
layer primarily consisting of chromium oxide (Cr2O3). This passive layer is harder than the
base metal. When some elements of stainless steel are detached from its surface during the
sliding test, these hard chromium oxide particles behave like abrasive agents (third bodies)
between the contact pairs, leading to abrasive wear on the sliding track. As the surfaces
continue to slide against each other, the hard chromium oxide particles cause material
removal and wear on both stainless steel and tool steel surfaces. However, no substantial
seizures were found on any of the surfaces, and only thin scratches were observed. At
the sliding speed of 5 cm/s, where the boundary lubrication tended to dominate, the
untextured and textured surfaces with a dimple density of 5% struggled to provide the
effective lubrication for separating the surfaces in contact. In the boundary lubrication
regime, the lubricant film is not well developed and a direct metal-to-metal contact is likely
occurred, thus leading to the formation of shallow scratches as shown in Figure 8a,b. This
is also reflected in the friction coefficient-sliding distance curves, which show high friction
coefficients and increasing trends for the tested surfaces (Figure 6a). At the sliding speed of
15 cm/s, the textured surface having a dimple density of 15% exhibited thin scratches as
shown in Figure 8c. Although using a higher sliding speed likely affects the lubrication
regime, the dimple density of 15% may not be sufficient to provide a decent lubrication.
This could lead to a situation that the lubricant film is unable to effectively prevent the
couple surfaces in contact and the thin scratches are thereby obtained as a result. The
laser-textured surfaces with the dimple densities of 25% and 35% were of high potential
for promoting the ingress of the lubricant into the interface of the mating components.
This significantly improved the lubrication performance and only tiny traces of wear are
apparent on the sliding track as shown Figure 8d,e.

A comparison between the morphology of laser-textured surfaces before and after
the pin-on-disc test is shown in Figure 9, indicating that the shape of the micro-dimples
remained unchanged even after testing for a distance of 500 m. This is apparently a positive
outcome, as the micro-dimples are able to provide the lubrication-enhancing function
over an extended period of use. Higher dimple densities can hold a greater volume of
lubricant within the dimples. As a result, a robust and continuous lubricating film is
formed, preventing direct contact and minimizing wear.
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(a) 

(b) 

 
(c) 

 
(d) 

(e) 

Figure 8. (a) Untextured (0% dimple density) and (b–e) laser-textured surface of samples after the
pin-on-disc test at the sliding speed of 5 and 15 cm/s.
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(a) 

 
(b) 

Figure 9. Morphology of sample surfaces with the dimple density of 35%: (a) before and (b) after the
pin-on-disc test at the sliding speed of 5 cm/s.

SEM micrograph of the worn track on the untextured and textured surfaces is shown
in Figure 10. The thin scratches are noticeable on the untextured surface when using the
sliding speed of 15 cm/s as depicted in Figure 10a. This is because of the breakdown of the
thin lubricant film that was unable to support the load, so the direct contact between the
friction pairs occurred accordingly. Regarding the chemical composition listed in Table 3, a
greater amount of Ni is found on the untextured surface compared to the other after the
pin-on-disc test. Since Ni is not present in the composition of SKH51 tool steel as noted in
Table 1, it can be implied that a number of Ni were transferred from the AISI304 stainless
steel counterpart to the tool steel surface during the sliding test. This thereby indicates
a combination of adhesion and abrasion during the sliding contact, and the adhesion of
Ni occurred more on the untextured surface. In contrast, the textured surface exhibits
only slight wear with a smooth appearance in the plateau area as shown in Figure 10b,c.
The dimples remained intact after the sliding test. This is attributed to the lubricating
oil entrapped in the dimples that is continuously supplied to the tribo-contacts during
sliding. Therefore, the presence of an oil film on the textured surface facilitates wear
reduction to a great extent. Additionally, the textured surface can capture wear debris

176



Lubricants 2023, 11, 456

in the micro-dimples, preventing surface scratching due to the metallic debris. The EDS
mapping of the textured surface before the sliding test shown in Figure 10d reveals a high
oxygen content in the micro-dimples, where surface oxidation is typically induced by
laser. The oxygen content is higher after the pin-on-disc test (Figure 10e), where the debris
of metal oxides is trapped. This can limit the amount of wear particles as well as oxide
debris generated under the mixed lubrication conditions to circulate in the tribo-contact. By
trapping wear debris in the micro-dimples, surface scratching caused by the metallic debris
is thus minimized. In addition to reducing surface friction through micro-hydrodynamic
lubrication, the textured surface containing the micro-dimples has the ability to capture
wear debris and limit surface scratching.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 10. SEM image of (a) the untextured and (b,c) laser-textured surfaces after the pin-on-disc test
at the sliding speed of (b) 5 and (a,c) 15 cm/s; (d) EDS mapping for oxygen on the laser-textured
surface before and (e) after sliding test.
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Table 3. Chemical composition taken from the EDS mapping of untextured and laser-textured
surfaces.

Element (wt%) O V Cr Fe Ni Mo W

Untextured surface 0.80 2.17 4.31 78.73 0.15 5.44 8.41
Textured surface 5.66 1.35 2.80 76.27 0.02 6.34 7.55

4. Conclusions

A nanosecond pulse laser was employed in this study to fabricate micro-dimples on
the surface of SKH51 tool steel in an attempt to reduce its friction coefficient when sliding
against AISI304 stainless steel. The effects of average laser power on the dimple sizes were
examined and analyzed together with the laser ablation model. The untextured and micro-
dimple textured surfaces having the different dimple densities underwent the pin-on-disc
test to determine their coefficient of friction. The major findings and implications of this
study can be summarized as follows:

(1) The diameter and depth of the micro-dimples were found to increase with the laser
power applied in the texturing process. However, a clean dimple with less recast
deposition was obtained when using the laser power less than 40 W. The dimple
diameter of about 100 μm with the aspect ratio of 0.1 and less formation of recast
structures was achievable by using the laser power of 25 W.

(2) Regarding the laser ablation model, the predicted dimple profile had a good agreement
with the measured profile. The prediction was, however, accurate when the flow of
the molten layer was minimal. The proposed model can be of help in defining the
laser texturing conditions to create the desired dimple dimensions.

(3) The friction coefficient of the surfaces in contact was reduced from 0.099 to 0.087
and from 0.107 to 0.096 at the sliding speed of 5 and 15 cm/s, respectively, when the
tool steel surface was textured with the 35% dimple density. The micro-dimples can
induce the positive pressure on the surfaces in contact, where the load-carrying force
assists the separation of the surfaces through the hydrodynamic effect and reduces
the friction accordingly.

(4) In addition to friction reduction, there was no substantial wear found on the micro-
dimple textured surfaces. The micro-dimples are able to continuously supply lubricant
into the contact interface and also trap wear debris to prevent surface scratching dur-
ing sliding. According to the findings, it is apparent that the texturing of tool and
die surfaces with high density of micro-dimples can reduce friction and wear on the
surfaces. This leads to the prolongation of the service life of tools and dies employed in
metal forming and other related manufacturing and mechanical applications, e.g., cut-
ting tools used in machining processes, devices in material handling, and transmission
systems.
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Abstract: In this work, laser processing technology was utilized to fabricate micro-textures on the
surface of 42CrMo steel to improve its wear resistance under high load conditions and provide an
effective method to solve the wear of tooth plates in oil drilling wellhead machinery. Firstly, the
friction process of the textured components was conducted by finite element analysis. Additionally,
various forms of textures were compared and measured by this method to optimize the shape and
parameters of the patterns. Secondly, three types of texture shapes, such as micro-dimples, micro-
grooves, and reticular grooves, were created on the surface of 42CrMo steel. Lastly, the tribological
characteristics of the micro-textures were analyzed in the dry friction experiments. Compared with
the untextured surface, the wear resistance of the textured 42CrMo steel has been improved, and
the anti-wear property of the micro-dimples was better than micro-grooves and reticular grooves.
Along the direction of friction sliding, the wear of the front end is more worn than the rear end.
Micro-dimples with a diameter of 0.8 mm, a spacing of 1.2 mm, and an area occupancy of 34.8% were
fabricated at an output power of 200 W and a frequency of 5 Hz. The wear of the textured surface
has been reduced by more than 80% in the process of ring-block dry friction with a load of 50 N, a
rotation speed of 35 r/min, and a time of 15 min. The wear mechanism is mainly abrasive wear. The
results showed that the hardness of the surface could be improved by laser hardening. In addition,
micro-dimples on 42CrMo steel can store abrasive particles, mitigate the formation of furrows and
reduce the abrasive wear of tooth plates.

Keywords: laser processing; textured surface; wear resistance; friction

1. Introduction

The surface texturing technique has been considered a promising method in tribology
applications because it could improve the performance of the friction system, including
the wear resistance, the lifespan, and the bearing capacity due to the ability of surface
textures to function as micro-containers for lubricant and particles [1]. Therefore, surface
texturing has been used to manufacture mechanical components, for example, thrust
bearings, cutting tools, piston rings, and seals [2–7]. Electric discharge machining (EDM),
micro-grinding, and laser surface texturing are applied to fabricate textures on specimen
surfaces researchers [8–12]. Compared with the other techniques, laser surface texturing
has the advantages of high automation, high repeatability, and fine-scale processing [13].

At present, a large number of research on surface texturing has been expected to im-
prove the tribological properties at the interface by reducing the contact area and increasing
the lubrication pocket area on the surface. Ran Duan et al. created micro-textures on an
Al2O3/TiC ceramic cutting tool and the textured tool to machine the AISI H13 steel in the
conventional cooling condition [14]. The results showed that the structures of the surface
textures performed with good integrity at different cutting speeds. Youqiang Xing et al.
fabricated micro-textures on the surface of an Al2O3/TiC ceramic specimen to investigate
the wear mechanism by using a ball-on-disk tribometer. The micro-textures were used
in combination with different solid lubricants [15]. Results showed that laser surface tex-
tures combined with WS2 solid lubricants could decrease wear and friction significantly.
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Lubricants 2023, 11, 353

Chi-Wai Chan et al. explored the effects of laser surface treatment on enhancing the proper-
ties of commercial Ti6Al4V and CoCrMo alloy implant materials [16]. The results indicated
that the laser-treated Ti6A4V surfaces exhibited a noticeable reduction in adhesion. Such
properties were attributable to the combined effects of reduced hydrophobicity, thicker and
stable oxide films, and the presence of laser-induced textures. Tao Wang et al. produced
micro-textures on end faces of two-phase mechanical face seals by using laser surface
texturing [17]. They found that the textures with suitable parameters could attain a higher
speed in comparison with the seal with a plain end face. Etsion I. et al. investigated the
effects of partially laser surface textured piston rings on the fuel consumption and exhaust
gas composition of a compression-ignition IC engine [18]. It was found that t the fuel
consumption of the partial LST piston rings decreased by 4%. Julius Caesar Puoza et al.
fabricated micro-dimples on the surface of the cylinder bore by Nd:YAG laser texturing [19].
The results showed that the cylinder bore with surface textures could effectively decrease
the reverse drag power and torque. The fuel consumption was also reduced significantly in
comparison with the standard one. Karam Kang researched the effects of surface textures on
the punch in the Aluminum can manufacturing process [20]. The micro-textured punches
with Ra in the range of 0.15–0.3 μm were preferred over polished and grounded punches to
obtain fine surface roughness of the can body sheet. Tatsuhiko Aizawa et al. investigated
the Engineering durability of surface texture by exposure testing to air at the atmospheric
condition [21]. The testing results showed that modification of the AISI304 surface had suf-
ficient stability for its long-term usage in the air. Georg Schnell et al. created micro-textures
on the half-bearing shells of the journal bearings to research the wear mechanism [22].The
findings showed that the journal bearings with micro-textures formed a thicker lubricant
film than the untextured journal bearings. Jian Zhan et al. manufactured dimples on the
cylinder wall to investigate the wear mechanism by using a cylinder liner-piston ring wear
tester [23]. The results showed that the distribution angle of the dimples had a significant
effect on the tribological characteristics of the cylinder liner-piston ring system. The wear
resistance of the system was effectively improved when the dimple distribution angle was
60◦. Xingyu Liang et al. studied the effect of partial laser surface texturing on piston rings
by simulation and experiment investigation [24]. The results of the study indicated that the
micro-dimple textures on both sides of the ring surface can improve the friction coefficient.
Kafayat Eniola Hazzan et al. investigated the influence of the laser parameters and the
current limitations of laser processing [25]. Laser parameters could affect ect heat-affected
zone on the surface of the specimen. The heat-affected zone was related to the surface finish.
They found the optimized multi-pass scanning speeds could deliver sufficient energy to
process textures to the required depth and profile with minimal defects. Kairui Zheng et al.
investigated the effects of micro-textured tools on cutting performances [26]. The results
showed that the cutting force was effectively reduced by manufacturing suitable micro-
textures on the surface of the cutting tool. Mourier et al. manufactured micro-cavities
by laser surface texturing and carried out EHL tests with a tribometer [27]. The results
showed that the micro-cavities, whose depth was 300 nm, could get an increase in the
thickness of the lubricant film. Shunchu Liu et al. investigated the effects of laser surface
textures and lubrication with graphene on the tribological and dynamical performance
of non-conformal sliding contacts [28]. The results showed that laser surface textures
have a more significant effect on the reduction of frictional vibrations and noise generated
from sliding contacts, and laser textures enhanced the frictional reduction performance of
lubrication. Zhaoqiang Wang et al. fabricated three kinds of micro-textures on the surface
of the valve plates to investigate the effects of textures with different parameters on the
tribological characteristics [29]. The experimental results showed that surface textures had
significant effects on pressure, load-carrying capacity, and elastic deformation. The square
textures were the preferable shape, and the tribological characteristics were improved when
the depths of textures were from 20 μm to 50 μm. Akshay Gaikwad et al. investigated the
effects of laser texturing on the tribological properties of Ti6Al4V in contact with a ceramic
ball [30]. Results showed that wear and friction were reduced for all the textured samples
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as compared to an untextured surface. Chen Li et al. fabricated surface micro-textures on
the electrosurgical blades by the long-pulse fiber laser [31]. The results showed that the
electrosurgical blades with surface micro-textures exhibited good performances of adhesion
and anti-friction, which minimized the potential danger for the patients. Caraguay et al.
created micro-textures on the AISI-A30 carbon steel to study the adhesion strength by using
a pull-off test and a shaft load blister test [32]. The results showed that the textured area
had a significant effect on the adhesion mechanism of the carbon steel. Tooth plates are
the key components of the oil drilling wellhead machinery, which are commonly made of
42CrMo steel. During the operation of the oil drilling wellhead machinery, tooth plates
are prone to wear under high pressure. They need to be replaced frequently, which would
reduce production efficiency. In this paper, how to reduce wear has been a vital problem.
A model of the micro-textured surface friction pairs was established and simulated by
the finite element analysis software. Nd: YAG laser was used to fabricate three types of
textures on the surface of 42CrMo alloy steel, which were micro-dimples, micro-grooves,
and reticular grooves. Then the dry friction experiments were carried out to analyze the
influence of surface textures on the wear resistance of 42CrMo steel surface.

2. Finite Element Simulation

2.1. A Model of Friction Pairs

During the operation of the wellhead machinery, the motion pairs consisted of the
tooth plate and the drill pipe, which contacted each other and produced relative motion
under the external load. Therefore, the friction contact between the tooth plate and the
drill pipe could be considered linear sliding friction pairs. Figure 1 shows the schematic
diagram of the tooth plate and the drill pipe. It can be seen from Figure 1 that the drill pipe
made contact with the tooth plate under load conditions. The load applied on the drill
pipe is P. The radius of the drill pipe is R. Elastic moduli of the friction pairs are E1 and E2,
respectively. Their Poisson ratios are ε1 and ε2. E′ is the equivalent elastic modulus. b is the
half-width of the contact area.

Figure 1. Schematic diagram of the contact between the tooth plate and the drill pipe.

According to the Hertz contact theory, the half-width of the contact area can be
calculated as follows.

b = (
4PR
πE′ )

1/2
(1)
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The equivalent elastic modulus can be calculated as follows.

1
E′ =

1 − ε1
2

E1
+

1 − ε2
2

E2
(2)

Actually, there are eight tooth plates of the same size (100 mm × 40 mm × 20 mm) in
the oil drilling wellhead machinery. The drill pipe and the tooth plate are both made of
42CrMo steel. The elastic modulus and the Poisson ratio are 210 GPa and 0.3, respectively.
The diameter of the drill pipe is in the range of 88 to 160 mm, and the torque value is in
the range of 81,350 to 108,465 N·m. The load is in the range of 508,437.5 to 1,232,556.8 N. It
can be calculated that the contact half width of a single tooth plate is in the range of 0.66 to
1.01 mm.

The friction pairs were composed of upper and lower sliding blocks. There are three
kinds of micro-textures on the friction surface of the upper sliding blocks. The surface
textures included micro-dimples, micro-grooves, and reticular grooves. The models of
friction pairs are shown in Figure 2. The sizes of the upper sliding block and the lower
sliding block were 10 mm × 10 mm × 5 mm and 30 mm × 10 mm × 10 mm, respectively.

   

Figure 2. Friction pairs models. (a) Upper block with micro-dimples; (b) Upper block with micro-
grooves; (c) Upper block with reticular grooves.

According to the calculation of the Hertz contact theory, the selective sizes of micro-
dimples are a diameter of 0.8 mm, the dimple spacing is 1.2 mm, and the area occupancy
of dimples is 34.8%. In order to obtain the same area occupancy of textures, the width of
the single micro-groove is set at 0.75 mm. The inclination angle is 45◦, and the spacing is
2.3 mm. The width of the reticular groove is 0.75 mm, the angle of the reticular groove is
90◦, and the spacing is 3.5 mm. The upper and lower sliding blocks used in this experiment
are 42CrMo alloy steel. The material properties are shown in Table 1.

Table 1. Material properties of 42CrMo.

Hardness
(HV)

Density
(kg/cm3)

Melting
Point
(C◦)

Heat Transfer
Coefficient

(W/m·K)

Poisson’s
Ratio

Elastic
Modulus

(GPa)

410 7.85 1530 10 0.3 210

For the model of friction pairs firstly, the model of the friction pairs was meshed. The
mesh units of the upper block specimen and the lower block specimen were set as 0.25 mm
and 0.4 mm, respectively. Secondly, initial boundary conditions were set. The positions
of all mesh nodes on the bottom of the lower sliding block remained unchanged, and
displacement constraints were imposed in X and Y directions. Then load conditions were
applied for all mesh units on the upper surface of the upper sliding blocks, and a load of
3 MPa was applied on the surface. All the grid nodes on the lower surface of the upper
sliding blocks moved 20 mm along the Y direction. Finally, the contact equivalent stress of
the surfaces with different textures was obtained.
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2.2. Simulation Results

According to the load conditions of the sliding friction pairs of the above three different
types of micro-textured surfaces, the equivalent contact stresses are obtained, as shown
in Figure 3. It can be seen from Figure 3 that stress concentration zones are focused on
the left and right sides of the three types of micro-textured surfaces. In addition, the
equivalent stresses of the left sides are larger than that of the right sides, which indicates
that the left sides of the textured surfaces are more worn than the right sides along the
sliding direction. The maximum equivalent stress of the three micro-textured surfaces is
10.275 MPa, 17.093 MPa, and 12.885 MPa, respectively. The stress gradient on the surface
of the micro-groove textures is the largest compared with other textures. The simulation
results show that the wear resistance of the micro-dimples is better than that of the micro-
grooves and the reticular grooves.

   
(a) (b) (c) 

Figure 3. Equivalent stress cloud diagram of sliding frictional contact with different textured surfaces.
(a) micro-dimples; (b) micro-grooves; (c) reticular grooves.

3. Experimental Procedure

3.1. Preparation of Friction Specimen

The dry friction test was conducted by the wear testing machine (MMH-5UMT-2,
CETR, San Jose, CA, USA). The mechanism of surface contact friction is shown in
Figure 4. The lower surface of the upper block specimen contacted the upper surface
of the lower block specimen and slid counterclockwise. The upper specimen is a block
(20 mm × 20 mm × 10 mm). The lower specimen is a fixed annular block (inner diameter
340 mm, outer diameter 380 mm) with a surface roughness of Ra12.5 μm.

Figure 4. Schematic diagram of the friction motion of ring-block surface contact.

The Nd: YAG laser was used to fabricate the textures at the average laser power of
200 W and a frequency of 5 Hz (DPL20-532, CHUTIAN, Wuhan, China). According to the
sizes of the above simulation design, three kinds of micro-structures, which included micro-
dimples, micro-grooves, and reticular grooves, were prepared on the friction surface of the
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upper block specimen. Furthermore, two groups of textured specimens with spacing of
1.5 mm and 1.8 mm were prepared for the micro-dimples. Micro-dimples were fabricated by
using the fixed-focusing processing method. The micro-grooves and the reticular grooves
were created by utilizing the laser scanning processing method. The work platform was
moved during the laser texturing process. Table 2 shows the laser texturing parameters.
Due to the existence of molten metal sputtering on the surface of the micro-structure
fabricated by laser, the specimen was repeatedly polished with sandpapers (200#–2000#) of
different grain sizes after laser texturing. Then, the particles produced from the wear were
removed by an ultrasonic cleaning machine (DA-968, DADI, Nanning China). Figure 5
shows the surface morphology of micro-grooves and reticular grooves observed under a
three-dimensional microscope with a super depth of field(VHX-2000, Hitachi, Tokyo, Japan).
Figure 6 shows the surface morphology of three kinds of micro-dimples with different
spacing observed with the scanning electron microscopy (S-3400N, Hitachi, Japan).

Table 2. Laser texturing parameters.

Pulse
Duration

(ms)

Pulse
Energy

(J)

Repetition
Rate
(Hz)

Spot
Size

(mm)

Focusing
Lens Distance

(mm)

Scanning
Speed
(mm/s)

0.5 3.3 60 0.5 150 1

  

Figure 5. Laser textured surface: (a) Micro-grooves with a pitch of 2.3 mm; (b) Reticular grooves with
a pitch of 3.5 mm.

   

Figure 6. Micro-dimples with different pitch: (a) L = 1.8 mm; (b) L = 1.5 mm; (c) L = 1.2 mm.

3.2. Friction Tests

In the dry friction test, the upper block specimen and the lower block specimen were
in dislocation contact. After the friction test, the laser-textured surface of the upper block
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specimen had an obvious boundary that could distinguish the worn area from the non-
worn area. The friction test was designed properly. The initial height of the unworn zone
can obtain a uniform reference when the thickness of the worn layer is measured. The load
of friction test was set at 50 N, and the rotation speed of the upper block specimen was set
at 35 r/min. Each test was repeated 3 times, and each time was 15 min.

For the friction test results, the wear layer thickness can be obtained by observing the
three-dimensional morphology of the laser-textured surface of the upper block specimen
with an ultra-depth of field three-dimensional microscope. High precision electronic
balance was used to weigh the upper block specimen before and after the friction test,
and the wear amount could be obtained. The effect of different micro-textures on wear
resistance was explored by observing the morphology of the laser-textured surface.

4. Results and Analysis

4.1. Wear Resistance Comparison of Different Laser-Textured Surfaces

Under the condition of the same textured area occupancy, the wear resistance of three
types of laser micro-textured surfaces such as micro-dimples, micro-grooves, and reticular
grooves, were compared. Figure 7 is the surface topography of three different laser-textured
specimens after the friction test.

 
Figure 7. Morphology of different textured surfaces after friction tests. (a) Specimen with micro-
dimples; (b) Specimen with micro-grooves; (c) Specimen with reticular grooves.

It can be seen from Figure 7 that the wear of the specimens with the micro-grooves
and the reticular grooves are severer than the specimen with micro-dimples. As can be
seen from the simulation results above, the equivalent stresses of the micro-grooves and
the reticular are also larger than that of the micro-dimples. The experimental results are
consistent with the simulation results.

In addition, three types of textured surfaces show the same wear characteristics. It
can be seen the wear of the front end is more worn than the rear end in the direction of
friction sliding. As can be seen from the simulation results above, the equivalent stress of
the front end is larger than that of the rear end. Thus, the wear mechanism is the same
for the different micro-textures. And the wear mechanism is abrasive wear. Under the
same condition of area occupancy, the micro-dimples improve the tribological performance
significantly in comparison with the other textures.

Figure 8 is the three-dimensional surface topography of the untextured specimen
surface and three kinds of laser micro-textured surfaces. It can be seen from Figure 8 that
the different kinds of specimen surfaces have clear boundaries between the worn areas and
the unworn areas. In Figure 8b–d, the worn areas and unworn areas of specimens all have
micro-textures. The height differences between the unworn zone and the worn zone in the
figure are used to evaluate the thickness of each wearing layer.
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Figure 8. 3D morphology of upper work-pieces surface after the friction test: (a) untextured surface;
(b) micro-dimples surface; (c) micro-grooves surface; (d) reticular grooves surface.

It can be seen from Figure 8 that the thickness of the wearing layer on the surface of
the untextured specimen is the largest, which is 379.5 μm; The wearing layer thickness of
three laser-textured surfaces are 117.7 μm, 137.1 μm, and 122.4 μm respectively. Although
the bearing areas of the textured surfaces are reduced in comparison with the untextured
surface, it can be seen in Figure 8 that the wear of three textured surfaces is less than that
of the untextured surface. It shows that the laser micro-textured surface can effectively
improve the wear resistance of 42CrMo steel. Under the condition of the same textured
area occupancy, micro-dimples are the most reasonable micro-textures for improving the
friction properties of 42CrMo steel. The simulation results show that the stress on the
surface of the micro-dimple textures is smaller than other surface textures. The wearing
layer thickness of the micro-dimple textures is 117.7 μm, which is the lowest in comparison
with others. Thus, the wearing layer thicknesses of the friction experiments are consistent
with the stress gradients of the simulation.

4.2. Wear Resistance Comparison of Laser Textured Surfaces with Different Spacing
of Micro-Dimples

The effect of dimple spacing on the wear resistance of textured surfaces is compared
and analyzed under the condition of a certain pit diameter. The distances of the three
groups are 1.2 mm, 1.5 mm, and 1.8 mm respectively. The average value of the mass
difference of the block specimen before and after three friction tests is taken as the friction
and wear amount. Figure 9 shows the wear weight and wear reduction rate with untextured
and textured surfaces. Compared with the untextured surface, the wear of the textured
surface with 1.2 mm spacing is reduced by more than 80%.
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Figure 9. Comparison of wear weight for upper blocks surface friction.

4.3. Wear Mechanism Analysis of Laser-Textured Surface with Micro-Dimples

Figure 10 shows the textured specimen with micro-dimples (the diameter of the dimple
is 0.8 mm, the spacing is 1.8 mm) after the friction test for 5 min. After the friction test, the
specimen was cleaned by ultrasonic cleaning machinery, and there were obvious particles
in the dimples, which indicates that a large number of abrasive particles were produced in
the process of friction tests. These abrasive particles play an important role in the wear of
the specimen. The micro-dimples have the ability to trap debris, which decreases the effect
of abrasive wear and improves the tribological properties at the interface.

 
Figure 10. Surface morphology of the textured block specimen with micro-dimples after
friction experiment.

Figures 11–13 show the morphology of the specimen after the friction test when the
dimple spacings are 1.8 mm, 1.5 mm, and 1.2 mm, respectively. By comparison, it can be
found that the surface wear of the three laser-textured specimens with different spacing
has similar characteristics. In the vertical direction, which is the friction direction of the
specimen, obvious continuous furrows appear in the untextured area among adjacent
rows of dimples. In the horizontal direction, there is no furrow among adjacent rows of
dimples. It indicates that abrasive wear occurred on the surface of the specimens during
the dry friction test, and obvious furrows were formed in the untextured region. While
in the textured region, the continuous formation of furrows is prevented by the dimples
distributed in the array.
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Figure 11. Wear morphology of micro-dimples surface with a spacing of 1.8 mm. (a) the overall wear
morphology; (b) the local wear morphology.

 
Figure 12. Wear morphology of micro-dimples surface with a spacing of 1.5 mm. (a) the overall wear
morphology; (b) the local wear morphology.

By further comparing the furrow length and depth of the three surfaces, it can be found
that the furrow length and depth of the surface with the largest texture area occupancy
are smaller than those of the other surfaces, which indicates that with the decrease of the
dimple spacing. The abrasive wear on the surface of the specimen is reduced, which is
consistent with the test results of the front wear. Based on the above analysis, it can be
concluded that the wear resistance mechanism of laser textured surface is that the dimples
prevent the continuous formation of furrows, and the effect of micro-dimples increases
with the increase of the density of dimples.

190



Lubricants 2023, 11, 353

Figure 13. Wear morphology of micro-dimples surface with a spacing of 1.2 mm. (a) the overall wear
morphology; (b) the local wear morphology.

5. Conclusions

In this paper, the wear resistance of 42CrMo steel surface with laser micro-texture has
been studied. On the basis of the results from the research, the following conclusion can
be drawn:

(1) Under the condition of surface contact dry friction, the front end of the textured surface
is more worn than the back end along the sliding direction. The wear resistance of
laser-textured surfaces with micro-dimples is better than that of micro-grooves and
reticular grooves.

(2) Compared with the untextured surface, the wear loss of the textured surface with
1.2 mm spacing and 34.8% area occupancy is reduced by more than 80%.

(3) The main reason for the improvement of the wear resistance of the laser-textured
surface is that the micro-dimples can store the abrasive particles and effectively
prevent the continuous formation of furrows.

Author Contributions: Conceptualization, H.Z.; methodology, H.Z. and X.P.; investigation, H.Z. and
X.P.; resources, X.J.; data curation, X.P.; writing—original draft preparation, X.P.; writing—review
and editing, H.Z.; project administration, H.Z.; funding acquisition, H.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China under
Grant No. 51205212, Natural Science Fund of Jiangsu Province of China under Grant No. BK2012233,
Nantong City Applied Basic Research Project (JC22022074) and Instruments and Equipment Open
Fund of Nantong University (KFJN2235).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

191



Lubricants 2023, 11, 353

References

1. Schille, J.; Schneider, L.; Mauersberger, S.; Szokup, S.; Hohn, S.; Potschke, J.; Reir, F.; Leidich, E.; Lischner, U. High-Rate Laser
Surface Texturing for Advanced Tribological Functionality. Lubricants 2020, 8, 33. [CrossRef]

2. Agrawal, N.; Sharma, S.C. Micro-grooved hybrid spherical thrust bearing with Non-Newtonian lubricant behaviour. Int. J. Mech.
Sci. 2023, 240, 107940.

3. Tatsuya, S.; Toshiyuki, E. Development of a cutting tool with a nano/micro-textured surface—Improvement of anti-adhesive
effect by considering the texture patterns. Precis. Eng. 2009, 33, 425–429.

4. Tatsuya, S.; Toshiyuki, E. Improving anti-adhesive properties of cutting tool surfaces by nano-/micro-textures. Precis. Eng. 2012,
36, 229–237.

5. Ryk, G.; Etsion, I. Testing piston rings with partial laser surface texturing for friction reduction. Wear 2006, 261, 792–796. [CrossRef]
6. Ezhilmaran, V.; Vasa, N.J.; Vijayaraghavan, L. Investigation on generation of laser assisted dimples on piston ring surface and

influence of dimple parameters on friction. Surf. Coat. Technol. 2018, 335, 314–326.
7. Yu, X.Q.; He, S.; Cai, R.L. Frictional characteristics of mechanical seals with a laser-textured seal face. J. Mater. Process. Technol.

2002, 129, 463–466.
8. Chaudhury, P.; Samantaray, S. Role of Carbon Nano Tubes in Surface Modification on Electrical Discharge Machining—A Review.

Mater. Today Proc. 2017, 4, 4079–4088.
9. Zhou, W.; Tang, J.; Shao, W. Modelling of surface texture and parameters matching considering the interaction of multiple rotation

cycles in ultrasonic assisted grinding. Int. J. Mech. Sci. 2020, 166, 105246.
10. Aurich, J.C.; Egnmann, J.; Schueler, G.M. Micro grinding tool for manufacture of complex structures in brittle materials. CIRP

Ann.—Manuf. Technol. 2009, 58, 311–314.
11. Mao, B.; Siddaiah, A.; Liao, Y.L.; Pradeep, L. Laser surface texturing and related techniques for enhancing tribological performance

of engineering materials: A review. J. Manuf. Process. 2020, 53, 153–173.
12. Wang, M.Z.; Kang, W.; Yue, Z.Q.; Zhu, L.N.; She, D.S.; Wang, C.B. Effects of combined treatment of plasma nitriding and laser

surface texturing on vacuum tribological behavior of titanium alloy. Mater. Res. Express 2019, 6, 066511.
13. Gachot, C.; Rosenkranz, A.; Hsu, S.M.; Costa, H.L. A critical assessment of surface texturing for friction and wear improvement.

Wear 2017, 372–373, 21–41.
14. Duan, R.; Wang, G.; Xing, Y.Q. Investigation of novel multiscale textures for the enhancement of the cutting performance of

Al2O3/TiC ceramic cutting tools. Ceram. Int. 2022, 48, 3554–3563. [CrossRef]
15. Xing, Y.Q.; Deng, J.X.; Wang, X.S.; Meng, R. Effect of laser surface textures combined with multi-solid lubricant coatings on the

tribological properties of Al2O3/TiC ceramic. Wear 2015, 342–343, 1–12. [CrossRef]
16. Chan, C.W.; Carson, L.; Smith, G.C.; Morelli, A.; Lee, S. Enhancing the antibacterial performance of orthopaedic implant materials

by fibre laser surface engineering. Appl. Surf. Sci. 2017, 404, 67–81. [CrossRef]
17. Wang, T.; Huang, W.F.; Liu, X.F.; Li, Y.J.; Wang, Y.M. Experimental study of two-phase mechanical face Seals with lasersurface

texturing. Tribol. Int. 2014, 72, 90–97. [CrossRef]
18. Etsion, I.; Sher, E. Improving fuel efficiency with laser surface textured piston rings. Tribol. Int. 2009, 42, 542–547. [CrossRef]
19. Puoza, J.C.; Zhang, T.Y.; Uba, F.; Yakubu, K.; Awudu, I. Optimization of post-treatment honing parameters of laser textured

enginecylinder bore and engine performance. Int. J. Adv. Manuf. Technol. 2023, in press.
20. Kang, K. Impact of die wear and punch surface textures on aluminum can wall. Wear 2009, 266, 1044–1049. [CrossRef]
21. Tatsuhiko, A.; Tadahiko, I.; Kenji, W. Femtosecond laser micro-/nano-texturing of stainless steels for surface property control.

Micromachines 2019, 10, 512.
22. Schnell, G.; Studemend, H.; Thomas, R.; Seits, H. Experimental investigations on the friction behavior of partiallyfemtosecond

laser-textured journal bearing shells. Tribol. Int. 2023, 188, 108764. [CrossRef]
23. Zhan, J.; Yang, M.J. Investigation on Dimples Distribution Angle in Laser Texturing of Cylinder–Piston Ring System. Tribol. Trans.

2012, 55, 693–697. [CrossRef]
24. Liang, X.Y.; Wang, X.H.; Zhang, Z.J. Simulation and experiment investigation on friction reduction by partial laser surface

texturing on piston ring. Tribol. Trans. 2019, 11, 109–113.
25. Hazzan, K.E.; Pacella, M.; See, T.L. Laser processing of hard and ultra-hard materials for micro-machining and surface engineering

applications. Micromachines 2021, 12, 895. [CrossRef] [PubMed]
26. Zheng, K.R.; Yang, F.Z.; Zhang, N. Study on the cutting performance of micro-textured tools on cutting Ti-6Al-4V Titanium alloy.

Micromachines 2020, 11, 137. [CrossRef]
27. Mourier, L.; Mazuyer, D.; Ninove, F.P.; Lubrecht, A.A. Lubrication mechanisms with laser-surface-textured surfaces in elastohy-

drodynamic regime. Eng. Tribol. 2010, 224, 697–711. [CrossRef]
28. Liu, S.C.; Sai, Q.Y.; Wang, S.W. Effects of laser surface texturing and lubrication on the vibrational and tribological performance of

sliding contact. Lubricants 2022, 10, 10. [CrossRef]
29. Wang, Z.Q.; Sun, L.T.; Han, B. Study on the thermohydrodynamic friction characteristics of surface-textured valve plate of axial

piston pumps. Micromachines 2022, 13, 1891. [CrossRef]
30. Gaikwad, A.; Vázquez-Martínez, J.M.; Salguero, J.; Iglesias, P. Tribological Properties of Ti6Al4V Titanium Textured Surfaces

Created by Laser: Effect of Dimple Density. Lubricants 2022, 10, 138.

192



Lubricants 2023, 11, 353

31. Li, C.; Yang, Y.; Yang, L.J.; Zhen, S. Biomimetic Anti-Adhesive Surface Microstructures on Electrosurgical Blade Fabricated by
Long-Pulse Laser Inspired by Pangolin Scales. Micromachines 2019, 10, 816. [CrossRef] [PubMed]

32. Caraguay, S.J.; Pereira, T.S.; Cunha, A.; Pereira, M.; Xavier, F.A. The effect of laser surface textures on the adhesion strength and
corrosion protection of organic coatings—Experimental assessment using the pull-off test and the shaft load blister test. Prog. Org.
Coat. 2023, 180, 107558. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

193



Citation: Sun, Y.; Bailey, R.

Tribocorrosion Behavior of γ′-Fe4N

Nitride Layer Formed on Mild Steel

by Plasma Nitriding in

Chloride-Containing Solution.

Lubricants 2023, 11, 281.

https://doi.org/10.3390/

lubricants11070281

Received: 25 May 2023

Revised: 15 June 2023

Accepted: 28 June 2023

Published: 29 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

lubricants

Article

Tribocorrosion Behavior of γ′-Fe4N Nitride Layer Formed
on Mild Steel by Plasma Nitriding in
Chloride-Containing Solution

Yong Sun * and Richard Bailey

School of Engineering and Sustainable Development, Faculty of Computing, Engineering and Media,
De Montfort University, Leicester LE1 9BH, UK; richard.bailey@dmu.ac.uk
* Correspondence: ysun01@dmu.ac.uk

Abstract: Nitriding has long been used to engineer the surfaces of engineering steels to improve their
surface and subsurface properties. The role of the surface compound layer (γ′-Fe4N and/or ε-Fe2-3N)
in improving the tribological and corrosion-resistant properties of nitrided steels has been established.
However, there have been very few studies on the response of the compound layer to tribocorrosion
in corrosive environments. In this work, the tribocorrosion behavior of a 5 μm thick γ′-Fe4N nitride
layer produced on mild steel (MS) by plasma nitriding has been studied in a NaCl-containing solution
under various electrochemical conditions. The results show that at a cathodic potential of −700 mV
(saturated calomel electrode, SCE), where mechanical wear is predominant, the total material removal
(TMR) from the γ′-Fe4N layer is 37% smaller than that from the untreated MS, and at open circuit
potential, TMR from the layer is 34% smaller than that from the untreated MS, while at an anodic
potential of −200 (SCE), the γ′-Fe4N layer can reduce TMR from mild steel by 87%. The beneficial
effect of the γ′-Fe4N nitride layer in improving the tribocorrosion behavior of mild steel is derived
from its high hardness and good corrosion resistance in the test solution and its ability to resist both
mechanical wear and corrosion and to reduce wear–corrosion synergism.
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1. Introduction

Nitriding is a common thermochemical treatment technique used to engineer the
surfaces of engineering steels [1–5] and many other metallic materials such as titanium
alloys [6,7], aluminum alloys [8,9], nickel-based alloys [10,11] and Co-Cr biomedical al-
loys [12,13]. In particular, nitriding has long been used in industry to case-harden many
steel components such as gears and drive-shafts to improve their performance and dura-
bility in real applications [1,2]. This is due to the formation of an iron nitride compound
layer on the surface and a nitrogen diffusion zone at the subsurface, which can enhance
the wear resistance, fatigue resistance and in many cases, corrosion resistance of steel
components [1,14].

During nitriding iron and steels, depending on the nitrogen potential or activity in
the treatment media and the steel composition, a compound layer of a few microns thick
composed of a single γ′-Fe4N phase or a mixed γ′-Fe4N and ε-Fe2-3N phase is formed
at the surface [2–4]. This is followed by a relatively thick nitrogen diffusion zone at the
subsurface. If the steel contains nitride-forming elements such as Cr and V, fine precipitates
of nitrides of the alloying elements, such as CrN and VN, will form in the diffusion zone to
induce precipitation hardening which contributes to the hardening effect of the diffusion
zone [3,15]. In pure iron and plain carbon steels such as mild steels, γ′-Fe4N needles or thin
plates form in the diffusion zone, which provides a marginal hardening effect [15,16]. In
such steels, the surface-hardening effect is mainly imparted by the iron nitride compound
layer at the surface.
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The role of the surface compound layer (γ′-Fe4N and/or ε-Fe2-3N) and the nitrogen
diffusion zone in improving the tribological, fatigue and load-bearing capacity properties of
nitrided steels has been established [17–20]. The iron nitride compound layer at the surface
provides anti-galling properties and good wear resistance, while the nitrogen diffusion
zone provides load-bearing capacity and enhances the fatigue strength of steel components,
due to the hardening effect and compressive residual stresses [17,19]. In general, a single
γ′-Fe4N phase compound layer of a few microns thick is preferred, because a thick com-
pound layer or a mixed phase compound layer can increase the embrittlement of the surface
layer which tends to spall off during service [1–3]. There have also been reports that the iron
nitride compound layer can improve the corrosion resistance of steels, such that nitrided
steels can be used in more harsh environmental conditions [14,21,22]. Indeed, in many en-
gineering applications, such as in marine and off-shore applications, nitrided components
are used in corrosive environments under mechanical contact sliding conditions. Under
such conditions, the components are subjected to combined corrosion and mechanical wear
actions, i.e., tribocorrosion [23–27]. So far, the studies on the tribocorrosion behavior of
nitrided steels have been focused on stainless steels [28,29]. Although there have been a
few studies on the tribocorrosion behavior of nitrided low- alloy steels [30,31], the response
of the γ′-Fe4N compound layer to tribocorrosion has not been fully understood. Due to the
importance of such a compound layer in determining the performance of nitrided steels, it
is necessary to investigate the tribocorrosion behavior of the γ′-Fe4N layer under various
electrochemical conditions.

In the present work, a 5 μm thick γ′-Fe4N iron nitride layer was produced on mild steel
(MS) by plasma nitriding. The tribocorrosion behavior of this γ′-Fe4N layer was investi-
gated in 1.0% NaCl solution under combined reciprocating sliding wear and electrochemical
corrosion conditions. No such systematic study on the response of the technologically
important γ′-Fe4N layer to tribocorrosion has been reported previously. This work provides
reference values for researchers and engineers to further explore the application potentials
of iron nitride layers to combat material degradation due to tribocorrosion.

2. Materials and Methods

2.1. Substrate Material and Plasma Nitriding

The substrate material was AISI 1020 mild steel with the following chemical composi-
tion (in wt%): 0.203 C, 0.463 Mn, ≤0.040 P, ≤0.050 S, and balance Fe. Low-carbon steel was
used to ensure the formation of a pure γ′-Fe4N layer on the surface by controlled plasma
nitriding. The steel was in a normalized state with a ferrite + pearlite structure (Figure 1a)
with an average ferrite grain size of 26 μm. The normalizing treatment was conducted in a
muffle furnace at 910 ◦C for 20 min, followed by air cooling. Specimens of 25 × 15 × 4 mm
dimensions were machined from a steel plate. The surface to be nitrided (25 × 15 mm) was
manually ground using SiC grinding papers down to the P1200 grade to achieve a surface
finish of 0.2 μm (Ra).

Plasma nitriding was carried out at 550 ◦C in a plasma atmosphere containing 10% N2
and 90% H2, at a treatment pressure of 3 mbar for 5 h. Before nitriding, the surface was
cleaned in running water and then in ethanol ultrasonically for 10 min. After plasma
nitriding, the specimens were cooled inside the furnace under vacuum (0.1 mbar) down to
room temperature.

Figure 1 shows the cross-sectional morphology of the nitrided specimen. Table 1
summarizes the structural features of the nitrided (PN) and un-nitrided (normalized)
specimens. It can be seen that plasma nitriding produced a thin “white layer” about
5 μm thick at the surface (Figure 1b) and a relatively thick diffusion zone about 300 μm
thick beneath (Figure 1a). X-ray diffraction analysis confirmed that the “white layer” at
the surface was composed of γ′-Fe4N phase, as can be seen from Figure 2, which shows
that only γ′ and α-Fe were detected, where the α-Fe peaks came from the substrate. In
the nitrogen diffusion zone, γ′-Fe4N needles were formed, which is typical of nitriding
pure iron and low- carbon steels [15,16]. The surface hardness of the PN and normalized
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specimens were also measured under various indentation loads and the results are listed
in Table 1. Clearly, the nitrided surface exhibited a higher hardness than the un-nitrided
surface. At the small indentation load of 25 g, the surface hardness of the PN specimen was
760 HV, which agrees with the reported hardness value of γ′-Fe4N [32]. With increasing
indentation load, the surface hardness of the PN specimen declined quickly, due to the
increasing substrate effect. This also suggests that the precipitation of γ′-Fe4N needles in
the diffusion zone had a limited hardening effect. Microhardness measurements were also
made in the diffusion zone below the γ′-Fe4N layer. The hardness of the diffusion zone
ranged from 245 to 255 HV0.1, similar to that measured from the normalized substrate. Thus,
the surface- hardening effect was mainly derived from the formation of the γ′-Fe4N layer.

Figure 1. Microscopic images of the nitrided mild steel specimen showing (a) the overall view of the
cross section from the surface to the substrate and (b) details of the 5 μm thick Fe4N compound layer
at the surface and the underneath diffusion zone with needle-like precipitates.

Figure 2. X-ray diffraction pattern generated from the nitrided specimen, showing that the compound
layer was composed of γ′-Fe4N phase (Cu Kα radiation).
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Table 1. Summary of structure and surface hardness of the test specimens.

Specimen

Structure Surface Hardness

Surface
Layer

Diffusion Zone HV0.025 HV0.05 HV0.1 HV0.2

PN MS γ′-Fe4N
5 μm thick

γ′-Fe4N needles
in α + P matrix 760 ± 17 540 ± 14 370 ± 9 292 ± 7

Raw MS α + P α + P 266 ± 15 258 ± 13 248 ± 9 245 ± 7
Note: α—ferrite; P—pearlite.

2.2. Corrosion Tests

All corrosion tests were conducted at room temperature in 1.0 wt% NaCl solution by
dissolving analytical grade NaCl in double-distilled water. This solution was used because
it contains a chloride content similar to that in human body fluids. An ACM Gill AC
potentiostat (ACM Gill AC, ACM Ltd., Cumbria, UK) was used to measure the potentials
and currents during the tests employing a 3-electrode configuration, i.e., the test specimen
as the working electrode, a saturated calomel electrode (SCE) as the reference electrode and
a platinum mesh as the auxiliary electrode.

Before corrosion tests, the nitrided and un-nitrided surfaces were slightly polished
using 1 μm diamond paste to remove surface contaminants resulting from nitriding and
to further smoothen the surface. This was followed by ultrasonic cleaning in ethanol for
10 min. Then the specimen was masked by using an insulating lacquer to leave a test
window of 10 mm × 10 mm which would be exposed to the solution.

Corrosion tests were conducted both potentiodynamically to measure the anodic
polarization curves of the specimens and potentiostatically to measure the current evolution
as a function of time at constant potentials. The potentiodynamic test was conducted at
a scan rate of 1 mV/s, by sweeping potential from −200 mV (vs. open circuit potential
(OCP)) to 800 mV (vs. OCP). The potentiostatic tests were conducted at a cathodic potential
of −700 mV(SCE), at OCP and at an anodic potential of −200 mV(SCE). During all the tests,
the current and potential values were recorded continuously at a sampling rate of 1 Hz.

2.3. Tribocorrosion Tests

Tribocorrosion tests were carried out under the same electrochemical conditions and
following the same surface preparation procedures as those used in the corrosion tests
described in Section 2.2. A laboratory-scale reciprocating wear test machine was used to
perform the tests [33]. The tribometer allowed for the reciprocating movement of a flat
specimen against a stationary slider (ball) at controlled frequency, stroke amplitude and
contact load, and the continuous measurement of friction force by the incorporated load
cell. The incorporation of an electrochemical potentiostat with the tribometer allowed for
the measurements of potential and current during the sliding wear process. Before the
test, the specimen was masked by using an insulating lacquer to leave a test window of
15 mm × 3 mm which would be exposed to the solution. An electrically conducting lead
was connected to the specimen to ensure conductivity of the specimen for electrochemical
measurements. In order to ensure that electrochemical reactions only occur in the test
window, all other fixtures, including the specimen holder, the test cell and the slider holder
were made of nylon.

During tribocorrosion testing, the specimen was immersed in the 1.0 wt% NaCl solu-
tion. An SCE and a platinum wire were also inserted in the solution as the reference and
auxiliary electrode, respectively. An alumina (Al2O3) ball of 8 mm diameter (Ra = 0.05 μm)
was used as the stationary slider, which made sliding contact with the reciprocating spec-
imen, generating a sliding track on the specimen. All tests were implemented under a
contact load of 4 N for a total sliding duration of 7200 s at a reciprocating frequency of 1 Hz
and an amplitude of 6 mm. Before and after sliding, the specimen was stabilized in the
solution for 300 s under respective conditions, such that potentials and/or currents could
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be measured before, during and after sliding. The test parameters were selected based
on our experience and preliminary tests to ensure that the properties of the γ′-Fe4N layer
were measured.

All corrosion and tribocorrosion tests were duplicated, which was considered sufficient
because the results were reproducible. The results from the two tests are presented where
applicable. Table 2 summarizes the test conditions under both sliding (tribocorrosion) and
no-sliding (corrosion) conditions.

Table 2. Summary of corrosion and tribocorrosion conditions.

Corrosion Tribocorrosion

Potentiodynamic −200 mV to 800 mV, 1 mV/s
No sliding

−200 mV to 800 mV, 1 mV/s
Sliding at 4 N and 1 Hz

Potentiostatic
−700 mV(SCE) no sliding
OCP no sliding
−200 mV(SCE) no sliding

−700 mV(SCE) sliding at 4 N and 1 Hz
OCP sliding at 4 N and 1 Hz
−200 mV(SCE) sliding at 4 N and 1 Hz

2.4. Specimen Characterization

After corrosion and tribocorrosion tests, the corroded surfaces and sliding tracks were
examined microscopically under optical microscope (Nikon LV150N, Nikon, Tokyo, Japan)
and scanning electron microscope (SEM) (Carl Zeiss EVO LS 15, Carl Zeiss, Jena, Germany).
Using the extended depth-of-focus feature of the Nikon microscope, 3D images and surface
profiles of the sliding tracks could be captured. The SEM was equipped with EDX facilities
for elemental composition analysis. A profilometer (Surtonic Intra Touch, Taylor-Hobson,
Leicester, UK) was used to measure the surface profiles across each sliding track at three
locations to measure the cross-sectional area of the track and thus obtain the total material
removal (TMR) from each specimen due to tribocorrosion.

3. Results

3.1. Potentiodynamic Tests

Figure 3a shows the anodic polarization curves measured without sliding and during
sliding for the un-nitrided (normalized) and plasma-nitrided (PN) specimens. Under
the condition of corrosion (no-sliding), the normalized specimen showed active anodic
dissolution behavior: the current density increased quickly at anodic potentials above
the corrosion potential and then increased slowly due to transpassivity. Microscopic
examination revealed that the normalized specimen suffered from severe corrosion which
etched the grain structures and led to grain detachment (see Figure 4a). Under the same
no-sliding condition, the PN specimen showed a higher corrosion potential and much lower
current densities in the anodic region. The corroded area only showed some discoloration as
compared to the un-corroded area (see Figure 4b). Thus, in the test solution, the normalized
specimen was in the active state in the anodic region, while the γ′-Fe4N layer formed on the
surface by nitriding was effective in reducing the dissolution rate of mild steel. Under the
condition of tribocorrosion (sliding), the corrosion potentials of both specimens were shifted
cathodically and the current densities in the anodic region were increased (Figure 3a). This
demonstrates that the sliding mechanical action activated both the normalized surface and
PN surface such that corrosion in the sliding tracks was accelerated, which is a common
phenomenon observed in tribocorrosion [23–27].
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Figure 3. (a) Anodic polarization curves measured without sliding and during sliding and (b) surface
profiles measured across the sliding tracks produced during anodic polarization.

Table 3 lists the corrosion potentials, corrosion current densities and corrosion rates
derived from the polarization curves shown in Figure 3a. It can be seen that sliding led
to an increase in corrosion current density by an order of magnitude for the normalized
specimen and by nearly two orders of magnitude for the PN specimen. As compared to
the normalized specimen, the PN specimen showed higher corrosion potentials and lower
corrosion current densities, demonstrating that the γ′-Fe4N layer had the ability to reduce
corrosion under both sliding and no-sliding conditions.

Table 3. Corrosion potential (Ecorr), corrosion current density (icorr) and corrosion rate derived from
the polarization curves in Figure 3a.

Ecorr (mV/SCE) icorr (mA/cm2)

Specimen No Sliding Sliding No Sliding Sliding

Raw MS −335 −490 4.28 × 10−3 4.95 × 10−2

PN MS −241 −418 2.05 × 10−4 1.91 × 10−2
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Figure 4. Microscopic images showing the test surfaces after potentiodynamic polarization tests
without sliding and during sliding: (a) Normalized MS without sliding; (b) PN MS without sliding;
(c) Normalized MS with sliding; (d) PN MS with sliding; (e) 3D view of corrosion pits in (d); (f) surface
profile measured across a pit shown by the dashed line in (e).

Figure 3b shows the surface profiles measured across the sliding tracks after anodic
polarization tests during sliding. It can be seen that the sliding track on the normalized
specimen was much deeper and rougher than that on the PN specimen. Material removal
from outside the sliding track of the normalized specimen was also evident, obviously due
to corrosion occurring outside the sliding track, as can be seen from Figure 4c. The deep
valleys in the sliding track shown in Figure 3b for the normalized specimen were the results
of accelerated corrosion. On the other hand, the sliding track on the PN specimen exhibited
a shiny and polished appearance (Figure 4d). The TMR from the PN specimen was 64%
smaller than that from the normalized specimen (Figure 3b). The measured surface profile
shown in Figure 3b also revealed that the sliding track on the PN specimen was smaller
than 4 μm, thus tribocorrosion occurred mainly within the γ′-Fe4N layer. However, some
pits of several tens of microns in size were observed in the sliding track (Figure 4d,e). The
penetration depth of the pits was as deep as 15 μm (Figure 4f), suggesting that once the
γ′-Fe4N layer was broken down locally, accelerated corrosion happened in the form of
pitting corrosion during the tribocorrosion process.

The results presented in this section provide a general picture of the corrosion and
tribocorrosion behavior of the specimens over a wide potential range. In order to further
demonstrate the beneficial effect of the γ′-Fe4N layer in improving the tribocorrosion be-
havior of mild steel, detailed tests were conducted potentiostatically at different potentials,
as discussed in the following sections.

3.2. Cathodic Potential Tests

Figure 5a shows the recorded current versus time curves at the cathodic potential of
−700 mV(SCE) in 1.0% NaCl solution under both sliding and no-sliding conditions. Under
no-sliding conditions, negative currents were recorded for both specimens, suggesting
that cathodic reactions were dominant, while metal oxidation (corrosion) became less
dominant [23]. Sliding led to an increase in cathodic currents from around −0.04 mA
to around −0.1 mA for both specimens, suggesting that the sliding action activated the
surfaces and accelerated cathodic reactions.
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Figure 5. (a) Current variation with time measured without sliding and during sliding at the cathodic
potential of −700 mV(SCE) and (b) surface profiles measured across the sliding tracks produced by
sliding at −700 mV(SCE).

Although corrosion is still possible at such a cathodic potential, its contribution to TMR
from the sliding track is insignificant [23,33]. Thus, TMR was mainly due to mechanical
wear. Figure 5b shows the surface profiles measured across the sliding tracks on the
normalized and PN specimens. It can be seen that the sliding track on the normalized
specimen was deeper and wider than that on the PN specimen. The wear depth on the PN
specimen was smaller than 3 μm, thus wear occurred within the 5 μm thick γ′-Fe4N layer.
The TMR from the PN specimen was about 63% of that from the normalized specimen.
Clearly, the γ′-Fe4N layer had the ability to reduce the mechanical wear of mild steel by
about 37%.

Figure 6 shows the SEM images and EDX elemental mappings of the sliding tracks on
the normalized and PN specimens. The parallel scratch marks on the sliding tracks are good
indications of mechanical abrasion wear arising from the sliding action of the alumina slider.
The sliding track on the PN specimen showed a shiny appearance with very few signs of
corrosion (Figure 6b). EDX mapping could not find oxygen on the worn surface, instead,
nitrogen was found (Figure 6b), further confirming that the γ′-Fe4N layer was not worn
through. On the other hand, the sliding track on the normalized specimen was covered
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with some dark gray products, which were rich in oxygen (Figure 6a), suggesting that
limited corrosion could happen to the normalized specimen at such a cathodic potential.

 

Figure 6. Microscopic images and EDX mapping of the sliding tracks produced at the cathodic
potential of −700 mV(SCE) on the (a) normalized MS and (b) PN MS specimens.

3.3. Open Circuit Potential (OCP) Tests

The OCP versus time curves recorded under open circuit conditions are shown in
Figure 7a. Under no-sliding conditions, the OCP of both specimens decreased with increas-
ing time of immersion in the solution. Both specimens were in the active state such that the
surfaces became more activated with increasing time of immersion, leading to decreased
OCP values. Under sliding conditions, the recorded OCP values also decreased with time
and were more negative than those measured under no-sliding conditions, suggesting that
sliding led to further activation of the surfaces. In agreement with the potentiodynamic
measurements shown in Figure 3a, the OCP values measured for the PN specimen were
more anodic than those measured for the normalized specimen under both sliding and
no-sliding conditions. Clearly, the normalized surface was in a more active state than the
PN surface under open circuit conditions.

The surface profiles measured across the sliding tracks are shown in Figure 7b. The
sliding track on the normalized specimen was deeper than that on the PN specimen.
Interestingly, material removal also occurred outside the sliding track on the normalized
specimen, which was due to corrosion in areas exposed to the solution outside the track, as
can be seen from Figure 8a. On the other hand, corrosion outside the sliding track on the PN
specimen was very limited (Figure 7b), which was confirmed by microscopic examination
(Figure 8c). Inside the sliding track, there were clear signs of corrosion in addition to the
parallel abrasion marks (Figure 8b,d). The wear depth of the PN specimen was smaller
than 5 μm (Figure 7b), thus wear and corrosion occurred within the γ′-Fe4N layer. A few
pits were also observed inside the sliding track on the normalized specimen, which were
several microns in depth (Figure 8b).
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Figure 7. (a) Open circuit potential (OCP) variation with time measured without sliding and during
sliding at OCP and (b) surface profiles measured across the sliding tracks produced by sliding at OCP.

TMRs from the specimens were obviously the combined results of wear (abrasion)
and corrosion. TMR from the PN specimen was about 34% smaller than that from the
normalized specimen (Figure 7b). When compared with TMRs resulting from sliding
at the cathodic potential of −700 mV(SCE) discussed in Section 3.2, TML at OCP was
2.8 times larger for the normalized specimen and 3.6 larger for the PN specimen. This
demonstrates the effect of corrosion and wear–corrosion synergism in accelerating TMR
from the specimen.
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Figure 8. Microscopic images showing 3D (a,c) and 2D (b,d) views of the sliding tracks produced
at OCP on the normalized MS (a,b) and PN MS (c,d) specimens. The inset in (b) shows the surface
profile measured across the pit indicated by the dashed line.

3.4. Anodic Potential Tests

At the anodic potential of −200 mV(SCE), the normalized and PN specimens behaved
quite differently (Figure 9a). Under no-sliding conditions, both the normalized and PN
specimens registered continuously increasing the currents with polarization time, confirm-
ing that the specimens suffered from anodic dissolution and had no ability to passivate
at such an anodic potential. However, the current generated from the PN specimen was
more than two orders of magnitude smaller than that generated from the normalized
specimen (Figure 9a,b), demonstrating that the γ′-Fe4N layer had the ability to reduce
metal dissolution and improve corrosion resistance.

Interestingly, sliding led to a decrease in currents from the normalized specimen
(Figure 9a), which is different from the observations made on passive metals where sliding
leads to an abrupt increase in currents due to the depassivation of the surface by the sliding
action [24,25,33]. For the active normalized specimen in this study, removal of the corrosion
products from the sliding track by the mechanical action obviously helped to reduce metal
dissolution. After the termination of sliding, the current from the normalized specimen
increased to the level measured under no-sliding conditions. A microscopic examination
revealed that corrosion occurred both inside and outside the sliding track of the normalized
specimen (Figure 10). Outside the sliding track, the surface became quite rough with peaks
and valleys due to grain detachment arising from the corrosion action (Figure 10b). Inside
the sliding track, the peaks were flattened due to the wearing action, but the valleys and
some corrosion pits could still be observed (Figure 10a).

On the other hand, sliding led to an abrupt increase in currents from the PN specimen,
and the current generated during sliding increased slowly for the first 2000 s, and then in-
creased more quickly between 2000 s and 4000 s sliding, and then further quickly after 4000 s
sliding (Figure 9b). Microscopic examination (Figure 11) revealed that in the central region
of the sliding track on the PN specimen, the γ′-Fe4N layer was removed, such that pits
were formed in this region, which penetrated deep into the substrate (Figures 9c and 11).
This explains the quick increase in currents after 2000 s and then 4000 s sliding (Figure 9b).

204



Lubricants 2023, 11, 281

 

Figure 9. (a) Current variation with time measured without sliding and during sliding at the anodic
potential of −200 mV(SCE); (b) Zoom-in view of current variation of the nitrided specimen during
sliding at −200 mV(SCE); (c) Surface profiles measured across the sliding tracks produced by sliding
at −200 mV(SCE).
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Figure 10. Microscopic images showing (a) the worn surface inside the sliding track and (b) the
corroded surface outside the sliding track, produced at the anodic potential of −200 mV(SCE) on the
normalized MS.

 

Figure 11. Microscopic images showing (a) 3D and (b) 2D views of the sliding track, produced at the
anodic potential of −200 mV(SCE) on the PN MS.

Surface profile measurements across the sliding tracks showed that TMR from the
PN specimen was mainly from the sliding track with limited corrosion loss outside the
sliding track (Figure 9c). The wear depth in the central region of the sliding track was more
than 5 μm and as deep as 20 μm in the pitting area, suggesting that the γ′-Fe4N layer was
worn through in this region, in line with the microscopic examination (Figure 11). On the
other hand, for the normalized specimen, TMR came from both inside and outside the
sliding track (Figure 9c). Thus, corrosion played a more significant role in TMR from the
normalized specimen.

4. Discussion

4.1. Effect of Potential on Tribocorrosion Behavior

From the results presented in Section 3, the 5 μm γ′-Fe4N thick layer was not worn
through during the tribocorrosion tests. Thus, the measured corrosion and tribocorrosion
behavior of the nitride specimen is characteristic of the γ′-Fe4N layer. It is clear that
the γ′-Fe4N layer produced by nitriding on mild steel has the ability to increase surface
hardness, reduce metal dissolution rate and improve tribocorrosion resistance in the NaCl-
containing solution. The tribocorrosion behavior of the γ′-Fe4N layer is affected by the
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applied potential, as summarized in Figure 12, which shows the variation of the average
coefficient of friction (COF) and TMR with potential.

Figure 12. (a) Average coefficient of friction (COF) and (b) total material removal during sliding at
cathodic (CP), open circuit (OCP) and anodic (AP) potentials.

The COF values vary quite largely between two repeated tests under the same con-
ditions (Figure 12a). However, a general trend can be seen that the average COF for both
specimens is the highest at OCP and is lower at cathodic and anodic potentials. This behav-
ior can be explained as follows. At the cathodic potential of −700 mV(SCE), mechanical
wear is predominant and there is little contribution of corrosion products to friction. At OCP,
both mechanical wear and corrosion are involved and there is synergism between wear and
corrosion, which could lead to increased friction because of the trapping of corrosion-wear
products at the frictional interface. At the anodic potential of −200 mV(SCE), although
corrosion is accelerated, the formation of corrosion pits, particularly at the central region
of the sliding track on the PN specimen (Figure 11), could reduce the real contact area
and thus could lead to reduced friction. As compared to the normalized specimen, the
PN specimen shows lower friction at OCP and −200 mV(SCE), thus the γ′-Fe4N layer is
beneficial in reducing friction during tribocorrosion in the NaCl-containing solution.

The variation of TMR with potential is shown in Figure 12b. It can be seen that
the TMR of both specimens increases with potential and the TMR of the PN specimen is
significantly lower than that of the normalized specimen under all test conditions. As the
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potential is increased from OCP to −200 mV(SCE), the TMR of the normalized specimen
is increased by nearly 17 times, while the TMR of the PN specimen is increased only by
3 times. When comparing the TMR of the two specimens, the TMR of the PN specimen
is 37% lower at the cathodic potential, 34% lower at OCP and 87% lower at the anodic
potential than the normalized specimen. This demonstrates the beneficial effect of the
γ′-Fe4N layer on improving the resistance to mechanical wear, corrosion and the synergism
between wear and corrosion of mild steel, as discussed below.

4.2. Contribution of Mechanical Wear, Corrosion and Wear–Corrosion Synergism

Material removal during tribocorrosion is the result of mechanical wear, corrosion and
synergism between wear and corrosion [26,27,34,35]. At the cathodic potential, corrosion
is limited and mechanical wear is dominant. The results (Figures 5b and 12b) show that
the TMR of the PN specimen is 37% smaller than that of the raw specimen. This can
be attributed to the high hardness of the γ′-Fe4N layer (Table 1), which provides good
resistance to mechanical abrasive wear. At OCP and the anodic potential, both mechanical
wear and corrosion are involved and there is synergism between wear and corrosion.
According to the synergistic approach for tribocorrosion analysis [23,26], the TMR (T) is the
sum of material removal due to mechanical wear (W0), corrosion (C0) and the synergism
between wear and corrosion (S):

T = W0 + C0 + S (1)

where T can be measured after the tests (e.g., Figure 12b), W0 is the TMR during sliding at
the cathodic potential (−700 mV (SCE)) and C0 can be theoretically estimated by using the
Faraday’s law [23,26,27]:

Vchem =
ItM
nFρ

(2)

where I is corrosion current (A) measured under no-sliding conditions, t (s) is the sliding
time, M (g/mol) is the atomic mass of the steel, n is the valence of oxidation, which is 3 to
account for FeOOH oxide film on steel, which is the main corrosion product of carbon
steel [36,37], F is the Faraday’s constant (96,458 C/mol) and ρ is the density of steel.

Equation (2) can be used to calculate C0 if general corrosion is the predominant form
of corrosion. In the present work, at the anodic potential of −200 mV(SCE), significant
pitting corrosion occurred inside the sliding track (Figures 10 and 11), particularly in the
central region of the sliding track on the PN specimen, thus most of the measured currents
(Figure 9a,b) are expected to come from the corrosion pits. In such a case, it is unrealistic to
estimate C0 by using Equation (2). However, at OCP, general corrosion was predominant,
thus the corrosion parameter data (icorr under no-sliding conditions) shown in Table 3 can
be used to estimate C0 for both specimens and then Equation (1) can be used to calculate S.
The results are summarized in Table 4.

Table 4. Summary of T, W0, C0, ΔC and ΔW at OCP.

Specimen T (mm3) W0 (mm3) C0 (mm3) S (mm3) S/T×100 DC (mm3) DW (mm3)

Normalized 1.21 × 10−2 4.26 × 10−3 5.03 × 10−4 7.28 × 10−3 60.1 5.31 × 10−3 1.97 × 10−3

PN 7.98 × 10−3 2.67 × 10−3 2.39 × 10−5 5.29 × 10−3 66.3 2.20 × 10−3 3.09 × 10−3

From Table 4, it can be seen that at OCP, as compared to the normalized specimen, the
γ′-Fe4N layer can reduce mechanical wear by 37%, corrosion by 95% and wear–corrosion
synergism by 27%. The contribution of corrosion to TMR is smaller than 5% for the
normalized specimen and smaller than 1% for the γ′-Fe4N layer. On the other hand, the
synergistic effect has a large contribution to TMR for both specimens, accounting for 60.1%
of TMR for the normalized specimen and 66.3% of TMR for the PN specimen (refer to the
S/T ×100 column in Table 4). Therefore, it can be concluded that the γ′-Fe4N layer has the
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ability to provide improved resistance to mechanical wear, corrosion and wear–corrosion
synergism. It is also noted that the contribution of the synergistic effect of the γ′-Fe4N
layer to TMR (66.3%) is larger than that of the normalized specimen (60.1%); to explain this,
further analysis is necessary, as follows.

During tribocorrosion, the synergism between wear and corrosion arises from wear-
induced corrosion (ΔC) and corrosion-induced wear (ΔW) [23,26]. Thus, the term, S, is the
sum of ΔC and ΔW:

S = ΔC + ΔW (3)

where, by using Equation (2), ΔC can be calculated from the measured corrosion current
during sliding (subtracted by the corrosion current measured under no-sliding conditions).
Using the current density data in Table 3, ΔC is calculated for both specimens and then ΔW
is obtained from Equation (3). The results are listed in the last two columns of Table 4. It can
be seen that ΔC and ΔW have positive values, suggesting that, at OCP, corrosion is acceler-
ated by wear and wear is accelerated by corrosion in both specimens. For the normalized
specimen, the contribution of wear-accelerated corrosion (ΔC) to the synergism is more
significant than the contribution of corrosion accelerated-wear (ΔW). On the other hand, for
the γ′-Fe4N layer, corrosion accelerated-wear (ΔW) contributes more to the synergism. The
ΔW value from the γ′-Fe4N layer is even larger than that from the normalized specimen.
This suggests that the corrosion-wear products trapped at the contact interface can serve
as third-body particles to cause accelerated wear of the γ′-Fe4N layer, as evidenced by
the many wide scratch marks and the existence of corrosion-wear products on the sliding
surface shown in Figure 8c,d.

Although it is not possible to quantitatively estimate the relative contribution of
various TMR components at the anodic potential by using Equations (1) to (3), judging
from the measured currents (Figure 9) and sliding track morphology (Figures 10 and 11),
it can be deduced that corrosion and wear–corrosion synergism play increasing roles in
TMR from both specimens. For the PN specimen, the local breakdown of the γ′-Fe4N layer
can lead to much accelerated corrosion in the form of pitting corrosion, which in turn can
lead to accelerated mechanical wear [38]. Thus, like other surface coatings for corrosion
and wear protection, there is always an issue concerning the sustainability of the coating
system under harsh loading and environmental conditions [39].

5. Conclusions

1. In the NaCl-containing solution, both the normalized mild steel and γ′-Fe4N layer
are in the active state in the anodic region. The γ′-Fe4N layer has the ability to reduce
metal dissolution and improve corrosion resistance of mild steel.

2. At the cathodic potential, where mechanical wear dominates, the γ′-Fe4N layer can re-
duce total material removal by 37% due to its higher hardness than that of normalized
mild steel.

3. At open circuit potential, where both mechanical wear and corrosion are involved, the
γ′-Fe4N layer has the ability to reduce mechanical wear, corrosion and the synergy
between wear and corrosion due to its higher hardness and better resistance to metal
dissolution, such that the total material removal is reduced by 34% as compared to
that from the normalized mild steel.

4. At the anodic potential, where corrosion plays an increasing role, the γ′-Fe4N layer
can reduce total material removal by 87%. However, local breakdown of the γ′-Fe4N
layer can happen in the sliding track, leading to accelerated pitting corrosion.

5. The γ′-Fe4N layer has the ability to improve the tribocorrosion behavior of mild steel
in the NaCl-containing solution under all test conditions, provided that the layer is
not worn through or broken down locally during the tribocorrosion process. However,
there is a concern regarding the sustainability of the layer when localized breakdown
or wearing-through occurs, which can lead to accelerated pitting and accelerated
material removal.
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